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Preface

In today’s modern world, nanostructure materials can be designed and grown
successfully in the laboratory with the advent of new synthesis methods. Years
of scientific efforts have shown that nanostructure materials are rising as the
modern tools of technology and development. Nanostructure materials are
one such exceptional class of modern materials that have attracted tremendous
curiosity among researchers around the world due to their potential in technology. 
A nanostructure is a structure of intermediate size between microscopic and 
molecular structures. In describing nanostructures, it is necessary to differentiate
between the numbers of dimensions in the volume of an object, which are on
the nanoscale. Additionally, nanostructure materials, by virtue of their unique
physical and chemical properties such as thermal stability, chemical resistance, 
hardness, large surface area and porosity, electron transfer capacity, conductance
and impedance, have become remarkably useful in a wide range of applications. 
In short, nanostructure materials are worthy of being applied practically
and efficiently as smart functional materials in several developmental areas
including but not limited to industrial process-control, environmental remedies, 
semiconductors, and energy devices.

This book is designed to highlight the importance, functionality, and applicability
of nanostructure materials. The chapters in this book offer clear information on
the recent advances in the synthesis, characterization, and application of these
materials to energy conversion such as perovskite solar cells, dye sensitized solar
cells, and sensors. We hope this book will help describe the current position of
nanostructure materials in the technological sphere as well as encourage scientists
and engineers in deeper exploration of these materials to boost the technological 
advancement. Written by an outstanding group of experts in the field, this book
presents an exciting and fresh compilation of the latest advances and developments
in nanostructure materials. As a result, the highly interdisciplinary nature of this
book would be of profound interest for a broad audience, including academic and 
industrial researchers. It can also be used in the classroom for graduate students
focusing on chemical engineering, surface and interface science, adsorption science
and technology, zeolite science, and nanostructure materials science. We believe
that this book will also be valuable to many entrepreneurial and business people
who are in the process of trying to better understand and valuate nanotechnology
and novel nanostructure materials for future high-tech emerging applications and 
disrupting industries. To keep the length of the book manageable, we have limited 
the discussion to nanostructure materials; however, we have tried to encompass
as many related details as possible. We would like to thank all the authors who
contributed to this book with their knowledge, efforts, and time. We are also
grateful to the copyright owners, and IntechOpen for their support in publishing 
and making this book a reality.
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Chapter 1

Introductory Chapter: Prospects
of Nanostructured Materials
Sadia Ameen

1. Introduction

In the past few decades, there has been a worldwide surge of research interests
in the field of nanoscience and nanotechnology. It has been realized that it has an
impeccable potential to revolutionize the modern technology in countless ways. The
field of “nanoscience” has attracted much attention from scientists and engineers
due to its interesting scientific aspects, and the materials thus formed have novel 
physicochemical properties. In the beginning, the “miniaturization” of new devices
and systems being the central theme of modern technologies was considered, but
these days the subject of “nanomaterials” indeed happens to be very demanding. It
has overwhelming contribution in technological advancement which has already
started to have a global commercial impact.

In scientific terms, nanomaterials are basically any substance having a size of
the order of 10−9 m, i.e., a billionth of a meter, and they are generally considered as
“nanomaterials” when their sizes are typically lesser than 100 nm. In other words, 
nano-sized materials are the “collection of distinguishable units,” each of which is
made up of a limited number of atoms. These units have specific shape and crystal-
linity and have at least one of its dimensions of about a few nanometers. A few
common examples of naturally occurring nanomaterials are particulate matter from
volcanic eruptions, different types of bacteria, cosmic dust, protrusions on lotus
leaf that limits its wettability, etc. Also there are numerous man-made nanomateri-
als which include but are not limited to fullerenes, graphene, single-/multi-walled 
carbon nanotubes (CNTs), silver nanoparticles, metal oxide nanorods, quantum
dots, etc. These nanomaterials have fascinating properties and, hence, are tech-
nologically important. For instance, due to the appropriate magnitudes of tensile
strength, stiffness, and conductivity, graphene or CNTs have potential applications
in catalysis, sensors, and drug deliveries. Nano-sized silver has displayed its capabil-
ity of oxygen inhibition which could be utilized to pacify the burn injuries of living 
organisms. On the other hand, quantum dots of semiconducting materials are best
suited in display and device technologies related to LED, memory storage, and solar
cells [1–3]. In this manner, a variety of nanomaterials are potentially applicable in
every sphere of modern technology which includes automotive, aerospace, cutting 
and device manufacturing industries, printing and color imaging, armor, computer
chips, and biomedical and pharmaceutical fields as well.

The fact that attributes a special character to nanomaterials and variation in
their overall behavior is their significantly small size. This generates “statistical
size effect” that plays a vital role in altering most of the physical and chemi-
cal properties of these materials. Due to the reduction of the size to very small
dimensions, typically 1–100 nm, more and more atoms are exposed to the sur-
roundings and result into a vast increment of surface area to volume ratio for that



1

Chapter 1

Introductory Chapter: Prospects 
of Nanostructured Materials
Sadia Ameen

1. Introduction

In the past few decades, there has been a worldwide surge of research interests 
in the field of nanoscience and nanotechnology. It has been realized that it has an 
impeccable potential to revolutionize the modern technology in countless ways. The 
field of “nanoscience” has attracted much attention from scientists and engineers 
due to its interesting scientific aspects, and the materials thus formed have novel 
physicochemical properties. In the beginning, the “miniaturization” of new devices 
and systems being the central theme of modern technologies was considered, but 
these days the subject of “nanomaterials” indeed happens to be very demanding. It 
has overwhelming contribution in technological advancement which has already 
started to have a global commercial impact.

In scientific terms, nanomaterials are basically any substance having a size of 
the order of 10−9 m, i.e., a billionth of a meter, and they are generally considered as 
“nanomaterials” when their sizes are typically lesser than 100 nm. In other words, 
nano-sized materials are the “collection of distinguishable units,” each of which is 
made up of a limited number of atoms. These units have specific shape and crystal-
linity and have at least one of its dimensions of about a few nanometers. A few 
common examples of naturally occurring nanomaterials are particulate matter from 
volcanic eruptions, different types of bacteria, cosmic dust, protrusions on lotus 
leaf that limits its wettability, etc. Also there are numerous man-made nanomateri-
als which include but are not limited to fullerenes, graphene, single-/multi-walled 
carbon nanotubes (CNTs), silver nanoparticles, metal oxide nanorods, quantum 
dots, etc. These nanomaterials have fascinating properties and, hence, are tech-
nologically important. For instance, due to the appropriate magnitudes of tensile 
strength, stiffness, and conductivity, graphene or CNTs have potential applications 
in catalysis, sensors, and drug deliveries. Nano-sized silver has displayed its capabil-
ity of oxygen inhibition which could be utilized to pacify the burn injuries of living 
organisms. On the other hand, quantum dots of semiconducting materials are best 
suited in display and device technologies related to LED, memory storage, and solar 
cells [1–3]. In this manner, a variety of nanomaterials are potentially applicable in 
every sphere of modern technology which includes automotive, aerospace, cutting 
and device manufacturing industries, printing and color imaging, armor, computer 
chips, and biomedical and pharmaceutical fields as well.

The fact that attributes a special character to nanomaterials and variation in 
their overall behavior is their significantly small size. This generates “statistical 
size effect” that plays a vital role in altering most of the physical and chemi-
cal properties of these materials. Due to the reduction of the size to very small 
dimensions, typically 1–100 nm, more and more atoms are exposed to the sur-
roundings and result into a vast increment of surface area to volume ratio for that 



Nanostructures

2

material. This material property is particularly responsible for assigning high 
specific surface area to the material, which remarkably improves many processes 
such as adsorption, catalysis, charge storage, and transfer on the surface of the 
material and hence opens avenues for its applications in sensors, supercapacitors, 
and batteries as well. Another feature associated to the reduction of particle size 
down to nano-regime is “quantum confinement effect.” The valence and free 
electrons of atoms in these nano-sized assemblies undergo considerable variations 
in their energy states as compared to their features in the macroscopic state. This 
affects the electronic band structure of the material in such a way that the separa-
tions between the continuous energy bands or the individual electronic energy 
levels alter. Subsequently the occupation and transition of electrons in these levels 
also change substantially which results into variation in the electronic, magnetic, 
and optical properties of that material [4]. There are numerous such examples 
wherein physical/chemical properties have been remarkably improved or modi-
fied through controlling the sizes and shapes of nanostructures. These interesting 
variations highlight the need of nanomaterials in newer technologies, and hence 
the designing and development of nanomaterials with tailor-made properties 
fitting specific applications happens to be the current goal of researchers working 
in this field. Efforts are also being taken to synthesize nanomaterials in different 
shapes such as nanorods, nanoparticles, nanobelts, nanotubes, and nanoshells 
with variations in their compositions as well.

Efficient synthesis of nanomaterials has always been a worldwide challenge. 
Numerous methods have already been devised and are also evolving continuously to 
fulfill this need. Methods such as auto-combustion, hydrothermal, coprecipitation, 
and sol–gel can be categorized as chemical methods to synthesize nanomaterials 
[5–8], whereas the methods such as solid-state route and high-energy mechani-
cal milling can be termed as the physical methods. Also there are some more 
sophisticated techniques such as thermal evaporation, chemical vapor deposition, 
sputtering, pulsed laser ablation, pyrolysis, spin coating, etc. for the synthesis of 
high-quality thin films having nanocrystalline properties [9–11]. Every technique 
has its own merits and peculiarities for the synthesized nanomaterial. The solid-
state methods are simple to yield the final product but may require high tempera-
tures for the formation of desired compound. On the other hand, the deposition 
techniques are far more sophisticated than the other methods and hence become 
expensive; however, the synthesis can be controlled multi-parametrically which 
yield nanocrystalline thin films of superior quality. Using these techniques, varia-
tion in most of the properties such as morphology, composition, grain size, shape, 
thickness, crystal structure, and even non-equilibrium phases of synthesized 
materials could be achieved. With the advent of highly sophisticated analytical 
equipment such as atomic force microscopy (AFM) and scanning tunneling micros-
copy (STM), field emission scanning electron microscopy (FESEM), transmission 
electron microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron 
spectroscopy (XPS), it is possible to observe and study these nano-sized materials 
from the point of view of future technological applications.

In the context of synthesizing nanomaterials, recently Ameen et al. discov-
ered a fast and highly effective growth method for thin film of nanocrystalline 
tungsten oxide (WO3) through one-step hot filament chemical vapor deposi-
tion (HFCVD) method at low temperature. The grown monoclinic WO3 crystal 
structure exhibited the morphology of cauliflower-like nanostructure (WCNs). 
The grown WO3 thin film was applied for the detection of hydrogen (H2) gas at 
100 ppm [11]. From the H2 sensing behavior of WCN thin film, the appreciable 
sensitivity of the WCN thin film was obtained only after ~200°C and reached a 
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high magnitude of ~87% at optimum operating temperature of ~250°C, as shown 
in Figure 1.

In year 2019, another work by Ameen and co-workers was reported on the 
synthesis of hexagonal zinc oxide (ZnO) nanopyramids (NPys) for the applica-
tion of electrochemical sensor [12]. The synthesized hexagonal pyramid shape 
structures possessed the average size of ~2–3 μm with the base length of ~2 μm and 
a top length of ∼600 nm. From Figure 2, it is seen that the agglomeration of several 
hexagonal disks formed pyramid-like structures.

Nonenzymatic glucose biosensor was developed by utilizing the electrochemi-
cally grown nanocages-augmented polyaniline nanowires (NCa-PANI NWs) on 
silicon (Si) substrate [13]. Figure exhibits that the grown NCa-PANI NWs are 
distributed uniformly on the entire surface of silicon (Si) substrate, confirming the 
growth of highly dense NCa-PANI NW structures (Figure 3).

Kim et al. designed field effect transistor using iron-nickel co-doped ZnO 
nanoparticles, Zn0.97Fe0.01Ni0.02O NPs, for the electrochemical detection of hexahy-
dropyridine chemical, as shown in Figure 4 [14]. Zn0.97Fe0.01Ni0.02O NP-modified 
FET sensor showed the high sensitivity of ~62.28 μA μM−1 cm−2 and a good detec-
tion limit of ~79 μM with correlation coefficient (R) of ~0.96405 and a short 
response time (10 s) towards hexahydropyridine chemical.

Figure 5 shows the synthesized ZnO nanoflowers (NFs) for the photocatalytic 
degradation of bromophenol (Bph) dye. ZnO NFs as catalysts displayed a rapid 
degradation of Bph-dye with the degradation rate of ~96% within 120 min under 
the UV light irradiation [15].

Jang and co-workers synthesized porous cobalt oxide (Co3O4) nanocubes (NCs), 
as shown in Figure 6, and investigated the capacitive properties of porous Co3O4 

Figure 1. 
(a) Gas sensing response of grown WO3 thin film to H2 gas at various temperatures, (b) response recovery 
profile with dynamic repeatability at ~250°C for 100 ppm H2, and (c) illustration of H2 sensing mechanism on 
grown WO3 thin film. Reproduced from reference [11].
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dropyridine chemical, as shown in Figure 4 [14]. Zn0.97Fe0.01Ni0.02O NP-modified 
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response time (10 s) towards hexahydropyridine chemical.

Figure 5 shows the synthesized ZnO nanoflowers (NFs) for the photocatalytic 
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Jang and co-workers synthesized porous cobalt oxide (Co3O4) nanocubes (NCs), 
as shown in Figure 6, and investigated the capacitive properties of porous Co3O4 

Figure 1. 
(a) Gas sensing response of grown WO3 thin film to H2 gas at various temperatures, (b) response recovery 
profile with dynamic repeatability at ~250°C for 100 ppm H2, and (c) illustration of H2 sensing mechanism on 
grown WO3 thin film. Reproduced from reference [11].
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Figure 2. 
Low (a) and high (b) magnification FESEM images of hexagonal ZnO NPys. Reproduced from ref. [12].

Figure 3. 
Low (a) and high (b) magnification FESEM images, element line scanning mapping (c), and its corresponding 
profile (d) of PANI NW electrode. Reproduced from ref. [13].
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NCs electrode by cyclic voltammetry (CV) in 6 M KOH electrolyte. High specific 
capacitance of ~430.6 F/g at a scan rate of ~10 mV s−1 was observed. The capacity 
retention of up to ~85% after 1000 cycles was shown by the fabricated porous Co3O4 
NCs electrode. The porous Co3O4 NCs showed excellent structural stability through 
cycling with promising capacity retention which suggested a good quality of porous 
Co3O4 NCs as electrochemical supercapacitor electrode [16].

This prologue provides a glimpse of nanomaterials and the way their properties 
change and also gives an idea about their potent applicability which can shift the 
entire technological paradigm. This book has been designed to induce scientific 
interest in the minds of young researchers and engineers to undertake research 
in this field and work across the ever-expanding boundaries of nanoscience and 
nanotechnology.

Figure 4. 
(a) A diagram represented the fabricated FET sensor with Zn0.97Fe0.01Ni0.02O NPs and (b) Id-Vg response of FET 
sensor without and with hexahydropyridine (100 nM) in 0.01 M PBS. Reproduced from ref. [14].

Figure 5. 
(a) Low and (b) high magnification FESEM images, (c) EDX spectrum, and (d) XRD analysis of ZnO NFs. 
Reproduced from ref. [15].
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Figure 6. 
The representation of (a) TEM-EDX including profile and (b–d) elemental mapping images of porous Co3O4 
NCs. Reproduced from ref. [16].

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
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by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Nano/Micro-Structured Materials: 
Synthesis, Morphology and 
Applications
Ayi A. Ayi, Providence B. Ashishie, Emmanuel E. Khansi, 
Joseph O. Ogar, Chinyere A. Anyama and Bassey E. Inah

Abstract

Materials with structural elements, clusters and crystallites or molecules with 
size dimension in the range 1–100 nm and/or 4–20 Å have found potential and real 
applications as antimicrobial agents, catalysts, nano-filters in waste water treat-
ments and scale forming ions removal etc. These nano/micro-structured materials 
possess large surface area which is one of the most important properties needed in 
different fields of applications. In this short review, the different protocols available 
for the synthesis ranging from green chemistry to chemical reduction methods, 
structural characterization, morphology and applications of nanostructured 
materials such as layered double hydroxides, silver and molybdenum oxides have 
been discussed.

Keywords: nanomaterials, chemical reduction, green chemistry,  
layered double hydroxides, antimicrobial agents

1. Introduction

The synthesis of inorganic nanostructured materials, their stabilization, mor-
phology and properties are the main issues of interest in different research groups. 
The interest is not only for their applications in chemical technology, catalysis, 
magnetic data storage and sensing [1], but also for their antimicrobial activities 
and waste-water treatment. More often than not, marine sediments and water 
environments are contaminated by urban runoffs, industrial and domestic efflu-
ents and oil spills [2]. The presence of such contaminants as polycyclic aromatic 
hydrocarbons (PAHs), poly chlorinated biphenyls (PCBs), dichlorodiphenyltri-
chloroethane (DDT) and heavy metals like mercury, lead and manganese poses 
risk to both human health and the aquatic biota [3]. Functionalized magnetic metal 
oxide nanoparticles [4, 5], silver nanoparticles as well as nanostructured layered 
double hydroxides have proven useful in the remediation of toxic waste in the water 
environment, inhibition of bacterial and fungi activities [6] and removal of scale 
forming ions from oil wells [7].

Different protocols have been employed in the synthesis of nanostructured 
materials by different research groups. These synthetic protocols are generally 
grouped into two categories: “top-down” and “bottom-up” approach. In the top-
down approach (milling or attrition), bulk solid is broken into smaller and smaller 
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Figure 1. 
(a) SEM micrograph of Mg-Al(OH)2PO4, 1; (b) SEM micrograph of Mg-Al(OH)2PO4PF6, 2; (c) SEM 
micrograph of Ca-Al(OH)2SO4, 3; (d) SEM micrograph of Ca-Al(OH)2PO4PF6, 4. Source: Khansi et al. [7].

portions, until nanometer size is reached. The bottom-up method of nanoparticle 
synthesis involves nucleation of atoms followed by their growth in a self-assembly 
fashion to form the nanomaterial. Here we will look at the different nanostructured 
materials prepared by bottom-up methods such as hydrothermal, [8, 9] combus-
tion synthesis [10], gas-phase methods [11, 12], microwave synthesis and sol-gel 
processing [13].

2. Nano/micro-structured materials

2.1 Nanostructured layered double hydroxides

Layered double hydroxides (LDHs) with the hydrotalcite-like structure are 
materials attracting interest to many research groups due to their use in many 
different fields, such as anion scavengers, catalysts, catalyst precursors, hosts for 
drugs controlled delivery, contaminant and radionuclide removal from acidic mine 
pit water etc. [14–16]. Layered double hydroxides (LDHs) are a class of anionic 

11

Nano/Micro-Structured Materials: Synthesis, Morphology and Applications
DOI: http://dx.doi.org/10.5772/intechopen.85698

clays with the structure based on brucite (Mg(OH)2)-like layers [17–21]. The lattice 
structure of LDHs with the general formula [M2+1–xM3+

x(OH)2]x+(An
−)x/n·yH2O, 

have a positively charged brucite-shaped layers, consisting of a divalent metal ion 
M2+ (e.g., Ca2+, Zn2+, Mg2+, and Ni2+) octahedrally surrounded by six OH− hydroxyl 
groups [22–24]. The substitution of the M2+ metal with a trivalent M3+ cation gives 
rise to the periodic repetition of positively charged sheets (lamellas) alternating 
with charge-counter balancing A𝑛𝑛

− ions. According to Kovačević et al. [25], syn-
thetic layered double hydroxides (LDHs) have been used as adsorbents and catalyst 
supports. The surface area and pore volume of LDHs can be increased by pillaring 
the interlayer with large organic and inorganic anions [19, 26, 27]. The combina-
tion of LDHs with negatively charged polymers can result in the formation of a 
hybrid layer component for the preparation of nano-hybrid thin films [28–30]. 

Figure 2. 
Results for the removal of Fe2+ and Ca2+ ions from aqueous solutions by compounds 1–4. Source: Khansi et al. [7].

Figure 3. 
(a) SEM micrograph of UCIM-1; (b) SEM micrograph of UCIM-2; (c) SEM micrograph of UCIM-3; 
(d) SEM micrograph of UCIM-4; (e) SEM micrograph of UCIM-5. Source: Ogar [37].
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When LDHs which are formed by incorporating both divalent and trivalent metal 
ions into the octahedral lattice, are calcined at higher temperature, mixed metal 
oxide nanomaterials are formed with improved catalytic activity [31–33]. LDHs are 
also used as supports in bio-nanocomposites for medical applications [34].

Khansi et al. [7] synthesized four metal-aluminum layered double hydroxides 
(LDHs): Mg-Al(OH)2PO4, 1, Mg-Al(OH)2 PO4 PF6, 2, Ca-Al(OH)2SO4, 3 and 
Ca-Al(OH)2PO4PF6, 4, by co-precipitation method followed by mild hydrothermal 
processing at 60°C. In Figure 1, we present the SEM micrographs of the as-synthe-
sized LDHs. The synthesized nano-/microstructured LDHs of Mg-Al(OH)2PO4, 
1 (Figure 1a), [Mg-Al(OH)2PO4PF6], 2 (Figure 1b) and [Ca-Al(OH)2PO4PF6] 4 
(Figure 1d) have their Mg—O—Al—OH and Ca—O—Al—OH layers intercalated 
with PO4

3− and/or [PO4PF6]4− anions. Their micrographs consists of uniformed 
nano/microspheres of M—Al layered double hydroxides, while the Ca—O—Al—OH 
layer intercalated with SO4

2− anions (Figure 1c) consisted of hexagonal nano-/
microplates.

The results of the column adsorption studies showed that there is significant 
potential for using the synthesized nanostructured LDHs as nano filters in remov-
ing ions responsible for scale formation in oil wells. According to their report, 
compounds 1 and 2 removed Fe2+ with greater efficiency, while all the synthesized 
LDHs nanostructures effectively removed Ca2+ from the oil wells as shown in 
Figure 2.

2.2 Nanostructured metal phosphonates

A surfactant-assisted synthesis route to prepare nanometer-sized metal phos-
phonate particles for use as an inhibitor in porous media for scale control has been 
reported [35, 36]. In their method, aqueous solution of calcium chloride and zinc 
chloride were mixed with basic solution containing phosphonate scale inhibitors 
such as diethylenetriamine-penta(methylene phosphonic acid) (DTPMP) in the 
presence of sodium dodecyl sulfate as surfactant. Following similar procedure, 
Ogar [37] used hydrothermal technique in the preparation of five nanostructured 
metal phosphonates. In a typical synthesis, 1.5 g of sodium dodecyl sulfate (SDS) 
was added to 40 cm3 of 0.25 M solution of the CaCl2. This was accompanied 
by constant stirring for 20 min (pH = 6). Then 25 cm3 of 1.0 M solution of 
phenylphosphonic acid (pH = 2) was added dropwise to the above solution with 
constant stirring. The mixture (pH = 3) was allowed to stir for 1 h after which 
it was transferred into ACE glass tubes and heated for 8 h at a temperature of 
120°C. This was followed by centrifugation at 2000 RPM for 20 min, filtration 
and drying of the nanomaterials in an electric incubator at 80°C. The product 
obtained was designated UCIM-1 (University of Calabar Inorganic Material). 
Similar procedure was employed in the synthesis of UCIM-2, UCIM-3, UCIM-4 
and UCIM-5 with different complexing agent as aminomethylphosphonic acid 
(AmMePhA), 4,4′-biphenyl-bis-phosphonic acid (BBPhA) and different metal 
salt such as zinc acetate.

The SEM micrographs of UCIM-1 and UCIM-2 showed clusters of micro-rods 
(Figure 3a and b). The zinc phosphonates prepared in the presence of surfactant, 
UCIM-3 consisted of particles in the size range of 30–100 nm (Figure 3c), whereas 
UCIM-4 and UCIM-5 prepared without the surfactant consists of monodispersed 
nanoballs (Figure 3d and e). The synthesized nanostructured zinc and calcium 
phosphonates were applied in the removal of scale-forming ions from aqueous 
solution. A similar procedure reported for LDHs [7] was used. Small amount of 
glass wool was first introduced into the syringe followed by 0.2 g of the nanopar-
ticles. Two molar solution of CaCl2 was then introduced. The set-up was left for 12 h 
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during which the solution eluted was collected in sample bottles and analyzed using 
AAS. This was repeated for FeSO4.7H2O. The removal efficiency of Fe2+ and Ca2+ by 
metal phosphonate nanoparticles (UCIM-n) in percentage was calculated using the 
formula: efficiency (%) = Ce/Co (Co = initial concentration of the ions, Ce = eluded 
concentration of the ions after passing through the packed column).

The removal efficiency of scale forming ions in oil wells by the synthesized 
metal phosphonate nanoparticles was studied with the help of atomic absorption 
spectroscopic technique. The removal efficiency of Ca2+ and Fe2+ ions are presented 
in Tables 1 and 2 respectively. The results showed that the surfactant-assisted 
zinc nanostructured material (UCIM-4) removed up to 92.04% of Fe2+ compared 
to UCIM-5 prepared without surfactant, which showed only 75.88% removal. 
The compound UCIM-4 adsorbed Ca2+ the most, followed by surfactant-assisted 
UCIM-1 Ca-nanoparticles with a very high percentage adsorption of 94.29 as 
presented in Figure 4.

2.3 Metal/bimetallic/metal-oxide nanoparticles

There are a number of interesting reports on the use of ionic liquids as a solvent 
and/or stabilizing agent in the synthesis of metal/metal-oxide nanoparticles. The 
interest is not only due to the fact that ILs can form extended hydrogen-bond 
networks at the liquid state, but also for their nanostructural organization which 
is being used as a driver for spontaneous formation of nanostructured materials 
[38] Taubert and co-workers [39] reported on the effects of a set of ILs based on 
the 1-ethyl-3-methylimidazolium cation and different anions on the formation of 
gold nanoparticles. They demonstrated that the nature of the ionic liquid anion 
was crucial in the synthesis of the gold nanoparticles. For instance, anions such as 
methanesulfonate (MS) and trifluoromethanesulfonate (TfO) stabilized the forma-
tion of particles in the size range of 5–7 nm at low temperature, whereas with ethyl 

Nanoparticles Initial amount 
(ppm)

Amount eluted 
(ppm)

Amount adsorbed 
(ppm)

Percentage 
adsorption

UCIM-1 7.7780 0.4438 7.3342 94.29

UCIM-2 7.7780 1.1512 6.6268 85.20

UCIM-3 7.7780 1.0251 6.7529 86.82

UCIM-4 7.7780 0.5729 7.2051 92.63

UCIM-5 7.7780 0.2399 7.5381 96.92

Table 1. 
Removal efficiency of Ca2+ by the synthesized metal phosphonate nanoparticles (source: Ogar [37]).

Nanoparticles Initial amount 
(ppm)

Amount eluted 
(ppm)

Amount adsorbed 
(ppm)

Percentage 
adsorption

UCIM-1 9.8526 4.1779 5.6747 57.60

UCIM-2 9.8526 5.1040 4.7486 45.46

UCIM-3 9.8526 5.3979 4.4547 45.21

UCIM-4 9.8526 0.7843 9.0683 92.04

UCIM-5 9.8526 0.2399 7.5381 96.92

Table 2. 
Removal efficiency of Fe2+ by the synthesized metal phosphonate nanoparticles (source: Ogar [37]).
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When LDHs which are formed by incorporating both divalent and trivalent metal 
ions into the octahedral lattice, are calcined at higher temperature, mixed metal 
oxide nanomaterials are formed with improved catalytic activity [31–33]. LDHs are 
also used as supports in bio-nanocomposites for medical applications [34].

Khansi et al. [7] synthesized four metal-aluminum layered double hydroxides 
(LDHs): Mg-Al(OH)2PO4, 1, Mg-Al(OH)2 PO4 PF6, 2, Ca-Al(OH)2SO4, 3 and 
Ca-Al(OH)2PO4PF6, 4, by co-precipitation method followed by mild hydrothermal 
processing at 60°C. In Figure 1, we present the SEM micrographs of the as-synthe-
sized LDHs. The synthesized nano-/microstructured LDHs of Mg-Al(OH)2PO4, 
1 (Figure 1a), [Mg-Al(OH)2PO4PF6], 2 (Figure 1b) and [Ca-Al(OH)2PO4PF6] 4 
(Figure 1d) have their Mg—O—Al—OH and Ca—O—Al—OH layers intercalated 
with PO4

3− and/or [PO4PF6]4− anions. Their micrographs consists of uniformed 
nano/microspheres of M—Al layered double hydroxides, while the Ca—O—Al—OH 
layer intercalated with SO4

2− anions (Figure 1c) consisted of hexagonal nano-/
microplates.

The results of the column adsorption studies showed that there is significant 
potential for using the synthesized nanostructured LDHs as nano filters in remov-
ing ions responsible for scale formation in oil wells. According to their report, 
compounds 1 and 2 removed Fe2+ with greater efficiency, while all the synthesized 
LDHs nanostructures effectively removed Ca2+ from the oil wells as shown in 
Figure 2.

2.2 Nanostructured metal phosphonates

A surfactant-assisted synthesis route to prepare nanometer-sized metal phos-
phonate particles for use as an inhibitor in porous media for scale control has been 
reported [35, 36]. In their method, aqueous solution of calcium chloride and zinc 
chloride were mixed with basic solution containing phosphonate scale inhibitors 
such as diethylenetriamine-penta(methylene phosphonic acid) (DTPMP) in the 
presence of sodium dodecyl sulfate as surfactant. Following similar procedure, 
Ogar [37] used hydrothermal technique in the preparation of five nanostructured 
metal phosphonates. In a typical synthesis, 1.5 g of sodium dodecyl sulfate (SDS) 
was added to 40 cm3 of 0.25 M solution of the CaCl2. This was accompanied 
by constant stirring for 20 min (pH = 6). Then 25 cm3 of 1.0 M solution of 
phenylphosphonic acid (pH = 2) was added dropwise to the above solution with 
constant stirring. The mixture (pH = 3) was allowed to stir for 1 h after which 
it was transferred into ACE glass tubes and heated for 8 h at a temperature of 
120°C. This was followed by centrifugation at 2000 RPM for 20 min, filtration 
and drying of the nanomaterials in an electric incubator at 80°C. The product 
obtained was designated UCIM-1 (University of Calabar Inorganic Material). 
Similar procedure was employed in the synthesis of UCIM-2, UCIM-3, UCIM-4 
and UCIM-5 with different complexing agent as aminomethylphosphonic acid 
(AmMePhA), 4,4′-biphenyl-bis-phosphonic acid (BBPhA) and different metal 
salt such as zinc acetate.

The SEM micrographs of UCIM-1 and UCIM-2 showed clusters of micro-rods 
(Figure 3a and b). The zinc phosphonates prepared in the presence of surfactant, 
UCIM-3 consisted of particles in the size range of 30–100 nm (Figure 3c), whereas 
UCIM-4 and UCIM-5 prepared without the surfactant consists of monodispersed 
nanoballs (Figure 3d and e). The synthesized nanostructured zinc and calcium 
phosphonates were applied in the removal of scale-forming ions from aqueous 
solution. A similar procedure reported for LDHs [7] was used. Small amount of 
glass wool was first introduced into the syringe followed by 0.2 g of the nanopar-
ticles. Two molar solution of CaCl2 was then introduced. The set-up was left for 12 h 
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is being used as a driver for spontaneous formation of nanostructured materials 
[38] Taubert and co-workers [39] reported on the effects of a set of ILs based on 
the 1-ethyl-3-methylimidazolium cation and different anions on the formation of 
gold nanoparticles. They demonstrated that the nature of the ionic liquid anion 
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sulfate (ES), polydispersed particles in the size range 15–20 nm were formed at all 
reaction temperature. In their report, they concluded that specific IL-gold interac-
tions were responsible for the formation of gold particles with an IL-specific shape, 
size, and aggregation behavior.

Ayi et al. reported on a wet chemical approach in synthesizing titanium 
nanoparticles in imidazolium-based ionic liquids (ILs) under reducing conditions 
[40]. It was established that nanosize particles were formed with some ILs being 
adsorbed on the nanoparticles, thus providing the needed stabilization.

In continuation of the work on anion effects on nanoparticles formation, stable 
Mo and molybdenum oxide nano- and microparticles were synthesized in ILs with 
a variety of anions under reducing conditions by Ayi and co-workers [41]. XRD and 
TEM revealed a strong influence of the IL anion on the particle sizes, shapes, and 
crystal structures. The influence of the IL cation and the reaction temperature was 
found to be much less pronounced.

Very recently, Ayi’s research group has used plant extracts (Kigelia africana 
fruits) to prepare silver nanoparticles and copper-silver bimetallic nanostructures 
and their antimicrobial potentials evaluated [42]. The aqueous extract of Kigelia 
africana was utilized in the synthesis of both metallic and bimetallic nanoparticles 
without additional stabilizing agent. The investigation revealed that average 
particle size of 10 nm were formed and stabilized by the active components 
of the plant extract, which were adsorbed on the surface of the particles. The 
synthesized particles were found to inhibit the growth of both Gram-negative 
and Gram-positive bacteria more than any of antibiotics tested in the study. 
The bimetallic nanoparticles demonstrated effectiveness against S. aureus with 
maximum ZOI of 27 mm. Walter et al., made use of 1-ethyl-3-methylimidazolium 
acetate (EMIMOAC) and 1-buthyl-3-methylimidazolium acetate (BMIMOAC) 
ionic liquids to prepare cobalt nanoparticles (CoEMIMOAC or CoBMIMOAC) 
via chemical reduction method [43]. The SEM and UV-Vis techniques confirmed 
the formation of nanoparticles (Figure 5). There was no difference between the 
nanocrystals formed in EMIMOAC or BMIMOAC indicating that the cationic part 
of the ionic liquid did not play significant role during nucleation and growth of 
the particles. The inhibition zone diameter (IZD) showed moderate susceptibility 
of the Staphylococcus aureus to CoBMIMOAC (15 mm) but high susceptibility to 

Figure 4. 
Bar chart showing percentage adsorption of Ca2+ and Fe2+ by the different metal phosphonate nanoparticles. 
Source: Ogar [37].
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CoEMIMOAC with a larger inhibition zone diameter of 23 mm. Gram-negative 
microorganism E. coli is moderately susceptible to both CoEMIMOAC (14 mm), 
and CoBMIMOAC (15 mm) (Figure 6).

Figure 5. 
(a) SEM micrograph of cobalt nanocrystals prepared in EMIMOAC. Source: John et al. [43]; (b) SEM 
micrograph of cobalt nanocrystals prepared in BMIMOAC. Source: John et al. [43].

Figure 6. 
Bar chart showing nanocrystals inhibition zone diameter for Staphylococcus aureus and Escherichia coli. 
Source: John et al. [43].
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3. Conclusion

In this short review, the different protocols available for the synthesis of 
nanostructured layered double hydroxides and metal phosphonates formulated as 
UCIM-n have been discussed with their applications in the removal of scale forming 
ions from aqueous solutions. Reports of the work done in our research laboratory on 
green chemistry involving the use of plant extracts and ionic liquids as solvent and 
stabilizing agents in the syntheses of metal nanoparticles along with their antimi-
crobial activities have been presented.
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Chapter 3

Two-Dimensional Nanomaterials
Zahra Rafiei-Sarmazdeh, Seyed Morteza Zahedi-Dizaji  
and Aniseh Kafi Kang

Abstract

Two-dimensional (2D) nanomaterials are composed of thin layers that may have 
a thickness of at least one atomic layer. Contrary to bulk materials, these nanoma-
terials have a high aspect ratio (surface-area-to-volume ratio) and therefore have 
many atoms on their surface. These atoms have a different function than internal 
atoms, and so the increase in the number of surface atoms leads to a change in the 
behavior of 2D nanomaterials. Graphene, as one of the most widely used and most 
important 2D materials, has unique properties that result in its widespread use in 
various industries. After successful performance of graphene in many applications 
and industry, it is expected that other two-dimensional materials will also have this 
capability. However, the use of other two-dimensional materials requires more time 
and effort.

Keywords: two-dimensional, nanomaterial, graphene, hexagonal boron nitride, 
chalcogenide

1. Introduction

Dimensional classification is one of the methods for classifying  nanomaterials: 
the same chemical compounds can exhibit extraordinary different  properties 
when they are configured in a zero (0D)-, one (1D)-, two (2D)-, and three 
(3D)-dimensional crystal structure [1]. In spite of the fact that there have been 
plenty of scientific reports on 0D [2], 1D [3–5] and, of course, 3D [6, 7], however, 
a limited number of researches on 2D nanomaterials are published.

2D nanomaterials are considered to be the thinnest nanomaterials due to their 
thickness and dimensions on macroscale/nanoscale. These nanomaterials have 
a layered structure with strong in-plane bonds and weak van der Waals (vdW) 
between layers. These ultrathin nanomaterials can be produced from laminated 
precursors described in the following sections. Although the ideal state is a single 
layer, but often these nanosheets are composed of few layers (less than ten lay-
ers). In recent years, 2D nanomaterials such as graphene, hexagonal boron nitride 
(hBN), and metal dichalcogenides (MX2) have attracted a lot of attention due to 
their satisfactory properties and widespread uses in the electronics, optoelectron-
ics, catalysts, energy storage facilities, sensors, solar cells, lithium batteries, com-
posites, etc.

The schematic structure of graphene, boron nitride nanosheets, and tungsten 
diselenide (WSe2) as a dichalcogenide has been illustrated in Figure 1. As shown, 
these compounds are configured in honeycomb structure, but the arrangement 
of the neighboring atoms in the upper and lower layers of 2D nanomaterials is 
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different. In graphene, each carbon atom is next to another carbon atom in its upper 
and lower layers, while in the structure of BNNSs, each atom is located in the center 
of the benzene ring on the upper and lower layers. In the structure of dichalcogen-
ides, each atomic layer of metal is sandwiched between two atomic layers of X.

In this chapter, the recent developments in the synthesis, properties of 2D 
nanomaterials especially graphene, and boron nitride nanosheets (BNNSs) are 
discussed. A comprehensive understanding of the properties and physics of these 
materials can be very effective in finding their application in the industry that is 
discussed in this chapter. The reported virtues and novelties of these nanoma-
terials are highlighted, and the current problems in their developing process are 
clarified.

2. Introduction of graphene

There are some well-known nanosheet materials with strong bonding on surface 
and poor bonding between layers such as graphene, BNNSs, and MX2. Due to their 
specific structures, researchers have made great efforts to produce 2D nanosheets 
by exfoliating these layered compounds into distinct layers. A transmission electron 
microscopy image of crumpled monolayer of graphene is shown in Figure 2.

Graphene is the most famous of 2D nanosheets that is composed of carbon 
atoms in a hexagonal (honeycomb) configuration with sp2-hybridized atoms 

Figure 1. 
The structure of (a) single layer of graphene with a lattice of carbon atoms, (b) boron nitride nanosheets with 
B in blue and N in pink, and (c) tungsten diselenide (WSe2) with W in blue and Se in yellow [8].

Figure 2. 
The transmission electron microscope image of a crumpled graphene [9].
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[10, 11]. Graphene is also the most important member of the multidimensional 
carbon material family that is formed by putting together carbon atoms and which 
included fullerene as the zero-dimensional nanomaterial (0D), carbon nanotubes as 
a one-dimensional nanomaterial (1D), and graphite as a three-dimensional nano-
material (3D) (Figure 3) [12].

Graphene has a very weak absorption coefficient of 2.3% of white light, and 
so it’s seen as a white powder. The surface area of graphene is 2630 m2/gr, which is 
twice as much as carbon nanotubes with a surface area of 1315 m2/gr. The legendary 
discovery of this compound in 2004 attracted a lot of attention and led to the dis-
covery of great electronic properties, electron transfer capabilities, unprecedented 
impermeability, and high mechanical strength, excellent thermal, and electrical 
conduction.

Single-layer graphene is a substructure for the construction of carbon struc-
tures, which if placed on each other, produce 3D graphite. The attractive force 
between layers is van der Waals (vdW) force with a gap of 0.335 nm [14]. If single-
layer graphene is rotated around the axis of the tube, the 1D carbon nanotube, and 
if they are wrapped spherically, it forms the 0D fullerene.

2.1 The synthesis of graphene

The numerous chemical and physical methods have been proposed for the 
production of different types of graphene (from single layer to few layer) based 
on top-down and bottom-up approaches. Chemical vapor deposition (CVD) and 
epitaxial growth [15, 16], plasma-enhanced chemical vapor deposition (PECVD) 
[15], mechanical cleavage [14, 17], Scotch® tape technique [17], chemical synthesis 
[18], liquid exfoliation [19, 20], etc. have been widely used to produce graphene.

2.2 Graphene properties

Considering the attention of scientists to graphene and the hope for its vari-
ous applications in the near future, many research efforts have been devoted to 
understanding the structure and properties of graphene. Graphene is expected to 

Figure 3. 
Different forms of graphitic carbon [13].
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consist of only single layer, but there is a significant attractive force to bind layers 
and to form two-layer or few-layer graphene. Two- and few-layer graphene consist 
of two and three to ten layers of these 2D nanosheets, respectively. The graphene 
structure, which contains more than ten of these 2D sheets, is considered to be 
“thick graphene” and is less of a concern for scientists. The status of graphene has 
changed from an unknown to a superstar in various fields of science and tech-
nology [21]. This is due to graphene’s exceptional characteristics including high 
current density, ballistic transport, chemical inertness, high thermal conductivity, 
optical transmittance, and superficial hydrophobicity on a nanometer scale [14].

Single-layer graphene, as previously discussed in this chapter, is defined as a 
2D nanosheet of carbon atoms that are arranged in a hexagonal network. Each 
sp2-hybridized carbon atom is bonded to three another atoms with strong covalent 
bond (σ) that are configured in the hexagonal structure and also has a π orbital 
perpendicular to the sheet that forms π bond out of plane. These bonds can control 
the interaction between different layers of graphene in few-layer graphene [21].

Graphene is a semimetal or a semiconductor with a bandgap of zero and also 
has very high electron mobility at room temperature. Single-layer graphene has an 
unexpected high degree of transparency so that it absorbs πα ≈ 2.3% the incident 
white light, in which α is a substructure factor [7]. Single-layer graphene is also 
considered as one of the strongest materials. Given these mechanical properties, 
more applications in nanocomposite and coating industries are expected to be 
opened [21].

Graphene nanosheets are demonstrated to exhibit high transparency in UV-Vis 
and IR radiation and could be used to produce transparent electrode in solar cells 
[22]. Graphene has a good ability to functionalize with different functional groups 
in the form of covalent and noncovalent which leads to its solubility in different 
solvents. On the other hand, the high surface area of graphene provides a lot of 
area for loading of functional groups, which leads to reach a higher-level loading of 
targeting group in the surface, so graphene is considered as a suitable agent for drug 
delivery. In addition, the high surface area of graphene allow for development of 
targeted drug delivery systems [23].

2.3 Graphene applications

Different types of graphene, single-layer and few-layer, have potential appli-
cations in various fields. As stated above, graphene is the hardest and thinnest 
substance ever produced by human beings. Despite the fact that it has a dense 
structure, due to its very thin thickness, which is equal to the thickness of a carbon 
atom, it allows light to pass through and is highly transparent; it is also conductive, 
even more conductive than copper. Its ability to pass through heat and electricity 
makes it a new option for using on optical screens and computers.

It is 200–300 times stronger than steel and is even harder than diamond; how-
ever, it is very light and flexible. In addition, one of its properties is the great ability 
to move charge carriers. Electrons move relatively freely throughout graphene. With 
these features, graphene could be called supermassive, and it is expected that this 
material will create a revolution in the electronic, transistor, composite, coating, 
and sensor industries. Some examples of graphene applications can be:

• As reinforcement in composites instead of carbon fiber, this results in the 
creation of lighter and stronger aerocrafts and satellites.

• Used instead of semiconductor silicones in transistors due to superb conduc-
tivity properties. In this case, electrons can move 100 times faster than the 
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electrons present in silicon, which is why potentially graphene have many 
applications in the electronics industry. This material is currently the main 
competitor of silicon [24].

• Embedding graphene in plastics to enable them to conduct electricity [25, 26].

• To increase the durability of batteries using graphene dust [27].

• Used in optical electronics [28].

• Make harder, stronger, and lighter plastics [29].

• As conductive transparent coating for solar cells and screens [30].

• Producing stronger implants (medical) [31].

• Create supercapacitors [32].

• Application in flexible touch screens and displays [33].

• Application in liquid crystal display (LCD) [34].

• Applications in light-emitting diodes (LEDs) and organic light-emitting diodes 
(OLEDs) [35].

• Making conductive inks for coating [36].

3. Introduction of hexagonal boron nitride

hBN is structurally similar to graphite and has hardness comparable to graphite. 
Since hBN is the isoelectric analog of graphite structure and shares very similar 
structural characteristics and many physical properties, is so-called white graphite. 
It is not present in nature and is synthesized.

Due to its unique properties, including high resistance to oxidation, high ther-
mal conductivity, good thermal insulation, chemical inertness, excellent lubrica-
tion, non-toxicity, and environmental friendliness, hBN has diverse industrial 
applications in surface coatings, composites, lubricants, and insulators. Due to the 
impressive properties of nanoscale materials and the development of the applica-
tion of nanomaterials in the industry, ongoing research is carried to develop new 
methods for synthesis of nanomaterials. However, until now, there is no ensured 
large-scale and high yield method to achieve a significant amount of boron nitride 
nanosheets (BNNSs).

Although researches on 2D nanomaterials have been began several decades 
ago, the wave of interest and attention to these materials get started in 2004 when 
Novoselov discovered single-layer graphene with superb electronic properties [1]. 
Many efforts have been made to achieve 2D materials including graphene, boron 
nitride, and several dichalcogenides. Boron nitride (BN) is one of the most promis-
ing systems ever to be the lightest compound of the three and four groups in the 
periodic table. BN is composed of equal numbers of N and B atoms, which are 
configured in hexagonal arrange, similar to carbon atoms in graphene. For naming, 
the term “single-layer BN” is used for monolayer of BN, and in the case of multilay-
ers, is called BNNSs.



Nanostructures

24
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electrons present in silicon, which is why potentially graphene have many 
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As shown in Figure 4, single-layer BN has honeycomb structure consisting of iso-
electric borazine rings and benzene structures. B▬N bonds have a covalent nature, 
but due to the electronegativity difference, these bonds have ionic properties with a 
length of 1.45 Å. The distance between the two centers of the borazine rings is 2.54 Å 
(compared with 2.46 Å for graphene). The edges of the plates could be zigzagged 
(boron or nitrogen on the edges) or armchair (nitrogen-boron on the edge) [37].

The lateral dimension of BNNSs is in range from several hundred nanometers 
to several 10 micrometers [39, 40]. The dimensions of the nanosheets are different 
depending on the synthesis method. Figure 5 shows a transmission electron  
microscopy (TEM) micrograph possessing boron nitride plates, with a lateral 
dimension of 600 nm.

The single layers of BN can be placed on each other to form few-layer BNNSs. 
The vdW interaction between layers holds BN layers together, so that the distance 
between these sheets is 0.333 nm, while the layer’s distance in carbon structures is 
about 0.337 nm [37].

The inorganic analog of graphene, sometimes assigned white graphene, is 
isoelectronic similar to graphene. However, due to electronegativity differences 
between the boron and the nitrogen atoms, π electrons are shifted into nitrogen 
atomic centers, forming the insulating materials [42, 43].

The arrangement of atomic layers in BN and its nanosheets differs with graph-
ite and graphene. The arrangement in the graphene is called AB stacking mode, so 
that each carbon atom is located at the top of the center of the neighboring layer 
benzene ring. While in the layers of BN, the stacking mode is AA, and each atom 
at the upper and lower layers has nitrogen atoms due to polar-polar or electrostatic 
interactions [6]. Although the AA stacking mode is always observed in nanosheets 
obtained from the top-down approaches, this order is not always seen in bottom-
up synthetic techniques [39, 40]. In addition, the calculations show that the B–N 
layers have relative displacement from AA to AB stacking mode, along the favor-
able energy [44].

Duo to the difference in electronegativity, B▬N bonds have ionic characteristic 
which is compared to covalent C▬C bonds in graphene. This can lead to lip-lip 
interactions between the layers, i.e., chemical interactions as bridges or spot-
welds. This phenomenon helps to reduce energy and then stabilize the formation 

Figure 4. 
Structural view of 2D BNNSs [38].
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of few-layered BNNSs by reducing the number of dangling bonds at the edges, as 
well as reduction of frustration effect (forming B▬B and N▬N bonds instead of 
favorable B▬N bonds) [45, 46]. Interestingly, such a strong interaction has only a 
negligible effect on the distance between the BN layers compared to graphene [6].

3.1 The preparation of BNNSs

2D nanosheets can be synthesized with two bottom-up and top-down 
approaches that relate to the synthesis of sheets from boron and nitrogen precursor 
[47, 48] and also the separation of layers. Chemical reaction [49] and CVD [39, 40, 50]  
are based on the former and micromechanical cleavage [51, 52], high-energy 
electron beam [53, 54], ball milling [55], and chemical [49, 56, 57]/liquid exfoliation 
[58–61] are based on the later approach.

Each technique has unique advantages for a specific application; however, there 
are always disadvantages in any way. In synthesis processes, a great amount of 
effort was put into preventing the formation of a strong chemical bond between the 
substrate and nanosheets. The crystallization process time, the nucleation on the 
substrate and the low density of critical nuclei are the important factors in synthetic 
methods. On the other hand, in the top-down view, exfoliation of layers is used. 
Nanosheets obtained from exfoliation usually have a higher crystallinity, but their 
lateral dimensions are limited by the material used. Also, due to lip-lip interactions 
between sheets, exfoliation of layers to isolate them is difficult. Therefore, the 
production of single layer is associated with a lot of problems. But in the bottom-
up approach, there is a lot of control over the supply of thin nanosheets with high 
lateral dimensions. However, the crystallinity of obtained nanosheets is less than 
the exfoliation process.

3.2 The properties and applications of BNNSs

hBN has attracted many attentions due to its low density, high thermal conduc-
tivity, electrical insulation, high resistance to oxidation, low chemical efficiency, 
and low refractive index. BNNSs also inherit these properties, and in addition, they 
also have special properties due to high surface area.

Figure 5. 
The transmission electron microscope image of two relatively large BNNSs, which have been overlapped in the 
middle [41].
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of few-layered BNNSs by reducing the number of dangling bonds at the edges, as 
well as reduction of frustration effect (forming B▬B and N▬N bonds instead of 
favorable B▬N bonds) [45, 46]. Interestingly, such a strong interaction has only a 
negligible effect on the distance between the BN layers compared to graphene [6].

3.1 The preparation of BNNSs

2D nanosheets can be synthesized with two bottom-up and top-down 
approaches that relate to the synthesis of sheets from boron and nitrogen precursor 
[47, 48] and also the separation of layers. Chemical reaction [49] and CVD [39, 40, 50]  
are based on the former and micromechanical cleavage [51, 52], high-energy 
electron beam [53, 54], ball milling [55], and chemical [49, 56, 57]/liquid exfoliation 
[58–61] are based on the later approach.

Each technique has unique advantages for a specific application; however, there 
are always disadvantages in any way. In synthesis processes, a great amount of 
effort was put into preventing the formation of a strong chemical bond between the 
substrate and nanosheets. The crystallization process time, the nucleation on the 
substrate and the low density of critical nuclei are the important factors in synthetic 
methods. On the other hand, in the top-down view, exfoliation of layers is used. 
Nanosheets obtained from exfoliation usually have a higher crystallinity, but their 
lateral dimensions are limited by the material used. Also, due to lip-lip interactions 
between sheets, exfoliation of layers to isolate them is difficult. Therefore, the 
production of single layer is associated with a lot of problems. But in the bottom-
up approach, there is a lot of control over the supply of thin nanosheets with high 
lateral dimensions. However, the crystallinity of obtained nanosheets is less than 
the exfoliation process.

3.2 The properties and applications of BNNSs

hBN has attracted many attentions due to its low density, high thermal conduc-
tivity, electrical insulation, high resistance to oxidation, low chemical efficiency, 
and low refractive index. BNNSs also inherit these properties, and in addition, they 
also have special properties due to high surface area.

Figure 5. 
The transmission electron microscope image of two relatively large BNNSs, which have been overlapped in the 
middle [41].
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3.2.1 Optical properties of BNNSs

BNNSs have not any absorption in the visible region but have absorption spec-
troscopy in the ultraviolet region [62]. Its commercial powders are white and its 
single crystal is transparent. Thin films obtained from chemical exfoliation or CVD 
also have high transparency [39, 40]. BNNS dispersion is often transparent at low 
concentrations and shows the Tyndall effect (the path of visible light inside the 
dispersion with laser light); at higher concentrations, the laser light is diffracted; 
and the dispersion is seen milky because of the lateral dimensions of nanosheets 
that are larger than the wavelength of laser light. Due to diffraction, there is any 
peak in the visible area. The measured extinction coefficient for absorption and 
diffraction of nanosheets is much smaller than that of graphene. The smaller lateral 
dimensions and more defects often influence on the optical bandgap, which is 
attributed to the absorption of the small distribution bandgap at the fermi surfaces 
and is produced due to the presence of defects [57]. However, hBN has two peaks in 
the 4 and 5.7 eVs: the first one related to the bandgap energy of BN, as a direct-gap 
semiconductor, and the latter is related to impurities and vacancy defects [63]. The 
lateral dimensions and number of layers affect the bandgap energy of nanosheets. 
For example, Rafiei-Sarmazdeh et al. [58] reported the absorption spectra of 
as-obtained BNNSs (2-nm-thick layer) at 204 nm (6.08 eV) that are related to the 
intrinsic excitement of BN structure and which is consistent with the reported 
results in other previous literatures [64, 65] and is also close to the bandgap energy 
predicted by theoretical calculus (6.0 eV) [66].

3.2.2 Thermal conductivity

The thermal conductivity for BNNSs is in range 300–2000 W/mK, which is 
comparable to graphene (1500–2500 W/mK). The difference in the conductivity 
may be due to the soft phonon modes of carbon sheets and the mass difference 
between boron and nitrogen [67]. Single BN layers have higher conductivity than 
multilayers, as the number of layer decreases and the phonon diffraction between 
layers reduces. As the number of layers increases, the conductivity decreases and 
converges to the conductivity of hBN. Although hBN has high conductivity and 
thermal capacity, recent studies have shown that its strong phonon diffraction leads 
to lower thermal conductivity than graphite. Therefore, the reduction of diffrac-
tion in BNNS leads to a significant increase in the conductivity (at room tempera-
ture > 600 W/mK) [68].

3.2.3 Mechanical properties

The hardness for BNNS and graphene is 267 and 335 TPa, respectively [69]. 
Hence, BNNSs can be used as reinforcement for polymer composites. It has been 
shown that modulus and tensile strength for nanosheets (thickness of 1–2 nm) are 
in the range of 220–510 and 8–16 TPa [39]. For multilayer, it is expected that the 
main values are somewhat less than these values.

3.2.4 Lubricant properties

Another interesting case with BN materials is frictional properties. hBN and 
graphite are used as lubricants for many years. The lubricating properties result 
from the application of the external shear force on the weak forces between the lay-
ers and sliding. At the level of atomic layers, friction force microscopy (FFM) stud-
ies show that the friction properties of these nanosheets depend on their thickness. 
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Thin nanosheets show more friction due to increased out-of-plane deformation. 
More studies have shown that reversible dynamic wrinkling on the top surface of 
most layers is created by frictional force [70]. Then, BNNSs and graphene could be 
used as lubricating additive.

3.2.5 The neutron absorption

Boron is introduced as one of the most important neutron absorbers due to 
its high neutron absorption cross section. The compounds containing of boron 
are good neutron absorber. In the middle, hBN and, of course, BNNSs are better 
absorbers due to layer structure and larger surface area that is exposed to neutron 
beam than other BN structures (such as nanotube, nanoparticle, etc.). They are 
used in nuclear shielding [71] and boron neutron therapy [72].

4. Introduction of metal dichalcogenides

In recent years, metal dichalcogenides (MX2) have attracted a lot of attention, 
like other 2D materials where M is transition metals and Xs are S, Se, and Te such as 
WSe2, molybdenum disulfide (MoS2), tellurium disulfide (TeS2), etc. MX2 can be 
a semiconductor or metal depending on the oxidation state of their metal atoms. 
As graphene-like compounds, they have similarities to graphene, resulting in new 
opportunities for detecting and building sensors, lithium batteries, optoelectronics, 
and energy storage. Many researchers have shown that the exfoliated layers of MX2 
have large energy of bandgap and are semiconductors. In addition, they have the 
properties of fluorescence and photoluminescence [73].

There are currently only a limited number of reports on single-layer and few-
layer group IV–VI and III–VI layered compounds. Therefore, the 2D properties of 
these materials are largely unknown. However, MX2 shows a variety of electrical 
and optical properties that are suitable for catalysts, nanotribology, optoelectronics, 
and lithium-ion batteries. These materials are expected to exhibit extraordinary 
properties after reaching a thickness to single layer or multilayer [74].

4.1 The synthesis of TMD

The synthesis routes to MX2 are similar to other 2D nanomaterials that are based 
on two top-down and bottom-up approaches. Methods such as chemical synthesis, 
CVD, mechanical cleavage, and liquid exfoliation are performed to produce of these 
nanomaterials [75].

4.2 The application of TMD

These layered compounds, like other 2D nanomaterials, have interesting optical, 
electrical, photovoltaic, and catalytic properties. These compounds are considered 
as the next generation of flexible and ultrathin photoelectric devices. Also, MX2 has 
a suitable photovoltaic response to laser excitation and also used as catalyst in the 
hydrogen evolution reactions (HER).

5. Future outlook

One of the major problems with 2D nanostructures is to achieve a large-scale 
synthesis method for producing high quality, large surface area, high crystallinity, 
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and free from any impurity nanosheets. Different methods have been reported to 
synthesize these nanosheets so far, which generally suffer from problems such as 
impurities, low crystallinity, low lateral dimension, and little yield, which limit 
the use of these 2D nanosheets in the industry. At present, many studies focus on 
improving the synthesis methods of these nanosheets.

6. Conclusions

This chapter is an attempt to better realize 2D nanostructures, especially 
graphene and boron nitride, and getting to know the synthesis methods and the 
application of these materials in various fields. Recently, there have been advances 
in the production and application of 2D nanostructures, especially graphene and 
boron nitride.

In general, the properties and applications of nanostructures are determined 
by their structure and morphology. The large surface area, high aspect ratio, and 
much number of atoms on the surface provide the special properties to these 2D 
nanomaterials, such as thermal and electric conductivity, lubricating, mechanical 
characteristic, etc. These impressive properties allow them to be used in fields such 
as coatings, electrical and optoelectronic devices, composites, etc. However, the low 
efficiency of the synthesis methods, especially boron nitride, which has an ionic 
nature, creates some of the limitations that researchers are trying to overcome.
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and free from any impurity nanosheets. Different methods have been reported to 
synthesize these nanosheets so far, which generally suffer from problems such as 
impurities, low crystallinity, low lateral dimension, and little yield, which limit 
the use of these 2D nanosheets in the industry. At present, many studies focus on 
improving the synthesis methods of these nanosheets.

6. Conclusions

This chapter is an attempt to better realize 2D nanostructures, especially 
graphene and boron nitride, and getting to know the synthesis methods and the 
application of these materials in various fields. Recently, there have been advances 
in the production and application of 2D nanostructures, especially graphene and 
boron nitride.

In general, the properties and applications of nanostructures are determined 
by their structure and morphology. The large surface area, high aspect ratio, and 
much number of atoms on the surface provide the special properties to these 2D 
nanomaterials, such as thermal and electric conductivity, lubricating, mechanical 
characteristic, etc. These impressive properties allow them to be used in fields such 
as coatings, electrical and optoelectronic devices, composites, etc. However, the low 
efficiency of the synthesis methods, especially boron nitride, which has an ionic 
nature, creates some of the limitations that researchers are trying to overcome.
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Chapter 4

Low-Dimensional ZnO 
Nanostructures: Fabrication, 
Optical Properties, and 
Applications for Dye-Sensitized 
Solar Cells
Hsin-Ming Cheng and Shun-Wei Liu

Abstract

Zinc oxide nanostructure has a wide bandgap energy of 3.37 eV and a large 
exciton binding energy of 60 meV at room temperature. It is certainly a promising 
material for photonic devices in the ultraviolet to blue wavelength range. ZnO-
related materials are also expected to construct the exciton as well as polariton lasers 
owing to their excitonic-stimulated emission and laser behavior under optically 
pumping can be obtained at ambient temperature. Because of the optical losses, 
including not only nonradiative recombination centers but also traps of excitons, the 
high quality of ZnO becomes even more imperative in the excitonic lasing processes. 
In the present chapter, ZnO nanowire structures via a low-pressure vapor-phase 
deposition and a simple solvothermal method will be presented. The one-dimen-
sional ZnO nanowires could afford a direct conduction pathway to significantly 
enhance the overall efficiency of the dye-sensitized solar cells. Furthermore, this 
content will demonstrate how to employ the hierarchical structure of the ZnO 
nanoparticles, fabricated from sol-gel method, which could promote light scatter-
ing, thus, enhancing photon absorption and the overall solar conversion efficiency. 
The aim of this chapter is to present the correlation between the fundamental 
properties of ZnO nanostructures and their photovoltaics performances.

Keywords: zinc oxide, II–VI semiconductor, nanostructure, nanowire,  
nanoparticle, dye-sensitized solar cell

1. Introduction

Low-dimensional ZnO nanoparticles (NPs), quantum dots (QDs), and ZnO 
nanowires (NWs) have attracted much attention due to their good crystal quality, 
chemical stability, and unique optical properties. ZnO nanowire is also expected 
to play an important role because their manifold properties are interconnected as 
functional units in the fabrication of electronics, photonics, photocatalysts, and 
piezotronics with nanoscale dimensions. ZnO QDs and NPs are of great interest 
because of the three-dimensional confinement of carrier, and phonon leads not 
only continuous tuning of the optoelectronic properties but also improvement in 
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device performance. As a wide-bandgap semiconductor, ZnO has been reported as 
an alternative for dye-sensitized solar cells (DSCs) because ZnO offers a large direct 
bandgap which is close to TiO2 and even higher electron mobility (155 cm2 V−1 s−1) 
for the high-quality thin film [1]. ZnO provides a promising alternative for improv-
ing the performance of the photoelectrode in DSCs because ZnO can be tailored to 
various nanostructures. In the present proposal, first, I will present the ZnO nanow-
ire structures via a low-pressure vapor-phase deposition and a simple solvothermal 
method. The one-dimensional ZnO NWs could simultaneously afford a direct con-
duction pathway to significantly enhance the overall efficiency of the DSCs [2, 3]. 
Next, I also will demonstrate how to employ the hierarchical structure of the ZnO 
NPs, fabricated from sol-gel method, which would promote light scattering through 
the presence of secondary colloidal spheres, thus, enhancing photon absorption to 
improve the short-circuit current density and the overall light conversion efficiency.

2. ZnO nanostructures from solvothermal method

The process of the growth of the ZnO NWs is similar to Law et al. [2]. Arrays of 
ZnO NWs were synthesized on fluorine-doped tin oxide (FTO) substrates that were 
first cleaned thoroughly by sonication with acetone/ethanol and then coated with a 
thin film of ZnO QDs, 3–4 nm in diameter, by dip-coating in a 0.005 M Zn(OAc)2-
concentrated ethanol solution. The arrays of ZnO NWs were synthesized on seeded 
FTO substrates by immersing the seeded substrates in aqueous solutions containing 
0.06 M zinc nitrate hydrate, 0.06 M hexamethylenetetramine (HMTA), and 7.5 mM 
polyethylenimine (PEI) at 95°C for 2.5–7.5 hours. Figure 1 shows the tilted-view 
SEM images of the ZnO NWs on FTO layers and alumina-doped ZnO layers (AZO, 
50~200 Ω per square), respectively. It seems that the aspect ratio (length against 
diameter) of nanowires can be increased when using PEI. The length and diameter 
of the PEI-absent ZnO NWs can be controlled in the range of about 300–500 nm 
and 300–400 nm, respectively. But, the length and diameter of the PEI-present 
ZnO NWs can be adjusted in the range of about 500–700 nm and 150–250 nm, 
respectively. The lengths of ZnO NWs are also prolonged while increasing the 
growth times. For example, the length and diameter of the ZnO NWs were in the 
range of about 2–3 μm and 250–350 nm, respectively, while the growth time is of 
7.5 hours. Furthermore, the ZnO nanostructures with different morphology can be 
observed while using various substrates. The density and diameter of ZnO NWs 
seem to be influenced while using AZO substrates. The length and diameter of the 
ZnO NWs were in the range about 0.2–1.2 μm and 200–500 nm, respectively. By 
sputtering technique, it is reasonable to presume that the grain size of thick AZO 
films (200–300 nm) is bigger than dip-coating method, which caused the increase 
in the NW diameter and the good orientation as well. However, the fluctuation of 
diameter for ZnO NWs is huge while using AZO substrates, which could be related 
to the uniformity of AZO under layers.

Beyond the ZnO NWs, the impressive branched ZnO NWs have been fabricated 
successfully from solvothermal method [4]. First, the arrays of ZnO NWs were 
synthesized on seeded FTO substrates by immersing the seeded substrates in aque-
ous solutions containing 0.08 M zinc nitrate hydrate, 0.08 M HTMA, and 12 mM 
PEI at 95°C for 10 hours. Second, the ZnO NW substrate obtained from the first step 
were re-coated with seed layers of ZnO NPs by dip-coating in a 0.005 M Zn(OAc)2 
in ethanol. Then the branched NWs were grown by immersing the seeded ZnO 
NWs for a 5-hour duration in an aqueous solution containing 0.02 M zinc nitrate 
hydrate, 0.02 M HMTA, and 3 mM PEI at 95°C ambient. The final products were 
immediately rinsed with deionized water and baked in air at 450°C for 30 minutes to 
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remove any residual organics. The evolution of the ZnO NWs to the branched ZnO 
NWs is illustrated in Figure 2a and its corresponding FESEM images Figure 2b–d. 
By using a solvothermal method, the bare ZnO NWs with slight vertical off-align-
ment were grown perpendicularly on the FTO substrate, as shown in Figure 2b. 
Through the pre-coating process on the ZnO NWs, little ZnO crystallites with diam-
eter 10–20 nm were formed on the backbone NWs, as shown in Figure 2c. After 
the second growth step, radial secondary ZnO branches emanated from the seeds, 
as shown in Figure 2d. The entire substrate in which the backbone nanowire has a 
density of about 7 × 108 cm−2 was covered with branched ZnO nanostructures. The 
backbone NWs have length and diameter in the range of 7–8 μm and 150–250 nm, 
respectively, whereas the secondary branches have length and diameter ranging 
from 100 to 300 nm and 20 to 50 nm, respectively. By the infiltration of moderately 
concentrated Zn(OAc)2 solution into interstitial voids between backbone ZnO NWs, 
the branched ZnO NWs can successfully be fabricated.

Further structural characterizations of the branched ZnO NWs were performed 
by TEM. Figure 3a reveals the secondary ZnO branches which were grown on the side 
walls of nanowire backbone with different radial angles. The evidence confirmed the 
secondary ZnO branches were not the derivatives of ZnO NWs but definitely originated 
from the small crystallite ZnO seeds via the pre-coating process. Different from the 
other reports of comblike ZnO nanostructures which demonstrated the monolithically 
single-crystalline relationship between the branches and backbone nanowires [5, 6], in 
the present mechanism, the secondary ZnO branches were derived on the ZnO seeds 
in spite of the coordinate crystal relationship. The magnified intersection area of ZnO 

Figure 1. 
The SEM images of the ZnO nanowires and nanorods with different growth conditions (a) FTO substrate, 
without PEI, grown 2.5 hours. (b) FTO substrate, with PEI, grown 2.5 hours. (c) FTO substrate, with PEI, 
grown 7.5 hours. (d) AZO substrate, with PEI and grown 7.5 hours.
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secondary ZnO branches were not the derivatives of ZnO NWs but definitely originated 
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Figure 1. 
The SEM images of the ZnO nanowires and nanorods with different growth conditions (a) FTO substrate, 
without PEI, grown 2.5 hours. (b) FTO substrate, with PEI, grown 2.5 hours. (c) FTO substrate, with PEI, 
grown 7.5 hours. (d) AZO substrate, with PEI and grown 7.5 hours.
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branch and nanowire was shown in Figure 3b. Figure 3c, d shows the corresponding 
nano-beam diffraction (NBD) of the secondary ZnO branch and selected area electron 
diffraction (SAED) of the ZnO nanowire backbone, respectively. The diffraction pat-
terns confirmed each ZnO nanostructure was single-crystal wurtzite and preferentially 
oriented in the c-axis direction even though the two components of ZnO nanostructures 
were not fabricated simultaneously. The θ-2θ X-ray diffraction patterns of ZnO nano-
structures, which corresponds to the hexagonal wurtzite crystallites with cell constants 
of a = 3.251 Å and c = 5.208 Å, were shown in Figure 4a. The strong {0001} diffraction 
family of ZnO once indicates that the nanowires are moderately oriented in the c-axis 
direction. It is presumed that all the precursors have been completely decomposed as no 
excess peaks can be detected. A Raman spectrum of the branched ZnO NWs, as shown 
in Figure 4b, which was taken from a 5 μm2 spot size excited by a frequency-doubled 

Figure 2. 
(a) The schematic growth procedure from the original ZnO nanowires to the branched ZnO nanowires. (b) 
Before and (c) after re-coating a seed layer of the original ZnO nanowires obtained from a solvothermal 
method. (d) The branched ZnO nanowires after second growth. Scale bar, 1 μm [4].

Figure 3. 
(a) TEM image of a single-branched ZnO nanowire. (b) The magnified intersection area of ZnO branch and 
nanowire. (c and d) The corresponding nano-beam diffraction (NBD) and selected area electron diffraction 
(SAED) for the secondary ZnO branch and the ZnO nanowire backbone, respectively [4].
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Yb:YAG laser ( λ  = 515 nm), obviously indicates the remarkable E2 (low) and E2 (high) 
modes of ZnO located at 98 and 438 cm−1, respectively. The peak at 332 cm−1 is attrib-
utable to the second-order Raman scattering caused by the zone-boundary phonons 
2-E2(M) of ZnO. The weak and almost invisible signal near 581 cm−1 contributes to the 
superposition of A1(LO) and E1(LO). The substrate signal did not appear due to the 
penetrating limitation of the 515 nm laser. The good crystalline quality of ZnO nano-
structures confirmed above ensures that the photoelectrode can provide good electronic 
conductivity without the defect trapping within the structures.

Secondary NPs herein were synthesized via sol-gel method [7]. The detailed 
synthetic process is similar to that described by Seelig et al. [8]. The structural 
evolution of products synthesized in various aging time using 10 ml of primary 
supernatant was shown in a series of SEM photographs as shown in Figure 5. The 
ZnO NPs were accumulated by white seeds from the beginning shown in Figure 5a. 

Figure 4. 
(a) θ-2θ XRD profiles of A (the branched ZnO nanowires) and B (FTO substrate only). (b) Raman spectra of 
the branched ZnO nanowires, using a frequency-doubled Yb:YAG laser ( λ = 515 nm) [4].
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The zinc complexes were initially connected as a network (see Figure 5b) and con-
densed isotropic, eventually forming a hierarchical packing of colloidal particle, 
as shown in Figure 5c. The unidirectional aggregate phenomenon and formation 
mechanism in other metal oxide colloidal systems were presented by Serna et al. 
[9]. In at least 1-hour aging time, the monodispersed spherical ZnO NPs with an 
average particle size of ca. 185 nm could successfully be synthesized. The EDS 
spectra of the products with different aging time, as shown in Figure 6, reveal that 
they contain Zn, O, and C. As the aging time increases, the carbon ratio decreases, 
which means that the product requires complete aging time to remove the acetate 
ions.

Typical TEM micrographs of the ZnO NPs are shown in Figure 7a–d. A hier-
archical packing of secondary ZnO NPs is formed in the condensation reaction of 
the sol-gel process, and the spherical shape of the ZnO NPs is recognized by the 
aggregation of many primary single crystals (also called subcrystals) ranging from 
6 to 12 nm. It should be particularly noted here that when SAED is performed 
on several secondary ZnO NPs, the pattern exhibits a polycrystalline wurtzite 
structure of ZnO, as shown in the inset of Figure 7a. On the contrary, the pattern 
reveals the single-crystal-like diffraction, as shown in the inset of Figure 7b, while 
restricting the SAED area within only one ZnO NP. Obviously, the secondary ZnO 
NPs are polycrystals consisting of much smaller subcrystals of the same crystal 
orientation. More evidence can be demonstrated in the high- resolution TEM 
(HRTEM) image from both the center and the edge of the ZnO NPs in Figure 7b, 
c, respectively. In most cases, van der Waals interacts as a driving force for self-
assembly between surface molecules of nanocrystallites, which can then assemble 
colloidal nanocrystals to form solids. If the size distribution of the nanocrystals is 
sufficiently small, an ordered array (also known as a superlattice), a quantum dot, 
or an artificial solid is formed by self-assembly [11, 12]. Therefore, the growth of 
the above secondary ZnO nanoparticles could be carried out in substantially the 
same way, with some discontinuities between the subunits, and each subcrystal is 
a subunit of the secondary ZnO NPs. Sugimoto et al. also reported similar self-
assembly structures in α-Fe2O3 particles [13, 14]. The reason for the discontinuity 
of the internal structure is explained by the strong adsorption of ions used in the 

Figure 5. 
Large and local scale of scanning electron micrographs of various aging time products synthesized using 
10 ml of primary supernatant. The aging times are (a) 15 minutes, (b) 30 minutes, and (c) 60 minutes, 
respectively [7].
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reaction to prevent the fusion between the surface grains [15–17]. Although there 
is no existence of ions throughout the whole process in this present work. It is 
suspected that due to the blockage of DEG, the solvent appears as a microemul-
sion system, resulting in the separate growth of the ZnO subcrystals alone and 
eventually assembled under the driving force of the van der Waals interaction to 
form secondary NPs. As shown in Figure 7d, the subcrystal is a perfect crystal 
and exhibits a facet for which the evidence is specifically described in the HRTEM 
image of the edge of ZnO NPs. Thus, the subcrystals slowly self-assemble by sin-
tering and belonging to the same defined orientation as the adjacent subcrystals.

It is interesting that the evolutions of morphology of ZnO NPs show the sub-
crystals significantly fused with the neighbor crystals during the heating process. 
Figure 8a–c displays the SEM images of as-grown ZnO NPs and the samples after 
post-annealing at 350 and 500°C in air ambient for 1 hour, respectively. The grain 
growth was also investigated from the XRD profiles (not shown here) and Scherrer 
formula, as the crystalline sizes were estimated to be approximately 9, 14, and 
20 nm for as-grown, 350°C-annealed, and 500°C-annealed samples, respectively. 
Raman spectroscopy was performed to investigate the vibrational properties of the 
secondary ZnO NPs before and after being heat treated. For the wurtzite structure 
of ZnO, which belongs to the space group   C  6υ  4    (P63mc), one primitive cell includes 
two formula units, with all of the atoms occupying 2b sites of symmetry   C  3ν   .  
Figure 9 shows a normal Raman spectra by a frequency-doubled Yb:YAG laser  
( λ  = 515 nm). The remarkable feature at 520 cm−1 is due to the TO phonon mode 
from the Si substrate, while the peak at 437 cm−1 corresponds to E2(high) of 

Figure 6. 
Composition-variation analysis by energy dispersive x-ray spectra (EDS) of different aging time products as 
(a) 15 minutes, (b) 30 minutes, and (c) 60 minutes [7].
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Figure 8. 
SEM micrographs of (a) as-grown, (b) 350°C annealing for 1 hour, and (c) 500°C annealing for 1 hour 
secondary ZnO NPs, respectively [10].

Figure 7. 
TEM images of secondary ZnO NPs recognized of crystalline subcrystals. (a) A typical low-magnification TEM 
image and SAED pattern of several uniform ZnO NPs. (b) High-magnification TEM image of one individual ZnO 
NP and its corresponding single crystal-like SAED spots. (c and d) High-resolution TEM images of central area and 
boundary part of one individual ZnO NP, respectively. Inset of (c) corresponding fast Fourier transform image [10].
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ZnO. The peak at 331 cm−1 can be assigned to the second-order Raman scat-
tering arising from zone-boundary phonons 2-E2 (M) of ZnO. No significant 
change of Raman spectra and intense E2 (high) peak for the 350°C-annealed and 
500°C-annealed samples means good crystallinity. The full width at half-maximum 
(FWHM) of Raman E2(high) peak decreases (from 14 to 11 cm−1) as the crystal 
size increases as anneal temperature from 350˚C to 500˚C, which is consistent 
with the XRD results. Another imperceptible broadened peak around 580 cm−1 is 
contributed to the superposition of A1(LO) and E1 (LO). The lattice behavior of A1 
(LO) and E1 (LO) modes is associated with the existence of some nonstoichiometric 
defects while heat treatment, such as oxygen vacancy, interstitial zinc, or their 
complexes [18–20] those are produced due to the unfavorable process environment.

In principle the electron-phonon interaction could be investigated by utiliz-
ing resonant Raman scattering (RRS) experiments. The excitation photon energy 
resonates with the transition energy above the electron bands of wurtzite ZnO, 
so that a He-Cd laser (= 325 nm) was used as the excitation source for RRS. The 
A1 (LO) and E1 (LO) modes would dominate as their polar symmetric and exhibit 
different frequencies from the TO modes as well. As shown in Figure 10, intense 
multiphonon scatterings of the secondary ZnO NPs before and after heat treatment 
were observed, where the major peaks were observed as a result from the polar sym-
metry modes A1 (LO) and E1(LO) and their overtones. For the superposition of LO 
phonon mode, the Zn atoms and the O atoms have the same vibration direction as 
the adjacent lattice, respectively [21], while the weak peak, which is contributed to 
the E2(high) mode around 437 cm−1, is almost imperceptible. Multiphonon scat-
tering processes also have been previously reported for single-crystalline bulk ZnO 
[22], ZnO films [23], ZnO-opal structures [24], and ZnO NWs [25, 26] but rarely 
mentioned for ZnO NPs.

It is worth noting that the intensity of the first-order Raman mode and its 
overtone are enhanced in the grown ZnO NP compared to the annealed sample. The 
reason can be explained by the total Raman cross section for an n-phonon process 
written as [27, 28]

Figure 9. 
Normal Raman spectra of (a) as-grown, (b) 350°C annealing for 1 hour, and (c) 500°C annealing for 1 hour 
secondary ZnO NPs, using a frequency-doubled Yb:YAG laser (=515 nm) [10].
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where  μ  is the electronic dipole transition moment;   E  0    is the size-dependent 
energy of the electronic transition;  ℏω  and  ℏ  ω  LO    are the energies of the excitation 
photon and the LO phonon, respectively;  m  denotes the intermediate vibrational 
level in the excited state;  Γ  is the homogeneous linewidth;   k  B    is Boltzmann’s con-
stant; T is the temperature; and the bracket indicates the overlap integral between 
the ground and excited state wave functions. Consequently, the RRS intensity can 
be enhanced as the denominator in Raman scattering cross section tending to zero, 
while the electronic state in the material is close to the incident or scattered pho-
tons. Similar results have been previously reported for CdS and ZnO, using various 
laser wavelengths [29]. Due to the quantum confinement effect of the subcrystal 
size relative to the exciton radius, the bandgap of the as-grown ZnO NPs would 
tend to approach the excitation laser energy. Evidence of quantum confinement can 
be found by the intensive tail of the blue-shifted photoluminescence (PL) signal of 
the as-grown ZnO NPs, or it can be found in the RRS spectrum rather than in the 
normal RS spectrum due to their red-shifted, broadening and asymmetry.

Due to the infinite correlation length, the phonon eigenstate in an ideal crystal 
is a plane wave; therefore, the K = 0 momentum selection rule of the first-order 
Raman spectrum can be satisfied. When the crystalline is reduced to nanometer 
scale, the momentum selection rule will be relaxed. This allows the phonon with 
wave vector   |k|  =  |k'|  ± 2π / L  to participate in the first-order Raman scattering, 
where   k   '   is the wave vector of the incident light and L is the size of the crystal.

Figure 10. 
Resonant Raman scatterings (RRS) of (a) as-grown, (b) 350°C annealing for 1 hour, and (c) 500°C annealing 
for 1 hour secondary ZnO NPs, using a He-Cd laser (= 325 nm) [10].
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The phonon scattering is not limited to the center of the Brillouin region. In 
order to observe the displacement, broadening, and asymmetry of the first-order 
optical phonon, the phonon dispersion near the center of the region must also be 
considered. Alim et al. [30, 31] have shown that the large red-shift in the resonant 
Raman spectrum from 20 nm ZnO NPs is most likely due to local heating by UV 
laser excitation. In this study, since the as-grown secondary ZnO NPs contain 
more air gaps than the annealed NPs, an unfavorable heat dissipation may be the 
other possibility of causing higher temperatures and greater phonon red-shift. 
For the clarity, detailed numerical analysis of the ZnO NPs of this experiment is 
clearly listed in Table 1. It was found that the ratio between the second-order and 
first-order Raman scattering cross sections increased from 0.38 to 2.05, while the 
ZnO crystallite size increased from nanoparticle to bulk. In the Franck-Condon 
approximation, the coupling strength of the [32, 33] exciton transition to the LO 
phonon can be expressed by the Huang-Rhys parameter S. The cross section of 
the RRS depends on the particle size, temperature, and excitation wavelength. 
Scamarico et al. [34] proposed that due to the strong energy dependence of the 
Raman scattering cross section, it is necessary to maintain resonance conditions in 
order to make meaningful comparisons with spectra of nanocrystals of different 
sizes to maintain different electronic transitions. It is important to purposefully 
use the same experimental conditions, such as laser power, wavelength, spot 
size, etc. for each sample. In this study, I emphasize that the tendency here is the 
increasing electron-phonon interaction with increasing nanocrystal size. It is 
generally accepted that the electron-phonon coupling is determined by the defor-
mation potential and the Fröhlich potential. TO Raman scattering cross section 
is mainly determined by the deformation potential that involves the short-range 
interaction between the lattice displacement and the electrons [35, 36]. On the 
other hand, the LO Raman scattering cross section includes contributions not only 
the Fröhlich potential that involves the long-range interaction generated by the 
macroscopic electric field associated with the LO phonons but also the deforma-
tion potential. The intensity of TO phonons in ZnO NPs was found to be almost 
insensitive, while the intensity of LO phonons was greatly enhanced under reso-
nance conditions. This study shows that electron-LO-phonon coupling is related 
to the Fröhlich interaction as the size of the nanocrystals decreases. Although the 
complex origin is not clear, the results of this study are very similar to those of 
other low-dimensional ZnO nanostructures, such as ZnO-based quantum wells 
[37] and ZnO NWs [38].

As-growna 350oCa 500oCa Bulkb

Grain size (nm) 9 14 20 >1000

1LO (cm−1)
(FWHM)

578
(27.2)

582
(24.2)

584
(23.9)

585
(N/A)

2LO (cm−1)
(FWHM)

1149
(54.7)

1154
(49.3)

1158
(47.3)

1165
(N/A)

I2 LO/I1LO 0.38 0.59 1.07 2.05

aThis content
bFrom Ref. [22] (used the same He-Cd laser,  λ = 325 nm, as the excitation source for RRS)

Table 1. 
Wave number, broadening, and the ratio of n-LO phonons found in RRS spectra. The assignments of bulk ZnO 
are also listed as a Ref. [10].
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Figure 10. 
Resonant Raman scatterings (RRS) of (a) as-grown, (b) 350°C annealing for 1 hour, and (c) 500°C annealing 
for 1 hour secondary ZnO NPs, using a He-Cd laser (= 325 nm) [10].
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As-growna 350oCa 500oCa Bulkb

Grain size (nm) 9 14 20 >1000

1LO (cm−1)
(FWHM)

578
(27.2)

582
(24.2)

584
(23.9)

585
(N/A)

2LO (cm−1)
(FWHM)

1149
(54.7)

1154
(49.3)

1158
(47.3)

1165
(N/A)

I2 LO/I1LO 0.38 0.59 1.07 2.05

aThis content
bFrom Ref. [22] (used the same He-Cd laser,  λ = 325 nm, as the excitation source for RRS)

Table 1. 
Wave number, broadening, and the ratio of n-LO phonons found in RRS spectra. The assignments of bulk ZnO 
are also listed as a Ref. [10].
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Figure 11. 
Current density against voltage (J-V) characteristics of the bare ZnO nanowires and the branched ZnO 
nanowire DSCs [4].

3. ZnO nanostructures for dye-sensitized solar cells

DSCs were prepared by immersing the area-defined ZnO NW specimens into a 
solution of 0.5 mM cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)-
ruthenium(II)bis-tetrabutylammonium (N719, Solaronix) in acetonitrile/tert-
butanol (1:1) for 20 minutes. After rinsing with acetonitrile and natural drying, 
the sensitized electrodes were sandwiched together with thermally platinized FTO 
counter electrodes separated by 25-μm-thick hot-melt spacers (Surlyn, Dupont). 
The electrolyte solution (0.1 M LiI, 0.5 M 1,2-dimethyl-3-propylimidazolium 
iodide, 0.03 M I2, and 0.5 M tert-butylpyridine in acetonitrile) was filled into the 
internal space.

The comparison of photocurrent-voltage (J-V) characteristics for solar 
cells which was constructed using the bare ZnO NWs and the branched ZnO 
NWs with AM 1.5 illumination at 100 mW/cm2 from a xenon lamp was shown 
in Figure 11. The overall light conversion efficiency and short-circuit current 
density (Jsc) of the branched ZnO nanowire DSCs were 1.51% and 4.27 mA/
cm2, respectively, which are almost twice higher than that of the bare ZnO 
NWs. Increased photon absorption is associated with an increase in internal 
surface area, resulting in enough dye loading as a major factor in the increase in 
short-circuit current density. Although the density of ZnO structures exhibits 
the insignificancy compared with some previous studies, the shortage can be 
complemented via the extra branches. The values of fill factor (FF) for ZnO 
DSCs are generally low (~0.5) which is attributed to recombination between 
photoexcited carriers and triiodide ions in the photoanodes and electrolyte, 
respectively. No obvious difference of the shunt resistance Rsh = (dV/dI)V = 0 
from the J-V curves under illumination revealed almost the same interfacial 
recombination; however, the series resistance Rs = (dV/ dI)I = 0 for branched 
ZnO nanowire DSCs (25.64 Ωcm2) was significantly lower than the bare ZnO 
nanowire ones (46.13 Ωcm2).
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Some interior parameters of DSCs can be analyzed by the impedance data of 
the Nyquist plots. The modified equivalent circuit of nanowire DSCs was suggested 
by Wu et al. [39, 40]. Figure 12 shows the impedance data for bare and branched 
ZnO nanowire DSCs performed by applying a 10 mV ac signal over the frequency 
range of 10−2–105 Hz under illumination at the applied bias of Voc. rw and rk are the 
transport resistance of the electrons in the ZnO electrode and the charge-transfer 
resistance of the charge recombination between electrons in the ZnO electrode and 
I3

− in the electrolyte, respectively. The thickness LF of all anodes are about 8 μm; 
Cμ = (cμLF) is the chemical capacitance of the ZnO electrode; Rs is a summary resis-
tance for the transport resistance of FTO and other resistances out of the cell; ZN is 
the impedance of diffusion of I3

− in the electrolyte; CPt and RPt are the interfacial 
capacitance and the charge-transfer resistance at the counter electrode (platinized 
FTO glass)/electrolyte interface, respectively; CFTO and RFTO are the interfacial 

Figure 12. 
Nyquist plots of the bare ZnO nanowires and the branched ZnO nanowire DSCs. The solid lines are the fitting 
results based on the equivalent circuit model (modified from ref. [41] as shown in the inset) [4].
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capacitance and the charge-transfer resistance at the exposed FTO/electrolyte 
interface, respectively; CFZ and RFZ are the capacitance and resistance at the FTO/
ZnO contact, respectively.

The specific equivalent circuit might be more complicated while operating 
the DSCs. Mora-Seró et al. have reported the conductivity modulation of the 
electrolyte-induced negative capacitance which comes from by injected electrons 
from the photoelectrode while providing high forward bias with low frequency 
[42]. In order to avoid the unnecessary interference from the inductor, the low-
frequency part of impedance data was currently ignored. The fitted results of the 
first-order reaction rate constant for the loss of electrons(keff), the electron lifetime 
(τ = 1/keff), the electron transport resistance (Rw = rwLF), and the charge-transfer 
resistance related to recombination of an electron at the ZnO/electrolyte interface 
(Rk = rk/LF) were listed in Table 2. Rk and Rw are quite similar for both DSCs which 
meant the same crystallinity and interfacial recombination for either bare ZnO 
NWs or branched ZnO nanostructures. keff in the branched ZnO nanowire DSCs 
was smaller than the bare nanowire ones to cause the smaller effective diffusion 
length [43] (Deff = (Rk/Rw)LF

2keff) in branched ZnO nanowire DSCs. But the 
electron lifetime (τeff = 1/keff) was prolonged by the additional transport distance of 
branched ZnO nanowire DSCs.

The current density of a DSC is determined by the amount of photogen-
erated carriers, the electron injection efficiency from the dye molecules to the 
semiconductor, and the recombination rate between the injected electrons and 
the oxidative dye or redox species in the electrolyte. The initial amount of photo-
generated carriers may have a significant effect on the light-harvesting ability of 
photoanodes of different structures. Figure 13 displays the comparison of incident 
monochromatic photon to current conversion efficiency (IPCE). The peaks at 
approximately 400 nm were due to direct light harvesting by ZnO semiconductor. 
The photogenerated electrons diffused through ZnO and the holes in the valence 
band were replenished directly by charge transfer from the I3

−/I−electrolyte [44]. 
The maximum peak at approximately 525 nm is contributed by the dye absorption, 
corresponding to the visible t2 → π* metal-to-ligand charge transfer (MLCT). The 
IPCE obtained for the branched ZnO nanowire DSCs was almost 1.5 times that of 
the bare ones. This improvement is primarily due to sufficient dye loading of the 
branched ZnO NWs, which increases the internal surface area within the photoelec-
trode. From the dye loading measurement, as shown in Figure 14, the concentration 
of dye in the branched ZnO nanowire electrode was found to be 2.9 × 10−9 mol/cm−2 
as measured from dye-desorption experiments, which is almost 40% higher than 
the obtained value of 2.1 × 10−9 mol/cm−2 for the bare ZnO nanowire electrode.

It is worth noting that even though the current density and energy conversion 
efficiency of branched ZnO DSCs is twice that of bare ZnO ones, the dye loading 

ZnO 
DSCs

Jsc

(mA/
cm2)

Voc

(V)
FF η 

(%)
keff

(s−1)
τeff

(s)
Rk

(Ω)
Rw

(Ω)
Deff

(cm2/s)

Bare 
nanowires

2.37 0.636 0.498 0.75 38.31 0.026 92.12 3.63 6.23 × 10−4

Branched 
nanowires

4.27 0.675 0.522 1.51 26.31 0.038 86.85 3.36 4.35 × 10−4

Table 2. 
Performances and electron transport properties of the bare ZnO nanowire and the branched ZnO nanowire 
DSCs determined by photocurrent density-voltage (J-V) characteristics and electrochemical impedance 
spectroscopy (EIS) analysis [4].
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of branched ZnO DSCs is not twice that of bare ZnO ones. The differences may be 
that the internal surface of the bare ZnO NWs is insufficient and the excess dye 
results in the formation of Zn2+/dye complexes rather than an effective chemical 
bond between the ZnO and dye molecules. To avoid the excessive reaction, Chou 
et al. [45] reported the shorter immersion time for deficient chemical stability ZnO 
electrode as compared with TiO2 electrode. Therefore, the excess immersion time of 
the insufficient internal surface of bare ZnO NWs cannot achieve more dye loading 
but seriously deteriorates the performance of the DSCs. Although the secondary 
branches have a nonuniform distribution due to the simple dip-coating process, the 
branches emitted from a portion of the ZnO NWs could still provide a greater effec-
tive surface area for dye adsorption than the bare NWs. The dc or radio frequency 
(RF) magnetron sputtering or atomic layer deposition (ALD) is suggested to apply 
great benefit to the pre-coating processes for the optimization of the filling factor 
of the ZnO NWs. Further improvement of light harvesting, current density, and 

Figure 13. 
The incident monochromatic photon to current conversion efficiency (IPCE) of the bare ZnO nanowire and 
the branched ZnO nanowire DSCs [4].

Figure 14. 
Optical absorption of dye detached from the bare ZnO nanowire and the branched ZnO nanowire substrates 
and dissolved in 0.1 M NaOH solution [4].
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overwhelm energy conversion efficiency could be implemented through adjusting 
denser and longer branches to fill the interstitial voids between backbone NWs.

Hierarchically packed ZnO NPs were formed in the condensation reactions of 
the sol-gel process that was mentioned previously. The diameter of the ZnO NPs in 
the range of 160–680 nm was used as shown in Figure 15a. Figure 15b shows the 
spherical-shaped secondary ZnO NPs with the diameter of 680 nm. The similar 
ZnO architectures have been elucidated as the random lasing applications in which 
the cavities were formed by multiple scattering (UV range) between ZnO primary 
particles [47]. The laser action comes from an efficient amplification along the 
closed-loop light-scattering path within a secondary ZnO nanoparticle. Recently, 
Cao et al. have demonstrated that the aggregation of ZnO nanocrystallites performs 
an effective scheme to generate multiple light scattering (sunlight range) within 
the photoelectrode film of DSCs without using any other scattering layers [48, 49], 
as shown in Figure 15c. With utilization of ruthenium complex cis-[RuL2(NCS)2] 
(L = 4,4′-dicarboxy-2,2′-bipyridine), N3 dye, Cao achieved the maximum energy 
conversion efficiency of 5.4%.

In this present research, a broad size distribution of secondary ZnO NPs with 
mean radius of 360 nm, as shown in Figure 16a, is controlled to provide the wide-
range absorption of visible sunlight within the preferable packing of the ZnO pho-
toelectrode. The hierarchical ZnO photoelectrode provides the multiple scattering 
of light, and therefore the light-traveling distance can be significantly prolonged. 
Furthermore, the primary ZnO nanocrystallites could supply internal surface area 
to allow enough adsorption of dye molecules. From the optical absorption spectra, 
the intrinsic exciton absorption (direct transition of energy bandgap of ZnO) could 

Figure 15. 
(a, b) The FESEM and TEM images for the self-assembled ZnO secondary nanoparticles, respectively. (c) The 
schematic multiple scattering of light within the hierarchical ZnO photoelectrode composed by self-assembled 
ZnO secondary nanoparticles [46].
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be particularly identified for 2 μm film. However, the absorption at wavelengths 
around 400–650 nm caused by the light scattering is enhanced dramatically with 
increasing the thickness of the ZnO photoelectrodes from 2 to 12μmm as shown in 
Figure 16b. Through a significant light scattering from the hierarchical structure, 
the thicker ZnO films provide the optical gallery that could provide more photon 
absorption in the visible region by the dye molecules.

The fabrication procedure of DSCs for ZnO NPs were similar to the ZnO NWs, 
but the photoelectrodes were prepared by screen-printing method. The molecular 
structures of the indoline-based organic dyes employed in this hierarchically packed 
ZnO photoelectrode are depicted in Figure 17. Both D149 and D205 sensitizers have 
double rhodanic acid as an anchor moiety. However, D205 is designed by introduc-
ing an octyl substitute into the terminal rhodanine ring to replace the ethyl group 
of D149 [51, 52]. In order to improve the DSCs performance, optimization of the 
thickness of the ZnO photoelectrode is necessary, because the photovoltaic char-
acteristics exhibit significant variation depending on the thickness. Figure 18a, b 

Figure 16. 
(a) Diameter distribution for the ZnO secondary nanoparticles. (b) The corresponding optical absorption 
spectra of ZnO photoelectrodes with various film thicknesses, from 2 to 12 μm [50].

Figure 17. 
Molecular structures of indoline D149 and D205 dyes.
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thickness of the ZnO photoelectrode is necessary, because the photovoltaic char-
acteristics exhibit significant variation depending on the thickness. Figure 18a, b 

Figure 16. 
(a) Diameter distribution for the ZnO secondary nanoparticles. (b) The corresponding optical absorption 
spectra of ZnO photoelectrodes with various film thicknesses, from 2 to 12 μm [50].

Figure 17. 
Molecular structures of indoline D149 and D205 dyes.
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Figure 18. 
Photocurrent action spectra of ZnO DSCs constructed using (a) D149 and (b) D205, with different 
photoelectrode thicknesses [50].

compares the IPCE spectra of ZnO DSCs constructed using two indoline dyes with 
different film thicknesses. For both two indoline DSCs, IPCE increases significantly 
with thicker photoelectrodes but saturated at the thickness above 30 μm due to 
the limitation of electron diffusion length. The spectra at wavelengths shorter 
than 400 nm are deteriorated due to the UV cutoff effect caused by the thick glass 
substrate. The photocurrent peak at approximately 367 nm belongs to direct light 
harvesting of ZnO semiconductor, which remains almost unchanged due to the 
short penetration depth of UV light. Figure 18a, b also shows the maximal IPCE 
value increase gradually with the thickness of ZnO photoelectrode from 71 to 
74% and 77 to 79% at wavelength of 550 nm for D149- and D205-sensitized DSCs, 
respectively. The optimal IPCE obtained for the D205-sensitized ZnO DSCs are 
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higher than the D149-sensitized DSCs in the visible-wavelength (400–700 nm) 
region. The numerous cracks in thick photoelectrode films (>32 μm) were also 
observed due to unpracticed-printing technique.

The comparison of photocurrent-voltage (J-V) of DSCs using 27-μm-thick ZnO 
photoelectrodes and two indoline dyes under AM 1.5 full sunlight illumination 
(100 mW cm−2) and in the dark was shown in Figure 19a. For D205 uptake, the J-V 
plot reveals Jsc = 12.17 mA cm−2, Voc = 0.65 V, FF = 0.67, and η = 5.34%. The J-V plot 
of D149 uptake reveals Jsc = 10.94 mA cm−2, Voc = 0.64 V, FF = 0.71, and η = 4.95%. 
Both Voc and Jsc for D205-sensitized ZnO DSCs are higher than D149-sensitized ones. 
As a result of the higher IPCE, the Jsc for the D205-sensitized ZnO DSCs is higher 
than the D149-sensitized ZnO ones. The dark current indicates that D205-sensitized 
ZnO DSCs have a slightly more negative-onset potential for the reduction of I3

− than 

Figure 19. 
Photovoltaic characteristics of DSCs with 27-μm-thick ZnO photoelectrodes and two different indoline dyes. 
(a) J-V curves for D149- and D205-sensitized DSCs with AM 1.5 illumination and in the dark, respectively. (b) 
Nyquist plots of D149- and D205-sensitized DSCs performed under illumination at the applied bias of Voc. The 
solid lines are the fitting results [50].
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Nyquist plots of D149- and D205-sensitized DSCs performed under illumination at the applied bias of Voc. The 
solid lines are the fitting results [50].
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D149-sensitized ZnO DSCs and could also be rationalized as a negative shift in edge 
of ZnO conduction band caused by D205 dye adsorption. The alkyl chain of the 
terminal rhodanine moiety of D205 has been extended from ethyl to octyl, which 
cause the effective suppression of electron recombination between I3

− and efficient 
electrons injection into the photoelectrodes [53]. The dyes with the hydrophobic 
alkyl chains principally not only could form a barrier layer on the sensitizer dye to 
protect the dye layer against water intrusion from the electrolyte but also rearrange 
dyes that are more perpendicular to the ZnO surface.

As shown in Figure 19b, the obvious middle semicircle of the Nyquist plots belongs 
to the electron recombination resistance which means a superior circuit in D205-
sensitized ZnO DSCs than that of D149-sensitized ZnO DSC. Like Figure 12, some 
interior parameters of the devices can be further derived by well-fitting the impedance 
data based on the modified equivalent circuit of DSCs as shown in Figure 20. The 
detail parameters are listed in Table 3. The electron loss rate keff in the D205-sensitized 
ZnO DSCs is smaller than the D149-sensitized ones, which causes the prolonged 
electron lifetime τeff in the D205-sensitized ZnO DSCs. The larger charge-transfer 
resistance Rk value for D205-sensitized ZnO DSCs indicates the less interfacial recom-
bination occurring between the injected electrons of ZnO and the I3

− of electrolyte. 
Moreover, the effective electron diffusion coefficient Deff is also enhanced with utiliza-
tion of D205 sensitizer. It is reasonable that the photocurrent density may be directly 
affected by changes in the electron recombination rate. The amphiphilic D205 may help 
the formation of a self-assembled dye monolayer that prevents photoelectrons from 
being resorbed by triiodide ions in the electrolyte, resulting in a higher Voc and Jsc [54].

Figure 20. 
The equivalent circuit model of ZnO DSCs composed with hierarchical nanoparticles [50].
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D149 10.94 0.641 0.71 4.95 57.85 17.29 12.55 2.47 2.14 × 10−3

D205 12.17 0.653 0.67 5.34 47.12 21.22 14.43 1.98 2.51 × 10−3

Table 3. 
Performances and electron transport properties of the D149- and D205-sensitized DSCs (27-μm-thick ZnO 
photoelectrode) determined by J-V characteristics and EIS analysis [50].
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4. Conclusion

Low-dimensional NPs, QDs, and NWs have attracted considerable attention 
owing to their interesting physical and chemical properties. ZnO NWs can shed the 
light to conduct electronic, optoelectronic, electrochemical, and electromechanical 
devices with nanoscale dimensions because of the excellent electrical transport and 
photonic interconnection due to their crystallinity. ZnO QDs and NPs are of great 
interest because of the three-dimensional confinement of carrier, and phonon leads 
not only continuous tuning of the optoelectronic properties but also improvement 
in device performance. As a wide-bandgap semiconductor, ZnO has been reported 
as an alternative for DSCs because ZnO offers a large direct bandgap which is simi-
lar to TiO2 and even higher electron mobility. ZnO also can be tailored to various 
nanostructures that provides a promising means for improving the performance of 
the photoelectrode in DSCs. It is of great urgency to effectively design and control 
the process window that enables the seamless integration not only the mass produc-
tion but reproducibility of ZnO nanostructures for the near future.
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electron lifetime τeff in the D205-sensitized ZnO DSCs. The larger charge-transfer 
resistance Rk value for D205-sensitized ZnO DSCs indicates the less interfacial recom-
bination occurring between the injected electrons of ZnO and the I3

− of electrolyte. 
Moreover, the effective electron diffusion coefficient Deff is also enhanced with utiliza-
tion of D205 sensitizer. It is reasonable that the photocurrent density may be directly 
affected by changes in the electron recombination rate. The amphiphilic D205 may help 
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Chapter 5

Nanostructures in Dye-Sensitized 
and Perovskite Solar Cells
Shoyebmohamad F. Shaikh, Nanasaheb M. Shinde, 
Damin Lee, Abdullah M. Al-Enizi, Kwang Ho Kim 
and Rajaram S. Mane

Abstract

Due to increase of attention in energy and environmental concerns, there has 
been much interest developed in clean and renewable energy technologies. The 
utilization of green and eco-friendly sunlight through solar cells like photovoltaic 
cells, photo-electrochemical cells, and dye-sensitize and perovskite solar cells 
(DSSCs and PSCs) produces energy demand. Due to high electron mobility, 
suitable band alignment, and high optical transparency, the binary and ternary 
transition metal oxide materials such as TiO2, SnO2, ZnO, WO3, Bi2O3 and SrTiO3, 
Zn2SnO4, BaSnO3, etc. have attracted considerable attention as DSSC and PSC 
electrode materials. Highly efficient solar cells with sustainable performance 
under severe mechanical deformations are in great demand in forming wearable 
power supply devices, essential for space technologies. In this regard, myriads of 
studies have progressed in developing the said metal oxides by various means of 
nanostructure forms. The aim of this chapter is to highlight research background, 
basic concepts, operating parameters, working principles, theoretical aspects, and 
selection of materials with essential properties for DSSCs and PSCs applications.

Keywords: nanostructures, binary and ternary metal oxides, photovoltaic,  
dye-sensitized solar cells, perovskite solar cells

1. Introduction

1.1 Background and motivation

The predicted global energy needs, due to increasing concerns of environmental 
pollution in the twenty-first century, have motivated a great deal of efforts into 
the reduction of fossil fuel consumption followed exploration of clean, renewable, 
abundant, and eco-friendly renewable energy source technologies to enrich the quality 
of lives on this planet. Several renewable energy technologies are being investigated 
to evaluate their potential to address growing demand. These sources include wind 
turbines, hydropower, nuclear power plants, wave and tidal power, solar cells, solar 
thermal, and so on. Among these sources, photovoltaic technology, where sunlight is 
converted into an electrical energy, the so-called solar energy, has drawn considerable 
attention as it converts into a unique and potential solution. All renewable energy 
source technologies confirm a common dream, i.e., to capture one type of energy 
which later can convert into valuable and strategically important asset, that is, electric 
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energy. As the Sun provides a considerable amount of energy for our planet, the 
energy it provided is approximately 10,000 times more than global demand  
(i.e., 31,024 J/year); conversion of its 0.1% that is received by the Earth’s surface using 
solar cells with power conversion efficiency of 10% would fulfill our present needs [1].

1.2 Photovoltaic cell

Photovoltaic device generates electrical power by converting sunlight into 
electricity in the presence of semiconducting materials using the phenomenon, the 
so-called photovoltaic effect. At first, French scientist Alexandre Becquerel in 1839 
discovered photovoltaic effect [2]. After that more than 100 years later, Reynolds 
et al. in 1954 developed silicon solar cell that was primarily used in space applica-
tions until about the mid-1970s [3]. Recently, various kinds of photovoltaic devices 
are being developed, including silicon solar cells (Si-SCs), dye-sensitized solar cells 
(DSSCs), quantum dot-sensitized solar cells (QD-DSSCs), organic photovoltaic 
cells (OPVs), perovskite solar cells (PSCs), etc. Presently, solar cell devices are 
being used in customer electronics, small-scale remote residential power systems, 
communications, and signaling applications.

1.3 Photovoltaic parameters

In addition to series and shunt resistance, the photovoltaic solar cells’ perfor-
mance is mainly characterized by six important parameters, (1) short-circuit cur-
rent density, (2) open-circuit voltage, (3) maximum power output, (4) fill factor, 
(5) incident photon-to-current conversion efficiency, and (6) solar energy to power 
conversion efficiency, which are thoroughly discussed as follows [4].

1.3.1 Short-circuit current density

The short-circuit current density is usually written as Jsc, which corresponds to 
the current that passes through the solar cell of one square centimeter area when the 
impedance is low and voltage across solar cell is zero. The Jsc arises due to generation 
and collection of light-generated charge carriers. For ideal solar cell, at most moder-
ate resistive loss mechanisms, the Jsc and light-generated current are identical. 
Basically, Jsc depends upon the area of the solar cell, number of photons reaching at 
the junction, exposure of incident light, etc.

1.3.2 Open-circuit voltage

The open-circuit voltage is usually presented as Voc, which is the maximum 
voltage generated from a solar cell when there is no current. The Voc corresponds 
to the amount of forward bias on solar cell due to bias of solar cell junction with 
light-generated current. The power (P) produced by solar cell in Watt can be easily 
calculated alone by I-V curve using the equation, P = IV. The voltage and current at 
maximum power from point are denoted as Vmp and Imp, respectively.

1.3.3 Maximum power output

For a given bias voltage, the power output of solar cell is the product of mea-
sured cell current and voltage. The Jsc and Voc are the maximum current and voltage, 
respectively, from a solar cell. However, at both of these operating points, the power 
from solar cell is zero.
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1.3.4 Fill factor

The fill factor (ff) is defined as the ratio of the maximum power from the solar 
cell to the product of Voc and Jsc. Graphically, ff is a measure of “squareness” of solar 
cell and also an area of the largest rectangle which will fit in the I-V curve. Typically, 
the range of ff is from 0.50 to 0.82 or 50 to 82% as the ff is also represented in 
percentage using the following relation:

  ff(%) =    P  mp   _____  J  sc    V  oc  
   =    I  mp    V  mp   ______  J  sc    V  oc  

     × 100  (1)

1.3.5 Incident photon-to-current conversion efficiency

The incident monochromatic photon-to-current conversion efficiency (IPCE), 
sometimes referred to also as the “external quantum efficiency” (EQE), is an 
important parameter of solar cell device. The IPCE can be under light intensity of 
100 mW cm2 (AM1.5), which is estimated in the following equation:

  IPCE (%) =    J  sc   (A)  _____ P (W)    ×   1240 ______ λ (nm)    × 100  (2)

where photocurrent density (J) is generated by monochromatic light with 
wavelength (λ) and intensity (P).

1.3.6 Solar-to-electrical power conversion efficiency

The solar-to-electrical power conversion efficiency (η%) is an essential 
parameter to confirm the performance of one solar cell under testing. The η is 
defined as the ratio of energy output from the solar cell to an energy input from 
the Sun. In addition to reflecting performance of the solar cell itself, η depends on 
the spectrum and intensity of the incident sunlight and temperature of the solar 
cell. Therefore, terrestrial solar cells are measured under air mass 1.5 conditions 
in addition to a temperature of 25°C. The solar cells intended for space use are 
measured under air mass “0” conditions. It is well known that an overall η (%) 
of the solar cells can be determined by Jsc, Voc, ff, and the intensity of the incident 
light (Pin) as follows:

  η(%) =    P  out   ___  P  in     =    J  sc    V  oc   ff _________________  P  in     × 100  (3)

1.4 History of dye-sensitized and perovskite solar cells

In 1873, Vogel and Berlin invented dye sensitization technique, but until the 1970s 
DSSCs’ mechanism was unclear. Therefore, compared with silicon-based photovol-
taic devices, the performance of these early DSSCs was poor (η = <1%). The major 
obstacle in poor performance was relatively low adsorption of dye molecules into 
the metal oxide photoanode surface. Few improvements in efficiency were achieved 
by coating a thick layer of dye molecules onto the metal oxide photoanode surface 
[5]. Nevertheless, the power conversion efficiency was limited to ≤2% due to the 
low-light harvesting and charge collection from the adsorbed dye molecules. In the 
1990s, Prof. Michel Gratzel and his team creatively demonstrated a practical photo-
electrochemical cell device with a certified power conversion efficiency of 11.9%, 
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presenting excellent market competitiveness and commercial prospect [6]. However, 
such DSSCs of a liquid-state electrolyte are with highly volatile solvents, which 
not only affect the long-term stability of the device but also limit its large-scale 
production. In 1998, Gratzel et al. unveiled a solid-state organic hole-transporting 
material, i.e., 2,2,7,7-tetrakis (N,N-di-p-methoxy-phenylamine)-9,9-spirobifluorene 
(spiro-OMeTAD), to replace the conventional liquid-state electrolyte for a solid-
state DSSCs [7]. From 1998 to 2011, the power conversion efficiency of solid-state 
DSSCs increased steadily from 0.74% to 7.2% but still much lower than that obtained 
by liquid-state electrolyte-based DSSCs [8]. In 2009, Miyasaka and co-workers 
improved the power conversion efficiency of perovskite solar cell to 3.8% by replac-
ing bromine (MAPbBr3) with iodine (MAPbI3) [9]. In 2011, Park et al. prepared 
MAPbI3 perovskite as quantum dots with a size of ca. 2–3 nm, resulting in an 
enhanced power conversion efficiency of 6.5% [10]. In the family of photovoltaic 
device, PSCs have demonstrated much stronger absorption than the standard N719 
dye, but the limitation in perovskite-based solar cells was the rapid degradation 
of the device performance resulting in the dissolution of perovskites in liquid-
state electrolytes. In 2012, Park’s group works together with Gratzel’s group and 
introduced perovskite-sensitized solar cell by using solid-state spiro-OMeTAD as 
a hole-transporting material by replacing liquid-state electrolytes [11], where the 
solid-state spiro-OMeTAD not only solved the problem of perovskite dissolution but 
also significantly improved the stability and power conversion efficiency (9.7%). 
Remarkable progress of perovskite solar cell has been made during 2013–2014 as the 
power conversion efficiency increased to a certified 16.2% and 20.1% [12, 13]. Sahil 
et al. prepared fully textured monolithic perovskite/silicon tandem solar cells with 
25.2% certified power conversion efficiency. Besides the breakthrough in efficiency, 
novel designs of device architectures aiming for low-cost and highly stable DSSCs 
and PSCs have also been developed [14].

1.5 Theoretical aspect

After the invention of nanostructure-based photovoltaic solar cells, a lot of 
theoretical and experimental works has been carried out to explain its operation 
principle. The need for unique theoretical considerations of photovoltaic effect 
arises from the fundamental differences in the operation between DSSCs and PSCs 
over traditional semiconductor p-n and p-i-n junction solar cells [15].

1.5.1 Light absorption

In photovoltaic solar cell, light absorption and charge transport occur in the 
same material, whereas in the DSSCs, photons get absorbed by dye molecules and 
charge transport is carried out in photoanode and electrolyte. The high efficiency 
of DSSCs is accomplished by coating the internal surfaces of porous metal oxide-
based photoanode with special dye (N3, N719, and black dye) molecules which are 
tuned to absorb incoming photons of all wavelengths. The absorption of a photon 
by dye molecule takes place via an excitation between the electronic states of 
molecule. Similarly, in PSCs, the absorption spectrum demonstrates good light-
harvesting capabilities over the visible to near-IR spectrum which is also stable 
during prolonged light exposure. For sensitized mesoporous metal oxide devices, 
it is inferred that after light absorption in the perovskite, electrons are transferred 
to the metal oxide-based electron transfer layer followed by the conducting sub-
strate (i.e., fluorine-tin-oxide/indium-tin-oxide), and holes are transferred to the 
spiro-OMeTAD and then to the silver/gold contact electrode for driving the applied 
load. The enhancement in light absorption near the band edge can be carefully 
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engineered through various nanostructures for better photon management to 
increase the current followed by power conversion efficiency.

1.5.2 Charge separation

As the next step of the conversion of light absorption into electrical current, a 
complete charge separation must be achieved. The charge separation in photovoltaic 
solar cell is induced by the electric field across the junction, while no such long-
range electric fields are found in the DSSCs and PSCs. The charge separation in the 
DSSCs is basically an electron transfer process from dye molecule to photoanode 
and hole transport process from oxidized dye to electrolyte. The electron transfer 
mechanism depends on an electronic structure of dye molecules and energy level 
matching between the excited state of dye and conduction band of photoanode, i.e., 
metal oxide. The lowest unoccupied molecular orbital (LUMO) should be above 
the conduction band edge of photoanode, and the highest occupied molecular 
orbital (HOMO) should be below the chemical potential of redox pair of electro-
lyte, i.e., iodide/triiodide, which is supposed to be an energetic driving force for 
electron and hole separation. In addition, entropic factors play an important role 
for energetic charge separation. The large density of delocalized states in the metal 
oxide nanoparticles compared with dye molecules on the surface facilitates electron 
injection in its conduction band, which eventually increases the driving force in 
entropy (approximately 0.1 eV) for charge separation. In PSCs, the charge separa-
tion and transportation occur between metal oxide as an electron transfer layer 
and spiro-OMeTAD as a hole transfer layer interfacial surface. On exposing to the 
Sun’s radiation, photo-excited electrons are injected from perovskite absorber layer 
into the conduction band of the metal oxide electron transfer layer, and the hole is 
transported to spiro-OMeTAD hole transfer layer followed by the charge collector 
for driving efficiently.

1.5.3 Recombination

Figure 1 presents the possible ways of recombination: (1) electron injection 
from dye-excited state to the conduction band of photoanode, (2) regeneration of 
dye cation by electron transfer from the redox couple, (3) charge recombination 
to the cation of dye, (4) recombination to the redox couple, and (5) excited-state 
decay to the ground state. The photo-injected electrons in the photoanode can have 

Figure 1. 
Plausible electron recombination processes in the DSSCs.
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presenting excellent market competitiveness and commercial prospect [6]. However, 
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engineered through various nanostructures for better photon management to 
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mechanism depends on an electronic structure of dye molecules and energy level 
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metal oxide. The lowest unoccupied molecular orbital (LUMO) should be above 
the conduction band edge of photoanode, and the highest occupied molecular 
orbital (HOMO) should be below the chemical potential of redox pair of electro-
lyte, i.e., iodide/triiodide, which is supposed to be an energetic driving force for 
electron and hole separation. In addition, entropic factors play an important role 
for energetic charge separation. The large density of delocalized states in the metal 
oxide nanoparticles compared with dye molecules on the surface facilitates electron 
injection in its conduction band, which eventually increases the driving force in 
entropy (approximately 0.1 eV) for charge separation. In PSCs, the charge separa-
tion and transportation occur between metal oxide as an electron transfer layer 
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into the conduction band of the metal oxide electron transfer layer, and the hole is 
transported to spiro-OMeTAD hole transfer layer followed by the charge collector 
for driving efficiently.
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Figure 1 presents the possible ways of recombination: (1) electron injection 
from dye-excited state to the conduction band of photoanode, (2) regeneration of 
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to the cation of dye, (4) recombination to the redox couple, and (5) excited-state 
decay to the ground state. The photo-injected electrons in the photoanode can have 
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two possible recombination pathways: direct recombination with the oxidized dyes 
or with the I3

− in the electrolyte (Figure 1). The latter process is dominant and has 
thoroughly been studied in the literature by many researches.

1.5.4 Air mass

In Astronomy, air mass is direct path length through the earth atmosphere, 
expressed as a ratio relative to path length vertically upward, i.e., at the zenith. The 
intensity of solar radiations decreases with distance. Therefore, different air mass stan-
dards are being formulated to account for obstruction caused by the Earth’s atmosphere.

The air mass standard is denoted by “AM-X” in which X represents air mass 
coefficient:

  X =   1 ____ cos𝜃𝜃    (4)

where θ is called solar zenith angle. This is defined as the angle between normal 
of a given point on the earth and light path coming to that point from the Sun. 
The air mass standards are categorized into three different kinds: briefly, the AM 
0 spectrum, for the solar radiation outside the atmosphere; AM 1 for flux of solar 
energy normal to the Earth; and AM 1.5 represents the solar energy flux impinging 
at the Earth’s surface with 48.2° zenith angle.

2. Working principal of the DSSCs

The working principal of the DSSCs is demonstrated in Figure 2. The wide 
bandgap nanocrystalline TiO2 (photoanode) semiconductor film is needed to be 
deposited on the conducting substrate (FTO) either by direct deposition or by 
doctor-blade method to provide the necessary large surface area to adsorb sensitiz-
ers (dye molecules). Upon absorption of photons, dye molecules are excited from 

Figure 2. 
The operating principle of the DSSCs.
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the HOMO to the LUMO. Once an electron is injected into the conduction band of 
the TiO2 photoanode, the dye molecule (photosensitizer) is oxidized. The injected 
electron is then transferred to TiO2 nanostructured photoanode through hopping 
kinetics which is finally extracted at load, where the work done is delivered as 
an electrical energy. The electrolytes containing I−/I3

− redox ions are used as an 
electron mediator between the TiO2 photoanode and the platinum-coated counter 
electrode. Therefore, the oxidized dye molecules (photosensitizer) are regenerated 
by receiving electrons from the I− ion redox mediator that get oxidized to I3

− (triio-
dide ions) [16]. Regarding the working mechanism of perovskite solar cell, various 
research groups reported differently; thereby, it is yet to be unprecedented.

3. Nanostructures of inorganic materials

A major feature that discriminates various types of nanostructures is their 
dimensionality (Figure 3a–d). The word “nano” stems from the Greek word 
“nanos,” which means dwarf. This word “nano” has been assigned to indicate the 
number 10−9, i.e., 1 billionth of any unit [17]. It is believed that the size of particle 
has inverse relation with the surface area and reactivity thereby, nanoparticles 
reveal superior practical potential over micron-sized one.

3.1 Zero-dimensional nanostructures

The significant progress has been made in the field of zero-dimensional nano-
structures. A rich variety of physical and chemical methods have been proposed to 
synthesize zero-dimensional nanostructures. Recently, zero-dimensional nano-
structures such as uniform particle arrays (quantum dots), heterogeneous particle 
arrays, core-shell quantum dots, onions, and hollow spheres are being obtained by 
several research groups [18].

3.2 One-dimensional nanostructures

In the last decade, one-dimensional nanostructures have stimulated an increas-
ing attention due to their importance in research and a wide range of potential 

Figure 3. 
(a–d) Nanostructures of different dimensions.
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ing attention due to their importance in research and a wide range of potential 

Figure 3. 
(a–d) Nanostructures of different dimensions.



Nanostructures

70

applications. It is generally accepted that one-dimensional nanostructures are ideal for 
exploring a large number of novel phenomena at the nanoscale level and corroborating 
the size and dimensionality dependence of functional properties. In Figure 3b, one-
dimensional nanostructures are endowed with typical spherical, pseudo-spherical, 
dodecahedral, tetrahedral, octahedral, cubic, and corresponding hollow shapes. 
One-dimensional nanostructures/morphologies also include nanotubes, nano-needles, 
nano-rods or nano-wires, nano-shuttles, nano-capsules, hollow structures, etc. [19].

3.3 Two-dimensional nanostructures

Two-dimensional nanostructures have two dimensions outside of the nano-
metric size range. In recent years, a synthesis of two-dimensional nanostructures 
with certain geometries exhibits unique shape-dependent characteristics and their 
subsequent utilization as building blocks for the key components of nano-devices. 
In Figure 3c, two-dimensional nanostructures, such as junctions (continuous 
islands), branched structures, nano-prisms, nano-plates, nano-sheets, nano-walls, 
nanodisks, etc., are confirmed in the literature. Round disks, hexagonal/triangular/
quadrangular plates or sheets, belts, mesoporous hollow nanospheres, hollow rings, 
etc. are also forms of two-dimensional nanostructures [20].

3.4 Three-dimensional nanostructures

Owing to the large specific surface area and other superior properties over 
the bulk counterparts arising from the quantum size effect, three-dimensional 
nanostructures have attracted considerable research interest, and many three-
dimensional nanostructures have been synthesized in the past decade (Figure 3d). It 
is well-known that the surface area, shape, size, dimensionality, and morphologies of 
the nanostructures are key factors to obtain better performance of the device when 
they are envisaged. As these materials offer higher surface area, they can supply 
enough absorption sites for all involved molecules in a small space. On the other 
hand, such materials with higher porosity can lead to a better transportation of dye 
molecules. A typical three-dimensional nanostructured such as nanocoils, nano-
cones, nanoflowers, and nanoballs (dendritic structures) are on a great demand [21].

4. Material selection

4.1 Binary transition metal oxides

The binary transition metal oxide materials play an important role in the DSSCs 
and PSCs (Figure 4a). Titanium dioxide (TiO2) deserves special attention since 
its cheap, non-toxicity, abundant, biocompatible, facile preparation with diverse 
morphologies, stability in both acidic and alkaline media features. The TiO2 exists 
naturally in three crystalline polymorphs, namely, rutile (Eg = 3.05 eV), anatase 
(Eg = 3.23 eV), and brookite (Eg = 3.26 eV), and the uniqueness of each lattice struc-
ture leads to multifaceted physicochemical and optoelectronic properties [22]. These 
interesting properties reveal different functionalities, thus influencing their per-
formances in various applications. For instance, rutile phase of TiO2 exhibits a high 
refractive index and UV absorptivity and is thus capable of being applied in optical 
communication devices (isolators, modulators, switches, etc.). Meanwhile, anatase is 
largely preferred in photovoltaics and photocatalysis because of its superior electron 
mobility, surface chemistry, potentially higher conduction band edge energy, and 
catalytic activity compared with the other two phases [23]. The problems associated 
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with TiO2 metal oxide such as high surface state and fast electron recombination rate 
contribute to adverse effects on the electron mobility and charge transport kinetics. 
Zinc oxide (ZnO), an important II–VI semiconductor with a wide bandgap of 3.37 eV, 
similar to TiO2, has high electron mobility (~155–1000 cm2 V−1 s−1) and a large 
exciton binding energy of 60 meV [24]. Moreover, the electron injection efficiency 
of ZnO is almost equivalent to that of TiO2. The electron lifetime of ZnO is signifi-
cantly higher, and the recombination rate is lower than TiO2. Nevertheless, ZnO-
based DSSCs also have suffered from chemical instability in acidic electrolytes and 
thereby showed slow electron injection kinetics from dye to ZnO photoanode due to 
the formation of an insulating surface agglomeration layer. Alternatively, tin oxide 
(SnO2) can be a good choice as it is an n-type and wide bandgap semiconductor with 
excellent optical and electrical properties compared to TiO2. The electron mobil-
ity in SnO2 (∼100–250 cm2 V−1 s−1) is two orders of magnitude higher than TiO2 
(∼0.1–1.0 cm2 V−1 s−1), suggesting a faster diffusion transport of the photo-induced 
electrons. Secondly, SnO2 has a higher bandgap (3.4 eV) than anatase TiO2 (3.2 eV), 
which creates fewer oxidative holes in the valence band (fewer oxidative holes facili-
tate long-term stability and higher stability under long-term UV irradiation) [25]. 
The Niobium oxide (Nb2O5) is another wide bandgap semiconductor with 3.49 eV 
bandgap energy, which is nearly 0.29 eV larger than that of TiO2 (anatase). Because 
of its larger bandgap and higher conduction band edge compared with anatase TiO2 
it is used to achieve relatively higher Voc than anatase TiO2 [26]. Recently, Tungsten 
oxide (WO3) has attracted immense attention due to its 2.8 eV bandgap energy, 
which would theoretically utilize ∼12% of incident solar light of the visible region. 
In comparison with TiO2, WO3 possesses a higher mobility and has its conduction 
band edge at a more-positive location (∼0.5 V). Therefore, it is speculated that the 
Voc in WO3 nanostructured electrode is limited due to the lower difference between 
its conduction band and redox potential of electrolytes [27]. Bismuth oxide (Bi2O3) 
has several advantages due to its unique electrical, optical, and mechanical proper-
ties. It exists in four crystal phases, i.e., monoclinic α-Bi2O3, tetragonal β-Bi2O3, cubic 
γ-Bi2O3, and cubic δ-Bi2O3. The α-Bi2O3 phase is most stable at low temperatures up 
to 730°C, while δ-Bi2O3 phase is stable when the temperature is above 1000 K. The 
β-Bi2O3 and γ-Bi2O3 phases are high-temperature metastable phases. The Bi2O3 also 
exhibits a high refractive index, dielectric permittivity, high oxygen ion conductivity, 
and remarkable photoconductivity and photoluminescence [28]. Its bandgap energy 
of 2.5–3.1 eV mostly depends on the crystal phase type. The narrow bandgap of Bi2O3 
makes it suitable for a large range of applications including optical coatings, photo-
voltaics, microwave-integrated circuits, superconductor, etc.

Figure 4. 
(a and b) Materials used for the DSSCs and PSCs.
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band edge at a more-positive location (∼0.5 V). Therefore, it is speculated that the 
Voc in WO3 nanostructured electrode is limited due to the lower difference between 
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Figure 4. 
(a and b) Materials used for the DSSCs and PSCs.
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4.2 Ternary transition metal oxides

Besides the simple binary metal oxide systems, ternary metal oxide systems 
such as Strontium titanate (SrTiO3), Zinc Stannate (Zn2SnO4), and Barium 
Stannate (BaSnO3) have also been considered as photoanode materials in the 
DSSCs and PSCs (Figure 4b). The SrTiO3 is a semiconductor with bandgap similar 
of 3.2 eV. However, its conduction band is relatively at higher position than that of 
TiO2, which results in a higher Voc [29]. A high dielectric constant makes SrTiO3 as 
electrically mesoporous even with a large particle size of ~80 nm [30]. In addition, 
Zn2SnO4 is particularly interesting because of its physical and electrical proper-
ties. The 3.6 eV bandgap and 10–15 cm2 V−1 s−1 electron mobility of Zn2SnO4 have 
made it stable against UV light with high, electrical conductivity, and low visible 
absorption over TiO2 [31]. The ternary BaSnO3 is an n-type semiconductor with 
a wide bandgap of 3.1 eV, and its band structure and electrical properties can be 
controlled easily by atomic substitution or doping into the Ba or Sn site for better 
performance when used in DSSCs’ application [32]. In this sense, as the electrode 
materials in DSSCs, the ternary oxides are better than the binary.

5. Conclusions

The DSSC and PSC solar cells have attracted scientific and technological impor-
tance as an alternative to conventional Si-based solar cells. A market feasibility of 
the solar cells will be a part of the manufacturing cost, durability, fabrication time, 
chemical stability, mechanical robustness, and power conversion efficiency. The 
design strategy, preparation method, and surface chemistry of transition metal 
oxides with excellent electrical and optical properties will also have an impact. An 
era of nanotechnology has opened a door to tailing transition metal oxide materials 
for DSSCs’ and PSCs’ applications. In this chapter, we briefly have discussed four 
basic topics about the DSSCs and PSCs. Initially, background, motivation, and 
present needs of DSSCs and PSCs are covered. The required photovoltaic param-
eters including short-circuit current density, open-circuit voltage, fill factor, and 
incident photon-to-current conversion efficiency to develop good DSSCs and PSCs 
are emphasized in brief. The historical background has been presented to get an 
idea regarding the new investigations taking place to replace dye molecules through 
perovskite absorber layer. Information on the theoretical and practical details has 
also been provided to obtain DSSCs and PSCs with high solar-to-electricity power 
conversion efficiencies. Working principle of the DSSCs is explored by considering 
electron and hole pair generation, charge transportation, and charge separation and 
recombination etc. In transition metal oxide in binary and ternary forms like zero, 
one, two, and three dimensions such as nanoparticles, nanotubes, nanodisks, and 
nanoflowers, their implication is proposed as good candidates in developing a smart 
and wearable DSSCs and PSCs in the future.
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Abstract

In recent decades, plenty of nanomaterials have been investigated as electrocata-
lysts for the replacement of the expensive platinum (Pt) counter electrode in dye-
sensitized solar cells (DSSCs). The key function of the electrocatalyst is to reduce 
tri-iodide ions to iodide ions at the electrolyte/counter electrode interface. The 
performance of the electrocatalyst is usually determined by two key factors, i.e., the 
intrinsic heterogeneous rate constant and the effective electrocatalytic surface area 
of the electrocatalyst. The intrinsic heterogeneous rate constant of the electrocata-
lyst varies by different types of materials, which can be roughly divided into five 
groups: non-Pt metals, carbons, conducting polymers, transition metal compounds, 
and their composites. The effective electrocatalytic surface area is determined by 
the nanostructure of the electrocatalyst. In this chapter, the nanostructural design 
and engineering on different types of Pt-free electrocatalysts will be systematically 
introduced. Also, the relationship between various nanostructures of electrocata-
lysts and the pertinent physical/electrochemical properties will be discussed.

Keywords: counter electrode, dye-sensitized solar cells, electrocatalyst, 
nanostructure

1. Introduction

1.1 Dye-sensitized solar cells (DSSCs)

Fossil fuel, as a limiting energy source, may be run out in the upcoming centu-
ries. However, the consumption of energy increases every year [1, 2]. As a result, 
finding and developing renewable energy sources is an urgent problem. Due to the 
unlimitedness of renewable energy resources, they are candidates to be reliable 
replacement for sustainable usage in the future. Among them, the Sun has been 
considered as one of the most promising renewable energy sources. It provides 
about 120,000 terawatts to the earth, which equals thousand times of the current 
energy consumption rate. The solar cells can utilize the sunshine and transform to 
electricity [3–5]. Generally, solar cells can be classified to four generations: the first 
generation is silicon-based solar cells; the second generation is CIGS (CuInGaSe), 
CZTS (CuZnTiSe), and CdTe solar cells; the third generation is organic photovolta-
ics (OPVs) and dye-sensitized solar cells (DSSCs); and the fourth generation is 
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perovskite solar cells (PSCs). The first and second generations have been widely 
explored for decades, and they are the most common solar cells at present. However, 
they are fabricated through expensive, toxic, energy-intensive, high-temperature, 
and high-vacuum processes. Therefore, DSSCs are very competitive to the first 
and second generations of solar cells due to numerous advantages including easy 
fabrication, low cost (Figure 1) [3], and high performance at dim-light condition. 
Moreover, DSSCs can be used in indoor ambient applications [5–9].

A DSSC is composed of a photoanode, electrolyte, and counter electrode (CE), as 
shown in Figure 2. When a photoanode is excited by the sun or photon, it will release 
the electron to the external circuit. At the same time, the iodide/triiodide (I−/I3

−) redox 
couple will relax the photoanode to its ground state. Then the CE will reduce the redox 
couple to regenerate the DSSC. Among them, the CE plays an important role to deter-
mine the DSSC performance [10]. At the CE/electrolyte interface, the electrochemical 
mechanism goes through I3

− decomposition (Eq. (1)) → adsorption (Eq. (2)) → cata-
lytic reduction reaction (Eq. (3)) → desorption (Eq. (4)), and the overall reaction 
shows as Eq. (5) [11]. Among these reaction steps, Eq. (3) is found to be the slowest 
step, which means the rate-determining step to decide the DSSC performance.

    I  3     −  ↔  I  2   +  I   −    (1)

   I  2   + 2CE ↔ I  (CE)  + I  (CE)    (2)

  I  (CE)  +  e   −  ↔  I   −   (CE)     (3)

   I   −   (CE)  ↔  I   −  + CE   (4)

    I  3     −  +  2e   −  ↔  3I   −     (5)

There are two ways to enhance the electrocatalytic reduction reaction. One is to 
increase the heterogeneous rate constant, relating to the intrinsic electrocatalytic 
ability of the electrocatalyst. The other is to engineer the structure of the electrocata-
lyst for I3

− reduction with regard to the charge transfer route and the surface area. To 
replace a traditional platinum (Pt) electrocatalyst, where Pt is a rare and expensive 

Figure 1. 
Efficiency and cost projection for first- (I), second- (II), and third-generation (III) photovoltaic technology [3].
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element, several types of materials, such as carbon materials [5, 12–28], conductive 
polymers [29–48], and transition metal compounds [37, 45, 49–79] have been exten-
sively explored to elevate the cell efficiency (η) and decrease the cost of the CEs.

To date, there have been a very limited number of non-Pt nanomaterials that 
could have a comparable intrinsic heterogeneous rate constant to that of Pt. 
However, the specific structural designs of nanomaterials would largely increase the 
effective electrocatalytic surface area so as to provide better overall electrocatalytic 
ability than Pt. Moreover, the nanostructured electrocatalysts could have appropri-
ate interfacial affinity, good electrochemical stability, or specific self-assembly 
natures; these properties may influence the DSSC performance as well. A typical 
nanostructured material can be defined if any dimension of the material is lower 
than 100 nm. The nanostructured material can be classified into three groups: zero-
dimensional (0D, e.g., nanoparticle, nanocube, etc.), one-dimensional (1D, e.g., 
nanorod, nanotube, nanoneedle, etc.), and two-dimensional (2D, e.g., nanosheet, 
nanopental, etc.) structures, as shown in Figure 3. Generally, 0D structure is 

Figure 2. 
The structure and mechanism of DSSCs [2].

Figure 3. 
The scheme of zero-dimensional (0D), one-dimensional (1D), and two-dimensional (2D) structure.



Nanostructures

80

perovskite solar cells (PSCs). The first and second generations have been widely 
explored for decades, and they are the most common solar cells at present. However, 
they are fabricated through expensive, toxic, energy-intensive, high-temperature, 
and high-vacuum processes. Therefore, DSSCs are very competitive to the first 
and second generations of solar cells due to numerous advantages including easy 
fabrication, low cost (Figure 1) [3], and high performance at dim-light condition. 
Moreover, DSSCs can be used in indoor ambient applications [5–9].

A DSSC is composed of a photoanode, electrolyte, and counter electrode (CE), as 
shown in Figure 2. When a photoanode is excited by the sun or photon, it will release 
the electron to the external circuit. At the same time, the iodide/triiodide (I−/I3

−) redox 
couple will relax the photoanode to its ground state. Then the CE will reduce the redox 
couple to regenerate the DSSC. Among them, the CE plays an important role to deter-
mine the DSSC performance [10]. At the CE/electrolyte interface, the electrochemical 
mechanism goes through I3

− decomposition (Eq. (1)) → adsorption (Eq. (2)) → cata-
lytic reduction reaction (Eq. (3)) → desorption (Eq. (4)), and the overall reaction 
shows as Eq. (5) [11]. Among these reaction steps, Eq. (3) is found to be the slowest 
step, which means the rate-determining step to decide the DSSC performance.

    I  3     −  ↔  I  2   +  I   −    (1)

   I  2   + 2CE ↔ I  (CE)  + I  (CE)    (2)

  I  (CE)  +  e   −  ↔  I   −   (CE)     (3)

   I   −   (CE)  ↔  I   −  + CE   (4)

    I  3     −  +  2e   −  ↔  3I   −     (5)

There are two ways to enhance the electrocatalytic reduction reaction. One is to 
increase the heterogeneous rate constant, relating to the intrinsic electrocatalytic 
ability of the electrocatalyst. The other is to engineer the structure of the electrocata-
lyst for I3

− reduction with regard to the charge transfer route and the surface area. To 
replace a traditional platinum (Pt) electrocatalyst, where Pt is a rare and expensive 

Figure 1. 
Efficiency and cost projection for first- (I), second- (II), and third-generation (III) photovoltaic technology [3].

81

Structural Engineering on Pt-Free Electrocatalysts for Dye-Sensitized Solar Cells
DOI: http://dx.doi.org/10.5772/intechopen.85307

element, several types of materials, such as carbon materials [5, 12–28], conductive 
polymers [29–48], and transition metal compounds [37, 45, 49–79] have been exten-
sively explored to elevate the cell efficiency (η) and decrease the cost of the CEs.

To date, there have been a very limited number of non-Pt nanomaterials that 
could have a comparable intrinsic heterogeneous rate constant to that of Pt. 
However, the specific structural designs of nanomaterials would largely increase the 
effective electrocatalytic surface area so as to provide better overall electrocatalytic 
ability than Pt. Moreover, the nanostructured electrocatalysts could have appropri-
ate interfacial affinity, good electrochemical stability, or specific self-assembly 
natures; these properties may influence the DSSC performance as well. A typical 
nanostructured material can be defined if any dimension of the material is lower 
than 100 nm. The nanostructured material can be classified into three groups: zero-
dimensional (0D, e.g., nanoparticle, nanocube, etc.), one-dimensional (1D, e.g., 
nanorod, nanotube, nanoneedle, etc.), and two-dimensional (2D, e.g., nanosheet, 
nanopental, etc.) structures, as shown in Figure 3. Generally, 0D structure is 

Figure 2. 
The structure and mechanism of DSSCs [2].

Figure 3. 
The scheme of zero-dimensional (0D), one-dimensional (1D), and two-dimensional (2D) structure.



Nanostructures

82

expected to supply the high electrochemical surface area, and 1D/2D structures are 
claimed to have directional electron transfer pathways. In this chapter, different 
strategies of designing nanostructured carbon materials, conductive polymers, and 
transition metal compounds to increase their active surface area/charge transfer 
route will be systematically discussed. The corresponding DSSC performance is also 
included.

2. Nanostructure materials of counter electrode

2.1 Carbon materials

Carbon materials, composed of carbon atoms having sp2-hybridization 
(e.g., graphite, graphene, graphene oxide, and carbon nanotube) or sp3-hybridization 
(e.g., carbon black and activated carbon), have been widely investigated as the CEs 
due to their material specialties such as low cost, high electrical conductivity, high 
thermal stability, and good corrosion resistance [3, 4, 80–84]. The carbon materials 
with sp2-hybridization normally exhibit a 1D or 2D structure, and those with sp3-
hybridization have a 0D structure. However, carbon materials often exhibit serious 
aggregation that reduces the material conductivity and limits the electrochemical 
surface area. Here we include several studies which provided practical strategies 
to overcome this problem and reach comparable/better cell efficiencies than the 
Pt-incorporated DSSCs, as listed in Table 1.

For example, Fan et al. used a small 0D porous carbon nanoball (diameter = 20 ± 
3 nm) to assemble a large 0D hollow nanoball (diameter = 100 ± 10 nm), as shown 
in Figure 4(a) [12]. Tseng et al. introduced a one-step synthetic method to make 
tens of 2D nitrogen-doped graphene with a thickness of ~3.5 nm stacking together 
to form a building block as a 0D hollow nanoball, as shown in Figure 4(b) [22]. Fan 
et al. used a small 0D porous carbon nanoball (diameter = 20 ± 3 nm) to assemble a 
large 0D hollow nanoball (diameter = 100 ± 10 nm), as shown in Figure 4(b) [12]. 
The hollow nanoballs consisting of nitrogen-doped graphene and porous carbon 
gave their DSSCs ηs of 7.53 and 8.67%, respectively, which were comparable to the 
Pt-based cells. Besides, nitrogen-doped graphene (Figure 4(c), 7.07%) [13] and 
the wrinkled 2D graphene (Figure 4(d), 7.80%) [14] nanosheets were used to form 
a honeycomb-like structure having extra surface area and vertically aligned sub-
nanosheets as the additional electron transfer routes.

Materials η (%) η of Pt (%) Structure Ref

Porous carbon 8.67 9.34 Hollow nanoball [12]

Nitrogen-doped graphene 7.53 7.70 Hollow nanoball [22]

Nitrogen-doped graphene 7.07 7.44 Honeycomb [13]

Graphene 7.80 8.00 Honeycomb [14]

Carbon nanotubes and 
graphene

8.2 6.4 Nanotube vertically fused onto the 
nanosheet

[15]

Carbon nanotube and 
N-doped graphene

8.31 7.56 Nanotube intertwined with 
nanosheet

[16]

Carbon nanotube and 
graphene oxide

6.91 7.26 Nanotube embedded in nanosheet [27]

Table 1. 
A partial list of literature on the DSSCs with carbon material-based CEs.
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The combination of few kinds of carbon materials was reported to form a hier-
archical structure, which could not only create a high surface area but also a direc-
tional electron transfer pathway. Dong et al. made 1D few-walled carbon nanotubes 
(CNTs, tens of microns long) vertically fuse onto the 2D graphene nanosheet 
(<1 nm thick), as shown in Figure 4(e) [15]. The red seven-membered rings at the 
neck seamlessly fuse the tubular CNTs to the planar graphene without obvious CNT 
aggregation (Figure 5(a)). Even though the CNTs only covered few parts of the 
electrode surface, they still benefited the electrolyte wetting and electron transfer 
rate within the counter electrode, leading to a better η (8.2%) than the Pt-based cell 
(6.4%). Ma et al. reported a similar hierarchical structure, where the single-walled 
carbon nanotube (SWCNT) was located on a flat N-doped graphene (N-doped 
GN) nanosheet by the z-axis direction (Figure 4(f )) [16]. As a result, composite 
SWCNT@N-doped GN reached higher η (8.31%) than Pt (7.56%). Yeh et al. pre-
pared a hybrid heterostructure of multiwalled carbon nanotube (MWCNT, diam-
eter = 15 nm) and reduced graphene oxide (rGO, thickness = 25 nm) nanosheet, 
where the 2D rGO nanosheet-like shell was wrapped around the 1D CNT core 
(Figure 4(g)) [27]. In the MWCNT@rGO composite material, the tubular 
MWCNTs functioned as the 1D heterogeneous electron transfer pathways, which 
provided sufficient electrons to the electrochemical reaction; at the same time, 
the 2D rGO nanosheet supplied multiple edges as the active sites to reduce I3

− to 
I− (Figure 5(b)). The hybrid heterostructure of MWCNT@rGO was found to avoid 

Figure 4. 
The structures of carbon materials including (a and b) hollow nanoball [12, 22], (c) nanosheet [13],  
(d) honeycomb [14], and (e–g) nanotube with nanosheet [15, 16, 27].

Figure 5. 
The scheme of hierarchical structures of (a and b) nanotube with nanosheet [15, 27].



Nanostructures

82

expected to supply the high electrochemical surface area, and 1D/2D structures are 
claimed to have directional electron transfer pathways. In this chapter, different 
strategies of designing nanostructured carbon materials, conductive polymers, and 
transition metal compounds to increase their active surface area/charge transfer 
route will be systematically discussed. The corresponding DSSC performance is also 
included.

2. Nanostructure materials of counter electrode

2.1 Carbon materials

Carbon materials, composed of carbon atoms having sp2-hybridization 
(e.g., graphite, graphene, graphene oxide, and carbon nanotube) or sp3-hybridization 
(e.g., carbon black and activated carbon), have been widely investigated as the CEs 
due to their material specialties such as low cost, high electrical conductivity, high 
thermal stability, and good corrosion resistance [3, 4, 80–84]. The carbon materials 
with sp2-hybridization normally exhibit a 1D or 2D structure, and those with sp3-
hybridization have a 0D structure. However, carbon materials often exhibit serious 
aggregation that reduces the material conductivity and limits the electrochemical 
surface area. Here we include several studies which provided practical strategies 
to overcome this problem and reach comparable/better cell efficiencies than the 
Pt-incorporated DSSCs, as listed in Table 1.

For example, Fan et al. used a small 0D porous carbon nanoball (diameter = 20 ± 
3 nm) to assemble a large 0D hollow nanoball (diameter = 100 ± 10 nm), as shown 
in Figure 4(a) [12]. Tseng et al. introduced a one-step synthetic method to make 
tens of 2D nitrogen-doped graphene with a thickness of ~3.5 nm stacking together 
to form a building block as a 0D hollow nanoball, as shown in Figure 4(b) [22]. Fan 
et al. used a small 0D porous carbon nanoball (diameter = 20 ± 3 nm) to assemble a 
large 0D hollow nanoball (diameter = 100 ± 10 nm), as shown in Figure 4(b) [12]. 
The hollow nanoballs consisting of nitrogen-doped graphene and porous carbon 
gave their DSSCs ηs of 7.53 and 8.67%, respectively, which were comparable to the 
Pt-based cells. Besides, nitrogen-doped graphene (Figure 4(c), 7.07%) [13] and 
the wrinkled 2D graphene (Figure 4(d), 7.80%) [14] nanosheets were used to form 
a honeycomb-like structure having extra surface area and vertically aligned sub-
nanosheets as the additional electron transfer routes.

Materials η (%) η of Pt (%) Structure Ref

Porous carbon 8.67 9.34 Hollow nanoball [12]

Nitrogen-doped graphene 7.53 7.70 Hollow nanoball [22]

Nitrogen-doped graphene 7.07 7.44 Honeycomb [13]

Graphene 7.80 8.00 Honeycomb [14]

Carbon nanotubes and 
graphene

8.2 6.4 Nanotube vertically fused onto the 
nanosheet

[15]

Carbon nanotube and 
N-doped graphene

8.31 7.56 Nanotube intertwined with 
nanosheet

[16]

Carbon nanotube and 
graphene oxide

6.91 7.26 Nanotube embedded in nanosheet [27]

Table 1. 
A partial list of literature on the DSSCs with carbon material-based CEs.

83

Structural Engineering on Pt-Free Electrocatalysts for Dye-Sensitized Solar Cells
DOI: http://dx.doi.org/10.5772/intechopen.85307

The combination of few kinds of carbon materials was reported to form a hier-
archical structure, which could not only create a high surface area but also a direc-
tional electron transfer pathway. Dong et al. made 1D few-walled carbon nanotubes 
(CNTs, tens of microns long) vertically fuse onto the 2D graphene nanosheet 
(<1 nm thick), as shown in Figure 4(e) [15]. The red seven-membered rings at the 
neck seamlessly fuse the tubular CNTs to the planar graphene without obvious CNT 
aggregation (Figure 5(a)). Even though the CNTs only covered few parts of the 
electrode surface, they still benefited the electrolyte wetting and electron transfer 
rate within the counter electrode, leading to a better η (8.2%) than the Pt-based cell 
(6.4%). Ma et al. reported a similar hierarchical structure, where the single-walled 
carbon nanotube (SWCNT) was located on a flat N-doped graphene (N-doped 
GN) nanosheet by the z-axis direction (Figure 4(f )) [16]. As a result, composite 
SWCNT@N-doped GN reached higher η (8.31%) than Pt (7.56%). Yeh et al. pre-
pared a hybrid heterostructure of multiwalled carbon nanotube (MWCNT, diam-
eter = 15 nm) and reduced graphene oxide (rGO, thickness = 25 nm) nanosheet, 
where the 2D rGO nanosheet-like shell was wrapped around the 1D CNT core 
(Figure 4(g)) [27]. In the MWCNT@rGO composite material, the tubular 
MWCNTs functioned as the 1D heterogeneous electron transfer pathways, which 
provided sufficient electrons to the electrochemical reaction; at the same time, 
the 2D rGO nanosheet supplied multiple edges as the active sites to reduce I3

− to 
I− (Figure 5(b)). The hybrid heterostructure of MWCNT@rGO was found to avoid 

Figure 4. 
The structures of carbon materials including (a and b) hollow nanoball [12, 22], (c) nanosheet [13],  
(d) honeycomb [14], and (e–g) nanotube with nanosheet [15, 16, 27].

Figure 5. 
The scheme of hierarchical structures of (a and b) nanotube with nanosheet [15, 27].



Nanostructures

84

the aggregations among the MWCNTs or among the rGOs. Thus, the MWCNT@
rGO rendered its DSSC an η of 6.91%, which is close to the Pt-based cell (7.26%).

2.2 Conductive polymer materials

Since 2000, the conductive polymer material has been discovered by Shirakawa, 
MacDiarmid, and Heeger [29]. Conductive polymers have attracted much attention 
as DSSC CEs owing to their excellent conductivity, good adhesion to the substrate, 
easy fabrication, light-weight, and good accessibility in terms of roll-to-roll pro-
cessing. Common conductive polymers include poly(3,4-ethylenedioxythiophene) 
(PEDOT) [30, 35, 36, 40–43], poly(3,4-ethylenedioxythiophene)-poly(styrene 
sulfonate) (PEDOT:PSS) [30, 43, 48], poly(hydroxymethyl 3,4-ethylene-
dioxythiophene) (PEDOT-MeOH) [46], poly(3,4-propylenedioxythiophene) 
(PProDOT) [85, 86], poly(3,3-diethyl-3,4-dihydro-2H-thieno-[3,4-b][1,4]diox-
epine) (PProDOT-Et2) [85–87], poly(2,2-dimethyl-3,4-propylenedioxythiophene) 
(PProDOT-Me2) [85], polythiophene (PT) [33], sulfonated poly(thiophene-3-[2-
(2-methoxyethoxy) ethoxy]-2,5-diyl) (s-PT) [48], polyaniline (PANI) [34], and 
polypyrrole (PPy) [31, 38, 39, 44, 48], and their molecular structures are shown in 
Figure 6. However, conductive polymers often showed a flat or a mesoporous struc-
ture, meaning their lacks of the directional electron transfer pathways. Because 
of the synthetic difficulties, very few conductive polymers can form a 0D/1D/2D 
structure, as listed in Table 2.

The hierarchical nanosphere with PPy (denoted PPy-HNS) has the hierarchi-
cal nanospherical structure with an average diameter of 100–200 nm, as shown in 
Figure 7(a) [44]. The PPy-HNS has the following photovoltaic parameters: a VOC 
of 0.70 V, a JSC of 16.49 mA cm−2, a FF of 0.58, and an η of 6.71%. The nanopat-
terning process is one of the methods to obtain the specific structure [42]. The 
nanopatterned PEDOT CE shows uniform hole patterns with ~100 nm diameter 
(Figure 7(b)) and exhibits an η of 6.71%. Regardless of the nanoparticle or nanosize 
hole, their corresponding η values are still lower than the η of Pt CE. Therefore, 
there are other structures, which were synthesized to overcome the challenge.

The flexible PPy membrane is composed of nanotubes that are about 50 nm 
in diameter, as shown in Figure 7(c) [38]. The paper-like PPy membranes exhibit 

Figure 6. 
The molecular structures of (a) PEDOT, (b) PEDOT:PSS [30, 43, 48], (c) PEDOT-MeOH [46], 
(d) PProDOT [85, 86], (e) PProDOT-Et2 [85–87], (f) PProDOT-Me2 [85], (g) PT [33], (h) s-PT [48], 
(i) PANI [34], and (j) polypyrrole (PPy) [31, 38, 39, 44, 48].
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ηs of 5.27%, which is about 84% of the cell performance with a conventional Pt/
FTO CE (6.25%). Usually, the rod structure of PEDOT is obtained by a template 
method. The PEDOT-MeOH tube-coral array is synthesized by a template-free and 
bottom-up electropolymerization technique [46]. The PEDOT-MeOH TCA shows 
three advantages: (1) an enhanced conjugation of the PEDOT main chain due to the 
electron-donating MeOH group, (2) fast one-dimensional charge transfer routes, 
and (3) extended electroactive sites. The PEDOT-MeOH TCA has a highly porous 
surface with an average length of 5 mm and an average diameter of 500 nm, as 
shown in Figure 7(d). Besides, PEDOT-MeOH TCA has vertically grown on their 
FTO substrates. The PEDOT-MeOH TCA CE, the co-existence of the 1D charge 
transfer pathways, and large active surface area on the PEDOT-MeOH TCA give its 
DSSC an η of 9.13%, which is higher than the Pt CE (8.94%). This performance is 
rarely found in pure conductive polymer materials. The patterned PEDOT with rod 
is obtained by the nanopatterning procedure. It has the height of 67 nm and width 
of 100 nm, as shown in Figure 7(e) [35]. The DSSCs of patterned PEDOT exhibits 
an η of 8.10%, which is close to Pt CE (8.26%). The prickly polyaniline nanorods 
(PPNR) display a prickly nanorod structure with the diameter of ~80 nm and the 
length of several micrometers, as shown in Figure 7(f ). The PPNR CE exhibits an η 
of 6.86%. The ultrathin polypyrrole nanosheets (UPNSs) have a nanoscale thick-
ness of 50 nm and sheet morphologies by using a sodium decylsulfonate template, 
as shown in Figure 7(g). The DSSC using UPNS CE shows an η of 6.80%.

Materials η (%) η of Pt (%) Structure Ref

PPy 6.71 7.47 Hierarchical nanosphere [44]

PEDOT 7.10 7.60 Nanosized hole [42]

PPy 5.27 6.25 Nanotubes [38]

PEDOT-MeOH 9.13 8.94 Tube-coral array [46]

PEDOT 8.10 8.26 Nanorod [35]

PANI 6.86 7.21 Nanorod [34]

PPy 6.80 7.80 Nanosheet [39]

Table 2. 
A partial list of literature on the DSSCs with conductive polymer material-based CEs.

Figure 7. 
The structures of conductive polymer materials include (a) hierarchical nanosphere of PPy [44], (b) nanosized 
hole of PEDOT [42], (c) nanotube of PPy [38], (d) hollow tubular structure of PEDOT-MeOH [46], 
(e) nanorod of PEDOT [35], (f) nanorod of PANI [34], and (g) nanosheet of PPy [39].



Nanostructures

84

the aggregations among the MWCNTs or among the rGOs. Thus, the MWCNT@
rGO rendered its DSSC an η of 6.91%, which is close to the Pt-based cell (7.26%).
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(PProDOT) [85, 86], poly(3,3-diethyl-3,4-dihydro-2H-thieno-[3,4-b][1,4]diox-
epine) (PProDOT-Et2) [85–87], poly(2,2-dimethyl-3,4-propylenedioxythiophene) 
(PProDOT-Me2) [85], polythiophene (PT) [33], sulfonated poly(thiophene-3-[2-
(2-methoxyethoxy) ethoxy]-2,5-diyl) (s-PT) [48], polyaniline (PANI) [34], and 
polypyrrole (PPy) [31, 38, 39, 44, 48], and their molecular structures are shown in 
Figure 6. However, conductive polymers often showed a flat or a mesoporous struc-
ture, meaning their lacks of the directional electron transfer pathways. Because 
of the synthetic difficulties, very few conductive polymers can form a 0D/1D/2D 
structure, as listed in Table 2.

The hierarchical nanosphere with PPy (denoted PPy-HNS) has the hierarchi-
cal nanospherical structure with an average diameter of 100–200 nm, as shown in 
Figure 7(a) [44]. The PPy-HNS has the following photovoltaic parameters: a VOC 
of 0.70 V, a JSC of 16.49 mA cm−2, a FF of 0.58, and an η of 6.71%. The nanopat-
terning process is one of the methods to obtain the specific structure [42]. The 
nanopatterned PEDOT CE shows uniform hole patterns with ~100 nm diameter 
(Figure 7(b)) and exhibits an η of 6.71%. Regardless of the nanoparticle or nanosize 
hole, their corresponding η values are still lower than the η of Pt CE. Therefore, 
there are other structures, which were synthesized to overcome the challenge.

The flexible PPy membrane is composed of nanotubes that are about 50 nm 
in diameter, as shown in Figure 7(c) [38]. The paper-like PPy membranes exhibit 
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method. The PEDOT-MeOH tube-coral array is synthesized by a template-free and 
bottom-up electropolymerization technique [46]. The PEDOT-MeOH TCA shows 
three advantages: (1) an enhanced conjugation of the PEDOT main chain due to the 
electron-donating MeOH group, (2) fast one-dimensional charge transfer routes, 
and (3) extended electroactive sites. The PEDOT-MeOH TCA has a highly porous 
surface with an average length of 5 mm and an average diameter of 500 nm, as 
shown in Figure 7(d). Besides, PEDOT-MeOH TCA has vertically grown on their 
FTO substrates. The PEDOT-MeOH TCA CE, the co-existence of the 1D charge 
transfer pathways, and large active surface area on the PEDOT-MeOH TCA give its 
DSSC an η of 9.13%, which is higher than the Pt CE (8.94%). This performance is 
rarely found in pure conductive polymer materials. The patterned PEDOT with rod 
is obtained by the nanopatterning procedure. It has the height of 67 nm and width 
of 100 nm, as shown in Figure 7(e) [35]. The DSSCs of patterned PEDOT exhibits 
an η of 8.10%, which is close to Pt CE (8.26%). The prickly polyaniline nanorods 
(PPNR) display a prickly nanorod structure with the diameter of ~80 nm and the 
length of several micrometers, as shown in Figure 7(f ). The PPNR CE exhibits an η 
of 6.86%. The ultrathin polypyrrole nanosheets (UPNSs) have a nanoscale thick-
ness of 50 nm and sheet morphologies by using a sodium decylsulfonate template, 
as shown in Figure 7(g). The DSSC using UPNS CE shows an η of 6.80%.
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Figure 7. 
The structures of conductive polymer materials include (a) hierarchical nanosphere of PPy [44], (b) nanosized 
hole of PEDOT [42], (c) nanotube of PPy [38], (d) hollow tubular structure of PEDOT-MeOH [46], 
(e) nanorod of PEDOT [35], (f) nanorod of PANI [34], and (g) nanosheet of PPy [39].



Nanostructures

86

2.3 Transition metal composites

Transition metal composites (TMC) possess high potential to replace Pt CE in 
DSSCs because of the similar electronic structures between TMCs and Pt. Metal 
compounds, including carbides, nitrides, chalcogenides, oxides, phosphides, and 
so on, have been applied as an electrocatalyst in DSSCs to replace expensive Pt. It 
is still a challenge to replace Pt with TMCs due to the relatively low conductivity 
of TMCs. Accordingly, various TMC structures, including nanoparticle, hollow 
sphere, nanorod array, nanowall, hierarchical nanorod, etc., are investigated to 
improve the performance of TMC-based CEs, as shown in Figure 8. The corre-
sponding ηs of DSSCs with various structures are listed in Table 3.

α-NiS has a sphere-like morphology with a diameter of 50–80 nm, as shown 
in Figure 8(a) [78]. The other NiS (β-NiS) has a nanorod 2–5 μm in length and 
1000 nm in diameter. The DSSC of α-NiS CE has a better η (5.20%) than the 
β-NiS (η of 4.20%). The particle size of α-NiS is much smaller than nanorods of 
β-NiS. The smaller the size of a particle, the larger specific surface area it pos-
sesses. With the increase of specific surface area of α-NiS, the conversion efficiency 
reaches a higher value. The nanoparticle of CoSe2/CoSeO3 (CoSe2/CoSeO3-NP) has 
a diameter of 50–60 nm, as shown in Figure 8(b) [74]. And CoSe2/CoSeO3-NP has 
a larger reaction area than the nanorod and nanocube of CoSe2/CoSeO3, confirmed 
by the electrochemical double-layer capacitance, which is positively related to the 

Figure 8. 
The structures of transition metal materials including (a and b) nanoparticle [78], (c) double-shelled 
ball-in-ball hollow sphere [70, 74], (d) hollow spherical particle [71], (e) acicular nanorod array [49], 
(f–h) nanorod [53, 54, 75], (i and j) nanosheet [55, 66], (k and l) nanowall [64, 72], and (m) hierarchical 
nanosphere with nanorod [77].
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reaction area. The DSSC of CoSe2/CoSeO3-NP CE has an η of 9.27%, which is better 
than those of the nanorod and nanocube of CoSe2/CoSeO3 and is higher than that 
of the Pt CE (7.91%). The double-shelled hollow sphere (BHSs) structure exists in 
NiCo2S4 BHSs with the separation of hollow and solid parts. In Figure 8(c) [70], the 
diameter of the inner shell is 300 nm and that of the outer shell is approximately 
550 nm. The thickness of the outer thin shell is 10–30 nm, which is quite less than 
that of the inner shell. The DSSC of NiCo2S4 BHSs CE exhibits an η of 9.49%, which 
is higher than that of the Pt CE (η of 8.30%). From a broken NiCo0.2@C micro-
sphere shown in Figure 8(d) [71], the well-defined hollow structure with a shell 
thickness of around 200 nm can be observed. Meaningfully, the hollow spherical 
space can greatly shorten the diffusion paths within the electrode and serves as a 
robust reservoir for ions. The NiCo0.2@C exhibits an η of 9.30%, which is higher 
than that of the Pt CE (η of 8.04%). Most of the nanoparticles, double-shelled ball-
in-ball hollow sphere, and hollow spherical particle structures have better ηs than 
the Pt CE.

Although TMCs present good electrocatalytic ability, the electrons may be insuf-
ficient at active sites. The rod structure is claimed to provide the specific electron 
transfer. It can supply sufficient electrons to keep consistent electrocatalytic reac-
tion. From Figure 8(e), it can be observed that CoS has 1D acicular nanorod arrays 
with the relatively rough surface of the nanorods (noted CoS ANRAs-24h) [49]. 
It is vertical to the FTO substrate and has a height of about 7 μm. The DSSC with 
CoS ANRAs-24h CE shows an η of 7.67%, which is virtually the same as the sputtered 
Pt-CE (η of 7.70%). The MoN nanorod (NR) on the Ti substrate has a one-dimensional 
structure with a diameter of 40–100 nm and a length of 0.5–2 mm, as shown in 
Figure 8(f ) [54]. The electrode structure is expected to trigger positive effects on 
the electrochemical processes occurring in the electrode films. The MoN NR-Ti CE 
shows comparable performance to that using a Pt-FTO glass electrode with a VOC of 
0.740 V, a JSC of 15.26 mA cm−2, a FF of 0.65, and an η of 7.29%. The single-crystal 
CoSe2 has nanorods 50–800 nm in length and 20–150 nm in width, as shown in 
Figure 8(g), and possesses a lattice spacing of 3.71 ± 0.01 Å, corresponding to the 

Materials η (%) η of Pt (%) Structure Ref

NiS 5.20 6.30 Nanoparticle [78]

CoSe2/CoSeO3 9.27 7.91 Nanoparticle [74]

NiCo2S4 9.49 8.30 Double-shelled ball-in-ball hollow 
sphere

[70]

NiCo0.2@C 9.30 8.04 Hollow spherical particle [71]

CoS 7.67 7.70 Acicular nanorod array [49]

MoN 7.29 7.42 Nanorod [54]

CoSe2 10.20 8.17 Nanorod [53]

Ni3S4-Pt2Fe1 8.79 7.83 Nanorod [75]

NbSe2 7.73 7.01 Nanosheet [55]

WSe2 7.48 7.91 Nanosheet [66]

CoSe2 8.92 8.25 Nanoclimbing wall [64]

CuxZnySnzS 7.44 7.21 Nanowall [72]

TiO1.1Se0.9 9.47 7.75 Nanosphere and nanorod [77]

Table 3. 
A partial list of literature studies on the DSSCs with conductive polymer material-based CEs. The dye of 
DSSCs is N719.
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so on, have been applied as an electrocatalyst in DSSCs to replace expensive Pt. It 
is still a challenge to replace Pt with TMCs due to the relatively low conductivity 
of TMCs. Accordingly, various TMC structures, including nanoparticle, hollow 
sphere, nanorod array, nanowall, hierarchical nanorod, etc., are investigated to 
improve the performance of TMC-based CEs, as shown in Figure 8. The corre-
sponding ηs of DSSCs with various structures are listed in Table 3.

α-NiS has a sphere-like morphology with a diameter of 50–80 nm, as shown 
in Figure 8(a) [78]. The other NiS (β-NiS) has a nanorod 2–5 μm in length and 
1000 nm in diameter. The DSSC of α-NiS CE has a better η (5.20%) than the 
β-NiS (η of 4.20%). The particle size of α-NiS is much smaller than nanorods of 
β-NiS. The smaller the size of a particle, the larger specific surface area it pos-
sesses. With the increase of specific surface area of α-NiS, the conversion efficiency 
reaches a higher value. The nanoparticle of CoSe2/CoSeO3 (CoSe2/CoSeO3-NP) has 
a diameter of 50–60 nm, as shown in Figure 8(b) [74]. And CoSe2/CoSeO3-NP has 
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reaction area. The DSSC of CoSe2/CoSeO3-NP CE has an η of 9.27%, which is better 
than those of the nanorod and nanocube of CoSe2/CoSeO3 and is higher than that 
of the Pt CE (7.91%). The double-shelled hollow sphere (BHSs) structure exists in 
NiCo2S4 BHSs with the separation of hollow and solid parts. In Figure 8(c) [70], the 
diameter of the inner shell is 300 nm and that of the outer shell is approximately 
550 nm. The thickness of the outer thin shell is 10–30 nm, which is quite less than 
that of the inner shell. The DSSC of NiCo2S4 BHSs CE exhibits an η of 9.49%, which 
is higher than that of the Pt CE (η of 8.30%). From a broken NiCo0.2@C micro-
sphere shown in Figure 8(d) [71], the well-defined hollow structure with a shell 
thickness of around 200 nm can be observed. Meaningfully, the hollow spherical 
space can greatly shorten the diffusion paths within the electrode and serves as a 
robust reservoir for ions. The NiCo0.2@C exhibits an η of 9.30%, which is higher 
than that of the Pt CE (η of 8.04%). Most of the nanoparticles, double-shelled ball-
in-ball hollow sphere, and hollow spherical particle structures have better ηs than 
the Pt CE.

Although TMCs present good electrocatalytic ability, the electrons may be insuf-
ficient at active sites. The rod structure is claimed to provide the specific electron 
transfer. It can supply sufficient electrons to keep consistent electrocatalytic reac-
tion. From Figure 8(e), it can be observed that CoS has 1D acicular nanorod arrays 
with the relatively rough surface of the nanorods (noted CoS ANRAs-24h) [49]. 
It is vertical to the FTO substrate and has a height of about 7 μm. The DSSC with 
CoS ANRAs-24h CE shows an η of 7.67%, which is virtually the same as the sputtered 
Pt-CE (η of 7.70%). The MoN nanorod (NR) on the Ti substrate has a one-dimensional 
structure with a diameter of 40–100 nm and a length of 0.5–2 mm, as shown in 
Figure 8(f ) [54]. The electrode structure is expected to trigger positive effects on 
the electrochemical processes occurring in the electrode films. The MoN NR-Ti CE 
shows comparable performance to that using a Pt-FTO glass electrode with a VOC of 
0.740 V, a JSC of 15.26 mA cm−2, a FF of 0.65, and an η of 7.29%. The single-crystal 
CoSe2 has nanorods 50–800 nm in length and 20–150 nm in width, as shown in 
Figure 8(g), and possesses a lattice spacing of 3.71 ± 0.01 Å, corresponding to the 

Materials η (%) η of Pt (%) Structure Ref

NiS 5.20 6.30 Nanoparticle [78]

CoSe2/CoSeO3 9.27 7.91 Nanoparticle [74]

NiCo2S4 9.49 8.30 Double-shelled ball-in-ball hollow 
sphere

[70]

NiCo0.2@C 9.30 8.04 Hollow spherical particle [71]

CoS 7.67 7.70 Acicular nanorod array [49]

MoN 7.29 7.42 Nanorod [54]

CoSe2 10.20 8.17 Nanorod [53]

Ni3S4-Pt2Fe1 8.79 7.83 Nanorod [75]

NbSe2 7.73 7.01 Nanosheet [55]

WSe2 7.48 7.91 Nanosheet [66]

CoSe2 8.92 8.25 Nanoclimbing wall [64]

CuxZnySnzS 7.44 7.21 Nanowall [72]

TiO1.1Se0.9 9.47 7.75 Nanosphere and nanorod [77]
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A partial list of literature studies on the DSSCs with conductive polymer material-based CEs. The dye of 
DSSCs is N719.
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Figure 9. 
The scheme of vertical aligned structures of (a and b) nanowall and (c) nanosphere with nanorod [64, 77].

(110) planes of orthorhombic CoSe2 [53]. Impressively, the single-crystal CoSe2 CE 
produces an η of 10.20% with a VOC of 0.753 V, a JSC of 18.55 mA/cm−2, and a FF of 
0.73, which is better than the Pt CE (8.17%). The Ni3S4-PtFe heteronanorods are 
highly monodispersed with an average length of ∼34.0 nm and an average diameter 
of 9.0 nm, as shown in Figure 8(h) [75]. The DSSCs using Ni3S4-PtFe produce an η 
of 8.79%, which is higher than that of the Pt CE (7.83%). The 1-D structure is obvi-
ously promoting the electrocatalytic ability of TMCs and most of the 1-D structures 
for TMCs exhibit a better η than Pt CE. It can be claimed that the 1-D structures of 
TMCs could replace the Pt CE.

The 2D structure of TMCs also has a specific electron pathway and it could be 
vertical to the substrate to offer sufficient electrons on active sites. Moreover, the 
hierarchical structure has both the advantages of a large reaction area and vertical 
electron pathway. For example, the direction of the fractured NbSe2 sheet shows 
a structure with the [001] crystallographic orientation and revealed a very thick 
(>100 mm), disordered network arrangement of 2D sheets, as shown in Figure 8(i); 
in comparison, the ground materials were very thin, separated nanosheets [55]. 
The NbSe2 sheet CE has an η of 7.73%, which reveals the potential to replace Pt CE 
(7.01%). The WSe2 is composed of several interlaced nanosheets with an average 
thickness of approximately 15 nm and a width between 60 and 100 nm, as shown 
in Figure 8(j) [66]. The WSe2 CE shows good electrical conductivity, subsequent 
energy band calculation results, and large reaction area that exhibits an η of 7.48%.

Vertically-aligned structures of electrocatalysts were reported to facilitate faster 
charge transport from the substrate through the electrocatalysts to the electrolyte 
[64, 72, 77], as shown in Figure 9. This structure is expected to have better electro-
catalytic ability. The nanowall and the hierarchical nanorod are used with TMCs. 
The CoSe2 nanoclimbing wall (CoSe2/C-NCW) reveals arrays of vertically-aligned 
nanowalls with sharp edges, as shown in Figure 8(k) [64]. In addition, the nanow-
alls are covered with dot-matrix-like projections; these projections are expected 
to provide a large surface area to the film. On account of direct electron transfer 
and large surface area, the CoSe2/C-NCW film, on the whole, could be a better 
electrocatalyst for the reduction of I3

− to I−, as shown in Figure 9(a). The cell with 
CoSe2/C-NCW CE reaches the highest efficiency of 8.92%, with a VOC of 0.73 V, a 
JSC of 18.03 mA cm−2, and an FF of 0.67; this efficiency is even higher than that of 
the cell with Pt (8.25%). The CZTS nanowall electrodes (NWD) on Mo substrate 
show nanowalls with a width of ~500 nm, a thickness of nearly 15 nm, and a height 
of ~1.5 μm, which were adequately aligned in a densely packed array, which was 
nearly perpendicular to the surface of the Mo substrate, as shown in Figure 8(l) 
[72]. In this case, CZTS-NWD demonstrates a concept of “nano-geogrid”-reinforced 
CZTS nanowall electrode by synthesizing a thin layer of a porous CZTS nanostruc-
ture mimicking a geogrid on a substrate and then fabricating a CZTS nanowall on 
top of the nanostructure, as shown in Figure 9(b). The η of the NWD device is 
7.44%, which is comparable to the Pt device (7.21%). Figure 8(m) shows the film of 
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TiO1.1Se0.9 wrapping around a carbon fiber, and many nanospheres and nanorods of 
TiO1.1Se0.9 are grown on the TiO1.1Se0.9 under-layer [77]. The TiO1.1Se0.9 nanorods are 
perpendicular to the surface of the carbon fiber; TiO1.1Se0.9 nanorods, therefore, are 
expected to facilitate a fast and 1D electron transport from the CC substrate to the 
interface with the electrolyte, where I3

− reduction occurs The correctional images 
show the hierarchical electron transfer route electrode, where the carbon fiber in the 
CC serves for transporting the main stream of electrons through its 1D direction, and 
the deposited electrocatalysts provide secondary channels of electrons for executing 
the reduction of I3

−, as shown in Figure 9(c). The DSSC with the TiO1.1Se0.9–3/CC 
shows the best performance and gives the best η of 9.47%. Furthermore, the DSSC is 
used for further comparison with those cells with the Pt/CC (7.75%). In conclusion, 
the TMCs have good electrocatalytic ability and possess vertically aligned structures. 
They exhibit great ηs, which are better than that of the Pt CE.

3. Summary and future prospects

The counter electrode is a paramount part of DSSCS and has a significant influ-
ence on both the photovoltaic performance and the device cost of DSSCs. As a counter 
electrode, it must possess high conductivity and good catalytic activity toward 
electrolyte regeneration, as well as good stability. The DSSC devices employing CEs of 
different materials including carbon materials, conductive polymers, and transition 
metal composites have been summarized and discussed. One key point is that the CE 
performance can be optimized by combining special nanostructures into CE films to 
promote the industrialization of Pt-free CE catalysts. The nanostructure can briefly 
be classified into 0D, 1D, and 2D, which have different properties. The different 
materials with various nanostructures can overcome the problem of the material.

The carbon materials have numerous advantages including low cost, plasticity, 
simple fabrication procedures, high electrical conductivity, high thermal stability, 
and good corrosion resistance. The η of carbon materials has been improved by the 
hierarchal structures (nanotube with nanosheet and nanotube with nanoribbon) 
and most of the carbon materials with hierarchal structure CE have a better value of 
η than the traditional Pt CE. However, most of the performances of the DSSCs with 
carbon material CEs are still slightly lower than those DSSCs with Pt CEs. This mostly 
results from various resistances associated with the structurally complex carbon elec-
trodes, such as bulk resistance through the comparatively thick carbon CE, contact 
resistance to the TCO substrate, the diffusion resistance in the pores of the CE, etc.

The conductive polymer materials possess outstanding electron conductivity, 
good adhesion, and easy fabrication. According to the literature above, it can be 
concluded that the 1D structure conductive polymer material-based CE can provide 
better η than the particles, nanosphere, and nanosheet structures. Although con-
ductive polymer materials have larger reaction area and specific electron pathway, 
most of the conductive polymer material-based CEs still have a lower η than the 
Pt-based CEs. Only a few examples show better performance than Pt CE. It means 
that the conductive polymer materials need a hybrid with other electrocatalysts to 
obtain better electrocatalytic ability.

The TMCs exhibit great electrocatalytic ability, easy preparation, and modi-
fication. However, the poor conductivity needs to be solved in order to replace Pt 
CE. By synthesizing nanostructures, including nanoparticle, double-shelled ball-
in-ball hollow sphere, hollow spherical particle, acicular nanorod array, nanorod, 
nanosheet, nanoclimbing wall, hierarchical nanorod, etc., TMCs reveal better 
performances than the Pt CE. It can be said that the TMCs with nanostructure suc-
cessfully replace Pt CE.



Nanostructures

88

Figure 9. 
The scheme of vertical aligned structures of (a and b) nanowall and (c) nanosphere with nanorod [64, 77].

(110) planes of orthorhombic CoSe2 [53]. Impressively, the single-crystal CoSe2 CE 
produces an η of 10.20% with a VOC of 0.753 V, a JSC of 18.55 mA/cm−2, and a FF of 
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highly monodispersed with an average length of ∼34.0 nm and an average diameter 
of 9.0 nm, as shown in Figure 8(h) [75]. The DSSCs using Ni3S4-PtFe produce an η 
of 8.79%, which is higher than that of the Pt CE (7.83%). The 1-D structure is obvi-
ously promoting the electrocatalytic ability of TMCs and most of the 1-D structures 
for TMCs exhibit a better η than Pt CE. It can be claimed that the 1-D structures of 
TMCs could replace the Pt CE.

The 2D structure of TMCs also has a specific electron pathway and it could be 
vertical to the substrate to offer sufficient electrons on active sites. Moreover, the 
hierarchical structure has both the advantages of a large reaction area and vertical 
electron pathway. For example, the direction of the fractured NbSe2 sheet shows 
a structure with the [001] crystallographic orientation and revealed a very thick 
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nanowalls with sharp edges, as shown in Figure 8(k) [64]. In addition, the nanow-
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and large surface area, the CoSe2/C-NCW film, on the whole, could be a better 
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− to I−, as shown in Figure 9(a). The cell with 
CoSe2/C-NCW CE reaches the highest efficiency of 8.92%, with a VOC of 0.73 V, a 
JSC of 18.03 mA cm−2, and an FF of 0.67; this efficiency is even higher than that of 
the cell with Pt (8.25%). The CZTS nanowall electrodes (NWD) on Mo substrate 
show nanowalls with a width of ~500 nm, a thickness of nearly 15 nm, and a height 
of ~1.5 μm, which were adequately aligned in a densely packed array, which was 
nearly perpendicular to the surface of the Mo substrate, as shown in Figure 8(l) 
[72]. In this case, CZTS-NWD demonstrates a concept of “nano-geogrid”-reinforced 
CZTS nanowall electrode by synthesizing a thin layer of a porous CZTS nanostruc-
ture mimicking a geogrid on a substrate and then fabricating a CZTS nanowall on 
top of the nanostructure, as shown in Figure 9(b). The η of the NWD device is 
7.44%, which is comparable to the Pt device (7.21%). Figure 8(m) shows the film of 
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TiO1.1Se0.9 wrapping around a carbon fiber, and many nanospheres and nanorods of 
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− reduction occurs The correctional images 
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−, as shown in Figure 9(c). The DSSC with the TiO1.1Se0.9–3/CC 
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carbon material CEs are still slightly lower than those DSSCs with Pt CEs. This mostly 
results from various resistances associated with the structurally complex carbon elec-
trodes, such as bulk resistance through the comparatively thick carbon CE, contact 
resistance to the TCO substrate, the diffusion resistance in the pores of the CE, etc.

The conductive polymer materials possess outstanding electron conductivity, 
good adhesion, and easy fabrication. According to the literature above, it can be 
concluded that the 1D structure conductive polymer material-based CE can provide 
better η than the particles, nanosphere, and nanosheet structures. Although con-
ductive polymer materials have larger reaction area and specific electron pathway, 
most of the conductive polymer material-based CEs still have a lower η than the 
Pt-based CEs. Only a few examples show better performance than Pt CE. It means 
that the conductive polymer materials need a hybrid with other electrocatalysts to 
obtain better electrocatalytic ability.

The TMCs exhibit great electrocatalytic ability, easy preparation, and modi-
fication. However, the poor conductivity needs to be solved in order to replace Pt 
CE. By synthesizing nanostructures, including nanoparticle, double-shelled ball-
in-ball hollow sphere, hollow spherical particle, acicular nanorod array, nanorod, 
nanosheet, nanoclimbing wall, hierarchical nanorod, etc., TMCs reveal better 
performances than the Pt CE. It can be said that the TMCs with nanostructure suc-
cessfully replace Pt CE.
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Moreover, changing DSSC electrolyte toward the Cu, Co, Fe, etc. redox couples is 
another important research topic. Furthermore, the dim light condition application 
is another prospect of DSSCs. Among them, the matching material of CE is a key 
point to promise the η of DSSC. To get the point, it is dependent on the nanostruc-
ture and the hybrid materials, such as carbon materials with TMCs, carbon materi-
als with conductive polymer materials, conductive polymer materials with TMCs, 
and TMCs with both conductive polymer materials and carbon material. Further 
development should focus on these main requirements: conductivity, catalytic activ-
ity, stability, efficiency, cost, and environmental friendliness. Also, the regulation 
mechanism for photo-induced charge carrier generation, evolution, and transporta-
tion should be of concern.
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Chapter 7

Miniaturized Gas Ionization 
Sensor Based on Field 
Enhancement Properties of Silicon 
Nanostructures
Parsoua Abedini Sohi and Mojtaba Kahrizi

Abstract

According to principle of the operation, gas field ionization sensors are classi-
fied as transduction-based gas sensors. These sensors identify the unknown gases 
based on their unique ionization properties such as breakdown voltage or tunneling 
current. Appling 1D nanostructure in gas ionization sensors would enhance the local 
electric field at the tip of the structures. The average field enhancement coefficient 
(βtol), considering constructive/destructive interferences of the local electric field 
of thousands of nanowires in the whole structure, is desired to optimize the design 
and structure of the gas sensors. Using chemical/electrochemical techniques silicon 
nanowires were grown on one of the electrodes of the gas sensor. Mechanism of 
the nanowires formation was modeled and simulated using COMSOL multiphysics 
simulation tool prior to their fabrication. A gas field ionization tunneling sensor, was 
designed, fabricated, and tested successfully for several gases like N2, He, and Ar. 
Estimated βtol of the sensor showed that the electric field strength inside the sensor 
is 3750 times greater than a planar parallel-plate sensor causing to reduce the break-
down voltages from several thousand volts to the range of 60–70 V for various gases.

Keywords: gas ionization sensor, tunneling current, field enhancement factor, 
COMSOL, silicon nanowires

1. Introduction

There are several natural and artificial chemical species in the air, some of which 
are toxic and combustible gases, which can be considered as potential hazard to the 
health [1–3]. Gas sensors helps to prevent these hazards and play an important role 
in places with the risk of potentially harmful substances specifically in industrial 
processes and manufacturing plants.

Depending on the principal of the operation, gas sensor devices can be classi-
fied into two distinct categories: chemical gas sensors and physical gas sensors [3]. 
Merely, considering transduction mechanism, chemical gas sensors are based on 
chemical reaction between gas and sensing materials, resulting in change of con-
ductivity of the detector material. In this method, gases in different combinations 
could produce the same net-change in conductance and as a result, distinguish-
ing between a gas and its mixtures is impossible. These types of sensors are very 
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sensitive to changes in moisture, temperature and gas pressure. Their other draw-
back is that chemical reactions could cause irreversible changes in detector materi-
als [3]. Physical type sensors have overcome the disadvantages of chemical type 
sensors. There are several physical type gas sensors, according to the mechanism of 
operation, including surface plasmon resonance (SPR) based [4] gas sensors, fiber 
optic based gas sensors [5–8] and gas ionization sensors [9].

Surface plasmon resonance (SPR) is the resonant oscillations of surface elec-
trons, which are stimulated by incident illumination at the interface between a metal 
and dielectric [10, 11]. SPR is very sensitive to the refractive index of the medium 
close to the metal film. The resonance spectral response of the SPR will change when 
the conditions of the medium are changed, which can reflect certain properties of 
the system. Kretschmann geometry (prism coupler) is widely used to study SPR. In 
this configuration, optical wave is totally reflected at prism-metal interface [12]. 
Evanescent field wave may penetrate the metal layer and excite surface plasmon 
at the metal-dielectric boundary. As excitation of surface plasmon significantly 
reduces the intensity of reflected light, reflectivity of the sensor as a function of 
either wavelength or incident angle is considered as the sensor response [12].

Agbor et al. [13] reported the SPR gas sensing measurements in Kretschmann con-
figuration using nickel/silver coated glass microscope slides. According to their results, 
the SPR curves were influenced by 50 ppm of NO2 and H2S at room temperature. 
Maharana et al. [14] reported a numerical study on a high performance SPR sensor 
based on graphene coated silver on wide range of refractive indices of gases. Graphene 
is widely used in SPR based gaseous detection systems, as its refractive index is highly 
sensitive to the absorbed gas molecules. Furthermore, graphene is robust against 
the oxidation and the layer of graphene in SPR sensors (in presence of noble metals) 
prevents oxidation of the silver layer. Nooke et al. [15] studied the SPR gas sensing 
measurements in Kretschmann configuration using gold (Au) coated glass for com-
bustible, toxic and greenhouse gases. They also reported that the gas detection limit is 
related to the rate of gas adsorption, which is defined by polarizability of the gases.

SPR-based fiber optic sensors are designed by replacing the cladding with a thin 
layer (in nm range) of metal. In these sensors it is hard to reach the sensitivity similar 
to Kretschmann SPR configuration due to complexity in controlling the incidence 
angle of light, impossibility to control the wave polarization and an excessive number 
of reflections. In these sensors the spatial-frequency bandwidth of their angular spec-
trum is wider in comparison with other types of SPR sensors [16, 17]. However, some 
noticeable advantages like low cost, flexibility, real-time monitoring, compatibility 
with human tissue and blood vessels, remote sensing, small sample volume, reusabil-
ity, and simple structure have made the SPR fiber optic approach very attractive.

Gas sensing application of the fiber optic sensor was developed in 1980 [1] 
and the sensing measurements are essentially based on changing the features of 
transmitted light along the fiber. Transmitted light can be modified in response to 
external medium properties. According to the principal of the operation, fiber optic 
gas sensor devices can be classified into two distinct categories: extrinsic and intrin-
sic [1, 6]. In extrinsic fiber optic gas sensors, light exits the fiber and interacts with 
the medium before continuing propagation inside the core again. In these sensors, 
light propagates through the input fiber optic toward a microcell containing the 
unknown gas. The output signal is guided to a spectrometer using the output fiber 
optic, which is accurately aligned with the input one. This provides the unknown 
gas detection by comparing the input interrogating wavelength and the absorption 
spectrum of the gas [6]. This technique can be only used for the gases which spectral 
absorption is in the range of telecommunication window so the fiber can be success-
fully employed. Stewart et al. [18] reported a design of fiber optic methane sensor 
using a microcell and DFB laser source. The theoretical modeling of the designed 
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sensor was in a good agreement with experimental results and both showed a single 
absorption line for the methane gas.

Shemshad et al. [19, 20] investigated the absorption band of methane and 
stated that absorbance spectrum of methane is between 1620 and 1700 nm which 
is suitable for fiber optic detection sensors. As methane is released during coal 
extractions, they have also studied the cross sensitivity of methane with other gases 
emitted from mine. Their results showed that the absorbance spectrum of methane 
does not interfere with other gases in the mine.

In intrinsic fiber optic gas sensors, light propagates inside the core continuously 
without any external interaction. When a light is propagating through fiber optics, 
at the core-cladding boundary it undergoes total internal reflection (TIR). During 
each TIR it penetrates into the cladding region, which is known as evanescent wave. 
The amplitude of the evanescent wave decays exponentially in the cladding region. 
So the cladding (with lower refractive index) absorbs a small portion of propagat-
ing light energy. This process is known as attenuated total reflection (ATR). If an 
absorbing chemical or testing sample is present with the evanescent field region, the 
propagating light will be attenuated (as the reflection coefficient is less than unity) 
as it travels along the fiber. Since the energy levels associated with an atom or mol-
ecules are unique, the absorption spectrum serves as a “fingerprint” identification of 
the chemical species [1]. To increase the sensitivity of such sensors the cladding can 
be manufactured to be sensitive to specific organic vapors [21] or an unclad fiber can 
be coated with sensitive coatings [22]. Another alternative way is diminishing the 
cladding thickness, which results in a more fragile but more sensitive sensor [6, 20].

Gas field ionization sensors identify unknown gases by their unique ioniza-
tion characteristics [23]. Calibration of these devices is based on fingerprinting 
breakdown voltage of the target gases. The gas sensor is made of two parallel 
planar electrodes. The two plates are separated by pieces of insulating films such 
a way that there is enough opening between the two electrodes to allow the gas 
flow between them. Applied voltage across the device is swept and insulation-to-
conduction transformation of the gas (known as breakdown), using I-V char-
acteristics of electrical discharge, is recorded [23]. This technique has improved 
selectivity property of the gas sensors, as it is approved that at a constant pressure 
and temperature, each gas has unique breakdown voltage (or breakdown electric 
field) [9]. An applied voltage required to generate breakdown electric field (Eapp), 
depends on the separation gap between the plates and typically is over several 
hundred volts [24–26]. As applying this voltage is not practical, to scale down 
the breakdown voltage of the gases, 1D nanostructures could be applied as one 
of the electrodes. Enhanced local electric field (Eloc) is created at the tip of the 
nanostructures due to non-uniform distribution of charged carriers [27, 28]. Field 
enhancement factor (β) characterizes the level of influence of the 1D nanostruc-
tures onto the electrostatic field distribution and can be defined as the field gain 
coefficient (β = Eloc/Eapp) [27].

In this work we have explored an example of gas ionization sensor that is fab-
ricated based on p-type silicon (Si) nanostructures. The ionization characteristics 
of several gases are reported. The effect of applying these structures on the field 
enhancement factor of the sensor, compared to a parallel plate system, is described.

2. Geometrical field enhancement

Nanowires amplify Eloc regardless of their bias direction. However depending on 
the type of the materials of the nanowires some promote field emission, and others 
will enhance field ionization tunneling phenomenon.
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In field emission based gas sensors, metallic or highly doped n-type semicon-
ductor nanostructures are applied as the cathode (negatively biased), in which 
enhanced local electric field induces the emission of the electrons from the tip 
of the nanostructures [9]. In this phenomenon, as the name suggested, under a 
strong electric field electrons will overcome the deformed potential barrier of the 
vacuum and will be emitted from the surface of the cathode [29]. The diagram 
shown in Figure 1a qualitatively illustrates the electron emission from a metallic 
cathode. The shape and width of the metal-surface potential barrier is influenced 
by the strength of the applied electric field [30]. When the barrier is narrow enough 
electrons can escape through the barrier, thereby forming a field electron emission. 
In a gas sensor, field emission dominates the breakdown mechanism of the gases 
and reduces the breakdown voltage significantly. This phenomenon occurs as field 
emitted electrons contribute in impact ionization of gas atoms. There are several 
materials reported for field emission applications. Among these materials carbon 
nanotubes have been actively studied as field emitters [31]. The use of multi-walled 
carbon nanotubes is frequently reported in field emission gas ionization sensors, 
which reduced the breakdown voltage of the gases compared to planar parallel plate 
[32–34]. Metallic nanowires such as gold and silver have also shown field emission 
properties and are employed as the cathode in gas ionization sensors [35, 36].

In field ionization tunneling sensors, p-type semiconductor nanostructures are 
applied as the anode (positively biased). Due to enhanced electric field at the tip 
of the nanostructures, valence electrons of gas atoms can escape from the atom by 
tunneling through the nucleus potential barrier into available energy states of the 
p-type nanostructures (as shown in Figure 1b). In these sensors tunneling cur-
rents can be used as the calibrating data as it occurs at lower voltages compared to 
complete breakdown [36, 37]. However in some cases (depending on the separation 
gap distance, gas pressure and the material of the cathode) bombardment of the 
cathode by the released positive ions may result in secondary emissions, which can 
contribute to either quasi or complete breakdown [38].

There are several analytical studies reported in literature to calculate field 
enhancement factor (β) of the nanostructures [39, 40]. These studies mathemati-
cally predicted the field enhancement factor of a single protrusion; however, the 
interpretation of the average field gain coefficient (βtol), considering constructive/
destructive interferences of the local electric field of thousands of nanowires in the 
whole structure, is desired to optimize the design and structure of the gas sensors.

Figure 1. 
(a) Field electron emission mechanism from metallic cathode. At large electric fields the potential barrier is 
bended, which allows electrons escape through the barrier toward the vacuum, (b) valence electrons of gas 
atom, tunnels through the potential barrier of the nucleus into the available energy states of p-type anode (part 
b is reproduced from Abedini Sohi & Kahrizi [38]).
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In field emission based gas sensors, Fowler Nordheim (FN) theory of electron emis-
sion from a metallic or semi-metallic roughly predicts βtol based on the field induced 
emission current and can be experimentally calculated by plotting ln (J/V2) against 
(1/V) where J is the emission current density and V is the applied voltage [41, 42].

In the second approach, this factor can be estimated practically using the slope of 
the gas discharge graph (I-V characteristics) in the ohmic region of the curves (for 
field emission gas sensors as well as field ionization tunneling sensors). Figure 2 
shows different regions of discharge characteristic of gases in a uniform electric field 
generated between planer parallel plates. Any gas contains free-floating negative 
electrons and positive ions due to the ionization of the gas atoms by cosmic radia-
tion. In region I of the discharge curve, when the voltage is applied to the electrodes, 
the traveling radiation-generated charged particles produce current as electrons 
migrate to the anode and the ions move toward the cathode. The current in this 
region shows strong electric field dependence and increases as the applied voltage is 
increased. In this region the discharge current density is expressed as:

   J  GIS   =  σ  Gas   ×  E  app   =  ( n  e    μ  e   +  n  i    μ  i  )  × e ×  E  app    (1)

where σGas is the gas conductivity, e the electron charge, Eapp the applied electric 
field, ne and ni the electron and ion concentrations respectively, and μe, and μi are 
the electron and ion mobility respectively.

In saturation region (II), the current reaches its saturated value which means that 
all radiation-generated particles are attracting to the electrodes. At the last phase the 
electric field strength would be enough to accelerate the electrons, resulting ionizing 
collisions. At breakdown voltage (Vb) the discharge current is self-sustainable and is 
maintained due to ionizing collisions without any external ionization source.

According to Eq. (1) in the ohmic region, the traveling radiation-generated 
charged particles produce current proportional to applied field. As in this region 
there is no ionization-induced current, the current density exclusively depends on 
the strength of the electric field. The current density of nanowire based gas ioniza-
tion sensor (JGIS) due to enhanced electric field can be expressed as

   J  GIS   =  σ  Gas  ×  E  eff   =  ( n  e    μ  e   +  n  i    μ  i  ) × e×  β  tol  ×  E  app    (2)

Figure 2. 
I-V characteristics of gas discharge in a uniform electric field.
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where Eeff is the enhanced electric field and βtol is average field gain coefficient.
By comparing Eqs. (1) and (2) and considering a constant σGas, βtol of gas ioniza-

tion sensors can be estimated by dividing the slopes of I-V characteristics of the 
device with a parallel-plates in the ohmic region.

   β  tol   =    Slope  GIS   _______  Slope  PPL      (3)

where SlopeGIS is the slope of I-V discharge graph of the nanowire based GIS 
and SlopePPL is the slope of the I-V discharge graph of the parallel plate in their 
ohmic regions.

3. Fabrication of silicon nanostructures

Silicon nanostructures are fabricated using chemical/electrochemical technique 
[43]. Samples of p-type <100> silicon wafers (380 ± 10 μm thickness with resistiv-
ity about 5–10 Ω cm from Silicon Material Inc.) were cut in 1 × 1 cm2 pieces and 
cleaned using RCA technique. In the first step of etching, samples were textured 
by pyramidal structures through anisotropic etching in tetramethylammonium 
hydroxide (TMAH) based solution. The solution for anisotropic etching, made of 
equal amount of TMAH and isopropyl alcohol (IPA) (5 wt% each), was used to etch 
the samples for 20 minutes. The temperature of the solution was kept constant at 
90°C using an oil bath system. A condenser covered the etchant container in order 

Figure 3. 
Experimental results of the evolution of the nanostructures. (a) Anisotropic etching of <100> p-type silicon at 
90°C for 20 minutes in 5 wt% TMAH and 5 wt% IPA resulted in formation of pyramids that covers the surface 
completely. (b) Top view of the electrochemically etched textured silicon after 10 minutes of etching. (c) Top 
view of the electrochemically etched silicon after 70 minutes. (d) Top view of the electrochemically etched silicon 
after 70 minutes. (d-inset) Tilted view of the final nanostructures illustrates the existence of residual walls 
around the structures with the thickness of 100 nm.
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to keep the etchant concentration constant throughout the experiment. Figure 3a 
shows the SEM image of textured Si sample containing square-based pyramidal 
structures after anisotropic etching step. As it is shown in the figure, the average 
tip-to-tip separation of the large pyramids is more than 5 μm. The samples were 
subsequently exposed to electrochemical isotropic etching. In this step the textured 
silicon samples, are placed in a two-electrode cell of anodic etching. The etching was 
done in an electrolyte consisting of 1:3 hydrofluoric acid and ethanol for 70 minutes 
under a 15 mA/cm2 applied anodic current density. Porous silicon starts to form by 
electrochemical etching, all around the pyramids. Figure 3b shows the SEM image 
of electrochemically etched sample after 10 minutes of etching. As the etching 
continues, the pyramid faces are etched away, while lateral edges remain unetched. 
Figure 3c and d shows the top view and tilted view SEM image of the sample after 
70 minutes isotropic etching. To narrow down the lateral edges, samples are sub-
jected to another anisotropic etching in a weak etchant solution (1 wt% of TMAH 
and 1 wt% of IPA) for 30 seconds. The final structures are shown in the inset of 
Figure 3d. They are arrow shape structures with remaining lateral edges with the 
thickness about 100 nm.

4. Formation mechanism of the nanostructures

Electrochemical dissolution of Si, in the second step of etching, is highly influ-
enced by hole current density at the interface of Si/electrolyte. Hole drift current 
density in semiconductors can be found by,

   J  p   = e × p ×  μ  p   × E (  A ____ 
 cm   2 

  )   (4)

Where e is electric charge (1.6 × 10−19 coulomb), p is the concentration of holes/
cm3, μp is the hole mobility (cm2/V s) and E is the applied electric field (V/cm).

Eq. 4 confirms the dependence of the etching rate with the electric field 
strength. According to Figure 3b the pyramid perimeters are experiencing a higher 
etching rate at the beginning of the etching process. This can be attributed to 
maximum electric field intensity at those regions.

Due to uneven textured Si surfaces, the electric field is not uniform at the inter-
face. As a result, the hole drift current density is not uniform over the surface of the 
samples and different areas are experiencing different dissolution rates during the 
anodic etching.

The electric field intensity generated at textured Si (anode) is modeled and 
simulated utilizing COMSOL, electrostatics module. To study the evolution mecha-
nism we have considered the 3D schematic geometry and initial electric field distri-
bution shown in Figure 4 when voltage is applied to the backside of the textured Si. 
Simulation results shows that the electric field is not uniform and the lowest belongs 
to tips and lateral edges of the pyramids, and highest is for pyramid perimeters.

To present the development of the structures, COMSOL deformed geometry 
(dg) physics interface is applied to all domains. A prescribed mesh velocity is 
assigned to the boundary between Si and electrolyte (pyramidal texture) and a pre-
scribed mesh displacement is assigned to boundaries all around the block. Moving 
mesh velocity is defined proportional to electric field.

Figure 5 clearly shows that the etching and developing porous silicon start at the 
edges of the pyramids bases where the electric field has the maximum value.

As the etching extends, pyramid faces are etched away while lateral edges 
remain as connecting walls between the pyramids. Figure 6 clearly illustrates the 
residual walls between the structures.
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Figure 5. 
(a) Top view and (b) tilted view of COMSOL deformed geometry. The figures show that as the etching starts, 
pyramid perimeters are experiencing higher etching rates due to higher electric filed strength.

Figure 4. 
Distribution of electric field in the textured Si surface is simulated by COMSOL electrostatics module. (a) Top view 
and (b) tilted view of the 3D structures shows that the electric field strength is not uniform and the lowest belongs  
to vertex and sides (shown by dark blue) and highest is for pyramid perimeters (shown in yellow/red).
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5. Device fabrication and sensor setup

Fabricated Si nanostructures were incorporated as the anode in gas ionization 
cell. The cathode is a piece of p-type Si cleaned with RCA method and coated with a 
5 μm aluminum (Al) layer using thermal evaporation technique. The electrodes are 
separated, using an insulating thin film (double sided adhesive tape), by a narrow 
gap but wide enough to allow the flow of the gases through the cell. Figure 7 shows 
the schematic illustration of the gas ionization cell.

The device was placed in the gas chamber and vacuumed to 10−5 Torr prior to 
introduce each gas to the chamber. The electrodes are connected to two source 
measure units (SMUs) of a HP4155 semiconductor parameter analyzer and I-V 
characteristics of the device was conducted by sweeping the voltage of the anode 

Figure 6. 
COMSOL deformed geometry shows that the extended etching results in residual walls around the structures, 
while pyramid faces are etched away. (a) Top view, (b) tilted view.

Figure 7. 
Schematic of Si nanowires-based GITS. Fabricated sample is applied as the anode and it attached to SMU #1 
of the parameter analyzer. An Al coated Si is applied as the cathode. Electrodes are separated by two pieces of 
double sided adhesive tape. The other sides are left open to facilitate the gas flow through the sensor.
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Figure 8. 
Ohmic regions of the PPL sensor and the fabricated GITS at 10−5 Torr vacuumed air. The slopes of the curves 
are used to calculate the enhancement factor of the system.

from 0 to 100 V, with steps of 1 V and 1 second sweep delay. The sensor was tested 
for oxygen (O2), argon (Ar), Nitrogen (N2) and helium (He) at low pressures.

6. Results and discussions

6.1 Estimation of βtol

To calculate the total field gain coefficient (βtol) based on Eq. (3), I-V charac-
teristics of a PPL sensor is compared to that of the GITS. The parallel-plates sensor 
consists of two plates, one perfectly smooth p-type Si wafer as the anode and an 
aluminum coated Si wafer as the cathode, separated by 100 μm gap. GITS sensor 
is fabricated as explained in Section 5 with the same separation gap of 100 μm 
between the electrodes.

Ohmic regions of both PPL sensor and fabricated GITS, under vacuumed air 
(10−5 Torr), are shown in Figure 8. The total enhancement factor of the device is 
calculated using Eq. 3. Accordingly, the enhancement factor of the device is equal to:

   β  tol   =    Slope  GIS   _______  Slope  PPL     ≈   3 ×  10   −5  ______ 
8 ×  10   −9 

   = 3, 750  (5)

Theoretically, no tunneling occurs at electric fields less than 109 V/m. The 
electric filed strength in the parallel plate sensor is in the range of 105–106 V/m 
according to applied voltage (100 V is the maximum voltage of HP4155-SMU). This 
value should at least increases by 1000 times to make the tunneling possible. Our 
estimated value of βtol, indicates that the geometrical field enhancement of fabri-
cated GITS induces the required electric field for the field ionization tunneling.

6.2 Characterization of the gas sensor

Field ionization tunneling tests were performed at 10−2 Torr for several gases, 
while separation gap between the electrodes was set at 200 μm. A 20 mA current 
compliance is applied to both SMUs in order to protect nanowires from burning.

Figure 9 shows the same trend for I-V characteristics of all the gases. Below 
20 V the gas discharge is in its ohmic region, in which current is low and is due to 
the movement of radiation-generated charged particles. At the voltages above the 
ohmic region, contrary to ionization discharge curve of a PPL sensor (shown in 
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Figure 2) which reaches to a saturated current, the discharge current of fabricated 
GITS increases sharply as the applied voltage is increased. In this region the electric 
field is higher than ionization threshold and the valence electrons of the gases are 
able to tunnel through the potential barrier of the gas atom, into the unoccupied 
energy states of the anode electrode.

Each gas reaches to a quasi-breakdown (Vqbr) at a specific voltage. At Vqbr, an 
abrupt rise in the tunneling current is due to the cathode bombardment by positive 
ions, which results in gas amplification due to secondary emissions of the Al layer. 
Large number of positive ions is generated during the gas amplification and move 
toward the cathode to get neutralized. These positive ions create an internal electric 
field in opposite direction to the applied electric field. Consequently the total elec-
tric field is reduced, which reduces the rate of ionization and as a result the tunnel-
ing current reaches a plateau. After neutralization of the accumulated positive ions, 
the tunneling current is increased again until reaching current compliance.

The Vqbr and threshold of plateau can be used as calibrating data to distinguish 
the gases.

Figure 10 represents the room temperature I-V characteristics of the fabricated 
GITS for He (Figure 10a) and Ar (Figure 10b) at different pressures. According 
to the results, no correlation between the tunneling current and pressure can be 
addressed. However, the Vqbr for the both gases is raised as the pressure is increased. 
This increase in Vqbr can be explained by reduced mean free path (the average dis-
tance traveled by a particle to make successive ionizing collisions). As the mean free 
path is reduced in higher pressures, the electrons acquire enough energy to create 
impact ionizations at higher electric fields.

The experiments are extended to test the effect of separation gap between the 
electrodes on I –V characteristics of the sensor. For this reason, the same device 
with 50, 100 and 200 μm separation gaps was tested for Ar at 10−2 Torr. As it is 
shown in Figure 11, by reducing the separation gap to 50 μm, the sensor showed 
a complete breakdown at 50 V due to the high electric field strength. At 100 μm a 
complete breakdown was observed at 60 V. Lower electric field in the devices with 
200 μm separation gap, resulted in quasi breakdown and a threshold of plateau that 
is explained earlier.

Figure 9. 
Room temperature I-V characteristics of Ar, N2, He and O2 at 10−2 Torr show distinctive tunneling properties of 
the gases. The transition from ohmic region to tunneling region can be seen at 20 V, where the tunneling current 
increased steeply (reproduced from Abedini Sohi & Kahrizi [38]).
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Figure 8. 
Ohmic regions of the PPL sensor and the fabricated GITS at 10−5 Torr vacuumed air. The slopes of the curves 
are used to calculate the enhancement factor of the system.
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   = 3, 750  (5)
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cated GITS induces the required electric field for the field ionization tunneling.
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compliance is applied to both SMUs in order to protect nanowires from burning.
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Figure 2) which reaches to a saturated current, the discharge current of fabricated 
GITS increases sharply as the applied voltage is increased. In this region the electric 
field is higher than ionization threshold and the valence electrons of the gases are 
able to tunnel through the potential barrier of the gas atom, into the unoccupied 
energy states of the anode electrode.

Each gas reaches to a quasi-breakdown (Vqbr) at a specific voltage. At Vqbr, an 
abrupt rise in the tunneling current is due to the cathode bombardment by positive 
ions, which results in gas amplification due to secondary emissions of the Al layer. 
Large number of positive ions is generated during the gas amplification and move 
toward the cathode to get neutralized. These positive ions create an internal electric 
field in opposite direction to the applied electric field. Consequently the total elec-
tric field is reduced, which reduces the rate of ionization and as a result the tunnel-
ing current reaches a plateau. After neutralization of the accumulated positive ions, 
the tunneling current is increased again until reaching current compliance.

The Vqbr and threshold of plateau can be used as calibrating data to distinguish 
the gases.

Figure 10 represents the room temperature I-V characteristics of the fabricated 
GITS for He (Figure 10a) and Ar (Figure 10b) at different pressures. According 
to the results, no correlation between the tunneling current and pressure can be 
addressed. However, the Vqbr for the both gases is raised as the pressure is increased. 
This increase in Vqbr can be explained by reduced mean free path (the average dis-
tance traveled by a particle to make successive ionizing collisions). As the mean free 
path is reduced in higher pressures, the electrons acquire enough energy to create 
impact ionizations at higher electric fields.

The experiments are extended to test the effect of separation gap between the 
electrodes on I –V characteristics of the sensor. For this reason, the same device 
with 50, 100 and 200 μm separation gaps was tested for Ar at 10−2 Torr. As it is 
shown in Figure 11, by reducing the separation gap to 50 μm, the sensor showed 
a complete breakdown at 50 V due to the high electric field strength. At 100 μm a 
complete breakdown was observed at 60 V. Lower electric field in the devices with 
200 μm separation gap, resulted in quasi breakdown and a threshold of plateau that 
is explained earlier.

Figure 9. 
Room temperature I-V characteristics of Ar, N2, He and O2 at 10−2 Torr show distinctive tunneling properties of 
the gases. The transition from ohmic region to tunneling region can be seen at 20 V, where the tunneling current 
increased steeply (reproduced from Abedini Sohi & Kahrizi [38]).
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Figure 10. 
Room temperature I – V characteristics of He (a) and Ar (b) at a wide range of pressures (0.01–10 Torr) (part 
(b) is reproduced from Abedini Sohi & Kahrizi [38]).

Figure 11. 
Fabricated GITS is tested for Ar at 10−2 Torr for different separation gaps. By increasing the separation gap 
between the electrodes, the transition from complete breakdown to quasi breakdown is observed.
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7. Conclusion

A novel fabrication technique, based on consecutive chemical and electro-
chemical etching techniques, is used to fabricate Si nanostructures. Si surface is 
textured by pyramidal hillocks through anisotropic etching in TMAH based solu-
tion. Electrochemical etching (anodic etching) of the textured Si was carried out 
in a HF-based solution in an electrochemical cell. Non-uniform distribution of the 
electric field induces different level of etching rate over the anode, which results in 
formation of the arrow shape structures. Mechanism of the developed structures 
is investigated by modeling and simulation by COMSOL multiphysics. Fabricated 
structures were applied as the anode in GITS. The total field enhancement coefficient 
(βtol) of the GITS is estimated based on the ohmic region of the gas discharge charac-
teristics, as compared to a parallel-plates sensor. Field penetration and band bending 
at the surface of p-type nanostructures lead to tunneling current in the range of mA 
in low voltages and as a result, the fabricated Si nanostructure based GITS showed 
the capability to distinguish the unknown gases as well as the gas pressure.
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Abstract

Nanotechnology is an ever-expanding field, which offers novel avenues due to 
advance, unique, and myriad applications in science and technology. Especially 
composites procured from reconfigurated matrixes appear as multiphase 
matter tendering augmented/new functionalities via chosen amalgamations. 
Hence, it is important to meticulously comprehend the interactive materials 
for the basic reconfiguration of their skeletal matrix to derive desired output 
to cater to the needs of S&T developments. Nanoscale material’s systematic 
and rational designing gets fundamental as various material scale manipula-
tions permit to recognize characters and functionalities that are not viable via 
conventional methods. Material’s skeletal matrix reconfiguration is feasible 
through advanced biotechnology, physics, chemistry, and nanomaterial engi-
neering mainly decisive to fabricate the particle, thing, and device at the atomic 
and molecular dimensions. These reconfigurations of material’s matrix reduce 
its spatial dimension/captivity within crystallographic phase usually changing 
its physical, mechanical, thermal, optical, and electrical-electronic properties. 
Reconfigurated material matrixes restrain three nanoporous skeletons, namely: 
3D/zero dimensional (e.g., particle, grain, shell, capsule, ring, and colloidal), 
2D/one dimension (e.g., quasi crystal, nanorod, filament, tubes, and quantum 
wire), and 1D/two dimensional (e.g., disc, platelet, ultrathin film, super lattice, 
and quantum well). Today, rational designing of smart nanomaterials obtained 
via flexible matrix’s skeletal reconfiguration focus on desired applications in the 
advancement of science and technology.

Keywords: nanomaterial, nanotechnology, reconfiguration, 1-/2-/3-dimensional, 
metal-organic framework/matrix, graphdiyne, graphyne

1. Introduction

Nanotechnology aids in designing challenging functionally fabricated 
materials via skeletal matrix reconfigurations that offer integrated solutions for 
medical, biological, and engineering model applications [1]. The hierarchical 
structure alterations open/allow nanomaterial creations with comparable size to 
those that occurred naturally. Accordingly, advanced engineering/technological 
designing permits assorted skeletal reconfigurations to yield resultant matrixes 
(also abet to mimic intricate natural skeletal) proposed certain advanced utili-
ties viz. drug delivery, gene capture, tissue release, cell labeling, and scaffold 
improvements [2].
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2. Nanomaterials: classifications, characterizations and fabrications

‘Advanced nanotechnology’ offers novel tools, opportunities and scope in 
significant applications for diagnostic and therapeutic purposes. Rationally 
designed smart materials are well established for drug delivery, diagnostics, treat-
ment and prognosis of illness via reconfigurated/restructured devices and tools. 
Pharmaceutical nanotechnology is one of such fields embracing nanostructured 
products owing improved and requisite characteristics in its assorted sub-domains, 
viz. polymeric nanoparticle, magnetic/metallic nanoparticles, biosensors, biomark-
ers, liposome, carbon nanotube, quantum dot and dendrimers which are innovatory 
in medical/clinical usages [3]. Nano-pharmaceutically designed/reconfigured mate-
rials own vital applications in health risk-related issues like delivering therapeutic 
components at desired site in treatment of critical illness and crucial diseases. 
Nanoparticles are obtained via three techniques, viz. dispersion of preformed poly-
mers, ionic gelation (hydrophilic polymeric coacervation) and monomeric polym-
erization. In order to control nanoparticle size/shape and composition industrially, 
certain methodology called supercritical fluid technology and particle replication 
in non-wetting templates [1–4] are also used to get reconfigurated nanomaterials. 
Dispersive polymeric technique is well used to reconfigure biodegradable nanopar-
ticles via dispersion of biodegradable polymers like polyglycolide, polylactic acid, 
polycyanoacrylate and polylactide-co-glycolide [5].

Reconfigured matrix acts as effective carriers vulnerable in drug delivery, target-
ing cell release and specific tissue liberation in biological samples. Moreover, the 
size reduced targeted formulations; besides, suitable drug delivery pathway design-
ing can be easily performed through these reconfigured matrixes.

Through intrinsic skeletal reconfigurations yielding varied nanostructures which 
displayed sole physicochemical/biological features. Rationally designed nanopar-
ticles own potential utility for such purpose, imparting peculiar advantages like less 
toxicity, more release capacity, improved solubility, bioavailability and better drug 
formulations [3, 4]. Nanotechnologically achieved reconfigurations offer assorted 
nano-range matrixes owing to augmented performance. There are certain notable 
rewards of reconfigurations in material skeleton attenuated in nanosize matrixes 
such as reduce fed/inconsistency, amplified surface area, improved solubility, better 
bioavailability, more dissolution, fewer doses and rapid therapeutic action [4, 5].

Nanotechnology field in combination with advanced electronic, physics, and 
engineering sciences can offer superior applications in the domain of biophysics, 
molecular biology, medicine, immunology, cardiology, endocrinology, ophthalmol-
ogy, oncology, and pulmonology, targeting brain and tumor besides gene/cell/tissue 
delivery [5]. Science of materials/devices can be restructured, and the resultant matrix 
reveals novel and substantially transformed nanoscales owing to unique physical, 
chemical and biological phenomena. Thus, nanotechnological reconfigurations in 
materials are manipulated at atomic, molecular and supramolecular level linking 
design, production and characteristic functionality anticipated for novel science 
and technological advancements [1–6]. Such reconfigurated matrixes are utilized in 
making molecular tools which preserves/improves our health through diagnosis, treat-
ments and prevention of diseases, traumatic hurts and pain reliefs [1, 3]. The usage of 
assorted nanomaterials in the field of science and technology is mentioned in Figure 1.

Certain novel therapeutic and drug delivery systems are framed by the use 
of reconfigurated nanoparticles in medicines which also extend its utility for 
remedial and diagnostic research. Varied advance nanoparticulates like paramag-
netic nanoparticle, quantum dot, nanoshell and nanosome get reconfigurated 
for cancer detection based on fluorescent material and contrast agent, targeting 
antibody besides molecular research which modernize and amend landscape of 
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drug development pharmaceutics [1–7]. Assorted material reconfiguration yields 
products like liposomal and polymer-drug conjugates which carry active targets or 
perform controlled drug delivery as approved by the USA for clinical development 
[1–8]. Reconfigurated nanostructured materials with requisite features achieved via 
surface modifications and/or coatings with improved biocompatibility and bioavail-
ability as employed in orthopedics, tissue engineering and dental for encapsulation, 
bone replacements, prostheses, implants and scaffolds appear better than conven-
tional counterparts [9, 10]. Reconfiguration alters raw-material matrixes at atomic/
molecular scale as viable for augmented particular shape, size and functional altera-
tion in the form of quantum dot, biosensor, bio-detector, biomarker, dendrimer, 
nanocarbon, fullerene and nano-array [11–14].

2.1 Nanoparticle taxonomy

Nanoparticles are categorized in three classes: 1D nanoparticles, e.g. thin film 
1–100 nm or monolayer/manufactured surfaces used in solar cell technology, 
chemical/biological sensors, information storage systems, magneto-optic and 
optical device and fibre-optics [1, 15]; 2D nanoparticles, e.g. carbon nanotubes; and 
3D nanoparticles like dendrimer, quantum dot and carbon-60/fullerene [1, 7, 8, 15]. 
Nanoparticles are characterized through their size/shape, morphology and surface 
charge, by means of sophisticated microscopic systems, viz. atomic force micros-
copy, scanning electron microscopy, transmission electron microscopy, etc. [15]. 
Varied size distribution, average particle diameter and charges of nanoparticles are 
found to affect physical stability besides in vivo distribution. Electron microscopy 
gives information about its surface morphology, size and overall shape. Stability and 
re-dispersibility of the polymer dispersion and in vivo performance get affected 
by surface charge of reconfigured nanoparticles. Such nanoparticles character-
ized by assorted methodology are revealed. Nanoparticle size portrayal can be 
evaluated by particle size distribution and morphology, while electron microscopy 
ascertains both the morphology and size. Application of nanoparticles in drug 
release and drug targeting can be conveniently determined by various tools. Size 

Figure 1. 
Assorted usage of nanomaterials in the field of science and technology.
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of nanoparticle owns reflective consequence during the drug release applications. 
Small-size nanoparticles possess larger surface area and impart fast and significant 
drug release through drug carrying phenomenon as tiny particles get amassed 
during storage and dispersive transportation [16]. Thus the mutual compromise 
of upmost stability and pertaining small size is favored in reconfigurated nanosize 
materials [1–16]. Surface charge and intensity parameters decide electrostatic inter-
action of reconfigured nanoparticles with biological milieu or bioactive samples.

2.2 Reconfigured nano-colloidal

The mixture of microscopically disperse insoluble particles which are suspended 
all over another substance is called as colloids. Colloid mixture cannot settle down 
easily and takes time appreciably [17, 18]. Nature of interaction of dispersive phase 
and its medium differentiate colloids as hydrophilic/reversible sols and hydrophobic 
irreversible sols. The stable colloidal form remains suspended in solution at equilib-
rium, and it’s hindered by aggregation and sedimentation as driven by innate tendency 
of reduction in surface energy [17, 18]. Low interfacial tension stabilizes such colloidal. 
Rheological functions are valuable in reconfiguration of suspensions in nano-colloidal 
forms as low viscosity and high shear rates aid deagglomerated mixing which governs 
suspension flow. Such colloidal state parameters are reconfigured for their elevated 
particle size, shape/flexibility and surface chemical-electrical properties. The colloidal 
dispersion obtained through reconfigured alterations that own suitable particle and 
medium interfaces offers well-defined large surface area as the best to be utilized for 
emulsion/oil-water separations. Such rationally reconfigurated interfaces tender facial 
capillarity, which is vulnerably essential for adsorption; for example, nanocarbon 
colloidal-based filters are used in purification of drinking water, beer/wine, decolor-
ization of sugar, and gas masks [1].

Certain particle size reconfigurations have open influence on the bioavailability 
of active pharmaceutical ingredients and further effectively deliver intravenous 
lipid emulsion. Suspensions and colloidal dispersions own a range of sizes/shapes, 
and reduction of nanoparticle size can enhance surface area besides enlarging 
surface area/volume ratio. Shape is irrelevant, while surface area per mass of 
colloid scale nanoparticle owes a huge surface area resulting in superior adsorption 
achieved via interactive suspension rheology, coating and adhesion. Reconfigurated 
nano-colloidal permits faster dissolution of active pharmaceutical ingredients and 
corresponding bioavailability in hydrophobic membrane porous species. The active 
pharmaceutical ingredients establish incompetent treatment due to critical factors 
like innate low bioavailability, elevated cost, and toxicity; thus, they seek nanotech-
nology reformulated and reconfigured colloidal matrixes to cater for the advanced 
pharmaceutical applications. Reconfigurated interfaces of dispersive phase and 
their medium are negligible for colossal materials but dominant in colloidal being 
decisive in physicochemical alterations like surface chemistry and in toto system’s 
reactivity [1, 3].

The colloidal size/shape for particle crystallization can be obtained through 
irregularity or asymmetric environment of nanoparticles determines its overall 
physicomechanical features as needed for intrinsic pharmaceutical applications. 
Colloidal sizes can exist as corpuscular like spherical/ellipsoid, laminar such as 
disc/plate and linear, viz. rod/needle. Globular proteins shape up with approximate 
spherically compact random coil configuration, while assorted active pharmaceuti-
cal ingredients occurs as rod/needle shape. Macromolecular bio-protein, polysac-
charide and artificial polymer can be reconfigured as long thread/branch series 
colloidal owing to substantial mechanical potency and durability. The shape of 
colloidal can be reconfigured as large extended unidimensional strings up to rigid 
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dense random coils which get manipulated by many factors like solution tempera-
ture, pH and nature of salt/electrolytes. Liquid-liquid interfaces, colloidal disper-
sions, metal sols like gold nanoparticles, lyophobic colloidal dispersions including 
polymeric-embodied APIs and ionic solid surface charge govern unequal dissolu-
tion due to crystal lattice anisotropy [3].

Till date numerous “nanotechnology-based” colloidals are reconfigured for envi-
ronment, nano-medicine, healthcare and cosmetics. The use of ZnO/TiO2 colloidal 
in creams attenuated UV-A/UV-B rays which induced sunburns and skin cancer; 
toothpastes own nano-hydroxyapatite to fill tooth cracks, and anti-aging products 
use nanocapsules. Nanosilver colloidals are reconfigured for injury healing/wound 
dressings. Nanosize zirconia-based hydroxyapatite colloidal acts as bioactive ceramics 
for orthopedic weight-bearing implants owing to advantageous sintering. Traditional 
pharmaceutical have delivered precise therapeutic to its accurate targets without side 
effects by means of these reconfigurated material-based nano-medicine. Colloidal 
stability is measured through its zeta potential gradient as a function of the outer 
Helmholtz plane and surface of shear which indirectly compute surface charges. Zeta 
potential in colloidal dispersions assesses storage stability as high potential either 
positive or negative certifies innate stability and avoids aggregation pivotal to evalu-
ate surface hydrophobicity, encapsulation and surface coatings [1, 3, 17, 18].

2.3 Nano-colloidal analysis techniques

The establishment of colloidal surface hydrophobicity as achieved via sophisti-
cated analytical techniques, viz. hydrophobic interaction chromatography, biphasic 
partitioning, and contact angle measurements. Rather X-ray photon correlation 
spectroscopy resolves surface hydrophobicity, which also aids in recognizing certain 
surface proactive functionalities [1, 3]. UV HPLC, ultracentrifugation, ultrafiltra-
tion, gel filtration, centrifugal ultrafiltration analyses and the extent of drug release 
parameter require its delivery being a vehicle-like role of reconfigured nanomateri-
als [3, 17, 18].

2.4 Nano-dendrimers

Dendrimer is a unique polymer owing to a quite manageable size/shape with 
compartmental zones consisting of hyper-branched and tree-like reconfigured 
skeletons. The convergent or divergent step growth polymerization approach is 
used in fabrication of dendrimer skeleton from its monomeric units. Regular-
branched polymeric nanostructures of dendrimers’ own size depend on its control-
lable branching quantification [3, 19]. The nanostructure dendrites right from 
core shape alterations to spherical arrangements can also impart cavities during 
synthesis polymerization and are achieved through numerous reconfigurated 
alterations. Reconfigured dendrimers are effectively utilized in drug transport via 
its free ends that are involved in conjugation or attachment. End groups of den-
drimers are tailored through interconnecting networks as per needful conditions 
which can transport loaded moiety/drug at desirable site to impart novel biomedical 
applications [1, 19]. Dendrimers have fine nanostructures and are also capable of 
surface functionalization; monodispersions with immense stability make it smart 
carrier for drugs. Drug moiety undergoes complexation and encapsulation in such 
dendrimers at its basic core, branches and surface skeletal units. Branch/end groups 
tailoring or grafting into biocompatible and high biopermeable species network-
ing aid sustainable delivery of vaccine, cell, drug, gene and metal. Reconfigured 
dendrimers’ own innate hollow arrangements with space/voids to include drug/
bioactive samples through physic-chemical interactions help its control delivery 
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due to beneficial features like modulated target-specific delivery, feasibly defined 
molecular weight, good trap capacity, flexible surface functionalization and lowest 
polydispersity index. Poly(ethylene glycol), chitin, melamine, polyglutamic acid, 
poly-propylene imine, polyamidoamine and polyethyleneimine biodegradable skel-
etons are easily reconfigurated into dendrimers via the above-mentioned synthetic 
methods. Dendrimer-based complexes act as nano-device’s own potential utility in 
cancer chemotherapy as targeted drug therapy like tecto-dendrimers owing to every 
dendrimer unit exhibits assorted role, e.g. targeting, disease diagnosis, drug carrier 
and imaging [14]. Reconfigurated dendrimers used in therapy avoid stimulated 
immune side effects. Drug/therapeutic dendrimers conjugate target cells and indi-
cate useful advantageous features, viz. boron EGF-carrying PAMAM dendrimers, 
intra-tumoural injection and CED-doxorubicin-2,2 bis(hydroxymethyl)propanoic 
acid-derived dendrimers, showing in vitro/in vivo less toxicity in colon carcinoma 
cell treatment in rats [1, 3, 17, 18]. Cationic dendrimers showed more cytotoxicity, 
cell membrane instability and cell lysis than anionic dendrimer, PAMAM. Assorted 
nano-dendrimers’ yield via block polymerization and chemical cross-linking is 
shown in Figure 2.

2.5 Nanocrystal and nanosuspension

Aggregated structures are formed through the combination of various particles 
in crystalline form coated with surfactant combinations which impart static and 
electrostatic surface stabilization. Such nanocrystal and nanosuspension aggre-
gated materials lessen bioavailability and absorption issues due to its resolved 
formulation. Nanocrystal size permits safe and effective passage via the capillaries. 
Reconfigurated solid lipid nanoparticles owe discrete reward of unique carrier sys-
tems over liposomes and polymeric nanoparticles due to solid lipid matrix owing to 
1 μm diameter where drug gets easily incorporated. Such nanoparticle/nanosystems 
for clinical usage are obtained by high-pressure homogenization that uses varied 
surfactants to avoid aggregation and imparts dispersion stability. Reconfigurated 
cationic solid lipid colloidal nanoparticles are prepared and used for liposomal 
transfection agents besides gene transferring dominant for in vitro [1, 3, 15–18].

Figure 2. 
Nano-dendrimer synthetic route: block polymerization and chemical cross-linking.
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2.6 Silicon-based nanomaterials

Silicon-based nanostructures are reconfigured by means of assorted techniques 
including etching, photolithography and deposition. Materials like porous sili-
con, silica and silicon dioxide are facile to reconfigure as the calcified nanopores, 
nanoparticles and nanoneedles. Assorted porous hollow silica nanoparticle suspen-
sions owing sacrificial nanoscale templates mostly involved the usage of sodium 
silicate as a precursor. Such reconfigurated silicon-derived materials can offer 
effective delivery of drugs like porous silicon-embedded platinum which is applied 
for many usages like antitumour drug release and carrier for antibody, antibiotic, 
enzyme and DNA. These materials also act as good semiconductors and thus 
preferred in micro-electromechanical usage [1–3].

2.7 Nano-micelles

Polymeric micelle assemblies are reconfigured through amphiphilic block 
copolymers which impart nanoscopic supramolecular core shells as aggregates in 
solutions. In such micelles, the reconfigured components get ordered as spheroidal 
owing to hydrophobic core shells that are water secured due to hydrophilicity. Many 
components owing to hydrophobic and hydrophilic portions are reconfigured like 
amphiphilic AB, or ABA kind of block copolymeric units yield polymeric micelles as 
nanoscopic supramolecular core shells as aggregates in solutions [1–3]. Nanoscience 
technology has reconfigurated assorted supramolecular architectures as a result of 
self-assemblage of amphiphilic block polymers through hydrophobic/hydrophilic 
effects, electrostatic interactions, hydrogen bonding and metal complexation which 
proffer sharp structures and precise functionalities for their usages in biomedical 
purpose. Such polymeric micelles fascinated special attention in drug/gene release 
by virtue of outstanding biocompatibility, less toxicity, more blood circulation and 
enhanced solubility in its innate micellar core shells. Polymeric micelles act as ‘smart 
drug carriers’ due to binding of specific ligand onto proactive surfaces which aids 
targeted/formulated stimuli sensitivity found devoid in their counterparts. Self-
assemblage in block/graft copolymers occurs in selective solvents spontaneously 
reconfigured as supramolecular assemblies owing to cylindric and vesicular core 
shells of 10–100 nm shape/size nanomaterials called polymeric micelles. Spherical 
reconfigured core-shell size/morphology gets crucially varied with chemical struc-
tures and compositions of constituent block copolymers besides exhibited elevated 
thermodynamic/kinetic stabilities over surfactant micelles. Polymeric micelle 
yields through advanced reconfigurations own an external hydrophilic nanoshell 
that assists in prolonged residency in blood, besides gathering in tumor-specific 
zone due to more permeation, and thus acts as a novel vehicle for sparingly soluble 
(hydrophobic) drugs. Polymeric micelles have shown adaptability to various ligands 
which aids active targeted delivery by virtue of better solubility and improved 
pharmacokinetics besides no adverse effects. Great interest is generated by these 
micelles in technological advancements due to remarkably stable and bendable 
physicochemical features exhibited with various stimuli [1–3, 19].

2.8 Biopolymeric nanoparticles

Nano-array of polymer-based nano-conjugates obtained from different natural 
sources own modern functions besides specific and targeted drug delivery. The 
natural polymeric reconfigured nanoparticles are biocompatible, less toxic across 
many bio-membranes against various pH and non-immunogenic and appear to be 
extra stable to volatile pharmaceutical agents besides offering low-cost fabrication at 
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large-scale/multitude methodology. Biopolymeric reconfigured nanomaterials are 
biodegradable as anticipated for tissue engineering scaffolds and drug/gene release/
carrier besides novel vaccination approach [3, 19]. Certain natural polymers like 
chitosan, gelatin and sodium alginate owing to nontoxic profile get easily reconfigu-
rated in situ with man-made polyesters, viz. polycaprolactone, polycyanoacrylate, 
poly (lactide-co-glycolide), polylactide and polylactic acid, to yield resultant 
matrixes advocated under advance nano-biotechnology. These bio-polymer-derived 
nanoparticle offers to develop utility over usual oral/intravenous mode of drug deliv-
ery with more competence and efficiency. Certain polymeric nanostructures possess 
homogeneously dispersed template which can be reconfigurated as vesicular systems 
like nanocapsules and matrix systems like nanospheres. Reconfigured nanocapsules 
owe innate cavities that can detain assorted biomoiety including drugs, genes and 
cells enclosed by polymeric membrane, while nanospheres biomoiety get diffused all 
over its polymer matrix. Polymeric nanoparticles adopt as globular vesicular nano-
capsules wherein polymeric membrane can dissolve, entrap and attach/encapsulate 
foreign moiety throughout its reconfigured core-matrix/skeleton. Polymeric back-
ground is chosen which owns ability of modifications so that resultant nanoparticles 
can act as ideal carrier/vehicle for delivery of assorted species, viz. drugs, vaccine, 
contraceptive and antibiotic. Reconfigurated polymeric nanoparticles act as an 
attractive module for intracellular and site-specific delivery besides engaging in 
fabricating smart scaffolds/templates in advance tissue engineering [20–23].

2.9 Nano-graphynes

Carbon owing to versatile Dirac cones and hexagonal networking is called as 
graphyne which exists as α, β and γ forms. Theorized allotrope of carbon called 
graphyne is found to own carbon-carbon triple bonds pertaining versatile Dirac 
cones, which aid to perform an astonishing role in reconfigured atomic/electronic 
structural materials [1, 24]. Such carbon triple bonding adapts hopping template 
elements with undo signs which yields Dirac cone with perverse chirality in 
reconfigurated α, β and γ graphynes which impart momentum shift of energy gaps 
besides offering chemisorption of adatoms via sublattice symmetry loss. Unique 
characteristics of such 2D carbon nanomaterials can be reconfigured as graphyne 
and stacking graphdiyne found to stimulate innovative and fascinating utilities in 
advance electronics. Atomically specific 2D graphdiyne and graphyne matrix recon-
figuration is an awaited challenge for material scientists. Technique of on-surface 
synthesis in ultra-high vacuum yields graphyne that can be further feedstock for 
making comprehensive graphynes in particular atomically precise graphdiyne 
nanowires. In the past decades, low-dimension carbon materials, viz. fullerenes, 
carbon nanotubes and graphene, have ever-fascinated scientific and technological 
focus. Amid two-dimensional carbon, allotropes called graphene are deliberately 
pioneered via morphological reconfiguration as porous nano-strips or nanoribbons 
which own innate bandgap as competitive/superior as graphene. Graphynes are also 
tentative artificial carbon allotropes owing to intervallic acetylene bondings with 
blend spn hybridization where 1 < n < 2. Thus based on sp./sp2 hybridized carbon, 
such graphynes are categorized as α, β and γ and named as graphyne, graphdiyne 
and n-graphyne where n > 2, as per acetylene units [1, 24].

Reconfiguration of single layer, i.e. 2D carbon allotrope graphyne, is still an exi-
gent task, since hardly any natural crystalline substances contain stacked graphynes 
as inclusive in auxiliary nanostructures like nanotubes, nanoribbons, quantum 
dots and junctions. The graphyne’s innate C-C triple bonding is facile for advanced 
reconfigurations via attachment of hydrogen/halogen without disturbing innate 
two-dimensional hexagonal planarity; such reconfiguration tunes energy gap factor 
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at the Dirac point [3, 24]. These graphynes’ synthesis is achieved through realistic 
and choosy functional polymerization owing to diligence precision up to atomic 
scale, e.g. dehydrobenzoannulenes onto catalytic copper foil via acetylenic cross-
coupling resoluted core-graphyne subunits. Dehydrobenzoannulene can also be 
reconfigurated in assorted morphologies including single-layer graphdiyne, tubes, 
wires and walls which thrust significant utilities in catalysis and energy field.

2.10 Reconfigured graphdiyne nanowire

Nanoscale graphdiyne-derived templates are developed via Glaser reaction/
acetylenic homocoupling to yield targeted π-conjugated 2D nanomaterials which 
further can be reconfigured as sp-hybridized nanostructure matrixes [3, 24]. Certain 
terminal alkynes like 1,3,5-triethynyl-benzene act as convergent tritopic precur-
sors in reconfiguring graphdiyne-based porous matrix via mild thermal annealing. 
Discriminating butadiyne inspires elementally incarcerated graphdiyne reconfigura-
tion in the form of nanoribbons and m-n nanowires, where m is phenyl rings and n 
is alkynes through the recurring backbone (Figure 3). Once side functionality gets 
established in the graphdiyne moiety, it improves its quality in extended polymerize 
nanowires, which are best utilized in augmentation of molecular electronic parame-
ters. Graphdiyne nanowires in vacuum own an energy gap of ≈1.6 eV; further statis-
tical twisting of phenylene indicated fine changes in electronics due to cosine highest 
valence band and lowest conduction band viable for nonlinear electronic transporta-
tions like Bloch oscillations appropriate in high-frequency tools. Graphdiyne nanow-
ires proffer notable automatic strength and elasticity if acetylene bondings get well 
conserved and offer constant chemical characteristics. Superior grade graphdiyne 
nanowires are prepared using butadiyne precursor through assorted tactics, viz. 
thermal processing, substrate selectivity, molecular designing, surface templating 
and metal-organic bonding creations. Raw feedstock selection is crucial in recon-
figuration of π-conjugated 2D nanomaterials like graphyne and graphdiyne deriva-
tives. An atom that lies on a surface of crystal acts as the reverse of a surface vacancy 
and is called as adatom, and it can be cited/reconfigurated onto the top layer of metal 
surfaces, which impart proactive shell seeking the best adsorption molded molecular 
deposition and distinguished catalytic properties. On-surface acetylenic glacial 
coupling using silver metal is suitable to get acetylenic linkages in resultant graphyne 
and graphdiyne derivatives. Copper and gold both are primal metal for alkyne 
homocoupling with ditopic 1,4-diethynylbenzene as its over-reactivity gives extra 
reactions. Gold displayed surprising cyclotrimerization depending on the symmetry 
of precursors like if three terminal alkynes get mutually coupled to form benzene. 

Figure 3. 
Schematic representation of graphyne and graphdiyne matrixes.
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Lower-mobility species gets easily detained onto metal which resulted in side reac-
tions in concurrence to alkynes’ cyclotrimerization. Ortho functional groups restrain 
tangential terminal alkyne contacts which results in butadiyne linkages via weak 
supramolecular interactions amid nanowires that can influence neighboring molecu-
lar alignments. Anisotropic motif in asymmetric 1,2,4-cyclotrimerizations over 
symmetric 1,3,5-cyclotrimerization onto gold surfaces is preferred to get H-shaped 
oligomer and intrigue alkyne-gold interactions. Graphyne and graphdiyne deriva-
tives are advantageous than mere graphene for innate electronic features [1, 3, 23]. 
On-surface acetylenic couplings can expand graphyne and graphdiyne networkings 
which correspondingly distinguish in intrinsic physic-chemical characters. Linear 
expansion of graphyne and graphdiyne into 2D graphyne and graphdiyne derivatives 
is still exorbitant, so strategic halide usages avoid influence of hydrogen abstraction 
forming hexagonal planes on gold bridging mutual acetylenes. Hexaethynylbenzene 
is mostly used for getting reconfigured single-layer stacking of graphyne/graphdiyne 
via acetylenic couplings. Advance on-surface synthetic protocols are developed for 
graphyne-/graphdiyne-based atomic precise nanowires, quasi-1D nanoribbons and 
2D networkings. Porous structural reconfigurations of 2D materials are noteworthy 
for innate electronic and mechanical usages [1, 3].

2.11 Reconfigured metal-organic frameworks

Recently carbon based from metal-organic frameworks is more demanding due 
to innate advantageous electron conductivity and extra porosity sought in diverse 
fields. Thus morphology of carbon materials gets improved through altering its 
chemical/physical characteristics via optimized compositing with metal-organic 
materials. Such carbon-reconfigured metal-organic frameworks appear nontoxic 
and offer brilliant electrical conductivity in contrast to other energy storage materi-
als. This makes carbon-based metal-organic reconfigurated frameworks superior 
to most of the energy storage materials offering promising functions in demand 
for energy storage/conversion and addressing confronts in lithium/lithium-sulfur/
sodium battery, metal-oxide/sulphide-carbon-based supercapacitors and electro-
catalytic oxygen/hydrogen reduction/evolution reactions besides water-wastewater 
treatment techniques. Ultrasensitive biosensors are reconfigured through carbona-
ceous skeleton via N/S doping to get electrodes for in vitro monitoring of uric acid 
and ascorbic acid released from living cells. Direct physical/chemical carbonization 
of organic templates with assorted species like zeolites, meso-silica via solvother-
mal or hydrothermal techniques yields carbon-based metal-organic frameworks 
[25]. Carbon reconfigured through metal-organic porous coordination polymers 
resulted in crystalline porosity due to episodic metal ion/metal clusters with organic 
ligand networkings. Metal-organic reconfigured carbon matrix/framework sus-
tains assorted reward like extra porosity with tuneable sizes and very high up to 
10,000 m2 g−1 surface area as anticipated for adsorption, energy/gas storage/conver-
sion, oil-water separation, catalysis, markers/sensors and solid-phase extraction. 
Rationally hierarchical porous nitrogen-doped carbon frameworks are developed 
through zinc and nitrogen templates which are used for elevated storage and adsorp-
tion capacity for CO2 gas. Iron, zirconium and lanthanum metal-doped-NH2 recon-
figured frameworks are obtained via solvothermal process followed by pyrolysis, 
yielding nanocarbon matrixes which are used for biosensor activity [1, 3, 25].

2.12 Reconfigured carbon nanocages

Reconfigured nanocarbon cages can act as electrode; for example, hollow 
nanocobalt sulfide intervening graphitic nanocage offers superior lithium storage 
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capacity along with stable performance in advanced batteries. Porous ZnO-carbon 
nanocage is reconfigured through pyrolysis of hollow MOF-5 owing to high specific 
surface areas besides hollow morphology [1, 3]. Porous Co-Zn-NH2-doped carbon 
polyhedral nanocage effectively acts as anode in lithium-ion batteries. Transition 
metal oxides of MxOy types derived from Mn, Fe, Ni, Co and Sn offer superior 
capacities of 1000 mA h g−1 than that of graphite templates and thus gain weightage 
as anodes in sodium-ion batteries. However, transition metal oxides of MxOy types 
can be reconfigured in carbon materials so as to proffer elevated surface area and 
improve sodium storage simultaneously. Hollow NiO/Ni nanocrystal reconfigured 
onto graphene shell imparts good storage capacity and cycle stability [1, 3–25].

Carbon matrix gets reconfigured with nitrogen doping in Co3O4-based metal-
organic hybrid/framework imparting unique features like high electronic conduc-
tivity, superb definite capacity and superior cycled constancy. Many bimetallic 
Ni-Co-organic frameworks owing to hierarchical hollow crossbreed occur via 
generic template-free strategy to fabricate anode electrode for sodium-ion battery. 
Hollow nano-skeleton of such organic framework/hybrids reconfigured entirely 
novel electrodes’ utility owing to constant reversible capacity after long-term 
200 cycles. Titanium-derived metal-organic hybrid crystal yield via carbon-coated 
rutile materials is used for anode making in sodium-ion battery up to 2000 cycles. 
Graphene-titanium oxide reconfigurated metal-organic hybrids/composites can 
act as anode found to exhibit huge porosity and great retention capacity up to 5000 
cycles for sodium-ion battery usage [11, 24].

Transition metal sulphide-based carbon hybrid like Ni3S2/Co9S8/N–C-gifted 
hollow-spheric skeleton obtained via carbonization-sulfurization of binary Ni–Co 
metal-organic framework is used in fabrication of electrode for sodium-ion bat-
tery. Ultra-fine hollow porosity is achieved in nanometal sulfide blended ultrathin 
N-doped organic carbon hybrids, which delivered brilliant electrochemical function 
with competent capacity up to 100 cycles. Bimetallic zinc antimony sulphide which 
blends organic carbon core-double shell polyhedron frameworks exhibits unique 
electrochemical functions like consistent cycling stability and elevated coulombic 
efficiency besides precise capacity. Ultrathin/nano-molybdenum sulphide coated 
onto flexible N–C/carbon cloth nano-array hybrid/sheet owns good electrochemical 
performance as an anode up to 1000 cycles for sodium-ion battery. Such admirable 
electrochemical functions are accredited to unique two-dimensional features viable 
for curtail ionic diffusion which overall extend Na+ insertion. The N-doping in 
organic carbon yields porosity in resultant nanowall which imparts advance con-
ductivity and sustainable integrity of such bimetallic organic frameworks [1–3, 23].

Organic/carbonaceous nitrogen-doped metal porous frameworks get reconfig-
ured for making sodium-ion battery electrodes’ residing unique features like fair 
capability, cycling stability, high electrical conductivity and elevated ion storage 
ability. Inorganic sulfur/phosphorus reconfigured with metal-organic template 
aids to fabricate S/P-doped meso-carbon anodes which are practically reported to 
prolong cycle constancy, elevated energy density and wonderful rate capacity for 
sodium-ion battery. Amorphous red phosphorus reconfigured into micro-porous 
carbon-nitrogen matrix shows high Na+ storage performance and reversible capac-
ity up to 1000 cycles for sodium-ion battery. Certain nano-sheets get reconfigured 
through 3D reduced graphene oxide-anchored phosphorus-nickel foam owing 
to cobalt core shell of phosphorus-carbon polyhedron which overall improved 
cycling stability and benefited damage relaxation during charging-discharging in 
resultant battery electrode performance. These reconfigured materials hold sole 
metal-organic framework as electrode which showed astonishing and superior 
electrochemical outputs like high power density, reversible capacity, brilliant stabil-
ity, huge cycling stability, elevated rate capacity and galvanostatic charge-discharge 
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Lower-mobility species gets easily detained onto metal which resulted in side reac-
tions in concurrence to alkynes’ cyclotrimerization. Ortho functional groups restrain 
tangential terminal alkyne contacts which results in butadiyne linkages via weak 
supramolecular interactions amid nanowires that can influence neighboring molecu-
lar alignments. Anisotropic motif in asymmetric 1,2,4-cyclotrimerizations over 
symmetric 1,3,5-cyclotrimerization onto gold surfaces is preferred to get H-shaped 
oligomer and intrigue alkyne-gold interactions. Graphyne and graphdiyne deriva-
tives are advantageous than mere graphene for innate electronic features [1, 3, 23]. 
On-surface acetylenic couplings can expand graphyne and graphdiyne networkings 
which correspondingly distinguish in intrinsic physic-chemical characters. Linear 
expansion of graphyne and graphdiyne into 2D graphyne and graphdiyne derivatives 
is still exorbitant, so strategic halide usages avoid influence of hydrogen abstraction 
forming hexagonal planes on gold bridging mutual acetylenes. Hexaethynylbenzene 
is mostly used for getting reconfigured single-layer stacking of graphyne/graphdiyne 
via acetylenic couplings. Advance on-surface synthetic protocols are developed for 
graphyne-/graphdiyne-based atomic precise nanowires, quasi-1D nanoribbons and 
2D networkings. Porous structural reconfigurations of 2D materials are noteworthy 
for innate electronic and mechanical usages [1, 3].

2.11 Reconfigured metal-organic frameworks

Recently carbon based from metal-organic frameworks is more demanding due 
to innate advantageous electron conductivity and extra porosity sought in diverse 
fields. Thus morphology of carbon materials gets improved through altering its 
chemical/physical characteristics via optimized compositing with metal-organic 
materials. Such carbon-reconfigured metal-organic frameworks appear nontoxic 
and offer brilliant electrical conductivity in contrast to other energy storage materi-
als. This makes carbon-based metal-organic reconfigurated frameworks superior 
to most of the energy storage materials offering promising functions in demand 
for energy storage/conversion and addressing confronts in lithium/lithium-sulfur/
sodium battery, metal-oxide/sulphide-carbon-based supercapacitors and electro-
catalytic oxygen/hydrogen reduction/evolution reactions besides water-wastewater 
treatment techniques. Ultrasensitive biosensors are reconfigured through carbona-
ceous skeleton via N/S doping to get electrodes for in vitro monitoring of uric acid 
and ascorbic acid released from living cells. Direct physical/chemical carbonization 
of organic templates with assorted species like zeolites, meso-silica via solvother-
mal or hydrothermal techniques yields carbon-based metal-organic frameworks 
[25]. Carbon reconfigured through metal-organic porous coordination polymers 
resulted in crystalline porosity due to episodic metal ion/metal clusters with organic 
ligand networkings. Metal-organic reconfigured carbon matrix/framework sus-
tains assorted reward like extra porosity with tuneable sizes and very high up to 
10,000 m2 g−1 surface area as anticipated for adsorption, energy/gas storage/conver-
sion, oil-water separation, catalysis, markers/sensors and solid-phase extraction. 
Rationally hierarchical porous nitrogen-doped carbon frameworks are developed 
through zinc and nitrogen templates which are used for elevated storage and adsorp-
tion capacity for CO2 gas. Iron, zirconium and lanthanum metal-doped-NH2 recon-
figured frameworks are obtained via solvothermal process followed by pyrolysis, 
yielding nanocarbon matrixes which are used for biosensor activity [1, 3, 25].

2.12 Reconfigured carbon nanocages

Reconfigured nanocarbon cages can act as electrode; for example, hollow 
nanocobalt sulfide intervening graphitic nanocage offers superior lithium storage 
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capacity along with stable performance in advanced batteries. Porous ZnO-carbon 
nanocage is reconfigured through pyrolysis of hollow MOF-5 owing to high specific 
surface areas besides hollow morphology [1, 3]. Porous Co-Zn-NH2-doped carbon 
polyhedral nanocage effectively acts as anode in lithium-ion batteries. Transition 
metal oxides of MxOy types derived from Mn, Fe, Ni, Co and Sn offer superior 
capacities of 1000 mA h g−1 than that of graphite templates and thus gain weightage 
as anodes in sodium-ion batteries. However, transition metal oxides of MxOy types 
can be reconfigured in carbon materials so as to proffer elevated surface area and 
improve sodium storage simultaneously. Hollow NiO/Ni nanocrystal reconfigured 
onto graphene shell imparts good storage capacity and cycle stability [1, 3–25].

Carbon matrix gets reconfigured with nitrogen doping in Co3O4-based metal-
organic hybrid/framework imparting unique features like high electronic conduc-
tivity, superb definite capacity and superior cycled constancy. Many bimetallic 
Ni-Co-organic frameworks owing to hierarchical hollow crossbreed occur via 
generic template-free strategy to fabricate anode electrode for sodium-ion battery. 
Hollow nano-skeleton of such organic framework/hybrids reconfigured entirely 
novel electrodes’ utility owing to constant reversible capacity after long-term 
200 cycles. Titanium-derived metal-organic hybrid crystal yield via carbon-coated 
rutile materials is used for anode making in sodium-ion battery up to 2000 cycles. 
Graphene-titanium oxide reconfigurated metal-organic hybrids/composites can 
act as anode found to exhibit huge porosity and great retention capacity up to 5000 
cycles for sodium-ion battery usage [11, 24].

Transition metal sulphide-based carbon hybrid like Ni3S2/Co9S8/N–C-gifted 
hollow-spheric skeleton obtained via carbonization-sulfurization of binary Ni–Co 
metal-organic framework is used in fabrication of electrode for sodium-ion bat-
tery. Ultra-fine hollow porosity is achieved in nanometal sulfide blended ultrathin 
N-doped organic carbon hybrids, which delivered brilliant electrochemical function 
with competent capacity up to 100 cycles. Bimetallic zinc antimony sulphide which 
blends organic carbon core-double shell polyhedron frameworks exhibits unique 
electrochemical functions like consistent cycling stability and elevated coulombic 
efficiency besides precise capacity. Ultrathin/nano-molybdenum sulphide coated 
onto flexible N–C/carbon cloth nano-array hybrid/sheet owns good electrochemical 
performance as an anode up to 1000 cycles for sodium-ion battery. Such admirable 
electrochemical functions are accredited to unique two-dimensional features viable 
for curtail ionic diffusion which overall extend Na+ insertion. The N-doping in 
organic carbon yields porosity in resultant nanowall which imparts advance con-
ductivity and sustainable integrity of such bimetallic organic frameworks [1–3, 23].

Organic/carbonaceous nitrogen-doped metal porous frameworks get reconfig-
ured for making sodium-ion battery electrodes’ residing unique features like fair 
capability, cycling stability, high electrical conductivity and elevated ion storage 
ability. Inorganic sulfur/phosphorus reconfigured with metal-organic template 
aids to fabricate S/P-doped meso-carbon anodes which are practically reported to 
prolong cycle constancy, elevated energy density and wonderful rate capacity for 
sodium-ion battery. Amorphous red phosphorus reconfigured into micro-porous 
carbon-nitrogen matrix shows high Na+ storage performance and reversible capac-
ity up to 1000 cycles for sodium-ion battery. Certain nano-sheets get reconfigured 
through 3D reduced graphene oxide-anchored phosphorus-nickel foam owing 
to cobalt core shell of phosphorus-carbon polyhedron which overall improved 
cycling stability and benefited damage relaxation during charging-discharging in 
resultant battery electrode performance. These reconfigured materials hold sole 
metal-organic framework as electrode which showed astonishing and superior 
electrochemical outputs like high power density, reversible capacity, brilliant stabil-
ity, huge cycling stability, elevated rate capacity and galvanostatic charge-discharge 
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contour. Assorted homogeneous-dispersed hierarchical 1-/2-/3-D porous micro-/
nano-layer cathode matrixes are reconfigured with nitrogen-doped organic frame-
works through melting-diffusion and infiltration techniques. Extensive metal-
organic frameworks are obtained via adjusting morphology, reactive conditions, 
and control carbonized reconfigurations in feedstock materials and are found to 
proffer characteristic features like greatest recycling, prolonged cycle electrical 
capacity, and top capacitance as desired in advance battery electrode fabrication 
[3, 25]. Doping of nitrogen/sulfur further raised charge redistribution, electron 
delocalization and reversible capacity in resultant batteries that are superior to 
other counterparts. Metallic insertion in carbon frameworks yields copious and 
consistent porosity in ultrafine nano-skeletons as beneficially immobilized N/S in 
organic templates. Similarly, sodium-ion battery electrodes are reconfigured via 
phosphorus/nitrogen added to carbon scaffolds so as to deliver superior electro-
chemical functions and impart high theoretical sodium-storage capacity due to 
Na-P synergistic effect devoid in its contemporary [1–3].

Nanocarbon-reconfigurated metal-organic frameworks are superior to fabricate 
electrode with improved electrochemical performance in supercapacitors, e.g. zinc-
organic scaffolds. Li4Ti5O12-derived hybrid super-capacitor yields Li-type anode 
and double-layered cathode electrochemical capacitance with duly great energy 
density and prolongs capacity up to 10,000 galvanostatic cycles. Reconfigurated 
hierarchical carbon-coated tungstic anhydride-Li-HSC porous anode and N–C hol-
low polyhedron-based cathodes exhibited soaring power density and high-retained 
capacity up to 3000 operating cycles [20–26].

Splendid ‘brick-and-mortar’-type squash-in nanoporous matrixes can be recon-
figured owing to dope metal as ‘mortar’ and abide organic framework as ‘brick’ to 
be used for electrode in next-generation energy/power storage battery. Remarkably 
reconfigured novel nanocarbon metal-oxide sheets/core-shell composite gets casted 
as asymmetric supercapacitor anodes owing to longer cycle stability, high energy 
density and huge energy density in aqueous electrolytes with upmost 10,000 cycle 
capacitance retention superior to other counterparts. Nanocarbons reconfigured onto 
bimetals yield hybrid via control carbonization, and coexisting N-doping architecture 
imparts huge surface area and better capacitance (than nanocarbon) to be used to 
fabricate flexible asymmetric advanced supercapacitors [3]. Unique one-dimensional 
hollow structure of N-dope-organic framework-reconfigurated bimetals imparted 
good power storage capacity and electrochemical performance up to 10,000. Metal 
oxides derived from supercapacitors conveyed superior power density and electro-
chemical stability than carbonaceous polymeric matrix. Flexible hybrid superca-
pacitors developed from N–C-doped niobium-oxide quantum dots performed as 
superior electrochemical electrodes owing to maximum energy/power density and 
cyclic stability even up to 5000 cycles [27]. Porous manganese tetroxide reconfigured 
N-doped graphene by means of polystyrene template yields ordered porous compos-
ite owing to brilliant electrochemical capacitance and cyclic stability up to 2000 cycles 
in aqueous electrolyte solutions. Ruthenium oxide reconfigured nanocarbon scaffolds 
have shown outstanding electrochemical performance as supercapacitors owing 
to capacitance retention in lithium-ion battery. Assorted hierarchical nanoporous 
organic carbon-based skeletons are developed for its innate higher capacitance and 
cyclic stability even up to 140,000 cycles than bulk amalgamated electrodes. Thus, 
reconfigurations of material indeed have to break through many challenging discov-
eries of advanced anode/cathode materials in the development of high-performance 
batteries owing to good volumetric/gravimetric energy density and its allied futuristic 
functioning for electrification of vehicles besides grid power storage.

Noteworthy R&D is performed to discover high volumetric/gravimetric energy 
density electrodes through reconfiguration of material’s matrix for getting innate 
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electro-voltaic functions. Certain layered mixed metal oxides, viz. LiMn2, olivine 
LiFe-PO4, LiCoO2 and Li-Ni/Co/MnO2, are reconfigured to fabricate electrodes for 
lithium-ion cell. Strategies are being developed for optional high-energy cathodes 
with preserved substantial stability, rate capability and its cycle life. High-energy 
cathodes made from Li2MnO3 conveyed electrochemical steadiness with improved 
specific capacity and corresponding volumetric/gravimetric energy density. Li-ion 
batteries offer prospective high volumetric/gravimetric power density of its cells 
achieved through reconfiguration of novel electrochemicals [26, 27]. Sulfur- and 
oxygen-based bimetallic organic framework-derived cathodes are intensely recon-
figured for innate superior theoretical capacity over usual metal-oxide electrodes. 
The designing and development of progressive high-performance material-based 
electrodes derived via assorted reconfigured materials are still a difficult task/
challengeable due to their innate size constraint. Lithium-ion battery needs 
prospective high-power electrodes as derived via various reconfigured matrixes 
including Si-alloy, metal-oxide frameworks and graphene carbons for electro-
vehicles and grid power storage. Certain reconfigurated material matrixes convey 
exceptional features like facile mount skeleton, high specific surface area and 
storage capacity besides hierarchical porosity contributed in innate onset potential 
electrochemical performances.

2.13 Environmental applications of MOF

Assorted metal-organic frameworks (MOF) are reconfigured to impart special 
valid features like huge specific surface area, adaptable porosity, and constitutional 
uniformity and to unlock metal sites although certain facile physic-chemical varia-
tions are anticipated in advanced S&T applications [3, 19] can be even utilized for 
better adsorption of dyes, gases and environmental pollutants as mentioned in 
Table 1.

Diverse materials are reconfigured to be used as adsorbents for mitigation of 
water pollution; for example, 3D twofold zinc-doped carbon porous scaffolds 
owing to elevated surface area conveyed five-fold higher sorption capacity for dyes 
and drugs like ibuprofen/diclofenac contaminated water over commercial-activated 
carbon [3]. Magnetic carbon sponges are reconfigurated in zeolitic imidazolate 
framework-67 to carry out excellent separations of buoyant oil from water and 
oil from emulsions and executed excellent catalysis in H2 gas generation [25, 27]. 
Extremely dispersive nano-chromium oxide can be reconfigured in mesoporous 
carbon nitrides to yield MIL-100(Cr) templates owing to greater specific surface 
area which aids huge CO2 adsorption capacity quite higher than its counterparts 
[1–3, 28].

Specially reconfigured nickel oxide/poly-carbon nitride interlinked with 
tree-like chains/branches owing to unique features like nano-flower/leafy planes, 
huge surface area and hirsute dendrite core shells; superior porosity can impart 
superior and control/choosy arsenate anionic diffusion besides efficient As+3 to 
As+5 oxidative conversion in contaminated water. Porous nano-spherical scaffolds 
holding iron-EDTA ligands owe exclusive chelating sites that afford huge anionic 
adsorption capacity of 307 and 407 mg g−1 for As (V) and Cr (VI), respectively. 
Metal-organic frameworks are used to reconfigure many fluorescent sensors/
markers like super-porous chemosensors owing to zirconium-based hydrophobic 
fluorescent probes developed to check ultratrace (0.1–2000 ppb level) Zn2+ ions 
from water. Ratiometric fluorescent sensor containing UiO-66-zirconium matrix 
is used for selective Zn2+ detection from water. Hydrophobic fluorescent probes 
reconfigured with rhodamine ethylene-diamine salicylaldehyde are developed for 
sensitive Bi3+ adsorption from water. All such reconfigurated metal-oxide carbon 
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contour. Assorted homogeneous-dispersed hierarchical 1-/2-/3-D porous micro-/
nano-layer cathode matrixes are reconfigured with nitrogen-doped organic frame-
works through melting-diffusion and infiltration techniques. Extensive metal-
organic frameworks are obtained via adjusting morphology, reactive conditions, 
and control carbonized reconfigurations in feedstock materials and are found to 
proffer characteristic features like greatest recycling, prolonged cycle electrical 
capacity, and top capacitance as desired in advance battery electrode fabrication 
[3, 25]. Doping of nitrogen/sulfur further raised charge redistribution, electron 
delocalization and reversible capacity in resultant batteries that are superior to 
other counterparts. Metallic insertion in carbon frameworks yields copious and 
consistent porosity in ultrafine nano-skeletons as beneficially immobilized N/S in 
organic templates. Similarly, sodium-ion battery electrodes are reconfigured via 
phosphorus/nitrogen added to carbon scaffolds so as to deliver superior electro-
chemical functions and impart high theoretical sodium-storage capacity due to 
Na-P synergistic effect devoid in its contemporary [1–3].

Nanocarbon-reconfigurated metal-organic frameworks are superior to fabricate 
electrode with improved electrochemical performance in supercapacitors, e.g. zinc-
organic scaffolds. Li4Ti5O12-derived hybrid super-capacitor yields Li-type anode 
and double-layered cathode electrochemical capacitance with duly great energy 
density and prolongs capacity up to 10,000 galvanostatic cycles. Reconfigurated 
hierarchical carbon-coated tungstic anhydride-Li-HSC porous anode and N–C hol-
low polyhedron-based cathodes exhibited soaring power density and high-retained 
capacity up to 3000 operating cycles [20–26].

Splendid ‘brick-and-mortar’-type squash-in nanoporous matrixes can be recon-
figured owing to dope metal as ‘mortar’ and abide organic framework as ‘brick’ to 
be used for electrode in next-generation energy/power storage battery. Remarkably 
reconfigured novel nanocarbon metal-oxide sheets/core-shell composite gets casted 
as asymmetric supercapacitor anodes owing to longer cycle stability, high energy 
density and huge energy density in aqueous electrolytes with upmost 10,000 cycle 
capacitance retention superior to other counterparts. Nanocarbons reconfigured onto 
bimetals yield hybrid via control carbonization, and coexisting N-doping architecture 
imparts huge surface area and better capacitance (than nanocarbon) to be used to 
fabricate flexible asymmetric advanced supercapacitors [3]. Unique one-dimensional 
hollow structure of N-dope-organic framework-reconfigurated bimetals imparted 
good power storage capacity and electrochemical performance up to 10,000. Metal 
oxides derived from supercapacitors conveyed superior power density and electro-
chemical stability than carbonaceous polymeric matrix. Flexible hybrid superca-
pacitors developed from N–C-doped niobium-oxide quantum dots performed as 
superior electrochemical electrodes owing to maximum energy/power density and 
cyclic stability even up to 5000 cycles [27]. Porous manganese tetroxide reconfigured 
N-doped graphene by means of polystyrene template yields ordered porous compos-
ite owing to brilliant electrochemical capacitance and cyclic stability up to 2000 cycles 
in aqueous electrolyte solutions. Ruthenium oxide reconfigured nanocarbon scaffolds 
have shown outstanding electrochemical performance as supercapacitors owing 
to capacitance retention in lithium-ion battery. Assorted hierarchical nanoporous 
organic carbon-based skeletons are developed for its innate higher capacitance and 
cyclic stability even up to 140,000 cycles than bulk amalgamated electrodes. Thus, 
reconfigurations of material indeed have to break through many challenging discov-
eries of advanced anode/cathode materials in the development of high-performance 
batteries owing to good volumetric/gravimetric energy density and its allied futuristic 
functioning for electrification of vehicles besides grid power storage.

Noteworthy R&D is performed to discover high volumetric/gravimetric energy 
density electrodes through reconfiguration of material’s matrix for getting innate 
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electro-voltaic functions. Certain layered mixed metal oxides, viz. LiMn2, olivine 
LiFe-PO4, LiCoO2 and Li-Ni/Co/MnO2, are reconfigured to fabricate electrodes for 
lithium-ion cell. Strategies are being developed for optional high-energy cathodes 
with preserved substantial stability, rate capability and its cycle life. High-energy 
cathodes made from Li2MnO3 conveyed electrochemical steadiness with improved 
specific capacity and corresponding volumetric/gravimetric energy density. Li-ion 
batteries offer prospective high volumetric/gravimetric power density of its cells 
achieved through reconfiguration of novel electrochemicals [26, 27]. Sulfur- and 
oxygen-based bimetallic organic framework-derived cathodes are intensely recon-
figured for innate superior theoretical capacity over usual metal-oxide electrodes. 
The designing and development of progressive high-performance material-based 
electrodes derived via assorted reconfigured materials are still a difficult task/
challengeable due to their innate size constraint. Lithium-ion battery needs 
prospective high-power electrodes as derived via various reconfigured matrixes 
including Si-alloy, metal-oxide frameworks and graphene carbons for electro-
vehicles and grid power storage. Certain reconfigurated material matrixes convey 
exceptional features like facile mount skeleton, high specific surface area and 
storage capacity besides hierarchical porosity contributed in innate onset potential 
electrochemical performances.

2.13 Environmental applications of MOF

Assorted metal-organic frameworks (MOF) are reconfigured to impart special 
valid features like huge specific surface area, adaptable porosity, and constitutional 
uniformity and to unlock metal sites although certain facile physic-chemical varia-
tions are anticipated in advanced S&T applications [3, 19] can be even utilized for 
better adsorption of dyes, gases and environmental pollutants as mentioned in 
Table 1.

Diverse materials are reconfigured to be used as adsorbents for mitigation of 
water pollution; for example, 3D twofold zinc-doped carbon porous scaffolds 
owing to elevated surface area conveyed five-fold higher sorption capacity for dyes 
and drugs like ibuprofen/diclofenac contaminated water over commercial-activated 
carbon [3]. Magnetic carbon sponges are reconfigurated in zeolitic imidazolate 
framework-67 to carry out excellent separations of buoyant oil from water and 
oil from emulsions and executed excellent catalysis in H2 gas generation [25, 27]. 
Extremely dispersive nano-chromium oxide can be reconfigured in mesoporous 
carbon nitrides to yield MIL-100(Cr) templates owing to greater specific surface 
area which aids huge CO2 adsorption capacity quite higher than its counterparts 
[1–3, 28].

Specially reconfigured nickel oxide/poly-carbon nitride interlinked with 
tree-like chains/branches owing to unique features like nano-flower/leafy planes, 
huge surface area and hirsute dendrite core shells; superior porosity can impart 
superior and control/choosy arsenate anionic diffusion besides efficient As+3 to 
As+5 oxidative conversion in contaminated water. Porous nano-spherical scaffolds 
holding iron-EDTA ligands owe exclusive chelating sites that afford huge anionic 
adsorption capacity of 307 and 407 mg g−1 for As (V) and Cr (VI), respectively. 
Metal-organic frameworks are used to reconfigure many fluorescent sensors/
markers like super-porous chemosensors owing to zirconium-based hydrophobic 
fluorescent probes developed to check ultratrace (0.1–2000 ppb level) Zn2+ ions 
from water. Ratiometric fluorescent sensor containing UiO-66-zirconium matrix 
is used for selective Zn2+ detection from water. Hydrophobic fluorescent probes 
reconfigured with rhodamine ethylene-diamine salicylaldehyde are developed for 
sensitive Bi3+ adsorption from water. All such reconfigurated metal-oxide carbon 
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frameworks own wide utility in water treatment techniques like selective and 
sensitive adsorption/detection of pollutants from water/wastewaters. These recon-
figurated matrixes, scaffolds and templates own magnificent adsorption profile due 
to remarkable features, viz. huge surface area H-donor/π–π bonding capacity and 
great hydrophobic environments [1–3].

2.14 Biological applications of MOF

The outstanding properties of reconfigured MOF matrixes are used for sens-
ing or absorption of assorted biological species like genes, cells, tissues, drugs and 
selective single-stranded DNA and quenching label fluorescent dyes. Magnetic 
nanocarbon porous scaffolds are reconfigured via thermolytic iron oxides MIL-88A 
matrix to proclaim sensing platform for double-stranded DNA with target DNA and 
aids in the release of single-stranded DNA probes (1 × 10−9 m detection range) onto 
adsorptive surface in DNA hybridize sensor electrochemical impedance detection 
[3, 4]. Iridium-MOF-8 scaffolds act as hybrid electrochemical sensing/detection 
of anesthetic lidocaine (0.20 × 10−12–8 × 10−9 m). N-link glycan-metal organic-
based frameworks obtained through pyrolysis can remove zinc ions from soils and 
complex biological samples.

Metal in 
organic 
frameworks

Example Brunauer-
Emmett-

Teller (BET) 
surface area 

[m2 g−1]

Pore volume 
[cm3 g−1]/d

Absorption utility

Iron Fe3O4-carbon 439 –/0.80 nm —

Zinc Hierarchical 
carbon-C1000

524 –/0.80 nm 59.20 cm3 g−1 for CO2

Zeolitic 
imidazolate 
framework-67

Magnetic carbon 
sponges

62 0.20/– 58,000 mg g−1 for 
silicone oil

ZIF-8 Iron-doped carbon 606 –/5 nm Reflection loss of 
29.50 dB

Ni-based MOF Nickel-doped 
carbon

110 –/1.80 mm Reflection loss of 
51.80 dB

ZIF-8 PCDM-800 
nanoporous carbons

885 –/– –

ZIF-8 PCDM-1000/1200 1855 –/– 320 mg g−1 for IBP

Nickel/zinc Ni-phthalocyanine 
-carbon nanotubes

999 0.90/– 395 mg g−1, 898 mg g−1 
and 271 mg g−1 
Rhodamine-B, 

malachite green and 
for methyl orange, 

respectively

Materials 
of Institut 
Lavoisier 
MIL-100 
(chromium)

Cr-MCN nano-
chromium oxide-

mesoporous carbon 
nitrides

1294 0.40/– 16.8 mmol g−1 for CO2 
and 22.5 mmol g−1 for 

hydrogen gas

Table 1. 
Metal-organic framework-reconfigured carbon materials for adsorptions.
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Challenging areas in MOF.
These reconfigured scaffolds, templates and matrixes yield advanced materials 

which fulfill existing needs like high-performance energy-power storage, adsorp-
tion and chemosensor/marker utilities in today’s modern science and technology 
[1]. Reconfigurated materials offer superior benefits over traditional porous materi-
als due to huge specific surface area, tuneable porosity and facile skeletal functions. 
Such innovative materials emerge through reconfigurated synthetic methods and 
material structures, and analogous outputs really trust reciprocated improvement 
in various disciplines including batteries, supercapacitors, electro-catalysts and 
water treatment techniques. Yet, few perspective challenges and key problems as 
presented below are to be solved:

• Synthetic protocols involved in reconfiguration of metal-organic frameworks 
need to be explored for applicability at high-temperature calcinations and to aid 
ordered annihilation and impart huge porosity besides carrying out effective 
polymerization.

• Metal-organic framework-reconfigurated matrixes still rely on material syn-
thesis and its characterization, but R&D mechanistic performance is yet to be 
done. Methodical perceptions of interfacial interactions amid metal-organic 
frameworks and its doped components might offer superior optimized synthesis 
protocol.

• Strategic reconfiguration augmented MOF-doped polymeric adhesives, and 
control functionalized carriers are to be analyzed for its cost and operat-
ing strategy so as to boost electrochemical performance to meet industrial 
applicability.

• Meritorious MOFs need to be reconfigured as per adaptable structures, compo-
sition and morphology for its excellent performances.

• Experimental and theoretical computational simulations can give momentum 
for innovative reconfiguration as applicably predicted to fabricate advanced 
scaffolds, templates and matrixes via MOF.

• Rational design is to be done to strictly control structural, functional and 
performance-based aspects of metal-organic reconfigured materials.

3. Summary

Innovative and truly applied nanomaterials can be reconfigured through 
corresponding skeletal/matrix alterations which are successfully accounted in the 
past decades. Matrix reconfigurations in nanomaterial skeleton found to vary with 
environmental conditions, diverse elements, allied constituents and corresponding 
organic supports communicate intricate besides mixed chemical characteristics. 
Each of such modules owns crucial status, plays a vital role in its reconfigurations 
and harmonizes mutual deficiency besides proffered synergistic recitals. Usually, 
reconfigurated nanomaterials acquired expedient features like hierarchical poros-
ity, superior mechanical stability and elevated electrical/thermal conductivity. Due 
to their promising features, reconfigurated nanomaterials are intensively used for 
many purposes including batteries, supercapacitors, electro-catalysis and water 
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frameworks own wide utility in water treatment techniques like selective and 
sensitive adsorption/detection of pollutants from water/wastewaters. These recon-
figurated matrixes, scaffolds and templates own magnificent adsorption profile due 
to remarkable features, viz. huge surface area H-donor/π–π bonding capacity and 
great hydrophobic environments [1–3].

2.14 Biological applications of MOF

The outstanding properties of reconfigured MOF matrixes are used for sens-
ing or absorption of assorted biological species like genes, cells, tissues, drugs and 
selective single-stranded DNA and quenching label fluorescent dyes. Magnetic 
nanocarbon porous scaffolds are reconfigured via thermolytic iron oxides MIL-88A 
matrix to proclaim sensing platform for double-stranded DNA with target DNA and 
aids in the release of single-stranded DNA probes (1 × 10−9 m detection range) onto 
adsorptive surface in DNA hybridize sensor electrochemical impedance detection 
[3, 4]. Iridium-MOF-8 scaffolds act as hybrid electrochemical sensing/detection 
of anesthetic lidocaine (0.20 × 10−12–8 × 10−9 m). N-link glycan-metal organic-
based frameworks obtained through pyrolysis can remove zinc ions from soils and 
complex biological samples.

Metal in 
organic 
frameworks

Example Brunauer-
Emmett-

Teller (BET) 
surface area 

[m2 g−1]

Pore volume 
[cm3 g−1]/d

Absorption utility

Iron Fe3O4-carbon 439 –/0.80 nm —

Zinc Hierarchical 
carbon-C1000

524 –/0.80 nm 59.20 cm3 g−1 for CO2

Zeolitic 
imidazolate 
framework-67

Magnetic carbon 
sponges

62 0.20/– 58,000 mg g−1 for 
silicone oil

ZIF-8 Iron-doped carbon 606 –/5 nm Reflection loss of 
29.50 dB

Ni-based MOF Nickel-doped 
carbon

110 –/1.80 mm Reflection loss of 
51.80 dB

ZIF-8 PCDM-800 
nanoporous carbons

885 –/– –

ZIF-8 PCDM-1000/1200 1855 –/– 320 mg g−1 for IBP

Nickel/zinc Ni-phthalocyanine 
-carbon nanotubes

999 0.90/– 395 mg g−1, 898 mg g−1 
and 271 mg g−1 
Rhodamine-B, 

malachite green and 
for methyl orange, 

respectively

Materials 
of Institut 
Lavoisier 
MIL-100 
(chromium)

Cr-MCN nano-
chromium oxide-

mesoporous carbon 
nitrides

1294 0.40/– 16.8 mmol g−1 for CO2 
and 22.5 mmol g−1 for 

hydrogen gas

Table 1. 
Metal-organic framework-reconfigured carbon materials for adsorptions.
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Challenging areas in MOF.
These reconfigured scaffolds, templates and matrixes yield advanced materials 

which fulfill existing needs like high-performance energy-power storage, adsorp-
tion and chemosensor/marker utilities in today’s modern science and technology 
[1]. Reconfigurated materials offer superior benefits over traditional porous materi-
als due to huge specific surface area, tuneable porosity and facile skeletal functions. 
Such innovative materials emerge through reconfigurated synthetic methods and 
material structures, and analogous outputs really trust reciprocated improvement 
in various disciplines including batteries, supercapacitors, electro-catalysts and 
water treatment techniques. Yet, few perspective challenges and key problems as 
presented below are to be solved:

• Synthetic protocols involved in reconfiguration of metal-organic frameworks 
need to be explored for applicability at high-temperature calcinations and to aid 
ordered annihilation and impart huge porosity besides carrying out effective 
polymerization.

• Metal-organic framework-reconfigurated matrixes still rely on material syn-
thesis and its characterization, but R&D mechanistic performance is yet to be 
done. Methodical perceptions of interfacial interactions amid metal-organic 
frameworks and its doped components might offer superior optimized synthesis 
protocol.

• Strategic reconfiguration augmented MOF-doped polymeric adhesives, and 
control functionalized carriers are to be analyzed for its cost and operat-
ing strategy so as to boost electrochemical performance to meet industrial 
applicability.

• Meritorious MOFs need to be reconfigured as per adaptable structures, compo-
sition and morphology for its excellent performances.

• Experimental and theoretical computational simulations can give momentum 
for innovative reconfiguration as applicably predicted to fabricate advanced 
scaffolds, templates and matrixes via MOF.

• Rational design is to be done to strictly control structural, functional and 
performance-based aspects of metal-organic reconfigured materials.

3. Summary

Innovative and truly applied nanomaterials can be reconfigured through 
corresponding skeletal/matrix alterations which are successfully accounted in the 
past decades. Matrix reconfigurations in nanomaterial skeleton found to vary with 
environmental conditions, diverse elements, allied constituents and corresponding 
organic supports communicate intricate besides mixed chemical characteristics. 
Each of such modules owns crucial status, plays a vital role in its reconfigurations 
and harmonizes mutual deficiency besides proffered synergistic recitals. Usually, 
reconfigurated nanomaterials acquired expedient features like hierarchical poros-
ity, superior mechanical stability and elevated electrical/thermal conductivity. Due 
to their promising features, reconfigurated nanomaterials are intensively used for 
many purposes including batteries, supercapacitors, electro-catalysis and water 
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treatment techniques. Abundant notable advancements are attenuated perfor-
mance utility which persuades novel breakthroughs in reconfiguration of futuristic 
nanomaterials.
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