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ABSTRACT: Copper oxide (Cu2O) has attracted significant interest as an
efficient photocathode for photoelectrochemical (PEC) water splitting owing to its
abundance, suitable band gap, and band-edge potential. Nevertheless, a high
charge recombination rate restricts its practical photoconversion efficiency and
reduces the PEC water-splitting performance. To address this challenge, we
present the facile electrodeposition of graphene oxide (GO) on the Cu2O
photocathode surface. To determine the effect of varying GO weight percentages
on PEC performance, varying amounts of GO were deposited on the Cu2O
photocathode surface. The optimally deposited GO−Cu2O photocathode
exhibited a photocurrent density of −0.39 to −1.20 mA/cm2, which was three
times that of a photocathode composed of pristine Cu2O. The surface decoration
of Cu2O with GO reduced charge recombination and improved the PEC water-
splitting performance. These composites can be utilized in strategies designed to
address the challenges associated with low-efficiency Cu2O photocathodes. The physicochemical properties of the prepared samples
were comprehensively characterized by field-emission scanning electron microscopy, energy-dispersive spectroscopy, X-ray
diffraction, Raman spectroscopy, UV−visible spectroscopy, and X-ray photoelectron spectroscopy. We believe that this research will
pave the way for developing efficient Cu2O-based photocathodes for PEC water splitting.

1. INTRODUCTION
Extensive use of fossil fuels releases significant amounts of
carbon dioxide into the atmosphere, which aggravates global
warming.1 Therefore, there is an urgent need to develop
alternative clean energy sources that could potentially replace
fossil fuels. Hydrogen energy produced through photo-
electrochemical (PEC) water splitting is the most promising
method of producing energy from a sustainable clean energy
production perspective.2,3 The production of hydrogen via
water splitting is an eco-friendly process, and the energy-mass
density of hydrogen is greater than that of fossil fuels. PEC
water splitting comprises two distinct half-cell reactions:
hydrogen evolution reaction (HER) at the cathode and
oxygen evolution reaction (OER) at the anode.4,5 OER is a
four-electron binding reaction, while HER is a two-electron
transfer reaction

+ ++2H O O 4H 4e2 2 (1)

++4H 4e 2H2 (2)

PEC cells undergo HER and OER with their respective
photoelectrodes in the electrolyte. Many photoelectrode
materials, including TiO2,6−10 Cu2O,11−13 BiVO4,

14−19

Fe2O3,20−23 and C3N4,24−26 have been investigated on the

basis of these reactions. Among the p-type semiconductors that
can be used as photoanodes, materials such as iron-based
oxide,27 ZnO, Cr2O3,

28 and Si with a band gap of 1.2 eV are
available. Among them, we focused specifically on copper oxide
(Cu2O). P-type semiconducting Cu2O is the promising
photocathode candidate for PEC water splitting owing to its
narrow direct band gap (2.1−2.3 eV),29 high absorption
coefficient, and high carrier mobility. Although the theoretical
photocurrent density of Cu2O is 14.7 mA/cm2, the actual
efficiency is low because of the recombination of photo-
generated electron−hole pairs, which is a significant dis-
advantage.29−31 In addition, charge carrier transport becomes
difficult owing to the poor conductivity of Cu2O. Therefore,
additional research is required to develop rapidly transmitting
and separating photogenerating carriers to reduce charge
recombination. The method for enhancing the PEC perform-
ance of Cu2O includes the formation of a heterojunction,
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deposition of a cocatalyst, and surface modification. Wang et
al. reported a ternary photocathode of Cu2O sandwiched
between NiS and Al nanoparticles.11 This structure facilitates
the transfer and separation of electron−hole pairs through light
absorption, resulting in a high photocurrent density of −5.16
mA/cm2 at 0 V, which is eight times higher than that of Cu2O.
The findings were attributed to the combining effect of Al with
the surface plasmon resonance effect and the NiS loaded in the
Cu2O nanocube. Zhou et al. reported a photocathode that
activated the surface with a Pt catalyst by employing FeOOH
as a hole transfer layer to improve the minor form, which is a
chronic shortcoming of Cu2O.29 They demonstrated that
FeOOH improved the electrochemical stability of the Cu2O
photoelectrode by inhibiting the oxidation of Cu2O and
accelerating the hole extraction from within Cu2O. Among the
reported materials, graphene oxide (GO) has the potential to
produce a high PEC yield when decorated on the Cu2O
surface. Because of its superior electrical conductivity and
corrosion resistance, graphene and its derivatives are used to
protect unstable semiconductors.32−34 GO has been identified
as a possible carbonaceous solid support or cocatalyst for
boosting the photocatalytic activity of Cu2O. The surface of
GO is functionally equipped with epoxy and hydroxyl groups.
Consequently, it has dual functionalities in three dimen-
sions.33,35,36

This paper describes the cost-effective deposition of GO on
the Cu2O photocathode surface to overcome the low
photoelectrochemical performance of Cu2O. GO−Cu2O
composites were grown on fluorine-doped tin oxide (FTO)
via electrochemical deposition. Modification of the surface of
the Cu2O photocathode enhanced both the light absorption
and kinetics of PEC water splitting.

2. EXPERIMENTAL METHODS
2.1. Chemicals. Copper(II) sulfate pentahydrate (CuSO4·

5H2O, >99.0%, DUKSAN, Korea), sodium hydroxide (NaOH,
>93.0%, DUKSAN, Korea), lactic acid (C3H6O3, 85%, Sigma-
Aldrich, Germany), and sodium sulfate (Na2SO4, >99%,
Sigma-Aldrich, Germany) were used as received without
further purification. In addition, fluorine-doped tin oxide
(FTO)-coated glass (surface resistivity: 8 Ω/sq) and GO were
purchased from Omniscience (Korea) and Standard Graphene
(Korea), respectively.

2.2. Synthesis of GO−Cu2O Photocathode. The
electrodeposition method was used to fabricate a GO−Cu2O
composite on an FTO-coated glass substrate. First, FTO
substrates were cleaned with a sonicator for 5 min in acetone,
isopropyl alcohol, and deionized water sequentially. Next, we
prepared a solution of 0.2 M CuSO4·5H2O and 3 M lactic acid.
By using NaOH, the pH of the solution was adjusted to 12.
Then, various weight percentages of GO were added to
perform electrodeposition. Specifically, GO was added to the
precursor solution and thoroughly mixed before the electro-
deposition process. During the electrodeposition, the solution
was kept at 60 °C and stirred slowly to ensure that GO was
uniformly dispersed throughout the solution. The electro-
deposition was performed at −0.6 V (vs Ag/AgCl) for 1 h
using a three-electrode system. A Pt wire and Ag/AgCl
(saturated KCl) were used as the counter and reference
electrodes, respectively, with FTO serving as the working
electrode. In addition, pristine Cu2O was fabricated to
compare the effects of GO on PEC properties. The stepwise
fabrication process of the GO−Cu2O photocathode is depicted
in Figure 1.

2.3. Material Characterization. The effects of GO
concentration on the morphological, structural, optical, and
PEC properties of the GO−Cu2O composite film were
investigated using different techniques, including field-emission
scanning electron microscopy (FE-SEM), energy-dispersive
spectroscopy (EDS), Raman spectroscopy, X-ray diffraction
(XRD), UV−visible (UV−vis) spectroscopy, X-ray optical
spectroscopy (XPS), and potentiostatic techniques. The XRD
studies were conducted at Chonnam National University’s
Energy Convergence Core Facility using an X’PERT PRO
MRD PW3388/60 diffractometer, while the morphology,
chemical composition, and optical properties of the products
were characterized by FE-SEM (Hitachi, SU5000) and UV−vis
spectroscopy (SHIMADZU, MPC-2200).

2.4. Photoelectrochemical Measurements. PEC prop-
erties were measured through electrochemical impedance
spectroscopy (EIS), Mott−Schottky analysis, and linear
sweep voltammetry (LSV) in a three-electrode system using
a PARSTAT 4000 (AMETEK Princeton Applied Research)
potentiostat. The surface area of the photoelectrode utilized for
photoelectrochemical measurements was 1 cm2. This was
accomplished by restricting the length of the sample to 1 cm
with insulating tape. The reference and counter electrodes

Figure 1. Schematic presentation of the fabrication process of a GO-decorated Cu2O photocathode.
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were made of Ag/AgCl (saturated KCl) and Pt wire,
respectively. Throughout all measurements, a 0.5 M Na2SO4
solution was used as the electrolyte. Simulated light (AM 1.5G,
100 mW/cm2) was used for illumination. The potential value
was converted into the reversible hydrogen electrode (RHE)
scale using the Nernst equation, as given below37

= + × +E E 0.059 pH 0.1976RHE Ag/AgCl (3)

3. RESULTS AND DISCUSSION
The schematic representation of the preparation process of the
GO−Cu2O composite is shown in Figure 1. The GO−Cu2O
composite was formed using a modified electrodeposition
method. During the electrodeposition process, GO was added
to the electrolyte solution containing Cu2O precursor ions.
The negatively charged GO sheets were attracted to the
positively charged Cu2O precursor ions and were incorporated
into the growing Cu2O film. Accordingly, a composite film
comprising Cu2O and GO was formed on the FTO substrate.

FE-SEM was used to examine the surface morphology of
GO−Cu2O composites synthesized by adding varying amounts
of GO. Figure 2a depicts the formation of tetrahedral Cu2O
crystals on the FTO surface. The surface of GO−Cu2O
containing 0.05 wt % GO is depicted in Figure 2b. It displays a
plate-shaped GO on the Cu2O surface. It appears to be a single

layer instead of multiple layers and is nearly transparent
enough to penetrate the Cu2O crystal structure. Figure 2c
shows a surface image of GO−Cu2O containing 0.1 wt % GO.
Similarly, GO can be observed on Cu2O crystals, and unlike
the 0.05 wt % case, it can be observed that multiple layers are
formed as opposed to a single thin layer. This phenomenon
was also observed on the surface of GO−Cu2O containing 0.2
and 0.3 wt % GO (Figure 2d,e). They appeared to produce
more layers than either 0.05 or 0.1 wt % GO−Cu2O. Figure 2f
shows an EDS image of the composite material GO−Cu2O,
displaying the elemental mapping of C, O, and Cu. It validates
the uniform deposition of GO on the surface of Cu2O. The
thickness of the electrodes was indeed measured using
scanning electron microscopy (SEM) analysis. We found that
the thickness of all of the electrodes, including the GO−Cu2O
composite and pristine Cu2O, was approx. 4 μm.

The XRD patterns of Cu2O and GO−Cu2O composites are
shown in Figure 3a. For Cu2O, there were five distinct peaks
corresponding to the (110), (111), (200), (211), and (220)
directions, indicating the polycrystalline nature of Cu2O. For
GO−Cu2O composites, no obvious peak of GO was observed
in the XRD patterns because of its low content in the
composites.38 Figure 2b presents a comparison of the Cu2O
(111) peaks, and in the case of a sample containing GO, it can
be seen that the intensity of the (111) peak decreases and is

Figure 2. FE-SEM image of (a) Cu2O reference, (b) 0.05 wt % GO−Cu2O, (c) 0.1 wt % GO−Cu2O, (d) 0.2 wt % GO−Cu2O, and (e) 0.3 wt %
GO−Cu2O and (f) EDS of 0.3 wt % GO−Cu2O composite. EDS images show the elemental mapping of C, O, and Cu.

Figure 3. (a) XRD pattern, (b) comparison of the intensities of Cu (111) plane peaks, and (c) Raman spectra of Cu2O and GO−Cu2O.
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shifted in a negative direction. In XRD, a shift to lower angles
indicates that the crystal structure of Cu2O has expanded or
become more disordered. This may happen because GO sheets
can enter between the layers of the Cu2O crystal structure,
increasing the distance between the crystal planes. The
distance between the crystal planes of each sample is given
in Table 1.

To confirm the existence of GO, Raman spectroscopy was
further utilized. Carbon materials exhibit resonantly enhanced
Raman scattering, making Raman spectroscopy a powerful tool
for characterizing their molecular structures. The two main
bands in the Raman spectrum are the D band at ∼1350 cm−1

and the G band at ∼1582 cm−1, where the G and D bands are
typical of carbon nanostructures.39−41 Figure 3c presents the

Raman spectra of Cu2O and GO−Cu2O composites. The G
and D bands were obtained from all GO−Cu2O samples
except the pristine Cu2O samples. As illustrated in Figure 3c,
the intensity of the D and G bands was the lowest at 0.05 wt %,
which increased with the GO content, reached a maximum of
0.2 wt %, and then began to decrease at 0.3 wt %. In the
Raman spectrum of GO, the sum of the intensity of the D and
G bands is proportional to the thickness of the GO layer.42

Therefore, the thickness of the GO layer increased with the
increase in GO content up to 0.2 wt %, but it decreased in the
0.3 wt % GO−Cu2O sample.

X-ray photoelectron spectroscopy (XPS) was used to
characterize the as-prepared GO−Cu2O composite. To
identify the presence of GO in the GO−Cu2O composites,
high-resolution C 1s XPS spectra were collected from the
GO−Cu2O composites. The fitted Cu 2p spectra of Cu2O and
GO−Cu2O composites are shown in Figure 4a,b, respectively,
revealing the oxidation state of Cu.43 In the asymmetric core-
level spectrum, the peaks correspond to the binding energies of
Cu 2p3/2 at 932.0 eV and Cu 2p1/2 at 952.0 eV of Cu2O.43−45

Figure 4c shows the C 1s peak of GO−Cu2O. It is
deconvoluted into three peaks associated with graphitic sp2

carbon (C�C/C−C) at 284.6 eV, carbonyl (C−O) at 286.0
eV, and carboxyl (O−C�O) functional groups at 288.2
eV.43,46 Figure 4d presents a comparison of the C 1s peak
intensities of the GO−Cu2O photocathode. Furthermore, the
thickness of the GO layer can be determined by comparing the
intensity of the C 1s peak. As shown in Figure 4d, the peak
intensity of the 0.2 wt % GO−Cu2O sample was the highest,
indicating that it had the most number of GO layers. The next

Table 1. Flat-Band Potential (EFB), Slope of Mott−Schottky
Plots, Acceptor Density (NA), and Distance between the
Crystal Planes (d) of Cu2O and GO−Cu2O Photocathodes

samples
EFB

[VRHE] slope
NA

[1018 cm−3] d [Å]

Cu2O reference 0.77 −1.3274 × 1013 1.35 2.45
0.05 wt %

GO−Cu2O
0.76 −1.1383 × 1013 1.57 2.46

0.1 wt %
GO−Cu2O

0.66 −1.1377 × 1013 1.57 2.46

0.2 wt %
GO−Cu2O

0.65 −1.0674 × 1013 1.81 2.46

0.3 wt %
GO−Cu2O

0.69 −1.073 × 1013 1.80 2.46

Figure 4. XPS spectra of (a) Cu 2p of Cu2O, (b) Cu 2p of GO−Cu2O, and (c) C 1s of GO−Cu2O and (d) comparison of the C 1s peak intensities
of GO−Cu2O.
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highest was the 0.3 wt % GO−Cu2O sample, while there was
little difference between the 0.05 and 0.1 wt % samples. This is
consistent with the result that the intensity of the D and G
bands in the Raman spectrum in Figure 3b was the strongest in
the 0.2 wt % GO−Cu2O sample.

The light-harvesting ability of synthesized GO−Cu2O
samples and their optical band gap energy were determined
through diffuse reflectance spectroscopy (DRS) measurements.
The reflectance spectra, as shown in Figure 5a, exhibited a
significant decrease around 600 nm, indicating electron
transitions occurring within the optical band gap. To accurately
determine the precise value of the band gap, the reflectance
values were converted to absorbance using Beer−Lambert’s
equation, eq 4.

=A
R

absorbance log
100

(4)

where R is the reflectance.
And the DRS data were then transformed into the Kubelka−

Munk function, F(R), eq 5.

= =F R
S

R
R

( )
(1 )

2

2

(5)

where R is the reflectance, α is the absorbance coefficient, and
S is the scattering coefficient. This conversion enabled a
precise determination of the optical band gap energy,
showcasing the light-harvesting potential of the GO−Cu2O
samples. By applying the Kubelka−Munk function, the direct
band gap of GO−Cu2O composites was estimated by plotting
(F(R)hυ)2 against the photon energy (hυ), yielding values of
2.11, 2.09, 2.08, 2.06, and 2.04 eV, respectively (inset of Figure
5b) and were comparable with the values reported in the
literature.47−49 Figure 5c illustrates the incident photon-to-
current conversion efficiency (IPCE) of the Cu2O and GO−
Cu2O composites, which were analyzed to determine their
external and internal quantum efficiencies at 0 V vs RHE. This
would enable the characterization of the photocurrent density
in terms of wavelength. In general, the following equation
describes the IPCE value

= ×
×

J
P

IPCE
1240

light (6)

where J is the photocurrent density (mA/cm2) and λ is the
illumination wavelength. In the evaluated wavelength range,
the IPCE of GO−Cu2O was 7−18% greater than that of Cu2O.
The lowest IPCE was obtained for Cu2O. Moreover, the IPCE
improved when GO was added. The IPCE value reached its
maximum of 28.9% in the GO−Cu2O photocathode
containing 0.2 wt % GO and then decreased in the GO−
Cu2O photocathode containing 0.3 wt % GO. According to the
XPS measurement, the GO−Cu2O photocathode containing
0.2 wt % C contained the highest weight percent of C. Thus,
this result suggests that GO contributes to enhancing the
quantum efficiency of Cu2O.

The photocurrent response of each Cu2O and GO−Cu2O
photocathode is depicted in Figure 6. Figure 6a−e shows the
photochemical performance of Cu2O and GO−Cu2O samples
measured using LSV. Each sample was analyzed 3 times; the
average value of the photoelectric current density at 0 V (vs
RHE) is shown in Figure 6f. The photoelectrochemical
performance of the GO−Cu2O samples was evaluated using
LSV in a 0.5 M Na2SO4 aqueous solution under chopped 1 sun

light illumination. As mentioned earlier, the surface area of the
photoelectrode utilized for photoelectrochemical measure-
ments was 1 cm2. This was accomplished by restricting the

Figure 5. (a) Diffuse reflectance spectra, (b) Kubelka−Munk plots for
the band gap energy calculation, and (c) efficiency of incident
photon-to-current conversion (IPCE) of the Cu2O and GO−Cu2O
composites.
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length of the sample to 1 cm with insulating tape. The LSV of
GO-modified samples was compared with that of an
unmodified Cu2O electrode, and the photocurrent density
was found to increase up to three times after GO addition
compared to Cu2O alone. The increase in photocurrent
density varied with the weight percentage of added GO: at
0.05 wt %, the photocurrent density increased by a factor of
1.5; at 0.1 wt %, it increased by a factor of 2.0; at 0.2 wt %, it
increased by a factor of 3.1; and at 0.3 wt %, it increased by a
factor of 1.6. Among the GO−Cu2O samples, the sample
prepared by adding 0.2 wt % of Cu2O demonstrated the
highest PEC performance, as shown in Figure 6f, which
displays the photocurrent and dark current densities at the
same voltage of 0 V (vs RHE). The dark current density for
each sample ranged from −0.02 to −0.06 mA/cm2, with no
significant differences. By contrast, the photocurrent density
for the Cu2O reference was the lowest at −0.39 mA/cm2 and
gradually increased to −0.57 and −0.78 mA/cm2 as the
amount of GO was increased, with the highest photocurrent

density measured at −1.20 mA/cm2 for 0.2 wt % GO.
However, the photocurrent density for the 0.3 wt % GO−
Cu2O sample decreased to −0.63 mA/cm2.

The charge transfer capability between Cu2O and GO−
Cu2O photoelectrodes was compared using electrochemical
impedance spectroscopy (EIS) analysis. The Nyquist plots in
Figure 7a depict the results. The inset of Figure 7a presents the
corresponding electrical equivalent circuit, which includes the
solution resistance (Rs), a constant phase element representing
double-layer capacitance (CPE), and the charge transfer
resistance (Rct) connected in parallel with CPE. The rate of
charge transfer is reflected by the radius of the arc on the
Nyquist plot as reported.32,50,51 The semicircle diameter of
pristine Cu2O is the largest, while the diameter of the GO−
Cu2O photocathode containing 0.05 wt % GO is smaller than
that of pristine Cu2O. With increasing amounts of GO, the
diameter of the semicircle decreases, reaching a minimum
value for 0.2 wt % GO−Cu2O, and then increases again for 0.3
wt % GO−Cu2O. The diameter of the semicircle is an

Figure 6. LSV plots of (a) Cu2O, (b) 0.05 wt % GO−Cu2O, (c) 0.1 wt % GO−Cu2O, (d) 0.2 wt % GO−Cu2O, and (e) 0.3 wt % GO−Cu2O
photocathodes and (f) comparison of the average values of photocurrent density at 0 V (vs RHE).

Figure 7. (a) EIS spectra and (b) Mott−Schottky plots of Cu2O and GO−Cu2O.
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indicator of charge transfer resistance (Rct) at high frequencies,
Thus, Rct decreased with increasing amounts of GO, reaching a
minimum value for GO−Cu2O containing 0.2 wt % GO.
However, when the amount of GO was increased beyond 0.2
wt %, Rct increased again. This trend is consistent with the
analysis results described above, and it indicates that the charge
transfer process of GO−Cu2O is faster than that of Cu2O.
These findings provide insights into the impact of GO on the
charge transfer properties of the photocathodes.

Mott−Schottky analysis was used to determine the donor
density and flat-band potential (EFB) at the semiconductor−
liquid interface, as depicted in Figure 7b. In Figure 7b, all
Cu2O and GO−Cu2O photocathodes exhibit a negative slope,
indicating that they are p-type semiconductors.52 The
calculated EFB values for each photoanode range from pristine
Cu2O to 0.3 wt % GO−Cu2O, followed by 0.77, 0.76, 0.66,
0.65, and 0.69 V (vs RHE), respectively. In addition, the donor
density is inversely proportional to the Mott−Schottky
slope.43,53 This demonstrates that the donor density is lowest
in pure Cu2O, gradually increases with increasing amounts of
GO, and then decreases after reaching a maximum of 0.2 wt %
of GO. EFB and donor density correspond to other analysis
results, such as photocurrent density. This can be attributed to
the fact that even though the amount of GO added during the
GO−Cu2O electrodeposition increased, the amount of GO on
the surface of the electrode decreased. The Cu2O sample had
the lowest acceptor density, while the GO-modified Cu2O had
a higher acceptor density than pristine Cu2O. The 0.2 wt %
GO−Cu2O sample had the highest acceptor density, followed

by 0.3 wt % GO−Cu2O. When there are more defects or
impurities in a material, the acceptor density can increase.
Thus, the addition of GO can introduce defects or impurities
into the Cu2O film, leading to an increase in the acceptor
density. This is also supported by the lower angle shift of the
Cu2O (111) peak in Figure 3b. Alternatively, it could be due to
changes in the lattice parameters, resulting from the
incorporation of GO. The flat-band potential (EFB), Mott−
Schottky slope values, acceptor densities (NA), and distance
between the crystal planes (d) of Cu2O and GO−Cu2O
photocathodes are summarized in Table 1.

Figure 8a shows the electrochemical stability test of the
GO−Cu2O sample. The change in photocurrent density under
the RHE 0V voltage was measured. Measurements for 30 min
showed that the photocurrent density decreased by about 26%
from −1.28 to −0.94 mA/cm2. Following the PEC reaction,
XRD (Figure 8b) and XPS (Figure 8c,d) analyses were
performed to further characterize the GO−Cu2O photo-
cathodes. The XRD pattern of the GO−Cu2O phase showed
no significant change, with only a slight increase in the
intensity of the (200) plane. This suggests that the GO−Cu2O
crystal phase was stable even after the PEC experiment.
Moreover, the C 1s XPS spectra showed that GO remained in
Cu2O after the PEC reaction (Figure 8c). In Figure 8d, the
Cu2+ species dominate the spectra prior to the PEC, with two
satellite peaks for Cu 2p1/2 and Cu 2p3/2. After PEC, the
intensity of the peaks for Cu+ 2p1/2 and Cu+ 2p3/2 increased
compared to before PEC; however, there was no significant
change in the overall spectrum. These observations indicate

Figure 8. (a) Electrochemical stability test, (b) XRD pattern and XPS spectra for (c) C 1s and (d) Cu 2p of the 0.2 wt % GO−Cu2O photocathode
before and after PEC.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03585
ACS Omega 2023, 8, 32794−32803

32800

https://pubs.acs.org/doi/10.1021/acsomega.3c03585?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03585?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03585?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03585?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the stability of the GO−Cu2O composite toward PEC
reactions.

On the basis of the above characterization and experimental
results, a reasonable mechanism of the GO−Cu2O photo-
cathode for the charge transfer process is proposed, as shown
in Figure 9. The photocurrent density increases when GO is

added to Cu2O because of the improved charge transport and
light absorption properties of the resulting GO−Cu2O
composite film. In the GO−Cu2O composite film, the
incorporation of GO sheets enhances the electron transport
properties of the Cu2O film by providing additional pathways
for electron transport. It reduces the charge recombination and
enhances the charge transport across the film. Additionally, the
GO sheets have a high surface area, which increases the
number of active sites available for the PEC reaction and
enhances the reaction kinetics. Moreover, the incorporation of
GO into the Cu2O film also affects the band gap of the
resulting composite. The GO sheets have a higher work
function compared to Cu2O, which creates an energy level
alignment between the two materials. This alignment results in
a reduction of the band gap of the composite film, which
enhances the light absorption properties of the film in the
visible region of the electromagnetic spectrum. Overall, the
incorporation of GO into the Cu2O film results in an
enhancement of both the charge transport and light absorption
properties of the composite film. This improvement leads to an
increase in the photoelectric current density of the GO−Cu2O
composite film compared to the pristine Cu2O film.

In addition, for comparison purposes, we have summarized
photocurrent density data from other significant references in
Table 2. In comparison to other Cu2O-based photoelectrodes,
our study focused on forming a composite with Cu2O using
graphene oxide (GO). While our composite did not achieve
the highest level of performance, it demonstrated notable
compliance with respect to photocurrent density. Additionally,
one significant advantage of our approach was the simplicity of
the manufacturing process, which involved a single-step
method. This simplicity stands in contrast to the more
complex fabrication methods employed in other Cu2O-based
photoelectrodes. By offering a balance between performance
and ease of fabrication, our GO−Cu2O composite presents a
promising and practical option for efficient photoelectrochem-
ical water-splitting applications.

4. CONCLUSIONS
In this study, the addition of GO to Cu2O demonstrated
improved photoelectrochemical performance. The GO−Cu2O
composite was successfully electrodeposited on the FTO
substrate, and the optimal GO addition amount was
determined through LSV photocurrent density measurements.
Characterization techniques, including XRD, Raman, and XPS,
confirmed the formation of the GO−Cu2O composite. The
analysis revealed that even with increased GO addition, the
generated amount of GO on the electrode surface remained
below 0.2 wt % for a total addition of 0.3 wt %, as supported by
XPS analysis. The GO−Cu2O photocathode exhibited a
photocurrent density of −1.20 mA/cm2 at 0 V (vs RHE) for
the 0.2 wt % GO composition, which was 3 times higher than
that of Cu2O (−0.4 mA/cm2). The incorporation of GO led to
enhanced light absorption and quantum efficiency, as
evidenced by IPCE measurements. Furthermore, the EIS
results demonstrated that GO−Cu2O exhibited a lower charge
transfer resistance compared to Cu2O. Overall, the exper-
imental findings indicate that GO contributes to the improve-
ment of the PEC characteristics of Cu2O, making it a
promising catalyst for enhancing its performance. However,
it is important to note that excessive deposition of GO can
potentially result in adverse effects. Moreover, further
investigation is required to address the issue of low stability.
And additional research is needed to understand the specific
factors influencing the Raman spectra and the intensity of the
D and G bands in the GO−Cu2O composite.
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Table 2. Comparison of Photocurrent Densities in Cu2O-
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photoelectrode electrolyte potential

photocurrent
density

[mA/cm2] refs
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work
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