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Introduction
 Graphene belongs to graphitic family of 
nanostructured materials, builded by sp2-bonded carbon 
atoms packed into a two-dimensional (2D) honeycomb 
lattice [1, 2].  It completes the order of n-dimensional 
graphitic materials such as 0D fullerenes, 1D carbon 
nanotubes, 2D graphene and 3D graphite. It is the basic 
building unit of all mentioned graphitic materials. 
Depending on the production procedure, graphene can 
be produced as a mixture of monolayers, bi-layers and 
multilayers in form of flakes or flat sheets [3]. 
 The structural arrangement of graphene enables 
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 Last ten years, different methods of graphene production have been developed and reported. The 
main subject of this work is electrochemical synthesis of graphene using reverse change of the potential. 
during electrolysis performed in acid electrolyte. As electrodes and precursors for graphene production, 
two types of graphite were used. Also, three types of electrolytes were used: H2SO4 (pH = 0.5); H2SO4 + 
KOH (pH = 1.2) and H2SO4 + NaOH (pH = 1.2). 
The obtained graphene samples were observed by both, scanning and transmission electron microscope 
(SEM and TEM). Thermal stability was studied by means of TG, DTG and DTA methods. Different types 
of bonds were detected by infrared spectroscopy (FTIR). Structural analysis was performed by Raman 
spectroscopy and X-ray diffraction (XRD). These methods were used for determination of the size of the 
crystallites and the number of layers of the studied graphene samples. It was found that by the proposed 
electrochemical method, low-cost, quality and few-layered graphene can be produced. 
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remarkable physical properties. So, they show extra-
ordinary electrical [4, 5] and thermal conductivity [6], 
optical transparency [7], mechanical characteristics [8], 
and highly developed surface area over 2600 m2•g–1 [9]. 
As result of these characteristics, graphene is one the most 
promising nano-scaled material for variety of applications. 
The unique electrical properties enable wide application 
of graphene in electronics [10] and optoelectronics (LED 
screens) [11]. Highly developed surface area and electrical 
conductivity make graphene an appropriate material 
for supercapacitors [12], electrocatalysts support and 
photocatalysts in solar cells [13]. Also, graphene is very 
promising material for preparation of different types of 
sensors [14, 15]. 
 Recently, numerous studies were focused on 
different methods for synthesis of graphene, where very 
important issues are the product yield and low production 
costs. Mechanically exfoliated graphene [16] shows 
excellent properties but this method is not suitable for a 
high-yield production. Chemical vapor deposition (CVD) 
[17] offers production of larger quantity of graphene 
conducting films, but using high-temperatures and 
expensive catalytic substrates makes this method less 
cost-effective. Chemical exfoliation covers oxidation of 
graphite to graphene oxide (GO) and its further chemical 
or thermal reduction [17, 18]. The disadvantage of 
this method, however, is an oxidation process which 
damages the graphene’s honeycomb lattices. Also, the 
high temperature needed for further reduction may cause 
recover of the graphitic structure. The other methods such 
as liquid phase exfoliation of graphite [19] or thermal 
decomposition of a SiC wafer under ultrahigh vacuum 
conditions [20] are not able to produce the material at a 
reasonable cost. Many of these methods are followed by 
disadvantages such as high temperature operations, long 
time processes (10 hours to days), low-yielded products 
etc. [21].
 Electrolytic exfoliation is an appropriate option 
for graphene synthesis, offering several advantages over 
the previously mentioned methods: simple process, 
reasonable duration, easy controlling (only potential or 
current regulation), high-yield production, low energy 
consumption (taking place at room temperature) and 
environmentally friendly process. Graphene can be 
produced by two different electrochemical routes [21].  
The first one consists of anodic exfoliation of graphite to 
graphene oxide (GO) and further cathodic reduction of GO 
to graphene.  The second route involves direct cathodic 

exfoliation of graphene. Electrolytic exfoliation can be 
performed in both aqueous and non-aqueous electrolytes 
[21]. Anodic oxidation involves the application of positive 
potentials to the graphite electrode in order to oxidize it, 
thereby allowing intercalation of anions leading to structural 
expansion and ultimate exfoliation of graphene flakes [21]. 
Graphene oxide (GO) film was evaporated onto graphite 
and used as an electrode to produce electrochemically 
reduced graphene oxide (ERGO) films by electrochemical 
reduction in 6 M KOH solution through voltammetry 
cycling [22]. Highly efficient and large-scale synthesis 
of graphene from graphite was produced by electrolytic 
exfoliation using poly(sodium-4-styrenesulfonate) as an 
effective electrolyte [23]. Alanyahoğlu and co-workers 
have studied production of graphene using electrochemical 
intercalation of sodium dodecyl sulfate (SDS) into graphite 
followed by electrochemical exfoliation [24]. Average 
size and thickness of graphene sheets were measured to 
be about 500 and 1 nm, respectively. Besides the organic 
solvents as non-aqueous electrolytes, ionic liquids are also 
used for the electrochemical production of GN flakes. 
Ionic liquids have the added advantage of being non-
volatile and they are also biodegradable [25]. Mostly used 
aqueous electrolytes are sulfuric [26] and perchloric acids 
[27]. 
 The aim of this work is to produce high quality 
graphene using low cost method based on reverse change 
of the applied potential during electrolysis performed in 
acid electrolyte. Namely, the novelty of this research work 
is to present a graphene production method using non-
stationary current regimes instead of standard procedure of 
electrolysis performed by galvanostatic or potentiostatic 
methods.

2. Experimental
 The studied graphene samples were prepared by 
electrolytic method presented elsewhere [28]. The graphene 
was exfoliated by intercalation of graphite electrodes (M1 
and M2). Electrolysis was performed by reverse change 
of the applied voltage (+10 to –10 V and +15 V to –15 V). 
Electrolytes were based on sulfuric acid: pure H2SO4 (pH= 
0.5), H2SO4 + KOH (pH= 1.2) and H2SO4 + NaOH (pH= 
1.2). The electrolytes were prepared with corresponding 
chemicals of high purity (p.a.). Before each experiment, 
the graphite electrodes were pretreated at constant reverse 
voltage of +5 V to –5 V for 5 minutes. The produced 
suspension containing graphene sheets was filtered 
through vacuum filter. Solid phase (graphene sheets) was 
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repeatedly washed with distillated and deionizated water. The scheme of the experiments is shown in Table 1. 

Table 1: Scheme of the Experiments

No of experiment  (sample) Type of graphite Reverse voltage, V Electrolyte
1 M1 +10 ¸ –10 H2SO4 (pH = 0.5)
2 M1 +10 ¸ –10 H2SO4 + KOH (pH = 1.2)
3 M1 +10 ¸ –10 H2SO4 + NaOH (pH = 1.2)
4 M1 +15 ¸ –15 H2SO4 (pH = 0.5)
5 M1 +15 ¸ –15 H2SO4 + KOH (pH = 1.2)
6 M1 +15 ¸ –15 H2SO4 + NaOH (pH = 1.2)
7 M2 +10 ¸ –10 H2SO4 (pH = 0.5)
8 M2 +10 ¸ –10 H2SO4 + KOH (pH = 1.2)
9 M2 +10 ¸ –10 H2SO4 + NaOH (pH = 1.2)
10 M2 +15 ¸ –15 H2SO4 (pH = 0.5)
11 M2 +15 ¸ –15 H2SO4 + KOH (pH = 1.2)

12 M2 +15 ¸ –15 H2SO4 + NaOH (pH = 1.2)

Firstly, the produced graphene samples were observed 
by electron microscopy. Scanning Electron Microscope - 
JEOL 6390 and Transmission Electrone Microscope FEI 
Tecnai G2 Spirit TWIN equipped with LaB6 were used. 
Thermal analysis was performed using Perkin Elmer Pyris 
Diamond Thermo¬gravi¬metric/Differen¬tial Thermal 
Analyzer; ATR-FTIR spectroscopy using Perkin Elmer 
PARAGON system in the region of 400 to 4000 cm–1; 
X-Ray diffraction using the X-Ray diffractometer type 
PHILIPS PW3710 (CuKα radiation, λ=1,54056 Å, from 
0 to 80 Å). 

3. Results and Discussions
3.1 SEM Analysis
 SEM analysis was performed in order to make 
a proper qualitative selection of the produced graphene 
samples.  The obtained SEM photographs of the studied 
graphene are shown in Figure 1 and Figure 2. Generally, 
morphological elements of graphene structure were 
obtained, however with different quality.  In Fig. 1a, 1b and 
1c, SEM images of graphene produced at reverse voltage 
of +10 to –10 V from graphite M1 are shown. These 
samples are characterized with large particles containing 
lot of defects formed during the exfoliation of graphite. 
Usually, graphene exhibits very high transparency (97,7%) 
[29]. However, these images show very low transparency 
of the produced material indicating higher presence of 
graphite than graphene. Graphene samples produced 
in strong acid medium (in pure sulfuric acid (pH = 0.5, 
Figure 1a)) show large grains (~ 30 μm) with the very low 

transparency. By adding the alkalis, less damaged material, 
with smaller dimensions (~10 μm) was obtained (Figure 
1b and 1c). The produced material at reverse voltage of 10 
V is of poor quality and shows low yield of graphene. The 
quality of the produced material considerably increases by 
increasing the working reverse voltage (+15 V to –15 V, 
see Figure 1d, e and f). The number of defect is decreased, 
while the transparency is increased (for 70% compared to 
previous samples). As in the previous samples, addition 
of alkalis (pH = 1.2) improves the quality of the produced 
material. Quality improvement of the graphene samples 
due to the alkalis addition can be achieved because of the 
lower electrolyte attack (lower acidity), resulting in lower 
concentration of defects. Also, the exfoliation process 
can be improved by Na+ and K+ ions. Namely, Na+ ions 
have exhibited better effect than K+ due to smaller atomic 
radius (rNa = 186 pm vs. rK = 227 pm). Also, the material 
produced at voltage of +15 V, has better quality and shows 
higher yield of graphene. Similar considerations can be 
drawn for the graphene produced from the second type of 
graphite M2 (Figure 2). By comparison of both graphene 
samples exfoliated from the graphite M1 and M2 (Figure 
1 and 2), it can be seen  that better morphology as well as 
higher transparency, was found for the samples originated 
from graphite M2 due to the more oriented structure and 
better quality of the graphite M2. 

 Therefore, the samples produced at reverse voltage 
of +15 to –15 V were selected for further analysis.
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Figure 1: SEM Images of Graphene Produced from Graphite M1 at Reverse Voltage; a) RV = +10 to –10 V in H2SO4 (pH = 0.5); b) RV = +10 to 
–10 V in H2SO4 + KOH (pH = 1,2); c) RV = +10 to –10 V in H2SO4 + NaOH (pH = 1,2); d) RV = +15 to –15 V in H2SO4 (pH = 0.5); e) RV = +15 
to –15 V in H2SO4 + KOH (pH = 1,2); f) RV = +15 to –15 V in H2SO4 + NaOH (pH = 1,2) 

Figure 2: SEM Images of Graphene Produced from Graphite M2 at Reverse Voltage; a) RV = +10 to –10 V in H2SO4 (pH = 0.5); b) RV = +10 to 
–10 V in H2SO4 + KOH (pH = 1,2); c) RV = +10 to –10 V in H2SO4 + NaOH (pH = 1,2); d) RV = +15 to –15 V in H2SO4 (pH = 0.5); e) RV = +15 
to –15 V in H2SO4 + KOH (pH = 1,2); f) RV = +15 to –15 V in H2SO4 + NaOH (pH = 1,2)
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3.2 TEM Analysis
 Characteristic photographs of TEM analysis are 
shown in Figure 3 and Figure 4. Evidently, the observed 
morphology of the graphene samples produced by reverse 
electrolysis in aqueous electrolytes corresponding with the 
morphology of few layers graphene prepared with other 
methods. Most of the obtained graphene sheets are broken 
and intertwined. Also, a low amount of impurities, fibers, 
non-exfoliated graphite and amorphous carbon were 
found. The sample thickness was determined in the range 
from few nanometers to 20 nm.  

 In particular, the best performances (lower 
thickness and the least number of layers (5-8) were found 
for the graphene produced from the graphite M2 in sulfuric 
acid with NaOH. Based on the TEM images, it is evident 
that the layer number varies in different parts of the sample. 
So, monolayered, few-layered and multilayered graphene 
sheets can be observed. These results are in agreement 
with determination of number of layers obtained by XRD 
analysis.

3.3 Thermal Analysis
 Thermal analysis (TG and DTG) in nitrogen 
atmosphere was employed to evaluate the thermal stability 
of the graphene samples. The samples were heated from 
ambient temperature to 1273,15 K at heating rate of 20 
K•min–1. The results are shown in Figure 5. For better 
elucidation of the results, the characteristic TG and DTG 
temperatures are shown in Table 2. 

Figure 3: TEM Images of Graphene Produced from Graphite M1 at 
Reverse Voltage RV = +15 to –15 V in a) H2SO4 (pH = 0.5); b) H2SO4 
+ NaOH (pH = 1,2)

Figure 4: TEM Images of Graphene Produced from Graphite M2 at 
Reverse Voltage RV = +15 to –15 V in a) H2SO4 (pH = 0.5); b) H2SO4 
+ NaOH (pH = 1,2)

Figure 5: Thermal Diagrams of the Studied Graphene Samples: a) TG 
Curves, b) DTG Curves
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Table 2: Characteristic TG and DTG Temperatures and Mass Losses of the Studied Samples Determined from TG and DTG Spectra Shown in 
Figure: 5

Sample  TG1 TG2 TG3 TG4 DTG1 DTG2 DTG3 DTG4

4 oC 53.1 152.3 375.1 705.5 88.4 190 439 700.7
 wt.%, 98.8 94.3 77.8 70.7     
5 oC 57.3 171.3 415.1  74 208.7 441.6  
 wt.% 99.99 95.8 83      
6 oC 51.1 175   78.6 226.8   
 wt.% 99.99 96.4       

10 oC 53.6 141.5 219.9 395.8 78.4 173.6 228.7 395.4
 wt.% 99.9 94.5 87.5 82.3     
11 oC  145.7   80.9 194.1 255.1  
 wt.% 98.3       

12 oC 61.2 150.2  658 60.9 194.5  736
 wt.% 98.03 96.4  81.2     

 The shape of the TG and DTG spectra as well as 
the characteristic temperatures is in agreement with the 
literature data [30]. As expected, several mass decreases 
were registered. First slight mass decrease of 1-2% at TG1, 
mainly bellow 373 K,  corresponds to dehydration and mass 
loss of the water humidity. The second, major mass loss at 
TG2 (or DTG2 peak) between 413 to 448 K corresponds 
to the pyrolysis of oxygen containing functional groups 
and generates CO and CO2. The weight loss is only about 
2-3.5 % up to 448 K, because most of the functional 
groups are removed during the reduction. TG3 corresponds 
to the oxidation of the sp2-hybridzied carbon atoms (up 
to 688 K) present in the samples. TG4 corresponds to the 
combustion of the graphene and oxidation of the pristine 
graphite powder occurs above 873 K, usually in the range 
between 923 and 1033 K. If we compare positions of the 
characteristic temperatures, samples 4 and 12 show similar 
structure and thermal behavior versus samples 5 and 10. 
Since the thermal stability of the obtained graphenes 
decreases as their thickness decreases, TG results suggest 
that the samples produced from the graphite M2 have 
lower thickness (samples 10, 11 and 12) compared to 
those produced from graphite M1. The sample 4 shows the 
lowest thickness within the samples produced by graphite 
M1. 

3.4 FTIR-ATR Analysis
 The FTIR-ATR spectra (Figure 6) were recorded in 
the region of 400 to 4000 cm–1. According to the literature, 
characteristic graphene peaks are registered in the region 
near 3150 cm–1 originated by OH groups, 1300-1650 cm–1 

originated by C=C bonds and near 1100 cm–1 [31]. 

 Within the spectra of the studied graphene samples 
a sharply pronounced peak appears at 772 cm–1 as result 
of C–C bond vibrations which are mostly out of graphene 
plane (Figure 4). Also, there is change of peaks shape in 
the region of lower wave numbers (400-525 cm–1). This 
suggests on C–Cl or C–S bonds originated from chlorine 
or sulfuric atoms present in the medium in which graphene 
was produced [32, 33]. In this case it is clear that only C–S 
bonds are present as result of sulfuric atoms from sulfuric 
acid.  
 Analysis of the peak at 772 cm–1 for the studied 
samples indicates change of both its intensity expressed by 
full width of half maximum (FWHM) and its position 

Figure 6: FTIR Spectra of the Studied Graphene Samples
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(cm–1). These changes can be attributed to the change of the 
number of layers which implies on presence of more and 
different number of layers in different samples [33]. The 
change of the peak intensities as FWHM for the studied 
samples is shown in Table 3. 

 Determination of FWHM (cm–1) was done by the 
program GRAMS/386. The lower FWHM points out to 
more ordered structure of the studied material [32]. Among 
the samples originated from graphite M1 the most ordered 
structure shows sample 4 produced in pure sulfuric acid, 

while between the samples from the second graphite M2 
the most ordered structure shows sample 12 produced in 
the electrolyte containing sulfuric acid and NaOH.  

3.5 X-Ray Diffraction Analysis
 In order to compare the microstructural parameters 
of the graphene originated from two graphite forms,  M1 
and M2, characteristic types of X-Ray diffractograms for 
sample 4 (from graphite M1) and sample 10 (from graphite 
M2) were scanned and they are shown in Figure 7. The 
main peak for both samples appears at position of 2θ= 
26,17o which corresponds to diffracting (002) graphite 
plane (see Table 5). Also, in both samples two broader 
and less pronounced peaks were registered at position 
of 2θ= 42.30o and 44.35o corresponding to 100 and 101 
reflections. The difference was found in the shape and the 
full-width at half-peak maximum (FWHM) of the peaks 
which is closely related to the quantity of well-ordered 
areas in the structure. More intensive, sharp and narrow 
peak is obtained for the sample 10 produced from M2 
graphite. 

Table 3: Analysis of the Peak Intensity at 772cm–1

     Sample      FWHM, cm–1

4 56.8
5 59.9
6 59.2

10 58.9
11 60.4
12 56.8

Figure 7: XRD Spectra of the Samples 4 and 10
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 The increase in the intensity of the peak in sample 
10 can be attributed to higher X-ray scattering factors 
[34]. The pronounced (002) peaks at about 2θ = 26.17 o 

were  seen  (Figure 7) for  both  samples which  are  also  
assigned  to the  layer-to-layer  distance  (d-spacing: 

θλ sin2/=d ). The crystallites size was evaluated 
from the width of the diffraction peak using the Scherrer  

equation θβλ cos/⋅= kLa , where  k  is  shape  factor; 
λ is  the  X-ray  wavelength; β is  full  width  at  half  
maximum  intensity (FWHM)  in  radians; θ  is  the  Bragg  
angle [34]. Characteristic X-ray structural parameters of 
graphene 4 from M1 and 10 from M2 graphite types are 
given in the Table 4. The estimated values of La are slightly 
different than corresponding ones estimated by Raman 
spectra [28], but still in agreement. 

 However, more precise determination of the 
number of graphene layers was done using Laue functions 
and a model which includes graphene thickness distribution 
[35, 36]:

 
∑ =

n

j

ijka
j

jefF
0

22 )(~ βθ

 where F is a structure factor, n is the number of 
graphene layer, f(θ) is an atomic scattering factor which 
varies from 6.00 to 6.15 e per atom with incident radiation 

ranging from 2 to 433 keV,  (4 sin ) /j jka dπ θ λ=   , 
where dj is a lattice spacing between jth and (j-1)th layer, 
θ is an angle between the incident ray and the scattering 
planes, λ is a wavelength of X-ray, and βj is an occupancy 
of jth graphene layer. The value of βj is between 0 and 1. 
 The three lines in Fig. 8 (dash, dot and dash-dot) 

are calculated curves from the Equation for 0≠jβ  , which 
suggests on distribution of the number of graphene layers. 
The broadest dash line is calculated curve for uniformly 
distributed monolayer graphene. The dot line is narrower 
than the monolayer graphene line, but the broader than the 
experimental curve (solid line), is calculated curve for a 
non uniform distribution of graphene layers number for a 
3-layered graphene. The dash-dot line is calculated curve 
for a non uniform distribution of graphene layers number 
for a multi-layered graphene, whose discrepancy with the 

experimental curve is due to its asymmetry. However, 
it provides an increased insight into n-layer graphene 
regions share, and the results are in agreement with the 
result obtained by other methods. According to the dash-
dot line βj parameters, the coverages of n-layer graphene 
regions are calculated as is shown in Table 5. 

 The dominant structure of sample 4 is few-layered 
graphene, and the average value for number of graphene 
layers is calculated as n = 2.57 for the dominant graphene 
structure and n = 4.25 for the overall graphene structure. 
For sample 10, the dominant structure is few-layered, 
and the average value for number of graphene layers is 
calculated as n = 3.53 for the dominant graphene structure 
and n = 5.6 for the overall graphene structure.

4. Conclusions
 The research presented in this paper was 
motivated by the idea to develop a low cost method for 
high-yield production of graphene. Electrolysis in sulfuric 
acid electrolyte with reverse change of potential was 
used. Produced graphene samples were characterized by 
means of SEM, TEM, TGA/DTG, ATR-FTIR and XRD 
method. According to the presented results, the following 
conclusions can be drawn:
 - According to the SEM analysis, the graphene 
samples produced at reverse voltage of 10 to –10 V are 
characterized with large particle containing lot of defects 
formed during the exfoliation process, while the samples 
produced at reverse voltage of +15 to -15 V have shown 
better morphology and transparency. 
 - According  to TEM analysis, the graphene 
produced by the electrolysis in sulfuric acid solutions has 
shown similar morphology to graphene produced by other 
techniques. The studied samples contain defects as broken 
and intertwined graphene sheets. The estimated thickness 
of the produced graphene alters from few nanometers to 
near 20 nm.   
 - TGA and DTG have registered several mass 

Table 4: X-ray Structural Parameters for Graphene 4 and 10 from Plane 
002

Sample 2q, plane (002) FWHM, rad d, Å La, nm
4 26.12 0.0297 3.4 5.01

10 12.17 0.0384 3.4 3.87

Table 5:  Determined Number of Graphene Layer its Distribution

 Sample 4 Sample 10
Monolayer region coverage 40%  30-35%
3-4 layers region coverage 10% 5-10%
5-6 layers region coverage 15%  5-10%
7-10 layers region coverage 5% 5-10%
> 10 layers region coverage < 10% < 10%
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decreases. Since the thermal stability of the obtained 
graphene decreases as their thickness decreases, TGA 
results suggest that the samples produced from the 
graphite M2 have lower thickness (samples 10, 11 and 12) 
compared to those produced from graphite M1. 
 - Using FTIR-ATR spectroscopy, characteristic 
spectra of the studied graphene samples were found: a 
sharply pronounced peak at 772 cm–1 due to the C–C 
bond vibrations, as well as some changes of peaks shape in 
the region of lower wave numbers (400-525 cm–1). This 
suggests on C–S bonds originated from sulfuric acid and 
sulfuric atoms present in the medium in which graphene 
was produced. 
 - Crystalline structure analysis was completed 
with X-ray data. Precise determination of the number 
of graphene layers was done using Laue functions and a 
model which includes graphene thickness distribution. It 
was obtained that the dominant structure of sample 4 is 
few-layered graphene, and the average value for number of 
graphene layers is calculated as n = 2.57 for the dominant 
graphene structure and n = 4.25 for the overall graphene 
structure. For sample 10, the dominant structure is few-
layered, and the average value for number of graphene 
layers is calculated as n = 3.53 for the dominant graphene 
structure and n = 5.6 for the overall graphene structure.
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