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Abstract

In this paper, we discuss the different methods for the synthesis of graphene oxide (GO). Besides this
various characterization techniques like optical microscopy, fluorescence microscopy, scanning electron
microscopy, and atomic force microscopy are discussed. X-ray photoemission spectroscopy and Raman
spectroscopy are used for the analysis of chemical, structural, and vibrational properties We have also
discussed the fundamental properties which makes GO useful candidate for future applications.
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Introduction

In the recent years the scientific community pays more attention towards grapheme oxide (GO)
as witnessed by large number of research papers[1-3]. Graphene oxide (GO) consists of sheet of graphite
decorated by several oxygenated functional groups on its basal planes and at its edges, resulting in a
hybrid structure comprising a mixture of sp? and sp® hybridized carbon atoms[4]. The outstanding
properties of GO arises due to its hybrid electronic structure as it contains both the conducting = states
from the sp? carbon domains and also the o states from the sp* carbon domains [5]. Theoretical studies
have revealed that the properties of GO can be altered by tuning the sp?/sp® ratios of the carbon atoms .
The sp?/sp® ratios in GO can be tuned by varying the oxidation degree using suitable chemical reactions.
The tunability of the ratio sp?/sp® by reduction chemistry is a powerful way to tune its bandgap and
therefore controllably transform GO from an insulator to a semiconductor and to a graphene-like semi-
metal. GO with various ratio of sp?/sp® domains may provide novel properties that can be useful for
making several improvements in the development of graphene based research applications such as
biosensors, supercapacitors, and optoelectronic devices etc. In the present paper we focus on the
different methods for Graphere oxide (GO) preparation ,the fundamental characterization of GO and

some of the most promising application.
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Fig. 1 GO chemical structure based on the Lerf—Klinowski model.

Different methods of Graphene Oxide (GO) Synthesis -

GO is formed by oxidizing graphite. This material is often then exfoliated into mono- and few-
layer sheets, depending on the degree of oxidation and postprocessing. The three major methods used
to synthesize GO viz. (i) the Brodie method [6], (ii) the Staudenmaier method , and (iii) the Hummers
method[7]. Among these methods, most researchers follow the Hummers method which is generally
considered to be the best , it has the advantage of non-toxicity compared to the other two methods [3].

The GO particles can be synthesized by a modified Hummers method [7] using expandable
graphite powders as the starting material. Briefly, the expandable graphite powders (2 g) was stirred in
98% H2SO4 (35 ml) for 2 h. KMnOs4 (6 g) was gradually added to this solution while keeping the
temperature less than 20 “C. The mixture was then stirred at 35-40 “C for 30 min, and then at 65-80 ‘C
for 45 min. The resulting solution was diluted by adding 46 ml of water and the mixture heated at 90 "C
for 30 min. The reaction was terminated by addition of 150 ml of distilled water and 30% H2O: solution
(10 ml). The mixture was washed by repeated centrifugation with 5% HCI aqueous solution followed
by deionized water until the pH of the solution becomes neutral. To obtain GO particles, 160 ml of water
was added resulting precipitate and sonicated well to make a uniform suspension for graphene oxide.

The graphene oxide is basically a broad range of disordered oxidized graphene structures where
the ratio of functional groups (epoxy, hydroxyl, and carboxyl groups) depends strongly on both the
parent material and the processing approach used. Compton and Nguygen recently highlighted this
aspect by noting that the carbon to oxygen ratio (C:0) measured in graphite oxide samples ranged from
1.3 to 2.25 depending on the approach used and oxidation time [8].

Since many years the structure of GO has been the subject of considerable debate. There are so many
reasons for this, but the foremost contributors are the complexity of the material (‘including
sample to sample variability) due to its amorphous, berthollide character (i.e nonstoichiometric atomic
composition) and the lack of precise analytical techniques for characterizing such materials. Inspite of

these hurdles, considerable effort has been directed toward understanding the structure of GO, much of
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it with great success. The most recent models of GO have rejected the lattice based model and have
focused on a nonstoichiometric, amorphous alternative. The model given by Lerf and Klinowski [9] is
widely accepted by scientific community . According to this model, GO is built of non oxidized aromatic
patches of variable size, which are separated from each other by aliphatic 6- membered rings containing
hydroxil groups, epoxide groups, and double bonds (Fig. 1). In this model the basal plane contains the
O functional groups both above and below it , which gives rise to the polar nature and hydrophilic
behavior of GO.
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Fig. 2a UV-Vis spectrum of graphene nanosheet dispersion in water (Ref. 11)
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Fig. 2b UV-Vis of GO diluent at different concentrations( Ref.13).

Characterization techniques
There are several methods given in literature to characterize GO. This section describes the
different methods to characterize GO: -

Ultraviolet -visible spectroscopy (UV-Vis)
l -ccnn b0 000 . |
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UV-Vis has been used to measure the optical absorption properties of GO sheets [10]. A UV-
Vis absorption peak at 265 nm for graphene nanosheets (Fig. 2a) indicates a graphitic structure [11], and
is generally regarded as the excitation of the n-plasmon of the graphitic structure [12]. It is known that
the UV-Vis absorption spectrum of GO has two characteristic features (Fig.2b) [13], which are used as
a means of identification, i.e., a maximum at 231 nm corresponding to the T=—n* transitions of aromatic

C=C bonds, and a shoulder at ~300 nm attributed to n —=* transitions of C=0 bonds [14, 15].
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Fig. 3 XRD patterns of graphite (a), GO (b), and rGO (c) ( Ref. 18).

X-ray diffraction (XRD)

X-ray diffraction (XRD) is the most commonly used technique for characterizing GO. This
technique is based on observing the intensity of scattered X-rays as a function of scattering angle [16].
XRD provides information regarding the stacking of graphite and GO, and has been used to
quantitatively estimate the degree of exfoliation [17]. XRD patterns of graphite, GO, and reduced
graphite oxide (rGO) are shown in (Fig.3) [18]. Graphite has a strong diffraction peak at 26 = 26.52°
(002), representing an interlayer distance (d-spacing) of 0.34 nm as evaluated by the Bragg equation.
This peak disappears in GO and a new peak at a smaller 20 value (greater spacing between sheets)
appears. The 26 value of this GO peak depends on the method of preparation and on the presence or

absence of water in the gallery space [19].

Raman spectroscopy
Raman spectroscopy can provide important information regarding the bonding configurations of

atoms in carbon structures[20]. Raman spectroscopy of GO can also serve as an effective

characterization method elucidating structure-specific vibrational phonon modes. The Raman spectra of
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graphite and graphite-based materials such as GO have several distinctive features, including D (~1385
cm ™), G (~1580 cm™) and G’ or 2D (~2700 cm ) bands[21-23] . The D band originates from a second-
order effect involving a phonon and a defect in the sp? graphitic structure; thus it is often attributed to
disorder in sp? carbon material. The G band comes from first-order Raman scattering in graphitic
materials involving a single phonon from the E>y mode involving doubly degenerate in-plane optical
vibration in sp? carbon[20]. The G’, often called 2D, band originates from the two-phonon process
involving phonons with opposite momenta and depends strongly (inversely) on the number of graphene
layers.

The G band describes the sp? graphitic structure and the D band is associated with defects in that
structure. The G band peak becomes broader and also experiences a blue shift to roughly 1,593 cm™.
Upon transforming graphite oxide to reduced graphite, the G band peak returns to the original graphite

frequency, indicating that the presence of oxygen could be related to the observed blue shift.
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Fig.4 Raman spectra of single-layer (top) and double-layer (bottom) pristine and oxidized graphene(
Ref. 23)

X-ray photoemission spectroscopy

XPS is an excellent technique to study the chemical composition of GO. It is possible through
XPS analysis to identify the functional groups which are present in GO by deconvolving the C 1s and
O 1s core level spectra into components, each one assigned to a specific functional group[24, 25]. In
some literature reports the C1s peak of GO is deconvoluted into five components: sp?carbons from
graphite (~284.6eV), C atoms bonded to hydroxyl groups (~285.7eV), epoxy/ether groups (~286.7 eV)
[26], carbonyls (~288.0 eV) and carboxylic acid groups (~289.1 eV) (Fig. 5). Other literature
deconvolutes the C1s peak into only four components [27, 28]. The O1s spectra of GO is reported to be
composed of two major components: C—O (epoxy and hydroxyl, ~532.5 eV) and C=0O (carbonyl and
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carboxyl, ~531.6 eV), with two minor components arising from quinones (~530.5 eV) and O-H
(hydroxyl, ~533.5 eV) [29]. XPS analysis has been used to determine the atomic composition as well as

the C/O ratio of GO [30] by dividing the C1s peak area by the area of the O1s peak multiplied by the
ratio of the photoionization cross sections.
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Fig. 5 Deconvoluted XPS spectra in the C1s region of unmodified GO paper (Ref. 26).
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Fig. 6 Infrared absorbance spectrum of GO (three layers) at room temperature (Ref. 32).
FT-IR characterization -

FTIR measures the absorbance or transmittance of light through a sample as a function of
wavelength and provides information regarding the identity of functional groups [31]. It is especially
useful in identifying the different oxygen functionalities in GO [14].As an example, the FTIR spectra of
three-layer GO at room temperature is shown in Fig.6 , revealing the presence of vibrational modes for
hydroxyls at 3000-3700 cm2, carbonyls at 1750-1850 cm, carboxyls at 1650-1750 cm™, sp?-hybridized
C=C (in plane stretching) at 1500-1600 cm™, and epoxides at 1280-1320 and 800-900 cm [32]. For
multilayer GO, ketones and/or carboxyls are found within the overlapped frequency range of 700- 1900

cm, sp? -hybridized C=C (in-plane stretching) is found at ~1550-1650 cm, and epoxides are found at
approximately 1350 and 800-900 cm™ [33].
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Electron microscopy -

Transmission electron microscopy (TEM) is a useful tool for identifying single-layer and few-
layer graphene oxide sheets[34]. TEM uses electrons that pass through the sample with contrast resulting
from differences in electron density, so multiple sheets appear darker relative to single sheets[35]. TEM
images of ultrasonically exfoliated GO exhibits a typical wrinkled morphology[36, 37], with GO
exfoliated into single or very few layers [37]. The wrinkles and folds in the sheets of exfoliated GO are
a characteristic feature of single-layer sheets [38]. In other studies, TEM has shown GO sheets with a
curly morphology[39] or with the sheet edges scrolled and folded slightly [40].

Scanning electron microscopy (SEM) images are the result of secondary electrons emitted by
the sample[41]. The topology and lateral dimensions of the sample can be analyzed [42], but it can be
difficult to quantify sheet thickness. Typical SEM images of GO show 2D nanosheet morphologies [39]
with wrinkled and folded textures [43] with sometimes irregular edges, rough surfaces, and crumpling
as a result of the scrolling [44]. SEM has shown GO sheets with lateral dimensions as large as 200 mm

and as small as a few microns in the same GO sample[45].

Applications
Due to its unique chemical composition and flakes size GO finds application in many fields:-

Sensors
GO is inherently a good material for sensing applications due to the large number and

diversification of the functional groups decorating its surface, which are potential anchoring sites for
several molecules. However, while many works are reported in the literature on the use of graphene for
gas sensing and biosensing, [46-50]less attention is given to GO, due to its dielectric nature which
prevents from an efficient extraction of the electric signal from the sensor. As a compromise between
graphene and GO, chemically and thermally reduced GO has been used with excellent results [51-54].
Xiaohui Leng et al demonstrated GO (graphene oxide)-based sensor with differential structure was
designed to detect both humidity and temperature[55]. Two identical units have been fabricated with
patterned gold electrodes on which a layer of GO was deposited by drop-casting or spraying coating
method. One unit was then covered by a layer of PDMS to modify its response to the temperature and
humidity. Using this differential structure, the sensor shows great linearity in a temperature range from
20 °C to 60 °C and a humidity range from RH 25% to RH 95%. The humidity response of the two units
varied for three orders of magnitude under the same temperature, which indicates a good sensitivity of
the device. They found that the spray coated sensor has a relatively short response and recovery times
than the drop-casted one. Yun Chen et al [56]demonstrated a NH3 detection device at room temperature
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based on SnO2- rGO . SnO> nanorods randomly oriented grew on the reduced graphene oxide substrate
through a hydrothermal method and formed a porous network structure. The as-prepared SnO> nanorods
size with a uniform diameter of about 10 nm. The gas sensing experiments had shown a highly response
to NHs at room temperature and less affected by humility. These improved sensing properties at room
temperature are favorable for the ammonia detection in practical application. Moreover, the enhanced
sensing performance could ascribe to the new structure of SnO> coupled on rGO substrate that exhibited
a synergic effects superior than either of constituent compounds, which the nanorods structure provided
a large specific surface area with pore volume for gas adsorption. In this structure of SnO2-rGO that
rGO provided effective electron transfer and highly response sensitivity at room temperature. This work
had demonstrated the gas sensor fabricated by composites of SnO,-rGO could perform a high sensing

property for NHs at room temperature.

Energy storage

We cannot use GO directly in supercapacitors due to its intrinsically poor electrical conductivity
,although there have been some investigations that demonstrated feasible usage of GO in SCs [57, 58].
To improve the electrical conductivity of GO and to retain the pseudo-capacitive behavior, partially
reduced GO has been widely adopted[59-61]. The residual oxygenated groups on RGO can induce large
pseudo-capacitance in SCs [57]. Moreover, the co-contribution of double layer capacitance and pseudo-
capacitance from the oxygenated groups were observed in the SCs with water-soluble RGO as the
electrode materials [62]. There reduction level of the RGO sheets (especially the variation of oxygen-
containing groups) plays a significant role in controlling the intrinsic properties such as the interlayer
spacing ,oxygen content ,BET (Brunauer— Emmett-Teller) specific surface area, and thus affects the

overall performance of SCs [63].

Organic photovoltaic (OPV) materials have recently garnered significant attention as enablers of
high power conversion efficiency (PCE), low-cost, mechanically fexible solar cells.
The utilization of GO thin films as the hole transport and electron blocking layer in organic photovoltaics
was demonstrated by Li et al. [64]. The incorporation of GO deposited from neutral solutions between
the photoactive poly(3-hexylthiophene) (P3HT):phenyl-C61-butyric acid methyl ester (PCBM) layer
and the transparent and conducting indium tin oxide led to a decrease in recombination of electrons—
holes and leakage currents. This resulted in a dramatic increase in the OPV efficiencies to values that
are comparable to devices fabricated with PEDOT:PSS as the hole transport layer. Liu et al. [65]utilized
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sulfated GO as a layer for high-performance polymer solar cells. Radich et al.[66] reported Cu.S
reduced GO composite for high efficiency quantum dot solar cells. Murray et al.[67] applied
electronically tuned GO as an effective interfacial layer (IFL) for templating the optimum donor polymer
p-stacking orientation for high efficiency OPVs. In addition to functioning as a solution-processable
PEDOT:PSS alternative, GO significantly enhances the durability of fully fabricated devices by

increasing the active layer-IFL interfacial stability under thermal and environmental stress.

Conclusion

In this article, the synthesis, characterization and applications of grapheme oxide have been reviewed.
Due to its unique structure with several types of oxygen-containing functional groups on the basal plane
and the sheet edge allows GO to interact with variety of organic and inorganic materials in non-covalent,
covalent and/or ionic manner and gives rise to many functional hybrids and composites with unusual
properties.

References

[1] G. Eda, M. Chhowalla, Chemically Derived Graphene Oxide: Towards Large-Area Thin-Film
Electronics and Optoelectronics, Advanced Materials, 22 (2010) 2392-2415.

[2] K.P. Loh, Q. Bao, G. Eda, M. Chhowalla, Graphene oxide as a chemically tunable platform for
optical applications, Nat Chem, 2 (2010) 1015-1024.

[3] D.R. Dreyer, S. Park, C.W. Bielawski, R.S. Ruoff, The chemistry of graphene oxide, Chemical
Society Reviews, 39 (2010) 228-240.

[4] D. Long, W. Li, L. Ling, J. Miyawaki, I. Mochida, S.H. Yoon, Preparation of nitrogen-doped
graphene sheets by a combined chemical and hydrothermal reduction of graphene oxide, Langmuir :
the ACS journal of surfaces and colloids, 26 (2010) 16096-16102.

[5] H.K. Jeong, C. Yang, B.S. Kim, K.-j. Kim, Valence band of graphite oxide, EPL (Europhysics
Letters), 92 (2010) 37005.

[6] B.C. Brodie, XIIl. On the atomic weight of graphite, Philosophical Transactions of the Royal
Society of London, 149 (1859) 249-259.

[7] W.S. Hummers, R.E. Offeman, Preparation of Graphitic Oxide, Journal of the American Chemical
Society, 80 (1958) 1339-13309.

[8] O.C. Compton, S.T. Nguyen, Graphene Oxide, Highly Reduced Graphene Oxide, and Graphene:
Versatile Building Blocks for Carbon-Based Materials, Small, 6 (2010) 711-723.

[9] H. He, J. Klinowski, M. Forster, A. Lerf, A new structural model for graphite oxide, Chemical
Physics Letters, 287 (1998) 53-56.

[10] J. Song, X. Wang, C.-T. Chang, Preparation and Characterization of Graphene Oxide, Journal of
Nanomaterials, 2014 (2014) 276143.

[11] G. Wang, X. Shen, J. Yao, J. Park, Graphene nanosheets for enhanced lithium storage in lithium
ion batteries, Carbon, 47 (2009) 2049-2053.

[12] X. Wang, L. Zhi, N. Tsao, 7. Tomovié, J. Li, K. Miillen, Transparent Carbon Films as Electrodes
in Organic Solar Cells, Angewandte Chemie International Edition, 47 (2008) 2990-2992.

O©lJARMS JOURNAL, 2020 WWW.IJARMS.ORG 158



elSSN 2581-8996
[Date]
THE INTERNATIONAL JOURNAL OF ADVANCED RESEARCH IN MULTIDISCIPLINARY SCIENCES (JARMS)
A BI-ANNUAL, OPEN ACCESS, PEER REVIEWED (REFEREED) JOURNAL
Vol. 3, Issue 01, Jan 2020

[13] Y. Liu, Y. Zhang, L. Duan, W. Zhang, M. Su, Z. Sun, P. He, Polystyrene/graphene oxide
nanocomposites synthesized via Pickering polymerization, Progress in Organic Coatings, 99 (2016)
23-31.

[14] J.1. Paredes, S. Villar-Rodil, A. Martinez-Alonso, J.M.D. Tascon, Graphene Oxide Dispersions in
Organic Solvents, Langmuir : the ACS journal of surfaces and colloids, 24 (2008) 10560-10564.

[15] J. Liu, X. Li, W. Jia, Z. Li, Y. Zhao, S. Ren, Demulsification of Crude Oil-in-Water Emulsions
Driven by Graphene Oxide Nanosheets, Energy & Fuels, 29 (2015) 4644-4653.

[16] A.H. Compton, The Spectrum of Scattered X-Rays, Physical Review, 22 (1923) 409-413.

[17] N.A. Kumar, H.-J. Choi, Y.R. Shin, D.W. Chang, L. Dai, J.-B. Baek, Polyaniline-Grafted
Reduced Graphene Oxide for Efficient Electrochemical Supercapacitors, ACS Nano, 6 (2012) 1715-
1723.

[18] Y. Guo, X. Sun, Y. Liu, W. Wang, H. Qiu, J. Gao, One pot preparation of reduced graphene oxide
(RGO) or Au (Ag) nanoparticle-RGO hybrids using chitosan as a reducing and stabilizing agent and
their use in methanol electrooxidation, Carbon, 50 (2012) 2513-2523.

[19] K. Zhang, L.L. Zhang, X.S. Zhao, J. Wu, Graphene/Polyaniline Nanofiber Composites as
Supercapacitor Electrodes, Chemistry of Materials, 22 (2010) 1392-1401.

[20] K.N. Kudin, B. Ozbas, H.C. Schniepp, R.K. Prud'homme, I.A. Aksay, R. Car, Raman Spectra of
Graphite Oxide and Functionalized Graphene Sheets, Nano Letters, 8 (2008) 36-41.

[21] S. Kochmann, T. Hirsch, O.S. Wolfbeis, The pH dependence of the total fluorescence of graphite
oxide, Journal of fluorescence, 22 (2012) 849-855.

[22] S. Kaniyankandy, S.N. Achary, S. Rawalekar, H.N. Ghosh, Ultrafast Relaxation Dynamics in
Graphene Oxide: Evidence of Electron Trapping, The Journal of Physical Chemistry C, 115 (2011)
19110-19116.

[23] A.C. Ferrari, J.C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang,
K.S. Novoselov, S. Roth, A.K. Geim, Raman Spectrum of Graphene and Graphene Layers, Physical
Review Letters, 97 (2006) 187401.

[24] F. Perrozzi, S. Prezioso, L. Ottaviano, Graphene oxide: from fundamentals to applications,
Journal of physics. Condensed matter : an Institute of Physics journal, 27 (2015) 013002.

[25] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, J. Chastian, X-ray photoelectron
spectroscopy, Handbook of X-ray Photoelectron Spectroscopy. Perkin-Elmer Corp., Eden Prairie, MN,
USA, (1992).

[26] S. Park, J. An, R.D. Piner, I. Jung, D. Yang, A. Velamakanni, S.T. Nguyen, R.S. Ruoff, Aqueous
Suspension and Characterization of Chemically Modified Graphene Sheets, Chemistry of Materials,
20 (2008) 6592-6594.

[27] Y. Zhang, N. Zhang, Z.-R. Tang, Y.-J. Xu, Graphene Oxide as a Surfactant and Support for In-
Situ Synthesis of Au—Pd Nanoalloys with Improved Visible Light Photocatalytic Activity, The Journal
of Physical Chemistry C, 118 (2014) 5299-5308.

[28] C. Tang, G. Long, X. Hu, K.-w. Wong, W.-m. Lau, M. Fan, J. Mei, T. Xu, B. Wang, D. Hui,
Conductive polymer nanocomposites with hierarchical multi-scale structures via self-assembly of
carbon-nanotubes on graphene on polymer-microspheres, Nanoscale, 6 (2014) 7877-7888.

[29] C.-M. Chen, J.-Q. Huang, Q. Zhang, W.-Z. Gong, Q.-H. Yang, M.-Z. Wang, Y.-G. Yang,
Annealing a graphene oxide film to produce a free standing high conductive graphene film, Carbon, 50
(2012) 659-667.

[30] S. Dubin, S. Gilje, K. Wang, V.C. Tung, K. Cha, A.S. Hall, J. Farrar, R. Varshneya, Y. Yang,
R.B. Kaner, A One-Step, Solvothermal Reduction Method for Producing Reduced Graphene Oxide
Dispersions in Organic Solvents, ACS Nano, 4 (2010) 3845-3852.

[31] B.C. Smith, Fundamentals of Fourier transform infrared spectroscopy, CRC press, 2011.

[32] M. Acik, C. Mattevi, C. Gong, G. Lee, K. Cho, M. Chhowalla, Y.J. Chabal, The Role of
Intercalated Water in Multilayered Graphene Oxide, ACS Nano, 4 (2010) 5861-5868.

O©lJARMS JOURNAL, 2020 WWW.IJARMS.ORG 159



elSSN 2581-8996
[Date]
THE INTERNATIONAL JOURNAL OF ADVANCED RESEARCH IN MULTIDISCIPLINARY SCIENCES (JARMS)
A BI-ANNUAL, OPEN ACCESS, PEER REVIEWED (REFEREED) JOURNAL
Vol. 3, Issue 01, Jan 2020

[33] M. Acik, G. Lee, C. Mattevi, A. Pirkle, R.M. Wallace, M. Chhowalla, K. Cho, Y. Chabal, The
Role of Oxygen during Thermal Reduction of Graphene Oxide Studied by Infrared Absorption
Spectroscopy, The Journal of Physical Chemistry C, 115 (2011) 19761-19781.

[34] T. Kuila, S. Bose, P. Khanra, A.K. Mishra, N.H. Kim, J.H. Lee, A green approach for the
reduction of graphene oxide by wild carrot root, Carbon, 50 (2012) 914-921.

[35] J. Ping, M.S. Fuhrer, Layer Number and Stacking Sequence Imaging of Few-Layer Graphene by
Transmission Electron Microscopy, Nano Letters, 12 (2012) 4635-4641.

[36] M.J. McAllister, J.-L. Li, D.H. Adamson, H.C. Schniepp, A.A. Abdala, J. Liu, M. Herrera-
Alonso, D.L. Milius, R. Car, R.K. Prud'homme, I.A. Aksay, Single Sheet Functionalized Graphene by
Oxidation and Thermal Expansion of Graphite, Chemistry of Materials, 19 (2007) 4396-4404.

[37] Y. Shao, J. Wang, M. Engelhard, C. Wang, Y. Lin, Facile and controllable electrochemical
reduction of graphene oxide and its applications, Journal of Materials Chemistry, 20 (2010) 743-748.
[38] J. Zhang, Z. Xiong, X.S. Zhao, Graphene—metal-oxide composites for the degradation of dyes
under visible light irradiation, Journal of Materials Chemistry, 21 (2011) 3634-3640.

[39] J. Xu, K. Wang, S.-Z. Zu, B.-H. Han, Z. Wei, Hierarchical Nanocomposites of Polyaniline
Nanowire Arrays on Graphene Oxide Sheets with Synergistic Effect for Energy Storage, ACS Nano, 4
(2010) 5019-5026.

[40] X. Bai, C. Wan, Y. Zhang, Y. Zhai, Reinforcement of hydrogenated carboxylated nitrile—
butadiene rubber with exfoliated graphene oxide, Carbon, 49 (2011) 1608-1613.

[41] A. Shih, J. Yater, C. Hor, R. Abrams, Secondary electron emission studies, Applied Surface
Science, 111 (1997) 251-258.

[42] H. Seiler, Secondary electron emission in the scanning electron microscope, Journal of Applied
Physics, 54 (1983) R1-R18.

[43] Y. Han, Y. Wu, M. Shen, X. Huang, J. Zhu, X. Zhang, Preparation and properties of polystyrene
nanocomposites with graphite oxide and graphene as flame retardants, Journal of Materials Science,
48 (2013) 4214-4222.

[44] X. Ren, J. Li, X. Tan, X. Wang, Comparative study of graphene oxide, activated carbon and
carbon nanotubes as adsorbents for copper decontamination, Dalton Transactions, 42 (2013) 5266-
5274,

[45] X. Zhou, Z. Liu, A scalable, solution-phase processing route to graphene oxide and graphene
ultralarge sheets, Chemical Communications, 46 (2010) 2611-2613.

[46] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V. Grigorieva,
A.A. Firsov, Electric Field Effect in Atomically Thin Carbon Films, Science, 306 (2004) 666-669.
[47] P.K. Ang, W. Chen, A.T.S. Wee, K.P. Loh, Solution-Gated Epitaxial Graphene as pH Sensor,
Journal of the American Chemical Society, 130 (2008) 14392-14393.

[48] Y. Ohno, K. Maehashi, Y. Yamashiro, K. Matsumoto, Electrolyte-Gated Graphene Field-Effect
Transistors for Detecting pH and Protein Adsorption, Nano Letters, 9 (2009) 3318-3322.

[49] S.K. Min, W.Y. Kim, Y. Cho, K.S. Kim, Fast DNA sequencing with a graphene-based
nanochannel device, Nature nanotechnology, 6 (2011) 162-165.

[50] F. Schedin, A.K. Geim, S.V. Morozov, E.W. Hill, P. Blake, M.I. Katsnelson, K.S. Novoselov,
Detection of individual gas molecules adsorbed on graphene, Nature Materials, 6 (2007) 652-655.
[51] J.T. Robinson, F.K. Perkins, E.S. Snow, Z. Wei, P.E. Sheehan, Reduced Graphene Oxide
Molecular Sensors, Nano Letters, 8 (2008) 3137-3140.

[52] Y.-H. Zhang, Y.-B. Chen, K.-G. Zhou, C.-H. Liu, J. Zeng, H.-L. Zhang, Y. Peng, Improving gas
sensing properties of graphene by introducing dopants and defects: a first-principles study,
Nanotechnology, 20 (2009) 185504.

[53] J.D. Fowler, M.J. Allen, V.C. Tung, Y. Yang, R.B. Kaner, B.H. Weiller, Practical Chemical
Sensors from Chemically Derived Graphene, ACS Nano, 3 (2009) 301-306.

.o .o o . |
©IJARMS JOURNAL, 2020 WWW.IJARMS.ORG 160



elSSN 2581-8996
[Date]
THE INTERNATIONAL JOURNAL OF ADVANCED RESEARCH IN MULTIDISCIPLINARY SCIENCES (JARMS)
A BI-ANNUAL, OPEN ACCESS, PEER REVIEWED (REFEREED) JOURNAL
Vol. 3, Issue 01, Jan 2020

[54] G. Lu, L.E. Ocola, J. Chen, Gas detection using low-temperature reduced graphene oxide sheets,
Applied Physics Letters, 94 (2009) 083111.

[55] X. Leng, W. Li, D. Luo, F. Wang, Differential Structure With Graphene Oxide for Both Humidity
and Temperature Sensing, IEEE Sensors Journal, 17 (2017) 4357-4364.

[56] Y. Chen, W. Zhang, Q. Wu, A highly sensitive room-temperature sensing material for NH3:
SnO2-nanorods coupled by rGO, Sensors and Actuators B: Chemical, 242 (2017) 1216-1226.

[57] Z. Lin, Y. Liu, Y. Yao, O.J. Hildreth, Z. Li, K. Moon, C.-p. Wong, Superior Capacitance of
Functionalized Graphene, The Journal of Physical Chemistry C, 115 (2011) 7120-7125.

[58] M. Zabihinpour, H.R. Ghenaatian, A novel multilayered architecture of graphene oxide
nanosheets for high supercapacitive performance electrode material, Synthetic Metals, 175 (2013) 62-
67.

[59] W. Zhang, Y. Zhang, Y. Tian, Z. Yang, Q. Xiao, X. Guo, L. Jing, Y. Zhao, Y. Yan, J. Feng, K.
Sun, Insight into the Capacitive Properties of Reduced Graphene Oxide, ACS Applied Materials &
Interfaces, 6 (2014) 2248-2254.

[60] K. Gopalakrishnan, K. Moses, A. Govindaraj, C.N.R. Rao, Supercapacitors based on nitrogen-
doped reduced graphene oxide and borocarbonitrides, Solid State Communications, 175-176 (2013)
43-50.

[61] Y. Yoon, K. Lee, C. Baik, H. Yoo, M. Min, Y. Park, S.M. Lee, H. Lee, Anti-Solvent Derived
Non-Stacked Reduced Graphene Oxide for High Performance Supercapacitors, Advanced Materials,
25 (2013) 4437-4444.

[62] D. Zhang, X. Zhang, Y. Chen, C. Wang, Y. Ma, An environment-friendly route to synthesize
reduced graphene oxide as a supercapacitor electrode material, Electrochimica Acta, 69 (2012) 364-
370.

[63] B. Zhao, P. Liu, Y. Jiang, D. Pan, H. Tao, J. Song, T. Fang, W. Xu, Supercapacitor performances
of thermally reduced graphene oxide, Journal of Power Sources, 198 (2012) 423-427.

[64] S.-S. Li, K.-H. Tu, C.-C. Lin, C.-W. Chen, M. Chhowalla, Solution-Processable Graphene Oxide
as an Efficient Hole Transport Layer in Polymer Solar Cells, ACS Nano, 4 (2010) 3169-3174.

[65] J. Liu, Y. Xue, L. Dai, Sulfated Graphene Oxide as a Hole-Extraction Layer in High-Performance
Polymer Solar Cells, The Journal of Physical Chemistry Letters, 3 (2012) 1928-1933.

[66] P.K. Santra, P.V. Kamat, Mn-Doped Quantum Dot Sensitized Solar Cells: A Strategy to Boost
Efficiency over 5%, Journal of the American Chemical Society, 134 (2012) 2508-2511.

[67] I.P. Murray, S.J. Lou, L.J. Cote, S. Loser, C.J. Kadleck, T. Xu, J.M. Szarko, B.S. Rolczynski, J.E.
Johns, J. Huang, L. Yu, L.X. Chen, T.J. Marks, M.C. Hersam, Graphene Oxide Interlayers for Robust,
High-Efficiency Organic Photovoltaics, The Journal of Physical Chemistry Letters, 2 (2011) 3006-
3012.

.o .o o . |
©IJARMS JOURNAL, 2020 WWW.IJARMS.ORG 161



