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Preface

Nanomaterials are a class of materials ranging in size from 1 to 100 nm. They 
have received much attention in academic research and industrial sectors due to 
their inherent distinct characteristics and properties. The smaller size and the 
high surface-to-volume ratio of these materials results in exciting and exceptional 
properties that are not available in their conventional macroscopic/bulk coun-
terparts. Nanomaterials and nanotechnology are a key area of research and their 
properties are being explored widely in various laboratories and industrial sectors. 
Nanomaterials have potential applications in diverse fields such as nanoelectronics, 
memory devices, optoelectronics, energy storage devices (lithium-ion batteries 
and supercapacitors), catalysis (photo-, chemical-, surface-), sensors (chemical 
and biomedical), paints and coatings (anti-corrosive, antibacterial, self-cleaning), 
nanomedicine, and even agriculture.

The chapters of this book are categorized in a logical manner from preparation to 
the characterization of nanomaterials for varied applications in energy storage, 
harvesting, sensing, environmental and biomedical applications, coatings, and the 
construction industry. This book covers advanced preparation methods for obtaining 
novel nanomaterials (such as graphene, carbon dots, zinc tin oxide, nanocellulose) 
and structural nanomaterials (hollow nanomaterials). It also summarizes the 
utilization of nanostructured materials and their composites towards supercapacitive 
energy storage and triboelectric energy harvesting sectors. A section is dedicated to 
biorecognition of nanomaterials in building advanced biosensors (fundamentals, 
dopamine detection, recognizing cancer biomarkers) using emerging nanostruc-
tured materials (2D siloxene and 2D MXene). Another section demonstrates the 
biological and environmental applications of nanomaterials such as green synthesis 
routes, antimicrobial activity, drug delivery, bone cement, and polysaccharide-based 
adsorbents for dye removal. The final section discusses the application of nanostruc-
tured materials in self-cleaning coatings and the construction industry.

As the editor of this book, I would like to express my sincere gratitude to the chapter 
authors for submitting their valuable research findings and previously published 
and presented review-based articles. This book is a useful resource for scientists 
working in the fields of interdisciplinary science and technology, experts in a variety 
of disciplines, both academic and industrial, as well as students.

Karthikeyan Krishnamoorthy
Faculty of Applied Energy System,

Major of Mechatronics Engineering,
Jeju National University,

Jeju, South Korea
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Chapter 1

Hydrothermal Synthesis of Zinc
Tin Oxide Nanostructures for
Photocatalysis, Energy Harvesting
and Electronics
Ana Isabel Bento Rovisco, Rita Branquinho, Joana Vaz Pinto,
Rodrigo Martins, Elvira Fortunato and Pedro Barquinha

Abstract

The massification of Internet of Things (IoT) and Smart Surfaces has increased
the demand for nanomaterials excelling at specific properties required for their
target application, but also offering multifunctionality, conformal integration in
multiple surfaces and sustainability, in line with the European Green Deal goals.
Metal oxides have been key materials for this end, finding applications from flexible
electronics to photocatalysis and energy harvesting, with multicomponent materials
as zinc tin oxide (ZTO) emerging as some of the most promising possibilities. This
chapter is dedicated to the hydrothermal synthesis of ZTO nanostructures,
expanding the already wide potential of ZnO. A literature review on the latest
progress on the synthesis of a multitude of ZTO nanostructures is provided (e.g.,
nanowires, nanoparticles, nanosheets), emphasizing the relevance of advanced
nanoscale techniques for proper characterization of such materials. The multifunc-
tionality of ZTO will also be covered, with special attention being given to their
potential for photocatalysis, electronic devices and energy harvesters.

Keywords: hydrothermal synthesis, zinc tin oxide, nanostructures, nanowires,
multifunctionality, sustainability

1. Introduction

Nanotechnology attracted wide attention over the last decades, leading to a very
fast development of materials and processing routes. Different areas such as elec-
tronics, cosmetics, medicine/biology, optical systems, energy, and many others, have
profited from this rapid growth. Having in mind the environmental issues that we are
facing in the modern era, the importance of searching for environmentally friendly,
recyclable and low cost nanomaterials and fabrication processes is essential [1].

This has been a concern in strategic areas as large area electronics (LAE), one of
the fastest growing technologies in the world, with projected market growth from
$31.7 billion in 2018 to $77.3 billion in 2029 [2]. LAE includes many segments (e.g.,
displays, sensors, logic, memory), which are desired to be seamlessly integrated on
virtually any object to create smart surfaces. Due to their good electrical properties,
transparency, large area uniformity and good mechanical flexibility, oxide thin
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films have been crucial materials to advance these concepts [3]. Depending on the
metal cations (and on the metal to oxygen ratio), metal oxide thin films can be
considered as dielectrics, semiconductors or even conductors [4–6]. Owing to their
remarkable electrical properties, In-based materials, such as ITO (indium tin oxide)
and IGZO (indium-gallium-zinc oxide) are currently the multicomponent oxide
conductor and semiconductor thin films with larger market relevance in LAE [4, 7].
However, indium is an expensive material, due to its scarcity and high market
value, appearing in the current list (2020) of the critical raw materials from the
European Commission [8]. The same applies for gallium, another element of IGZO.
Therefore, the replacement of these materials is imperative to assure long-term
sustainability [1].

This quest for new oxide materials is naturally also transposed for
nanostructures, as their fascinating properties will certainly boost even further the
demand for oxide (nano)materials in a plethora of industries. Departing from
critical cations, ZnO is perhaps the most widely studied oxide nanostructure. Its
properties are nowadays well-known and useful for multiple applications, from
photocatalysis, to solar cells or biosensors [9]. It can also be prepared by a multi-
plicity of methodologies, from vapor- to solution-based processes [10].
Multicomponent oxide nanostructures, particularly those based on sustainable
materials, have been significantly less studied, but already show great potential to
enhance properties and enlarge the range of applications of oxides. As in thin films,
a great advantage of these multicomponent materials is the possibility of tuning
their properties by adjusting the cationic ratio [11, 12]. Zinc tin oxide (ZTO) is one
of the multicomponent oxides that has been explored and has shown very interest-
ing properties when compared with its binary counterparts (ZnO and SnO2). In
fact, ZTO was already demonstrated to exhibit similar properties to IGZO in low-
temperature thin film transistors (TFTs), while avoiding the use of critical raw
materials [13].

This chapter provides a literature review on the hydrothermal synthesis of ZTO
nanostructures, the main properties of this material, and its applications, highlight-
ing its multifuncionality.

1.1 Hydrothermal synthesis of ZTO nanostructures

Hydrothermal methods have been widely explored and developed in the last years
[14]. This method consists in a chemical reaction in an aqueous solution, under high
pressure (> 1 atm) and at temperatures usually ranging between 100°C and 300°C. In
case of using non-aqueous solvents, the method is called solvothermal. Typically, the
solution is kept inside an autoclave and a conventional oven is used as heat source.
The pressure inside the autoclave is dependent both on the temperature and the
volume used. This allows for a high energy supply for the reactions even at relatively
low temperatures. While the typical nucleation and growth mechanism of the oxide
nanostructures in these reactions is thought to consist mainly in dissolution–
reprecipitation, these mechanisms are often not well understood.

The synthesis of multicomponent oxide materials such as ZTO is usually easier
and more efficient by vapor phase methods, such as chemical vapor deposition and
thermal evaporation, than by solution processes, due to the higher temperatures of
the former. However, vapor phase methods present drawbacks that are important
to consider, such as high temperatures (>700°C) and high costs. On the other hand,
while inexpensive and simple, the hydrothermal technique still allows for a well-
controlled synthesis of the desired nanostructures’ shape and structure with high
reproducibility, thus presenting as an excellent alternative to the conventional
physical methods [15, 16]. Additionally, while conventional ovens are typically used
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as the heat source, microwave-assisted synthesis started recently to be widely
explored, enabling reduced synthesis duration due to its more efficient and more
homogeneous heat transfer process [17].

1.2 Overview on ZTO nanostructures produced by hydrothermal synthesis

ZTO appears commonly in two main forms, a stable one, Zn2SnO4, and ZnSnO3,
a metastable phase. The stable Zn2SnO4 phase is an orthostannate with and inverse
spinel structure and is a n-type semiconductor with a band gap of 3.6 eV [18].
ZnSnO3, the metastable phase, can have a rhombohedral structure or a perovskite
structure either orthorhombic (�orth) or ordered face centered structure (�fcc)
[14, 19]. This phase is a well-known piezo/ferroelectric material and presents a
band gap of 3.9 eV [18]. Several ZTO nanostructures such as nanoparticles, octahe-
drons, nanocubes, nanowires, and nanoflowers, have been produced by hydrother-
mal synthesis, appearing in both ZnSnO3 and Zn2SnO4 phases. Figure 1 shows
examples of Zn2SnO4 and ZnSnO3 nanostructures with different morphologies and
dimensions (0D, 1D, 2D and 3D) produced by hydrothermal synthesis.

Lehnen et al., for example, reported very small Zn2SnO4 quantum dots (with
diameters below 30 nm), produced with a microwave-assisted hydrothermal syn-
thesis, followed by high-temperature annealing [20]. Numerous other reports on
Zn2SnO4 nanoparticles have been shown (Figure 1a), either using standard hydro-
thermal synthesis or solvothermal synthesis [16, 21–28]. Regarding ZnSnO3

nanoparticles (Figure 1b), several hydro and solvothermal routes have been
reported for its synthesis [29–32]. For instance, Beshkar et al. reported the use of the
Pechini method at 80°C to synthesize fcc-ZnSnO3 nanoparticles, followed by a
calcination at 700°C for 2 h [33].

Concerning 1D structures, while several reports on Zn2SnO4 nanowires exist,
these consist essentially in vapor phase methods, more specifically in thermal evap-
oration at high temperature (>750°C) [19], showing the difficulty in obtaining the
stable phase of ZTO in the nanowire form [34]. This is emphasized by the fact that
there are only a few reports for Zn2SnO4 nanowires from hydrothermal synthesis,
mostly assisted by seed-layers. For example, Zn2SnO4 nanowires were grown on a
stainless steel seed-layer and fromMn3O4 nanowires [35, 36]. Zn2SnO4 nanorods by
hydrothermal synthesis were also reported by Chen et al. (Figure 1c), but only
organized in 3D flowerlike superstructures [37]. Regarding ZnSnO3, only a few
reports for nanowires exist, also consisting typically in physical processes (carbon-
thermal reaction, thermal evaporation or CVD processes) [38, 39]. For hydrother-
mal processing of ZnSnO3 nanowires seed-layers are typically used. Lo et al.
employed an FTO thin film as seed-layer for this end (Figure 1d) [40–42]. A
different approach was reported by Men et al.who transformed ZnO nanowires into
ZnSnO3 nanowires by a hydrothermal synthesis [41]. Recently, our group demon-
strated for the first time ZnSnO3 nanowires obtained by an one-step hydrothermal
synthesis without employing any seed-layer (Figure 1e) [32, 43].

2D structures of ZTO have also been reported. Joseph et al. synthesized fcc-
ZnSnO3 flakes by a hydrothermal method at only 100°C [44]. Guo et al. produced
orth-ZnSnO3 nanoplates (Figure 1f) by a hydrothermal process at 260°C for 24 h
[45]. Chen et al. obtained orth-ZnSnO3 nanosheets through a hydrothermal synthe-
sis at 180°C for 12 h, where a precipitate of ZnSn(OH)6 was achieved followed by a
calcination at 600°C for 3 h [46]. Zn2SnO4 nanoplates have also been reported, for
example, by Cherian et al. (Figure 1g) [34].

There are also several reports regarding 3D ZTO nanostructures. Gao et al.
reported the synthesis of ZnSnO3 hollow spheres (Figure 1h) by hydrothermal
synthesis at 120°C for 3 h [47]. A commonly reported shape for ZTO nanostructures
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to consider, such as high temperatures (>700°C) and high costs. On the other hand,
while inexpensive and simple, the hydrothermal technique still allows for a well-
controlled synthesis of the desired nanostructures’ shape and structure with high
reproducibility, thus presenting as an excellent alternative to the conventional
physical methods [15, 16]. Additionally, while conventional ovens are typically used
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as the heat source, microwave-assisted synthesis started recently to be widely
explored, enabling reduced synthesis duration due to its more efficient and more
homogeneous heat transfer process [17].

1.2 Overview on ZTO nanostructures produced by hydrothermal synthesis

ZTO appears commonly in two main forms, a stable one, Zn2SnO4, and ZnSnO3,
a metastable phase. The stable Zn2SnO4 phase is an orthostannate with and inverse
spinel structure and is a n-type semiconductor with a band gap of 3.6 eV [18].
ZnSnO3, the metastable phase, can have a rhombohedral structure or a perovskite
structure either orthorhombic (�orth) or ordered face centered structure (�fcc)
[14, 19]. This phase is a well-known piezo/ferroelectric material and presents a
band gap of 3.9 eV [18]. Several ZTO nanostructures such as nanoparticles, octahe-
drons, nanocubes, nanowires, and nanoflowers, have been produced by hydrother-
mal synthesis, appearing in both ZnSnO3 and Zn2SnO4 phases. Figure 1 shows
examples of Zn2SnO4 and ZnSnO3 nanostructures with different morphologies and
dimensions (0D, 1D, 2D and 3D) produced by hydrothermal synthesis.

Lehnen et al., for example, reported very small Zn2SnO4 quantum dots (with
diameters below 30 nm), produced with a microwave-assisted hydrothermal syn-
thesis, followed by high-temperature annealing [20]. Numerous other reports on
Zn2SnO4 nanoparticles have been shown (Figure 1a), either using standard hydro-
thermal synthesis or solvothermal synthesis [16, 21–28]. Regarding ZnSnO3

nanoparticles (Figure 1b), several hydro and solvothermal routes have been
reported for its synthesis [29–32]. For instance, Beshkar et al. reported the use of the
Pechini method at 80°C to synthesize fcc-ZnSnO3 nanoparticles, followed by a
calcination at 700°C for 2 h [33].

Concerning 1D structures, while several reports on Zn2SnO4 nanowires exist,
these consist essentially in vapor phase methods, more specifically in thermal evap-
oration at high temperature (>750°C) [19], showing the difficulty in obtaining the
stable phase of ZTO in the nanowire form [34]. This is emphasized by the fact that
there are only a few reports for Zn2SnO4 nanowires from hydrothermal synthesis,
mostly assisted by seed-layers. For example, Zn2SnO4 nanowires were grown on a
stainless steel seed-layer and fromMn3O4 nanowires [35, 36]. Zn2SnO4 nanorods by
hydrothermal synthesis were also reported by Chen et al. (Figure 1c), but only
organized in 3D flowerlike superstructures [37]. Regarding ZnSnO3, only a few
reports for nanowires exist, also consisting typically in physical processes (carbon-
thermal reaction, thermal evaporation or CVD processes) [38, 39]. For hydrother-
mal processing of ZnSnO3 nanowires seed-layers are typically used. Lo et al.
employed an FTO thin film as seed-layer for this end (Figure 1d) [40–42]. A
different approach was reported by Men et al.who transformed ZnO nanowires into
ZnSnO3 nanowires by a hydrothermal synthesis [41]. Recently, our group demon-
strated for the first time ZnSnO3 nanowires obtained by an one-step hydrothermal
synthesis without employing any seed-layer (Figure 1e) [32, 43].

2D structures of ZTO have also been reported. Joseph et al. synthesized fcc-
ZnSnO3 flakes by a hydrothermal method at only 100°C [44]. Guo et al. produced
orth-ZnSnO3 nanoplates (Figure 1f) by a hydrothermal process at 260°C for 24 h
[45]. Chen et al. obtained orth-ZnSnO3 nanosheets through a hydrothermal synthe-
sis at 180°C for 12 h, where a precipitate of ZnSn(OH)6 was achieved followed by a
calcination at 600°C for 3 h [46]. Zn2SnO4 nanoplates have also been reported, for
example, by Cherian et al. (Figure 1g) [34].

There are also several reports regarding 3D ZTO nanostructures. Gao et al.
reported the synthesis of ZnSnO3 hollow spheres (Figure 1h) by hydrothermal
synthesis at 120°C for 3 h [47]. A commonly reported shape for ZTO nanostructures
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is the nanocube shape (Figure 1i). For instance, Chen et al. reported a synthesis
which could result in ZnSnO3 nanocubes or ZnSnO3 nanosheets, depending on the
processing temperature [46]. The octahedron shape is also common, and octahe-
drons of Zn2SnO4 have been reported by several groups, being these identified as
the most stable phase and shape for ZTO nanocrystals. Zn2SnO4 octahedrons con-
stituted by nanoplates can also be formed [48].

While Figure 1 shows the wide range of possibilities offered by hydrothermal
synthesis within the ZTO system, it is challenging to obtain structures with a
targeted phase (ZnSnO3 or Zn2SnO4 in this case) and shape (e.g. nanosheet or
nanowire) [40, 49]. For this end, a comprehensive tailoring of the synthesis
parameters is required.

2. Research methods

Usually the hydrothermal synthesis of ZTO nanostructures is performed inside a
teflon-lined stainless-steel autoclave using a conventional oven as heating source.
Nevertheless, as previously shown, there are already a few examples of microwave-
assisted hydrothermal synthesis of ZTO nanostructures. As an example of a typical

Figure 1.
Multiple ZTO nanostructures obtained by hydrothermal synthesis, analyzed by scanning electron microscopy
(SEM): (a) Zn2SnO4 nanoparticles, from reference [28]; (b) fcc-ZnSnO3 nanoparticles produced by our
group; (d) rhombohedral-ZnSnO3 nanowires growth on FTO seed-layer, reprinted with permission from [42],
copyright (2020) American Chemical Society; (e) orth-ZnSnO3 nanowires synthesized without employing seed-
layers (in form of powder), from reference [43]; (f) orth-ZnSnO3 nanoplates, reprinted with permission from
[45], copyright (2020) American Chemical Society; (h) orth-ZnSnO3 hollow spheres, reprinted with
permission from [47], copyright (2020) American Chemical Society; (i) orth-ZnSnO3 nanocubes produced by
our group; and by transmission electron microscopy (TEM): (c) Zn2SnO4 nanorods, reprinted with permission
from [37], copyright (2020) American Chemical Society; and (g) Zn2SnO4 nanoplates, reprinted with
permission from [34], copyright (2020) American Chemical Society.
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method, our synthesis starts with the dissolution of the zinc and tin precursors
separately in 7.5 mL of deionized water, followed by their mixture. Then a surfac-
tant (ethylenediamine, EDA) is added, and the solution is magnetically stirred for
30 minutes. The last step is the addition of the mineralizer agent (NaOH). It is
observed that milling the precursors before their dissolution in water leads to a
more homogeneous result. After the solution preparation, it is transferred into the
autoclave and kept in the oven for 24 h at 200°C. After the synthesis, the resultant
precipitate (comprising the nanostructures) should be washed several times with
deionized water and isopropyl alcohol, alternately, and centrifuged at each time.
The nanostructures are usually dried at ≈60°C, in vacuum, for a at least 2 hours
[32, 43].

3. Results and discussion

3.1 Growth mechanism of ZTO nanostructures

3.1.1 Tailoring the chemico-physical parameters of the hydrothermal synthesis

Understanding the influence of each synthesis parameter is a key step in achiev-
ing the desired structures. Specifically, considering seed-layer free processes allows
evaluation of the intrinsic influence of each synthesis parameter on the
nanostructures’ growth. Moreover, the solvent also plays a major role in the process
strongly determining the dissolution and diffusion of the species during the syn-
thesis. When the precursors’ solubility is not high enough, precluding an efficient
reaction, mineralizer agents can be used (NaOH, KOH, etc.) to increase the solu-
bility of the species [50, 51].

To understand the growth within Zn:Sn:O system it is essential to revise the
main equations related with the chemical reactions behind each ZTO phases. The
chemical reaction processes for the formation of ZnSnO3 nanostructures have been
represented in the literature by the following equations [52]:

Zn2þ þ Sn4þ þ 6OH� ! ZnSn OHð Þ6 (1)

ZnSn OHð Þ6 ! ZnSnO3 þ 3H2O (2)

Regarding Zn2SnO4, its formation has been described by different reactions
depending on the precursors and solvents involved in the synthesis. For example, Li
et al. represented the chemical reaction of Zn2SnO4 nanowires through the
equations below, which have been the most common in literature [35].

Zn2þ þ Sn4þ þ 6OH� ! ZnSn OHð Þ6↓ (3)

Zn2þ þ 4OH� ! Zn OHð Þ2�4 (4)

ZnSn OHð Þ6 þ Zn OHð Þ2�4 ! Zn2SnO4↓þ 4H2Oþ 2OH� (5)

On the other hand, Fu et al. employed a different synthesis method to avoid the
use of NaOH, using four different amines (surfactants) instead [53], represented as:

Sn4þ þ 3H2O $ H2SnO3 þ 4Hþ (6)

H2SnO3 ! SnO2↓þH2O (7)
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30 minutes. The last step is the addition of the mineralizer agent (NaOH). It is
observed that milling the precursors before their dissolution in water leads to a
more homogeneous result. After the solution preparation, it is transferred into the
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Sn4þ þ 6OH� ! Sn OHð Þ2�6 (8)

Zn2þ þ 4OH� ! Zn OHð Þ2�4 (9)

Sn OHð Þ2�6 þ Zn OHð Þ2�4 ! Zn2SnO4↓þ 4H2Oþ 6OH� (10)

Several reports show that ZnO and SnO2 crystals can co-exist with ZTO
nanostructures when the synthesis parameters differ, even if slightly, from the ideal
conditions for ZTO formation. Usually the formation of ZnO (Eq. 11) and SnO2

(Eqs. 12–14) is associated with the two alkaline concentration extremes, higher and
lower, respectively [54].

Zn OHð Þ2�4 ! ZnO↓þH2Oþ 2OH� (11)

Sn4þ þ 3H2O $ H2SnO3 þ 4Hþ (12)

H2SnO3 ! SnO2↓þH2O (13)

Hþ þ OH� ! H2O (14)

In fact, in our previous work on seed-layer free synthesis of ZTO nanowires,
using zinc and tin chloride precursors at a fixed concentration ratio it was shown that
while for lower NaOH concentrations SnO2 nanoparticles were obtained, for higher
NaOH concentrations ZnO nanowires (mixed with fcc-ZnSnO3 nanoparticles) were
achieved, whereas intermediate NaOH concentrations yielded ZnSnO3 nanowires
[32]. As shown in Figure 2, a similar trend is seen even when increasing only the
NaOH concentration (keeping the precursors’ concentration fixed). This suggests
that there is an optimal concentration of the mineralizer. These results agree with
those reported by Zeng et al., [54] however, while the authors suggest specific values
of pH for obtaining the different structures (SnO2, Zn2SnO4 and ZnO), in our case
the pH is much higher due to the presence of ethylenediamine (EDA) which yields a
pH of at least ≈ 12, showcasing the trend specifically with the variation of the NaOH
concentration and not necessarily the overall pH [32].

As mentioned, the precursors’ solubility is a key factor to achieve a well-
controlled synthesis. Our previous work showed that for different zinc precursors
(zinc chloride or zinc acetate), maintaining the same tin precursor (tin chloride),
the reaction differs, being slower and less homogeneous when using zinc acetate,
due its lower solubility in the EDA surfactant. The use of surfactants, such as EDA,
cetrimonium bromide (CTAB) and sodium dodecyl sulfate (SDS), is very common
specially when aiming to induce the growth of 1D nanostructures. Surfactants act as

Figure 2.
SEM images of resultant nanostructures from synthesis with different precursors’ molar concentrations, i.e.,
ZnCl2:SnCl4.5H2O:NaOH of (a) 2:1:12 M, (b) 4:2:24 M (from reference [43]) and (c) 8:4:48 M,
respectively, while maintaining the same proportion between them. Increasing the precursors’ molar
concentrations the materials obtained follow the common trend when increasing only the NaOH concentration:
SnO2 nanoparticles, orth-ZnSnO3 nanowires and ZnO nanowires (mixed with fcc-ZnSnO3 nanoparticles).
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directing growth agents as their molecules aggregate to the surface of the metallic
atoms inducing the growth of specific structures/shapes. The solubility of each
precursor in the solvents is a key factor for achieving a better synthesis efficiency
and homogeneity. This also influences the Zn to Sn precursor ratio required to
optimize the achievement of the desired nanostructures.

The duration and temperature of the synthesis are also crucial to determine the
achieved nanomaterials. Several reports showed that below 180°C no ZTO phases
are obtained, with the intermediate phase ZnSn OHð Þ6 being produced instead
[43, 45]. Zeng et al. showed that to obtain Zn2SnO4 nanostructures a temperature of
at least 200°C and 20 h of synthesis are necessary [54]. Meanwhile, Guo et al.
observed that 12 h at 260°C are required to produce orth-ZnSnO3 nanoplates for
that specific solution process [45]. In our work on the synthesis of orth-ZnSnO3

nanowires, it was observed that syntheses with 12 h at 200°C were necessary for a
predominant growth of nanowires. However, for very long synthesis, or at higher
temperatures (220°C), the decomposition of the ZnSnO3 phase into the more stable
phases starts to occur. It was also concluded that lower energy levels favor the
growth of the more energetically stable phases (Zn2SnO4, ZnO and SnO2), the
metastable ZnSnO3 is achievable for intermediate energy levels, and for higher
energy levels the decomposition (into Zn2SnO4 and SnO2) of ZnSnO3 starts to
occur. Higher solution volumes, corresponding to higher pressure in the synthesis,
were found to be necessary for obtaining the ZnSnO3 phase. A general growth
mechanism for orth-ZnSnO3 nanowires and Zn2SnO4 nanoparticles was proposed
and is shown in Figure 3 [43].

While tailoring the chemico-physical parameters is always necessary, the use of
a seed-layer material, usually a thin film, can be very effective in strongly inducing
the growth of a desired structure by means of an epitaxial growth mechanism. This
approach is commonly used when 1D structures are aimed, as briefly mentioned in
the previous section. The selection of the seed material depends on the desired
material and structure (phase and shape) and while several reports for different
structures exist, the relation between different seed materials and grown structures
was not detailed yet in literature. This depends on a complex interrelation between
preferential epitaxial growth and thermodynamical stability of the multiple phases
and shapes within the Zn-Sn-O system. While the seed-layer route presents advan-
tages for specific applications such as gate-all-around transistors or photocatalysis
[55, 56], its absence also brings numerous benefits. For instance, one of the main

Figure 3.
Schematic of the growth mechanism of ZTO nanostructures (ZnSnO3 nanowires and Zn2SnO4 nanoparticles) on a
hydrothermal synthesis as a function of the energy available and the duration of the synthesis. From reference [43].
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issues related with the use of seed-layers is the common residuals incorporated in
the nanostructures, which are usually undesired for the applications. Also, without
seed-layers the synthesis is less complex and this approach brings higher degree of
freedom concerning the integration of nanostructures into devices [14, 32, 54].

3.1.2 ZTO phase transformations

Obtaining a single phase and shape of a multicomponent oxide as ZTO is highly
desirable due to the different characteristic properties of each phase and shape, still
by a hydrothermal synthesis is a challenging process as shown in the last section. In
addition, the proper identification of the different possible phases obtained is a
difficult task.

As previously presented, ZTO can grow in two different structural phases:
Zn2SnO4 and ZnSnO3 (fcc, orth and rhombohedral). Their identification by XRD
analysis is challenging since both phases and intermediary compounds show very
similar diffraction patterns. While the fcc-ZnSnO3 (ICDD 00–011-0274) has a
similar pattern to that of the intermediate phase ZnSn(OH)6 (ICDD 01–073-2384),
the orth-ZnSnO3 (ICDD 00–028-1486) pattern can be confused with that of a
mixture of Zn2SnO4 and SnO2. In fact, the 00–028-1486 card was deleted from the
ICDD database for this reason. Figure 4 shows the XRD peaks of these phases. For
clarification, the orth-ZnSnO3 identification was performed by peak indexation,
using both treor and dicvol methods, for which the determined crystalline structure
was proven to be orthorhombic [32].

As previously stated, temperature conditions can induce different phase trans-
formations. For instance, Bora et al. studied the phase transformation of fcc-ZnSnO3

nanocubes into the inverse spinel Zn2SnO4 through Raman analysis during in-situ
annealing treatment [57]. In this study the phase transformation occurred at 500°C.

Figure 4.
(a) Representation of XRD peaks of ICDD cards of: ZnSn(OH)6, fcc-ZnSnO3, orth-ZnSnO3, Zn2SnO4 and
SnO2. Note that the card 00–028-1486 (orth-ZnSnO3) was deleted from ICDD. (b) In-situ XRD patterns of
ZnsnO3 nanowires during annealing until 850°C. (c) SEM images of the ZnsnO3 nanowires before and after
the in-situ annealing experiments in XRD.
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Phase transformation in the ZnSnO3 nanowires, synthesized by our group, was
investigated by recording XRD patterns in the course of in-situ annealing treatment
up to 850°C. Figure 4b shows the XRD patterns at different temperatures, where
no phase transformation is observable bellow 750°C. At 850°C the characteristic
peaks of Zn2SnO4 and SnO2 start to be more pronounced, suggesting the phase
transformation described in Figure 3. Nevertheless, a nanowire-like morphology is
still obtained after this in-situ annealing experiment (Figure 4c), which was some-
how unexpected from the experimental results used to propose the growth mecha-
nism shown in Figure 3.

Thermogravimetry (TG) and differential scanning calorimetric (DSC) measure-
ments up to 1350°C were also performed on ZnSnO3 nanowires to shed light into
this. A clear transformation occurred at ≈ 570°C with a mass loss of ≈ 4%
(Figure 5), which can be attributed to the expected decomposition of ZnSnO3 into
Zn2SnO4 and SnO2. Through XRD patterns (Figure 5b) the orth-ZnSnO3 phase is
identified before the annealing, while after the annealing a predominance of SnO2 is
noticeable (mixed with Zn2SnO4). SEM images presented in Figure 5c show the
nanowires before and after the annealing. After annealing, larger and rounder
structures are observed for which energy dispersive X-ray spectroscopy (EDS)
analysis showed a predominance of Sn (Sn/Zn ratio of 14.5), in agreement with the
XRD analysis.

The difference of the decomposition temperature observed between the DSC
and the XRD annealing treatments can probably be attributed to the annealing
process in both techniques. While the XRD annealing is performed through the
heating of a platinum foil (where the nanostructures are placed), in DSC the
nanostructures are placed in a melting pot, leading to a more efficient heating and
faster decomposition of the ZnSnO3 nanowires.

These results show that when annealing processes are demanded to improve the
ZnSnO3 crystallinity, it is important to consider phase transformations carefully.
Furthermore, it is noticeable that the temperatures to achieve these phase

Figure 5.
(a) TG and DSC curves of as-prepared ZnSnO3 nanowires at a heating rate of 10°C/min at N2 atmosphere.
(b) XRD patterns and (c) SEM images of ZnSnO3 nanowires before and after annealing (TG-DSC
measurements).
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issues related with the use of seed-layers is the common residuals incorporated in
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Figure 4.
(a) Representation of XRD peaks of ICDD cards of: ZnSn(OH)6, fcc-ZnSnO3, orth-ZnSnO3, Zn2SnO4 and
SnO2. Note that the card 00–028-1486 (orth-ZnSnO3) was deleted from ICDD. (b) In-situ XRD patterns of
ZnsnO3 nanowires during annealing until 850°C. (c) SEM images of the ZnsnO3 nanowires before and after
the in-situ annealing experiments in XRD.
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transformations as a post-synthesis treatment are significantly larger than those
required during hydrothermal synthesis, owing to the higher energy provided dur-
ing synthesis due to the combined effect of temperature and pressure.

3.2 Physico-chemical properties of ZTO nanostructures

The wide array of ZTO nanostructures present different physico-chemical
properties which are imposed not only by the structures’ shape but also by their
phase (Zn2SnO4 or ZnSnO3).

Concerning the optical properties, ZTO is a wide band gap semiconductor, with
reported band gap values of 3.46–3.6 eV for Zn2SnO4 and 3.6–3.9 eV for ZnSnO3

[18, 32, 35, 58]. Nevertheless, these values are not only dependent on the phase, but
also on the shape and size of the nanostructures, with higher band gaps for smaller
particles due to the quantum confinement effect [16].

While optical properties of nanostructures can be determined simply, their
electrical properties are much more challenging to access, especially when consid-
ering the properties of a single nanostructure. For this reason, there are only a few
reports on electrical characterization of single ZTO nanostructures. While most
reports are focused on nanowires with lengths >10 μm (mostly produced by phys-
ical processes), smaller ZnSnO3 nanowires (lengths <1 μm), produced in our group
by hydrothermal synthesis, were probed individually by using nanomanipulators
inside SEM, as shown in Figure 6a. For these, an average resistivity (in vacuum) of
7.80 � 8.63 kΩ�cm was achieved [32, 59]. When compared to the ≈73 Ω�cm
reported by Xue et al. for ZnSnO3 nanowires produced by thermal evaporation
(990°C), this resistivity is significantly higher [60], which can be attributed to the
higher defect density expected for lower temperature (200°C) and solution-based
processes. Concerning Zn2SnO4 nanowires, Karthik et al. reported a resistivity of
6 Ω�cm in vacuum for nanowires synthesized by vapor phase methods at 900°C
[61]. Moreover, for Zn2SnO4 nanostructures, which are an n-type semiconductor,
mobilities higher than 112 cm2V�1 s�1 have already been reported, highlighting the
relevance of using this material for electronic applications [62].

The ZnSnO3 phase is well-known for its piezoelectric properties. A piezoelectric
polarization along the c-axis of ≈59 μC/cm2 was reported by Inaguma et al. for
ZnSnO3, being much higher than the ≈5 μC/cm2 reported for ZnO [64, 65]. More-
over, the piezoelectric constants of individual ZnSnO3 and ZnO nanowires pro-
duced by hydrothermal synthesis were recently determined by piezoresponse
force microscopy (PFM) measurements as 23 pm/V and 9 pm/V, respectively

Figure 6.
(a) SEM image showing the tungsten tips of the nanomanipulators, which are contacting in-situ deposited Pt
electrodes for the electrical characterization of a single ZnSnO3 nanowire. Atomic force microscopy
characterization of individual ZnO and ZnSnO3 nanowires: (b) topographies in noncontact mode, and (c)
contact mode tip oscillation as a function of tip-bias ac-voltage. Reprinted with permission from [63].
Copyright 2020 American Chemical Society.
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(Figure 6b and c) [63]. The enhanced piezoelectric properties reported for ZnSnO3

are related with the higher displacement of the Zn atom in the ZnO6 octahedral cell
when compared to the one of the Sn atom in the SnO6 octahedral cell, leading to a
higher polarization along the c-axis [66]. Even when compared with other 1D
nanostructures produced by hydrothermal synthesis, only the piezoelectric constant
of the well-known BaTiO3 (31.1 pm/V) and LiNbO3 (25 pm/V) exceeds the value
reported for ZnSnO3. Having sustainability in mind, ZnSnO3 is then a very good
alternative to both BaTiO3 and LiNbO3 as these contain critical raw materials [63].

Table 1 summarizes the optical, electrical, and piezoelectric properties of some
of the most typical oxide semiconductor nanostructures. These properties show the
potential of ZTO compared with other binary and ternary compounds to achieve
the desired multifunctionality to meet the concepts of IoT and smart surfaces while
avoiding the use of critical raw materials.

3.3 Application of ZTO nanostructures

The multicomponent nature, together with the wide range of different ZTO
nanostructures provide this material system with truly impressive multifunc-
tionality, which will be briefly covered next, mostly focusing on photocatalysis,
energy harvesting and electronic applications.

3.3.1 Photocatalysis and piezo(photo)catalysis

Industrial actions and human activities play a negative environmental impact,
raising water pollution [80]. Oxide nanostructured materials present great advan-
tages for breakdown of water pollutants, as their band gaps are close to the visible
light range and they have high surface-to-volume ratios [81]. Moreover,
multicomponent oxides such as ZTO have a higher stability in aqueous environ-
ments when compared with binary compounds, which is significantly advantageous
for photocatalytic applications [82].

The mechanism of photocatalytic activity of ZTO under UV light can be
represented by the equations below [14, 54, 83]:

ZTO ! e� þ hþ (15)

e� þ hþ ! energy (16)

Properties Band gap
(eV)

Resistivity (Ω�cm) Piezoelectric constant or
polarization

References

Material

SnO2 3.60 2.17 n/a [67]

TiO2 3.00–3.40 1.09 n/a [68, 69]

ZnO 3.37 1.4–2 � 10�4 * 5 nC/cm2, 9–26.7 pm/V [63, 70–72]

IGZO 3.67 >106–10�3 * n/a [73–75]

BaTiO3 3.47 6.25� 109–2.33� 108 31.1 pm/V [76–79]

ZnSnO3 3.90 73–1.4 � 103 59 nC/cm2, 23 � 4 pm/V [18, 32, 60, 63]

Zn2SnO4 3.30–3.70 1.6 n/a [18, 58]

The properties marked with * are referent to the bulk materials. Abbreviations: n/a – not applicable.

Table 1.
Optical, electrical and piezoelectric properties of some of the most typical oxide semiconductor nanostructures.

13

Hydrothermal Synthesis of Zinc Tin Oxide Nanostructures for Photocatalysis, Energy Harvesting…
DOI: http://dx.doi.org/10.5772/intechopen.94294



transformations as a post-synthesis treatment are significantly larger than those
required during hydrothermal synthesis, owing to the higher energy provided dur-
ing synthesis due to the combined effect of temperature and pressure.

3.2 Physico-chemical properties of ZTO nanostructures

The wide array of ZTO nanostructures present different physico-chemical
properties which are imposed not only by the structures’ shape but also by their
phase (Zn2SnO4 or ZnSnO3).

Concerning the optical properties, ZTO is a wide band gap semiconductor, with
reported band gap values of 3.46–3.6 eV for Zn2SnO4 and 3.6–3.9 eV for ZnSnO3

[18, 32, 35, 58]. Nevertheless, these values are not only dependent on the phase, but
also on the shape and size of the nanostructures, with higher band gaps for smaller
particles due to the quantum confinement effect [16].

While optical properties of nanostructures can be determined simply, their
electrical properties are much more challenging to access, especially when consid-
ering the properties of a single nanostructure. For this reason, there are only a few
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reports are focused on nanowires with lengths >10 μm (mostly produced by phys-
ical processes), smaller ZnSnO3 nanowires (lengths <1 μm), produced in our group
by hydrothermal synthesis, were probed individually by using nanomanipulators
inside SEM, as shown in Figure 6a. For these, an average resistivity (in vacuum) of
7.80 � 8.63 kΩ�cm was achieved [32, 59]. When compared to the ≈73 Ω�cm
reported by Xue et al. for ZnSnO3 nanowires produced by thermal evaporation
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hþ þH2O ! Hþ þOH_ (17)

hþ þ OH� ! OH_ (18)

e� þO2 ! O_2
� (19)

O°�2 þHþ ! HO_2 (20)

OH°,O°�2 ,HO°2
� �þ dye ! degradation products (21)

Considering photocatalytic activity under visible light, Jain et al. [84] proposes
the following equations:

Zn2SnO4 þ hv ! Zn2SnO4 e�cb
� �þ Zn2SnO4 hþ

� �
(22)

Zn2SnO4 e�cb
� �þ O2 ! Zn2SnO4 þ O�:

2 (23)

Zn2SnO4 hþ
� �þ OH� ! OH: (24)

O�:
2 þH2O ! OH� þHO:

2 (25)

HO:
2 þH2O ! OH:H2O2 (26)

H2O2 ! 2OH_ (27)

DyeþOH: ! CO2 þH2Oþ degradation products (28)

Zn2SnO4 nanocrystals were used for the degradation of 50% of reactive red 141 dye
in 270 min under sunlight [85]. Different ZnSnO3 structures such as nanowires and
nanoplates were already used as photocatalysts for organic pollutants (for example,
methylene blue and rhodamine B) [33, 40, 86]. Due to its high optical band gap (3.3–
3.9 eV) UV light is usually required to photoactivate this material. Nevertheless, fcc-
ZnSnO3 nanoparticles were already reported with a very satisfactory photocatalytic
behavior on methylene blue degradation under visible light (0.0156 min�1) [81].

Alternatives to the conventional photocatalytic approach have also been
explored, making use of the piezoelectric properties of materials such as ZnSnO3

(nanowires and nanoplates) for piezocatalysis (in the dark) [87] or for piezophoto-
catalysis (under illumination) [42, 87, 88]. Indeed, piezoelectricity and ferroelec-
tricity (associated with perovskite structures) have shown to play an important role
in photocatalysis, since the photogeneration of electron–hole pairs is enhanced by
the dipole moment formed by the polarization electric field across polar materials
[89, 90]. A schematic representation of the piezocatalytic mechanism is presented
in Figure 7b and shows the influence of the characteristic polarization of the
piezoelectric materials, which contributes to the generation of hydroxyl radicals and
consequently degradation of rhodamine B. The dye degradation was achieved in
2.5 h, with a degradation rate of 4.5 � 10�2 min�1 [87].

Figure 7.
(a) Piezocatalysis using ZnSnO3 nanoparticles under ultrasound exposure. (b) Schematic of the piezocatalytic
mechanism. Reprinted with permission from [87]. Copyright (2020) American Chemical Society.
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Other interesting applications of photocatalytic properties have been reported,
such as the photocatalytic inactivation of Escherichia coli using ZTO nanocubes
under visible light. Only a 10% surviving rate was found for the bacteria, whereas
the absorption of the visible light was attributed to the inherent surface defects
enhancing the absorption edge in the visible region [82]. With this in mind, lower
cost methods for nanostructure production (as hydrothermal methods), which
typical result in more defective structures, might be advantageous for these appli-
cations as defect levels near the band edges may increase the absorption for lower
energy levels.

3.3.2 Piezoelectric energy harvesting with ZTO nanostructures

Nanogenerators are devices that can convert external stimulus into electrical
energy, being highly interesting for smart and self-sustainable surfaces, as they can
be used for sustainable energy sources, biomedical systems and smart sensors [91].
Due to its excellent ferroelectric and piezoelectric properties, different ZnSnO3

nanostructures (i.e., nanowires, nanoplates, nanocubes) have been widely explored
for energy harvesting devices and sensitive human motion sensors, through their
piezoelectric (induction of electrical charge by the applied mechanical strain) and
piezoresistive (electrical resistivity change by the applied mechanical strain)
effects, respectively [45, 66, 92–94]. The fcc-ZnSnO3 nanocubes have been the most
popular ZTO structures for these applications. For instance, Wang et al. reported
the nanogenerators of fcc-ZnSnO3 nanocubes mixed with polydimethylsiloxane
(PDMS), reaching a maximum output of 400 V, 28 μA at a current density of
7 μA�cm�2 [95]. While, Paria et al. mixed fcc-ZnSnO3 nanocubes with polyvinyl
chloride (PVC), achieving a maximum output of ≈40 V and ≈1.4 μA, corresponding
to a power density of 3.7 μW�cm�3 (Figure 8a) [94].

Figure 8.
Hybrid nanogenerators of: (a) a composite film based on fcc-ZnSnO3 nanocubes and PVC. Reprinted with
permission from [94], copyright 2020 American Chemical Society; and (b) a composite film based on orth-
ZnSnO3 nanowires and PDMS. (c) Schematic of the charge generation mechanism in the micro-structured
devices of (b). Images (b) and (c) were reprinted with permission from [63], copyright 2020 American
Chemical Society.
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ZnSnO3 nanoplates were also applied for nanogenerators. Guo et al. reported
produced nanogenerators fabricated with orth-ZnSnO3 nanoplates embedded in flat
films of PDMS, reaching voltage and current outputs of 20 V and 0.6 μA, respec-
tively, under bending stress [45]. More recently in our group, orth-ZnSnO3

nanowires were mixed with PDMS to fabricate nanogenerators of micro-structured
composites (Figure 8b) [63]. In the same work, a charge generation and displace-
ment mechanism was proposed, as depicted in Figure 8c. Briefly, the micro-
structures induced in PDMS are suggested to improve the force delivery to the
nanowires, enhancing its piezoelectric signal, while bringing also a triboelectric
contribution to the nanogenerator output. This results in an output voltage, current
and instantaneous power of approximately 9 V, 1 μA and 3 μW�cm�2, respectively,
when applying a force of only 10 N. For higher forces the devices were capable to
reach outputs around 120 V and 13 μA, which was shown to be enough energy to
light up LEDs and several small electronic devices [63].

3.3.3 Electronic applications

Electronic applications are always a relevant drive for materials.
Multicomponent semiconductor nanostructures as ZTO are particularly interesting
for these applications, with wide band gap semiconductors allowing for high-power
and high-frequency operations [50]. Field-effect transistors (FETs) are the key
elements enabling today’s electronics, being 1D nanostructures particularly inter-
esting in this regard, given the easiness of confining migratory direction of charge
carriers through its length, i.e., between source and drain electrodes. Indeed, 1D
nanostructures have already proven great usefulness for the upcoming generations
of semiconductors in FETs [96]. While several reports already demonstrated ZTO
as a candidate for replacement of IGZO in thin film technologies [13], similarly,
ZTO is also one of the most promising multicomponent metal oxides for transistors
with nanostructures [62]. Demonstrations of discrete Zn2SnO4 nanotransistors have
already been made using nanotransfer molding of ZTO inks followed by annealing
at 500°C, or by simple pick-and-place approach of drop-casted ZTO nanowires
prepared by CVD above 700°C and by thermal evaporation at 1000°C [39, 97, 98].
While the achievement of on/off ratio ≈106 and field-effect mobility ≈20 cm2/Vs is
a good demonstration of the ZTO’s potential, transistors using ZTO nanostructures
synthesized by solution processes have not been reported yet. Furthermore, these
nanostructures have also been used for the resistive switch layer in the emerging
type of memory devices known as memristors. Reports show ZTO as the active
material in memristors in the form of both Zn2SnO4 nanowires and ZnSnO3

nanocubes, being the latter especially relevant for this application due to its ferro-
electric properties. Properties such as high off/on ratios (>105), long retention times
(>5 months) and fast response speeds (<20 ns) are obtained for these devices
[99, 100].

Transforming ZTO or other nanostructures into well-established LAE semicon-
ductor materials, while highly desirable from the performance and functionality
point of view, will still require significant advances in reliable techniques for
alignment and density control in transparent (and flexible) substrates [101].

3.3.4 Other applications

Besides the applications briefly presented above, ZTO nanostructures have also
been widely used in sensing applications, with gas sensors being the most popular
[102]. Their small crystallite size, high surface-to-volume ratios and surface reac-
tivity result in enhanced sensitivities/selectivity, with multicomponent materials
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typically presenting smaller response times and superior stabilities compared to
binary compounds [103]. Moreover, the implementation of these nanostructures in
sensors allows miniaturization of the devices, as well as cost reduction. ZnSnO3 has
been reported as an excellent humidity sensor, in different nanostructure forms
such as nanoparticles or even in composites of ZnSnO3 nanocubes and Ag
nanowires [29, 104]. Additionally, ZnSnO3 nanoparticles were used as electro-
chemical biosensors for label free sub-femtomolar detection of cardiac biomarker
troponin T and a composite of Zn2SnO4 nanoparticles and graphene was used for
morphine and codeine detection [105, 106]. Recently, Durai et al.. reported ultra-
selective sensors, based on ZnSnO3 nanocubes modified glassy carbon electrode
(GCE), for simultaneous detection of uric acid and dopamine through differential
pulse voltammetry technique [107]. Zn2SnO4 and ZnSnO3 nanostructures of
different shapes such as nanoparticles, nanowires and nanocubes, have also been
widely explored as photoconductors [23, 108–111]. While the optical band gap of
these materials is typically in the UV energy levels (hence their transparency in
visible range), quantum confinement effects or even defect levels near the band
edges can be explored to increase the absorption for lower energy levels. Other
applications that have been explored using ZTO nanostructures are related with
energy storage and conversion. Zn2SnO4 has been widely used as photoanode for
dye solar cells in different nanostructure morphologies such as nanoparticles and
nanowires [21, 35]. Cherian et al. reported the performance of nanowires and
compared with nanoplates of Zn2SnO4 for Li-batteries [34]. Supercapacitors (SC)
have also started to be explored using ZTO nanostructures, with Bao et al. having
reported the use of Zn2SnO4/MnO2 core shell in carbon fibers showing a capaci-
tance of 621.6 F�g �1 [112].

4. Conclusions

Expanding LAE to IoT and smart surface concepts requires an increasing num-
ber of objects to have embedded electronics, sensors and connectivity, driving a
demand for compact, smart, multifunctional and self-sustainable technology with
low associated costs. While nanomaterials are thought to be able to meet these
requirements, playing an important role in the future technological world, low cost
and sustainable technologies are demanded. For this, both low cost fabrication
methods and sustainable materials must be considered. This chapter shows the
versatility of the hydrothermal method to control the growth and morphology of
zinc tin oxide (ZTO) nanostructures, and the variety of shapes that can be produced
for each of the different ZTO phases. Compared to other preparation methods,
especially vapor phase methods, hydrothermal synthesis reveals a large set of
advantages from both research and industrial viewpoints. First, while the
multitude of parameters to control requires an in-depth understanding of their
role in the final products, it also brings enormous flexibility to tune the synthesis
process for the desired results. Also, it can be performed at low temperature
(< 200°C), which is compatible with a wide range of substrates for direct growth,
while assuring lower costs. This links perfectly with the demonstrated upscaling
capability of hydrothermal synthesis which is a crucial aspect for industrial
implementation.

Furthermore, a summary of exciting results that have been reported regarding
application in devices of these ZTO nanostructures over the past few years is
presented. The multifunctionality of this material system is highlighted by its suc-
cessful implementation in energy harvesters, photocatalysis, electronic devices,
sensors, and others.
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Chapter 2

Investigation of Alternative 
Techniques for Graphene 
Synthesis
Betül Gürünlü and Mahmut Bayramoğlu

Abstract

In recent years, a great deal of concentration has addressed the electronic and 
morphological characteristics of carbonaceous substances. Nowadays, particularly, 
graphene is one of the most popular materials in condensed-matter physics and 
materials science. It is used in different fields such as desalination of seawater, 
smartphones, computers, satellites, planes, cars, building materials, obtaining pro-
tective coatings and rust-free cars, nuclear clean up, transistors, sensors, electron 
microscopy, Li ion batteries, super capacitors, and bionics. Mechanical cleaving 
(exfoliation), chemical exfoliation, chemical synthesis, and thermal chemical vapor 
deposition (CVD) synthesis are the most commonly used methods today. Some 
other techniques are also reported such as unzipping nanotube and microwave 
synthesis. In graphene synthesis, starting material is usually graphite. On the other 
hand, different starting materials such as rice husks, fenugreek seeds, hibiscus 
flower petals, camphor, alfalfa plants, petroleum asphalt are used as a carbon source 
for graphene synthesis. In this study, alternative methods for graphene synthesis 
specially microwave irradiation and ultrasound energy were studied, and the 
performances of the final products were compared with the help of different char-
acterization techniques. Advantages and drawbacks of these methods were clearly 
discussed for enhancing the understanding of the graphene synthesis phenomena.

Keywords: graphene synthesis, graphene characterization, microwave irradiation, 
ultrasound energy

1. Introduction

Graphene is a 2D material, which was firstly discovered by Geim and Novoselov 
in 2004. They won Nobel Prize in Physics by synthesizing graphene including of sp2 
carbon bonds via Scotch-tape method in 2010 [1, 2]. Graphene is a thin nanoplatelet, 
which can be produced by cleaving of graphite. Graphite can be downed into the 
single graphene sheet level [3]. Graphene is a one atomic layer having 0.34 nm thick-
nesses. Graphene is a single layer of carbon atoms organized in a honeycomb lattice 
[4]. It is the block of graphite that is used in pencil tips, but graphene is an extraor-
dinary matter with a multitude of astounding specialties that named it as wonder 
material [5]. It is a hexagonal shaped plane consisting of sp2-carbon atoms [6, 7]. 
Graphene can be seemed as either uncoiled single-walled carbon nanotubes or a 
wide atomic sheet of graphite. Graphene has superior mechanical strength, thermal 
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conductivity, optical transparency, high mobility, room temperature quantum Hall 
effect and great electronic properties like Dirac-particles having a linear dispersion, 
transport energy gap and simply absorption coefficient of lights, thus it will become 
the favorable prospect after the silicon time [8, 9]. It is the thinnest substance at 
one atom thick, and also fabulously strong around 200 times stronger than steel 
[5]. Apart from that, graphene is a superb conductor of heat and electricity and has 
exciting light absorption capabilities. It is truthfully a material with wide potential 
for integrating in nearly any industry.

Graphene is a highly varied material and can be merged with other materials 
(involving gases and metals) to synthesize various materials with different excep-
tional qualities. Researchers proceed to examine its unexplored properties and pos-
sible applications such as touchscreens (for LCD or OLED displays), computer chips, 
transistors, batteries, supercapacitors, energy production, DNA sequencing, water 
filters, antennas, solar cells, and spintronics. This new 2D material has a prominent 
importance in present day. It is a quickly developing subject that flourishing novel 
concepts at incredible speed [10]. Graphene is extensively used substance in electronic 
industry such as field-effect transistor, transparent electrode, etc. The recent develop-
ments in surface area, optical, magnetic, and mechanical properties of functionalized 
graphene and the unique electronics have arisen new attitude of green technology and 
creative discovery for present complications such as photonic and electronic usages 
for ultrahigh-frequency graphene-based apparatus, anode for Li-ion battery, material 
science, ceramics, light natural gas tanks, medical science, sensors to identify sickness, 
supercapacitor, solar cell, desalination of seawater, smartphones, computers, satel-
lites, planes, cars, building materials, obtaining protective coatings and rust free cars, 
nuclear clean up, transistors, sensors, electron microscopy, and bionics.

Graphene molecular structure includes of sp2 hybrid carbon atoms that were 
presented in Figure 1a. Sp2 hybrids supply σ bonds with adjacent carbon atoms. 
Each of σ bonds has the length of 1.42 A°. Excellent mechanical characteristics of 
graphene are obtained under favor of σ bonds.

Graphene gathers much interest particularly after Geim and Novoselov win the 
2010 Nobel Prize in physics by obtaining it in 2004. To produce high-quality gra-
phene in high amount is not easy and affordable. Most companies are using chemical 
vapor deposition (CVD) based processes. Also, mechanical and chemical exfolia-
tion and chemical synthesis are the most preferred ways today. Other methods are 
unzipping of a nanotube and microwave irradiation [11].

In graphene synthesis, starting material is usually graphite. But different start-
ing materials are also used in literature such as; rice husks [12], fenugreek seeds 
[13], hibiscus flower petals [14], camphor [15], alfalfa plants [16], petroleum 
asphalt [17]. Graphene synthesis ways are primarily separated under two main 
groups entitling as bottom-up and top-down methods as seen as in Figure 2 [11].

Figure 1. 
(a) sp2 hybrids carbon atoms in graphene (b) sp2 hybrids of graphene carbon atoms connected to adjacent ones.
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In top-down approach, graphene is synthesized by using graphite or graphite-
oxide with the help of different methods. In this method, carbon materials such as 
graphite, carbon nanotubes are starting substances, and they are peeled by using 
chemical, electrochemical or physical ways [18]. Main top-down techniques are 
micromechanical exfoliation, cleavage of graphite intercalated compounds (GICs), 
unzipping of carbon nanotubes (CNTs), arc discharge, cleavage of graphene oxide, 
and liquid phase exfoliation.

2. Liquid phase exfoliation

Liquid phase exfoliation is an efficient and productive way for synthesizing of 
single and few layered graphene. It has been considered as one of the most feasible 
approach for industrial production of graphene due to its scalability and low cost. 
Solvent – carbon source suspension was first sonicated for preparation of exfolia-
tion. Due to not having defects and oxide groups in the graphene products synthe-
sized by LPE, they are more suitable for use in the electronics industry than that are 
produced by other techniques.

The LPE can form a stable dispersion of monolayer or few-layer defect-free 
graphene, which only involves the exfoliation of natural graphite via high-shear 
mixing or sonication [19]. Prepared graphene dispersion was stabilized by used 
solvent. Solvent type has also importance in productivity of the graphene dispersion 
[20]. Solvent ensures both the stability of synthesized graphene mixture and its 
productiveness. Tetrahydrofuran (THF) and N,N-dimethyl-formamide (DMF) are 
advantageous solvents to get high quality of graphene merely they are poisonous 
and show low efficiency. Dibasic ester (DBE) is an a nontoxic and environmental-
friendly solvent and it was used for cleavage of graphite by Jiang et al. Its surface 
tension is 35.6 mJ/m−2 and solubility parameter is 9.7 [20].

Graphite can be exfoliated in liquid medium exploiting sound waves to form 
single layer, Figure 3 [21]. Basically, exfoliation of carbon materials is a relatively 
economical and easy way to produce graphene [22].

The exfoliation step of the LPE can be conducted by the sonication of graphite 
in different solvents. There are two types of sonication: tip and bath sonication. 
In this study, tip sonication treatment was applied to the graphite-solvent disper-
sions. Epoxy/graphene composite shows better mechanical properties due to direct 
ultrasonication of tip sonication, that generates higher sound pressures and intensity 
compared to bath sonication which is indirect ultrasonication [23, 24]. The direct 
sonication of graphite in a solvent having similar surface energy to graphite enables a 

Figure 2. 
Flow chart for available methods for synthesis of graphene sheets.
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stable graphite dispersion [25]. Several studies have been performed in order to find 
the most appropriate solvent as well as the optimum operation conditions for the 
sonication process [26–29].

3. Experimental section

The experimental studies consist of two different methods; microwave (MW) 
energy-assisted method and ultrasound (US) energy-assisted method.

3.1 Materials used

In microwave energy method; graphite (natural flake graphite, grade 3061; 
purchased from Asbury Graphite Mills, Inc., New Jersey) was used as starting  
carbon source. Different solvents were used such as 25% ammonia solution (Merck 
KGaA), N,N-Dimethyl formamide (Merck KGaA), ethylene glycol (ZAG Chemicals) 
and ethylene diamine (Merck KGaA). Chemicals used in the second cycle of experi-
ments were of analytical grade; n-Hexadecane (Merck, 99.5%), dimethyl sulfoxide 
(Merck, 99.9%), sodium hydroxide (J.T. Baker, 99%), 1-octanol (Merck, 99%), per-
chloric acid (Merck, 70–72%), N,N-Dimethyl formamide (Merck, 99.8%), ethylene 
glycol (ZAG Chemicals, 99.3%), and ethylene diamine (Merck, 99%).

Chemicals used in the ultrasound method are as follows: Graphite fine powder 
(Extra pure, Asbury Inc., New Jersey), graphene nanoplatelets (XG Sciences, 
Michigan, US) Dimethyl sulfoxide - DMSO (Merck), N,N-Dimethylformamide - 
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35 kHz, mode 5 and 50% power for 10 min. Secondly, reaction was performed in 
Milestone Start-S model microwave oven for half an hour at 120°C temperature and 
1 bar pressure by applying 50, 100 or 200 Watt energy. Pressure controller was active, 
and thermocouple was adjusted carefully as shown in Figure 4.

3.3 Preparation of graphene sheets via ultrasound method

0.3 g graphite was dispersed in 50 ml solvent such as DMSO, DMF and PA. 
Obtained dispersions were sonicated by the means of BANDELIN ® HD 2200 
SONOPULS (which is given in Figure 5) equipped with a VS 190 T sonotrode, 
200 W, 50% amplitude for 3 hours.

Then, these dispersions were subjected to 60 minutes centrifugation 
(Elektromag, M 4812 P) at 3000 rpm to remove the unexfoliated part of graphite; 
after the heavier particles were settled down, supernatant parts were decanted and 
collected in separate vials.

Figure 4. 
The experimental system with a multimode microwave furnace: Reaction was performed inside a Teflon  
vent-and-reseal vessel.

Figure 5. 
Ultrasound device.
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3.4 Characterization

Different characterization techniques were applied to the obtained final 
products via microwave energy method in order to determine their properties 
such as thickness, layer number, electrical conductivity. X-ray Diffraction (XRD) 
analysis was done via Rigaku D-Max 2200 Series equipped with Cu-Kα radiation 
(λ = 1.54 Å) at a scanning rate of 3° per minute. The tube voltage was 40 kV and 
the current were 40 mA. The intensity was determined over a 2θ° angular range of 
2–90°. Electrical conductivities of synthesized products were measured by Keithley 
2400 Sourcemeter which is seen in Figure 6.

Each sample was measured by applying following procedure; first, it was placed 
in a copper cylindrical container which has a copper cap and it was compressed by a 
hydraulic press under 50 bar for 30 min. The electrical resistivities of obtained products 
were determined by 4-point probe method. Synthesized powder sample were com-
pressed in copper mold with the help of a joiner’s clamp during the electrical conduc-
tivity measurement. The conductivity σ was then estimated according to σ = l/AR. The 
Fourier Transform Infrared (FTIR) spectra of synthesized products were measured 
by Perkin Elmer Spectrum Two equipped with a germanium (Ge) crystal (Pike Gladi 
ATR Ge-ATR) in the range of 650–4000 cm−1. The obtained powder was characterized 
via ultraviolet–visible (UV–Vis) spectroscopy. For UV–vis analysis, the dried filtrate 

Figure 6. 
Electrical resistivity measurement system: (a) copper cylindrical container and a copper cap. (b) Electrical 
resistivity measurement set-up (joiner’clamp and copper container). (c) Keithley 2400 Sourcemeter.
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which is dried on drying oven at overnight was dispersed in distilled water by agitating 
via a magnetic stirrer. After that an amount of dispersion was taken into the 10x10 mm 
vial then it was analyzed by comparing with the water which is reference sample. The 
spectrum has an operation range (UV Perkin Elmer, Lambda 35) of 200 to 700 nm.

Also, the synthesized products via ultrasound energy method were analyzed via 
different characterization techniques such as UV–vis spectroscopy, Atomic Force 
Microscopy, X-ray Diffraction and dynamic light scattering analysis. UV–vis spec-
tral measurements were acquired using a Perkin Elmer Precisely Lambda 35 UV/
vis Spectrometer. UV–Visible spectra (Perkin Elmer, Lambda 35) were measured 
from 200 to 800 nm. Samples for AFM were prepared by dropping the graphene 
dispersions onto glass pieces (0.7 x 0.7 mm2) and measurements were made in 
contact (tapping) mode, with 10.00 μm scan size, and 20.35 Hz scan rate by using 
Digital Instruments Nanoscope. Samples for XRD were prepared by depositing onto 
glass pieces (0.7 x 0.7 mm2) and X-ray diffraction (XRD) patterns were obtained 
with a Rigaku D-Max 2200 Series equipped with Cu-Kα radiation (λ = 1.54 A°) at 
a scanning rate of 3° per minute. The tube voltage was 40 kV, and the current was 
40 mA. Also, an extensive study of the particle size distribution was carried out by 
an analytical technique such as dynamic light scattering (DLS) method by using 
Malvern Zetasizer Nano ZS Laser Particle Size Distribution Meter.

4. Results & discussion

Microwave energy-assisted method and ultrasound energy-assisted method 
were studied, and the final products were obtained. Synthesized carbon products 
were analyzed by applying different characterization techniques such as XRD, 
AFM, TEM.

4.1 Microwave (MW) assisted method results

All the results of ammonia tests were summarized in Table 1. According to the 
results; sonication did not create a positive effect on electrical conductivity of final 
product. Lower temperature conditions give better yield and electrical conductivity 
results.

According to these results which were given in Table 1, low temperature showed 
better electrical conductivity results. Sonication step built a negative effect on 
electrical conductivity results. Also, after annealing step, electrical conductivity 
results slightly increased.

Another set of experiment were done in order to compare the effect of different 
solvents on graphene synthesis via microwave energy. The results of microwave 
tests that were conducted by using N,N-Dimethyl formamide (DMF), ethylene 
glycol (EG) and ethylene diamine (ED) were given in Table 2.

According to the results which were given in Table 2, the reaction yields of DMF, 
EG, and ED are 60, 88, and 75%, respectively. The electrical conductivity values of 
DMF, EG, and ED are 22.716, 6.0002, 7.0967 S/m, respectively. It can be concluded 
that; G-DMF shows better conductivity performance.

XRD spectra of natural graphite, MW assisted expanded graphite products 
which were obtained in different solvents such as ethylene glycol, ammonia, and 
DMF were given in Figure 7, respectively.

According to XRD results; all the spectrums show the 002 peak of graphite was 
predominant in all the four types of graphite, at 2θ° = 26.44° peak, which is charac-
teristic for graphite. Natural graphite shows highest intensity peak at 2θ° = 26.44. 
The intensity of other two peaks 101, 004 was low at all the spectrums. Layer 
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All the results of ammonia tests were summarized in Table 1. According to the 
results; sonication did not create a positive effect on electrical conductivity of final 
product. Lower temperature conditions give better yield and electrical conductivity 
results.

According to these results which were given in Table 1, low temperature showed 
better electrical conductivity results. Sonication step built a negative effect on 
electrical conductivity results. Also, after annealing step, electrical conductivity 
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Another set of experiment were done in order to compare the effect of different 
solvents on graphene synthesis via microwave energy. The results of microwave 
tests that were conducted by using N,N-Dimethyl formamide (DMF), ethylene 
glycol (EG) and ethylene diamine (ED) were given in Table 2.

According to the results which were given in Table 2, the reaction yields of DMF, 
EG, and ED are 60, 88, and 75%, respectively. The electrical conductivity values of 
DMF, EG, and ED are 22.716, 6.0002, 7.0967 S/m, respectively. It can be concluded 
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XRD spectra of natural graphite, MW assisted expanded graphite products 
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DMF were given in Figure 7, respectively.

According to XRD results; all the spectrums show the 002 peak of graphite was 
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Figure 7. 
XRD spectra of commercial graphite and the MW-assisted graphene products which were obtained in ethylene 
glycol, ammonia, and DMF.

numbers of final products calculating by using XRD data were presented at Table 3. 
Layer numbers of expanded graphite products, which were obtained in EG, ammo-
nia, and DMF by using MW energy, were calculated as 1.5 for all solvents. Layer 
number of natural graphite was calculated as 1.75 by the help of XRD results.

The results of another experiment plan which covering the usage of wide scale 
of solvents including n-Hexadecane (n-Hexa), Dimethylsulfoxide (DMSO), Sodium 

Exp. 
No

Carbon 
source

Solvent Sonication 
step

React. 
Cond.

Yield 
(%)

Elec. 
cond. 
(S/m)

E. cond. 
(After 

annealing) 
(S/m)

1 Natural 
graphite 
(0.5 g)

25% 
Ammonia

— 120°C, 
1 bar, 

50 watt

94 52.44 58.114

2 Natural 
graphite 
(0.5 g)

25% 
Ammonia

— 120°C, 
1 bar, 

50 watt

89 12.8 30.647

3 Natural 
graphite 
(0.5 g)

25% 
Ammonia

30 min mode 
5 power 50%

200 °C, 
1 bar, 

50 watt

53.5 9.06 12.047

Table 1. 
Results of experiments that were done by using ammonia.

Exp. 
No

Carbon 
source

Solvent Sonication step React. 
Cond.

Yield 
(%)

Elec. 
cond. 
(S/m)

4 Natural 
graphite 
(0.1 g)

DMF 
(50 ml)

10′, 200 W, 20kHz, 
mode 5, power 50%

30 min 
180°C

60 22.7

5 Natural 
graphite 
(0.1 g)

EG 
(50 ml)

10′, 200 W, 20kHz, 
mode 5, power 50%

30 min 
180°C

88 6

6 Natural 
graphite 
(0.1 g)

ED 
(50 ml)

10′, 200 W, 20 kHz, 
mode 5, power 50%

30 min 
180°C

75 7.1

Table 2. 
Microwave tests that were conducted by using DMF, EG and ED.
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Hydroxide (50% aq.) (NaOH), 1-octanol (OCTA), Perchloric acid (PA), N,N-
Dimethyl formamide (DMF), Ethylene glycol (EG), and Ethylene diamine (ED) 
were presented in Table 4.

According to the results, MW-G-DMF showed the highest electrical conductivity. 
Electrical conductivities of MW assisted graphene products were higher when the 
used chemicals have 2–4 Debye (D) dipole moments. These results are compatible 
with the dielectric constants and surface tensions of the used chemicals. Layer 
numbers were calculated by Scherrer equation and the half-width of the diffrac-
tion line β(2θ) (in rad) was taken as the experimental half-width (βexp) and was 
corrected for experimental broading (βinstr) as described in Saberi et al.’s study 
[30]. Layer numbers show distribution between 10 and 16. MW-G-EG showed 
the thinnest layer number with the value of 5.5, which is seen at Table 4. Solvents 
that have surface tension bigger than 40 mN/m show better layer number results. 
Briefly, as the surface tensions increased, layer numbers decreased. These results 
are supported with Hernandez et al.’s study [29]. Electrical conductivities of MW 
assisted graphene products were higher when the used chemicals have 2–4 Debye 
(D) dipole moments as seen as in Table 4. When the dielectric constants (ε) get 
larger, electrical conductivity values of synthesized products increased.

MW-G-PA showed the optimum electrical conductivity and layer number values 
for the MW assisted graphene synthesis as seen in Figure 8.

All XRD spectrums showed peak at 26.5° which can be seen in Figure 9. XRD spec-
tra of MW- G-PA also proved that graphite peak at 26.5° shows minimum intensity.

Code Layer number

Ethylene glycol (EG) 1.5

Ammonia 1.5

N,N-Dimethyl formamide (DMF) 1.5

Natural graphite 1.75

Table 3. 
Layer numbers of final products calculating from XRD results.

Solvent Dipole 
moment 
(Debye)

Dielectric 
constant 

(ε)

Layer 
number

Surface 
Tension 
@ 20 °C 
(mN/m)

Elect. 
conductivity 

(S/m)

n-Hexadecane 0.06 2 15.81 27.47 8.174

Dimethylsulfoxide 3.96 46.7 12.36 43.54 7.581

Sodium Hydroxide  
(50% aq.)

6.832 57.5 10.33 74.35 10.664

1-octanol 1.76 3.4 14.02 27.6 1.784

Perchloric acid 2.146 115 10 69.69 20.619

N,N-Dimethyl 
formamide

3.86 36.7 15 37.1 22.716

Ethylene glycol 2.746 37 5.5 47.7 6.002

Ethylene diamine 1.83 16 10.61 42 7.097

Table 4. 
Electrical conductivities, dipole moments, layer numbers and dielectric constants of MW supported graphene 
products.
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According to the UV–vis spectrums of MW-assisted graphene samples, which 
are presented in Figure 10, synthesized graphene samples, which were labeled 
as MW- G-PA, MW-G-NaOH, MW-G-n-Hexa, MW-G-ED, MW-G-DMSO, and 
MW-G-OCTA showed peak at 265 nm wavelength that referring sp2 C=C bonds. 
This result is in line with the previous literature [31].

4.2 Ultrasound (US) assisted method results

The US-assisted synthesized graphene products were characterized by using 
UV–vis spectroscopy, AFM Spectroscopy, and DLS analysis. UV–vis spectrums of 
US-assisted graphene products are presented in Figure 11. Coleman’s team calcu-
lated the absorption coefficient of graphene dispersion via UV/vis spectroscopy. 

Figure 8. 
Relation between layer numbers and electrical conductivity.

Figure 9. 
XRD spectra of MW-assisted graphene products.

Figure 10. 
UV spectrums of MW based synthesized graphene products.
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Figure 11. 
UV–vis spectra of CG, US-G-DMSO, US-G-DMF, and US-G-PA products.

Figure 12. 
The AFM images of (a) US-G-DMSO, (b) US-G-DMF, and (c) US-G-PA drop casted onto glass piece 
showing the homogeneous structure of the pristine graphene nanosheets.
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Concisely, with the help of the Beer–Lambert law, absorption coefficient (A = αcl) of 
graphene could be found by using dispersion at specific concentrations [29, 32–35]. 
UV–Vis absorbance spectroscopy was conducted at fixed wavenumbers of 253 nm 
for graphene. A piercing peak at 210 nm can be noticed and one more peak around 
226 nm with a little bit less intensity of absorption peak is also observed due to Π-Π* 
bondings of the C-C aromatic rings.

The obtained graphene samples, which are labeled as US-G-DMSO, US-G-
DMF and US-G-PA, show peak at 265 nm wavelength that referring sp2 C=C 
bonds [31].
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AFM characterization of final graphene products (US-G-DMF, US-G-DMSO, 
US-G-PA) were conducted to determine the optimal growth condition by measur-
ing surface roughness and thickness. The AFM images of US-G-DMSO, US-G-DMF, 
and US-G-PA were presented in Figure 12. The Ra values of US-G-DMSO, US-G-
DMF, and US-G-PA are 2.937, 6.343, and 10.103 nm, respectively. The Rq values of 
US-G-DMSO, US-G-DMF, and US-G-PA are 3.471, 8.046, and 11.748 nm, respec-
tively. The RMS values of US-G-DMSO, US-G-DMF, and US-G-PA are 5.675, 8.842, 
and 11.910 nm, respectively. Vertical distance denotes the thickness of graphene 
and it is determined for US-G-DMSO, US-G-DMF, and US-G-PA as 1.638, 2.151, and 
10.754 nm, respectively. The layer numbers were calculated via following equation: 
N = (tmeasured - 0.4)/0.335.

The layer numbers of US-G-DMSO, US-G-DMF, and US-G-PA are calculated as 
4, 5, and 31, respectively. According to AFM results, best result was obtained with 
DMSO. All these results confirmed that the US-G-DMSO materials had fewer layers 
and defects.

Although these techniques can determine the size of graphene products, dynamic 
light scattering (DLS) is also helpful to measure the lateral size. It is an easy and 
quick method for evaluating the size of graphene samples [36]. The size distribution 
of the synthesized graphene samples using DLS are shown in Figure 13. Z-average 
hydrodynamic radius (Rh) of US-G-DMF is 3846 nm, Rh of US-G-DMSO is 
6930 nm, and Rh of US-G-PA is 7137 nm. According to these results, DMF provides 
graphene products with smallest lateral size.

5. Conclusion

Microwave (MW)-assisted method was developed. Although many solvents 
have been studied, carbon product, which was synthesized in DMF, showed the 
highest electrical conductivity. Electrical conductivities of MW-assisted gra-
phene products were higher when the used solvents have 2–4 Debye (D) dipole 
moments. These results are compatible with the dielectric constants and surface 
tensions of the used chemicals. Layer numbers show distribution between 10 
and 16. EG has minimum layer number with the value of 5.5. Solvents that  
have surface tension bigger than 40 mN/m show better layer number results. 
When the dielectric constants (ε) get larger, electrical conductivity values 
of synthesized products increased. As the surface tensions increased, layer 
numbers decreased. PA showed the optimum electrical conductivity and layer 
number values for the MW-assisted graphene synthesis. According to the UV–vis 
spectrums of MW assisted graphene samples. The obtained graphene samples, 
which were labeled as MW-G-PA, MW-G-NaOH, MW-G-n-Hexa, MW-G-ED, 
MW-G-DMSO, and MW-G-OCTA showed peak at 265 nm wavelength that  
referring sp2 C=C bonds.

Ultrasound (US)-assisted method was studied. Graphene samples were easily 
synthesized via solution-based process. According to the UV–vis spectrums, all 
graphene products gave peak at 265 nm wavelengths, which may be caused by the 
ultrasonication required for proper suspension using the solution-based process. 
Also, as a result of AFM analyses, US-G-DMSO has four layers, US-G-DMF has five 
layers and US-G-PA has thirty-one layers. It can be understood that DMSO shows 
better solvent effect on graphite exfoliation by sonication process. Z-average hydro-
dynamic radius (Rh) of US-G-DMF is 3846 nm, Rh of US-G-DMSO is 6930 nm, 
and Rh of US-G-PA is 7137 nm. It can be concluded that, DMF provides graphene 
products with smallest lateral size.
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4, 5, and 31, respectively. According to AFM results, best result was obtained with 
DMSO. All these results confirmed that the US-G-DMSO materials had fewer layers 
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quick method for evaluating the size of graphene samples [36]. The size distribution 
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have been studied, carbon product, which was synthesized in DMF, showed the 
highest electrical conductivity. Electrical conductivities of MW-assisted gra-
phene products were higher when the used solvents have 2–4 Debye (D) dipole 
moments. These results are compatible with the dielectric constants and surface 
tensions of the used chemicals. Layer numbers show distribution between 10 
and 16. EG has minimum layer number with the value of 5.5. Solvents that  
have surface tension bigger than 40 mN/m show better layer number results. 
When the dielectric constants (ε) get larger, electrical conductivity values 
of synthesized products increased. As the surface tensions increased, layer 
numbers decreased. PA showed the optimum electrical conductivity and layer 
number values for the MW-assisted graphene synthesis. According to the UV–vis 
spectrums of MW assisted graphene samples. The obtained graphene samples, 
which were labeled as MW-G-PA, MW-G-NaOH, MW-G-n-Hexa, MW-G-ED, 
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referring sp2 C=C bonds.
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synthesized via solution-based process. According to the UV–vis spectrums, all 
graphene products gave peak at 265 nm wavelengths, which may be caused by the 
ultrasonication required for proper suspension using the solution-based process. 
Also, as a result of AFM analyses, US-G-DMSO has four layers, US-G-DMF has five 
layers and US-G-PA has thirty-one layers. It can be understood that DMSO shows 
better solvent effect on graphite exfoliation by sonication process. Z-average hydro-
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Chapter 3

Preparation of Hollow 
Nanostructures via Various 
Methods and Their Applications
Rudy Tahan Mangapul Situmeang

Abstract

The hollow nanomaterial is a unique material to be developed because of its 
characteristics, especially the surface area where it has more surfaces than other 
materials. In general, hollow nanomaterials could be synthesized using hard-
templated, soft-templated, self-templated, template-free and simple methods. In 
this chance, the catalyst preparation focused on using a simple method to study its 
activity on the dyes photodegradation reaction, deNOx reaction, carbon dioxides 
utilization, and photoconversion of chemical compounds. The characterization 
is emphasized on Scanning electron and Transmission electron Microscopes were 
used to identify its structure and characteristics. Furthermore, the analysis of 
UV-Vis spectrophotometer and HPLC is done to point out its activity on the photo-
degradation of dyes, deNOx reaction, and photoconversion of cellulose and carbon 
dioxides utilization.

Keywords: simple method, hollow, nano material, spinel, perovskite

1. Introduction

Material that has space or cavity inside or not solid within is called a hollow 
material. The surface of hollow material has more area than regular materials. For 
example, a cube-shaped material (Figure 1a) has six surface areas, but if its shape 
changes to a hollow cubic structure (Figure 1b), so that it has eight surface areas. 
For instance, the surface area of   the hollow cubic unit cell is 1.333 times the surface 
area of   a regular cube per unit cell. The difference in the surface area depends on 
the geometric shape of the material if it is cylindrical or tubular, the difference in a 
surface area becomes much large.

In nature, some inorganic compounds have hollow structures such as zeolites 
even though the size of the hollow has not in the range of the nano category. 
However, the utilization of the hollow zeolite structures turned out to be quite a 
lot, for example, as function as molecular sieves [1], absorbents [1], and selective 
catalysts [2]. Although the application categories that can be covered come in 
microns.

In line with the development of nano and hollow materials, the manufacture of 
nano hollow single-crystal zeolites was carried out and shown in Figure 2 below.

One of the applications that can be covered is the nano-sized material, such as 
zeolite, one of which is the molecular sieve where the application of purification 
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or separation of pollutant particles from plastic contaminated water with nano-
microns or microbes was able to be done [5].

Based on the study of specific surface area, load capacity, material transfer as 
well as storage, the size of the cavity makes hollow materials have extraordinary 
advantages in their characteristics. Having driven by these unique characteristics, 
the research groups eager to explore the more possible applications such as catalysis, 
photocatalysis, drug delivery, solar cells, supercapacitors, lithium-ion batteries, elec-
tromagnetic wave absorption, and sensors. The challenge faced in producing hollow 
materials at this time is to synthesize nano hollow materials which have a series of 
controlled structures in terms of composition and geometric configuration so that 
their applicative development is still constrained. However, the progress regarding 
the ability to manipulate both structure and morphology of nano hollow scale solid 
materials will have greater control over the local chemical environment [6–9].

Furthermore, the simple method used in the manufacture of nano hollow 
materials emphasizes the preparation process, economic review, and environ-
mental friendliness for each of the chemicals used. This simple method is possible 
to produce nano hallow materials of various shapes such as nano hollow spheres 
(NHS), nano hollow cubes (NHC), nano hollow squared tubes (NHST), and related 
fibers. The applications described are the catalytic utilization of carbon dioxide into 
alcohol compounds, degradation of dyes, and the conversion of nano-cellulose to 
alcoholic sugars by photocatalysis.

2. Preparation methods

Hollow materials, in general, can be prepared using the Kirkendall effect and 
Ostwald ripening based on events, as well as the templating method (hard, soft, or 

Figure 1. 
The structure area of regular and hollow cubic shapes.

Figure 2. 
A flowchart and the example of Zeolite nano hollow formation [3, 4].
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one-pot/self-templating and free) based on the use of templates. In more detail, it 
described below:

2.1 Kirkendall effect

Kirkendall effect, a vacuum ordering occurs due to a change in the rate of 
diffusion between two or more components diffusing simultaneously. The process 
of different diffusion movements was proven experimentally by Smigelkas and 
Kirkendall [10] in 1947 that atomic diffusion occurs through the exchange of 
vacancies rather than by the direct replace of atoms. One example of this method 
is the preparation of metal oxides that can change the morphology of nanowires to 
nanotubes [11]. The example of nanowire formation based on Kirkendall effect is 
shown in Figure 3.

The mechanism explaining the formation of a cavity or hollow material in the 
inner direction could be described as follows: cations will flow rapidly outward 
through the oxide layer and flow inward from the void as a counterweight to the 
metal oxide interfacial void. Then, the direction of flow of the material is equalized 
by the direction of flow of the void through condensation into the pore or eliminat-
ing the crystalline defects. The direction of material flow can also result from the 
phenomena of diffusion and reaction pairs at the gas/solid or liquid/solid interfaces, 
the formation of deformations and vacancies, or both during the growth of metal 
oxide or sulfide layers [13, 14]. It should be remembered that the hollows produced 
in the metal-metal diffusion pair or near the metal oxide interfaces of an oxide 
growth do not produce mono-spheres in regular directions but form a very hetero-
geneous molecular collection.

2.2 Ostwald ripening

Ostwald Ripening is a phenomenon that is observed in solid solutions or liq-
uid soles and explains changes in the structure of inhomogeneity with time, for 
example, small crystals or sol particles dissolving and being deposited back into 
crystals or larger sol particles. This phenomenon was first described by Wilhelm 
Ostwald in 1896 [15, 16] and is commonly found in oil-in-water [17] emulsions 

Figure 3. 
The schematic formation of Hollow Cu nanowires based on Kirkendall effect during the thermal oxidation 
process in air at 300°C [12].
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Figure 5. 
An example of a particle formation mechanism based on the Smoluchowski process with an emphasis on 
agglomeration and aggregation [27].

when flocculation is found in water-in-oil [18] emulsions. Schematically the w/o 
and o/w emulsions are presented below in Figure 4a.

Ostwald ripening mechanism is well-known through several growth methods, such 
as island formation [20], layer by layer formation [21], and the mixed layers and islands 
formation [22] as illustrated in a solidified growth of carbon sphere in Figure 4b.

The emulsion produced in the w/o or o/w system is affected by various  
factors such as pressure (Laplace and osmotic), the concentration of the dispersed 
phase, the concentration of surfactants, and the additives used. Furthermore, the 
emulsifiers or surfactants used are generally biopolymers such as various proteins 
(whey protein isolate (WPI), β-lactoglobulin, casein, soy protein isolate (SPI), 
and pea protein [24], polysaccharides such as xanthan, Arabic gum, modified 
starch, carrageenan, pectin, and modified celluloses frequently utilized to stabi-
lize emulsions, especially O / W and W/O/W double emulsions [25].

2.3 The Smoluchowski process

The Smoluchowski process is a process to produce nano hollow complex 
materials in an “integrative” nature from colloidal particles. An example of this 
preparation was the manufacture of titanium oxide, TiO2, and the yield observed 
by a high-resolution TEM [26]. The HRTEM TiO2 micrograph showed that the tiny 
nanocrystallites stuck to each other in the aggregated end product while keeping the 
overall orientation unchanged. An example of the formation of particles based on 
the Smoluchowski mechanism is presented in Figure 5 below.

Figure 4. 
Schematic of both w/o and o/w emulsion and hollow particles formation (a) using oleyamine micelles [19], and 
the growth of solid carbon sphere (b) based on Ostwald repining mechanism [23].
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2.4 Template methods

These methods can effectively control the morphology, particle size, and 
structure during the nanomaterial manufacturing process. In general, these meth-
ods consist of two types/categories, namely: hard methods and soft (or one-pot or 
self) templates according to different structures. The methods of templates in their 
preparation are insensitive, easy to operate, and practice.

2.4.1 Hard-template method

In principle, this method is for the preparation of one-dimensional hollow 
materials. Materials used as hard-templates are polymer microspheres, porous 
membranes, plastic foam, ion exchange resins, carbon fiber, and anodic aluminum 
oxide (AAO) [28, 29]. Because the templates and the resulting target products have 
a unique structure and influence the particle size range, they play an important role 
in many areas of application. Furthermore, after the desired target is obtained so 
that a template used is moved/separated or modified.

One example of using the hard template method is making the ordered meso-
porous CeO2 prepared via a hard-template method using SBA-15 as a structure-
directing agent. Leaching with NaOH and thermal treatment at 500°C enabled the 
removal of the inorganic template, thus resulting in the formation of long-range 
ordered CeO2. Nevertheless, small amounts of silica were present in the final oxides. 
The resulting CeO2 samples were used as supports for Au nanoparticles as shown in 
Figure 6 below.

2.4.2 The soft templating or the endotemplate method

The soft templating or the endotemplate method refers to supramolecular 
entities like self-assembled arrangements of structure-directing molecules such as 
surfactants, leading to mesopores up to 30 nm [31, 32].

In the soft template method as shown schematically in Figure 7, compounds 
that function as templates are organic compounds whose molecules form aggregates 
through inter-molecular or intra-molecular interactions such as hydrogen bonds, 
chemical bonds, and electrostatic forces. The metal cations as the target as the hollow 
material are deposited on the surface or in the inside of the aggregate. The process 
of placing metal cations in the aggregate carried out using electrochemical methods, 
precipitation, and other synthesis/preparation methods to form metal oxide or 
composite materials of various shapes and sizes. Organic compounds that commonly 
function as templates are surfactants, polymers, biopolymers, supramolecules, 

Figure 6. 
Schematic pathways of Au doped CeO using hard template method [30].
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and inorganic compounds. Based on the type of compound that can act as a soft 
template, it is possible to develop nanomaterial synthesis because this method has 
advantages such as simplicity of the process, repetition of the process with good 
results, and does not require removal of targets from the aggregates [34–38].

One example of a soft template method to generate ABO3/AB2O4 nano hollow 
is spinel compounds of both Fe3O4 and CoFe2O4, respectively [39, 40]. Magnetite 
hollow spheres, Fe3O4 were prepared using a soft/free template with the solvother-
mal method described by Chen et al. [39] as follows: 13 g FeCl3.6H2O was dissolved 
in 350 mL of ethylene glycol and diethylene glycol. Subsequently, 2 g NaAc, 
2 g polyvinyl pyrrolidone (PVP), and sodium citrate (Na3Cit) were added to the 
solution’s ultrasonic processing. After an hour, the solution was sealed in a 400 mL 
Teflon-lined stainless-steel autoclave. The autoclave was heated to 210°C for 12 h 
and then cooled to room temperature naturally. The black products were collected 
by magnetic decantation and centrifugation, followed by repeated washing with 
deionized water and ethanol. The final products were dried in a vacuum oven at 
50 C for 12 h. Another procedure with the same steps and only differs in the number 
of materials used and the washing process of the solution which turned black was 
washed with alcohol several times and dried at 60°C overnight. The diameter size of 
the product magnetite hollow spheres can be adjusted by changing the concentra-
tion of the added PVP [41]. Preparation of Fe3O4 using urea and PVP as a binder for 
Fen+ cations gives nano hollow spheres as shown in the following figure.

Mandal et al. [41] have synthesized of hollow Fe3O4 particles via a one-step 
solvothermal approach for microwave absorption materials: effect of reactant con-
centration, reaction temperature, and reaction time as shown in Figure 8j below.

Then, another method of a template-free preparation of Fe3O4 nano hollow 
spheres has prepared by researcher Shi et al. [42] using the following procedure, 
hydrated ferrous chlorine salt (FeCl3.6H2O, 1.084 g) was dissolved in 80 mL of 
deionized water under rigorous and constant stirring for 10 minutes. Then added 
Na-citrate salt (2.352 g), PAM (0.8 g), and urea (0.72 g) while stirring vigorously 
for 30 minutes. The mixture was then transferred to Teflon and tightly closed before 
being placed into the autoclave and heated at 200°C and held at the temperature for 
24 hours. Then cooled naturally with air. The result of a black precipitate Fe3O4 was 
washed with water and ethanol, separated by magnetic attraction, and finally dried 

Figure 7. 
Soft template pathways to produce hollow material [33].
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at 50°C for 12 hours in an oven. An example of the results obtained by the research 
group of Shi et al. [42] is shown in Figure 8c below. Furthermore, NiFe2O4 nano 
hollow spinel preparation used a template-free method, namely the solvothermal 
process was carried out using oleyl amine capping agent. Hydrated chlorine salts of 
nickel (NiCl2.6H2O) and iron (FeCl3.6H2O) respectively mixed with urea with a 1:2 
molar ratio. The solvent uses a mixture of ethylene glycol and ethanol with a ratio 
of 2:1. After all these substances put into a glass chemical 100 mL, added as much 
as 1 mL while stirring. After 30 minutes stir, the solution becomes transparent and 
homogeneous, then put the Teflon which is tightly closed and put into the autoclave 
steel and heated at 200°C for 24 hours. The product was then passed with ethanol 
and collected by separation and heated at 60°C for 30 minutes. Product samples 
were analyzed by TEM with a result in the following Figure 8a below [43].

2.5 Simple method

The simple method for producing hollow nanomaterials in question is in terms 
of the use of chemicals to produce nano hollow materials and environmentally 
friendly products. In the nano hollow material preparation, water and pectin or egg 
white solution is used as media. The procedure to obtain the nano hollow mate-
rial is explained in brief here. The procedure to obtain the nano hollow material is 
explained in brief here. A stoichiometric amount of Ni (II) nitrate hydrates, ammo-
nium vanadates, and Fe (III) nitrate hydrates were dissolved in distilled water, 
having compositions of Ni1-xVxFe2O4 under magnetic stirring for 1 h, respectively, 
followed by mixing each solution to make the final solution weight ratio between 
nitrates to pectin is 3:2. Adjust the pH = 11 in the above solution by an addition of 
ammonia, and heat it at 80 °C with continuous stirring to form a viscous gel. Then, 
dried the gel using the freeze dryer for 7 h to form the precursors’ networks and 
calcined at 600 °C for 3 h. The results are shown in Figure 9 below.

Figure 8. 
The TEM results of NHS Fe3O4 (j), NHS Fe3O4 (c), and NHS NiFe2O4 spinel (a) using the solvothermal 
method.

Figure 9. 
TEM results of hollow material Ni1-xFe2O4 (where x = 0.1 – 0.5) were prepared using sol-gel method [44].
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advantages such as simplicity of the process, repetition of the process with good 
results, and does not require removal of targets from the aggregates [34–38].

One example of a soft template method to generate ABO3/AB2O4 nano hollow 
is spinel compounds of both Fe3O4 and CoFe2O4, respectively [39, 40]. Magnetite 
hollow spheres, Fe3O4 were prepared using a soft/free template with the solvother-
mal method described by Chen et al. [39] as follows: 13 g FeCl3.6H2O was dissolved 
in 350 mL of ethylene glycol and diethylene glycol. Subsequently, 2 g NaAc, 
2 g polyvinyl pyrrolidone (PVP), and sodium citrate (Na3Cit) were added to the 
solution’s ultrasonic processing. After an hour, the solution was sealed in a 400 mL 
Teflon-lined stainless-steel autoclave. The autoclave was heated to 210°C for 12 h 
and then cooled to room temperature naturally. The black products were collected 
by magnetic decantation and centrifugation, followed by repeated washing with 
deionized water and ethanol. The final products were dried in a vacuum oven at 
50 C for 12 h. Another procedure with the same steps and only differs in the number 
of materials used and the washing process of the solution which turned black was 
washed with alcohol several times and dried at 60°C overnight. The diameter size of 
the product magnetite hollow spheres can be adjusted by changing the concentra-
tion of the added PVP [41]. Preparation of Fe3O4 using urea and PVP as a binder for 
Fen+ cations gives nano hollow spheres as shown in the following figure.

Mandal et al. [41] have synthesized of hollow Fe3O4 particles via a one-step 
solvothermal approach for microwave absorption materials: effect of reactant con-
centration, reaction temperature, and reaction time as shown in Figure 8j below.

Then, another method of a template-free preparation of Fe3O4 nano hollow 
spheres has prepared by researcher Shi et al. [42] using the following procedure, 
hydrated ferrous chlorine salt (FeCl3.6H2O, 1.084 g) was dissolved in 80 mL of 
deionized water under rigorous and constant stirring for 10 minutes. Then added 
Na-citrate salt (2.352 g), PAM (0.8 g), and urea (0.72 g) while stirring vigorously 
for 30 minutes. The mixture was then transferred to Teflon and tightly closed before 
being placed into the autoclave and heated at 200°C and held at the temperature for 
24 hours. Then cooled naturally with air. The result of a black precipitate Fe3O4 was 
washed with water and ethanol, separated by magnetic attraction, and finally dried 

Figure 7. 
Soft template pathways to produce hollow material [33].
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at 50°C for 12 hours in an oven. An example of the results obtained by the research 
group of Shi et al. [42] is shown in Figure 8c below. Furthermore, NiFe2O4 nano 
hollow spinel preparation used a template-free method, namely the solvothermal 
process was carried out using oleyl amine capping agent. Hydrated chlorine salts of 
nickel (NiCl2.6H2O) and iron (FeCl3.6H2O) respectively mixed with urea with a 1:2 
molar ratio. The solvent uses a mixture of ethylene glycol and ethanol with a ratio 
of 2:1. After all these substances put into a glass chemical 100 mL, added as much 
as 1 mL while stirring. After 30 minutes stir, the solution becomes transparent and 
homogeneous, then put the Teflon which is tightly closed and put into the autoclave 
steel and heated at 200°C for 24 hours. The product was then passed with ethanol 
and collected by separation and heated at 60°C for 30 minutes. Product samples 
were analyzed by TEM with a result in the following Figure 8a below [43].

2.5 Simple method

The simple method for producing hollow nanomaterials in question is in terms 
of the use of chemicals to produce nano hollow materials and environmentally 
friendly products. In the nano hollow material preparation, water and pectin or egg 
white solution is used as media. The procedure to obtain the nano hollow mate-
rial is explained in brief here. The procedure to obtain the nano hollow material is 
explained in brief here. A stoichiometric amount of Ni (II) nitrate hydrates, ammo-
nium vanadates, and Fe (III) nitrate hydrates were dissolved in distilled water, 
having compositions of Ni1-xVxFe2O4 under magnetic stirring for 1 h, respectively, 
followed by mixing each solution to make the final solution weight ratio between 
nitrates to pectin is 3:2. Adjust the pH = 11 in the above solution by an addition of 
ammonia, and heat it at 80 °C with continuous stirring to form a viscous gel. Then, 
dried the gel using the freeze dryer for 7 h to form the precursors’ networks and 
calcined at 600 °C for 3 h. The results are shown in Figure 9 below.

Figure 8. 
The TEM results of NHS Fe3O4 (j), NHS Fe3O4 (c), and NHS NiFe2O4 spinel (a) using the solvothermal 
method.

Figure 9. 
TEM results of hollow material Ni1-xFe2O4 (where x = 0.1 – 0.5) were prepared using sol-gel method [44].



Novel Nanomaterials

52

Figure 10. 
TEM results of hollow nanomaterial LaCr1-xMoxO3 (x = 0.01-0.05) were prepared using sol-gel method [45].

Figure 11. 
TEM and SEM results of LaCrO3 and LaCr1-xVxO3 materials prepared using pectin and egg-white 
solution [46, 47].

Figure 9b and c clearly show the formation of nano hollow cube (NHC) from 
Ni1-xVxFe2O4 (x= 0.1 – 0.5) spinel. Furthermore, in Figure 9a, if you notice there are 
the cubic hollow aggregate and also a squared nano hollow tube (SNHT).

Then, in Figure 10a the micrograph shows that squared hollow pipes, hollow 
cube, and hollow tubes formed. In Figure 10b, you can see the nano hollow cubes 
(NHC) and micron sizes and nano spherical tubes (NST). Whereas in Figure 10c, 
you can see the interconnected pillars of micron and nano hollow cube sizes.

In the preparation of both pure LaCrO3 and modified LaCrO3 by the sol-gel 
method [46] gave SEM micrograph results shown in Figure 11a and b. It seemed 
that the shapes of material are varied that are nano hollow cubes (NHC), nano hol-
low tubes (NHT), and the blended shapes presented in Figure 11a. In Figure 11b, 
the interconnected microfiber structure and the hollow micro material formed. 
Meanwhile, Figure 11c shows the homogeneous nanoscale grains of hollow NiFe2-x 
CoxO4 spinels prepared using the egg white solution.

3. Applications

After the preparation of all the catalysts is done, it is used respectively for both 
thermic catalytic reactions and photocatalysis. The compounds that are the research 
targets are CO2, NOx, dyestuffs, and cellulose. The selection of the four targets 
intensely focused on the impact factor and the benefits that can gain.

Carbon dioxide (CO2) and NOx gas emitted from the use of fossil energy sources 
containing the main elements H, C, and O as well as other minor elements N, and S. 
The overall reaction can be described below:

 ( ) 2 2 x x 2Substrate +O CO +NO +SOC, + H, O, N, H O+ y S Energ→  
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The greater use of energy sources for activities, causing the emission of CO2, 
NOx, and SOx gases to increase [48]. Continuous emissions without treatment will 
cause acid rain and the greenhouse effect. This emission will stimulate global warm-
ing and even higher. One way to participate in the handling of COx and NOx wastes 
is through its utilization. One of the handling methods is using the nanocatalysts to 
handle thermally and photonically by converting the organic wastes (solid, liquid, 
and gaseous) such as cellulose, dyes, and COx and NOx pollutant into products that 
are economically valuable and environmentally friendly as described below.

3.1 Catalytic reaction: thermis

Catalytic reaction - thermic is a catalytic reaction that takes place with the help 
of thermal energy. These catalytic reactions control more than 90% of processes in 
the chemical industry [49]. In thermic catalytic research, the study is the hydroge-
nation reaction of CO2 and the decomposition of NOx exhaust gases. The research 
results of this reaction are briefly presented below.

3.1.1 CO2 hydrogenation reaction

The CO2 hydrogenation reaction was carried out using the perovskite LaCrO3, 
and spinel Ni1-xFe2MxO4 catalysts (M = Cu, Co, and Zn) with the reactor scheme 
shown in Figure 12a below.

The catalytic reaction takes place at a temperature of 100 to 400°C with a composi-
tion of CO2/H2 = 1/3 in the gas flow. Examples of reaction results using rapid tests and 
several quantitative analyzes are shown in Figure 12b and c, respectively.

Figure 12. 
Lab scale reactor (a) of CO2 hydrogenation reaction [50], results of rapid test (b) for alcohol product [51], and 
chromatogram results (c) of the CO2 hydrogenation reaction [52].
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cause acid rain and the greenhouse effect. This emission will stimulate global warm-
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is through its utilization. One of the handling methods is using the nanocatalysts to 
handle thermally and photonically by converting the organic wastes (solid, liquid, 
and gaseous) such as cellulose, dyes, and COx and NOx pollutant into products that 
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of thermal energy. These catalytic reactions control more than 90% of processes in 
the chemical industry [49]. In thermic catalytic research, the study is the hydroge-
nation reaction of CO2 and the decomposition of NOx exhaust gases. The research 
results of this reaction are briefly presented below.

3.1.1 CO2 hydrogenation reaction

The CO2 hydrogenation reaction was carried out using the perovskite LaCrO3, 
and spinel Ni1-xFe2MxO4 catalysts (M = Cu, Co, and Zn) with the reactor scheme 
shown in Figure 12a below.

The catalytic reaction takes place at a temperature of 100 to 400°C with a composi-
tion of CO2/H2 = 1/3 in the gas flow. Examples of reaction results using rapid tests and 
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Lab scale reactor (a) of CO2 hydrogenation reaction [50], results of rapid test (b) for alcohol product [51], and 
chromatogram results (c) of the CO2 hydrogenation reaction [52].
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Figure 13. 
Decomposition of NOx using catalysts (a) NiO/LaCrO3 [56], and (b) Fe/Zeolite [57].

3.1.2 deNOx reaction

The decomposition reaction of NO2 and NO or NOx is a type of reaction that 
uses a selective catalyst reduction (Selective Catalyst Reduction). In general, the 
catalyst (SCR) is used to reduce NOx, COx, and SOx emissions with the ability to 
reduce more than 90% of emission gases from boilers [53], power stations [54], and 
motorized vehicles [55] to be applicable. The results of the deNOx reaction research 
conducted by our team are presented in Figure 13 below.

The NO2 conversion results obtained using NiO/LaCrO3 nanocatalyst (Figure 13a) 
is relatively better than those obtained using Fe/Zeolite Catalyst (Figure 13b) at the 
same reactant conditions and reaction temperature ranges.

3.2 Photocatalysis

Photocatalytic reactions are catalytic reactions that take place with the help of 
photon energy, so they are often called catalytic reactions - photonics. This reaction 
has been going on for a long time while the development is taking quite a while. 
It was a German chemist, Dr. Alexander Eibner who is firstly doing research in 
photocatalysis by irradiated ZnO in a concentrated Prussian blue solution and the 
solution became clear [58, 59]. Then, it has grown rapidly from 1964 until now, 
for various chemical reactions such as the production of hydrogen gas [60], and 
to photosynthetic-mimic reactions [61, 62]. Furthermore, our research related to 
photocatalysis is described below.

3.2.1 Dyes decomposition reaction

The textile and other industries usually use dyes in their products to make them 
look attractive. However, the remaining dyes have gone through a waste treat-
ment process, especially in large factories but not necessarily in medium and small 
factories. As usual, the dye waste is thrown away into water bodies such as rivers 
and seas. Since the dye waste is very toxic and difficult to degrade naturally, so it 
can disturb the aquatic biota. One of the dyes that difficult to degrade and widely 
used in the small batik textile industry (home industry) is methylene golden yellow. 
Our research team also studied the decomposition of these dye compounds using 
NiFe2O4 nanocatalysts stimulated by sunlight and UV rays. An example of the result 
of the decomposition reaction is shown in Figure 14 below [44].
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In the decomposition reaction of the remazol golden yellow dye under solar and 
UV irradiation, as shown in Figure 14, the difference in activity occurs because of 
sunlight contains UV rays and the nanocatalysts are active for both rays [63].

3.2.2 Cellulose conversion reaction

This type of reaction was studied considering the abundant availability of 
residual raw materials for agri-industrial products in Lampung Province and vari-
ous conversion results such as glucose, xylitol, mannitol, sorbitol to fuel alcohol. 
The research team's target in the conversion of cellulose is a sugar alcohol, and the 
reaction takes place at room temperature and is environmentally friendly. The 
results achieved are shown in Figure 15 below.

4. Conclusion

The brief description of nano hollow materials presented in this paper is basi-
cally to provide an overview of the potential for nano hollow materials in managing 

Figure 14. 
RGY decomposition using NiFe2O4 nano hollow catalyst under the irradiated light of: (a) Sun, and (b) UV.

Figure 15. 
Results of nano cellulose conversion (a) and the chromatogram of alcohol sugar (b) using HPLC [64].



Novel Nanomaterials

54

Figure 13. 
Decomposition of NOx using catalysts (a) NiO/LaCrO3 [56], and (b) Fe/Zeolite [57].

3.1.2 deNOx reaction

The decomposition reaction of NO2 and NO or NOx is a type of reaction that 
uses a selective catalyst reduction (Selective Catalyst Reduction). In general, the 
catalyst (SCR) is used to reduce NOx, COx, and SOx emissions with the ability to 
reduce more than 90% of emission gases from boilers [53], power stations [54], and 
motorized vehicles [55] to be applicable. The results of the deNOx reaction research 
conducted by our team are presented in Figure 13 below.

The NO2 conversion results obtained using NiO/LaCrO3 nanocatalyst (Figure 13a) 
is relatively better than those obtained using Fe/Zeolite Catalyst (Figure 13b) at the 
same reactant conditions and reaction temperature ranges.

3.2 Photocatalysis

Photocatalytic reactions are catalytic reactions that take place with the help of 
photon energy, so they are often called catalytic reactions - photonics. This reaction 
has been going on for a long time while the development is taking quite a while. 
It was a German chemist, Dr. Alexander Eibner who is firstly doing research in 
photocatalysis by irradiated ZnO in a concentrated Prussian blue solution and the 
solution became clear [58, 59]. Then, it has grown rapidly from 1964 until now, 
for various chemical reactions such as the production of hydrogen gas [60], and 
to photosynthetic-mimic reactions [61, 62]. Furthermore, our research related to 
photocatalysis is described below.

3.2.1 Dyes decomposition reaction

The textile and other industries usually use dyes in their products to make them 
look attractive. However, the remaining dyes have gone through a waste treat-
ment process, especially in large factories but not necessarily in medium and small 
factories. As usual, the dye waste is thrown away into water bodies such as rivers 
and seas. Since the dye waste is very toxic and difficult to degrade naturally, so it 
can disturb the aquatic biota. One of the dyes that difficult to degrade and widely 
used in the small batik textile industry (home industry) is methylene golden yellow. 
Our research team also studied the decomposition of these dye compounds using 
NiFe2O4 nanocatalysts stimulated by sunlight and UV rays. An example of the result 
of the decomposition reaction is shown in Figure 14 below [44].

55

Preparation of Hollow Nanostructures via Various Methods and Their Applications
DOI: http://dx.doi.org/10.5772/intechopen.95272

In the decomposition reaction of the remazol golden yellow dye under solar and 
UV irradiation, as shown in Figure 14, the difference in activity occurs because of 
sunlight contains UV rays and the nanocatalysts are active for both rays [63].

3.2.2 Cellulose conversion reaction

This type of reaction was studied considering the abundant availability of 
residual raw materials for agri-industrial products in Lampung Province and vari-
ous conversion results such as glucose, xylitol, mannitol, sorbitol to fuel alcohol. 
The research team's target in the conversion of cellulose is a sugar alcohol, and the 
reaction takes place at room temperature and is environmentally friendly. The 
results achieved are shown in Figure 15 below.

4. Conclusion

The brief description of nano hollow materials presented in this paper is basi-
cally to provide an overview of the potential for nano hollow materials in managing 

Figure 14. 
RGY decomposition using NiFe2O4 nano hollow catalyst under the irradiated light of: (a) Sun, and (b) UV.

Figure 15. 
Results of nano cellulose conversion (a) and the chromatogram of alcohol sugar (b) using HPLC [64].



Novel Nanomaterials

56

Author details

Rudy Tahan Mangapul Situmeang
Department of Chemistry, Faculty of Mathematics and Natural Sciences,  
University of Lampung, Indonesia

*Address all correspondence to: rudy.tahan@fmipa.unila.ac.id
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of the chemicals used, economics point of view, and environmental considerations 
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Chapter 4

Preparation, Properties and Use 
of Nanocellulose from Non-Wood 
Plant Materials
Valerii Barbash and Olga Yaschenko

Abstract

The chapter describes the chemical structure and hierarchical organization of 
cellulose fibers, characteristics of non-wood plant raw materials (NWPM), and 
methods for preparing pulp and nanocellulose (NC). NWPM have the necessary 
reserves and properties to make up for a possible shortage of wood fiber for pulp 
production. The methodology for evaluating the efficiency of the delignification 
processes of plant raw materials is presented. A two-stage technology for producing 
pulp for the preparation of NC by environmentally friendly organosolvent methods 
of NWPM delignification is proposed. Methods for preparing nanocellulose are 
described. The technological parameters of the extraction of NC from pulp are dis-
cussed. The influence of NC on the properties of composite materials is analyzed. 
Areas of use for NC from NWPM are shown.

Keywords: non-wood plant, wheat straw, flax, kenaf, miscanthus, pulp, 
nanocellulose, paper, cardboard, thermoelectric material, composite

1. Introduction

In recent years, there has been a growing interest in the development of new 
biodegradable materials from environmentally friendly renewable plants. They are 
able to replace materials made from exhaustible natural resources—oil, gas, coal. 
Polymers from these fossils take hundreds of years to decompose, causing irrepa-
rable damage to the environment. Plastic accounts for 85 percent of all waste in the 
world’s oceans, half of which are disposable plastic products [1, 2].

The European Parliament in March 2019 approved a new law banning single-
use plastic products such as plates, cutlery, straws, plastics and food containers 
and expanded polystyrene cups [3]. Scientists and civil society organizations are 
working together to create new consumption patterns that meet the needs of all 
people, while eliminating waste and overconsumption, where the production of 
consumer goods is less dependent on the use of natural resources and makes the 
most of recycled materials [4, 5]. The use of natural polymers from cellulosic plant 
materials is being seen as an alternative to plastics and could be a viable approach 
to reducing deforestation, increasing the use of agricultural surplus and developing 
biodegradable materials. The development of environmentally friendly technolo-
gies of processing renewable plant sources contribute to the sustainable develop-
ment of society, solving economic and environmental problems in the production 
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biodegradable materials. The development of environmentally friendly technolo-
gies of processing renewable plant sources contribute to the sustainable develop-
ment of society, solving economic and environmental problems in the production 
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of consumer goods [6–8]. The processing products of such renewable plant materi-
als are widely used in the chemical, pharmaceutical, paper, medicine, textile and 
electronic industries [9, 10].

The main component of all plants is cellulose, which is the most abundant 
renewable biopolymer in nature with an estimated annual production of 1.5 × 1012 
ton [11]. Cellulose is a structural component of the cell walls of softwood and 
deciduous wood, stalks and leaves of non-wood plants. A source of cellulose can 
be also bacteria, algae, and fungi [12, 13]. Cellulose (C6H10O5)n is a stereoregular, 
semicrystalline polysaccharide consisting of a linear chain from several hundred to 
several tens of thousands of repeating units of β-D-glucopyranose (n), covalently 
linked by 1–4 glycosidic bonds (Figure 1).

The number of repeating units n is highly dependent on the source of the origi-
nal cellulose (e.g. 10,000 in natural wood, 15,000 in cotton and 44,000 in the genus 
Valonia). To a lesser extent, the number of repeating unit n depends on the methods 
of preparation and purification (e.g., n = 250–500 in regenerated cellulose and 
n = 1000 in bleached kraft pulp) [11, 14]. The β-D-glucopyranose ring of the middle 
units of cellulose macromolecules contains three hydroxyl groups, which determine 
the chemical reactions, the ability to form intramolecular and intermolecular 
between different chains hydrogen bonds and properties of cellulose - solubility, 
thermal stability and mechanical properties [13, 15]. In the process of biosynthesis 
due to enzymatic polymerization of glucose monomers, glucan chains are formed, 
which independently form chains through van der Waals forces and are held 
together through hydrogen bonds, forming elementary fibrils. It was found that 
36 cellulose chains lead to the production of elementary cellulose fibrils, the cross 
section of which has a size of 3–5 nm [16]. These elementary fibrils or nanofibrils 
have highly ordered regions (crystallites) that alternate with less organized (amor-
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coefficient, and chemical reactivity [21–23]. NC has high transparency, biodegrad-
ability and biocompatibility, a low lightweight and production cost in comparison 
with synthetic polymers [24, 25].

The main raw material for cellulose production in the world pulp and paper 
industry is wood. For countries that do not have large reserves of free wood, 
alternative sources of fibrous raw materials may be non-wood plant raw materials 
(NWPM) - annual and perennial plants and fibrous waste from agricultural pro-
duction. For example, in 2014, 172.6 million tons of pulp were produced from wood 
and only 13 million tons from non-wood fibers [26]. At the same time, in the world, 
forests occupy 3937 million hectares and agricultural plants 4932 million hectares 
[27]. World reserves of NWPM are estimated at 2.527 billion tons [28]. Almost half 
of all NWPM stocks are cereal stalks (1250 million tons), of which about half are 
wheat straw [29]. Non-wood fibers have a wide range of properties that are used for 
the production of cellulose-containing products [30].

In general, NWPM can be divided into two broad categories [31]:

a. common non-forest plants, which are considered as an alternative to deciduous 
wood, which include: straw of cereals, corn stalks, sorghum, bagasse, reeds, 
bamboo, esparto, natural herbs, etc.;

b. special types of plants that are considered as an alternative to coniferous wood, 
which include: cotton linter, flax, hemp, kenaf, etc.

The first category includes the predominant absolute reserves of non-wood 
plants. It contains 35 ˗ 62% cellulose, 10 ˗ 25% lignin and 18 ˗ 36% pentosanes. 

Figure 2. 
The hierarchical organization of cellulose macromolecules in elementary fibrils and microfibrils of the plant 
cell wall (adapted from [15, 19]).
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of consumer goods [6–8]. The processing products of such renewable plant materi-
als are widely used in the chemical, pharmaceutical, paper, medicine, textile and 
electronic industries [9, 10].

The main component of all plants is cellulose, which is the most abundant 
renewable biopolymer in nature with an estimated annual production of 1.5 × 1012 
ton [11]. Cellulose is a structural component of the cell walls of softwood and 
deciduous wood, stalks and leaves of non-wood plants. A source of cellulose can 
be also bacteria, algae, and fungi [12, 13]. Cellulose (C6H10O5)n is a stereoregular, 
semicrystalline polysaccharide consisting of a linear chain from several hundred to 
several tens of thousands of repeating units of β-D-glucopyranose (n), covalently 
linked by 1–4 glycosidic bonds (Figure 1).

The number of repeating units n is highly dependent on the source of the origi-
nal cellulose (e.g. 10,000 in natural wood, 15,000 in cotton and 44,000 in the genus 
Valonia). To a lesser extent, the number of repeating unit n depends on the methods 
of preparation and purification (e.g., n = 250–500 in regenerated cellulose and 
n = 1000 in bleached kraft pulp) [11, 14]. The β-D-glucopyranose ring of the middle 
units of cellulose macromolecules contains three hydroxyl groups, which determine 
the chemical reactions, the ability to form intramolecular and intermolecular 
between different chains hydrogen bonds and properties of cellulose - solubility, 
thermal stability and mechanical properties [13, 15]. In the process of biosynthesis 
due to enzymatic polymerization of glucose monomers, glucan chains are formed, 
which independently form chains through van der Waals forces and are held 
together through hydrogen bonds, forming elementary fibrils. It was found that 
36 cellulose chains lead to the production of elementary cellulose fibrils, the cross 
section of which has a size of 3–5 nm [16]. These elementary fibrils or nanofibrils 
have highly ordered regions (crystallites) that alternate with less organized (amor-
phous regions) [16, 17]. Then multiple elementary fibrils are brought together into 
larger units called microfibrils with a diameter of ~20–30 nm and length of several 
micrometers [18, 19]. The hierarchical organization of cellulose macromolecules in 
elementary fibrils and microfibrils of the plant cell wall is shown in Figure 2.

Cellulose is in the form of microfibrils, consisting of amorphous and crystalline 
domains in combination with other substances such as lignin, hemicelluloses, pro-
teins, extractives and minerals, which constitute the main structural unit of plant 
cell walls [11], as shown schematically in the Figure 2. The proportion of plant fiber 
constituents depends on parameters like botanical origin, maturation time, climatic 
conditions, age of the plant etc. [20].

In world practice, the main consumers of cellulose are the pulp and paper 
industry for the production of paper and cardboard, and the chemical industry 
for the production of cellulose derivatives. Recently, cellulose has also attracted 
considerable interest as a source of raw materials for the production of nanocel-
lulose (NC). Nanocellulose belongs to a group of nanomaterials consisting of the 
nanosized cellulose particles. The NC exhibit unique properties, such as high elastic 
modulus, high specific surface area, optical transparency, low thermal expansion 

Figure 1. 
Chemical structure of cellulose.

63

Preparation, Properties and Use of Nanocellulose from Non-Wood Plant Materials
DOI: http://dx.doi.org/10.5772/intechopen.94272

coefficient, and chemical reactivity [21–23]. NC has high transparency, biodegrad-
ability and biocompatibility, a low lightweight and production cost in comparison 
with synthetic polymers [24, 25].

The main raw material for cellulose production in the world pulp and paper 
industry is wood. For countries that do not have large reserves of free wood, 
alternative sources of fibrous raw materials may be non-wood plant raw materials 
(NWPM) - annual and perennial plants and fibrous waste from agricultural pro-
duction. For example, in 2014, 172.6 million tons of pulp were produced from wood 
and only 13 million tons from non-wood fibers [26]. At the same time, in the world, 
forests occupy 3937 million hectares and agricultural plants 4932 million hectares 
[27]. World reserves of NWPM are estimated at 2.527 billion tons [28]. Almost half 
of all NWPM stocks are cereal stalks (1250 million tons), of which about half are 
wheat straw [29]. Non-wood fibers have a wide range of properties that are used for 
the production of cellulose-containing products [30].

In general, NWPM can be divided into two broad categories [31]:

a. common non-forest plants, which are considered as an alternative to deciduous 
wood, which include: straw of cereals, corn stalks, sorghum, bagasse, reeds, 
bamboo, esparto, natural herbs, etc.;

b. special types of plants that are considered as an alternative to coniferous wood, 
which include: cotton linter, flax, hemp, kenaf, etc.

The first category includes the predominant absolute reserves of non-wood 
plants. It contains 35 ˗ 62% cellulose, 10 ˗ 25% lignin and 18 ˗ 36% pentosanes. 

Figure 2. 
The hierarchical organization of cellulose macromolecules in elementary fibrils and microfibrils of the plant 
cell wall (adapted from [15, 19]).



Novel Nanomaterials

64

The fibers in it are shorter than the fibers of the second category and softwood, the 
length of the fibers of which is 0.3 ˗ 2 mm. Fibers of the second category of plants 
contain 55 ˗ 85% of cellulose, 1 ˗ 10% of lignin and have stronger and longer (larger 
than 5 mm) fibers [32, 33]. For most annuals, the average fiber length is close to the 
length of wood fibers of some deciduous species, but less than the average length of 
coniferous wood fibers and some industrial crops. The fiber width of annual plants 
is 2 ˗ 3 times thinner than the fibers of coniferous wood, but the ratio of the length 
of the fibers to their width in annual plants and in wood have the same order [34].

The chemical composition of the main components of NWPM differs from conif-
erous and deciduous wood. The content of cellulose, as the main component of raw 
materials, varies in wide ranges of values from 26% (bamboo) to 98% (cotton). Non-
wood plant materials are distinguished by a high content of hemicellulose, especially 
pentosans to 30% [35]. Most NWPM have a lower lignin content from 6% (hemp) to 
24% (bagasse) compared to wood (to 34%), which indicates the possibility of their 
use for pulp extraction [36]. Lignin of NWPM consists of guaiacylpropane, syring-
ylpropane and oxyparaphenylpropane structural units, connected by simple ether 
and carbon–carbon bonds [37]. NWPM contain more minerals, but less lignin than 
wood, which a priori gives reason to expect a lower consumption of reagents for their 
delignification in comparison with the production of pulp from wood.

2. Preparation of nanocellulose

Properties of NC particles depend on the properties of plant raw materials and 
methods used for their production [38]. In world practice, for the production of 
NC, pulp with a minimum content of lignin, mineral and extractive substances, 
is usually used as a feedstock [39–42]. In this case, such pulp is obtained either by 
traditional methods of cooking with subsequent bleaching [43], or by environmen-
tally friendly organosolvent methods of delignification [44].

In the global practice of pulp and paper industry, the dominating technologies to 
obtain pulp are sulphate and sulfite methods, which lead to environmental pol-
lution [45]. Cooking pulp from NWPM in alkaline liquor is predominant because 
lignin from NWPM has a lower molecular weight than softwood lignin [37]. During 
cooking in an alkaline solution, the main ingredient of hemicellulose, xylan, is 
easily dissolved, which also opens additional channels for the cooking solution to 
penetrate into lignin, thereby facilitating the removal of lignin from the cell wall 
[46]. Alkaline methods for producing pulp from non-wood plants also include 
the NACO method based on alkaline oxygen cooking and the SAICA method. 
Experiments have shown that NACO-derived straw pulp has a lower yield and is 
inferior to the physico-mechanical properties of soda pulp and pulp obtained by the 
SAICA method [47, 48].

Alkaline methods include the neutral-sulfite method, which is used to obtain 
high yield pulp from hardwood and annual plants. Neutral sulfite pulp in com-
parison with sulphate pulp with the same degree of delignification has a 3–5% 
higher yield from plant raw materials due to less destruction of hemicelluloses and, 
therefore, is easier to grind [49]. It should be noted that among the main problems 
of organizing the process of obtaining pulp from NWPM by alkaline methods is the 
high content of silicates in them, which turn into black liquor during cooking and 
require additional technological solutions [45, 46].

Increased environmental requirements to the quality of wastewater and gas 
emissions of industrial enterprises requires the development of new technologies 
for processing of plant raw materials with the use of different organic solvents 
[50–52]. Organic solvents used in organosolvent methods of delignification differ 
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in the chemistry of interaction with the components of plant raw materials and 
technological parameters of the pulp cooking process. The most developed organo-
solvent methods of plant delignification include the following methods: ASAE [53], 
ALCELL [54], Acetosolv [55], MILOX [56], Chempolis [57] and CIMV [58]. Each of 
them has its own advantages and disadvantages, but they are all united by relative 
environmental safety.

Methods for producing NC include mechanical, chemical, oxidative and enzy-
matic treatment of cellulose fibers [59–61]. The essence of the mechanical methods 
is an application of different forces to reduce the size of the natural cellulose fibers to 
nanoscale. For this, various mechanical processing is used: homogenization, grinding, 
microfluidization, ultrasonic treatments, ball milling, and cryocrushing [42, 62]. The 
use of mechanical methods for obtaining nanocellulose is characterized by significant 
energy consumption, for example, with multiple passages of the cellulose fibers 
through a high-pressure homogenizer, it is above 25 kW/kg [38]. In [63] have shown 
that the homogenization process is the most expensive method for nanomaterial isola-
tion. To reduce energy consumption and fiber damage during mechanical processes, 
various pretreatments of cellulose are used: enzymatic treatment, alkaline treatment 
and chemical oxidation. As a result of the rupture of strong interfibrillar hydrogen 
bonding, the power required for the production of NC is significantly reduced, for 
example, from 20 to 30 kW/kg to 0.5 kW/kg of sulfite pulp [38].

Chemical methods are based on the cleavage of 1–4 glycosidic bonds of cellulose 
chains and isolation of cellulose nanocrystals with the removal of a part of the amor-
phous cellulose under the action of acids [64, 65]. For these purposes, the different 
acids are used: sulfuric, hydrochloric, phosphoric, maleic, hydrobromic, nitric, for-
mic, p-toluenesulfonic [66–68]. Sulfuric acid is the most widely used acid for making 
NC. It reacts with the surface hydroxyl groups of cellulose to form negatively charged 
sulfonic groups and a stable gel. Otherwise, upon hydrolysis with hydrochloric acid, 
uncharged nanocellulose particles tend to flocculate in aqueous dispersions [69].

Recently, oxidizing agents such as 2,2,6,6-tetramethylpiperidine-1-oxyl radical 
(TEMPO) and phthalimide-N-oxyl (PINO) have been used to obtain NC. They 
improve the environmental friendliness and shorten the duration of the nanocel-
lulose production process compared to hydrolysis, but have a higher cost than the 
above acids [70–72].

Enzymatic methods are based on the biosynthesis from monosaccharides or 
decreasing the size of the cellulose fibers by the fermentation. The enzymatic meth-
ods are time-consuming and require reagents that are more expensive. However, 
preliminary treatment of cellulose by enzymes before the mechanical grinding can 
decrease the energy consumption required for preparation of NC [73, 74]. For these 
reasons, a pre-treatment of the fibrous material is usually performed in order to 
decrease the size of the cellulose fibers and to ease the fibrillation and the process of 
nanocellulose preparation. The method of NC production by combining mechani-
cal, chemical or biological pretreatment with homogenization treatment can not 
only reduce energy consumption, but also obtain NC with controllable size [75].

The various types of NC can be classified into different subcategories based on 
their shape, dimension, function, and preparation method, which in turn primarily 
depend on the cellulosic source and processing conditions [69].

Different terminologies have been used for the various types of NC. The 
Technical Association of the Pulp and Paper Industry (TAPPI) proposed standard 
terms and their definitions for cellulose nanomaterial WI 3021, based on the NC 
size [76]. NC is categorized into following kinds, such as cellulose nanofibrils 
(CNF), cellulose nanocrystals (CNC), amorphous nanocellulose, and cellulose 
nanoyarn [78]. CNF consist of a network of intertwined elementary nanofibrils, 
consisting of alternating crystalline and amorphous areas. CNF particles are 



Novel Nanomaterials

64

The fibers in it are shorter than the fibers of the second category and softwood, the 
length of the fibers of which is 0.3 ˗ 2 mm. Fibers of the second category of plants 
contain 55 ˗ 85% of cellulose, 1 ˗ 10% of lignin and have stronger and longer (larger 
than 5 mm) fibers [32, 33]. For most annuals, the average fiber length is close to the 
length of wood fibers of some deciduous species, but less than the average length of 
coniferous wood fibers and some industrial crops. The fiber width of annual plants 
is 2 ˗ 3 times thinner than the fibers of coniferous wood, but the ratio of the length 
of the fibers to their width in annual plants and in wood have the same order [34].

The chemical composition of the main components of NWPM differs from conif-
erous and deciduous wood. The content of cellulose, as the main component of raw 
materials, varies in wide ranges of values from 26% (bamboo) to 98% (cotton). Non-
wood plant materials are distinguished by a high content of hemicellulose, especially 
pentosans to 30% [35]. Most NWPM have a lower lignin content from 6% (hemp) to 
24% (bagasse) compared to wood (to 34%), which indicates the possibility of their 
use for pulp extraction [36]. Lignin of NWPM consists of guaiacylpropane, syring-
ylpropane and oxyparaphenylpropane structural units, connected by simple ether 
and carbon–carbon bonds [37]. NWPM contain more minerals, but less lignin than 
wood, which a priori gives reason to expect a lower consumption of reagents for their 
delignification in comparison with the production of pulp from wood.

2. Preparation of nanocellulose

Properties of NC particles depend on the properties of plant raw materials and 
methods used for their production [38]. In world practice, for the production of 
NC, pulp with a minimum content of lignin, mineral and extractive substances, 
is usually used as a feedstock [39–42]. In this case, such pulp is obtained either by 
traditional methods of cooking with subsequent bleaching [43], or by environmen-
tally friendly organosolvent methods of delignification [44].

In the global practice of pulp and paper industry, the dominating technologies to 
obtain pulp are sulphate and sulfite methods, which lead to environmental pol-
lution [45]. Cooking pulp from NWPM in alkaline liquor is predominant because 
lignin from NWPM has a lower molecular weight than softwood lignin [37]. During 
cooking in an alkaline solution, the main ingredient of hemicellulose, xylan, is 
easily dissolved, which also opens additional channels for the cooking solution to 
penetrate into lignin, thereby facilitating the removal of lignin from the cell wall 
[46]. Alkaline methods for producing pulp from non-wood plants also include 
the NACO method based on alkaline oxygen cooking and the SAICA method. 
Experiments have shown that NACO-derived straw pulp has a lower yield and is 
inferior to the physico-mechanical properties of soda pulp and pulp obtained by the 
SAICA method [47, 48].

Alkaline methods include the neutral-sulfite method, which is used to obtain 
high yield pulp from hardwood and annual plants. Neutral sulfite pulp in com-
parison with sulphate pulp with the same degree of delignification has a 3–5% 
higher yield from plant raw materials due to less destruction of hemicelluloses and, 
therefore, is easier to grind [49]. It should be noted that among the main problems 
of organizing the process of obtaining pulp from NWPM by alkaline methods is the 
high content of silicates in them, which turn into black liquor during cooking and 
require additional technological solutions [45, 46].

Increased environmental requirements to the quality of wastewater and gas 
emissions of industrial enterprises requires the development of new technologies 
for processing of plant raw materials with the use of different organic solvents 
[50–52]. Organic solvents used in organosolvent methods of delignification differ 

65

Preparation, Properties and Use of Nanocellulose from Non-Wood Plant Materials
DOI: http://dx.doi.org/10.5772/intechopen.94272

in the chemistry of interaction with the components of plant raw materials and 
technological parameters of the pulp cooking process. The most developed organo-
solvent methods of plant delignification include the following methods: ASAE [53], 
ALCELL [54], Acetosolv [55], MILOX [56], Chempolis [57] and CIMV [58]. Each of 
them has its own advantages and disadvantages, but they are all united by relative 
environmental safety.

Methods for producing NC include mechanical, chemical, oxidative and enzy-
matic treatment of cellulose fibers [59–61]. The essence of the mechanical methods 
is an application of different forces to reduce the size of the natural cellulose fibers to 
nanoscale. For this, various mechanical processing is used: homogenization, grinding, 
microfluidization, ultrasonic treatments, ball milling, and cryocrushing [42, 62]. The 
use of mechanical methods for obtaining nanocellulose is characterized by significant 
energy consumption, for example, with multiple passages of the cellulose fibers 
through a high-pressure homogenizer, it is above 25 kW/kg [38]. In [63] have shown 
that the homogenization process is the most expensive method for nanomaterial isola-
tion. To reduce energy consumption and fiber damage during mechanical processes, 
various pretreatments of cellulose are used: enzymatic treatment, alkaline treatment 
and chemical oxidation. As a result of the rupture of strong interfibrillar hydrogen 
bonding, the power required for the production of NC is significantly reduced, for 
example, from 20 to 30 kW/kg to 0.5 kW/kg of sulfite pulp [38].

Chemical methods are based on the cleavage of 1–4 glycosidic bonds of cellulose 
chains and isolation of cellulose nanocrystals with the removal of a part of the amor-
phous cellulose under the action of acids [64, 65]. For these purposes, the different 
acids are used: sulfuric, hydrochloric, phosphoric, maleic, hydrobromic, nitric, for-
mic, p-toluenesulfonic [66–68]. Sulfuric acid is the most widely used acid for making 
NC. It reacts with the surface hydroxyl groups of cellulose to form negatively charged 
sulfonic groups and a stable gel. Otherwise, upon hydrolysis with hydrochloric acid, 
uncharged nanocellulose particles tend to flocculate in aqueous dispersions [69].

Recently, oxidizing agents such as 2,2,6,6-tetramethylpiperidine-1-oxyl radical 
(TEMPO) and phthalimide-N-oxyl (PINO) have been used to obtain NC. They 
improve the environmental friendliness and shorten the duration of the nanocel-
lulose production process compared to hydrolysis, but have a higher cost than the 
above acids [70–72].

Enzymatic methods are based on the biosynthesis from monosaccharides or 
decreasing the size of the cellulose fibers by the fermentation. The enzymatic meth-
ods are time-consuming and require reagents that are more expensive. However, 
preliminary treatment of cellulose by enzymes before the mechanical grinding can 
decrease the energy consumption required for preparation of NC [73, 74]. For these 
reasons, a pre-treatment of the fibrous material is usually performed in order to 
decrease the size of the cellulose fibers and to ease the fibrillation and the process of 
nanocellulose preparation. The method of NC production by combining mechani-
cal, chemical or biological pretreatment with homogenization treatment can not 
only reduce energy consumption, but also obtain NC with controllable size [75].

The various types of NC can be classified into different subcategories based on 
their shape, dimension, function, and preparation method, which in turn primarily 
depend on the cellulosic source and processing conditions [69].

Different terminologies have been used for the various types of NC. The 
Technical Association of the Pulp and Paper Industry (TAPPI) proposed standard 
terms and their definitions for cellulose nanomaterial WI 3021, based on the NC 
size [76]. NC is categorized into following kinds, such as cellulose nanofibrils 
(CNF), cellulose nanocrystals (CNC), amorphous nanocellulose, and cellulose 
nanoyarn [78]. CNF consist of a network of intertwined elementary nanofibrils, 
consisting of alternating crystalline and amorphous areas. CNF particles are 



Novel Nanomaterials

66

10–60 nm in width, 500–2000 nm in length, and high aspect ratio L/D > 50 [77]. 
CNF is usually obtained by some kind of mechanical treatment of softwood pulp 
without any pretreatment or after chemical or enzymatic pretreatment. CNC 
particles are extracted from pulp, usually by hydrolysis, and have a diameter from 4 
to 20 nm, a length 100–300 nm, and low aspect ratio L/D > 5 [78].

The hydrolysis of cellulosic materials remains the most common commercial- 
scale CNC production method. The CNC yield after acid hydrolysis of pulp is 
30–50% [62], and CNC films have brittle and rigid characteristics, which limits its 
use, for example, in flexible electronics. CNF has higher yield, good strength and 
good elasticity [79]. The combination of the intrinsic strength of CNF particles with 
the strong interaction between nanoparticles during drying makes it possible to 
obtain a more rigid and flexible film from CNF than from CNC [80].

Typically, higher acid concentrations, longer reaction times, and higher tem-
peratures lead to higher surface charge and narrow sizes, but to lower yield and 
decreased crystallinity and thermal stability of cellulose nanocrystals [81].

3. Results and discussion

3.1 Methods of obtaining pulp for preparation of nanocellulose

Many factors determine the efficiency of the plant-based pulp production 
process, to which there has been a lot of research. These include technological, 
economic and environmental factors [31, 45, 57]. We are proposing to estimate 
efficiency of processes of delignification of plant raw materials by the diagram of 
dependence of pulp yield on the maintenance in it of residual lignin. For example, 
the dependence of pulp yield on the content of residual lignin for different methods 
of delignification of wheat straw is shown in Figure 3.

The proposed methodology for constructing diagram differs from the known lig-
nin-carbohydrate diagrams of Ross, Geertz and Schmidt in the simplicity of construc-
tion, the essence of which is consists of the following [82]. On the y-axis the pulp yield 

Figure 3. 
The dependence of the pulp yield on the residual lignin content for different methods of delignification of 
wheat straw: 1- line of “ideal” delignification; 2 - Acetic; 3 - Ester; 4 - Soda; 5 - two-stage alkali-alcohol; 
6 - two-stage alkali-alcohol + AQ ; 7 - Neutral-sulfite; 8 - Bisulfite; 9 - Alkaline- sulfite-alcohol + AQ ; 10 - 
Peracetic; 11 - Ammonium-sulfite-alcohol; 12 - Ammonium-sulfite-alcohol + AQ .
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is indicated from 30% (for better visualization on the few percent lesser than cellulose 
content is in the plant raw material) to 100%. On the y-axis the point corresponding to 
holocellulose content is also indicated. On the x-axis, the percentage value of the lignin 
content in pulp is indicated from zero to maximum value in plant raw material. The 
intersection of horizontal axis at 100% yield and vertical axis of lignin content creates 
the point corresponding to initial composition of all plant components. The line, which 
links this point with the point of holocellulose content in plant raw material, can be 
considered as the line of ideal delignification‖. It characterizes maximal polysaccharide 
content for certain residual lignin content in pulp. Further, on the lignin-carbohydrate 
diagram, the dependencies of the yield on the residual content of lignin in the pulps 
obtained by different methods are plotted. So the closer the line of certain delignifica-
tion method is to the line of ideal delignification, the higher is polysaccharide yield in 
the obtained pulp and thus delignification method is more efficient.

The dependencies presented in the diagram (Figure 3) allowed concluding that 
investigated delignification methods with approaching to the line of ideal deligni-
fication, i. e. with the increased efficiency of obtaining pulp from wheat straw, can 
be located in following sequence: Acetic – Ester – Soda – Neutral- sulfite – Bisulfite 
– two-stage alkali-alcohol – two-stage alkali-alcohol + AQ - Alkaline- sulfite-alcohol 
+ AQ – Peracetic – Ammonium-sulfite-alcohol – Ammonium-sulfite-alcohol + AQ . 
This methodology is applicable to assess the efficiency of the processes of obtaining 
pulp from one type of raw material using different methods [83], and for a com-
parative assessment of the delignification of various types of plant raw materials by 
one method [84].

To obtain cellulose with a minimum residual content of lignin and minerals, we 
used a two-stage method of delignification of NWPM [85–89]. Peracetic acid (PAA) 
was used as a reagent for the delignification of NWPM, which has bleaching prop-
erties. PAA leads to minimal fiber damage and is environmentally friendly [90]. 
We have already demonstrated the possibility of obtaining straw pulp by means of 
organosolv delignification in the system of isobutyl alcohol–H2O–KOH–hydrazine, 
which makes it possible to reuse the organic component and waste cooking liquor 
without regeneration [85]. At the same time, the waste liquor is divided into two 
layers: the upper organic solvent layer and the lower aqueous layer to which has 
moved the bulk of soluble minerals and organic substances from plant raw mate-
rial (lignin, hemicelluloses, and extractives). The use of potassium and nitrogen 
compounds in the cooking liquor allows the use of waste liquor in the manufacture 
of fertilizers. Table 1 shows the stages of preparation and indicators of the pulps 
from various plants, which were used to obtain nanocellulose.

The data in Table 1 show that carrying out the two-stage thermochemical treat-
ment of NWPM makes it possible to almost completely remove lignin and minerals 
and obtain a pulp with a content of non-cellulose components of no more than 
1%. The obtained organosolvent pulps are not inferior in quality, if not superior, to 
bleached sulphate pulp from softwood, and therefore were used for the production 
of nanocellulose.

3.2 Properties of nanocellulose

We obtained nanofibrillated cellulose from air-dry bleached sulphate pulp of 
softwood using mechanochemical treatment [91]. It was carried out on grinding 
equipment, and hydrolysis with sulfuric acid solutions of various concentrations 
at temperatures from 20 to 60° C for 5–60 minutes. An increase of the acid con-
centration from 18–43% has led to an increase of the mechanical properties of the 
nanocellulose films. Further increase of the acid concentration above 50% leads to 
a sharp decrease of all strength properties and led to the formation of films with the 
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Figure 3. 
The dependence of the pulp yield on the residual lignin content for different methods of delignification of 
wheat straw: 1- line of “ideal” delignification; 2 - Acetic; 3 - Ester; 4 - Soda; 5 - two-stage alkali-alcohol; 
6 - two-stage alkali-alcohol + AQ ; 7 - Neutral-sulfite; 8 - Bisulfite; 9 - Alkaline- sulfite-alcohol + AQ ; 10 - 
Peracetic; 11 - Ammonium-sulfite-alcohol; 12 - Ammonium-sulfite-alcohol + AQ .
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is indicated from 30% (for better visualization on the few percent lesser than cellulose 
content is in the plant raw material) to 100%. On the y-axis the point corresponding to 
holocellulose content is also indicated. On the x-axis, the percentage value of the lignin 
content in pulp is indicated from zero to maximum value in plant raw material. The 
intersection of horizontal axis at 100% yield and vertical axis of lignin content creates 
the point corresponding to initial composition of all plant components. The line, which 
links this point with the point of holocellulose content in plant raw material, can be 
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content for certain residual lignin content in pulp. Further, on the lignin-carbohydrate 
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obtained by different methods are plotted. So the closer the line of certain delignifica-
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– two-stage alkali-alcohol – two-stage alkali-alcohol + AQ - Alkaline- sulfite-alcohol 
+ AQ – Peracetic – Ammonium-sulfite-alcohol – Ammonium-sulfite-alcohol + AQ . 
This methodology is applicable to assess the efficiency of the processes of obtaining 
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parative assessment of the delignification of various types of plant raw materials by 
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of fertilizers. Table 1 shows the stages of preparation and indicators of the pulps 
from various plants, which were used to obtain nanocellulose.

The data in Table 1 show that carrying out the two-stage thermochemical treat-
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and obtain a pulp with a content of non-cellulose components of no more than 
1%. The obtained organosolvent pulps are not inferior in quality, if not superior, to 
bleached sulphate pulp from softwood, and therefore were used for the production 
of nanocellulose.

3.2 Properties of nanocellulose

We obtained nanofibrillated cellulose from air-dry bleached sulphate pulp of 
softwood using mechanochemical treatment [91]. It was carried out on grinding 
equipment, and hydrolysis with sulfuric acid solutions of various concentrations 
at temperatures from 20 to 60° C for 5–60 minutes. An increase of the acid con-
centration from 18–43% has led to an increase of the mechanical properties of the 
nanocellulose films. Further increase of the acid concentration above 50% leads to 
a sharp decrease of all strength properties and led to the formation of films with the 
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brownish color. We recommended a reduced sulfuric acid concentration of 43% at 
60°C during 60 minutes as the main process parameters for the production of NC 
by hydrolysis of organosolvent pulp from NWPM [87–89]. Such conditions agree 
well with data in [92] and are economically more favorable than traditional condi-
tions for hydrolysis of cellulose with 60–65% sulfuric acid at 40–50°C for 1–2 h [93]. 
We used never-dried organosolvent pulps from NWPM to prepare NC. Never dried 
pulp is better than once dried sample, as the drying process leads to cornification of 
the fibers, which reduces the impregnation of the fibers with chemicals during their 
hydrolysis. Using of never-dried pulp does not require the consumption of energy 
for drying and grinding since dried cellulose fibers lose the ability to swell and 
percolate due to irreversible cornification.

Hydrolyzed NC was washed three times with distilled water by centrifugation 
at 8000 rpm, followed by dialysis to achieve a neutral pH and ultrasonic treatment 
during 30–60 min. As a result, the suspension took the form of a homogeneous 
gel-like dispersion and was stored in sealed containers for further research in order 
to determine the physical and mechanical characteristics of the NC. The prepared 
suspensions were poured into Petri dishes and dried in the air at a room tempera-
ture to obtain NC films. The structural change and crystallinity index of organosol-
vent pulps and NC were studied by means of SEM and XRD techniques. TEM and 
AFM methods were used to determine the particle size of nanocellulose (Figure 4). 
Transparency of the NC films was determined by electron absorption spectra, and 
tensile strength - according to ISO 527-1. The indicators of the obtained NC from 
NWPM is shown in the Table 2.

As can be seen from Figure 4 and the data in Table 2, the process of hydrolysis 
and ultrasonic treatment of pulps leads to the formation of nanosized particles. NC 
had homogeneous and stable nanocellulose suspension. The nature of stabiliza-
tion of the colloidal suspension is explained by the presence of charged groups on 
the surface of nanocellulose, which are formed by the interaction of cellulose with 
sulfate acid due to the esterification reaction. The structure of the NC films, accord-
ing to SEM, TEM and AFM data, was similar to the structure of the film obtained 
from nanofibrillar cellulose [95]. The obtained NC had high tensile strength from 
42.3 to 70 MPa and Young’s modulus from 8.9 to 11.45 GPa. The obtained samples 

Pulp from a plant and a method of 
obtaining

Stages of preparation 
of pulp

Yield, 
%

Lignin, 
%

Ash, 
%

Wheat straw, isobutanol* [85] I – isobutanol
II – PAA**

49.0
41.5

1.1
0.2

1.63
0.2

Wheat straw,
PAA** [86]

I – NaOH***
II - PAA

54.9
51.1

9.8
0.4

0.98
0.09

Flax fiber,
PAA [87]

I – PAA
II - NaOH

68.2
52.8

1.7
0.02

0.5
0.04

Kenaf,
PAA [88]

I – PAA
II - NaOH

61.2
51.2

0.37
0.29

0.24
0.18

Miscanthus,
PAA [89]

I – PAA
II - NaOH

50.7
57.0

0.25
0.08

0.96
0.04

Bleached sulphate softwood pulp I – grinding to
93 oSR

— 0.23 0.21

*isobutanol: mixture of isobutanol-KOH–hydrazine, 120 min at 95 ± 2°C.
**PAA: mixture of acetic acid and hydrogen peroxide in a volume ratio of 70:30%, 120 min, at 95 ± 2°C.
***- solution 5% NaOH, 120 min, at 95 ± 2°C.

Table 1. 
Indicators of pulps from various plant materials for the production of nanocellulose.
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of NC from NWPM physical and mechanical parameters, comparable to the values 
obtained by other researchers. For instance, Young’s modulus values of films gener-
ated from nanofibrillated bleached pulp, wheat straw, and recycled newspaper were 
between 6,0 and 9,0 GPa [96]. The positive results of obtaining NC from NWPM 
are given in other sources [97–99]. The properties of NC from NWPM exhibit great 
potential for their application to new nanocomposite materials and consumer goods.

3.3 Application of nanocellulose

Due to its unique properties, nanocellulose is widely used in various fields: in the 
production of electronic devices and composites, as a natural material for replacing 
synthetic reinforcing substances in the paper, chemical, pharmaceutical, cement 

Figure 4. 
TEM images of nanocellulose prepared by hydrolysis from bleached sulphate pulp (a) and organosolvent wheat 
straw pulp (b); AFM images of nanocellulose from kenaf (c) and lateral size of its nanocellulose surface (d); 
and AFM images of nanocellulose from miscanthus: The lateral size of the nanocellulose surface (e) and 3D 
projection (f) with definition of sample height tapping mode.
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obtained by other researchers. For instance, Young’s modulus values of films gener-
ated from nanofibrillated bleached pulp, wheat straw, and recycled newspaper were 
between 6,0 and 9,0 GPa [96]. The positive results of obtaining NC from NWPM 
are given in other sources [97–99]. The properties of NC from NWPM exhibit great 
potential for their application to new nanocomposite materials and consumer goods.
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projection (f) with definition of sample height tapping mode.
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industries [100–104]. In the last few years, the cellulosic biopolymer-based green 
electronics is supplemented by lightweight, portable, flexible NC-based power 
generators to provide energy to wearable electronics through harvesting mechani-
cal energy in triboelectric and piezoelectric appliances [105, 106]. Huge ecological 
advantage of the NC-based electronic and thermoelectric devices is their inherent 
biodegradability. As these devices have become ubiquitous in modern society, and 
are prevalent in every facet of human activities, and the lifetime of electronics 
get shorter and shorter, the pressure on electronic waste (e-waste) management 
systems is mounting with no abate insight. This poses a growing ecological prob-
lem, and an alternative to traditional electronics is biodegradable electronics as the 
most viable replacement to address the issue of uncontrollable e-waste to reduce the 
environmental footprint of devices [107, 108]. Recently, nanocellulose is used for 
the preparation of porous carbon that be used as a high-performance supercapacitor 
electrode [109–111].

The use of nanocellulose in energy harvesting is illustrated in the following 
articles [112–114]. We used conversion of solar energy into chemical energy of 
biomass of fast-growing perennial herb Miscanthus to fabricate via an environmen-
tally friendly method of organosolvent delignification low-cost NC films used as 
substrates for the creation of new biodegradable thin film thermoelectric material 
[115]. To do this, we applied a 0.72-μm CuI film onto a 12-μm NC substrate using 
a low-temperature, low-cost and scalable sequential ion layer adsorption method 
and thus obtained a lightweight and flexible biodegradable CuI thermoelectric 
material CuI/NC. We found out that nanostructured p-type semiconductor CuI 
film in the CuI/NC thermoelectric material is quite dense and completely cov-
ers the NC surface. The determined value of the Seebeck coefficient (S) is about 
228 μVK−1 more than an order of magnitude higher than the Seebeck coefficients 
that were measured earlier for the nanocellulose-derived organic and composite 
materials contained poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) 
(PEDOT:PSS), silver nanoparticles and carbon nanotubes [116]. The coefficient 
S obtained by us even exceeds the S values for the different thin-film composites 
of such well-known inorganic thermoelectric material as Bi2Te3 [117]. At that, S is 
constant in the temperature range 290–335 K, which is favorable for the use of CuI/
NC as new thermoelectric material for an in-plane design of biodegradable flexible 
thin film thermoelectric generator. The thermoelectric power factor of CuI/NC is 
about 36 μW·m−1·K−2 is higher than that of the best examples bacterial nanocellulose 
films with embedded highly dispersed carbon nanotubes networks (20 μW·m−1·K−2) 
in article [118]. At temperature gradient of 50 K, the single p-CuI thermoelectric 

Nanocellulose from plant Density,
g/cm3

Particle 
diameter, 

nm

Tensile 
strength, 

MPa

Crystallinity 
index, %

Transparency, %

Wheat straw isobutanol [94] 1.3 10–40 42 72.2 70

Wheat straw PAA [86] 1.27 16–20 123 71.3 78

Flax [87] 1.37 20–60 70 62.0 60

Kenaf [88] 1.39 10–28 65 80.0 72

Miscanthus [89] 1.32 10–18 62 76.7 74

Bleached sulphate softwood 
pulp [91]

1.38 15–30 88 79.8 78

Table 2. 
The indicators of the obtained nanocellulose from NWPM.
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leg made from CuI/NC generates Voc = 8.4 mV. It corresponds to the power density 
10 μW/m2. Due to the complex of these properties, the developed environmentally 
friendly biodegradable flexible thin-film thermoelectric material can be effectively 
used to convert low-grade waste heat into electricity at temperatures close to room 
temperature [115].

The use of NC during paper formation or even coating of dry formed paper can 
improve interfiber bonding, softness and printability and, consequently, physical-
mechanical properties [119–121]. Figures 5–7 show the results of using NC from 
NWPM for the production of mass grades of paper and cardboard [122, 123].

As can be seen from the data in Figures 5–7, the application of NC to the surface 
of paper and cardboard has a positive effect on their physical and mechanical prop-
erties. Low consumption of NC allows production of the paper and cardboard with 
properties that meet the requirements to appropriate standards and replacement 
of synthetic reinforcing materials [123]. The increase in the values of the indicators 
of paper and cardboard occurs due to the creation of new hydrogen bonds between 
the fibers of cellulose and NC, which is confirmed by other authors [124, 125]. 
NC often replaces such well-known material, as glass and certain polymers, which 
are not biodegradable at ambient conditions. Modern technologies allow use NC 

Figure 5. 
Properties of paper for corrugating (a, b, c) and paper for bags (d, e, f) from waste paper (I) and unbleached 
pulp (II) with different consumption (g/m2) of nanocellulose from NWPM per paper surface; asterisk or 
dotted line - line of standards requirements.



Novel Nanomaterials

70

industries [100–104]. In the last few years, the cellulosic biopolymer-based green 
electronics is supplemented by lightweight, portable, flexible NC-based power 
generators to provide energy to wearable electronics through harvesting mechani-
cal energy in triboelectric and piezoelectric appliances [105, 106]. Huge ecological 
advantage of the NC-based electronic and thermoelectric devices is their inherent 
biodegradability. As these devices have become ubiquitous in modern society, and 
are prevalent in every facet of human activities, and the lifetime of electronics 
get shorter and shorter, the pressure on electronic waste (e-waste) management 
systems is mounting with no abate insight. This poses a growing ecological prob-
lem, and an alternative to traditional electronics is biodegradable electronics as the 
most viable replacement to address the issue of uncontrollable e-waste to reduce the 
environmental footprint of devices [107, 108]. Recently, nanocellulose is used for 
the preparation of porous carbon that be used as a high-performance supercapacitor 
electrode [109–111].

The use of nanocellulose in energy harvesting is illustrated in the following 
articles [112–114]. We used conversion of solar energy into chemical energy of 
biomass of fast-growing perennial herb Miscanthus to fabricate via an environmen-
tally friendly method of organosolvent delignification low-cost NC films used as 
substrates for the creation of new biodegradable thin film thermoelectric material 
[115]. To do this, we applied a 0.72-μm CuI film onto a 12-μm NC substrate using 
a low-temperature, low-cost and scalable sequential ion layer adsorption method 
and thus obtained a lightweight and flexible biodegradable CuI thermoelectric 
material CuI/NC. We found out that nanostructured p-type semiconductor CuI 
film in the CuI/NC thermoelectric material is quite dense and completely cov-
ers the NC surface. The determined value of the Seebeck coefficient (S) is about 
228 μVK−1 more than an order of magnitude higher than the Seebeck coefficients 
that were measured earlier for the nanocellulose-derived organic and composite 
materials contained poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) 
(PEDOT:PSS), silver nanoparticles and carbon nanotubes [116]. The coefficient 
S obtained by us even exceeds the S values for the different thin-film composites 
of such well-known inorganic thermoelectric material as Bi2Te3 [117]. At that, S is 
constant in the temperature range 290–335 K, which is favorable for the use of CuI/
NC as new thermoelectric material for an in-plane design of biodegradable flexible 
thin film thermoelectric generator. The thermoelectric power factor of CuI/NC is 
about 36 μW·m−1·K−2 is higher than that of the best examples bacterial nanocellulose 
films with embedded highly dispersed carbon nanotubes networks (20 μW·m−1·K−2) 
in article [118]. At temperature gradient of 50 K, the single p-CuI thermoelectric 

Nanocellulose from plant Density,
g/cm3

Particle 
diameter, 

nm

Tensile 
strength, 

MPa

Crystallinity 
index, %

Transparency, %

Wheat straw isobutanol [94] 1.3 10–40 42 72.2 70

Wheat straw PAA [86] 1.27 16–20 123 71.3 78

Flax [87] 1.37 20–60 70 62.0 60

Kenaf [88] 1.39 10–28 65 80.0 72

Miscanthus [89] 1.32 10–18 62 76.7 74

Bleached sulphate softwood 
pulp [91]

1.38 15–30 88 79.8 78

Table 2. 
The indicators of the obtained nanocellulose from NWPM.

71

Preparation, Properties and Use of Nanocellulose from Non-Wood Plant Materials
DOI: http://dx.doi.org/10.5772/intechopen.94272

leg made from CuI/NC generates Voc = 8.4 mV. It corresponds to the power density 
10 μW/m2. Due to the complex of these properties, the developed environmentally 
friendly biodegradable flexible thin-film thermoelectric material can be effectively 
used to convert low-grade waste heat into electricity at temperatures close to room 
temperature [115].

The use of NC during paper formation or even coating of dry formed paper can 
improve interfiber bonding, softness and printability and, consequently, physical-
mechanical properties [119–121]. Figures 5–7 show the results of using NC from 
NWPM for the production of mass grades of paper and cardboard [122, 123].

As can be seen from the data in Figures 5–7, the application of NC to the surface 
of paper and cardboard has a positive effect on their physical and mechanical prop-
erties. Low consumption of NC allows production of the paper and cardboard with 
properties that meet the requirements to appropriate standards and replacement 
of synthetic reinforcing materials [123]. The increase in the values of the indicators 
of paper and cardboard occurs due to the creation of new hydrogen bonds between 
the fibers of cellulose and NC, which is confirmed by other authors [124, 125]. 
NC often replaces such well-known material, as glass and certain polymers, which 
are not biodegradable at ambient conditions. Modern technologies allow use NC 

Figure 5. 
Properties of paper for corrugating (a, b, c) and paper for bags (d, e, f) from waste paper (I) and unbleached 
pulp (II) with different consumption (g/m2) of nanocellulose from NWPM per paper surface; asterisk or 
dotted line - line of standards requirements.



Novel Nanomaterials

72

Figure 7. 
Properties of recycled cardboard with different nanocellulose consumption; asterisk: Line of standard 
requirements.

in energy storage systems [126], biosensors [127], as well as in various electronic 
and optoelectronic devices [128, 129]. Among them, transparent transistors, light 
emitting diodes, solar cells, antennas and radiofrequency identification devices, 
high-performance loudspeakers, and lightweight actuators [130, 131].

Nano-sized cellulose fibers are considered as promising candidates for the 
production of nanocomposites. NC was added to polymer matrices to obtain rein-
forced composites with mechanical strengths from ten to one hundred times and to 
improve barrier properties [132–134].

Loading of structural materials with NC particles makes it possible to reduce 
their weight while maintaining the strength of the composites [135, 136]. For 
instance, addition of 6.5% nanofibrils improved the tensile strength and elongation 
at the break of the nanocomposite from cassava starch and polyvinyl alcohol by 24% 
and 51%, respectively. At the same time, the water vapor permeability and water 
solubility of the nanocomposite containing high contents of nanofibrils decreased 
up to 20% and 30%, respectively, in relation to the control blend [137]. A high effect 
of reinforcement was observed even at a low content of CNC when used to obtain 
nanocomposites with a matrix of natural rubber. With the addition of only 2.5 wt % 
CNC, which were isolated from soybean husks by acid sulfur hydrolysis, the elastic 
modulus of the composite was about 21 times higher than that of a pure rubber 
matrix [138]. In [139] it was shown that the addition of 10% NC from miscanthus 
to a composite based on epoxy resin Eposir-7120 with a polyethylene polyamine 

Figure 6. 
Properties of cardboard for flat layers of corrugating cardboard with different consumption of sizing agents on 
1 m2: Without application (1); 7 g of glue (2); 3.5 g of nanocellulose (3); 3.5 g of glue and 3.5 g of nanocellulose 
(4); 7 g of nanocellulose (5); asterisk: Line of standard requirements.
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hardener increases the elastic modulus of the composite by 12.2% with respect to the 
control mixture. Otherwise, adding 5% NC from Colombian fique to acrylic hydro-
gels made it possible to obtain a reinforced hydrogel with 2.5 times higher compres-
sion resistance values than the resistance of the original hydrogel [140].

4. Conclusions

With the increasing requirements for environmental protection, there is a need to 
replace exhaustible sources - oil, gas, coal, and existing forest resources with biode-
gradable and renewable, including non-wood plant raw materials (NWPM). NWPM 
have the necessary reserves and properties to make up for a possible shortage of wood 
fiber for pulp production. To obtain pulp suitable for the production of nanocel-
lulose (NC), a two-stage technology for delignification of NWPM with reagents that 
does not contain sulfur and chlorine has been proposed. NC has unique physical 
and mechanical properties and can replace well-known materials such as glass and 
some polymers, which are not biodegradable under ambient conditions. Methods 
for preparing nanocellulose are described. The influence of the main technological 
parameters of the cellulose hydrolysis process on the properties of nanocellulose is dis-
cussed. It is proposed to carry out the hydrolysis of cellulose using 43% concentration 
of sulfuric acid. Examples of the use of nanocellulose in various industries are given.
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Figure 7. 
Properties of recycled cardboard with different nanocellulose consumption; asterisk: Line of standard 
requirements.

in energy storage systems [126], biosensors [127], as well as in various electronic 
and optoelectronic devices [128, 129]. Among them, transparent transistors, light 
emitting diodes, solar cells, antennas and radiofrequency identification devices, 
high-performance loudspeakers, and lightweight actuators [130, 131].

Nano-sized cellulose fibers are considered as promising candidates for the 
production of nanocomposites. NC was added to polymer matrices to obtain rein-
forced composites with mechanical strengths from ten to one hundred times and to 
improve barrier properties [132–134].

Loading of structural materials with NC particles makes it possible to reduce 
their weight while maintaining the strength of the composites [135, 136]. For 
instance, addition of 6.5% nanofibrils improved the tensile strength and elongation 
at the break of the nanocomposite from cassava starch and polyvinyl alcohol by 24% 
and 51%, respectively. At the same time, the water vapor permeability and water 
solubility of the nanocomposite containing high contents of nanofibrils decreased 
up to 20% and 30%, respectively, in relation to the control blend [137]. A high effect 
of reinforcement was observed even at a low content of CNC when used to obtain 
nanocomposites with a matrix of natural rubber. With the addition of only 2.5 wt % 
CNC, which were isolated from soybean husks by acid sulfur hydrolysis, the elastic 
modulus of the composite was about 21 times higher than that of a pure rubber 
matrix [138]. In [139] it was shown that the addition of 10% NC from miscanthus 
to a composite based on epoxy resin Eposir-7120 with a polyethylene polyamine 

Figure 6. 
Properties of cardboard for flat layers of corrugating cardboard with different consumption of sizing agents on 
1 m2: Without application (1); 7 g of glue (2); 3.5 g of nanocellulose (3); 3.5 g of glue and 3.5 g of nanocellulose 
(4); 7 g of nanocellulose (5); asterisk: Line of standard requirements.
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hardener increases the elastic modulus of the composite by 12.2% with respect to the 
control mixture. Otherwise, adding 5% NC from Colombian fique to acrylic hydro-
gels made it possible to obtain a reinforced hydrogel with 2.5 times higher compres-
sion resistance values than the resistance of the original hydrogel [140].

4. Conclusions

With the increasing requirements for environmental protection, there is a need to 
replace exhaustible sources - oil, gas, coal, and existing forest resources with biode-
gradable and renewable, including non-wood plant raw materials (NWPM). NWPM 
have the necessary reserves and properties to make up for a possible shortage of wood 
fiber for pulp production. To obtain pulp suitable for the production of nanocel-
lulose (NC), a two-stage technology for delignification of NWPM with reagents that 
does not contain sulfur and chlorine has been proposed. NC has unique physical 
and mechanical properties and can replace well-known materials such as glass and 
some polymers, which are not biodegradable under ambient conditions. Methods 
for preparing nanocellulose are described. The influence of the main technological 
parameters of the cellulose hydrolysis process on the properties of nanocellulose is dis-
cussed. It is proposed to carry out the hydrolysis of cellulose using 43% concentration 
of sulfuric acid. Examples of the use of nanocellulose in various industries are given.
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Chapter 5

Synthesis and Applications of 
Organic-Based Fluorescent Carbon 
Dots: Technical Review
Musa Yahaya Pudza and Zurina Z. Abidin

Abstract

New ways of synthesizing organic-based fluorescent carbon dots (CDs) are 
required in environmental application. This is crucial for mitigation and control of 
pollutants without increasing the risk of releasing byproduct pollutants as the case 
with non-organic (metallic) quantum based substrate. Notably, this study provides 
current research on sustainable synthesis of CDs and their applications through 
analytical concept of recent and advance techniques for efficient and optimized 
processes. New scrutinized methods of synthesis and applications of CDs are 
beneficial and essential to optimize the state-of-art practices. The value distilled in 
this study adds to the field of sustainable production and application of CDs.

Keywords: carbon dots, fluorescent, organic-based, optimized, sustainable

1. Introduction

1.1 Origin of carbon dots

Carbon dots (CDs) are nanoparticles generated from organic/inorganic sources, 
was first discovered in 2004 when single-wall carbon nanotubes were electropho-
retically purified [1]. CDs can be classified as carbon nanomaterials that are less than 
10 nm in size, they are the latest class of fluorescent nanoparticles [2]. CDs have 
attracted the interest of researchers in diverse fields of science and technology such 
as; optoelectronics [3], environmental pollution and remediation [4], biosensor [5], 
bio-imaging and biomedical applications [6, 7].

CDs possess properties such as being dimensionless, durable, large surface 
area, enhanced porosity and stability, ease of being functionalized, fluorescence 
emission, biocompatibility and low toxicity [5, 8]. These properties of CDs can be 
applied to improve the environment and human health [4, 9, 10].

A toxic rival to the CDs is the popular semiconductor nanocrystals popularly 
known as quantum dots (QDs). The QDs are a type of semiconductor nanoparticles 
with diameter range from 1 to 10 nm [11]. More so, QDs normally are made from 
semiconducting materials, especially iron and cadmium, which are highly toxic and 
expensive to acquire [12]. Compared to QDs, CDs are considered best option with 
a high degree of biocompatibility, cost-effectiveness and non-toxic. It also serves 
as a suitable substitute to QDs in numerous areas of research such as bio-imaging, 
bio-sensing, pharmaceutical and fuel cells [13, 14].
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Carbon dots (CDs) are suitable for the modification of electrode sensors. It com-
bines fundamental aspects of biology, chemistry, and physical sciences, computer 
science and electrical engineering to meet various needs in a wide application field. 
Therefore, carbon as a sensor portrays several meanings, conditional upon what 
field the user subscribes [15, 16].

Over the years, various bulk materials and several processes and techniques have 
been developed and adopted by a wide range of researchers in the synthesis of CDs. 
These processes include the hydrothermal and microwave-assisted routes, heating, 
biogenic synthesis, thermal oxidation, ultra-sonification, subcritical water process 
(use of oil bath and salt bath), refluxing and chemical oxidation [17–26].

Three important factors must be considered in synthesizing CDs which are 
control of size, uniformity of CDs in solvents, and mitigated aggregation [27]. 
Wang and Hu [28] confirmed that CDs carbonaceous aggregation tends to form 
during carbonization but this can be prevented when synthesized by methods such 
as electrochemical synthesis, hydrothermal, or by pyrolysis method.

The application of biological and agro-waste to synthesize CDs have been 
advocated in numerous research such as; cooking oil waste [29], egg-white and 
egg-yolk [30], orange juice [6] as well as eggshells [31]. Though it is advantageous to 
use waste biomaterials in the synthesis of CDs to avoid competition with essential 
food production [32], however, the downside of the application of biomass in the 
synthesis of CDs is lacking of essential purity and structural homogeneity to obtain 
homogenous fluorescent CDs for purposes of sensing minute concentrations of 
analytes [21, 33]. These had caused the application of clean materials to be used in 
the synthesis of homogeneous fluorescent CDs [2].

A competent carbon source for soluble CDs synthesis is needed to comply with 
the goals of green chemistry and not be in direct competition with essential food 
production and should be cheap to synthesize [34–36]. Research in the synthesis of 
CDs must consider low price of additives and less purification steps in case of using 
biomass as a precursor material.

Thus, the emphasis is necessary on the cost of producing typical CDs, not to be a 
replica of the currently observed situation with semiconductor QDs, with the high 
cost and potential environmental negative impact and yet to achieve its full poten-
tial in commercial applications [37–39].

2. Green and sustainable carbon dots

Carbon dots (CDs) have emerged to be attractive materials due to their excellent 
photoluminescence (PL) properties and wide surface areas, which are needed for 
sensitive and selective sensing of analytes [40]. These qualities are owed to the char-
acteristics of the carbon element at nano-dimension and five valence electrons to bind 
carbon atoms [31, 41]. The green and sustainable carbons dots refer to CDs that are 
synthesized from agro and biomaterials that can be readily available without depleting 
their sources [42].

CDs can be obtained from various source [3]. These sources include plants and 
animal origins such as bamboo leaves, woods, green algae, sugar cane, mangosteen, 
carica papaya, saffron, gringko, neem gum, prawn shells, orange, cucumber and 
pineapple [32, 43–45]. Further interesting applications of CDs have been reported in 
diverse sectors of the environment and health fields of science and technology [3, 32].

For instance, Pattanayak and Nayak, in 2013 [43] presented an eco-friendly syn-
thesis of iron nanoparticles from various plants and spices extract. The synthesis of 
nanoparticles from plant parts (leaf) is essential since this will not require expensive 
processes that are involved mostly in biomaterial processing. Iravani et al., [46] 
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demonstrated a green synthesis of metal nanoparticle using plants (emblica officina-
lis fruit extract) as a mean of mitigating the synthesis process of metal nanoparticles 
that are efficient and able to enhance green chemistry procedure for nanoparticles 
synthesis.

Liu [44], reported a research work on one-step green synthesized fluorescent 
carbon nano-dots from bamboo leaves for copper (ll) ion detection and demon-
strated the exploration of bamboo leaves as a carbon source. Carbon nano-dots were 
synthesized hydrothermally and a resultant high quantum yield quantum dots, with 
sensitive Cu2+ detection at a limit of detection as low as 115 nM on a dynamic range 
from 0.333 to 66.6 μM. The zeta potential of the pristine carbon quantum dots was 
measured at −4.78 mV which changes to +13.8 mV after treatment with positively 
charged polyethyleneimine (a water-soluble cationic polymer).

Wembo et al., [47], researched on the economical and green synthesis of 
fluorescent carbon nanoparticles and their use as probes for sensitive and selective 
detection of mercury (II) ions. The adopted process by Wembo and colleagues 
was based upon the economy and green preparative strategy toward water-soluble 
fluorescent carbon nanoparticles with a quantum yield of 6.9% by a hydrothermal 
process using a low-cost waste from pomelo peel as a carbon source.

Piyushi et al., [45] cultivated chlorella (a genus of single-cell green algae belong-
ing to the phylum Chlorophyta) on brewery wastewater for nanoparticle biosynthe-
sis. The method of bio-nanoparticle synthesis using chlorella algal biomass grown in 
single water sample were harvested from the culture medium by centrifugation at 
4000 rpm for 5 min followed by washing with ultrapure water to eliminate impuri-
ties. Iron nanoparticles were synthesized by mixing 0.5 g (dry weight) Chlorella 
sp. MM3 with 5 mL of 0.1 M FeCl3 solution followed by incubation at 37 C for 48 h 
which entails long and tedious process.

Till et al., [48] synthesized CDs by microwave-assisted hydrothermal treatment 
of starch and Tris-acetate-EDTA. The process confirmed that nitrogen-doped CDs 
have emerged to be complementary to starch-derived CDs. Addition of nitrogen 
to CDs improved the yield of photoluminescence from 19% to 28%, making them 
promising luminescent materials for improving fluorescence of CDs. However, 
there is no added value in incurring additional chemicals during synthesis process 
of CDs. Starch is a better alternative to the use of nitrogen for synthesizing CDs. 
Till and colleagues observed the effect of nitrogen (N) additives, through the use 
of ethylenediaminetetraacetic acid (EDTA); tris (hydroxymethyl) aminomethane 
(Tris) and a combination of both (TAE-buffer) on the photophysical properties 
of CDs. Temperature (45 min at 230°C) plays an important role in the improved 
nitrogen-doped carbon structures [48].

Some researchers have adopted nitrogen for fluorescence and photolumines-
cence enhancement, but this approach has shown indistinct composition which 
required extensive purification steps. This, however, is environmentally not suitable 
and contravenes the concept of green chemistry since it involves many chemicals in 
the synthesis process [49].

2.1 Methods of carbon dots (CDs) synthesis

Synthesis methods of CDs can be divided into two major parts; top-down and 
bottom-up as in Figure 1. Top-down starts from cutting the carbon materials into 
carbon particles or cleavage of larger carbonaceous materials such as carbon nano-
tube by laser ablation, arc discharge, electrochemical and candle/natural gas burner 
soot, and recently the hydrothermal route.

The bottom-up route involves the use of molecules as support for localizing 
the growth of CDs by blocking aggregation during high-temperature treatment. 
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However, this study explores the top-down process of CDs synthesis. As earlier 
stated the top-down approach concentrates on precursor carbonization that include 
microwave-assisted method, chemical oxidation, heating, and hydrothermal 
process [50].

2.1.1 Laser ablation

It is a process removal of material from solid or liquid by irradiating it with a 
laser beam [51–54]. Material evaporates or sublimates when the laser flux is low and 
converted to plasma at high laser flux. Goncalves and colleagues [51] reported the 
synthesis of CDs from carbon targets immersed in deionized water by direct laser 
ablation (UV pulsed laser irradiation). CDs were optimized and synthesized after 
being functionalized with NH2– polyethylene-glycol (PEG200) and N-acetyl-l-
cysteine (NAC). To produce particles in tens of nanometer range by laser ablation, 
the energy is controlled within the incidence area of the precursor [54, 55].

Yu et al., [53] demonstrated the possibilities of relying on irradiating a toluene 
sample with a non-focused pulsed laser that is very different from the high pow-
ered laser irradiation employed in conventional ablation. This process by Yu and 
colleagues revealed an induced transformation of toluene into graphene sheaths, 
which subsequently produced fluorescent CDs. These nanoparticles can simply be 
functionalized using more than one molecule and stayed stable in an aqueous solu-
tion. It can also be applied to optical fiber devices through immobilization due to its 
stability in a specific optical nano-analytical sensor [56]. However, the equipment 
to conduct laser ablation is quite expensive and it needs technically skilled person-
nel to operate.

2.1.2 Arc discharge soot

CDs were first discovered through this method accidentally when the separa-
tion of single-walled carbon nanotubes (SWNTs) were made using gel electro-
phoresis from carbon soot by arc discharge method. Carbon is formed when direct 
current arc voltage is applied in an inert gas across two graphite electrodes. The 
biggest challenge of this method is that it generates impurities that are difficult to 
purify [1].

Figure 1. 
Synthesis methods of carbon dots (CDs).
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2.1.3 Electrochemical method

Electrochemistry is another top-down approach used in synthesizing CDs, this 
process is facile and the product yield is normally high [57]. CDs with a size of 6 to 8 
nm and 2.8% to 52% can be obtained through exfoliation that utilizes graphite rods 
and Pt wire in ionic liquid or water solution.

The mechanism of the exfoliation was due to complex interplay of anodic oxida-
tive cleavage of water and anionic intercalation from the ionic liquid using titanium 
cathode and spectrum pure graphite in the center of electrolyzer to yield pure blue 
fluorescent CDs without the urgency of complex purification [28, 58–62].

2.1.4 Candle and natural gas burner soot

Application of carbon soot in the synthesis of CDs have been reported by Tian 
et al., [63], the carbon source was from a carbon-processing reaction. Due to the 
simplicity to obtain the starting material, this method has been used widely by 
researchers. It also provides a new use for a complicated by-product. At the same 
time, it possesses disadvantages such as uncontrolled chemical surface, production 
of many byproducts that can harm human health with a broad dispersion [64].

2.1.5 Microwave synthesis

Wang et al., [13] prepared CDs by microwave method. It proved reaction time 
can be shortened to 30–45 minutes with microwave-assisted technique. Similarly, 
Choi et al., [10] made effective use of lysine as a precursor to synthesize CDs within 
5 minutes in a home type of microwave oven and the CDs were soluble in water with 
deep blue photoluminescence at a high mass yield of 23.3%.

Compared with other methods, the microwave route is more convenient since 
the heating of the carbon precursor is rapidly achieved within few minutes. It also 
exhibits high quantum yield and provides a long fluorescence lifetime. The proce-
dure of microwave synthesis is much easier compared to others as it only utilizes 
heating via irradiation technique [65].

2.1.6 Chemical oxidation

This method is mostly applied to produce CDs on an industrial scale. CDs can 
be obtained through oxidation treatment of carbon precursors by a strong oxidant. 
CDs from natural products have been researched and developed, by the synthesis 
of large scale CDs from human hair, coffee, and biomass by adding it into concen-
trated sulfuric acid and then heating at different temperatures. The time range 
is from hours to days [66]. By varying the temperature of synthesizing CDs, the 
quality of CDs such as diameter and quantum yields can be controlled [67–69].

2.1.7 Hydrothermal synthesis

The hydrothermal route of synthesizing CDs is considered as environmental-
friendly, low cost and involves few synthesis steps that are non-toxic [2, 70–74]. 
Musa et al explored the hydrothermal method at a temperature range between 
75°C to 175°C where the researchers reacted the precursor in a sealed hydrothermal 
reactor that resulted into a high yield photoluminescent quantum yield at 34.9% [2].

As illustrated in Figure 2, tapioca was added to an aldehyde solvent (acetone +  
sodium hydroxide) to improve the mobility of glucose molecules in starch [2]. 
The mixture underwent stages of reactions such as hydrolysis, adsorption, and 
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gelatinization to particle disintegration simultaneously [2]. The carbonization tem-
perature breaks the bond between the starch, making it available for the reactive 
solvent which leads to hydrolysis to form disaccharide and gelatinized glucose. The 
disaccharides polymerized into polysaccharides and the gelatinized glucose yielded 
CDs for functional group characterizations [9].

Like all-natural products, starch undergoes seasonal changes and particularly 
the amylose/amylopectin ratio is influenced by plant species and area of plant 
cultivation, which could influence the CDs formation. Independently of seasonal 
changes and origin, a starch will provide CDs with highly reproducible photolumi-
nescent properties [2].

Substances such as glucose, citric acid, banana juice, and protein are examples 
of many precursors used to prepare CDs by adopting the hydrothermal route of 
synthesis [75]. Success has been reported in the synthesis of CDs through one-step 
hydrothermal carbonization using chitosan applied directly as a bioimaging agent 
[76]. The hydrothermal method is promising in producing CDs and is suitable for 
industrial or large scale production [75]. However, it is notable in 2010 where Zhang 
et al. [77] first reported a one-pot hydrothermal method to synthesize CDs from 
ascorbic acid in the presence of ethanol as solvent. Quantum yield and average 
particle sizes of their synthesized CDs were 6.79% and ~2 nm, respectively [77].

Several methods of synthesizing CDs has been explored in this section, to 
prevent the use of expensive precursor and energetic systems like in laser ablation. 
The hydrothermal synthesis route is being recommended as foremost for the sake 
of ecological sustainability [25]. Chemical oxidation and exfoliations provide an 
inexpensive alternative although it employs large amounts of strong acid which is 
hazardous and undesirable [77].

The other methods of synthesizing CDs need multi-step experimental opera-
tions and some of them require post-treatments to improve their water solubility, 
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such as they require complex process and high temperature, time-consuming, harsh 
synthetic materials, and are expensive. This causes their applicability to be limited 
[78]. Several research successes proved that hydrothermal route to be a green 
method for the synthesis of CDs since the procedure produce soluble fluorescence 
CDs at reduce time and cost [2, 46, 79].

CDs derived from organic sources are excellent for the researcher and environ-
ment. Because the adoption of such material presents the choice to eliminate the 
need for metallic quantum dots, and any doping requirements, either through the 
use of sulfur (S) or nitrogen (N) agents. The use of metallic quantum dots and pos-
sible inclusion of S and N in enhancing their functionality contravenes the purpose 
of sustainable applications of nanomaterials in the modern field of nanotechnol-
ogy [48].

Table 1 is a list of different synthesis techniques that have been attractive to 
researchers in recent years. The table provides a list of interesting techniques such as 
hydrothermal, microwave assisted, biogenic synthesis, thermal oxidation, ultrason-
ication, refluxing and chemical oxidation with excellent particle sizes [80–91]. The 
hydrothermal synthesis of CDs proves to be efficient and effective since it provides 
relatively smaller sizes of the nanoparticles as synthesized by Du et al., [81] at 1.8 
nm, when compared to other methods such as chemical oxidation by Thambiraj and 
Shankaran [85] at 4.1 nm, biogenic synthesis by Phadke et al., [20] at 5–8 nm, and 
refluxing by Himaja et al., [84] at ~50 nm.

2.2 Properties and characterization of fluorescent carbon dots (CDs)

One of the CDs properties is that it shows strong optical absorption in the UV 
region (200–800 nm) with a tail extending to the visible range, see Figure 3. CDs 
possess low toxicity with excellent photostability as compared to semi-conductor 
quantum dots [7, 23, 50, 71].

Absorption shoulders in the spectrum are due to the π-π* (pi to pi star transi-
tion) of C〓C bonds or n-π* (n to pi star transition) of C〓O and other fringe 
functional elements present [69, 92].

Method Size (nm) Reference

Microwave-assisted 2.7 [7]

Microwave 5–10 [10]

Biogenic synthesis 5.0–8.0 [20]

Thermal oxidation 5.0–10 [22]

Heating 3.0 [78]

Hydrothermal 2.3 [80]

Hydrothermal 1.8 [81]

Ultrasonication 5.0 [82]

“Oil bath” 2.59 [83]

Refluxing ~50 [84]

Chemical-oxidation 4.1 [85]

Chemical oxidation 2.5 [86]

Note: n/a = not available.

Table 1. 
Carbon dots sizes and synthesis techniques.
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region (200–800 nm) with a tail extending to the visible range, see Figure 3. CDs 
possess low toxicity with excellent photostability as compared to semi-conductor 
quantum dots [7, 23, 50, 71].
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tion) of C〓C bonds or n-π* (n to pi star transition) of C〓O and other fringe 
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The uniqueness of CDs is the availability of wide surface area for trace detection 
of analytes and provision of adsorptive sites through the availability of heteroat-
omic carbon in nano-dimension along with photoluminescence emission. Based 
on past study, CDs is dependent on intensity and wavelength emission towards its 
excitation wavelength [93]. This is due to the different sizes of particles and surface 
chemistry and/or different emissive traps on CDs’ surface. The wavelength depen-
dence behaviour makes CDs possible to be applied in multi-colour imaging and 
adsorptive purposes. Vinci et al., [93] suggest that CDs’ core, surface states, and size 
are responsible for their emission and adsorptive properties [93].

Table 2 shows the excitation wavelengths of CDs through the UV-lamp excita-
tion process to obtain fluorescent characteristics [2].

The colour of CDs most of the time is related to the surface groups which cor-
responds to particle sizes [93]. Normally CDs show strong photoluminescence from 
blue to green wavelength. To enhance the quantum yield (QY) of CDs or change 
photoluminescence (PL) emission to meet desired applications, surface passivation 
and functionality play a vital role. Besides, CDs show great photostability as there 
are no reductions in PL intensity with continuous exposure to excitation. In terms 

Figure 3. 
Optical properties of carbon dots at UV-visible absorption and emission spectra.

Colour Interval of wavelength (nm)

Red 700–635

Orange 635–590

Yellow 590–560

Green 560–520

Cyan 520–490

Blue 490–450

Violet 450–400

Table 2. 
The color range of visible light spectrum.
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of chemical properties, different synthesis methods of CDs lead to different chemi-
cal structure and abundance of surface sites. They are usually connected or modi-
fied by polymer chains, oxygen-based, amino based groups, and others [93].

Characterization of CDs by high resolution transmission electron microscopy 
(HRTEM), Xray photoelectron spectroscopy (XPS), Fourier transform infrared 
(FTIR), Atomic force microscopy (AFM) and Zeta Potential provide deep insights 
into the attributes of CDs such as hybridization and coefficient between functional 
groups and carbon core that take parts in the provision of the abundance of sur-
face sites and the photoluminescence behaviour [94]. In comparison to graphene 
and metallic quantum dots, the CDs serves as the way out of toxicity concerns in 
environmental monitoring and medical applications [95].

2.2.1 High-resolution transmission electron microscopy (HRTEM)

The sizes and texture of CDs are important for fundamental applications in the 
field of environmental science and nanotechnology. Figure 4(A–C), shows the 
HRTEM images of CDs at different resolutions between 1 nm to 10 nm. Synthesized 
CDs revealed amorphous quasi-spherical morphology with a lattice spacing of ca 
0.24 nm (Figure 4A), CDs characteristics are suitable absorbent of pollutants that 
are larger than 0.24 nm [2, 71, 89].

High-Resolution Transmission Electron Microscopic images of the CDs character-
ized in magnifications of 5 nm and 10 nm (Figure 4A and B respectively). Figure 4A 
is the lattice spacing for carbon dots at 5 nm magnification. While Figure 4B is the size 
distribution within 10 nm magnification. Figure 4C is the histogram chart, demon-
strating the nanoparticle sizes of CDs. The synthesis of nanoparticle with low lattice 
space is needed for research applications of CDs in environmental chemistry, pollutant 
entrapment in aqueous media and water purification [74]. The interplanar distance 
(lattice spacing) of 0.24 nm (Figure 4) is lower than the lattice spacing planes of 
graphitic materials (0.34 nm), the larger interlayer spacing could be attributed to the 
abundant oxygen-containing groups. In other words, the oxygen-containing groups 
could expand the layer spacing. The synthesized CDs is in consonance with recent 
reports by Arumugam and colleagues, CDs was hydrothermally synthesized from 
broccoli [79], ginkgo fruits [87], and cabbage [8].

Figure 4. 
High resolution transmission electron microscopic (HRTEM) (A) Lattice space of carbon dots (CDs) 
characterized in magnifications of 5 nm. (B) Images of CDs at 10 nm. (C) Size distribution of CDs within 10 
nm magnification [2].
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fied by polymer chains, oxygen-based, amino based groups, and others [93].
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face sites and the photoluminescence behaviour [94]. In comparison to graphene 
and metallic quantum dots, the CDs serves as the way out of toxicity concerns in 
environmental monitoring and medical applications [95].

2.2.1 High-resolution transmission electron microscopy (HRTEM)

The sizes and texture of CDs are important for fundamental applications in the 
field of environmental science and nanotechnology. Figure 4(A–C), shows the 
HRTEM images of CDs at different resolutions between 1 nm to 10 nm. Synthesized 
CDs revealed amorphous quasi-spherical morphology with a lattice spacing of ca 
0.24 nm (Figure 4A), CDs characteristics are suitable absorbent of pollutants that 
are larger than 0.24 nm [2, 71, 89].

High-Resolution Transmission Electron Microscopic images of the CDs character-
ized in magnifications of 5 nm and 10 nm (Figure 4A and B respectively). Figure 4A 
is the lattice spacing for carbon dots at 5 nm magnification. While Figure 4B is the size 
distribution within 10 nm magnification. Figure 4C is the histogram chart, demon-
strating the nanoparticle sizes of CDs. The synthesis of nanoparticle with low lattice 
space is needed for research applications of CDs in environmental chemistry, pollutant 
entrapment in aqueous media and water purification [74]. The interplanar distance 
(lattice spacing) of 0.24 nm (Figure 4) is lower than the lattice spacing planes of 
graphitic materials (0.34 nm), the larger interlayer spacing could be attributed to the 
abundant oxygen-containing groups. In other words, the oxygen-containing groups 
could expand the layer spacing. The synthesized CDs is in consonance with recent 
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Figure 4. 
High resolution transmission electron microscopic (HRTEM) (A) Lattice space of carbon dots (CDs) 
characterized in magnifications of 5 nm. (B) Images of CDs at 10 nm. (C) Size distribution of CDs within 10 
nm magnification [2].
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2.2.2 Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform Infrared spectroscopy (FTIR) portrays the functional struc-
ture of CDs. It reveals the intrinsic functional groups and other useful compounds 
present in CDs. Figure 5 provides functional groups that exist before and after the 
hydrothermal treatment of tapioca as a precursor for CDs.

As shown in Figure 5(A) representing tapioca. Peaks associated with the stretch-
ing vibrations of hydroxyl (▬OH) and carboxylic (COO▬) groups are at 3353.45 and 
2933.78 cm−1 [75]. Further stretching vibration of C▬H occurred from 1645.24 to 
1341.82. The peaks at 1151.38, 1079.20, 1014.41 cm−1 can be due to the C▬O stretch-
ing vibrations and out-of-plane bending modes of sp2 and sp3 ▬CH group [75].

There were substantial changes observed in the spectra of CDs (Figure 5B). The 
hydroxyl (▬OH) group of 3389.71 cm−1 increased on the carbon structure as a result 
of hydrolysis. While the carboxylic (COO▬) group 2145.73 cm−1 reduced by thermal 
destruction of saccharides structure [34]. The peaks at 1695.27 cm−1 and 1644.62 cm−1 
showed the increase in the C▬H stretching vibrations of the bending modes of the sp2 
and sp3 ▬CH group. The peaks around 1427.63 cm−1 until 1369.43 cm−1 are due to C▬O▬C 
[34]. The peak at 1237.62 cm−1 corresponds to the C〓C stretching vibration while 
1094.19 cm−1 and 996.19 cm−1 represents the C〓O stretching vibration and the last 
group at 706.78 cm−1 denotes the C〓C bond of the unsaturated glucose structure in the 
starch. These attributes were responsible for the water-soluble nature of CDs [34]. The 
FTIR graph shows the formation of unsaturated carbon. Along with oxygen-rich groups 
such as hydroxyl, carboxyl, and carbonyl situated on the CDs surface, which agree with 
the hydrothermal synthesized CDs from the organic origin [23, 25, 26, 81, 90].

3. Applications of carbon nanoparticles

There are numerous applications of carbon nanoparticles due to the abundant 
properties they possess [3]. These applications are being discussed in the subse-
quent sections of the report.

3.1 Application in bioimaging and biomedicals

Carbon dots have shown great potential to act as a sensor and can be used for 
environmental monitoring and control of pollutants, more so in the medical field 

Figure 5. 
FT-IR spectrum of the carbon dots and tapioca [2].
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for biosensor applications. It can donate or accept electrons that make it suitable for 
detection of ions, vitamins, nucleic acid, protein, enzyme and biological pH value 
[7, 11, 96–98]. Even though different materials are used to detect specific ions, the 
detection mechanisms are identical [99].

The functional groups on the surface of CDs specify distinctive affinities to 
different target ions, through an electron or energy transfer process and high 
selectivity to other ions [100]. CDs has been involved in the detection of 2,4,6-tri-
trotoluene (TNT) and also applied as a dual-sensing platform for fluorescent and 
electrochemical detection of TNT [101]. Other reports utilized CDs as pH sensors 
for in-vitro and in-vivo investigations [102].

Research showed CDs able to detect intracellular pH inside a living pathogenic 
fungal cell and has been developed to sense nucleic acid in the DNA [103]. In other 
cases, CDs have been used in bioimaging because of their low toxicity and excellent 
photostability compared to semi-conductor quantum dots that posed health prob-
lems and environmental concerns [8]. Its visible excitation, emission wavelengths, 
and high brightness confirm CDs as a suitable candidate in this area. Several studies 
have been conducted using CDs in cell imaging, including pig kidney cell line [104], 
Escherichia coli [105], Hela Cells [106], liver diseases [95], see Figure 6.

Chengkun et al., [98] discovered photoluminescence in CDs synthesized from 
Nescafe original instant coffee and applied it in the field of bioimaging. From their 
investigation, CDs from Nescafe are found to be amorphous and the cytotoxicity 
study revealed that the CDs did not cause any toxicity to human hepatocellular car-
cinoma cells at a concentration as high as 20 mg/ml. Yang et al., [107] also worked 
on novel green synthesis of high-fluorescent CDs from honey for sensing and 
imaging. It was an innovative and green approach towards a CDs of high fluorescent 
quantum yield and excellent photostability, employed for HeLa cells imaging and 
coding. Rui-jun et al., [108] produced photoluminescent CDs from polyethylene 
glycol (PEG) for cellular imaging. The PEG is a biocompatible non-conjugated 
polymer, used as both carbon source and passivating agent [108].

3.2 Application in heavy metal ions detection

The application of CDs in the selective detection of heavy metals have been 
reported in several scientific and experimental research [34, 40, 79]. However, 
there are gaps and lapses needing redress, such applications are predominantly in 

Figure 6. 
Graphical description of fluorescence images of carbon dots.
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photoluminescent quenching of heavy metals. whereas, current section looks into 
reliable and robust CDs for applications in electrochemical sensing of multiple 
ranges of heavy metal ions.

The development of a convenient and sustainable technique for detecting and 
identifying human and environmentally toxic metal ions is of great interest. The 
following are reports concerning CDs application in heavy metal detection.

Zhang and Chen [109] worked on nitrogen-doped carbon quantum dots appli-
cation as a turn-off fluorescent probe for the detection of Hg2+ ions at a detection 
limit of 0.23 μM. The fluorescent quenching mechanism is attributed to the surface-
state triggered by the mercury-induced conversion of special functional group 
(▬CONH▬) from spirolactam structure to an opened-ring amide [109].

Sandhya et al., [110] applied nanostructures for heavy metal ion sensing in 
water using surface plasmon resonance of metallic nanostructures. They reviewed 
on techniques to improve selectivity and sensitivity of surface plasmon response 
sensors with attention to homogeneity. Effects of particle size, shape, material type, 
and surrounding environment were found to be effectual in the surface plasmon 
surface frequency.

Similarly, Qu et al., [111] developed CDs to detect Fe3+ ions by using dopamine 
as a starting material with a detection limit of 0.32 μM. Quenching of photolu-
minescence intensity occurred when there was an interaction between CDs and 
ions. Meanwhile, Liu [44] reported a research work on one-step green synthesized 
fluorescent carbon nanodots from bamboo leaves for copper (ll) ion detection 
and demonstrated the exploration of bamboo leaves as a carbon source with high 
carbon constituent. Carbon quantum dots were synthesized hydrothermally with 
sensitive Cu2+ detection at limit of detection as low as 115 nM and a dynamic range 
from 0.333 to 66.6 μM. The zeta potential of the pristine carbon quantum dots was 
measured at −4.78 mV which improved to +13.8 mV after treatment with positively 
charged polyethyleneimine (a water-soluble cationic polymer). More so, Rao et al., 
[112] reported on the ability of CDs generated from citrus acid anhydrous to detect 
heavy metal such as Fe3+, with a detection limit of 0.239 μM.

Methionine has been used as a material for the synthesis of CDs [113]. These 
CDs were co-doped with nitrogen and sulfur to enhance surface functionalization 
for the detection and environmental monitoring of heavy metal pollutants [113]. 
Similarly, Shen et al., [4] applied fresh pomelo in the synthesis of CDs co-doped 
with nitrogen and sulfur for the detection of chromium (Cr (VI)).

A fluorescent probe for selective detection of metal ions such as mercury (Hg2+, 
1.00 × 10−8 − 1.50 × 10−3 M, 1.00 × 10−7 M) with wide linear range and satisfactory 
detection limits was discovered when citric acid monohydrate was used for the syn-
thesis of fluorescent CDs [114]. More essentially and effective is the burning of ash 
from waste paper and further utilized as a source of CDs by Lin et al., [115]. They 
succeeded in synthesizing CDs without any surface modification and subsequently, 
the fluorescent CDs were quenched by Fe3+.

Simpson et al., [21] synthesized carbon nanoparticle from glycerol and 
phosphoric acid mixed in a Berghof high-pressure reactor at 250°C for 4 hours. 
Afterward, glassy carbon electrodes were fabricated by drop-casting the carbon 
nanoparticles, and further applied for heavy metal (Cu2+ and Pb2+) detection by 
square wave anodic stripping voltammetry [21]. Heavy metals such as Na+, K+, 
Mg2+, Ca2+, Cr3+, Co2+, Ag+, Hg2+, Cd2+, Pb2+, Ni2+, Cu2+, Zn2+, Al3+, Fe2+, and Fe3+ 
have been tested on CDs synthesized from carbon source of mangosteen pulp and a 
ground discovery was made. Among the listed heavy metals, Fe3+ was the favourite 
in detection with a detection limit of 52 nM. Further application was found for cell 
imaging, which reveals their diverse potential applications [89].
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Abhishek et al., [14] made a paper strip based live cell ultrasensitive lead sensor 
using CDs synthesized from biological media. They reported a formulation of a 
sensor through microwave heating of potato-dextrose agar (PDA) for the detection 
of lead (pb2+) in solution but again involved a long and laborious process.

Pajewska et al. [116] explored the fluorescence of synthesized CDs from citric acid 
with glutathione for the sensing of mercury (Hg2+) ion. A high recovery of Hg2+ was 
achieved at 115.1%. The method of synthesizing CDs with low toxicity is embedded 
in the green chemistry principles. Thus, it fulfills the criteria of being eco-friendly. 
Table 2 provides a list of applications of CDs in the detection of heavy metals ions.

As seen in Table 3, the mechanism of action for the application of CDs largely 
depends on the analyte of concern. In the case of CDs from citric acid monohydrate 
for application in fluorescence quenching of Hg2+, it relies on Förster resonance 
energy transfer (FRET) [114]. This is similar to CDs synthesized from biomass 
[117], polyacrylamide [118], lotus root [119], degreased cotton [120], gold nanoclu-
sters [111], and Petroleum coke [127].

Fluorescent carbon nanoparticle sensing is largely dependent on changes or 
disturbances that are caused by an analyte that interacts with a fluorescent probe. 
This shift mostly will lead to a measurable change in the emission characteristics of 
the probe (emission wavelength, intensity, lifetime, or anisotropy), which can be 
directly linked to analytes (e.g heavy metal) concentration. More so, fluorescence 
probe strategies are based on quenching (turn-off) or enhancing (turn-on) emis-
sion, and surface-enhanced Raman scattering (SERS) techniques [33, 125].

Source of carbon 
nanoparticles

Sensing mechanism Type of metal ions 
and linear range

Sensing 
(LOD)

Reference

Biomass Fluorescence Hg2+/Fe3+

0.002 mol L−1
10.3 and 
60.9 nM

[117]

Polyacrylamide Fluorescence Hg2+

0.25–50 μM
13.48 nM [118]

Lotus plant Fluorescence Hg2+

0.1 to 60.0 μM
18.7 nM [119]

Degrease cotton Fluorescence Cr(VI)
1.00–6.00 mmol/L

0.12 μg/mL [120]

Gold nanoparticles Luminescence Pb2+

1 × 10−5 M
n/a [121]

Biomass from peanut 
shells

Fluorescence Cu+2

0–5 mM
4.8 mM [122]

Metal oxides Electrochemical 
oxidation.

Cu2+

0.1 to 1.3 μM
0.04 μM [123]

Metal nitrates Isotherm Cd2+

10 mg/L
12.60 mg/g [124]

Mushroom Fluorescent Hg2+

0 to 100 nM
4.13 nM [125]

Penaeus merguiensis 
enzyme

Isotherm Cu+2

1–5 mM
2 mM [126]

Coke Fluorescent Cu+2

0.25–10 μM
0.0295 μM [127]

Table 3. 
Carbon nanoparticles for heavy metal sensing.
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photoluminescent quenching of heavy metals. whereas, current section looks into 
reliable and robust CDs for applications in electrochemical sensing of multiple 
ranges of heavy metal ions.

The development of a convenient and sustainable technique for detecting and 
identifying human and environmentally toxic metal ions is of great interest. The 
following are reports concerning CDs application in heavy metal detection.

Zhang and Chen [109] worked on nitrogen-doped carbon quantum dots appli-
cation as a turn-off fluorescent probe for the detection of Hg2+ ions at a detection 
limit of 0.23 μM. The fluorescent quenching mechanism is attributed to the surface-
state triggered by the mercury-induced conversion of special functional group 
(▬CONH▬) from spirolactam structure to an opened-ring amide [109].

Sandhya et al., [110] applied nanostructures for heavy metal ion sensing in 
water using surface plasmon resonance of metallic nanostructures. They reviewed 
on techniques to improve selectivity and sensitivity of surface plasmon response 
sensors with attention to homogeneity. Effects of particle size, shape, material type, 
and surrounding environment were found to be effectual in the surface plasmon 
surface frequency.

Similarly, Qu et al., [111] developed CDs to detect Fe3+ ions by using dopamine 
as a starting material with a detection limit of 0.32 μM. Quenching of photolu-
minescence intensity occurred when there was an interaction between CDs and 
ions. Meanwhile, Liu [44] reported a research work on one-step green synthesized 
fluorescent carbon nanodots from bamboo leaves for copper (ll) ion detection 
and demonstrated the exploration of bamboo leaves as a carbon source with high 
carbon constituent. Carbon quantum dots were synthesized hydrothermally with 
sensitive Cu2+ detection at limit of detection as low as 115 nM and a dynamic range 
from 0.333 to 66.6 μM. The zeta potential of the pristine carbon quantum dots was 
measured at −4.78 mV which improved to +13.8 mV after treatment with positively 
charged polyethyleneimine (a water-soluble cationic polymer). More so, Rao et al., 
[112] reported on the ability of CDs generated from citrus acid anhydrous to detect 
heavy metal such as Fe3+, with a detection limit of 0.239 μM.

Methionine has been used as a material for the synthesis of CDs [113]. These 
CDs were co-doped with nitrogen and sulfur to enhance surface functionalization 
for the detection and environmental monitoring of heavy metal pollutants [113]. 
Similarly, Shen et al., [4] applied fresh pomelo in the synthesis of CDs co-doped 
with nitrogen and sulfur for the detection of chromium (Cr (VI)).

A fluorescent probe for selective detection of metal ions such as mercury (Hg2+, 
1.00 × 10−8 − 1.50 × 10−3 M, 1.00 × 10−7 M) with wide linear range and satisfactory 
detection limits was discovered when citric acid monohydrate was used for the syn-
thesis of fluorescent CDs [114]. More essentially and effective is the burning of ash 
from waste paper and further utilized as a source of CDs by Lin et al., [115]. They 
succeeded in synthesizing CDs without any surface modification and subsequently, 
the fluorescent CDs were quenched by Fe3+.

Simpson et al., [21] synthesized carbon nanoparticle from glycerol and 
phosphoric acid mixed in a Berghof high-pressure reactor at 250°C for 4 hours. 
Afterward, glassy carbon electrodes were fabricated by drop-casting the carbon 
nanoparticles, and further applied for heavy metal (Cu2+ and Pb2+) detection by 
square wave anodic stripping voltammetry [21]. Heavy metals such as Na+, K+, 
Mg2+, Ca2+, Cr3+, Co2+, Ag+, Hg2+, Cd2+, Pb2+, Ni2+, Cu2+, Zn2+, Al3+, Fe2+, and Fe3+ 
have been tested on CDs synthesized from carbon source of mangosteen pulp and a 
ground discovery was made. Among the listed heavy metals, Fe3+ was the favourite 
in detection with a detection limit of 52 nM. Further application was found for cell 
imaging, which reveals their diverse potential applications [89].
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Other notable techniques for the detection and quantification of heavy met-
als ions include, inductively coupled plasma mass spectrometry (ICP-MS). This 
instrumentation is efficient among several other methods, but it is expensive. It 
was developed since the 1980s [128–130], used mostly by multivariate analysis 
along with the ICP-MS technique to unravel heavy metal elements present samples. 
However, inductively coupled plasma atomic emission spectroscopy (ICP-AES) 
have also been used to identify heavy metal pollutants. But, the method is expensive 
and requires sophisticated instrumentations and a highly trained technician [131].

Nowadays, marine pollution is becoming a global phenomenon and seafood 
safety has played a crucial role in human health [129]. Fatema et al., [132] applied 
atomic absorption spectroscopy (AAS) to measure the absorbed quantity of Pb+2, 
Cd+2, and Hg+3 in shrimps. Heavy metals have been detected by other means such as 
energy dispersive x-ray fluorescence (EDXRF), electrothermal atomic absorption 
method (ETAAS), and flame atomic absorption spectroscopy (FAAS) [133, 134]. 
But, all of the aforementioned techniques have disadvantages in the detection of 
heavy metals, such that they are expensive and require strenuous experimental 
steps [135]. Therefore, environmental researchers have continued to strive to 
develop a cheap, simple, sensitive, specific, accurate, user-friendly, and eco-
friendly means of detection for heavy metal pollutants.

3.3 Application in non-metal detection

CDs are very useful in detecting non-metallic elements. Several types of research 
have been reported, CDs synthesized from potato are well able to detect phosphate 
[106]. Zhaoxia et al., [136] utilized CDs with turnable emission and controlled size for 
sensing hypochlorous acid. As a class of carbohydrate that is widely distributed in a 
living organism, sucrose was chosen as a carbon source with assistance of microwave 
irradiation. A strongly fluorescent CDs without post-passivation was produced. By 
increasing the concentration of phosphoric acid as fluorescence enhancer under UV 
lamp, various fluorescent emissions of CDs of variable sizes were obtained. It was 
found that green CDs have excellent sensitivity for the detection of hypochlorous acid.

Kuo et al., [85], experimented with percutaneous fiber-optic nanosensors for 
instant evaluation of chemotherapy efficacy for in-vivo strategy of assay design 
aimed at monitoring non-homogeneously distributed biomarkers. They identified 
optimal exogenous fluorophores for the cell distribution indicators that are inde-
pendent of the treatment of the apoptotic initiator and without interfering with the 
optical characteristics of fluorophores.

Huilin et al., [137], investigated on CDs as a fluorescent probe for off-on detec-
tion of sodium dodecyl-benzenesulfonate (SDBS) in aqueous solution. The pristine 
CDs were synthesized from sodium citrate through a simple, convenient, and one-
step hydrothermal method. Fluorescent recovery was achieved with the application 
of SDBS. Detection of SDBS in real water samples was proportional to the concen-
tration in the range of 0.10 to 7.50 ug/mL. Furthermore, fluorescence sensing probe 
has been used to detect kaempferol (flavonoid that is present in a variety of plants 
and plant-derived foods) using fluorescent CDs synthesized from chiefly acetic acid 
with a detection limit of 38.4 nM in the concentration range of 3.5–49 μM. Finally, 
organophosphorus as pesticides have been detected through the use of CDs as a 
detector for pollutants without surface modification [115].

3.4 Application in adsorption studies

CDs and carbon structured nanoparticles have attracted researchers to explore 
their effectiveness and optimization ability in the fields of pollution research [3]. 
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Because of their excellent properties; carbon material performs concurrently as 
adsorbent and a transducing-agent [138–141].

Due to abundant surface sites provided by CDs, it is a suitable candidate for 
studies in the detection and adsorption of heavy metals [142, 143]. For instance, 
Ghiloufi et al., [144] used gallium doped zinc oxide (ZnO) nanoparticle in the 
adsorption of heavy metals (Cd2+ and Cr6+) in aqueous solution. The adsorp-
tion of heavy metals was analyzed through the effect of pH and it revealed 
favourable adsorption at a low pH level, less than pH-3 and temperature of 298 
K [144].

Table 4 provides harmonized presentation of nanomaterials applied for the 
purpose of absorbing environmental pollutants and contaminants in aqueous 
systems [145–154].

So far the concept of applying nanoparticles for environmental objectives have 
been successful. Meanwhile it is recommended that comparisons be made with bulk 
counterparts of the same substance to measure efficiency. On this note a study on 
the application of bulk agro material from jatropha curcas demonstrated efficiency 
in adsorption of pollutants and is recommended for comparison with its nano-
dimension counterparts [155]. Similarly, a report on the application of sesame straw 
biochar in adsorption of heavy metal analyte concluded that further adsorption 
studies for nano-range agro-based materials are necessary for accurate estimation of 
adsorption in natural environments [156].

4. Conclusion

A suitable carbon source for CDs synthesis should be soluble in water (green 
chemistry), accessible worldwide (i.e. geographical abundance) with defined and 
well-known properties (i.e. functional attributes), should not be in direct competi-
tion with essential food production (i.e. sustainable), and it should be cost-effective 
(i.e. cheaply accessible). While the price of additives or carbon source plays a minor 
role in fundamental research, it may play a major role when large quantities are 
considered.

Adsorbent material Adsorbate/analyte Reference

Gold nanoparticles (AuNPs) 4-nitrophenol [145]

Carbon dots (sodium citrate) Mercury (II) ions. [146]

Fluorescent carbon dots from 
o- phenylenediamine

Cell imaging and sensitive detection of Fe3+ and 
H2O2

[18]

Silica gel Aromatic volatile organic compounds (VOCs) [147]

Graphene oxide Nitrobenzene in sulfide [148]

TiO2, SiO2, and ZnO nanoparticles Neptunium (V) [149]

Polystyrene latex nanoparticles Alumina [150]

Graphene oxide Radionuclide removal [151]

Polyaniline modified graphene oxide Uranium(VI) [152]

Carbon nanotubes Mingle-ringed N- and S-heterocyclic aromatics [153]

Graphene oxide Minerals such as montmorillonite, kaolinite, and 
goethite, in aqueous phase

[154]

Table 4. 
Nanostructured materials in adsorption processes.
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Chapter 6

Carbon-Based Nanocomposite 
Materials for High-Performance 
Supercapacitors
Prasanta Kumar Sahoo, Chi-Ang Tseng, Yi-June Huang 
and Chuan-Pei Lee

Abstract

Lightweight, flexible, wearable, and portable electronic gadgets have drawn 
significant attention in modern electronics industry. To power these gadgets, great 
efforts have been made to develop highly efficient energy-storage equipment. 
Among various power sources, a supercapacitor, acting as a bridge between the 
conventional battery and electrolytic capacitor, has been considered a promis-
ing portable energy storage device because of its high power density, fast charge/
discharge rate, adequate operational safety, and excellent working lifetime. Hybrid 
supercapacitors, which combine redox materials with carbon-based materials, 
exhibit tremendous potential to fulfill the requirement of practical applications. 
In this chapter, we will review recent reports focusing on composite materials (i.e. 
metal oxide, metal hydroxide, and metal dichalcogenide composited with carbon 
materials) for the application in supercapacitors. The conclusion and futuristic 
prospects and challenges of highly efficient supercapacitors are briefly discussed.

Keywords: energy storage, composites, metal oxides, metal hydroxides,  
transition metal dichalcogenides, supercapacitor

1. Introduction

There is sharply increasing demand for energy with the rapid growth of the 
global economy. The energy generation from sustainable sources, such as wind and 
solar, plays an important role in power supply. However, the intermittent nature and 
imbalanced regional distribution of the sustainable energy make them unable to 
stably supply the power [1]. The development of energy storage systems is an urgent 
requirement to meet the sufficient and stable power supply for industrial and 
residential usage. Although rechargeable lithium-ion batteries, dominant energy 
sources in each field, as high energy density providers have filled their position 
[2], lithium-ion batteries still have the limitations of poor cycle life and low power 
performance [3]. Supercapacitors (SCs), also known as ultracapacitor and electro-
chemical capacitors, are an emerging class of energy storage device, which possess 
high power density and tens of thousands of charge/discharge cycles [4, 5]. Figure 1 
shows the Ragone plot of different energy conversion and storage devices. SCs have 
a unique position to bridge the gap between conventional capacitors and batteries. 
Compared with conventional capacitor, SCs possess higher specific energy density 
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in several orders of magnitude. Moreover, SCs provide higher specific power density 
than batteries due to its unique charge storage mechanism.

2. Theoretical background for supercapacitors

2.1 Principle and mechanism of supercapacitors

Based on different charge storage mechanisms, SCs are mainly divided into 
two categories, electrical double layer capacitors (EDLCs) and pseudocapacitors, 
as shown in Figure 2. EDLCs store the electrical charge by electrostatic force at 
the electrode-electrolyte interface, which is a physical process without involving 
electrochemical reactions on the electrode surface. In order to increase the capaci-
tance and energy density of SCs, some electrochemically active materials, such as 
transition metal oxide and conducting polymers, have been explored as electrode 
materials for pseudocapacitors. The energy storage in pseudocapacitors originates 
from reversible surface faradaic redox reactions at the interface of electrolyte and 
electroactive materials.

2.2 Factors affecting the performance of Supercapacitors

The capacitance of EDLCs is strongly dependent on effective surface area and 
the pore size distribution of the electrode [7, 8]. Typically, the carbon-based materi-
als and their derivatives, including activated carbon, carbon nanotubes (CNTs) 
and graphene, with high conductivity, chemically-stability, and large surface area 
are widely utilized in EDLCs. Although the EDLCs possess high power density and 
excellent charge/discharge cycling stability, they suffer from low energy density 
owing to the relatively low capacitance of carbon-based materials. Pseudocapacitors 

Figure 1. 
Ragone plot for various energy storage and conversion devices [6].
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can achieve significantly higher energy density, as compared to EDLCs, because 
they have a variety of oxidation states for redox charge transfer reactions. However, 
relatively low electrical conductivity and poor rate capability and cycle stability 
of pseudocapacitive materials limit their widespread commercial applications [9]. 
Therefore, carbon-based materials with high conductivity and distinct structures 
can be combined with pesudocapacitive materials to exhibit synergistic effects for 
supercapacitive performance, known as hybrid SCs.

3. Carbon based composite electrode materials

Carbon material is EDLCs type for supercapacitor. In section 2.1, EDLCs has 
introduced their property, which store the electrical charge by electrostatic force at 
the electrode-electrolyte interface, as shown in Figure 2. It is not involving elec-
trochemical reactions on the electrode surface. There are different types of carbon 
nanostructured materials, which can be used as single electrode materials due to 
their unique structural, mechanical, and electrical properties.

3.1 Zero-dimensional (0-D) carbon nanoparticles

They are round-shaped particles such as ultrafine activated carbon (AC), meso-
porous carbon, carbon nanosphere, and carbon quantum dot, with a high specific 
area (AC: ⁓3000 m2 g−1) and an aspect ratio of nearly [10]. In addition, by tuning 
the pore size distribution and pore content, they can use as suitable supporting 
materials for composite electrodes.

3.2 One-dimensional (1-D) carbon nanostructures

These are the high aspect ratio materials with fiber shaped and good electronic 
properties e.g. carbon nanotubes (CNT), carbon nanocoils, and carbon nanofi-
bers (CNF), which facilitates the electrochemical reaction kinetics by 1-D charge 
transfer pathway.

Figure 2. 
Schematic diagram of (a) an electrical double layer capacitor and (b) a pseudocapacitor.
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transfer pathway.

Figure 2. 
Schematic diagram of (a) an electrical double layer capacitor and (b) a pseudocapacitor.
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3.3 Two-dimensional (2-D) nanosheets

They are sheet like structures with high aspect ratio such as graphene, graphene 
oxide (GO) or reduced graphene oxide (rGO). In addition, they have high specific 
surface area, good mechanical strength, and excellent electrotonic conductivity, 
which helps them as promising electrode materials for SCs. For an example, single 
layered graphene has theoretical surface area of 2756 m2 g−1 and charge mobility of 
200000 cm2 V−1 s−1 [11].

3.4 Three-dimensional (3-D) porous nanostructures

These are the low dimensional building blocks such as carbon nanofoams or 
sponges with hierarchical porous channels, rich pore structures, higher electrical 
conductivity and better structural mechanical stability, which are extensively used 
in composite electrode materials for SCs. For an example, foam has high specific 
surface area with continuous electron transport path and large area of electrolyte-
electrode interface.

Table 1 shows some examples of different carbon nanostructured materials such 
as carbon onions, carbon nanotubes, graphene, and templated carbon, which are 
used as electrode materials for EDLCs. Each carbon nanostructured materials have 
its advantages and disadvantages. For example, carbon onions have high power per-
formance due to excellent conductivity with high accessible ion adsorption capacity 
but low capacitance of ⁓30 F g−1 [12]. On the other hand, CNTs have high energy 
density due to superior electrical properties and unique tubular structures for fast 
charge transportation but due to the high cost, their widespread applications are 
limited [13]. Recently, graphene has been attracted much attention as electrode 
materials for EDLC applications due to unique properties, like as ultrahigh specific 
surface area, unique conductivity, and exceptionally high mechanical strength [14]. 
However, the aggregation of sheets during electrode preparation limits the aspect of 
application. More recently, 3D porous carbon nanostructured materials are widely 
used for EDLCs because of rich pore structures and high surface areas but due to 
relative low conductivity and presence of micropores specific capacitance is insuffi-
cient at a high current density [15]. Therefore, it is necessary to construct composite 
materials by coupling the advantages of different types of carbon nanostructured 
materials and high energy electrode materials such as transition metal oxides, metal 
hydroxides and metal dichalcogenides (TMDs) to enhance the energy density with-
out the compromise of power density and also meet the requirement for fabrication 
of high energy storage devices. In the composite electrode material, different types 
of carbon nanostructured materials not only contribute to high capacitance but also 
provide an easy conductive path for charge transportation due to conductive nature.

4. Carbon-metal oxide composite electrode materials

Many metal oxide such as RuO2, MnO2, Fe3O4, V2O5, NiO, Co3O4, and TiO2, has 
been received significant attention and extensive studied as SC electrode materials 
due to Pseudo capacitance nature, which depends on the fast reversible redox reac-
tion of electroactive species directly as well as in the vicinity of electrode surface 
[17–20]. The redox behavior is due to the multivalent property of the above oxides 
which changes their oxidation states by interaction with protons or hydroxide ions 
reversibly. In spite of their excellent specific capacitance, they still suffer from low 
conductivity, low rate capability, poor stability and durability during the process 
of charge/discharge. In contrast carbon materials shows excellent performance in 
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3.3 Two-dimensional (2-D) nanosheets

They are sheet like structures with high aspect ratio such as graphene, graphene 
oxide (GO) or reduced graphene oxide (rGO). In addition, they have high specific 
surface area, good mechanical strength, and excellent electrotonic conductivity, 
which helps them as promising electrode materials for SCs. For an example, single 
layered graphene has theoretical surface area of 2756 m2 g−1 and charge mobility of 
200000 cm2 V−1 s−1 [11].

3.4 Three-dimensional (3-D) porous nanostructures

These are the low dimensional building blocks such as carbon nanofoams or 
sponges with hierarchical porous channels, rich pore structures, higher electrical 
conductivity and better structural mechanical stability, which are extensively used 
in composite electrode materials for SCs. For an example, foam has high specific 
surface area with continuous electron transport path and large area of electrolyte-
electrode interface.

Table 1 shows some examples of different carbon nanostructured materials such 
as carbon onions, carbon nanotubes, graphene, and templated carbon, which are 
used as electrode materials for EDLCs. Each carbon nanostructured materials have 
its advantages and disadvantages. For example, carbon onions have high power per-
formance due to excellent conductivity with high accessible ion adsorption capacity 
but low capacitance of ⁓30 F g−1 [12]. On the other hand, CNTs have high energy 
density due to superior electrical properties and unique tubular structures for fast 
charge transportation but due to the high cost, their widespread applications are 
limited [13]. Recently, graphene has been attracted much attention as electrode 
materials for EDLC applications due to unique properties, like as ultrahigh specific 
surface area, unique conductivity, and exceptionally high mechanical strength [14]. 
However, the aggregation of sheets during electrode preparation limits the aspect of 
application. More recently, 3D porous carbon nanostructured materials are widely 
used for EDLCs because of rich pore structures and high surface areas but due to 
relative low conductivity and presence of micropores specific capacitance is insuffi-
cient at a high current density [15]. Therefore, it is necessary to construct composite 
materials by coupling the advantages of different types of carbon nanostructured 
materials and high energy electrode materials such as transition metal oxides, metal 
hydroxides and metal dichalcogenides (TMDs) to enhance the energy density with-
out the compromise of power density and also meet the requirement for fabrication 
of high energy storage devices. In the composite electrode material, different types 
of carbon nanostructured materials not only contribute to high capacitance but also 
provide an easy conductive path for charge transportation due to conductive nature.

4. Carbon-metal oxide composite electrode materials

Many metal oxide such as RuO2, MnO2, Fe3O4, V2O5, NiO, Co3O4, and TiO2, has 
been received significant attention and extensive studied as SC electrode materials 
due to Pseudo capacitance nature, which depends on the fast reversible redox reac-
tion of electroactive species directly as well as in the vicinity of electrode surface 
[17–20]. The redox behavior is due to the multivalent property of the above oxides 
which changes their oxidation states by interaction with protons or hydroxide ions 
reversibly. In spite of their excellent specific capacitance, they still suffer from low 
conductivity, low rate capability, poor stability and durability during the process 
of charge/discharge. In contrast carbon materials shows excellent performance in 
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these regards but suffer from comparatively limited specific capacitance. Hence, 
the synergic integration of metal oxides with conducting carbon supports may 
form high potential carbon-metal oxide composite electrodes materials for SCs and 
hybrid devices because of their enhanced electrochemical performance through the 
combined effect of pseudocapacitive/faradaic charge storage and electrical double 
layer capacitance mechanisms [21–23].

4.1 Carbon-ruthenium oxide (RuO2)-based composite electrode materials

Among the metal oxides, ruthenium oxide (RuO2) has been considered as very 
common electrode materials for SCs in acidic medium due to their excellent pseu-
docapacity which is arising from high conductivity, good thermal stability, highly 
reversible redox reactions, three different oxidation states within 1.2 V, and high 
specific capacitance natures. The pseudocapacitance mechanism of RuO2 for SC 
electrodes can be described as equation [24]:

 ( ) ( )2 2 x xRuO xH xe RuO OH 0 x 2+ −
−+ + = ≤ ≤  (1)

Or

 2RuO H e RuOOH+ −+ + =   (2)

However, its scarcity and high cost limits the fabrication of RuO2 based 
electrodes for potential applications. But, smartly use of composite materials by 
synergic integration of pseudocapacitive RuO2 materials with conductive carbona-
ceous substrates not only improves the capacitance but also reduces the cost of the 
electrode. Recent studies are more focus about the selecting the best carbonaceous 
substrate and the synthesis procedures to fabricate ruthenium oxide (RuO2)-coated 
on the porous carbonaceous substrates.

RuO2-CNT composite has been prepared by uniformly coating of RuO2 on the 
vertically aligned porous carbon nanotubes porous through atomic layer deposi-
tion (ALD) technique and further activation by voltammetry potential coulometry 
(Figure 3(a-c)) [25]. This ALD technique has many advantages such as deposition 
on large surface area, accurate thickness and exceptional uniformity for electrode 
designing in energy storage devises. The as-prepared RuO2-CNT composite shows 
excellent electrochemical performance as an electrode material for SC in respect of 
capacitance, power density and stability. Several publications have been reported 
the specific capacitance and power density of RuO2-CNT composite, which are 
around 650 F g−1 and 17 kW kg−1, respectively. Kaner et.al recently demonstrated 
the synthesis and processing of 3D porous RuO2/laser-scribed graphene (LSG) 
composite electrode for miniaturized and interdigitated SC that exhibit ultrahigh 
energy and power density (Figure 3(d)) [26]. The high-resolution TEM (HRTEM) 
image of 3D porous RuO2/LSG composite in Figure 3(e) shows that multiple layers 
of the graphene sheets wrap around each RuO2 nanoparticle. 3D porous RuO2/LSG 
composite electrode showed an ultrahigh specific capacitance of 1139 Fg−1 with 
outstanding rate capability and the asymmetric supercapacitor (ASC) made of 3D 
porous RuO2/LSG composite electrode as positive electrode exhibited an extremely 
high energy density of 55 W h kg−1 at a power density of 12 kW kg−1 (Figure 3(f )). 
Other interesting composite of RuO2 made of RuO2 decorated nitrogen-doped 
reduced graphene oxide aerogel (NGA) are used as high-performance transparent 
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solid-state supercapacitors. RuO2/NGA composite with finely tuned mass loading 
of 16.3 μg cm−2 and transmittance of 34.1% (λ = 550 nm) demonstrated maximum 
areal energy of 0.074 μW h cm−2 and power of 64 μW cm−2 with cyclic stability 
of 100% over 2000 cycles [27]. This RuO2/NGA based high transparent SC can be 
practically used in many advanced transparent electrical devices.

4.2 Carbon-manganese oxides (MnO2)-based composite electrode materials

MnO2 has been considered as a promising pseudocapacitive electrode materials 
for energy storage applications due to low price, abundant reserve, high specific 
capacitance, and environmental environment benign nature and low toxicity in 
comparison to other transition-metal oxides. In general, the charge storage mecha-
nism of MnO2 involves change in manganese oxidation state from +3 to +4 and 
the contribution of protons or alkali cations, which can be shown in the following 
equation [28].

 2MnO C e MnOOC+ −+ + ↔   (3)

Figure 3 
(a) Schematic presentation of RuOx deposited on the vertically aligned porous carbon nanotubes porous 
through ALD by sequential pulsing of Ru (EtCp)2 and oxygen. (b) and (c) SEM and TEM images of 
vertically aligned CNTs coated with ALD RuOx [25]. (d) Microfabrication process of 3D porous RuO2/LSG 
interdigitated micro-supercapacitors through direct laser writing on a DVD disc using a LightScribe DVD 
burner. (e) A high-magnification TEM image of 3D porous RuO2/LSG composite showing complete wrapping 
of the RuO2 nanoparticles (NP) by multiple layers of the graphene sheets. (f) The gravimetric capacitance 
retention of laser scribed graphene (LSG) and RuO2/LSG electrodes as a function of the applied current 
density [26].
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form high potential carbon-metal oxide composite electrodes materials for SCs and 
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Where C+ represents protons or alkali cations (Li+, Na+, K+).
However, MnO2 based electrodes limits the capacity and power density due to 

their low surface area and poor electronic/ionic conductivity. Therefore, the com-
posite of MnO2 with high-surface area and conducting carbonaceous materials may 
improve the electrochemical performance in terms of specific capacity, energy and 
power densities by providing the larger interfacial area between the MnO2 particles 
and the electrolyte solution [29].

Gao et al. fabricated a MnO2/activated carbon (AC) based hybrid SC, where 
AC not only acted as a conducting support but also increase the capacitance as 
well as energy and power densities [30]. In addition, engineering the morphology 
of MnO2 into different nanostructures is considered to be a practical approach 
to increase its electrochemical performance. It is reported that the pore sizes of 
the mesoporous-MnO2/AC are greatly affected the specific capacitance and the 
rate capability of the SCs. Huang et al. demonstrated the influence of CNT on 
the electrochemical properties of MnO2-CNT composite electrode by controlling 
the growth of MnO2 nanostructures on CNTs through a facile redox approach 
(Figure 4(a-c)) [31]. The as-prepared MnO2-CNT composite electrode showed a 
maximum specific capacitance of 247.9 F g−1 with outstanding cyclic stability of 
92.8% after 5000 cycles. In addition, it has been noticed that the aligned CNTs are 
more favoured as SC electrodes over nonaligned CNTs due to their large specific 
surface area, low contact resistance, and fast electron-transfer kinetics. Graphene 
is being used as a supporting material for MnO2 nanostructures due to its large 
surface area, high conductivity, and high stability nature. For example, microwave 

Figure 4. 
(a) Controlled growth of MnO2 nanostructured on CNT surface through facile redox method. (b) TEM images 
displaying coverage of MnO2 on the surface of CNT. (c) The cyclic curve of a MnO2-CNT nanowire composite 
at current density of 2 A g−1 [31]. (d) Schematic illustration of fabrication of Co3O4 nanoflake/graphene@
Ni hybrid electrode materials by in situ synthesis method. (e) Top-view SEM images of the Co3O4 nanoflake/
graphene/Ni hybrid electrode. (f) GCD curves of Co3O4 nanoflake/graphene/Ni hybrid electrode at current 
density of 1 mA cm−2 [39]. (g) A schematic of the synthesis of the porous Co3O4 nanoball/CA hybrid. (h) 
FE-SEM images of the porous Co3O4 nanoball/CA hybrid. (i) The specific capacitance test of the porous 
Co3O4 nanoball/CA hybrid electrode at a current density of 1 A g−1 as a function of cycle number (inset: 11 
cycles continuous GCD curves obtained for porous Co3O4 nanoball/CA hybrid electrode for the different cycle 
numbers) [41].

123

Carbon-Based Nanocomposite Materials for High-Performance Supercapacitors
DOI: http://dx.doi.org/10.5772/intechopen.95460

irradiation synthesised MnO2-graphene composites exhibited the maximum 
capacitance of 310 F g−1, which is much higher than the bare graphene and MnO2 
(110 F g−1) [32]. Beside their high capacitance, MnO2-graphene composites have 
better cyclic stability of 95% over 15000 cycles. The excellent electrochemical 
performance of MnO2-graphene composites is due to large surface area and high 
conductivity of graphene network. Recently, Zhang et al. reported highly flex-
ible ASCs based on graphene hydrogel (GH)/copper wire (CW) as the negative 
electrode and hierarchical MnO2/graphene/carbon fiber (CF) as the positive 
electrode, which exhibited excellent areal energy density of 18.1 μW h cm−2 and 
operated reversibly at potential window of 0-1.6 V [33]. 3D porous carbon nano-
structures can also be used as MnO2 support for supercapacitor (SC) electrodes as 
they provided large surface area, well-defined pathways to electrolyte access, and 
better mechanical stability. Fang et al. demonstrated a novel solid-state symmetric 
supercapacitor (SSC) based on 3D rGO@MnO2 foam electrode and Polyacrylic 
Acid (PAA)-Portland cement-KOH electrolyte, which showed a very high areal 
capacity of 1.84 F cm−2 at current density of 0.5 mA cm−2 and excellent capacitance 
retention of 61% at a current density of 40 mA cm−2 [34].

4.3 Carbon-cobalt oxides (CoO/Co3O4)-based composite electrode materials

Cobalt oxides has been received considerable attention as highly promising SC 
electrode materials due to their non-toxic, low cost, easy synthesis, environmen-
tally friendly, and more importantly high theoretical capacitance (CoO: 4292 F g−1, 
Co3O4: 3560 F g−1) [35]. In addition, cobalt oxides exhibits outstanding electro-
chemical behaviour in alkaline as well as organic electrolyte, which is possible due 
to their ability to interact with the ions at the electrolyte surface as well as through 
the bulk of the material. The pseudocapacitance of cobalt oxides (CoO/Co3O4) are 
originates from the following redox reaction: [36]

CoO:

 
2 2

Co OH 4 CoOOH e
CoOOH OH 4 CoO H O e

O − −

− −

+ ↔ +
+ ↔ + +

 (4)

Co3O4:

 3 4 2

2 2

Co O OH H O 3CoOOH e
CoOOH OH CoO H O e

− −

− −

+ + ↔ +
+ ↔ + +

 (5)

However, the low electrical/ionic conductivity of cobalt oxides hinders their 
practical performance as SC electrodes. Most efficient way to improve their elec-
trochemical performance is to form composites of cobalt oxides by incorporation 
into a carbon-based conducting supports. A Co3O4/AC composite SC electrode 
was reported by Iqbal et al. [37]. The electrode exhibited maximum achievable 
specific capacitance 567 F g−1 and maximum energy density of 63 W h kg−1 at 0.7 
A g−1. In addition to the high specific capacitance, Co3O4/AC composite of capaci-
tive retentivity is 82% after 6000 charge/discharge cycles and safe to handle due 
to no leakage. The specific capacitance of the cobalt oxide strongly depends on the 
microstructure and morphology of the materials, which facilitate the electrolyte 
ion transport through the material more effectively. Sun et al. demonstrated a 
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Where C+ represents protons or alkali cations (Li+, Na+, K+).
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Figure 4. 
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displaying coverage of MnO2 on the surface of CNT. (c) The cyclic curve of a MnO2-CNT nanowire composite 
at current density of 2 A g−1 [31]. (d) Schematic illustration of fabrication of Co3O4 nanoflake/graphene@
Ni hybrid electrode materials by in situ synthesis method. (e) Top-view SEM images of the Co3O4 nanoflake/
graphene/Ni hybrid electrode. (f) GCD curves of Co3O4 nanoflake/graphene/Ni hybrid electrode at current 
density of 1 mA cm−2 [39]. (g) A schematic of the synthesis of the porous Co3O4 nanoball/CA hybrid. (h) 
FE-SEM images of the porous Co3O4 nanoball/CA hybrid. (i) The specific capacitance test of the porous 
Co3O4 nanoball/CA hybrid electrode at a current density of 1 A g−1 as a function of cycle number (inset: 11 
cycles continuous GCD curves obtained for porous Co3O4 nanoball/CA hybrid electrode for the different cycle 
numbers) [41].
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capacitance of 310 F g−1, which is much higher than the bare graphene and MnO2 
(110 F g−1) [32]. Beside their high capacitance, MnO2-graphene composites have 
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retention of 61% at a current density of 40 mA cm−2 [34].
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tally friendly, and more importantly high theoretical capacitance (CoO: 4292 F g−1, 
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chemical behaviour in alkaline as well as organic electrolyte, which is possible due 
to their ability to interact with the ions at the electrolyte surface as well as through 
the bulk of the material. The pseudocapacitance of cobalt oxides (CoO/Co3O4) are 
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However, the low electrical/ionic conductivity of cobalt oxides hinders their 
practical performance as SC electrodes. Most efficient way to improve their elec-
trochemical performance is to form composites of cobalt oxides by incorporation 
into a carbon-based conducting supports. A Co3O4/AC composite SC electrode 
was reported by Iqbal et al. [37]. The electrode exhibited maximum achievable 
specific capacitance 567 F g−1 and maximum energy density of 63 W h kg−1 at 0.7 
A g−1. In addition to the high specific capacitance, Co3O4/AC composite of capaci-
tive retentivity is 82% after 6000 charge/discharge cycles and safe to handle due 
to no leakage. The specific capacitance of the cobalt oxide strongly depends on the 
microstructure and morphology of the materials, which facilitate the electrolyte 
ion transport through the material more effectively. Sun et al. demonstrated a 
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simple and effective approach to grow well-aligned 3D cobalt oxide nanowire 
arrays (Co3O4 NWAs) directly on carbon nanotube fibers (CNTFs) through CVD 
process [38]. The Co3O4 NWAs/CNFs showed a specific capacitance of 734.25 F 
cm−3 (2210 mF cm−2) at 1.0 A cm−3 and a high energy density of 13.2 mW h cm−3 at 
a current density of 1.0 A cm−3. Graphene along with cobalt oxides can be used as a 
composite material for SCs because of its high conductivity, high surface area, high 
carrier mobility, and excellent mechanical strength. For example, an in situ synthe-
sised Co3O4/graphene@NF hybrid composite electrode with a thickness of 13 nm 
exhibited a high specific capacitance of 1.75 F cm−2 at 1 mA cm−2 and a capacitance 
increase of 12.2% after 5000 cycles at 10 mA cm−2 (Figure 4(d-f )) [39]. Tseng 
et al. demonstrate a binder-free and flexible SC based on CoO/graphene hollow 
nanoballs (GHBs) composite electrode [40]. The as fabricated CoO/GHBs compos-
ite electrode exhibits high specific capacitance of 2238 F g−1 at a current density of 
1 A g−1 and good rate capability of 1170 F g−1 at a current density of 15 A g−1. The 
excellent capacitive performance and high rate capability were accomplished by the 
synergistic combination of conductive GHBs with large surface areas and highly 
pseudocapacitive CoO. In addition, as fabricated SSC demonstrated a very high 
power density (6000 W kg−1 at 8.2 W h kg−1), high energy density (16 W h kg−1 
at 800 W kg−1), good cycling stability (∼100% capacitance retention after 5000 
cycles), and excellent mechanical flexibility at various bending positions. Recently, 
3D-carbon aerogels (3D-CA) with appropriate electrical conductivity, high specific 
surface area and rich dielectric electrochemical stability when combined with the 
porous cobalt oxides can enabled the fabrication of an composite electrode with 
outstanding electrochemical performance.Co3O4/CA composite electrode which 
was synthesized through in situ growth method showed a specific capacitance of 
350 F g−1 at 1 A g−1 and Energy density of 23.82 kW kg−1 at a power density of 95.96 
W kg−1 (Figure 4(g-i)) [41]. The as-prepared ASC device could be cycled revers-
ibly in a potential range of 0.0 to 1 V at 1 A g−1 and showed a capacity retention of 
210% over 6000 cycles. Zhu et al. adopted a facile hydrothermal method to syn-
thesize self-assembled cobalt oxide (CoO) nanorod cluster on 3D-graphene foam 
(CoO-3DGF) which exhibits a very high performance compared with CoO nanorod 
clusters grown on Ni foam (680 F g−1) in terms of specific capacitance 980 F g−1 at 1 
A g−1 and cycling stability of 103% over 10,000 cycles [42].

4.4 Carbon-binary metal oxide based composite electrode materials

Recently, binary metal oxides such as NiCo2O4, NiFe2O4, CoFe2O4, ZnMnO4, 
and ZnCo2O4 have attracted much attention due to higher electrical conductivity 
than individual metal oxide and provide higher capacitance due to more affluent 
redox reaction than individual components [43]. Even though binary meal oxides 
possess better electrochemical performance than individual metal oxide extremely, 
they still suffer from inferior rate performance, low utilization rate and poor cycle 
stability. However, by incorporating carbon based materials improve their con-
ductivity as well as power density due to high surface area, high conductivity and 
stable chemical properties of carbon based materials [44]. Kumar et al. fabricated 
Carbon black (CB) decorated Ni/Co oxide composite electrode through by using the 
successive ionic layer adsorption and reaction (SILAR) method [45]. Carbon black 
(CB) decorated Ni/Co oxide composite electrode with 7% weight percentage of CB 
exhibited a high specific capacitance of 1811 F g−1 at 0.5 mA cm−2 with excellent 
cyclic retention of 92% over 8000 cycles and delivered an impressive high energy 
density of 91 W h Kg−1 at a power density of 151 W Kg−1, which is significantly 
higher than pure Ni/Co oxide composite electrode as well as other carbon embed-
ded composites. Veerasubramani et al. have adopted a novel approach to fabricate 
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CNT-deposited CoMoO4/Ni foam through a hydrothermal method followed by dry 
reforming reaction (DRR) of propane and CO2 [46, 47]. The as fabricated CNT-
deposited CoMoO4/Ni foam electrode achieved a maximum areal capacity of 160 
μAh cm−2 at 1 mA cm−2 with excellent cyclic stability of ~105% over 3000 cycles and 
showed 22-fold higher performance than the heat-treated CoMoO4/Ni foam. The 
high electrochemical performance is due to the presence of CNTs on the surface of 
CoMoO4/Ni foam electrode, which increases the conductivity of the electrode and 
enhances the ion transport kinetics. Further as fabricated ASC device, consists of 
CNT-deposited CoMoO4/Ni foam as the positive electrode and reduced graphene 
oxide (rGO)-coated carbon cloth (CC) as the negative electrode stored a maximum 
areal energy density of 122 μWh cm−2 (29.04 Wh kg−1) at 2 mA cm−2 and delivered 
a high power density of 7,727 μWcm−2 (1835 W kg−1) 10 mA cm−2 with excellent 
capacitance retention of more than 95% of its initial capacitance over 1500 cycles. 
Soam et al. synthesized porous type of NiFe2O4/graphene nanocomposite electrode 
by a solution based process for supercapacitor application [48]. The as-prepared 
NiFe2O4/graphene nanocomposite electrode exhibited a maximum specific capaci-
tance of 207 Fg−1 at a scan rate of 5 mV/sec, which is almost 4 times larger than pure 
NiFe2O4 (60 Fg−1) and showed the capacitance retention of 95% over 1000 cycles. 
The significantly enhanced specific capacitance of the NiFe2O4/graphene nano-
composite electrode material is due to the synergic effect of high porous graphene 
sheets and NiFe2O4 particles, which are strongly interconnected together leading to 
a good electric/ionic conduction on the electrode and better contact of ions with the 
electrode materials. Zhou et al. reported a novel and green Cu2O template-assisted 
route based on “coordinating etching and precipitating” process for the synthesis 
of 3D porous reduced graphene (rGN)/NiCo2O4 film [49]. The as-synthesized 3D 
rGN/NiCo2O4 film exhibited high specific capacitance of 708.36 F g−1 at a current 
density of 1 A g−1 with a rate retention of 82.2% as current density ranges from 1 to 
16 Ag−1, and remarkable capacitance retention of 94.3% after 6000 cycles at a high 
current density of 10 A g−1.

5. Carbon-metal hydroxide composites electrode materials

Among the active materials, metal hydroxides have also been considered 
promising electrode materials for electrochemical SCs because of extremely high 
specific capacitance. Metal hydroxide in several forms such as Ni(OH)2, Co(OH)2, 
NiCo(OH)2, Cu(OH)2, FeOOH have been investigated as electrodes for SC [50–52]. 
These materials have large internal spaces for fast insertion and desertion of 
electrolyte ions. Moreover, these metal hydroxides can be synthesized using simple 
synthetic approaches. Metal hydroxide consists of stacked layers intercalated having 
interlayer space to occupy more ions hence larger capacitance.

5.1 Carbon-nickel hydroxide (Ni(OH)2) composite electrode materials

Ni(OH)2 is being considered as an attractive candidate as electrode in SCs because 
of its high theoretical capacitance (2358 F g−1). It can be prepared by a simple and 
low cost process. It has demonstrated good stability in alkaline electrolytes. Its low 
electrical conductivity is a barrier to achieve higher capacitance. Therefore, a thin 
region near the surface of nickel hydroxide contributes to the charge storage process 
due to diffusion-limited redox reactions. To obtain larger capacitance, it has to be 
utilized completely in the charge storage process. In this regard, researchers have 
generally adopted conductive additives to effectively improve utilization of active 
materials and result in larger capacitance. Kang et al. have used the same concept 
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simple and effective approach to grow well-aligned 3D cobalt oxide nanowire 
arrays (Co3O4 NWAs) directly on carbon nanotube fibers (CNTFs) through CVD 
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composite material for SCs because of its high conductivity, high surface area, high 
carrier mobility, and excellent mechanical strength. For example, an in situ synthe-
sised Co3O4/graphene@NF hybrid composite electrode with a thickness of 13 nm 
exhibited a high specific capacitance of 1.75 F cm−2 at 1 mA cm−2 and a capacitance 
increase of 12.2% after 5000 cycles at 10 mA cm−2 (Figure 4(d-f )) [39]. Tseng 
et al. demonstrate a binder-free and flexible SC based on CoO/graphene hollow 
nanoballs (GHBs) composite electrode [40]. The as fabricated CoO/GHBs compos-
ite electrode exhibits high specific capacitance of 2238 F g−1 at a current density of 
1 A g−1 and good rate capability of 1170 F g−1 at a current density of 15 A g−1. The 
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surface area and rich dielectric electrochemical stability when combined with the 
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350 F g−1 at 1 A g−1 and Energy density of 23.82 kW kg−1 at a power density of 95.96 
W kg−1 (Figure 4(g-i)) [41]. The as-prepared ASC device could be cycled revers-
ibly in a potential range of 0.0 to 1 V at 1 A g−1 and showed a capacity retention of 
210% over 6000 cycles. Zhu et al. adopted a facile hydrothermal method to syn-
thesize self-assembled cobalt oxide (CoO) nanorod cluster on 3D-graphene foam 
(CoO-3DGF) which exhibits a very high performance compared with CoO nanorod 
clusters grown on Ni foam (680 F g−1) in terms of specific capacitance 980 F g−1 at 1 
A g−1 and cycling stability of 103% over 10,000 cycles [42].

4.4 Carbon-binary metal oxide based composite electrode materials

Recently, binary metal oxides such as NiCo2O4, NiFe2O4, CoFe2O4, ZnMnO4, 
and ZnCo2O4 have attracted much attention due to higher electrical conductivity 
than individual metal oxide and provide higher capacitance due to more affluent 
redox reaction than individual components [43]. Even though binary meal oxides 
possess better electrochemical performance than individual metal oxide extremely, 
they still suffer from inferior rate performance, low utilization rate and poor cycle 
stability. However, by incorporating carbon based materials improve their con-
ductivity as well as power density due to high surface area, high conductivity and 
stable chemical properties of carbon based materials [44]. Kumar et al. fabricated 
Carbon black (CB) decorated Ni/Co oxide composite electrode through by using the 
successive ionic layer adsorption and reaction (SILAR) method [45]. Carbon black 
(CB) decorated Ni/Co oxide composite electrode with 7% weight percentage of CB 
exhibited a high specific capacitance of 1811 F g−1 at 0.5 mA cm−2 with excellent 
cyclic retention of 92% over 8000 cycles and delivered an impressive high energy 
density of 91 W h Kg−1 at a power density of 151 W Kg−1, which is significantly 
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CNT-deposited CoMoO4/Ni foam through a hydrothermal method followed by dry 
reforming reaction (DRR) of propane and CO2 [46, 47]. The as fabricated CNT-
deposited CoMoO4/Ni foam electrode achieved a maximum areal capacity of 160 
μAh cm−2 at 1 mA cm−2 with excellent cyclic stability of ~105% over 3000 cycles and 
showed 22-fold higher performance than the heat-treated CoMoO4/Ni foam. The 
high electrochemical performance is due to the presence of CNTs on the surface of 
CoMoO4/Ni foam electrode, which increases the conductivity of the electrode and 
enhances the ion transport kinetics. Further as fabricated ASC device, consists of 
CNT-deposited CoMoO4/Ni foam as the positive electrode and reduced graphene 
oxide (rGO)-coated carbon cloth (CC) as the negative electrode stored a maximum 
areal energy density of 122 μWh cm−2 (29.04 Wh kg−1) at 2 mA cm−2 and delivered 
a high power density of 7,727 μWcm−2 (1835 W kg−1) 10 mA cm−2 with excellent 
capacitance retention of more than 95% of its initial capacitance over 1500 cycles. 
Soam et al. synthesized porous type of NiFe2O4/graphene nanocomposite electrode 
by a solution based process for supercapacitor application [48]. The as-prepared 
NiFe2O4/graphene nanocomposite electrode exhibited a maximum specific capaci-
tance of 207 Fg−1 at a scan rate of 5 mV/sec, which is almost 4 times larger than pure 
NiFe2O4 (60 Fg−1) and showed the capacitance retention of 95% over 1000 cycles. 
The significantly enhanced specific capacitance of the NiFe2O4/graphene nano-
composite electrode material is due to the synergic effect of high porous graphene 
sheets and NiFe2O4 particles, which are strongly interconnected together leading to 
a good electric/ionic conduction on the electrode and better contact of ions with the 
electrode materials. Zhou et al. reported a novel and green Cu2O template-assisted 
route based on “coordinating etching and precipitating” process for the synthesis 
of 3D porous reduced graphene (rGN)/NiCo2O4 film [49]. The as-synthesized 3D 
rGN/NiCo2O4 film exhibited high specific capacitance of 708.36 F g−1 at a current 
density of 1 A g−1 with a rate retention of 82.2% as current density ranges from 1 to 
16 Ag−1, and remarkable capacitance retention of 94.3% after 6000 cycles at a high 
current density of 10 A g−1.

5. Carbon-metal hydroxide composites electrode materials

Among the active materials, metal hydroxides have also been considered 
promising electrode materials for electrochemical SCs because of extremely high 
specific capacitance. Metal hydroxide in several forms such as Ni(OH)2, Co(OH)2, 
NiCo(OH)2, Cu(OH)2, FeOOH have been investigated as electrodes for SC [50–52]. 
These materials have large internal spaces for fast insertion and desertion of 
electrolyte ions. Moreover, these metal hydroxides can be synthesized using simple 
synthetic approaches. Metal hydroxide consists of stacked layers intercalated having 
interlayer space to occupy more ions hence larger capacitance.

5.1 Carbon-nickel hydroxide (Ni(OH)2) composite electrode materials

Ni(OH)2 is being considered as an attractive candidate as electrode in SCs because 
of its high theoretical capacitance (2358 F g−1). It can be prepared by a simple and 
low cost process. It has demonstrated good stability in alkaline electrolytes. Its low 
electrical conductivity is a barrier to achieve higher capacitance. Therefore, a thin 
region near the surface of nickel hydroxide contributes to the charge storage process 
due to diffusion-limited redox reactions. To obtain larger capacitance, it has to be 
utilized completely in the charge storage process. In this regard, researchers have 
generally adopted conductive additives to effectively improve utilization of active 
materials and result in larger capacitance. Kang et al. have used the same concept 
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and deposited an ultrathin nickel hydroxide film on carbon-coated 3D porous copper 
structure in order to prepare binder-free conductive electrode (Figure 5(a-b)) [53]. 
This electrode has short electron path distances and large electrochemical active 
sites, which improved structural stability for high performance SCs. A carbon 
coating was used to improve the electron transport behavior and to prevent the 
oxidation of Cu. Nickel hydroxide supported on mesoporous hollow dendritic three-
dimensional-nickel exhibited a specific capacitance of 1860 F g−1 at a current density 
of 1 A g−1 (Figure 5(c)). It could retain 86.5% capacitance over 10,000 cycles. Tang 
et al. have prepared an additive-free, nano-architectured nickel hydroxide/carbon 
nanotube (Ni(OH)2/CNT) electrode for high performance SCs [54]. This Ni(OH)2/
CNT electrode was fabricated by depositing Ni(OH)2 nano-flakes on CNT bundles 
which were directly grown on Ni foams. The above electrode exhibited the specific 
capacitance of 3300 F g−1 and an aerial capacitance of 16 Fcm−2. Ma et al. have 
synthesized electrode of Ni(OH)2 nanosheet/3D GF framework using two methods, 
CVD and hydrothermal [55]. They have compared the capacitive properties of 
Ni(OH)2 electrode/graphene fiber with Ni(OH)2/Ni foam and Ni(OH)2 nanosheet/
carbon fiber cloth electrodes. Ni(OH)2 electrode with graphene fiber exhibited 
better performance in terms of specific capacitance and rate capability. The Ni(OH)2 
nanosheet/graphene fiber electrode exhibited electrochemical capacitance as high as 
2860 F g−1 at a current density of 2 A g−1, and maintains 1791 F g−1 at 30 A g−1.

5.2 Carbon-cobalt hydroxide (Co(OH)2) composite electrode materials

Co(OH)2 has recently received increasing attention as electrode for SC applica-
tion because of its low cost and high capacitance. Jagadale et al. have used cobalt 
hydroxide nanoflakes which were uniformly loaded on flexible carbon fiber (CF) 

Figure 5. 
(a) A schematic of the growth process of 3D-Ni(OH)2/C/Cu, (b) Morphology of the as-synthesized 
3D-Ni(OH)2/C/Cu electrode (inset: large-area uniform porous morphology of the 3D-Ni(OH)2/C/Cu),  
(c) Specific capacitance of 3DNi(OH)2/C and 3D-Ni(OH)2/C/Cu as a function of the current density based 
on the galvanostatic charge/discharge measurement [53], (d) Photograph of CF paper coated with cobalt 
hydroxide nanoflakes and schematic diagram illustrating the loading procedure of cobalt hydroxide on CF,  
(e) SEM image of bare CF, (f) SEM image of cobalt hydroxide nanoflakes coated on CF (Inset: magnified 
SEM image of the nanoflakes), (g) variation of specific capacitance with mass loading of each electrode,  
(h) specific capacitances of CF electrode at scan rates of 5, 10, 20, 50 and 100 mV/s, (i) schematic of flexible SC 
fabrication, (j) CV curves at bending conditions of 0° and 180° at scan rate of 20 mV/s [56].
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paper as electrode for SC (Figure 5(d)) [56]. The carbon fiber was basically used to 
provide unique porous nanostructure offering low ion diffusion and charge transfer 
resistance to the electrode (Figure 5(e, f )). The electrode exhibited maximum spe-
cific capacitance of 386.5 F g−1 at a current density of 1 mA cm−2 with a mass loading 
of 2.5 mg cm−2 (Figure 5(g, h)). An energy density of 133.5 W h kg−1 has been 
obtained with power density of and 1769 W kg−1. The carbon fiber has improved 
the cyclic stability of 92% over 2000 cycles. To check applicability of electrodes, 
these electrodes further employed to fabricate flexible solid state supercapacitor. 
CV curves of SC at bending conditions of 0° and 180° at scan rate of 20 mV/s. It is 
clearly seen that the area under curve doesn’t change significantly after bending 
which proves that SC is highly flexible and does not lose its structural integrity 
under bending conditions (Figure 5(i, j)).

Two possible reactions are suggested for the electrochemical reactions of 
Co(OH)2 in KOH electrolyte [57]:

 ( ) 22Co OH CoOOH H O eOH − −+ = + +  (6)

 2 2CoOOH OH Co H O eO− −+ = + +  (7)

Co(OH)2 nano-sheet-decorated graphene-CNT composite structure has 
been designed for SC application [58]. Suspensions method was used to prepare 
graphene-CNT composite by sonication and vacuum filtration. The graphene-CNT 
composite may offer high porosity with high conductivity, chemical stability and 
a three-dimensional structure. The vertically aligned Co(OH)2 nano-sheets were 
then deposited on 3D graphene-CNT composite by solution based process. The ASC 
of Co(OH)2 with graphene-CNT has shown a specific capacitance of 310 F g−1. The 
electrode exhibited an energy density of 172 W h kg−1 and maximum power density 
of 198 kW kg−1 in ionic liquid electrolyte 1-ethyl-3-methylimidazoliumbis 
(trifluoromethanesulfone)imide (EMI-TFSI). Zhang et al. have deposited Co(OH)2 
on multi-walled CNT which were grown on the carbon paper substrate [59]. The 
composite electrode showed the specific capacitance of 1083 F g−1 determined at a 
current density of 0.83 A g−1 in aqueous electrolyte. CNTs were added to Co(OH)2 
in order to improve the electrical conductivity of the electrode. The interconnected 
nanosheets of the Co(OH)2 would help to facilitate the contact of the electrolyte 
with active materials, exhibiting good cycling stability and lifetime.

5.3 Carbon-iron oxy hydroxide (FeOOH) composite electrode materials

FeOOH has been recognized is an attractive electrode material for SC due to low 
cost, high theoretical specific capacitance, and broad potential window. In addition, 
the unique tunnel structure of FeOOH with open permeable channels are beneficial 
for ion transportation and shorten the diffusion path for electrolyte ion diffusion 
[60]. However, the poor electrical conductivity and low specific surface area limited 
the use of FeOOH as a potential electrode for SC, which limited specific capacitance 
and rate capability [61]. Alternatively, composite system by assembling FeOOH on 
the carbon based supporting materials (AC, carbon black, graphene, etc.) can be 
enhance the capacitive performance. Shen et al. synthesized radiating γ-FeOOH 
Nanosheets on CC substrate (γ-FeOOH NSs/CC) by a simple one-step electrode-
position method and investigated its pseudocapacitive behaviour in a typical ionic 
liquid [1-ethyl-3-methylimidazolium bis imide (EMIM-NTF2)] through electro-
chemical quartz crystal microbalance (EQCM). The charge storage is mainly due 



Novel Nanomaterials

126

and deposited an ultrathin nickel hydroxide film on carbon-coated 3D porous copper 
structure in order to prepare binder-free conductive electrode (Figure 5(a-b)) [53]. 
This electrode has short electron path distances and large electrochemical active 
sites, which improved structural stability for high performance SCs. A carbon 
coating was used to improve the electron transport behavior and to prevent the 
oxidation of Cu. Nickel hydroxide supported on mesoporous hollow dendritic three-
dimensional-nickel exhibited a specific capacitance of 1860 F g−1 at a current density 
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paper as electrode for SC (Figure 5(d)) [56]. The carbon fiber was basically used to 
provide unique porous nanostructure offering low ion diffusion and charge transfer 
resistance to the electrode (Figure 5(e, f )). The electrode exhibited maximum spe-
cific capacitance of 386.5 F g−1 at a current density of 1 mA cm−2 with a mass loading 
of 2.5 mg cm−2 (Figure 5(g, h)). An energy density of 133.5 W h kg−1 has been 
obtained with power density of and 1769 W kg−1. The carbon fiber has improved 
the cyclic stability of 92% over 2000 cycles. To check applicability of electrodes, 
these electrodes further employed to fabricate flexible solid state supercapacitor. 
CV curves of SC at bending conditions of 0° and 180° at scan rate of 20 mV/s. It is 
clearly seen that the area under curve doesn’t change significantly after bending 
which proves that SC is highly flexible and does not lose its structural integrity 
under bending conditions (Figure 5(i, j)).

Two possible reactions are suggested for the electrochemical reactions of 
Co(OH)2 in KOH electrolyte [57]:

 ( ) 22Co OH CoOOH H O eOH − −+ = + +  (6)

 2 2CoOOH OH Co H O eO− −+ = + +  (7)

Co(OH)2 nano-sheet-decorated graphene-CNT composite structure has 
been designed for SC application [58]. Suspensions method was used to prepare 
graphene-CNT composite by sonication and vacuum filtration. The graphene-CNT 
composite may offer high porosity with high conductivity, chemical stability and 
a three-dimensional structure. The vertically aligned Co(OH)2 nano-sheets were 
then deposited on 3D graphene-CNT composite by solution based process. The ASC 
of Co(OH)2 with graphene-CNT has shown a specific capacitance of 310 F g−1. The 
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to the insertion and extraction of [EMIM]+ cations through the transport pathways 
offered by the crystalline network of γ-FeOOH during charging-discharging 
process. γ-FeOOH NSs/CC exhibited a good areal capacitance of 210 mF cm−2 
at a current density of 1 mA cm−2 and the ASC device made of γ-FeOOH||APDC 
(activated polyaniline-derived carbon nanorods) solid-state flexible SCs acquired a 
high energy density of 1.44 mW h cm−3 at a current density of 3 A g−1 with a cycling 
stability of 80.5% retention over 2000 cycles (Figure 6(a-c)) [62]. An amorphous 
FeOOH nanoflowers@multi-walled CNT (FeOOH NFs@ MWCNTs) composite 
was prepared by Sun et al. [63]. The as-prepared composite electrode displays a 
high specific capacitance of 345 F g−1 at 1 A g−1 current density and outstanding rate 
performance (167 F g−1 at 11.4 A g−1) with good cycling stability of 76.4% over 5000 
cycles. The outstanding electrochemical performance of the composite electrode 
is due to the mesoporous structure and high surface area of the electrode materials 
as well as fast ion/electronic transport and easy accessibility of the active materi-
als to electrolytes. Liu et al. demonstrated FeOOH quantum dots (QDs)/graphene 
hybrid nanosheets, which exhibited a high specific capacitance of 365 F g−1 at a 
current density of 1 A g−1 with excellent capacitance retention of 89.7% of initial 
capacitance over 20000 cycles as well as a great rate capability (189 F g−1 at a high 
current density of 128 A g−1) (Figure 6(d-f )) [64]. In addition, specific capacitance 

Figure 6. 
(a) Schematic illustrations of the fabrication procedure for the FeOOH//APDC f-SSC electrodes and flexibility 
and operating status as supercapacitor device, (b) The areal capacitance as a function of the discharge current 
density (Inset: SEM images of as-prepared γ-FeOOH nanosheets on a carbon cloth substrate), (c) CV curves 
of the FeOOH//APDC f-SSC at bent and flat statuses [62]. (d) Schematic illustration of the synthesis of 
amorphous FeOOH QDs and amorphous FeOOH/FGS hybrid nanosheets, (e) HRTEM images of the FeOOH 
QDs (Inset: enlarged HRTEM for FeOOH QDs), (f) The specific capacitances of the FeOOH, functionalized 
graphene sheet (FGS), and FeOOH/FGS composite electrodes as a function of the scan rate [64]. (g) High-
magnification SEM images of as-prepared 3D FeOOH/rGO/NF, (h) Areal capacitance of FeOOH/NF, rGO/
NF and FeOOH/rGO/NF electrodes calculated from CV curves as a function of scan rate, and (i) Cycling 
performance of MnO2//FeOOH-ASC collected at a scan rate of 100 mV s−1 for 5000 cycles [66].
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of the SC increased to 1243 F g−1 at 5 mV s−1 while the voltage window was extended 
from -0.8 to 0 V to -1.25 to 0 V but the cycling performance declined sharply. Wei 
et al. synthesized ultrathin α-FeOOH nanorods/graphene oxide (GO) composite by 
hydrothermal method, which exhibited high specific capacitance of 127 F g−1 at a 
current density of 10 A g−1, good cyclic performance of 85% capacitance retention 
over 2000 cycles, and excellent rate capability (100 F g−1 at 20 A g−1) as compared to 
than bare α-FeOOH nanorods [65]. The outstanding electrochemical performance 
of α-FeOOH nanorods/GO composite is due to its unique structure, which pro-
vides fast electron/ions transport and high charging/discharging rate. 3D FeOOH/
reduced graphene oxide/Ni foam (FeOOH/rGO/NF) based hybrid electrodes  
fabricated by the electrodeposition of FeOOH nanosheets on the rGO/Ni foam 
surface exhibited an exception high areal capacitance of 406.5 mF cm−2 at a scan  
rate of 10 mV s−1, which is 10-fold higher than the bare FeOOH/NF electrode 
(Figure 6(g-i)) [66]. This high areal capacitance of FeOOH/rGO/NF is due to the 
improved conductivity and increased surface area, which not only provide a supe-
rior pathway for electron transfer, but also offer more active sites for energy storage. 
In addition, an ASC device made of 3D FeOOH/rGO/NF electrode as anode and 
MnO2@TiN electrode as cathode attained a remarkable maximum power density of 
0.19 W cm−3 with maximum energy density of 0.48 mW h cm−3.

6.  Carbon-transition metal dichalcogenides (TMDs) composite 
electrode materials

TMDs are layered inorganic materials with a chemical configuration of MX2, in 
which M is a transition metal element (M: Ti, Mo, V, W, Re, Ta), and X can be any 
chalcogenide element (X: S, Se, Te) (Figure 7(a)). Each MX2 unit cell is stacked 

Figure 7. 
(a) Different metal coordination and stacking sequence in TMD unit cells [67]. (b-d) SEM images of aligned 
MWCNT sheets, MWCNT/MoS2 hybrids, and tightly knotted MoS2/MWCNT and rGO/MWCNT fibers, 
respectively. (e) CV curves of rGO/MWCNT (cathode) and MoS2-rGO/MWCNT (anode) at different 
potential windows. (f) Cycle stability test of the fiber-based asymmetric device at 0.55 A cm−3 current density 
[74]. (g) Optical photographs and (h) SEM images of the MoS2/C composite aerogel. (i) specific capacitances 
at different current densities and (j) long-term cycle stability at a current density of 6 A g−1 of the MoS2/C 
composite aerogel electrode material [75].
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performance of MnO2//FeOOH-ASC collected at a scan rate of 100 mV s−1 for 5000 cycles [66].
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than bare α-FeOOH nanorods [65]. The outstanding electrochemical performance 
of α-FeOOH nanorods/GO composite is due to its unique structure, which pro-
vides fast electron/ions transport and high charging/discharging rate. 3D FeOOH/
reduced graphene oxide/Ni foam (FeOOH/rGO/NF) based hybrid electrodes  
fabricated by the electrodeposition of FeOOH nanosheets on the rGO/Ni foam 
surface exhibited an exception high areal capacitance of 406.5 mF cm−2 at a scan  
rate of 10 mV s−1, which is 10-fold higher than the bare FeOOH/NF electrode 
(Figure 6(g-i)) [66]. This high areal capacitance of FeOOH/rGO/NF is due to the 
improved conductivity and increased surface area, which not only provide a supe-
rior pathway for electron transfer, but also offer more active sites for energy storage. 
In addition, an ASC device made of 3D FeOOH/rGO/NF electrode as anode and 
MnO2@TiN electrode as cathode attained a remarkable maximum power density of 
0.19 W cm−3 with maximum energy density of 0.48 mW h cm−3.

6.  Carbon-transition metal dichalcogenides (TMDs) composite 
electrode materials

TMDs are layered inorganic materials with a chemical configuration of MX2, in 
which M is a transition metal element (M: Ti, Mo, V, W, Re, Ta), and X can be any 
chalcogenide element (X: S, Se, Te) (Figure 7(a)). Each MX2 unit cell is stacked 

Figure 7. 
(a) Different metal coordination and stacking sequence in TMD unit cells [67]. (b-d) SEM images of aligned 
MWCNT sheets, MWCNT/MoS2 hybrids, and tightly knotted MoS2/MWCNT and rGO/MWCNT fibers, 
respectively. (e) CV curves of rGO/MWCNT (cathode) and MoS2-rGO/MWCNT (anode) at different 
potential windows. (f) Cycle stability test of the fiber-based asymmetric device at 0.55 A cm−3 current density 
[74]. (g) Optical photographs and (h) SEM images of the MoS2/C composite aerogel. (i) specific capacitances 
at different current densities and (j) long-term cycle stability at a current density of 6 A g−1 of the MoS2/C 
composite aerogel electrode material [75].
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together through Vander Waals force in such a way that transition metal layer is 
present in between the two chalcogen sheets [67]. On the basis of crystal structure, 
there are two types of phases of TMDs, which are metallic 1T phase with an octa-
hedral structure and semiconducting 2H phase with a trigonal structure. Recently, 
TMDs have been attracted great attention as SC electrode materials due to their 
large surface area, low cost, variable oxidation states, high mechanical properties, 
high chemical stability and easy synthesis [68]. The variable oxidation states, large 
surface area, and active edges of TMDs allow electrical double layer and fast/revers-
ible redox charge storage mechanisms and offer high energy storage capability in 
SCs. However, due to the inherently low conductivity, poor cycle life, large volume 
change during cycling and restacking limits their electrochemical performance as 
SC electrodes [69]. For example, Soon et al. has synthesized sheet-like morphol-
ogy of MoS2 by chemical vapor deposition method, which has a very large surface 
area favorable for double layer storage. But due to its poor electrical conductivity, 
it showed low specific capacitance of ∼100 F g−1 at a scan rate of 1 mV s−1 [70]. 
Therefore, in order to improve the electrochemical performance of TMDs, they 
have been compositing with highly conducting/electroactive carbon based support-
ing materials by various top-down/bottom-up and both synthetic approaches. The 
synergic effect of carbon-TMDs based composite materials such as carbon offers 
conductive channels and increasing the interfacial contact, whereas TMDs provide 
a short ion diffusion path and followed by short electron transport path enhances 
the overall electrochemical performance of the SC.

6.1 Carbon-MoS2 composite electrode materials

MoS2/MWCNT nanocomposite synthesized by a hydrothermal method exhib-
ited a large surface area and fast ionic transport properties and showed a high 
specific capacitance of 452.7 F g−1 with good cycling stability (95.8% retention 
after 1000 cycles), which is almost three times larger than the bare MoS2 (149.6 to 
452.7 F g−1) [71]. Ali et al. fabricated MoS2/graphene composite from bulk MoS2 
and graphite rod through facile electrochemical exfoliation method and exhibited 
high specific capacitance of 227 F g−1 as compared with the exfoliated MoS2 (70 F 
g−1) and exfoliated graphene (85 F g−1) at a current density of 0.1 A g−1 [72]. The 
high specific capacitance of MoS2/graphene composite is due to the synergistic 
effect between MoS2 and graphene. Ali et al. demonstrated the electrochemical 
performance of MoS2/CNT/GNF composite and compared the performance with 
MoS2/CNTs, MoS2/graphene nanoflakes [73]. It has been noticed that the electro-
chemical charge storage performance has been improved by incorporation of the 
carbon materials into the composite and the composite showed a maximum specific 
capacitance of 104 F g−1 at a current density of 0.5 A g−1 with capacitance retention 
of 75% after the 1000 cycle at a scan rate of 10 mV/s. Another interesting MoS2-
rGO/MWCNT fiber electrode was fabricated by incorporating rGO nanosheets and 
MoS2 into aligned MWCNT, which operated at a stable potential window of 1.4 V 
and exhibited high coulombic efficiency of 100% over 7000 cycles in the bending 
state (Figure 7(b-f )) [74]. Zhang et al. reported an agarose induced technique to 
synthesize MoS2/carbon composite aerogel, which showed a high specific capaci-
tance of 712.6 F g−1 at a current density of 1 A g−1 with cyclic stability of 97.3% over 
13000 charge-discharge cycles (Figure 7(g-j)) [75]. The high specific capacitance 
of MoS2/carbon composite aerogel is because of 3D intercalated network with 
hierarchal porous and interlayer MoS2 expanded structures, which were beneficial 
for easy ion transportation. 3D graphene/MoS2 composite electrode material has 
been synthesized by Sun et al and co-workers through a simple and facile one-step 
hydrothermal process [76]. The as-synthesized composite electrode exhibited 
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gravimetric capacitance of 410 F g−1 at a current density of 1 A g−1 and an excellent 
cycling stability of 80.3% over 10,000 continuous charge-discharge cycles at 2 A 
g−1 current density. The outstanding electrochemical performance of 3D graphene/
MoS2 composite electrode is due to the 3D architecture of conducting network 
graphene and flower-like structure of MoS2, which enhances the electrolyte ions 
diffusion process.

6.2 Carbon-WS2 composite electrode materials

WS2 nanoplates supported on carbon fiber cloth (WS2/CFC) have been 
synthesized by a facile solvothermal process and used as electrode material for SC 
[77]. The 3D network of CFC not only prevent the agglomeration of WS2 nano-
plates but also enhances the ion transport efficiency due to low charge transfer 
resistance (Rct) of 0.1 Ω. The as fabricated WS2/CFC electrode exhibited a high 
specific capacitance of 399 F g−1 at 1 A g−1 current density with cyclic retention of 
99% over charge-discharge 500 cycles, which is higher than compared with bare 
WS2. In addition, developing such composite of WS2 with the carbon fibre helps 
for fabricating wearable SCs which are in demand for wearable electronics. Yang 
et al. fabricated WS2@CNT hybrid film electrode by incorporating conducting 
CNTs into WS2. The WS2@CNT hybrid film with a unique skeleton structure 
showed a maximum specific area capacitance of 752.53 mF cm−2 at a scan rate 
20 mV s−1 with very good cyclic stability by only loss of 1.28% capacitance after 
10,000 cycles. In addition, a quasi-solid-state flexible SC made by WS2@CNT 
hybrid film exhibited excellent bendability under bending to 135 10, 000 times 
with the loss of 23.12% at scan rate of 100 mV s−1 [53]. Tu et al. have been syn-
thesized WS2/RGO hybrid material by using a simple molten salt process, which 
showed a high specific capacitance of 2508.07 F g−1 at 1 mV s−1 scan rate with 
excellent capacitance retention of 98.6% over 5000 cycles, due to synergic effect 
of highly conducting RGO and large charge-accumulating sites of WS2 networks. 
Likewise, Xu et al. demonstrated 3D composite of WS2 nanoflakes and quantum 
dots on N and S co-doped reduced graphene oxide (WS2/N,S-rGO) crumpled 
nanosheets through a rapid solution combustion synthesis of the precursor and 
subsequent gas-solid phase sulfurization process, which presented a significant 
specific capacitance of 1562.5 F g−1 at 1 A g−1 current density, and a rate capabil-
ity of 780 F g−1 at 40 A g−1 (Figure 8(a-c)) [78]. The high specific capacitance of 
WS2/N,S-rGO hybrids is because of synergistic effect between WS2 and N,S-rGO, 
where N,S-rGO provides larger contact surface area, excellent charge transport, 
and shorter ion diffusion path. Hierarchical MoSe2/C hybrid was successfully fab-
ricated by facile one-step hydrothermal strategy, which composed of few-layered 
MoSe2 nanosheets and amorphous carbon obtained from the decomposition of the 
triethylene glycol. As fabricated hierarchical MoSe2/C electrode exhibited high 
specific capacitance of 878.6 F g−1 in comparison with the bare MoSe2 at current 
density of 1 A g−1 and maintained 98% of initial capacitance over 2000 cycles 
without obvious decrease. The superior electrochemical performances of MoSe2/C 
hybrid can be ascribed to hierarchical structure of MoSe2 and conducting nature 
of carbon, which help for providing large surface area for electrochemical reac-
tions and enhancing charge carriers transfer at the electrolyte/electrode interface 
[79]. Liu et al. fabricated VACNTF@MoSe2/NF composite electrode through 
a combined chemical vapor deposition method and solvothermal methods by 
growing MoSe2 nanoflakes on the vertically aligned carbon nanotube array film 
(VACNTF) with binder-free nickel foam as current collector [80]. The as fabri-
cated VACNTF@MoSe2/NF composite electrode exhibited high specific capaci-
tance of 435 F g−1 at a current density of 1 A g−1 with outstanding cycling stability 
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g−1 current density. The outstanding electrochemical performance of 3D graphene/
MoS2 composite electrode is due to the 3D architecture of conducting network 
graphene and flower-like structure of MoS2, which enhances the electrolyte ions 
diffusion process.
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specific capacitance of 1562.5 F g−1 at 1 A g−1 current density, and a rate capabil-
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MoSe2 nanosheets and amorphous carbon obtained from the decomposition of the 
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of 92% after 5000 cycles (Figure 8(d-f )). In addition, the VACNTF@MoSe2/NF 
composite based ASC displays a high energy density with 22 W h kg−1 for a power 
density of 330 W kg−1. Kirubasankar et al. MoSe2/graphene nanohybrid based 
electrode prepared by a simple and facile sonochemical route, which showed 
higher specific capacitance (945 F g−1) as compared to MoSe2 nanosheets (576 F 
g−1) at 1 A g−1 current density. Further, as fabricated ASC device based on MoSe2/
graphene nanohybrid retains 88% of its capacitance over 3000 cycles and  
delivers an energy density of 26.6 W h kg−1 at a power density of 0.8 kW kg−1  
(Figure 8(g, h)) [81]. The high specific capacitance with better rate capability 
is due to the effective penetration and migration of electrolyte, reduction of the 
contact resistance and shortness of the diffusion path of ions between the elec-
trode-electrolyte interface, which enhances the redox kinetics and provide maxi-
mum utilization of the electroactive area, so providing a high structural stability 
during charge-discharge processes. Similarly, Huang et al. demonstrated MoSe2/
graphene on flexible Ni electrode, which could deliver a specific capacitance of 
1422 F g−1and fully retention of initial capacitance over 1500 cycles [82]. Wei et al. 
first time fabricated free-standing SC anode based on 3D MoSe2 nanoflowers 
(MoSe2 NFs) and hierarchically porous anisotropic carbonized delignified wood 
(CDW), which exhibited ultrahigh capacitance of 1043 mF cm−2 at a current den-
sity of 1 mA cm−2 and excellent cycling stability less than 5% capacitance loss over 
5000 cycles. The ASC device was made by integration of 3D MoSe2 NFs@CDW 
anode and a common MnO2-based cathode, which exhibited a high capacitance of 
415 mF cm−2 at a current density of 2.5 mA cm−2 with high energy density of 147 
mW h cm−2 at power density of 2 mW cm−2. These results confirm that 3D MoSe2 
NFs@CDW based anode can be used as a potential anode for the development of 
high-performance SCs [83].

Figure 8. 
(a) Schematic illustration of synthetic processes of WS2/N,S-rGO hybrid, (b) HRTEM, STEM and EDS 
elemental mapping images of WS2/N,S-rGO hybrid, and (c) The specific capacitances of the WS2, N,S-rGO 
and WS2/N,S-rGO hybrid at different current densities [78]. (d) Schematic illustration of the synthesis 
process of the VACNTF@MoSe2/NF composite electrode, (e) SEM images of the VACNTF@MoSe2 composites 
(inset: high magnification), and (f) The specific capacitance comparison of the MoSe2/NF, VACNTF/NF 
and VACNTF@MoSe2/NF electrodes at various current densities [80]. (g) Specific capacitance of the MoSe2 
NS and MoSe2/G nanohybrid based electrodes as a function of current density, and (h) Ragone plot for the 
MoSe2G||AC ASC device (inset: photograph of ASC device) [81].
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7. Conclusion

In the past few decades, SCs have been extensively studied as energy storage 
devices and more focusing area in the multidisciplinary science over the world. The 
selection of high performance SC electrode materials based on high specific capaci-
tance, low internal resistance and good stability. In this article, we have reviewed 
the carbon-based composite materials (i.e., metal oxide, metal hydroxide, TMDs 
composited with carbon materials) as promising SC electrode materials due to the 
synergic effect of the composite materials such as high surface area, interconnected 
porous structure, high electrical conductivity, excellent wettability towards the 
electrolyte, and presence of electrochemically active surface functionalities of the 
carbon supports which improves the EDL capacitance while metal oxide or metal 
hydroxide or TMDs enhances electrochemical performance through pseudocapaci-
tive/faradaic charge-storage process. The carbon-based composite materials dem-
onstrated herein usually possesses high specific capacity, impressive energy density 
and maintain long term stability with better mechanical flexibility. We also observe 
the microstructural changes in the carbon-based composite materials would 
be more favorable for fabrication of high performance supercapacitor. We also 
explained how the composite materials overcome the traditional obstacles while 
formulating the standard electrode designs as compare to individual components.
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Abstract

The power demand is increasing day by day owing to the diminishing of fossil 
fuel reserves on the globe. To overcome the future energy crises, there is a strong 
need to fulfill the energy loophole by novel technologies such as triboelectric 
nanogenerators to harvest miniature resources from renewable natural resources. 
Here, I discussed the synthesis and fabrication of novel triboelectric nanogen-
erators (TENGs) using highly reproducible power generators as electropositive 
surfaces from the monomers of naphthalene tetracarboxylic dianhydride, benzdi-
ene diamine, and sulfonated polyimide (Bno-Spi), and modified nonwoven carbon 
fibers (Wcf) and polytetrafluoroethylene (PTFE) and polyvinylidene difluoride 
(PVDF) as electronegative TENG electrodes, respectively. Here, novel double 
characteristic hydrophilic and hydrophobic nano-channels concerned with Bno-
Spi films were proposed through contact electrification process through ion and 
electron transfer by an electron-donor-acceptor complex mechanism. The proposed 
Bno-Spi-TENG system High triboelectric open circuit voltage 75 V (Voc) and short 
circuit current 1 μA (Jsc) have been achieved from Bno-Spi-TENGs, in particular, 
and for SO3H.Bno-Spi-TENG at 6 Hz. Besides that, we used improved knitted woven 
carbon fiber composite (wcf-COOH), as one of the TENGs to generate a greater 
open-circuit voltage (Voc), and short circuit current (Isc). Also, I aimed the contact 
and separation mode TENG which is using spring structure through oxidation of 
Wcf into Wcf-COOH followed by coupling of aniline through and one-step oxida-
tive polymerization to get woven carbon fiber-polyaniline emraldine salt (Wcf-
Pani.Es). The Wcf-PANI.Es composite film (thickness ~ 100 nm) shows the surface 
resistivity of 0.324 Ω m, and functions as a rubbing surface to produce charges 
through harvesting of energy using vertical contact-separation mode TENG. The 
vibrant exchanges of novel Wcf-Pani.Es, and PVDF membrane produced higher 
Voc of 95 V, and Isc of 180 μA, correspondingly. In specific, Wcf-Pani.Es -TENG is 
shown an enhancement of 498% of Voc concerning Wcf-COOH-TENG due to the 
availability of the Pani.Es layer. The novel Bno-Spi-TENGs and Wcf-Pani.Es are the 
potential candidates for fulfilling the need for improved energy harvesting devices 
as an alternate substantial choice for contact-separation mode TENGs.

Keywords: triboelectric nanogenerator, contact-electrification, Bno-Spi, Wcf-TENG, 
ionic electrets
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1. Introduction

The urbanization process is quickening in the recent past due to speedy eco-
nomic development and population growth in megalopolises considerably leads to 
the upsurge of resource demand, especially energy. Energy demand is gradually 
rising due to global warming and ecological degradation to overcome Technologists/
academic scientists who are considering potential substitute energies that can 
desperately exchange the traditional sources for example solar, wind, and tidal 
energies, etc. [1–4]. Numerous kinds of energy harvesting methods were developed 
for accumulating energies which are thermoelectric, electromagnetic devices piezo-
electric, photoelectric, electrostatic, and triboelectric devices [5, 6]. On the other 
hand, more robust, eco-friendly, economically viable, miniature and easy to handle, 
and highly reproducible energy harvesting systems with advanced technologies are 
desirable to satisfy the tight requirement of manufacturing demand. The energy 
produced from mechanical devices is a common renewable energy resource that 
is achieved using various modes such as humanoid motion, including the body’s 
pulsation, and rotation, etc. [7, 8]. Freshly, triboelectric nanogenerators (TEGs) 
have received worldwide attention for the collecting of feasible green energy 
from ambient resources. Classical TEGs were designed and established based on a 
combination of synthetic polymers for contact and separation electrification, and 
electrostatic induction for generating mechanical energy [9, 10]. The appropriate 
choice of triboelectric paired polymers and their coherent design can upsurge the 
rate of energy collection and conversion efficiency [11, 12]. The oppositely charged 
material surfaces when they contact each other at regular intervals, consequently, 
the ions or electrons should be motivated to flow over the external load and, create 
a continuous voltage, and currents, respectively. Whiteside et al. and others have 
studied the ion-transfer technique by integrating ionic functional groups on the 
solid surface such as polystyrene (PS), glass, and silicone to produce ionic electrets 
on the active surface [13–19]. Microspheres with internal cross-linking’s that con-
tain mobile ions and counter ions which transfer some of them in the air through 
another material upon contact [20].

2.  Different working mechanisms of triboelectric nanogenerators 
(TENGs)

Generally, TENGs produced energy by contact electrification through the 
coupling effect of two oppositely charged materials. While contact electrification, 
the dissimilar materials becomes charged after contacting each other and generate 
opposites triboelectric charge from the surface of two dissimilar materials with 
different electron affinities. When the external mechanical motion is driven, the 
materials were separated resulted in the potential difference between the two oppo-
site electrodes on the backside of the resource materials. To continue the electro-
static equilibrium, the free electrons from the electrodes were flown in the external 
circuit to balance the induced potential difference, consequently, the mechanical 
energy converted into electrical energy.

Depending on the different construction strategies of potential electrodes which 
show four different modes of TENGs have been constructed, as explained as follows.

2.1 Vertical contact-separation style

The mechanistic approach of vertical contact-separation mode is described 
typically by an example. The simplest construction of TENG includes two metal 
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electrodes, and dielectric surface, in which two Aluminum layers work as a top 
electrode and bottom electrode attached to a dielectric film, respectively [21, 22]. 
When the mechanical system is vertically functions, the top electrode and dielectric 
film will be contacted each other, and therefore, the dielectric layer and electrode 
become positively charged, and negatively charged, respectively, owing to the 
triboelectrification. Once they were separated by a small detachment, the potential 
difference among the two electrodes could be convinced, which drive electrons 
to flow from the posterior-electrode to the top-electrode, subsequent in a pulse 
current with an external circuit coupled. If the two electrodes are brought into 
exchange again, the electrons will be flown back, and the current will be upturned 
(Figure 1a).

2.2 Lateral-sliding style

The basic construction of TENG in lateral sliding mode is the same as vertical 
contact-separation mode, but the difference is the top electrode will be moved over 
the bottom surface electrode as shown in Figure 1b. Next, the top electrode, and 
dielectric surface are fully overlap, and intimate interaction with each other, promi-
nent to the oppositely charged surfaces. With the top electrode descending outward, 
the contact surface-area is gradually decreased until the wide-ranging departure of 
two surfaces. The departed surface will create a potential difference across the two 
TENG electrodes that generate a current movement from the upper electrode to the 
lower electrode. When the electrode moves backward, then there is reversed current 
flow to equilibrium the potential variance [23, 24]. The four fundamental methods 
of triboelectric nanogenerators: (a) vertical contact departure style, (b) in-plane 
contact-descending style, (c) single-electrode style, and (d) free standing triboelec-
tric layer style.

2.3 Single-electrode style

The single-electrode mode TENG shows a bottom electrode is connected with 
the ground and the top surface is connected to the upper surface to get charged 

Figure 1. 
The four basic triboelectric nanogenerator styles: (a) vertical contact- departure style, (b) in-plane contact-
descending style, (c) single electrode style, and (d) free-standing triboelectric-layer style.
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The four basic triboelectric nanogenerator styles: (a) vertical contact- departure style, (b) in-plane contact-
descending style, (c) single electrode style, and (d) free-standing triboelectric-layer style.
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then the triboelectric effect is triggered as shown in Figure 1c. While approaching 
and leaving the top surface, the generated electric field is distributed through 
charged surfaces when they change. Then, the change in potential difference 
occurs between the bottom electrode and the ground. Subsequently, electrons can 
exchange between them to maintain the potential change [25, 26].

2.4 Freestanding triboelectric-layer style

Figure 1d shows the moving electrode surface which is a dielectric layer, and 
the two electrodes were positioned in the similar horizontal direction. The distance 
between the two symmetric electrodes is lesser than the length of the dielectric 
layer. The state of the dielectric layer and electrode are the same as in the lateral-
sliding mode. Once the movement starts, simultaneously, the dielectric layer and 
bottom electrodes are charged oppositely as mentioned earlier. During movement 
the dielectric layer is sliding forward and backward, the potential difference is 
triggered between the two electrodes owing to the change of the affected area, and 
drives the electron exchanges between them [27, 28].

3. Experimental and methods of fabrication

3.1  Construction of the contact and separation mode Bno-Spi (or) Wcf-Pani.ES 
TENG devices

The construction and the functioning principle of the contact and separation 
Bno-Spi (or) Wcf-Pani.ES TENGs were discussed [20–21]. A methodical under-
standing of Bno-Spi (or) Wcf-Pani.ES TENGs are designated in diverse studies. 
Here, the building of the typical TENG models are depicted in Figure 2. First, the 
SO3H.Bno-Spi-TENG was developed by attributing the SO3H.Bno-Spi membrane 
with the sizes of 2 cm x 2 cm = 4 cm2 on an Aluminum (Al) conductor. Next, 
the SO3H.Bno-Spi-Al conductor was glued to soft sponge to reduce the reflect-
ing strength during experiment. First, a load cell was linked to the top of the Al 

Figure 2. 
Schematic illustration of a dual demonstrative Bno-Spi-TENGs aimed at robust contact electrification through 
vertical contact and separation style.
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conductor. Secondly, the Al conductor was placed on the PTFE (or) PVDF film with 
similar dimensions along with soft sponge and a linear oscillator connected to a 
DC motor with an eccentric arrangement steadily fluctuated on a linear slider. The 
extreme swinging amplitude is 4 cm. The higher portion of the Bno-Spi (or) wCF-
PANI.ES films (load cell, and Al) was then postponed by a cantilever style shaft 
of light that is connected to the linear slider. The cautious setting of the complete 
arrangement lead to in a slender contact between the upper and lower films while 
the slider oscillation is consistent. The similar protocol was followed for the all  
designated TENGs such as SO3Li. Bno-Spi-Al, SO3H.TEA.Bno-Spi-Al, and  
wCF-PANI.ES-Al TENGs.

4. Results and discussion

4.1  Dual demonstrative Bno-Spi-TENGs for strong contact-electrification using 
a vertical contact-separation approach through ions and electrons charge 
transfer

In this study, for the first time, we motivated to use, a Bno-Spi-TENG 
as a real ion, and electron-transfer route with a counter electronegative 
Polytetrafluoroethylene (PTFE) surface for the contact-separation electrification 
process [29, 30]. The anticipated novel Bno-Spi-TENG shown superior character-
istics which have a special π-π stacked layer-on-layer oligomer morphology with 
an alternate hydrophobic and hydrophilic network with representative regular 
nano-channels that are comprising with -SO3H or SO3Li ionic electrets for active 
ions transfer, and inter-connected merged aromatic sextets with imides bridges for 
electrons transfer, respectively. The robust coordination can empower the Bno-Spi-
TENG to endure the time-honored electrostatic potential on the contact surface 
which displays an inequality between the number of protons (cations), and electron 
on the targeted surface. Moreover, Bno-Spi film displays an ions hopping mecha-
nism at hydrophilic -SO3H or SO3Li centers through ion charge electrets, and at 
the same time, the hydrophobic π-π stacking network can prompt the triboelectric 
open-circuit voltage Voc, and short circuit currents Jsc, individually. The induced 
charges on the Bno-Spi surface are comparative to its surface area and are close to 
the theoretical limit levied by the dielectric breakdown by air [30]. However, a note-
worthy claim was shown to enhance the triboelectric polarity by fluctuating their 
surface morphologies, chemical construction, and interpenetration of ionic groups 
within the polymer network. The projected novel polymeric Bno-Spi-TENGs might 
show robust chemical steadiness, stretchable modulus, and strength to improve 
the triboelectric current [31]. The electric out-puts through altered frequencies of 
contact-separation manner have shown the increased Voc and Jsc of 75 V, and 1 μA 
at 6 Hz (Figure 2).

4.2  Mechanism of the dual demonstrative Bno-Spi-TENGs for strong contact-
electrification through hydrophilic and hydrophobic nano-channels

In this study, for the first time, we motivated to use, a Bno-Spi-TENG is an 
effective ion and electron-transfer root with a counter electronegative PTFE film 
for the contact-separation electrification process [29, 30]. The anticipated novel 
Bno-Spi-TENG shown superior characteristics which have a superior π-π stacked 
layer-on-layer oligomeric morphology with an alternate hydrophobic and hydro-
philic network with representative regular nano-channels that are comprising with 
-SO3H, or SO3Li ionic electrets for active ions transfer, and inter-connected merged 
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then the triboelectric effect is triggered as shown in Figure 1c. While approaching 
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Figure 2. 
Schematic illustration of a dual demonstrative Bno-Spi-TENGs aimed at robust contact electrification through 
vertical contact and separation style.
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aromatic sextets with imides bridges for electrons transfer, respectively. The vigor-
ous arrangement could allow the Bno-Spi-TENG to bear the enduring electrostatic 
potential on the contact surface which shows an imbalance between the numbers of 
electrons. For the first time, we have examined the mechanism of contact electri-
fication procedure in two methods among the Bno-Spi films (i.e. SO3H.Bno-Spi, 
SO3Li.Bno-Spi, and SO3H.TEA.Bno-Spi) as a positive layer, and PTFE as a negative 
TENG layer. At this point, the projected Bno-Spi-TENGs have been fabricated with 
interchanged hydrophilic, and hydrophobic nano-channels for the generation of 
high-throughput Voc, and Isc [32].

The mechanistic approach of sulfonic acid (SO3H) group was attached to the 
backbone of Bno, during the triboelectric process, when they interact with an 
adjacent fluorocarbon (-CF2) of PTFE polymer chain has comprised the splitting 
of the -SO3H, or -SO3Li into positive H+ protons or Li+ ions, and negative SO3

− ions. 
Consequently, the H+ protons or Li+ ions attract momentarily on the C–F to form a 
temporary chemical bond by the transition state of [C+---F----- H+ or Li+---SO3

−-
---C] to transfer the charges through an ionic mechanism between two surfaces. 
In certain, the charge-transfer application was approved in three steps (Figure 3) 
[33–36]. In the Step 1, the Bno-Spi, and PTFE surfaces have generated initial 

Figure 3. 
The mechanistic approach of Bno-Spi-TENGs through chemical reaction pathways for the ions and electrons 
transfer at the hydrophilic and hydrophobic nano-channels, respectively, by contact-separation mode TENG.
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charges on their surfaces where the ions from -SO3H or -SO3Li of the Bno-Spi, and 
CF2 groups on PTFE. The Bno-Spi can produce the temporary charge-transfers 
through ion transfer mechanism at hydrophilic sites through nano-channels, and 
electron transfer at the hydrophobic nano-channels. In Step-2, when the PTFE was 
brought into contact, the H+ protons or Li+ ions were at hydrophilic nano-channels, 
and π-electrons at hydrophobic nano-channels of SO3H.Bno-Spi- or SO3Li.Bno-Spi 
was induced by electrostatic field effect. Thus, the projected Bno-Spi-TENG was 
produced electric charges through ions, and electrons from both surfaces. In Step-3, 
during transporting of H+ protons or Li+ ions from the Bno-Spi surfaces into PTFE 
wherein transition state, and forms a momentary ion bridge. In the four, while 
detaching of electrodes, the generated electric TENG charges were excited through 
π-π bonds in aromatic ring systems through hydrophobic nano-channels were 
moved into Bno-Spi-TENGs, and the net negative charges are remain the same on 
PTFE surface. This TENG process is continued during the contact and separation 
process [20].

The SO3H.Bno-Spi-TENG, SO3Li.Bno-Spi-TENG, and SO3H.TEA-Bno-Spi-TENGs 
have shown the Voc and Jsc of 75 V, and 1 μA, 43 V, and 0.6 μA, and 9 V, and 0.13 μA 
at applied frequency of 6 Hz, correspondingly. The Voc, and Jsc of SO3H.Bno-Spi-
TENGs have shown upto 733%, and 669% concerning SO3H.TEA-Bno-Spi-TENGs 
since the movement of H+ ions remains very high on the device surface. Therefore, 
the maximum instantaneous power of SO3H.Bno-Spi-TENGs, SO3Li.Bno-Spi-
TENGs, and SO3H.TEA-Bno-Spi-TENGs were reached to 71.4 μW, 18.07 μW, and 
10.89 μW at 20 MΩ conforming to the power density of 17.85 μW/cm2 (0.1785 W/
m2), 4.515 μW/cm2 (0.0045 W/m2), and 2.72 μW/cm2 (0.0272 W/m2), correspond-
ingly. The numerical characterization of the output performance has presented 
from SO3H.Bno-Spi-TENG is 8 folds higher than SO3H.TEA-Bno-Spi-TENG, and 
1.8 folds higher than that of SO3Li.Bno-Spi-TENG since the ion sizes were enlarged 
from H+ > Li+ > SO3H.TEA. It was strongly recommended that the competence of 
the SO3H.Bno-Spi-TENGs is significantly larger over the corresponding SO3H.TEA-
Bno-Spi-TENGs and SO3Li.Bno-Spi-TENGs (Figure 4) [36–39].

4.3 Electric impulse spring-assisted contact separation mode TENG

In this study, we established a self-effacing and movable self-powered contact-sep-
aration approach that includes coil-aided Wcf-Pani.Es-TENG such as positive interac-
tion superficial surface, and PVDF membrane as a negative triboelectric electrode. 
The established Wcf-Pani.Es-TENG presented special appearances such as inner π-π 
stacking’s network, and amidic connections together with quaternary anilinium ions 
that are linking between each monomer of aniline blocks. The width, and resistivity 
of the Wcf-Pani.Es deposition are 0.65 μm, and 0.324 Ω which are determined by 
four-point probe method [21]. Owing to this morphology, the Wcf-Pani.Es is showed 
a huge superficial zone which is increasing the output presentation of the TENG. The 
established innovative Wcf-Pani.Es-TENG is revealed a short circuit current (Isc) of 
~180 μA, and the open-circuit voltage (Voc) of 95 V (Figure 5) [40–45].

4.4 Ions transfer mechanism of contact-separation of Wcf-Pani.Es TENG

Figure 6 showed the mechanistic approach between Pani.Es and PVDF where 
the electric charges were reorganized when the electrification happens. During the 
triboelectrification process, the formation of H+ protons from Pani.Es, and adjacent 
F- ions from PVDF interact to induce opposite charges. Successively, when they 
are in full contact mode, the H+ ions are attracted temporarily on the C-F to form a 
transition bond of PVDF---F-----H+ ---Pani.Es to transmit the charges through an 
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was induced by electrostatic field effect. Thus, the projected Bno-Spi-TENG was 
produced electric charges through ions, and electrons from both surfaces. In Step-3, 
during transporting of H+ protons or Li+ ions from the Bno-Spi surfaces into PTFE 
wherein transition state, and forms a momentary ion bridge. In the four, while 
detaching of electrodes, the generated electric TENG charges were excited through 
π-π bonds in aromatic ring systems through hydrophobic nano-channels were 
moved into Bno-Spi-TENGs, and the net negative charges are remain the same on 
PTFE surface. This TENG process is continued during the contact and separation 
process [20].
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from SO3H.Bno-Spi-TENG is 8 folds higher than SO3H.TEA-Bno-Spi-TENG, and 
1.8 folds higher than that of SO3Li.Bno-Spi-TENG since the ion sizes were enlarged 
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aration approach that includes coil-aided Wcf-Pani.Es-TENG such as positive interac-
tion superficial surface, and PVDF membrane as a negative triboelectric electrode. 
The established Wcf-Pani.Es-TENG presented special appearances such as inner π-π 
stacking’s network, and amidic connections together with quaternary anilinium ions 
that are linking between each monomer of aniline blocks. The width, and resistivity 
of the Wcf-Pani.Es deposition are 0.65 μm, and 0.324 Ω which are determined by 
four-point probe method [21]. Owing to this morphology, the Wcf-Pani.Es is showed 
a huge superficial zone which is increasing the output presentation of the TENG. The 
established innovative Wcf-Pani.Es-TENG is revealed a short circuit current (Isc) of 
~180 μA, and the open-circuit voltage (Voc) of 95 V (Figure 5) [40–45].
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Figure 6 showed the mechanistic approach between Pani.Es and PVDF where 
the electric charges were reorganized when the electrification happens. During the 
triboelectrification process, the formation of H+ protons from Pani.Es, and adjacent 
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are in full contact mode, the H+ ions are attracted temporarily on the C-F to form a 
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ionic passage or temporary chelation between the two films [46]. The charge-trans-
fer mechanism is carried out in four steps. Step 1, it represents the Wcf-Pani.Es, and 
PVDF membrane are display an early charges on their surfaces through NH+ and 
F− positioned on the Wcf-Pani.Es and PVDF, respectively. Step 2, when the PVDF 
membrane was carried into interaction, the H+ protons of Wcf-Pani.Es are induced 
by the electrostatic field effect. Therefore, the electric charges by H+ protons and 
F− ions can generate in both films. Step 3, shows the transferring of H+ protons is 
occur from the Wcf-Pani.Es surface into PVDF during the transition state, and 
form a temporary ion bridge between them. Step 4, during the separation process, 
the two oppositely charged surfaces induced a potential variance, and to minimize 

Figure 4. 
(a), (c), and (e) open circuit voltages Voc and (b), (d), and (f) short-circuit currents Jsc of Bno-Spi-TENG, 
SO3H.Bno-Spi-TENG, SO3Li.Bno-Spi-TENG, and SO3H.TEA.Bno-Spi-TENG in contradiction of PTFE film 
at 3 Hz, 4 Hz, 5 Hz, and 6 Hz, respectively. Inset: An enlarged view of the signals when the Bno-Spi-TENGs 
were interacts with PTFE surface.
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Figure 5. 
Schematic illustration of electric impulse coil-aided contact separation style TENG. Stage 1. Chemical 
alteration of Wcf-Pani.Es film (a) woven carbon fiber mat (Wcf); b) chemically oxidized woven carbon fiber 
mat (Wcf-COOH); c) construction of Wcf-Pani.Es composite through electrostatic connections with aniline 
monomer, and in-situ oxidative polymerization using (NH4)2.S2O8. Stage 2. a) the actual archetypal of coil-
aided TENG, (inset nanoporous PVDF membrane (upper) and variable Wcf-Pani.Es nano-pillared composite 
(lower) and their inset SEM pictures. b) Voc, and c) Isc.

Figure 6. 
The mechanism pathway of ions that are prompted between negative PVDF, and wCF-PANI.ES surfaces when 
they contact separated each other.
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these differences, the flow of electrons emerged between two electrodes. For the 
validation of the automatic investigations, we achieved a measureable analysis of 
the out-put presentation of Wcf-Pani.Es [47–49].

4.5  Demonstration of output presentation of Wcf, Wcf-COOH, and Wcf-Pani.
Es-TENGs

Initially, we inspected the performance of the Wcf, Wcf-TENG, and Wcf-COOH-
TENG in contradiction of PVDF membrane through the contact-separation style 
technique at numerous applied regularities of 1 Hz, 3 Hz, and 5 Hz, correspond-
ingly, is depicted in Figure 7. Figure 7a and b showed the Voc, and Isc of Wcf-TENG 
were at −2.5 V to 2.7 V, and 170 nA to −171 nA, −2.3 V to +3.1 V, and 225 nA to 
−221 nA, and 2.4 V to −3.7 V, and 326 nA to −328 nA at 1 Hz, 3 Hz, and 5 Hz, cor-
respondingly, upon regular contact and separation of electrodes. Subsequently, the 
examination remained discovered the Voc, and Isc of Wcf-COOH-TENG have shown 
3.7 V to −4.1 V, and 0.2 μA to −0.6 μA, 4.6 V to −6.4 V and 0.5 μA to −1.3 μA, and 

Figure 7. 
The Voc, and Isc in different input circumstances in open circuit arrangements. The Voc, and Isc of (a, b) 
Wcf-TENG, (c, d) Wcf-COOH-TENG, and (e, f) Wcf-Pani.Es-TENG.
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6.4 V to −9.5 V and 2.2 μA to −2.2 μA at 1 Hz, 3 Hz, and 5 Hz, correspondingly, 
as depicted in Figure 7c and d. The Voc, and Isc of Wcf-Pani.Es-TENG showed of 
15 V to −15 V, and 19.7 μA to −26.3 μA, 25.5 V to −37.5 V, and 34 μA to −56 μA, and 
39.7 V to −55.3 V, and 70 μA to −119 μA at 1 Hz, 3 Hz and 5 Hz, correspondingly 
(Figure 7e and f) [21, 50].

5. Conclusions

To develop novel technologies for the harvesting of energy, TENG is an alter-
native mode of technology by collecting trillions of electrons combining. These 
electrons are collectively obtained from various smart materials that contain high 
characteristic features such as flexibility, thinness and durability, long self-life, high 
power density, and reproducibility to harvest clean energy. Besides, TENGs can be 
used to transform physical characteristics such as pressure contact mode, sliding 
mode, and single electrode mode of features for the accumulation of energies at 
sub-molecular levels. Based on our novel technologies, the self-powered energy 
systems have given the higher out-put performance of voltage and currents. The 
proposed Bno-Spi-TENG and Wcf-Pani.Es-TENG are highly durable and can be 
used with a lower speed of contact separation modes to generate the desired amount 
of voltage and Isc. The systematic method created on the ionic electrets mechanism 
on the superficial electric potential of the polymeric surface has been maintained 
the generation of Voc and Isc from our developed novel TENGs. The established 
Bno-Spi-TENGs have been transported together ions, and electrons through ion, 
and electron transfer device when they communicated each other through PTFE. 
The H+ protons or Li+ ions attract temporarily on the C–F of PTFE surface to form 
a transition state of [C+----F---- H+ or Li+−---SO3----C] bond to transfer the charges 
through ionic mechanism between two active TENG films. In particular, the rate of 
transmission of H+ protons, and Li+ ions from the SO3H.Bno-Spi-TENG, and SO3Li.
Bno-Spi-TENG surfaces have achieved huge voltage, and currents owing to the 
presence of the SO3H and SO3Li ionic clusters involved to hydrophilic nanochan-
nels, and effective electron transfer arisen at the hydrophobic nanochannels. Also, 
Wcf-Pani.Es-TENG showed extraordinarily vigorous, and reliable energy gathering 
presentations owing to mechanically strong material assets of woven carbon fibers 
chemically changed by the Pani nano-flakes using a simple chemical process, this 
Wcf-Pani.Es-TENG has shown a great potential for self-powered TENGs even under 
numerous strict surroundings, and in distinct medical applications without harm-
ful effects.
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The Voc, and Isc in different input circumstances in open circuit arrangements. The Voc, and Isc of (a, b) 
Wcf-TENG, (c, d) Wcf-COOH-TENG, and (e, f) Wcf-Pani.Es-TENG.
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Novel Two-Dimensional Siloxene 
Material for Electrochemical 
Energy Storage and Sensor 
Applications
Rajendran Ramachandran, Zong-Xiang Xu and Fei Wang

Abstract

After discovering graphene, the two-dimensional materials have gained 
considerable interest in the electrochemical applications, especially in energy con-
version, storage, and bio-sensors. Siloxene, a novel two-dimensional low-buckled 
structure of Si networks with unique properties, has received the researcher’s 
attention for a wide range of applications. Though the electronic and optical 
properties of siloxene have been explored in detail previously, there is a lack of 
electrochemistry studies of siloxene as the result of material degradation, and 
the investigation is still open-ended to enhance the electrochemical application. 
Recently, siloxene has been used for supercapacitor, lithium-ion batteries, and 
dopamine bio-marker detections. This chapter highlights the recent development 
of siloxene synthesis and its electrochemical properties in energy and sensor 
applications. The plannar Si structure with Si6 rings interconnected with different 
oxygen, hydroxyl functional groups, and large interlayer spacing of siloxene 
sheets can promote the active sites for enhanced electrochemical performance. 
This chapter provides the current state-of-the-art in the field and a perspective 
for future development in the electrochemistry field of siloxene.

Keywords: siloxene, electrochemistry, functional groups, active sites

1. Introduction

After discovering graphene in 2004, the two-dimensional (2D) materials have 
drawn significant attention in broad applications due to their unique physico-
chemical properties. The 2D materials such as transition metal dichalcogenides 
(TMDs), phosphorene and bismuthine, etc., which consists of a one-atom-thick 
monolayer network can exhibit different chemical and physical properties, 
including the electrical and thermal conductivity, magnetic, photonic and catalytic 
properties when compared to their bulk counterparts [1]. Over the past few years, 
the enormous 2D family materials like graphene [2, 3], molybdenum disulphide 
(MoS2) [4, 5], tungsten disulphide (WS2) [6, 7], graphitic carbon nitride (g-C3N4) 
[8] and recently MXene [9, 10] have been investigated for various applications 
in electronic, energy, catalysis and electrochemical applications. However, the 
electrochemistry investigation of those materials is yet to be explored in detail. 
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Figure 2. 
Different types of Siloxene structure [19].

The limitation in the bandgap of these materials has hindered their performance 
in practical applications. Therefore, exploring a new novel 2D material is highly 
recommended, especially for the future electrochemical energy conversion, 
storage, and biosensors applications. Recently, silicon (Si) based one-atom-thick 
layered material named siloxene has been investigated for electrochemical energy 
and sensing applications, including supercapacitors, batteries, and dopamine 
sensors [1, 11–13].

Siloxene is a direct bandgap material that was discovered by Wohler in 1863. It 
can be obtained through the deintercalation of calcium and exfoliation from the 
Zintl phase of calcium silicide (CaSi2) powder [14–16]. Different from the graphene 
planner structure, siloxene possesses a low-buckled structure due to its double band 
role. As a result of the surface-terminated functional groups with Si chain and the 
mixed sp2 and sp3 hybridization, siloxene can provide several advantages in the 
electrochemical energy and sensor applications [1, 11, 12, 17].

1.1 Synthesis of siloxene and its structural types

Siloxene is prepared by deintercalation of Ca2+ from CaSi2 under concentrated 
hydrochloric acid. Briefly, the required amount of CaSi2 powder and HCl acid stirred 
in the ice-cold condition under the inert gas atmosphere for 2-4 days (Figure 1). 
During this reaction, the deintercalation of Ca layers and functionalization of Si 

Figure 1. 
Siloxene synthesis process (reproduced from [11] with permission from Elsevier).
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sheets can be occurred simultaneously and formed the siloxene structure. The 
following equation can describe the common formation mechanism of siloxene from 
CaSi2 [11].

 2 2 6 3 6 2 23 6 3 3 3+ + → + + ↑CaSi HCl H O Si O H CaCl H   (1)

In general, the siloxene stoichiometric ratio of Si:H:O is 2:2:1. Based on the 
exfoliation and deintercalation conditions such as reaction time, the concentration 
of the acidic medium, and temperature, siloxene can be classified into two major 
types. (1) Weiss, and (2) Kautsky type siloxene structures [18]. In Weiss type 
siloxene (Si6(OH)3H3), the six-membered Si6 rings connected with alternative Si-H 
and Si-OH bonds, whereas Kautsky type siloxene (Si6O3H6), the Si6 rings connected 
by Si-O-Si bridge (Figure 2). It is noteworthy that the crystalline silicon (common 
impurity) in CaSi2 may affect the siloxene structure formation [19], which deviates 
from the structures mentioned above.

2. Electrochemical application of siloxene

Due to the unique 2D structure and the abundant functional groups of siloxene, 
it can be applied in various applications such as optoelectronics, catalysis, water 
splitting, etc. Theoretical investigations of the siloxene have shown the high pos-
sibilities in different electrochemical applications [20]. However, because of limited 
knowledge of siloxene’s electrochemistry, only a few works have been reported on 
the electrochemical application of siloxene so far. The siloxene has been mainly 
employed in supercapacitors and batteries as an electrode material and detection of 
biomarkers in electrochemical biosensors.

2.1 Supercapacitors

2.1.1 Siloxene based supercapacitors

Though siloxene was discovered in 1863, it has recently received consider-
able attention in the electrochemical energy storage application. The researchers 
have been focused on siloxene based electrode materials for energy storage and 
conversion application. Due to the increases in energy consumption and the 
non-renewable sources decreasing gradually, the development of high-efficiency 
energy storage devices is highly demanded. Electrochemical or supercapacitors are 
the perfect choice for high-performance devices as the results of its high-power 
density and long cyclic lifetime [21]. Compared with the commercial activated 
carbon-based supercapacitors, the integration of Si-based materials with the cur-
rent microelectronic technology can lead to higher performance in energy storage 
devices because of its high theoretical capacity (3579 mA hg−1). However, Si-based 
materials such as silicon carbide (SiC), Si nanowire, porous silicon have been 
employed as electrode materials in supercapacitor application, the functionaliza-
tion of the one-atom-thick Si layers with interconnected Si6 rings can accommodate 
the better performance in supercapacitors [1].

Krishnamoorthy et al. have reported the siloxene based symmetric superca-
pacitor (SSC) application in 2018 [1]. The Kautsky-type of siloxene structure 
prepared by deintercalation of calcium from CaSi2 and confirmed its Si-O-Si 
bridges Si6 rings interconnection by Fourier transform infrared spectroscopy. 
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Figure 2. 
Different types of Siloxene structure [19].
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Figure 1. 
Siloxene synthesis process (reproduced from [11] with permission from Elsevier).
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sheets can be occurred simultaneously and formed the siloxene structure. The 
following equation can describe the common formation mechanism of siloxene from 
CaSi2 [11].

 2 2 6 3 6 2 23 6 3 3 3+ + → + + ↑CaSi HCl H O Si O H CaCl H   (1)
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conversion application. Due to the increases in energy consumption and the 
non-renewable sources decreasing gradually, the development of high-efficiency 
energy storage devices is highly demanded. Electrochemical or supercapacitors are 
the perfect choice for high-performance devices as the results of its high-power 
density and long cyclic lifetime [21]. Compared with the commercial activated 
carbon-based supercapacitors, the integration of Si-based materials with the cur-
rent microelectronic technology can lead to higher performance in energy storage 
devices because of its high theoretical capacity (3579 mA hg−1). However, Si-based 
materials such as silicon carbide (SiC), Si nanowire, porous silicon have been 
employed as electrode materials in supercapacitor application, the functionaliza-
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the better performance in supercapacitors [1].

Krishnamoorthy et al. have reported the siloxene based symmetric superca-
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prepared by deintercalation of calcium from CaSi2 and confirmed its Si-O-Si 
bridges Si6 rings interconnection by Fourier transform infrared spectroscopy. 
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The capacitance behavior of the siloxene has been studied in tetraethylammonium 
tetrafluoroborate (TEABF4) electrolyte under optimal conditions. Interestingly, 
the operating potential window (OPW) of the siloxene-SSC device was deter-
mined from 0 to 3.0 V. This result confirms the excellent electrochemical stability 
of the SSC device even at a higher voltage window. The fabricated SSC device 
showed unique capacitance behavior with an energy density of 5.08 W h kg−1 
(areal energy density of 9.82 mJ cm−2) and about 98% of capacitance retention 
even after 10 k cycles (Figure 3). The ion diffusion and the electron transfer rate 
were significantly enhanced by the conductive hexagonal Si frameworks in the 
siloxene during the electrochemical redox reactions. Also, the high surface area 
and the larger interlayer spacing between the siloxene sheets were enabled fast ion 
transport and improved the electrochemical performance of the SSC device.

It is well known that the reduced graphene oxide (rGO) can increase the elec-
troactive sites for the electrochemical reactions than bare graphene oxide (GO) 
because of its higher electronic conductivity [22]. The electrical conductivity 
of siloxene sheets may decrease when a higher amount of the oxygen functional 
groups is attached on its edge/basal surface; thus, the reduction of oxygen 
functional groups in siloxene enhances the active sites for electrochemical redox 
reactions due to its better conductivity. In this scenario, Parthiban et al. have inves-
tigated the removal of oxygen functional groups in pristine siloxene (p-siloxene) at 
high temperatures and obtained reduced siloxene sheets (denoted as HT-siloxene). 
Calcinating siloxene sheets removed the functional groups at edge/basal planes 
of siloxene at 900°C, which led to the formation of reduced siloxene sheets [23]. 
Interestingly, the calcination process has decomposed the oxygen functional groups 
at edge/basal planes of siloxene and preserved the Si6 rings’ connection with 
oxygen atom without affecting the 2D layer structure. The obtained HT-siloxene 
possessed a higher electrical conductivity than p-siloxene resulting in improved 

Figure 3. 
(a, b) Ragone plot and cyclic stability of p-siloxene SSC device; (c) structure of p-siloxene [1]; (d, e) Ragone 
plot and cyclic stability of HT- siloxene SSC device; (f) structure of HT-siloxene (reproduced from [23] with 
permission from ACS).
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electrochemical performance. The specific capacitance of the HT-siloxene increased 
almost 1.71 times higher than that of p-siloxene. The maximum energy density of 
the HT-siloxene SSC device has been achieved by about 6.64 Wh kg−1, higher than 
p-siloxene (3.89 Wh kg−1) due to its lower equivalent series resistance and better 
electrical conductivity. The complete removal of the oxygen functional groups in 
p-siloxene enhanced the energy density of SSC. It also increased the cyclic stability 
of the SSC (96.3% after 10000 cycles), as shown in Figure 3.

Another fascinating strategy has been developed by Kim and co-workers 
recently that dry reforming methane (DRM) recycled siloxene/Ni foam catalyst 
towards supercapacitor applications. The siloxene coated Ni foam was initially 
utilized for DRM reactions for producing H2 and CO gas by CO2 reduction. After 
the DRM reaction, the siloxene/Ni foam catalyst has employed as electrode material 
in SSC [24]. The regeneration of carbon during the DRM reactions deposited on 
the siloxene/Ni foam catalyst and could improve the electrochemical performance. 
Compared to the p-siloxene and HT-siloxene, the carbon-coated siloxene/Ni 
foam exhibited superior performance in the supercapacitor. A maximum energy 
density of 30.81 Wh kg−1 was achieved for carbon/siloxene/Ni foam-based SSC, 
indicates the remarkable performance enhancement. Thus, utilizing spent siloxene 
catalysts to supercapacitor can be an effective approach for waste-to-energy appli-
cations. Besides, the direct use of the siloxene in a supercapacitor, siloxene was 
also confirmed as a flexible template for fabricating silicon oxy-carbide (SiOC). 
Carbothermal conversion of siloxene to SiOC has been proposed by Pazhamali and 
co-works [12]. Mixing siloxene and sodium alginate at 900°C led to the formation 
of SiOC. Since the SiC-based electrodes can intensify the cycling stability and areal 
capacitance in supercapacitors, the SiOC electrodes were expected to improve the 
stability of the SSC device than siloxene based SSC. The SiOC based SSC device 
delivered an excellent electrochemical performance with an energy density of 
20.89 Wh kg−1, which is higher than that of p-siloxene. However, the cyclic stability 
of SiOC supercapacitor decreased to 92.8% after 5000 cycles. As pointed out in the 
previous paragraph, the removal of oxygen functional groups can improve the SSC 
performance; the complete reduction of oxygen in SiOC may help to facilitate the 
fast ion transport and wettability of the electrode during the long cyclic time.

2.1.2 Siloxene composite supercapacitor

Making composite electrodes is an efficient approach to increase the super-
capacitor’s electrochemical performance due to its synergistic behavior [25]. The 
specific capacitance of siloxene is restricted because of its aggregation effect; 
consequently, the layers agglomerations generate poor utilization of the pores and 
the lower specific surface area. Thus, introducing a spacer material such as metal 
oxides or carbon between the siloxene sheets can enhance the accessible sites for the 
electrochemical reactions. Meng and co-works have reported the construction of a 
three-dimensional (3D) architecture of siloxene-reduced graphene oxide hydrogel 
(SGH) through a simple hydrothermal method (Figure 4) [26].

The hybrid structure of SGH has increased the specific surface area and facilitated 
the electrolyte ions transportation, resulting in improved capacitive performance. As 
compared to bare siloxene electrode specific capacitance (23 F g−1), the SGH with 1:3 
ratio composite electrode exhibited a maximum specific capacitance of 520 F g−1 at a 
current density of 1 A g−1. However, the EDLC of the graphene in SGH has contributed 
significantly to the capacitive enhancement of siloxene-graphene composite. Though 
graphene could facilitate the capacitance performance, the surface oxygen-functional 
groups of siloxene provided pseudocapacitance and improved the wettability of the 
electrode, results in an excellent rate capability and outstanding cyclic stability.
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electrochemical performance. The specific capacitance of the HT-siloxene increased 
almost 1.71 times higher than that of p-siloxene. The maximum energy density of 
the HT-siloxene SSC device has been achieved by about 6.64 Wh kg−1, higher than 
p-siloxene (3.89 Wh kg−1) due to its lower equivalent series resistance and better 
electrical conductivity. The complete removal of the oxygen functional groups in 
p-siloxene enhanced the energy density of SSC. It also increased the cyclic stability 
of the SSC (96.3% after 10000 cycles), as shown in Figure 3.

Another fascinating strategy has been developed by Kim and co-workers 
recently that dry reforming methane (DRM) recycled siloxene/Ni foam catalyst 
towards supercapacitor applications. The siloxene coated Ni foam was initially 
utilized for DRM reactions for producing H2 and CO gas by CO2 reduction. After 
the DRM reaction, the siloxene/Ni foam catalyst has employed as electrode material 
in SSC [24]. The regeneration of carbon during the DRM reactions deposited on 
the siloxene/Ni foam catalyst and could improve the electrochemical performance. 
Compared to the p-siloxene and HT-siloxene, the carbon-coated siloxene/Ni 
foam exhibited superior performance in the supercapacitor. A maximum energy 
density of 30.81 Wh kg−1 was achieved for carbon/siloxene/Ni foam-based SSC, 
indicates the remarkable performance enhancement. Thus, utilizing spent siloxene 
catalysts to supercapacitor can be an effective approach for waste-to-energy appli-
cations. Besides, the direct use of the siloxene in a supercapacitor, siloxene was 
also confirmed as a flexible template for fabricating silicon oxy-carbide (SiOC). 
Carbothermal conversion of siloxene to SiOC has been proposed by Pazhamali and 
co-works [12]. Mixing siloxene and sodium alginate at 900°C led to the formation 
of SiOC. Since the SiC-based electrodes can intensify the cycling stability and areal 
capacitance in supercapacitors, the SiOC electrodes were expected to improve the 
stability of the SSC device than siloxene based SSC. The SiOC based SSC device 
delivered an excellent electrochemical performance with an energy density of 
20.89 Wh kg−1, which is higher than that of p-siloxene. However, the cyclic stability 
of SiOC supercapacitor decreased to 92.8% after 5000 cycles. As pointed out in the 
previous paragraph, the removal of oxygen functional groups can improve the SSC 
performance; the complete reduction of oxygen in SiOC may help to facilitate the 
fast ion transport and wettability of the electrode during the long cyclic time.

2.1.2 Siloxene composite supercapacitor

Making composite electrodes is an efficient approach to increase the super-
capacitor’s electrochemical performance due to its synergistic behavior [25]. The 
specific capacitance of siloxene is restricted because of its aggregation effect; 
consequently, the layers agglomerations generate poor utilization of the pores and 
the lower specific surface area. Thus, introducing a spacer material such as metal 
oxides or carbon between the siloxene sheets can enhance the accessible sites for the 
electrochemical reactions. Meng and co-works have reported the construction of a 
three-dimensional (3D) architecture of siloxene-reduced graphene oxide hydrogel 
(SGH) through a simple hydrothermal method (Figure 4) [26].

The hybrid structure of SGH has increased the specific surface area and facilitated 
the electrolyte ions transportation, resulting in improved capacitive performance. As 
compared to bare siloxene electrode specific capacitance (23 F g−1), the SGH with 1:3 
ratio composite electrode exhibited a maximum specific capacitance of 520 F g−1 at a 
current density of 1 A g−1. However, the EDLC of the graphene in SGH has contributed 
significantly to the capacitive enhancement of siloxene-graphene composite. Though 
graphene could facilitate the capacitance performance, the surface oxygen-functional 
groups of siloxene provided pseudocapacitance and improved the wettability of the 
electrode, results in an excellent rate capability and outstanding cyclic stability.
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2.2 Siloxene application in batteries

Like supercapacitors, rechargeable batteries (e.g., lithium-ion batteries, 
sodium-ion batteries, lead-acid, etc.) are primary power sources for large-scale 
portable and wearable electronic devices. They have received significant consider-
ation due to their high energy density and long cyclic stability [27, 28]. However, 
the current battery technologies cannot meet the advanced application require-
ment as the result of confined energy storage capacity. Thus, the development of 
commercial electrodes in the existing technologies is highly needed.

The theoretical capacity of silicon (Si) is 4200 mA hg−1 [29], which is higher 
than the capacity of graphite (372 mA hg−1), has considered being an active anode 
material for the future lithium-ion batteries (LIBs). However, the severe capacity 
degradation and the high-volume change during the lithiation-delithiation process 
may lead to lower Coulombic efficiency. Making 2D Si nanosheets with oxygen 
functional groups provides a high specific surface area, resulting in fast lithium 
storage and preventing volume changes. As mentioned in the previous section, the 
siloxene oxidation level can be controlled by the various synthesis conditions such 
as temperature, oxidants, concentrations, etc. The oxidation level may influence the 
lithiation-delithiation process. Xu and co-workers have demonstrated the siloxene 
preparation with different oxidation levels in the various oxidants and the tempera-
ture [30]. Three types of siloxene oxidation level have been achieved by altering the 
oxidants and temperature: (i) CuCl2 aqueous solution used to prepare fully oxidized 
siloxene nanosheet (FO-SNS) at room temperature; (ii) partially oxidized siloxene 
nanosheet (PO-SNS) made in SnCl2 ethanol solution at 60°C and (iii) hardly 
oxidized siloxene nanosheet (HO-SNS) synthesized in a LiCl-KCl molten salt at 
400°C (Figure 5(i)). The FO-SNS, PO-SNS, and HO-SNS electrodes delivered the 
lithiation capacity of 298, 1218, and 1450 mA hg−1. Besides, the HO-SNS presented 
a higher Coulombic efficiency of 66%, which is higher than FO-SNS (24%) and 
PO-SNS (56%). The improved performance of HO-SNS has associated with the 
presence of a higher atomic percentage (64%) of bulk Si (Si0) and the lower per-
centage (7%) of SiO2 (Si4+) in HO-SNS, which were estimated from the XPS analysis 
(Figure 5(ii)). Besides, the hierarchical nanostructure of HO-SNS could buffer 
the volume expansion and contribute to the good rate performance. Fu and co-
workers have remarked that bare siloxene is an unsuitable anode material for LIBs 
due to its inadequate electrochemical capacity, resulting in the lower Coulombic 
efficiency. However, Si- derivatives such as silicon suboxides (SiOx), carbon-coated 
SiO2, etc., from siloxene can meet higher capacity requirements with satisfactory 
Coulombic efficiency. Fu et al., have demonstrated the carbon-coated 2D SiOx 
nanocomposites (nano-Si/α-SiO2) from siloxene to moderate the volume expansion 
during the electrochemical lithiation-delithiation process [31]. The carbon-coated 
nano-Si/α-SiO2 anode materials showed the limited volume change, fast electrons 

Figure 4. 
Synthesis of siloxene-reduced graphene oxide hydrogel and its specific capacitance plot [26].
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transport, and more significant Li-ion kinetics, resulting in high initial Coulombic 
efficiency (72.5%) with a capacity of 946 mA hg−1. On the other hand, the value of 
x in SiOx can influence Li storage’s electrochemical performance. Thus, controlling 
the oxidation level of the SiOx is a crucial process to achieve higher capacity than 
bare Si structures. Many previous studies showed that SiOx with x = 1.0 presented 
the specific capacity value higher than 1000 mA hg−1 [32]. However, unsatisfactory 
cyclic life has limited its practical usage. Thus, turning the oxygen content in SiOx 
is a proper way to improve the electrochemical performance in LIBs. After inves-
tigating carbon-coated nano-Si/α-SiO2, Fu and co-workers have prepared siloxene 
with different levels of oxidation in SiOx and used as anode material for LIB. They 
controlled the SiOx oxidation level in the siloxene via stepwise oxidizing of the 
siloxene precursor at various times [32]. SiOx with four different oxidation levels, 
such as SiO1.01, SiO1.25, SiO1.47, and SiO1.78 has been tailored through siloxene oxida-
tion and investigated their Li-storage capacity. The sample SiO1.47 exhibited optimal 
electrochemical behavior due to the synergistic effect of electrical conductivity 
and Li-ion diffusivity. The higher oxygen level in SiOx caused a larger polarization 
effect, resulting in the poor Coulombic efficiency and smaller reversible capacity.

Similar to the graphene-siloxene composite electrode in supercapacitors, the 
incorporation of siloxene sheets between the graphene layers enhances the specific 
surface area, facilitating the fast Li-storage. In the siloxene-graphene (SiG) com-
posite, the siloxene sheets have provided higher Li-storage, and the encapsulated gra-
phene sheets prevented the volume expansion during lithium insertion-extraction 
process. SiG anode material exhibited the initial cycle charge and discharge capaci-
ties of 3016 mA hg−1 and 3880 mA hg−1 with a capacity decay of 78%, which were 
higher than the bare siloxene and graphene electrodes. The synergistic effect of 
graphene and siloxene and the excellent electrical conductivity of graphene in the 
composite contributed to the higher electrochemical performance for LIBs [29].

2.3 Siloxene based electrochemical sensor

The 2D siloxene sheets not only possessed the excellent electrochemical char-
acteristics towards electrochemical energy application. Besides, due to the large 

Figure 5. 
(i) SEM images of (a, b) FO-SNS, (c, d) PO-SNS, (e, f) HO-SNS; (ii) XPS spectrum of siloxene samples at 
different oxidation (reproduced from [30] with permission from Springer).
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transport, and more significant Li-ion kinetics, resulting in high initial Coulombic 
efficiency (72.5%) with a capacity of 946 mA hg−1. On the other hand, the value of 
x in SiOx can influence Li storage’s electrochemical performance. Thus, controlling 
the oxidation level of the SiOx is a crucial process to achieve higher capacity than 
bare Si structures. Many previous studies showed that SiOx with x = 1.0 presented 
the specific capacity value higher than 1000 mA hg−1 [32]. However, unsatisfactory 
cyclic life has limited its practical usage. Thus, turning the oxygen content in SiOx 
is a proper way to improve the electrochemical performance in LIBs. After inves-
tigating carbon-coated nano-Si/α-SiO2, Fu and co-workers have prepared siloxene 
with different levels of oxidation in SiOx and used as anode material for LIB. They 
controlled the SiOx oxidation level in the siloxene via stepwise oxidizing of the 
siloxene precursor at various times [32]. SiOx with four different oxidation levels, 
such as SiO1.01, SiO1.25, SiO1.47, and SiO1.78 has been tailored through siloxene oxida-
tion and investigated their Li-storage capacity. The sample SiO1.47 exhibited optimal 
electrochemical behavior due to the synergistic effect of electrical conductivity 
and Li-ion diffusivity. The higher oxygen level in SiOx caused a larger polarization 
effect, resulting in the poor Coulombic efficiency and smaller reversible capacity.

Similar to the graphene-siloxene composite electrode in supercapacitors, the 
incorporation of siloxene sheets between the graphene layers enhances the specific 
surface area, facilitating the fast Li-storage. In the siloxene-graphene (SiG) com-
posite, the siloxene sheets have provided higher Li-storage, and the encapsulated gra-
phene sheets prevented the volume expansion during lithium insertion-extraction 
process. SiG anode material exhibited the initial cycle charge and discharge capaci-
ties of 3016 mA hg−1 and 3880 mA hg−1 with a capacity decay of 78%, which were 
higher than the bare siloxene and graphene electrodes. The synergistic effect of 
graphene and siloxene and the excellent electrical conductivity of graphene in the 
composite contributed to the higher electrochemical performance for LIBs [29].

2.3 Siloxene based electrochemical sensor

The 2D siloxene sheets not only possessed the excellent electrochemical char-
acteristics towards electrochemical energy application. Besides, due to the large 

Figure 5. 
(i) SEM images of (a, b) FO-SNS, (c, d) PO-SNS, (e, f) HO-SNS; (ii) XPS spectrum of siloxene samples at 
different oxidation (reproduced from [30] with permission from Springer).
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surface area and the unique 2D structure of siloxene, the heterogeneous electron 
transfer (HET) is high, which beneficial for selective electrochemical bio-marker 
detections. We have recently demonstrated the siloxene-based novel electrochemical 
dopamine sensor and obtained remarkable achievements in dopamine detection by 
the siloxene modified sensor [11]. Dopamine (DA) is an important neurotransmitter 
that plays a crucial role in the central nervous system and cardiovascular systems. 
A variety of materials have been employed for electrochemical DA detection in the 
past decades. However, the high selectivity of DA is limited to the existing materials. 
As a result of high HET rates, large surface area, and improved mass transportation, 
siloxene possessed high selectivity for DA detection (Figure 6). Siloxene modified 
glassy carbon electrode showed a well-defined redox peak in the cyclic voltam-
metry technique towards DA detection. Excellent linearity has been achieved for 
the siloxene electrode in the presence of a different concentration of DA, and the 
modified electrode exhibited a detection limit of 0.327 μM. Besides, the proposed 
sensor revealed a wide linear range from 10 to 1100 μM (Figure 6(b)).

The DA detection performance by the 2D siloxene sheets is remarkably higher 
than that of other reported 2D graphene and g-C3N4 modified electrodes. Siloxene 
sheets owned a higher response for the detection limit and showed high selectivity 
for DA detection. The stronger π-π interaction between the siloxene planar structure 
and the dopamine phenyl structure enables faster electron transportation during 
the DA oxidation process, making the high selectivity characteristic of the siloxene 
modified electrode. On the other hand, the π-π interaction of the siloxene structure 
with other biomolecules such as ascorbic acid, uric acid, etc., is weak, resulting in 

Figure 6. 
(a-d) Electrochemical differential pulsed voltammetry response and linear range of siloxene modified electrode 
for DA detections (reproduced from [11] with permission from Elsevier).
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the inactive oxidation. However, the thickness of the siloxene sheets can affect the 
electron conduction during the electrochemical reactions similar to graphene [33]. 
Reducing the size and the layer thickness of siloxene could tremendously enhance 
its performance for DA detection.

3. Summary and future research direction

In conclusion, this chapter deals with the comprehensive review of the raising 
star 2D siloxene based electrochemical energy and sensor applications. The siloxene 
synthesis process and the siloxene structure affecting parameters have been 
reviewed in detail. The functional groups in siloxene and the oxidation level can 
be varied at different synthesis times and the annealing temperature. Compared to 
pristine siloxene, high temperature treated siloxene possessed an excellent perfor-
mance in the electrochemical supercapacitors because of its reduced functional 
groups. Besides, the siloxene and its composite have been used as anode materials 
for LIBs and showed a significant capacity and Coulombic efficiency. Li-storage has 
influenced by the oxidation level in siloxene due to the presence of different atomic 
percentages of Si functional groups. However, both supercapacitors and LIBs appli-
cations, siloxene derivatives such as SiOx, SiOC showed improved performance as 
the results of its better electrical conductivity and Li-ion diffusivity compared to 
the bare siloxene. The reported siloxene works have focused on the performance of 
siloxene in supercapacitors and LIBs. But many works failed to investigate the insight 
of the electrochemistry of siloxene and its derivatives for better energy density, 
capacity, and cyclic stability. Thus, the research direction should be focused more on 
the study of electrochemistry of siloxene. On the other hand, the 2D siloxene sheets 
proved as a novel electrochemical sensor for highly selective dopamine detection. 
Moreover, the size and thickness of the layer can influence the HET rate, specific 
surface area, and active sites for DA detection, which need to be optimized in the 
near future.
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Chapter 9

The Novel Nanomaterials Based 
Biosensors and Their Applications
Kübra Gençdağ Şensoy and Mihrican Muti

Abstract

Since the development of the first biosensor reported, biosensor has received 
considerable attention due to its high selectivity and sensitivity. Biosensors are 
highly pursued in order to meet the growing demands and challenges in a large 
number of analytic applications such as medical diagnosis, food safety control, 
environmental monitoring, or even military defense. Due to the unique physical, 
chemical, mechanical and electrical properties, nanomaterials have been widely 
investigated for their ability and used to fabricate sensors. High surface to volume 
ratio, good stability, excellent electrocatalytic properties of the nanomaterials plays 
an important role in the sensitive and selective detection of biomolecules. The 
synthesis of new nanomaterials with different properties is increasingly common 
in order to improve these counted properties of nanomaterials. This chapter gives 
an overview of the importance of the development of novel nanomaterials based 
biosensors technologies. The use of different funtionalized carbon nanomaterilas, 
metal oxide nanoparticles, metal nanoparticles, polymeric nanoparticles, quantum 
dots, graphene sheets and other novel nanomaterials in biosensor technology, and 
their innovations and advantages are discussed.

Keywords: novel nanomaterials, biosensor, biorecognition, nanosensors

1. Introduction

A biosensor device is defined as a biological or bio-inspired receptor unit with 
unique specificities for analytes. These analytes are generally of biological origin. 
One of the challenges in biosensor development is that efficient signal capture can 
be achieved with biological recognition. Novel nanomaterials represent a rapidly 
developing field in bioanalysis applications. The sensitivity and performance of 
biosensors can be improved by using nanomaterials. Typical schemeatic presenta-
tion of a biosensor is illuatrated in Figure 1.

With the development of nanotechnology, many new nanomaterials such as gold 
nanostructure, magnetic nanoparticles, nanozymes, and carbon-based nanomateri-
als have been synthesized [1]. Nanomaterials have been widely applied in the areas 
of invivo imaging [2], cancer treatment [3], drug delivery [4], catalysis [5], bacte-
riostasis [6], and so on. Due to the outstanding physical and chemical properties of 
nanomaterials, nanomaterial-based biosensors have been developed [7].

In this chapter, synthesis, properties and possible applications of these materials 
in biosensors were examined. The high sensitivity and selectivity of nanomaterial-
based biosensors have led to major advances in the development of new methodolo-
gies for early detection. Due to its submicron dimensions, it allows simple and fast 
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analysis in vivo. Their reactivity, toughness and other properties are also dependent 
on their unique shape, size and structure. In addition, the application of nanoma-
terials to biosensors provides different detection limits depending on the samples 
to be analyzed and facilitates the adjustment of the sensitivity level according to 
the needs.

2. Experimental

2.1 Synthesize of the novel nanomaterials

2.1.1 Graphdiyne

The synthesis of the GDY was reported in the literature as follows:
Graphdiyne (GDY) was prepared on the copper surface by a cross-linking 

reaction using hexaetynylbenzene (HEB) as a monomer. Firstly, hexakis [(trimeth-
ylsilyl) ethynyl] benzene (HEB-TMS) was prepared using Negishi cross-linking 
reaction. Then HEB monomer was obtained by the addition of tetrabutylammonium 
fluoride into tetrahydrofuran solution of HEB-TMS with stirring at 0°C for 10 min-
utes. Finally, GDY in the presence of pyridine was successfully grown on the surface 
of copper foils by a cross-coupling reaction of the HEB monomer for 72 hours at 
60°C under a nitrogen atmosphere. After the reaction was completed, GDY grown 
on copper foils was removed by ultrasonic treatment and concentrated by rotary 
evaporator, and then washed with heated acetone and N,N-dimethylformamide. 
The GDY powder was refluxed with dilute hydrochloric acid and sodium hydroxide, 
respectively at 80°C for 3 hours. It was then washed repeatedly and centrifuged. 
Finally, black GDY powder was obtained by centrifugation and drying vacuum [8].

2.1.2 Gold nanostructures

According to the modified El-Sayed method the synthesis of the gold nanorods 
(GNRs) was performed as follows:

Ttwo solutions were prepared as seed solution and growth solution. For the seed 
solution, ice-cold sodium borohydride (NaBH4) (0.3 mL, 0.01 M) was added to the 
solution mixture containing hydrogen tetrachloroaurate (HAuCl4) (0.5 mM) and 
cetyltrimethylammonium bromide (CTAB) (0.2 M) in a volume ratio of 1:1, and 
the entire reaction mixture was incubated at room temperature for 3 hours. For the 
growth solution, a 200 mL solution containing HAuCl4 (0.5 mM) and CTAB (0.1 M) 
was made and 6 mL of silver nitrate (AgNO3) (4 mM) was added to it. Following 
this, 0.5 M sulfuric acid (H2SO4) (1 mL) and 0.0788 M ascorbic acid (1.4 mL) were 

Figure 1. 
Schematic presentation of a biosensor.
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added and mixed gently. In the last step, the seed solution (0.24 mL) was added to 
the growth solution mixture and left at room temperature for a period of 12 hours. 
The brownish colored solution was centrifuged at 9000 rpm (2 times) for 30 minutes 
to remove unbound CTAB and stored at room temperature (28°C) [9].

2.1.3 Inorganic nanomaterials

The synthesis of Zirconium Phosphate Nanoparticle (ZrP-NP) is described in 
this section as one of the inorganic nanomaterials.

Zirconium Phosphate (ZrP), one of the inorganic nanomaterials, has been 
synthesized by hydrothermal process. First, 1.6 g of ZrOCl2.8H2O was added to 
30 mL of DI water and stirred continuously. Then 15 M H3PO4 (10 mL) was added 
to this prepared solution and stirred continuously for 30 minutes. The solution was 
transferred to a hydrothermal autoclave (50 mL) and heated in an air oven at 200°C 
for 24 hours. The products obtained were collected by centrifugation and washed 
several times with ethanol and deionized water. In the last step, the purified ZrP 
powder was dried in an air oven at 50°C [10].

2.1.4 Nanozymes

The synthesis of the core-shell Au@Co-Fe hybrid nanoparticles is described as 
peroxidase mimetic nanozyme.

In the synthesis of the core-shell Au@Co-Fe hybrid nanoparticles as the peroxi-
dase mimetic nanozyme, gold nanoparticles (AuNPs) with the average diameter 
of 22 nm were synthesized by citrate reduction of HAuCl4. Briefly, 1.5 mL of 1% 
(w/v) sodium citrate solution was added to 21 mL of 0.8 mM HAuCl4.3H2O solution 
at boiling point while the solution was stirred vigorously. After hanging its color 
from pale yellow to deep red, the mixture was stirred for 15 min and let to cool to 
room temperature and, then stored at 4°C until use. In the second step, 1 μL tween 
20 was added to 1.5 mL of the synthesized AuNPs. Then, 100 μL of FeSO4 0.18 M 
and 180 μL of CoCl2 0.1 M were added to the mixture, and incubated at the room 
temperature for 24 h. After that, the mixture was centrifuged and washed with 
deionized water [11].

2.1.5 Hybrid nanocomposites

One of the hybrid nanocomposites is reduced graphene oxide-magnetite 
nanoparticle (RGO-Fe3O4 NP) and its synthesis is described below according to the 
literature [12].

Reduce graphene oxide magnetite nanoparticle (RGO-Fe3O4 NP) hybrid was 
synthesized by alkaline reduction. For this purpose, the powder was redispersed in 
the 0.5 mg mL−1 graphene oxide (GO) suspension. Citric and ascorbic acids were 
added and the mixture was stirred at 55°C (12 hours). 1 M NaOH was added and the 
mixture It was stirred again at 95°C (6 hours). After centrifugation at 10000 rpm 
(RCF = 1118 x g), the solid is filtered, washed, and dried in vacuum during 
24 hours [12].

2.1.6 DNA nanomaterials

Y-DNA was prepared by mixing equimolar amounts of three single stranded 
DNA (ssDNA), two long and one short. The two long sequences have regions that 
hybridize to the shorter one. One of the fields is not completely linked to the cor-
responding fragment. Thus, the target miRNA became able to replace this fragment 
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added and mixed gently. In the last step, the seed solution (0.24 mL) was added to 
the growth solution mixture and left at room temperature for a period of 12 hours. 
The brownish colored solution was centrifuged at 9000 rpm (2 times) for 30 minutes 
to remove unbound CTAB and stored at room temperature (28°C) [9].

2.1.3 Inorganic nanomaterials

The synthesis of Zirconium Phosphate Nanoparticle (ZrP-NP) is described in 
this section as one of the inorganic nanomaterials.

Zirconium Phosphate (ZrP), one of the inorganic nanomaterials, has been 
synthesized by hydrothermal process. First, 1.6 g of ZrOCl2.8H2O was added to 
30 mL of DI water and stirred continuously. Then 15 M H3PO4 (10 mL) was added 
to this prepared solution and stirred continuously for 30 minutes. The solution was 
transferred to a hydrothermal autoclave (50 mL) and heated in an air oven at 200°C 
for 24 hours. The products obtained were collected by centrifugation and washed 
several times with ethanol and deionized water. In the last step, the purified ZrP 
powder was dried in an air oven at 50°C [10].

2.1.4 Nanozymes

The synthesis of the core-shell Au@Co-Fe hybrid nanoparticles is described as 
peroxidase mimetic nanozyme.

In the synthesis of the core-shell Au@Co-Fe hybrid nanoparticles as the peroxi-
dase mimetic nanozyme, gold nanoparticles (AuNPs) with the average diameter 
of 22 nm were synthesized by citrate reduction of HAuCl4. Briefly, 1.5 mL of 1% 
(w/v) sodium citrate solution was added to 21 mL of 0.8 mM HAuCl4.3H2O solution 
at boiling point while the solution was stirred vigorously. After hanging its color 
from pale yellow to deep red, the mixture was stirred for 15 min and let to cool to 
room temperature and, then stored at 4°C until use. In the second step, 1 μL tween 
20 was added to 1.5 mL of the synthesized AuNPs. Then, 100 μL of FeSO4 0.18 M 
and 180 μL of CoCl2 0.1 M were added to the mixture, and incubated at the room 
temperature for 24 h. After that, the mixture was centrifuged and washed with 
deionized water [11].

2.1.5 Hybrid nanocomposites

One of the hybrid nanocomposites is reduced graphene oxide-magnetite 
nanoparticle (RGO-Fe3O4 NP) and its synthesis is described below according to the 
literature [12].

Reduce graphene oxide magnetite nanoparticle (RGO-Fe3O4 NP) hybrid was 
synthesized by alkaline reduction. For this purpose, the powder was redispersed in 
the 0.5 mg mL−1 graphene oxide (GO) suspension. Citric and ascorbic acids were 
added and the mixture was stirred at 55°C (12 hours). 1 M NaOH was added and the 
mixture It was stirred again at 95°C (6 hours). After centrifugation at 10000 rpm 
(RCF = 1118 x g), the solid is filtered, washed, and dried in vacuum during 
24 hours [12].

2.1.6 DNA nanomaterials

Y-DNA was prepared by mixing equimolar amounts of three single stranded 
DNA (ssDNA), two long and one short. The two long sequences have regions that 
hybridize to the shorter one. One of the fields is not completely linked to the cor-
responding fragment. Thus, the target miRNA became able to replace this fragment 
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and remove the Y-DNA nanostructure. ssDNAs were dissolved in hybridization 
buffer at 10 μM final concentration per sequence and annealed to form the desired 
Y-shaped DNA: annealed at 95°C for 2 minutes, cooled to 65°C and incubated 
for 5 minutes, followed by 2 minutes while its temperature dropped to 60°C and 
cooled to 20°C at a rate of 1° per minute. The final products were stored at 4°C. 
Double stranded substrates were formed by mixing in the hybridization buffer. The 
mixture was heated to 95°C for 5 minutes and slowly cooled to 4°C, then allowed 
to stand at room temperature for 20 minutes to form a specific double stranded 
substrate [13].

2.1.7 DNAzyme

DNA phosphorylation was made by incubating 200 pmol of FS1 with 20 units 
of T4 polynucleotide kinase (PNK) at 37°C for 30 min in a 100 μL reaction 
mixture containing 50 mM Tris–HCl (pH 7.6 at 25°C), 10 mM MgCl2, 5 mM 
1,4-Dithiothreitol (DTT), 0.1 mM spermidine and 1 mM adenosine 5′-triphosphate 
(ATP). The reaction was stopped by heating the mixture at 90° C for 5 minutes. 
RFT1 (100 μM) and 2 μL RFS1 (100 μM) were then added to the solution, and the 
mixture was heated to 90°C for 40 seconds and cooled to room temperature for 
10 minutes. In the last step, 10 units of T4 DNA ligase were added for DNA ligation 
at 25°C for 2 hours. The ligation mix contains 10 mM MgCl2, (150 μL) 40 mM Tris–
HCl (pH 7.6 at 25°C), 10 mM DTT and 0.5 mM ATP. The products were concen-
trated by standard ethanol precipitation and further purified by polyacrylamide gel 
electrophoresis [14].

2.1.8 Carbon Nanodots

The syntheses of carbon nanodots (CDs) will describe according to the 
literature [15].

CDs were synthesized hydrothermally with citric acid and ethylenediamine 
(EDA). Initially citric acid (3.0 g) and ethylenediamine (1875 μL) were dissolved in 
30 mL of distilled water. The solution was then transferred to a 500 mL round bot-
tom flask and heated at 150°C for 5 hours. The product was dialyzed against ddH2O 
to obtain CDs. CDs powder was obtained by evaporating, redispersed in deionized 
water, and stored at 4°C for later use [15].

2.1.9 Carbon black nanomaterials

Carbon black (CB) is produced by the reaction of a hydrocarbon fuel such as gas 
or oil with a limited supply of combustion air at temperatures of 1320 to 1540°C. 
The hydrocarbons which were degraded from polyethylene (PE) or high density 
polyethylene (HDPE) at the pyrolysis step were injected into decomposing cham-
ber. They were introduced to pass through dc-plasma jet, and were decomposed 
into the carbon particles. The carbon particles were cooled down in the stream 
of nitrogen and they were deposited on the surface of outer graphite chamber 
after decomposition by the plasma jet. As-synthesized carbon black samples were 
characterized by the analytical instrument without further purification in the case 
of carbon black synthesis. Two major processes are the oil furnace process and the 
thermal process. The oil furnace process accounts for about 90 percent of produc-
tion, and the thermal, about 10 percent. Two other processes are, the lamp for 
production of lamp black and the cracking of acetylene to produce acetylene black. 
However, these are small-volume specialty black operations that constitute less than 
1 percent of total production in this country [16].

175

The Novel Nanomaterials Based Biosensors and Their Applications
DOI: http://dx.doi.org/10.5772/intechopen.94930

2.1.10 Nanodiamonds

For the nanodiamond synthesis the graphitic C3N4 (g-C3N4) used for the  starting 
material which prepared by a benzenethermal reaction between C3N3Cl3 and NaNH2 
at 220°C for 12 hours. For the synthesis of the C3N4, 1.10 g (6.0 mmol) C3N3Cl3(1,3,5-
trichlorotriazine) and 0.70 g (18.0 mmol) NaNH2 (sodium amide) powders were put 
into a 50 mL teflon-lined autoclave, which was then filled with benzene up to 90% of 
the total volume. The autoclave was sealed and maintained at 180–220°C for 8–12 h, 
then allowed to cool to room temperature naturally. The mixed product was washed 
three times with distilled water, acetone and again distilled water to remove NaCl 
impurities, some organic-like impurities. The g-C3N4 obtained in such a way is a light 
yellowish brown powder of amorphous-like, poorly crystalline particles [8]. The 
resulting yellow powders was dried in vacuum at 50°C for several hours. The sample 
was compressed to a desired pressure at room temperature, heated to 800–2000°C 
for 5–30 min, and then quenched and decompressed to ambient condition [17].

2.1.11 Magnetic nanoparticles

Magnetic nanoparticles (MNP) were prepared by chemical co-precipitation and 
then processed under hydrothermal conditions. Briefly, iron (II) chloride and iron 
(III) chloride (1:2) were chemically precipitated at room temperature (25°C) by adding 
30% ammonium hydroxide at pH=10.0–10.4. The precipitates were heated at 80°C for 
35 minutes with continuous stirring and washed in deionized water and ethanol [18].

3. Result and discussion

3.1 Graphdiyne

Graphdiyne (GDY) is a new two-dimensional all-carbon allotrope composed of 
benzene rings and alkyne unites.

The carbon based nanomaterials are usually used to build electrochemical 
biosensors because of their physical and chemical properties. According to conven-
tional carbon nanomaterials, GDY possesses richer carbon chemical bonds, which 
are of great importance for their practical applications. More importantly, GDY 
has a typical 2D structure similar to graphene, but also has the properties of three-
dimensional materials such as a hard carbon network and uniformly distributed 
pores that can greatly increase active bonding areas [19, 20].

Figure 2 illustrates surface characterization of GDY [21].
As can be seen from this figure it is clear that GDY has a porous structure which 

is very important in sensor design to the effective diffusion of the analyte to the 
sensor surface.

Figure 2. 
A) SEM, B) TEM and C) HRTEM of GDY.
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and remove the Y-DNA nanostructure. ssDNAs were dissolved in hybridization 
buffer at 10 μM final concentration per sequence and annealed to form the desired 
Y-shaped DNA: annealed at 95°C for 2 minutes, cooled to 65°C and incubated 
for 5 minutes, followed by 2 minutes while its temperature dropped to 60°C and 
cooled to 20°C at a rate of 1° per minute. The final products were stored at 4°C. 
Double stranded substrates were formed by mixing in the hybridization buffer. The 
mixture was heated to 95°C for 5 minutes and slowly cooled to 4°C, then allowed 
to stand at room temperature for 20 minutes to form a specific double stranded 
substrate [13].

2.1.7 DNAzyme

DNA phosphorylation was made by incubating 200 pmol of FS1 with 20 units 
of T4 polynucleotide kinase (PNK) at 37°C for 30 min in a 100 μL reaction 
mixture containing 50 mM Tris–HCl (pH 7.6 at 25°C), 10 mM MgCl2, 5 mM 
1,4-Dithiothreitol (DTT), 0.1 mM spermidine and 1 mM adenosine 5′-triphosphate 
(ATP). The reaction was stopped by heating the mixture at 90° C for 5 minutes. 
RFT1 (100 μM) and 2 μL RFS1 (100 μM) were then added to the solution, and the 
mixture was heated to 90°C for 40 seconds and cooled to room temperature for 
10 minutes. In the last step, 10 units of T4 DNA ligase were added for DNA ligation 
at 25°C for 2 hours. The ligation mix contains 10 mM MgCl2, (150 μL) 40 mM Tris–
HCl (pH 7.6 at 25°C), 10 mM DTT and 0.5 mM ATP. The products were concen-
trated by standard ethanol precipitation and further purified by polyacrylamide gel 
electrophoresis [14].

2.1.8 Carbon Nanodots

The syntheses of carbon nanodots (CDs) will describe according to the 
literature [15].

CDs were synthesized hydrothermally with citric acid and ethylenediamine 
(EDA). Initially citric acid (3.0 g) and ethylenediamine (1875 μL) were dissolved in 
30 mL of distilled water. The solution was then transferred to a 500 mL round bot-
tom flask and heated at 150°C for 5 hours. The product was dialyzed against ddH2O 
to obtain CDs. CDs powder was obtained by evaporating, redispersed in deionized 
water, and stored at 4°C for later use [15].

2.1.9 Carbon black nanomaterials

Carbon black (CB) is produced by the reaction of a hydrocarbon fuel such as gas 
or oil with a limited supply of combustion air at temperatures of 1320 to 1540°C. 
The hydrocarbons which were degraded from polyethylene (PE) or high density 
polyethylene (HDPE) at the pyrolysis step were injected into decomposing cham-
ber. They were introduced to pass through dc-plasma jet, and were decomposed 
into the carbon particles. The carbon particles were cooled down in the stream 
of nitrogen and they were deposited on the surface of outer graphite chamber 
after decomposition by the plasma jet. As-synthesized carbon black samples were 
characterized by the analytical instrument without further purification in the case 
of carbon black synthesis. Two major processes are the oil furnace process and the 
thermal process. The oil furnace process accounts for about 90 percent of produc-
tion, and the thermal, about 10 percent. Two other processes are, the lamp for 
production of lamp black and the cracking of acetylene to produce acetylene black. 
However, these are small-volume specialty black operations that constitute less than 
1 percent of total production in this country [16].
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2.1.10 Nanodiamonds

For the nanodiamond synthesis the graphitic C3N4 (g-C3N4) used for the  starting 
material which prepared by a benzenethermal reaction between C3N3Cl3 and NaNH2 
at 220°C for 12 hours. For the synthesis of the C3N4, 1.10 g (6.0 mmol) C3N3Cl3(1,3,5-
trichlorotriazine) and 0.70 g (18.0 mmol) NaNH2 (sodium amide) powders were put 
into a 50 mL teflon-lined autoclave, which was then filled with benzene up to 90% of 
the total volume. The autoclave was sealed and maintained at 180–220°C for 8–12 h, 
then allowed to cool to room temperature naturally. The mixed product was washed 
three times with distilled water, acetone and again distilled water to remove NaCl 
impurities, some organic-like impurities. The g-C3N4 obtained in such a way is a light 
yellowish brown powder of amorphous-like, poorly crystalline particles [8]. The 
resulting yellow powders was dried in vacuum at 50°C for several hours. The sample 
was compressed to a desired pressure at room temperature, heated to 800–2000°C 
for 5–30 min, and then quenched and decompressed to ambient condition [17].

2.1.11 Magnetic nanoparticles

Magnetic nanoparticles (MNP) were prepared by chemical co-precipitation and 
then processed under hydrothermal conditions. Briefly, iron (II) chloride and iron 
(III) chloride (1:2) were chemically precipitated at room temperature (25°C) by adding 
30% ammonium hydroxide at pH=10.0–10.4. The precipitates were heated at 80°C for 
35 minutes with continuous stirring and washed in deionized water and ethanol [18].

3. Result and discussion

3.1 Graphdiyne

Graphdiyne (GDY) is a new two-dimensional all-carbon allotrope composed of 
benzene rings and alkyne unites.

The carbon based nanomaterials are usually used to build electrochemical 
biosensors because of their physical and chemical properties. According to conven-
tional carbon nanomaterials, GDY possesses richer carbon chemical bonds, which 
are of great importance for their practical applications. More importantly, GDY 
has a typical 2D structure similar to graphene, but also has the properties of three-
dimensional materials such as a hard carbon network and uniformly distributed 
pores that can greatly increase active bonding areas [19, 20].

Figure 2 illustrates surface characterization of GDY [21].
As can be seen from this figure it is clear that GDY has a porous structure which 

is very important in sensor design to the effective diffusion of the analyte to the 
sensor surface.

Figure 2. 
A) SEM, B) TEM and C) HRTEM of GDY.
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There are studies in which GDY has been used in the preparation of electro-
chemical enzyme biosensors [21], for microRNA testing [22] and in the determina-
tion of bacterium [23]. GDY was investigated as matrix for tyrosinase (a model 
enzyme) immobilization to create a mediator-free GDY based biosensor for rapid 
detection of bisphenol A (BPA). In this study between different carbon nanomate-
rial based biosensors including carbon nanotube and graphene was compared and 
it was reported, GDY-based tyrosinase biosensor performed better analytical for 
BPA detection than CNTs and graphene-based biosensors [21]. A new photoactive 
material has been synthesized that integrates the properties of MoS2 and GDY to 
implement ultra-sensitive detection of microRNA [22]. Controllable synthesis of 
two-dimensional graphite nanosheet (GDY NS) is of great importance for the clini-
cal diagnosis and treatment of tuberculosis [23].

It is though that as a new promising 2D all-carbon nanomaterial after graphene, 
graphdiyne with intriguing properties would inevitably attract the general interest 
of scientists.

3.2 Gold nanostructures

Metal nanoparticles (NPs) such as gold and silver NPs have gained immense 
recognition in nanosensing and diagnostic applications [24, 25]. Therefore, ease of 
synthesis, versatile surface functionalization and long term stability of gold nano-
materials increases their potential as efficient detection probes [26].

Gold nanostars modified with biotin were used for streptavidin determination 
[27]. Sensing applications using other shapes of gold nanomaterials include the use 
of gold nanowires and nanocubes for detection of bacteria in human kidney infec-
tion and catechol, respectively [28, 29].

Gold nanorods have also employed as a SERS substrate where in they have 
achieved highly sensitive and selective detection of DNA [30].

It has been reported that the nanosensor based on gold nanorodes is highly repro-
ducible and has excellent selectivity. It was also reported the nanosensing platform is 
reliable, facile, cost-effective and less labor intensive. The nanomaterial with aspect 
ratio tunable property can be possibly used for several biomedical applications.

Figure 3 illusrates TEM and SEM images of some kind of gold nanosructures 
[27–30].

Figure 3. 
TEM (A,B) and SEM (C,D) images of gold nanostar (A) [27], gold nanorods (B) [28], gold nanoparticle (C) 
[29] and gold nanowire (D) [30].
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3.3 Inorganic novel nanomaterials

Recently, inorganic nanostructured materials have gained widespread attention 
as potential electrode materials of electrochemical sensors with excellent structural 
adjustability and other properties [31, 32].

In the past few years, binary metal oxides (denoted BMOs) are considered as one 
of the state-of-the-art electrocatalyst materials for various electrochemical applica-
tions [33, 34]. Among the different categories of BMOs, transition-metal phosphates/
phosphides (denoted TMPs) have attracted increasing attention as a promising elec-
trocatalyst [35–37]. Ultrathin cobalt phosphate-based modified electrode was used 
for the non enzymatic electrochemical determination of glucose [38]. α-zirconium 
phosphate (α-ZrP) based electrocatalysts have been recognized as crucial for numer-
ous electrochemical applications [39]. The sensitive electrochemical sensing probe 
using the ZrP nanoplates was successfully applied for Furazolidone detection [10].

Figure 4 illustrates surface characterization of ZrP [10].

3.4 Nanozymes

In the last decade, artificial nanomaterials, which exhibit properties similar to 
enzymes, have been shown as highly stable and low-cost alternatives to enzymes in 
electrochemical biosensing.

Nanozymes, combining the advantages of chemical catalysts and enzymes 
[40, 41], outperform natural enzymes because they are usually synthetized using 
low-cost, simple, and mass-production methods and offer high operational stability 
and self-life, robust catalytic performance [42–45]. Moreover, the smooth surface 
modification of nanomaterials provides more room for modifications than the 
natural enzymes. In addition, their inherent nanomaterial properties impart them 
both tunable and tenable catalytic activity [46, 47].

Figure 5 illustrates the schematic presentation of the enzyme-based and nano-
zyme-based immunoassay.

Figure 4. 
(A−C) FEG-SEM image, (D−F) TEM images, (G) EDX spectrum, and (H−J) elemental mapping of ZrP.



Novel Nanomaterials

176
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adjustability and other properties [31, 32].
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tions [33, 34]. Among the different categories of BMOs, transition-metal phosphates/
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trocatalyst [35–37]. Ultrathin cobalt phosphate-based modified electrode was used 
for the non enzymatic electrochemical determination of glucose [38]. α-zirconium 
phosphate (α-ZrP) based electrocatalysts have been recognized as crucial for numer-
ous electrochemical applications [39]. The sensitive electrochemical sensing probe 
using the ZrP nanoplates was successfully applied for Furazolidone detection [10].

Figure 4 illustrates surface characterization of ZrP [10].
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In the last decade, artificial nanomaterials, which exhibit properties similar to 
enzymes, have been shown as highly stable and low-cost alternatives to enzymes in 
electrochemical biosensing.

Nanozymes, combining the advantages of chemical catalysts and enzymes 
[40, 41], outperform natural enzymes because they are usually synthetized using 
low-cost, simple, and mass-production methods and offer high operational stability 
and self-life, robust catalytic performance [42–45]. Moreover, the smooth surface 
modification of nanomaterials provides more room for modifications than the 
natural enzymes. In addition, their inherent nanomaterial properties impart them 
both tunable and tenable catalytic activity [46, 47].
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zyme-based immunoassay.
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(A−C) FEG-SEM image, (D−F) TEM images, (G) EDX spectrum, and (H−J) elemental mapping of ZrP.
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The lack of selectivity of nanozymes is compensated for by using specific biore-
ceptors. However, it is important to be aware of the current lack of bio-ligands for 
emerging analytes and that their use compromises both stability and the low cost of 
nanozymes [48].

Affinity ligand-based electrochemical biosensors using nanozymes have been 
successfully developed and exhibit some excellent merits such as higher selectivity 
and sensitivity, lower cost, shorter detection time, and better signal readout [49].

Nanozymes, being a special type of nanomaterial, can be exploited in electro-
chemical affinity biosensing as electrode modifiers, nanocarriers, and/or catalytic 
labels. These multi functional nanozymes, which include PtNPs/CoTPP/rGO [49], 
Pd/APTES-MCeO2-GS [50], rGO-NR-Au@Pt [51], Mn3O4 and Pd@Pt nanoflow-
ers [52], Fe3O4/PDDA/Au@Pt [53], MWCNTs/ GQDs [54, 55], and FeS2-AuNPs 
[56], have been decorated with detector antibody (Ab2) [49, 50], detector antibody 
(Ab2) + HRP [51, 54, 55], AuNPs + Ab2 [56], detector aptamer (Apt2) + HRP [47], 
or (Apt2) + HRP + G-quadruplex/hemin DNAzyme [46]. It is important to note that 
these nanozymes are often dressed with the natural enzyme to further enhance the 
sensitivity [51, 54, 55].

The combination of nanozyme-based electrochemical affinity biosensors with 
personalized equipment such as smartphones and/or portable low-cost devices will 
also be exciting to move forward in point-of-care testing. This nanozymes develop-
ment to achieve catalytic activity and efficiency comparable or even better than 
natural enzymes will bring a revolution to conventional electrochemical biosensing 
and more practical applications in other expectation fields.

3.5 Hybrid nanocomposites

Hybrid sensing materials, which are organized by interaction of organic mol-
ecules onto inorganic supports, have been developed as a novel and hopeful class 
of hybrid sensing probes. Magnetic silica hybrid rather than other hybrid materials 
such as polymer, titania, and selfassembled monolayers [57–60] provides low toxic-
ity, simple separation via external magnetic field, stability, biocompatibility and 
thermally stable advantages [61–63].

Biosensors prepared using hybrid materials were used to detect biological 
materials by thermal, electrical or optical signals. Examples of various applica-
tions of biosensors can be mentioned as environmental monitoring [64], forensic 
science [65–67], water characteristic testing [68], defense and the military [69], 
biomedicine, food industry and medical diagnosis [70].

Figure 5. 
Comparison of (A) natural enzyme-based immunoassays and (B) nanozyme-based immunoassays [46].
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Magnetic silica hybrids were reported as fluorescent, colorimetric, electro-
chemical and Surface-enhanced raman spectroscopy (SERS) sensing probes [71]. 
Inorganic mesoporous material is one of the best materials as molecular catalysts 
due to its thermal stability, easy production and modification. It used in the fields 
of biomedicine, electronics, and physicochemistry. Silica-coated Fe3O4 nanoparticle 
(Fe3O4@SiO2 NPs), have good excellent conductivity, electrochemical transducers, 
biocompatibility, catalytic activity, separation ability and low toxicity properties to 
produce “electronic wires” to increase the electron transfer between redox centers 
and electrode surfaces in proteins [72].

Figure 6 illustrates the surface characterization of Fe3O4@ SiO2 nanoparticles 
performed by transmission electron microscopy (TEM) [57].

3.6 DNA nanomaterials

DNA nanomaterials have been widely used in bioassays due to their promising 
properties for sensitive and specific detection of biomolecules. The electrochemical 
biosensor has received greater attention in clinical diagnosis due to its high sensitiv-
ity, easy controllability and low cost [72]. For this reason, the biomolecular recogni-
tion and signal amplification based on electrochemical platform to achieve miRNAs 
detection still need to be considered.

In recent years, legion nucleic acid nanostructures have been applied to biological 
detection, including DNA tetrahedron, DNA gels, DNA dendrimers, and so on [73–75]. 
Y-shaped DNA (Y-DNA), as a constant nanostructure with high selectivity, provides an 
effective method for completely measuring target molecules [76]. Y-DNA consists of 
three oligonucleotides that are partially hybridized to each other. Some older biosensors 
used this feature to perform DNA detections where one DNA stand is fixed to the sur-
face, another DNA stand and target DNA are added to form a specific structure [77].

Numbers of signal amplification strategies have been developed, including hybrid-
ization chain reaction (HCR), strand displacement amplification (SDA), catalytic 
hairpin assembly (CHA) and rolling circle amplification (RCA) [78–81]. The HCR 
consists of a trigger sequence and two partially complementary hairpin probes. Once 
triggered, the two hairpin probes can autonomously hybridize continuously [82].

Figure 6. 
TEM images of Fe3O4@ SiO2 NPs with Fe3O4 sizes of (a) 8.8 nm and (b−d) 12.2 nm.
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Compared to HCR, this reaction consists of more complex components, includ-
ing a trigger sequence, two double stranded substrates with bridging loops in the 
middle, and two helper sequences [83]. Thus, non-linear HCR can achieve higher 
rates of amplification and molecular weights [84].

To join non-linear HCR and Y-DNA nanostructures, the Y-DNA’s terminals 
were designed as triggers that could initiate the amplification reaction. As a result, 
the new biosensing method can provide high-precision and selective detection of 
biological molecules. An unlabeled DNA nanostructured electrochemical biosensor 
was designed to detect miRNA-25, which is reported to be a potential molecular 
biomarker for non-small cell lung cancer and heart failure [85, 86].

Expanding the application of DNA nanomaterials to bioassays in the future may 
enable early and effective detection of various diseases.

3.7 DNAzyme

DNAzymes are single-stranded (ss) DNA sequences are able to catalyze a 
number of reactions, including cleavage of the phosphodiester backbone at a ribo-
nucleotide or deoxyribonucleotide site [87]. It has been shown that metal ions play 
an important role in the catalytic process and are essential for the catalytic activity 
of most known DNAzymes [88].

The ability to select a DNAzyme with metal ion specific activity without previ-
ous chemical knowledge of the DNAzyme structure, and then to subsequently 
modify DNAzyme binding arms and other insignificant nucleotides with minimal 
to no effect on sensitivity and selectivity has made DNAzymes ideal metal-selective 
components for new metal ion sensing technologies. RNA-cleaving DNAzyme is 
a very useful biomaterial for the determination of metal ions, but some parts of 
DNAzymes can be cleaved by several metal ions, which makes different concentra-
tions of metal ions difficult to distinguish [89].

In the last two decades, the rapid development of nanomaterials and biomateri-
als [90] offers more opportunities to improve electrochemical sensor performance. 
For the determination of Cu (II) and Hg (II), many highly sensitive sensors are 
manufactured using small molecules, peptides, proteins and antibodies at low cost.

The ligand sites of proteases composed of nitrogen, oxygen or sulfur can com-
bine with heavy metal ions to form a stable complex [91]. Cu(II) is a small ion that 
has to be chelated first and then bind to the antibody recognition [92]. Both anti-
body and enzyme work best under physiological conditions that limit application in 
real environment. DNA is not only the genetic material of most living organisms, 
but also an excellent biological functional material [93].

Metal ions can be specifically bound with a single-stranded DNA to form a 
stable metal-mediated DNA, and this mechanism is applied to detect metal ions 
[94, 95]. Therefore, numerous studies have focused on the newly discovered 
biosensor using different DNA-based aptamers functionalized with nanoma-
terials to increase sensitivity. DNAzymes that break down RNA as DNA-based 
catalysts are obtained through in vitro selection, which turned out to be a very 
useful platform for the identification of metal ions. After binding with heavy 
metal ions, many biochemical and biophysical studies have been conducted on 
DNAzymes due to their high metal ion selectivity and high catalytic efficiency 
[96]. Therefore, DNAzymes have been applied in various biosensors (colorimet-
ric, electrochemical and fluorescent) that realize the detection of various metal 
ions such as Mg(II) [97], Ag(I) [98], Pb(II) [99], Zn(II) [100], Hg(II) [101], 
UO2(II) [102].

The field of DNAzyme-based metal ion sensing is continuing to develop for 
future cellular and portable detection technologies.
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3.8 Carbon nanodots

Carbon dots (CDs) are nanomaterials less than 10 nm in size and became the 
new potential material for the electrode modifier [103]. Formerly, CDs have been 
applied in electrochemical sensing platforms, mainly focusing on their electrocata-
lytic properties toward analytes of interest [104, 105] rather than electrode modi-
fiers. Thus, the studies on carbon dots owing a noticeable potential to be used as 
electrode modifiers in electrochemical techniques to increase the sensitivity of the 
electrochemical sensor has been exploited.

Recently, a new member of CDs, have gained attention because of their water 
solubility, fine properties, high luminescence, low cytotoxicity and good conductiv-
ity [106]. Depending on the precursors employed in their synthesis, CNDs are sur-
rounded by different functional groups including, among others, hydroxyl, amide 
groups and carboxyl which facilitate the immobilization of biomolecules. Hence, 
due to their ability to be modified with a wide variety of biomolecules, and in con-
junction with the excellent properties mentioned above, CNDs have been employed 
in many biological applications such as solar cell development and photocatalysis 
[107, 108]. Concerning the employment of CNDs for electrochemical biosensors, it 
should be highlighted that despite the previously mentioned advantages, very few 
attempts to incorporate CNDs into electrodes are reported. Reporting the applica-
tion of CNDs in electrochemical sensors are focused on the electrocatalytic proper-
ties of this nanomaterial toward oxygen reduction [109], biomedical application 
[110], exploited for glucose biosensing [111] and DNA sensing [112].

Transmission electron microscopy (TEM) of carbon nanodots in different scale 
from 20 nm to 2 nm are illustrate in Figure 7 [110].

3.9 Carbon black nanomaterials

Since the discovery of carbon nanotubes, carbon-based nanomaterials being 
researched in various disciplines including electrochemistry. An old and cost-effec-
tive material recently called carbon black (CB) reinvented. CB has good electrical 
conductivity, dispersible in solvents, possibility of easy functionalization and has a 
large number of defect areas and fast electron transfer kinetics [113–116].

Previously, CB’s main application in the electrochemical field was based on the 
design of sensors for analyte detection in fuel cell and gas phases for lithium and 
sodium batteries [117, 118]. However, until 2009, only a few CB-based electrochemi-
cal sensors were reported for analyte detection.

Among nanomaterials, CB demonstrated high potential in customizing all from 
the oldest carbon paste to glassy carbon and printed electrodes thanks to their 
fascinating electrochemical properties combined with cost effectiveness.
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Figure 8. 
FE-SEM images of the carbon black obtained from: A commercial PS pyrolyzed at 500°C; b commercial PS 
pyrolyzed at 900°C; c waste PS pyrolyzed at 500°C; d waste PS pyrolyzed at 900°C; e high density polyethylene 
(HDPE) pyrolyzed at 500°C; f HDPE pyrolyzed at 900°C.

One of the main properties of CB is its ability to produce easily stable disper-
sions in a variety of solvents such as ethanol, acetonitrile, a mixture of dimethylfor-
mamide water [119], chitosan [120], or di hexadecylphosphate water solution [121], 
usually at a concentration of 1 mg/mL.

CB is widely used in the design of biosensors with a variety of biological 
recognition elements including enzymes, DNA and antibodies. The main potential 
of the enzyme combination with CB is based on the outstanding advantages this 
nanomaterial has in enhancing the biosensor sensitivity. CB can increase both 
conductivity and enzyme loading areas, thus causing increased signals and hence 
higher sensitivity. Some examples have shown that CB is a compatible substrate for 
the immobilization of enzymes in the design of amperometric biosensors [122].

Immunosensors have attracted great attention for specific, sensitive, cost-
effective and in-field analysis. Examples of CB-based immunosensors in unlabeled 
configuration have been reported in the literature [123, 124].

Alongside traditional bioreceptors such as enzymes, antibodies, and nucleic 
acids, CB also demonstrated the ability to improve their analytical performance 
by combining with alternative biological recognition elements or molecularly 
imprinted polymers [125].

Besides the biosensor application, CB was used in sensor design for both single 
analyte detection and multiple analysis, showing increased sensitivity thanks to 
its high conductivity, number of defective areas and surface area. Nowadays, most 
CB-based detection systems are mainly sensors, but in recent years there has been a 
sharp increase in publications in the development of enzymatic, immuno, and DNA 
biosensors [126].

CB is a new generation material due to its environmentally friendly properties in 
terms of costs and environmental impact.

The morphological properties of the synthesized carbon black by using com-
mercial and waste polystyrene (PS) and high density polyethylene in different 
pyrolysis conditions were illustrated in Figure 8 [16].
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3.10 Nanodiamonds

Nanodiamonds (ND), a new member of the carbon nanoparticle class, has 
recently received much attention in drug delivery, bio-imaging, and biosensor 
applications due to its physical and chemical properties [127].

Nanodiamond (ND) is of great interest in various fields of material science due 
to its various functional groups. An electrochemical biosensor containing copper, 
nano-diamond (ND) and carbon nanotube (CNT) was built to detect the amino 
acids of Parkia Seeds (PS). Electrochemical reaction of PS was carried out with 
composite electrodes prepared using nanodiamond [128].

The AFM and SEM characterization of nanocrystalline diamond (NCD) and 
boron doped nanocrystalline diamond (BDND) were illustrated in Figure 9 
 respectively [129, 130].

3.11 Magnetic nanoparticles

Nanomaterials provide high surface areas and a biocompatible environment for 
enzyme loading. In the last decade, research of magnetic particles has resulted in their 
use in a large number of nano-sensing devices, providing ease of separation in solution.

Various iron magnetic nanoparticles (MNPs) have proven to be an excellent nano-
material for electrochemical biosensing applications due to their electroconductivity, 
biocompatibility and ease of synthesis properties. They make important contributions 
to the development of electrochemical nanobiosensors. Functionalized magnetic 
nanoparticles can be directed by the external magnetic field to site-specific drug 
delivery targets. Iron and iron oxide nanoparticles have been studied as signal amplifi-
cation elements in biosensing [131]. Among these materials, magnetite (Fe3O4), a Fe2+ 
and Fe3+ complex oxide, is one of the most studied super paramagnetic nanoparticles. 
It has unique mesoscopic mechanical and physical properties and has many potential 
applications in various fields such as cell separation [132] and microwave absorption 
[133]. Fe3O4 nanoparticles have been widely used for in vivo examination [134]. The 
direct binding of cholesterol oxidase to Fe3O4 magnetic nanoparticles was investigated 
and the kinetic behavior, stability and activity of bound cholesterol were investigated 
[135]. Due to its easy preparation process, low toxicity, strong superparamagnetism 
and good biocompatibility, Fe3O4 has recently been used in biosensors for glucose, 
ethanol and acetaminophen. Prepared biosensors showed fast response and high 
sensitivity with a wide linear range [136, 137]. Fe3O4 - Au nanoparticles, have been 

Figure 9. 
(a) AFM topographic images of NCD films and (b) SEM image of BDND film grown on a Si substrate.
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successfully used for the first time in the dual-mode detection of carcinoembryonics 
antigens (CEA) and have correctly confirmed the presence of antigens [138].

Figure 10 illustrates TEM images of Fe3O4, Au and Fe3O4-Au nanoparticles [138].
Table 1 illustrates the studies based novel nanomaterials.

Nanomaterial Analyzed Detection 
limit

Linear 
range

Method Ref.

Graphdiyne Bisphenol A 1,0 × 10−7-
3,5 × 10−6 mol/L

24 nmol/L CV1 [21]

Hybrid 
Nanocomposite

Metronidazole 0,001–2444 μM 0,8 nM CV and EIS2 [34]

Inorganic 
nanomaterial

Furazolidone (FZD) 0,009–339 μM 1,2 nM CV, EIS and 
Amperometry

[10]

Noble metal 
nanoparticles

Alpha fetoprotein 
(AFP

0,1 pg./mL to 
50 ng/mL

0,033 pg./
mL

CV [50]

Bimetallic 
Pt-Au/multi-
walled carbon 
nanotubes

Organophosphorous 
pesticides

50 to 
500 nmol/L

29,7 nmol/L CV, Amperometric 
i-t curve and EIS

[64]

Quantum dots Dopamine 0,375–450 μM 100 nM Electro-
chemiluminescence

[66]

DNAzyme-
functionalized 
single-walled 
carbon 
nanotubes

Cu(II) and Hg(II) Cu(II) 0,01–
10,000 nM 
Hg(II) 
5–10,000 nM

Cu(II) 6,7 
pM Hg(II) 
3,43 nM

EIS [89]

DNAzyme 
Functionalized 
Single-Walled 
Carbon 
Nanotube

Silver Ion 10 pM to 106 
pM

5 pM UV–Vis 
Spectrometry

[98]

Carbon 
nanodots

Gene mutation 0,001–20 μM. 0,16 nM CV and DPV3 [112]

Carbon-coated 
nickel magnetic 
nanoparticles

Acetaminophen 2,0 × 10−6 to 2,3 
× 10−4 mol/L.

6,0 × 
10−7 mol/L

DPV [137]

Carbon black Bisphenol A 0,03 μ M 0,1–0,9 μM
1–50 μM

SVW4 [139]

Figure 10. 
TEM images of (A) Fe3O4, (B) Au and (C) Fe3O4–Au nanoparticles; the corresponding HRTEM images are 
inserted.
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4. Conclusion

Nanomaterials offer significant advantages, especially in sensor technology, due 
to their large surface area. When biocompatible nanomaterials are used as biorecog-
nition layers, it enables the design of highly sensitive biosensors. Many nanomateri-
als, which are widely used today, are now being replaced by novel nanomaterials 
due to their physical stability, easy synthesis, easy fabrication, and cheapness.

Nanomaterials became important components in bioanalytical devices since 
they clearly increase the performances in the sense of detection limits and sensitiv-
ity down to single molecules detection.

Over content of this chapter aims to evaluate developments in the fields of new 
nanomaterial-based biosensors. Their production and potential applications for 
the direct and reliable detection of bioanalytes are described. In addition, research 
interests for the production of nanomaterial-based biosensors were encouraged 
with examples.

Nanomaterial Analyzed Detection 
limit

Linear 
range

Method Ref.

3D DNA 
nanonet 
structure

MicroRNA 36,083 fM 10 fM-1 nM CV, DPV and EIS [140]

Carbon 
nanodot

17ß-Estradiol 0,5 × 10−12 M 1,0 × 
10−7 - 1,0 × 
10−12 M

CV and EIS [141]

Carbon black Photosynthetic 
herbicide

0,1–5 mu M 1 nM Amperometric 
measurement

[142]

Metal-polymer 
hybrid 
nanomaterial

Human 
papillomavirus

1–100 pg. mu/L 2,74 pg. 
mu/L

CV and EIS [143]

Nanozymes 
(magnetic 
metal organik 
framework)

Hydrogen peroxide 
(H2O2)

5 mu 
M-120 mM

0,9 mu M CV, EIS and 
Amperometry

[144]

Gold nanorod Aflatoxin 0,25–10 ng/mL 0,11 ng/mL SPR5 [145]

Nanodiamond Urea 0,1–0,9 mg/mL 0,005 mg/
mL

Direct current 
voltage

[146]

Carbon dots, 
chitosan, gold 
nanoparticles

Patulin 1 × 10−12 - 1 × 
10−9 mol/L

7,57 × 
10−13 mol/L

CV and DPV [147]

1: Cyclic voltammetry, 2: Electrochemical impedance spectrometry, 3: Differential pulse voltammetry 4: Square wave 
voltammetry, 5: Surface plasmon resonance.

Table 1. 
Biosensor applications based navel nanomaterials.
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Chapter 10

Perspectives of Nano-Materials 
and Nanobiosensors in Food 
Safety and Agriculture
Sivaji Mathivanan

Abstract

Nanobiosensor is one type of biosensor made up with usage of nanomaterials i.e., 
nanoparticles and nanostructures. Because of the nanomaterials’ unique properties 
such as good conductivity, and physicochemical, electrochemical, optical, magnetic 
and mechanical properties, Nanobiosensors are highly reliable and more sensitive in 
biosensing approaches over conventional sensors which is having various limitation 
in detection. Quantum dots, nanotubes, nanowires, magnetic and other nanoparticles 
enhance sensitivity and lower limit of detection by amplifying signals and provid-
ing novel signal transduction mechanisms enable detection of a very low level of 
food contaminants, pesticides, foodborne pathogens, toxins and plant metabolites. 
Nanobiosensors are having a lot of scope in sustainable agriculture because of its 
detecting ability i.e., sensing changes occurred in molecular level. So it can be uti-
lized to find out the variations or modification of plant metabolities, volatiles, gas 
exchange, hormonal and ion concentration etc. which are the indicators of various 
harsh environmental stresses (abiotic), biotic and physiological stress. Identification 
of the stress in the starting stage itself will help us to avoid intensive plant damage and 
prevent yield losses created by the stress. Nanosensors can be used in smart farming, 
in which all the environmental factors related to plant growth like temperature, water, 
pH, humidity, nutritional factor etc. are measured and precaution taken to control 
the factors which reduce the crop production with the help of IOT platform, thereby 
enhance the productivity. In this review, discussed about nanobiosensors for detec-
tion of food contaminants and various application and its potential in agriculture.

Keywords: biosensor, nano material, nano-biosensor, food contaminants, agriculture 
and smart farming

1. Introduction

Agriculture and food industry are a main source of income and employment for 
major section of population. Agriculture sector plays a strategic role in the self-
sustaining economic development by providing basic ingredients to mankind and 
raw material for industrialisation. Global estimates indicate, the people engaged in 
agriculture are about 2.5 billion [1]. Agriculture is much diversified field, but con-
tinuing with technological growth at brisk pace. Many advanced technologies are 
introduced in agriculture to increase the yield by reducing the direct and indirect 
factors which affect the crop yield. Major yield reduction factors are insect, patho-
gens and weeds which can be controlled by human beings through application of 
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Chapter 10

Perspectives of Nano-Materials 
and Nanobiosensors in Food 
Safety and Agriculture
Sivaji Mathivanan

Abstract

Nanobiosensor is one type of biosensor made up with usage of nanomaterials i.e., 
nanoparticles and nanostructures. Because of the nanomaterials’ unique properties 
such as good conductivity, and physicochemical, electrochemical, optical, magnetic 
and mechanical properties, Nanobiosensors are highly reliable and more sensitive in 
biosensing approaches over conventional sensors which is having various limitation 
in detection. Quantum dots, nanotubes, nanowires, magnetic and other nanoparticles 
enhance sensitivity and lower limit of detection by amplifying signals and provid-
ing novel signal transduction mechanisms enable detection of a very low level of 
food contaminants, pesticides, foodborne pathogens, toxins and plant metabolites. 
Nanobiosensors are having a lot of scope in sustainable agriculture because of its 
detecting ability i.e., sensing changes occurred in molecular level. So it can be uti-
lized to find out the variations or modification of plant metabolities, volatiles, gas 
exchange, hormonal and ion concentration etc. which are the indicators of various 
harsh environmental stresses (abiotic), biotic and physiological stress. Identification 
of the stress in the starting stage itself will help us to avoid intensive plant damage and 
prevent yield losses created by the stress. Nanosensors can be used in smart farming, 
in which all the environmental factors related to plant growth like temperature, water, 
pH, humidity, nutritional factor etc. are measured and precaution taken to control 
the factors which reduce the crop production with the help of IOT platform, thereby 
enhance the productivity. In this review, discussed about nanobiosensors for detec-
tion of food contaminants and various application and its potential in agriculture.

Keywords: biosensor, nano material, nano-biosensor, food contaminants, agriculture 
and smart farming

1. Introduction

Agriculture and food industry are a main source of income and employment for 
major section of population. Agriculture sector plays a strategic role in the self-
sustaining economic development by providing basic ingredients to mankind and 
raw material for industrialisation. Global estimates indicate, the people engaged in 
agriculture are about 2.5 billion [1]. Agriculture is much diversified field, but con-
tinuing with technological growth at brisk pace. Many advanced technologies are 
introduced in agriculture to increase the yield by reducing the direct and indirect 
factors which affect the crop yield. Major yield reduction factors are insect, patho-
gens and weeds which can be controlled by human beings through application of 
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insecticide, fungicide and herbicide respectively. In order to control these biotic fac-
tors and serious intention to increase yield heavy dosage of chemical pesticides and 
fertilizers are applied to the growing crops. As reciprocation of this residual pesti-
cides and chemicals are contaminating soil food and water. When the contaminated 
food got consumed, it produce so many serious ill effects to the consumer [2]. Other 
than chemicals many bacterial pathogens and the toxin produced by the micro-
organism also major food contaminants and creating more health complications. 
One of the fine solution for avoiding contaminated food related health issues is 
effective detection of the food contaminants whether chemical or biological before 
consumption will ensure the food safety. So many conventional and advanced 
methods such as culture plate technique, chromatography, spectroscopy, immunol-
ogy and molecular biology technique etc. are available for detection of biological 
and chemical contaminants in food sample, but these all are either time consuming, 
or more expensive and low sensitivity [3]. Agriculture is the primery food source 
for both human and livestock. So many biotic and abiotic factors are challenging 
the agriculture production and productivity. To maintain the food security for the 
fast growing population need to increase the food production and productivity 
with enormous level [4, 5]. There is need of some advance technology to increase 
the production in to maximum with higher quality assurance, risk identification, 
diagnosis and prevention to achieve goal of regional and global food security. Thus 
to improve consumer livelihood and optimal utilization of resources, rapid, real-
time, portable, and cost effective technologies are desired in agriculture and food 
industry [6–8]. Recently many technologies are developed and revolutionized the 
agriculture sector, among that, the most promising one is the nanotechnology [9]. 
Eventhough its practical application is negligible at present moment, it has a lot of 
scope in near future to improve agricultural practices over conventional farming 
at various stages from crop production to post harvest, there by flourishing the 
agriculture sector by enhancing food production and crop productivity. Normally 
crop productivity or yield enhancement is possible in two ways 1. By reducing 
the yield loss caused by various factors at different crop stages such as insect and 
diseases (Biotic stress), various adverse environmental factors (Abiotic stress) i.e. 
water stress, high temperature stress, salt stress, cold stress, harmful radiation and 
nutritional deficiency during the crop production stage and avoiding losses after 
harvesting of farm product (Post harvest stages) 2. Enhancing the yield by adopting 
highly improved advance crop production techniques there by reducing the cost 
of inputs and increasing yield with high cost benefit ratio. Nanotechnology can 
be applied in both of the strategies to improve the production and productivity in 
agriculture and food sector [10]. Nanobiosenors i.e. biosensors with nanomaterials, 
is one of the major application of nanotechnology, are synthesized with the help of 
various departments like, bioelectronics, material science, miniaturization tech-
niques, electrode design, fabrication technology, nanolithography and microfluidics 
[11–13]. Biosensor is a self contained integrated tool for sensing and characteriza-
tion of biological materials. Improvement in basic characteristics of biosensors will 
lead to widespread application in major challenging areas in food and agriculture 
[14–16]. In this review, role and applications of nanobiosensors in agriculture and 
food industry at present are explored and also discussed the potential of nanobio-
sensor, possible application with brisk development and benefits in future.

2. Biosensor

A sensor is a device, module, machine, or subsystem whose purpose is to 
detect events or changes in its environment like temperature, humidity, water 
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flow, intensity of light etc. and send the information to other electronic circuit or 
electrical instrument that can be measured and/or analyzed. Biosensor is a one type 
of sensing technology consisting of biological component, such as a cell, enzyme 
or antibody, connected to a tiny transducer, a device changing one form of signal 
in to another form so that it can be easily measured by other system. The biosen-
sors enable to sense changes that happen in the cells in cells and molecules even in 
very low concentration of the tested material. When the substance binds with the 
biological component, the transducer produces a signal proportional to the quantity 
of the substance [17–20]. For example if there is a more number of bacteria in a 
particular food, the biosensor will produce a strong signal indicating that the food 
is unsafe to eat. With this technology, mass amounts of food can be readily checked 
for their safety of consumption [21–23].

The biological element of a biosensor contains a biosensitive layer, which can 
either contain bioreceptors or be made of bioreceptors covalently attached to the 
transducer. The different types of biosensors are classified based on the bioreceptor 
and transducer present in the biosensor [24–27]. Based upon biorecepting molecules 
majorly it is divided in to five categories.

1. Protein based mainly Antibody/antigen based,

2. Enzymes based,

3. DNA based.

4. Based on cellular interactions either whole cells or cell organelles,

5. Employing biomimetic materials (e.g., synthetic bioreceptors).

Figure 1. 
Various components of a typical Biosensor (a) and its classification (b) [25].
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Figure 2. 
Commonly used nanomaterials in various kind of sensors fabrication with their sizes. L: length;  
D: Diameter [35].

By using of the transducer, mainly it is divided in to three types, those are, 1. 
Electrochemical, 2. Mass based and 3. Optical Biosensor.

In these major types is divided in to many subtypes based upon the mechanism 
of signal detection (Figure 1).

Biosensors especially nanobiosensors can overcome all the disadvantages of 
conventional detection methods by offering a rapid, non-destructive and affordable 
methods for quality control [28, 29].

3. Nanobiosensor

Biosensors are synthesized using nanomaterial is called nanobiosensor. This 
type of biosensor can able to detect the changes happen in the atomic level with 
more accuracy. In normal biosensor s receptor and transducer materials are made 
up of normal micro and macro sized material, but in nanobiosensor either receptor 
or transducer or both are made up of nano material i.e. at least any one dimension is 
less than 100 nm [30, 31]. Nanomaterials are very small size, so it is having unique 
physical, mechanical, optical, electrical and magnetic characters when compared 
to the conventional material. This is the added advantage of the nanobiosensor 
and reason for all the superior sensing qualities. Researchers have used various 
nanomaterials and nanocomposites to enhance the sensitivity, shelf life and get 
the precision in the biosensing results [32, 33]. Mostly four types of nanomaterials 
i.e., carbon based, metal based, polymer based and nanocomposites are used for 
various field application [34]. Perhaps among four, dendrimer is not used that much 
as frequently as other nanomaterial in the bio sensing field. Carbon nanotubes 
(CNTs), quantum dots (QDs), gold (Au), silica, silver (Ag), graphene and other 
nanocomposites are synthesized in such a way having large surface area to volume 
ratio to improve electrochemical parameters (Figure 2). The molecular binding is a 
subject of the biological surface science, which is strongly related to the research on 
modification of nanostructures properties by controlling their structure and surface 
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at a nanoscale level [36, 37]. Recent technological advancement in nanotechnology 
enable to synthesize nanomaterials with extraordinary optical and electronic prop-
erties for electronics and sensing applications [38]. The efficiency of biosensor can 
be improved by increase the detection limit and the overall performance through 
using nanomaterials. Nanomaterials provide friendly platform for the assembly of 
bio-recognition element, the high surface area, high electronic conductivity that 
increase the limit of detection [39].

4. Nanobiosensor application in food

Harmful microorganisms such as pathogenic bacteria, viruses, or parasites 
and its toxin and excessive use of agrochemicals (pesticides, herbicides and food 
preservative) are the common causes of food contamination. The primary con-
taminants leading to foodborne illness are pathogenic microorganisms including: 
Bacillus cereus, Clostridium botulinum, Escherichia coli (E. coli), Listeria monocy-
togenes, Salmonella and Staphylococus aureus [40]. Currently, there are limited 
methods for field detection of toxins and foodborne pathogens, making early 
identification of a possible contamination is much difficult because of the low 
efficient conventional methods. The biosensors integration with various nano-
structures like thin films, nanorods, nanoparticles and nanofibers, in the analysis 
methods for detection of food contaminants has improved the detection sensitivity 
and increased portability. In food microbiology, nanosensors or nanobiosensors 
are used for the detection of pathogens in processing plants or in food material, 
quantification of available food constituents, alerting consumers and distributors 
on the safety status of food [26, 41].

4.1 Nanobiosensors for food pathogen detection

The conventional method for food pathogen detection is colony counting 
(CFU) on an agar plate which takes 2–3 days for initial results, and up to 1 week for 
confirming pathogen specificity [42]. These conventional method is not suitable 
for highly perishable food products. Polymerase chain reaction (PCR) and enzyme-
linked immunosorbent assay-based (ELISA) can be used as alternative to traditional 
CFU methods [43]. But these methods are labour-intensive and costly. So using 
nanobiosensor, that can be adapted on portable platforms to enable rapid testing of 
wide range of pathogens with potential for on-site analysis [44]. A dimethylsiloxane 
microfluidic immunosensor integrated with specific antibody immobilized on an 
alumina nanoporous membrane was developed for rapid detection of foodborne 
pathogens Escherichia coli O157:H7 and Staphylococcus aureus with electrochemical 
impedance spectrum [45]. Due to good electrical conductivity and ample functional 
groups present on surface area carbon nanotubes have been used to develop biosen-
sors for detection of foodborne pathogenic bacteria (Staphylococcus aureus) in fresh 
meat [46]. Miranda et al. developed a hybrid colorimetric enzymatic nanocom-
posite biosensor for the detection of E. coli in aqueous solutions based on enzyme 
amplification. The efficiency of the method was demonstrated in both solution 
and test strip format [47]. β-galactosidase an anionic enzyme is electrostatically 
attached to the cationic Gold nanoparticles (AuNPs) featuring quaternary amine 
head groups by this way it inhibit the activity of enzyme. When AuNPs binds with 
bacteria, the attached β-galactosidase is released restoring its activity and this bind-
ing activity and colour formation because of the enzymatic reaction was measured 
by colorimetric means. Using this method, bacteria can be detected at the concen-
trations of 1 × 102 bacteria/mL in solution [48]. In an effort to ensure food safety, 
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Escherichia coli (E. coli) O157:H7 has been detected using synthesized attractive 3D 
architecture of silver (Ag) nanoparticles as nanoflowers as the interface material 
for electrochemical biosensing [49]. Bovine serum albumin (BSA) has been used as 
stabilizing agent for proper conjugation of Ag nanoflowers. Salmonella spp. a food 
pathogenic organism responsible for causing salmonellosis diseases, [50] millions of 
people are naffected by this disease annually in all over the World [50–52]. Magnetic 
nanoparticles and TiO2 nanocrystals are used to detect the Salmonella in milk [53]. 
In this method the pathogen is first captured by antibody-immobilized magnetic 
NPs. Then antibody-conjugated TiO2 binds the MNP–Salmonella complexes and 
this was monitored by absorbance measurement. This method sensitive enough to 
detect of 100 CFU/mL for Salmonella in milk sample [53].

4.2 Detection of mycotoxins

Mycotoxin is the toxic metabolites secreted by fungus during its growth and 
development. Some of the major example for mycotoxin are ochratoxin synthe-
sized by penicillium, aflatoxin secreted by Aspergillus. Many agricultural and 
horticultural food crops are easily affected by different group of pathogenic fungi 
so invariably food material produced from the affected plants contaminated 
with mycotoxins. The importance of the mycotoxin is, these create severe health 
complication even at in small concentrations [54, 55]. Many type of nanomaterial 
are used to synthesize the nanobiosensor, among all carbon based nanomaterials 
graphene and its derivatives have great oppurtunity to detect the mycotoxins from 
various food sample. A nanocomposite of graphene oxide and gold nanocompos-
ites (GO/AuNCs) has high sensitivity detection of aflatoxin B1 (AFB1) in peanut 
samples [56, 57]. The improvement in sensitivity of the biosensor is due to better 
quenching ability of nanocomposite. Moreover low detection limit with wide 
linear range leads to better reliability and wider applicability of such biosensors. 
Gold nanoparticle (AuNP) based aptasensor is used to detect the aflatoxin B1 with 
a detection limit of 7 nM [58, 59].

4.3 Detection of pesticides

After green revolution the application and usage of chemical pesticide shoots 
very high in order to get more yield. In this farmers might have got success in the 
sense of productivity but at the same time contamination of food material with 
chemical pesticide is also unavoidable, this issue creates insecurity in the food 
safety. Organophosphorus (OP) and carbamates (C) are the pesticides used mostly 
representing ~40% of the world pesticide market [60, 61]. Acetylcholinesterase 
(AChE) is one of the important enzyme in our body, this catalyses the hydrolysis 
of neurotransmitter acetylcholine. Primarily the pesticide molecule inhibit this 
enzyme activity, hence pesticide toxin presence in food ultimately affect the 
human body dangerously [62, 63]. In order to avoid this the food material should 
be analysed and detected the amount of pesticide residues exist before its con-
sumption. Commercially many techniques such as chromatographic techniques 
(GC and HPLC) and coupled chromatographic-spectrometric procedures such 
as GC–MS and HPLC-MS are available, perhaps these methods are more costlier 
and not able to do the real time analysis [64]. Mostly pesticide detection is done 
by measuring AChE activity before and after exposure to the pesticides through 
colorimetric Ellman assay [65]. AuNPs (3 nm) nanoparticles based biosensors are 
used to detect the many pesticide molecule like paraoxon, dimethoate, carbaryl, 
chlorpyrifos, carbofuran, etc. at a concentration of 24 μg/mL [66–69]. The Lum-
AgNPs were used in conjunction with a H2O2 based CL detection to generate 
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a CL “fingerprinting” related to each specific pesticide. A highly reproducible 
and stable biosensor based on chitosan-TiO2 graphene nanocomposite has been 
developed recently for detection of organophosphate pesticides in cabbage. The 
porosity of the nanocomposite provides additional stability to the biosensor via 
efficient enzyme immobilization [70].

4.4 Detection of metal contaminants

Heavy metal ions like mercury, lead, cadmium, arsenic etc., are present in the 
environment. When food crops are cultivated in such environment, heavy metal 
residues are accumulated in food. Consumption of this heavy metal contaminated 
food will create various disorders and health issues such as neurological, repro-
ductive, cardiovascular problems [71]. AuNP-based sensors working based upon 
colorimetric detection was used to detect the metal ions in water with the detection 
limits of 30 ppb for Pb2+ and 89 ppb for Al3+ [72]. AuNPs based sensors also used to 
detect the other heavy metals like Hg2+ [73–77], Cu2+ and Ag+ [78], Mn2+ [79], Cd2+ 
[80, 81], Fe3+, Pb2+, Al3+, Cu2+, and Cr3+ [77].

4.5 Nanobiosensors for intelligent food packaging or smart packaging

Normally packaging of food helps to maintain the nutrient content and increas-
ing the shelf life. But smart packaging is have an added option, it indicate the 
temporal and spatial changes occur in the food constituents that contains with in it. 
Intelligent tags and stickers are combined with nanobiosensing material inside the 
packaging and nanobiosensor connected with consumers through electronic devises 
will indicate the real time sensing data about the food material present whether 
normal or deteriorated from time to time [82–84]. These work by sensing through a 
nanobiosensor integrated with polymer film or polymer matrix and radio frequency 
identification (RFID) components are used by intelligent tags to sensing [85, 86]. 
Biosensors for food packaging can function in particular physico-chemical condi-
tions in the packaged microenvironment. Zeolite-molybdate tablets are prepared 
by placing Ammonium molybdate in to the zeolite nanopores used to detect and 
measure ethylene in avocados packages. In ten day old package, the zeolite-molyb-
date tablet changes its colur from yellow to blue because of the redction of Mo(VI) 
to Mo(V) [87–89].

4.6 Nanobiosensors in E-nose technology

Most common factors for food rotting and developing of foul odor in food is 
pathogenic bacteria. Above certain level of odors can be sensed by the human nose, 
but sometimes it may not be useful to prevent of food poisoning. Therefore, rapid 
assessment of odor at earlier stage should be most useful, in this regard nanobiosen-
sors can be used for the detection of these odors with high sensitivity. Nanoparticles 
help in better absorption of gas on sensor surface due to more surface area than 
macroscopic particles [90, 91].

Electronic nose (E-nose) is used to identify different types volatile organic com-
pounds present in food to ensure good quality, uniformity and consistency of raw 
material during mixing, cooking and of final product during packaging and storage 
processes [92]. Gas sensors composed of nanoparticles e.g. ZnO nanowires are used 
to detect the gas. More amount of ethylene gas fruits and vegetables deteriorates its 
quality, Tungsten oxide–tin oxide nanocomposites have been employed for ethylene 
sensing [93]. SWCNT field-effect transistor functionalized with human olfactory 
receptor 2AG1 protein has been employed for sensing fruit odorant amyl butyrate 
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Escherichia coli (E. coli) O157:H7 has been detected using synthesized attractive 3D 
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various food sample. A nanocomposite of graphene oxide and gold nanocompos-
ites (GO/AuNCs) has high sensitivity detection of aflatoxin B1 (AFB1) in peanut 
samples [56, 57]. The improvement in sensitivity of the biosensor is due to better 
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human body dangerously [62, 63]. In order to avoid this the food material should 
be analysed and detected the amount of pesticide residues exist before its con-
sumption. Commercially many techniques such as chromatographic techniques 
(GC and HPLC) and coupled chromatographic-spectrometric procedures such 
as GC–MS and HPLC-MS are available, perhaps these methods are more costlier 
and not able to do the real time analysis [64]. Mostly pesticide detection is done 
by measuring AChE activity before and after exposure to the pesticides through 
colorimetric Ellman assay [65]. AuNPs (3 nm) nanoparticles based biosensors are 
used to detect the many pesticide molecule like paraoxon, dimethoate, carbaryl, 
chlorpyrifos, carbofuran, etc. at a concentration of 24 μg/mL [66–69]. The Lum-
AgNPs were used in conjunction with a H2O2 based CL detection to generate 
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and stable biosensor based on chitosan-TiO2 graphene nanocomposite has been 
developed recently for detection of organophosphate pesticides in cabbage. The 
porosity of the nanocomposite provides additional stability to the biosensor via 
efficient enzyme immobilization [70].
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environment. When food crops are cultivated in such environment, heavy metal 
residues are accumulated in food. Consumption of this heavy metal contaminated 
food will create various disorders and health issues such as neurological, repro-
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colorimetric detection was used to detect the metal ions in water with the detection 
limits of 30 ppb for Pb2+ and 89 ppb for Al3+ [72]. AuNPs based sensors also used to 
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ing the shelf life. But smart packaging is have an added option, it indicate the 
temporal and spatial changes occur in the food constituents that contains with in it. 
Intelligent tags and stickers are combined with nanobiosensing material inside the 
packaging and nanobiosensor connected with consumers through electronic devises 
will indicate the real time sensing data about the food material present whether 
normal or deteriorated from time to time [82–84]. These work by sensing through a 
nanobiosensor integrated with polymer film or polymer matrix and radio frequency 
identification (RFID) components are used by intelligent tags to sensing [85, 86]. 
Biosensors for food packaging can function in particular physico-chemical condi-
tions in the packaged microenvironment. Zeolite-molybdate tablets are prepared 
by placing Ammonium molybdate in to the zeolite nanopores used to detect and 
measure ethylene in avocados packages. In ten day old package, the zeolite-molyb-
date tablet changes its colur from yellow to blue because of the redction of Mo(VI) 
to Mo(V) [87–89].

4.6 Nanobiosensors in E-nose technology

Most common factors for food rotting and developing of foul odor in food is 
pathogenic bacteria. Above certain level of odors can be sensed by the human nose, 
but sometimes it may not be useful to prevent of food poisoning. Therefore, rapid 
assessment of odor at earlier stage should be most useful, in this regard nanobiosen-
sors can be used for the detection of these odors with high sensitivity. Nanoparticles 
help in better absorption of gas on sensor surface due to more surface area than 
macroscopic particles [90, 91].

Electronic nose (E-nose) is used to identify different types volatile organic com-
pounds present in food to ensure good quality, uniformity and consistency of raw 
material during mixing, cooking and of final product during packaging and storage 
processes [92]. Gas sensors composed of nanoparticles e.g. ZnO nanowires are used 
to detect the gas. More amount of ethylene gas fruits and vegetables deteriorates its 
quality, Tungsten oxide–tin oxide nanocomposites have been employed for ethylene 
sensing [93]. SWCNT field-effect transistor functionalized with human olfactory 
receptor 2AG1 protein has been employed for sensing fruit odorant amyl butyrate 
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in apricot [94, 95]. Olfactory receptors-functionalized carbon nanotubes-based 
transistor has been documented for the selective detection of hexanal as olfactory 
indicator of spoiled milk and oxidized food [96].

5. Application of nanobiosensor in agriculture

Nanotechnology is basically dealing with smallest particles which plays impor-
tant role in fixing problems exist in agriculture that cannot be solved through 
existing approaches. The development in synthesis of new nanomaterial and 
nano-devices depict novel applications in agriculture. One of the applications of 
nanotechnology is formation of superior biosensors that leads to development of 
miniature structures known as nanobiosensors, that are greater efficient and well 
organized when compared to traditional biosensors. Nanobiosensors can be used 
effectively in agriculture for sensing soil pH, moisture, wide variety of pathogens, 
plant hormones, plant metabolites, pesticide, herbicide, fertilizers, and metal ions. 
Appropriate and controlled use of nanobiosensor can support sustainable agricul-
ture for improving crop productivity. It can also help in controlled use of agricul-
tural inputs there by control pollution and lowering cost of cultivation [97].

5.1 Nanobiosensor in crop stress management

Crop growth and production undergo for various stress such as biotic, abiotic 
and nutritional stress. The plant hormones also called as phytohormones play an 
important role in control and regulation of physiological processes of development 
and much importantly involved in the stress response and regulation in plants. 
Abiotic and biotic stress are inducing various unusual chemical metabolites and 
different plant hormones in the plants, in order to make necessary arrangements 
to face the adverse condition in the surrounding environment. For addressing 
problems related to imbalance of phytohormones and related consequences, 
nanobiosensors have played a pivotal role in term of detection. So that further 
recovery action of the plant can be taken very quickly, it prevent the considerable 
amount of plant damage and yield reduction. Nanobiosensors have most signifi-
cantly contributed to achieve the ever existing goal of precision in agriculture. For 
abscisic acid detection, a label-free electrochemical impedance immunosensor 
has been developed using an anti-ABA antibody that is adsorbed on to a porous 
nanogold film [98]. With the same biosensing technique different matrices have 
been tried to obtain desired output. The results indicated that the abscisic acid 
in plants can be detected successfully using an antobody based nanobiosensor. 
Gibberellic acid (GA) is detected in the hybrid rice grain samples by electrochemi-
cal impedance spectroscopy fabricated with successful grown porous nanogold 
film and consequently modification of the glassy carbon electrode [99]. Simple 
amperometric biosensor developed by graphite coated with polypyrrole (PPy) 
for the determination of salicylic acid in samples of plasma and milk [100]. A real 
time highly selective nanobiosensor developed for determination of cytokinins and 
auxion concentrations in tomato xylem sap exudates [101, 102]. It is recommended 
that precautions are better than cure or remedies in case of plant stresses otherwise 
at the calamity stage it will cause huge crop loss and poor quality of the produce. 
Presently, it has been observed that the operational stability of the biosensor is lim-
iting its technological implications in agricultural sector. But this early detection of 
the alarming stress conditions (Biotic and abiotic stress) of plants will be possible in 
future with complete growth of nanobiosensing technology. In this direction, some 
nanobiosensors have been developed to detect indicators or signalling compounds 
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of stress conditions of plants. Recently, to analyse the jasmonate signalling in plants, 
a fluorescence based biosensor has been developed that exclusively provides data 
about hormone distribution in conditions of plant abiotic and biotic stresses [103]. 
Water is important not only for photosynthesis, but also for flow of nutrients and 
many microelements necessary for healthy crop. An optical fluorescence biosensor 
for plant water stress detection has been reported [104]. Deficiency of macro and 
micro nutrients will affect the plant growth, physical strength, grain formation and 
yield. Detection of the deficient nutrient by nanosensor will help to improve the 
plant growth and yield; also prevent excess unwanted nutrient application. Enzyme 
based phosphate biosensors with fluorescent nanoparticles using fluorescence 
transduction mechanism for specific and rapid detection of phosphate and other 
nutrients such as nitrogen, calcium and zinc [105, 106].

5.2 Nanobiosensors in smart farming

Nanosensors are very minute and it can sense the soil condition, irrigation 
requirement, pH of the water and soil, nutrient requirement, disease and pest inci-
dence, soil temperature like many important paramaters by scattering all over the 
field. Based upon the parameter recorded by the nanosensor, need based action will 
increase the crop yields and reduces the unwanted manpower resourses like fertil-
izer, pesticide etc. This nanosensor concept fitting well with the precision farming 
or smart farming goal. Nanosensors, made up of non-biological materials, such as 
carbon nanotubes, have ability to sense and signal, acting as wireless nanoanten-
nas, because of their small dimensions, can collect information from numerous 
different points [107]. External devices can then integrate the data to automatically 
generate incredibly detailed report and respond to potentially devastating changes 
in their environment. For instance, connected nanosensors for monitoring soil or 
plant conditions can alert automatically according to conditions detected by sensors 
and therefore influence more efficient usage of the fertilizers, herbicide, pesticide, 
insecticide, etc. Nanobiosensors are now developed with all integrated devices such 
as power source, sensing unit, detector and display unit in a single chip for detect-
ing the plant stress indicators [108, 109]. For that various indicative signals such as 
increase in sucrose content [110], change in concentration of nutrients [111, 112] 
and hormones [103] etc. can be used to further transform these in to visual indica-
tion through biosensing technology of processing signals [111, 113].

Nanoscale devices are envisioned that would have the capability to detect and 
treat diseases, nutrient deficiencies or any other maladies in crops long before 
symptoms were visually exhibited. This is the future of agriculture, an army of 
nano-sensors will be scattered like dust across the farms and fields, working like the 
eyes, ears and noses of the farming world. These tiny wireless sensors are capable to 
communicate the information they sense. These are programmed and designed to 
respond various parameters like variation in temperature, humidity and nutrients. 
The distributed intelligence of smart particles can be networked to respond imme-
diately to any change in environment, hence giving an alert in advance to devise 
ways and means to deal with environmental variations. By smart dust and gas sen-
sors it is possible to evaluate the amount of pollutants in the environment. The most 
efficacious approach in this sense is real time detection of parameters by the use of 
autonomous sensors connected to global positioning system (GPS) [114–117].

5.3 Nanobiosensors to maintain seed purity

Seed production is very difficult process particularly in wind pollinated crops 
since pollen can fly for long distance. Humidity, wind speed, temperature are some 
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in apricot [94, 95]. Olfactory receptors-functionalized carbon nanotubes-based 
transistor has been documented for the selective detection of hexanal as olfactory 
indicator of spoiled milk and oxidized food [96].
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tant role in fixing problems exist in agriculture that cannot be solved through 
existing approaches. The development in synthesis of new nanomaterial and 
nano-devices depict novel applications in agriculture. One of the applications of 
nanotechnology is formation of superior biosensors that leads to development of 
miniature structures known as nanobiosensors, that are greater efficient and well 
organized when compared to traditional biosensors. Nanobiosensors can be used 
effectively in agriculture for sensing soil pH, moisture, wide variety of pathogens, 
plant hormones, plant metabolites, pesticide, herbicide, fertilizers, and metal ions. 
Appropriate and controlled use of nanobiosensor can support sustainable agricul-
ture for improving crop productivity. It can also help in controlled use of agricul-
tural inputs there by control pollution and lowering cost of cultivation [97].

5.1 Nanobiosensor in crop stress management

Crop growth and production undergo for various stress such as biotic, abiotic 
and nutritional stress. The plant hormones also called as phytohormones play an 
important role in control and regulation of physiological processes of development 
and much importantly involved in the stress response and regulation in plants. 
Abiotic and biotic stress are inducing various unusual chemical metabolites and 
different plant hormones in the plants, in order to make necessary arrangements 
to face the adverse condition in the surrounding environment. For addressing 
problems related to imbalance of phytohormones and related consequences, 
nanobiosensors have played a pivotal role in term of detection. So that further 
recovery action of the plant can be taken very quickly, it prevent the considerable 
amount of plant damage and yield reduction. Nanobiosensors have most signifi-
cantly contributed to achieve the ever existing goal of precision in agriculture. For 
abscisic acid detection, a label-free electrochemical impedance immunosensor 
has been developed using an anti-ABA antibody that is adsorbed on to a porous 
nanogold film [98]. With the same biosensing technique different matrices have 
been tried to obtain desired output. The results indicated that the abscisic acid 
in plants can be detected successfully using an antobody based nanobiosensor. 
Gibberellic acid (GA) is detected in the hybrid rice grain samples by electrochemi-
cal impedance spectroscopy fabricated with successful grown porous nanogold 
film and consequently modification of the glassy carbon electrode [99]. Simple 
amperometric biosensor developed by graphite coated with polypyrrole (PPy) 
for the determination of salicylic acid in samples of plasma and milk [100]. A real 
time highly selective nanobiosensor developed for determination of cytokinins and 
auxion concentrations in tomato xylem sap exudates [101, 102]. It is recommended 
that precautions are better than cure or remedies in case of plant stresses otherwise 
at the calamity stage it will cause huge crop loss and poor quality of the produce. 
Presently, it has been observed that the operational stability of the biosensor is lim-
iting its technological implications in agricultural sector. But this early detection of 
the alarming stress conditions (Biotic and abiotic stress) of plants will be possible in 
future with complete growth of nanobiosensing technology. In this direction, some 
nanobiosensors have been developed to detect indicators or signalling compounds 
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of stress conditions of plants. Recently, to analyse the jasmonate signalling in plants, 
a fluorescence based biosensor has been developed that exclusively provides data 
about hormone distribution in conditions of plant abiotic and biotic stresses [103]. 
Water is important not only for photosynthesis, but also for flow of nutrients and 
many microelements necessary for healthy crop. An optical fluorescence biosensor 
for plant water stress detection has been reported [104]. Deficiency of macro and 
micro nutrients will affect the plant growth, physical strength, grain formation and 
yield. Detection of the deficient nutrient by nanosensor will help to improve the 
plant growth and yield; also prevent excess unwanted nutrient application. Enzyme 
based phosphate biosensors with fluorescent nanoparticles using fluorescence 
transduction mechanism for specific and rapid detection of phosphate and other 
nutrients such as nitrogen, calcium and zinc [105, 106].

5.2 Nanobiosensors in smart farming

Nanosensors are very minute and it can sense the soil condition, irrigation 
requirement, pH of the water and soil, nutrient requirement, disease and pest inci-
dence, soil temperature like many important paramaters by scattering all over the 
field. Based upon the parameter recorded by the nanosensor, need based action will 
increase the crop yields and reduces the unwanted manpower resourses like fertil-
izer, pesticide etc. This nanosensor concept fitting well with the precision farming 
or smart farming goal. Nanosensors, made up of non-biological materials, such as 
carbon nanotubes, have ability to sense and signal, acting as wireless nanoanten-
nas, because of their small dimensions, can collect information from numerous 
different points [107]. External devices can then integrate the data to automatically 
generate incredibly detailed report and respond to potentially devastating changes 
in their environment. For instance, connected nanosensors for monitoring soil or 
plant conditions can alert automatically according to conditions detected by sensors 
and therefore influence more efficient usage of the fertilizers, herbicide, pesticide, 
insecticide, etc. Nanobiosensors are now developed with all integrated devices such 
as power source, sensing unit, detector and display unit in a single chip for detect-
ing the plant stress indicators [108, 109]. For that various indicative signals such as 
increase in sucrose content [110], change in concentration of nutrients [111, 112] 
and hormones [103] etc. can be used to further transform these in to visual indica-
tion through biosensing technology of processing signals [111, 113].

Nanoscale devices are envisioned that would have the capability to detect and 
treat diseases, nutrient deficiencies or any other maladies in crops long before 
symptoms were visually exhibited. This is the future of agriculture, an army of 
nano-sensors will be scattered like dust across the farms and fields, working like the 
eyes, ears and noses of the farming world. These tiny wireless sensors are capable to 
communicate the information they sense. These are programmed and designed to 
respond various parameters like variation in temperature, humidity and nutrients. 
The distributed intelligence of smart particles can be networked to respond imme-
diately to any change in environment, hence giving an alert in advance to devise 
ways and means to deal with environmental variations. By smart dust and gas sen-
sors it is possible to evaluate the amount of pollutants in the environment. The most 
efficacious approach in this sense is real time detection of parameters by the use of 
autonomous sensors connected to global positioning system (GPS) [114–117].

5.3 Nanobiosensors to maintain seed purity

Seed production is very difficult process particularly in wind pollinated crops 
since pollen can fly for long distance. Humidity, wind speed, temperature are some 
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of the factor affect the pollen plight Very effective method to ensure the genetic 
purity is the detecting pollen load that cause contamination. Bionanosensors can be 
used to identify the specific contaminating pollen and thus reduces contamination. 
Novel genes are being incorporated into/seeds and sold in the market. Tracking of 
sold seeds could be done with the help of nanobarcodes [118] that are encodable, 
machine - readable, durable and sub-micron sized taggants [119, 120].

5.4 Nanobiosensor for disease detection

Frequently recurring diseases are considered as one of the major factors limiting 
the crop productivity. Early prediction of the occurrence is the only prevention to 
eradicate diseases at the root. Such devices can diagnose plant health issues before 
these actually get visible to the farmer. Antibody conjugated nanoparticles are used 
to detect Xanthomonas axonopodis that causes bacterial spot disease [121]. Optical 
immunosensors based on Gold nanoparticle and antibody conjugated Fluorescent 
silica nanoparticles (FSNPs) are being used to detect the karnal bunt disease in 
wheat and bacterial spot diseases (Xanthomonas axonopodis pv. vesicatoria) in 
Solanaceae plant respectively [121, 122]. Due to the unique optical properties of 
Quantum dots (QD) [123] they are used for detection of witches’ broom disease of 
lime (WBDL) caused by Candidatus Phytoplasma aurantifolia (Ca. P. aurantifolia) 
using fluorescence resonance energy transfer (FRET) mechanism [124].

Many novel sensor fabricated with nanomaterials have been explored in order 
to obtain high sensitivity and low limits of detection [125–129]. Methyl salicylate 
is a volatile compound synthesized more by plant during infection stage, so detec-
tion of methyl salicylate or other volatile organic compounds specific for particular 
diseases will be more helpful to identify the diseases before forming symptoms and 
to take proper control measures in initial stage itself. Gold nanoparticle and semi-
conductive metal oxide nanoparticles based amperometric biosensors are used to 
detect diseases causing different types of bacteria, viruses and fungi [130–134].

5.5 Assessment of harvest index by nanobiosensor

As harvesting of proper mature fruits and vegetables ensure good quality and 
consumer acceptability, sensing maturity of agricultural produce is very important 
for good post-harvest quality and enhanced shelf life. The overmature fruits/
vegetables will over ripe and have to be discarded, while immature fruits/veg-
etables will lead to inferior eating quality for consumers. Thus only proper mature 
fruits/ vegetables should be harvested at proper time. Physio chemical properties 
of horticultural crops like fruits and vegetables are linked with their maturity. 
Changes of these characters are linked to the maturity and real time measurement 
of these characters will guide the harvesting of crops at proper mature stage only. 
Nanobiosensors are used for measurement of intrinsic quality attributes of hor-
ticultural crops such as ascorbic acid [135], total phenolic compounds [136] and 
L-arginine [137]. As the crop attains maturity, it is harvested and stored for further 
processing.

5.6 Biosensors for heavy metal deposits in soil and water

Plants need many elements in the trace level for their healthy growth and 
metabolism. Soil, water and air are the major source of these elements and plants 
obtained nutrients from these sources. Accumulation of these heavy metals 
and elements more than the optimum level cause serious problem to the plants 
there by to the human up on the food consumption. Heavy metals such as nickel, 
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mercury [138], arsenic [139], lead [140], chromium [141], cadmium and copper 
[142] are commonly found in contaminated soils [143]. The presence of heavy 
metals increases oxidative stress in plants, which further triggers synthesis of 
pigments like chlorophyll and βcarotene [141, 144].

In a research study for simultaneous detection of mercury (Hg2+) and silver 
(Ag+) ions in drinking water, serum and cell lysate, tungsten disulfide-nanosheets 
(WS2) based biosensing platform has been developed. The study has implications 
in environmental monitoring and diagnosis [145]. Heavy metals such as Pb, Ni, Cd, 
Zn, Co, and Al are detected effectively by cantilever nanobiosensors with phospha-
tase alkaline in water [146].

5.7 Nanosensors in storage

Inexpensive sensors, cloud computing and intelligent software, hold the poten-
tial to transform the agri-food sector. Internet of Things (IoT), is an emerging 
field in which many more instruments are interconnected to the user agricultural 
field and internet will increase the precision of the agriculture there by maintain 
the sustainability and cost effectiveness of agricultural production. The joint 
application of nanotechnology in IoT creates a new things, namely the Internet of 
Nano Things (IoNT). Nanosensors, because of their small dimensions, can col-
lect information from numerous different points [107]. External devices can then 
integrate the data to automatically generate incredibly detailed report and respond 
to potentially devastating changes in their environment. For instance, connected 
nanosensors for monitoring soil or plant conditions can alert automatically accord-
ing to conditions detected by sensors and therefore influence more efficient usage 
of the fertilizers, herbicide, pesticide, insecticide, etc. Involving nanosensors in the 
design of smart or intelligent packaging, enable the transfer of information regard-
ing product conditions during distribution or storage. The response generated 
due to changes related to internal or external environmental factor, are recorded 
through specific sensors [147, 148] and data are stored in the database. So at any 
time, from any where those data and parameters related to soil and plant health 
can be accessed via Internet. Rapid response and detections of unusual parameters’ 
values, are enabled to increase the food quality and safety, that directly influence 
to human health.

6. Conclusion

Latest improvements in nanotechnology and information and communications 
technology (ICT) exhibit its great potential towards the agri-food sector. Increased 
fertilizer efficiency, enhancing the plant nutrient absorbtion, Improved quality 
of the soil, stimulation of plant growth, the use of precise farming, enhancing the 
food safety, food processing and pakage, distribution and storage, are some of the 
benefits of nano-based technology in agricultural and food industry. Efficiency 
and accuracy of the biosensor on detection of agricultural and food safety param-
eters will be enhanced by the integration of the nanomaterials. The application of 
biosensor and its efficiency can also be improved further in future by developing of 
novel nanomaterials that will boost the agriculture and food sector. Therefore, the 
full potential of nanotechnology in the agri-food sector is yet to be realized. In the 
coming decades the convergence among nanotechnology, agriculture engineering, 
and plant science will lead the path towards food security, sustainability, precision 
agriculture, automation, robotic farming and cost effective technologies. This 
innovation in technology has important consequences in agriculture.
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of the factor affect the pollen plight Very effective method to ensure the genetic 
purity is the detecting pollen load that cause contamination. Bionanosensors can be 
used to identify the specific contaminating pollen and thus reduces contamination. 
Novel genes are being incorporated into/seeds and sold in the market. Tracking of 
sold seeds could be done with the help of nanobarcodes [118] that are encodable, 
machine - readable, durable and sub-micron sized taggants [119, 120].

5.4 Nanobiosensor for disease detection

Frequently recurring diseases are considered as one of the major factors limiting 
the crop productivity. Early prediction of the occurrence is the only prevention to 
eradicate diseases at the root. Such devices can diagnose plant health issues before 
these actually get visible to the farmer. Antibody conjugated nanoparticles are used 
to detect Xanthomonas axonopodis that causes bacterial spot disease [121]. Optical 
immunosensors based on Gold nanoparticle and antibody conjugated Fluorescent 
silica nanoparticles (FSNPs) are being used to detect the karnal bunt disease in 
wheat and bacterial spot diseases (Xanthomonas axonopodis pv. vesicatoria) in 
Solanaceae plant respectively [121, 122]. Due to the unique optical properties of 
Quantum dots (QD) [123] they are used for detection of witches’ broom disease of 
lime (WBDL) caused by Candidatus Phytoplasma aurantifolia (Ca. P. aurantifolia) 
using fluorescence resonance energy transfer (FRET) mechanism [124].

Many novel sensor fabricated with nanomaterials have been explored in order 
to obtain high sensitivity and low limits of detection [125–129]. Methyl salicylate 
is a volatile compound synthesized more by plant during infection stage, so detec-
tion of methyl salicylate or other volatile organic compounds specific for particular 
diseases will be more helpful to identify the diseases before forming symptoms and 
to take proper control measures in initial stage itself. Gold nanoparticle and semi-
conductive metal oxide nanoparticles based amperometric biosensors are used to 
detect diseases causing different types of bacteria, viruses and fungi [130–134].

5.5 Assessment of harvest index by nanobiosensor

As harvesting of proper mature fruits and vegetables ensure good quality and 
consumer acceptability, sensing maturity of agricultural produce is very important 
for good post-harvest quality and enhanced shelf life. The overmature fruits/
vegetables will over ripe and have to be discarded, while immature fruits/veg-
etables will lead to inferior eating quality for consumers. Thus only proper mature 
fruits/ vegetables should be harvested at proper time. Physio chemical properties 
of horticultural crops like fruits and vegetables are linked with their maturity. 
Changes of these characters are linked to the maturity and real time measurement 
of these characters will guide the harvesting of crops at proper mature stage only. 
Nanobiosensors are used for measurement of intrinsic quality attributes of hor-
ticultural crops such as ascorbic acid [135], total phenolic compounds [136] and 
L-arginine [137]. As the crop attains maturity, it is harvested and stored for further 
processing.

5.6 Biosensors for heavy metal deposits in soil and water

Plants need many elements in the trace level for their healthy growth and 
metabolism. Soil, water and air are the major source of these elements and plants 
obtained nutrients from these sources. Accumulation of these heavy metals 
and elements more than the optimum level cause serious problem to the plants 
there by to the human up on the food consumption. Heavy metals such as nickel, 
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mercury [138], arsenic [139], lead [140], chromium [141], cadmium and copper 
[142] are commonly found in contaminated soils [143]. The presence of heavy 
metals increases oxidative stress in plants, which further triggers synthesis of 
pigments like chlorophyll and βcarotene [141, 144].

In a research study for simultaneous detection of mercury (Hg2+) and silver 
(Ag+) ions in drinking water, serum and cell lysate, tungsten disulfide-nanosheets 
(WS2) based biosensing platform has been developed. The study has implications 
in environmental monitoring and diagnosis [145]. Heavy metals such as Pb, Ni, Cd, 
Zn, Co, and Al are detected effectively by cantilever nanobiosensors with phospha-
tase alkaline in water [146].

5.7 Nanosensors in storage

Inexpensive sensors, cloud computing and intelligent software, hold the poten-
tial to transform the agri-food sector. Internet of Things (IoT), is an emerging 
field in which many more instruments are interconnected to the user agricultural 
field and internet will increase the precision of the agriculture there by maintain 
the sustainability and cost effectiveness of agricultural production. The joint 
application of nanotechnology in IoT creates a new things, namely the Internet of 
Nano Things (IoNT). Nanosensors, because of their small dimensions, can col-
lect information from numerous different points [107]. External devices can then 
integrate the data to automatically generate incredibly detailed report and respond 
to potentially devastating changes in their environment. For instance, connected 
nanosensors for monitoring soil or plant conditions can alert automatically accord-
ing to conditions detected by sensors and therefore influence more efficient usage 
of the fertilizers, herbicide, pesticide, insecticide, etc. Involving nanosensors in the 
design of smart or intelligent packaging, enable the transfer of information regard-
ing product conditions during distribution or storage. The response generated 
due to changes related to internal or external environmental factor, are recorded 
through specific sensors [147, 148] and data are stored in the database. So at any 
time, from any where those data and parameters related to soil and plant health 
can be accessed via Internet. Rapid response and detections of unusual parameters’ 
values, are enabled to increase the food quality and safety, that directly influence 
to human health.

6. Conclusion

Latest improvements in nanotechnology and information and communications 
technology (ICT) exhibit its great potential towards the agri-food sector. Increased 
fertilizer efficiency, enhancing the plant nutrient absorbtion, Improved quality 
of the soil, stimulation of plant growth, the use of precise farming, enhancing the 
food safety, food processing and pakage, distribution and storage, are some of the 
benefits of nano-based technology in agricultural and food industry. Efficiency 
and accuracy of the biosensor on detection of agricultural and food safety param-
eters will be enhanced by the integration of the nanomaterials. The application of 
biosensor and its efficiency can also be improved further in future by developing of 
novel nanomaterials that will boost the agriculture and food sector. Therefore, the 
full potential of nanotechnology in the agri-food sector is yet to be realized. In the 
coming decades the convergence among nanotechnology, agriculture engineering, 
and plant science will lead the path towards food security, sustainability, precision 
agriculture, automation, robotic farming and cost effective technologies. This 
innovation in technology has important consequences in agriculture.
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Ti3C2 MXene-Based
Nanobiosensors for Detection
of Cancer Biomarkers
Lenka Lorencova, Kishor Kumar Sadasivuni, Peter Kasak
and Jan Tkac

Abstract

This chapter provides information about basic properties of MXenes (2D
nanomaterials) that are attractive for a design of various types of nanobiosensors. The
second part of the chapter discusses MXene synthesis and various protocols for
modification of MXene making it a suitable matrix for immobilization of bioreceptors
such as antibodies, DNA aptamers or DNA molecules. The final part of the chapter
summarizes examples of MXene-based nanobiosensors developed using optical,
electrochemical and nanomechanical transducing schemes. Operational characteris-
tics of such devices such as sensitivity, limit of detection, assay time, assay reproduc-
ibility and potential for multiplexing are provided. In particular MXene-based
nanobiosensors for detection of a number of cancer biomarkers are shown here.

Keywords: MXene, nanomaterials, biosensors, cancer, biomarkers

1. Introduction

1.1 MXenes: their precursors, characterization, unique properties
and applications

Nanomaterials of the 2D kind are in the research spotlight due to their superior
properties like ultrathin structure and intriguing physico-chemical properties [1–3].
Graphene has made researchers believing in extracting single layer transition
metal dichalcogenides, which in turn has led to extensive research dedicated towards
2D nanomaterials [4, 5]. Since their inception, 2D nanomaterials have been character-
ized to have exceptional electronic, mechanical, and optical properties. These out-
standing characteristics have driven research to use them in almost all fields of
materials science and nanotechnology [6–8]. Rather recently in 2011 and 2012,
Gogotsi, Barsoum, and colleagues have successfully prepared a new kind of 2D
nanomaterial - MXenes, composed of a large group of transition metal carbides and
carbonitrides [9–13]. These 2D nanomaterials are found to possess many striking
properties and boost attraction in applications such as energy storage [14–16], elec-
tromagnetic shielding [17, 18], water treatment [19, 20], disease treatment [21] and
(bio)sensing [22, 23], MXenes are made up of atomic layers of different materials like
transition metal carbides, nitrides, or carbonitrides. All MAX phases consist of two-
dimensional slabs of close-packed alternating layers of M and A, where M is a
transition metal, A is an A-group element and X is C and/or N [23].
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modification of MXene making it a suitable matrix for immobilization of bioreceptors
such as antibodies, DNA aptamers or DNA molecules. The final part of the chapter
summarizes examples of MXene-based nanobiosensors developed using optical,
electrochemical and nanomechanical transducing schemes. Operational characteris-
tics of such devices such as sensitivity, limit of detection, assay time, assay reproduc-
ibility and potential for multiplexing are provided. In particular MXene-based
nanobiosensors for detection of a number of cancer biomarkers are shown here.

Keywords: MXene, nanomaterials, biosensors, cancer, biomarkers

1. Introduction

1.1 MXenes: their precursors, characterization, unique properties
and applications

Nanomaterials of the 2D kind are in the research spotlight due to their superior
properties like ultrathin structure and intriguing physico-chemical properties [1–3].
Graphene has made researchers believing in extracting single layer transition
metal dichalcogenides, which in turn has led to extensive research dedicated towards
2D nanomaterials [4, 5]. Since their inception, 2D nanomaterials have been character-
ized to have exceptional electronic, mechanical, and optical properties. These out-
standing characteristics have driven research to use them in almost all fields of
materials science and nanotechnology [6–8]. Rather recently in 2011 and 2012,
Gogotsi, Barsoum, and colleagues have successfully prepared a new kind of 2D
nanomaterial - MXenes, composed of a large group of transition metal carbides and
carbonitrides [9–13]. These 2D nanomaterials are found to possess many striking
properties and boost attraction in applications such as energy storage [14–16], elec-
tromagnetic shielding [17, 18], water treatment [19, 20], disease treatment [21] and
(bio)sensing [22, 23], MXenes are made up of atomic layers of different materials like
transition metal carbides, nitrides, or carbonitrides. All MAX phases consist of two-
dimensional slabs of close-packed alternating layers of M and A, where M is a
transition metal, A is an A-group element and X is C and/or N [23].
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The selective chemical etching of “A” in “MAX” phases have led to successful
synthesis of MXenes. MAX phases are found to have elusive properties like stiff
elasticity, good thermal and electrical conductivity, as well as relatively low thermal
expansion coefficients and resistance towards chemical attack. There is a general
formula for MXene synthesis where, “MAX” phases have a formula of Mn + 1AXn,
with “M” meaning early d-transition metal, “A” representing the main group sp-
element, and “X” indicates C and/or N [24]. Hence, with this analogy, more than 70
different kinds of MXenes with different M and X are theoretically possible to
synthesize. Out of these theoretical MXene types, 20 different combinations of
MXenes have been synthesized successfully [25]. MXenes can conduct heat and
electricity like metals and are strong and brittle like ceramics with high surface area.
Exfoliated MXene exhibits higher pseudocapacitance than most capacitive materials
[26]. Additionally, the MXene-have properties like a clay. Furthermore, Ca2+, Mg2+

and Al3+ ions (intercalated polyvalent cations) have all shown a huge storage power
capacity [27–29]. It needs to be stressed out that energy storage capacity, high
conductivity, photochemical properties, modulated surface chemistry and tunable
composition make MXene and their derivatives very perspective to (bio)sensing
applications.

2D MXenes are candidates for energy storage [30] (Li-ion batteries,
supercapacitors) and electromagnetic interference shielding applications [31–35]
and in the form of composites become ever more useful for sensing as e.g. gas
sensing devices [36, 37], pressure sensor [38, 39] and sensors for various analytes
[40–43]. Number of other biomedical applications (such as biosensor, biological
imaging, photothermal therapy, drug delivery, theranostic nanoplatforms and
antibacterial agents) have become a challenge for MXenes [44]. The antibacterial
properties making them potentially appealing for nanomedicine were proved for
(Ti3C2Tx) MXene quantum dots [45], MXene-hybridized silane film [46], Cu2O/
MXene [47] and MXene-gold nanoclusters [48] etc. The multifunctional MXenes
have attracted attention in biosensing [49, 50] with the aim at the ultrasensitive
determination of cancer diseases related biomarkers. Examples include biosensors
based on Ti3C2 MXenes-Au NPs hybrids, delaminated Ti3C2Tx MXene@AuNPs,
nanohybrid of Ti3C2Tx MXene and phosphomolybdic acid (PMo12) embedded with
polypyrrole, MXene-TiO2/BiVO4 hybrid and AuNPs/Ti3C2 MXene three-
dimensional nanocomposite for detection of carcinoembryonic antigen [51], pros-
tate specific antigen [52], osteopontin [53], CD44 [54] and microRNA-155 [55],
respectively.

2. MXene synthesis

Generally, top-down selective etching process is used for the synthesis of
MXenes [56]. Strong etching solutions containing a fluoride ion (F�) such as
hydrofluoric acid (HF), ammonium difluoride (NH4HF2), and a mixture of
hydrochloric acid (HCl) and lithium fluoride (LiF) are used for production of
MXene in such processes [57]. Since typically, the etching process results in
replacement of the M-A bond by M-O, M-OH, M-H, and M-F bonds on the surface
of MXenes, the structure of MXenes can be expressed as Mn + 1XnTx or Mn + 1Xn

(M and X are in same form as the MAX phase and T is =O, -OH, -H, or -F) [58, 59].
A single and/or few layers of MXene can be synthetized by exfoliation or

delamination of a multilayer structure of a MAX phase. The composition and elec-
trochemical properties of MXene strongly depend on the conditions used during
etching procedure [60]. As an example, application of LiF/HCl as etchant led to
production of MXene with interlayers intercalated with Li+ ions. Exfoliation can be
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done by a simple shaking or by sonication and prolonged sonication time results in
production of MXene with small size of nanosheets and high density of defects [61].
An alternative to use of highly corrosive and harmful HF is to employ small organic
molecules or ions such as urea [62], dimethyl sulphoxide (DMSO) [12] (only for
Ti3C2Tx MXene) or isopropylamine as etchants [63]. MAX phase containing Si can
be also exfoliated using tetrabutylammonium hydroxide (TBAOH) and tetramethy-
lammonium hydroxide (TMAOH) [64].

3. MXene characterization

Since introduction of nanolayered and machinable MXenes in 2011 by Gogotsi
and co-workers through wet-etching process with HF to obtain multilayered flakes
of Ti3C2Tx [13], few improvements in MXene synthesis and MXene-nanocomposite
preparation resulted in various elemental composition and surface functionality
[65]. In last few years the single layers of MXene were isolated adding salts or
organic solvents (NH4HF2, tetrabuthylammonium hydroxide, isopropylamine)
during synthesis process and resulted in delaminated MXene layers. The significant
breakthrough for MXene synthesis named as “clay method” in 2014 was based on in
situ formation of HF (LiF/HCl). The lattice c parameter increased to a value of
≈40 Å by applying LiF-HCl as an etchant to produce Ti3C2Tx instead of HF etchant
with a lattice c parameter of 20 Å [60]. The battery of techniques were employed to
observe variations in the composition of Ti3C2Tx MXene produced either by HF or
LiF-HCl method including nuclear magnetic resonance (1H, 13C and 19F NMR),
scanning electron microscopy (SEM), X-ray diffraction method (XRD), energy-
dispersive X-ray spectroscopy (EDS) techniques [59]. The most suitable combina-
tion presented utilization of LiF/HCl as an etchant with minimally intensive layer
delamination “MILD” method instead of sonication to produce huge MXene flakes
with minimum of defects [66]. Ti3C2Tx MXene has become an attractive subject of
interest due its high capacitance (�1500 F cm�3) in supercapacitors and an excel-
lent high metallic conductivity (�15,000 S cm�1). On the other hand there is still
demand to improve stability of MXene flakes with a poor resistance in aerated
aqueous suspensions resulting in oxidized form with loss of its activity for potential
applications [67]. The optimization of etching process is cardinal to access single- to
few-layer Ti3C2 MXene flakes. SEM technique providing information about flake
size and distribution revealed formation of aggregates on the surface varying in size
i.e. having few μm in size or with size larger than 10 μm in a lateral dimension. It
was found out by atomic force microscopy (AFM), that thickness of single MXene
monolayer was (1.1 � 0.1) nm for Ti3C2Tx [68]. Platinum nanoparticles with aver-
age diameter of 3 nm were homogeneously distributed on the MXene sheets sur-
face, that was found out by transmission electron microscopy (TEM) [69]. MXene
and oxidized MXene were analyzed and differentiated by applying Raman spec-
troscopy method providing more detailed information about the characteristic
vibrational bands and the dependence thickness of Ti3C2Tx layers on Raman signal
enhancement [68–71].

The electrochemical behavior employing methods like cyclic voltammetry (CV),
chronoamperometry (CA), differential pulse voltammetry (DPV) and electro-
chemical impedance spectroscopy (EIS) revealed significant findings related to the
electrochemical activity of MXene. The electrochemical investigation of Ti3C2Tx

MXene to detect significant analytes (O2, H2O2 and NADH) was performed by
applying cyclic voltammetry and chronoamperometry techniques, whereas Ti3C2TX

demonstrated electrocatalytic activity towards H2O2 reduction with LOD at
nanomolar level [68]. Unfortunately, formation of TiO2 layer or domains with
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subsequent TiO2 dissolution caused by F� ions was observed during oxidation
process at anodic potential window in a plain phosphate buffer electrolyte pH 7.0
leading to the decrease in electrochemical activity of Ti3C2Tx MXene.

The improvement of stability and redox behavior was achieved by further mod-
ification of MXene with nanoparticles of platinum (Ti3C2Tx/Pt) [69, 72]. The
electrocatalytically active sensor based on Ti3C2Tx/Pt nanocomposite successfully
determined H2O2 by CA, and moreover small organic molecules (acetaminophen,
dopamine, ascorbic acid, uric acid) were selectively determined by DPV [72].

In addition electrochemical study confirmed significant differences in a negative
charge density on the MXene surface as well electrocatalytic activity depending on
the etchant (HF, LiF/HCl) used during MXene synthesis with preference towards
utilization of LiF/HCl [60].

Aryldiazonium salts were utilized in modification of Ti3C2Tx MXene either
spontaneously by free electrons or electrochemically. Electrochemical modification
of Ti3C2Tx MXene by aryldiazonium-based grafting with derivatives bearing a SB-
or CB- betaine pendant moiety was performed by cyclic voltammetry in a potential
window from 0 V to �1 V with a sweep rate of 0.25 V s�1 and 48 cycles. The
electrochemical grafting resulted in denser CB or SB layer on MXene interface,
lower interfacial resistance and an electrochemically active surface area for SB layer
in comparison to CB layer [73].

In the following years the exponential increase in the number of affinity-based
MXene biosensors can be expected, though it is necessary to develop advanced
strategies for modification of MXene interfaces with an effort to eliminate non-
specific binding of proteins, bring in anti-fouling behavior and immobilize target
biomolecules. Electrochemical methods can be employed as a useful tools for inter-
facial patterning, characterization of MXene-based biosensors and furthermore
ultrasensitive detection of cancer related biomarkers [23].

4. MXene functionalization

4.1 Covalent modification of Ti3C2 MXenes with biomolecules

Functionalization and various methods for synthesis of MXenes can result in
production of the nanomaterial with a diverse range of properties. This is why, it is
very important to describe synthesis of MXenes in full details. Another point to
focus on is to properly describe delamination conditions since the flake size and
density of defects governs MXene’s surface properties and stability. It is important
to know the molecular structure of MXenes in order to decide the best application
of such nanomaterial for catalysis, (bio)sensing or for chemical adsorption of vari-
ous compounds.

Due to presence of -OH groups on surface, functionalization of MXene
employing silylation reagents was developed by a simple reaction with
triethoxysilane derivatives [74–76]. Such modification led to production of
nanosheets of Ti3C2-MXene uniformly patterned by aminosilane moieties allowing
NHS/EDC-based amine coupling for covalent immobilization of bioreceptors such
as anti- carcinoembryonic antigen (CEA) antibodies [77].

Another viable surface modification of MXenes can be done by applying zwit-
terions. It was observed that spontaneous grafting of sulfobetaine (SB) and
carboxybetaine (CB) derivatives onto Ti3C2Tx MXene is feasible [73]. The approach
is similar to spontaneous grafting of diazonium salt modified zwitterions to gold
nanoshell modified particles by consuming surface plasmons (free electron cloud)
present within Au nanoshells [78]. Even though spontaneous grafting of diazonium
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salt modified zwitterions to MXene was feasible, electrochemically triggered
grafting of diazonium salts bearing zwitterionic pendants was more effective
(Figure 1) [73]. Electrochemical characterization tools confirmed a much quicker
spontaneous SB grafting compared to spontaneous CB grafting. Zwitterionic modi-
fication is considered as a benchmark to design antibiofouling interfaces with such
modification offering to reduce dramatically non-specific protein binding com-
pared to an unmodified MXene interface [73]. It is worth mentioning that grafting
of a mixed layer composed of CB and SB can be applied to tune density of carboxylic
groups and by amine coupling chemistry it is possible to finely tune density of
immobilized bioreceptors for effective and efficient recognition of an analyte via
affinity interactions [79]. Diazonium salts can be utilized in order to achieve stable
modification of all surfaces (radical reaction providing most often disordered
oligomers (“multilayers”)) [80].

Diazonium salts can be easily synthetized from aromatic amines that are commercially available.
Modification can be performed by applying different grafting methods like electrochemistry, spontaneous
reduction, by reducing surfaces and reagents, photochemistry etc.

Besides application of APTES there are other strategies for modification of
MXene such as self-initiated photo-grafting and photopolymerization not requiring
an anchor layer, self-assembled monolayer (SAM) and initiator, applying a nature
polymer, soy phospholipid (SP) improving permeability, stable cycling, and
retention and PEGylation of MXene improving the water dispersibility of MXene
by electrostatic adsorption [81].

Recently, a novel MXene modification approach was developed by substitution or
elimination reactions inmolten inorganic salts. Suchmodification allowed to synthetize
MXenes containing = O, -NH, =S, -Cl, -Se, -Br, and -Te surface terminations [82].

4.2 Preparation of hybrid nanoparticles based on MXene

The hydrothermal method run in a Teflon-lined stainless steel autoclave (150°C, 5 h;
aqueous solution of vitaminC and Fe3+ salt) allowed preparation of composite ofMXene
with small magnetic Fe3O4 nanoparticles with an average size of�4.9 nm (TiO2/
Ti3C2Tx/Fe3O4). These hybridmagnetic nanoparticles show a great promise for selective
enrichment of various biomolecules/antigens based on affinity interactions [83].

Other promising nanocomposite option is represented by MXene sheets com-
bined with metallic NPs [84–87], which can be further effectively modified by
crosslinkers due to their high affinity towards MXene or by other biomolecules for
final detection of target molecules/biomarkers. MXene/metallic nanoparticles
(NPs) based nanocomposites can be prepared by spontaneous reduction of salts of
precious metals or by applying an external reducing agent such as NaBH4. A simple
spontaneous reduction of metallic salts to form Ag, Au, and Pd nanoparticles onto

Figure 1.
Electrochemically triggered grafting of diazonium salt-containing compounds to conductive surfaces.
Electrochemical reduction of diazonium salt-containing compounds is feasible via freely available clouds of
electrons (plasmons) present in metallic nanoparticles, but also in MXene.
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salt modified zwitterions to MXene was feasible, electrochemically triggered
grafting of diazonium salts bearing zwitterionic pendants was more effective
(Figure 1) [73]. Electrochemical characterization tools confirmed a much quicker
spontaneous SB grafting compared to spontaneous CB grafting. Zwitterionic modi-
fication is considered as a benchmark to design antibiofouling interfaces with such
modification offering to reduce dramatically non-specific protein binding com-
pared to an unmodified MXene interface [73]. It is worth mentioning that grafting
of a mixed layer composed of CB and SB can be applied to tune density of carboxylic
groups and by amine coupling chemistry it is possible to finely tune density of
immobilized bioreceptors for effective and efficient recognition of an analyte via
affinity interactions [79]. Diazonium salts can be utilized in order to achieve stable
modification of all surfaces (radical reaction providing most often disordered
oligomers (“multilayers”)) [80].

Diazonium salts can be easily synthetized from aromatic amines that are commercially available.
Modification can be performed by applying different grafting methods like electrochemistry, spontaneous
reduction, by reducing surfaces and reagents, photochemistry etc.

Besides application of APTES there are other strategies for modification of
MXene such as self-initiated photo-grafting and photopolymerization not requiring
an anchor layer, self-assembled monolayer (SAM) and initiator, applying a nature
polymer, soy phospholipid (SP) improving permeability, stable cycling, and
retention and PEGylation of MXene improving the water dispersibility of MXene
by electrostatic adsorption [81].

Recently, a novel MXene modification approach was developed by substitution or
elimination reactions inmolten inorganic salts. Suchmodification allowed to synthetize
MXenes containing = O, -NH, =S, -Cl, -Se, -Br, and -Te surface terminations [82].

4.2 Preparation of hybrid nanoparticles based on MXene

The hydrothermal method run in a Teflon-lined stainless steel autoclave (150°C, 5 h;
aqueous solution of vitaminC and Fe3+ salt) allowed preparation of composite ofMXene
with small magnetic Fe3O4 nanoparticles with an average size of�4.9 nm (TiO2/
Ti3C2Tx/Fe3O4). These hybridmagnetic nanoparticles show a great promise for selective
enrichment of various biomolecules/antigens based on affinity interactions [83].

Other promising nanocomposite option is represented by MXene sheets com-
bined with metallic NPs [84–87], which can be further effectively modified by
crosslinkers due to their high affinity towards MXene or by other biomolecules for
final detection of target molecules/biomarkers. MXene/metallic nanoparticles
(NPs) based nanocomposites can be prepared by spontaneous reduction of salts of
precious metals or by applying an external reducing agent such as NaBH4. A simple
spontaneous reduction of metallic salts to form Ag, Au, and Pd nanoparticles onto

Figure 1.
Electrochemically triggered grafting of diazonium salt-containing compounds to conductive surfaces.
Electrochemical reduction of diazonium salt-containing compounds is feasible via freely available clouds of
electrons (plasmons) present in metallic nanoparticles, but also in MXene.

223

Ti3C2 MXene-Based Nanobiosensors for Detection of Cancer Biomarkers
DOI: http://dx.doi.org/10.5772/intechopen.94309



the Ti3C2Tx MXene sheets was applied for formation of particles exhibiting surface–
enhanced Raman spectroscopy (SERS) phenomenon [85]. Moreover, an AuNP/
MXene composite boosts sensitivity of detection of oncomarker such as microRNA
[88]. Similarly, the composite consisting of Ti3C2Tx MXene and PtNPs was prepared
by means of in-situ reduction of Pt precursor (spontaneously or by external reduc-
ing agents) on MXene surface. Composite was used for electrochemical catalysis
[69] and sensing of important small bioactive compounds [72]. The negatively
charged acetylcholinesterase (AChE) was electrostatically deposited on the hybrid
nanocomposite of MXene/AgNPs/chitosan from a mixture of the enzyme and
chitosan onto MXene/AuNPs for detection of organophosphate pesticide [86].

Graphite oxide as another 2D material was used to form composite together with
MXene and such a composite led to a stable and efficient electrochemical detection
of H2O2 and maintained hemoglobin biological activity even after ink jet printing
applied for a sensor-based application [89].

4.3 Electrostatic and other interactions

MXene surface can be patterned via electrostatic interactions between MXene and
chitosan making a nanocomposite from a negatively charged Ti3C2Tx MXene and
positively charged biopolymer. Chitosan due to beneficial properties i.e. biocompati-
bility, nontoxicity and film-forming ability was successfully applied in numerous
studies for preparation of MXene/chitosan bionanocomposites or hybrid
MXene/chitosan-based nanoparticles. Such a bionanocomposite was used for attach-
ment of an enzyme sarcosine oxidase for detection of sarcosine as a potential prostate
cancer biomarker. The biosensor could detect the analyte from LOD of 18 nM up to
7.8 μM. The device responded to the analyte in an extremely short time of 2 s and the
analyte was detected in a complex sample with recovery index of 102.6% (Figure 2)
[90]. Glutaraldehyde was not needed for immobilization of the enzyme [90]. Such
approach with glutaraldehyde was also used in other studies [91, 92]. In addition
Nafion was proved to be an effective “adhesive” to deposit MXene onto the surface,
e.g. for a final electrostatic immobilization of glucose oxidase (GOx) [84], to deposit
MXene with adsorbed hemoglobin [93, 94], MXene/Mn3(PO4)2 hybrid particles [95]
or MXene/TiO2 mixed with hemoglobin on GCE [96].

DNA aptamer activated through EDC/NHS chemistry was covalently immobilized
onto MXene electrostatically modified with polyethyleneimine (PEI) [97].

Zheng et al. [98] described in situ adsorption of DNA on MXene surface through
aromatic hydrophobic bases and in further step modified Ti3C2/DNA interface was
patterned by PdNPs and PtNPs deposited using NaBH4 as a reducing agent to obtain
Ti3C2/DNA/Pd/Pt nanocomposite.

Figure 2.
A graphical presentation of a glassy carbon electrode (GCE) modified using a MXene/chitosan nanocomposite
as a support for sarcosine oxidase (SOx) immobilization and indirect sarcosine detection in urine, based on
hydrogen peroxide electrochemical reduction. SOx structure is adapted from the protein data Bank (code
1EL5). Figure taken from Ref. [90].
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Any conductive interface can be patterned by MXene by a simple casting of a
MXene dispersion on untreated electrodes with formation of MXene layer after
drying [73]. Alternatively, the electrodes can be pretreated in order to make them
more adhesive for formation of MXene layer. To make surface of screen-printed
electrodes (SPEs) hydrophilic for subsequent deposition of MXene, SPEs were
electrochemically activated in 0.1 M NaOH by CV in a potential range from �0.6 V
to 1.3 V [50]. SPEs patterned with delaminated MXene suspension as signal
enhancer were applied for quantifying acetaminophen (ACOP) and isoniazid (INZ)
in blood serum samples [99]. The presence of abundant highly active surface sites
due to functional groups (=O, -F and -OH) offers additional opportunity for MXene
to interact with various positively charged functional groups of molecules.

Besides electrostatic modification of MXene by a modifier applied as glue for
subsequent attachment of bioreceptors, electrostatic interactions could be applied
also to modify MXene by redox molecules. Methylene blue as a redox probe due to
its positive charge can be electrostatically deposited on MXene layer with a final
immobilization of the enzyme urease on the surface using glutaraldehyde [50].
Moreover electrostatic interaction was utilized for deposition of positively (CTA+)
charged cetyltrimethylammonium chloride (CTAC) on the negatively (OH�)
charged Nb2C nanosheets resulting in CTAC-anchored Nb2C nanosheets and sub-
sequently in situ formation of mesoporous silica layer (a pore size of 2.9 nm) by co-
deposition of CTAB and tetraethyl orthosilicate (TEOS) in the next step [100].

Rich surface chemistry of MXenes can be also applied for interaction with a
number of molecules. High applicability of exfoliated MXene (e-MXene) has been
investigated as a matrix due to its high laser energy absorption, electrical conductiv-
ity and photothermal conversion for laser desorption/ionization time-of-flight mass
spectrometry (LDI-MS) analysis of various analytes (saccharides - glucose, sorbitol,
sucrose, and mannitol, amino acids - Arg, Phe, His, and Pro, peptide - leu-
enkephalin and antibiotics - sulfamerazine and norfloxacin, benzylpyridinium salt
(BP), environmental pollutants). Before LDI-MS measurement 1 μL of each small
molecule solution was spotted on a target plate, mixed with 1 μL of e-MXene
suspension and dried under ambient condition. The e-MXenes exhibiting a high
resolution and salt-tolerance demonstrated a strong potential for the development of
an efficient analytical platform based on LDI-MS analysis [101]. In addition, Ti3C2

MXene assisted LDI-LIFT-TOF/TOF was utilized for differentiation and relative
quantitative analysis of three types of glycan isomers resulting in higher sensitivity,
better homogeneity and stable relative peak intensity for glycan analysis. Moreover
nine disaccharides, two trisaccharides, three heptasaccharides and ten natural prod-
uct extractions were resolved by applying MXene with LDI-LIFT-MS/MS. The
enhanced sensitivity and background-free nature of the fragment profile obtained
by LDI-LIFT-TOF/TOF opens up a new realm for nanomaterial assisted glycan
structural analysis and/or enrichment either through MXenes themselves or in
combination with other functionalized magnetic nanoparticles [102].

Glycans are biomolecules, both simple and complex carbohydrates playing important roles in molecular
recognition, protein conformation, cell proliferation and differentiation. The analysis of glycans and their
structure has gained considerable attention because of their close relationship with disease occurrence and
progression. Major types of glycans include N-linked glycans attached to the nitrogen atom in the asparagine
side chain within a consensus amino acid sequence Asn-X-Ser/Thr (X should not be proline), and O-linked
glycans attached to the oxygen atom of several amino acid residues including serine and threonine. Other types
of glycans include glycosaminoglycans usually found attached to the proteins (proteoglycans) and also lipid
chains as in glycolipids. MXenes can play an important role in the hydrogen-bonding interactions with glycans
and in metal ions (Na+/K+) enrichment and transfer leading to improvement of the ionization efficiency of
glycans.
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5. Advanced 2D MXenes-based nanobiosensors as ultrasensitive
detection tools

The link between progressive detection and daily/routine tests is fostered
by (bio)sensing platforms employing nanomaterials/nanostructures with
outstanding electronic, electrocatalytic, magnetic, mechanical, and optical
properties. Novel multifunctional nanometer-sized structures combine advanta-
geous large surface-to-volume ratio, controlled morphology and structure that
would allow immobilizing bioreceptors with preserved biocompatibility,
biostability and biodistribution [103]. Compared to other 2D materials (graphene,
graphitic carbon nitride, MoS2), MXenes nanomaterials carry a unique combination
of excellent electrical conductivity, complete metal atomic layers, ease of
functionalization, high stability, hydrophilicity, large surface area, ultrathin 2D
sheet-like morphology, excellent mechanical properties and good bio-compatibility
[49, 77].

Bioreceptor‘s intrinsic characteristics including its affinity towards the analyte,
structural stability during biosensor’s operation and a methodology deployed for
bioreceptor immobilization onto the transducing surface can significantly affect
sensitivity, selectivity and robustness (reproducibility, stability etc.) of a biosensor.
The biorecognition element is usually grafted onto a surface, i.e., in the close
vicinity of the transducer. Additional specifications, which need to be optimized for
advanced biosensing performance, are the accessibility of the analyte to the
biorecognition site of the bioreceptor, the distance between the bioreceptor and the
transducer (surface) and bioreceptor’s interfacial density.

Both enhanced biocompatibility and increase of the transducing surface area of
the (bio)sensors related to enhanced catalytic activity drive a design of 2D MXene
nanomaterial-based biosensors utilizing aptamers, antibodies, enzymes and protein
molecules [23, 60, 68]. Ultrathin 2D sheet-like morphology with potential for high
density incorporation of a number of functional groups as well as excellent ion
intercalation behavior also show up as promising features for (bio)sensing applica-
tions [104]. On the other hand the implementation of MXenes as next-generation
detection devices will require a substantial improvement of the stability of MXenes
towards oxidation.

“Detect-to-protect” biosensors are compact analytical devices converting
the biochemical reaction into an analytical and measureable signal. Due to their
high specificity which is directly dependent on the receptor used (biomolecules
or synthetic compounds), their sensitivity, compact size and simple operation,
biosensors are the tool of choice for detection of chemical and biological components.
Principally, biosensors are formed by two components, a biorecognition part
consisting of a biological or synthetic receptor (enzymes, antibodies, nucleic acids,
organelles, plant and animal tissue, whole organism, or organs) that utilizes a specific
biochemical or chemical reaction mechanism with an analyte and a transducer where
the interaction between a bioreceptor and an analyte is transformed into a measur-
able signal. There are two major obstacles in biosensor development; incorporation/
immobilization of (bio)receptors in suitable matrix and monitoring/quantifying the
interactions between the analytes and these receptors [105].

In order to allow for a rapid screening of analytes/antigens from human samples
a real-time analysis is the preferred approach. The corresponding biosensor should
be cheap, small, portable and user-friendly.

The key part of a biosensor is the transducer, which screens a physical change
accompanying the bioaffinity reaction (amperometric biosensors, calorimetric biosen-
sors, optical biosensors, piezo-electric biosensors, potentiometric biosensors).
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A typical biosensor consists of:
1. a bioreceptor that specifically bind to the analyte;
2. an interface architecture where a specific biological event takes place and gives rise to a signal screened by

such an interface;
3. a transducer element converting a biorecognition event into a measurable signal;
4. a computer software able to further process and store measured signal;
5. an interface to the human operator.

The morphology of ultrathin 2D Ti3C2 MXene single or few layered nanosheets
with high density of functional groups offers improved biomolecule loading and
rapid access to the analyte. The covalent immobilization of biorecognition elements
(DNAs, enzymes, proteins, etc.) leads not only to improved uniformity and acces-
sibility of immobilized bioreceptors, but also to higher density of bound
bioreceptors, all resulting in an enhanced biosensor performance.

Jastrzębska et al. observed that 2D Ti3C2MXene superficially oxidized into titanium
(III) oxide i.e., Ti2O3 by sonication ofMXene flakes followed by amild thermal oxida-
tion in water at 60°C for 24 h resulted in “fine-tuning” of the toxicity of the flakes to
cancerous cell lines. The authors found out, that thermally oxidized samples showed the
highest cytotoxic effect, moreover theywere selectively toxic towards all cancerous cell
lines with increasing concentration of nanomaterial up to 375mg L�1 [106].

5.1 State-of-the-art approaches of MXenes-based nanobiosensors for cancer
biomarkers detection

Cancer is one of the deadliest diseases worldwide, and acquiring cancer-specific
data by quantitative analysis of cancer-associated biomarkers is crucial to monitor
cancer progression and for the early treatment [107]. As reported by the World
Health Organization, the year of 2030 should be marked by approximately 12
million cancer related deaths, making cancer a major public health problem and one
of the most prominent death-causing factors worldwide. The number of new cases
of cancer (cancer incidence) is presently around 439 per 100,000 per capita per year
[108]. Early-stage diagnostics of various types of cancer diseases is important since
it offers opportunities to extend life expectation of patients. Tumor markers exist in
tumor cells themselves or are secreted by tumor cells. In either case the presence of
these tumor markers above a set threshold may suggest the existence and/or growth
of a tumor. The phrase “tumor marker” is often transposed for the term “bio-
marker” [109] and vice versa. Biomarkers can be applied as an early diagnostic tool,
to monitor disease progression, as a prognostic tool and as means for prediction and
monitoring of clinical response to an intervention.

According to the National Institute of Health, a biological marker (biomarker): is a characteristic that is
objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention.

A tumor/cancer marker is a substance produced by a tumor or by the host in
response to a cancer cell that can be objectively measured and evaluated as an
indicator of cancerous processes within the body. The term tumor marker was
firstly coined in 1847 and presently there are more than 100 known different tumor
markers [110]. Biomarkers have a great potential for screening and diagnostics
because they are present in blood and provide information about the health condi-
tion [111]. In healthy individuals, the tumor marker concentration is comparatively
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low level or even absent, while increased values can reveal development and/or
progression of a disease [112]. Serum biomarkers providing key information about
the disease are important for management of cancer patients since blood aspiration
is only a moderately invasive procedure. There is clear need for early-stage cancer
diagnostics, efficient treatment and posttreatment monitoring to avoid progress of
the disease into advanced stages. Therefore there is an enormous demand for
efficient less-invasive investigation i.e. analysis of cancer biomarkers in plasma/
serum samples at low limit of detection [113].

Limit of Detection (LOD): the level of analyte that leads to a sensor signal which is statistically significantly
different from the background signal obtained in the absence of the analyte. A frequently used definition of
LOD is a concentration that gives a signal greater than three times the standard deviation of a blank sample
consisting entirely of a matrix (S/N) = 3.

The unique physico-chemical properties of MXenes make them a significant tool
that can be employed in the cancer therapy (photothermal therapy, photodynamic
therapy, radiation therapy, chemotherapy), cancer imaging (CT/MRI/PA imaging)
as well as cancer theranostic applications [21].

5.2 MXene-based electrochemical nanobiosensors

Electrochemical biosensors are prospective tool of choice for an early-stage
diagnostics of cancer diseases [114]. Electrochemical methods such as CV, CA,
DPV, EIS, square wave voltammetry (SWV) provide a number of advantages. They
are reliable, easy-to-use, affordable and highly sensitive and reliable [107, 115, 116].
Lab-on-chip biosensors are compact and portable miniaturized devices that can be
employed in cancer biomarkers research leading to potential clinical applications.
Biosensors employing surface nanoarchitectures with this type of detection offer
attractive features including straightforward miniaturization, excellent LODs,
robustness, small analyte volumes and the ability to be applied in turbid biofluids
with optically absorbing and fluorescing compounds.

Single/few-layered MXene (Ti3C2) nanosheets were functionalized with (3-
aminopropyl)triethoxysilane (APTES) to enable covalent attachment of bio-
receptor onto f-Ti3C2-MXene for electrochemical detection of carcinoembryonic
antigen (CEA) as a widely used tumor marker [77]. The ultrathin 2D nanosheets of
single/multilayer MXene Ti3C2 with high density of functional groups brought in
improved antibodies anchoring and faster access to analyte. The label-free
aminosilane and bio-functionalized f-Ti3C2-MXene-based biosensor (BSA/anti-
CEA/f-Ti3C2-MXene/GC) demonstrated LOD of 0.000018 ng mL�1 with sensitivity
of 37.9 μA ng�1 mL cm�2 per decade (a linear detection range of 0.0001–
2000 ng mL�1) for CEA determination using hexaammineruthenium ([Ru(NH3)6]

3+)
as a preferable redox probe and CV as a detection technique [77].

Carcinoembryonic antigen (CEA, molecular mass of 180–200 kDa) is a highly glycosylated cell surface
protein consisting of approx. 60% carbohydrates, which attains elevated levels in a number malignancies, such
as colorectal, breast and ovarian, gastric, liver and pancreatic cancer. Serum CEA is used in clinical research
to identify early stages of disease, monitor tumor recurrence and metastatic disease. The normal range of serum
CEA in healthy adults of non-smokers is below 2.5 ng mL�1 and in the serum of smokers below 5.0 ng mL�1,
but increases rapidly when normal cells become cancerous.

Due to their excellent electrical conductivity and large specific surface area with
a large number of potential attachment binding sites, 2D MXenes are also applied as
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a conductive support for immobilization of aptamer probes. Wang et al. modified
electrode surface with MXene for development of a MUC1 biosensor [117]. The
ferrocene-labeled complementary DNA was bound onto MXene nanosheets to
design a detection probe for electrochemical signal amplification. GCE was modi-
fied by electrodeposited AuNPs with MUC1 aptamer attached to the modified
electrode via Au-S bonds. The modified electrode was blocked using bovine serum
albumin (BSA) in order to resist non-specific interactions. Next, a detection probe
was attached to the modified electrode via hybridization between complementary
DNA and a MUC1 aptamer. Upon interaction of MUC1 with such an electrode, the
detection probe was detached from the working electrode resulting in a decrease of
an electrochemical signal (a signal-off response). This competitive aptasensor
detected MUC1 with LOD of 0.33 pM with a linear range up to 10 mM. The relative
standard deviation (RSD) of the peak current difference response was 1.43%, indi-
cating that the aptasensor had good reproducibility. The peak current difference
response of the aptasensor did not change much in ten days, indicating its accept-
able stability [117].

Currently, there are more than 20 known types of mucins. They are encoded by MUC genes and represent high
molecular weight glycoproteins expressed on epithelial cells. Aberrantly glycosylated mucins are expressed in
cancer cells and serve as oncogenic molecules.

MicroRNAs (miRNAs) overexpression is a biomarker for a number of diseases including cardiovascular
disorders, cancer, rheumatic diseases, diabetes, neurological disorders, liver diseases, kidney diseases, and
immune dysfunction. The microRNAs (miRNAs) are biomolecules composed of 18–24 nucleotides and they
play a key role in biological processes such as cell proliferation, apoptosis and tumorigenesis. Abnormal
expression has been monitored in breast cancer as well as in other cancer types with observed blood stability.
The miRNA-182 demonstrates tissue specificity and sequential expression in the different stages during lung
cancer development or evolution. The miRNA-155 is overexpressed in human breast cancers.

The label-free strategy for the ultrasensitive detection of miRNA-182 was based
on glassy carbon electrode (GCE) modified step-by-step by van der Waals forces
and electrostatic interactions with MoS2/Ti3C2, AuNPs, ssRNA [118]. BSA was used
to block unbound gold particles surface and avoid nonspecific adsorption. The
biosensor was able to determine miRNA-182 with LOD of 0.43 fM (a linear range of
1 fM - 0.1 nM) by DPV method [118]. The recovery was 105%, 95.3% and 93.0% for
the concentration of 10�10 M, 10�12 M and 10�14 M of the analyte respectively,
manifesting its effective detection of miRNA-182 in real sample [118].

Duan with co-workers [119] developed an impedimetric aptasensing strategy
based on a novel zero dimensional (0D)/2D nanohybrid of Ti3C2Tx nanosheets
decorated with FePc QDs (denoted as Ti3C2Tx@using iron phthalocyanine quantum
dots (FePcQDs)) for miRNA-155 detection. The miRNA-155 was established by
applying impedimetric aptasensor with LOD of 4.3 aM (S/N = 3, a linear concen-
tration range from 0.01 fM to 10 pM). The observed relative standard deviation
(RSD) of the five aptasensors for detection of miRNA-155 was as low as 2.98%,
demonstrating good reproducibility of the proposed aptasensor. Moreover, the
signal remained 104% of the original signal after 15 days of storage, revealing a
satisfactory stability of the present aptasensor [119].

Multiple (miRNA-21 and miRNA-141) and rapid (80 min) analysis of onco
microRNAs in total plasma was carried out with combination of AuNPs (5 nm)
decorated MXene as an electrode interface and a duplex-specific nuclease (DSN) as
an amplification system applied onto home-made screen-printed gold electrode
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low level or even absent, while increased values can reveal development and/or
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efficient less-invasive investigation i.e. analysis of cancer biomarkers in plasma/
serum samples at low limit of detection [113].

Limit of Detection (LOD): the level of analyte that leads to a sensor signal which is statistically significantly
different from the background signal obtained in the absence of the analyte. A frequently used definition of
LOD is a concentration that gives a signal greater than three times the standard deviation of a blank sample
consisting entirely of a matrix (S/N) = 3.

The unique physico-chemical properties of MXenes make them a significant tool
that can be employed in the cancer therapy (photothermal therapy, photodynamic
therapy, radiation therapy, chemotherapy), cancer imaging (CT/MRI/PA imaging)
as well as cancer theranostic applications [21].

5.2 MXene-based electrochemical nanobiosensors

Electrochemical biosensors are prospective tool of choice for an early-stage
diagnostics of cancer diseases [114]. Electrochemical methods such as CV, CA,
DPV, EIS, square wave voltammetry (SWV) provide a number of advantages. They
are reliable, easy-to-use, affordable and highly sensitive and reliable [107, 115, 116].
Lab-on-chip biosensors are compact and portable miniaturized devices that can be
employed in cancer biomarkers research leading to potential clinical applications.
Biosensors employing surface nanoarchitectures with this type of detection offer
attractive features including straightforward miniaturization, excellent LODs,
robustness, small analyte volumes and the ability to be applied in turbid biofluids
with optically absorbing and fluorescing compounds.
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3+)
as a preferable redox probe and CV as a detection technique [77].
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but increases rapidly when normal cells become cancerous.
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a conductive support for immobilization of aptamer probes. Wang et al. modified
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and electrostatic interactions with MoS2/Ti3C2, AuNPs, ssRNA [118]. BSA was used
to block unbound gold particles surface and avoid nonspecific adsorption. The
biosensor was able to determine miRNA-182 with LOD of 0.43 fM (a linear range of
1 fM - 0.1 nM) by DPV method [118]. The recovery was 105%, 95.3% and 93.0% for
the concentration of 10�10 M, 10�12 M and 10�14 M of the analyte respectively,
manifesting its effective detection of miRNA-182 in real sample [118].

Duan with co-workers [119] developed an impedimetric aptasensing strategy
based on a novel zero dimensional (0D)/2D nanohybrid of Ti3C2Tx nanosheets
decorated with FePc QDs (denoted as Ti3C2Tx@using iron phthalocyanine quantum
dots (FePcQDs)) for miRNA-155 detection. The miRNA-155 was established by
applying impedimetric aptasensor with LOD of 4.3 aM (S/N = 3, a linear concen-
tration range from 0.01 fM to 10 pM). The observed relative standard deviation
(RSD) of the five aptasensors for detection of miRNA-155 was as low as 2.98%,
demonstrating good reproducibility of the proposed aptasensor. Moreover, the
signal remained 104% of the original signal after 15 days of storage, revealing a
satisfactory stability of the present aptasensor [119].

Multiple (miRNA-21 and miRNA-141) and rapid (80 min) analysis of onco
microRNAs in total plasma was carried out with combination of AuNPs (5 nm)
decorated MXene as an electrode interface and a duplex-specific nuclease (DSN) as
an amplification system applied onto home-made screen-printed gold electrode
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(SPGE) [88]. As the initial step functionalization of two magnetic particles (MPs)
with two different single-stranded DNAs (ssDNAs) was performed through label-
ing with methylene blue (MB) and ferrocene (Fc) that were partially complemen-
tary to the target miRNA. After the invasion of targets and amplification cycle, the
released uncleaved DNA sequences harboring redox labels were hybridized with
the electrochemical sensor platforms for subsequent measurements. To enhance the
electrochemical signal, the SPGE was modified with the synthesized MXene-
Ti3C2Tx and patterned with AuNPs and further loaded with abundant ssDNAs
(base) to provide a significantly higher electrochemical signal compared to the
AuNP/Au electrodes (almost 4 orders of magnitude increase). The LODs of the
biosensor exhibiting multiplex ability, antifouling activity and single mutation
recognition for microRNA-21 and microRNA-141 detection reaching low LOD
levels down to 204 aM and 138 aM (a wide linear range up to 50 nM), respectively.
The synergic effect of combining MXene based electrochemical amplification and
DSN target recycling, resulted in a short assay time of 80 min, a good assay
reproducibility (RSD ≈ 4.7%) and stability of 95.2% and 97.1% of its initial signal
values assigned to MB and Fc, respectively, after 4 weeks of storage [88].

Xu et al. [120] treated Ti3C2 MXene with NaOH and hydrogen peroxide in a
Teflon lined stainless-steel autoclave by a simultaneous oxidation and alkalization
resulting in the synthesized 3D sodium titanate nanoribbons (M-NTO) in order to
overcome restacking of MXenes flakes. Such a composite offered fast electron
transfer ability, high specific surface area and excellent biocompatibility by con-
nection of 3D M-NTO with conductive poly(3,4-ethylenedioxythiophene)
(PEDOT). AuNPs were electrodeposited in the next step on the surface of M-NTO-
PEDOT for immobilization of antibodies against prostate specific antigen (PSA) for
PSA detection. Assay reproducibility was high with RSD of 1.89% with satisfactory
biosensor stability (84.2% of its original response after 2 weeks storage at 4°C). The
label-free immunosensor could detect PSA with LOD of 0.03 pg. L�1 (S/N = 3) by
DPV [120].

The prostate-specific antigen (PSA, 28.4 kDa) belongs to the tissue kallikrein-related family of peptidases and
is also known as g-seminoprotein, kallikrein-3 or KLK3. PSA presenting a single-chain glycoprotein
containing approximately 8% (by mass) of N-glycan with a single glycosylation site is produced by vesicles in
prostate epithelial cells. Prostate cancer (PCa, adenocarcinoma or glandular cancer of the prostate gland) is
the 2nd most abundant cancer type in men worldwide, with an estimated 1.1 million cases diagnosed in 2012
alone. The PSA level in health body is lower than 4 ng mL�1.

In addition, PSA was sensitively detected with capacitance-based enzyme
immunosensor [121] based on enzymatic biocatalytic precipitation of precipitate on
interdigitated micro-comb electrode (IDE). AuNPs heavily functionalized with
HRP and detection antibodies (HRP-Au-Ab2) were utilized as the signal generating
probe. Firstly, MXene dispersion in 1.0 wt % Nafion ethanol solution was dropped
onto IDE to modify it. Next anti-PSA capture antibodies (Ab1) were physically
adsorbed onto the nanosheets. Subsequently PSA, HRP-Au-Ab2 conjugates, H2O2

and HRP-tyramine conjugates were incubated step-by-step with the immunosensor
at room temperature. The target PSA was determined with LOD of 0.031 ng mL�1

in a linear range up to 50 ng mL�1 with RSD of 10.7%, indicating good reproduc-
ibility [121].

Liu et al. [122] designed a “signal-on” photoelectrochemical (PEC) biosensor
employing a Ti3C2/BiVO4 Schottky junction for a signal generation for
ultrasensitive detection of vascular endothelial growth factor165 (VEGF165) with
LOD of 3.3 fM (a linear range of 10 fM - 100 nM). First, in situ synthesized
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Ti3C2/BiVO4 nanocomposite covered the surface of the electrode to produce an
initial photocurrent signal. The T7 Exonuclease (T7 Exo)-assisted dual signal
amplification strategy was applied to achieve improved sensitivity of the PEC
sensor. With the target VEGF165, the hairpin DNA (HP2), containing the aptamer of
VEGF165 can be specifically identified and opened to specifically recognize the
exposed toehold of S1 on the magnetic bead, releasing the output DNA S2, S3, and
S4. Further, T7 Exo was used to digest the recessed 50 termini of double-stranded
DNA (dsDNA). VEGF165-HP2 complex was released for the next cycle, which can
be converted to multiple output DNAs. Next, the output DNA hybridized with
hairpin DNA (HP1) on the electrode to form a double-stranded structure, which
provided a wonderful platform for the intercalation of methylene blue. Methylene
blue effectively increased light absorption and promoted the electron transfer along
the dsDNA, resulting in an enhanced PEC signal. The inter-assay and intra-assay
RSD values were calculated to be 2.42% and 2.26%, respectively, illustrating the
outstanding reproducibility of the biosensor [122].

The vascular endothelial growth factor (VEGF) is a biomarker with a molecular mass of 18–27 kDa and can
be related to various cancer types for example brain, lung, gastrointestinal, hepatobiliary, renal, breast,
ovarian. Normal level of VEGF in serum is � 220 pg mL�1.

An impedimetric aptasensor based on the nanostructured multicomponent
hybrid of Ti3C2Tx nanosheets and phosphomolybdic acid (PMo12) nanoparticles
integrated by embedding within the polypyrrole (PPy) matrix (PPy@Ti3C2Tx/
PMo12) was utilized for detection of osteopontin (OPN) [53]. The PPy@Ti3C2Tx/
PMo12-based aptasensor estimated OPN with LOD of 0.98 fg mL�1 in a linear range
of 0.05–10,000 pg. mL�1. The biosensor exhibited low RSD of the assays of around
1.7% and during the biosensor offered also good operational stability [53].

Osteopontin (OPN, 41–75 kDa) known as a phosphoprotein regulates tumor metastasis and leads to cancer
progression (breast, colon, liver, lung, ovarian, prostate). OPN plays an important role in tumor invasion,
growth, angiogenesis, and metastasis by upregulating several signaling pathways. Normal level in serum is
16 ng mL�1.

5.3 MXene-based optical nanobiosensors

Surface plasmon resonance (SPR) is a principal technique for in situ bioaffinity
assays of various target (bio)molecules without a need for fluorescent or enzymatic
labeling. SPR (bio)sensors could be developed with improved operational parame-
ters by applying nanomaterials [123]. SPR detection platform offers beneficial
advantages for the biosensing including label-free and real-time detection, high
sensitivity and selectivity, ease of miniaturization and rapid detection making the
technique well suited for bioassays.

Surface plasmon resonance (SPR) is optical sensing technology which can be used for health monitoring, early
disease diagnosis, and environment safety. It has become a valuable tool for biological, chemical, and
biomedical applications. It has been widely used in various biochemical and biosensing applications,
particularly for enzyme detection, drug diagnostic, dsDNA hybridization, and applied as an immune sensor.
SPR sensors are refractive index based sensors that can be experimentally implemented for real-time
biosensing without the labeling of the analytes or bioreceptors.
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biosensor stability (84.2% of its original response after 2 weeks storage at 4°C). The
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In addition, PSA was sensitively detected with capacitance-based enzyme
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HRP and detection antibodies (HRP-Au-Ab2) were utilized as the signal generating
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employing a Ti3C2/BiVO4 Schottky junction for a signal generation for
ultrasensitive detection of vascular endothelial growth factor165 (VEGF165) with
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initial photocurrent signal. The T7 Exonuclease (T7 Exo)-assisted dual signal
amplification strategy was applied to achieve improved sensitivity of the PEC
sensor. With the target VEGF165, the hairpin DNA (HP2), containing the aptamer of
VEGF165 can be specifically identified and opened to specifically recognize the
exposed toehold of S1 on the magnetic bead, releasing the output DNA S2, S3, and
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provided a wonderful platform for the intercalation of methylene blue. Methylene
blue effectively increased light absorption and promoted the electron transfer along
the dsDNA, resulting in an enhanced PEC signal. The inter-assay and intra-assay
RSD values were calculated to be 2.42% and 2.26%, respectively, illustrating the
outstanding reproducibility of the biosensor [122].

The vascular endothelial growth factor (VEGF) is a biomarker with a molecular mass of 18–27 kDa and can
be related to various cancer types for example brain, lung, gastrointestinal, hepatobiliary, renal, breast,
ovarian. Normal level of VEGF in serum is � 220 pg mL�1.
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hybrid of Ti3C2Tx nanosheets and phosphomolybdic acid (PMo12) nanoparticles
integrated by embedding within the polypyrrole (PPy) matrix (PPy@Ti3C2Tx/
PMo12) was utilized for detection of osteopontin (OPN) [53]. The PPy@Ti3C2Tx/
PMo12-based aptasensor estimated OPN with LOD of 0.98 fg mL�1 in a linear range
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1.7% and during the biosensor offered also good operational stability [53].
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progression (breast, colon, liver, lung, ovarian, prostate). OPN plays an important role in tumor invasion,
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5.3 MXene-based optical nanobiosensors

Surface plasmon resonance (SPR) is a principal technique for in situ bioaffinity
assays of various target (bio)molecules without a need for fluorescent or enzymatic
labeling. SPR (bio)sensors could be developed with improved operational parame-
ters by applying nanomaterials [123]. SPR detection platform offers beneficial
advantages for the biosensing including label-free and real-time detection, high
sensitivity and selectivity, ease of miniaturization and rapid detection making the
technique well suited for bioassays.

Surface plasmon resonance (SPR) is optical sensing technology which can be used for health monitoring, early
disease diagnosis, and environment safety. It has become a valuable tool for biological, chemical, and
biomedical applications. It has been widely used in various biochemical and biosensing applications,
particularly for enzyme detection, drug diagnostic, dsDNA hybridization, and applied as an immune sensor.
SPR sensors are refractive index based sensors that can be experimentally implemented for real-time
biosensing without the labeling of the analytes or bioreceptors.
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It is an established high sensitivity platform for measuring minute concentrations of analyte and kinetics of
biomolecular interactions. SPR generates an evanescent wave at the interface of two materials, when properly
polarized incident light excites charge density oscillation (also called surface plasmons, SPs) supported by thin
metal film deposited on the prism. However, SPR condition is established only after proper coupling of p-
polarized incident wave with surface plasmon wave (SPW), when the frequency of evanescent wave matches
the natural frequency of the SPW. SPR in reflection mode measures the resonance angle at a dip in reflectivity
and a complete energy transfer from evanescent wave to SPW is achieved. Resonance angle is very sensitive to
alteration of sensing medium refractive index (RI), i.e. on adsorption of analytes, which changes SPR
condition. The sensitivity of the sensor is directly related to the resonance angle shift, which is sensitive to the
modification of the RI of the sensing medium. In conventional SPR, a thin film of noble metal is used for SPs
generation as well as adsorption of biomolecules or other analytes. Gold is a preferred interface, as it is non-
oxidizing, corrosion-free, with substantial chemical stability, and shows stable adsorption of analytes with
high sensitivity. However it shows a broad resonance curve causing reduction in detection accuracy. Silver (Ag)
on the other hand shows higher accuracy through sharper reflectance curve but a poor chemical stability, as it
is assumed to oxidize quickly on direct exposure to the atmosphere. Ag can be utilized efficiently in the SPR
sensor if its oxidation can be avoided by using some protective layer over it. Conventional SPR sensor utilizing
prism, metal layer and sensing medium offers smaller sensitivity.

Due to its absorption, a few-layer Ti3C2Tx MXene can contribute to the
improved sensitivity of SPR biosensors. Enhanced sensitivity by 16.8%, 28.4%,
46.3% and 33.6% was achieved for the proposed SPR biosensors based on Au with 4
layers, Ag with 7 layers, Al with 12 layers and Cu with 9 layers of Ti3C2Tx, respec-
tively [124].

The platform based on prism/gold layer/MXene/WS2/black phosphorus using
monolayer of each nanomaterial was proved as a novel SPR sensing material with
enhanced sensitivity of 15.6% compared to a bare metal film [125]. MXene-based
composite, g-C3N4/MXene-AgNPs, including g-C3N4 as a photocatalyst, MXene as a
co-catalyst and AgNPs as an electron mediator offered enhanced photocatalytic
activity. The increased optical absorption and reduced band-gap energy due to the
SPR effect of AgNPs deposited on such nanocomposite modified interface was
observed [126].

Wu with co-workers [49] took advantage of hydrophilic and biocompatible
Ti3C2 surface as a platform for making a nanohybrid consisting of multi-walled
carbon nanotubes (MWCNTs)-polydopamine (PDA)-Ag nanoparticles (AgNPs) as
a signal probe to develop SPR biosensor, that is easy to prepare, convenient to
operate, and provides high sensitivity and selectivity. In order to obtain good
orientation and immobilization of monoclonal anti-CEA antibody (Ab1), synthe-
sized Ti3C2/AuNPs composite was firstly decorated with staphylococcal protein A
(SPA) to which Ab1 was captured by affinity interaction through its Fc region.
Polyclonal anti-CEA antibodies (Ab2) were conjugated with a nanohybrid through
Schiff-base reaction between amino residues and quinone groups of PDA. By intro-
ducing a MWPAg-Ab2 conjugate to form a sandwich format, LOD of 0.07 fM was
achieved for CEA detection (a dynamic range of 2 � 10�16 - 2 � 10�8 M). However,
there are some limitations of such biosensing platform including time-consuming
fabrication of the interfacial layer prior to analysis, but the biosensor exhibited good
assay reproducibility with RSD below 5%. The stability of the fabricated sensing
platform was also investigated by measuring the SPR responses to 10�12 M CEA
concentration over the period of 7 days, during which the sensing platform was
stored at 4°C. The developed biosensor lost 13% of its initial activity after storing for
7 days [49].

Wu et al. [127] utilized amino-functionalized N-Ti3C2-MXene-hollow gold
nanoparticles (HGNPs)-staphylococcal protein A (SPA) complexes as a signal
enhancer for CEA detection with LOD of 0.15 fM (a linear range of 0.001–1000
pM) at SPR (Figure 3). The SPR biosensor was stable (80% of the initial response
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after storage for 28 days), reproducible (average assay RSD less than 5%)
and offering operational stability (84% of its initial activity after five reuse
cycles) [127].

Among various investigation methods for detection of cancer biomarkers, fluo-
rescence analysis methods, especially fluorescent nanoprobes based on “turn on”
mechanism, are regarded as sensitive and reliable analytical tools for cancer diag-
nosis. The nanoprobes can be ideally stabilized in both extracellular and intracellu-
lar microenvironment and respond to multi-biomarkers with different spatial
distributions to achieve multilayer information of diverse biomarkers range from
cell membrane to the cytoplasm at a cellular level [128]. Wang with colleagues [128]
investigated fluorescence quenching capacity of Ti3C2 MXenes for biosensing of
dual biomarkers in single (MCF-7) living cells. A chimeric DNA-functionalized
Ti3C2 probe was employed for real-time and multilayer simultaneous fluorescent
imaging of plasma membrane glycoprotein MUC1 and cytoplasmic microRNA-21 at
nM concentration in vitro (Figure 4). Ti3C2 MXene was decorated with polyacrylic
acid to achieve high stabilization and dispersion of MXene with delivering
functional groups were employed for covalent linkage of the bioreceptor (a dual
signal-tagged chimeric DNA probe (dcDNA)) [128].

Guo et al. [129] fabricated Ti3C2 QDs (�4.2 nm in diameter) by a hydrothermal
treatment with beneficial and excellent salt tolerance, anti-photobleaching and
dispersion stability in aqueous solution. Ti3C2 QDs were applied as the fluorescent
markers for fluorescent signal readout without and for sensitive fluorimetric analy-
sis of alkaline phosphatase (ALP) activity with LOD of 0.02 U L�1. Moreover, an
accurate analysis of ALP by applying Ti3C2 QDs-based strategy for assays of AFP
in the lysates of embryonic stem cells was also achieved by such a biosensor
device [129].

Alkaline phosphatase (ALP), as an essential enzyme in phosphate metabolism, responsible for catalysis of the
dephosphorylation of a variety of substrates. The abnormal level of serum ALP, as a crucial biomarker for
clinical diagnostics, is closely related to various diseases, such as diabetes, hepatitis and prostatic cancer. In
addition a high ALP activity is the traditional biomarker of pluripotent embryonic stem cells.

A strand displacement dual amplification (SDDA) strategy was developed by
Chen et al. [130] for simultaneous detection of multiple miRNAs analytes in a cell
lysate using a unique single strand-double strand-single strand DNA (sdsDNA)
probe, which was generated by the target recognition probe hybridizing with the
site region probe. The fluorescence resonance energy transfer (FRET) assay was
used for highly photostable, specific and sensitive detection of miRNAs with LOD

Figure 3.
Schematic of detection procedure of the prepared SPR biosensor. Reprinted with permission from ref. [127].
Copyright ACS, 2020.
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It is an established high sensitivity platform for measuring minute concentrations of analyte and kinetics of
biomolecular interactions. SPR generates an evanescent wave at the interface of two materials, when properly
polarized incident light excites charge density oscillation (also called surface plasmons, SPs) supported by thin
metal film deposited on the prism. However, SPR condition is established only after proper coupling of p-
polarized incident wave with surface plasmon wave (SPW), when the frequency of evanescent wave matches
the natural frequency of the SPW. SPR in reflection mode measures the resonance angle at a dip in reflectivity
and a complete energy transfer from evanescent wave to SPW is achieved. Resonance angle is very sensitive to
alteration of sensing medium refractive index (RI), i.e. on adsorption of analytes, which changes SPR
condition. The sensitivity of the sensor is directly related to the resonance angle shift, which is sensitive to the
modification of the RI of the sensing medium. In conventional SPR, a thin film of noble metal is used for SPs
generation as well as adsorption of biomolecules or other analytes. Gold is a preferred interface, as it is non-
oxidizing, corrosion-free, with substantial chemical stability, and shows stable adsorption of analytes with
high sensitivity. However it shows a broad resonance curve causing reduction in detection accuracy. Silver (Ag)
on the other hand shows higher accuracy through sharper reflectance curve but a poor chemical stability, as it
is assumed to oxidize quickly on direct exposure to the atmosphere. Ag can be utilized efficiently in the SPR
sensor if its oxidation can be avoided by using some protective layer over it. Conventional SPR sensor utilizing
prism, metal layer and sensing medium offers smaller sensitivity.

Due to its absorption, a few-layer Ti3C2Tx MXene can contribute to the
improved sensitivity of SPR biosensors. Enhanced sensitivity by 16.8%, 28.4%,
46.3% and 33.6% was achieved for the proposed SPR biosensors based on Au with 4
layers, Ag with 7 layers, Al with 12 layers and Cu with 9 layers of Ti3C2Tx, respec-
tively [124].

The platform based on prism/gold layer/MXene/WS2/black phosphorus using
monolayer of each nanomaterial was proved as a novel SPR sensing material with
enhanced sensitivity of 15.6% compared to a bare metal film [125]. MXene-based
composite, g-C3N4/MXene-AgNPs, including g-C3N4 as a photocatalyst, MXene as a
co-catalyst and AgNPs as an electron mediator offered enhanced photocatalytic
activity. The increased optical absorption and reduced band-gap energy due to the
SPR effect of AgNPs deposited on such nanocomposite modified interface was
observed [126].

Wu with co-workers [49] took advantage of hydrophilic and biocompatible
Ti3C2 surface as a platform for making a nanohybrid consisting of multi-walled
carbon nanotubes (MWCNTs)-polydopamine (PDA)-Ag nanoparticles (AgNPs) as
a signal probe to develop SPR biosensor, that is easy to prepare, convenient to
operate, and provides high sensitivity and selectivity. In order to obtain good
orientation and immobilization of monoclonal anti-CEA antibody (Ab1), synthe-
sized Ti3C2/AuNPs composite was firstly decorated with staphylococcal protein A
(SPA) to which Ab1 was captured by affinity interaction through its Fc region.
Polyclonal anti-CEA antibodies (Ab2) were conjugated with a nanohybrid through
Schiff-base reaction between amino residues and quinone groups of PDA. By intro-
ducing a MWPAg-Ab2 conjugate to form a sandwich format, LOD of 0.07 fM was
achieved for CEA detection (a dynamic range of 2 � 10�16 - 2 � 10�8 M). However,
there are some limitations of such biosensing platform including time-consuming
fabrication of the interfacial layer prior to analysis, but the biosensor exhibited good
assay reproducibility with RSD below 5%. The stability of the fabricated sensing
platform was also investigated by measuring the SPR responses to 10�12 M CEA
concentration over the period of 7 days, during which the sensing platform was
stored at 4°C. The developed biosensor lost 13% of its initial activity after storing for
7 days [49].

Wu et al. [127] utilized amino-functionalized N-Ti3C2-MXene-hollow gold
nanoparticles (HGNPs)-staphylococcal protein A (SPA) complexes as a signal
enhancer for CEA detection with LOD of 0.15 fM (a linear range of 0.001–1000
pM) at SPR (Figure 3). The SPR biosensor was stable (80% of the initial response
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after storage for 28 days), reproducible (average assay RSD less than 5%)
and offering operational stability (84% of its initial activity after five reuse
cycles) [127].
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rescence analysis methods, especially fluorescent nanoprobes based on “turn on”
mechanism, are regarded as sensitive and reliable analytical tools for cancer diag-
nosis. The nanoprobes can be ideally stabilized in both extracellular and intracellu-
lar microenvironment and respond to multi-biomarkers with different spatial
distributions to achieve multilayer information of diverse biomarkers range from
cell membrane to the cytoplasm at a cellular level [128]. Wang with colleagues [128]
investigated fluorescence quenching capacity of Ti3C2 MXenes for biosensing of
dual biomarkers in single (MCF-7) living cells. A chimeric DNA-functionalized
Ti3C2 probe was employed for real-time and multilayer simultaneous fluorescent
imaging of plasma membrane glycoprotein MUC1 and cytoplasmic microRNA-21 at
nM concentration in vitro (Figure 4). Ti3C2 MXene was decorated with polyacrylic
acid to achieve high stabilization and dispersion of MXene with delivering
functional groups were employed for covalent linkage of the bioreceptor (a dual
signal-tagged chimeric DNA probe (dcDNA)) [128].

Guo et al. [129] fabricated Ti3C2 QDs (�4.2 nm in diameter) by a hydrothermal
treatment with beneficial and excellent salt tolerance, anti-photobleaching and
dispersion stability in aqueous solution. Ti3C2 QDs were applied as the fluorescent
markers for fluorescent signal readout without and for sensitive fluorimetric analy-
sis of alkaline phosphatase (ALP) activity with LOD of 0.02 U L�1. Moreover, an
accurate analysis of ALP by applying Ti3C2 QDs-based strategy for assays of AFP
in the lysates of embryonic stem cells was also achieved by such a biosensor
device [129].

Alkaline phosphatase (ALP), as an essential enzyme in phosphate metabolism, responsible for catalysis of the
dephosphorylation of a variety of substrates. The abnormal level of serum ALP, as a crucial biomarker for
clinical diagnostics, is closely related to various diseases, such as diabetes, hepatitis and prostatic cancer. In
addition a high ALP activity is the traditional biomarker of pluripotent embryonic stem cells.

A strand displacement dual amplification (SDDA) strategy was developed by
Chen et al. [130] for simultaneous detection of multiple miRNAs analytes in a cell
lysate using a unique single strand-double strand-single strand DNA (sdsDNA)
probe, which was generated by the target recognition probe hybridizing with the
site region probe. The fluorescence resonance energy transfer (FRET) assay was
used for highly photostable, specific and sensitive detection of miRNAs with LOD

Figure 3.
Schematic of detection procedure of the prepared SPR biosensor. Reprinted with permission from ref. [127].
Copyright ACS, 2020.
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of 0.5 fM and 0.85 fM for miRNA-21 and miRNA-10b, respectively (a linear range
from 5 fM to 100 pM) [130].

PSA was the both qualitatively and quantitatively examined through a
sandwich-type immunoreaction and a photothermal measurement by
applying Ti3C2 MXene quantum dots (QDs)-encapsulated liposome with a
high photothermal efficiency [131]. Ti3C2 MXene QDs as the innovative
photothermal signal beacons were entrapped in the liposome for the labeling of
the secondary antibody on the surface. The sandwich-type assay was carried
out by coupling a low-cost microplate with a homemade 3D printed device.
Under NIR-laser irradiation of 808 nm, Ti3C2 MXene QDs converted the light
energy into heat, and the shift in the temperature correlating with the analyte
concentration. LOD of 0.4 ng mL�1 for PSA was obtained by a near-infrared
(NIR) photothermal immunoassay (a linear range of 1.0 ng mL�1 - 50 ng mL�1).
The portable equipment employing a portable NIR imaging camera was able to

Figure 4.
(a) Illustration of the fabrication of the Ti3C2 MXenes and PAA-Ti3C2. (b) the construction of the dcDNA-
Ti3C2 composite nanoprobe. (c) Multilayer imaging of plasma membrane glycoproteins MUC1 and
cytoplasmic miR-21 using the dcDNA-Ti3C2 composite nanoprobe. Reprinted with permission from ref. [128].
Copyright ACS, 2019.
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collect the visual thermal data for semi-quantitative analysis of target PSA
within 3 min [131].

Liposome, a target-responsive nanomaterial containing a bilayer of phospholipids with the spherical structure,
is promising due to its superior biocompatibility, versatility of surface modification, operability of dimensional
control and large-volume internal loading. The functional liposome acts as the biological signal amplifier by
encapsulating numerous signal molecules and binding with biological recognition molecules like DNA,
enzyme, protein and nanomaterial.

5.4 Detection of exosomes as a source of cancer biomarkers by applying 2D
MXenes

Exosomes as type of endosome-derived cell-secreted vesicles with the structure
of a lipid bilayer membrane are responsible for signal transduction in intercellular
communication and extracellular matrix remodeling. In addition exosomes can also
carry cargo affecting neighboring cells and they can form pre-metastatic niches
[115]. Thus, exosomes are behind localized tumor development, progression and
induction of distant tumors forming metastasis. The fact, that a substantially higher
cellular activity of tumor cells results in the production of a greater number of
exosomes than in normal/healthy cells, makes them hot candidates for cancer diag-
nostics in itself [115].

Exosomes are naturally produced biological nanoparticles, with their size usually defined in the range
from � 30 nm up to 100 nm or sometimes up to 200 nm. Other types of extracellular vesicles (EVs) include
microvesicles (50–1000 nm, which bud directly off the plasma membrane), ectosomes (vesicles assembled at
and released from a plasma membrane), shedding vesicles, microparticles and apoptotic vesicles (500–
2000 nm, which bud off the membrane of cells undergoing apoptosis).

Electrochemiluminescence (ECL) as an upcoming technique joining the benefits
of both electrochemistry and chemiluminescence, has been widely applied for
biomarker analysis thanks to its high sensitivity, short response time and low
background signal [132]. A biosensor based on the application of MXene and ECL
was developed for sensitive detection of exosomes [133]. First, MXene
(ζ � �50 mV) was modified by polyethyleneimine (PEI) (ζ � +55 mV) through
electrostatic interactions to prepare an MXene/PEI nanocomposite (ζ � 80 mV).
This positively charged nanocomposite was subsequently used in covalent immobi-
lization of an aptamer against CD63 protein, which is present on the surface of the
exosomes using an amine-coupling chemistry. In an effort to detect exosomes, the
GCE was modified by AuNPs, which were next modified by ethylenediamine. In
addition, free -NH2 groups of ethylenediamine were activated by EDC/NHS to
deposit a polymer, which was finally used for covalent immobilization of an
aptamer against the EpCAM protein present on the surface of the exosomes. The
signal was generated upon completion of the sandwich configuration as shown in
Figure 5. The biosensor was most sensitive towards exosomes produced by a breast
cancer cell line MCF-7, followed by a human liver cancer cell line HepG2 and a
melanoma cell line B16. Exosomes released from the MCF-7 cell line were detected
in the concentration range from 500 to 5 � 106 particles μL�1 with LOD of 125
particles μL�1, which was more than 100 times lower than the conventional ELISA
method. The biosensor exhibited an excellent performance by analysis of spiked
serum samples with recovery indices of 95–104% [133]. In the later research of
the same group, it was shown that, besides CD63 and EpCAM, other proteins
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sandwich-type immunoreaction and a photothermal measurement by
applying Ti3C2 MXene quantum dots (QDs)-encapsulated liposome with a
high photothermal efficiency [131]. Ti3C2 MXene QDs as the innovative
photothermal signal beacons were entrapped in the liposome for the labeling of
the secondary antibody on the surface. The sandwich-type assay was carried
out by coupling a low-cost microplate with a homemade 3D printed device.
Under NIR-laser irradiation of 808 nm, Ti3C2 MXene QDs converted the light
energy into heat, and the shift in the temperature correlating with the analyte
concentration. LOD of 0.4 ng mL�1 for PSA was obtained by a near-infrared
(NIR) photothermal immunoassay (a linear range of 1.0 ng mL�1 - 50 ng mL�1).
The portable equipment employing a portable NIR imaging camera was able to

Figure 4.
(a) Illustration of the fabrication of the Ti3C2 MXenes and PAA-Ti3C2. (b) the construction of the dcDNA-
Ti3C2 composite nanoprobe. (c) Multilayer imaging of plasma membrane glycoproteins MUC1 and
cytoplasmic miR-21 using the dcDNA-Ti3C2 composite nanoprobe. Reprinted with permission from ref. [128].
Copyright ACS, 2019.
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collect the visual thermal data for semi-quantitative analysis of target PSA
within 3 min [131].

Liposome, a target-responsive nanomaterial containing a bilayer of phospholipids with the spherical structure,
is promising due to its superior biocompatibility, versatility of surface modification, operability of dimensional
control and large-volume internal loading. The functional liposome acts as the biological signal amplifier by
encapsulating numerous signal molecules and binding with biological recognition molecules like DNA,
enzyme, protein and nanomaterial.

5.4 Detection of exosomes as a source of cancer biomarkers by applying 2D
MXenes

Exosomes as type of endosome-derived cell-secreted vesicles with the structure
of a lipid bilayer membrane are responsible for signal transduction in intercellular
communication and extracellular matrix remodeling. In addition exosomes can also
carry cargo affecting neighboring cells and they can form pre-metastatic niches
[115]. Thus, exosomes are behind localized tumor development, progression and
induction of distant tumors forming metastasis. The fact, that a substantially higher
cellular activity of tumor cells results in the production of a greater number of
exosomes than in normal/healthy cells, makes them hot candidates for cancer diag-
nostics in itself [115].

Exosomes are naturally produced biological nanoparticles, with their size usually defined in the range
from � 30 nm up to 100 nm or sometimes up to 200 nm. Other types of extracellular vesicles (EVs) include
microvesicles (50–1000 nm, which bud directly off the plasma membrane), ectosomes (vesicles assembled at
and released from a plasma membrane), shedding vesicles, microparticles and apoptotic vesicles (500–
2000 nm, which bud off the membrane of cells undergoing apoptosis).

Electrochemiluminescence (ECL) as an upcoming technique joining the benefits
of both electrochemistry and chemiluminescence, has been widely applied for
biomarker analysis thanks to its high sensitivity, short response time and low
background signal [132]. A biosensor based on the application of MXene and ECL
was developed for sensitive detection of exosomes [133]. First, MXene
(ζ � �50 mV) was modified by polyethyleneimine (PEI) (ζ � +55 mV) through
electrostatic interactions to prepare an MXene/PEI nanocomposite (ζ � 80 mV).
This positively charged nanocomposite was subsequently used in covalent immobi-
lization of an aptamer against CD63 protein, which is present on the surface of the
exosomes using an amine-coupling chemistry. In an effort to detect exosomes, the
GCE was modified by AuNPs, which were next modified by ethylenediamine. In
addition, free -NH2 groups of ethylenediamine were activated by EDC/NHS to
deposit a polymer, which was finally used for covalent immobilization of an
aptamer against the EpCAM protein present on the surface of the exosomes. The
signal was generated upon completion of the sandwich configuration as shown in
Figure 5. The biosensor was most sensitive towards exosomes produced by a breast
cancer cell line MCF-7, followed by a human liver cancer cell line HepG2 and a
melanoma cell line B16. Exosomes released from the MCF-7 cell line were detected
in the concentration range from 500 to 5 � 106 particles μL�1 with LOD of 125
particles μL�1, which was more than 100 times lower than the conventional ELISA
method. The biosensor exhibited an excellent performance by analysis of spiked
serum samples with recovery indices of 95–104% [133]. In the later research of
the same group, it was shown that, besides CD63 and EpCAM, other proteins
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present on the surface of the exosome can be targeted by DNA aptamers, including
PSMA and PTK-7 [134]. Such a biosensor offered highly reproducible assays
with RSD of 1.2% and 3.9% for detection of 108 and 109 exosomes mL�1,
respectively [134].

Another MXene-based biosensor for the detection of exosomes was prepared
by Fang et al. [135] GCE was modified by SiNPs and ionic liquid with a final
modification of the interface by EpCAM aptamers. In order to detect exosomes, a
sandwich configuration was formed by a final incubation with a nanohybrid
consisting of MXene modified by black phosphorus quantum dots, Ru(bpy)3

2+

and anti-CD63 antibodies. In addition to the ECL detection of exosomes, such a
configuration also made photothermal assays possible. The ECL biosensor could
detect exosomes down to 37 particles μL�1 with a linear range of up to 5 � 107

particles μL�1. The stability of the constructed biosensor was investigated by
measuring 1.1 � 102 exosomes μL�1. The ECL intensity kept a relatively stable
value under sequential 10 cyclic scans with relative standard deviation (RSD) of
1.1% [135].

6. Conclusions

The novel 2D nanomaterial MXene has a potential to significantly
influence the field of biosensing including affinity-based biosensors with
expected exponential increase in related works to be published in the years to come.
MXene-based biosensors offer adequate sensitivity required for detection of
cancer biomarkers present in blood down to ng mL�1 level or better (Table 1).
However a great deal of effort needs to be invested into finding proper
decorating strategies for MXene to simultaneously allow immobilization of
biomolecules, but at the same time providing resistance towards non-specific
protein binding. Matching this criteria, affinity MXene-based biosensors can be
applied for analysis of complex samples such as blood serum or plasma [23].
Point-of-care tests (POC) employing MXene/based devices represent promising
candidates with benefits such as adaptability in different/adverse environment,

Figure 5.
The principle of the ECL biosensor for exosomes activity detection signal amplification strategy. Reprinted with
permission from Ref. [134]. Copyright ACS, 2018.
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present on the surface of the exosome can be targeted by DNA aptamers, including
PSMA and PTK-7 [134]. Such a biosensor offered highly reproducible assays
with RSD of 1.2% and 3.9% for detection of 108 and 109 exosomes mL�1,
respectively [134].

Another MXene-based biosensor for the detection of exosomes was prepared
by Fang et al. [135] GCE was modified by SiNPs and ionic liquid with a final
modification of the interface by EpCAM aptamers. In order to detect exosomes, a
sandwich configuration was formed by a final incubation with a nanohybrid
consisting of MXene modified by black phosphorus quantum dots, Ru(bpy)3

2+

and anti-CD63 antibodies. In addition to the ECL detection of exosomes, such a
configuration also made photothermal assays possible. The ECL biosensor could
detect exosomes down to 37 particles μL�1 with a linear range of up to 5 � 107

particles μL�1. The stability of the constructed biosensor was investigated by
measuring 1.1 � 102 exosomes μL�1. The ECL intensity kept a relatively stable
value under sequential 10 cyclic scans with relative standard deviation (RSD) of
1.1% [135].

6. Conclusions

The novel 2D nanomaterial MXene has a potential to significantly
influence the field of biosensing including affinity-based biosensors with
expected exponential increase in related works to be published in the years to come.
MXene-based biosensors offer adequate sensitivity required for detection of
cancer biomarkers present in blood down to ng mL�1 level or better (Table 1).
However a great deal of effort needs to be invested into finding proper
decorating strategies for MXene to simultaneously allow immobilization of
biomolecules, but at the same time providing resistance towards non-specific
protein binding. Matching this criteria, affinity MXene-based biosensors can be
applied for analysis of complex samples such as blood serum or plasma [23].
Point-of-care tests (POC) employing MXene/based devices represent promising
candidates with benefits such as adaptability in different/adverse environment,

Figure 5.
The principle of the ECL biosensor for exosomes activity detection signal amplification strategy. Reprinted with
permission from Ref. [134]. Copyright ACS, 2018.
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automation of tests, reduced cost, miniaturization, interference-free detection, etc.
[50, 81, 136, 137].
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Green Synthesis of Metal 
Nanoparticles for Antimicrobial 
Activity
Jerushka S. Moodley, Suresh Babu Naidu Krishna, 
Karen Pillay and Patrick Govender

Abstract

The development and extensive spread of multi-drug resistant bacteria are 
considered as a major public health concern. Failures to control severe infections 
due to antibiotic resistance have augmented healthcare costs as well as patient 
morbidity and mortality. Presently, natural product-based therapeutics are gaining 
significant attention both for their antimicrobial effectiveness and for not persuad-
ing drug resistance. Furthermore, recent developments in nanoscience on new drug 
delivery systems built on nanostructured materials from plants and microbes have 
emerged which focus on targeted delivery and controlled release of therapeutic 
agents. This review examines the recent investigations on the biological activities 
of plant and bacterial biological material for silver nanoparticle (AgNP) synthesis. 
Also, the underlying mechanism of antimicrobial activities of silver nanoparticles 
against human pathogens will be discussed. A fact of the biological activities and/or 
chemical responses of plants is required, not only for the discovery of new thera-
peutic agents, but because such evidence may be of value in disclosing new sources 
of already known biologically active compounds.

Keywords: antimicrobial resistance, biological activities, drug delivery,  
green synthesis, health, silver nanoparticles

1. Introduction

The antimicrobial potential of silver (Ag) and Ag-based solutions has long been 
established, however, their application was considered obsolete upon the discovery 
of antibiotics [1, 2]. In recent years, the developing crisis of multi-drug resistant 
pathogenic infections has led to the resurgence in this metal, however, with the use 
of nanotechnology to generate its nanoparticle form. For this reason, tremendous 
efforts have been extended in nanotechnology, particularly in the development of 
green synthetic strategies for silver nanoparticle (AgNPs) production to facilitate 
their use in antimicrobial therapeutic applications [3].

The interest in silver nanoparticles (AgNPs) as an alternative to current antibiot-
ics has increased profoundly over the last few years. This is owed to the cumulative 
incidence of microbial drug-resistant infections and the lack of appropriate treat-
ment thereof [4]. The World Health Organisation report of 2014 highlighted the 
probability of a post-antibiotic era in which common infections and minor injuries 
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could potentially result in fatalities [5]. Accordingly, concerted efforts have been 
extended by global pharmaceuticals to formulate new or improved antibiotics. 
However, despite high research cost-intensive investment in the last decade or so 
only two new classes of antibiotics have been introduced into the market [6, 7]. The 
imperative need for the uncovering of novel antimicrobial scaffolds has led to the 
resurgence of silver, however, in its nano-particulate form [8].

The antimicrobial activities of AgNPs are well established and currently 
researchers are striving to develop greener synthetic strategies for their production 
[1, 9]. The use of nanotechnology for the synthesis of AgNPs from environmentally 
compatible biomaterials is evolving into an important branch of science and tech-
nology [10]. To this end, a variety of biological extracts have been explored for the 
bottom-up synthesis of AgNPs [11]. However, there is an ongoing search to identify 
novel capping structures to produce AgNPs with increased bio-efficacies. In this 
context, this chapter points to highlight the use of plants as an alternative green 
technology for nanoparticle synthesis and their biomedical applications as potential 
biofactories for antibacterial, antifungal and anti-cancer agents.

2. Preparation of nanosilver

2.1 Conventional nanoparticle synthetic strategies

Established technologies for AgNP synthesis and other metal preparations can 
be categorised distinctly into two approaches, namely: “top to bottom”, which is 
normally employed by physicists and “bottom to up”, a construction favourite of 
chemists [12, 13]. Both approaches converge at the nanodimension but vary drasti-
cally in the synthetic technology. “Top to bottom” approaches apply various physi-
cal methods such as grinding, milling, sputtering, evaporation-condensation and 
thermal/laser ablation to break down bulk solid materials to their nanoparticulate 
form. “Bottom to up” approaches entail various chemical and biological methods to 
synthesise nanoparticles by the self-assembly of atoms such as Ag+ into nuclei that 
further develop into nano-sized particles [9].

Important physical “top to bottom” methods for nanoparticle preparation 
include evaporation-condensation and laser ablation techniques [14]. Evaporation-
condensation applies a tube furnace at atmospheric temperature wherein primary 
material (metal Ag) contained in a boat; is centred in the furnace and vaporised 
into a carrier gas [9]. Several inadequacies have been identified with this technique, 
for example, the furnace occupies a large space, requires high energy input whilst 
raising the environmental temperature around the source material and requires 
long durations to achieve thermal stability. Additionally, a major drawback to 
this type of synthesis is the resulting imperfections in the surface structure of the 
derived nanoparticles which can ultimately alter their physical properties [9, 15]. 
In laser ablation, irradiation is used to remove material from a bulk metal in solu-
tion. The efficacy of this technique and characteristics of nascent particles is largely 
dependent on a number of parameters including the wavelength of the laser, dura-
tion of laser pulses, laser fluence, ablation duration and the effective liquid medium 
with or without surfactants [16, 17]. An important advantage of laser ablation for 
AgNP preparation is the absence of chemicals in solution which could potentially 
contaminate the nanoparticle preparation [18].

Regarding “bottom to up” approaches, wet chemical reduction is the most fre-
quently practiced method for nanoparticle preparation [15] although, several other 
methods have been reported [19–22]. As the name suggests, wet chemical reduction 
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involves the reduction of a metal salt precursor in aqueous or organic solution. 
Various organic and inorganic compounds successfully utilised as reducing agents 
in the synthesis of AgNPs include: ascorbate; borohydride; citrate; elemental 
hydrogen; formaldehyde; N-N-dimethyl formamide (DMF); Tollen’s reagent; and 
polyethylene glycol blocks [15, 23, 24]. In addition to reducing agents, protective 
stabilising agents are also included in the reaction solution to prevent agglomeration 
of nascent nanoparticles [25, 26]. With stability achieved, this method can be useful 
to produce high nanoparticle yields with low preparation costs [27]. However, the 
efficacy of this method is challenged by the potential contamination of nascent 
nanoparticles by precursor chemicals, the use of toxic solvents and the generation 
of hazardous by-products [13, 28].

Evidently, the aforementioned physical and chemical methods have certain 
limitations that restrict their use in the preparation of nanoparticles for biological 
applications [29]. In this regard, concerted efforts have been extended to develop 
nanoparticle synthetic strategies that are environmentally sound. Essentially, this 
would entail the use of benign, biotechnological tools and has given rise to the 
concept of green technology. This technology can best be described as the use of 
biological routes such as plants and microorganisms or their byproducts in the 
synthesis of nanoparticles [29–31]. These bio-inspired methods (Figure 1) are not 
only environmentally welcoming but are cost effective and can be easily up-scaled 
for large productions [32].

2.2 Biological nanoparticle synthetic strategies

As previously eluded, biological approaches for AgNP synthesis employ the 
use of living organisms or their extracts as capping/reducing agents in a synthetic 
reaction. To date, a variety of biological entities have been explored for their Ag+ 
reducing abilities and include viruses, bacteria, plants, algae, fungi, yeast and mam-
malian cells [11, 13, 34–36]. Biological synthesis can be divided into two strategies, 
specifically: bioreduction and biosorption. Bioreduction occurs when metal ions 
undergo chemical reduction into biologically stable complexes. Many organisms 
have displayed dissimilatory metal reduction involving the coupling of reduction 
with oxidation of an enzyme. The resulting stable, inert nanoparticles can then be 
safely extracted from the reaction mixture. Alternatively, biosorption involves the 
attachment of metal ions onto an organism itself, such as on the cell wall. Various 
bacteria, fungi and plant species express peptides or possess modified cell wall 
structures that are capable of binding metal ions, thereby forming stable complexes 
in the form of nanoparticles [36].

In this review, the use of plant and bacterial biological material for AgNP 
synthesis will be discussed. For a review on the use of alternative biological entities 
as AgNP factories, studies by the following authors are recommended [11, 36, 37].

2.3 AgNP synthesis from plants

Plants have shown the capacity to hyper-accumulate metals as a means to 
protect themselves from insects and herbivores. This observation has paved way 
for the technology known as phytoextraction, wherein plants are employed to 
extract minerals from various groundwater and soil sediments. Major applica-
tions of phytoextraction include the mining of precious metals from unfeasible 
ground sites (phytomining), stabilisation or recovery of non-naturally occur-
ring contaminants (phytoremediation) and the addition of essential metals to 
growing crops. Interestingly, studies have unveiled that metals accumulated by 
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the plant are usually deposited in the form of nanoparticles. This has stimulated 
interest for the use of plants as factories for nanoparticle synthesis [35]. Whole 
plants have been explored for the synthesis of nanoparticles when grown on the 
appropriate metal enriched substrates. Species such as Brassica juncae (mustard 
greens) and Medicago sativa (alfalfa) have demonstrated the ability to accumulate 
AgNPs. For example, 50 nm sized AgNPs, at a high yield (13.6% of total plant 
weight) were reported for M. sativa when grown on silver nitrate (AgNO3) [38]. 
Additionally, icosahedral gold nanoparticles of 4 nm size were observed in M. 
sativa and semi-spherical copper nanoparticles of 2 nm size were observed in 
Iris pseudacorus when the plants were grown on gold and copper salt enriched 
 substrates, respectively [39, 40].

Although whole plants can potentially serve as factories for nanoparticle synthe-
sis, several disadvantages have been identified with this technology especially when 
up-scaling for industrial applications. For example, physical attributes of nanopar-
ticles such as size and shape vary upon the localisation of the particles in the 
plant due to the differences in metal ion content in different plant tissues and the 
possibility of nanoparticle movement and penetration [39]. This heterogeneity of 
important bioactivity-determinants such as size and shape [41, 42] limit the use of 
these nanoparticles and especially in applications where mono-dispersed nanopar-
ticle preparations are required. Furthermore, recovery of nanoparticles from living 

Figure 1. 
Different approaches for AgNP synthesis. Adapted from [9, 33].
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plants entails laborious extraction, isolation and purification procedures and may 
potentially result in low yields [35].

The use of plant broths/extracts in nanoparticle synthesis was introduced by 
Shankar et al., (2003). In their study, compounds responsible for the reduction of 
metal ions were extracted and used as reducing agents in a synthetic reaction mix-
ture, resulting in the extracellular production of nanoparticles [43]. This strategy 
tentatively offers several advantages compared to the use of whole plants. For exam-
ple, nanoparticle formation occurs considerably faster as opposed to whole plants 
which require diffusion of metal ions throughout the plant body. Additionally, the 
use of extracts would be more economical due to the ease of purification [35].

This in vitro approach has been actively developed and applied to a variety of plant 
flora for the synthesis of AgNPs [28]. Various organ extracts: stem, root, leaf, bark, 
fruit and fruit peel have demonstrated the ability to reduce Ag+. Particularly, biomol-
ecules (Figure 2) such as proteins, amino acids, enzymes, polysaccharides, alkaloids, 
tannins, phenolics, saponins, terpenoids and vitamins present in the extracts act as 
both reducing and stabilising agents [9].

Terpenoids are a class of diverse organic polymers manufactured in plants 
from five-carbon isoprene units and display strong antioxidant activities. In a 
previous study by Shankar et al., involving gold nanoparticle synthesis from 
geranium leaf extracts, it was suggested that these polymers were actively 
involved in the reduction of gold ions into stable nanoparticles [44]. Later Singh 

Figure 2. 
Major plant metabolites involved in the synthesis of metal nanoparticles: (A)-terpenoids (eugenol); (B & 
C)-flavonoids (luteolin, quercetin); (D)-a reducing hexose with the open chain form; (E & F)-amino acids 
(tryptophan, tyrosine). Adapted from [35].
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et al. reported that eugenol, the main terpenoid found in Szyygium aromaticum 
(clove), played an important role in reducing AgNO3 and HAuCL4. The Fourier 
transform infrared (FTIR) spectroscopy analysis of their study suggests that the 
dissociation of the proton from the OH group in eugenol leads to the formation 
of intermediate resonance structures which can undergo further oxidation. This 
latter reaction may be coupled to the reduction of Ag+ and subsequent formation 
of stable AgNPs [45].

Flavonoids are made up of a large group of polyphenolic compounds contain-
ing various classes such as anthocyanins, isoflavonoids, flavonols, chalcones, 
flavones and flavanones. There are several functional groups present on flavonoid 
compounds that can participate in nanoparticle formation. It has been hypoth-
esised that the tautomerization of flavonoids from the enol to keto form releases 
a reactive hydrogen atom that can participate in the reduction of metal ions. For 
example, studies involving AgNP synthesis from Ocimum sanctum extracts indi-
cate that synthesis is likely to be the result of tautomerization of the flavonoids 
luteolin and rosmarinic acid [46]. Additionally, some flavonoids can chelate 
metal ions with their carbonyl groups or π-electron. Quercetin is an example of 
a flavonoid with strong chelating activity [35]. These mechanisms may explain 
the prevalence of flavonoid groups adsorbed on to the surface of AgNPs derived 
in previous studies [47, 48]. Further indication of flavonoid involvement in 
nanoparticle synthesis is provided by a study using Lawsonia inermis, in which the 
flavonoid apiin was extracted and successfully employed in the synthesis of gold 
and Ag nanoparticles [49].

Sugars contained in plant extracts are also capable of inducing nanoparticle for-
mation. It is known that monosaccharides in the linear form containing an aldehyde 
(e.g. glucose), are capable reducing agents [35]. Monosaccharides harbouring a 
keto-group may act as antioxidants upon tautomeric transformation from a ketone 
to an aldehyde (e.g. fructose). In this regard, glucose is reportedly more efficient at 
metal ion reduction than fructose due to the kinetics of tautomerism from a ketone 
to an aldehyde which limits the reducing potential of fructose. Disaccharides and 
polysaccharides may also participate in the reduction of metal ions however, this is 
largely dependent on the ability of their monosaccharide components to take on an 
open chain configuration within an oligomer. Examples include lactose and malt-
ose. In contrast, sucrose is unable to participate in metal ion reduction because the 
linkage of its glucose and fructose monomers restrict the formation of open chains. 
However, when sucrose was placed in tetrachloroauric and tetrachloroplatinic acids, 
nanoparticle formation proceeded [50]. This may be due to the acidic hydrolysis of 
sucrose yielding glucose and fructose. In general, it is suggested that nanoparticle 
formation by sugars occurs by the oxidation of an aldehyde group into a carbonyl 
group which subsequently leads to the reduction of metal ions and nanoparticle 
formation [44].

FTIR analysis of plant derived metal nanoparticles have revealed the pres-
ence of proteins on their surface, suggesting that proteins may also possess metal 
ion reducing ability. However, amino acids have displayed differences in their 
potential for metal ion reducing and binding efficiencies. For example, lysine, 
cysteine, arginine and methionine have been shown to bind Ag+. In a separate 
study, aspartate was used to reduce tetrachloroauric acid forming nanoparticles, 
whilst valine and lysine did not possess this ability. Amino acids capable of 
binding metal ions are thought to do so through their amino or carboxyl groups 
or through side chain groups: carboxyl groups of aspartic and glutamic acid, 
imidazole ring of histidine, thiol of cysteine, thioether of methionine, hydroxyl 
group of serine; threonine and tyrosine, carbonyl groups of asparagine and 
glutamine [35].
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Linkage of amino acids in a peptide chain may also affect the ability of indi-
vidual amino acids to bind and reduce metal ions. For example, the R-carbon of 
amines and carboxylic acids in a peptide bond are inaccessible for association with 
metal ions. However, the free side chains of individual amino acids can still partici-
pate in binding and reduction of metal ions although, this is largely dependent on 
the amino acid sequence. Tan et al. demonstrated that synthesised peptides derived 
from amino acids with strong binding abilities and high reducing activities dis-
played lower reduction than expected [51]. A previous study suggested that protein 
molecules capable of nanoparticle formation display a strong attraction of metal 
ions to the regions on the molecule responsible for reduction however, their chelat-
ing activity is limited [52]. It was also suggested that the amino acid sequence of a 
protein can influence the size, shape and yield of derived nanoparticles. For exam-
ple, the synthetic peptide GASLWWSEKL was found to rapidly reduce metal ions 
forming a large number of small nanoparticles (˂10 nm), however, replacement of 
the N- and C- terminal residues forming the peptide SEKLWWGASL led to slower 
reduction and formation of larger nanospheres and nanotriangles (40 nm). These 
findings seemingly suggest that peptides and proteins present in plant extracts 
probably play a vital role in determining nanoparticle size and shape and potentially 
affect the overall yield of the nanoparticles [51].

2.4 AgNP synthesis from bacteria

There exists a vast array of literature pertaining to the use of bacteria as factories 
for nanoparticle synthesis [53, 54]. Bacteria have a marked advantage over other 
microbial systems such as fungi due to their abundance, rapid growth rate, cheap 
cultivation and the relative ease of their manipulation [55]. Their ubiquitous nature 
has led to their exposure and proliferation in many environmental extremes and 
ultimately depends on the natural defence mechanisms of these microorganisms to 
resist the effects posed by environmental stresses [56]. Bacteria have demonstrated 
these defence mechanisms in a few non-optimal growth conditions including 
environments contaminated with metal ions.

AgNP synthesis by bacteria can occur intracellularly or by the use of their 
extracts [53]. Several studies have reported intracellular synthesis by a variety 
of bacterial species and as similarly reported for the use of whole plants, this 
technology is associated with long duration periods for nanoparticle synthesis. 
For example, Pugazhenthiran et al. reported an incubation time of 7 days for 
AgNP synthesis from Bacillus sp. [57]. Kalimuthu et al. reported a reaction time of 
24 hours for AgNP synthesis by Bacillus licheniformis [58]. Although this reaction 
time was more industrially significant, the authors reported an additional extrac-
tion to acquire the derived nanoparticles. Synthesis of AgNPs by the use of bacte-
rial cell free supernatant (CFS) extracts was reported by Shahverdi et al., (2007). 
Interestingly, nanoparticle synthesis occurred within five minutes of Ag+ coming 
into contact with the CFS [59]. Thus, this method presents the greatest potential for 
industrial production of AgNPs from bacteria. Several other studies have reported 
on the production of AgNPs from bacterial CFS extracts but not at the previously 
stated formation rate [60, 61]. This seemingly suggests that bacterial extracts differ 
in their metal ion reducing abilities and may require an external energy source to 
accelerate nanoparticle formation.

2.4.1 Bacterial metabolites involved in nanoparticle synthesis

As previously stated, metal nanoparticle synthesis in bacteria may potentially 
occur through resistance mechanisms attained by these organisms to overcome the 
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toxic effects of metals. These strategies include redox state changes, efflux systems, 
intracellular precipitation, metal accumulation and extracellular formation of 
complexes (Figure 3) [56]. In an early study, Slawson et al. observed that the Ag 
resistant strain Pseudomonas stutzeri AG259, was capable of accumulating AgNPs 
(35–46 nm) within its periplasmic space. The formation of these nanoparticles 
was thought to have occurred by a mechanism involving the NADH-dependent 
reductase enzyme which undergoes oxidation to form NAD+. The lost free elec-
tron may potentially reduce Ag+ to AgNPs [62]. Later, He et al. reported that the 
NADH-dependent reductase enzyme may similarly participate in the extracellular 
formation of gold nanoparticles by the bacterium Rhodopseudomonas capsulata 
[63]. Other studies have reported nanoparticle formation without the use of 
biological enzymes. Non-enzymatic nanoparticle synthesis by a Corynebacterium 
sp. was reported by Sneha et al. [64]. Organic functional groups present at the cell 
wall were thought to induce metal ion reduction [64]. Sintubin et al. proposed a 
two-step mechanism for AgNP formation by several lactic acid bacteria, involving 
biosorption of Ag+ on the cell wall which is coupled to the subsequent reduction of 
these ions to form the nanoparticles [65]. Parikh et al. identified a gene homologue 
in a Ag-resistant Morganella strain with a 99% nucleotide sequence similarity 
to a periplasmic Ag-binding protein-encoding gene [66]. Johnston et al. further 
reported the production of a small non-ribosomal peptide, delftibactin by Delftia 
acidovorans which they believed to be associated with a resistance mechanism. 
By producing inert gold nanoparticles bound to delftibactin, gold ions no longer 
caused toxicity to the cells [67].

Figure 3. 
Metabolites and mechanisms involved in AgNP synthesis in bacteria: (a)-uptake of Ag+ and activation of 
reduction machinery; (b)-electron shuttle system involving various cofactors and enzymes; (c & d)- intra or 
extracellular localisation of AgNPs; (e)-electrostatic interaction between Ag+ and cell wall peptides/proteins & 
(f)-extracellular reduction by enzymes or other metabolites released in solution. Adapted from [53].
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3. Mechanism of nanoparticle synthesis using plants and microbes

There are three main phases in the synthesis of metal nanoparticles from plants 
and plant extracts. Initially, an activation phase takes place during which metal ions 
are reduced from mono or divalent oxidation states to zero-valent states, followed 
by nucleation of the reduced atoms. This step is immediately followed by a growth 
phase where small neighbouring nanoparticles coalesce into larger particles with 
greater thermodynamic stability while further biological reduction occurs. As 
growth proceeds nanoparticles aggregate to form various shapes such as: cubes, 
spheres, triangles, hexagons, pentagons, rods and wires [68]. Lastly, a termination 
phase follows in which nanoparticles acquire the most energetically favourable con-
formation, which ultimately determines the final shape of the particles (Figure 4) 
[69]. This step is largely influenced by the ability of the plant extract to stabilise 
the resulting nanoparticles. For example, the high surface energy of nanotriangles 
results in their decreased stability. Such nanoparticles would then acquire a more 
stable morphology such as a truncated triangle to minimise Gibbs free energy unless 
the stability is supported by the given extracts. It can be tentatively suggested that 
a similar mechanism occurs by the use of bacterial extracts since proteins and 
metabolites may also participate in Ag+ reduction as previously stated.

Several controlling factors affect the synthesis and morphology of derived 
nanoparticles. Several researchers have associated these variations with the choice 
of adsorbate and catalyst used in the synthetic process [29, 70]. However, reaction 
parameters have also been shown to strongly affect the synthesis of nanoparticles 
from biological extracts.

Studies have revealed that the pH of a reaction solution strongly influences the 
formation of the produced nanoparticles. Variances in reaction pH tend to induce 
variability in the shape and size of the produced nanoparticles. Lower acidic pH 
values tend to produce larger particles when compared to higher pH values. In a 
study employing Avena sativa (oat) biomass for the production of gold nanopar-
ticles, larger particles (25–85 nm) where formed at pH 2 whilst smaller particles 
(5–20 nm) were formed at pH 3 and 4 [71]. The researchers suggested that at 
pH 2, fewer functional groups were available for particle nucleation resulting in 
aggregation of the particles. A similar finding was observed in the synthesis of gold 
nanoparticles from the bacterium Rhodopseudomonas capsulate. At an increased pH 
of 7, spherical particles in the range of 10–20 nm in size were observed. In contrast, 
lowering the reaction pH to 4 resulted in the formation of nanoplates [63].

Temperature is an important factor in any synthesis. With respect to nanopar-
ticle formulation with the use of biological entities, temperature elevation has 
demonstrated catalytic behaviour by increasing the reaction rate and efficiency of 
nanoparticle formation. For example, a study on the influence of reaction tempera-
ture in the synthesis of AgNPs from neem leaf extracts suggested that temperature 
elevation (10–50°C) was correlated with enhanced reduction of Ag+ [72]. It was 
also noted that smaller sized AgNPs were produced at 50°C, similar to the finding 
of Kaviya et al. in the production of AgNPs from Citrus sinensis peel extracts using 
varying temperatures [73]. Similarly, this trend was observed in the production 
of AgNPs from the spent culture supernatants of Escherichia coli [61]. The authors 
tentatively suggested that the increased reaction rate might be because of tempera-
ture on a key enzyme participating in nanoparticle synthesis. However, the study 
importantly revealed that temperature elevation above 60°C contrastingly favoured 
the production of larger sized particles. The reason for this observation was 
reported as follows: at high temperatures, kinetic energy of the molecules increase 
resulting in rapid reduction of Ag+ (facilitating reduction and nucleation), to the 
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(f)-extracellular reduction by enzymes or other metabolites released in solution. Adapted from [53].
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3. Mechanism of nanoparticle synthesis using plants and microbes

There are three main phases in the synthesis of metal nanoparticles from plants 
and plant extracts. Initially, an activation phase takes place during which metal ions 
are reduced from mono or divalent oxidation states to zero-valent states, followed 
by nucleation of the reduced atoms. This step is immediately followed by a growth 
phase where small neighbouring nanoparticles coalesce into larger particles with 
greater thermodynamic stability while further biological reduction occurs. As 
growth proceeds nanoparticles aggregate to form various shapes such as: cubes, 
spheres, triangles, hexagons, pentagons, rods and wires [68]. Lastly, a termination 
phase follows in which nanoparticles acquire the most energetically favourable con-
formation, which ultimately determines the final shape of the particles (Figure 4) 
[69]. This step is largely influenced by the ability of the plant extract to stabilise 
the resulting nanoparticles. For example, the high surface energy of nanotriangles 
results in their decreased stability. Such nanoparticles would then acquire a more 
stable morphology such as a truncated triangle to minimise Gibbs free energy unless 
the stability is supported by the given extracts. It can be tentatively suggested that 
a similar mechanism occurs by the use of bacterial extracts since proteins and 
metabolites may also participate in Ag+ reduction as previously stated.

Several controlling factors affect the synthesis and morphology of derived 
nanoparticles. Several researchers have associated these variations with the choice 
of adsorbate and catalyst used in the synthetic process [29, 70]. However, reaction 
parameters have also been shown to strongly affect the synthesis of nanoparticles 
from biological extracts.

Studies have revealed that the pH of a reaction solution strongly influences the 
formation of the produced nanoparticles. Variances in reaction pH tend to induce 
variability in the shape and size of the produced nanoparticles. Lower acidic pH 
values tend to produce larger particles when compared to higher pH values. In a 
study employing Avena sativa (oat) biomass for the production of gold nanopar-
ticles, larger particles (25–85 nm) where formed at pH 2 whilst smaller particles 
(5–20 nm) were formed at pH 3 and 4 [71]. The researchers suggested that at 
pH 2, fewer functional groups were available for particle nucleation resulting in 
aggregation of the particles. A similar finding was observed in the synthesis of gold 
nanoparticles from the bacterium Rhodopseudomonas capsulate. At an increased pH 
of 7, spherical particles in the range of 10–20 nm in size were observed. In contrast, 
lowering the reaction pH to 4 resulted in the formation of nanoplates [63].

Temperature is an important factor in any synthesis. With respect to nanopar-
ticle formulation with the use of biological entities, temperature elevation has 
demonstrated catalytic behaviour by increasing the reaction rate and efficiency of 
nanoparticle formation. For example, a study on the influence of reaction tempera-
ture in the synthesis of AgNPs from neem leaf extracts suggested that temperature 
elevation (10–50°C) was correlated with enhanced reduction of Ag+ [72]. It was 
also noted that smaller sized AgNPs were produced at 50°C, similar to the finding 
of Kaviya et al. in the production of AgNPs from Citrus sinensis peel extracts using 
varying temperatures [73]. Similarly, this trend was observed in the production 
of AgNPs from the spent culture supernatants of Escherichia coli [61]. The authors 
tentatively suggested that the increased reaction rate might be because of tempera-
ture on a key enzyme participating in nanoparticle synthesis. However, the study 
importantly revealed that temperature elevation above 60°C contrastingly favoured 
the production of larger sized particles. The reason for this observation was 
reported as follows: at high temperatures, kinetic energy of the molecules increase 
resulting in rapid reduction of Ag+ (facilitating reduction and nucleation), to the 
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detriment of secondary reduction on the surface of nascent particles in the growth 
phase. However, higher temperatures beyond the optimum are thought to increase 
the growth of the crystal around the nucleus, resulting in the production of larger 
particles [48, 61].

Temperature has also been demonstrated to affect the structural form of 
nanoparticles. For example, AgNP synthesis using Cassia fistula extracts resulted 
in the formation of Ag nanoribbons at room temperature whilst spherical AgNPs 

Figure 4. 
Schematic representation of nanoparticle synthesis using a plant extract. Adapted from [35].
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were formed at temperatures above 60°C [74]. High temperatures in the study 
were thought to alter the interaction of plant biomolecules with the faces of Ag, 
 inhibiting the coalescence of adjacent nanoparticles.

Sunlight irradiation, a recently reported primary energy source for nanoparticle 
formation, has been observed to derive AgNPs with desired physical attributes. 
Recent studies on sunlight driven AgNP synthesis using Allium sativum (garlic 
extract) and Andrachnea chordifolia ethanol leaf extract revealed that sunlight 
rapidly enhanced nanoparticle formation to produce spherical AgNPs with average 
diameters of 7.3 nm and 3.4 nm, respectively [75, 76]. In addition, this use of sunlight 
has also been used in AgNP synthesis from Bacillus amyloliquefaciens CFS to produce 
circular and triangular crystalline AgNPs with an average diameter of 14.6 nm [77].

A variety of literature reports on the synthesis of AgNPs with differing mor-
phologies. Understanding the effects of these morphological characteristics on 
bioactivity is therefore an important consideration when deriving nanoparticles for 
therapeutic purposes. Characteristically, AgNPs are small (1–100 nm) and there-
fore possess a large surface area that facilitates their interaction with bacterial cell 
membranes [41, 78]. However, it has been suggested that within this confined size 
range, AgNPs present a size-dependent inhibition spectrum. Martinez-Castanon 
et al. reported that AgNPs of 7 nm in size had minimum inhibitory concentration 
(MIC) values of 6.25 μg ml−1 and 7.5 μg ml−1 for E. coli and Staphylococcus aureus, 
respectively. In contrast, larger nanoparticles (29 nm) capped with the same reduc-
ing agent displayed higher MIC values for the respective strains [79]. These results 
are in accordance with other studies that report nanoparticles of ˂ 10 nm in size 
display improved bactericidal activities [42, 80].

The interaction of AgNPs of varying shapes with E. coli cells has unveiled that 
shape plays an important factor in bioactivity. Pal et al. reported that at a low Ag 
content of 1 μg, truncated triangular nanoparticles showed nearly complete inhibi-
tion of E. coli cells, whilst spherical nanoparticles with a total silver content above 
12.5 μg displayed a reduction in colony forming units. Rod-shaped particles and 
AgNO3 presented inferior activities when compared to truncated triangular and 
spherically shaped AgNPs [41].

Considering these factors and the aforementioned factors affecting synthesis 
of nanoparticles, it can tentatively be suggested that the fine tuning of reaction 
parameters such as pH or temperature may be applied in producing AgNPs with 
these desired physical attributes. However, the use of sunlight irradiation provides a 
promising alternative in this regard.

3.1 Anti-microbial properties of silver nanoparticles

There exists an abundance of literature reporting on antimicrobial activities 
of biologically derived AgNPs [81–84]. Most of these studies utilise the disc dif-
fusion assay [85] or agar well diffusion assay [86] to establish inhibitory effects. 
Positive indication of inhibitory activities are visualised by zones of inhibition on a 
microbial lawn. Veersamy et al. reported zones of inhibition of S. aureus and E. coli 
to be 15 mm and 20 mm respectively for AgNPs (20 μg ml−1) derived from mango-
steen leaf extracts [48]. Similarly, Logeswari et al. reported zones of inhibition of 
AgNPs synthesised from various plant extracts against several bacterial strains [81]. 
Although diffusion techniques are preferred amongst researchers, they seem to be 
labour-intensive. In addition, many researchers do not establish the initial concen-
tration of AgNP solution prior to antimicrobial evaluation [82, 87]. Such disparities 
make comparison between published data inapplicable [88].

Determination of minimum inhibitory concentration (MIC) by the broth micro-
dilution or macrodilution method [89, 90] is easy to access and provides accurate 
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diameters of 7.3 nm and 3.4 nm, respectively [75, 76]. In addition, this use of sunlight 
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circular and triangular crystalline AgNPs with an average diameter of 14.6 nm [77].

A variety of literature reports on the synthesis of AgNPs with differing mor-
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bioactivity is therefore an important consideration when deriving nanoparticles for 
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fore possess a large surface area that facilitates their interaction with bacterial cell 
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range, AgNPs present a size-dependent inhibition spectrum. Martinez-Castanon 
et al. reported that AgNPs of 7 nm in size had minimum inhibitory concentration 
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ing agent displayed higher MIC values for the respective strains [79]. These results 
are in accordance with other studies that report nanoparticles of ˂ 10 nm in size 
display improved bactericidal activities [42, 80].

The interaction of AgNPs of varying shapes with E. coli cells has unveiled that 
shape plays an important factor in bioactivity. Pal et al. reported that at a low Ag 
content of 1 μg, truncated triangular nanoparticles showed nearly complete inhibi-
tion of E. coli cells, whilst spherical nanoparticles with a total silver content above 
12.5 μg displayed a reduction in colony forming units. Rod-shaped particles and 
AgNO3 presented inferior activities when compared to truncated triangular and 
spherically shaped AgNPs [41].

Considering these factors and the aforementioned factors affecting synthesis 
of nanoparticles, it can tentatively be suggested that the fine tuning of reaction 
parameters such as pH or temperature may be applied in producing AgNPs with 
these desired physical attributes. However, the use of sunlight irradiation provides a 
promising alternative in this regard.

3.1 Anti-microbial properties of silver nanoparticles

There exists an abundance of literature reporting on antimicrobial activities 
of biologically derived AgNPs [81–84]. Most of these studies utilise the disc dif-
fusion assay [85] or agar well diffusion assay [86] to establish inhibitory effects. 
Positive indication of inhibitory activities are visualised by zones of inhibition on a 
microbial lawn. Veersamy et al. reported zones of inhibition of S. aureus and E. coli 
to be 15 mm and 20 mm respectively for AgNPs (20 μg ml−1) derived from mango-
steen leaf extracts [48]. Similarly, Logeswari et al. reported zones of inhibition of 
AgNPs synthesised from various plant extracts against several bacterial strains [81]. 
Although diffusion techniques are preferred amongst researchers, they seem to be 
labour-intensive. In addition, many researchers do not establish the initial concen-
tration of AgNP solution prior to antimicrobial evaluation [82, 87]. Such disparities 
make comparison between published data inapplicable [88].

Determination of minimum inhibitory concentration (MIC) by the broth micro-
dilution or macrodilution method [89, 90] is easy to access and provides accurate 
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information with respect to microbial susceptibility. Moreover, MIC values are 
reported in various concentration units such as μg ml−1, μg l−1 or ppm thereby facili-
tating comparison between publications [53]. These methods are therefore attractive 
for AgNP bioactivity analysis. Furthermore, determination of MICs is an important 
consideration for any therapeutic agent in development to assess their toxicity at the 
specified concentration range. As previously mentioned, the antimicrobial effects 
of AgNPs are well established. However, a relatively confined amount of studies 
has been conducted to elucidate their mechanisms of antimicrobial action. These 
mechanisms are poorly understood and have failed to achieve consensus amongst 
researchers. Despite this, three common mechanisms of bactericidal activity have 
been proposed by various studies. These include the uptake of Ag+ (1), generation of 
reactive oxygen species (ROS) (2) and cell membrane disruption (3) (Figure 5) [91].

Since Ag+ are known to possess antibacterial activities, their release from AgNPs 
may potentially aid to the bioactivity of the nanoparticles. It is therefore fitting to 
consider the mechanistic action of Ag+ on bacterial cells.

The NADH–ubiquinone reductase has been established as one of the major 
targets for Ag+. Specifically, the binding of Ag+ to this enzyme may be responsible 
for their bactericidal effect even at minute concentrations [92]. Later, Dibrov et al. 
reported the binding of Ag+ to transport proteins leads to the leakage of protons 
and ultimately induces the collapse of the proton motive force [93]. Such interac-
tions with transport proteins may be attributed to the strong affinity of Ag+ to 
thiol groups found on cysteine residues of these molecules [94]. Ag+ has also been 
reported to inhibit phosphate uptake and additionally causes an efflux of intracellu-
lar phosphate [95]. It has also been hypothesised that the antimicrobial effect of Ag+ 
is correlated with the disruption of DNA replication. DNA molecules in a relaxed 
conformation can be replicated effectively. However, when Ag+ are present in bacte-
rial cells, DNA molecules enter a condensed form and replicating ability diminishes 
which ultimately leads to cell death [8].

Figure 5. 
Interactions of AgNPs with bacterial cells: (1) release of Ag+ and generation of ROS; (2) interaction with cell 
membrane proteins; (3) accumulation in cell membrane and disruption of permeability; (4) entry into the cell 
and release of Ag+, leading to generation of ROS and damage of cellular DNA. In turn, generated ROS may 
affect DNA, cell membrane and membrane proteins whilst released Ag+ may affect cell membrane proteins and 
DNA. Adapted from [91].
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The exposure of bacterial cells to AgNPs leads to the generation of ROS [96]. 
Naturally, ROS are metabolic by-products of respiring beings. Whist low levels of 
these species are skilfully controlled by various antioxidant defence mechanisms, 
high levels of ROS results in oxidative stress which is detrimental to any living 
organism. Metals can serve as catalysts and produce ROS in an oxygen containing 
environment [97]. AgNPs are therefore likely to catalyse reactions with oxygen 
leading to the production of excess free radicals. Kim et al. demonstrated the 
generation of free radicals from AgNPs by means of spin resonance measurements. 
Toxicity of AgNPs and AgNO3 diminished upon addition of an antioxidant suggest-
ing that the mechanism of action against bacterial strains was associated with the 
formation of free radicals from AgNPs. The generation of excess free radicals attack 
membrane lipids resulting in the breakdown of the membrane and cause damage to 
DNA [1].

The release of Ag+ from nanoparticles attached to the membrane and nanopar-
ticles inside the cell also play a role in the generation of ROS. Ag+ released on the 
membrane are capable of ROS generation by acting as electron acceptors whilst 
those present inside the cell more likely to interact with thiol groups of respiratory 
chain enzymes as previously stated, or scavenging superoxide dismutase enzymes 
[98]. The effect of ROS scavengers on E. coli cells was reported by Inoue et al.. 
Specifically, ROS such as superoxide anions, hydroxyl radicals, hydrogen peroxide 
and singlet oxygen contributed to the bactericidal activity against E. coli [99]. 
According to literature, the bactericidal effect of AgNPs may also be the result of 
damage to the outer membrane of bacterial cells. Previous studies by Sondi and 
Salopek-Sondi suggested that treatment of E. coli cells with AgNPs induced changes 
in the membrane morphology (Figure 6a). This resulted in increased membrane 
permeability and shifts in normal transport through the plasma membrane [100]. 
Morones et al. hypothesised that these mechanisms could explain the number of 
nanoparticles found inside E. coli cells (Figure 6b). AgNPs with oxidised surfaces 
were also reported to induce the formation of holes on the surface of E. coli cells and 
portions of the cellular surface were observed to be eaten away [101]. The attach-
ment and penetration of AgNPs has also been observed in P. aeruginosa (Figure 6c), 
V. cholera and S. typhus [80].

The mechanism of AgNP adhesion and penetration of bacterial cell membranes 
remains to be elucidated. Literature reports indicate that electrostatic interactions 
between positively charged particles and negatively charged cell membranes is 
essential for the bioactivity of these particles [102, 103]. However, this strategy does 

Figure 6. 
Transmission electron micrographs of (a) E. coli cell after 1 h treatment with 50 μg cm−3 AgNPs; (b) E. coli cell 
after 30 min treatment with 100 μg ml−1 AgNPs (c) P. aeruginosa cells after 30 min treatment with 100 μg ml−1 
AgNPs [80, 100].
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not validate the adhesion and penetration abilities of negatively charged nanopar-
ticles [104]. The researchers argued that although the particles were negatively 
charged, interactions between the particles and building elements of the membrane 
are likely to have occurred causing structural changes and degradation of the 
membrane. Morones et al. proposed that the interaction of AgNPs and bacterial 
membranes could be attributed to the strong affinity of the particles to sulphur 
containing proteins present on the membrane [80]. These interactions are thought 
to be conserved in the interaction of Ag+ and thiol groups on respiratory enzymes 
and transport proteins [80, 91].

Sondi and Salopek-Sondi [104] further reported that damage to E. coli cell 
membranes might also occur due to the incorporation of AgNPs into their mem-
brane structure. Scanning electron microscopy revealed the formation of “pits” on 
the surface of the membrane [100]. Similar findings were observed by [102]. Amro 
et al. [109] additionally reported the formation of irregularly shaped “pits” on 
the outer membrane of E. coli cells through the progressive release of lipopolysac-
charide molecules. This release of LPS molecules was induced by metal depletion in 
the cells [105]. A membrane with such morphological changes would display a high 
increase in permeability, rendering the cell incapable of regulating proper transport 
through the membrane as previously described.

Although these studies have been conducted on Gram-negative bacteria, AgNPs 
have also been reported to exert inhibitory activities against Gram-positive bacteria 
which differ from their counterparts based on differences in cell wall structure 
[106]. It can be tentatively suggested that AgNPs may form interactions with Gram-
positive bacteria through surface proteins present on the cell wall. Once penetrated, 
the mechanisms of bacterial activity are conserved with that of Gram-negative 
bacteria.

A relatively confined amount of literature focuses on the mechanisms of anti-
fungal activity exerted by AgNPs. However, based on the studies that have been 
reported, it seems that inhibition of fungal growth by AgNPs may be the result 
of damage to fungal cellular membranes. Kim et al. demonstrated the effect of 
AgNPs on Candida albicans. Transmission electron microscopy (TEM) analysis 
revealed that the treatment of cells with AgNPs lead to the formation of “pits” on 
the cell membrane which ultimately disrupts membrane potential [107]. A similar 
finding was made by Nasrollahi et al. who reported that AgNP incubation with 
C. albicans led to damage of the cell membrane [108]. Endo et al. reported that 
disruption of membrane integrity inhibits the normal budding process of daughter 
cells. Therefore, the authors suggested that AgNPs exert their inhibitory activ-
ity by inhibiting the budding of daughter cells due to the destruction of the cell 
 membrane [109].

AgNPs may also disrupt antioxidant defences in fungal cells. Eukaryotic cell 
studies suggest that AgNPs directly interact with gluthathione, gluthathione 
reductase or enzymes responsible for maintaining proper levels of gluthathione 
[110]. With respect to fungal cells, it has been hypothesised that Ag+ largely 
affect the function of membrane bound enzymes such as those in the respira-
tory chain. It has also been reported that exposure of fungal cells to Ag+ led to 
the loss of DNA replication ability. This results in the deactivation of ribosomal 
subunit protein expression and synthesis of non-functional enzymes and cellular 
proteins [111].

From these findings it can be tentatively suggested that bactericidal mechanisms 
of AgNPs are conserved in their inhibition of fungal cells. In summary, AgNPs exert 
their antimicrobial effects by releasing Ag+, disrupting the cell membrane/wall, 
generating ROS and inhibiting proper DNA replication.
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3.2 Cytotoxicity of silver nanoparticles

The unique physico-chemical and biological properties of AgNPs have extremely 
promising industrial and medical applications, as previously mentioned. However, 
there exists a dearth of knowledge regarding the effects of prolonged exposures to 
nanoparticles on human health and the environment [112]. It is therefore impera-
tive to establish the in vitro and in vivo cytotoxic effect of AgNPs in mind for 
therapeutic purposes.

3.2.1 In vivo studies

Human contact with nanoparticles occurs in the form of intravenous injection, 
oral administration, inhalation and dermal contact [113]. Injection of AgNPs in vivo 
results in short circulation times and broad tissue distribution. Target sites often 
include the liver (main target), spleen, lungs and kidneys [114]. Inhalation studies 
suggest that AgNPs become deposited in the olfactory mucosa and olfactory nerves 
which can potentially induce impairment and dysfunction of brain cells [115] in 
addition to immunotoxicity [116]. With regard to oral administration, migration 
of AgNPs to the gastrointestinal tract promotes dissolution of the particles which 
subsequently releases Ag+ [117]. A recent study on oral exposure to Ag+ indicated 
that these ions interact with sulphur leading to the formation of sulphur containing 
Ag granules in the intestinal epithelium [118]. The authors suggested that during 
intestinal digestion, Ag+ give rise to particle formation, possibly in the form of Ag2S 
or AgCl salt. They further added that this formation might influence their uptake 
and reduce the toxic effects of Ag+, however the effects of Ag salts on the intestine 
are yet to be elucidated [118, 119]. Reports on the exposure of workers to low doses 
of Ag dust indicated no significant changes in health status.

3.2.2 In vitro studies

Many researchers have demonstrated the cytotoxic effects of AgNPs in vitro, 
however there is still a lack of consistent and reliable data amongst publications. 
For example, in a recent review, Kim and Ryu (2013) attributed oxidative stress, 
apoptosis and genotoxicity to be the main in vitro outcome of AgNP exposure [120]. 
Later, Gliga et al. identified a major drawback of this review, highlighting that the 
AgNPs were different in each study, i.e. synthesised by different techniques, of 
varying size distributions and coatings, tested on different cell lines under differ-
ent cell culture conditions and often without the use of appropriate controls [121]. 
Additionally, Hackenberg et al. reported cytotoxicity of human mesenchymal 
stem cells at a concentration of 10 μg ml−1 AgNPs (˂50 nm), whereas Samberg et al.
reported no toxicity of progenitor human adipose-derived stem cells at concentra-
tions up to 100 μg ml−1 AgNPs (10–20 nm) [122, 123]. To determine the effect 
of size on cytotoxicity, Liu et al. compared the cytotoxicity of AgNPs ranging in 
size from 5 to 50 nm on four different cell lines (A549, HepG2, MCF-7 and CGC-
7901) and reported that 5 nm AgNPs were most toxic [124]. On the contrary, Kim 
et al. reported the enhanced release of lactate dehydrogenase (LDH) and reduced 
cell viability in the presence of 100 nm sized AgNPs when compared to smaller 
AgNPs (10–50 nm) [125]. It can be noted that the variation in parameters in these 
studies makes it difficult to observe trends and come to accurate assumptions. To 
achieve some consensus in this regard, Gliga et al. studied the cytotoxic effect of 
varying sized AgNPs capped by various agents on the normal bronchial epithelial 
cell line (BEAS-2B). They reported that 10 nm sized AgNPs induced cytotoxicity 
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have also been reported to exert inhibitory activities against Gram-positive bacteria 
which differ from their counterparts based on differences in cell wall structure 
[106]. It can be tentatively suggested that AgNPs may form interactions with Gram-
positive bacteria through surface proteins present on the cell wall. Once penetrated, 
the mechanisms of bacterial activity are conserved with that of Gram-negative 
bacteria.

A relatively confined amount of literature focuses on the mechanisms of anti-
fungal activity exerted by AgNPs. However, based on the studies that have been 
reported, it seems that inhibition of fungal growth by AgNPs may be the result 
of damage to fungal cellular membranes. Kim et al. demonstrated the effect of 
AgNPs on Candida albicans. Transmission electron microscopy (TEM) analysis 
revealed that the treatment of cells with AgNPs lead to the formation of “pits” on 
the cell membrane which ultimately disrupts membrane potential [107]. A similar 
finding was made by Nasrollahi et al. who reported that AgNP incubation with 
C. albicans led to damage of the cell membrane [108]. Endo et al. reported that 
disruption of membrane integrity inhibits the normal budding process of daughter 
cells. Therefore, the authors suggested that AgNPs exert their inhibitory activ-
ity by inhibiting the budding of daughter cells due to the destruction of the cell 
 membrane [109].

AgNPs may also disrupt antioxidant defences in fungal cells. Eukaryotic cell 
studies suggest that AgNPs directly interact with gluthathione, gluthathione 
reductase or enzymes responsible for maintaining proper levels of gluthathione 
[110]. With respect to fungal cells, it has been hypothesised that Ag+ largely 
affect the function of membrane bound enzymes such as those in the respira-
tory chain. It has also been reported that exposure of fungal cells to Ag+ led to 
the loss of DNA replication ability. This results in the deactivation of ribosomal 
subunit protein expression and synthesis of non-functional enzymes and cellular 
proteins [111].

From these findings it can be tentatively suggested that bactericidal mechanisms 
of AgNPs are conserved in their inhibition of fungal cells. In summary, AgNPs exert 
their antimicrobial effects by releasing Ag+, disrupting the cell membrane/wall, 
generating ROS and inhibiting proper DNA replication.
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3.2 Cytotoxicity of silver nanoparticles

The unique physico-chemical and biological properties of AgNPs have extremely 
promising industrial and medical applications, as previously mentioned. However, 
there exists a dearth of knowledge regarding the effects of prolonged exposures to 
nanoparticles on human health and the environment [112]. It is therefore impera-
tive to establish the in vitro and in vivo cytotoxic effect of AgNPs in mind for 
therapeutic purposes.

3.2.1 In vivo studies

Human contact with nanoparticles occurs in the form of intravenous injection, 
oral administration, inhalation and dermal contact [113]. Injection of AgNPs in vivo 
results in short circulation times and broad tissue distribution. Target sites often 
include the liver (main target), spleen, lungs and kidneys [114]. Inhalation studies 
suggest that AgNPs become deposited in the olfactory mucosa and olfactory nerves 
which can potentially induce impairment and dysfunction of brain cells [115] in 
addition to immunotoxicity [116]. With regard to oral administration, migration 
of AgNPs to the gastrointestinal tract promotes dissolution of the particles which 
subsequently releases Ag+ [117]. A recent study on oral exposure to Ag+ indicated 
that these ions interact with sulphur leading to the formation of sulphur containing 
Ag granules in the intestinal epithelium [118]. The authors suggested that during 
intestinal digestion, Ag+ give rise to particle formation, possibly in the form of Ag2S 
or AgCl salt. They further added that this formation might influence their uptake 
and reduce the toxic effects of Ag+, however the effects of Ag salts on the intestine 
are yet to be elucidated [118, 119]. Reports on the exposure of workers to low doses 
of Ag dust indicated no significant changes in health status.

3.2.2 In vitro studies

Many researchers have demonstrated the cytotoxic effects of AgNPs in vitro, 
however there is still a lack of consistent and reliable data amongst publications. 
For example, in a recent review, Kim and Ryu (2013) attributed oxidative stress, 
apoptosis and genotoxicity to be the main in vitro outcome of AgNP exposure [120]. 
Later, Gliga et al. identified a major drawback of this review, highlighting that the 
AgNPs were different in each study, i.e. synthesised by different techniques, of 
varying size distributions and coatings, tested on different cell lines under differ-
ent cell culture conditions and often without the use of appropriate controls [121]. 
Additionally, Hackenberg et al. reported cytotoxicity of human mesenchymal 
stem cells at a concentration of 10 μg ml−1 AgNPs (˂50 nm), whereas Samberg et al.
reported no toxicity of progenitor human adipose-derived stem cells at concentra-
tions up to 100 μg ml−1 AgNPs (10–20 nm) [122, 123]. To determine the effect 
of size on cytotoxicity, Liu et al. compared the cytotoxicity of AgNPs ranging in 
size from 5 to 50 nm on four different cell lines (A549, HepG2, MCF-7 and CGC-
7901) and reported that 5 nm AgNPs were most toxic [124]. On the contrary, Kim 
et al. reported the enhanced release of lactate dehydrogenase (LDH) and reduced 
cell viability in the presence of 100 nm sized AgNPs when compared to smaller 
AgNPs (10–50 nm) [125]. It can be noted that the variation in parameters in these 
studies makes it difficult to observe trends and come to accurate assumptions. To 
achieve some consensus in this regard, Gliga et al. studied the cytotoxic effect of 
varying sized AgNPs capped by various agents on the normal bronchial epithelial 
cell line (BEAS-2B). They reported that 10 nm sized AgNPs induced cytotoxicity 
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irrespective of the capping agents, at high concentrations (20–50 μg ml−1), whilst 
larger AgNPs did not display significant cytotoxic effects at all tested concentra-
tions. The group additionally reported that at non-cytotoxic concentrations 
(10 μg ml−1), significant DNA damage was observed for all AgNPs independent of 
size and coating. In contrast, panda et al. reported no genotoxicity of AgNPs capped 
with protein at 20–80 μg ml−1 for 24–55 nm sized particles [126].

Overall, it is difficult to establish the cytotoxic effect of AgNPs due to the dif-
ferences in nanoparticle synthetic methods, their various sizes and capping agents 
and lastly the diverse evaluation tests used to determine toxicity. In fact, by using 
different organisms and/or culture cells there is no conclusive evaluation of AgNP 
toxicity [127]. However, bearing in mind the results presented in this review, it can 
be tentatively suggested that smaller sized AgNPs are more cytotoxic than larger 
sized particles at higher concentrations.

4. Potential applications of biologically derived nanoparticles

The physiochemical characteristics of metal nanoparticles render them applica-
ble across a genre of multi-disciplinary fields for a variety of uses including catalysis 
[128]; micro-electronics [129]; solar energy conversion [130] amongst many others 
[131]. They have also been recognised for their potential in a number of medical 
applications [132]. However, the use of nanoparticles derived from physical and 
chemical synthetic routes raises health and toxicity concerns due to the nature of 
the reaction conditions which may ultimately affect the properties of the derived 
particles [133].

Biologically derived nanoparticles provide a greener alternative to nanoparticles 
derived from the aforementioned routes since, the synthesis methods used to 
derive these particles are clean and non-toxic [9]. As a result, they are suitable for 
a number of biomedical applications (Table 1) including: cancer therapy; drug 
delivery; tumour detection; genetic disorder diagnosis; tissue repair; cell labelling; 
antimicrobial development; targeting and immunoassays and yet to be discovered 
applications [37, 114, 132, 134–136].

With respect to biologically derived AgNPs, their major exploitation exists in the 
development of antimicrobial agents due to their renowned microbial inhibitory 
activities and with the current status on antimicrobial drug resistance, these par-
ticles are being extensively sought after as possible alternatives to antibiotics [1, 8].

Plant Applications Reference

Moringa oleifera Anti-microbial [137]

Eclipta prostrata Anti-protozoal [138]

Gelidiella acerosa Anti-fungal [139]

Melia azedarach Anti-cancer [140]

Lampranthus coccineus Anti-viral [141]

Malephora lutea Anti-Alzheimer [142]

Melia azedarach Wound healing [143]

Ocimum sanctum Anti-diabetic [144]

Allium sativum Antioxidant [145]

Table 1. 
Selective applications of silver nanoparticles synthesised using plant extracts.
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Chapter 13

Preparation, Structural 
Characterization, and Biomedical 
Applications of Gypsum-Based 
Nanocomposite Bone Cements
Hesham F. El-Maghraby and Yaser E. Greish

Abstract

Hard tissues are natural nanocomposites comprising collagen nanofibers that 
are interlocked with hydroxyapatite (HAp) nanocrystallites. This mechanical inter-
locking at the nanoscale provides the unique properties of hard tissues (bone and 
teeth). Upon fracture, cements are usually used for treatment of simple fractures 
or as an adhesive for the treatment of complicated fractures that require the use of 
metallic implants. Most of the commercially available bone cements are polymer-
based, and lack the required bioactivity for a successful cementation. Besides 
calcium phosphate cements, gypsum is one of the early recognized and used 
biomaterials as a basi for a self-setting cementation. It is based on the controlled 
hydration of plaster of Paris at room temperature and its subsequent conversion to 
a self-setting solid gypsum product. In our work, we have taken this process further 
towards the development of a set of nanocomposites that have enhanced bioactivity 
and mechanical properties. This chapter will outline the formation, characteriza-
tion, and properties of gypsum-based nanocomposites for bone cement applica-
tions. These modified cements can be formulated at room temperature and have 
been shown to possess a high degree of bioactivity, and are considered potential 
candidates for bone fracture and defect treatment.

Keywords: gypsum, bone cement, nanocomposite, biomimetic, apatite-forming 
ability

1. Introduction

Hard tissues, such as bone and teeth, are natural composites consisting of two 
types of material. The first material is an organic extracellular matrix that contains 
collagen, accounts for approximately 30–35% of the dry weight of bone, and is 
responsible for providing flexibility and resilience to the bone. The second mate-
rial consists primarily of calcium and phosphorous salts, especially hydroxyapatite 
[Ca10(PO4)6(OH)2; HAp], accounts for approximately 65–70% of the dry weight of 
bone, and contributes to the hardness and rigidity of the bone [1]. Hard tissues, in 
general, are responsible for providing support for the whole body, for the attachment 
to ligaments and tendons, and protect vital organs. Based on the composition of hard 
tissues, they are also considered as a reservoir for the minerals in addition to iron that 
maintains the process of hemostasis.
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Bone can be classified macroscopically as cortical tissue and cancellous 
(trabecular) tissue [1]. Both types are morphologically lamellar bone. Cortical 
tissue relies on osteons for cell communication. Because trabecular width is small, 
the canaliculi can communicate directly with blood vessels in the medullary 
canal. The basic differences between cortical tissue and cancellous tissue relate 
to porosity and apparent density. The porosity of cortical tissue typically ranges 
from 5–30%, and that of cancellous tissue ranges from 30–90%. The apparent 
density of cortical tissue is approximately 1.8 g/cm3, and that of cancellous tissue 
typically ranges from 0.1 to 1.0 g/cm3. The distinction between cortical tissue and 
cancellous tissue is arbitrary. However, in biomechanical terms, the two tissues 
are often considered one material with a specific range of porosity and density.. 
The organization of cortical and cancellous tissue in bone allows adaptation to 
function. Cortical tissue always surrounds cancellous tissue, but the relative 
quantity of each type of tissue varies with the bone’s functional requirements. 
In long bones, the diaphysis’s cortical tissue is arranged as a hollow cylinder to 
best resist bending. The metaphyseal region of the long bones flares to increase 
the bone volume and surface area in a manner that minimizes the stress of joint 
contact. The cancellous tissue in this region provides an intricate network that 
distributes weight-bearing forces and joint reaction forces into the bulk of the 
bone tissue [2–4]. Figure 1 shows a schematic diagram of a typical human bone, 
showing its detailed composition as well as the various types of bone.

If fractured or damaged, hard tissues are either left to self-heal, depending on the 
extent of the fracture or replaced partially or totally by an implant. Figure 2 shows 
the mechanism of self-healing of fractured bone. However, surgical intervening is 
mostly required to ensure proper fixation of the fractured bone and avoid future 
health consequences. In this regard, natural or synthetic materials, also known 
as biomaterials, are often used to partially or totally fix the fractured bone. The 
term “biomaterials” is used to indicate materials that constitute parts of medical 
implants, extracorporeal devices, and disposables utilized in medicine, surgery, 
dentistry, veterinary medicine, and in every aspect of patient health care [5, 6].

Biomaterials can be generally divided into three main categories that are regulated 
by tissue reaction. In basic context, inert materials (more narrowly, almost inert) 
preclude no or minimal tissue reaction. Active materials enhance bonding to surround 
tissue by promoting, for example, new bone formation. In the underlying tissue, 
degradable or resorbable materials are introduced or can even dissolve completely 
over a period. Commonly, metals are inert, ceramics may be inert, active or resorb-
able, and polymers may be resorbable or inert. The main property required of a 
biomaterial is that it does not elicit an adverse reaction when placed into service. In 
addition to biomaterials used for partial or total fixation of the fractured bone, an 
additional class of materials known as “bone cements” is also used for stand-alone 
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fixation of the fractures bone or as an auxiliary material with other biomaterials to 
help in the fixation process. More details about bone cements will be discussed in the 
following sections.

2. Bone cements

By definition, bone cements are biomaterials that are obtained by mixing a pow-
der phase with a liquid phase, forming a paste that can solidify into a final set product 
upon implantation within the body [7]. Bone cements are highly characterized by the 
ability to be injected in the body, extending their application to minimally invasive 
surgical applications [7]. The first known bone cement is poly(methyl methacrylate) 
(PMMA), which was used in 1940s as a bone filler to close fractures and defects in the 
skull [8]. PMMA was also used to fix total hip arthroplasty replacement components, 
similar to a total hip replacement [9]. This process takes place through the in-situ 
polymerization of the PMMA; hence a set product is formed.

Biocompatible polymeric bone cements are further classified as bioinert, 
bioactive, or biodegradable depending on their composition. However, none of 
them possesses a similar chemical composition to that of natural hard tissues. 
Accordingly, non-polymeric bone cements were investigated. These include calcium 
phosphate cements, as well as gypsum-based cements [10]. These cements are based 
on formulations that are composed of the mineral powder and an aqueous liquid. 
Their blending results in the hydration of the powder and the instant chemical 
transformation to the final set product [10].

2.1 Gypsum bone cements

Gypsum is one of the first used biomaterials. It is a common non-metallic 
mineral consisting of hydrated calcium sulfate (CaS04·2H20). It crystallizes in the 
monoclinic system in white or colorless crystals; Gypsum is formed through the 
hydration of its hemihydrate precursor (Plaster of Paris; POP) according to Eq. (1):

 CaSO · H O H O CaS0 ·2H+ →4 2 2 4 2½ 1½ 0  (1)

This reaction can take place at room temperature. A two-phase suspension of 
hemihydrate particles in a saturated aqueous solution is formed as the hemihydrate 
dissolves. Crystals nucleate in the suspension as the solution becomes super-
saturated with dihydrate and form a precipitate. Until the solution is no longer 

Figure 2. 
Self-healing process involved in a fractured human bone.
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term “biomaterials” is used to indicate materials that constitute parts of medical 
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fixation of the fractures bone or as an auxiliary material with other biomaterials to 
help in the fixation process. More details about bone cements will be discussed in the 
following sections.
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upon implantation within the body [7]. Bone cements are highly characterized by the 
ability to be injected in the body, extending their application to minimally invasive 
surgical applications [7]. The first known bone cement is poly(methyl methacrylate) 
(PMMA), which was used in 1940s as a bone filler to close fractures and defects in the 
skull [8]. PMMA was also used to fix total hip arthroplasty replacement components, 
similar to a total hip replacement [9]. This process takes place through the in-situ 
polymerization of the PMMA; hence a set product is formed.

Biocompatible polymeric bone cements are further classified as bioinert, 
bioactive, or biodegradable depending on their composition. However, none of 
them possesses a similar chemical composition to that of natural hard tissues. 
Accordingly, non-polymeric bone cements were investigated. These include calcium 
phosphate cements, as well as gypsum-based cements [10]. These cements are based 
on formulations that are composed of the mineral powder and an aqueous liquid. 
Their blending results in the hydration of the powder and the instant chemical 
transformation to the final set product [10].

2.1 Gypsum bone cements

Gypsum is one of the first used biomaterials. It is a common non-metallic 
mineral consisting of hydrated calcium sulfate (CaS04·2H20). It crystallizes in the 
monoclinic system in white or colorless crystals; Gypsum is formed through the 
hydration of its hemihydrate precursor (Plaster of Paris; POP) according to Eq. (1):

 CaSO · H O H O CaS0 ·2H+ →4 2 2 4 2½ 1½ 0  (1)

This reaction can take place at room temperature. A two-phase suspension of 
hemihydrate particles in a saturated aqueous solution is formed as the hemihydrate 
dissolves. Crystals nucleate in the suspension as the solution becomes super-
saturated with dihydrate and form a precipitate. Until the solution is no longer 
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saturated, nucleation and crystal formation proceed, leading to the further dissolu-
tion of the hemihydrate. Alternative dissolution and precipitation keep, with the 
growth of existing crystals or nucleation of new crystals [11].

The transformation of POP to gypsum is often followed by simple characteriza-
tion techniques, such as x-ray diffraction (XRD), infrared spectroscopy (IR), and 
scanning electron microscopy (SEM). Figure 3 shows a comparison between the 
XRD patterns (3a), IR spectra (3b), and SEM micrographs of POP and gypsum 
phases. POP is characterized by its XRD peaks at 2Ө values of 14.79, 25.48, 29.34, 
29.77, 31.84, 33.03, 38.46, 39.77, 41.34, 42.31, 45.36, 47.64, 48.66, and 49.32o; as 
shown in Figure 3a. Gypsum, on the other hand, is characterized by its XRD peaks 
at 2Ө values of 11.64, 20.76, 23.43, 25.48, 28.19, 29.17, 31.13, 32.16, 33.35, 34.61, 
36.02, 36.611, 37.38, 40.69, 42.20, 43.40, 44.27, 45.57, 46.49, 47.06, and 48.51o; as 
shown in Figure 3a. These peaks were in accordance with their standard XRD cards 
01–0999, and 33–0311 for gypsum and POP phases, respectively.

Figure 3b shows the IR spectra of POP and gypsum solid powders. Both POP 
and gypsum have water of crystallization, ½ H2O in POP, and 2H2O in gypsum. This 
was shown in the IR spectra as relatively broad bands with medium-strong intensi-
ties. Both appeared as a doublet at 3549.7 and 3607 cm−1 [12]. In the IR spectrum of 
gypsum, more broadness of this assembly was observed, extending its absorption 
to have a broad shoulder at 3416 cm−1 [12]. These differences are attributed to the 
difference in the proportion of water of crystallization in the two phases. Sulfate 
ions are shown in these phases’ patterns at four places; a sharp strong intensity 
doublet at 604 and 656 cm−1, a relatively broad but very strong band with a peak at 
1143.9 cm−1, and a medium intensity sharp band at 1630.9 cm−1 [12]. All four bands 
appeared with almost the same intensity in the two IR spectra of POP and gypsum.

The microstructure of POP and gypsum powders is shown in Figure 3c,d. POP 
phase is known to exist in the form of irregular shaped crystals with a polydisperse 
particle size distribution, as shown in Figure 3c. Upon reaction with water and 
formation of gypsum, the dissolution-precipitation mechanism by which reaction 
proceeds results in the formation of smaller crystallites with a more uniform size 
distribution, as shown in Figure 3d.

Figure 3. 
Physico-chemical characterization of gypsum and POP: (a) X-ray diffraction analysis, (b): Fourier-
transformed infrared spectroscopy, Scanning electron micrographs of (c) POP and (d) gypsum powders.
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There are two varieties of the gypsum hemihydrate form, α- and β-, which differ 
in crystal size, surface area, and lattice imperfections. While these materials are 
chemically similar, their physical properties vary considerably. The dental stone 
from which diagnostic casts is the α-hemihydrate type. When compared to the 
β-hemihydrate, it is very difficult and relatively insoluble. The β-hemihydrate is 
distinguished by an aggregate of interstitial capillary pores of abnormal crystals, 
while the α-hemihydrate comprises cleavage fragments and rod and prism-shaped 
crystals [13]. The α-form needs much less water than the β-form (0.3 versus 0.6 g/g 
of hemihydrate, respectively) due to their various particle characteristics. As a 
result, the α-form results in a super thick, heavier and less soluble dihydrate than 
the β-form [11]. The formed gypsum exhibits a layered structure with the water 
molecules alternating with calcium sulfate layers explaining this mineral’s easy 
cleavage [14], as shown in Figure 4. The hemihydrate has the water molecules 
arranged in channels between chains of calcium sulfate. It explains the ease with 
which this compound can lose most of its coordinated water without disrupting the 
structure.

Gypsum as one of the oldest known construction materials today is manu-
factured in a huge amounts for renders, plasters, indoor finishing, retardants for 
cement, ceramics, and medical supplements or implants [15–20].  The wide 
applications of gypsum plaster are primarily based on its unique properties, e.g., 
setting time, suitable workability, and volume stability. However, some disadvan-
tages appear when neat gypsum plaster is used, where a relatively high amount of 
water is required for mixing. The setting time may accordingly be too long, and as a 
result, it adversely affects the set product’s mechanical properties. These properties 
are merely developed by introducing other ingredients to form what is known as 
gypsum composites as an attempt to improve the plaster properties.

Gypsum is a highly biocompatible material that is one of the simplest synthetic 
bone graft materials with the longest clinical history, spanning more than 100 years 
[21]. It is classified as a bioresorbable material. It has been used effectively for the 
treatment of periodontal disorders, endodontic lesions, alveolar bone loss and 
augmentation of the maxillary sinus [21]. It has also been used to promote healing 
and stop failure of the grafting material as a binder. In addition, it is tissue compli-
ant and does not interfere with the process of healing [22]. At rates as high as 1 mm 
per week, Ricci et al. [23] observed a rapid rate of dissolution of both in vitro and in 
vivo gypsum from the outer surface inwards. Despite this dissolution, they reported 

Figure 4. 
Crystal structure of (a) gypsum, and (b) POP phases [14].
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saturated, nucleation and crystal formation proceed, leading to the further dissolu-
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01–0999, and 33–0311 for gypsum and POP phases, respectively.
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and gypsum have water of crystallization, ½ H2O in POP, and 2H2O in gypsum. This 
was shown in the IR spectra as relatively broad bands with medium-strong intensi-
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gypsum, more broadness of this assembly was observed, extending its absorption 
to have a broad shoulder at 3416 cm−1 [12]. These differences are attributed to the 
difference in the proportion of water of crystallization in the two phases. Sulfate 
ions are shown in these phases’ patterns at four places; a sharp strong intensity 
doublet at 604 and 656 cm−1, a relatively broad but very strong band with a peak at 
1143.9 cm−1, and a medium intensity sharp band at 1630.9 cm−1 [12]. All four bands 
appeared with almost the same intensity in the two IR spectra of POP and gypsum.

The microstructure of POP and gypsum powders is shown in Figure 3c,d. POP 
phase is known to exist in the form of irregular shaped crystals with a polydisperse 
particle size distribution, as shown in Figure 3c. Upon reaction with water and 
formation of gypsum, the dissolution-precipitation mechanism by which reaction 
proceeds results in the formation of smaller crystallites with a more uniform size 
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setting time, suitable workability, and volume stability. However, some disadvan-
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water is required for mixing. The setting time may accordingly be too long, and as a 
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are merely developed by introducing other ingredients to form what is known as 
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bone graft materials with the longest clinical history, spanning more than 100 years 
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that while bone was not observed to come into direct contact with gypsum, gypsum 
stimulated new bone formation. The formed bone took the shape of concentric 
rings in surrounding tissue, and histologically, these deposits stain like bone mineral 
and often showed attachment of osteoid and new bone [23].

2.2 Biomedical applications of gypsum bone cements

Gypsum and its precursor; POP, have been used as bone void fillers for more 
than a century [24]. Kelly et al. in 2001 used Osteosets (surgical grade calcium 
sulfate, Wright Medical Technology, Arlington TN) to fill bone defects caused by 
benign bone tumors, trauma, cyst, etc. [25]. They concluded that surgical grade 
calcium sulfate is reliable, convenient, safe, and readily available bone graft sub-
stitute that yields consistent results [25]. Osteosets, Borrelli et al. [26] successfully 
treated non-union osseous defects caused by trauma with a combination of autog-
enous iliac bone and Osteoset using the same surgical-grade gypsum. In 2005, Chen 
et al. concluded that, as an artificial bone expander with a fair fusion rate, surgeons 
may use calcium sulfate combined with locally harvested morselized bone [27].

Lazary et al. showed that MC3T3-E1 osteoblastic mouse cells placed on a gypsum 
disc expressed genes that are relevant in the formation of new bones in a way that 
is different and better than poly(methyl methacrylate) (PMMA), which is a typical 
bone void filler [28]. They also concluded that a more effective bone repair envi-
ronment was created by gypsum. Because of its unique crystal structure and high 
calcium content, it is also chosen to have the potential for osteoinductivity [27, 28]. In 
addition to the above-mentioned characteristics, Rohmiller et al. suggested gypsum 
as a cement for lumbar pedicle screw fixation [29]. They found it more promising 
than PMMA, in particular because, unlike the exothermic hardening of PMMA 
[29], no heat forms during its framework. In a parallel study, it was found that cells 
plated on gypsum disc express genes important in new bone formation with different 
expression ratios compared to PMMA, generally used as a bone void filler, suggesting 
that gypsum provides a more efficient environment for bone repair. These findings 
indicate that gypsum possess a potential Osteoinductivity, as a result of its special 
crystal structure and high calcium content [30].

Properties and applications of gypsum-based bone cements were also enhanced 
through the inclusion of various types of additives; natural or synthetic and inor-
ganic or organic. One of these additives’ main objectives is to improve the bioactive 
and mechanical properties of gypsum as a bone cement so that its biomedical 
applications are further extended. One of the first reports about the use of additives 
to gypsum was shown by Sanad et al. in 1982, where a combination of calcium oxide 
(CaO) and gum Arabic was found to enhance the mechanical properties of gypsum 
[31]. This was related to lime (CaO) precipitation in the hydration and setting 
processes of POP, while the gum Arabic acted as a gluing matrix [31].

One of the effective approaches to modulating the mechanical properties of 
gypsum [32–35] has been considered to be the blending of gypsum with polymers. 
The presence of such functional groups, such as hydroxyl and carboxyl groups, on 
these polymers is often preferred. These were found to connect with the gypsum 
products set together with the calcium sites. In general, polymers that do not 
have these groups are passive during the gypsum setting reaction. However, the 
mechanical interlocking of these polymers with the gypsum crystals collected 
improves the overall mechanical performance of the composites made. For bio-
medical applications, polymers used with gypsum should be biocompatible to avoid 
rejection by the human immune system. Different polymers could be used in this 
regard, ranging from bioactive to bioinert, depending on the application type and 
site. El-Maghraby et al. evaluated gypsum composites with poly(vinyl alcohol) and 

285

Preparation, Structural Characterization, and Biomedical Applications of Gypsum-Based…
DOI: http://dx.doi.org/10.5772/intechopen.94317

its copolymers with vinyl acetate and itaconic acid [36]. They concluded that the 
presence of carboxylic acid-groups along the polymeric ingredients enhanced the 
mineralization ability of the produced composites. In another study, a novel inject-
able, photo-cross-linkable PCL/calcium sulfate system has been developed to over-
come calcium sulfate brittleness and fast resorption rate enhancing its performance 
in bone regeneration techniques [37]. Moreover, the addition of viscous polymers, 
such as Carboxymethylcellulose (CMC), and hyaluronan, improved the handling 
characteristics and mechanical properties of the CS [38, 39]. Gelatin was also used 
as a natural additive to a mixture of gypsum and POP, which result in the formation 
of a porous scaffold upon setting [40]. This novel composite system showed high 
potential in tissue engineering applications [40]. Mineralization of a gypsum-PLLA 
composite bone cement indicated that the material may be osteoconductive. Both 
gypsum and PLLA are classified as bioresorbable biomaterials. Therefore, their 
composite bone cement can be designed in such a way that its overall degradation 
can be controlled [41, 42].

2.3 Resorption of gypsum bone cement

Gypsum is classified as a resorbable biomaterial. This characteristic does not 
interfere with its wide application as a bone cement, where the resorption of 
gypsum cement after implantation could be controlled to match the fixation of the 
fractured bone and the subsequent bone formation. The resorption of gypsum has 
been studied by various authors. Randolph et al. patented the ideas of having it in 
the form of pellets that will release certain ingredients upon dissolution [43–45]. 
Besides, Hanker et al. patented the gypsum resorption concept for the repair of 
damaged bone [46]. Doadrio et al. developed a gypsum-based cement and used it to 
deliver an antibiotic; cephalexin [47]. The inclusion of this drug was shown not to 
affect the structural composition or the physicochemical properties of gypsum [47].

Despite the benefit of gypsum bioresorption, which makes it an appealing 
candidate for particular applications, its relatively low mechanical properties have 
limited its scope of use as a bone replacement implant or even as bone cement. To 
boost its mechanical properties, various materials were mixed with gypsum; what 
is referred to as biphasic composites [48]. POP has often been mixed with various 
ceramic and polymeric ingredients to form gypsum composites there from.

On the other hand, the expedited sorption rate of gypsum can be reduced 
significantly through the use of various additives, particle/bead size, and sintering 
techniques of the ready-made gypsum made biomaterials. It was shown that the 
degradation rate of sintered CS specimens can be adjusted through the introduc-
tion of pores. Through various techniques, the introduction of spherical pores 
with amounts ranging from 6.7 to 68% into sintered CS specimens was reflected 
on a corresponding variable degradation rate in Hank’s solution in the range of 
1.9–7.7%/day [49]. Upon using different-sized calcium sulfate beads, their ability 
to elute multiple antibiotics in vitro was observed, as a possible method to improve 
the therapeutic delivery in patients [50].

2.4 Intrinsic bioactivity of gypsum bone cements

Preliminary evaluation of biomaterials, implants, and cements is intended to 
be in a closer contact with hard tissues, occurs through the study of the bone-like 
apatite formation and growth ability of the potential biomaterials. This process is 
also termed “biomimetic”, where bone-like apatite formation and growth resembles 
the natural mineralization of collagen in nature, which takes place during the con-
tinued bone formation process with time. This process was discussed in details in a 
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its copolymers with vinyl acetate and itaconic acid [36]. They concluded that the 
presence of carboxylic acid-groups along the polymeric ingredients enhanced the 
mineralization ability of the produced composites. In another study, a novel inject-
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can be controlled [41, 42].
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been studied by various authors. Randolph et al. patented the ideas of having it in 
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degradation rate of sintered CS specimens can be adjusted through the introduc-
tion of pores. Through various techniques, the introduction of spherical pores 
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1.9–7.7%/day [49]. Upon using different-sized calcium sulfate beads, their ability 
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2.4 Intrinsic bioactivity of gypsum bone cements

Preliminary evaluation of biomaterials, implants, and cements is intended to 
be in a closer contact with hard tissues, occurs through the study of the bone-like 
apatite formation and growth ability of the potential biomaterials. This process is 
also termed “biomimetic”, where bone-like apatite formation and growth resembles 
the natural mineralization of collagen in nature, which takes place during the con-
tinued bone formation process with time. This process was discussed in details in a 
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previous work by Hafiz Uddin et al. [51] and was first recognized and established by 
Kokubo et al. in 1981 and reported in 1990 [52].

The hypothesis behind this approach is to mimic the biomineralization process 
where Ca2+ and PO4

3− ions deposit in the form of apatite nanocrystallites onto 
certain nucleation sites along the collagen nanofibers. These nucleation sites are the 
functional groups along with the various amino acids within the collagen fibrils, 
such as -OH, -COOH, and -NH2 groups. Accordingly, biomaterials that possess any 
of these groups upon the immersion of a simulated body fluid (SBF), will undergo 
a similar mechanism resulting in the deposition of bone-like apatite spherolites, 
which were shown to contain apatite nanocrystallites. Protein-free SBF media 
contain ions with concentrations similar to those in the human blood plasma, and 
are supersaturated with respect to stoichiometric HAp (Ca/P 1.67). Table 1 shows a 
detailed composition of a typical SBF solution.

The mechanism of biomimetic deposition of bone-like apatite takes place at a 
physiologic pH and temperature through the instant gravitation and binding of 
the Ca2+ ions from the solution onto the surface functional groups, followed by 
the attachment of the PO4

3− ions, hence nuclei of bone-like HAp are formed. Upon 
continued immersion in SBF, these nuclei further grow and adopt a typical bone-
like apatite morphology. Figure 5 shows a schematic representation of the apatite 
formation’s biomimetic process onto OH-carrying biomaterial surfaces, such as 
silicate-containing implants.. Similarly, biomaterial surfaces that provide these 
functional groups were widely explored for the biomimetic formation of nanostruc-
tured bone-like apatite.

Gypsum, as a final set product, was also investigated in our laboratories for its 
affinity towards the biomimetic deposition of bone-like HAp [36, 53]. In a typical 
experiment, gypsum samples were immersed in a freshly prepared SBF medium 
and maintained at a physiologic temperature of 37.4°C for up to 2 weeks. Aliquots 
were collected at various time intervals to study the variation of the most relevant 
ions; Ca2+, PO4

3−, and SO4
2−, in the medium as a function of time. Dry samples at 

the end of the 15-days experiment were collected and studied by scanning electron 
microscopy for the variation of its surface morphology. Figure 6 shows typical 
SEM micrographs of a SBF-treated gypsum sample (b), compared to a pristine 
gypsum sample (a). Upon further treatment of the SBF-treated gypsum sample in 
a more concentrated SBF solution (1.5X), further growth of the deposited apatite 
nanostructured spherolites were shown with a more detailed bone-like morphology 
as shown in Figure 6c. Elemental analysis of the nanostructured spherolites indi-
cated the presence of Ca and P peaks that confirmed the identity of the deposited 
apatite [36, 53].

In a typical SBF experiment, both Ca2+ and PO4
3− ions are leached out from 

solution as a result of initially being supersaturated with respect to these ions. This 
process results in the precipitation of the corresponding nanostructured bone-like 
apatite spherolites. Chemical analysis of these ions with time usually confirms 
these findings. However, the immersion of pure gypsum in SBF for up to 15 days 

Type of 
solution

Concentration (mM)

Na+ K+ Ca2+ Mg2+ HCO3
− Cl− HPO4

2− SO4
2−

SBF 142.0 5.0 2.5 1.5 4.2 148.0 1.0 0.5

Blood plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5

Table 1. 
A detailed composition of a typical SBF solution, compared with a blood plasma [52].
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showed the decrease of the concentration of the PO4
3− ions with time, with an 

unexpected increase in the concentration of the Ca2+ ions, as shown in Figure 7 
[53]. To explain this behavior, the concentration of SO4

2− ions were also analyzed 
and was also proven to show a continued increase with time. The combined increase 
in the concentrations of Ca2+ and SO4

2− ions with time was attributed to gypsum’s 
bioresorbable nature. It is believed that the process of biomimetic mineralization 
of gypsum takes place through a combined mechanism of dissolution (via resorp-
tion) of gypsum crystal surfaces and the subsequent release of Ca2+ and SO4

2− ions 
into solution. This is followed by an abrupt increase in the supersaturation of the 
SBF medium with respect to Ca2+ and PO4

3− ions and their eventual precipitation 
in the form of the nanostructured bone-like apatite spherolites. Gypsum bone 
cement with biomimetically grown nano-textured apatite was successfully used as 
a drug delivery vehicle in addition to its cementation effect. This is attributed to the 
add-value of the nanotextured apatite spherolites that can be used as drug carriers, 
where the sorption of gypsum cement results in the slow release of the drugs. An 
example was shown in the sustained release cephalexin and gentamicin from both 
pure calcium sulfate and nanocomposite cements into SBF, which was demon-
strated in the work of Hesaraki et al. [54].

2.5 Nano-textured gypsum bone cements with enhanced bioactivity

In addition to the intrinsic bioactivity of pristine gypsum bone cements and its 
ability to form bone-like nano-textured apatite on its surfaces, these bioactivity 
indicators were further enhanced through the inclusion of bioactive fillers. These 
include calcium phosphates, which are known for their structural similarity to bone 
apatite, and calcium silicates, which were the first candidates to show an enhanced 
affinity to grow bone-like nanotextured apatite spherolites in SBF media [55–62]. In 
addition, POP-based biomaterials have also exhibited promise as grafts in a pre-
clinical repair model of intrabony periodontal defects, as well as in clinical reports 
for sinus augmentation and treatments of femoral shaft non-unions [60–62].

Figure 5. 
A schematic representation of the mechanism of biomimetic deposition of bone-like apatite spherolites on a 
typical silicate-based biomaterial; before (a), and after (b) immersion in a simulated body fluid.

Figure 6. 
Scanning electron micrographs of (a) set gypsum surface and nanotextured, bone-like apatite formation onto 
the surfaces of a set gypsum cement sample after immersion in (b) SBF and (c) 1.5 SBF media at 37°C.
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of gypsum takes place through a combined mechanism of dissolution (via resorp-
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cement with biomimetically grown nano-textured apatite was successfully used as 
a drug delivery vehicle in addition to its cementation effect. This is attributed to the 
add-value of the nanotextured apatite spherolites that can be used as drug carriers, 
where the sorption of gypsum cement results in the slow release of the drugs. An 
example was shown in the sustained release cephalexin and gentamicin from both 
pure calcium sulfate and nanocomposite cements into SBF, which was demon-
strated in the work of Hesaraki et al. [54].

2.5 Nano-textured gypsum bone cements with enhanced bioactivity

In addition to the intrinsic bioactivity of pristine gypsum bone cements and its 
ability to form bone-like nano-textured apatite on its surfaces, these bioactivity 
indicators were further enhanced through the inclusion of bioactive fillers. These 
include calcium phosphates, which are known for their structural similarity to bone 
apatite, and calcium silicates, which were the first candidates to show an enhanced 
affinity to grow bone-like nanotextured apatite spherolites in SBF media [55–62]. In 
addition, POP-based biomaterials have also exhibited promise as grafts in a pre-
clinical repair model of intrabony periodontal defects, as well as in clinical reports 
for sinus augmentation and treatments of femoral shaft non-unions [60–62].
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the surfaces of a set gypsum cement sample after immersion in (b) SBF and (c) 1.5 SBF media at 37°C.
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2.6 Calcium phosphate-doped gypsum bone cements

POP was applied to enhance the setting reactions of a biodegradable calcium 
phosphate cement that was composed of β-tricalcium phosphate (β-Ca3(PO4)2; 
β-TCP) and monocalcium phosphate monohydrate (Ca(H2PO4)2.H2O; MCPM) 
[56] due to its relatively faster setting process. These composites of cement have 
been shown to be osteo-conductive [56]. The setting time, workability, and poros-
ity of a cement composed of an aqueous slurry of β –TCP [57] were also modulated 
using POP. When combined with β-TCP, Nilsson et al. [58] realized the essential 
function of gypsum, helping to create pores in the implanted material, thereby 
ensuring the growth of new bone tissue. The use of β-TCP in a CS matrix produced 
significantly more vital new bone fill and preserved bone dimensions than β-TCP 
alone [59]. Composite bone cement was also made of gypsum and granules of 
β-TCP, and dicalcium phosphate dihydrate, and were shown to have a greater bone 
filling ability than did pure gypsum cement [60]. Moreover, the physical proper-
ties of the bone regenerated with the CS/CP composite were similar to or greater 
than native bone [60].

Combinations of ready-made HAp particles with gypsum were also evalu-
ated. Sato et al. indicated the promising characteristics of gypsum after mixing 
it with HAp particles, based on the relatively fast absorption of gypsum without 
interfering with bone healing [48]. Cabanas et al. concluded that for a paste 
of calcium sulfate-calcium phosphate cements to be injected percutaneously 
using a syringe or implanted operatively, it was essential to control parameters 
such as working time, setting time, or thermodynamic behavior [61]. It was also 
shown by Guo et al. that a calcium phosphate-doped gypsum bone cement has a 
controlled setting time within the range of 5–20 min., and the material can easily 
be molded before setting [62]. A novel HAp-gypsum-POP cement system was 
successfully used as a reservoir for the delivery of growth factor-beta 1 (TGF-1) 
and vascular endothelial growth factor (VEGF) [63].

Two novel dual-setting apatite-gypsum bone cements were studied, in which the 
setting reaction of POP and its transformation to gypsum was combined with the 
setting reaction of apatitic calcium phosphate precursors [64, 65]. These precur-
sors normally react with water at room temperature through an acid–base reaction 

Figure 7. 
Variation of the ionic concentrations of Ca2+, PO4

3–, and SO4
2– ions in SBF media with time as a result of 

immersion of gypsum samples for up to 15 days at 37°C.
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leading to the formation of calcium phosphate bone cements with various degrees 
of stoichiometry, as shown in Eqs. (2) and (3):

 ( ) ( ) ( ) ( )2Ca PO O 2CaHPO .2H O Ca PO OH+ → SHAp4 4 4 2 10 42 6 2  (2)

( ) ( )( ) ( ) ( )3Ca PO O 6CaHPO .2H O 2Ca HPO PO OH+ → −CD HAp4 4 4 2 9 4 42 5  (3)

As observed in both cases, the findings showed a remarkable delay in the growth 
kinetics of gypsum, with different extensions depending on the starting Ca/P molar 
ratios of the apatite and its proportion in the composites. The synthetic version of 
Ca-def apatite’s bioresorbability also revealed its retardation effect on the formation 
of gypsum. An overall near-physiological pH regimen was obtained by mixing POP 
in their solutions with each of the Ca-def apatites [64]. However, variations in the 
pH of the studied solutions showed the effect of POP on decreasing the alkalinity of 
the media containing SHAp precursors [65].

Fabrication of osteoconductive scaffold with osteoinductive capability 
and appropriate resorption rate was also achieved through the introduction of 
Strontium in the crystal structure of gypsum as well as the combined effect of HAp. 
Together, Sr-gypsum/HAp was shown to promote bone formation by recruiting and 
stimulating osteogenic differentiation of BMSCs [66].

2.7 Calcium silicate-doped gypsum bone cements

Silicate-based materials have been proven to possess an excellent affinity 
towards the biomimetic deposition of nano-textured bone-like apatite spherolites 
in SBF media. Accordingly, they were considered bioactive, and their inclusion in 
the formation of composite biomaterials is highly believed to lead to enhancement 
of the bioactivity of the biomaterials produced thereof. Accordingly, silicates were 
considered potential candidates to be added to gypsum bone cements to further 
enhance their bioactivity. Silicate-based materials; either crystalline or amorphous, 
could be used in this regard as they share the mechanism of biomimetic deposition 
of apatite when exposed to SBF media. In the work of Greish et al. [53], highly 
crystalline wollastonite fibers were added to gypsum bone cements in order to 
study their effect on the mechanical properties and bioactivity of the produced 
composite cement systems. Due to the silicate composition of the wollastonite fibers 
and the gypsum matrix’s intrinsic bioactivity, both phases were shown to develop 
nano-structured apatite coatings onto their surfaces; Figure 8a. Furthermore, 
alkali-treated wollastonite fibers were shown to have an extensive formation of 
these apatitic coatings on its surfaces, as shown in Figure 8b. These novel cements 
provide a dual mechanism of biomimetic deposition of the bone-like spherolites, 
hence show an enhanced bioactivity as compared with pure gypsum cements [53]. 
Tricalcium silicate was also added to gypsum in the work of Huan et al. [67] to 
improve its handling and physical properties, in addition to improved mechanical 
properties. Furthermore, the composite made thereafter was also shown to have 
enhanced bioactivity and favorable resorption characteristics as compared with 
pure gypsum cement [67]. A ternary organic–inorganic composite bone cements 
of tricalcium silicate/sodium alginate/POP (C3S/SA/POP) were successfully shown 
to exhibit good proliferation, excellent attachment, enhanced alkaline phosphatase 
activity, increased calcium deposition, and osteogenic-related gene expressions 
with growing calcium sulfate component [68].

In the course of 3D printing, POP was also supplemented with silicate materials. In 
order to boost the scaffold efficiency, a combined cement was integrated functionally 
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leading to the formation of calcium phosphate bone cements with various degrees 
of stoichiometry, as shown in Eqs. (2) and (3):
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As observed in both cases, the findings showed a remarkable delay in the growth 
kinetics of gypsum, with different extensions depending on the starting Ca/P molar 
ratios of the apatite and its proportion in the composites. The synthetic version of 
Ca-def apatite’s bioresorbability also revealed its retardation effect on the formation 
of gypsum. An overall near-physiological pH regimen was obtained by mixing POP 
in their solutions with each of the Ca-def apatites [64]. However, variations in the 
pH of the studied solutions showed the effect of POP on decreasing the alkalinity of 
the media containing SHAp precursors [65].

Fabrication of osteoconductive scaffold with osteoinductive capability 
and appropriate resorption rate was also achieved through the introduction of 
Strontium in the crystal structure of gypsum as well as the combined effect of HAp. 
Together, Sr-gypsum/HAp was shown to promote bone formation by recruiting and 
stimulating osteogenic differentiation of BMSCs [66].

2.7 Calcium silicate-doped gypsum bone cements

Silicate-based materials have been proven to possess an excellent affinity 
towards the biomimetic deposition of nano-textured bone-like apatite spherolites 
in SBF media. Accordingly, they were considered bioactive, and their inclusion in 
the formation of composite biomaterials is highly believed to lead to enhancement 
of the bioactivity of the biomaterials produced thereof. Accordingly, silicates were 
considered potential candidates to be added to gypsum bone cements to further 
enhance their bioactivity. Silicate-based materials; either crystalline or amorphous, 
could be used in this regard as they share the mechanism of biomimetic deposition 
of apatite when exposed to SBF media. In the work of Greish et al. [53], highly 
crystalline wollastonite fibers were added to gypsum bone cements in order to 
study their effect on the mechanical properties and bioactivity of the produced 
composite cement systems. Due to the silicate composition of the wollastonite fibers 
and the gypsum matrix’s intrinsic bioactivity, both phases were shown to develop 
nano-structured apatite coatings onto their surfaces; Figure 8a. Furthermore, 
alkali-treated wollastonite fibers were shown to have an extensive formation of 
these apatitic coatings on its surfaces, as shown in Figure 8b. These novel cements 
provide a dual mechanism of biomimetic deposition of the bone-like spherolites, 
hence show an enhanced bioactivity as compared with pure gypsum cements [53]. 
Tricalcium silicate was also added to gypsum in the work of Huan et al. [67] to 
improve its handling and physical properties, in addition to improved mechanical 
properties. Furthermore, the composite made thereafter was also shown to have 
enhanced bioactivity and favorable resorption characteristics as compared with 
pure gypsum cement [67]. A ternary organic–inorganic composite bone cements 
of tricalcium silicate/sodium alginate/POP (C3S/SA/POP) were successfully shown 
to exhibit good proliferation, excellent attachment, enhanced alkaline phosphatase 
activity, increased calcium deposition, and osteogenic-related gene expressions 
with growing calcium sulfate component [68].

In the course of 3D printing, POP was also supplemented with silicate materials. In 
order to boost the scaffold efficiency, a combined cement was integrated functionally 
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into mesoporous calcium silicate (MCS) via a 3D printing technique. Compared to 
printed MCS scaffolds, the characteristics showed that 20 percent CSH integration over 
4 weeks of hydration increased their compressive strength by 2 times. Moreover, MCS 
component in the composite scaffolds exhibited sustained release behavior of dexa-
methasone drugs to assist bone regeneration [69]. Similarly, scaffolds made of POP 
and mesoporous bioactive glass (MBG) scaffolds successfully fabricated using a 3D 
printing technique, which had a regular and uniform square macroporous structure, 
high porosity and excellent apatite mineralization ability. Thus 3D printed POP/MBG 
scaffolds would be promising candidates for promoting bone regeneration [70].

3. Conclusions

Bone cements are widely used for the treatment of bone defects and fractures. 
Gypsum-based bone cements are characterized by their ease of preparation and 
affordability. Gypsum has been classified as a bioresorbable material. Moreover, 
our ongoing research has clearly shown a string evidence of its bioactivity where 
gypsum is mineralized in SBF media in a manner similar to that was initially pro-
posed for the biomimetic growth of bone-like apatite on the surfaces of bioactive 
materials. Moreover, the inclusion of other biocompatible fillers further enhance its 
bioactivity. The biomimetically-grown bone-like apatite adopts the morphology of 
nanostructured spherolites which are made of apatite nanocrystallites. The overall 
assembly of nanostructured gypsum-based bone cements, therefore, represents a 
potential modality for the treatment of fractured bone with an enhanced bioactivity. 
Moreover, an added value of the improvement in the mechanical properties of these 
composite cements is highly believed to extend the applications of these cements to 
be used as bone implants for non-load bearing applications.
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Figure 8. 
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fibers, after immersion in SBF media for 15 days at 37°C.

291

Preparation, Structural Characterization, and Biomedical Applications of Gypsum-Based…
DOI: http://dx.doi.org/10.5772/intechopen.94317

Author details

Hesham F. El-Maghraby1,2 and Yaser E. Greish1,2*

1 Department of Chemistry, UAE University, Al Ain, UAE

2 Department of Ceramics, National Research Centre, Cairo, Egypt

*Address all correspondence to: y.afifi@uaeu.ac.ae

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Novel Nanomaterials

290

into mesoporous calcium silicate (MCS) via a 3D printing technique. Compared to 
printed MCS scaffolds, the characteristics showed that 20 percent CSH integration over 
4 weeks of hydration increased their compressive strength by 2 times. Moreover, MCS 
component in the composite scaffolds exhibited sustained release behavior of dexa-
methasone drugs to assist bone regeneration [69]. Similarly, scaffolds made of POP 
and mesoporous bioactive glass (MBG) scaffolds successfully fabricated using a 3D 
printing technique, which had a regular and uniform square macroporous structure, 
high porosity and excellent apatite mineralization ability. Thus 3D printed POP/MBG 
scaffolds would be promising candidates for promoting bone regeneration [70].

3. Conclusions

Bone cements are widely used for the treatment of bone defects and fractures. 
Gypsum-based bone cements are characterized by their ease of preparation and 
affordability. Gypsum has been classified as a bioresorbable material. Moreover, 
our ongoing research has clearly shown a string evidence of its bioactivity where 
gypsum is mineralized in SBF media in a manner similar to that was initially pro-
posed for the biomimetic growth of bone-like apatite on the surfaces of bioactive 
materials. Moreover, the inclusion of other biocompatible fillers further enhance its 
bioactivity. The biomimetically-grown bone-like apatite adopts the morphology of 
nanostructured spherolites which are made of apatite nanocrystallites. The overall 
assembly of nanostructured gypsum-based bone cements, therefore, represents a 
potential modality for the treatment of fractured bone with an enhanced bioactivity. 
Moreover, an added value of the improvement in the mechanical properties of these 
composite cements is highly believed to extend the applications of these cements to 
be used as bone implants for non-load bearing applications.

Acknowledgements

The authors would like to extend their acknowledgement to the continuous 
financial support of the UAE University.

Conflict of interest

The authors hereby declare the absence of any conflict of interest with other 
researchers and research entities.

Figure 8. 
Scanning electron micrographs of gypsum cements containing a) pristine, and b) alkali-treated wollastonite 
fibers, after immersion in SBF media for 15 days at 37°C.

291

Preparation, Structural Characterization, and Biomedical Applications of Gypsum-Based…
DOI: http://dx.doi.org/10.5772/intechopen.94317

Author details

Hesham F. El-Maghraby1,2 and Yaser E. Greish1,2*

1 Department of Chemistry, UAE University, Al Ain, UAE

2 Department of Ceramics, National Research Centre, Cairo, Egypt

*Address all correspondence to: y.afifi@uaeu.ac.ae

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



292

Novel Nanomaterials

[1] Buckwalter JA, Glimcher MJ, 
Cooper RR, Recker R. Bone biology. I: 
Structure, blood supply, cells, matrix, 
and mineralization. Instructional 
Course Lectures. 1996a;45:371-386

[2] Skinner HB. Current Diagnosis 
and Treatment in Orthopedic, 4th ed, 
McGraw Hill, 2006

[3] Gao C, Peng S, Feng P, Shuai C. Bone 
biomaterials and interactions with 
stem cells Bone Research 2017; 5:17059. 
DOI:10.1038/boneres.2017.59

[4] Beamer B, Hettrich C, Lane J. 
Vascular endothelial growth factor: An 
essential component of angiogenesis 
and fracture healing. HSSJ. 2010;6:85-
94. DOI: 10.1007/s11420-009-9129-4

[5] Boretos JW, Murray E. 
Contemporary biomaterials: Material 
and host response, clinical applications, 
new technology, and legal aspects. 
Conference Proceedings, Biomedical 
materials; Congress, 1984.

[6] Dee KC, Puleo DA, Bizios R. An 
Introduction To Tissue-Biomaterial 
Interactions, John Wiley & Sons, 
Chapter 1: Biomaterials. 2002; 1-2. 
DOI:10.1002/0471270598

[7] Ginebra M-P, Montufar EB. 
Cements as bone repair materials. In: 
Pawelec, KM, Planell, JA (eds) Bone 
Repair Biomaterials (Second Edition). 
Cambridge, UK: Woodhead Publishing, 
2019;233-271. https://doi.org/10.1016/
B978-0-08-102451-5.00009-3

[8] Woolf JI, Walker AE. Cranioplasty: 
Collective review. Int Abs Surg. 
1945;81:1-23.

[9] Webb JCJ, Spencer RF. The role of 
polymethylmethacrylate bone cement 
in modern orthopaedic surgery. 
Journal of Bone and Joint Surgery. 

2007;89-B:851-857. DOI: https://doi.
org/10.1302/0301-620X.89B7.19148

[10] Graça MPF, Gavinho SR. 
Calcium phosphate cements in tissue 
engineering. IntechOpen, 2020;1-27. 
DOI: 10.5772/intechopen.89131.

[11] Thomas MV, Puleo DA. Calcium 
sulfate: Properties and clinical 
applications-review. J Biomed Mater 
Res Part B: Appl Biomater. 2009; 88B: 
597-610. DOI: 10.1002/jbm.b.31269.

[12] Nyan M, Sato D, Oda M, Machida T, 
Kobayashi H, Nakamura T, et al. Bone 
formation with the combination of 
simvastatin and calcium sulfate in 
critical-sized rat calvarial defect. 
Journal of Pharmacological Sciences. 
2007;104:384-386. DOI: 10.1254/jphs.
SC0070184

[13] Anusavice KJ. Gypsum products. In: 
Anusavice KJ, editor. Phillips’ Science 
of Dental Materials. St. Louis, MO: 
Saunders; 2003; 255p.

[14] Carreno-Marquez IJA, 
Menendez-Me ́ndez E, 
Esparza-Ponce HE, Fuentes-Cobas L, 
García-Roves R, ́Castillo-Sandoval I, 
Luna-Porres M, Frutos-Vaquerizo J, 
Montero-Cabrera ME. Naica’s Giant 
Crystals: Deterioration Scenarios. Cryst. 
Growth Des. 2018; 18: 4611-4620

[15] Arikan M, Sobolev K. The 
optimization of gypsum based 
composite material. Cement and 
Concrete Research. 2002;32:1725-1728. 
DOI: 10.1016/S0008-8846(02)00858-X

[16] Karni J, Karni E. Gypsium 
in construction: Origin and 
properties. Materials and Structures. 
1995;28:92-100

[17] Melo LGN, Nagata MJH, 
Basco AF, Ribeiro LLG, Leite CM. 
Bone Healing and Surgically Created 

References

293

Preparation, Structural Characterization, and Biomedical Applications of Gypsum-Based…
DOI: http://dx.doi.org/10.5772/intechopen.94317

Defect treated with Either Bioactive 
Glass Particles, a Calcium Sulfate 
Barrier, or a Combination of 
both materials. Clin, Oral. Impl. 
Res.2005; 16: 683-691. https://doi.
org/10.1111/j.1600-0501.2005.01090.x

[18] Pagageorgiou A, Tzouvalas G,  
Tsimas S. Use of inorganic setting 
retarders in cement, industry. Cem. 
Concr. Res. 2005;27:183-189. 10.1016/j.
cemconcomp.2004.02.005

[19] Peter CP, Hines JL, Bachus KN, 
Craig MA, Bloebaum RD. Biological 
effect of calcium sulfate as bone 
graft substitute in ovine metaphyseal 
defects. Journal of Biomedical Materials 
Research. Part A. 2005;76(3):456-
462. DOI: https://doi.org/10.1002/
jbm.a.30569

[20] Sievert T, Wolter W, Singh NB. 
Hydration of anhydrite of gypsum 
(CaSO4.II) in a ball mill. Cem. Concr. 
Res. 2005;35:623-630. DOI: 10.1016/j.
cemconres.2004.02.010

[21] Orsini G, Ricci J, Scarano A, 
Pecora G, Petrone G, Lezzi G. Bone-
defect healing with calcium-sulfate 
particles and cement: An experimental 
study in rabbit. J. Biomed. Mater. Res. 
Part B: Appl. Biomater. 2004;68B:199-
208. DOI: https://doi.org/10.1002/
jbm.b.20012

[22] Maragos P, Bissada NF, Wang R, 
Cole RP. Comparison of three methods 
using calcium sulfate as a graft/
barrier material for the treatment of 
class II mandibular molar furcation 
defects. Int. J. Periodont. Restor. Dent. 
2002;22:493-501

[23] Ricci JL, Weiner MJ, Iorio DD, 
Mamidwar S, Alexander H. Evaluation 
of timed release calcium sulfate (CS-
TR) bone graft substitutes. Microsc 
microanal. 2005;11(2):1256-1257. 
DOI. DOI: https://doi.org/10.1017/
S1431927605506585

[24] Peltier LF. The use of plaster of 
Paris to fill defects in bone. Clinical 
Orthopaedics. 1961;21:1-31

[25] Kelly CM, Wilkins RM, Gitelis S, 
Hartjen C, Watson JT, Kim PT. The 
use of a surgical grade calcium 
sulfate as a bone graft substitute: 
Results of a multicenter trial. 
Clinical Orthopaedics and Related 
Research. 2001;382:42-50. DOI: 
10.1097/00003086-200101000-00008

[26] Borrelli JJ, Prickett WD, 
Ricci WM. Treatment of nonunions 
and osseous defects with bone 
graft and calcium sulfate. Clinical 
Orthopaedics and Related Research. 
2003;411:245-254. DOI: 10.1097/01.
blo.0000069893.31220.6f

[27] Chen WJ, Tsai TT, Chen LH, 
Niu CC, Lai PL, Fu TS. The fusion rate 
of calcium sulfate with local autograft 
bone compared with autologous 
iliac bone graft for instrumented 
short-segment spinal fusion. Spine. 
2005;30(20):2293-2297. DOI: 
10.1097/01.brs.0000182087.35335.05

[28] Zhu T, Ren H, Li A, Liu B, Cui C, 
Dong Y, et al. Novel bioactive glass 
based injectable bone cement with 
improved osteoinductivity and its in 
vivo evaluation. Scientific Reports. 
2017;7:3622. DOI: https://doi.
org/10.1038/s41598-017-03207-9

[29] Rohmiller MT, Schwalm D, 
Glattes C, Elalayli TG, Spengler DM. 
Evaluation of calcium sulfate paste for 
augmentation of lumbar pedicle screw 
pullout strength. The Spine Journal. 
2002;2:255-260. https://doi.org/10.1016/
S1529-9430(02)00207-3

[30] Lazary A’r, Balla B. Ja’nos P. Ko’sa, 
Krisztia’n Ba’csi, Zsolt Nagy, Istva’n 
Taka’cs, Pe’ter P. Varga, Ga’bor Speer, 
Pe’ter Lakatos. Effect of gypsum on 
proliferation and differentiation of 
MC3T3-E1 mouse osteoblastic cells. 
Biomaterials. 2007;28:393-399



292

Novel Nanomaterials

[1] Buckwalter JA, Glimcher MJ, 
Cooper RR, Recker R. Bone biology. I: 
Structure, blood supply, cells, matrix, 
and mineralization. Instructional 
Course Lectures. 1996a;45:371-386

[2] Skinner HB. Current Diagnosis 
and Treatment in Orthopedic, 4th ed, 
McGraw Hill, 2006

[3] Gao C, Peng S, Feng P, Shuai C. Bone 
biomaterials and interactions with 
stem cells Bone Research 2017; 5:17059. 
DOI:10.1038/boneres.2017.59

[4] Beamer B, Hettrich C, Lane J. 
Vascular endothelial growth factor: An 
essential component of angiogenesis 
and fracture healing. HSSJ. 2010;6:85-
94. DOI: 10.1007/s11420-009-9129-4

[5] Boretos JW, Murray E. 
Contemporary biomaterials: Material 
and host response, clinical applications, 
new technology, and legal aspects. 
Conference Proceedings, Biomedical 
materials; Congress, 1984.

[6] Dee KC, Puleo DA, Bizios R. An 
Introduction To Tissue-Biomaterial 
Interactions, John Wiley & Sons, 
Chapter 1: Biomaterials. 2002; 1-2. 
DOI:10.1002/0471270598

[7] Ginebra M-P, Montufar EB. 
Cements as bone repair materials. In: 
Pawelec, KM, Planell, JA (eds) Bone 
Repair Biomaterials (Second Edition). 
Cambridge, UK: Woodhead Publishing, 
2019;233-271. https://doi.org/10.1016/
B978-0-08-102451-5.00009-3

[8] Woolf JI, Walker AE. Cranioplasty: 
Collective review. Int Abs Surg. 
1945;81:1-23.

[9] Webb JCJ, Spencer RF. The role of 
polymethylmethacrylate bone cement 
in modern orthopaedic surgery. 
Journal of Bone and Joint Surgery. 

2007;89-B:851-857. DOI: https://doi.
org/10.1302/0301-620X.89B7.19148

[10] Graça MPF, Gavinho SR. 
Calcium phosphate cements in tissue 
engineering. IntechOpen, 2020;1-27. 
DOI: 10.5772/intechopen.89131.

[11] Thomas MV, Puleo DA. Calcium 
sulfate: Properties and clinical 
applications-review. J Biomed Mater 
Res Part B: Appl Biomater. 2009; 88B: 
597-610. DOI: 10.1002/jbm.b.31269.

[12] Nyan M, Sato D, Oda M, Machida T, 
Kobayashi H, Nakamura T, et al. Bone 
formation with the combination of 
simvastatin and calcium sulfate in 
critical-sized rat calvarial defect. 
Journal of Pharmacological Sciences. 
2007;104:384-386. DOI: 10.1254/jphs.
SC0070184

[13] Anusavice KJ. Gypsum products. In: 
Anusavice KJ, editor. Phillips’ Science 
of Dental Materials. St. Louis, MO: 
Saunders; 2003; 255p.

[14] Carreno-Marquez IJA, 
Menendez-Me ́ndez E, 
Esparza-Ponce HE, Fuentes-Cobas L, 
García-Roves R, ́Castillo-Sandoval I, 
Luna-Porres M, Frutos-Vaquerizo J, 
Montero-Cabrera ME. Naica’s Giant 
Crystals: Deterioration Scenarios. Cryst. 
Growth Des. 2018; 18: 4611-4620

[15] Arikan M, Sobolev K. The 
optimization of gypsum based 
composite material. Cement and 
Concrete Research. 2002;32:1725-1728. 
DOI: 10.1016/S0008-8846(02)00858-X

[16] Karni J, Karni E. Gypsium 
in construction: Origin and 
properties. Materials and Structures. 
1995;28:92-100

[17] Melo LGN, Nagata MJH, 
Basco AF, Ribeiro LLG, Leite CM. 
Bone Healing and Surgically Created 

References

293

Preparation, Structural Characterization, and Biomedical Applications of Gypsum-Based…
DOI: http://dx.doi.org/10.5772/intechopen.94317

Defect treated with Either Bioactive 
Glass Particles, a Calcium Sulfate 
Barrier, or a Combination of 
both materials. Clin, Oral. Impl. 
Res.2005; 16: 683-691. https://doi.
org/10.1111/j.1600-0501.2005.01090.x

[18] Pagageorgiou A, Tzouvalas G,  
Tsimas S. Use of inorganic setting 
retarders in cement, industry. Cem. 
Concr. Res. 2005;27:183-189. 10.1016/j.
cemconcomp.2004.02.005

[19] Peter CP, Hines JL, Bachus KN, 
Craig MA, Bloebaum RD. Biological 
effect of calcium sulfate as bone 
graft substitute in ovine metaphyseal 
defects. Journal of Biomedical Materials 
Research. Part A. 2005;76(3):456-
462. DOI: https://doi.org/10.1002/
jbm.a.30569

[20] Sievert T, Wolter W, Singh NB. 
Hydration of anhydrite of gypsum 
(CaSO4.II) in a ball mill. Cem. Concr. 
Res. 2005;35:623-630. DOI: 10.1016/j.
cemconres.2004.02.010

[21] Orsini G, Ricci J, Scarano A, 
Pecora G, Petrone G, Lezzi G. Bone-
defect healing with calcium-sulfate 
particles and cement: An experimental 
study in rabbit. J. Biomed. Mater. Res. 
Part B: Appl. Biomater. 2004;68B:199-
208. DOI: https://doi.org/10.1002/
jbm.b.20012

[22] Maragos P, Bissada NF, Wang R, 
Cole RP. Comparison of three methods 
using calcium sulfate as a graft/
barrier material for the treatment of 
class II mandibular molar furcation 
defects. Int. J. Periodont. Restor. Dent. 
2002;22:493-501

[23] Ricci JL, Weiner MJ, Iorio DD, 
Mamidwar S, Alexander H. Evaluation 
of timed release calcium sulfate (CS-
TR) bone graft substitutes. Microsc 
microanal. 2005;11(2):1256-1257. 
DOI. DOI: https://doi.org/10.1017/
S1431927605506585

[24] Peltier LF. The use of plaster of 
Paris to fill defects in bone. Clinical 
Orthopaedics. 1961;21:1-31

[25] Kelly CM, Wilkins RM, Gitelis S, 
Hartjen C, Watson JT, Kim PT. The 
use of a surgical grade calcium 
sulfate as a bone graft substitute: 
Results of a multicenter trial. 
Clinical Orthopaedics and Related 
Research. 2001;382:42-50. DOI: 
10.1097/00003086-200101000-00008

[26] Borrelli JJ, Prickett WD, 
Ricci WM. Treatment of nonunions 
and osseous defects with bone 
graft and calcium sulfate. Clinical 
Orthopaedics and Related Research. 
2003;411:245-254. DOI: 10.1097/01.
blo.0000069893.31220.6f

[27] Chen WJ, Tsai TT, Chen LH, 
Niu CC, Lai PL, Fu TS. The fusion rate 
of calcium sulfate with local autograft 
bone compared with autologous 
iliac bone graft for instrumented 
short-segment spinal fusion. Spine. 
2005;30(20):2293-2297. DOI: 
10.1097/01.brs.0000182087.35335.05

[28] Zhu T, Ren H, Li A, Liu B, Cui C, 
Dong Y, et al. Novel bioactive glass 
based injectable bone cement with 
improved osteoinductivity and its in 
vivo evaluation. Scientific Reports. 
2017;7:3622. DOI: https://doi.
org/10.1038/s41598-017-03207-9

[29] Rohmiller MT, Schwalm D, 
Glattes C, Elalayli TG, Spengler DM. 
Evaluation of calcium sulfate paste for 
augmentation of lumbar pedicle screw 
pullout strength. The Spine Journal. 
2002;2:255-260. https://doi.org/10.1016/
S1529-9430(02)00207-3

[30] Lazary A’r, Balla B. Ja’nos P. Ko’sa, 
Krisztia’n Ba’csi, Zsolt Nagy, Istva’n 
Taka’cs, Pe’ter P. Varga, Ga’bor Speer, 
Pe’ter Lakatos. Effect of gypsum on 
proliferation and differentiation of 
MC3T3-E1 mouse osteoblastic cells. 
Biomaterials. 2007;28:393-399



Novel Nanomaterials

294

[31] Sanad ME, Combe EC, Grant AA. 
The use of additives to improve the 
mechanical properties of gypsum 
products. Journal of Dental Research. 
1982;61:808-810. DOI: https://doi.org/1
0.1177/00220345820610063201

[32] Olak AC. “Characteristics of 
acrylic latex-modified and partially 
epoxyimpregnated gypsum”, Cement 
and Concrete Research 2001;31:1539-
1547. https://doi.org/10.1016/
S0008-8846(01)00575-0

[33] Eve S, Gomina M, Hamel J, 
Orange G. Investigation of the setting 
of polyamid fiber/latex filled plaster 
composites. Journal of the European 
Ceramic Society. 2006;26:2541-
2546. DOI: https://doi.org/10.1016/j.
jeurceramsoc.2005.07.063

[34] Olak AC. Physical and mechanical 
properties of polymer–plaster 
composites. Materials Letters. 
2006;60:1977-1982. DOI: https://doi.
org/10.1016/j.matlet.2005.12.062

[35] El-Maghraby HF, 
Gedeon O, Khalil AA. Formation and 
characterization of poly(vinyl alcohol-
co-vinyl acetate-co-itaconic acid)/
plaster composites, part II: Composite 
formation and characteristics. 
Ceramics-Silikaty. 2007;51(3):168-172

[36] El-Maghraby HF, Gedeon O, 
Rohanova D, Greish YE. Compressive 
strength and preliminary in vitro 
evaluation of gypsum and gypsum-
polymer compostes in protein-free 
SBF at 37°C. ceramics International. 
2010;36:1561-1569. https://doi.
org/10.1016/j.ceramint.2010.02.023

[37] La Gatta A, De Rosa A, Laurienzo P, 
Malinconico M, De Rosa M, Schiraldi C. 
A novel injectable poly(e-caprolactone)/
calcium sulfate system for bone 
regeneration: Synthesis and 
characterization. Macromolecular 
Bioscience. 2005;5:1108-1117. DOI: 
https://doi.org/10.1002/mabi.200500114

[38] Lewis KN, Thomas MV, 
Puleo DA. Mechanical and degradation 
behavior of polymer-calcium sulfate 
composites.J Mater Sci Mater Med 
2006;17:531-537. https://doi.org/10.1007/
s10856-006-8936-0

[39] Urban RM, Turner TM, 
Hall DJ, Infanger SI, Cheema N, 
Lim TH, et al. An injectable calcium 
sulfate-based bone graft putty using 
hydroxypropylmethylcellulose 
as the plasticizer. Orthopedics. 
2004;27(1):s155-s159. DOI: https://doi.
org/10.3928/0147-7447-20040102-16

[40] Gao C, Huo S, Li X, You X, Zhang Y, 
Gao J. Characteristics of calcium sulfate/
gelatin composite biomaterials for 
bone repair. Journal of Biomaterials 
Science. Polymer Edition. 
2007;18:799-824. DOI: https://doi.
org/10.1163/156856207781367710

[41] Mamidwar SS, Arena C, 
Kelly S, Alexander H, Ricci J. In vitro 
characterization of a calcium sulfate/
PLLA composite for use as a bone 
graft material. Journal of Biomedical 
Materials Research. Part B, Applied 
Biomaterials. 2007;81:57-65. DOI: 
https://doi.org/10.1002/jbm.b.30636

[42] Mamidwar S, Weiner M, 
Alexander H, Ricci J. In vivo bone 
response to calcium sulfate/poly L-lactic 
acid composite. Implant Dentistry. 
2008;17:208-216. DOI: 10.1097/
ID.0b013e3181776b7d

[43] Randolph DA, Nagri JL, Devine TR, 
Gitelis S. Controlled Dissolution Pellet 
Containing Calcium Sulfate. USA 
5,614,206.

[44] Randolph DA, Nagri JL, Devine TR, 
Gitelis S. Calcium Sulfate Controlled 
Release Matrix. USA 6,030,636.

[45] Randolph DA, Nagri JL, Devine TR, 
Gitelis S. Calcium Sulfate Controlled 
Release Matrix. USA 5,807,567.

295

Preparation, Structural Characterization, and Biomedical Applications of Gypsum-Based…
DOI: http://dx.doi.org/10.5772/intechopen.94317

[46] Hanker JS, Terry BC, Ambrose WW, 
Lupton CR. Plaster of Paris as A 
bioresorbable Scaffold in Implants for 
Bone Repair. USA 4,619,655.

[47] Doadrio JC, Arcos D. Cabanas MV. 
Vallet-Regi M. calcium sulphate-based 
containing cephalexin. Biomaterials. 
2004;25:2629-2635. DOI: https://doi.
org/10.1016/j.biomaterials.2003.09.037

[48] Sato S, Koshino T, SaitoT. 
Osteogenic response of rabbit tibia to 
hydroxyapatite particle–plaster of Paris 
mixture. Biomaterials 1998;19:1895-
1900. https://doi.org/10.1016/
S0142-9612(98)00102-1

[49] Kuo ST, Wu HW, Tuan WH, 
Tsai YY, Wang SF, Sakka Y. Porous 
calcium sulfate ceramics with tunable 
degradation rate. Journal of Materials 
Science: Materials in Medicine. 
2012;23:2437-2443. DOI: https://doi.
org/10.1007/s10856-012-4704-5

[50] Randy Roberts, Stephen J. 
McConoughey, Jason H. Calhoun. Size 
and composition of synthetic calcium 
sulfate beads influence dissolution and 
elution rates in vitro. J. Biomed Mater 
Res Part B: Appl Biomater, 102B: 667-
673, 2014

[51] Uddin MH, Matsumoto T, 
Okazaki M, Nakahira A, Sohmura T. 
Biomimetic Fabrication of Apatite 
Related Biomaterials, Biomimetics 
Learning from Nature, Amitava 
Mukherjee, IntechOpen, (March 1st 
2010). DOI: 10.5772/8777

[52] Kokubo T, Kushitani H, Sakka S. 
Kitsugi T, Yamamuro T. Solutions able 
to reproduce in vivo surface structure 
changes in bioactive glass-ceramic 
A-W. Journal of Biomedical Materials 
Research 1990; 24:721-734. https://doi.
org/10.1002/jbm.820240607

[53] Greish Y, Attia N, Mourad AH. 
Formation and biomimetic deposition 
of bone-like hydroxyapatite on 

wollastonite-gypsum composites. 
Journal of Bionic Engineering. 
2018;15:894-906. DOI: https://doi.
org/10.1007/s42235-018-0076-y

[54] Hesaraki S, Moztarzadeh F, 
Nemati R, Nezafati N. Preparation and 
characterization of calcium sulfate–
biomimetic apatite nanocomposites 
for controlled release of antibiotics. 
J Biomed Mater Res Part B: Appl 
Biomater. 2009;91B:651-661. DOI: 
https://doi.org/10.1002/jbm.b.31441

[55] Greish YE, Brown PW, Bender JD, 
Allcock HR, Lakshmi S, Laurencin CT. 
Hydroxyapatite-polyphosphazene 
composites prepared at low 
temperatures. Journal of the 
American Ceramic Society. 
2007;90:2728-2734. DOI: https://doi.
org/10.1111/j.1551-2916.2007.01780.x

[56] Lemaitre J, Munting E, Mirtchi A. 
Setting, hardening, and resorption of 
calcium phosphate hydraulic cements. 
STOMOTO-91 Proceedings, COM. 
1991:1-5p.

[57] Ferna’ndez E, Vlad M, Gel M, 
Lo’pez J, Torres R, Cauich J, Bohner M. 
Modulation of porosity in apatitic 
cements by the use of α-tricalcium 
phosphate—calcium sulphate dihydrate 
mixtures. Biomaterials. 2005;26:3395-
3404. https://doi.org/10.1016/j.
biomaterials.2004.09.023

[58] Nilsson M, Fernandez E, Sarda S, 
Lidgren L, Planell JA. Characterization 
of a novel calcium phosphate/sulphate 
bone cement. Journal of Biomedical 
Materials Research. 2002;61:600-607. 
DOI: https://doi.org/10.1002/jbm.10268

[59] Podaropoulos L, Veis AA, 
Papadimitriou S, Alexandridis C, 
Kalyvas D. Bone regeneration 
using b-tricalcium phosphate 
in a calcium sulfate matrix. 
Journal of Oral Implantology. 
2009;35(1):28-36. DOI: https://doi.
org/10.1563/1548-1336-35.1.28



Novel Nanomaterials

294

[31] Sanad ME, Combe EC, Grant AA. 
The use of additives to improve the 
mechanical properties of gypsum 
products. Journal of Dental Research. 
1982;61:808-810. DOI: https://doi.org/1
0.1177/00220345820610063201

[32] Olak AC. “Characteristics of 
acrylic latex-modified and partially 
epoxyimpregnated gypsum”, Cement 
and Concrete Research 2001;31:1539-
1547. https://doi.org/10.1016/
S0008-8846(01)00575-0

[33] Eve S, Gomina M, Hamel J, 
Orange G. Investigation of the setting 
of polyamid fiber/latex filled plaster 
composites. Journal of the European 
Ceramic Society. 2006;26:2541-
2546. DOI: https://doi.org/10.1016/j.
jeurceramsoc.2005.07.063

[34] Olak AC. Physical and mechanical 
properties of polymer–plaster 
composites. Materials Letters. 
2006;60:1977-1982. DOI: https://doi.
org/10.1016/j.matlet.2005.12.062

[35] El-Maghraby HF, 
Gedeon O, Khalil AA. Formation and 
characterization of poly(vinyl alcohol-
co-vinyl acetate-co-itaconic acid)/
plaster composites, part II: Composite 
formation and characteristics. 
Ceramics-Silikaty. 2007;51(3):168-172

[36] El-Maghraby HF, Gedeon O, 
Rohanova D, Greish YE. Compressive 
strength and preliminary in vitro 
evaluation of gypsum and gypsum-
polymer compostes in protein-free 
SBF at 37°C. ceramics International. 
2010;36:1561-1569. https://doi.
org/10.1016/j.ceramint.2010.02.023

[37] La Gatta A, De Rosa A, Laurienzo P, 
Malinconico M, De Rosa M, Schiraldi C. 
A novel injectable poly(e-caprolactone)/
calcium sulfate system for bone 
regeneration: Synthesis and 
characterization. Macromolecular 
Bioscience. 2005;5:1108-1117. DOI: 
https://doi.org/10.1002/mabi.200500114

[38] Lewis KN, Thomas MV, 
Puleo DA. Mechanical and degradation 
behavior of polymer-calcium sulfate 
composites.J Mater Sci Mater Med 
2006;17:531-537. https://doi.org/10.1007/
s10856-006-8936-0

[39] Urban RM, Turner TM, 
Hall DJ, Infanger SI, Cheema N, 
Lim TH, et al. An injectable calcium 
sulfate-based bone graft putty using 
hydroxypropylmethylcellulose 
as the plasticizer. Orthopedics. 
2004;27(1):s155-s159. DOI: https://doi.
org/10.3928/0147-7447-20040102-16

[40] Gao C, Huo S, Li X, You X, Zhang Y, 
Gao J. Characteristics of calcium sulfate/
gelatin composite biomaterials for 
bone repair. Journal of Biomaterials 
Science. Polymer Edition. 
2007;18:799-824. DOI: https://doi.
org/10.1163/156856207781367710

[41] Mamidwar SS, Arena C, 
Kelly S, Alexander H, Ricci J. In vitro 
characterization of a calcium sulfate/
PLLA composite for use as a bone 
graft material. Journal of Biomedical 
Materials Research. Part B, Applied 
Biomaterials. 2007;81:57-65. DOI: 
https://doi.org/10.1002/jbm.b.30636

[42] Mamidwar S, Weiner M, 
Alexander H, Ricci J. In vivo bone 
response to calcium sulfate/poly L-lactic 
acid composite. Implant Dentistry. 
2008;17:208-216. DOI: 10.1097/
ID.0b013e3181776b7d

[43] Randolph DA, Nagri JL, Devine TR, 
Gitelis S. Controlled Dissolution Pellet 
Containing Calcium Sulfate. USA 
5,614,206.

[44] Randolph DA, Nagri JL, Devine TR, 
Gitelis S. Calcium Sulfate Controlled 
Release Matrix. USA 6,030,636.

[45] Randolph DA, Nagri JL, Devine TR, 
Gitelis S. Calcium Sulfate Controlled 
Release Matrix. USA 5,807,567.

295

Preparation, Structural Characterization, and Biomedical Applications of Gypsum-Based…
DOI: http://dx.doi.org/10.5772/intechopen.94317

[46] Hanker JS, Terry BC, Ambrose WW, 
Lupton CR. Plaster of Paris as A 
bioresorbable Scaffold in Implants for 
Bone Repair. USA 4,619,655.

[47] Doadrio JC, Arcos D. Cabanas MV. 
Vallet-Regi M. calcium sulphate-based 
containing cephalexin. Biomaterials. 
2004;25:2629-2635. DOI: https://doi.
org/10.1016/j.biomaterials.2003.09.037

[48] Sato S, Koshino T, SaitoT. 
Osteogenic response of rabbit tibia to 
hydroxyapatite particle–plaster of Paris 
mixture. Biomaterials 1998;19:1895-
1900. https://doi.org/10.1016/
S0142-9612(98)00102-1

[49] Kuo ST, Wu HW, Tuan WH, 
Tsai YY, Wang SF, Sakka Y. Porous 
calcium sulfate ceramics with tunable 
degradation rate. Journal of Materials 
Science: Materials in Medicine. 
2012;23:2437-2443. DOI: https://doi.
org/10.1007/s10856-012-4704-5

[50] Randy Roberts, Stephen J. 
McConoughey, Jason H. Calhoun. Size 
and composition of synthetic calcium 
sulfate beads influence dissolution and 
elution rates in vitro. J. Biomed Mater 
Res Part B: Appl Biomater, 102B: 667-
673, 2014

[51] Uddin MH, Matsumoto T, 
Okazaki M, Nakahira A, Sohmura T. 
Biomimetic Fabrication of Apatite 
Related Biomaterials, Biomimetics 
Learning from Nature, Amitava 
Mukherjee, IntechOpen, (March 1st 
2010). DOI: 10.5772/8777

[52] Kokubo T, Kushitani H, Sakka S. 
Kitsugi T, Yamamuro T. Solutions able 
to reproduce in vivo surface structure 
changes in bioactive glass-ceramic 
A-W. Journal of Biomedical Materials 
Research 1990; 24:721-734. https://doi.
org/10.1002/jbm.820240607

[53] Greish Y, Attia N, Mourad AH. 
Formation and biomimetic deposition 
of bone-like hydroxyapatite on 

wollastonite-gypsum composites. 
Journal of Bionic Engineering. 
2018;15:894-906. DOI: https://doi.
org/10.1007/s42235-018-0076-y

[54] Hesaraki S, Moztarzadeh F, 
Nemati R, Nezafati N. Preparation and 
characterization of calcium sulfate–
biomimetic apatite nanocomposites 
for controlled release of antibiotics. 
J Biomed Mater Res Part B: Appl 
Biomater. 2009;91B:651-661. DOI: 
https://doi.org/10.1002/jbm.b.31441

[55] Greish YE, Brown PW, Bender JD, 
Allcock HR, Lakshmi S, Laurencin CT. 
Hydroxyapatite-polyphosphazene 
composites prepared at low 
temperatures. Journal of the 
American Ceramic Society. 
2007;90:2728-2734. DOI: https://doi.
org/10.1111/j.1551-2916.2007.01780.x

[56] Lemaitre J, Munting E, Mirtchi A. 
Setting, hardening, and resorption of 
calcium phosphate hydraulic cements. 
STOMOTO-91 Proceedings, COM. 
1991:1-5p.

[57] Ferna’ndez E, Vlad M, Gel M, 
Lo’pez J, Torres R, Cauich J, Bohner M. 
Modulation of porosity in apatitic 
cements by the use of α-tricalcium 
phosphate—calcium sulphate dihydrate 
mixtures. Biomaterials. 2005;26:3395-
3404. https://doi.org/10.1016/j.
biomaterials.2004.09.023

[58] Nilsson M, Fernandez E, Sarda S, 
Lidgren L, Planell JA. Characterization 
of a novel calcium phosphate/sulphate 
bone cement. Journal of Biomedical 
Materials Research. 2002;61:600-607. 
DOI: https://doi.org/10.1002/jbm.10268

[59] Podaropoulos L, Veis AA, 
Papadimitriou S, Alexandridis C, 
Kalyvas D. Bone regeneration 
using b-tricalcium phosphate 
in a calcium sulfate matrix. 
Journal of Oral Implantology. 
2009;35(1):28-36. DOI: https://doi.
org/10.1563/1548-1336-35.1.28



Novel Nanomaterials

296

[60] Urban RM, Turner TM, Hall DJ, 
Inoue N, Gitelis S. Increased bone 
formation using calcium sulfate-calcium 
phosphate composite graft. Clinical 
Orthopaedics and Related Research. 
2007;459:110-117. DOI: 10.1097/
BLO.0b013e318059b902

[61] Cabanas MV, Rodriguez- 
Lorenzo LM, Vallet-Regi M. Setting 
behaviour and in vitro bioactivity of 
hydroxyapatite/calcium sulfate cements. 
Chemistry of Materials. 2002;14:3550-
3555. DOI: https://doi.org/10.1021/
cm021121w

[62] Guo H, Wei J, Liu CS. 
Development of a degradable cement 
of calcium phosphate and calcium 
sulfate composite for bone 
reconstruction. Biomedical Materials. 
2006;1:193-197. DOI: https://doi.
org/10.1088/1748-6041/1/4/003

[63] Chiang YC, Chang HH, Wong CC, 
Wang YP, Wang YL, Huang WH, 
et al. Nanocrystalline calcium sulfate/
hydroxyapatitebiphasic compound as 
a TGF-1/VEGF reservoir forvital pulp 
therapy. Dental Mater. 2016;32:1197-
1208. DOI: https://doi.org/10.1016/j.
dental.2016.06.013

[64] Greish YE. Phase evolution during 
the low temperature formation of 
stoichiometric hydroxyapatite-gypsum 
composites. Ceramics International. 
2011;37:715-723. DOI: https://doi.
org/10.1016/j.ceramint.2010.09.046

[65] Greish YE. Phase evolution during 
the low temperature formation of 
calcium-deficient hydroxyapatite–
gypsum composites. Ceramics 
International. 2011;37:1493-1500. 
DOI: https://doi.org/10.1016/j.
ceramint.2011.01.007

[66] Chang H, Xiang H, Yao Z,  
Yang S, Tu M, Zhang X, et al. 
Strontium-substituted calcium 
sulfate hemihydrate/hydroxyapatite 
scaffold enhances bone 

regeneration by recruiting bone 
mesenchymal stromal cells. Journal 
of Biomaterials Applications. 
2020;35(1):97-107. DOI: https://doi.
org/10.1177/0885328220915816

[67] Huan Z, Chang J. Self-setting 
properties and in vitro bioactivity of 
calcium sulfate hemihydrate-tricalcium 
silicate composite bone cements. 
Acta Biomaterialia. 2007;3:952-
960. DOI: https://doi.org/10.1016/j.
actbio.2007.05.003

[68] Ji M, Chen H, Yan Y, Ding Z, 
Ren H, Zhong Y. Effects of tricalcium 
silicate/sodium alginate/calcium 
sulfate hemihydrate composite 
cements on osteogenic performances 
in vitro and in vivo. Journal 
of Biomaterials Applications. 
2020;34(10):1422-1436. DOI: https://
doi.org/10.1177/0885328220907784

[69] Pei P, Wei D, Zhu M, Du X, 
Zhu Y. The effect of calcium sulfate 
incorporation on physiochemical and 
biological properties of 3D-printed 
mesoporous calcium silicate cement 
scaffolds. Microporous and Mesoporous 
Materials. 2017;241:11-20. DOI: https://
doi.org/10.1016/j.micromeso.2016.11.031

[70] Qi X, Pei P, Zhu M, Du X, 
Xin C, Zhao S, et al. Three dimensional 
printing of calcium sulfate and 
mesoporous bioactive glass scaffolds 
for improving bone regeneration in 
vitro and in vivo. Scientific Reports. 
2017;7:42556. DOI: 10.1038/srep42556

297

Chapter 14

Nanoengineered  
Polysaccharide-Based Adsorbents 
as Green Alternatives for Dye 
Removal from Wastewater
Hugues Kamdem Paumo, Lebogang Katata-Seru, 
Tshepiso Moremedi, Mpitloane Joseph Hato, 
Soumen Sardar and Abhijit Bandyopadhyay

Abstract

Water represents one of the essential resources on earth, and all living organisms 
rely on it for survival. However, freshwater systems are directly under serious threat 
by human activities. A recent World Health Organization report has estimated that 
2 billion people use contaminated water sources. The major organic contaminants 
in water bodies include organic dyes. These are directly related to the spread of dis-
eases owing to their allergenic, mutagenic, and carcinogenic characteristics. Dyes 
occur in the environment through untreated industrial effluents. Also, the advance-
ment in human civilisation cannot be considered without the development of 
modern industries. However, an attempt to limit the resulting impacts of coloured 
effluents on global freshwater quality has become the focus of recent research. For 
this reason, the use of efficient, simple, and low-cost methods for the treatment 
of dyes-containing industrial wastewater could serve as a useful tool. An effort to 
meet the demand for “green chemistry” and sustainable development has led to 
several investigations on polysaccharide-based adsorbents. This chapter exposes a 
critical discussion on the literature concerning the biopolymeric xanthan gum and 
kappa-carrageenan polysaccharides as adsorbents for dye removal in an aqueous 
medium. Functionalisation of these biopolymers through graft copolymerisation 
and inclusion of inorganic nanoparticles for improved adsorption performance is 
systematically elaborated.

Keywords: xanthan gum, kappa-carrageenan, grafted polysaccharides, 
nanocomposite, dyes, adsorption

1. Introduction

Water is a precious resource indispensable for the sustainability of life on earth. 
It is vital to human well-being and economic development. However, safe water 
remains a significant issue around the world [1]. According to a recent report by the 
World Health Organization (WHO 2019), approximately 785 million people lack 
clean water for their basic needs. Supplying water to an increasing global population 
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Abstract

Water represents one of the essential resources on earth, and all living organisms 
rely on it for survival. However, freshwater systems are directly under serious threat 
by human activities. A recent World Health Organization report has estimated that 
2 billion people use contaminated water sources. The major organic contaminants 
in water bodies include organic dyes. These are directly related to the spread of dis-
eases owing to their allergenic, mutagenic, and carcinogenic characteristics. Dyes 
occur in the environment through untreated industrial effluents. Also, the advance-
ment in human civilisation cannot be considered without the development of 
modern industries. However, an attempt to limit the resulting impacts of coloured 
effluents on global freshwater quality has become the focus of recent research. For 
this reason, the use of efficient, simple, and low-cost methods for the treatment 
of dyes-containing industrial wastewater could serve as a useful tool. An effort to 
meet the demand for “green chemistry” and sustainable development has led to 
several investigations on polysaccharide-based adsorbents. This chapter exposes a 
critical discussion on the literature concerning the biopolymeric xanthan gum and 
kappa-carrageenan polysaccharides as adsorbents for dye removal in an aqueous 
medium. Functionalisation of these biopolymers through graft copolymerisation 
and inclusion of inorganic nanoparticles for improved adsorption performance is 
systematically elaborated.
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1. Introduction

Water is a precious resource indispensable for the sustainability of life on earth. 
It is vital to human well-being and economic development. However, safe water 
remains a significant issue around the world [1]. According to a recent report by the 
World Health Organization (WHO 2019), approximately 785 million people lack 
clean water for their basic needs. Supplying water to an increasing global population 
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necessitates concurrent consideration of several societal sectors that compete for 
limited resources [2]. For that reason, a vast majority are dependent on surface 
water and groundwater for drinking purpose. The WHO report also highlights the 
fact that more than two million people die every year from the use of unsafe drink-
ing water. This is well-reported to spread sickness and waterborne diseases such as 
typhoid and cholera. This situation emerges from the occurrence of pollutants as a 
result of the environmental disposal of untreated effluent released by human activi-
ties [3]. Indeed, it is inconceivable to achieve progress in human civilisation without 
industrialisation. However, its exponential development in a competitive era and 
an increasing global population has seriously impaired the quality of freshwater 
systems.

Among an assortment of environmental pollution, waterbody contamination 
owing to the discharge of untreated water-containing organic species has attracted 
significant consideration in recent years [4, 5]. Organic dye-containing wastewater 
from industries such as textiles, petrochemical, cosmetics, papers and plastics, 
for example, has been described for their carcinogenic and mutagenic nature [6]. 
Also, the organic dyes are oxygen-sequestering agents capable of reducing light 
penetration in the water systems and thereby restraining the photosynthesis of 
aquatic vegetation [7, 8]. Figure 1 illustrates the fate of organic dyes in the natural 
environment. Thought the textile industry had played an enormous role in the 
development of the South African economy [9], this has also significantly impacted 
the water resources. The dye-containing effluents disposed to the environment 
without proper treatment can be highly toxic even at a concentration lower than one 
ppm [10]. Therefore, the removal of toxic organic dyes from contaminated effluents 
before being discharged into the environment has evoked considerable attention.

From the commercial and environmental viewpoint, the focus of this chapter is 
to provide a comprehensive discussion on the ability of natural polymers to perform 
as adsorbents for industrial wastewater remediation. The hybridisation of these 

Figure 1. 
The fate of the dye-contaminated effluent in the aquatic environment.
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biomaterials by grafting of segments and combination with inorganic nanoparticles 
is presented as an ideal strategy to improve their inherent characteristics and sorp-
tion capacity.

2. Treatment of dye-contaminated water in adsorption procedure

Several techniques have been reported to be able of alleviating the occurrence 
of organic dye in contaminated industrial effluents, and these include flocculation, 
membrane filtration, biodegradation, chemical degradation, and photochemical 
treatment [11]. Although these treatment procedures have been applied suc-
cessfully, they have also displayed shortcomings like high operational costs, low 
selectivity and toxic sludge production. Adsorption procedure, on the other hand, 
has frequently been described as a promising approach for wastewater treatment 
because of the reasons like simplicity in design, low operational cost and com-
paratively high efficiency [12, 13]. Furthermore, this treatment procedure can be 
applied on a large scale, as it can handle large flow rates and yields a high quality of 
water without producing sludge and residuals [14].

Numerous adsorbents are reported in the literature for the removal of contami-
nants in wastewater, and these include activated carbon, clay minerals, zeolites, 
industrial wastes, metal oxides, and polymeric materials [15–20]. Among these 
adsorbents activated carbon is the most widely employed material for the removal 
of dye in aqueous solution due to its high surface area [21]. However, activation 
of carbon sources is energy-intensive and requires the use of expensive chemicals 
and equipments. The low regeneration of spent activated carbon also restricts its 
practical application. A large majority of the reported adsorbents are also associated 
with drawbacks like non-biodegradability and low efficiency. These limitations can 
be overcome using naturally occurring “green” polysaccharide adsorbents owing to 
their cost-effectiveness, ease availability, and biodegradability.

3.  Polysaccharide adsorbents for the removal of organic dye in aqueous 
solution

Polysaccharides are hydrophilic, non-toxic, and relatively cheap polymers consist-
ing of repeating subunits of sugar linked with glycosidic bonds. The composition and 
sources of polysaccharides that are generally investigated for their potential to act as 
adsorbents in aqueous media are presented in Table 1 [22–25]. The adsorption ability of 
these biomaterials is due to the occurrence of functionalities such as hydroxyl (-OH), 
sulphonic acid (-SO3H), the carboxylic acid (-COOH), amino (-NH2) and amide 
(-CONH2) groups which can serve as binding sites [26]. This feature, complemented 
with the porous nature, make polysaccharides good candidates for water treatment 
applications. Some of the commercially available polysaccharides include cellulose, 
starch, guar gum, chitosan, xanthan gum and carrageenan. Among these, eco-friendly 
xanthan gum and carrageenan (Figure 2) with the ability to form gel have been gaining 
considerable attractions recently [27, 28]. So far, these have been described to be among 
the most effective adsorbents for the removal of toxic dyes in aqueous solution due to 
their tunable surface chemistry and feasible regeneration [29, 30].

Among these, eco-friendly xanthan gum and carrageenan (Figure 2) with the 
ability to form gel have been gaining considerable attractions recently [27, 28]. So 
far, these have been described to be among the most effective adsorbents for the 
removal of toxic dyes in aqueous solution due to their tunable surface chemistry and 
feasible regeneration [29, 30].
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an increasing global population has seriously impaired the quality of freshwater 
systems.

Among an assortment of environmental pollution, waterbody contamination 
owing to the discharge of untreated water-containing organic species has attracted 
significant consideration in recent years [4, 5]. Organic dye-containing wastewater 
from industries such as textiles, petrochemical, cosmetics, papers and plastics, 
for example, has been described for their carcinogenic and mutagenic nature [6]. 
Also, the organic dyes are oxygen-sequestering agents capable of reducing light 
penetration in the water systems and thereby restraining the photosynthesis of 
aquatic vegetation [7, 8]. Figure 1 illustrates the fate of organic dyes in the natural 
environment. Thought the textile industry had played an enormous role in the 
development of the South African economy [9], this has also significantly impacted 
the water resources. The dye-containing effluents disposed to the environment 
without proper treatment can be highly toxic even at a concentration lower than one 
ppm [10]. Therefore, the removal of toxic organic dyes from contaminated effluents 
before being discharged into the environment has evoked considerable attention.

From the commercial and environmental viewpoint, the focus of this chapter is 
to provide a comprehensive discussion on the ability of natural polymers to perform 
as adsorbents for industrial wastewater remediation. The hybridisation of these 

Figure 1. 
The fate of the dye-contaminated effluent in the aquatic environment.
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biomaterials by grafting of segments and combination with inorganic nanoparticles 
is presented as an ideal strategy to improve their inherent characteristics and sorp-
tion capacity.

2. Treatment of dye-contaminated water in adsorption procedure

Several techniques have been reported to be able of alleviating the occurrence 
of organic dye in contaminated industrial effluents, and these include flocculation, 
membrane filtration, biodegradation, chemical degradation, and photochemical 
treatment [11]. Although these treatment procedures have been applied suc-
cessfully, they have also displayed shortcomings like high operational costs, low 
selectivity and toxic sludge production. Adsorption procedure, on the other hand, 
has frequently been described as a promising approach for wastewater treatment 
because of the reasons like simplicity in design, low operational cost and com-
paratively high efficiency [12, 13]. Furthermore, this treatment procedure can be 
applied on a large scale, as it can handle large flow rates and yields a high quality of 
water without producing sludge and residuals [14].

Numerous adsorbents are reported in the literature for the removal of contami-
nants in wastewater, and these include activated carbon, clay minerals, zeolites, 
industrial wastes, metal oxides, and polymeric materials [15–20]. Among these 
adsorbents activated carbon is the most widely employed material for the removal 
of dye in aqueous solution due to its high surface area [21]. However, activation 
of carbon sources is energy-intensive and requires the use of expensive chemicals 
and equipments. The low regeneration of spent activated carbon also restricts its 
practical application. A large majority of the reported adsorbents are also associated 
with drawbacks like non-biodegradability and low efficiency. These limitations can 
be overcome using naturally occurring “green” polysaccharide adsorbents owing to 
their cost-effectiveness, ease availability, and biodegradability.

3.  Polysaccharide adsorbents for the removal of organic dye in aqueous 
solution

Polysaccharides are hydrophilic, non-toxic, and relatively cheap polymers consist-
ing of repeating subunits of sugar linked with glycosidic bonds. The composition and 
sources of polysaccharides that are generally investigated for their potential to act as 
adsorbents in aqueous media are presented in Table 1 [22–25]. The adsorption ability of 
these biomaterials is due to the occurrence of functionalities such as hydroxyl (-OH), 
sulphonic acid (-SO3H), the carboxylic acid (-COOH), amino (-NH2) and amide 
(-CONH2) groups which can serve as binding sites [26]. This feature, complemented 
with the porous nature, make polysaccharides good candidates for water treatment 
applications. Some of the commercially available polysaccharides include cellulose, 
starch, guar gum, chitosan, xanthan gum and carrageenan. Among these, eco-friendly 
xanthan gum and carrageenan (Figure 2) with the ability to form gel have been gaining 
considerable attractions recently [27, 28]. So far, these have been described to be among 
the most effective adsorbents for the removal of toxic dyes in aqueous solution due to 
their tunable surface chemistry and feasible regeneration [29, 30].

Among these, eco-friendly xanthan gum and carrageenan (Figure 2) with the 
ability to form gel have been gaining considerable attractions recently [27, 28]. So 
far, these have been described to be among the most effective adsorbents for the 
removal of toxic dyes in aqueous solution due to their tunable surface chemistry and 
feasible regeneration [29, 30].
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Figure 2. 
The molecular structure of xanthan gum (XG) and kappa-carrageenan (kC) polysaccharides.

Xanthan gum (XG) is an anionic polymer obtained by Xanthmonous campestris 
bacterial fermentation of carbohydrate source. This biopolymer is recovered 
through precipitation in ethanol, isopropyl alcohol or tert-butanol [31]. It is a 
high molecular weight polysaccharide, which provides suspension, thickness, and 
stabilisation of the combined material. The negative charge of XG biopolymer 
is mainly ascribed to the presence of carboxylic acid group within its backbone, 
thereby indicating its affinity for cationic species. XG main chain is made of 
repeating cellulosic units with side chains involving an α-D-mannose with an acetyl 
group, a β-D-glucuronic residues and a terminal β-D mannose bearing the pyruvate 
substituent [32]. The physicochemical characteristics of XG include higher stability 

Name Composition Sources

Cellulose Anhydroglucose units linked by the β-(1 → 4) glycosidic 
bonds

Fruit, nuts, grains, and 
vegetables

Chitin Glycosidically β-(1 → 4)-linked 
2-acetamido-2-deoxy-D-glucose

Shrimp shell

Chitosan Copolymer of N-glucosamine and N-acetylglucosamine 
units

Deacetylation of chitin

Alginate β-(1 → 4)-Linked D-mannuronic acid and α-
(1 → 4)-linked L-guluronic acid

Algae, Bacteria

Starch (1 → 4)-Attached α-D-glucopyranosyl units with α-(1 → 6) 
branch linkages

Cereal grains, tuber 
crops

Guar gum Glycosidically β-(1 → 4)-linked D-mannose subunits and 
glycosidically (1 → 6)-linked D-galactose subunits

Guar seed

Xanthan gum (1 → 4)-Attached D-glucose
D-mannosyl, D-glucuronyl acid, O-acetyl and pyruvyl 
residues

Xanthomonas bacteria

Carrageenan D-galactose and 3,6-anhydrogalactose connected by 
α-(1 → 3)- and β-(1 → 4)-glycosidic linkages

Marine algae

Table 1. 
Polysaccharides used as adsorbents for wastewater treatment.
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in solution under a wide range of pH (2–12), higher viscosity at low concentration  
(1% or less), and higher shelf life. The presence of hydroxyl and carboxylic groups 
that are pH tunable also confers a polyionic character to XG. Thus this adsorbent 
can be used for binding various ions through electrostatic interaction. Moreover, 
the –OH groups are also capable of interacting with the electron clouds of the aro-
matic rings of organic dye molecules through hydrogen-bonding. Thus, adsorption 
of toxic dye onto the biodegradable polymeric adsorbent can be examined using 
Fourier transformed infrared spectroscopy (FTIR). For example, the as-described 
mechanism was reported by Lozano-Álvarez et al. during adsorption of disperse 
yellow 54 dye in aqueous solution onto XG [33].

Carrageenans are sulfated polysaccharides obtained through alkaline extrac-
tion from some red marine algae. Depending on the extraction method and the 
algae species from which this anionic polysaccharide is obtained, there are several 
types of carrageenans with different solubility. The polymer chains of carrageen-
ans consist of alternate units of D-galactose and 3,6-anhydrogalactose joined by 
α-1,3- and β-1,4-glycosidic linkages. The main types are lambda (λ), kappa (k), 
and iota (i). k-Carrageenan is less soluble than the others owing to the hydrophobic 
3.6-anhydro-D-galactose group, which form part of its repeating unit and the 
relatively lesser number of sulphate groups (one sulfate functional group for each 
disaccharide unit).

Although these renewable materials show unique properties for water treatment 
in the adsorption process, they exhibit poor specific surface area and mechanical 
properties which limits their applicability as lasting adsorbents [34, 35]. In general, 
the effectiveness of an adsorbent strongly depends on its chemical and mechanical 
stability, which determines the suitability for application under harsh conditions.

4.  Functionalised polysaccharide adsorbents for the efficient removal of 
organic dye in aqueous solution

The polysaccharide surface modification can improve their physicochemical 
properties and mechanical characteristics [26]. This strategy has also been reported 
to avoid leaching of organic substances and improve the adsorption potential of the 
nanoengineered adsorbent. The polysaccharide surface modification can be accom-
plished through graft copolymerisation and/or incorporation of specific nanoscale 
inorganic particles. Deposition of inorganic nanoparticles such as SiO2, Fe3O4, TiO2, 
and carbon nanotube onto polymeric supports has been reported to enhance their 
chemical, mechanical and thermal stabilities [36, 37].

4.1 Polysaccharide functionalised by graft copolymerisation

Graft copolymerisation of vinyl monomers onto polysaccharides is a well-
reported and versatile technique that allows for the increased potential applicability 
of biopolymers. This procedure usually involves the attachment of a vinyl mono-
mer to the polysaccharide backbone. In general, the vinyl monomer will undergo 
polymerisation in the presence of polysaccharide chains to generate a copolymeric 
network. The vinyl monomers that are frequently reported for the modification of 
gum-based polysaccharides involve the acrylamide (AAm), methyl methacrylate 
(MAA), acrylic acid (AA), N-vinyl imidazole (VI), and acrylonitrile (AN). The syn-
thesis of polysaccharide graft copolymers is achieved by amending the biopolymer 
molecules via formation of branches of synthetic polymers. This can be accom-
plished through “grafting onto” or “grafting from” methodology [38]. The “graft-
ing from” process entails the development of polymer chains from initiating sites 
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in solution under a wide range of pH (2–12), higher viscosity at low concentration  
(1% or less), and higher shelf life. The presence of hydroxyl and carboxylic groups 
that are pH tunable also confers a polyionic character to XG. Thus this adsorbent 
can be used for binding various ions through electrostatic interaction. Moreover, 
the –OH groups are also capable of interacting with the electron clouds of the aro-
matic rings of organic dye molecules through hydrogen-bonding. Thus, adsorption 
of toxic dye onto the biodegradable polymeric adsorbent can be examined using 
Fourier transformed infrared spectroscopy (FTIR). For example, the as-described 
mechanism was reported by Lozano-Álvarez et al. during adsorption of disperse 
yellow 54 dye in aqueous solution onto XG [33].

Carrageenans are sulfated polysaccharides obtained through alkaline extrac-
tion from some red marine algae. Depending on the extraction method and the 
algae species from which this anionic polysaccharide is obtained, there are several 
types of carrageenans with different solubility. The polymer chains of carrageen-
ans consist of alternate units of D-galactose and 3,6-anhydrogalactose joined by 
α-1,3- and β-1,4-glycosidic linkages. The main types are lambda (λ), kappa (k), 
and iota (i). k-Carrageenan is less soluble than the others owing to the hydrophobic 
3.6-anhydro-D-galactose group, which form part of its repeating unit and the 
relatively lesser number of sulphate groups (one sulfate functional group for each 
disaccharide unit).

Although these renewable materials show unique properties for water treatment 
in the adsorption process, they exhibit poor specific surface area and mechanical 
properties which limits their applicability as lasting adsorbents [34, 35]. In general, 
the effectiveness of an adsorbent strongly depends on its chemical and mechanical 
stability, which determines the suitability for application under harsh conditions.

4.  Functionalised polysaccharide adsorbents for the efficient removal of 
organic dye in aqueous solution

The polysaccharide surface modification can improve their physicochemical 
properties and mechanical characteristics [26]. This strategy has also been reported 
to avoid leaching of organic substances and improve the adsorption potential of the 
nanoengineered adsorbent. The polysaccharide surface modification can be accom-
plished through graft copolymerisation and/or incorporation of specific nanoscale 
inorganic particles. Deposition of inorganic nanoparticles such as SiO2, Fe3O4, TiO2, 
and carbon nanotube onto polymeric supports has been reported to enhance their 
chemical, mechanical and thermal stabilities [36, 37].

4.1 Polysaccharide functionalised by graft copolymerisation

Graft copolymerisation of vinyl monomers onto polysaccharides is a well-
reported and versatile technique that allows for the increased potential applicability 
of biopolymers. This procedure usually involves the attachment of a vinyl mono-
mer to the polysaccharide backbone. In general, the vinyl monomer will undergo 
polymerisation in the presence of polysaccharide chains to generate a copolymeric 
network. The vinyl monomers that are frequently reported for the modification of 
gum-based polysaccharides involve the acrylamide (AAm), methyl methacrylate 
(MAA), acrylic acid (AA), N-vinyl imidazole (VI), and acrylonitrile (AN). The syn-
thesis of polysaccharide graft copolymers is achieved by amending the biopolymer 
molecules via formation of branches of synthetic polymers. This can be accom-
plished through “grafting onto” or “grafting from” methodology [38]. The “graft-
ing from” process entails the development of polymer chains from initiating sites 
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onto the polysaccharide framework. In the “grafting onto” method, on the other 
hand, the pre-formed polymer bearing a reactive end-functionality interacts with 
the functional groups that are located on the polysaccharide backbone. However, 
the latter presents inherent shortcomings, including the crowding of chains at the 
polysaccharide surface and a limited number of attachments [39].

Many techniques have been employed for the attachment of monomers onto 
polysaccharide surface, and these involve free radical graft copolymerisation, 
living radical polymerisation, and ionic polymerisation. Grafting using free radi-
cal approach requires an initiator (chemicals, photoirradiation, plasma ions or 
gamma rays exposure) to generate a free radical on the polysaccharide backbone. 
In ionic polymerisation technique, on the other hand, the chemical initiator gener-
ates cationic or anionic active centers which participate in the grafting process. 
Nevertheless, more than 60% of all the reported polymers are still synthesised 
by free radical polymerisation method. It is worth noting that the solubility, wet-
tability, glass transition temperature, and elasticity of polysaccharides are tailored 
through grafting with synthetic monomer. For example, grafting of chitosan with 
vinyl monomer N-acryloylglycine in the presence of 2,2-dimethoxy-2-phenyl 
acetophenone initiator was reported to yield a material with relatively decreased 
solubility and wettability profiles [40]. The polysaccharide affinity to water limits 
its adsorption property owing to competitive phenomenon between the water 
molecules and pollutants in the aquatic milieu. Characterisation of the graft copo-
lymerised polysaccharides can be ascertained using FTIR spectra analysis. Data 
obtained from this technique indicate the formation of covalent bonds. Considering 
the involvement of hydroxyl groups during graft copolymerisation, a shift and 
change in intensity of the band corresponding to O–H vibration can be evidenced.

In a recent study by our research team, the surface-modified XG polysaccharide 
obtained through grafting with acrylamide and acrylic acid monomers to afford 
XG grafted poly(AAm/AA) [XG-g-P(AAm/AA)], was used as an adsorbent for the 
removal of rhodamine B and methylene blue (MB) in aqueous solution. The UV 
irradiation method in the presence of benzophenone as initiator was employed to 
effect the attachment of monomers. UV irradiation approach is of interest because 
of its mild reaction conditions and less adverse effect to change bulk properties [41]. 
Moreover, lower radiation energy may be applied for the modification to proceed. 
The structural change from XG to XG-g-P(AAm/AA) was elucidated using FTIR 
spectroscopy (Figure 3).

The spectra of pristine XG showed absorption bands at 3263, 2915, 1712, 1653, 
1416 and 1019 cm−1 attributed to O–H stretching vibration, C–H stretching vibra-
tion, C–O stretching, O–H bending, the symmetrical stretching of –CCO– group 
of glucuronic acid and C–O–C of the ether group, respectively [42, 43]. The 
formation of XG-g-P(AAm/AA) was evidenced with the change in intensity of the 
band around 3263 cm−1, the strong vibrational bands at 1593, and the shift of band 
at 1416 cm−1. After dye adsorption, the FTIR spectrum of loaded XG-g-P(AAm/
AA) was characterised by a shift in absorption bands, indicating a dye–adsorbent 
interaction. However, the peak of 2895 cm−1 attributed to C–H stretching did not 
experience a significant shift, suggesting that the dye adsorption took place through 
electrostatic and hydrogen-bonding interactions with the XG-g-P(AAm/AA) 
polysaccharide (Figure 4). Electrostatic interactions presumably occur between the 
nucleophilic functional groups (–COO−) and the positively charged centres of the 
organic dye molecules (S and N). Also, hydrogen-bonding interactions are expected 
to take place between the hydroxyl groups of XG and aromatic π-electrons and/or 
nitrogen lone pair of electrons of the dye molecules.

The adsorption kinetics investigation for the removal of rhodamine B and 
methylene blue dyes in synthetic solutions using our prepared XG-g-P(AAm/AA) 
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material demonstrated that the procedure followed a pseudo-second-order model. On 
the other hand, the isothermal study indicated multilayer adsorption behaviour. In a 
different study, Elella et al. reported the synthesis of XG-g-poly(N-vinyl imidazole) 
copolymers using N,N′-methylene bisacrylamide as cross-linker [44]. This modified 
XG polysaccharide was obtained by a free radical technique using potassium per-
sulfate initiator and then evaluated as an adsorbent for the removal of crystal violet 
dye from synthetic water samples. The maximum dye uptake onto this cross-linked 
grafted XG (0.04 g) was determined to be 625 mg/g in 50 ml crystal violet dye  
solution (500 mg/l, pH 7).

Interestingly, the analogous XG-g-poly(N-vinyl imidazole) derivatives without 
linker have also been found to exhibit antibacterial activity against Staphyloccus 
aureus and Escherichiacoli [45].

4.2 Polysaccharide functionalised by incorporation of inorganic nanoparticles

Incorporation of inorganic NPs with the higher surface area has also been 
described as a fascinating strategy for improved adsorption procedure. This results 
from a strong synergistic outcome between the organic polysaccharide matrixes 
and embedded inorganic NPs. This methodology also affects the modification 
in mechanical properties of the hybrid adsorbent. Moreover, the polysaccharide 
moiety is anticipated to stabilise the nanoparticles and prevent aggregation. Metal 
oxide nanoparticles having desirable attributes as adsorbents often suffer tendency 
to agglomerate in aqueous solution due to their higher surface energy, leading to 
lowered efficiency [46].

XG grafted polyacrylamide XG-g-PAAm incorporated with nanosilica (SiO2 
NPs), for example, was obtained in situ through hydrolysis and condensation of 

Figure 3. 
FTIR spectra of XG and XG-g-P(AAm/AA).
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band around 3263 cm−1, the strong vibrational bands at 1593, and the shift of band 
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to take place between the hydroxyl groups of XG and aromatic π-electrons and/or 
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The adsorption kinetics investigation for the removal of rhodamine B and 
methylene blue dyes in synthetic solutions using our prepared XG-g-P(AAm/AA) 

303

Nanoengineered Polysaccharide-Based Adsorbents as Green Alternatives for Dye Removal…
DOI: http://dx.doi.org/10.5772/intechopen.94883

material demonstrated that the procedure followed a pseudo-second-order model. On 
the other hand, the isothermal study indicated multilayer adsorption behaviour. In a 
different study, Elella et al. reported the synthesis of XG-g-poly(N-vinyl imidazole) 
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from a strong synergistic outcome between the organic polysaccharide matrixes 
and embedded inorganic NPs. This methodology also affects the modification 
in mechanical properties of the hybrid adsorbent. Moreover, the polysaccharide 
moiety is anticipated to stabilise the nanoparticles and prevent aggregation. Metal 
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lowered efficiency [46].

XG grafted polyacrylamide XG-g-PAAm incorporated with nanosilica (SiO2 
NPs), for example, was obtained in situ through hydrolysis and condensation of 

Figure 3. 
FTIR spectra of XG and XG-g-P(AAm/AA).
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tetraethylorthosilicate [Si(OC2H5)4] in the presence of ammonia at the copoly-
mer surface [10]. This synthetic approach exploits the occurrence of hydrophilic 
groups on the polysaccharide backbone to control the hydrolysis, condensation 
and nucleation growth of metal oxide nanoparticles [47]. The functionalised SiO2 
NPs@XG-g-PAAm composite was described as a highly improved adsorbent for the 
removal of anionic Congo red dye in aqueous solution. Grafting of polyacrylamide 
chain on XG was accomplished via free radical polymerisation technique in the 
presence of potassium persulphate initiator. The branched XG gum matrix acted as 
a template for the formation, growth, and stabilisation of SiO2 NPs through hydro-
gen bonding interaction between the –OH bonded surface group of SiO2 NPs with 
oxygen atom of the polysaccharide –COOH surface group [48].

Decoration of XG-g-P(AAm/AA) with SiO2 NPs (diameters range 2–7 nm) 
was also reported by Ghorai and coworkers [34]. These authors subjected the 
XG-g-PAAm material to hydrolysis in the presence of NaOH to generate the graft 
copolymer of XG [XG-g-P(AAm/AA)] (Figure 5). Subsequently, functionalisation 
of the later with SiO2 NPs was achieved in situ through hydrolysis and condensation 
of silica sol–gel Si(OC2H5)4 precursor (Figure 6). The resultant nanocomposite was 
employed as an adsorbent for the removal of cationic dyes in the aqueous milieu. 
The adsorbent exhibited good adsorption efficiency of 497.5 mg/g and 378.8 mg/g 
towards MB at pH 8 (adsorbent dose: 0.03 g/25 mL solution, contact time: 20 min, 
and temperature: 50°C) and methyl violet at pH 9 (adsorbent dose: 0.04 g/25 mL 
solution, contact time: 15 min, and temperature: 40°C), respectively.

kC modified with carbon nanotubes (10–20 nm diameter), and Fe3O4 (10–25 nm) 
was also synthesised following polymer grafting on the surface of multiwall carbon 

Figure 4. 
The mechanism for dye adsorption onto XG-g-P(AAm/AA).
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nanotubes and suspension in a solution of iron precursors Fe(III)/Fe(II) under 
nitrogen atmosphere [49]. The Brunauer–Emmett–Teller (BET) technique indicated 
an increase in specific surface area after attachment of carbon nanotubes (SBET: 
238 m2/g) and deposition of magnetic Fe3O4 nanoparticles (SBET: 55 m2/g). The 
occurrence of this metal oxide was evidenced by transmission electron microscopy 
(TEM) pictures analysis. Magnetism is an exclusive physical property that has been 
demonstrated to ease the water treatment procedure in adsorption technique. This 
property allows for the removal of spent adsorbent from the aqueous solution by a 
simple application of a magnet. The prepared magnetic kC-carbon nanotubes-Fe3O4 
composite exhibited high adsorption toward MB dye in aqueous solution. The maxi-
mum dye uptake onto 0.4 g/L of this biofunctional nanocomposite was determined 
to be 1.24 × 10−4 mol/g−1 at pH 6.5. In aqueous solution, the adsorption potential of 
metal oxide (MOH) is regulated by the pH-dependent formation of complex ions 
MOH2

+ and MO− [12, 50, 51]. Therefore, dye adsorption onto metal oxide surfaces 
arise from the Coulombic interaction between MOH2

+ and MO−, and the nega-
tively charged (e.g. methyl orange R–SO3

−) and positively charged (e.g. methylene 
blue R = N(CH3)+) centers, respectively. In a cognate investigation, Mahdavinia 
et al. described the modification of kC with polyvinyl alcohol (PVA) and Fe3O4 
nanoparticles [52]. This nanocomposite was engineered using the in-situ chemi-
cal co-precipitation of Fe(II) and Fe(III) salts in the presence of PVA and ionic kC 
biopolymer under basic condition (Figure 7). Cross-linking of the occurring Fe3O4 
nanoparticles and polymer matrixes was achieved by the freezing–thawing technique 
and K+/k-carrageenan–SO3

− interaction. Freezing–thawing plays a crucial role in 
dispersing nanoparticles into gelatin environment and limiting their agglomeration. 
This technique has been reported to afford bio-related materials with better thermal 
stability and mechanical properties [53]. The magnetic behaviour of this cationic dye 
adsorbent was assessed with the vibrating sample magnetometer (VSM) standard 
method. The hysteresis loop revealed an S-shape with an estimated value of satura-
tion magnetisation 3.4 emu/g, suggesting that the spent adsorbent can be removed 
easily with an external magnet.

Figure 6. 
Hydrolysis of Si(OC2H5)4 and condensation of the silicic acid intermediate.

Figure 5. 
Fabrication of SiO2 NPs@XG-g-P(AAm/AA) composite and TEM image.
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Figure 4. 
The mechanism for dye adsorption onto XG-g-P(AAm/AA).
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FTIR, X-ray photoelectron spectroscopy (XPS) spectra analysis and assessment 
of the pH at the point of zero charge (pHpzc) can be used to clarify the adsorption 
mechanism at the surface of metal oxide in aqueous milieu,. Thus, this additional 
interaction is anticipated to improve the adsorption capacity of polysaccharide 
adsorbents functionalised with metal oxides. The –OH groups of polysaccharides 
are highly reactive in encouraging polycondensation, or in interacting with cations 
or hydroxylated cations, capable of undergoing nucleation and growth processes. 
Polysaccharide matrix also provides a cavity that is capable of immobilising the 
developing inorganic entities and controlling their growth. Furthermore, carbon 
nanotubes ability to abstract organic dyes from wastewater has been reported to take 
place through π–π stacking, hydrogen bonding, hydrophobic, Coulombic, and/or van 
der Waals interactions [54–56]. The occurrence of defects and active centers, and the 
morphology of the carbon nanotubes play a key role in their dye adsorption capabil-
ity. The carbon nanotubes are rolled-up graphene or graphitic sheets of single-layer 
carbon atoms. These are π-conjugative structures possessing a hydrophobic surface. 
The dynamic mechanical investigation of polymer adsorbents and their inorganic 
particle-functionalised derivatives has uncovered relatively better properties of the 
latter through restriction of the mobility of polymer macromolecular chains [57].

Cai and coworkers also described the cellulose nanofibers (average diameter 
237–443 nm) modified with TiO2 nanoparticles as a precursor for the synthesis of 

Figure 7. 
Fabrication of magnetic kC/PVA nanocomposite as an adsorbent for cationic dye removal in aqueous solution.

Figure 8. 
Experimental setup for electrospinning of TiO2 nanoparticles in polysaccharide solution.
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composite hydrogels [58]. Graft copolymerisation of these nanofibers using AAm, 
AA, and N,N′-methylene bisacrylamide in the presence of ammonium persulfate 
afforded the polysaccharide-based hydrogels with good MB dye adsorption capac-
ity. The nanofibers material was fabricated through electrospinning of cellulose 
acetate solution containing TiO2 nanoparticles of average diameter 25 nm, followed 
by deacetylation under basic condition. The voltage power and flow rate applied 
in this investigation were 20 kV and 1 mL/h, respectively. Electrospinning is a 
versatile and efficient method for the fabrication of nanofibers. This technique 
utilises high voltage to charge the surface of a polymer solution and initiates the 
ejection of fluid jets through a small hole (Figure 8). Solidification of these thin jets 
yields nanofibers. The size of nanofibers obtained using this procedure depends on 
parameters like solution physical properties, voltage, hydrostatic pressure, size of a 
hole, and distance hole-collector [59]. The light-driven catalytic activity of TiO2 has 
also been described to improve the MB removal performance of TiO2-containing 
cellulose nanofibers. TiO2, also known as titania, is a low-cost and environmentally 
benign oxide that has gained commercial success in beauty, cosmetic, and personal 
care applications. Moreover, interest in TiO2 nanoparticles for the degradation of 
organic pollutants in wastewater has been tremendous since the early report by 
Frank and Bard [60]. This is attributed to their unique electronic structure, impres-
sive UV-light absorption properties, prolonged excited-state lifetimes and enhanced 
charge transport features. The high-energy photons emitted by UV-light initiates 
the excitation of TiO2 valence band electrons and formation of •OH/O2

•− radicals. 
These species are responsible for the degradation of organic pollutants in aqueous 
solution.

Composite hydrogel of NH2–silica functionalised TiO2 NPs@kC-g-PAA was 
developed by Pourjavadi et al. for the removal of malachite green (MG) in synthetic 
water samples [61]. The functionalised TiO2 NPs were synthesised by the hydrolysis 
of TiCl4 at 90°C in the presence of HNO3 followed by the treatment of hydrated 
TiO2 NPs with 3-aminopropyltriethoxysilane. Graft copolymerisation of kC with 
AA monomer in the presence of ammonium persulfate initiator, methylenebisacryl-
amide as a crosslinking agent, and the pre-synthesised NH2–silica functionalised 
TiO2 NPs yielded an adsorbent with impressive potential for the removal of cationic 
dye. MG adsorption onto NH2–silica functionalised TiO2 NPs@kC-g-PAA hydrogel 
followed the pseudo-second-order rate model, and best fitted the Langmuir iso-
therm, with the maximum capacity of 666 mg/g.

5. Conclusion

Herein, we present a well-elaborated discussion on the developed polysaccha-
ride-based materials for the removal of highly toxic organic dyes from contami-
nated water using adsorption procedure. Naturally occurring, non-toxic, and 
biodegradable xanthan gum and kappa-carrageenan matrixes were used as repre-
sentatives for effective dye remediation owing to their surface charged function-
alities that serve as active binding sites. The polysaccharide surface modification 
through graft copolymerisation with monomers and/or incorporation of nano-sized 
inorganic particles having high surface areas like metal oxides and carbon nano-
tubes has been found to yield composites with improved mechanical stability and 
impressive adsorption capacities.
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composite hydrogels [58]. Graft copolymerisation of these nanofibers using AAm, 
AA, and N,N′-methylene bisacrylamide in the presence of ammonium persulfate 
afforded the polysaccharide-based hydrogels with good MB dye adsorption capac-
ity. The nanofibers material was fabricated through electrospinning of cellulose 
acetate solution containing TiO2 nanoparticles of average diameter 25 nm, followed 
by deacetylation under basic condition. The voltage power and flow rate applied 
in this investigation were 20 kV and 1 mL/h, respectively. Electrospinning is a 
versatile and efficient method for the fabrication of nanofibers. This technique 
utilises high voltage to charge the surface of a polymer solution and initiates the 
ejection of fluid jets through a small hole (Figure 8). Solidification of these thin jets 
yields nanofibers. The size of nanofibers obtained using this procedure depends on 
parameters like solution physical properties, voltage, hydrostatic pressure, size of a 
hole, and distance hole-collector [59]. The light-driven catalytic activity of TiO2 has 
also been described to improve the MB removal performance of TiO2-containing 
cellulose nanofibers. TiO2, also known as titania, is a low-cost and environmentally 
benign oxide that has gained commercial success in beauty, cosmetic, and personal 
care applications. Moreover, interest in TiO2 nanoparticles for the degradation of 
organic pollutants in wastewater has been tremendous since the early report by 
Frank and Bard [60]. This is attributed to their unique electronic structure, impres-
sive UV-light absorption properties, prolonged excited-state lifetimes and enhanced 
charge transport features. The high-energy photons emitted by UV-light initiates 
the excitation of TiO2 valence band electrons and formation of •OH/O2

•− radicals. 
These species are responsible for the degradation of organic pollutants in aqueous 
solution.

Composite hydrogel of NH2–silica functionalised TiO2 NPs@kC-g-PAA was 
developed by Pourjavadi et al. for the removal of malachite green (MG) in synthetic 
water samples [61]. The functionalised TiO2 NPs were synthesised by the hydrolysis 
of TiCl4 at 90°C in the presence of HNO3 followed by the treatment of hydrated 
TiO2 NPs with 3-aminopropyltriethoxysilane. Graft copolymerisation of kC with 
AA monomer in the presence of ammonium persulfate initiator, methylenebisacryl-
amide as a crosslinking agent, and the pre-synthesised NH2–silica functionalised 
TiO2 NPs yielded an adsorbent with impressive potential for the removal of cationic 
dye. MG adsorption onto NH2–silica functionalised TiO2 NPs@kC-g-PAA hydrogel 
followed the pseudo-second-order rate model, and best fitted the Langmuir iso-
therm, with the maximum capacity of 666 mg/g.

5. Conclusion

Herein, we present a well-elaborated discussion on the developed polysaccha-
ride-based materials for the removal of highly toxic organic dyes from contami-
nated water using adsorption procedure. Naturally occurring, non-toxic, and 
biodegradable xanthan gum and kappa-carrageenan matrixes were used as repre-
sentatives for effective dye remediation owing to their surface charged function-
alities that serve as active binding sites. The polysaccharide surface modification 
through graft copolymerisation with monomers and/or incorporation of nano-sized 
inorganic particles having high surface areas like metal oxides and carbon nano-
tubes has been found to yield composites with improved mechanical stability and 
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Novel Nanomaterials

308

Author details

Hugues Kamdem Paumo1, Lebogang Katata-Seru1*, Tshepiso Moremedi1,  
Mpitloane Joseph Hato2,3, Soumen Sardar4 and Abhijit Bandyopadhyay4

1 Department of Chemistry, School of Physical and Chemical Sciences, Faculty 
of Natural and Agricultural Sciences, North-West University, Private Bag X2046, 
Mmabatho, South Africa

2 Department of Chemistry, School of Physical and Mineral Sciences, Faculty of 
Sciences and Agriculture, University of Limpopo (Turfloop), South Africa

3 Department of Environmental Sciences, College of Agriculture and 
Environmental Sciences, University of South Africa (UNISA), Florida Science 
Campus, Johannesburg, South Africa

4 Department of Polymer Science and Technology, University of Calcutta 92, 
Kolkata, India

*Address all correspondence to: lebo.seru@nwu.ac.za

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

309

Nanoengineered Polysaccharide-Based Adsorbents as Green Alternatives for Dye Removal…
DOI: http://dx.doi.org/10.5772/intechopen.94883

[1] Boelee E, Geerling G, der Zaan B, 
Blauw A, Vethaak AD. Water and health: 
From environmental pressures to 
integrated responses. Acta Tropica. 
2019;193:217-226. DOI: 10.1016/j.
actatropica.2019.03.011

[2] World Health Organization. fact-
sheets, detail, drinking-water. 2019

[3] Santhi T, Manonmani S, Vasantha VS, 
Chang YT. A new alternative adsorbent 
for the removal of cationic dyes from 
aqueous solution. Arabian Journal 
of Chemistry. 2016;9(Supplement 
1):S466-S474. DOI: 10.1016/j.
arabjc.2011.06.004

[4] Zhang H, Chen D, Lv X, Wang Y,  
Chang H, Li J. Energy-Efficient 
Photodegradation of Azo Dyes 
with TiO2 Nanoparticles Based on 
Photoisomerization and Alternate UV−
Visible Light. Environmental Science & 
Technology. 2010;44:1107-1111. DOI: 
10.1021/es9029123

[5] Ai L, Yue H, Jiang J. Sacrificial 
template-directed synthesis of 
mesoporous manganese oxide 
architectures with superior performance 
for organic dye adsorption. Nanoscale. 
2012;4:5401-5408. DOI: 10.1039/
c2nr31333b

[6] Gupta VK, Kumar R, Nayak A, 
Saleh TA, Barakat M. Adsorptive removal 
of dyes from aqueous solution onto 
carbon nanotubes: a review. Advances 
in colloid and interface science. 
2013;193:24-34. DOI: 10.1016/j.
cis.2013.03.003

[7] Das R, Sypu VS, Paumo HK, 
Bhaumik M, Maharaj V, Maity A. Silver 
decorated magnetic nanocomposite 
(Fe3O4@PPy-MAA/Ag) as highly 
active catalyst towards reduction of 
4-nitrophenol and toxic organic dyes. 
Applied Catalysis B: Environmental. 

2019;244:546-558. DOI: 10.1016/j.
apcatb.2018.11.073

[8] Hai FI, Yamamoto K, Fukushi K.  
Hybrid Treatment Systems for 
Dye Wastewater. Critical Reviews 
in Environmental Science and 
Technology. 2007;37:315-377. DOI: 
10.1080/10643380601174723

[9] van Zyl G, Matswalela K. A 
comparative analysis of the level of 
competitiveness of the South African 
clothing and textile industry. Journal 
of Economic and Financial Sciences. 
2016;9:370-391

[10] Ghorai S, Sarkar AK, Panda AB, 
Pal S. Effective removal of Congo 
red dye from aqueous solution 
using modified xanthan gum/silica 
hybrid nanocomposite as adsorbent. 
Bioresource Technology. 2013;144:485-
491. DOI: 10.1016/j.biortech.2013.06.108

[11] Sarkar AK, Pal A, Ghorai S, 
Mandre N, Pal S. Efficient removal 
of malachite green dye using 
biodegradable graft copolymer 
derived from amylopectin and poly 
(acrylic acid). Carbohydrate polymers. 
2014;111:108-115. DOI: 10.1016/j.
carbpol.2014.04.042

[12] Chigondo M, Paumo HK, 
Bhaumik M, Pillay K, Maity A. Hydrous 
CeO2-Fe3O4 decorated polyaniline 
fibers nanocomposite for effective 
defluoridation of drinking water. 
Journal of Colloid and Interface Science. 
2018;532:500-516. DOI: 10.1016/j.
jcis.2018.07.134

[13] Chigondo M, Paumo HK, 
Bhaumik M, Pillay K, Maity A. Magnetic 
arginine-functionalized polypyrrole 
with improved and selective 
chromium(VI) ions removal from 
water. Journal of Molecular Liquids. 
2019;275:778-791. DOI: 10.1016/j.
molliq.2018.11.032

References



Novel Nanomaterials

308

Author details

Hugues Kamdem Paumo1, Lebogang Katata-Seru1*, Tshepiso Moremedi1,  
Mpitloane Joseph Hato2,3, Soumen Sardar4 and Abhijit Bandyopadhyay4

1 Department of Chemistry, School of Physical and Chemical Sciences, Faculty 
of Natural and Agricultural Sciences, North-West University, Private Bag X2046, 
Mmabatho, South Africa

2 Department of Chemistry, School of Physical and Mineral Sciences, Faculty of 
Sciences and Agriculture, University of Limpopo (Turfloop), South Africa

3 Department of Environmental Sciences, College of Agriculture and 
Environmental Sciences, University of South Africa (UNISA), Florida Science 
Campus, Johannesburg, South Africa

4 Department of Polymer Science and Technology, University of Calcutta 92, 
Kolkata, India

*Address all correspondence to: lebo.seru@nwu.ac.za

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

309

Nanoengineered Polysaccharide-Based Adsorbents as Green Alternatives for Dye Removal…
DOI: http://dx.doi.org/10.5772/intechopen.94883

[1] Boelee E, Geerling G, der Zaan B, 
Blauw A, Vethaak AD. Water and health: 
From environmental pressures to 
integrated responses. Acta Tropica. 
2019;193:217-226. DOI: 10.1016/j.
actatropica.2019.03.011

[2] World Health Organization. fact-
sheets, detail, drinking-water. 2019

[3] Santhi T, Manonmani S, Vasantha VS, 
Chang YT. A new alternative adsorbent 
for the removal of cationic dyes from 
aqueous solution. Arabian Journal 
of Chemistry. 2016;9(Supplement 
1):S466-S474. DOI: 10.1016/j.
arabjc.2011.06.004

[4] Zhang H, Chen D, Lv X, Wang Y,  
Chang H, Li J. Energy-Efficient 
Photodegradation of Azo Dyes 
with TiO2 Nanoparticles Based on 
Photoisomerization and Alternate UV−
Visible Light. Environmental Science & 
Technology. 2010;44:1107-1111. DOI: 
10.1021/es9029123

[5] Ai L, Yue H, Jiang J. Sacrificial 
template-directed synthesis of 
mesoporous manganese oxide 
architectures with superior performance 
for organic dye adsorption. Nanoscale. 
2012;4:5401-5408. DOI: 10.1039/
c2nr31333b

[6] Gupta VK, Kumar R, Nayak A, 
Saleh TA, Barakat M. Adsorptive removal 
of dyes from aqueous solution onto 
carbon nanotubes: a review. Advances 
in colloid and interface science. 
2013;193:24-34. DOI: 10.1016/j.
cis.2013.03.003

[7] Das R, Sypu VS, Paumo HK, 
Bhaumik M, Maharaj V, Maity A. Silver 
decorated magnetic nanocomposite 
(Fe3O4@PPy-MAA/Ag) as highly 
active catalyst towards reduction of 
4-nitrophenol and toxic organic dyes. 
Applied Catalysis B: Environmental. 

2019;244:546-558. DOI: 10.1016/j.
apcatb.2018.11.073

[8] Hai FI, Yamamoto K, Fukushi K.  
Hybrid Treatment Systems for 
Dye Wastewater. Critical Reviews 
in Environmental Science and 
Technology. 2007;37:315-377. DOI: 
10.1080/10643380601174723

[9] van Zyl G, Matswalela K. A 
comparative analysis of the level of 
competitiveness of the South African 
clothing and textile industry. Journal 
of Economic and Financial Sciences. 
2016;9:370-391

[10] Ghorai S, Sarkar AK, Panda AB, 
Pal S. Effective removal of Congo 
red dye from aqueous solution 
using modified xanthan gum/silica 
hybrid nanocomposite as adsorbent. 
Bioresource Technology. 2013;144:485-
491. DOI: 10.1016/j.biortech.2013.06.108

[11] Sarkar AK, Pal A, Ghorai S, 
Mandre N, Pal S. Efficient removal 
of malachite green dye using 
biodegradable graft copolymer 
derived from amylopectin and poly 
(acrylic acid). Carbohydrate polymers. 
2014;111:108-115. DOI: 10.1016/j.
carbpol.2014.04.042

[12] Chigondo M, Paumo HK, 
Bhaumik M, Pillay K, Maity A. Hydrous 
CeO2-Fe3O4 decorated polyaniline 
fibers nanocomposite for effective 
defluoridation of drinking water. 
Journal of Colloid and Interface Science. 
2018;532:500-516. DOI: 10.1016/j.
jcis.2018.07.134

[13] Chigondo M, Paumo HK, 
Bhaumik M, Pillay K, Maity A. Magnetic 
arginine-functionalized polypyrrole 
with improved and selective 
chromium(VI) ions removal from 
water. Journal of Molecular Liquids. 
2019;275:778-791. DOI: 10.1016/j.
molliq.2018.11.032

References



Novel Nanomaterials

310

[14] Badruddoza AZM, Shawon ZBZ, 
Tay WJD, Hidajat K, Uddin MS. Fe3O4/
cyclodextrin polymer nanocomposites 
for selective heavy metals removal from 
industrial wastewater. Carbohydrate 
polymers. 2013;91:322-332. DOI: 
10.1016/j.carbpol.2012.08.030

[15] Sud D, Mahajan G, Kaur MP. 
Agricultural waste material as potential 
adsorbent for sequestering heavy 
metal ions from aqueous solutions–A 
review. Bioresource Technology. 
2008;99:6017˗6027. DOI: 10.1016/j.
biortech.2007.11.064

[16] Nguyen TA, Ngo HH, 
Guo WS, Zhang J, Liang S, Yue QY, 
et al. Applicability of agricultural 
waste and by-products for adsorptive 
removal of heavy metals from 
wastewater. Bioresource Technology. 
2013;148:574˗585. DOI: 10.1016/j.
biortech.2013.08.124

[17] Ahmed MJ, Ahmaruzzaman M. A 
review on potential usage of industrial 
waste materials for binding heavy metal 
ions from aqueous solutions. Journal of 
Water Process Engineering. 2016;10:39-
47. DOI: 10.1016/j.jwpe.2016.01.014

[18] Wong S, Ngadi N, 
Inuwa IM, Hassan O. Recent advances 
in applications of activated carbon from 
biowaste for wastewater treatment: 
A short review. Journal of Cleaner 
Production. 2018;175:361˗375. DOI: 
10.1016/j.jclepro.2017.12.059

[19] Uddin MK. A review on the 
adsorption of heavy metals by clay 
minerals, with special focus on the past 
decade. Chemical Engineering Journal. 
2017;308:438˗462. DOI: 10.1016/j.
cej.2016.09.029

[20] Zare EN, Motahari A, Sillanpää M. 
Nanoadsorbents based on conducting 
polymer nanocomposites with main 
focus on polyaniline and its derivatives 
for removal of heavy metal ions/dyes: 
A review. Environmental research. 

2018;162:173˗195. DOI: 10.1016/j.
envres.2017.12.025

[21] Mezohegyi G, van der Zee FP, 
Font J, Fortuny A, Azael Fabregat A. 
Towards advanced aqueous dye removal 
processes: A short review on theversatile 
role of activated carbon. Journal 
of Environmental Management. 
2012;102:148-164. DOI: 10.1016/j.
jenvman.2012.02.021

[22] Gomez-Maldonado D, Vega 
Erramuspe IB, Peresin MS. Natural 
polymers as alternative adsorbents and 
treatment agents for water remediation. 
BioResources. 2019;14:10093-10160

[23] Kumar A, Rao KM, 
Han SS. Application of xanthan gum as 
polysaccharide in tissue engineering: 
A review. Carbohydrate Polymers. 
2018;180:128-144. DOI: 10.1016/j.
carbpol.2017.10.009

[24] Sedayu BB, Cran MJ, Bigger SW. 
A review of property enhancement 
techniques for carrageenan-based films 
and coatings. Carbohydrate Polymers. 
2019;216:287-302. DOI: 10.1016/j.
carbpol.2019.04.021

[25] Thakur S, Sharma B, Verma A,  
Chaudhary J, Tamulevicius S, 
Thakur VK. Recent approaches in 
guar gum hydrogel synthesis for water 
purification. International Journal 
of Polymer Analysis and 
Characterization. 2018;23:621-632. DOI: 
10.1080/1023666X.2018.1488661

[26] Mittal H, Ray SS, Okamoto M. 
Recent progress on the design and 
applications of polysaccharide-based 
graft copolymer hydrogels as 
adsorbents for wastewater purification. 
Macromolecular Materials and 
Engineering. 2016;301:496-522. DOI: 
10.1002/mame.201500399

[27] Rosalam S, England R. Review 
of xanthan gum production from 
unmodified starches by Xanthomonas 

311

Nanoengineered Polysaccharide-Based Adsorbents as Green Alternatives for Dye Removal…
DOI: http://dx.doi.org/10.5772/intechopen.94883

comprestris sp. Enzyme and Microbial 
Technology. 2006;39:197-207. DOI: 
10.1016/j.enzmictec.2005.10.019

[28] Necas J, Bartosikova L. Carrageenan: 
a review. Veterinární Medicína. 
2013;58:187-205

[29] Salgueiro AN, Daniel-
da-Silva AL, Girão AV, Pinheiro PC, 
Trindade T. Unusual dye adsorption 
behavior of k-carrageenan coated 
superparamagnetic nanoparticles. 
Chemical Engineering Journal. 
2013;229:276-284. DOI: 10.1016/j.
cej.2013.06.015

[30] Patel J, Maji B, Narayana 
Moorthy NSH, Maiti S. Xanthan 
gum derivatives: review of synthesis, 
properties and diverse applications. RSC 
Advances. 2020;10:27103-27136. DOI: 
10.1039/d0ra04366d

[31] Flahive JJ III, Foufopoulos A. 
Etzel MR, Alcohol precipitation of 
xanthan gum from pure solutions and 
fermentation broths. Separation Science 
and Technology. 1994; 29:1673-1687. 
DOI: 10.1080/01496399408002164

[32] Khouryieh H, Puli G, 
Williams K, Aramouni F. Effects of 
xanthan–locust bean gum mixtures on 
the physicochemical properties and 
oxidative stability of whey protein 
stabilised oil-in-water emulsions. Food 
Chemistry. 2015;167:340-348. DOI: 
10.1016/j.foodchem.2014.07.009

[33] Lozano-Álvarez JA, 
Jáuregui-Rincón J, Mendoza-Díaz G, 
Rodríguez-Vázquez R. Frausto-Reyes C. 
Study of Sorption Equilibrium of 
Biopolymers Alginic Acid and Xanthan 
with C.I. Disperse Yellow 54. Journal 
of the Mexican Chemical Society. 
2009;53:59-70

[34] Ghorai S, Sarkar A, Raoufi M, 
Panda AB, Holger Schonherr H, Pal S. 
Enhanced Removal of Methylene Blue 
and Methyl Violet Dyes from Aqueous 

Solution Using a Nanocomposite of 
Hydrolyzed Polyacrylamide Grafted 
Xanthan Gum and Incorporated 
Nanosilica. ACS Applied Materials & 
Interfaces. 2014;6:4766-4777. DOI: 
10.1021/am4055657

[35] M-m W, Wang L. Synthesis and 
characterisation of carboxymethyl 
cellulose/organic montmorillonite 
nanocomposites and its adsorption 
behavior for Congo Red dye. 
Water Science and Engineering. 
2013;6:272-282. DOI: 10.3882/j.
issn.1674-2370.2013.03.004

[36] Ng LY, Mohammad AW, Leo CP,  
Hilal N. Polymeric membranes 
incorporated with metal/metal oxide 
nanoparticles: A comprehensive review. 
Desalination. 2013;308:15-33. DOI: 
10.1016/j.desal.2010.11.033

[37] Zare EN, Motahari A, Sillanpää M. 
Nanoadsorbents based on conducting 
polymer nanocomposites with main 
focus on polyaniline and its derivatives 
for removal of heavy metal ions/dyes: 
A review. Environmental research. 
2018;162:173˗195. DOI: 10.1016/j.
envres.2017.12.025

[38] Ito S, Goseki R, Ishizone T, 
Hirao A. Synthesis of well-controlled 
graft polymers by living anionic 
polymerisation towards exact graft 
polymers. Polymer Chemistry. 
2014;5:5523-5534. DOI: 10.1039/
c4py00584h

[39] Roy D, Semsarilar M, Guthrie JT, 
Perrier S. Cellulose modification by 
polymer grafting: a review. Chemical 
Society Reviews. 2009;38:2046-2064. 
DOI: 10.1039/b808639g

[40] El-Sherbiny IM. Synthesis, 
characterisation and metal uptake 
capacity of a new carboxymethyl 
chitosan derivative. European Polymer 
Journal. 2009;45:199-210. DOI: 
10.1016/j.eurpolymj.2008.10.042



Novel Nanomaterials

310

[14] Badruddoza AZM, Shawon ZBZ, 
Tay WJD, Hidajat K, Uddin MS. Fe3O4/
cyclodextrin polymer nanocomposites 
for selective heavy metals removal from 
industrial wastewater. Carbohydrate 
polymers. 2013;91:322-332. DOI: 
10.1016/j.carbpol.2012.08.030

[15] Sud D, Mahajan G, Kaur MP. 
Agricultural waste material as potential 
adsorbent for sequestering heavy 
metal ions from aqueous solutions–A 
review. Bioresource Technology. 
2008;99:6017˗6027. DOI: 10.1016/j.
biortech.2007.11.064

[16] Nguyen TA, Ngo HH, 
Guo WS, Zhang J, Liang S, Yue QY, 
et al. Applicability of agricultural 
waste and by-products for adsorptive 
removal of heavy metals from 
wastewater. Bioresource Technology. 
2013;148:574˗585. DOI: 10.1016/j.
biortech.2013.08.124

[17] Ahmed MJ, Ahmaruzzaman M. A 
review on potential usage of industrial 
waste materials for binding heavy metal 
ions from aqueous solutions. Journal of 
Water Process Engineering. 2016;10:39-
47. DOI: 10.1016/j.jwpe.2016.01.014

[18] Wong S, Ngadi N, 
Inuwa IM, Hassan O. Recent advances 
in applications of activated carbon from 
biowaste for wastewater treatment: 
A short review. Journal of Cleaner 
Production. 2018;175:361˗375. DOI: 
10.1016/j.jclepro.2017.12.059

[19] Uddin MK. A review on the 
adsorption of heavy metals by clay 
minerals, with special focus on the past 
decade. Chemical Engineering Journal. 
2017;308:438˗462. DOI: 10.1016/j.
cej.2016.09.029

[20] Zare EN, Motahari A, Sillanpää M. 
Nanoadsorbents based on conducting 
polymer nanocomposites with main 
focus on polyaniline and its derivatives 
for removal of heavy metal ions/dyes: 
A review. Environmental research. 

2018;162:173˗195. DOI: 10.1016/j.
envres.2017.12.025

[21] Mezohegyi G, van der Zee FP, 
Font J, Fortuny A, Azael Fabregat A. 
Towards advanced aqueous dye removal 
processes: A short review on theversatile 
role of activated carbon. Journal 
of Environmental Management. 
2012;102:148-164. DOI: 10.1016/j.
jenvman.2012.02.021

[22] Gomez-Maldonado D, Vega 
Erramuspe IB, Peresin MS. Natural 
polymers as alternative adsorbents and 
treatment agents for water remediation. 
BioResources. 2019;14:10093-10160

[23] Kumar A, Rao KM, 
Han SS. Application of xanthan gum as 
polysaccharide in tissue engineering: 
A review. Carbohydrate Polymers. 
2018;180:128-144. DOI: 10.1016/j.
carbpol.2017.10.009

[24] Sedayu BB, Cran MJ, Bigger SW. 
A review of property enhancement 
techniques for carrageenan-based films 
and coatings. Carbohydrate Polymers. 
2019;216:287-302. DOI: 10.1016/j.
carbpol.2019.04.021

[25] Thakur S, Sharma B, Verma A,  
Chaudhary J, Tamulevicius S, 
Thakur VK. Recent approaches in 
guar gum hydrogel synthesis for water 
purification. International Journal 
of Polymer Analysis and 
Characterization. 2018;23:621-632. DOI: 
10.1080/1023666X.2018.1488661

[26] Mittal H, Ray SS, Okamoto M. 
Recent progress on the design and 
applications of polysaccharide-based 
graft copolymer hydrogels as 
adsorbents for wastewater purification. 
Macromolecular Materials and 
Engineering. 2016;301:496-522. DOI: 
10.1002/mame.201500399

[27] Rosalam S, England R. Review 
of xanthan gum production from 
unmodified starches by Xanthomonas 

311

Nanoengineered Polysaccharide-Based Adsorbents as Green Alternatives for Dye Removal…
DOI: http://dx.doi.org/10.5772/intechopen.94883

comprestris sp. Enzyme and Microbial 
Technology. 2006;39:197-207. DOI: 
10.1016/j.enzmictec.2005.10.019

[28] Necas J, Bartosikova L. Carrageenan: 
a review. Veterinární Medicína. 
2013;58:187-205

[29] Salgueiro AN, Daniel-
da-Silva AL, Girão AV, Pinheiro PC, 
Trindade T. Unusual dye adsorption 
behavior of k-carrageenan coated 
superparamagnetic nanoparticles. 
Chemical Engineering Journal. 
2013;229:276-284. DOI: 10.1016/j.
cej.2013.06.015

[30] Patel J, Maji B, Narayana 
Moorthy NSH, Maiti S. Xanthan 
gum derivatives: review of synthesis, 
properties and diverse applications. RSC 
Advances. 2020;10:27103-27136. DOI: 
10.1039/d0ra04366d

[31] Flahive JJ III, Foufopoulos A. 
Etzel MR, Alcohol precipitation of 
xanthan gum from pure solutions and 
fermentation broths. Separation Science 
and Technology. 1994; 29:1673-1687. 
DOI: 10.1080/01496399408002164

[32] Khouryieh H, Puli G, 
Williams K, Aramouni F. Effects of 
xanthan–locust bean gum mixtures on 
the physicochemical properties and 
oxidative stability of whey protein 
stabilised oil-in-water emulsions. Food 
Chemistry. 2015;167:340-348. DOI: 
10.1016/j.foodchem.2014.07.009

[33] Lozano-Álvarez JA, 
Jáuregui-Rincón J, Mendoza-Díaz G, 
Rodríguez-Vázquez R. Frausto-Reyes C. 
Study of Sorption Equilibrium of 
Biopolymers Alginic Acid and Xanthan 
with C.I. Disperse Yellow 54. Journal 
of the Mexican Chemical Society. 
2009;53:59-70

[34] Ghorai S, Sarkar A, Raoufi M, 
Panda AB, Holger Schonherr H, Pal S. 
Enhanced Removal of Methylene Blue 
and Methyl Violet Dyes from Aqueous 

Solution Using a Nanocomposite of 
Hydrolyzed Polyacrylamide Grafted 
Xanthan Gum and Incorporated 
Nanosilica. ACS Applied Materials & 
Interfaces. 2014;6:4766-4777. DOI: 
10.1021/am4055657

[35] M-m W, Wang L. Synthesis and 
characterisation of carboxymethyl 
cellulose/organic montmorillonite 
nanocomposites and its adsorption 
behavior for Congo Red dye. 
Water Science and Engineering. 
2013;6:272-282. DOI: 10.3882/j.
issn.1674-2370.2013.03.004

[36] Ng LY, Mohammad AW, Leo CP,  
Hilal N. Polymeric membranes 
incorporated with metal/metal oxide 
nanoparticles: A comprehensive review. 
Desalination. 2013;308:15-33. DOI: 
10.1016/j.desal.2010.11.033

[37] Zare EN, Motahari A, Sillanpää M. 
Nanoadsorbents based on conducting 
polymer nanocomposites with main 
focus on polyaniline and its derivatives 
for removal of heavy metal ions/dyes: 
A review. Environmental research. 
2018;162:173˗195. DOI: 10.1016/j.
envres.2017.12.025

[38] Ito S, Goseki R, Ishizone T, 
Hirao A. Synthesis of well-controlled 
graft polymers by living anionic 
polymerisation towards exact graft 
polymers. Polymer Chemistry. 
2014;5:5523-5534. DOI: 10.1039/
c4py00584h

[39] Roy D, Semsarilar M, Guthrie JT, 
Perrier S. Cellulose modification by 
polymer grafting: a review. Chemical 
Society Reviews. 2009;38:2046-2064. 
DOI: 10.1039/b808639g

[40] El-Sherbiny IM. Synthesis, 
characterisation and metal uptake 
capacity of a new carboxymethyl 
chitosan derivative. European Polymer 
Journal. 2009;45:199-210. DOI: 
10.1016/j.eurpolymj.2008.10.042



Novel Nanomaterials

312

[41] Liao Y, Zheng H, Qian L, Sun Y,  
Dai L, Xue W. UV-initiated 
polymerisation of hydrophobically 
associating cationic polyacrylamide 
modified by a surface-active monomer: 
a comparative study of synthesis, 
characterisation, and sludge dewatering 
performance. Industrial & Engineering 
Chemistry Research. 2014;53:11193-
11203. DOI: 10.1021/ie5016987

[42] Pal S, Ghorai S, Das C, Samrat S, 
Ghosh A, Panda AB. Carboxymethyl 
tamarind-g-poly (acrylamide)/
silica: A high performance hybrid 
nanocomposite for adsorption of 
methylene blue dye. Industrial & 
Engineering Chemistry Research. 
2012;51:15546-15556. DOI: 10.1021/
ie301134a

[43] Thakur S, Pandey S, Arotiba OA. 
Development of a sodium alginate-
based organic/inorganic superabsorbent 
composite hydrogel for adsorption 
of methylene blue. Carbohydrate 
Polymers. 2016;153:34-46. DOI: 
10.1016/j.carbpol.2016.06.104

[44] Elella MHA, Sabaa MW, 
ElHafeez EA, Mohamed RR. Crystal 
violet dye removal using crosslinked 
grafted xanthan gum. International 
Journal of Biological Macromolecules. 
2019;137:1086-1101. DOI: 10.1016/j.
ijbiomac.2019.06.243

[45] Elella MHA, Mohamed RR, 
ElHafeez EA, Sabaa MW. Synthesis 
of novel biodegradable antibacterial 
grafted xanthan gum. Carbohydrate 
Polymers. 2017;173:305-311. DOI: 
10.1016/j.carbpol.2017.05.058

[46] Ali A, Zafar H, Zia M, ul 
Haq I, Phull AR, Ali JS, et al. Synthesis, 
characterisation, applications, and 
challenges of iron oxide nanoparticles. 
Nanotechnology, Science and 
Applications. 2016;9:49-67. DOI: 
10.2147/NSA.S99986

[47] Boury B, Plumejeau S. Metal oxides 
and polysaccharides: an efficient hybrid 
association for materials chemistry. 
Green Chemistry. 2015;17:72-88. DOI: 
10.1039/c4gc00957f

[48] Mittal H, Maity A, Ray SS. Synthesis 
of co-polymer-grafted gum karaya and 
silica hybrid organic–inorganic hydrogel 
nanocomposite for the highly effective 
removal of methylene blue. Chemical 
Engineering Journal. 2015;279:166-179. 
DOI: 10.1016/j.cej.2015.05.002

[49] Duman O, Tunc S¸, Polat TG, 
Bozoglan BK. Synthesis of magnetic 
oxidised multiwalled carbon nanotube-
k-carrageenan-Fe3O4 nanocomposite 
adsorbent and its application in cationic 
Methylene Blue dye adsorption. 
Carbohydrate Polymers. 2016;147:79-88. 
DOI: 10.1016/j.carbpol.2016.03.099

[50] Bulut E, Ozacar M, Sengil IA. 
Adsorption of malachite green onto 
bentonite: Equilibrium and kinetic 
studies and process design. Microporous 
and Mesoporous Materials. 
2008;115:234-246. DOI: 10.1016/j.
micromeso.2008.01.039

[51] Kumar KY, Muralidhara HB, 
Nayaka YA, Balasubramanyam J, 
Hanumanthappa H. Low-cost synthesis 
of metal oxide nanoparticles and 
their application in adsorption of 
commercial dye and heavy metal ion in 
aqueous solution. Powder Technology. 
2013;246:125-136. DOI: 10.1016/j.
powtec.2013.05.017

[52] Mahdavinia GR, Massoudi A,  
Baghban A, Shokri E. Study of 
adsorption of cationic dye on 
magnetic kappa-carrageenan/ PVA 
nanocomposite hydrogels. Journal of 
Environmental Chemical Engineering. 
2014;2:1578-1587. DOI: 10.1016/j.
jece.2014.05.020

[53] Guo J, Li X, Mu C, Zhang H, Qin P, 
Li D. Freezingethawing effects on the 

313

Nanoengineered Polysaccharide-Based Adsorbents as Green Alternatives for Dye Removal…
DOI: http://dx.doi.org/10.5772/intechopen.94883

properties of dialdehyde carboxymethyl 
cellulose crosslinked gelatin-MMT 
composite films. Food Hydrocolloids. 
2013;33:273-279. DOI: 10.1016/j.
foodhyd.2013.04.004

[54] Yu J-G, Zhao X-H, Yang H, Chen 
X-H, Yang Q, Yu L-Y, et al. Aqueous 
adsorption and removal of organic 
contaminants by carbon nanotubes. 
Science of the Total Environment. 
2014;482-483:241-251. DOI: 10.1016/j.
scitotenv.2014.02.129

[55] Rajabi M, Mahanpoora K, Moradi O. 
Removal of dye molecules from aqueous 
solution by carbon nanotubes and 
carbon nanotube functional groups: 
critical review. RSC Advances. 
2017;7:47083-47090. DOI: 10.1039/
c7ra09377b

[56] Gupta VK, Kumar R, Nayak A, 
Saleh TA, Barakat MA. Adsorptive 
removal of dyes from aqueous solution 
onto carbon nanotubes: A review. 
Advances in Colloid and Interface 
Science. 2013;193-194:24-34. DOI: 
10.1016/j.cis.2013.03.003

[57] Kontou E, Niaounakis M. Thermo-
mechanical properties of LLDPE/
SiO2 nanocomposites. Polymer. 
2006;47:1267-1280. DOI: 10.1016/j.
polymer.2005.12.039

[58] Cai J, Zhang D, Xu W, Ding W, 
Zhu Z, He J, et al. Polysaccharide-Based 
Hydrogels Derived from Cellulose: The 
Architecture Change from Nanofibers to 
Hydrogels for a Putative Dual Function 
in Dye Wastewater Treatment. Journal 
of Agricultural and Food Chemistry. 
2020;68:9725-9732. DOI: 10.1021/acs.
jafc.0c03054

[59] Huang Z-M, Zhang Y-Z, Kotaki M, 
Ramakrishna S. A review on polymer 
nanofibers by electrospinning and 
their applications in nanocomposites. 
Composites Science and Technology. 
2003;63:2223-2253. DOI: 10.1016/
S0266-3538(03)00178-7

[60] Frank SN, Bard AJ. Semiconductor 
electrodes. 12. Photoassisted 
oxidations and photoelectrosynthesis 
at polycrystalline titanium dioxide 
electrodes. Journal of the American 
Chemical Society. 1977;99:4667-4675. 
DOI: 10.1021/ja00456a024

[61] Pourjavadi A, Doulabi M,  
Doroudian M. Adsorption 
characteristics of malachite green 
dye onto novel kappa-carrageenan-g-
polyacrylic acid/TiO2–NH2 hydrogel 
nanocomposite. Journal of the Iranian 
Chemical Society. 2014;11:1057-1065. 
DOI: 10.1007/s13738-013-0374-6



Novel Nanomaterials

312

[41] Liao Y, Zheng H, Qian L, Sun Y,  
Dai L, Xue W. UV-initiated 
polymerisation of hydrophobically 
associating cationic polyacrylamide 
modified by a surface-active monomer: 
a comparative study of synthesis, 
characterisation, and sludge dewatering 
performance. Industrial & Engineering 
Chemistry Research. 2014;53:11193-
11203. DOI: 10.1021/ie5016987

[42] Pal S, Ghorai S, Das C, Samrat S, 
Ghosh A, Panda AB. Carboxymethyl 
tamarind-g-poly (acrylamide)/
silica: A high performance hybrid 
nanocomposite for adsorption of 
methylene blue dye. Industrial & 
Engineering Chemistry Research. 
2012;51:15546-15556. DOI: 10.1021/
ie301134a

[43] Thakur S, Pandey S, Arotiba OA. 
Development of a sodium alginate-
based organic/inorganic superabsorbent 
composite hydrogel for adsorption 
of methylene blue. Carbohydrate 
Polymers. 2016;153:34-46. DOI: 
10.1016/j.carbpol.2016.06.104

[44] Elella MHA, Sabaa MW, 
ElHafeez EA, Mohamed RR. Crystal 
violet dye removal using crosslinked 
grafted xanthan gum. International 
Journal of Biological Macromolecules. 
2019;137:1086-1101. DOI: 10.1016/j.
ijbiomac.2019.06.243

[45] Elella MHA, Mohamed RR, 
ElHafeez EA, Sabaa MW. Synthesis 
of novel biodegradable antibacterial 
grafted xanthan gum. Carbohydrate 
Polymers. 2017;173:305-311. DOI: 
10.1016/j.carbpol.2017.05.058

[46] Ali A, Zafar H, Zia M, ul 
Haq I, Phull AR, Ali JS, et al. Synthesis, 
characterisation, applications, and 
challenges of iron oxide nanoparticles. 
Nanotechnology, Science and 
Applications. 2016;9:49-67. DOI: 
10.2147/NSA.S99986

[47] Boury B, Plumejeau S. Metal oxides 
and polysaccharides: an efficient hybrid 
association for materials chemistry. 
Green Chemistry. 2015;17:72-88. DOI: 
10.1039/c4gc00957f

[48] Mittal H, Maity A, Ray SS. Synthesis 
of co-polymer-grafted gum karaya and 
silica hybrid organic–inorganic hydrogel 
nanocomposite for the highly effective 
removal of methylene blue. Chemical 
Engineering Journal. 2015;279:166-179. 
DOI: 10.1016/j.cej.2015.05.002

[49] Duman O, Tunc S¸, Polat TG, 
Bozoglan BK. Synthesis of magnetic 
oxidised multiwalled carbon nanotube-
k-carrageenan-Fe3O4 nanocomposite 
adsorbent and its application in cationic 
Methylene Blue dye adsorption. 
Carbohydrate Polymers. 2016;147:79-88. 
DOI: 10.1016/j.carbpol.2016.03.099

[50] Bulut E, Ozacar M, Sengil IA. 
Adsorption of malachite green onto 
bentonite: Equilibrium and kinetic 
studies and process design. Microporous 
and Mesoporous Materials. 
2008;115:234-246. DOI: 10.1016/j.
micromeso.2008.01.039

[51] Kumar KY, Muralidhara HB, 
Nayaka YA, Balasubramanyam J, 
Hanumanthappa H. Low-cost synthesis 
of metal oxide nanoparticles and 
their application in adsorption of 
commercial dye and heavy metal ion in 
aqueous solution. Powder Technology. 
2013;246:125-136. DOI: 10.1016/j.
powtec.2013.05.017

[52] Mahdavinia GR, Massoudi A,  
Baghban A, Shokri E. Study of 
adsorption of cationic dye on 
magnetic kappa-carrageenan/ PVA 
nanocomposite hydrogels. Journal of 
Environmental Chemical Engineering. 
2014;2:1578-1587. DOI: 10.1016/j.
jece.2014.05.020

[53] Guo J, Li X, Mu C, Zhang H, Qin P, 
Li D. Freezingethawing effects on the 

313

Nanoengineered Polysaccharide-Based Adsorbents as Green Alternatives for Dye Removal…
DOI: http://dx.doi.org/10.5772/intechopen.94883

properties of dialdehyde carboxymethyl 
cellulose crosslinked gelatin-MMT 
composite films. Food Hydrocolloids. 
2013;33:273-279. DOI: 10.1016/j.
foodhyd.2013.04.004

[54] Yu J-G, Zhao X-H, Yang H, Chen 
X-H, Yang Q, Yu L-Y, et al. Aqueous 
adsorption and removal of organic 
contaminants by carbon nanotubes. 
Science of the Total Environment. 
2014;482-483:241-251. DOI: 10.1016/j.
scitotenv.2014.02.129

[55] Rajabi M, Mahanpoora K, Moradi O. 
Removal of dye molecules from aqueous 
solution by carbon nanotubes and 
carbon nanotube functional groups: 
critical review. RSC Advances. 
2017;7:47083-47090. DOI: 10.1039/
c7ra09377b

[56] Gupta VK, Kumar R, Nayak A, 
Saleh TA, Barakat MA. Adsorptive 
removal of dyes from aqueous solution 
onto carbon nanotubes: A review. 
Advances in Colloid and Interface 
Science. 2013;193-194:24-34. DOI: 
10.1016/j.cis.2013.03.003

[57] Kontou E, Niaounakis M. Thermo-
mechanical properties of LLDPE/
SiO2 nanocomposites. Polymer. 
2006;47:1267-1280. DOI: 10.1016/j.
polymer.2005.12.039

[58] Cai J, Zhang D, Xu W, Ding W, 
Zhu Z, He J, et al. Polysaccharide-Based 
Hydrogels Derived from Cellulose: The 
Architecture Change from Nanofibers to 
Hydrogels for a Putative Dual Function 
in Dye Wastewater Treatment. Journal 
of Agricultural and Food Chemistry. 
2020;68:9725-9732. DOI: 10.1021/acs.
jafc.0c03054

[59] Huang Z-M, Zhang Y-Z, Kotaki M, 
Ramakrishna S. A review on polymer 
nanofibers by electrospinning and 
their applications in nanocomposites. 
Composites Science and Technology. 
2003;63:2223-2253. DOI: 10.1016/
S0266-3538(03)00178-7

[60] Frank SN, Bard AJ. Semiconductor 
electrodes. 12. Photoassisted 
oxidations and photoelectrosynthesis 
at polycrystalline titanium dioxide 
electrodes. Journal of the American 
Chemical Society. 1977;99:4667-4675. 
DOI: 10.1021/ja00456a024

[61] Pourjavadi A, Doulabi M,  
Doroudian M. Adsorption 
characteristics of malachite green 
dye onto novel kappa-carrageenan-g-
polyacrylic acid/TiO2–NH2 hydrogel 
nanocomposite. Journal of the Iranian 
Chemical Society. 2014;11:1057-1065. 
DOI: 10.1007/s13738-013-0374-6



315

Section 5

Applications of 
Nanomaterials in Coating  
and Building Industries



315

Section 5

Applications of 
Nanomaterials in Coating  
and Building Industries



317

Chapter 15

Nanostructured Materials 
for the Development of 
Superhydrophobic Coatings
Jeyasubramanian Kadarkaraithangam, 
Thangaiyanadar Suyambulingam Gokul Raja,  
Silambuselvan Parani Bramma Nayagi  
and Karthikeyan Krishnamoorthy

Abstract

This chapter describes the results of developing superhydrophobic coatings 
using porous ZnO nanostructures impregnated metal stearates and their applica-
tions. The porous ZnO nanostructures with a surface area of 9.7 m2/g and pores in 
the range from 200 to 400 nm have been prepared via precipitation cum calcination 
route. The superhydrophobic coatings comprising ZnO/metal stearate film have 
been deposited using a spray coating method. The developed superhydrophobic 
films possess a water contact angle of 161° that can be explained using the Cassie-
Baxter model. The prepared films exhibited excellent floating properties and high 
load-bearing characteristics over a prolonged time. Additionally, the self-cleaning 
properties of the developed superhydrophobic films towards dust removal and self-
cleaning urinary coatings are also demonstrated. This chapter collectively presented 
the novel applications of superhydrophobic coating in the development of biomedi-
cal coatings and applications in water surveillance and underwater robotics.

Keywords: nanomaterials, superhydrophobic, Cassie-Baxter equation,  
functional coatings, nanoscale roughness

1. Introduction

Superhydrophobic surfaces received many research interest from academic to 
industrial sectors due to their intriguing self-cleaning properties [1–4]. The study on 
superhydrophobic surfaces was initiated during early 1907 when Ollivier observed 
a contact angle of ~180° for surfaces modified with soot, lycopodium powder, and 
arsenic trioxide [1]. Later, Coghill and Anderson (in 1923) studied the surface modi-
fication of galena via deposition of stearic acids leading to achieve a water contact 
angle (WCA) of 160° [1]. Until the 1990s, minimal research work has been carried 
out on superhydrophobic surfaces. In contrast, it was reactivated in 1997 when 
Neinhuis and Barthlott discussed the origin of superhydrophobicity via the principle 
of “lotus effect” [5]. Many researchers have focused on superhydrophobic surfaces by 
mimicking nature and fabricating similar structures via artificial methods through 
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surface modification. Besides fundamental understanding of the superhydrophobic 
phenomenon, researchers currently focuses on extending the application of super-
hydrophobic surfaces like self-cleaning coatings, friction reduction coatings on ship 
hulls, corrosion prevention oil–water separation, and antibacterial textiles/bandages 
[6–9]. Generally, roughness plays a vital role in the hydrophobicity of a hydrophobic 
solid. Flat solids display almost 100° to 120° contact angles for water and reach up to 
160° to 175° if they are rough or micro/nanotextured. Such improved superhydro-
phobic behavior is not only due to the solids’ surface chemistry alone [10]. There are 
two distinct processes involved in the enhancement of superhydrophobic properties 
that can be explained based on the (i) Wenzel model and (ii) Cassie-Baxter model 
[11, 12]. The Wenzel model relies on the surface roughness induced high surface area 
of the solid resulting in superhydrophobic nature. The Cassie model revealed that 
the air trapped below the drop could also result in stable superhydrophobic proper-
ties. In both models, an apparent contact angle θ* of a drop on the surface of a rough 
substrate/solid will be formed via reducing the surface energy of a drop to Young’s 
contact angle θ ( determined on a flat surface of the same) [10].

Naturally, the water repellent properties (superhydrophobic surfaces) can be seen 
in many plant surfaces (lotus leaves), and animal furs, so on [13]. For instance, lotus 
leaves are considered as one of the finest examples of superhydrophobic surfaces. The 
WCA of the lotus leaf is about ~162° with a hysteresis of 2°. Barthlott and Neihuis 
study the micro-structure of lotus leaf using a scanning electron microscope (SEM) 
[14]. They demonstrated the presence of two different ranges of roughness present in 
lotus leaf viz. (i) one with 10 μm (rough structure) and (ii) other with 100 nm (fine 
structure). These studies confirmed micro- and nano-textured surfaces on the lotus 
leaf that lead to the origin of their self-cleaning properties [15]. To date, there are dif-
ferent methods used for the creation of superhydrophobic surfaces that can be broadly 
classified as (i) Top-down and (ii) bottom-up methods. Top-down approaches include 
the costly lithographic process, template-assisted fabrication methods, and delicate 
surfaces’ plasma treatment [16–18]. Bottom-up approaches include self-assembled 
layers/films, chemical deposition, and layer-by-layer (LBL) deposition, etc., [19–21]. 
The available methods from the bottom-up approaches are considered cost-effective 
and scalable compared to the top-down methods. More importantly, synergistic 
methods involving both top-down and bottom-up methods are also in practice. Most 
of them rely on solution casting, phase separation, electrospinning/spraying, and 
nanostructure impregnated polymer composite films [22, 23]. The superhydrophobic 
surfaces/coatings possess numerous applications in automobile windows, optical 
windows for electronic devices, eyeglasses, fluidic drag reduction, enhanced water 
supporting force, water corrosion prevention, and humidity proof coatings, anti-
biofouling, self-cleaning textiles, and oil–water separation, etc. [24–27]. Additionally, 
the superhydrophobic materials as electrodes for batteries and fuel cells result in 
their extended shelf-life time as experimentally demonstrated by Lifton et al. [28]. 
Recently, studies demonstrated that the superhydrophobic coatings could also be used 
for applications such as anti-icing, anti-fogging, and anti-frosting sectors.

The role of nanostructured materials in superhydrophobic coatings is rapidly 
rising mainly due to their exceptional physical/chemical properties [29]. The choice of 
nanostructures over their bulk counterparts for superhydrophobic coatings is due to the 
increased surface area and high roughness on the surfaces. The nanostructured materi-
als are mostly used as fillers in polymers to modify their surface roughness and porosity 
of the polymer surfaces, leading to superhydrophobic properties. Additionally, the 
choice of nanomaterials in superhydrophobic coatings also enhanced their durability 
and focused on biomedical applications such as creating antibacterial textiles, medical 
implants, etc. [29–31]. This chapter discusses the recent trends in the development of 
nanostructured materials based on superhydrophobic coatings and their applications.
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2. Methods

2.1 Preparation of porous ZnO nanostructures

A facile precipitation cum calcination route was used for the preparation 
of porous ZnO nanoparticles [32]. Briefly, appropriate amount of zinc nitrate 
(4 g) was dissolved in distilled water, followed by the addition of polyethylene 
glycol (PEG) (3 g) and hexamine (3 g). The entire precursor solution is sub-
jected to a vigorous stirring process using a magnetic stirrer for 30 minutes at 
a temperature of 60 °C. Following this, the ammonia solution was added to the 
precursor solution until their pH reached 9. After that, the solution is allowed 
to gelation process by placing them in a hot plate at the temperature of 90 °C, 
which results in the formation of a dark brown gel. After 4 hours, the dried 
brownish gel was placed in a silica crucible and calcined at a temperature of 
500 °C for 2 h that finally lead to the formation of white-colored porous ZnO 
nanostructures.

2.2 Synthesis of copper stearate and magnesium stearate

The metal (copper/magnesium stearate powders) were prepared via a precipita-
tion method using metal salts, stearic acid, and ammonia, as reported in our recent 
works [32, 33].

2.3 Fabrication of superhydrophobic films via spray coating process

A spray coating process is used to fabricate the superhydrophobic films compris-
ing ZnO/metal stearate with the various weight ratio of ZnO in our recent study 
[32]. The coating thickness was varied by spraying the solution from different time 
intervals ranging from 30 seconds to 30 minutes.

3. Results and discussion

3.1 Characterization of porous ZnO nanostructures

Figure 1(A) shows the X-ray diffraction (XRD) pattern of ZnO nanostructures 
prepared via the calcination route explained in section 2.1. High intense sharp dif-
fraction peaks are seen in Figure 1(A) matched with the wurtzite structure of ZnO 
((JCPDS No. 89–7102) [34]. The Raman spectrum of the prepared ZnO nanostruc-
tures (given in Figure 1(B)) indicated a sharp band located at 437 cm−1 as a result of 
E2 (high) mode vibrations [35]. Figure 1(C, D) represents the deconvoluted X-ray 
photoelectron spectroscopy of Zn and O states present in the ZnO nanostructures. 
The Zn 2p states (given in Figure 1(C)) showed the presence of two peaks cor-
responding to the Zn 2p3/2 (at 1022 eV) and Zn 2p1/2 (at 1045 eV), respectively. 
A value of 23 eV is obtained for the difference between the peak positions of Zn 
2p3/2, and Zn 2p1/2 states that matched with the reported ones and indicates that Zn 
possesses an oxidation state of +2 in the synthesized ZnO nanostructures [32]. The 
O 1 s spectrum evidences the broad peak centered at 532 eV (given in Figure 1(D)) 
arises from the oxygen content present in the wurtzite ZnO [35]. The field emission 
scanning electron micrographs (FE-SEM) of the as prepared ZnO nanostructures 
(given in Figure 1(E) and (F)) showed the presence of nanoparticles with a high 
amount of pores. The high magnification micrograph (Figure 1(F)) evidences the 
honeycomb-like porous ZnO nanostructures with pore sizes ranging from 200 to 
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400 nm. The Brunauer-Emmet-Teller (BET) analysis using the Barrett–Joyner–
Halenda (BJH) method of the ZnO nanostructures revealed the Type IV isotherm 
with a hysteresis (data not shown) highlighting the presence of mesoporous nature 
[36]. The prepared ZnO nanostructures possess a pore volume and surface area of 
about 0.028 cm3/g, and 9.7 m2/g. The obtained high surface area of the ZnO nano-
structures is due to the role of PEG in the preparation. The guest-host chemistry of 
metal ions with polymer matrix (i.e., Zn2+ ions as a guest in the PEG host matrix) 
results in the formation of mesoporous ZnO nanostructures via decomposition of 
PEG during the calcination process.

3.2 Characterization of copper stearate

The formation of copper stearate via precipitation method was studied using 
Fourier transformed infra-red spectroscopy (FT-IR) and XRD analysis (given in  
Figure 2(A,B)). During the formation of copper stearate from stearic acid using 
copper salts, the carboxyl group’s and hydrogen atom in the stearic acid is replaced 
with the Cu ions. Figure 2(A) compares the FT-IR spectra of copper stearate to that 
of stearic acid. The presence of vibration due to the COO- group in stearic acid is 
noticed via its characteristic peak at 1700 cm−1 and is disappeared/shifted towards 
a lower peak position at 1583 cm−1, respectively [37]. The sharp bands observed at 
3352 (-OH) and 1046 cm−1 (C-O stretching) in the spectrum of stearic acid were 
disappeared in the FT-IR spectrum of copper stearate. Additionally, the FT-IR 
spectrum of copper stearate revealed the presence of characteristic bands at 2847, 
2917, 1441, 720, and 880 cm−1 raised from the CH2, C-H, C-C, CH2 (rocking), and 
CH3 rocking vibrations, respectively [38, 39]. The presence of characteristic dif-
fraction peaks from 5° to 20° in the XRD pattern (given in Figure 2(B)) confirmed 
the formation of copper stearate [32, 38].

3.3 Characterization of ZnO/copper stearate composite films

Figure 2(C) shows the FT-IR spectrum of bare ZnO nanostructures and ZnO/
copper stearate composite films. The presence of vibration bands centered at 518 and 

Figure 1. 
(A) X-ray diffraction pattern, (B) laser Raman spectrum, (C) Zn 2p core-level X-ray photoelectron 
spectrum, and (D) O 1 score-level photoelectron spectrum of porous ZnO nanostructures and scanning electron 
micrographs of porous ZnO nanoparticles with (E) low and (F) high magnification.
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437 cm−1 was raised from the Zn-O vibrations present in ZnO nanostructures [40]. 
The FT-IR spectrum of ZnO/copper stearate film given in Figure 2(C) shows almost 
all the characteristics vibration bands of ZnO nanostructures and copper stearate 
with slight variation in their peak positions, that is due to the interaction between 
the ZnO nanostructures and copper stearate via guest-host chemistry. Figure 2(D) 
shows the XRD pattern of the ZnO/copper stearate coatings. The peaks correspond-
ing to the crystalline ZnO nanostructures were visible in the XRD pattern, whereas 
the peaks due to the copper stearate were diminished/not observed. This is due to 
the low crystallinity of copper stearate compared to ZnO nanostructures’ highly 
crystalline nature. Figure 3(A) depicts the SEM image of spray-coated ZnO/copper 
stearate films. It is quite challenging to distinguish ZnO nanostructures in the spray-
coated films due to the low weight percentage of ZnO to that of copper stearate 
and better dispersibility of ZnO nanostructures in the copper stearate due to the 
ultrasonication process. The size of the pores present in the ZnO/copper stearate 
coatings was found to be in the range from 100 to 300 nm determined using ImageJ 
software [41]. Here, it is noteworthy that micron-sized ZnO in similar coatings 
resulted in irregular surface formation due to the low dispersion index of micron-
sized ZnO. Figure 3(B-D) shows the elemental maps of Zn, O, and Cu components 
present in the ZnO/copper stearate coatings. The Zn map of the spray-coated films 
(shown in Figure 3(B)) indicated the presence of well-dispersed ZnO nanostruc-
tures in the copper stearate matrix. Figure 3(C) presents the oxygen map indicating 
the existence of array-like arrangement due to the chain-like structures of copper 
stearate in addition to the ZnO components of the coating. The mapping of copper 
elements in the spray coated films (given in Figure 3(D)) shows that the copper ele-
ments are randomly distributed in the films. Since the copper elements are attached 

Figure 2. 
(A) Fourier transform infrared spectrum and (B) X-ray diffraction pattern of copper stearate, (C) FT-IR 
spectrum of porous ZnO and ZnO/copper stearate coatings, (D) X-ray diffraction pattern of ZnO/copper 
stearate coatings.
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to the end of the chain-like structure of copper stearate. More probably, the copper 
ends were attached to the glass substrates due to their hydrophilic nature leaving 
the hydrophobic methyl group on the exterior surfaces. The 2D and 3D topographic 
analysis of the spray coated ZnO/copper stearate films analyzed by atomic force 
micrograph is shown in Figure 3(E, F). These studies demonstrated the existence of 
porous and rough surfaces nature of the spray-coated ZnO/copper stearate films.

3.4 Superhydrophobic properties of ZnO/copper stearate coatings

The water contact angle measurement was carried out for determining the 
superhydrophobic properties of the ZnO/copper stearate coatings with various 
loading ratios of ZnO nanostructures in the copper stearate matrix. The plain glass 
substrates possess a WCA of 27.4°, indicating their hydrophilic surfaces [42]. The 
bare copper stearate coatings (with low surface energy) on glass substrates possess a 
WCA of 152.4°, demonstrating their hydrophobic properties. It is expected that the 
inclusion of porous ZnO nanostructures in the copper stearate matrix might alter 
their roughness and thus improves the hydrophobicity. The effect of porous ZnO 
nanostructures loading ratio on the water repellent properties of the ZnO/copper 
stearate coatings is summarized in Figure 4(A). It displayed that the superhy-
drophobic effect was not obtained in the composite films with a loading ratio of 
ZnO nanostructures until 0.01 g. The ZnO/copper stearate coatings displayed the 
superhydrophobic properties with a WCA of 161° when the ZnO weight percentage 
is increased up to 0.14 g. This can be due to the improvements in the films’ rough-
ness by the inclusion of highly-porous ZnO nanostructures. The mechanism of 
superhydrophobic effect achieved in the spray-coated films can be described via the 
Cassie-Baxter model using the following relation [43]:

 θ∗ = ϕ θ+ ϕ …s scos cos – 1  (1)

Here θ*, φs and θ represents the apparent contact angle, substantial fraction in 
contact with liquid, and Young’s contact angle, respectively. The substantial fraction 
of the bare copper stearate coating is about 0.197, and these values decrease with 

Figure 3. 
Field emission scanning electron micrograph of (A) ZnO/copper stearate and (B-D) shows the elemental maps 
of Zn, O, and Cu present in these coatings and (E-F) 2D and 3D Atomic force micrograph of ZnO/copper 
stearate coatings.
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an increase in the loading ratio of porous ZnO. A low substantial fraction of about 
0.094 was reached for the ZnO/copper stearate coatings with a ZnO loading of 
about 0.14 g. The observed decrease in solid fraction values indicated the enhance-
ment in the surface roughness due to porous ZnO nanostructures’ impregnation. A 
similar effect is not observed in films coated using non-porous ZnO or micron-sized 
ZnO powders. This further substantiates porous ZnO nanostructures’ significance 
for modulating the roughness of copper stearate films to obtain superhydrophobic 
properties.

3.5  Floating and load-bearing characteristics of superhydrophobic ZnO/copper 
stearate coatings

Floating and load-bearing characteristics are major applications where super-
hydrophobic coatings for underwater robotics, monitoring water pollution, water 
quality analysis, and surveillance applications can be developed [44–46]. Based on 
the Archimedes principle, it is well known that any object (with density higher than 
water) will sink in water. However, water strider possesses the ability to float in water 
and stride freely on the water surface due to the hierarchical fibrous architecture of 
strider leg exhibiting superhydrophobic effect. The bare glass substrates immediately 
drown after placing in water solution, which can be explained using the Archimedes 
principle [47]. It is expected that superhydrophobic coatings can possess a floating 
nature. The floating characteristics of the spray-coated ZnO/copper stearate coatings 
(laid down) in the water solution is shown in Figure 4(B). The fundamental mecha-
nism of an object’s floating nature will be achieved if the buoyancy force exerted 
by the object is higher than the drown force acts on it. The ZnO/copper stearate 
coatings on glass substrates float on water solution for more than a week without 
any noticeable sinking effects. Here, in addition to the buoyancy force, a curvature 
force acts on the surface of superhydrophobic coatings, acting against the drown 
force that enables them to float over a prolonged time. The superhydrophobic ZnO/

Figure 4. 
(A) Water contact angle, (B) floating characteristics, and (C) load-bearing properties of ZnO/copper stearate 
coatings.
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Figure 5. 
Superhydrophobic applications of ZnO/magnesium stearate (a) dye repellency, (b) urine repellency,  
(c) spreading of graphene oxide (GO) dust on coatings, the (d) self-cleaning ability of ZnO/magnesium 
stearate to remove the GO dust.

copper stearate coatings possess a trapped air film on their exterior surfaces leading 
to an excessive displaced volume of water. The entire phenomenon can be termed as 
super-buoyancy [48]. These studies demonstrated the plastron effect’s vital role in the 
ZnO/copper stearate coatings’ floating properties. The ZnO/copper stearate coatings’ 
load-bearing characteristics are investigated by loading known mass (stapler pins) 
on their top surface during floating, as shown in Figure 4(B). It showed that after 
loading a few stapler pins, there are no signs of sinking for the ZnO/copper stearate 
coatings. The effect of thickness of superhydrophobic ZnO/copper stearate coatings 
via different deposition times (180 to 1800 seconds) on their load-bearing properties 
is provided in Figure 4(C). It showed that ZnO/copper stearate coatings with a high 
thickness (weight of about 0.062 g) remain floating and can bear about 0.3667 g 
(19 stapler pins) without sinking issues. Figure 4(C) illustrated that the ratio of net 
floating weight to the weight of ZnO/copper stearate coating decreases with increas-
ing thickness. This can be explained based on the more inert/dead layers present in 
the coatings with high thickness. On the other hand, the capability of load-bearing 
is superior for thin coatings (deposition at 30 seconds) that can bear 52 pins (~333 
times higher than their net weight). The findings on the floating and load-bearing 
characteristics of the superhydrophobic ZnO/copper stearate coatings can be applied 
for water floating micro-robots and surveillance applications.

3.6  Applications of superhydrophobic coatings towards self-cleaning urinary 
coatings

The superhydrophobic coatings’ self-cleaning properties can be used for devel-
oping water-free urinaries, which doesn’t require any systematic cleaning process 
to mollify unpleasant odor [49, 50]. Since the surface tension of water (71.2 mN/m) 
and urine (70 mN/m) are of similar values, it is expected that a water-repellent 
surface possesses a tendency to repel urine as well [51, 52]. The ZnO/magnesium 
stearate coatings showed excellent dye and urine-repellant properties, as shown 
in Figure 5(a, b). It is observed that the droplets of urine samples roll off over 
the surface of ZnO/magnesium stearate coatings due to their extreme repellent 
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properties [33]. The FT-IR spectrum measured after urine droplet tests on the 
ZnO/magnesium stearate showed the absence of vibration bands due to urine, 
which showed their excellent superhydrophobic effects [33]. Additionally, these 
superhydrophobic films’ self-cleaning properties are also examined using graphene 
oxide as a dust spread on their surfaces. After adding few water droplets on their 
surface, the water droplets cleaned all the dust (graphene oxide) on their surfaces, 
as shown in Figure 5(c, d), and ensures their self-cleaning properties.

4. Conclusions

In conclusion, the significant role of porous nanostructures for developing 
superhydrophobic coatings is demonstrated in this chapter. A cost-effective sono-
chemical approach combined with a spray coating process for the fabrication of 
superhydrophobic coatings is presented. The impact of nanostructures on the coat-
ings’ porosity is explained with the experimental findings like AFM micrograph and 
water contact angle measurements. The exciting applications of superhydrophobic 
coatings like water-floating properties, load-bearing applications, dust removal, 
self-cleaning urinary coatings are illustrated in this chapter.
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Abstract

Nanoparticles are assemblies of atoms in the size range less than 100 nanometers. 
At these length scales, the properties of particles may deviate significantly from 
those of the equivalent bulk material indicating that changes in physical and chemi-
cal properties of materials depend on the dimensions of the particle. The presence 
of mineral nanoparticles has been reported in a range of natural environments. Such 
nanoparticles can arise from a variety of mechanisms, including chemical weather-
ing processes, precipitation from relatively saturated solutions in hydothermal and 
acid mine drainage environments, evaporation of aqueous solutions in soils, and 
biological formation by a variety of different microorganisms. Furthermore, recent 
increased applications of nanoparticles in different types of industries, including 
construction and building material manufacturing, have caused prevalent occur-
rences of different types of synthetic nanoparticles in the environment. In this 
chapter, a comprehensive reviews on occurrences and observations of naturally and 
anthropogeniccally generated nanoparticles in the environment and their charac-
terization techniques will be discussed along with directions and suggestions for the 
future research topics and areas for nanomaterials.

Keywords: nanoparticle, nanotoxicity, geopolymer, Scanning transmission X-ray 
microscopy (STXM), X-ray absorption fine structure (XAFS)

1. Introduction

Nanoparticles (NPs) are assemblies of atoms in the size range less than 100 
nanometers (i.e., one nm = billionth of a meter, which is roughly ten times the 
size of an individual atom). Apart from size, NPs may also be classified by of their 
physical parameters, such as electrical charge, chemical characteristics, shapes, and 
origin (natural vs. artificial). Regardless of how NPs are classified and defined, at 
these length scales, the properties of particles may deviate significantly from those 
of the equivalent bulk material indicating that changes in physical and chemical 
properties of materials depend on the dimensions of the particle. For example, at 
the surface of nanoparticles, significantly greater fractions of atoms are expected 
to be exposed and disordered rather than confined in the bulk crystalline structure 
for nanoparticles. This structural modification causes the nanoparticles to be more 
reactive and prone to greater dissolution than the bulk materials. In addition, 
thermodynamic analyses illustrate that adsorption on smaller particles decrease the 
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free energy and the activation energy barrier of the system to a greater degree than 
adsorption on larger particles; thus, the driving force for adsorption onto smaller 
particles is larger and more favored. As a result, NPs possess higher surface reactivi-
ties than larger particles of the same phase, subsequently affecting the metal and 
organic ion availability and sequestration much more significantly than the larger 
particles of the same phase. However, more work still is needed to fully understand 
the chemical reactivity dependence on the particle size and the impact of the nano-
sized particles in the environment.

The presence of mineral nanoparticles has been reported in a range of natural 
environments. Such nanoparticles can arise from a variety of mechanisms, includ-
ing chemical weathering processes, precipitation from relatively saturated solutions 
in hydothermal and acid mine drainage environments, evaporation of aqueous 
solutions in soils, and biological formation by a variety of different microorgan-
isms [1–9]. When compared with larger particles of the same material, mineral 
nanoparticles possess a number of unique and potentially important physical, 
chemical, and magnetic properties. Interestingly, while a number of these unique 
features of mineral nanoparticles have been extensively studied with respect to 
their applications in the medicine, pharmacotherapies, semiconductor, microelec-
tronics, and catalysis industries, comparatively little is known about the properties 
of nanoparticles with respect to their potential importance in natural environments 
(e.g., enhanced adsorption coefficients and chemical reactivities). Recent studies 
have reported a ubiquitous presence of different types of nanoparticles in virtually 
all water domains, including the oceans, surface waters, groundwater, atmospheric 
water, and even treated drinking water [10–16]. Wigginton et al. [17] reported these 
naturally occurring environmental nanoparticles can play a critical role in deter-
mining an important chemical characteristics and the overall quality of natural and 
engineered waters. Moreover, aquatic nanoparticles have the ability to influence 
environmental and engineered water chemistry and processes in a much different 
way than similar materials of larger sizes. Zhu et al. [18] reported toxic effects of 
a range of metal oxide nanoparticles on zebra fish while Li et al. [19] investigated 
ecotoxicological impacts of metal oxide nanoparticles released to aquatic envi-
ronments on Ceriodaphnia dubia, a species of water flea. They reported chronic 
exposure of nanoparticles induced a significant increase of severe stress response. 
Pakrashi et al. [20] also reported that the aluminum oxide nanoparticles play a 
significant role in the cytotoxicity towards freshwater algae. They identified that the 
surface charge driven interaction between the aluminum oxide nanoparticles and 
the cell surface functional groups are the dominating reaction mechanism result-
ing in the cell membrane damage and increased oxidative stress. Their study also 
elucidated the dissolution of the nanoparticles and release of Al+3 ions into the solu-
tion caused enhanced cytotoxicity. The particle aggregation of NPs and ion release 
from the nanoparticles will significantly alter the solution phase dynamics and the 
subsequent change will cause challenging ecological problems in understanding the 
impact of NPs in an environmental matrices.

At a broader Earth ecosystem scale, naturally occurring iron nanoparticles 
have been found to significantly impact global biogeochemical of various metals 
and metalloid ions [21]. Iron nanoparticles are of particular interest since iron 
oxide nanoparticle surface chemistry and the subsequent reactions within the 
interface between the water and iron nanoparticles determine the long-term fate 
and transport behavior for nutrients and pollutants in natural systems [22–24]. Iron 
oxide nanoparticles have been shown to be an effective agent for hazardous waste 
site remediation [25]. Tagliabue et al. [26] have shown that iron nanoparticles can 
drive primary productivity of the ocean where its biogeochemical systems rely 
primarily on iron and suggested that iron nanoparticles can play an integral role 
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in global ocean biogeochemistry. Nowack and Bucheli [27] also provided evidence 
of ubiquitous presence of nanoparticles including those engineered ones in the 
aquatic environments and presented comprehensive results from ecotoxicological 
studies to show that only certain nanoparticles have effects on organisms under 
environmental conditions, though mostly at elevated concentrations. They argued 
that the assessment of the risks posed by nanoparticles in the environment should 
be re-considered and re-evaluated especially when the current available technol-
ogy and analytical tools lack to measure materials in the nanometer scale. Recent 
article by Hyden et al. [21] reviewed the current analytical approaches that can 
be used to characterize natural Fe nanoparticles using a synchrotron-based X-ray 
spectro-microscopic techniques (more details in section. They measured suspended 
Fe nanoparticles collected from fluvial, marine, and lacustrine surface waters. They 
successfully identified different oxidative state Fe into ferrous, ferric and magnetite 
classes of Fe nanoparticles (10–100 nm). The heterogeneity of iron oxidation state 
within the collected samples was attributed to the possible presence of nanoparticle 
aggregates, and to the low degrees of crystallinity and ubiquitous presence of impu-
rities in natural samples. Their results provided an important baseline for natural 
nanoparticle speciation in pristine aquatic systems and elucidated the importance 
of inter-particle variability, which should be considered as an important variable for 
making accurate biogeochemical models. Furthermore, their study suggests that the 
fate of released engineered or natural Fe nanoparticles must be considered as a time 
dependent kinetic reactions as they evolve and transform in natural systems.

This review covers recent advances made in identifying nanoparticles in aqueous 
phase from a variety of sources, and advances in understanding their very interest-
ing properties and reactivity that affect the chemical characteristics and behavior of 
natural water and soil. More specifically, an overview of recent scientific advances 
enhancing the understanding of the (i) sources and (ii) fate of nanoparticles, 
(iii) the effects of nanoparticles in simplified studies, and (iv) how nanoparticles 
interact with biota in a more complex environment will be discussed.

2. Naturally occurring nanoparticles

From an environmental perspective, one of the most important features of 
mineral nanoparticles is their high characteristic surface area, which potentially 
allows them to act as powerful sink of contaminant ions through sorption pro-
cesses. Higher mobility of nanomaterials in the environment is expected due to its 
colloidal properties and it implies a greater potential of exposure and persistence 
for nanomaterials in the environment. Classsical thermodynamic forces such as 
attractive London-van der Waals and attractive or repulsive electrical double-layer 
forces (e.g., the classic Derjaguin, Landau, Verwey and Overbeek or DLVO forces) 
that are known to influence particle attachment deviate significantly when par-
ticle size gets small in the nanometer range as shown in Figure 1. The stability of 
colloidal nanoparticles is greatly influenced by the presence of adsorbed natural 
organic matter. Without any functionalized surface modification in water, colloidal 
nanoparticles will tend to grow to become larger particles through aggregation and 
flocculation in order to stabilize the disordered structure of surfaces and to reduce 
the excess surface energy. Hence, understanding the surface reactions on nanoparti-
cles are of particularly important and deserve more investigations as current models 
and predictions do not apply and cannot accurately predict the fate and transport of 
the nanoparticles in the environment.

This review attempts to investigate the environmental impacts of naturally 
occurring nanoparticles by studying their unique properties and sorption reactions 
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free energy and the activation energy barrier of the system to a greater degree than 
adsorption on larger particles; thus, the driving force for adsorption onto smaller 
particles is larger and more favored. As a result, NPs possess higher surface reactivi-
ties than larger particles of the same phase, subsequently affecting the metal and 
organic ion availability and sequestration much more significantly than the larger 
particles of the same phase. However, more work still is needed to fully understand 
the chemical reactivity dependence on the particle size and the impact of the nano-
sized particles in the environment.

The presence of mineral nanoparticles has been reported in a range of natural 
environments. Such nanoparticles can arise from a variety of mechanisms, includ-
ing chemical weathering processes, precipitation from relatively saturated solutions 
in hydothermal and acid mine drainage environments, evaporation of aqueous 
solutions in soils, and biological formation by a variety of different microorgan-
isms [1–9]. When compared with larger particles of the same material, mineral 
nanoparticles possess a number of unique and potentially important physical, 
chemical, and magnetic properties. Interestingly, while a number of these unique 
features of mineral nanoparticles have been extensively studied with respect to 
their applications in the medicine, pharmacotherapies, semiconductor, microelec-
tronics, and catalysis industries, comparatively little is known about the properties 
of nanoparticles with respect to their potential importance in natural environments 
(e.g., enhanced adsorption coefficients and chemical reactivities). Recent studies 
have reported a ubiquitous presence of different types of nanoparticles in virtually 
all water domains, including the oceans, surface waters, groundwater, atmospheric 
water, and even treated drinking water [10–16]. Wigginton et al. [17] reported these 
naturally occurring environmental nanoparticles can play a critical role in deter-
mining an important chemical characteristics and the overall quality of natural and 
engineered waters. Moreover, aquatic nanoparticles have the ability to influence 
environmental and engineered water chemistry and processes in a much different 
way than similar materials of larger sizes. Zhu et al. [18] reported toxic effects of 
a range of metal oxide nanoparticles on zebra fish while Li et al. [19] investigated 
ecotoxicological impacts of metal oxide nanoparticles released to aquatic envi-
ronments on Ceriodaphnia dubia, a species of water flea. They reported chronic 
exposure of nanoparticles induced a significant increase of severe stress response. 
Pakrashi et al. [20] also reported that the aluminum oxide nanoparticles play a 
significant role in the cytotoxicity towards freshwater algae. They identified that the 
surface charge driven interaction between the aluminum oxide nanoparticles and 
the cell surface functional groups are the dominating reaction mechanism result-
ing in the cell membrane damage and increased oxidative stress. Their study also 
elucidated the dissolution of the nanoparticles and release of Al+3 ions into the solu-
tion caused enhanced cytotoxicity. The particle aggregation of NPs and ion release 
from the nanoparticles will significantly alter the solution phase dynamics and the 
subsequent change will cause challenging ecological problems in understanding the 
impact of NPs in an environmental matrices.

At a broader Earth ecosystem scale, naturally occurring iron nanoparticles 
have been found to significantly impact global biogeochemical of various metals 
and metalloid ions [21]. Iron nanoparticles are of particular interest since iron 
oxide nanoparticle surface chemistry and the subsequent reactions within the 
interface between the water and iron nanoparticles determine the long-term fate 
and transport behavior for nutrients and pollutants in natural systems [22–24]. Iron 
oxide nanoparticles have been shown to be an effective agent for hazardous waste 
site remediation [25]. Tagliabue et al. [26] have shown that iron nanoparticles can 
drive primary productivity of the ocean where its biogeochemical systems rely 
primarily on iron and suggested that iron nanoparticles can play an integral role 
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in global ocean biogeochemistry. Nowack and Bucheli [27] also provided evidence 
of ubiquitous presence of nanoparticles including those engineered ones in the 
aquatic environments and presented comprehensive results from ecotoxicological 
studies to show that only certain nanoparticles have effects on organisms under 
environmental conditions, though mostly at elevated concentrations. They argued 
that the assessment of the risks posed by nanoparticles in the environment should 
be re-considered and re-evaluated especially when the current available technol-
ogy and analytical tools lack to measure materials in the nanometer scale. Recent 
article by Hyden et al. [21] reviewed the current analytical approaches that can 
be used to characterize natural Fe nanoparticles using a synchrotron-based X-ray 
spectro-microscopic techniques (more details in section. They measured suspended 
Fe nanoparticles collected from fluvial, marine, and lacustrine surface waters. They 
successfully identified different oxidative state Fe into ferrous, ferric and magnetite 
classes of Fe nanoparticles (10–100 nm). The heterogeneity of iron oxidation state 
within the collected samples was attributed to the possible presence of nanoparticle 
aggregates, and to the low degrees of crystallinity and ubiquitous presence of impu-
rities in natural samples. Their results provided an important baseline for natural 
nanoparticle speciation in pristine aquatic systems and elucidated the importance 
of inter-particle variability, which should be considered as an important variable for 
making accurate biogeochemical models. Furthermore, their study suggests that the 
fate of released engineered or natural Fe nanoparticles must be considered as a time 
dependent kinetic reactions as they evolve and transform in natural systems.

This review covers recent advances made in identifying nanoparticles in aqueous 
phase from a variety of sources, and advances in understanding their very interest-
ing properties and reactivity that affect the chemical characteristics and behavior of 
natural water and soil. More specifically, an overview of recent scientific advances 
enhancing the understanding of the (i) sources and (ii) fate of nanoparticles, 
(iii) the effects of nanoparticles in simplified studies, and (iv) how nanoparticles 
interact with biota in a more complex environment will be discussed.

2. Naturally occurring nanoparticles

From an environmental perspective, one of the most important features of 
mineral nanoparticles is their high characteristic surface area, which potentially 
allows them to act as powerful sink of contaminant ions through sorption pro-
cesses. Higher mobility of nanomaterials in the environment is expected due to its 
colloidal properties and it implies a greater potential of exposure and persistence 
for nanomaterials in the environment. Classsical thermodynamic forces such as 
attractive London-van der Waals and attractive or repulsive electrical double-layer 
forces (e.g., the classic Derjaguin, Landau, Verwey and Overbeek or DLVO forces) 
that are known to influence particle attachment deviate significantly when par-
ticle size gets small in the nanometer range as shown in Figure 1. The stability of 
colloidal nanoparticles is greatly influenced by the presence of adsorbed natural 
organic matter. Without any functionalized surface modification in water, colloidal 
nanoparticles will tend to grow to become larger particles through aggregation and 
flocculation in order to stabilize the disordered structure of surfaces and to reduce 
the excess surface energy. Hence, understanding the surface reactions on nanoparti-
cles are of particularly important and deserve more investigations as current models 
and predictions do not apply and cannot accurately predict the fate and transport of 
the nanoparticles in the environment.

This review attempts to investigate the environmental impacts of naturally 
occurring nanoparticles by studying their unique properties and sorption reactions 
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with various environmental constituents and by comparing those results of the 
nanoparticles to that of microparticles to elucidate the role of nanoparticles in the 
environment. A wide range of nanoparticle phases has been reported in various 
environmental conditions as shown in Table 1. Of particular, the dependence of 
aquatic chemical reactivity of iron oxides on particle size is important because iron 
oxide plays a key role in the geocycling of elements, rock weathering and soil forma-
tion, as well as in the transport of aqueous metal species and contaminants. Iron 
oxide clusters are also found in living organisms (e.g., plants, bacteria, molluscs, 
fish, birds, and humans). They are also applied to (nano)technologies, including 
alternative energy, catalysis, electronics, optoelectronics, memory devices, corro-
sion protection, cleaning of waters and control of acid mine drainage, radioactive 
waste storage and disposal, flotation, pigments, magnetocaloric refrigeration, 
colour imaging, biochemical engineering, sensors, and other surface-based 

Figure 1. 
A nanoparticle of 5 nm core diameter with different organic molecules drawn to scale.

Solid Phase Typical size 
(nm)

Shape Environments Reference

Ferrihydrite 2–10 Irregular and 
spherical

Oxic surface water and soils, 
bacterial surfaces

[28]

Goethite A few nm to 
micrometer

Acicular Soils, water [28]

Hematite A few nm to 
micrometer

Rounded or 
platy

Oxic water, bacterial 
surfaces

[28, 29]

Magnetite Several nm Octahedron Anoxic soils and sediments [28]

Glauconite A few nm to 
100 nm

Acicular Anoxic soils and sediments, 
bacterial surfaces

[28, 30]

Gold < 200 nm Platy Groundwater, mining pits [31]

Aluminum 
Oxide

< 200 nm Rounded or 
platy

[32]

Manganese 
Oxide

A few to 
hundreds nm

Rounded or 
platy

Bacterial surfaces, anoxic 
soil and water

[33, 34]

Table 1. 
Examples of naturally occurring nanoparticles in various environments.
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applications. Such wide diversity in occurrence and application of iron oxides 
stems from the richness of their physical, chemical, and structural properties with 
continuous or sudden change between them, which in turn originates from the 
transition character of iron and the complex crystal and electronic structures of its 
compounds.

2.1 Iron oxide nanoparticles

Hematite (α-Fe2O3) is one of the most naturally abundant iron oxide mineral 
phases [12, 22–24, 28]. It is also a commonly present in a nanoparticle form, occur-
ring in soils, acid mine drainage effluent, and on bacterial surfaces as well as in 
atmospheric dusts (Figure 2). Iron is one of the essential element in governing the 
biogeochemical cycling of nutrients in marines and sedimentary environments. 
During the iron cycling process in those environment, various nanostructures of 
iron oxides and oxyhydroxides form and persist under certain conditions, especially 
at redox and pH interfaces [29]. Recent surveys on the global budget of naturally 
occurring iron oxide nanostructures suggest 105 Tg (teragram) of iron oxide includ-
ing hematite phase is introduced annually in soil by mass [30]. The ubiquitous 
existence of hematite nanoparticles has a significant implication on fate on toxic 
heavy metal contaminants. For example, heavy metals such as Cr and U that are 
introduced to environments by anthropogenic activities such as mining and spills 
can be effectively sequestered by iron oxide nanostructures through sorption and 
precipitation reactions due to the thermodynamically active nanomorphologies 
and crystallinity of the nanparticulate phase. It has been shown that the adsorption 
capacities of Cr and U by ferrihydrite decrease remarkably with either increasing 

Figure 2. 
(A) Powder X-ray diffraction pattern of hematite microparticles (HM) compared with the reference XRD 
pattern of hematite46 and the TEM image of HM; (B) Powder X-ray diffraction pattern of hematite 
nanoparticles (HN) compared with the reference XRD pattern of hematite.
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with various environmental constituents and by comparing those results of the 
nanoparticles to that of microparticles to elucidate the role of nanoparticles in the 
environment. A wide range of nanoparticle phases has been reported in various 
environmental conditions as shown in Table 1. Of particular, the dependence of 
aquatic chemical reactivity of iron oxides on particle size is important because iron 
oxide plays a key role in the geocycling of elements, rock weathering and soil forma-
tion, as well as in the transport of aqueous metal species and contaminants. Iron 
oxide clusters are also found in living organisms (e.g., plants, bacteria, molluscs, 
fish, birds, and humans). They are also applied to (nano)technologies, including 
alternative energy, catalysis, electronics, optoelectronics, memory devices, corro-
sion protection, cleaning of waters and control of acid mine drainage, radioactive 
waste storage and disposal, flotation, pigments, magnetocaloric refrigeration, 
colour imaging, biochemical engineering, sensors, and other surface-based 
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A nanoparticle of 5 nm core diameter with different organic molecules drawn to scale.
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Shape Environments Reference

Ferrihydrite 2–10 Irregular and 
spherical

Oxic surface water and soils, 
bacterial surfaces

[28]

Goethite A few nm to 
micrometer

Acicular Soils, water [28]

Hematite A few nm to 
micrometer

Rounded or 
platy

Oxic water, bacterial 
surfaces

[28, 29]

Magnetite Several nm Octahedron Anoxic soils and sediments [28]

Glauconite A few nm to 
100 nm

Acicular Anoxic soils and sediments, 
bacterial surfaces

[28, 30]

Gold < 200 nm Platy Groundwater, mining pits [31]

Aluminum 
Oxide

< 200 nm Rounded or 
platy

[32]

Manganese 
Oxide

A few to 
hundreds nm

Rounded or 
platy

Bacterial surfaces, anoxic 
soil and water

[33, 34]
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Examples of naturally occurring nanoparticles in various environments.
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applications. Such wide diversity in occurrence and application of iron oxides 
stems from the richness of their physical, chemical, and structural properties with 
continuous or sudden change between them, which in turn originates from the 
transition character of iron and the complex crystal and electronic structures of its 
compounds.

2.1 Iron oxide nanoparticles

Hematite (α-Fe2O3) is one of the most naturally abundant iron oxide mineral 
phases [12, 22–24, 28]. It is also a commonly present in a nanoparticle form, occur-
ring in soils, acid mine drainage effluent, and on bacterial surfaces as well as in 
atmospheric dusts (Figure 2). Iron is one of the essential element in governing the 
biogeochemical cycling of nutrients in marines and sedimentary environments. 
During the iron cycling process in those environment, various nanostructures of 
iron oxides and oxyhydroxides form and persist under certain conditions, especially 
at redox and pH interfaces [29]. Recent surveys on the global budget of naturally 
occurring iron oxide nanostructures suggest 105 Tg (teragram) of iron oxide includ-
ing hematite phase is introduced annually in soil by mass [30]. The ubiquitous 
existence of hematite nanoparticles has a significant implication on fate on toxic 
heavy metal contaminants. For example, heavy metals such as Cr and U that are 
introduced to environments by anthropogenic activities such as mining and spills 
can be effectively sequestered by iron oxide nanostructures through sorption and 
precipitation reactions due to the thermodynamically active nanomorphologies 
and crystallinity of the nanparticulate phase. It has been shown that the adsorption 
capacities of Cr and U by ferrihydrite decrease remarkably with either increasing 

Figure 2. 
(A) Powder X-ray diffraction pattern of hematite microparticles (HM) compared with the reference XRD 
pattern of hematite46 and the TEM image of HM; (B) Powder X-ray diffraction pattern of hematite 
nanoparticles (HN) compared with the reference XRD pattern of hematite.
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crystallinity or transformation to more crystalline phases (such as goethite or hema-
tite) further confirming the effectiveness of the nanoparticle phases in contaminant 
removal [31–33].

Moreover, hematite nanoparticles recently has received much attention from 
industry for different applications due to their unique properties, such as extremely 
small size, high surface-area-to-volume ratio, surface modifiability, excellent 
magnetic properties and great biocompatibility. A range of environmental clean-up 
technologies have been proposed in wastewater treatment which applied iron oxide 
nanomaterials as nanosorbents and photocatalysts [34]. Nanoscale zero-valent iron 
(nZVI) is an example of extensively applied iron nanomaterials for groundwater 
and hazardous waste treatment. Over the past decade, nZVI synthesis and applica-
tion have been comprehensively investigated for its remediation applications focus-
ing on enhanced sequestration of a wide spectrum of contaminants in addition to 
the well-documented chlorinated solvents both in the laboratory and field experi-
ments [25, 32, 35–37]. At least 50 successful field applications of nZVI for in-situ 
groundwater and soil cleanup worldwide were reported by recent reviews by Karn 
et al. [38] and Mueller et al. [39]. As the application of the nZVI gained more atten-
tion, colloidal stability and transport properties of nZVI in porous media, and the 
effects of nZVI amendment on the biogeochemical environment were also studied 
in order to understand the impacts of the nZVI in the environment once released 
[25, 35, 40]. Dong et al. [40] observed the presence of humic acid increases the 
stability of nZVI in the aqueous phase due to enhanced the electrosteric repulsion 
effect but it can also cause coagulation among nZVI particules via bridging effect 
if too much humic acid is present. Hence, the nanoparticle stability and transport 
behavior depends on the concentrations of other environmental constituents, 
especially organic acids, both in aqueous and soil environments. Further studies are 
needed to enhance the colloidal stability and transport properties of nZVI in porous 
media to fully understand effects of nZVI on the biogeochemical environment.

Lastly, iron oxide nanoparticles have received a great attention recently in bio-
medical applications due to their non-toxic role in the biological systems [41–43]. 
Iron oxide nanoparticles have both magnetic behavior and semiconductor property, 
which lead to multifunctional biomedical imaging applications. According to Chen 
et al. [41] gold coated nanoparticle of iron oxide has enhanced magnetic properties 
compared to the same phase of larger particles. Cheong et al. [43] similarly reported 
greater cellular MRI contrast enhancement of nanoparticles compared to iron 
oxides of a bigger size without increase in cytotoxicity. Iron oxide nanoparticles also 
became popular for its application in biomedical fields as antibacterial, antifungal 
and anticancer agents as well as bone marrow treatments and cell labelling activities 
for its unique biocompatibility, biodegradability, ease of synthesis and different 
magnetic behaviors [44].

In addition to the above reported laboratory synthesized nanoparticles, iron 
oxide nanoparticles exist in nature at low-temperature environmental conditions 
and places that have high degrees of supersaturation. The supersaturation condition 
is typically created by changing the physical and chemical conditions, such as influx 
of Fe(II)-rich hydrothermal vent fluids, mixing of highly acidic solutions with 
neutral pH water, and the evaporation of soil solutions [12, 22–24, 45, 46]. Once 
formed, iron oxide and oxyhydroxide nanoparticles are redistributed by rivers, gla-
ciers, winds, and ocean currents into various ecosystems, where they can undergo 
continuous phase transformations, dissolution, and morphology changes. One 
potentially important role played by naturally occurring hematite nanoparticles 
is their interaction with various types of organic acids. In many natural environ-
mental settings, ubiquitous presence of naturally occurring low-molecular weight 
(LMW) organic compounds and nanoparticles often controls the fate and transport 
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behavior of many heavy metal contaminants by sorption and/or co-precipitation 
processes. For example, mobile nanoparticles can serve as carriers for strongly 
sorbed contaminants and thereby facilitate contaminant transport in soils, ground-
water aquifers, and fractured rocks [21, 25]. The colloidal stability of nanoparticles 
is greatly influenced by the presence of adsorbed natural organic matter. Recent 
studies have suggested that sorption of organic acids can dramatically enhance the 
particle-based transport of heavy metal contaminants by physically stabilizing 
contaminant-containing nanoparticles in aquatic environments [47, 48]. In addi-
tion, the organic matters typically bind strongly to common iron- and aluminum-
(oxy)hydroxide minerals as well as to heavy metal contaminants (e.g., Pb, Hg, 
Cr, and Zn) under circumneutral to moderately acidic pH conditions [47, 49, 50]. 
Therefore, the nature of bonding between organic species and nanoparticle surfaces 
can substantially alter the properties of mineral nanoparticle-water interfaces and 
thereby affect the geochemical cycling of metals.

Ha et al. [51] studied the interaction of the L-lactate ion (L-CH3CH(OH)COO−, 
Lact−1) with hematite (α-Fe2O3) nanoparticles (average diameter 11 nm) in the 
presence of bulk water at pH 5. Their combined dissolution and ATR-FTIR spec-
troscopy data suggested different hydrogen bonding environments was found as 
Lact−1 surface coverage on hematite nanoparticle surfaces increases which resulted 
in a concomitant increase in Fe(III) dissolution from the hematite nanoparticles due 
to the inner-sphere complex formation as shown in Figure 3.

Figure 3. 
(Left) Fit of ATR-FTIR spectra of aqueous deprotonated lactate species, aqueous Fe(III)-lactate complex, 
and Lact-1 species at the hematite/water interface at 25oC, pH 5.0 and 0.01 M and 0.5M of NaCl for different 
Lact-1 surface coverages.(Top Right) Molecular model for Lact-1 sorption on monomer and dimetric Fe cluster 
unit. (Bottom Right) Fit of ATR-FTIR spectra of aqueous deprotonated lactate species, aqueous Fe(III)-lactate 
complex, and Lact-1 species at the hematite/water interface at 25oC, pH 5.0 and 0.01 M and 0.5M of NaCl for 
different Lact-1 surface coverages demonstrating different surface complexation
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crystallinity or transformation to more crystalline phases (such as goethite or hema-
tite) further confirming the effectiveness of the nanoparticle phases in contaminant 
removal [31–33].

Moreover, hematite nanoparticles recently has received much attention from 
industry for different applications due to their unique properties, such as extremely 
small size, high surface-area-to-volume ratio, surface modifiability, excellent 
magnetic properties and great biocompatibility. A range of environmental clean-up 
technologies have been proposed in wastewater treatment which applied iron oxide 
nanomaterials as nanosorbents and photocatalysts [34]. Nanoscale zero-valent iron 
(nZVI) is an example of extensively applied iron nanomaterials for groundwater 
and hazardous waste treatment. Over the past decade, nZVI synthesis and applica-
tion have been comprehensively investigated for its remediation applications focus-
ing on enhanced sequestration of a wide spectrum of contaminants in addition to 
the well-documented chlorinated solvents both in the laboratory and field experi-
ments [25, 32, 35–37]. At least 50 successful field applications of nZVI for in-situ 
groundwater and soil cleanup worldwide were reported by recent reviews by Karn 
et al. [38] and Mueller et al. [39]. As the application of the nZVI gained more atten-
tion, colloidal stability and transport properties of nZVI in porous media, and the 
effects of nZVI amendment on the biogeochemical environment were also studied 
in order to understand the impacts of the nZVI in the environment once released 
[25, 35, 40]. Dong et al. [40] observed the presence of humic acid increases the 
stability of nZVI in the aqueous phase due to enhanced the electrosteric repulsion 
effect but it can also cause coagulation among nZVI particules via bridging effect 
if too much humic acid is present. Hence, the nanoparticle stability and transport 
behavior depends on the concentrations of other environmental constituents, 
especially organic acids, both in aqueous and soil environments. Further studies are 
needed to enhance the colloidal stability and transport properties of nZVI in porous 
media to fully understand effects of nZVI on the biogeochemical environment.

Lastly, iron oxide nanoparticles have received a great attention recently in bio-
medical applications due to their non-toxic role in the biological systems [41–43]. 
Iron oxide nanoparticles have both magnetic behavior and semiconductor property, 
which lead to multifunctional biomedical imaging applications. According to Chen 
et al. [41] gold coated nanoparticle of iron oxide has enhanced magnetic properties 
compared to the same phase of larger particles. Cheong et al. [43] similarly reported 
greater cellular MRI contrast enhancement of nanoparticles compared to iron 
oxides of a bigger size without increase in cytotoxicity. Iron oxide nanoparticles also 
became popular for its application in biomedical fields as antibacterial, antifungal 
and anticancer agents as well as bone marrow treatments and cell labelling activities 
for its unique biocompatibility, biodegradability, ease of synthesis and different 
magnetic behaviors [44].

In addition to the above reported laboratory synthesized nanoparticles, iron 
oxide nanoparticles exist in nature at low-temperature environmental conditions 
and places that have high degrees of supersaturation. The supersaturation condition 
is typically created by changing the physical and chemical conditions, such as influx 
of Fe(II)-rich hydrothermal vent fluids, mixing of highly acidic solutions with 
neutral pH water, and the evaporation of soil solutions [12, 22–24, 45, 46]. Once 
formed, iron oxide and oxyhydroxide nanoparticles are redistributed by rivers, gla-
ciers, winds, and ocean currents into various ecosystems, where they can undergo 
continuous phase transformations, dissolution, and morphology changes. One 
potentially important role played by naturally occurring hematite nanoparticles 
is their interaction with various types of organic acids. In many natural environ-
mental settings, ubiquitous presence of naturally occurring low-molecular weight 
(LMW) organic compounds and nanoparticles often controls the fate and transport 
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behavior of many heavy metal contaminants by sorption and/or co-precipitation 
processes. For example, mobile nanoparticles can serve as carriers for strongly 
sorbed contaminants and thereby facilitate contaminant transport in soils, ground-
water aquifers, and fractured rocks [21, 25]. The colloidal stability of nanoparticles 
is greatly influenced by the presence of adsorbed natural organic matter. Recent 
studies have suggested that sorption of organic acids can dramatically enhance the 
particle-based transport of heavy metal contaminants by physically stabilizing 
contaminant-containing nanoparticles in aquatic environments [47, 48]. In addi-
tion, the organic matters typically bind strongly to common iron- and aluminum-
(oxy)hydroxide minerals as well as to heavy metal contaminants (e.g., Pb, Hg, 
Cr, and Zn) under circumneutral to moderately acidic pH conditions [47, 49, 50]. 
Therefore, the nature of bonding between organic species and nanoparticle surfaces 
can substantially alter the properties of mineral nanoparticle-water interfaces and 
thereby affect the geochemical cycling of metals.

Ha et al. [51] studied the interaction of the L-lactate ion (L-CH3CH(OH)COO−, 
Lact−1) with hematite (α-Fe2O3) nanoparticles (average diameter 11 nm) in the 
presence of bulk water at pH 5. Their combined dissolution and ATR-FTIR spec-
troscopy data suggested different hydrogen bonding environments was found as 
Lact−1 surface coverage on hematite nanoparticle surfaces increases which resulted 
in a concomitant increase in Fe(III) dissolution from the hematite nanoparticles due 
to the inner-sphere complex formation as shown in Figure 3.

Figure 3. 
(Left) Fit of ATR-FTIR spectra of aqueous deprotonated lactate species, aqueous Fe(III)-lactate complex, 
and Lact-1 species at the hematite/water interface at 25oC, pH 5.0 and 0.01 M and 0.5M of NaCl for different 
Lact-1 surface coverages.(Top Right) Molecular model for Lact-1 sorption on monomer and dimetric Fe cluster 
unit. (Bottom Right) Fit of ATR-FTIR spectra of aqueous deprotonated lactate species, aqueous Fe(III)-lactate 
complex, and Lact-1 species at the hematite/water interface at 25oC, pH 5.0 and 0.01 M and 0.5M of NaCl for 
different Lact-1 surface coverages demonstrating different surface complexation
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Lenhart et al. [52] also reported the impacts of fumaric acid and maleic acid, 
which are naturally occurring dicarboxylic acids, on aggregation kinetics of nano-
sized hematite. Interestingly, they found that the structure and orientation of the 
adsorbed dianion at the hematite surface, not the adsorption mechanism, defined 
the resulting effect. Maleate, which directed both carboxyl groups to the surface in 
the form of inner- and outer-sphere surface complexes, enhanced colloidal stability. 
Fumarate, however, which bounded to the hematite surface as an outer-sphere com-
plex with just one carboxyl group only slightly influenced particle stability. Their 
research outcome suggested that subtle differences in the structure of adsorbed 
acids produced important differences in the physicochemical behavior of particles 
in dilute aquatic systems. Another study by Dickson et al. [47] similarly suggested 
that the surface chemical reactions and dissolution of the iron oxide nanoparticles 
strongly depend on the presence of organic molecules. They found significantly 
increased aggregation and sedimentation reactions of iron oxide nanoparticles in 
presence of humic acids regardless of different ionic strength of the solution. Their 
results suggested that understanding the effects of important environmental factors 
on the stability of nanoparticles is key to fully and accurately be able to predict the 
mobility of the nanoparticles in aquatic environment.

On the contrary, Palomino and Stoll [53] identified that iron oxide nanoparticle 
aggregation process significantly depends on the solution pH conditions even in 
the presence of fulvic acids. Dispersion and stability of the nanoparticles were 
maintained only at pH conditions of which the surface charge of the nanoparticles 
remained positive regardless of the fulvic acid concentrations. Their results showed 
that the examined environmentally relevant range of fulvic acid concentrations 
were expected to promote not only the nanoparticle stabilization but also the 
disaggregation of nanoparticle aggregates, but only at very low concentrations of 
fulvic acid and specific solution pH conditions. This finding suggests that hematite 
nanoparticle behavior in natural aquatic environments are much more complex 
and dynamic that it cannot generalized or linearly predicted based on a single 
parameter. A recent study by Xu et al. [50] presented laboratory experimental 
results to simulate more environmentally relevant conditions by investigating 
the hematite nanoparticles coated with naturally found peat humic acid and soil 
humic acid. Their model system reflects the fact that hematite nanoparticles exist 
naturally and ubiquitously in soil, and they are always associated with soil organic 
matter by forming organic–inorganic complexes. In this work, the organic coated 
hematite nanoparticles reacted with hydrophobic organic contaminants (HOCs) 
to simulate the sorption processes in soil. The sorption of HOCs on organic acid 
coated nanoparticles were inhibited with increasing pH values of solution due 
to the deprotonation reaction of the organic acid functional groups within the 
adsorbed humic acids. Their findings further elucidated the mechanisms involved 
in contaminant sorption processes by organic acids coated hematite nanoparticles 
are complex reactions governed both by the surface complex structures formed 
within the mineral-water interfaces as well as the solution chemistry of the aquatic 
environments. Results on sorption of a commonly occurring pollutant, Zn(II), on 
hematite nanoparticles in presence or absence of dicarboxylate organic compound, 
oxalate, also identified the complexity of the nanoparticle reactions with naturally 
occurring constituents [54, 55]. At higher concentrations of Zn(II), formation of 
surface precipitates on hematite nanoparticles was observed based on comparison 
of the EXAFS spectra of the sorption samples with that of zinc-bearing hydrotalcite 
(Zn6Al2(CO3)(OH)16•4H2O), Cauchy wavelet analysis, and fitting of the Zn K-edge 
EXAFS data. On the contrary, no surface precipitate was observed on the bigger size 
hematite particles even at the same concentrations of Zn(II) suggesting enhanced 
dissolution of hematite nanoparticles was promoted by the divalent metal ions in 
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solution (Figure 4). Similarly, different types of Zn(II) surface complex structures 
formed in the presence of oxalate on hematite nanoparticle surfaces. These stud-
ies provide a direct comparative and quantitative evidence that different surface 
chemical reactions on hematite nanoparticles persist.

There are still many open questions regarding the ability of surface reactions to 
alter the fate and toxicity of nanoparticles in the environment. Evidence so far sug-
gests that surface coatings and complexation with organic acids affect nanoparticle 
fate and transport mechanisms hence consequently impact nanoparticle toxicity in 
the environment. However, as surfactant adsorption on silica nanoparticle studies 
revealed that such surface complexation reaction can be readily reversible so that 
desorption can be kinetic reactions whereas adsorption for high molecular weight 
polymers is essentially an irreversible process [56, 57]. Clearly, the fate of nanoma-
terials in the environment is highly dependent on their surface coatings and reac-
tions, hence, it is imperative to understand the fate of these coatings and surface 
reactions of organic matter with nanoparticles in the environment.

2.2 Nanoparticles and microorganisms

Bacteria can be considered as another extension of organic compounds in the 
natural environment. Similar to LMW organic acids, they have been shown to 
exhibit a strong affinity for heavy metal contaminants and metal (oxyhydr)oxide 
surfaces through reactions such as sorption, bioaccumulation, and precipitation 
[52, 58–60]. With their estimated biomass close to the total amount of carbon in 
plants [61], they can potentially passivate naturally occurring mineral surfaces 

Figure 4. 
(Left) (A) Background-subtracted, normalized, and k3-weighted Zn K-edge EXAFS spectra of Zn(II) 
sorbed on hematite nanoparticles (HN) at different Zn surface coverages, and corresponding Fourier 
transforms (not phase-shift corrected) of sorption samples with following surface concentration: (i) 68.35 
micromol/g; (ii) 195.80 micromol/g; (iii) 384.92 micromol/g; (iv)568.49 micromol/g; (v) 640.19 micromol/g; 
(B) Background-subtracted, normalized, and k3-weighted Zn K-edge EXAFS spectra of Zn sorbed on 
hematite microparticles (HM) at similar Zn surface coverages, and corresponding Fourier transforms (not 
phase-shift corrected) of sorption samples. (Right) Zn K-edge XANES spectra of Zn/HN sorption samples 
and four reference compounds: (i) 68.35 micromol/g; (ii) 195.80 micromol/g; (iii) 384.92 micromol/g;  
(iv) 568.49 micromol/g; (v) 640.19 micromol/g.
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Lenhart et al. [52] also reported the impacts of fumaric acid and maleic acid, 
which are naturally occurring dicarboxylic acids, on aggregation kinetics of nano-
sized hematite. Interestingly, they found that the structure and orientation of the 
adsorbed dianion at the hematite surface, not the adsorption mechanism, defined 
the resulting effect. Maleate, which directed both carboxyl groups to the surface in 
the form of inner- and outer-sphere surface complexes, enhanced colloidal stability. 
Fumarate, however, which bounded to the hematite surface as an outer-sphere com-
plex with just one carboxyl group only slightly influenced particle stability. Their 
research outcome suggested that subtle differences in the structure of adsorbed 
acids produced important differences in the physicochemical behavior of particles 
in dilute aquatic systems. Another study by Dickson et al. [47] similarly suggested 
that the surface chemical reactions and dissolution of the iron oxide nanoparticles 
strongly depend on the presence of organic molecules. They found significantly 
increased aggregation and sedimentation reactions of iron oxide nanoparticles in 
presence of humic acids regardless of different ionic strength of the solution. Their 
results suggested that understanding the effects of important environmental factors 
on the stability of nanoparticles is key to fully and accurately be able to predict the 
mobility of the nanoparticles in aquatic environment.

On the contrary, Palomino and Stoll [53] identified that iron oxide nanoparticle 
aggregation process significantly depends on the solution pH conditions even in 
the presence of fulvic acids. Dispersion and stability of the nanoparticles were 
maintained only at pH conditions of which the surface charge of the nanoparticles 
remained positive regardless of the fulvic acid concentrations. Their results showed 
that the examined environmentally relevant range of fulvic acid concentrations 
were expected to promote not only the nanoparticle stabilization but also the 
disaggregation of nanoparticle aggregates, but only at very low concentrations of 
fulvic acid and specific solution pH conditions. This finding suggests that hematite 
nanoparticle behavior in natural aquatic environments are much more complex 
and dynamic that it cannot generalized or linearly predicted based on a single 
parameter. A recent study by Xu et al. [50] presented laboratory experimental 
results to simulate more environmentally relevant conditions by investigating 
the hematite nanoparticles coated with naturally found peat humic acid and soil 
humic acid. Their model system reflects the fact that hematite nanoparticles exist 
naturally and ubiquitously in soil, and they are always associated with soil organic 
matter by forming organic–inorganic complexes. In this work, the organic coated 
hematite nanoparticles reacted with hydrophobic organic contaminants (HOCs) 
to simulate the sorption processes in soil. The sorption of HOCs on organic acid 
coated nanoparticles were inhibited with increasing pH values of solution due 
to the deprotonation reaction of the organic acid functional groups within the 
adsorbed humic acids. Their findings further elucidated the mechanisms involved 
in contaminant sorption processes by organic acids coated hematite nanoparticles 
are complex reactions governed both by the surface complex structures formed 
within the mineral-water interfaces as well as the solution chemistry of the aquatic 
environments. Results on sorption of a commonly occurring pollutant, Zn(II), on 
hematite nanoparticles in presence or absence of dicarboxylate organic compound, 
oxalate, also identified the complexity of the nanoparticle reactions with naturally 
occurring constituents [54, 55]. At higher concentrations of Zn(II), formation of 
surface precipitates on hematite nanoparticles was observed based on comparison 
of the EXAFS spectra of the sorption samples with that of zinc-bearing hydrotalcite 
(Zn6Al2(CO3)(OH)16•4H2O), Cauchy wavelet analysis, and fitting of the Zn K-edge 
EXAFS data. On the contrary, no surface precipitate was observed on the bigger size 
hematite particles even at the same concentrations of Zn(II) suggesting enhanced 
dissolution of hematite nanoparticles was promoted by the divalent metal ions in 
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solution (Figure 4). Similarly, different types of Zn(II) surface complex structures 
formed in the presence of oxalate on hematite nanoparticle surfaces. These stud-
ies provide a direct comparative and quantitative evidence that different surface 
chemical reactions on hematite nanoparticles persist.

There are still many open questions regarding the ability of surface reactions to 
alter the fate and toxicity of nanoparticles in the environment. Evidence so far sug-
gests that surface coatings and complexation with organic acids affect nanoparticle 
fate and transport mechanisms hence consequently impact nanoparticle toxicity in 
the environment. However, as surfactant adsorption on silica nanoparticle studies 
revealed that such surface complexation reaction can be readily reversible so that 
desorption can be kinetic reactions whereas adsorption for high molecular weight 
polymers is essentially an irreversible process [56, 57]. Clearly, the fate of nanoma-
terials in the environment is highly dependent on their surface coatings and reac-
tions, hence, it is imperative to understand the fate of these coatings and surface 
reactions of organic matter with nanoparticles in the environment.

2.2 Nanoparticles and microorganisms

Bacteria can be considered as another extension of organic compounds in the 
natural environment. Similar to LMW organic acids, they have been shown to 
exhibit a strong affinity for heavy metal contaminants and metal (oxyhydr)oxide 
surfaces through reactions such as sorption, bioaccumulation, and precipitation 
[52, 58–60]. With their estimated biomass close to the total amount of carbon in 
plants [61], they can potentially passivate naturally occurring mineral surfaces 

Figure 4. 
(Left) (A) Background-subtracted, normalized, and k3-weighted Zn K-edge EXAFS spectra of Zn(II) 
sorbed on hematite nanoparticles (HN) at different Zn surface coverages, and corresponding Fourier 
transforms (not phase-shift corrected) of sorption samples with following surface concentration: (i) 68.35 
micromol/g; (ii) 195.80 micromol/g; (iii) 384.92 micromol/g; (iv)568.49 micromol/g; (v) 640.19 micromol/g; 
(B) Background-subtracted, normalized, and k3-weighted Zn K-edge EXAFS spectra of Zn sorbed on 
hematite microparticles (HM) at similar Zn surface coverages, and corresponding Fourier transforms (not 
phase-shift corrected) of sorption samples. (Right) Zn K-edge XANES spectra of Zn/HN sorption samples 
and four reference compounds: (i) 68.35 micromol/g; (ii) 195.80 micromol/g; (iii) 384.92 micromol/g;  
(iv) 568.49 micromol/g; (v) 640.19 micromol/g.
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either hindering or enhancing the reactivity of the underlying mineral surfaces. The 
resulted the cell-mineral surface interactions occurring in natural soil and water 
environments can retain pollutants in great extent [62, 63]. Therefore, the presence 
of microorganisms can result in significant modification of metal speciation or 
contaminant sequestration and transport, and hence, investigating the interfaces of 
bacteria-metal and bacteria-mineral surfaces is essential in predicting the mobility 
of heavy metal contaminants accurately and quantitatively.

More importantly, understanding the dynamics of the bacterial interaction 
with engineered and/or naturally occurring NPs have received significant atten-
tion because the fate and transport reactions and mechanisms of them in the 
terrestrial and aquatic environments strongly depend on the nature and extent 
of the bacterial sorption and reduction of the nanoparticles [64]. For example, 
Schwegmann et al. [65] observed iron oxide nanoparticle sorption on microorgan-
isms (Saccharomyces cerevisiae and Escherichia coli) significantly shifted the point 
of zero charge for bacteria. Their results imply that overall electrostatic interac-
tion between dissolved heavy metal contaminants and bacteria can be consider-
ably altered due to the presence of the nanoparticles. Another study showed an 
enhanced removal of the heavy metals from the solution phase in conventional 
activated sludge wastewater treatment plants when nanoparticles were added to 
reactors including different types of bacteria. This study suggested that the pro-
duction and transformations of the surface properties of biomass due to NP would 
be key factors in determining the fate of the waste toxic metals in the environment 
[66]. Droz et al. [67] observed biogenic MnO2 nanoparticles affected a wide range 
of metal fate and transport in natural and engineered systems by strongly sorbing 
metals ions.

Of particular importance, the dissimilatory microbial iron reduction is one 
of the important processes in determining the biogeochemical cycling of iron 
under anaerobic conditions and has significant influences on the aqueous geo-
chemistry and mineralogy of sedimentary environments [68, 69]. Iron cycling has 
dramatic implications for trace element and heavy metal contaminant mobility, 
and the complex interplay of biological and chemical processes determine the 
extent and reaction pathways of iron cycling in the environment [69]. Past stud-
ies have identified many different chemical and biological factors controlling the 
microbial reduction of iron oxides, yet the role of nanoparticles in determining 
the extent and reaction pathways for dissimilatory iron reduction are still poorly 
understood. Despite the important roles of nanoparticles, current molecular-level 
understanding on the interaction of organic compounds, metals, and microorgan-
isms with nanoparticle surfaces and the resulting impacts on pollutant speciation 
at nanoparticle-water interfaces are very limited. One of the main reasons for this 
limitation is lack of appropriate tools with high resolution and/or high sensitivity to 
molecular structural changes occurring on nanometer scales. In addition, ability to 
study the materials in situ, i.e., in presence of water with minimal alteration of the 
sample from its natural state, has been limited. For many environmental samples, 
especially those involving interactions at solid-water interfaces, the presence of 
water plays a critical role.

Due to the small size of particles, different mechanisms and processes have been 
observed when bacteria interacts with nanoparticles. For example, a greater bio-
availability of iron was observed when iron nanoparticle reacted with Pseudomonas 
mendocina bacteria [70] because of the possible penetration of the nanoparticles 
through the cell membrane and proximity of the particles to the bacteria. Sulfate-
reducing bacteria (Desulfovibrio desulfuricans) also showed different metabolic 
responses in presence of iron oxide nanoparticles and generated biogenic pyrrhotite 
formation suggesting a potential impact of iron oxide nanoparticles on geomagnetic 
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field behavior of sediments. Different dissimilatory reduction of hematite nanopar-
ticles and microparticles were also observed for Shewanella oneidensis bacteria 
[71]. Results show that proximity and encapsulation of the nanoparticles near the 
cell membrane allowed different iron oxide reductive mechanisms resulting in a 
significantly enhanced iron oxide reductive transformation rates by Shewanella 
oneidensis (Figure 5). Clearly different reaction pathways and microbial responses 
toward nano-meter materials are present compared to the larger particle size even 
for the same mineral phases.

Nanoparticles are also generated by a biogenic enzymatic process and used as 
engineered materials. The development of eco-friendly technologies in material 
synthesis has become important and widely applied. Synthesis of nanoparticles 
using different microorganisms, and their applications in many cutting-edge tech-
nological areas have been explored. Recent study shows that biogenically generated 
iron(III) (oxyhydr)oxide (Fe(OH)3) clusters by gram positive bacteria Clostridium 
could be used to create lithium storage capacity [72]. This study provides another 
potential use of hematite nanoparticles as a substitute for an industrial product. 
Other studies also have found that many microorganisms can produce differ-
ent types of inorganic nanoparticles through either intracellular or extracellular 
routes, and such biosynthesized nanoparticles have been used in a variety of 
applications including drug carriers for targeted delivery, cancer treatment, gene 
therapy and DNA analysis, antibacterial agents, biosensors, enhancing reaction 
rates, separation science, and magnetic resonance imaging (MRI) [50, 73–75]. As 
shown, there have been tremendous developments in the field of microorganism-
produced nanoparticles and their applications over the last decade. However, much 
work is needed to improve the synthesis efficiency and the control of particle size 
and morphology.

Figure 5. 
STXM images of S. oneidensis WT strain and hematite nanoparticle reacted for 98 hr under anaerobic 
condition at initial hematite concentration of 1mM in an aqueous suspension measured at (A) C K-edge 
(288.2 eV) and (D) Fe L-edge (709.5 eV). The outlined areas labeled in (A) and (D) are shown in higher 
magnification at (B) below C K-edge (280.0 eV), (C) C K-edge (288.2 eV), (E) below Fe L-edge (700.0 eV), 
and (F) Fe L-edge (709.5 eV).



Novel Nanomaterials

340

either hindering or enhancing the reactivity of the underlying mineral surfaces. The 
resulted the cell-mineral surface interactions occurring in natural soil and water 
environments can retain pollutants in great extent [62, 63]. Therefore, the presence 
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[66]. Droz et al. [67] observed biogenic MnO2 nanoparticles affected a wide range 
of metal fate and transport in natural and engineered systems by strongly sorbing 
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Of particular importance, the dissimilatory microbial iron reduction is one 
of the important processes in determining the biogeochemical cycling of iron 
under anaerobic conditions and has significant influences on the aqueous geo-
chemistry and mineralogy of sedimentary environments [68, 69]. Iron cycling has 
dramatic implications for trace element and heavy metal contaminant mobility, 
and the complex interplay of biological and chemical processes determine the 
extent and reaction pathways of iron cycling in the environment [69]. Past stud-
ies have identified many different chemical and biological factors controlling the 
microbial reduction of iron oxides, yet the role of nanoparticles in determining 
the extent and reaction pathways for dissimilatory iron reduction are still poorly 
understood. Despite the important roles of nanoparticles, current molecular-level 
understanding on the interaction of organic compounds, metals, and microorgan-
isms with nanoparticle surfaces and the resulting impacts on pollutant speciation 
at nanoparticle-water interfaces are very limited. One of the main reasons for this 
limitation is lack of appropriate tools with high resolution and/or high sensitivity to 
molecular structural changes occurring on nanometer scales. In addition, ability to 
study the materials in situ, i.e., in presence of water with minimal alteration of the 
sample from its natural state, has been limited. For many environmental samples, 
especially those involving interactions at solid-water interfaces, the presence of 
water plays a critical role.

Due to the small size of particles, different mechanisms and processes have been 
observed when bacteria interacts with nanoparticles. For example, a greater bio-
availability of iron was observed when iron nanoparticle reacted with Pseudomonas 
mendocina bacteria [70] because of the possible penetration of the nanoparticles 
through the cell membrane and proximity of the particles to the bacteria. Sulfate-
reducing bacteria (Desulfovibrio desulfuricans) also showed different metabolic 
responses in presence of iron oxide nanoparticles and generated biogenic pyrrhotite 
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[71]. Results show that proximity and encapsulation of the nanoparticles near the 
cell membrane allowed different iron oxide reductive mechanisms resulting in a 
significantly enhanced iron oxide reductive transformation rates by Shewanella 
oneidensis (Figure 5). Clearly different reaction pathways and microbial responses 
toward nano-meter materials are present compared to the larger particle size even 
for the same mineral phases.

Nanoparticles are also generated by a biogenic enzymatic process and used as 
engineered materials. The development of eco-friendly technologies in material 
synthesis has become important and widely applied. Synthesis of nanoparticles 
using different microorganisms, and their applications in many cutting-edge tech-
nological areas have been explored. Recent study shows that biogenically generated 
iron(III) (oxyhydr)oxide (Fe(OH)3) clusters by gram positive bacteria Clostridium 
could be used to create lithium storage capacity [72]. This study provides another 
potential use of hematite nanoparticles as a substitute for an industrial product. 
Other studies also have found that many microorganisms can produce differ-
ent types of inorganic nanoparticles through either intracellular or extracellular 
routes, and such biosynthesized nanoparticles have been used in a variety of 
applications including drug carriers for targeted delivery, cancer treatment, gene 
therapy and DNA analysis, antibacterial agents, biosensors, enhancing reaction 
rates, separation science, and magnetic resonance imaging (MRI) [50, 73–75]. As 
shown, there have been tremendous developments in the field of microorganism-
produced nanoparticles and their applications over the last decade. However, much 
work is needed to improve the synthesis efficiency and the control of particle size 
and morphology.

Figure 5. 
STXM images of S. oneidensis WT strain and hematite nanoparticle reacted for 98 hr under anaerobic 
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2.3  Spectroscopic and theoretical tools used to study nanoparticle-water 
interface

Synchrotron-based [32, 54, 55, 71]. X-ray absorption spectroscopy (XAS) is one 
of the most structurally and chemically sensitive tools probing solid-water interface 
[32, 54, 55, 71]. It has been used in many different scientific research fields such as 
material sciences, chemistry, and environmental sciences [76–79] . Because XAS is 
non-destructive and element sensitive, it allows to probe the interface between the 
solid and liquid phases in-situ to elucidate the chemical coordination of metal ions 
in many different matrices. Furthermore, XAS can simultaneously characterize 
both the amorphous and crystalline portions of samples which makes it to be one of 
the most suitable tools to investigate biological and environmental samples because 
many samples involving nanoparticles and/or environmental matrices are often 
either non-crystalline or in a solution matrix [80–82]. Much advances in molecular 
understanding of the interactions of ions in solution with nanoparticle surfaces and 
the structures of complexes are made since XAS has been used as a research tool. 
XAS spectroscopy consists of two different complimentary techniques, extended 
X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure 
(XANES) [76, 78, 80, 83–85]. XANES provides information on the oxidation state, 
three-dimensional geometry, and coordination environment of the element under 
investigation while EXAFS provides information on the coordination environment 
and nearest neighboring atoms to the atom of interest. Of particular, the Extended 
X-ray absorption fine structure (EXAFS) analyze the oscillatory variation of the 
X-ray absorption as a function of photon energy beyond an absorption edge. The 
absorption, normally expressed in terms of absorption coefficient (μ), can be deter-
mined from a measurement of the attenuation of X-rays upon their passage through 
a material. When the X-ray photon energy (E) is tuned to the binding energy of 
some core level of an atom in the material, an abrupt increase in the absorption 
coefficient, known as the absorption edge, occurs. For isolated atoms, the absorp-
tion coefficient decreases monotonically as a function of energy beyond the edge. 
For atoms either in a molecule or embedded in a condensed phase, the variation 
of absorption coefficient at energies above the absorption edge displays a complex 
fine structure called EXAFS. This is how EXAFS can be used to probe the molecular 
sorption complex of different metal ions on various surfaces.

In the last 15 years, X-ray absorption spectroscopy (XAS) has found wide appli-
cation in determination of the local atomic and electronic structures of absorbing 
centers (atoms) in materials science, physics, chemistry, biology, and geophysics. 
With its elemental specificity and ability to determine the molecular-scale specia-
tion in situ even at the parts per million concentration range, EXAFS has become 
a useful method for the analysis of environmentally relevant elements in natural 
sediment and soils, and in laboratory model system studies involving nanoparticles 
[83, 86–88]. Quantitative measures of interatomic distances and coordination 
numbers for the first and second coordination neighbors around specific elements 
can be obtained based on EXAFS analysis, and these information, especially of 
the second-shell coordination, provide the means to construct surface complex 
structures in which an adsorbate ion is bonded to a sorbent surfaces. Sheng et 
al. [89] studied nanoparticle zero-valent iron (NZVI) interaction with uranium 
using EXAFS. They found that reduction of highly toxic and mobile UO22+ into 
less toxic and mobile UO2 could be enhanced using NZVI. Their EXAFS analysis 
provide evidence to support the proposed detailed reaction mechanisms the iron 
nanoparticles sequester insoluble products like UO2, and thus more reactive sites 
could be used for U(VI) reduction and increase the rate and extent of the overall 
reductive reactions. Others also successfully characterized CuO nanoparticles and 
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nanocomposites crystal structures and the detailed local electronic structures using 
X-ray absorption near edge structure (XANES) and extended X-ray absorption 
fine structure (EXAFS) spectroscopy [85]. Frenkel [90] also demonstrated that 
mono- and heteroatomic nanoparticles can be modeled using EXAFS experimental 
data and theory the multiple-scattering FEFF6 theory. Combined with the results 
of other experimental evidence such as transmission electron microscopy and 
electron diffraction, EXAFS analysis can be used to determine the size and shape of 
the nanoparticles with much higher accuracy than any other experimental tools.

Synchrotron-based scanning transmission x-ray microscopy (STXM) is another 
powerful spectroscopic tool capable of both imaging and spectroscopic speciation 
for samples with ~30 nm spatial resolution under fully hydrated conditions [91–94]. 
The emergence of combination of microspectroscopic and fluorescence-based 
techniques with imaging has permitted investigations of carbon containing materi-
als such as microorganisms at nanometer scale. Imaging of nanoparticle samples 
coupled with X-ray absorption near edge structure (XANES) spectroscopy provides 
an excellent opportunity to identify and fingerprint the fine structures of carbon 
and directly image micro to nanometer sized environmental samples with nano-
meter spatial resolution. More recently, STXM and NEXAFS spectromicroscopic 
analyses has been effectively employed to investigate soil carbon and mineral 
associations at a nanometer scale. For example, using the STXM technique, Obst 
et al. [92] found that cyanobacteria produced an amorphous or nanocrystalline 
calcium carbonate phase with a short-range structure order. STXM results provided 
direct evidence that the bacteria induced the formation of the nanocrystliine as part 
of their metabolic activity on the extracellular polymeric substances (EPS). Because 
of the spectral data and mapping information provided by STXM technique, they 
were able to discriminate the nucleation of the amorphous aragonite-like nanopar-
ticles were taking place within the cyanobacteria cell wall structure. Lawrence et 
al. [95] also reported for the first time the spatial correlation between the copper 
nanoparticles and natural river biofilms based on the STXM experimental data. 
Their results of copper nanoparticles dissolved and redistributed in the biofilm lipid 
and polymers have significant implications on the fate and transport mechanism of 
the metal particulates in the natural environments. Several other studies were also 
carried out successfully using STXM to elucidate the nanomaterial sorption reac-
tion with subsequent dissolution and/or re-sorption chemodynamics with bacterial 
surfaces [96, 97]. Leuf et al. [97] used STXM and identified iron-reducing bacteria 
accumulate ferric oxyhydroxide nanoparticle aggregates that may support plank-
tonic growth suggesting the aquatic food chain can be substantially altered due to 
the presence of the nanoparticles. Clearly, the advances in the spectroscopic and 
microscopic tools and techniques enhance our understanding of the nanoparticle 
dynamics with other environmental constituents and their roles in the ecosystem 
as well as the subsequent effects on the long term fate and transport of other metal 
contaminants.

3. Nanoparticle applications

Nanomaterials have gained much attention due to their unique properties. Many 
engineered nanoparticles, such as nano silver (nano-Ag), nano TiO2 (nano-TiO2), 
nano aluminum oxide (nano-Al2O3) and carbon nanotubes (CNT), have found 
potential commercial applications in catalysis, biomedical researches, medicinal 
applications, etc. Their subsequent impending effects on the ecosystem have also 
raised concerns over human health and environments as evidence has suggested 
that engineered nanomaterials are likely to present potential risks. Numerous 
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non-destructive and element sensitive, it allows to probe the interface between the 
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nanocomposites crystal structures and the detailed local electronic structures using 
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mono- and heteroatomic nanoparticles can be modeled using EXAFS experimental 
data and theory the multiple-scattering FEFF6 theory. Combined with the results 
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3. Nanoparticle applications
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nano aluminum oxide (nano-Al2O3) and carbon nanotubes (CNT), have found 
potential commercial applications in catalysis, biomedical researches, medicinal 
applications, etc. Their subsequent impending effects on the ecosystem have also 
raised concerns over human health and environments as evidence has suggested 
that engineered nanomaterials are likely to present potential risks. Numerous 
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active research and studies are carried out to analyze the health and environmental 
risk assessments. Although none of the analytical techniques employed provide 
unequivocal evidence as to the nature and impacts of the nanoparticles, advances 
in the analytical tools and techniques allowed to significantly enhance our under-
standing on the properties and roles of nanoparticles. One of the recent emerging 
fields for nanoparticle applications is agriculture and construction. In this review, 
examples of nanoparticle usages in these two fields of practices to date and the chal-
lenges associated with nanoparticle applications are introduced.

3.1 Nanoparticle and bioichar

Biochar (BC) is a carbon-rich product generated by pyrolysis of biomass such 
as wood, crop residues, and manure in a closed container with little or no oxygen. 
Creating biochar is a carbon-negative process because synthesizing BC utilizes 
naturally decaying organic matters to turn into useable sustainable materials while 
bypassing the release of CO2 into the atmosphere. Studies have shown that BC 
can substantially enhance physicochemical and biological properties of the soil to 
increase the plant and crop yields [98–101]. A number of remediation strategies 
using BC as sorbents are developed to remove toxic contaminants from polluted 
soils because of the high surface areas and presence of various carbon functional 
groups in BC. Furthermore, chemical structure of BC is stable and highly resistant 
to microbial degradation due to the recalcitrant nature of BC hence allowing BC 
to be an alternative growing medium or substrates for agronomic applications. For 
example, in 2010, the American Society of Agronomy Soil Science Society of the 
American Environmental Quality Division identified the agronomic applications of 
BC to be one of the immediate challenges and solutions to address the global food 
shortage. Clearly, more research on BC and its application to agronomic industry is 
urgently necessary for globally sustainable agricultural practices.

Recent report by Saxina et al. [102] provided evidence of biochar contains 
carbon nanoparticles. Presence of these carbon nanoparticles in the biochar sig-
nificantly enhanced the soil fertility and nutrient retention compared to the ones 
without the carbon nanoparticles. Others also reported the properties of biochar 
containing the NPs differ from the properties of their macro-counterparts [103]. 
Different zeta potential, cation exchange capacity, elemental compositions, and 
aromaticity/polarity not only based on the type of biochars, but also the regularities 
in the differences between their macro- and nano-structure were observed suggest-
ing the nanoparticles have substantial impacts on governing the overall properties 
of the biochar. They accounted that the larger surface area and smaller pore sizes 
than the corresponding macro-biochars are the main physicochemical properties. 
On the contrary, Chen et al. [104] reported nanoscale biochar particles may carry 
the inherent contaminants along the soil profile, posing a potential risk to the 
groundwater. Their study on the transport and retention of wood chip-derived 
biochar nanoparticles (NPs) in water-saturated columns packed with a paddy soil 
identified mobility of biochar NPs in natural soils must be taken into consideration 
for accurately assessing their environmental impacts. Figure 6 illustrates the effects 
of different type of nanoparticle modifications on biochars to enhance the contami-
nant removal and transformation reactions of a wide range of environmental and 
anthropogenically abundant toxic matters.

In addition to the laboratory studies on biochar nanoparticles, field-scale experi-
ments were carried and provided promising evidence on the impacts of the biochar 
nanoparticles to increase food production and remediation. Su et al. [105] synthe-
sized biochar-supported zero-valent iron nanoparticles and used in the remediation 
of Cr(VI)-contaminated soil. They found removal of Cr(VI) was significantly 
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improved and observed substantially increased cabbage mustard growth as the 
phytotoxicity of Cr(VI) and Fe in the seedlings was effectively decreased by the 
biochar nanoparticle treatment in the field. Yue et al. [106] also demonstrated that 
application of the biochar nanoparticles on the rice plants significantly alleviated 
the phytotoxicity of Cd2+. However, their study reported that the nano-biochar 
significantly increased the contents of antioxidative enzyme activities indicating 
that nano-biochar could also induce oxidative stress in the rice plants. These results 
indicate that nano-biochar could greatly reduce the uptake and phytotoxicity of 
Cd2+, but its potential risk should not be overlooked during the environmental and 
agricultural applications of biochar. Clearly more studies are needed before fully 
applying nanoparticles in biochar synthesis or application to the fields especially 
focusing on the the interaction between biochar nanoparticles and plant roots in the 
rhizosphere where most of the physico-chemical reactions between the plants and 
nutrients occur.

3.2 Nanoparticle and cement

Portland cement based materials like concrete, mortar, fiber reinforcement 
and others are widely used building materials. About 4.1 billion metric tons of 
cement were produced in 2020 worldwide and a continuously increased demand 
is expected, elevating the environmental impacts related with this worldwide 
industry. Efforts have been made to mitigate the environmental impacts of cement 
production by creating different synthesis approaches and alternative methods 
for production. For example, geopolymeric cements are developed and com-
mercially produced to reduce the carbon footprint of cement production, while 
also being highly durable and comparable to the traditional cements [107–110]. 
Recently, nano-engineered cement based materials is also actively studied because 
materials, such as nano-SiO2, nano-TiO2, nano-Fe2O3, nano-Al2O3, nano-CaCO3, 
nano-ZnO2, nano-cement particles of C2S and C3S phases, nano-clays, and Carbon 
Nanotubes, can work as effective binder to improve the cement based materials per-
formance [111]. The addition of nanoparticles in cementitious materials can act as a 
filler agent, producing a dense matrix and reduce the growth of micro pores. Some 
nanoparticles also help in the secondary reactions forming cement composite and 
contribute to the strength development. Moreover, with the advancement on the 
analytical tools, the current knowledge of the microstructure, mechanical strength 
and durability of cementitious materials when incorporating different types of 
nanoparticles increased during the past decades [112–114].

Figure 6. 
Schematic representation of biochar modifications by different types of nanoparticles and the subsequent 
enhanced reaction mechanisms in transformation of the contaminants in the environment.
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For example, Said et al. [115] demonstrate a wide range of nanoparticles like 
Al2O3, C–S–H-phase, and quartz have the best potential as accelerators for cement 
hydration and therefore are most suitable for cement production based on their 
result of heat flow calorimetry measurements, particles size of nanomaterials 
and their percentage in the cement paste. Gaitero et al. [116] also identified that 
the addition of small amounts of silica nanoparticles to the cement paste could 
substantially slow down a degradation process due to the progressive dissolution of 
the cement paste. Nazari and the co-workers [111] also identified nano-phase Al2O3 
particles with the average diameter of 15 nm increased flexural strength of fresh 
concrete and the extent of this positive effects of nanoparticles amplified as the 
content of Al2O3 nanoparticles increased. It is concluded that partial replacement 
of cement with nanophase Al2O3 particles improves the split tensile and flexural 
strength of concrete but decreases its setting time. Kawashima et al. [112] combined 
two nanomaterials, namely calcium carbonate nanoparticles and nanosilica, to 
synthesize cementatious materials and observed the mixture can offset the negative 
effects of fly ash (i.e., precursor for cements) on early-age properties to facilitate 
the development of a more environmentally friendly, high-volume fly ash concrete. 
Lastly, Land and his co-workers [113] also investigated the effects of colloidal nano-
silica on concrete incorporating cement binders and found that the concentrations 
of nano-silica determined the micro-structural and thermal property changes. 
Many studies to date suggest that utilizing nanoparticles in cement synthesis can 
benefit the system by improving many of the structural properties. Further in-
depth study on the mechanisms underlying the influence of nanoparticles on the 
compressive strength gain and other physical properties of cement systems need to 
be carried out to fully assess the impacts of nanoparticles.

Lastly, another example of where nanotechnology made a tremendous impact 
on commercial building materials is synthesis of nano-paint. For example, 
Krishnamoorthy et al. [117] developed a multifunctional graphene oxide (GO) 
nanopaint by incorporating GO sheets in an alkyd resin of the paint. The prepared 
GO nanopaint exhibited enhanced corrosion-resistant behavior in both acidic 
and high-salt-content solutions as well as substantial inhibition of the bacterial 
growth on its surface. This in-situ biofouling test results demonstrated incorporat-
ing the nanoparticles into the conventional paint materials produce significant 
performance benefits. Another study also concluded that preparation of titanium 
oxide (TiO2) nanopaint by embedding the TiO2 nanoparticles in alkyd resin matrix 
exhibited substantially enhanced antibacterial properties against a wide range of 
different types of bacterial strains [118]. Others also reported similar findings of 
enhanced corrosion-resistant behavior and anti-bacterial properties of nanoformu-
lated paints [119–124]. Clearly, results from various studies demonstrate that these 
new coating formulation of nanopaint to be of tremendous value to researchers and 
industry. In conclusion the result of nanopaint characterization and performance 
evaluation opens up a new promising field of study and building materials for next 
generation.

4. Conclusion

This review highlights the diversity in naturally occurring and engineered 
nanoparticle in various environments. Given the production of engineered 
nanoparticles is expected to increase significantly in forthcoming years with more 
applications and productions, the information provided herein review provide an 
important baseline from which to interpret future environmental change. Clearly 
the impacts and effects of nanoparticles on the bacterial toxicity, cement materials, 
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agricultural practices, and sequestration of contaminants cannot be generalized 
because the physico-chemical reactions occurring at the nanoparticle surfaces 
depend on a wide range of environmental conditions. Further work should continue 
to focus on the speciation, biogeochemical behavior and ecotoxicological impacts of 
both natural and engineered nanoparticles to understand the long-term effects as 
well as fate and transport behavior of them in the nature.
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