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ABSTRACT 

Electrochemical exfoliation is considered an essential method for the rapid production of graphene in both 

high quality and quantity. This study investigates the electrochemical exfoliation of graphite rods, 

specifically the impact of the power variations in a Direct Current (DC) source on the quality of graphene. 

Furthermore, Scanning Electron Microscope-Energy Dispersive X-Ray (SEM-EDX) is employed to 

analyze the morphology and elemental composition. In addition, Fourier Transform Infrared (FTIR) 

spectroscopy is utilized to determine the functional groups of graphene. The defect of graphite is observed 

with Raman spectroscopy. The SEM results suggest that graphene layers are formed in all the power 

variations. Graphene at 98 W (G98) exhibits a wrinkle and cluttered surface compared to graphene at 70 

W (G70) and graphene at 84 W (G84). Based on the FTIR results, the highest peak of C=O bond appeared 

in G70, while sharp peaks indicating O-H bonds are observed in G84 and G98. Furthermore, the power 

analysis is a critical factor affecting graphene mass production, with higher power levels resulting in 

higher graphene yield, but lower graphene quality by reducing the carbon (C) content and increasing 

Oxygen (O) content. This exploration contributes to advancing the understanding of the electrochemical 

exfoliation process, offering insights into optimizing the power parameters for enhanced graphene 

synthesis. 

Keyword-graphene; electrochemical exfoliation; functional group; surface morphology; power   

I. INTRODUCTION  

Graphite is distinguished by its layered composition, with C 
atoms in each layer linked by covalent bonds and adjacent 
layers held by weak Van der Waals forces [1]. It exhibits 
thermal resilience, remaining stable up to 3825 °C before 
sublimation, and demonstrates exceptional electrical and 
thermal conduction properties [2]. The versatility of graphite is 
evident in diverse applications, from its use as an electrode in 
lithium-ion batteries to its employment in trolleybus current 
collectors [3, 4]. Graphite-derived nanomaterials, particularly 
graphene, have garnered significant interest from 
electrochemists due to their characteristics [5]. Graphene, a 
single-layer C structure in a honeycomb pattern formed 
through sp2 hybridization, has become a point of extensive 
research [6-8]. Its attributes include superior electrical 
conductivity, vast surface area, chemical stability, and high 
capacitance [9, 10]. These properties make graphene promising 
for electrochemical applications [2]. Graphene also shows 
potential in developing flexible supercapacitors, lithium-ion 
batteries, corrosion-resistant coatings, and it is microwave 
absorbant [11-14].  

The graphene synthesis methods are classified into top-
down and bottom-up approaches. The top-down techniques 
include chemical exfoliation, liquid-phase exfoliation, arc-
discharge method, ball milling exfoliation, and anodic 
electrochemical exfoliation [15-19]. The bottom-up strategies 
comprise epitaxial growth, chemical vapor deposition, and 
electric discharge [20, 21]. The top-down methods offer cost-
effectiveness and simplicity, involving the fragmentation of 
graphite precursors into nano-sized graphene layers [19]. The 
bottom-up approaches typically require sophisticated 
equipment and high-temperature processes using costly 
transition metal ions [19, 21]. Electrochemical exfoliation, a 
top-down method, stands out for its simplicity, efficiency, 
environmental friendliness, and capacity for the large-scale 
production of high-quality graphene [19, 22-24]. This 
technique relies on the application of electrical potential to 
facilitate the ion intercalation between graphite layers. The 
expansion of space between layers facilitates the separation of 
graphite into single sheets of graphene [25, 26].  

It has been demonstrated that current is a critical factor 
influencing the electrochemical exfoliation process and the 
resultant graphene's quantity and quality. In this process, an 
increase in current corresponds to a higher concentration of 
anions attracted to the anode. This phenomenon subsequently 
impacts the oxidation process, leading to enhanced 
intercalation. The interplay between these factors underscores 
the importance of current control in graphene production via 
electrochemical exfoliation [27]. In addition, the potential and 
duration of exfoliation affect graphene yield, while elevated 
voltage levels lead to an increased graphene production [28]. 
Applying high voltage during exfoliation increases the O 
content [29, 30]. This voltage shift causes aggressive 
destruction to exfoliation, increasing defect density, and 
ultimately lower quality [28, 31]. The high defect density and 
O content contribute to graphene quality degradation [32]. 
Moreover, electric power will demonstrate effects comparable 
to the voltage and current throughout the exfoliation process. 

Previous studies have not thoroughly examined the specific 
role of power in the electrochemical exfoliation process. The 
present research seeks to clarify how power influences the 
quantity and quality of graphene by adjusting the voltage, 
current, and time parameters. The current work enhances the 
understanding of the electrochemical exfoliation process and 
provides valuable insights into optimizing power variables for 
improved graphene synthesis. 

II. METHODOLOGY 

This experiment examines the influence of power 
parameters, specifically voltage and current, on the 
electrochemical exfoliation of the graphite for graphene 
synthesis. Furthermore, raw materials, including graphite rod 
(diameter of 0.9 cm), distilled water, and ammonium sulfate 
(NH2SO4) electrolyte, are utilized for this study. In addition, 
electrochemical exfoliation is employed using a 0.1 M 
ammonium sulfate (NH2SO4) solution, with graphite rods 
functioning as both cathodes and anodes for three power 
settings: 70 W, 84 W, and 98 W. Analyzing the power 
dynamics is proven to be crucial for large-scale graphene 
production, as higher power levels are associated with 
increased graphene mass. 
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The electrolyte solution is prepared by dissolving NH2SO4 
powder in distilled water to achieve a 0.1 M concentration, 
resulting in a homogeneous mixture [33]. Two precisely 
weighed graphite rods are immersed in the ammonium sulfate 
electrolyte and connected to DC power sources, serving as 
anodes and cathodes. The exfoliation process employes 
specific voltage settings and varied exposure times, enabling a 
systematic evaluation of their impact on the exfoliation 
efficiency. Current fluctuations, indicative of exfoliation 
dynamics, are carefully monitored throughout the procedure.  

The applied voltage encourages the ions in the electrolyte to 
intercalate into the graphite electrode. This can increase the 
distance between the graphite layers [34]. Water molecules and 
sulphate ions migrate to the interstitial areas of graphite and 
create bubbles that separate adjacent sheets [34, 35].  This 
process induced a structural transformation in the graphite, 
culminating in the formation of graphene layers. Subsequently, 
the graphene is cleaned thoroughly with ethanol and 
centrifugation for 20 min, a process repeated multiple times. 
This procedure aimed to eliminate any remaining contaminants 
or impurities that could potentially affect the graphene. 
Following this, the purified graphene is preserved in distilled 
water to facilitate future analysis and application. 

The characterization process, including the observed 
morphology and composition of graphene by SEM-EDX JEOL 
Benchtop SEM JCM 7000. The surface chemistry was 
analyzed by FTIR type Shimadzu IR Spirit, in a wavelength of 
400-4.000 cm-1, having determined the bonding of functional 
groups. The crystal structure was analyzed through X-Ray 
Diffractometer (XRD) Bruker D8 Advance (with 2� was 10ᵒ-
90ᵒ). Defect analysis of structure C was performed by Raman 
spectrometry. 

III. RESULTS AND DISCUSSION 

This study examined the influence of applied power on the 
electrochemical exfoliation of graphite in graphene synthesis. 
Current and voltage measurements are recorded throughout the 
exfoliation process. The current-voltage relationship plays a 
critical role in graphene production, as it affects both the 
qualitative and quantitative aspects of the resulting graphene. 
Table I illustrates the correlation between the voltage and the 
duration required to attain the optimal peak during 
electrochemical exfoliation. Higher voltages corresponded to 
increased optimal peak currents. This pattern deviated to 14 V. 
Moreover, while a precise relationship is not established, the 
applied voltages influence the necessary time for graphene to 
achieve the optimal current peak. 

TABLE I.  VOLTAGES AND DURATION CORRELATION 

Voltage (V) Optimal peak current (A) Times (min) 

10 3.22 73 
11 4.81 32 
12 6.39 47 
13 7 24 
14 6.4 28 
15 8.54 17 

 
In addition, the current flow on the graphite surface is 

observed through the tube blanket surface area equation. The 

current flowing per unit surface area of the graphite rod is 0.43 
A/cm�.  This current results from the intercalation of anions on 
the graphite rod surfaces. 

To examine the influence of the power input on the 
graphene mass production, an experimental investigation is 
conducted. The experiment explores the interrelationship 
between the mass yield, applied voltage, and current 
measurements over a 40-min duration, as illustrated in Figure 
1. The experiment employed voltage levels of 10 V, 12 V, and 
14 V, with corresponding power outputs of 70 W, 84 W, and 
98 W. Figure 1a reveals a direct relationship between the 
magnitude of the applied voltage and the generated power. The 
data indicate that elevating the voltage leads to an increase in 
the power output. 

 

 

 
Fig. 1.  Relatiosnhip of: (a) voltage against power, (b) mass against power. 

Meanwhile, Figure 1b displays that an increase of graphene 
mass leads to an increase in power. For 70 W, the mass of 
graphene is 0.73 gr. Subsequently, the optimal conditions for 
maximizing graphene production efficiency are described by a 
mass of 0.99 gr and a power of 84 W. Furthermore, 
understanding the relationship between the power and mass 
provides improved control over the manufacturing process, 
potentially leading to more cost-effective and scalable 
approaches of graphene. 
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Moreover, the power-time relationship during graphene 
exfoliation over 120 min is investigated, as illustrated in Figure 
2. Initially, in Figure 2a the baseline power is 50.4 W at 10 min, 
and the power continuously increases over time. However, 
beyond the 120 min point, the power drastically decreases to 36 
W, as indicated in Table II. 

 

 
Fig. 2.  Relatiosnhip of: (a) power against time, (b) mass against time.  

This trend, evidenced in Table II, suggests an initial boost 
in power with prolonged experimentation, followed by an 
optimal peak at 90 min. The decrease in the power output after 
90 min in this experiment can be attributed to the fact that the 
surface of the graphite rod was decreased. 

TABLE II.  THE RELATIONSHIP OF POWER AGAISNT TIME 

Power (W) Times (min) 
50.4 10 
54.0 20 
84.0 40 
84.0 60 
96.0 90 
36.0 120 

 
Under continuous electrochemical exfoliation, the graphite 

rod's surface undergoes constant delamination, leading to a 
reduction in its surface area. Consequently, the current per area 
flowing in the graphite rod diminished, leading to decreases 
power, as depicted in Table II. 

To analyze the surface morphology, SEM characterization 
is utilized for a detailed examination of the topography and 
composition of the particulate matter within the samples. SEM 
images of graphite and graphene, magnified 2,500 times, are 
presented in Figure 3. The graphene sample is produced by 
subjecting a graphite rod to an electrochemical exfoliation 
process lasting 40 min. 

 

 
Fig. 3.  SEM images of: (a) graphite, (b) graphene 70 W (G70), (c) 
graphene 84 W (G84), and (d) graphene 98 W (G98). 

The electrochemical exfoliation process facilitates the 
conversion of graphite to graphene. This transformation is 
characterized by the detachment of nanocarbon sheets from the 
original graphite structure [36]. During exfoliation, the graphite 
edges expand leading to the separation and delamination of the 
graphite lattice into graphene layers [37].  

Using the ImageJ softeare the size of the graphite particle 
materials is observed. The average particle sizes of graphite, 
G70, G84, and G98 are 14.8 μm, 13.87 μm, 10.40 μm, and 8.85 
μm, respectively. The G70 sample exhibited a more 
pronounced and consistent layering compared to other 
variations. In contrast, G98 displayed a more crumpled and 
disorganized surface morphology. These observations suggest 
that increasing the power levels may compromise the structural 
integrity of graphene. Based on these measurements, the 
increase in power will decrease the particle material size. This 
indicates that the effect of destruction exfoliation is greater at 
high power. An EDX analysis, presented in Table III, provided 
insights into the elemental composition of both the graphite and 
graphene materials. 

TABLE III.  GRAPHITE AND GRAPHENE EDX RESUTLS 

Element 
Graphite 

(at%) 

G70 

 (at%) 

G84 

 (at%) 

G98 

(at%) 

C 100.00	11.54 79.62	4.90 79.23	3.19 47.45	8.40 
O - 14.66	4.33 8.50	1.80 34.67	8.87 
Fe - 0.22	0.32 - 2.82	1.89 
Cu - 5.50	2.08 - 15.07	6.16 
Ni - - 11.88	1.54 - 
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The graphite rod comprised 100% C. Conversely, samples 
G70, G84, and G98 demonstrated diverse elemental profiles, 
including C, O, copper (Cu), and iron (Fe). The C component 
originated from graphite. Table III depicts C concentrations of 
79.62 at%, 79.23 at%, and 47.45 at% for G70, G84, and G98, 
respectively. A negative correlation is observed between the 
power input and C content. The O presence indicated oxidation 
during electrochemical exfoliation [38]. The O levels are 
measured at 14.66 at% for G70, 8.50 at% for G84, and 34.67 
at% for G98.  

The highest O concentration is detected in G98, 
corresponding to the maximum power input. This phenomenon 
is attributed to the accelerated reactions and enhanced 
oxidation processes at elevated power levels. Fe and nickel are 
identified as contaminants. In contrast, the Cu content is linked 
to the Cu foil utilized in the graphene sample preparation 
because of the liquid graphene sample coating onto the surface 
of the Cu foil. To avoid such a contamination, the sample form 
can be changed from liquid to powder. For the current study, 
contaminant Cu does not affect the mass of graphene. 

Additionally, FTIR is employed to examine the functional 
groups present in graphite and graphene. The analysis spanned 
from 4,000 to 550 cm−1 and is performed under standard room 
temperature conditions. Figure 4 illustrates the resulting FTIR 
spectra, offering insights into the sample molecular vibrations 
and chemical bonding characteristics. 

 

 
Fig. 4.  FTIR spectra of graphite and graphene. 

Based on the grouping of functional groups, as portrayed in 
Figure 4, it can be observed that graphite rods do not have 

absorption peaks. G70 has an absorption peak of 2,928.17 
cm−1, which is a functional C-H group, 1,728.66 cm−1 showed 
the C=O functional group, and 1,446.25 cm−1 and 1,159.57 
cm−1 showed O-H bond. G84 has a strong absorption peak of 
3,242.31 cm−1 allocated to O-H and the absorption peak on the 
C=C bond appeared at 1,632.78 cm−1. Meanwhile, G98 has a 
strong absorption peak at 3,238.64 cm−1 that presented an O-H 
bond, and at 1,637.19 cm−1 is stretching of C=C bond [39, 40]. 
The sharp peak is a C=O bond that exists on G70, while G84 
and G98 have sharp peaks of O-H bonds. In addition, the C-H 
peaks at G84 and G98 are reduced. This occurs due to the 
oxidation process [41]. G84 and G98 utilized higher power 
than G70, so that the oxidation process is also high. The 
oxidation occurs due to the reaction between the exfoliated 
graphene layers and the oxygen produced from the electrolyte 
[42].  

The structure crystal of graphene was analyzed using XRD, 
as shown in Figure 5. The XRD testing is carried out with 2� 
between 10 ° and 90 °. Figure 5 illustrates the XRD of graphite 
and graphene. Regarding the graphite, a sharp peak in 26.44 ° 
is observed, which corresponds to the (002) plane, with spacing 
being 0.337 nm. Additionally, the other peaks are at 44.3 ° and 
54.4 °, which correspond to (101) and (004), respectively. 
However, graphene has a sharp peak in 26.59 °, which 
corresponds to (002) plane, with spacing being 0.336 nm. 
Other peaks with low intensity consist of 44.6 ° and 54.7 °, 
which correspond to (101) and (004) plane, respectively [25]. 
The Full Width at Half Maximum (FWHM) values are 0.47 for 
graphite and 0.51 for graphene. The graphite and graphene 
peaks have a similar shape due to their similar nature, and 
therefore the diffraction peaks become narrower [43]. During 
the XRD analysis, the peaks appearing in the material belong to 
graphene and the oxidation process is not detected. When 
detected, the corresponding peak appears between 10 ° and 13 ° 
and the material becomes graphene oxide [44].  

 

 
Fig. 5.  XRD pattern of graphite and graphene. 

Raman spectroscopy is utilized to analyze material defects. 
As depicted in Figure 6, the D-band exhibits a lower intensity 
compared to the G-band, while also the 2D band appears to 
have low intensity. The Raman spectrum of the graphite rod 
shows D, G, and 2D bands at 1343 cm-1, 1574 cm-1, and 2703 
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cm-1, respectively. Similarly, the graphene spectrum presents 
D, G, and 2D bands at 1343 cm-1, 1577 cm-1, and 2709 cm-1, 
respectively. The D band is associated with defects in 
graphene, while the G-band corresponds to C sp2 hybridization 
in graphite. The 2D band reflects variations in graphene layer 
thickness and two-phonon scattering [26, 35]. The low 
intensity of the 2D peak, evidenced in Figure 6, indicates a 
reduced surface area of the sp2 domain following the 
exfoliation process [45]. The G band demonstrates the highest 
peak intensity for both materials; however, the graphene G 
band exhibits a sharper intensity compared to that of the 
graphite, suggesting chemical doping [46]. The intensity ratio 
(ID/IG) for graphite and graphene is 0.83 and 0.77, respectively, 
indicating a lower defect density in graphene compared to 
graphite. 

 

 
Fig. 6.  Raman spectroscopy of graphite rod and graphene. 

The present study enhances the comprehension of the 
electrochemical exfoliation process and establishes practical 
protocols for optimizing power parameters in graphene 
synthesis. The ongoing investigation of innovative materials 
and applications contributes to the expansion of knowledge in 
the nanomaterials domain, thereby facilitating future progress 
in graphene-based technological advancements. 

IV. CONCLUSIONS 

In this study, the electrochemical exfoliation process for 
synthesizing graphene is investigated with varying applied 
powers (70 W, 84 W, and 98 W). The Scanning Electron 
Microscope (SEM) analysis confirmed a graphene sheet 
formation under all power conditions, with the most wrinkles 
for grapheme observed at 98 W (G98). The Energy Dispersive 
X-Ray (EDX) analysis highlighted the highest Carbon (C) 
content in exfoliated graphite for graphene at 70 W (G70), 
decreasing for graphene at 84 W (G84) and G98. The most 
Oxygen (O) content appeared for G98. Increasing the power 
reduced C and increased oxidation due to the O content. The 
Fourier Transform Infrared (FTIR) revealed absorption peaks 
between 1,159.57-3,242.31 cm⁻¹, with a prominent peak at 
1,728.66 cm⁻¹ corresponding to C=O bonds for G70. Sharp 

O=H peaks at 3,242.31 cm⁻¹ and 3,238.64 cm⁻¹ appeared for 
G84 and G98. 

Finally, the experimental investigation exhibited a direct 
correlation between the power input parameters and graphene 
production yield, with higher power levels resulting in an 
increased graphene output. However, the study also indicated 
that excessive power negatively impacts the exfoliation process 
efficiency, identifying 70 W as the optimal power setting for 
the graphene synthesis. These findings significantly contribute 
to understanding the electrochemical exfoliation mechanism 
and provide valuable insights for refining the power parameters 
in graphene manufacturing processes.  
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