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ABSTRACT: In this study, a cost-effective and scalable method
for the production of low-layer graphene (LLG) using sodium
percarbonate (SPC) as a green delamination agent and its
application in fuel cells is proposed. The obtained graphene
showed a decrease in signal height in XRD analysis, indicating
thinner layers. Raman analysis confirmed the presence of 7−8
layers of graphene. Field-emission scanning electron microscopy
analysis revealed a uniform crystal structure, making it suitable for
various applications. Direct methanol fuel cells (DMFCs) are
widely recognized as efficient and environmentally friendly devices
for converting chemical energy to electrical energy. The utilization
of graphene-supported platinum (Pt) nanoparticles (NPs) as
catalysts in DMFCs enhances their performance. In this study, Pt-
graphene catalysts were synthesized by the chemical reduction method with graphene obtained by using SPC. Characterization
through XRD and SEM analyses confirmed the homogeneous distribution of NPs on the carbon support. As a result of methanol
oxidation studies, 57.73 and 21.45 mA/cm2 values were obtained by using Pt@LLG and Pt catalysts, respectively. As a result of long-
term stability and durability tests, it has been found that the Pt@LLG catalyst can be used effectively in metal oxidation experiments.
KEYWORDS: low layer graphene, carbon, green synthesis, direct alcohol fuel cells, electrocatalysts, platinum

1. INTRODUCTION
Graphene is a 2D material that consists of a single-atom-thick
layer of carbon and has unique electrical, mechanical, and
thermal properties. While the carbon atoms that make up the
graphene are sp2 hybridized, they have the extraordinary
abilities mentioned thanks to the vacant pz orbitals. Graphene,
which is 200 times stronger than steel of the same size, has
excellent conductivity, is transparent, and bendable at the same
time, has made it the focus of attention of researchers and
scientists in recent years due to these excellent properties.
Graphene is a promising material for many industrial
applications. However, graphene production is often costly
and complex.1−3 The synthesis of graphene can be achieved
through various methods, such as the mechanical peeling
(exfoliation) method, chemical vapor deposition method,
chemical reduction method, arc discharge method, and others,
from both bottom-up and top-down approaches. However,
many synthesis methods require high temperatures, high
pressures, and the use of toxic gases. Hence, the search for a
low-cost, easy, and environmentally friendly graphene synthesis
method continues.4−8 The production of graphene, which has

been increasingly used in applications in science and
technology in recent years, is important in terms of its high
dimensions and quality. Because, in most of the methods
mentioned, graphene can be produced in laboratory
dimensions, while industrial applications require high-dimen-
sional production. In addition, the removal of the chemicals
used in the chemical reduction method and the purification of
graphene are very time-consuming and difficult. In addition,
the application of these methods requires high temperatures
and long processes.9 In recent years, toxic substances such as
sulfuric acid have been used for the chemical peeling method,
which has been widely used in the production of high-capacity
graphene. The use of these substances poses a danger to
human health and the environment both during the
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application, during the purification phase, and during the
postprocessing waste generation.8−10 Green synthesis of low-
layer graphene (LLG) at room temperature has emerged as a
cheaper and simpler production method. This method is
accomplished by adding a reducing agent to graphene oxide in
a solution. Reducing agents used in this method include
chemicals such as hydrazine, sodium borohydride, ascorbic
acid, and SPC.11,12 The type and concentration of the reducing
agent can affect graphene quality and properties. Therefore,
graphene manufacturers should be aware that various
parameters need to be examined in order to optimize the
synthesis parameters.13−15 Developments in graphene produc-
tion methods also enable developments in the field of energy.
In order to address the pressing environmental concerns and
meet the growing energy demands of humanity, it is necessary
to explore alternative energy sources that can replace the
current reliance on fossil fuels like petroleum and natural
gas.16,17 Among these alternatives, direct methanol fuel cells
(DMFCs) offer a promising solution by directly converting
chemical energy into electrical energy.18,19 They have gained
considerable attention as environmentally friendly power
sources for portable electronics and vehicles.20 In DMFCs,
methanol reacts with oxygen from the air, resulting in the
production of carbon dioxide and water, which generates
electricity.21,22 The electrocatalysts used in DMFCs, specifi-
cally platinum-based (Pt-based) catalysts, play a crucial role in
facilitating the methanol oxidation and oxygen reduction
reactions at the anode and cathode, respectively. However, the
limited practical application of Pt catalysts in DMFCs is mainly
attributed to their low utilization efficiency and high cost per
unit area. Advances in nanotechnology have accelerated
progress in many fields.23−25 To overcome this challenge,
researchers have explored different types of carbon supports
including single-walled carbon nanotubes, multiwalled carbon
nanotubes, cup-stacked-type carbon nanotubes, and graphitic
carbon nanofibers. These carbon supports exhibit excellent
conductivity and serve as effective platforms for uniformly
dispersing platinum nanoparticles (Pt NPs).22,26−29

Graphene, with its intriguing two-dimensional structure, has
emerged as a promising carbon support material for Pt NPs,
offering several notable advantages.30,31 Its exceptional
conductivity (103−104 S/m), substantial theoretical surface
area (calculated value, 2600 m2/g), unique graphitized basal
plane structure, and potential for cost-effective manufacturing
have made it the subject of extensive research in recent years.32

Various techniques, such as chemical reduction and electro-
chemical reduction, have been successfully employed to
synthesize graphene-supported Pt NPs nanocomposites with
distinct structural features, including nanospheres, nanofibers,
nanowires, nanotubes, nanosheets, nanowheels, nanocages, and
nanodendrites. Despite the progress made in depositing Pt
NPs onto graphene nanolayers, achieving precise control over

dimensions and morphologies, as well as achieving effective Pt
NP loading, still presents significant challenges.33−35

The use of carbon-based nanomaterials with outstanding
characteristics such as low cost and high surface area is also
noteworthy for reducing the cost and ensuring high perform-
ance of Pt-based fuel cells.36 Among carbon-based nanoma-
terials, graphene stands out as a potential candidate for alcohol
electrooxidation due to its unique electrical and structural
properties, excellent flexibility, and high surface area.37,38

In this study, a new method is proposed in which chemicals
such as sulfuric acid are used very little, and SPC is used
instead, in order to decompose the graphite into flaky layers.
Thanks to SPC, active oxygen, and soda it provides to the
aquatic environment. It has strong bleaching, sterilizing, water-
softening, cleaning, and deodorizing properties. In addition, it
is an environmentally friendly chemical, as it is odorless and
does not contain any chemicals harmful to human health and
the environment. Green synthesis of LLG under room
conditions with this method is a promising method for
graphene production. Green chemistry represents an area
called environmentally friendly chemistry, and synthesis
methods are also considered in this context. For this purpose,
LLG synthesis, which can be performed at room conditions,
stands out among the green synthesis methods. This method is
cheaper, environmentally friendly, scalable, and potentially
useful for industrial applications.39 In this study, we also report
an easy, efficient, and controllable approach of utilizing the
structure obtained by dispersing Pt NPs onto the produced
few-layered graphene for direct methanol-alcohol fuel cell
applications. The prepared Pt/graphene nanocomposites were
characterized by using scanning electron microscopy (SEM),
energy-dispersive spectroscopy, X-ray diffraction (XRD) spec-
troscopy, and Raman spectroscopy. The electrocatalytic
activity of Pt/graphene was investigated by using methanol
oxidation and oxygen reduction as model systems. The results
demonstrated significant electrocatalytic activities of Pt/
graphene nanocatalysts with high electrochemically active
surface area toward both electrode reactions. The present
study offers an interesting strategy for preparing graphene-
based catalysts using SPC for DMFC applications.

2. MATERIAL AND METHOD

2.1. Materials

Graphite (C), concentrated H2SO4 (95−98%), and sodium
percarbonate (SPC) were supplied from Sigma-Aldrich, Isolab,
Akbel chemical company, respectively. Methanol (99,9%),
platinum(II) chloride (PtCl2, 99.9%), sodium borohydride
(NaBH4, 98%) sulfuric acid (H2SO4, 97%), and dimethylfor-
mamide (DMF, 99%) have been purchased from Sigma-
Aldrich, and Nafion D-521 solution (5%) has been purchased
from Alfa Aesar.

Figure 1. Graphene was obtained from graphite at room temperature.
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2.2. Synthesis of LLG

1 g of graphite and 4 g of SPC were combined in a beaker
using a basic stirring rod for 10 s to achieve a uniform
distribution of the particles. Following this, 10 mL of H2SO4
solution was added to the mixture, and further mixing was
conducted using the same stirring rod. The mixture was not
subjected to sonication. Subsequently, the mixture was allowed
to sit at room temperature for a duration of 3 h. Upon
completion of the 3 h period, the mixture was rinsed with
distilled water until reaching a pH of 7. The resulting material
was air-dried at room temperature (Figure 1).40

2.3. Synthesis of Electrocatalysts

Electrocatalysts to be used in methanol oxidation studies were
prepared using LLG-supported platinum (Pt@LLG) and
platinum (Pt) using the chemical reduction method. 10 mM
PtCl2 and 50 mg of LLG were mixed in 20 mL of dH2O. Then,

this solution was mixed on a magnetic stirrer for 30 min and
subjected to sonication. 80 mg of NaBH4 was added to the
medium and mixed in a magnetic stirrer until the hydrogen gas
evolution ceased. After the reduction process was completed,
the Pt@LLG electrocatalyst formed was collected by
centrifugation at 4000 rpm and dried at room temperature.
The same process was repeated to use the Pt catalyst without
using LLG.41,42

2.4. Electrochemical Measurements

An electrode solution was prepared for the synthesized Pt-
graphene catalysts. Electrode solutions were prepared by
mixing 10 mg of Pt-graphene, 75 μL of Nafion, 150 μL of
DMF, and 500 μL of distilled water, and then, 15 μL of the
resulting mixture was dropped onto a 3 mm diameter glassy
carbon electrode surface and allowed to dry. The three-
electrode cell system was connected to a potentiostat/

Figure 2. X-ray diffraction (XRD) patterns of graphite and low-layer graphene synthesized with (a) sodium percarbonate (SPC-G) and (b) Pt and
Pt@LLG powders.

Figure 3. Field-emission scanning electron microscopy (FESEM) images of low-layer graphene (LLG) (a−l).
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galvanostat (Gamry Interface 1000, USA) device for the
measurements. In the three-electrode system, a glassy carbon
electrode, platinum plate, and Ag/AgCl electrode were used as
the working electrode, counter electrode, and reference
electrode, respectively, and the system was purged with
nitrogen gas for 2 min prior to the measurements to remove
oxygen from the electrochemical cell. To evaluate the
electrocatalytic performance of Pt/graphene nanocomposites,
their methanol oxidation ability in 1.0 M H2SO4 solution
containing 1 M CH3OH was investigated. The oxidation
reactions were studied by using a scan rate of 50 mV/s. These
measurements were conducted to determine the nano-
composites’ overall electrocatalytic capabilities.33

3. RESULTS AND DISCUSSION
This study offers a low-cost, green, and easily scalable graphene
production method; further characterization of graphene was
performed by several techniques, such as XRD (Rigaku
Smartlab, Japan), field-emission scanning electron microscopy
(FESEM, JEOL JSM 6610, Japan), and Raman spectroscopy.
Overall, XRD analysis is shown in Figure 2a as an important

tool for determining the structural properties of graphene
samples. The result of XRD analysis for graphene is often used
to distinguish between bilayer graphene and monolayer
graphene. Double-layer graphene generally has a finer peak
structure because the distance between the two graphene layers
is shorter.43,44 The XRD patterns of Pt and Pt-G powders are
shown in Figure 2b. As can be seen in Figure 2b, the XRD
pattern of Pt powder is dominated by peaks located at 39.80°
(111) and 46.28° (200). All of these peaks are found to be
compatible with the JCPDS 01-087-0646 card of the cubic Pt
structure.45 In addition, apart from these peaks, there are low-
intensity peaks. In addition, when the XRD of the Pt-G powder
was examined in detail, both graphite and platinum peaks were
found. Upon examination of the XRD pattern of the powder,
the presence of peaks corresponding to the cubic Pt structure
was observed, in addition to the peaks associated with the
hexagonal C structure, as indicated by JCPDS 01-087-0646
and JCPDS 03-065-6212 cards, respectively.
As a result of FESEM analysis of graphite and graphene in

comparison to FESEM images shown in Figure 3a−l, high
resolution images are obtained for the samples. These images
are used to observe surface properties, such as thickness,
smoothness, roughness, cracks, and defects of graphene
samples. In addition, SEM images can also determine the
size and shape of graphene samples. FESEM images can be
used to study the properties of graphene flakes. Density
profiles can be obtained from SEM images made at different
acceleration voltages. As the thickness increases, the density of
the secondary electrons decreases. At high accelerating
voltages, more secondary electrons are emitted from the
substrate than the graphene flakes, resulting in a small density
change. At low accelerating voltages, fewer secondary electrons
are emitted from the substrate than the graphene flakes, and
the density ratio increases. Graphene can be seen more clearly
at low acceleration voltages because incoming electrons pass
through graphene quickly. The variation in contrast based on
graphene thickness can be explained by differences in
secondary electron emission.46,47

The resulting FESEM images are typical FESEM images of a
graphene flake. The actual intensity profiles shown in Figure 3
were obtained from FESEM images of the same region at
various acceleration voltages. At certain points where thickness

variations occur, the density of the detected secondary
electrons decreased as the thickness increased.48,49

In graphene samples, the Raman spectrum provides
information about the structural properties of the sample,
such as thickness, purity, defect density, crystal structure, and
orientation. The ratio between the 2D and G bands
corresponds to the thickness of the graphene. In addition,
the intensity of the D band corresponds to the defect density
of the sample. As a result of Raman analysis, 2D, G and D
bands of graphene are observed. The G band originates from
the C−C bonds in the crystal structure of graphene and is
usually seen at 1580 cm−1. The 2D band corresponds to the
characteristic vibrational mode in the 2D structure and is
usually seen around 2700 cm−1. The D band originates from
defects in graphene and is usually seen around 1350 cm−1.49−52

In Raman spectroscopy, the D band is seen as the first peak
in the range 1000−2000 cm−1, while the G band is seen as the
second peak. The 2D band is determined by the peak in the
range 2000−3000 cm−1. The G band is observed in all carbon-
based materials that undergo sp2 hybridization, while the 2D
band is unique to graphene and plays an important role in the
characterization of graphene. The D/G ratio is used to
determine the purity of the graphene, and the lower this ratio,
the better the purity of the graphene. The position and shape
of the 2D band are used to determine the number of graphene
layers. As seen in Figure 4, the 2D band of the graphene is

observed at 2700 cm−1, while it is observed at 2695 points of
LLG. The shift of the 2D band to the left is one of the
expressions indicating that the number of layers is decreas-
ing.53 In addition, the two points of the 2D band around 2700
cm−1 are related to the graphene layer thickness. In graphene
Raman measurements, the intensity of the D band increases
with the number of layers, and the 2D/G band intensity ratio
decreases with the number of layers. As shown in Figure 4, the
2D/G ratios of graphite and LLG are 0.53 and 0.52,
respectively.50,53,54

In the method used in the study, graphene material is
produced by an oxidation-low temperature reduction method.
SPC is used to destroy the oxygen groups on the graphite
surface, and then the bonds between the graphite structures are
broken at low temperatures, and graphene material is
obtained.7,40,55

Figure 4. Raman analysis of several-layer graphene obtained under
room conditions.
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It is an inexpensive and easily applicable method for the
production of graphene by the SPC method. This method
could be an important step toward increasing the industrial
and commercial use of graphene material. The mechanism of
conversion of graphite to graphene by chemical peeling is
shown in Figure 5.40 SPC is an environmentally friendly
material and less toxic compared to other oxidizing agents.
This is an ideal option for researchers looking for environ-
mentally friendly production methods. Graphene obtained
using SPC can be produced with a higher yield than other
graphene synthesis methods. This allows a higher rate of
oxidation of the graphite material and results in more graphene
layers.7,55

Electrocatalytic methanol oxidation studies of the prepared
nanocatalysts were first carried out with CV at 50 mV/s in 1.0
M H2SO4 medium containing 1 M methanol. CV profiles of Pt
and Pt@LLG are given in Figure 6a. The onset potentials for

Pt and Pt@LLG were found to be 0.02 V and 0.1, respectively.
These results ensured that the use of the graphene support
material resulted in a higher anodic peak current density and
lower onset potential of Pt@LLG. Examining the curves, going
from negative to positive, the Pt and Pt@LLG catalysts show a
single peak. The peaks indicate that the methanol is oxidized
by the Pt and Pt@LLG catalysts.56 In Figure 6b, the anodic
peak potentials of Pt and Pt@LLG nanocatalysts at 0.55 V
potential were determined as 21.45 and 57.73 mA/cm2,
respectively.
Electrocatalytic reactions occurring on the electrocatalyst

surface and transport of reactive substances play an important
role in terms of electrocatalytic activity.57 In this context, CV
measurements were carried out at different scanning rates
(50−300 mV·s−1) in 1.0 M H2SO4 medium containing 1 M
methanol using a Pt@LLG electrocatalyst. As seen in Figure
7a, it was observed that the anodic peak current density

Figure 5. Mechanism of conversion of graphite to graphene by chemical peeling.40

Figure 6. CV curve (a) and bar chart values of Pt and Pt@LLG (b).

Figure 7. CV of Pt@LLG at different scan rates (a) and square root of scan rate vs peak current density plot (b).
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increased depending on the scanning speed. These results
indicate that methanol oxidation is subject to a lower kinetic
limit as the screening rate increases.58 In addition, the current
density graph plotted against the square root of the scanning
speed in Figure 7b shows that the scanning speed and the
current density increase linearly. The results obtained show
that methanol works in a diffusion-controlled manner.57

The long-term catalytic stability of the catalyst activities is of
great importance in electrooxidation studies. In this context,
first, 500 CV measurements were taken at a scanning speed of
50 mV/s in 1.0 M H2SO4 medium containing 1 M methanol
within the scope of long-term durability study. As seen in
Figure 8a, it is seen that the current density increases in the
first 50 cycles and then decreases. However, the anodic peak
current density obtained after 500 cycles is higher than the
initial anodic peak current density. These findings showed that
Pt@LLG exhibited long-term durability.
The long-term stability test was performed using CA for

5000 s at 0.55 V in 1.0 M H2SO4 containing 1 M methanol. As
seen in Figure 8b, the end current densities for Pt@LLG and
Pt catalysts were obtained as 15.64 and 3.82 mA/cm2,
respectively. It is seen that the initial current densities of
Pt@LLG and Pt catalysts decrease rapidly at the beginning and
then continue stably as a result of the byproducts and CO
coating of the catalyst active sites.59,60

In methanol oxidation studies, the ability of the CO to
tolerate is of great importance. Therefore, the CO tolerance of
Pt@LLLG and Pt catalysts was investigated by a CO stripping
test. Figure 9 shows the CO stripping plots of Pt@LLLG and
Pt catalysts. When the CO stripping graphs are examined, it is
observed that the CO adsorption of the Pt@LLG catalyst starts
at 0.44 V, while that of the Pt catalyst starts at about 0.48 V.
The earlier onset of the CO adsorption of the Pt@LLG
catalyst indicates that CO oxidation is easier than that of the Pt
catalyst. When the peak current points are analyzed, it is seen
that the CO adsorption peaks of Pt@LLG and Pt catalysts are
0.6 and 0.55 V, respectively. The results show that the Pt@
LLLG catalyst shows higher CO poisoning resistance.61

Comparison of the results obtained from electrochemical
studies is shown in Table 1. Studies conducted with different
material types showed that Pt@LLG can be used in DMFC
studies.
Conclusions

This work is focused on the production of multilayer graphene
using SPC and its usability as a support material for the Pt

catalyst in fuel cells. Several characterization studies carried out
showed that the obtained multilayer graphene showed a
decrease in signal height in XRD analysis indicating thinner
layers, and Raman analysis confirmed the presence of 7−8
graphene layers. According to Raman results, the 2D/G ratios
of graphite and LLG are 0.53 and 0.52, respectively. Methanol
oxidation studies were carried out to evaluate the performance
of Pt@LLLG and Pt catalysts in fuel cells. The results showed
that the Pt@LLLG catalyst achieved a higher electrical current
density (57.73 mA/cm2), highlighting the potential of Pt-
graphene catalysts in improving the efficiency of fuel cells.
Furthermore, long-term stability and durability tests and CO
stripping studies showed that the Pt@LLG catalyst can be
effectively used in methanol oxidation studies. In conclusion,
this study demonstrates that LLG obtained using SPC can be
successfully used to synthesize efficient catalysts for fuel cells,

Figure 8. Long-term durability test of Pt@LLG (a) and long-term stability mesaurument of Pt@LLG and Pt (b).

Figure 9. Pt@LLG and Pt CO strriping result in 0.5 M H2SO4 at a 25
mV s−1 scan rate.

Table 1. Comparison of the Results Obtained with the Pt@
LLG Catalyst with Those of the Literature

electrocatalyst
scan rate
(mV s−1)

current density
(mA cm−2) reference

PtTe PNCs 50 28.94 62
PtCuCo NFs 50 4.24 63
Pt-PVP-01 50 1.38 64
PtRu@CNF 50 48.14 65
Pt@PdS2-MWCNT 50 86.71 66
Pt@LLG 50 57.73 this work
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and long-term stability and durability are achieved. These
results could be an important step toward more environ-
mentally friendly and cost-effective energy production in the
future.
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