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The low-cost and mass production of graphene has gained importance in recent
years. The electrochemical exfoliation method, one of the graphene production
methods, is an efficient technique used to obtain low-cost-effective and large
quantities of graphene nanosheets. Exfoliation parameters affect the properties of
exfoliated graphene nanosheets. In this study, graphene production is fabricated by
the method of exfoliation using electrolyte and voltage parameters. For this, a pen
tip was used instead of pure platinum, which is very expensive, at the cathode. The
structural research was done by X-ray diffraction spectroscopy (XRD), Raman
spectroscopy and Fourier Transform Infrared Spectrometer (F-TIR). Morphological
analyses were carried out by Scanning Electron Microscopy (SEM). The number of
layers and crystallite of graphene layers were estimated. The obtained results were
compared with the results of the other similar studies. Analysis results show that low-
cost multilayer graphene can be produced by the electrochemical exfoliation method
with the electrical parameters.

1.Introduction

Many techniques have been improved for

Graphene is defined as two-dimensional (2D)
honeycomb lattice, sp?-hybridized carbon atoms
with only ultra-thin sheet layer of carbon atoms (
one-atom-thick) [1]. This material has many
properties such as high conductivity and
transparency [2-11]. Because of these unique
properties, graphene has the potential to apply in
many fields including nano electronics, space,
nuclear, automotive, medicine and biomedical
industrial areas [10, 12-14]. Also, it can be used
in transparent conductive films, electronic
circuits, sensors (chemical and biosensors),
transparent and flexible electrodes for screens,
and carbon-based materials such as energy
storage devices [15-19]. Because of its widely
application area of this material, the production
of high amounts of graphene at low costs has
gained significant importance.

graphene fabrication, some of these are
micromechanical method, chemical vapor
deposition (CVD), liquid-phase exfoliation,
electrochemical exfoliation, chemical synthesis
(Hummers Method), chemical reduction of
graphene oxide and epitaxial growth on Silicon
Carbide[20-25]. These techniques often require
clean room, vacuum environments and high
temperatures. On the other hand, some of these
techniques required poisonous molecules(gases).
So they are not suitable for serial production. The
electrochemical exfoliation method, one of these
production techniques that could be used at
different temperatures, does not necessarily a
special ambiance (such as a vacuum), is
environment-friendly, and can be made for
superior quality products.

This method is also appropriate for production in
large quantities [26-28]. Because of these
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advantages, high quantities of graphene could be
manufactured at a lower price using this
technique. On the other hand, the
electrochemical exfoliation system has two
electrodes and an ionic liquid. Generally, one of
these electrodes is a graphite used as a carbon
source and the other is conductive material that
is not affected by acidic ambiance [28].

Exfoliation parameters affect the features of
exfoliated graphene nano sheets. In the literature;
many researchers have carried out extensive
work on lower-price and superior-quality
graphene  fabricated by electrochemical
exfoliation of graphite. Coros showed a low-cost
and simple way to produce graphene nano sheet
by exfoliation of graphite rods. They explained
that this method has many advantages, such as
being able to control the oxidation degree of
graphene with the applied voltage[28]. Petrovski
et al obtained graphene using with electrolysis in
sulfuric acid electrolytes. They developed a low
cost method for high-yield production of
graphene[29].

Wang et al investigated that highly efficient and
a large amount synthesis of graphene by
electrolytic exfoliation. They explained that the
current preparation method can be scaled up for
the mass production of graphene materials [30].
Sahoo et al reported that simple, fast and cost-
effective graphene nanosheets can be obtained
using electrochemical synthesis method. They
also reported ionic liquid is a significant key
factor in reducing imperfection and oxidation
[30]. Munuera et al showed that pre-treatment
with concentrated sulfuric acid is a powerful
strategy to increase the anodic exfoliation
efficiency of graphite foil in an aqueous
electrolyte media. They announced that this easy
way should help to make anodic exfoliation a
more vying method for the mass production of
graphene [31].

Zhou et al studied a large amount production of

high-quality graphene by innovator
electrochemical exfoliation at air-electrolyte
interface. They reported that a novel

electrochemical exfoliation method at the air-
electrolyte interface to obtain the high-quality
graphene with excellent yield from the graphite
foil in (NH4)2SO4 electrolyte [32]. Chen et al

reported that nano clay helped the exfoliation of
graphite for converting to superior-conducting
graphene. They also reported that a sophisticated
and cost-effective approach for manufacturing
high-conductive  graphene  products  was
approved by nano clay-helped exfoliation of
graphite rod in liquid electrolyte ambiance [33].

In recent years, interest in the synthesis methods
of graphene production has been increased.
Therefore, the characterization of graphene
nanosheets produced using electrochemical
electrolysis method has gained importance
because of some advantages such as economic
and environmentally friendly.

In this study, pristine graphene was produced
using the electrochemical exfoliation method.
This method is a very practical, environmentally
friendly approach that does not require special
rooms. Structural analysis was performed using
X-Ray Diffraction Diffractometer, Raman
Spectrometer and Fourier Transform Infrared
Spectrometer. Morphology examination of the
produced graphene was done using Scanning
Electron Microscope. The obtained results were
discussed in comparison with each other and
similar other studies.

2. Experimental
2.1. Production of graphene nanosheets

In this study graphite rods and sulfuric acid
(H2SO4) were mainly used. A commercially
available 0.7mm (HB) pen tip was located as the
counter  electrode. The electrochemical
exfoliation operations were done in (2)-electrode
system. The graphite rod and pen tip were placed
in 1M H2SO4 solution as shown in Figure 1A.

The electrochemical exfoliation process was
started by applying voltage by DC power supply
(+10 V) on the graphite electrode. The process
was completed in about 4 minutes. After the
exfoliation process, the deposited layers on the
surface part of the electrolyte were gathered
(Figure 1D). After 30 min of sonication, vacuum
filtration was implemented with a 0.22 mm
porous polyvinyl membrane filter. Finally, the
sample was washed several times with deionized
water to clean acid salts from the surface and
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desiccated at 80°C. According to the
experimental observations, when the exfoliation
process was finished (about 4 minutes), the layer
expansion and the structural change were
observed in the graphite in the form of pure rods
(Figure 1B).

Figure 1. A- Experiment setup B- Image of the
graphite rod before and after exfoliation C- Image of
the pen tip before and after exfoliation D- The
exfoliate products in suspension

Besides, any change in the structure of the pen tip
used as counter electrode was not observed.
(Figure 1C). The exfoliation product was
analyzed in Nigde Omer Halisdemir University
Central Research  Laboratory.  Structural
examination of the produced samples was done
with the help of X-ray Diffraction Analyses
(XRD), Raman Spectroscopy, and Fourier
Transform Infrared Spectroscopy (F-TIR). In
addition, the morphological research of the
samples was done by Scanning Electron
Microscope (SEM).

3. Results and Discussion
3.1 X-Ray diffraction

The XRD technique was used to examine the
crystal structure of the product formed as a result
of exfoliation with graphite. The XRD patterns of
graphite and exfoliation products are shown in
Figure 2. As shown in Figure 2A, there are four
peaks in the graphite diffraction pattern (20)
26.57, 42.50, 44.57 and 54.57. These peaks are
compatible with the reflection planes (hk 1) 0 0
2,100,101 and 00 4 respectively. The graphite
shows peaks centered at 26.52° corresponding to
the 0 0 2 plane. On the other hand, the exfoliation
product indicates peaks centered at 26.40°
corresponding to the 0 0 2 plane but its peak is
shorter and wider than the graphite peak.
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Figure 2. A- X-ray diffraction patterns of graphite
and graphene B- Deconvoluted of the peak of the 2 0
0 plane of the graphene C- Comparison of graphite
and graphene peak centers of the 0 0 2 plane

The reason for the shorter peak may be due to a
reduction in the number of layers or a mixture of
nanosheets having different number of layers
[34]. It is clearly seen the situation at Figure 2B.
According to that, when the 2 0 0 plane reflection
angle is deconvolved, it can be seen that it
actually consists of different nested peaks.

On the other hand, this indicates layers of stacked
and corrugated graphene sheets [35]. These
diffraction patterns are also indicative of the
formation of multi-layer graphene nanosheets
[36, 37]. In addition, it can be seen that the
reflection angles relative to plane 0 0 2 shift at a
lower angle after exfoliation. This shows an
increase in the d space value and consequently a
decrease in the number of layers (Figure 2C).

The reason of that is formation of CO, and CO
gases between the layers of graphite due to the
formation of oxygen gas with SO4> ions and
hydroxylation to the surface and edges of the
graphene nanosheets. This may be another reason
for increasing the interlayer spacing [36]. These
results are compatible with the literature [29, 33,
38, 39]. According to these results, the product
obtained by exfoliation was understood to be
graphene. This demonstrates the success of the
exfoliation process. On the other hand, to find the
graphene layer, Debye-Scherrer (Eq. 1,2) and
Bragg equations (Eq. 3) can be used [40].
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kA

La = LCosO (1)
Lq
n=-— (2)
ni
d = 2Sin6 (3)

where L. is the crystallite size, A is the
wavelength of the laser, B is the width of the
measured peak in half of the maximum (FWHM)
in radians, Kk is shape factor (k=0.89), the angle 0
is the angle of reflection of the plane 0 0 2 and n
is the number of layers.

Table 1. The analysis results of XRD spectra

Sample 20 (°) d- La Layers of
spacing  (nm) number (n)
A)

Graphite 26.52 3.35 1471 66.47

Graphene  26.40 3.38 2.79 9

According to the Equation 1; the crystallite value
of graphene were calculated as 2.79 nm [29]. In
addition, the number of layers was found about 9
layers with the angle of 26.40° of the graphene,
from Equation 2. Some parameters and
calculated layers number for graphite and
graphene are shown in Table 1. Since the
shortening and expansion of the sharp peak
decreases the crystallite value according to the
Debye-Scherrer equation, this can be interpreted
as graphene formation.

When examined in Figure 3B, it can be seen the
peak of graphite at 44.57 degrees disappears after
graphene formation. However, it can be seen the
peak of graphite at 55.47 degrees is shortened
and expanded after exfoliation in Figure 3A. It
can be also observed that the peak center shifts to
smaller angles. The state can be suggested that
the plane 0 0 4 of the graphite is due to the
decrease in the number of layers. Indeed, other
researchers have found similar diffraction
patterns for this plane [29, 35].
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Figure 3. Graphite and graphene diffraction patterns
in other planes A The pattern of peaks of the 100
and 1 0 1 planes B The pattern of peak of the 0 0 4

plane

3.2. Raman spectroscopy

Raman spectroscopy is a powerful method used
to analyze the structure of crystalline materials.
This technique is a non-destructive, fast and
accurate technique estimated the defect density
and the number and quality of graphene layers
[29]. Carbon structures have 3 base peaks, named
D peak (around 1350 cm™?), G peak (around 1580
cm™) and 2D peak (around 2700cm™) [34]. The
D peak shows the defects in the crystal structure,
while the G band shows the vibrations of the
carbon atoms between the layers and the
crystallized structures. The 2D band is related to
the stacking of the structure [39].

Raman spectra of the sample produced
exfoliation method are shown in Figure 4.
According to Figure 4B, the D band of graphite
has a very low intensity at 1333 cm™, D" band at
1621cm™ and the G band is a very strong peak at
1582 cm™. While the presence of the G peak
signs the crystal structure of the graphite, the
presence of the weak D peak indicates that the
graphite contains partial defects in its structure
[41]. D' peak is also related to the disorder of
edge carbons [42, 43].

Intensity(a.u.)

1000 1500 2000 2500 3000 3500

Raman Shift(cm™)

Figure 4. A Raman spectrum of graphene B Raman
spectrum of graphite
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The intense 2D peak at 2661 cm™ originates from
two-phonon double resonance. These similar
results were also reported by other researchers
[41, 42, 44]. After the exfoliation, the structure,
D and G peaks are seen at 1330 cm™ and 1594
cm™ respectively (Figure 4A). Especially the
increase in the density of the D peak is
remarkable.

Table 2. Raman analysis of studied graphene

samples

Sample D Peak G Peak 2D Peak Ip/ 1o/
Position Position Position IS 1S
(em*) (cm*) (cm™)
Intensity  Intensity Intensity
(au) (au) (au)

Graphite 1333 1582 2660 0,68 0.79
683 994 793

Graphene 1333 1590 2650 1.08 044

10007 9200 4010

It can be the result of an increase in defects in the
crystal structure due to the oxygen-containing
functional groups attached to the graphite layers
during the exfoliation process [45]. The G peak
can be seen to be over 1590cm™. Chamoli
showed that this is an indicator of the standoff of
oxygen functional groups from exfoliated nano
sheets [46].

On the other hand, it is observed that the 2D peak
of the exfoliated graphene is smaller and wider
compared to the graphite [29, 34, 45, 47]. This
result proves that the number of stacks and the
number of layers is reduced. In addition that the
result shows that transform from graphite to
multilayer graphene [29, 41, 48]. Petrovski
reported that 2D peak which is less pronounced
and broad is indicated the asset of multilayered
graphene (>8-layers) [29]. Ferrari explained that
the broad 2D peak suggests the presence of
multilayer graphene [41]. Beside that the D+G
peak at 2910 cm™ is related disorder of graphene
structure [26, 34]. These results have also been
reported in previous studies [41, 45, 47, 49].

According to Firdhouse, the shift of G peak
around 20-30cm™ indicates 5-20 graphene layer.
Accordingly, the shift of the G peak in this study
indicates the 5-20 layer number of the graphene
layer [50-52]. This result is compatible with the
number of layers obtained from the XRD results
analysis. On the other hand, the Ip/lc ratio gives
information about the graphene quality while

Io/le gives information about the number of
layers of graphene [29, 53].

In/le and lop/lg ratios calculated using Figure 4
are given in Table 2. Accordingly, the Ip/lg ratio
of 1.25 shows that there are some defects in the
graphene structure caused by the edge plane of
the graphene sheets [41, 54]. This result has also
been reported in previous studies [43, 53, 55].
The Iop/le value of the exfoliated graphene is
shown in Table 2. Gupta reported that when the
number of graphene layers decreased, the value
of Iop/lg increased. The relatively low l2p/lg ratio
indicates mostly multilayer graphene [56].

Nguyen calculated the graphene Izp/lg ratio as
0.44 and reported that the graphene produced
was multilayer [57]. Other researchers have
obtained similar results.[53, 58]. According to
the results, it has been understood that multilayer
graphene was formed from graphite. Moreover,
the crystallite size of graphene has calculated
according to the Tuinstra and Koenig Equation 4
and 5:

b _
o= 4)
Le=CA)E 5)

where the pre-factor C (L) is equal to 4.95 for
532nm. The L, value was calculated as 4.52 nm
according to the equation. The result is
compatible with the literature [29, 53]. In
addition, there is a difference between the La
value calculated from the Tuinstra and Koenig
equation and the value calculated from the Debye
Sheerer equation. The reason of the difference
the result of the spectroscopy technique. While
first technique is based on X-ray reflections, the
other is based on changes in the Raman spectrum
such as frequency shifts.

3.3. Fourier transform infrared spectroscopy

Infrared Spectroscopy (IR) provides a fast and
reliable  technique for identifying and
characterizing the chemical structures of many
substances, from biomaterials to composite
materials, liquids and gases [59, 60]. F-TIR
spectra of graphene nanosheets produced by
exfoliation method are presented in Figure 5.
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Figure 5. F-TIR spectra of graphite and graphene
nanosheets

It can be seen that the vibrations of the functional

groups are reasonably weak in the Figure 5. This
shows that there are no functional groups in the
nanosheets. It can be suggested that high heat
generated during exfoliation leads to that. Due to
the high temperature, the oxygen groups formed
between the layers may be removed again.
Therefore, the graphene nanosheets produced
have a structure known in the literature as
pristine graphene [61]. On the other hand, the F-
TIR spectra of the graphene nano sheets
synthesized is consistent with the literature [62-
64]. Furthermore, in the F-TIR spectrum, the
peak of CO2 gas absorbed from the environment
or formed between layers can be seen around
2350 cm™. In addition, the difference between
graphene and graphite transmittance values is
quite evident in figure 5. This may be interpreted
as a decrease in the number of layers. F-TIR
results also confirm the conversion from graphite
to graphene nanosheets.

3.4. Scanning electron microscope

Scanning electron microscopy (SEM) is one of
the best techniques used to study surface
morphologies among modern image analysis
methods.

1= 15501 P —

Figure 6. A- SEM images of graphene B- SEM
images of graphite

SEM images of graphene and exfoliation
graphite are shown in Figure 6. It can be seen that
from Figure 6 while the graphite structure is
shown a flat, thick structure consisting of layers,
the structure of the exfoliation graphene is seen
wrinkled and thin membrane-like structure [27-
29, 38, 65]. This is due to the bending and
buckling caused by the thermal stability of
graphene during exfoliation. This may be
regarded as an indication of the conversion from
graphite to graphene as a result of an
electrochemical process. The very thin and
transparent structure (small picture) formed as a
result of exfoliation confirms the previously
calculated number of layers.

4. Conclusion

To produce graphene by electrochemical
exfoliation technique, a graphite rod as a carbon
source, a pencil tip as a cathode, and sulfuric acid
as an electrolyte was used Multilayer graphene
nanosheets were produced by this method.
Morphological and thermal characteristic of
graphene nanosheets were performed by XRD,
Raman Spectroscopy, F-TIR Spectroscopy and
SEM measurements. According to the XRD
results, it was found that the graphene nano sheet
structure is multi-layer (about 9-10 layers). The
Raman Spectroscopy results shown that there are
some structural defects in the graphene
nanosheets. F-TIR results confirmed that the
products are pristine graphene structures. SEM
results showed that graphene layers were
observed in thin layers. The results showed that
low-cost multilayer graphene can be produced
with the electrochemical exfoliation method.
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The produced graphene can be used as a cathode
material instead of the rather expensive pure
platinum in the pen tip. The materials used in the
experiment can be obtained from more cost-
effective materials has further reduced the cost of
the produced graphene. The electrochemical
method is a very easy and useful method in
graphene  production.  However,  further
investigation of the effect of changes in
experimental inputs on graphene may provide the
production of graphene with more controllable
properties for future studies.
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