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ABSTRACT
At present, few-layer graphene is deposited on copper (Cu) foil by chemical

vapor deposition (CVD) method. Then, the few-layer graphenes produced on the

Cu foil are coated onto the indium tin oxide (ITO) electrode to investigate their

glucose electrooxidation activities. Hexane and hydrogen flow rate and deposi-

tion time parameters with CVD method are examined on different Cu foils.

These electrodes are characterized by scanning electron microscopy-energy dis-

persive X-ray analysis (SEM-EDX), X-ray photoelectron spectroscopy (XPS),

and Raman spectroscopy. Furthermore, glucose electrooxidation is examined

with cyclic voltammetry (CV), chronoamperometry (CA), and electrochemical

impedance spectroscopy (EIS) measurements. One could note that the graphene

network is clearly visible from SEM images. The deconvoluted XPS spectrum

indicates that carbon appeared in the form of non-oxygenated ring C atoms for

few-layer graphene. The few-layer graphene structure is confirmed by Raman

analysis. Few-layer graphene/ITO produced at 5 sccm Hexane and 50 sccm

hydrogen flow rate and 20 minutes deposition time (G7/ITO) reveals the best

electrode activity. The specific activity of G7/ITO electrode is obtained as

6.58 mA cm−2. According to CV, CA, and EIS results, G7/ITO electrode has

high electrocatalytic activity, stability, and resistance in comparison with other

electrodes.
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1 | INTRODUCTION

Energy is one of the most important requirements for human
life. However, the energy need is currently increasing due to
the growth in world population and industry. Therefore,
alternative energy sources are investigated to meet the
energy needs.1-4 Recently, research studies have been con-
centrated on fuel cells as alternative energy devices. Fuel

cells are clean, efficient, and promising technology for the
future.5 Fuel cells are available of different types such as
proton exchange membrane fuel cells,6-8 direct methanol
fuel cells,9-11 direct ethanol fuel cells,12,13 alkaline fuel
cells,14 direct formic acid fuel cells,15 direct urea fuel cells,16

direct ethylene glycol fuel cells,17 and direct glucose fuel
cells.18 Glucose is the valuable carbohydrate in nature
and could be readily extracted from biomass. Glucose
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electrooxidation (GOR) has been carried out to provide an
electrochemical glucose sensor for the quick, reliable treat-
ment, and control of diabetes. Furthermore, implantable
enzymatic glucose fuel cells used for artificial organs have
been the subject of research.19 Hence, glucose is researched
for alternative energy sources as a fuel. Glucose could be
directly oxidized to produce electricity but the detection of
glucose is classified into two types as (a) enzymatic and
(b) nonenzymatic glucose detection.20-23 Although, enzyme-
based GOR has advantages such as high sensitivity and low
response time, low chemical stability, and complex synthesis
are disadvantages of GOR. Therefore, nonenzymatic GOR
has been investigated to prevent deficiencies arising from
enzymatic GOR in literature.21,24 According to these litera-
ture studies, the glucose-fed alkaline membrane fuel cells
exhibit better activity than the proton conducting membrane
fuel cells.25 When the glucose is fed with an alkaline mem-
brane, 24 electrons are produced for the complete oxidation
of CO2 given as follows:

Anode C6H12O6 + 24OH− ! 6CO2 + 12H2O
+ 24e−

Glucose Cathode 12H2O + 24e− + 6O2 ! 24OH−

Overall C6H12O6 + 6O2 ! 6CO2 + 6H2O

Glucose could be employed as a fuel in fuel cells and it
is directly oxidized to produce electricity such as other
alcohol fuel cells.26,27 Current density and potential range
values on various catalysts for GOR compiled from litera-
ture are given in Table 1. As shown in Table 1, few-layer
graphene has not been employed as anode material for
GOR in literature. While preparing few layer graphene by
chemical vapor deposition (CVD), the surface defects of
few layer could be controlled. Our aim is to obtain a

relation between GOR and surface defects of few layer
graphene leading to explanation of structure sensitivity. In
this study, few-layer graphene was coated on Cu foil by
CVD method and then was covered on ITO surface. Elec-
trochemical measurements of the graphene/ITO electrodes
were obtained on GOR.

Graphene has a hexagonal, single-atom, and two-
dimensional (2D) sp2-hybrid carbon atom layer separated
from 3D structured graphite. However, the graphene is
known as the first two-dimensional structure in the world.
Recently, it has been recognized as one of the most
sought-after 2D layered nanomaterial with its superior per-
formance and potential application.33-36 Graphene produc-
tion techniques have been known mechanical cleavage,
chemical peeling, epitaxial growth, Hummers method,
sublimation of 4H SiC, electrochemical reduction, and
CVD.37-40 Among these methods, CVD is layer system
formed on the surface of a solid material and it is a short-
time and simple method.40-42

Vaporous carrier gas exposes to the surface of a material via
heating in a closed container, mostly used in graphene synthe-
sis. CVD is one of the best methods in the production of
graphene in a wide range of structures and diameters.43

Wimalananda et al44 and Murdock et al45 reported large-area
graphene synthesis on Cu foil with different purity by CVD
method. Kong et al46 reported the single-walled carbon nano-
tube synthesis by the CVDmethod of hexane decomposition at
elevated temperatures. The precursors containing carbon or its
species (such as hexane) are carrier gases used for graphene
synthesis by the CVD method. Although, many substrates are
used in this method, Cu foil is easy to find, compatible with
process and cheap.45,47

Surface electronic properties to obtain highly active
anode materials are crucial for GOR. Our aim is to modify
surface electronic properties of few layer graphene to

TABLE 1 Studies in the literature related to GOR

Catalysts Preparation method
Solution
(glucose) (M)

Potential
range (V)

Current
(mA/cm2) References

Pd3Sn2/C A modified microwave-assisted polyol 0.5 −0.7~0.5 3.64 25

PdRh/C A modified pulse microwave assisted polyol 0.5 −0.7~0.5 3.50 26

Au/MnO2 C NaBH4 reduction 0.5 −1~0.6 2.50 27

Pd30Au70/C A modified pulse microwave assisted polyol 0.05 −1~0.5 3.00 19

Au/C A water-in-oil microemulsion 0.1 0.1~1.2 2.58 28

Pd/C A water-in-oil microemulsion 0.1 0.1~1.2 0.92 28

Ni4Co2/AC NaBH4 reduction 1 0~0.8 2.84 29

Pd Bi/C (1:0.25) A one-pot polyol 0.02 −0.8~0.5 12.90 30

Pd/CeO2 C-3 A pulse microwave assisted polyol 0.02 −0.8~0.4 ~5.60 31

PtPdAu/C NaBH4 reduction 0.05 −1~0.6 3.40 32

Abbreviation: GOR, glucose electrooxidation.
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enhance GOR activity. Hence, synthesis conditions were
optimized to obtain optimum surface property for GOR. The
few-layer graphene was coated on Cu foil by the CVD
method at varying hexane and hydrogen flow rate and depo-
sition time parameters. Few layer graphene on Cu foil was
transferred to ITO electrode surface. ITO electrode was used
as working electrode for electrochemical measurements in
three electrode system. The few-layer graphene on the Cu
foils were characterized by surface analytical technique,
such as scanning electron microscopy-energy dispersive
X-ray analysis (SEM-EDX), X-ray photoelectron spectros-
copy (XPS), and Raman spectroscopy measurements. To
investigate their GOR activities, CV, CA, and EIS electro-
chemical measurements were used.

2 | EXPERIMENTAL

2.1 | Few-layer graphene production by CVD
method on Cu foil

Graphene layer on Cu foil was obtained with CVD system.
Cu foil was first cleaned by acetone, isopropyl alcohol
(IPA), and placed on the substrate holder. Cu films were
annealed at 900�C to 1000�C to increase grain size under
Ar/H2 atmosphere. Hydrogen was then fed into the reactor.
After the hydrogen gas was cleaned the reactor medium for
a time, the reactor was set to 950�C without interrupting
the flow. The temperature was increased by 50�C/min. The
desired temperature was reached for a total of 19 minutes.
When the temperature reaches the desired level, firstly,
Cu foil was exposed to hydrogen gas. Then, the hexane
was fed to the reactor medium and its flow rate was fixed
at 0.5 to 7.5 sccm. After 20 to 40 minutes, the gas flows
were cut off and the reactor temperature was brought to

room temperature. In this study, several parameters such
as hexane flow rate, hydrogen flow rate, and deposition
time were investigated through the synthesis of few-layer
graphene. Few-layer graphene synthesis conditions are
given in Table 2.

2.2 | Few-layer graphene transfer to the ITO
surface

Graphene production process was terminated by the CVD pro-
cess. Then, polymethylmethacrylate (PMMA) was used to
transfer graphene to the ITO surface. The protective polymer
layer PMMA was coated on the graphene surface. First, calcu-
lated amount of PMMA in powder form was weighed and
added to glass bottle containing 10 mL chloroform. The
graphene coated Cu foil was placed on the turntable. Then,
0.3 mL of PMMA solution was added onto the few-layer
graphene and the coating was started. The coating condition
was performed at 500 to 3000 rpm during 5 to 30 seconds.
After this process, the sample was taken on the plate and heated
at 90�C for 2 minutes to completely dry on the graphene
surface.

Iron (III) chloride solution was prepared in a flask. This
solution was taken into a petri dish. The graphene coated Cu
foil was floated on the top of solution. After a while, it was
seen that the Cu layer began to dissolve as shown in
Figure 1. For a while, Cu layer resolved completely.

PMMA coated graphene was taken into pure water to
remove impurities from iron (III) chloride. The transferred
PMMA-coated few-layer graphene was transferred onto the
desired substrate. In this study, ITO coated glass substrate
was used. After PMMA-coated few-layer graphene trans-
ferred over distilled water, it was dried on ITO-coated glass
substrate for 15 minutes at 60�C. Few-layer graphene was
obtained by dissolving the surface PMMA layer with
acetone.

2.3 | Characterization measurements

Few-layer graphene/Cu foils were characterized by SEM-EDX,
XPS, and Raman spectroscopy. SEM-EDX was analyzed using

TABLE 2 Conditions of few-layer graphene synthesis by CVD
method

Run no.

Hexane
flow rate
(sccm)

Hydrogen
flow rate
(sccm)

Time
(min) Temperature (�C)

G1 0.5 5 40 950

G2 0.5 5 20 950

G3 0.5 0 40 950

G4 2.5 25 40 950

G5 2.5 25 20 950

G6 2.5 0 40 950

G7 5 50 20 950

G8 7.5 0 40 950

G9 5 0 40 950

Abbreviation: CVD, chemical vapor deposition.

FIGURE 1 Few-layer graphene coated Cu foil
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FIGURE 2 SEM images of the samples and corresponding EDX plots. EDX, energy dispersive X-ray analysis; SEM, scanning electron microscopy
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FIGURE 2 (Continued)
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the ZEISS SIGMA 300 to scan the surface of few-layer
graphene. XPS analysis was performed by Specs-Flex instru-
ment to determine the oxidation state of the few-layer graphene.
Raman spectroscopy measurements of these electrodes were
obtained by employing Raman Scope II to determine inter-
molecular vibration energy.

2.4 | Electrochemical measurements of few-
layer graphene/ITO electrodes

All electrooxidation measurements were investigated to
determine the GOR activities of few-layer graphene/ITO
electrodes with CV, CA, and EIS in 1 M KOH + 0.5 M
glucose solution. These measurements were obtained
using the CHI 660E potentiostat with three electrode sys-
tems. The area of the working electrode was 0.44 cm2.
CV measurements were taken at a scan rate of 50 mV s−1

at −0.6~0.4 potential range in 1 M KOH + 0.5 M glucose
solution. In order to measure the stability of the few-layer
graphene/ITO electrodes, 1000 seconds and −0.5 V were
examined via CA. The electrochemical resistance of few-
layer graphene/ITO electrodes was measured with EIS at
320 kHz and 0.05 Hz to 0.005 V amplitude.

3 | RESULTS AND DISCUSSION

3.1 | Characterization

Figure 2 shows the few layer graphene formation on Cu foils at
varying and corresponding EDX plot. G0 represents the
graphene free electrode and its EDX spectrum consists of In,
Sn, and oxygen. The multi-layer graphene network was clearly
seen from Figure 2B-I. It could be seen from Figure 2 that Cu
grains were observed clearly. Figure 2B-E and G-I, it was dem-
onstrated the existence of inhomogeneous dark flakes and
graphene wrinkles. The observation of graphene wrinkles was
attributed to the difference of thermal expansion coefficient
between Cu and graphene.48 The elemental composition of the
samples was confirmed by using SEM-EDX, and the results
were presented in Table 3. The carbon content for all samples
ranges between 12% and 20%. All samples except G8 contain
only C and Cu while G8 contains 4.43% oxygen and 0.49%
phosphorus.

The XPS spectra of G1, G3, G4, G7, and G9 are dis-
played in Figures 3 and 4. All XPS spectra were
deconvulated by Origin 7.5 and normalized in according to
C1s peak (284.6 eV). It was observed that carbon existed in
form of C C, C O, and O C O at binding energy of

FIGURE 2 (Continued)
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FIGURE 3 C1s spectra of A, G1; B, G3; C, G4; D, G7; and E, G9

TABLE 3 Atomic elemental
composition of the samples

Elements (%) Samples

G0 G1 G2 G3 G4 G5 G6 G7 G8 G9

C 0 18.53 12.29 17.77 16.37 18.27 11.38 17.79 17.51 19.96

Cu 0 81.47 87.71 82.23 83.63 81.73 88.62 82.21 77.56 80.04

CAGLAR ET AL. 7 of 14



around 284.6, 286, and 288 eV for G1 and G3. The relative
intensity of sp3 hybridized carbon are calculated as 73.03
and 68.35 for G1 and G3, so the majority of these structures

contain the non-oxygenated ring C atoms in spite of pres-
ence of C O bonds (14.5% and 15.1%) and carboxylate C
atoms (12.5% and 16.5%). For G4, G7, and G9 carbon

FIGURE 4 O1s spectra of A, G1; B, G3; C, G4; D, G7; and E, G9
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appears to be in the form of non-oxygenated ring C atoms
(sp3) in very large proportions compared to G1 and G3, and
their relative intensities are 91.7, 92.6, and 90.7, respectively
(Table 4). These results are much higher than the few-layer
graphene prepared using the chemical method.49 Moreover,
the results obtained from XPS are in parallel with SEM-
EDX results. The deconvulated O1s peaks of G4, G7, and
G9 contain 2 main peaks at around 530 and 531 eV, which
corresponds to the form of C O and C O. The O 1 second
peaks of G1 and G3 are also observed at 531.1 and
531.6 eV, and this was attributed to C O existence with rel-
ative intensity of 100%. The detailed information about the
relative intensity of deconvulated C1s and O1s peaks are
summarized in Table 4.

Graphene possesses two significant Raman bands, namely,
G-band and Gı-band located at ca. 1582 cm−1 and 2700 cm−1,
respectively. Gı band is also called 2D-band since its frequency
is roughly twice of the D band. Here, D-band located at
1350 cm−1 stems from A1g breathing mode of the six-atom
rings,50 and the G-band is related to the E2g.

51,52 Besides, the

increase in the 2D/G ratio indicates the decrease in the number
of layers while the rise in D/G ratio shows the increase in struc-
tural defects of the surface.51

Table 5 shows the intensity of D, G, and 2D peaks
obtained from the Raman spectra of graphene Figure 5. As
can be seen from Table 5, flow rate of hexane and hydrogen
was identical for G4 and G5 samples while synthesis dura-
tion was 20 minutes longer for G4 than G5. 2D/G ratio of
G4 (1.056) was higher than G5 (0.5996). Similar results
were obtained for G1 and G2 prepared under the same con-
ditions except for the synthesis duration. From these results,
it was determined that the number of layers decreased as the
synthesis time increased. The D/G ratios of G1, G2, G4, and
G5 were 0.047385, 0.121165, 0.065266, and 0.288693,
respectively. G1 and G4 have lower D/G ratio than G2 and
G5, indicating that synthesis time was negatively correlated
with the number of defects. G4 and G6 were synthesized at
the same hexane flow rate and synthesis duration while
hydrogen flow rates for G4 and G6 were 25 sscm and
0 sscm. 2D/G ratios for these two samples were calculated
as 1.055954 and 1.082776 while the D/G ratios were found
as 0.065266 and 0.193583. Accordingly, it was determined
that the defect number decreased and the number of layers
increased with the decrease of hydrogen flow rate. In addi-
tion, when G3 (0.5 sccm), G6 (2.5 sccm), G8 (7.5 sccm),
and G9 (5 sccm) samples prepared at different rates of hex-
ane flow were analyzed, it was observed that the number of
layers decreased with increasing flow rate.

3.2 | Electrochemical measurements

Electrocatalytic activities of obtained few-layer graphene/ITO
electrodes were examined by CV in 1 M KOH + 0.5 M glu-
cose solution. Figure 6A shows GOR measurements among
ITO-G9 electrodes at a potential range of −0.6~0.4 V at a scan

TABLE 4 C1s and O1s binding energies of G1, G3, G4, G7,
and G9

Catalysts Species
Binding
energy (eV)

Possible
chemical
state

Relative
intensity (%)

G1 C1s 284.6 C C 73.03

286.0 C O 14.51

288.2 O C O 12.45

O1s 531.1 C O 100

G3 C1s 284.6 C C 68.35

286.4 C O 15.13

288.5 O C O 16.51

O1s 531.6 C O 100

G4 C1s 284.6 C C 91.72

286.4 C O 8.28

O1s 530.1 C O 58.6

531.6 C O 41.4

G7 C1s 284.6 C C 92.59

286.4 C O 7.42

O1s 530.5 C O 54.7

531.7 C O 45.3

G9 C1s 284.6 C C 90.72

286.4 C O 9.28

O1s 530.8 C O 1107.7

532.0 C O 2509.1

Abbreviation: CVD, chemical vapor deposition.

TABLE 5 Peak intensities and ratios obtained from Raman
spectrum

Samples D G 2D D/G 2D/G

G1 2.786 58.796 19.821 0.047385 0.33712

G2 9.322 76.933 20.500 0.121165 0.26646

G3 4.59367 13.364 3.516 0.343748 0.263084

G4 1.700 26.040 27.497 0.065266 1.055954

G5 35.004 121.250 72.704 0.288693 0.599621

G6 4.659 24.066 26.058 0.193583 1.082776

G7 15.310 110.550 42.788 0.138489 0.387047

G8 11.890 25.721 19.657 0.462268 0.764239

G9 8.241 20.545 22.588 0.40111 1.09944
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FIGURE 5 Raman spectra of G1, G2, G3, G4, G5, G6, G7, G8, and G9
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rate of 50 mV s−1. The specific activity, peak potential (Ep),
and onset potential (Eon) of among these electrodes are given
in Table 6. As shown in Table 6, the G7/ITO electrode
exhibited better activity than ITO electrode about 4.2 times and
other electrodes. Besides, the G7/ITO electrode was approxi-
mately exhibited better activity than the literature studies given
in Table 1. During forward scanning, glucose to form an
adsorbed intermediate for all electrodes. The decrease in current
at potentials more positive with respect to the peak potential
could be due to the formation which rivals for surface adsorp-
tion sites with glucose and in turn hinders the GOR as well.
During the reverse scan, oxidation of glucose occurs, in the
potential region in which the surface oxides are reduced.26

Figure 6B indicates the CV of G7/ITO electrode in 1 M KOH
and 1 M KOH + 0.5 M glucose solution. As seen in Figure 6B
was obtained for glucose electrooxidation a clear oxidation
peak in the G7/ITO electrode.

The stability and response of these electrodes in 1 M
KOH and 0.5 M glucose solution was obtained with 0.2,
0.3, and 0.4 V at 1000 seconds CA measurement. Figure 7A
shows the CA curves of the electrodes. Among these elec-
trodes, the G7/ITO electrode was showed better activity and
stability than the other electrodes. In addition, G7/ITO elec-
trode was carried out with good activity in CA results as
with CV results. Figure 7B shows the CA measurements of
the G7/ITO electrode at different potentials. As shown
in Figure 6B, the best activity of 0.4 V was obtained.
Moreover, Figure 7C displays the current values of the elec-
trodes after 1000 seconds. Here, G7/ITO electrode was
approximately performed 1.5 times activity from the ITO
electrode and it was obtained activity better than the other
electrodes.

Nyquist plots of few-layer graphene/ITO electrodes
obtained with EIS results were used to show the best resis-
tance towards GOR. Nyquist plots are generally known to
be semicircular in structure and the smaller the diameter, the
higher the electrocatalytic resistance. Furthermore, these
semicircle diameters of Nyquist plots are related to charge
transfer resistance (Rct) associated with the electrocatalytic
activity of few-layer graphene/ITO electrodes.18,53,54 EIS
measurements of graphene/ITO electrodes and Nyquist plots
for GOR are given in Figure 8A. As shown in Figure 8A,
the Rct resistances of the few-layer graphene/ITO electrodes
were obtained in the order of G7 > G9 > G8 > G1 > G6 >
G2 > G4 > G3 > G5 > ITO for GOR, respectively. As a
result, G7/ITO electrode was shown in the best GOR activity
as with CV and CA results. Figure 8B, EIS measurements of
G7/ITO electrode are given at different volts and the best
GOR activity is obtained in 0.4 V.

FIGURE 6 Cyclic voltammetry obtained in A, among ITO-G9
electrodes in 1 M KOH + 0.5 M glucose solution; B, the G7 electrodes
in 1 M KOH and 1 M KOH + 0.5 M glucose solution; scan rate:
50 mV s−1. ITO, indium tin oxide

TABLE 6 Glucose electrooxidation specific activity, Ep, and Eon

values for among ITO-G9 electrodes

Electrodes Specific activity (mA/cm2) Ep (V) Eon (V)

ITO 1.56 0.4 −0.23

G1 1.90 0.4 −0.39

G2 2.85 0.4 −0.38

G3 2.90 0.4 −0.33

G4 1.99 0.4 −0.25

G5 4.10 0.4 −0.24

G6 3.54 0.4 −0.23

G7 6.58 0.4 −0.24

G8 2.47 0.4 −0.25

G9 5.09 0.4 −0.24

Abbreviation: ITO, indium tin oxide.
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FIGURE 7 Glucose electrooxidation of few-layer graphene/ITO electrodes obtained A, chronoamperometry curves of among ITO-G9
electrodes at 0.4 V and 1000 seconds; B, chronoamperometry curves of G7/ITO electrode at different volts; C, the current after 1000 seconds. ITO,
indium tin oxide

FIGURE 8 Nyquist plots EIS of
few-layer graphene/ITO electrodes
obtained A, among ITO-G9 electrodes
0.4 V; B, G7 electrode at different volts:
1 M KOH + 0.5 M glucose. EIS,
electrochemical impedance spectroscopy;
ITO, indium tin oxide
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4 | CONCLUSIONS

In this study, few-layer graphene was coated on Cu foils via
CVD method by varying synthesis parameters as hexane and
hydrogen flow rate and deposition time to optimize synthesis
conditions through GOR. After few-layer graphene pro-
duced on Cu, the few-layer graphene was coated onto the
ITO electrode. The graphene network was clearly visible
from SEM images. The deconvulated XPS spectra indicated
that carbon appeared in form of the non-oxygenated ring C
atoms for G1, G3, G4, G7, and G9. The few-layer graphene
structure was confirmed by Raman analysis. Among the
graphene/ITO electrodes, G7/ITO electrode exhibited the
best electrochemical activity towards GOR. The GOR spe-
cific activity of G7/ITO electrode was obtained as
6.58 mA cm−2 in alkaline environment. This value is better
than the ones measured for other electrodes. The results
show that G7/ITO electrode exhibited approximately better
specific activity than the literature studies.
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