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Synthesis and characterization of electrochemically-reduced graphene
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Abstract. Graphene has superior electrical conductivity than graphite and other allotropes of carbon because of its
high surface area and chemical tolerance. Electrochemically processed graphene sheets were obtained through the
reduction of graphene oxide from hydrazine hydrate. The prepared samples were heated to different temperatures
such as 673 and 873 K. X-ray diffraction (XRD), fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDXS), transmission electron microscopy (TEM),
Raman spectra and conductivity measurements were made for as-prepared and heat-treated graphene samples.
XRD pattern of graphene shows a sharp and intensive peak centred at a diffraction angle (2θ) of 26·350. FTIR spectra of as-prepared and heated graphene were used to confirm the oxidation of graphite. TEM results indicated that
the defect density and number of layers of graphene sheets were varied with heating temperature. The hexagonal
sheet morphology and purity of as-prepared and heat treated samples were confirmed by SEM–EDX and Raman
spectroscopy. The conductivity measurements revealed that the conductivity of graphene was decreased with an
increase in heating temperature. The present study explains that graphene with enhanced functional properties can
be achieved from the as-prepared sample.
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Introduction

Graphene is a monolayer form of carbon with twodimensional honeycomb lattice structures with excellent
electronic properties (Novoselov et al 2004; Park and Ruoff
2009; Dong and Chen 2010). The electron mobility of
graphene is higher than that of conventional bulk forms of
carbon. In recent years, synthesis of graphene has attracted
wide attention due to its unique properties like high conductivity, mechanical strength, thermal conductivity, high energy
and power densities (Tang et al 2009; Wang et al 2009).
It finds potential applications in the area such as composite
materials (Wang et al 2004; Titelman et al 2005; Stankovich
et al 2006; Luo et al 2009), batteries (Yoo et al 2008; Wang
et al 2009, 2011), fuel cells (Wang et al 2004), super capacitors (Seger and Kamat 2009), graphene-based electronics,
solar cells (Wu et al 2008; Sima et al 2011), molecular gas
sensors, transistors and biosensors (Wu et al 2010), Li-ion
batteries (Kumar et al 2011; Shinde et al 2011; Wang et al
2011).
Now a days, a demand for newer materials has increased
in modern engineering applications such as electronics,
composite materials, molecular gas sensors and energy
storage/conversions. Generally, carbon-based nanomaterials exhibit unique physical, chemical, electrical and magnetic properties when compared to conventional bulk carbon materials. In order to understand and create improved
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materials, devices and systems, the conventional bulk materials (micro-sized) are converted into nanoscale materials. The
earlier studies reveal an interesting observation that the conductivity of graphene sheet is 100 times higher than bulk
materials (Dong and Chen 2010). In view of this, graphene
has been widely synthesized by employing different methods mainly to enhance their size dependent properties for
different industrial applications. Recently, it has been identified as a promising material for technological applications
at room temperature as well as high temperature (Kaniyoor
et al 2010).
Different techniques have been performed to synthesize
graphene sheets such as epitaxial growth by ultra-high vacuum graphitization, chemical oxidation (Gijie et al 2007) of
graphite and further reduction, chemical vapour deposition
(Reina et al 2009a, b; O’Brien and Nichols 2010), solvothermal synthesis (Choucair et al 2009; Singh et al 2011), sol–
gel, ion-exchange (Liu et al 2008) and hydrothermal reduction (Kaniyoor et al 2010). Among the various methods of
graphene synthesis, electrochemical method is one of the
simplest and high-yielding methods (Liu et al 2008; Su et al
2011).
In this study, graphene based materials are proposed as
a promising alternative of anode materials in Li-ion batteries (Kumar et al 2011; Shinde et al 2011; Wang et al
2011). Graphene is synthesized by employing electrochemical method using poly (sodium diphenyl amine) sulfonate
(PSDS) as an electrolyte (Liu et al 2008; Su et al 2011). The
obtained graphene powder is heated at two different temperatures viz. 673 and 873 K. The synthesized and heated
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samples are characterized by employing X-ray diffractometry (XRD), fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), energy dispersive
X-ray fluorescence spectroscopy (EDX), transmission electron microscopy (TEM), Raman spectroscopy and conductivity measurements.
2.

Materials and methods

2.1 Synthesis
Pure graphite rods were used as electrodes (6 mm, Aldrich
99·9%) and PSDS (Himedia, 95%) was used as an electrolyte. The electrochemical method was employed using
potentiostatic (constant potential) techniques (Metrohm
Autolab, PGSTAT 302N, The Netherlands) (Zhang et al
2009) to synthesize high-purity graphene. PSDS was dissolved in deionized (DI) water to obtain 0·01 M of electrolyte
solution (Su et al 2011). Two graphite rods were placed in
an electrolytic cell, filled with an electrolyte solution and the
two rods were separated from each other at a distance of
2 ± 0·1 cm. A constant d.c. potential of 6·2 V was applied
between the two electrodes.
During electrolysis, the anode was corroded as a black precipitate and gradually appeared in the reactor after 20 min.
The exfoliation was continued for 4 h and then the dispersion
was taken from the electrolytic cell. The obtained dispersion
was centrifuged (Remi, C-24 BL, India) at 10,000 rpm to
remove lighter particles. The supernatant was decanted and
washed with DI water and subsequently with ethanol and
then finally dried at 353 K for one day to obtain graphene
oxide powder. Thus, the obtained powder was reduced by
hydrazine hydrate and then dried in an oven at 353 K to
obtain graphene sample, hereafter, the obtained powder was
termed as as-prepared sample. The as-prepared sample was
heated at two different temperatures viz. 673 and 873 K,
hereafter, the heat-treated graphene powders were termed
respectively, as H-673 and H-873 K. Further, as-prepared
and heat treated samples were used for further characterization studies. The following chemical reaction involved in this
process is represented in scheme 1:
Cx + PSDS + y [solv.]

[Cx + PSDS− ] y (solv.),

(Scheme 1)
where Cx is graphite rods and PSDS is poly (sodium
diphenyl amine) sulphonate.
2.2 X-ray diffraction analysis
The structural nature of the as-prepared and heat treated
samples were examined by powder X-ray diffractrometer
(XRD) (X’pert pro, PANalytical, The Netherlands). XRD
pattern was obtained using CuKα as a radiation source
(λ = 1·5405 Å) by applying a counter current of 30 mA and
voltage rating of 40 kV, in the scan range of 10–80◦ .

2.3 FTIR spectroscopy
FTIR absorption spectra of the as-prepared and heat treated
samples were recorded at room temperature from the
wavenumber region of 4000–400 cm−1 , using FTIR spectrometer (Spectrum 100, PerkinElmer, USA). The sample
and spectrum grade KBr powder were mixed in the weight
ratio of 1:100 in an agate mortar and then pressed into a pellet of 13 mm diameter and 0·2 mm thickness. The pellet was
used to obtain FTIR spectrum for identification of functional
groups.
2.4 Microscopic studies
The sample morphologies of the as-prepared and heat treated
samples were viewed under field emission SEM (FE–SEM,
JEOL, Japan) measurement. The particle size of the individual graphene sheet was obtained by high resolution TEM
(HR–TEM, JEOL 2011, Japan) studies. The chemical composition of as-prepared and heat treated samples was revealed
using EDX analysis (S-4200, Hitachi, Japan).
2.5 Raman spectroscopy
Raman spectra of as-prepared and heat treated graphene samples were obtained using Raman spectrum (Japan) with a WI
Tech alpha 300 confocal Raman system equipped with an
Nd: YAG laser (λ = 517 nm) as the excitation source.
2.6 Conductivity measurements
The conductivity measurements of the prepared graphene
samples were carried out by employing four-probe conductivity meter (Keithley, 2182A and 6221, Germany).
3.

Results and discussion

A significant colour change is observed during the electrochemical reaction among graphite, graphene oxide and
graphene. It is interesting to note that graphite, graphene
oxide and graphene formations are visualized clearly based
on the changes in colour of the sample during the synthesis
of sample (Dong and Chen 2010). Initially, graphite is grey
in colour; a brownish-yellow colour formation indicates the
conversion of graphite to graphene oxide and it turns to dark
black during the formation of graphene.
XRD pattern of the as-prepared and heat treated samples
of graphene are shown in figure 1. The observed peaks in
XRD pattern of as-prepared and heat treated samples confirm
the crystalline nature of the samples. A sharp intensive peak
observed at diffraction angle (2θ ) of 26·35◦ is highly specific for the crystalline nature of graphene samples. However,
XRD pattern shows three peaks at 2θ value of 26·35, 44·35
and 54·30◦ for as-prepared sample and 26·46, 44·53 and
54·23◦ for H-673 K for the planes (002), (101) and (004). The
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observed peaks of the as-prepared and H-673 K samples are
well correlated with the hexagonal structure with p63/mmc
(194) space group (JCPDS # 411487). On the other hand,
the peak observed in H-873 K sample is indexed with the
orthorhombic structure.
It is evident that the increase in heating temperature
leads to transformation from hexagonal structure from the
as-prepared sample to orthorhombic structure at H-873 K
sample. This may be attributed to a mixture of graphene

Figure 1. XRD pattern of (a) as-prepared, (b) H-673 K and
(c) H-873 K graphene samples.
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sheets with different number of layers, which are produced
during the successive intercalation and exfoliation process in
PSDS solution. Further, it is interesting to note that the 2θ
of corresponding intense (002) plane of as-prepared, H-673
and H-873 K samples are, respectively at 26·52, 26·46 and

Figure 2. FTIR spectra of (a) as-prepared, (b) H-673 K and
(c) H-873 K graphene samples.

Figure 3. SEM and EDX images of (a) as-prepared sample, (b) H-673 K and (c) H-873 K graphene samples.
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26·41◦ . It is confirmed that the increase in heating temperature leads to a decrease in 2θ of (002) peak. The lower shift
in 2θ may be due to the decrease in density (Parthasarathy
et al 2006; Ju et al 2010) and the removal of H2 O content
from samples (Ghosh et al 2010). Further, it is observed that
the full width at half maximum (FWHM) and intensity of the
peak are reduced during the heating process. It confirms that
the heating process results from an increase in the particle
size. However, Scherrer’s formula is used to obtain grain size
of the as-prepared and heat treated samples. The approximate
grain size of the as-prepared, H-673 and 873 K samples are,
respectively 23, 62 and 73 nm.
FTIR spectra of as-prepared and heat treated samples
are shown in figure 2. The observed peak at 1084, 1389
and 1694 cm−1 for as-prepared sample, 1103, 1377 and
1684 cm−1 for H-673 K sample and 1088, 1378 and
1698 cm−1 for H-873 K sample indicate respectively, the
existence of C–O–C, C–C and C=O bond. Further, the
presence of C–OH bond in the as-prepared sample is
confirmed by the observed peak at 1731 cm−1 . Generally,
H2 O molecule and most of the –OH groups are removed

Figure 4.

from graphene oxide in the temperature above 473 K and
–COOH at temperatures between 673 and 873 K. However,
the molecules existing in the as-prepared sample such as
H2 O molecule from moisture, –OH and –COOH groups, in
graphene are extracted during the heat treatment process.
The exciting molecule bonding leads to a gradual decrease in
–OH and –COOH groups. However, few –OH and epoxide
groups are still found as residues at 673 and 873 K, which
are removed gradually at a temperature above 873 K (Ju
et al 2010). Many oxide groups are found as residues in the
as-prepared sample because of an energy shortage for bond
cracking and yields a large value of d002 diffraction plane
in XRD pattern. Above 873 K, –OH and –COOH groups are
mainly removed without plane C–C bond cracking. Therefore, the interlayer distance of Gp600 draws closer graphite
(Ghosh et al 2010).
Figure 3 shows SEM and EDX patten of the as-prepared
and heat treated samples. It is evident from SEM images that
the samples are transparent (worm-like structure) with ultrathin sheet morphology. Well-ordered hexagonal graphite lattices of multilayered graphene flakes are clearly seen in

TEM image of graphene (a) as-prepared sample, (b) H-673 K and (c) H-873 K.
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as-prepared and heat treated samples. SEM observations
indicate that the structural order of graphene sheets increases
with an increase in temperature. However, during heating
process, the sheet-like morphology is overlapped, which
leads to an increase in the particle size as in line with the
earlier XRD studies.
A few graphene flakes as large as 500 nm and dispersed
small-sized graphene flakes with circular morphology are
clearly shown in figure 3(a). The centrifugation process with
high rotation speed (10,000 rpm) might have formed the uniform shape as thin as a monolayer, which can be produced
during high temperature and centrifugal separation. It reveals
that the as-prepared and heat treated samples are composed
of carbon and oxygen atoms with a trace of Al, Si, Mn and
Cr elements. It is noted from EDX pattern that the atomic
percentage of carbon decreases with an increase in temperature. On the other hand, the atomic percentage of oxygen
is observed to increase with an increase in temperature. It
is noted that the decrease in atomic percentage of carbon
in H-673 K sample is 8%, while it is observed as 14% for
H-873 K samples. Hence, the higher heating temperature leads to
drastic reduction of carbon atoms than low temperature.
The detailed sub-structural information of the as-prepared
and heat treated samples are obtained from TEM images and
are shown in figure 4. It is evident from TEM image that
graphene flakes are stacked together and reveals as a multilayered structure. It shows that the particles are aggregated
with a honeycomb structure and a very small particle size in
the order of few tens of nanometer. The interpretation of particle size from TEM images are difficult due to the irregular boundaries of the particles. However, approximate particle size is measured as 20–80 nm by considering the average
size of particles in TEM images. The approximate particle
size estimated for as-prepared, H-673 and H-873 K samples
are 29, 36 and 71 nm, respectively. Further, it is observed
that heating of the sample results in an increase in particle
size. It is evident from TEM studies that the ordered transparent hexagonal-graphene sheets are formed in the as-prepared
and heat treated samples. However, the layer of the heattreated samples are increased with an increase in heating
temperature.
The samples are further analysed to study the effect of
heating temperature using Raman spectroscopy. Figure 5
shows Raman spectra of as-prepared and heat treated samples. The peak corresponding to graphene is identified as D
band at 1350 cm−1 , G band at 1590 cm−1 and 2-D band
(overtone of the D band) at 2700 cm−1 (Eda et al 2008). The
observed Raman shift of D, G and 2-D band of as-prepared
and sintered samples are shown in figure 5. It is evident that
the decrease in Raman shift of G band with an increase in
temperature is marked. This may be due to in-plane bond
stretching motion of the pairs of carbon sp2 atoms (Ferrari
et al 2006; Eda et al 2008; Ni et al 2008; Ramesha and
Sampath 2009). The decrease in intensity of D and 2-D band
with an increase in temperature is noticed from figure 5.
During heat treatment, oxidation and overlapping take place
between the carbon atoms and it leads to the decrease in
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intensity of D and 2-D bands (Ferrari and Robertson 2000;
Schwab et al 2009). Thus, intensity of D bands depends
on the heating temperature. Raman spectrum of graphite, as
expected displays a prominent G band due to the first-order
scattering of the E 2g mode.
In addition, D and 2-D bands at 1350 and 2700 cm−1 of
as-prepared sample indicate the reduction in size of the plane
and breathing modes of C6 rings, which is possibly due to the
extensive oxidation. Hence, D band is an efficient probe to
assess the level of defects and impurities in graphene (Ferrari
and Robertson 2000). However, the D band of second-order
changes in shape, width and position for an increasing number of layers, reflect the change in the electron band through
a double resonant Raman process. This is an important observation for monolayer with bernal stacking that computational
studies show the intensity ratio of D and G bands is less than
one, i.e. ID /IG < 1, whereas for multilayer ID /IG > 1. The
intensity ratio of D and G bands of as-prepared and H-673 K
samples are 0·8490 and 0·8685, respectively. The intensity
ratio confirms that the as-prepared and H-673 K samples are
in the form of the monolayer. Thus, the intensity ratio of D
and G bands are greater than one for multilayer in H-873 K
sample.
Resistance dependent conductance of the as-prepared and
heat treated graphene samples are shown in figure 6. The
obtained results from conductivity measurements are correlated with the particle size of the samples. Conductivity of
as-prepared sample is found to be higher than heat treated

Figure 5. Raman spectrum of (a) grapheme, (b) H-673 K and
(c) H-873 K.
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Figure 6. Conductance of graphene as a function of resistance (a) as-prepared sample, (b) H-673 K and (c) H-873 K.

samples. A dramatic change in the conductivity of graphene
is observed with the variation of the particle size (Schwab
et al 2009), i.e. the decrease in conductivity is observed with
an increase in heating temperature in parallel with particle
size. Therefore, appropriate particle sizes of graphene with
necessary heat treatments are sufficient for suitable energy
storage applications. Further, it is noted that there are 1000
fold variation in conductance of as-prepared and heat treated
samples with a small change in the particle size. This in turn
shows that the conductance of graphene is more sensitive to
the particle size. One can easily enhance the conductivity of
graphene by a small reduction in the particle size.
4.

Conclusions

In this study, an electrochemical route was adopted to produce multilayered graphene sheets. XRD pattern of graphene
powder contains a sharp and intensive peak at (2θ ) 26·34◦ .
The broad band is attributed to a mixture powder of
graphene sheets with different number of layers, which are
produced as a result of different temperature treatments.
FTIR spectrum of these products confirms the successful

oxidation of graphite by reducing the graphene oxide dispersion with hydrazine hydrate leading to the production of
the required graphene powder. Significant structural changes
occurred during the chemical reduction from graphite to
graphene oxide. TEM studies indicate that the obtained
graphene sheets have low defect density and fewer number
of layers of different heating temperatures. The surface morphology of graphene sheet having hexagonal shape is confirmed by SEM and its purity by EDX. The conductivity
studies reveal that the conductivity gradually decreased by an
increase in the temperature. It is concluded from the observed
results that the conductivities of hexagonal morphology with
multilayered graphene sheets are attained by appropriate heat
treatment, which is suitable for energy storage applications
in Li-ion batteries.
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