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Preface

Presently, graphene is widely researched worldwide because of its unique properties,
which have led to a wide range of applications. This book provides a brief overview
of recent developments in the synthesis methods of graphene and its derivatives as
well as its applications.

The review in the first part of the book covers the recent synthesis methods of
graphene and its modified derivatives that include graphene oxide (GO), graphene
(rGO), graphene-metal nanoparticle composites, graphene-polymer hybrids, and
graphene/organic structures for a variety of applications such as catalysts, energy
storage/conversion, anti-microbial agents, and as a water decontaminant. Also pre-
sented in this section is a unique and advanced technique that is the liquid phase exfo-
liation method for the synthesis and concentration enhancement of graphene with the
addition of certain additives and salts. This method is suitable for the enhancement of
the concentration of graphene. This process can be easily scaled up for better perfor-
mance and efficiency to be used for the fabrication of modern electronic devices.

The final section of this book addresses the most important applications of
graphene and its derivatives. Discussed in detail in this book are photocatalytic
applications, electronic applications, and the latest graphene-based heterogeneous
electrodes for energy storage. In addition, sound devices based on graphene are also
presented in this book.

The authors are very thankful and want to acknowledge all those who contributed
to this book: Prof. Dr. Seema Humaira, Prof. Dr. Randhir Singh, Prof. Dr. Ning
Wang, Prof. Dr. Haixu Wang, Prof. Dr. Guang Yang, Prof. Dr. Rong Sun,

Prof. Dr. Ching-Ping Wong, Prof. Dr. He Tian, Prof. Dr. Guang-yang Gou,

Prof. Dr. Fan Wu, Prof. Dr. Lu-Qi Tao, Prof. Dr. Yi Yang, Prof. Dr. Tian-Ling Ren,
Dr. R. M. Obodo, and Ms. Manuela Gabric, Author Service Manager.

Ishaq Ahmad

NPU-NCP Joint International Research Center on Advanced Nanomaterials and
Defects Engineering,

National Centre for Physics,

Islamabad, Pakistan

Fabian I. Ezema

Department of Physics and Astronomy,
University of Nigeria,

Nsukka, Nigeria

Coal City University,
Enugu State, Nigeria
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Chapter1

Introductory Chapter: Graphene
and Its Applications

Raphael Mmaduka Obodo, Ishaq Ahmad
and Fabian Ifeanyichukwu Ezema

1. Introduction

Presently, graphene is widely researched worldwide because of its unique
properties such as zero bandgap, remarkable electron mobility at room tempera-
ture, high thermal conductivity and stiffness, large surface area, impermeability to
gases, etc. Graphene charge carrier exhibits core mobility, is massless, and moves a
few micrometers distance maintaining its structure at room temperature. Recently,
graphene-based materials have gained intense awareness on energy storage sys-
tems, electronics, chemical sensors, optoelectronics, nanocomposites, and health
such as osteogenic. Graphene is among the allotropes of carbon; its carbon atoms
are arranged in a single layer. These carbon atoms are organized in a honeycomb
lattice with a two-dimensional arrangement. The carbon—carbon bond distance in
a single graphene sheet approximates 0.142 nm [1]. One of the unique and major
properties of graphene is that increased researcher’ interest is its constituent’s
electrons that seem to be massless relativistic particles, hence, anomalous quantum
Hall effect and the absence of localization [2, 3]. Graphene has been used in many
applications, which include energy storage devices like supercapacitors and lith-
ium-ion batteries [4], gas detection [5], and conducting electrodes [6]. Recently,
the rate at which graphene awareness is rising is highly remarkable and suggests
that it is a good route of the scientists’ search for new materials for advancement in
science, engineering, health, and composite industries. This brief introduction of
graphene narrates its brief history, synthesis method, derivatives, and applications.
Addition of graphene in a composite inhibits the fabrications of active material in
a nanosize, enhances non-faradaic capacitive behavior, increases conductivity, and
prevents disintegration. Graphene also induces a physical barrier in between the
electrolyte and active material, hence increasing cycling stability, specific capaci-
tance, and rate capability.

2. Synthesis of graphene

Graphene synthesis means any process of fabricating or extracting graphene from
graphite. The method to be chosen is governed by the desired size, quantity, and
purity. Synthesis technique contributes to the structure and properties of graphene
produced. There are variations of graphene layers from different techniques such as
a single layer, double layer, or multiple layers, and they have different applications in
various fields of science and technology like energy storage devices, biotechnology,
memory, electronics, sensors, etc. Researchers employ different techniques especially
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when a large quantity is required. Subsequently, we will discuss various synthesis
techniques, applications, its status now, progress so far, and future prospects.

In the synthesis of graphene-based materials, ball milling and hydrothermal
methods show to be cheaper, the electrospinning method exhibits the benefits in
the nanowire composite assembly, and the microwave-assisted method is easier
and superfast in fabrication. We also explained methods of graphene synthesis
while its derivatives are discussed in the second chapter of this book. The third
chapter explained the new technique such as liquid phase exfoliation method for
the synthesis and concentration enhancement of graphene which is suitable for the
fabrication of the highly efficient modern electronic devices (Figure 1).

2.1 Cleavage and exfoliation technique

This method is divided into two: (1) mechanical exfoliation and (2) chemical
exfoliation. Mechanical exfoliation is the distortion of weak van der Waals force
holding carbon—carbon atom together. The chemical method is the production
of colloidal suspension which produces graphene from graphite compounds.
Graphite is several densely packed layers of graphene sheets, hence, fixed
together by weak van der Waals force. High-purity graphene sheets can be
produced from graphite sheet by breaking the bonds that held them together.
Therefore, exfoliation and cleavage are the use of mechanical or chemical
energy to break down these weak bonds and separate distinctive graphene
sheets. Viculis et al. [4] were the first to apply this principle by using potassium
metal to separate pure graphite sheet and then exfoliate them using ethanol to
form a dispersion of graphene sheets.

Figure 1.
Structure of graphene sheet, stacked graphene, wrapped graphene, and rolled graphene. Reproduced from Ref. [7].
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2.2 Chemical vapor deposition (CVD) methods

Chemical vapor techniques use steam phase exfoliation. This method chemi-
cally extracts graphene sheets from graphite without passing through exfoliation
stage. Horiuchi et al. [9] were the first people to produce graphene sheets using
this method. They engaged the method to fabricate carbon nanofilms (CNF) using
regular graphite sheets.

There are many types of CVD, depending on the precursors available, the struc-
ture needed, quality of material, and dimension, and there are many applicable
CVD processes such as thermal, plasma-enhanced (PECVD), cold wall, reactive,
hot wall [9], etc. Graphene thin films are formed on copper or nickel mostly by a
chemical vapor deposition method.

2.3 Pyrolysis of graphene

The pyrolysis uses solvothermal technique to synthesize graphene from graphite
by a bottom-up approach. Sodium ethoxide and ethanol were mixed in a molar
mass ratio of 1:1 in a closed vessel with intense heat treatment and sonication; this
process detaches graphene from graphite [10].

2.4 Other techniques
2.4.1 Ungipping CN'Ts

One of the most recent techniques of fabricating graphene is a type of synthesis
that uses multiwall carbon nanotubes (MWNT) as initial material. This method is
commonly known as “CNTSs’ un-zipping.” MWNTs can be unzipped longitudinally
using lithium and ammonia intercalation, followed by intense acid and heat treat-
ment, which induces exfoliation immediately [11].

2.4.2 Thermal decomposition of ruthenium crystal

Graphene single layers can be grown on single crystal ruthenium (Ru 0001)
surface at ultra-high vacuum (4.0 x 107" Torr) [11]. It was discovered that graphene
could form on the crystal surface. This can be achieved by heat breakdown of
ethylene (pre-adsorbed on the crystal surface at room temperature) at 1000 K or by
controlled segregation of carbon from the bulk of the substrate [12].

2.4.3 Thermal decomposition of SiC

Thermal disintegration of silicon on the surface plane of a single crystal of
6H-SiC to produce graphene recently gained researchers’ awareness. It takes less
time to achieve and become popular techniques of graphene growth recently [13].

3. Graphene oxide

Graphene oxide (GO) is a product of graphene obtained by oxidizing graphene.
It has a single monomolecular layer containing oxygen functionalities such as
carboxyl, carbonyl, epoxide, or hydroxyl groups [14]. These added functionalities
expand the separation between the layers and make the material hydrophilic
(meaning that they can be dispersed in water). Layers of graphene stacked on top
of each other form graphite, with an interplanar spacing of 0.335 nm. The separate
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layers of graphene in graphite are held together by van der Waals forces. GO are
synthesized mostly based on widely reported Hummers method in which graphite
is oxidized by a solution of potassium permanganate in hydrogen tetraoxosulfate
(IV) acid [15].

The diagram in Figure 2 illustrates the processes and stages involved in moving
from graphite to graphene, graphene to graphene oxide, and graphene oxide to
reduced graphene oxide [14, 16]. Many scientists are confused about the difference
between carbon derivatives (Figure 3).

Graphene oxide is dispersible in water and other organic solvents like etha-
nol, 1-propanol, acetone, methanol, ethylene glycol, pyridine, etc. as well as in
different matrixes. This property of GO was due to the presence of the oxygen
functionalities.

Figure 2.
Stages of synthesis of GO and rGO. Reproduced from Ref. [8].
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REDUCED GRAPHENE OXIDE
Figure 3.

Cycle synthesis of graphene/GO/rGO. Reproduced from Ref. [33].
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Figure 4.
Diagram of veduced graphene oxide (rGO). Reproduced from Ref. [34].

3.1 Reduced graphene oxide (rGO)

Reduced graphene oxide (rGO) is a graphene oxide (GO) in which its oxygen
content is reduced either by thermal, chemical, or any other methods. Graphene
oxide is reduced to improve the honeycomb hexagonal lattice distorted during
oxidation from graphene to graphene oxide and also enhance its electrical conduc-
tivity [14, 34]. It is also observed that once most of the oxygen groups are removed,
the reduced graphene oxide obtained becomes indispersible in a solvent due to its
tendency to create aggregates (Figure 4).

4. Applications of graphene/GO/rGO

Graphite and its derivate recently gained science and engineering awareness
due to its numerous applications. The discovery of graphene is rightly regarded
as a milestone in the world of material science; as can be seen in the worldwide
attention, the material has received in the fields of electronics, photonics, capaci-
tors/supercapacitors, biosensing, etc. They are used in numerous applications as
illustrated below. In this book, applications of graphene and its derivatives are
discussed in detail. These applications include photocatalysis, electronics, gas sens-
ing, graphene-based heterogeneous electrodes for energy storage devices, etc. In
addition, sound devices based on graphene is also explained in this book.

4.1 Electronics

GO are used in electronic fabrications as initial materials. Electronic devices
such as graphene effect transistors (GFETs) and field effect transistors (FETSs) are
graphene-based [17]. Reduced graphene oxides (rGO) are used as chemical sensors
[18]. Functionalized graphene oxide in conjunction with glucose oxidase deposited
on electrode material is used as an electrochemical glucose sensor [19]. They are
widely used in the manufacturing of electronic devices like light-emitting diodes
(LEDs) and solar cells. Reduced graphene oxide dispersed in a solvent can be used
in the production of the transparent electrode, which is an alternative transparent
electrode like FTO and ITO [20].

4.2 Energy storage

Reduced graphene oxide nanocomposites have a high surface area and good con-
ductivity, which suited them for use in supercapacitors and lithium-ion batteries
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with good energy storage capacity. GO-based supercapacitors and lithium-ion bat-
teries possess high-energy storage capacity, long life span, and good cycle stability.

4.3 Water purification

As far, back as the 1960s [21], scientists have started studying graphite oxide
usage in desalination of water. In 2011, some group of researchers employed the
principle of reverse osmosis using GO to achieve the same goal [22]. It was discov-
ered that graphite allows water to pass through but retain some larger ions [23]. Its
narrow mono- or bilayer capillaries allow water but restrain heavy ions.

Moreover, in the year 2015, a group of scientists also purified water using
graphene tea by removing 95% of heavy metal ions in water solution [24].

It was reported that in 2006, engineers fabricated graphene-based thin film
powered by solar energy that possesses the quality of filtering dirty and salty water.
These films are non-heavy and can be easily produced on a large scale [24].

4.4 Biomedical applications

Graphite and its derivative like GO are widely used in the biomedical field as a
constituent in the drug delivery system. Magnetite stacked with GO and doxoru-
bicin hydrochloride (DXR) drug adsorbed onto the system is used as anticancer
treatment by targeting it to a specific site to kill cancer cells.

4.5 Biosensors

Graphene oxide and reduced graphene oxide have been incorporated into many
gadgets. These GO-/rGO-based gadgets are fabricated with the quality to identify
biologically significant molecules. GO/rGO uses fluorescence resonance energy
transfer (FRET) characteristics to work effectively as a biosensor.
4.6 Elemental storage

All elements that form part of GO or rGO functional groups can be effectively
stored in their sheets and extracted later for use and are also being explored for
their applications in hydrogen storage.
4.7 Plasmonics

Recently, the science of plasmonics discovered that near field infrared optical
microscopy [25] and infrared spectroscopy [26] of graphene provide accommoda-
tions for plasmonic surface mode [27].
4.8 Lubricant

Scientists recently found out that graphene lubricants perform better than
regularly used graphite lubricants. A graphene lubricant applied to a ball and bear-
ing roller or steel ball and steel disc lasted for 6500 cycles, while our usually used
graphite lubricants lasted only for 1000 cycles [24].

4.9 Radio wave absorption

A heavenly crammed graphene layer deposited on glass substrates absorbs radio
waves of the wavelength range of 125-165 GHz bandwidth by 90% [24]. In our
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modern houses, graphene serves as roof, door, and window coatings to safeguard
houses from radio wave interference [28].

4.10 Nanoantennas

A nanoantenna called graphene-based plasmonic nanoantenna (GPN) operates
on a wavelength of millimeter within the radio wavelength range. This nanoantenna
is better than our conventional antennas because its operational surface plasmon
polaritons wavelength is much smaller compared to the wavelength of electromag-
netic waves propagating at the same frequency. Our conventional antenna operational
frequencies range from 100 to 1000, which is very huge compared to GPNs [29].

4.11 Sound transducers

Graphene has been predicted as a good candidate for the manufacturing of elec-
trostatic audio microphones and speakers due to their lightweight, which provides
moderately good frequency response [30]. In 2015 an A model audio ultrasonic
microphone and the speaker was fabricated; it operates at a frequency range of

20-500 kHz [31]. Its performance operation was up to 99% efficiency, good and
uniform frequency output throughout the audible range [32].
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Chapter2

Water Remediation by
G-/GO-Based Photocatalysts

Humaira Seema

Abstract

Graphene, a two-dimensional sheet of sp” hybridized carbon atoms, has shown
to be the most fascinating and promising option among nanomaterials for a variety
of applications, because of its unique structure and tunable physiochemical prop-
erties. It can be either in the pure form or in its modified derivatives that include
graphene oxide (GO), reduced graphene oxide (rGO), graphene-metal nanoparticle
composites, graphene-polymer hybrids, and graphene/organic structures that
showed improved results while maintaining inherent properties of the material.
These modified nanostructures have a variety of applications as catalysts, energy
storage/conversion, antimicrobial, and water decontaminant. In the field of envi-
ronmental science, graphene has been widely used for molecular sieving involving
gas phase separation and organic waste removal from water, due to its biocompat-
ibility, various functional groups, and accessible surface area. Modified graphene
can also serve as a semiconductor that can increase the efficiency of the photocata-
lytic ecosystems that results in the inactivation of the microorganisms causing the
organic chemicals to degrade.

Keywords: graphene, environmental, remediation, photocatalyst, water

1. Introduction

Recently photocatalysis by using semiconductors has fascinated universal con-
sideration for its energy-related and environmental applications. Nevertheless, the
decrease in the efficiency of the photocatalysis restricted its practical applications
because of the prompt reunion of photogenerated electrons and holes. Thus, to
decrease the reunion of charge carriers is significant for improvement of semicon-
ductor photocatalysis. Among numerous approaches, water remediation has been
done by rGO-/GO-based materials which are the most favorable candidates due to
their high capacity of dye adsorption, prolonged light absorption range, improved
separation of charge carriers, and transportation properties leading to improved
photoconversion efficiency of the photocatalytic materials [1-74].

1.1 Graphene (rGO)-based photocatalysts

Various numbers of graphene-based photocatalysts have been prepared with
its derivatives which mainly comprise metal oxides (e.g., P25 [1, 8], TiO, [9-34,
36, 371, ZnO [17, 39-43], CuO [44], SnO, [13, 45], WOs [46]), metals (e.g., Cu [51],
Au [52]), metal-metal oxides (e.g., Ag-TiO, [35]), upconversion material—P25
(e.g., YF3Yb** Tm**—TiO, [38]), salts (e.g., CdS [47-49], ZnS [50], ZnFe,0, [53],
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MnFe,0, [54], NiFe,0, [55], CoFe,0, [56], Bi,WOQOg [57-59], Bi,MoO¢ [60], InNbO,
[61], ZnSe [63]), Ag/AgCl [62]), and other carbon material (e.g., CNT [64]).

1.2 Graphene oxide (GO)-based photocatalysts

Graphene oxide (GO) has recently received considerable attention due to
oxygen-containing functional groups which increase its solubility in solvents for
the preparation of GO-based nanocomposites required for photodegradation of
pollutants [65-74]. GO-based nanocomposites mainly include metal oxides (TiO,)
[66-72], metal-free polymers [73], and silver/silver halides [74].

2. Preparation of rGO-/GO-based composite photocatalysts

Some of the commonly used synthesis techniques include in situ growth strat-
egy, solution mixing, hydrothermal/ solvothermal, and microwave-assisted process.

2.1In situ growth strategy

This method is usually used to prepare reduced graphene oxide-/graphene
oxide-based metal composites. Zhang et al. reported that TiO,/graphene composite
photocatalyst [14] is synthesized by a simple liquid-phase deposition technique.
Moreover, adopting a similar approach, Wang et al. prepared nanocarbon/TiO,
nanocomposites where titania nanoparticles were decorated by thermal reaction
on the surfaces of three different dimensional nanocarbons [9]. While in thermal
reduction method, TiO,/graphene composite [12] with a remarkable visible light
photocatalytic activity was prepared by Zhang et al. using a heat treatment method
of GO, where GO changed to reduced graphene oxide. Uniform ZnO nanoparticles
were found on functionalized graphene sheets evenly via thermal decay of mixture
of zinc salt, graphene oxide, and poly(vinyl pyrrolidone) [39].

Furthermore, Sn?* or Ti’* ions were converted to oxides at low temperatures,
while GO was reduced to reduced graphene oxide by tin or titanium salts in
redox method [13-45]. In our recent work, we prepared SnO,-G nanocomposite
which displayed higher photocatalytic activity in sunlight as compared to bare
metal oxide nanoparticles as shown in Figure 1 [45]. Similarly reduced graphene
oxide-zinc oxide composite was prepared where zinc ions were decorated on GO
sheets and transformed to metal oxide nanoparticles by using chemical reagents
at 150°C. Reduced graphene oxide-ZnO photocatalyst is formed by reducing the
graphene oxide [43].

Li et al. prepared uniform mesoporous titania nanospheres on reduced graphene
oxide layers via a process of a template-free self-assembly [20]. Du et al. [21] also
developed the macro-mesoporous titania-reduced graphene oxide composite film
by a confinement of a self-assembly process as shown in Figure 2.

Moreover Kim et al. synthesized strongly coupled nanocomposites of layered
titanate and graphene by electrostatically derived self-assembly between nega-
tively charged G nanosheets and positively charged TiO, nanosols, followed by a
phase transition of the anatase TiO, component into layered titanate [37]. Chen
et al. prepared graphene oxide/titania composites by using the self-assembly
technique [72].

While Cu ion-modified reduced graphene oxide [51] prepared by an immersion
technique displayed a high photocatalytic activity, gold nanoparticles were deco-
rated on the surface of the reduced graphene oxide through spontaneous chemical
reduction of HAuCl, by GOR [52] as shown in Figure 3.
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Figure 1.
Time-dependent absorption spectra of MB solution during UV light irvadiation in the presence of (a) SnO,

and (b) reduced graphene oxide-SnO, and during sunlight irradiation in the presence of (c) SnO, and (d)
reduced graphene oxide-SnO,. Reprinted with permission of the publisher [45].

ey W

Figure 2.
Schematic view for the preparation of a macro-mesoporous TiO,-reduced graphene oxide composite film.

Reprinted with permission of the publisher [21].

Bi,WOg/reduced graphene oxide photocatalysts were successfully prepared via
in situ refluxing method in the presence of GO [57]. Zhang et al. presented reduced
graphene oxide sheet grafted Ag@AgCl plasmonic photocatalyst with high activity
via a precipitation reaction followed by reduction [62]. TiO,-GO was well prepared
at 80°C by using GO and titanium sulfate as precursors [66].

Liu et al. have established a process of water/toluene two-phase for self-assem-
bling TiO, nanorods on graphene oxide [69, 70]. Jiang et al. prepared GO/titania
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Possible mechanism of photosensitized degradation of dyes over a rGO Cu composite under visible light
irradiation. Reprinted with permission of the publisher [52].

composite by in situ depositing titania on GO through liquid-phase deposition,
followed by a calcination at 200°C [71].

GO nanostructures are prepared by modified Hummer’s method, which has
promising applications in photocatalysis [65].

2.2 Solution mixing method

It has been widely used to prepare graphene-based photocatalysts. Previously,
titania nanoparticles and GO colloids have been mixed by ultrasonication followed
by ultraviolet (UV)-assisted photocatalytic reduction of GO to yield graphene-
titania nanocomposites [18, 23, 31].

Akhavan and Ghaderi used a similar strategy to prepare the titania/reduced
graphene oxide composite thin film [25].

Guo et al. [28] prepared TiO,/graphene composite via sonochemical method.
GO/g-C;3N, with efficient photocatalytic capability was also fabricated by the same
sonochemical approach [73].

ZnO and GO mixture was dispersed by ultrasonication followed by chemi-
cal reduction of GO to graphene ultimately leading to synthesize ZnO/graphene
composite [40]. The G-hierarchical ZnO hollow sphere composites are synthesized
by Luo et al. by using a simple ultrasonic treatment of the solution [43].

Cheng et al. [40] presented a new facile ultrasonic approach to prepare graphene
quantum dots (GQDs), which exhibited photoluminescent in a water solution. The
water/oil system is used by Zhu et al. [74] to produce graphene oxide enwrapped
Ag/AgX (X = Br, Cl) composites. Graphene oxide and silver nitrate solution were
added to chloroform solution of surfactants stirring condition at room temperature
to produce hybrid composites which displayed high photocatalytic activity under
visible light irradiation as shown in Figure 4. Titania/graphene oxide composites
were synthesized using one-step colloidal blending method [68].

2.3 Hydrothermal/solvothermal method

This one-pot process can lead to highly crystalline nanostructures, which
operates at elevated temperatures in an autoclave to generate high pressure, without
calcination, and at the same time GO reduced to rGO. Typically, graphene-based
composites, e.g., P25 [1, 8], TiO, [15, 16, 24, 29, 30, 32-34], Ag-TiO, [35], UC-P25
[38], WO3 [46], CdS [49], ZnFeZO4 [53], MHFGQO4 [54], N1F6204 [55], B12W06
[58, 59], Bi;MoOg [60], InNbO, [61], and ZnSe [63], have been prepared by the
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Figure 4.

(A) Photocatalytic activities of silver/silver bromide (a) and silver/silver bromide/GO (b) nanospecies for
photodegradation of MO molecules under visible light irradiation and (B) those of the Ag/AgCl (a) and Ag/
AgCl/GO (b) nanospecies. Reprinted with permission of the publisher [74].
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Figure 5.

Ph%todegmdation of MB under (a) UV light (1 = 365 nm) and (b) visible light (1 > 400 nm) over (1) P25,
(2) P25-CNT5, and (3) P25-GR photocatalysts, vespectively. (c) Schematic structure of P25-GR and process of
the photodegradation of MB over P25-GR. (d) Bar plot showing the remaining MB in solution: (1) initial and
equilibrated with (2) P25, (3) P25-CNT5, and (4) P25-GR in the dark after 10-min stirring. Pictuves of the
corresponding dye solutions are on the top for each sample. Reprinted with permission of the publisher [8].

hydrothermal process, while others such as TiO, [11, 22, 26, 27], CuO [44], CdS
[48], and CoFe,0, [56] are prepared by the solvothermal process.

Li et al. have prepared P25-G nanocomposite using GO and P25 as raw materi-
als via hydrothermal technique [8]. As illustrated in Figure 5, the photocatalysis
determines that composite showed improved activity toward the photodegradation
of methylene blue (MB).
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Figure 6.

(Ag) Schematic illustration of synthesis steps for graphene-wrapped anatase TiO, nanoparticles (NPs) and
corvesponding SEM images of (B) bare amorphous TiO, NPs, (C) GO-wrapped amorphous TiO, NPs,
and (D) graphene-wrapped anatase TiO, NPs (scale bar: 200 nm); (E) the suggested mechanism for the
photocatalytic degradation of MB by graphene-wrapped anatase TiO, NPs under visible light irvadiation.
Reprinted with permission of the publisher [8].

Lee et al. synthesized graphene oxide (GO)-wrapped TiO, nanoparticles by
combining positively charged TiO, nanoparticles with negatively charged GO
nanosheets, as shown in SEM images in Figure 6. Furthermore, it demonstrates
the reduction of graphene oxide to reduced graphene oxide and the crystalliza-
tion of amorphous titania nanoparticles which occurred after a hydrothermal
treatment.

2.4 Microwave-assisted method

In situ microwave irradiation is a facile method which has been used for the
simultaneous formation of metal oxide (e.g., TiO; [17], ZnO [17, 41], CdS [47],
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Figure 7.

(A) Photocatalytic degradation for RhB under different experimental conditions with catalysts GOCNT-15-4 and
P25. (B) Photocatalytic properties of different samples in degrading RhB. (C) Experimental steps of pillaring
GO and RGO platelets with CN'Ts while energy diagram showing the proposed mechanism of photosensitized
degradation of RhB under visible light irradiation. Reprinted with permission of the publisher [64].

18



Water Remediation by G-/GO-Based Photocatalysts
DOI: http://dx.doi.org/10.5772/intechopen.85144

ZnS [50]) and reduction of GO. The drawback of this process is that it did not
show its fine control over the uniform size and surface distribution of nanopar-
ticles on G surfaces.

2.5 Other methods

In addition to the abovementioned examples, graphene-based photocatalysts are
synthesized by developing new synthetic strategies, e.g., electrospinning [10] and
chemical vapor deposition (CVD) [64].

Zhao et al. pillared reduced graphene oxide platelets with carbon nanotubes
using the CVD method with acetonitrile as the carbon source and nickel nanopar-
ticles as the catalysts as shown in Figure 7.

Photocatalytic TiO, films were prepared by Yoo et al. using RF magnetron
sputtering and GO solutions with different concentrations of GO in ethanol which
were coated on TiO; films [67]. Graphene film was formed on the surface of TiO,
nanotube arrays through in situ electrochemical reduction of GO dispersion by
cyclic voltammetry [19].

3. Photocatalysis

Due to widespread environmental applications, photocatalysis has fascinated
an increasing consideration. The graphene-/graphene oxide-based photocatalyst
revealed a significant improvement of photocatalytic degradation of methylene blue
(MB) [1, 8,11, 12, 15, 18, 21, 22, 26, 28, 30-33, 35, 36, 40, 41, 43, 45, 48, 50, 52-56,
60, 61, 67-69], rhodamine B (RhB) [13, 20, 24, 27, 32, 42, 44, 51, 52, 56-59, 62, 64,
73], methyl orange (MO) [9, 10, 14, 37, 38, 49, 63, 66, 71, 72, 74], anthracene-9-
carboxylic acid (9-AnCOOH) [19], phenol [22, 54], 2,4-dichlorophenoxyacetic acid
(2,4-D) [23], 2,4-dichlorophenol [61, 73], malachite green (MG) [29], 2-propanol
[34], rhodamine 6G (Rh 6G) [39], rhodamine B 6G (RhB 6G) [46], orange 1l [52],
2,4-dichlorophenol (2,4-DCP) [61], acid orange 7(AO 7) [64], and resazurin (RZ)
[65], as well as photocatalytic reduction of Cr(VI) [17, 47, 71], along with photo-
catalytic antibacterial activity for killing E. coli bacteria [25] by UV [1, 8-10, 13, 14,
16-24, 26, 28-34, 37, 39-45, 50, 54, 65-71], as well as visible irradiation [1, 8-13, 15,
16, 20, 22, 25, 27, 30-33, 35-38, 42, 45-49, 51-64, 67, 68, 72-74], in water which are
briefly summarized in Table 1.

Photocatalysts Mass Preparation Photocatalytic Performances as Type of References
fraction strategy experiments compared toreference  irradiation
photocatalyst

(1) rGO-based

P25-rGO 0.2% G Hydrothermal Photodegradation 1.17 times higher than uv 1
method of MB P25; DP of 60%
5% 1.50 times
30% 0.97 times
0.2% 1.42 times higher than Visible
P25; DP of 28%
5% 2.32 times
30% 0.75 times
P25-rGO 1.0% G Hydrothermal Photodegradation 340 or 1.21 times higher uv 2
method of MB than P25 or P25-CNTs;
DP of 25% or 70%,

respectively (2% = 90 min)
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Photocatalysts Mass Preparation Photocatalytic Performances as Type of References
fraction strategy experiments compared toreference  irradiation
photocatalyst
4.33 or 1.18 times Visible
higher than P25 or

P25-CNTs; DP of 15%
or 55%, respectively
(2% = 90 min)

TiO,-rGO 10 mg G In situ growth Degradation of 2.05 times higher than uv 3
strategy MO P25; DP of 40%
(thermal
treatment)
5.46 times higher than Visible
P25; 15%
TiO,-rGO 0.75% G Electrospin- Degradation of 1.51 times higher than uv 4
ning method MO TiO,; DP of 54%

2.04 times higher than Visible
TiO,; DP of approx.

22%
TiO,-rGO 10 mg G Solvothermal Photodegradation ~ 2.32 or 1.50 times higher Visible 5
method of MB than pure TiO, or P25;
DP of 25% or 39%,
respectively
30 mg 3.0 or 1.92 times
50 mg 2.88 or 1.84 times
TiO,-rGO 10 mg G In situ growth Photodegradation 7.0 times higher than Visible 6
strategy of MB pure P25; DP of 10%
(thermal
reduction
method)
TiO,-rGO No data In situ growth Photodegradation 1.16 times higher Visible 7
strategy (redox of RhB than P25 reaction rate
method) constant = 0.0049 min~*
0.53 times higher uv
than P25 reaction rate
constant = 0.043 min™*
SnO,-rGO 2.24 times higher Visible
than P25 reaction rate
constant = 0.0049 min~"
0.62 times higher uv
than P25 reaction rate
constant = 0.043 min™!
TiO,-rGO 20mg G In situ growth Photodegradation 1.89 times higher than uv 8
strategy of MO P25 and graphene; DP
(simple of 45%
liquid-phase
deposition
method)
TiO,-rGO No data Hydrothermal Photodegradation 13.04 0r10.62 times Visible 9
method of MB higher than P25 or
anatase TiO,; reaction rate
constant = 0.0026 min"or
0.0032 min-', respectively
TiO,-rGO 20:1 Hydrothermal Photodegradation 1.63 times higher than uv 10
method of RhB P25; DP of 52%
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Photocatalysts Mass Preparation Photocatalytic Performances as Type of References
fraction strategy experiments compared toreference  irradiation
photocatalyst
3.33 times higher than Visible
P25; DP of 15%
TiO,-rGO 0.8% G Microwave- Photocatalytic 1.09 or 1.30 times uv 11
assisted reduction of higher than pure
method Cr(VI) TiO; or commercial
P25 = removal rate of
83% or 70%, respectively
rGO-w-TiO, 1:10 Solution Photodegradation 1.25 times higher than uv 12
mixing method of MB P25; DP of 80%
TiO,-rGO film No data Cyclic Photodegradation 2.13 times higher than uv 13
voltammetric of anthracene-9- bare TiO, nanotubes;
reduction carboxylic acid DP of 46%
method (9-AnCOOH)
TiO,-rGO 6.5% G In situ growth Photodegradation 3.92 times higher than UV-vis 14
strategy of RhB TiO,; DP of 25%
(self-assembly
synthesis)
TiO,-rGO 0.6% G In situ growth Photodegradation 1.57 times higher than uv 15
strategy of MB TiO,; reaction rate
(self-assembly constant = 0.045 min™"
method)
TiO,-rGO No data Solvothermal Photodegradation 1.68 times higher than uv 16
method of phenol P25; DP of 48%
3.10 times higher than Visible
P25; DP of 20%
Photodegradation 3.5 times higher than Visible
of MB P25; DP of 20%
TiO,-rGO film No data Solution Photodegradation 4.0 times higher than uv 17
mixing method of 2,4-dichlor- TiO, film; reaction rate
ophen-oxyacetic constant = 0.002 min ™!
acid (2,4-D)
TiO,-rGO 10% GO Hydrothermal Photodegradation 4.0 or 2.94 times uv 18
method of RhB higher than pure TiO,
or P25; reaction rate
constant = 0.05 or
0.068 min™
TiO,-rGO No data Solution Photocatalytic 755 times higher than Visible 19
mixing method antibacterial TiO,; reaction rate
activity for killing  constant = 0.0086 min™
E. coli bacteria
TiO,-rGO 0.3mg GO Solvothermal Photodegradation 2.08 times higher than uv 20
method of MB P25; DP of 40.8%
TiO,-rGO No data Solvothermal Photodegradation 2.79 times higher than Visible 21
method of RhB P25; reaction rate
constant = 0.0162 min~*
TiO,-rGO 75% G Sonochemical Photodegradation 2.57 times higher than uv 22
method of MB P25; reaction rate
constant = 0.0054 min~*
TiO,-rGO 10% G Hydrothermal Photodegradation 3.09 times higher uv 23
method of Malachite green than TiO, nanotubes;

reaction rate

constant = 0.0218 min™"
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Photocatalysts Mass Preparation Photocatalytic Performances as Type of References
fraction strategy experiments compared toreference  irradiation
photocatalyst
TiO,-rGO No data Hydrothermal Photodegradation 1.46 times higher than uv 24
method of MB P25; DP of 65%
2.41 times higher than Visible
P25; DP of 29%
rGO @TiO, 13 Solution Photodegradation 4.0 or 1.73 times higher Visible 25
mixing method of MB than P25 or physical
mixture of G-P25 (1:3);
DP of 13% or 30%,
respectively
Photodegradation 2.93-2.20 times higher uv
of MB than P25 or physical
mixture of G-P25 (1:3);
DP of 30-40%
TiO,-B-doped 2mgG Hydrothermal Photodegradation 4.30 times higher than UV-vis 26
rGO method of MB TiO,; reaction rate
constant = 0.010 min™"
Photodegradation 1.6 times higher than
of RhB TiO,; reaction rate
constant = 0.005 min ™!
TiO,-N-doped Photodegradation 2.4 times higher than
rGO of MB TiO,; reaction rate
constant = 0.010 min™"
Photodegradation 3.2 times higher than
of RhB TiO,; reaction rate
constant = 0.005 min™"
TiO,-rGO-TiO, 0.01gG Hydrothermal Photodegradation 4 times higher than TiO, UV-vis 27
method of MB
TiO,-rGO/ 0.05% G Hydrothermal Photodegradation 1.4 times higher uv 28
MCM-41 method and of 2-propanol than TiO,/MCM-41;
Thermal method conversion rate of 26%
0.15% 1.7 times
0.4% 1.27 times
0.6% 0.96 times
Ag-TiO,-rGO No data Hydrothermal Photodegradation Enhancement Visible 29
and solution of MB
mixing method
RutileTiO,- 0.05gG Solution Degradation of MB  Enhancement for rutile Visible 30
GQD/anatase mixing method TiO,/GQD than anatase
Ti0,-GQD Ti0,/GQD
Layered No data In situ growth Photodegradation Enhancement as UV-vis 31
titanate rtGO strategy of MO compared to bulk-
(self-assembly layered titanates or
method) nanocrystalline-layered
titanate
UC-P25-rGO 4mg GO Hydrothermal Photodegradation 2.88 or times higher Visible 32
UC= method of MO than P25 or P25-G
YFE;:Yb* Tm® or UC-P25; DP of
27% or 53% or 46%,
respectively
ZnO-rGO 0.6% G Microwave- Photocatalytic 1.12 or 0.92 times higher uv 33
assisted reduction of than pure ZnO or P25;
method Cr(VI) removal rate of 58 or

70%, respectively
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Photocatalysts Mass Preparation Photocatalytic Performances as Type of References
fraction strategy experiments compared toreference  irradiation
photocatalyst
0.8% G 1.46 or 1.21 times
1.0% G 1.68 or 1.40 times
ZnO-FGS 01gGO In situ growth Photodegradation Enhancement uv 34
strategy of Rh6G
(thermal
method)
ZnO-rGO 0.1% G Solution Photodegradation 2.13 times higher than uv 35
mixing method of MB 7ZnO0; reaction rate
(sonochemical) constant = 0.022 min~*
0.5% 2.54 times
1.0% 3.13 times
2.0% 4.45 times
3.0% 4.13 times
5.0% 3.27 times
ZnO-rGO 11% G Microwave- Photodegradation 1.29 times higher than uv 36
assisted of MB Zn0; DP of 68%
method
ZnO@ rGO In situ growth Photodegradation 1.05 times higher than uv 37
strategy of RhB ZnO; DP of 95%
(chemical
deposition
method)
1.02 times higher than Visible
ZnO; DP of 98%
ZnO-rGO 3.56% G Solution Photodegradation 2.25 times higher than uv 38
mixing method of MB ZnO; DP of 40%
(ultrasonic
method)
CuO-rGO No data Solvothermal Photodegradation 2.50 times higher than uv 39
method of RhB in the Zn0O; DP of 40%
presence of H,0,
SnO,-rGO 5% G In situ growth Photodegradation 0.40 or times higher uv 40
strategy (redox of MB than SnO,; DP of 100%
method)
24.86 times higher than Visible
SnO,; DP of 4%
WO;-rGO 35%G Hydrothermal Photodegradation 2.2 or 53 times Visible 41
method of RhB 6G higher than WO,
nanorods or WO;
particles; reaction rate
constant = 0.00167or
0.000069 min ™",
respectively
Cds-rGO 1.5% G Microwave- Photocatalytic 1.16 times higher than Visible 42
assisted reduction of CdS = removal rate
method Cr(VI) of 79%
CdS-rGO 5% G Solvothermal Photodegradation 2.5 times higher than Visible 43
method of MB CdS; DP of 37.6%
CdS-rGO 0.01:1 Hydrothermal =~ Photodegradation 7.86 times higher than Visible 44
method of MO CdS; reaction rate

constant = 0.0075 min ™"
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Photocatalysts Mass Preparation Photocatalytic Performances as Type of References
fraction strategy experiments compared toreference  irradiation
photocatalyst
ZnS-rGO No data Microwave- Photodegradation 4 times higher than P25; uv 45
assisted of MB DP of 25%
method
Cu-rGO No data Insitugrowth ~ Photodegradation 2.94 or 30.61 times Visible 46
strategy of RhB higher than P25 or
(immersion graphene; reaction rate
method) constant = 0.0051 min™"
or 0.00049 min™,
respectively
Au-rGO No data In situ growth Photodegradation 1.77 times higher than Visible 47
strategy of RhB P25; reaction rate
(chemical constant = 0.0049 min~*
reduction)
Photodegradation 8.36 times
of MB
Photodegradation 0.19 times
of orange I
ZnFe,0,-r1GO 20% G Hydrothermal Photodegradation 4.50 times higher Visible 48
method of MB in the than ZnFe,0, (DP of
presence of H,0, 22% = 90 min)
MnFe,0,-1GO 30% G Hydrothermal Photodegradation 9.62 times higher than Visible 49
method of MB MnFe,Oy; DP of 10%
Photodegradation 1.33 times higher than uv
of MB MnFe,0,; DP of 75%
Photodegradation 1.13 times higher than uv
of phenol MnFe,Oy; DP of 75%
NiFe,04-rGO 25% G Hydrothermal Photodegradation Enhancement as Visible 50
method of MB compared to NiFe,04;
reaction rate constant
almost zero (no
photocatalytic activity)
CoFe,0,4-rGO No data Solvothermal Photodegradation Enhancement Visible 51
method of RhB and MB
Bi,WO6-rGO 1% G In situ growth Photodegradation 1.30 times higher than Visible 52
strategy of RhB Bi,WOg; DP of 50%
(refluxing
method)
2.5% 1.40 times
5% 1.80 times
10% 1.10 times
15% 0.80 times
Bi,WO¢-rGO 1% G Hydrothermal Photodegradation Enhancement as Visible 53
method of RhB compared to Bi,WOs
Bi,WO-rGO No data Hydrothermal Photodegradation 2.04 times higher than Visible 54
method of RhB Bi,WOg; DP of 44% in
4 min
Bi;MoOg-rGO 0.5% G Hydrothermal Photodegradation 245 times higher Visible 55
method of MB than pure BMoOg;
reaction rate constant
0.0037 min™"
1% 3.67 times
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Photocatalysts Mass Preparation Photocatalytic Performances as Type of References
fraction strategy experiments compared toreference  irradiation
photocatalyst
InNbO,-rGO No data Hydrothermal Photodegradation 1.87 times higher than Visible 56
method of MB InNbOQy,; reaction rate
constant = 0.0185 min™~"
Photodegra-dation ~ 2.10 times higher than
of 2,4-dichloro- InNbO, reaction rate
phenol constant = 0.0256 min™
Ag@AgCl-rGO 0.22% G Solution Photodegradation 3.88 times higher than Visible 57
mixing method of RhB Ag@AgCl reaction rate
constant = 0.060 min™"
0.44% 4.55 times
1.56% 5.1times
ZnSe-N-doped 18mgG Hydrothermal Photodegradation Enhancement as Visible 58
rGO method of MO compared to ZnSe; (no
photocatalytic activity)
CNT-rGO No data Chemical Photodegradation 4.28 times higher than Visible 59
vapor of RhB P25; reaction rate
deposition constant = 0.0049 min™
(CVD) method
(2) GO-based
GO 1mg GO Solution Photocatalytic No data uv 60
mixing reduction of
method resazurin (RZ)
(modified
Hummers’
method)
TiO,-GO No data In situ growth Photodegradation 2.27 times higher than uv 61
strategy of MO pure P25; DP of 38.4%
TiO,-GO 0.03mg GO  RF magnetron Photodegradation 2.5 times higher than uv 62
sputtering of MB TiO,; DP of 20%
followed by
coating
1.75 times Visible
TiO,-GO 1.2% GO Solution mixing ~ Photodegradation 4.51 times higher uv 63
method (simple of MB than P25 reaction rate
colloidal constant = 0.0084 min ™"
blending
method)
4.3% 4.98 times
8.2% 8.59 times
1.2% 1.36 times higher Visible
than P25 reaction rate
constant = 0.0033 min ™"
4.3% 3.03 times
8.2% 715 times
TiO,-GO 50 mg GO In situ growth Photodegradation 1.41 times higher than uv 64
strategy of MB P25; DP of 70%
TiO,-GO 500mg GO  Insitu growth Photodegradation 11.59 times higher uv 65

Strategy
(two phase
assembling

method)

of acid orange 7
(AO7)

than P25 reaction rate

constant = 0.0182 min™"
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Photocatalysts Mass Preparation Photocatalytic Performances as Type of References
fraction strategy experiments compared toreference  irradiation
photocatalyst
TiO,-GO No data In situ growth Photodegradation 744 times higher than uv 66
strategy of MO P25; reaction rate
(thermal constant = 0.0426 min ™!
treatment
method)
Photocatalytic 5.44 times higher
reduction of than P25; conversion
Cr(VI) rate = 0.0127 min™"
TiO,-GO 0.13% C In situ growth Photodegradation 1.18 times higher than Visible 67
element strategy of MO pure P25; DP of 22%
(self-assembly
method)
0.14% 1.59 times
0.25% 1.0 times
0.51% 0.82 times
g-G;N,-GO 1gGO Solution Photodegradation 1.90 times higher than Visible 68
mixing method of RhB and g-C3Ny; DP of 49.5%
(sonochemical 2,4-dichloro-
method) phenol
Ag/AgCl/GO No data Solution Photodegradation 2.84 times higher than Visible 69
mixing method of MO Ag/AgCl; DP of 25%
(surfactant-
assisted
assembly
protocol via
an oil/water
microemulsion)
Ag/AgBr/GO Photodegradation 3.40 times higher than Visible
of MO Ag/AgBr; DP of 25%
Table 1.

Photocatalytic degradation of pollutants.
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Chapter 3

Enhancing Liquid Phase
Exfoliation of Graphene in
Organic Solvents with Additives

Randhir Singh Bhoria

Abstract

Graphene is the wonder carbon nanomaterial with excellent electrical, mechani-
cal, chemical and optical properties suitable for the fabrication of modern electron-
ics devices such as supercapacitors, sensors, FET etc. Liquid phase exfoliation is
the economical, safe, facile method of graphene synthesis without the requirement
of harmful chemicals, toxic gases. However, the low concentration of graphene
(<0.01 mg/ml) obtained by this method limits its application in various fields.
Various techniques have been employed for enhancing the graphene concentration
in certain organic solvents. Addition of additives and salts can enhance the gra-
phene concentration in organic solvents to some extent. In this chapter, the earlier
work done in enhancing graphene concentration is explained. Further, this tech-
nique is employed for graphene concentration enhancement in solvents by using
new salts and additives. The results obtained with various additives are compared
and it was found that by adding anthracene in NMP solvent graphene concentration
increases upto 0.04 mg/ml. This process can be easily scaled up for better perfor-
mance, and resulting high concentration graphene can be used for the fabrication of
the efficient modern electronics devices.

Keywords: graphene synthesis, liquid phase exfoliation, additives, concentration
enhancement, organic solvents

1. Introduction

Graphene is the most studied and explored nanomaterial with exceptional
mechanical, electrical, optical and chemical properties. Graphene was discovered
by Kostya Novoselov and Andre Geim via mechanical exfoliation method. Graphene
has 2D hexagonal honeycomb structure made up of carbon atoms. Graphene is
highly transparent as it reflects 2.3% and transmits 97.7% of light falling on it which
makes it highly useful for making transparent conducting electrodes. Other exotic
properties of graphene are high carrier mobility (200,000 cm” v™'s™!), Young’s
modulus of 1.0 TPa. Graphene is approximately 200 times more conductive than
copper and 100 times stronger than steel. In addition to this it is very flexible in
nature as it can be stretched to 20% of its original length.

Because of its very high electrical conductivity, high transparency and flexibility
it is being used for the fabrication of wide variety of devices such as flexible trans-
parent displays, energy storage devices etc. Graphene can be prepared by various
methods such as mechanical exfoliation, electrochemical, liquid phase exfoliation
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and CVD method. This chapter uses liquid phase exfoliation method for the
synthesis and concentration enhancement of graphene, after discussing its relative
advantages over other techniques.

2. Graphene synthesis methods

After the discovery of graphene a lot of research has been done for finding a
suitable technique of graphene synthesis. Graphene synthesis method should be
facile, economical and can be performed easily in the laboratory and should not
require sophisticated equipment. Some of the most prominent graphene synthesis
methods are described here (Figure1).

2.1 Mechanical exfoliation method

Mechanical exfoliation method is the oldest and the simplest method, can
be easily used in the college lab to prepare graphene of few micrometer length.
It is called scotch tape method because here, a scotch tape repeatedly peels off
various layers of graphene from the graphite source [1]. The disadvantage of this
method is that it is time consuming and does not give graphene sheets of uniform
thickness. Moreover, it is not a scalable method to produce high quality graphene
sheets.

2.2 Chemical exfoliation method
Chemical exfoliation method uses harmful acids for the exfoliation of graphene

sheets from graphite source. When graphite powder is mixed in solution of sulfuric
acid and nitric acid, the inter-planar distance between individual graphene sheets

Figure 1.
Various synthesis methods of graphene.
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increases and hence exfoliation occurs [2]. The technique of increasing the inter-
planar distance between graphene sheets is called as intercalation [3]. The advan-
tage of the intercalation is that after intercalation, the intercalated graphite can be
easily exfoliated via sonication. Other processes such as ultrasonic heating [4], acid
treatment [5] are used for synthesis of graphene nanoribbons.

2.3 Chemical vapor deposition (CVD) method

CVD technique is used to produce good quality graphene on various substrates
such as copper, nickel, cobalt etc. Here, the substrate is placed inside a furnace
and hydrocarbon gas is passed at high temperatures. The carbon present in the
hydrocarbon gas gets deposited on the substrate to form a graphene layer. Usually
a mixture of hydrogen, argon and methane gas is passed through the furnace at
temperature of 750-1200°C (Figure 2).

The CVD method is useful for scalable synthesis of high quality graphene. Using
this method graphene has been successfully deposited upon various substrates such
as Ni [6], Rh [7], Pt [8-11], Ir [12], Ru [13-16], Pd [17], Cu [18-21] using methane
and ethylene. Graphene has also been prepared by using table sugar as a solid
carbon source [22].

2.4 Epitaxial growth on SiC

Graphene layer can be grown on the silicon carbide substrate by heating at high
temperature greater than 1100°C (Figure 3). The thickness of the graphene film
which is prepared on SiC substrate depends upon size of the silicon carbide sub-
strate because Si atoms are desorbed from surface during this process [23-25].

Whether SiC face is silicon or carbon terminated, graphene layer thickness and
carrier density changes accordingly [26].

2.5 Hummer’s method

Hummer’s method is a well-known method to prepare high yield graphene.
Here, graphite powder is first converted to graphite oxide with potassium perman-
ganate, which is further converted into graphene oxide (GO) via sonication process.
Graphene oxide is later reduced to reduced graphene oxide (rGO) using various
reducing agents such as hydrazine hydrate (Figure 4).

A X K X .
Gas Inket 7
'- 750C-1200°C e
r fﬂumﬂm .,
CH, Ar H,

Figure 2.
Schematic illustration of CVD method of graphene synthesis.
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Figure 3.
Process of epitaxial growth of graphene on SiC surface.
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Figure 4.

Synthesis of reduced graphene oxide using Hummer’s method.

Most of rGO properties match with graphene, but due to structural defects in
rGO, it does not produce high quality graphene. Moreover, because of the use of
harmful and toxic chemicals, it is also not safe method.

2.6 Electrochemical exfoliation method

Electrochemical exfoliation method is another method for producing graphene
from graphite rod in much shorter time as compared to CVD and Hummer’s methods.

Typically, a platinum wire acts as cathode and graphite rod acts as anode
(Figure5).

Both anode and cathode are dipped in an electrolyte solution which is usually
an acid solution such as sulfuric acid, phosphoric acid etc. After applying 10 V DC
between anode and cathode, graphene exfoliation starts [27]. After 2 h graphene
nanosheets accumulated in electrolyte are filtered, washed and dried for character-
ization using SEM, TEM etc. In this method of graphene synthesis also uses various
toxic and harmful acids and chemicals.
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2.7 Liquid phase exfoliation

Liquid phase exfoliation of graphene uses sonication process to exfoliate gra-
phene from graphite in solvents. Graphite has various layers of graphene attached
by Van der Waals forces which is overcome if the solvent used has surface tension
near 40-50 mJ/m? range. Some of the commonly used solvents are DMF (N,N-
Dimethylformamide) and ODCB (ortho-dichlorobenzene). Typically, 2 g graphite
powder is added to 300 ml of ODCB. This mixture is sonicated for 3 h. Then it is
centrifuged for 30 min at 4000 rpm. (Figure 6) Finally supernatants are used for
characterization using SEM and TEM [28].

Table 1 shows that various synthesis methods have been explored by the
researchers for graphene synthesis each having some disadvantages [29-34].
Hummer’s method usually gives high-yield graphene but suffers from defects and
impurities in graphene structure. So, rGO prepared by Hummer’s method is not
useful for the fabrication of electronics devices [35, 36]. Electronics devices fabrica-
tion requires good-quality defect-free graphene which can be easily prepared by

Figures.
Electrochemical exfoliation of graphene.

Organic solvent +
Graphite powder

Graphene

Centrifugation
{Jlﬂl'l rpm at 30 min)
Figure 6.

Various steps involved in liquid phase exfoliation of graphene.

37



Graphene and Its Derivatives - Synthesis and Applications

Synthesis method

Advantages

Disadvantages

Mechanical exfoliation
method

Good quality, low yield

Not a scalable process, low yield

Chemical vapor deposition

High quality, large area
graphene

High temperature and low vacuum
conditions

Epitaxial growth on SiC Large continuous film, High temperature and low vacuum
good quality conditions
Not transferable
Hummer’s method High yield High defects in graphene, harmful

chemicals used

Electrochemical exfoliation

Lesser time, facile,
economical

DC voltage and electrolytes requirements

Liquid phase exfoliation

Easy, safe, high quality,
economical

Long sonication time vequirement, low
graphene concentration

Note: The text is in italics to indicate that in this chapter liquid phase exfoliation method is used for the concentration
enhancement of graphene.

Table 1.
Various graphene synthesis methods with advantages and disadvantages.

liquid-phase exfoliation, and cannot be produced by Hummer’s method [37-41].
The high quality graphene prepared by liquid-phase exfoliation is suitable for
modern electronics device applications [42-47]. Graphene has high quantum
capacitance [48], electrochemical properties [49] which can help to detect various
explosives such as 2,4,6-trinitrotoluene [50], and generate chemiluminescence [51].

Although liquid phase exfoliation technique is the safe and environment friendly
technique as compared to other graphene synthesis method, but its disadvantage is
lower concentration of graphene obtained (usually less than 0.01 mg/ml). Therefore,
there is a need of concentration enhancement of graphene for the fabrication of
better and more efficient electronic devices.

3. Process of concentration enhancement

It has been experimentally found that graphene concentration can be enhanced
by increasing sonication process time upto many weeks instead of hours which
create defects in the graphene nanosheets [52]. Other approaches which have been
utilized are mixed solvents [53-55], solvent exchange [56], solvothermal exfolia-
tion [57, 58], intercalants [59-64]. It has been observed that Sodium hydroxide and
naphthalene can enhance the graphene concentration in organic solvent [65, 66]. It
has been experimentally found that solvents having surface tension near 40-50 m]/
m?” are highly useful for graphene synthesis via sonication process. Some of the
solvents satisfying this criterion such as 1-methyl-2-pyrrolidinone (NMP), benzyl
benzoate (BB), 1,2-dichlorobenzene (ODCB), acetophenone (ACP), benzonitrile
(BZN), dimethyl sulfoxide (DMSO) and 1,4-dioxane are used in concentration
enhancement. It has been found that addition of organic salts can enhance the
grapheme concentration in various organic solvents [67]. In addition to various
salts, some additives such as phenolphthalein and anthracene have been explored
for enhancing graphene concentration in solvents.

Initially, graphite powder is added to NMP, DMSO and CYN solvents (100 ml)
with a concentration of 10 mg/ml. Then 100 mg of the additive or salt is added and
sonicated for 3 h and centrifuged at 3000 rpm for 30 min (Figure 7). After cen-
trifugation, supernatants are used for characterization using UV-Vis spectrum for
finding graphene concentration by applying Lambert Beer’s law.
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UV-Vis spectrum plots the variation of absorbance with wavelength. This tech-
nique is based on the principle that the absorption in a particular wavelength range
is directly proportional to the color of the sample used for characterization. From
the UV-Vis spectrum it is observed that at a particular wavelength the absorbance is
maximum. For pure graphene sample the peak absorbance is obtained near 270 nm
(Figure 8). As the impurities and functional groups are introduced in graphene the

absorbance peak is shifted from 270 nm.

After plotting the UV-Vis spectrum curves we calculated the absorbance value at
660 nm wavelength. This absorbance A can be used to find the concentration of the
graphene by applying Lambert Beer’s law. So, according to the Lambert Beer’s law

the absorbance in terms of concentration is given by:
1)

A = (XCI

where A is the absorbance measured at 660 nm,
1is the sample path length which is 1 cm,

e
d

Centrifu * Graphene| iy

7
gation

Figure7.
Schematic diagram of liquid phase exfoliation of graphene with addition of additive.

|
e
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Figure 8.
UV-Vis spectrum of graphene.
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Figure 9.
Representation of Lambert-Beer’s law.

Figure 10.
(a) TEM images, (b) SEM images of graphene exfoliated in NMP solvent.

C is the graphene concentration in the sample,

o is the extinction coefficient.

This process of UV-Vis spectroscopy is shown in Figure 9 below.

The absorbance value at 660 nm in the UV spectrum of graphene is used to calcu-
late the graphene concentration with absorption coefficient value a = 2460 ml/mg/m.

It is observed that additives intercalate onto the graphitic layers which enhances
graphene concentration by helping in the exfoliation process. The grapheme
nanosheets produced by this process are used for the characterization using SEM
and TEM. The TEM results of the grapheme nanosheets shows that single and few-
layered, overlapped nanosheets have been produce (Figure 10).

Figure 10 shows the SEM results of the graphene nanosheets produced in NMP
organic solvent which indicates that graphene sheets size varies from 5 pm to 20 pm.

4, Concentration enhancement with salts and additives

DMSO solvent is used for grapheme concentration enhancement by adding
sodium tartrate (ST), sodium chloride (NaCl), potassium chloride (KCl), edetate
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disodium (ED), sodium citrate (SC), naphthalene (N) and phenolphthalein (P) in
it and analyzing their UV spectrum. The absorbance at 660 nm in UV spectrum is
used for finding graphene concentration via Lambert Beer’s law. By using this law
graphene concentration is calculated and plotted in Figure 11. From Figure 11 it is
observed that SC and ST produces maximum concentration in DMSO.

The main reason of the concentration enhancement is that additives interca-
lates onto graphene layers and helps in exfoliation process. It is also observed that
lesser time is required for exfoliation after adding additives. Further, in contrast to
organic salts, the inorganic salt KCl does not enhances the graphene concentration
in DMSO. One reason for low concentration may be the aggregation of graphene
nanosheets upon addition of KCL

Firstly, the UV-Vis spectrum of the various graphene samples (with and without
addition of additives in DMSO) is used to find the absorbance value at 660 nm.
This absorbance value A, with o the absorption coefficient is used to find graphene
concentration as given by Beer’s law, A = « C 1. Here, A is the absorbance at 660 nm,
lis sample path length (1 cm), C is concentration and constant o = 2460 ml/mg/m.
This procedure is repeated to calculate the graphene concentration in other solvents
such as NMP, ODCB, BB, ACP, BZN etc. from their UV-Vis spectra.

After repeating this procedure with the CYN solvents it is observed that in CYN
maximum concentration is achieved by adding phenolphthalein additive. By adding
phenolphthalein additive graphene concentration is increased upto nine times. But,
as expected the inorganic salts such as CaCl, KCl does not enhance the graphene
concentration. As compared to inorganic salts, organic salts are more useful for con-
centration enhancement with maximum concentration given by sodium citrate salt.

Figure 12 shows the UV spectra of NMP with and without adding salts and addi-
tives. There is a great change in graphene concentration in NMP solvent after adding
salts and additives in it with maximum graphene concentration of 0.08 mg/ml in
NMP was observed by adding anthracene additive in it. In comparison to organic
salts, inorganic salt KCI does not increase the graphene concentration in NMP. This
low concentration may be again due to the aggregation effect.

Figure 13 shows the effect of adding three additives anthracene, phenolphtha-
lein, naphthalene in NMP, ODCB, BB, ACP, BZN, DMSO and 1,4-dioxane organic
solvents. It has been observed that highest concentration is obtained by adding

0.016 DMS0+5C

0.014 4
0,012 - DMSOHST DMS0

+ED
0.01 1
0.008 - DMS0 D30
0.006 - +NaCl
0.004 - DMS0 e
uu-uz ' ' -

DMSO with Organic salts

Graphene
Concentration
{mg/ml)

Figure 11.
Concentration variation of graphene in DMSO solvent with addition of salts and additives.
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Figure 12.
UV-Vis spectra of graphene in NMP solvent with and without addition of various salts and additives.
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Figure 13.
Graphene concentration variation in seven organic solvents with and without addition of additives.

anthracene in NMP solvent, with 0.04 mg/ml concentration. Anthracene additive
acts as molecular wedge between the individual edges of graphite and results in
higher concentration. Anthracene when intercalates between the graphene layers,
it increases the interplanar spacing between adjacent nanosheets and enhances the
exfoliation process. It is also observed that by adding larger amount of anthracene
additive (>100 mg) in the solvents, much lower concentration is obtained due to

f the aggregation effect. But as the additive amount decreases towards 100 mg,
molecules are easily adsorbed onto graphene nanosheets which results in higher
graphene concentration.

The structure of the additive and solvents also affects the concentration.
Anthracene has structure of three benzene rings. Hence, those solvents which have
benzene ring in its structure provides highest graphene concentration enhance-
ment. It is found that solvents such as 1,4-dioxane and DMSO produces minimum
graphene concentration as there is an absence of benzene ring structure in them
[68]. NMP, BZN and ODCB exhibited maximum concentration of graphene
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because of benzene ring structures. Two organic solvents BB and ACP have side
chains in addition to benzene ring which restricts their intercalation between the
individual graphitic layers and hence provides least graphene concentration as
compared to other solvents [68].

5. Results and discussions

Various additives and salts have been explored for graphene concentration
enhancement in NMP, ODCB, DMF, CYN, DMSO solvents. It has been observed
that addition of phenolphthalein in CYN increases graphene concentration from
0.005 to 0.045 mg/ml. With addition of SC salt in DMSO solvent, graphene con-
centration increased from 0.002 to 0.015 mg/ml which is comparable to earlier
published works [27].

The effect of adding Anthracene additive in solvents NMP, DMSO, ODCB,
BZN,ACP, BB and 1,4-dioxane have been explored and it has been observed that the
concentration depends upon additive-solvent structures and interactions. Because
the molecular structure of anthracene has three benzene rings, hence solvents with
benzene ring structure produced maximum concentration such as NMP, BZN,
ODCB solvents. The results obtained with various additives are compared and it was
found that by adding anthracene in NMP solvent graphene concentration increases
upto 0.04 mg/ml.

This result is in agreement with earlier published work on naphthalene addi-
tive [26]. Here, it is found that anthracene is more useful in BZN solvent (three
times concentration) than naphthalene in NMP solvent (two times concentration)
[26]. The effect of anthracene in concentration enhancement is most prominent in
1-methyl-2-pyrrolidone (NMP), orthodichlorobenzene (ODCB) and BZN solvents
as compared to others. With addition of anthracene, the graphene concentration in
NMP and ODCB solvents is increased to 0.04 mg/ml.

From Figure 13 it is observed that benzyl benzoate (BB) solvent is not very
effective in concentration enhancement with anthracene. The least concentration
is exhibited by the organic solvents acetophenone, benzyl benzoate, 1,4-dioxane
and DMSO. With addition of anthracene, the graphene concentration in NMP and
ODCB solvents is increased to 0.04 mg/ml [28]. From Figure 14 a comparison of

[This work]

[This work]
[Rel. 81]
[This work]
[Red. 81] ' [Rel.82] [Ref 83]
CYN NMP

BIN DMS0O ODCE MNMFP NMP

Concentration
increased times
TR R E R R R

Solvents used

Figure 14.
Comparison of the enhanced concentration in this work with earlier published works.
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the graphene concentration enhancement in this work with the earlier published
results has been made. The criterion of comparison is the how many times the
concentration is increased with additives in various solvents such as CYN, BZN,
DMSO, ODCB, NMP etc. From Figure 14 it is observed that by adding additives
graphene concentration is increased to approx. nine times in CYN solvent, approx.
three times in BZN solvent, approx. seven times in DMSO solvents after experimen-
tal verification. On the other hand by observing earlier published results, graphene
concentration was increased from 2.5 to 4.5 only in NMP solvent [69-71].

6. Conclusion

Generally liquid phase exfoliation produces graphene in low concentration
(<0.01 mg/ml) which is not suitable for electronics device fabrication. Various addi-
tives and salts have been explored for enhancing graphene concentration in organic
solvents such as DMSO, CYN, NMP, ODCB, DMF etc. In this study new additives
such as phenolphthalein and anthracene have been found to enhance the graphene
concentration in solvents such as NMP, ODCB, DMSO and BZN etc. By adding
phenolphthalein in cyclohexanone (CYN) solvent the graphene concentration was
increased from 0.005 to 0.045 mg/ml and by adding sodium citrate (SC) organic
salt, the graphene concentration in dimethyl sulfoxide (DMSO) was increased
from 0.002 to 0.015 mg/ml. Further, the effect of addition of anthracene additive
in seven organic solvents NMP, DMSO, ODCB, BZN, ACP, BB and 1,4-dioxane
have been studied. It was observed that the additive-solvent interactions affect the
graphene production yield. Since, the molecular structure of additive anthracene
having three benzene rings matches with structure of the solvents such as NMP,
BZN, hence causes enhancement in the graphene concentration. The results
obtained with various additives are compared and it was found that by adding
anthracene in NMP solvent graphene concentration increases upto 0.04 mg/ml. A
significant concentration enhancement (three times) was observed with addition
of anthracene additive in BZN solvent as compared to two times enhancement with
addition of naphthalene in NMP solvent.
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Graphene-Based Heterogeneous
Electrodes for Energy Storage

Ning Wang, Haixu Wang, Guang Yang, Rong Sun
and Ching-Ping Wong

Abstract

Asan intriguing two dimensional material, graphene has attracted intense inter-
est due to its high stability, large carrier mobility as well as the excellent conductivity.
The addition of graphene into the heterogeneous electrodes has been proved to be
an effective method to improve the energy storage performance. In this chapter, the
latest graphene based heterogeneous electrodes will be fully reviewed and discussed
for energy storage. In detail, the assembly methods, including the ball-milling, hydro-
thermal, electrospinning, and microwave-assisted approaches will be illustrated. The
characterization techniques, including the x-ray diffraction, scanning electron micros-
copy, transmission electron microscopy, electrochemical impedance spectroscopy,
atomic force microscopy, and x-ray photoelectron spectroscopy will also be presented.
The mechanisms behind the improved performance will also be fully reviewed and
demonstrated. A conclusion and an outlook will be given in the end of this chapter to
summarize the recent advances and the future opportunities, respectively.

Keywords: graphene, heterogeneous electrode, energy storage, hydrothermal,
EIS, XPS

1. Introduction

In order to overcome the exhaustion of fossil fuels and to address the ever-
growing demands for clean, sustainable and high efficient energy supply [1-3], the
advanced energy storage techniques, including the supercapacitors, rechargeable
batteries (Li-ion battery (LIB), Na-ion battery (SIB)), fuel cells as well as the solar
cells have been widely investigated for the commercial use [4-6]. In the advanced
energy storage devices, especially for the rechargeable batteries, the electrode
materials should have the following features: high energy density, high working
voltage, high power density, long cycling stability, high rate capacity as well as the
environmental friendly [7-10].

In the rechargeable batteries, e.g. LIBs, the commercial anode material is graph-
ite, whose theoretical-specific capacity is only 372 mA h/g [10], which cannot meet
the requirement of the advanced energy storage techniques as described above.

In order to overcome the low specific capacity of the graphite anode, amounts of
substitute anode materials, e.g. Si (4200 mAh/g) [11], SnO (790 mAh/g) [12, 13],
SnSb (825 mAh/g) [14, 15], Sn (993 mAh/g) [16], SbS; (947 mAh/g) [17], have been
developed for high-capacity rechargeable batteries (Figure 1). However, the cycling
stability became the most challenging issue for the high-capacity anode materials
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Figure 1.
Performance data of anode materials for SIB, reproduced with permission [19].

due to the volume expansion along with the charge-discharge process [18], e.g.
320% expansion for Si anode. Therefore, the gradient and/or the heterostructured
anode materials could be the alternative approaches for the long cycling-stability,
high specific capacity rechargeable batteries.

As a promising two dimensional (2D) material, graphene has attracted intense
interest in the field of transparent electrode [20-24], field emission transistors (FET)
[25-271], flexible devices [28-31], corrosion protection [32-34], catalysis [35-37] and
energy storage [38-40], due to its large electrical conductivity, high thermal/chemical
stability as well as the flexibility. With respect to the electrode materials, the graphene
based heterogeneous electrodes were expected to occupy the excellent electrical
conductivity, the long cycling stability and the high rate capability.

In this chapter, the assembly strategies for the graphene based heterogeneous
electrodes, including the ball-milling, hydrothermal, electrospinning, microwave-
assisted approaches, and the characterization methods will be fully reviewed. The
mechanism behind the enhanced performance with graphene will be discussed,
and an outlook on the challenges that should be addressed in the future will also be
illustrated in the end.

2. Strategies for the assembly
2.1 Ball-milling

As a low-temperature alloying method, ball-milling is highly efficient in
preparing the alloys and composites [41-46]. As for the graphene based hetero-
geneous electrode materials, ball milling exhibited the advantages in the size/
layer reduction [47], interface-contact enhancement [48, 49] as well as the low
cost and time saving [50].

Asillustrated by Tie et al. [47], in the ball milling preparation of Si@SiO,/gra-
phene heterogeneous anode material (Figure 2), the graphene nanosheets (GNS)
could be exfoliated from the expanded graphite (EG) due to the accumulated
mechanical shearing force of the agate balls, and the particle size of silicon could be
reduced to 50-100 nm, which contributed to the uniform dispersion of Si nanopar-
ticles on the GNS, and finally gave rise to the Si@SiO,/graphene composite. Owing
to the reduced Si nanoparticle size, the SiO, adhesion layer as well as the synergistic
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Ball milling

Figure 2.
Schematic illustration for ball milling synthesis of Si@SiO,/grapheme anode material [47].

effect of GNS, the Si@SiO,/graphene heterogeneous anode material exhibited the
enhanced cycling stability, high reversible capacity, and rate capability.

Besides, the ball milling method could also be used to prepare other graphene
based anode materials. Sun et al. [48] reported the ball milling synthesis of MoS,/
graphene anode materials used for high rate SIBs, where the bulky MoS, and graphite
were firstly expanded by the intercalation of Na* and K* between the layers, and then
the several-layer MoS, nanosheets and the graphene sheets could be exfoliated from
the loose counterparts, which finally resulted in the formation of the restacked MoS,/
graphene heterostructures owing to the high surface energy and the interlayer Van
der Waals attractions. Chen et al. [51] prepared the center-iodized graphene (CIG)
and edge-iodized graphene (EIG) through the ball milling method, and the CIG were
found to be an advanced anode material to boost the performance of the LIBs. In the
other cases, Xia et al. [52] assembled the layer-by-layered SnS,/graphene anode mate-
rials for the LIBs via ball-milling, where the volume change of SnS, could be buffered
by the graphene, and the shuttle effect in the cycling could also be suppressed, both
of which gave rise to an excellent rate capability and the negligible capacity fading
over 180 cycles; Ma et al. [49] prepared the MoTe,/FLG (few-layer graphene) anode
material for the LIBs through the ball milling of MoTe, and graphite, which exhibited
a high reversible capacity and an ultrahigh cycling stability.

2.2 Hydrothermal assembly

Hydrothermal method is an efficient and cost-effective approach for the assem-
bly of metastable crystalline structures [53-57], especially for the heterogeneous
structure with solid interface contact [58-61]. As for the graphene based hetero-
geneous electrode materials, the use of hydrothermal assembly could effectively
reduce the cost, improve the crystallinity, and consolidate the interface contact, and
therefore improve the energy storage performance.

Pang et al. [62] reported the hydrothermal assembly of VS,@GS (graphene
sheets) nanocomposites used as the anode material for the SIBs. As shown in
Figure 3, the CTA" (hexadecyl trimethyl ammonium ion) cations were firstly
absorbed on the negatively charged GO (graphene oxide) sheets, and then the TAA
(thioacetamide) and VO, were attached onto the CTA* to form the TAA-VO,* -
CTA"-GO complex, which was then transferred into the VS,/GS composite under
the hydrothermal conditions. As an anode material, this composite exhibited a large
specific capacity, good rate capability, and remarkable long cycling stability, which
should be ascribed to the porous structure together with the synergistic interaction
between the highly conductive graphene network and the VS, nanoparticles.

In other cases, hydrothermal assembly could also be used to fabricate the
polyaniline (PANI)/graphene [58, 63], TiO,/graphene [64], Mn;04/CeO,/gra-
phene [65], a-Fe,0s/graphene [59], and Mn;O4/graphene electrode materials
[66]. As illustrated in the literatures, the hydrothermal assembly of graphene
based heterogeneous electrode materials is usually starting with the graphite
oxide (GO), the active electrode materials and/or surfactants, which should be
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Figure 3.
Hydrothermal synthesis route for the VS,@GS nanocomposites [62].

mainly due to the intrinsic negatively charged surface of the GO that could be
easily attached to the positively charged surfactants, and facilitate the nucleation
and the growth of active materials on the reduced graphite oxide (rGO, gra-
phene) sheets under the hydrothermal conditions. The strong interface adhesion
and the high crystallinity of the hydrothermal assembled composite should
benefit the electrode with improved energy storage performance.

2.3 Electrospinning

As an efficient fabrication method for nanofibers [67-73], the electrospinning
method has also been developed for producing nanofiber/graphene heterogeneous
electrode materials for the energy storage applications [74-78].

As an example, Wei et al. [78] demonstrated an electrospinning fabrication of
GO-PAN/PVDF (GPP) membrane electrode for fuel cell applications. In the prepa-
ration of GPP membrane electrode material (Figure 4), the uniform GPP precursor
was prepared by dispersing the PAN, PVDF, and GO in DMF solvent, and then the
GPP nanofibers were coated onto the carbon paper sheet attached on a collector
drum via the electrospinning. Finally, the electrode was assembled by loading the
Pt/C catalysts on the GPP nanofiber membranes.

As a promising procedure, the electrospinning method was also reported to
prepare the carbon nanofibers [74], carbonized gold (Au)/graphene (G) hybrid
nanowires [75], GO/PVA composite nanofibers [76], and graphene/carbon nanofi-
bers [77] electrode materials for the supercapacitor, biosensor applications.

It should be noticed that the uniformity and the viscosity of the precursor should
be carefully controlled, since both of which are critical for the mechanical strength
and the electrochemical performance of the ultimate products.

2.4 Microwave-assisted assembly

Asa quick and even heating method throughout the sample, the microwave assisted
heating method has been widely used in the preparation of nanomaterials [79, 80].
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Figure 4.

A synthetic route to GO-PAN/PVDF (GPP) nanofibers [78]. PAN is polyacrylonitrile, and PVDF is
polyvinylidene fluoride.

In the preparation of graphene based electrode materials, the microwave assisted
method has shown the advantages in the reduction and exfoliation of GO, the time
efficiency, and the energy saving [9, 81-83].

As shown in Figure 5, Kumar et al. [81] reported the microwave assisted syn-
thesis of palladium (Pd) nanoparticle intercalated nitrogen doped rGO (NrGO)
and the application as anode material for the fuel cells. In this synthesis, the GO
nanosheets could be reduced and exfoliated under the microwave irradiation with
pyridine treatment, and the nitrogen doping could also be achieved via the further

Pd-rGO hybrids Pd-NrGO hybrids

Figure 5.
Schematic illustration of the microwave assisted synthesis of Pd-rGO and Pd-NrGO hybrids [81].
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modification with pyridine. The obtained porous rGO and NrGO could be deco-
rated with Pd nanoparticles, which gave rise to a high electroactive surface, and
therefore resulted in a high catalytic activity.

For the energy storage electrode materials, the microwave assisted method
has been used to ultrafast assembly of the Mn, gCo,,CO;/graphene composite [9],
SnO,/graphene composite for LIBs [82], and SnO,@graphene/N-doped carbons
for SIBs [83]. The ultrafast and uniform heating effect of the microwave method
should be due to the dielectric heating principle, under which the polar molecules
in the microwave radiation could rotate in a high frequency, and thus generate
thermal energies evenly across the samples, which benefits the synthesis with
environmental friendship, low cost, low energy consumption as well as the porous
structures that especially provide the quick transfer channels of the Li*/Na*
cations in the rechargeable batteries.

3. Characterization methods
3.1 Scanning electron microscopy (SEM)

In the morphology analysis of the graphene based heterogeneous electrode
materials, the top-view and cross-section SEM (Figure 6) could be used to deter-
mine the distribution of the active materials wrapped or attached by the layered
graphene substrates based on the high resolution detector for the secondary elec-
trons emitted on the sample surface. Combined with the EDS (energy dispersive
X-ray spectroscopy) technique, the interface of the heterogeneous electrode could
also be figured out clearly via the elemental mapping for the active materials and
the graphene substrates [48, 51, 82].

Figure 6.
SEM images for the Mn,, sCo, ,CO;/graphene oxide (a, b) [9] and Pd-NrGO hybrides (c, d) [81].
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3.2 Transmission electron microscopy (TEM)

As a powerful characterization method, TEM has been widely used to determine
the morphology, crystal structure as well as the interface adhesion of the heteroge-
neous structures due to its atomic level resolution and the sensitivity to the contrast
changes along with the elemental differences on the interface [84, 85]. With respect
to the graphene based heterogeneous electrode materials, as shown in Figure 7, the
uniform dispersion of SnO, on the graphene layers could be determined in the low
magnification TEM image (Figure 7b, c), and the well crystallized SnO, nanoparticles
could be clearly indexed in the HRTEM (high resolution transmission electron micros-
copy) and the corresponding FFT (Fast Fourier Transform) patterns (Figure 7d-i).
The morphology and the crystal structure determined by TEM should be consistent
with the result of SEM and XRD, respectively.

3.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a promising technique for determining
the stoichiometry, the valence states, and the bonding conditions of the elements in
the compounds, which has been widely used to characterize the functional materi-
als [86-90]. Regarding to the graphene based heterogeneous electrode materials, as
shown in Figure 8 for the high resolution XPS scan of Pd-NrGO hybrids [81], the C
1s XPS peak could be split into the peaks for C=C (284.6 eV), C—O0 (2864 eV), C—N

Figure7.
(a) SEM image. (b, ¢) Low-magnification TEM images for the SnO,/graphene hybrids. HRTEM images showing
the octahedral SnO, model enclosed by {221} facets with (d—f) [T 1 1] and (g—i) [7 0 1] zone axes [7].
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Figure 8.
High resolution XPS spectra for (a) C 1s, (b) O 1s, (c) N 1s and (d) Pd 3d of Pd-NrGO hybrids [81].
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(a) Cyclic voltammetry (CV) curves of carbon nanofiber samples, (b) rate capability curves of carbon nanofiber from
10 to 100 mV/s, (c) GCD curves of carbon nanofiber samples, (d) vate capability curves of carbon nanofiber from 0.25 to
1.5 a/g, (e) Ragone plots of the supercapacitor devices, and (f) Nyquist plots of carbon nanofiber samples [74].

(2854 eV), and C=N (2876 eV), the N 1S peak could be split into the graphitic-N
(4014 eV), pyrollic-N (400.1 eV) and pyridinic-N (398.1 eV) peaks, and the O 1S
could be split into the Pd—O (529.5eV), C—O (530.6 eV), and C=0 (532.9 eV) peaks,
which fully revealed the bonding information within the Pd-NrGO hybrids.
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Apart from the SEM, TEM, and XPS, X-ray diffraction (XRD), Raman, FTIR, and
thermal analysis methods (TGA, DSC) were also used to determine the crystal struc-
ture, morphology, thermal stability, and other physical/chemical characteristics of the
graphene based heterogeneous electrode materials. The electrochemical performance for
the energy storage was usually evaluated by the tests, including the cyclic voltammetry
(CV), rate capability, galvanostatic charge/discharge (GCD), cycling specific capacity,
and the electrochemical impedance spectra (EIS, e.g. Nyquist plots) (Figure9).

4, Mechanisms

As for the active materials in the anode for the energy storage devices (e.g. superca-
pacitor, LIBs, and SIBs), the modification via bonding or attaching with the graphene
or rGO always results in the improvement of the electrochemical performance with
respect to the cycling stability, rate capability as well as the high specific capacity.

Behind the enhancement of the performance, there exist several possible mecha-
nisms for the property promotion as illustrated in the following:

a. The growth of nanoparticles for the active materials could be effectively restricted
by the graphene, giving rise to the uniform dispersion of the nanoparticles that
facilitates the increase of specific area and the active sites for K*/Na" storage [7].

b.The non-faradaic capacitance could be contributed by the graphene due to the
electrical double layer-effect [7].

c. The fragmentation of the active materials due to the volume expansion and con-
traction during the charge-discharge cycles could be depressed by the flexible
graphene, which benefits the devices with excellent cycling stability and rate
capability [7, 52].

d.The conductivity of the active materials could be enhanced by the graphene,
which gives rise to the increase of reversible capacity [52].

e. The graphene in the composite could supply a physical barrier between the active
materials and the electrolyte, which effectively suppresses the shuttle effect of the
byproducts in the de-charge process that could fade capacity of the batteries [52].

5. Conclusions and outlook

In summary, the synthesis and the characterization of the graphene based het-
erogeneous electrode materials for the energy storage applications (e.g. SIBs, LIBs,
and supercapacitor) have been fully reviewed and discussed in this chapter. In the
synthesis of the title materials, ball milling and hydrothermal methods show the cost-
effective advantages. Comparatively, the electrospinning method exhibits the benefits
in the nanowire composite assembly, and the microwave assisted approach occupies
the superiority in the ultrafast fabrication. With respect to the characterization, the
morphology could be determined by the SEM and TEM, and the electrochemical
performance could be evaluated by the cyclic voltammetry (CV), rate capability,
galvanostatic charge/ discharge (GCD), cycling specific capacity, and the EIS tests.
In the composite, the graphene could restrict the growth of the nanosized active
materials, contribute the non-faradaic capacitance, improve the conductivity, sup-
press the fragmentation, and supply a physical barrier between the active materials
and the electrolyte, which benefit the devices with excellent cycling stability, large
rate capability as well as the high specific capacity.
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In the future, the most interesting and challenging applications of the graphene
in the nanocomposite for the energy storage devices should be the ultrafast recharge-
able batteries, the large-energy-density supercapacitors, and the all-solid-state LIBs.
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Chapter 5

Graphene Acoustic Devices

He Tian, Guang-Yang Gou, Fan Wu, Lu-Qi 1ao, Yi Yang
and Tian-Ling Ren

Abstract

In 2011, Ren’s group has developed the first graphene sound source device in
the world. This is the first time that the graphene applications have been extended
into acoustic area. The graphene sound source can produce sound in a wide sound
frequency range from 100 Hz to 50 kHz. After that, we have innovated the first
graphene earphone, which can be used both for human and animals. In 2017, both
the sound detection and sound emission have been integrated into one graphene
device, which is called graphene artificial throat. In this book chapter, more details
for developing those graphene acoustic devices will be introduced, which can help
to boost the real applications of graphene devices.

Keywords: graphene sound, acoustic, thermoacoustic effect, wide frequency range,
flexible, large-scale

1. Introduction

Since graphene have been found in 2004 [1], various kinds of graphene-based
devices, including field effect transistor (FET) [2], memory [3], photodetector
[4], sensor [5], have been built as its excellent structural and physical proper-
ties. However, almost no work was focused on the acoustic device in audio range
because the graphene is hard to make low frequency sound through vibration
due to the large-area requirement. Although the working principles of traditional
sound devices are different, they are all depend on mechanical vibration of thin
films, and driving the air to produce the sound. There is a common problem that
the output audio spectrum of these sound devices is not flat, which is caused by
the inherent center resonance of the diaphragm. Here, thermoacoustic effect is
proposed to emit sound without vibration of the diagram. The conductive film
itself can emit sound, which will be expected to achieve wide-band acoustic out-
put. In 1917, Arnold’s group firstly used the 700 nm-Pt film as the source to realize
thermoacoustic sound production [6]. The sound frequency of this device can
reach to 40 kHZ, but the sound pressure (SP) was not high enough. With the rapid
development of nanotechnology in recent years, many outstanding progresses
have been made in sound source devices based on thermoacoustic effect. In 1999,
Shinoda’s group have reported aluminum thin film sound device based on porous
silicon substrate, and the wide output band can be implemented in 20-100 kHz
[7]. Especially, the SP of the device is up to 0.1 Pa. After that, the research group in
Tsinghua University realized the sound source device based on carbon nanotubes
[8]. This thermoacoustic device not only can produce high sound pressure level
(SPL) in a wide audio range, but also have the advantages of bending, stretching
and transparency.
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However, most of thermoacoustic devices have some problems and technical
limitations in material preparation, device structure and working mechanism. For
example, the performance of aluminum thin film thermoacoustic device is seriously
degraded because the aluminum is easily oxidized in air, and the device is rigid and
non-transparent [7]. For the thermoacoustic device based on carbon nanotubes [8],
100 V is needed to drive the device due to its large square resistance (1 kQ/[7).

For the currently existing problems of low reliability, poor performance and
high driving voltage, the high-performance thermoacoustic device must meet three
conditions. First, the conductor should be thin enough with a low thermal capacity
per unit area (HCPUA). Second, the conductor should prevent thermal leakage
from the substrate (i.e. suspend). Third, the conductor area should be large enough
to build a sufficient sound field. Graphene as a kind of two-dimensional layered
material provides an opportunity for the development of thermoacoustic devices
due to its ultralow HCPUA. After a lot of efforts, Ren’s group has made some new
achievements in graphene thermoacoustic devices. In particular, their graphene
earphones and graphene throat have attracted widespread attention as their poten-
tial applications in solving the problem of human listening and speaking. Therefore,
this chapter will detail the graphene sound sources, and explore the method of
realization high performance devices.

2. Establishment of theoretical model

The physical image of thermoacoustic effect can be described as: when an alter-
nating current signal is passing through the thin film, a film Joule heat is generated
and quickly transferred to the surrounding air medium. Due to the periodic rise
and fall of the surface temperature, a thin layer of air molecules on the film surface
will continuously expand and contract to produce sound waves. Figure 1a shows
the detailed physical process of the thermoacoustic device. The input AC signal
(electric energy) is converted into Joule thermal fluctuation (thermal energy), and
finally converted into sound waves (sound energy). Different from the principle
of traditional acoustic devices, the conductive film itself does not vibrate itself but

WA

WV

Time

(a)

Sound wave

Sound Wave Temperature Input Signa

Figure 1.
(a) Energy conversion process of thermoacoustic devices. (b) Theoretical waveforms during thermoacoustic

effect [9].
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makes the air vibrate by heating the air medium during the process of thermoacous-
tic effect. Figure 1b shows the theoretical waveforms corresponding to the three
kinds of energy in the time domain. Assuming a sinusoidal signal is input, the Joule
heat generated is squared with the electrical signal. Both positive half-cycle and
negative half-cycle electrical signals can produce positive temperature fluctuations.
Therefore, the frequency of temperature changes is twice the frequency of the input
electrical signal, and the frequency of the sound waves is also doubled. This is an
important feature that distinguishes the thermoacoustic effect from the traditional
sound production.

In order to obtain high performance graphene sound source devices, it is neces-
sary to carry out theoretical design to guide the experiment. Firstly, the theoretical
model of thermoacoustic effect is established, and the sound pressure produced
by graphene is predicted theoretically. The structure of graphene/substrate/back
plate is proposed in Figure 2. The heat loss from the substrate should be taken
into account due to the contact of graphene with the substrate. When the acoustic
frequency is low, the heat flux can penetrate the substrate to reach
the backplane, but when the sound frequency is high, the heat flux cannot reach the
backplane. So it needs to be discussed in two frequency bands [9-11]:

when f <, the SP generated by graphene in the far field can be expressed as:

4712

_y-1 &
Prms = \/fugM(fﬁac) +egq0 (1)
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when f > the SP generated by graphene in the far field can be expressed as:

>
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where f is frequency of sound; o, and L, are the thermal diffusivity and thickness

of substrate, respectively; y is the heat capacity ratio of gas; v, is the sound velocity
in gas; each layer hase; = \K;p; C,,; is the thermal effusivity of material i. The
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Figure 2.
Theoretical model of the graphene sound source [10].
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(a) Theoretical velationship between SP and thickness of graphene under different input power conditions.
(b) Theoretical velationship between graphene SP and thickness under different test distance conditions [8].

subscript i represent gas (g), substrate (s), or backing layer (b), respectively. o is the
input power density; k;, p; and C,,; are the thermal conductivity, density and specific
heat capacity of each layer of material, respectively; M is a frequency related factor.
Under high frequency, M ~ 1, then the two equations are the same.

Based on the above theoretical formula, the relationship between the SP and thick-
ness of graphene, input power and test distance can be calculated and analyzed. Figure 3a
shows the theoretical waveform of SP. It can been seen that the corresponding SP value
increases with the thickness of graphene decreasing, and the SP will increase as the
input power increases at the same thickness. Figure 3b shows the theoretical relation-
ship between SPL and graphene thickness at different test distances. At the same
thickness, the SPL value will decrease as the test distance increases.

Then the sound field radiation of graphene sound source device is analyzed. The
sound source device can be regarded as a point sound source in the far field, and the
theoretical acoustic directivity D(0, ¢)can be expressed as [12]:

D(6,¢9) = sinc (ko% sin® cos<p) sinc(kozLY sin® sin(p) 3)

where 0 and ¢ are the parameters of the spherical coordinate system; ko = 27/A, is
the wave number; Assuming that the sound source device is at the center of the sound
tield, L, and L, are the length and width of the sound source, respectively. Figure 4
shows the directivity of the graphene point sound source at different sound frequen-
cies. When the sound frequency is lower, the corresponding acoustic wave is longer,
and the angle of sound field coverage is lower. With the increase of acoustic frequency,
the acoustic wavelength decreases, and the sound field becomes more concentrated
in the smaller angle perpendicular to the sample direction, that is, the directivity is
enhanced.

Then, the sound field distribution of graphene device is analyzed, which includes
near field and far field. Firstly, the distance of Rayleigh is defined as A/A, where
A and ) are the area and wavelength of graphene, respectively. The acoustic wave
propagates in the form of plane wave when the test distance is smaller than Rayleigh
distance in near field. However, when the measured distance is larger than Rayleigh
distance, the acoustic wave propagates in the form of spherical waves in far field.

For r < Ry, the SP in near field can be expressed as:

koL
P(6,9) = sinc<k02LX sin0 cosq)>sinc< <02 ¥ sin0 sin(p> “4)
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Figure 4.
Directivity distribution of graphene sound source at different sound frequencies [9]. (a) 10 kHz, (b) 16 kHz,
(c) 20 kHz, (d) 30 kHz, (e) 40 kHz, (f) 50 kHz.
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SP distribution of graphene sound source device obtained by finite element simulation [9].

For r > Ry, the SP in far field can be expressed as:

koL
P(6,¢) = @sinc(k"% sin0 coscp)sinc( 02 ’ sinf sincp) (5)

Based on the above two formulas, the theoretical distribution of graphene sound
field can be simulated.
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In order to fully consider the influence of the actual size of the device on the
sound field distribution, the finite element software Comsol is used to simulate
the sound field distribution. Figure 5 shows the sound field distribution of graphene
sound source devices simulated by finite element software. The simulation results
show that the SP distribution on the surface of the device is stronger and the angle of
sound coverage is wider. However, the sound coverage angle obtained by simulation
is narrower when the point sound source approximation is used (Figure 4).

3. Graphene-on-paper sound source devices

The fabrication process of the multilayer graphene sound source device is
introduced in Figure 6. Firstly, multilayer graphene was prepared on nickel foil by
CVD method, the thickness of which was about 20 nm. Then, the graphene film
of 1 cm x 1 cm was transferred to filter paper. The transfer process was as follows:
the FeCl; solution was used to etch graphene with nickel substrate. After nickel
was etched, graphene was transferred to deionized water, and finally graphene
was filled with porous filter paper. In the transfer process, filter paper with the
pore size of 30-50 pm was used as substrate. Because the graphene film can be
suspended on larger pores, which can effectively reduce heat loss to substrate and
improve the efficiency of sound production. In order to test the sample acousti-
cally, the sample was installed on the PCB board and the two electrodes were
made. The Ag was used as electrode material of graphene sound source device.
Figure 6 shows the schematic diagram of a graphene-on-paper sound source
device. When the sound frequency electric signal is applied to graphene device,
the air near its surface can be heated, and then the periodicity of air vibration can
induce sound waves.

Figure 7a shows the scanning electron microscope (SEM) image of the graphene.
There are some ripples in graphene to get regular graphics. The oxygen plasma can
be used to pattern graphene film. Figure 7b shows the image of the graphene film

(a) (b)

Wet transfer to Insulating substrate

Attach to printed circuit board

Figure 6.

A process for preparing a multilayer graphene sound source device: (a) growing a multilayer graphene on
nickel; (b) transfer to filter paper by wet method; (c) prepare the Ag electrode at both ends of the graphene;
(d) mount the device to the backplate and extract the signal [9].
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(a) SEM image of graphene. (b) An optical image of the graphene after oxygen plasma etching. (c) Raman
spectrum in the range of 1200—2800 cm™ of the graphene. The red line and green line corvespond to the red and
green part line in Figure 7b, respectively [9].

after oxygen plasma treatment. Figure 7c shows the Raman peak of the sample
obtained from the corresponding colored spots in Figure 7b.

It can be seen that the two strong peaks locate at 1582 and 2700 cm ™, corre-
sponding to G and 2D bands, respectively. The sample exhibits typical multilayered
graphene characteristic with a strong G peak and a broad 2D peak (green line),
while some spots exhibit monolayer graphene feature with a sharp G peak and a sin-
gle higher 2D peak (red line). The small intensity of D-band observed at 1350 cm™
indicates the low levels of defects and local-disorders in the deposited films.

Three paper-based graphene sound source devices are fabricated, named sample
1, sample 2 and sample 3, and their resistance are 32, 143, and 601 Q, respectively.
The area of these devicesis 1 cm x 1 cm, and the average thickness of three graphene
sheet samples are about 100, 60, and 20 nm, respectively. The acoustics test platform
is composed of a signal generator, a standard microphone and a dynamic frequency
analyzer, as shown in Figure 8a. The signal generator drives the graphene sound
source device to produce sound, and the sound wave is received by the standard
microphone. Finally, the sound wave is analyzed by the dynamic frequency analyzer
and the frequency is converted from time domain to frequency. The graphene
sound source is directly tested by using a standard microphone (Figure 8b). The
distance from the sound source to the microphone is 5 cm. The relationship between
output SP and the input power is shown in Figure 8c. The result indicates that the
SP increases linearly with increasing input power. Figure 8d shows the relation-
ship between the SP and the test distance. For the graphene sound source devices,
the Rayleigh distance can be calculated as 4.7 x 107> m. The test distance of SP is
ranging from 1 to 10 x 107> m, which belongs to the far-field. The SP decreases with
the increase of the test distance at 16 kHz sound frequency, indicating an inverse
proportional to distance. This result is in agreement with the estimate of far-field.
When the measure distance is 5 cm at 16 kHz sound frequency, the omnidirectional
dispersion patterns can be achieved by testing the change of the SP with the receiv-
ing angle. The sound field directivity of multilayer graphene is shown in Figure 8e.
The SP is mainly concentrated within the +30° of the positive axis. After this angle,
the SP is obviously attenuated. Figure 8f shows the relation between the output SPL
and the frequency. The frequency is ranging from 3 to 50 kHz. The three curves are
normalized with the same power density (1 W/cm?) at different thickness of the
graphene film. It can be seen that the 20 nm graphene film has the highest SPL value
because of its lowest HCPUA. The 60 and 100 nm graphene rank second and third,
respectively. It indicates that thinner graphene sheets can produce higher SPL. The
sound frequency band can cover audible and ultrasound. Especially in ultrasound
range 20-50 kHz, there exists flat frequency response.
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The acoustic test platform and test vesults of graphene sound source [10]. (a) Schematic diagram of test
platform. (b) Onsite photo of the experimental setup. (c) The output SP from graphene versus the input power.
(d) The plot of the output SP of graphene versus the measurement distance. (e) Directivity of the graphene
sound source in far-field. (f) The output SPL versus the frequency. The three curves are normalized with the
input power 1 W/em®.

The theoretical model has been introduced in the previous section. Figure 9
shows the sound radiation of the graphene sound source in far-field. The on-axis
direction has the largest sound intensity, the sound intensity decreases with the
angle and the main intensity area focuses on axis +30 angles. Those results are
agreed with the experimental directivity as shown in Figure 8e.

The physical scene of thermoacoustic effects is depicted in Arnold and
Crandall’s research results. When thermoacoustic device is working, alternating
electrical signals generate joule heat through conductors. It would heat up the air
near its surface and then the SP is generated by the changing of the air tempera-
ture. To verify this physical phenomenon through experiments, the advanced
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Theovetical half-space divectivity of the graphene sound source in far-field [10].
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Infrared thermal images and average surface temperature of graphene (sample 2) with different amplitude of
input power [10] (a) no power is applied; (b) input power qo is 0.0007 W; (c) qo is 0.01 W; (d) qo is 0.03 W;
(e) qo is 0.05 W; (f) qo is 0.08 W; (g) qo is 0.11 W; (h) qo is 0.16 W. (i) The average surface temperature

of graphene versus the applied electric power. The experimental and theoretical results are shown. The SP is
recovded at 16 kHz sound frequency and 5 cm measurement distance.

infrared thermal imaging instrument is used to investigate to the relations
between the surface temperature distribution of graphene and the amplitude of
input power. The input power qp is increasing from 0 to 0.16 W, the temperature
distributions are collected in Figure 10a-h. The relationship between input
power and graphene surface temperature is shown in Figure 10i. When the input
power is 0 W, the surface temperature of the graphene is the same as that of
room temperature. With the increase of input power, the surface temperature

is gradually improved. The average surface temperature T of graphene can be
expressed as [7]:

T = Ty 6
ot \/jwkscp,s ( )
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where kyand C, s are the thermal conductivity and heat capacity of the paper sub-
strate, respectively;  is the angular frequency of sound. The average temperature
is linearly related to the input power, and the theoretical curve is in good agreement
with the experimental results. Combined with the test results of Figure 8c, the SP
increases with the input power, which indicates that the Joule heating is related to the
SP and the working mechanism is thermoacoustic effect.

4. Graphene earphones: entertainment for both humans and animals

Laser scribing can be used to prepare graphene due to its advantage of low cost,
high speed and no transfer. The earphone based on laser scribed graphene (LSG)
can cover audible range and ultrasonic range. Animal hearing is more sensitive to
the sound of the ultrasound band than audible domain. Therefore, the graphene
earphones can be applied not only to humans, but also to animals. This section will
introduce laser direct writing to prepare graphene earphones. The advantage of
fabricating graphene earphones by using the laser scribing technology is that the large
scale array can be prepared without the mask. Figure 11a shows the preparation pro-
cess of graphene earphones. The graphene oxide (GO) solution can be directly coated
on PET substrates. Then the GO film can be reduced to graphene under 788 nm laser
irradiation by using the DVD light engraving machine. It is noted that the preparation
of the wafer-scale precise graphene earphones requires only 25 minutes by using laser
scribing technology. Figure 11b shows the wafer-scale flexible graphene earphones
on the PET substrate. The inset in Figure 11b shows the graphene earphones at 1 cm”
dimensions. The SEM image of graphene sheets is shown in Figure 11c. Before the

A
f ) Cast GO Laser Pattern
v == —
DVD Disk Coated with PET

) - e
ifm— ——
Wire Dut

[ metore Laver verming] ,+*
Re%B0 M e

Graphense Earphone

Figure 11.

Laser scribing technology for flexible graphene earphone fabrication [13]. (a) Process flow of the graphene
earphone fabrication; (b) wafer-scale flexible graphene earphones. The inset shows an optical microscope
image of the LSG earphone; (c) SEM image of the LSG and GO in false color; (d) electrical properties before
and after laser scribing.
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laser scribing, the GO film is quite flat and dense. After the laser scribing, a graphene
film of 10 pm thickness is obtained. It is noticed that there is an almost 10-fold thick-
ness increase for the LSG compared to the original GO film. Figure 11d shows the I-V
curves of the film before and after the laser scribing. The resistance of the GO film is
580 MQ. However, when the GO film is reduced to the LSG, the small resistance can
be obtained as 8.2 kQ, which is an almost five orders of magnitude reduction.

Graphene sound source devices can be packaged into traditional earphones. After
the laser scribing of the wafer-scale graphene patterns, these patterns could be cut
into individual graphene earphones. Figure 12a shows the graphene earphone with
an area of 10 x 10 mm?”. Silver paste is applied on both sides of the graphene film to
establish electrical input. The graphene earphones are finally connected to the electrical
wiring of a commercial earphone casing using copper wires, as shown in Figure 12b.
The structure of the graphene earphone is made up of the top cap, the graphene
sheets, the Ag electrodes, the PET, and the bottom cap, as shown in Figure 12c. The
packaged graphene earphones for human use is shown in Figure 12d. Compared with
the traditional earphones, the distinctive feature of graphene device is significantly
thinner than a voice coil. In order to obtain a sufficiently high SPL and equal-fre-
quency playback sound, the periphery circuit is successfully designed. The schematic
diagram of the circuit is shown in Figure 13. It is worth mentioning that the input
sound frequency is doubled due to the thermoacoustic effect, and this needs to be
compensated during actual testing, as described ahead. The drive circuit uses a USB
port to apply power to the circuit for amplifying the AC signal and also to apply an
up to 15 V DC bias to the graphene earphone. In this way, the graphene earphone can
connect to a laptop for playing music.

Graphene earphone

ap 1 0
‘ Top cap A pair of graphene earphones

Bottom cap
Figure 12.

The demonstration of graphene earphone [13]. (a) Graphene earphone in hand. (b) View of the graphene
earphone in a commercial earphone casing. (c) Exploded view of a packaged graphene earphone. (d) A pair of
graphene earphones in its final packaged form.
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Graphene earphone drive civcuit structure diagram [9].
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Figure 14.

Sound pressure and frequency characteristics of the graphene earphone [13]. (a) Experimental setup for
the graphene earphone. (b) Sound pressure level (SPL) curves of a graphene earphone compared with a
commercial earphone.

Figure 14a shows the graphene earphones acoustic test platform. Figure 14b shows
the acoustic spectrum of the device. The graphene earphone is placed 1 cm away from
the standard microphone. It can be seen that the graphene earphone has a flatter acoustic
spectrum output than commercial earphone. Meanwhile, the sound intensity of the
graphene earphone remains relatively stable. The graphene earphone has a fluctuation of
10 dB, which is much lower than the normal commercial earphone with the fluctuation
of 30 dB. Especially, the spectrum can not only cover the 20 Hz to 20 kHz, but also cover
the ultrasonic frequency band of 20-50 kHz. Animals are more sensitive to ultrasonic fre-
quency than audible range, and graphene earphone has flat acoustic output in ultrasonic
band. Therefore, graphene earphones can be used to train and control animal behaviors.

Finally, an application of the graphene earphone is demonstrated. The graphene
earphone is fixed on the steel ring so that a dog can wear it, as shown in Figure 15a
and b. The response test process is divided into the following sections. First, the dog
needs to be trained so that it can recognize the “stand up” command when hearing
the 35 kHz sound wave. The Chinese audio frequency of “stand up” was recorded
first. Then, the audio was mixed with 35 kHz sine wave by computer software. The
sampling frequency was 88.2 kHz, which was more than twice that of 35 kHz to
ensure that the sampling was not distorted. The pure human voice was played to the
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Animal responding to ultrasound signals through graphene earphone [13]. (a) Graphene earphone for dogs.
(b) Subject wearing the graphene earphone. (c) Wearing a graphene earphone for the dog to establish a 35 kHz
sound wave and a “stand up” command to reflect the training process. The dog is initially sitting down. After
receiving a familiar 35 kHz signal, it stands up.

dog, and the dog will stand up, and then it will be mixed with 35 kHz sound waves.
The dog will be given a food reward every time he stands up successfully. And then it
went on to increase the proportion of 35 kHz sound waves, and to reduce the propor-
tion of human voice. Until the final 35 kHz sound waves was 100%, the dog was able
to stand up to prove that it was successful in establishing a 35 kHz sound wave to the
dog and the “stand up” command. Figure 15¢ shows a demonstration of controlling
dog behavior through graphene earphones. The initial state of the dog is sitting, and
when the dog hears the 35 kHz sound from the graphene earphone, it will stand up,
which indicates that the graphene earphone can control the dog’s behavior.

5. An intelligent artificial throat with sound-sensing ability based on
laser-induced graphene

The graphene sound source device based on thermoacoustic effect is introduced.
Based on its piezoresistive effect, graphene can also be used for throat detection,
which can be used as a good sound receiver. Therefore, based on thermoacous-
tic effect and piezoresistive effect, graphene is expected to realize transceiver
integration.

At the present stage, devices with integrated sound and transceiver function are
usually called ultrasonic transducers, which can only work in the ultrasonic fre-
quency band or under water [14]. At the same time, these substrates are hard, not
flexible and biocompatible, and not suitable for wearable applications. Therefore,
studying the audible frequency band, the sound-flexible device with good flexibil-
ity and biocompatibility is of great significance.
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Graphene force acoustic devices are mainly faced with two problems: (1) Sound
receiving device based on graphene piezoresistive effect cannot be used as sound
emitting device because these devices are wrapped in a polymer and the heat cannot
be released into the air [15]. Or the device has a higher resistance, resulting in poor
thermoacoustic effects [16]. (2) Sounding devices based on the thermoacoustic
effect of graphene are also not suitable as sound receivers. Because these device are
fabricated by using single layer or few layer graphene [17]. These kinds of graphenes
are easily broken, which cause the devices damage. Graphene devices based on
conventional processes and methods are difficult to simultaneously receive sound
and emit sound using thermoacoustic effects and piezoresistive effects. Therefore,
it is necessary to explore the realization of graphene transceiver sound integration
based on new materials and new technology.

The method of laser scribed graphene (LSG) is described above. However, gra-
phene reduced by this method cannot be simultaneously transmitted and received
sound due to packaging reasons. In 2014, Lin et al. proposed a method for preparing
porous structure graphene by laser reduction of polyamide material (PI) [18]. This
method can be completed in a single step process without the need to drop coating
GO, and the prepared graphene has a porous structure and a good piezoresistive
effect. Because graphene materials have good thermal properties, they can make
sound based on thermoacoustic effect. Therefore, the porous graphene based on
laser reduction can be used to fabricate the flexible force acoustic device to realize
sound transmission and reception integration.

This chapter introduces the process of preparing porous graphene by 450 nm
wavelength laser. The porous graphene has the ability to integrate sound transmis-
sion and reception based on thermoacoustic effect and piezoresistive effect. Hence, a
new intelligent artificial throat was prepared based on porous graphene. This device
can be attached to the throat to sense the vibration mode of the throat of the deaf
mute, and emit a preset sound when a specific throat vibration mode is detected.
Therefore, the artificial throat can assist the deaf and mute to achieve sound, which
will have potential application in biomedical, acoustic and other fields.

Laser direct writing technology promotes the fast growth of porous, and a low-
cost and portable laser platform is chosen. Figure 16a is a schematic diagram of a
laser processing platform. The 450 nm laser can directly reduce the yellow PI to the
porous graphene. Then, the artificial throat based on the porous graphene has been
integrated to achieve the functions of emitting and detecting sounds, as shown in
Figure 16b. Figure 16c shows the working mechanism of the artificial throat. When
AC voltage is applied to the device, the periodic joule heat will cause air to expand,
thus producing sound waves. When a low bias voltage is applied to the device, the
vibration of the throat leads to the change of the resistance of the device, resulting in
current fluctuations. Therefore, this device can act as both sound sources and detec-
tors. A coughs, buzzing or screams can cause throats to vibrate, which can be detected
by LSG artificial throats, and then LSG artificial throats can produce controllable
sounds. Therefore, LSG artificial throat can achieve the conversion from meaningless
sound to controllable and pre-designed sound. Figure 16d shows the image of LSG at
laser power ranging from 20 to 350 mW. It can be seen that there is no obvious LSG
at the bottom when the power is 20 mW. The second black part and the fourth black
part from the bottom, which are produced at the power of 125 and 290 mW, respec-
tively, are chosen to show the SEM image, as shown in Figure 16e-j. It can be seen that
regular ridge lines are formed from top to bottom along the laser scanning trajectory.
The line width is approximately 100 pm, which is similar to the focused spot size of
the laser. As the laser power increases, the morphological differences are significant.
A polygonal porous carbon film appears at the power of 125 mW. However, when the
power is 290 mW, more porous irregular structures can be produced. This is mainly
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Figure 16.

(a) One-step fabrication process of LSG. (b) LSG has the ability of emitting and detecting sound in one device. (c)
The avtificial throat can detect the movement of throat and generate controllable sound, respectively. (d) Six LSG
samples produced by 450 nm laser with different power ranging from 20 to 350 mW. (e) The morphology of LSG
sample produced at 290 mW under scanning electron microscopy, scale bar, 150 pm. (f) The morphology

of LSG sample produced at 290 mW under high magnification, scale bay, 5 um. (g) Cross-sectional view of LSG
sample produced at 290 mW, scale bay, 12.5 pm. (h) The morphology of LSG sample produced at 125 mW under
scanning electron microscopy, Scale bay, 150 pm. (i) The morphology of LSG sample produced at 125 mW under high
magnification, Scale bay, 5 um. (j) Cross-sectional view of LSG sample produced at 125 mW; scale bay, 12.5 ym [19].

because the high power will lead to a sharp rise of the PIlocal temperature, thus
breaking the C-O, C=0 and N-C bonds, and causing the venting of some carbona-
ceous and nitric gases. Therefore, the porous structure of sample is formed due to the
production and discharge of gases.

Four samples of LSG artificial throats are produced at different laser powers.
The area of the LSG is around 1 x 2 cm?. The laser powers are 125, 200, 290 and
350 mW, respectively. The average thickness of LSG is about 8, 22, 38 and 60 pm,
corresponding to the laser power. Figure 17a is a test diagram of the device. The
distance between the sample and standard microphone is 2.5 cm. Figure 17b
shows the relationship of the LSG (produced under 125 mW) between input
power and SP. The result indicates that the SP increases linearly with increasing
input power, and a higher SP can be obtained at 20 kHz. Figure 17c shows the
spectrum response of the LSG produced by different power. The input power is
normalized to 1 W. It can be observed that the SPL gradually decreases with the
increase of power. Figure 17d shows the comparison of theoretical curve and the
experimental results. The experimental analysis matches well with the theory
model. Figure 17e shows the experimental data and theoretical curve as a func-
tion of the thickness of the LSG under the frequency of 10 and 20 kHz. The SP is
inversely proportional to the thickness of the sounding unit and the theoretical
curve matches well with the experimental results. Figure 17f shows the stability
of LSG. It can be seen that there are no signs of degradation or changes of SPL in
the device performance in 3 hours.
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Figure 17.

(a) The LSG is clamped under a commercial microphone to test the performance of emitting sound, scale bar,
1 cm. (b) The plot of the SP versus the input power at 10 and 20 kHz. (c) The output SPL versus the frequency
of LSG generated by the laser with different power. (d) The SPL versus the frequency showing that the model
agrees well with experimental results. (e) The plot of the SP versus the thickness of LSG at 10 and 20 kHz. (f)
The stability of output SPL over time [19].
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Figure 18.

Refponses towards different audios from a loudspeaker [19]. The LSG is placed 3 cm away from the
loudspeaker. The orvange insets above indicate the sound wave profiles of the original audios. Relative resistance
changes show almost synchronous response to profiles of the original audios when the loudspeaker plays the
audio of (a) firecrackers, (b) a cow, (c) a piano, (d) a helicoptey; (e) a bivd and (f) a drum.

Except for emitting sound, the LSG artificial throat also has excellent responses
when detecting sound. The 25 pm-thick PI can be chosen to produce the LSG due to
obvious resistance change. The sample is fixed and the loudspeaker is placed 3 cm
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away from the artificial throat. The six kinds of audios including firecracker, cow,
piano, helicopter, bird and drum are performed. Figure 18 shows the resistance
response of the device at six kinds of audios. Although the sampling frequency of
this artificial throat is 100 Hz, which is far lower than the frequency of sound, it can
be still noticed that the responses of the transducer are well synchronous to these
original audio signals. Especially, the characteristic peaks are retained and reflected
with high fidelity. Besides, the volume of loudspeaker has a great effect on the
amplitude of the signal.

After identifying some kinds of audio clearly, LSG artificial throat is used to
detect the vibration of throat cords. As shown in Figure 19a, the tester performs
coughing, snoring and screaming twice in succession, and then the tester swallows
and nods twice. After two consecutive tests, the test results are reproducible. In
addition, swallowing and nodding can also cause muscle movement, which can also
lead to changes in resistance. Fortunately, the waveforms of these muscle move-
ments also have identifiable features. Different movement has its unique character-
istic waveform as shown in Figure 19a, thus, the useful waveforms can be gotten
by relying on the pattern recognition and machine learning. Interference from
other activities can be identified and eliminated by multiple trainings in advance.
Then, the tester makes the hums with four different tones as shown in Figure 19b,
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Figure 19.

Re§p0mm towards different kinds of throat vibrations. (a) The LSG resistance changes towards the throat
vibrations of the tester who makes two successive coughs, hums, screams, swallowing and nods. (b) The LSG’s
resistance change caused by four different kinds of hum tones and the hum tone 2 is same with the hum in (a).
(c) The relative resistance change of LSG increases with the increase of the sound intensities of the hum [19].
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it can be seen that different tones have different responses, increasing the diversity
of dumb people’s “language”. Especially, the hum tone 2 is same with the hum in
Figure 19a. Furthermore, as shown in Figure 19c¢, the resistance increases as the
sound intensity increases, which is due to the increase in mechanical vibration of
the throat.

6. Conclusion

Thermoacoustic device for the current low reliability, high performance and
poor driving voltage problem, Ren’s group successfully proposed and implemented
graphene thermoacoustic devices with high performance, high reliability and
low driving voltage. Besides, these devices have the advantages of low driving
voltage, soft, transparent, thin thickness and wide band sound output, especially
the extremely flat sound output in the ultrasonic frequency band. Exploring the
application of graphene in the field of acoustics is the first time in the world and
obtains the following three research results:

1. A multilayer graphene sound source device is proposed and realized. The
sound output performance from 1 to 50 kHz is obtained. It is observed that
there is a flat sound spectrum in the range of 20-50 kHz. The performance of
multilayer graphene sound source device with different thickness is com-
pared. It was found that graphene with thinner thickness had a higher SPL
value.

2. A low cost graphene earphones at wafer level are realized by laser scribing.
Graphene earphone has a wider and flatter acoustic spectrum output than
commercial earphones. In addition, graphene earphone achieves control of
animal behavior.

3. A wearable artificial throat that is manufactured in one step based on LSG
has been implemented. The LSG device achieves the functional integration of
emitting and detecting sound due to its excellent thermoacoustic and piezore-
sistive properties. The LSG artificial throat has a relatively broad frequency
spectrum because of resonance-free oscillations of the sound sources. Besides,
as a sound detector, the LSG artificial throat can capture the mechanical vibra-
tion of throat cords with a fine repetition.
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