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Abstract: The production of hydrogen (Hz) through photoelectrochemical water splitting (PEC-WS)
using renewable energy sources, particularly solar light, has been considered a promising solution
for global energy and environmental challenges. In the field of hydrogen-scarce regions, metal oxide
semiconductors have been extensively researched as photocathodes. For UV-visible light-driven
PEC-WS, cupric oxide (CuO) has emerged as a suitable photocathode. However, the stability of the
photocathode (CuO) against photo-corrosion is crucial in developing CuO-based PEC cells. This
study reports a stable and effective CuO and graphene-incorporated (Gra-COOH) CuO nanocom-
posite photocathode through a sol-gel solution-based technique via spin coating. Incorporating gra-
phene into the CuO nanocomposite photocathode resulted in higher stability and an increase in
photocurrent compared to bare CuO photocathode electrodes. Compared to cuprous oxide (Cu20),
the CuO photocathode was more identical and thermally stable during PEC-WS due to its high
oxidation number. Additionally, the CuO:Gra-COOH nanocomposite photocathode exhibited a H2
evolution of approximately 9.3 umol, indicating its potential as a stable and effective photocathode
for PEC-WS. The enhanced electrical properties of the CuO:Gra-COOH nanocomposite exemplify
its potential for use as a charge-transport layer.

Keywords: cupric oxide (CuO); graphene; photocathode; photoelectrochemical (PEC); hydrogen
(H2); charge-transfer layer; stability
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1. Introduction

Enhanced and sustainable solar energy production is essential to support increasing
consumption and environmental requirements [1-6]. In that respect, efficient catalysts
play an important role in their overall performance. The most functional catalysts for
green hydrogen (H2) production via water splitting (WS) (thermodynamic potential of
1.23 V) are generally metallic or semiconductor materials [7]. A low-cost semiconducting
photocatalyst with outstanding aqueous-electrolyte stability and high visible-light ab-
sorption is always envisioned as the best material for such applications [8]. In photoelec-
trochemical water splitting (PEC-WS), the light energy is absorbed by a semiconductor
material to form electron-hole pairs, and the photo-induced electrons (or holes) are di-
rected to the semiconductor/solution interface by the space-charge field, where they re-
duce (or oxidize) water [9-13]. On the other hand, a photocathode should be a p-type
semiconductor for the hydrogen evolution reaction (HER), which means the conduction
band edge is more inclined towards the negative than the potential of H-O/H: [9-14].
Among other semiconducting materials, cupric oxide (CuO) [15-17] can be an ideal can-
didate for such applications as it is a p-type semiconductor that is abundant, inexpensive
and has appropriate optical and electronic properties for photovoltaic (PV) [18] or photo-
electrochemical (PEC) [19] applications. In particular, CuO thin films demonstrated 2-3
times enhanced PEC performance along with increased transmittance and electrical con-
ductivity [20]. The advantages of CuO as a material for solar-cell applications include a
suitable band gap (1.3-1.5 eV), [21] high optical absorption, a maximum theoretical effi-
ciency of 31%, low cost and terawatt-level scalability [22]. Additionally, hydrogen pro-
duced via solar energy is an important, relatively clean fuel that can be used in fuel cells.
The research community focuses on creating high-efficiency visible-light photocatalysts
that can harness solar light effectively [23-28] and can be integrated with photovoltaic
devices for green hydrogen production.

Cupric oxide (CuO) has shown higher photoconversion efficiency than other copper
oxide phases, but it readily changes to cuprous oxide (Cu20), an unstable photocathode
[29]. In addition, these Cu20 molecules possessed a high electron—hole recombination rate,
which hindered them from being very efficient in the hydrogen evolution reaction [20].
As a result, research focusing on CuO-based photocathodes must be developed in order
to reduce or prevent the occurrence of the Cu2O phase during WS and increase photo-
corrosion stability. Furthermore, apart from the stability issue, synthesizing the photo-
cathode for a large area is another challenge [30,31]. To tackle these difficulties, a low-cost,
high-yield electrode production technology is required. Therefore, CuO was synthesized
via sputtering and a solution-based thin-film deposition technique to address these issues
[15,32-34]. In general, a thin film deposited via sol-gel has a slow charge-transfer rate,
high bulk resistance and a high photogenerated-carrier recombination rate [35]. However,
we aimed to incorporate graphene into metal oxide thin films for better improvement in
the charge-transfer efficiency [36-38].

Importantly, CuO exhibits an ideal band alignment, with a minimum conduction
band of approximately —0.8 V to —1.0 V vs. the reversible hydrogen electrode (RHE) for
water reduction reactions. CuO’s photocatalytic performance is limited by the charge car-
rier’s rapid recombination rate and the lack of production of reactive oxygen species.
Chemical modification of CuO can be used to prevent charge recombination, which can
boost photocatalytic efficiency. The incorporation of graphene-based materials with CuO
is one such strategy that addresses these difficulties. Generally, graphene oxide (GO) is
one of the most significant graphene derivatives due to its properties, such as strong me-
chanical strength, suitable redox reaction, stability, a large surface area and excellent con-
ductivity [39,40]. It also contains abundant epoxides (C-O-C), C-OH and terminated
COOH groups [41]. Graphene is also known to be used in nanocatalysis, which supports
the synthesis of effective heterogeneous catalysts [42,43]. Its exceptional conductivity can
ease electron transfer during transformations [44]. The structure of graphene is hexagonal
(sp*-hybridization), also having excellent mechanical properties and high thermal
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conductivity and giving rise to ultrahigh electrical conductivity, which is an attractive
point in the research field for various energy-conversion applications. Heteroatom-doped
graphene has a high electrocatalytic activity, which is a remarkable characteristic with
great promise for hydrogen generation via photocatalytic materials [45]. Its electron
charge carriers exhibit an enormous intrinsic mobility and an undersized effective mass
(which is zero) and can also travel up to a micrometer (um) distance without scattering at
RT (room temperature). When compared to copper, graphene has six times higher current
densities and record stiffness and thermal conductivity [46].

As an electron acceptor or transporter, graphene can assist in separating the photo-
generated electron—hole pairs in semiconductors as well as efficiently transport photogen-
erated electrons to reactive sites, potentially improving photocatalytic H> production.
With the use of surface functional groups (epoxides, hydroxyls, carbonyls, etc.) and lattice
defects (vacancies, holes) in chemically transformed structures, graphene can anchor and
immobilize metal nanoparticles on its surface for further applications [47,48]. Combining
semiconductors with graphene reduces the problem of photo-corrosion because gra-
phene’s electron acceptor/transport roles are advantageous for swiftly removing light-in-
duced charges from semiconductors. The catalytic activity of graphene-supported cata-
lysts will be enriched as the charge transfer augments from graphene to the catalysts [49].
A recent study [50] indicates that incorporating graphene on top of CuO will dramatically
enhance its photostability as well as photocatalytic activity. By means of functionalization
or charge transfer between graphene and CuO nanostructures, one can introduce a new
feature into the formation of CuO nanostructures that possess the enhancement of Hz evo-
lution. Since it remains challenging to investigate the interactions between graphene and
CuO at the molecular scale using experimental techniques, the insight brought by density
functional theory (DFT) studies can provide a better understanding of charge transfer be-
tween graphene and CuO [51-54].

Thus, in the present study, a combination of experimental and computational studies
has been carried out to gain a better understanding of CuO functionalized graphene
nanostructures. Initially, CuO thin film is incorporated with graphene nanosheets (a sol-
gel precursor solution with functionalized graphene nanostructures) via spin coating. Es-
pecially, we have incorporated -COOH functionalized graphene onto the CuO to enhance
its efficiency and stability as a photocathode. The primary objective of this research is to
use sol-gel spin coating to achieve high film performance and good crystal quality. Fur-
thermore, improved electrical and optical properties, along with increased charge
transport of CuO (CuO:Gra-COOH) thin film on FTO, are reported, with increased overall
H: evolution efficiency. DFT calculations have also been performed on CuO and function-
alized graphene complexes to gain insights into their electronic properties.

2. Results and Discussions
2.1. Structure Elucidation of Active Thin Film

The microstructural properties of sol-gel-deposited CuO thin film (~20 nm) and
CuO:Gra-COOH thin film were evaluated by Transition Electron Microscopy (TEM). The
TEM images of the CuO thin film and the CuO:Gra-COOH thin film that were deposited
on the FTO substrate are shown in Figure 1. Figure 1a shows the sol-gel-deposited CuO
on sputter-grown CuO (500 nm) and Figure 1b shows the sol-gel-deposited CuO:Gra-
COOH on sputter-grown CuO (500 nm). As a result, Figure 1b shows that the composite
of CuO and Gra-COOH was successfully incorporated and that it was developed on a
sputter-grown CuO (500 nm) substrate. It was also observed that graphene nanoparticles
are sorted out as spherical particles with a diameter of approximately 5 nm. Furthermore,
the polycrystallinity of the CuO particles was confirmed by the HRTEM image in Figure
1c. The Fast Fourier transform (FFT) shows the crystalline structure of the film, and the
FFT of the CuO:G-COOH thin film specifies the spatial frequency distribution. In partic-
ular, the central point indicates the brightness of the picture (because the central area is
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proportional to the low frequency), as can be seen in Figure 1c,e. Thus, as shown in Figure
1c,e, each power spectrum resembles an orientation, implying that pore structures are
randomly oriented. To examine the pore structure in greater depth, a masking step and
FFT were applied to the power spectra. A ring-shaped mask pattern specifies a peculiar
frequency region in reciprocal space, and then an FFT is performed, resulting in images
with different pore-size ranges. Two FFT areas are present in the CuO:Gra-COOH diam-
eter of 5 nm. The distinctive plane (111) of CuO is seen in the SAED patterns (Figure 1c).
The individual particle’s HRTEM image shows a lattice spacing of 0.234 nm (FFT area (1)),
which is consistent with the (111) plane of monoclinic CuO. Similarly, as shown in Figure
1le, the pore size of FFT area (2) is 0.273 nm for the (002) plane (inner) of graphene, 0.229
nm for the (111) plane (middle) and 0.201 nm for the (002) plane (outer) of monoclinic
CuO. However, we have carefully excluded these structures from further evaluation as
they did not show additional potential results in our theoretical calculations, which are
presented in the next section. The composite nature of CuO has been confirmed by TEM
and HRTEM analyses. The existence of nano-sized CuO in Gra-COOH indicates that its
energetics are favorable for water reduction (i.e., Hz generation).

area

' FFT area | FFT area 2
0.247nm . 02730m (1)

0.229nm (2)
0.201nm (3)

FFT area 2

Figure 1. Cross-sectional and TEM images: (a) sol-gel-deposited CuO (~20 nm); (b) sputter-grown
sol-gel spin-coated CuO:Gra-COOH thin film; and (c-e) FFT calculations of CuO:Gra-COOH thin
film.

The structural detail of sputter-grown sol-gel-deposited CuO and CuO:Gra-COOH
was analyzed using X-ray diffraction (XRD) analysis, and the spectra are shown in Figure
2. The crystalline size (D) of the samples was calculated using the Debye-Scherrer for-
mula.
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where, A is the wavelength of the XRD radiation;
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B is the full width at half maximum (FWHM) of the peak, which corresponds to a
plane;
0 is the angle obtained from the 260 value, which corresponds to the XRD pattern.
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Figure 2. (a) XRD spectra of sputter-grown CuO (500 nm) on FTO and sputter-grown sol-gel spin-
coated CuO:Gra-COOH (20 nm) on FTO photoelectrodes, which are matched with monoclinic CuO;
(b) XPS spectra of CuO and CuO:G-COOH; and (c) UV-visible spectra of FTO, CuO and CuO:G-
COOH. CuO—Copper Oxide, GCC—Gra-COOH/CuO.

According to the XRD spectra, the highest intensity peaks of the sol-gel-deposited
CuO and CuO:Gra-COOH films at 26 values are 38.5 and 35.6, which are attributed to the
(111) and (002) planes, respectively. These results are consistent with the CuO monoclinic
structure (JCPDS# 05-0661). As a result, it appears that the dominant phase is CuO, and
graphene oxide did not form in the film. In the case of GCC (Gra-COOH/CuO), the highest
intensity peak was observed at 26.64 (20 value), which is the graphene peak [55,56]. For
CuO, peaks at 20 values of 38.5 (111) and 35.6 (002) were observed. CuO:G composites
have a distinct diffraction peak along with pure CuO characteristic peaks, implying that
the CuO in the CuO:G composites has good crystallinity. Additionally, oxygen functional
groups such as the carboxylic (-COOH) group present on the surface of graphene oxide
prevent CuO grain diffusion and further crystallization to Cuz0 [57]. As seen in Figure 2a,
the graphene peak was more prominent than CuO due to the thickness of the -COOH-
functionalized graphene (20 nm) and CuO (500 nm). Furthermore, by integrating func-
tionalized graphene (-COOH) with CuO, phase transformation during PEC can be signif-
icantly diminished, leading to enhanced photo-corrosion stability of the CuO photocath-
ode, which results in an enhancement in the evolution rate of H.. Hence, the crystallinity
of sol-gel-deposited CuO and CuO:Gra-COOH thin films was studied by XRD. Next, to
know about the morphology of the film, we performed AFM, which is detailed in the next
section.
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Figure 2b shows the XPS spectra of CuO and CuO:G-COOH thin films. Satellite peaks
are seen at energies between 943 and 951 eV and between 957 and 969 eV. Additionally,
all films show prominent Cu2ps2 and Cu2pi2 peaks at 932.7 and 954.5 eV, respectively,
confirming the establishment of the CuO-dominating phase. Tiny shoulder peaks at 933.3
eV and 954.1 eV are visible for CuO and CuO:G-COOH films, which have values much
lower than those of bare CuO. Before evaluating how well CuO and CuO:G-COOH split
water, this study looks at how well they can absorb visible light. Due to the low bandgap
of CuO, both the CuO and CuO:G-COOH electrodes exhibit outstanding light-absorption
capabilities. The visible-light absorption starts at approximately 800 nm (as seen in Figure
2¢), with increased absorption capabilities at shorter wavelengths. The CuO film’s func-
tionalized graphene causes the light absorption spectra’s peak to shift considerably (by
approximately =50 nm) to shorter wavelengths. Thus, we expect functionalized films to
have better light-harvesting abilities.

In general, photocatalytic activity is influenced by the morphology of materials to a
great extent. In order to understand the surface morphology, crystal structure, grain size
and roughness of the CuO:Gra-COOH photoelectrode, atomic force microscopy (AFM)
studies were carried out, as shown in Figure 3. Figure 3a shows the 2D AFM image, and
Figure 3b shows the 3D view of spherical particles with aggregations at different magni-
fication ranges of 10-100 mm. It is observed that the nanoparticles are scattered without
any clustering and that the surface morphology of the film is highly homogenous. Figure
3c depicts a clear image of a cross-section at high resolution, and Figure 3d corresponds
to the appropriate cross-section profiles indicated by lines. Basically, grain size was influ-
enced by the interaction between nucleation and growth rates. The topographic map re-
veals that the nanoparticles’ surfaces are spherical in shape. The rough surfaces have a
higher number of active sites and a relatively larger surface area. Compared to recombi-
nation, a rough-surface film is expected to have a larger electrode or electrolyte interfacial
area, which increases charge-transport rates. As a result, because it inhibits the recombi-
nation of photogenerated charge carriers, this type of film can play a vital role in PEC
activity.
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Figure 3. AFM images of CuO:Gra-COOH photoelectrode: (a) CuO:Gra-COOH in two dimensions;
(b) CuO:Gra-COOH in three dimensions; (c¢) CuO:Gra-COOH cross-section at high resolution; (d)
cross-section profiles in the AFM images that correspond to the appropriate cross-section profiles
indicated by lines.

In order to gain insights into the electronic properties of functionalized graphene and
CuO complexes, DFT calculations were carried out on the CuO clusters and a representa-
tive graphene monolayer. The DFT results focused on how the chemical functionalization
of graphene impacts the CuO and graphene-layer interactions. Thus, geometric optimiza-
tion of the pristine graphene model and its carboxyl and amine derivatives was carried
out using the B3LYP-D/6-31G** level of theory, as depicted in Figure 4.
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(a) . ’ ,{@:ﬁ

Gra Gra-COOH Gra-NH,

A

CuO

CuO@Gra-NH,

Figure 4. (a) Optimized geometries of pristine graphene sheet (Gra), carboxylic acid functionalized
graphene (Gra-COOH), amine functionalized graphene (Gra-NH:z) and CuO cluster; (b) optimized
geometries of CuO@Gra, CuO@Gra-COOH and CuO@Gra-NH: complexes. Grey, Cyan, Red, Blue
and White color represents C, Cu, O, N, and H atoms.

It can be seen from the optimized geometries that the CuO cluster shape is rearranged
after adsorption on the graphene layer. Table 1 shows the calculated energy levels of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), as well as the HUMO-LUMO gap (Eg), for various CuO-Graphene complexes.
As one can expect, the functionalization of graphene with carboxylic and amine groups
alters the HOMO and LUMO energy values. The electron-donating amine group destabi-
lizes the HOMO level (from —4.92 eV to —4.64 eV), and the electron-withdrawing carbox-
ylic acid group stabilizes the HOMO level (from —4.92 eV to -5.16 eV). Figure 5 depicts the
pictorial representations of single-electron HOMO and LUMO wavefunction distribu-
tions. In the case of CuO@Gra-COOH, we observed a strong wavefunction delocalization
between CuO and the graphene layer. The strong wavefunction overlap between CuO and
graphene-COOH could be the reason for the stable CuO@Gra-COOH complex. Figure 6
shows the density of states (DOS) for various CuO-Graphene complexes. Graphene-incor-
porated CuO (CuO@Gra-COOH) film showed better performance compared to CuO@Gra.
The stronger overlap of CuO cluster orbitals with the graphene layer is evident from the
DOS calculations.

Table 1. Calculated energy levels of HOMO and LUMO and energy difference (AE) for various CuO-
Graphene complexes.

S. No. Sample Name Enomo ELumo AE
1 CuO@Gra -4.92 eV -4.19 eV 0.73
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2 CuO@Gra-COOH -5.16 eV -4.38 eV 0.78
3 CuO@Gra-NH: -4.64 eV -3.92 eV 0.72

HOMO(—4.92) HOMO(—4.19)
CuO@Gra

HOMO(-5.16) HOMO(—4.38)
CuO@Gra-COOH

HOMO(—4.64) HOMO(-3.92)
CuO@Gra-NH,

Figure 5. Pictorial representations of a single-electron HOMO and the LUMO wavefunction distri-
butions for various CuO-Graphene complexes. Grey, Cyan, Red, Blue and White color represents C,
Cu, O, N, and H atoms.

J— 1.4 — CuO@Gra-COOH 1.4 — CuO@Gra-COOH
14 — Suoecra — Gra-COOH 12 — Gra-NH,
1.2 — cuo 12 —cCuo : —Cuo
1.0 1.0 1.0
D0.8 v 0.8 wn 0.8
8 8os Q06
0.6
0.4 0.4 0.4
0.2 j 0.2 0.2
0.0 0.0 0.0
s 3 2 3 E) 6 5 -4 -3 2 6 5 -4 3 2
Energy (eV) Energy (eV) Energy (eV)
CuO@Gra CuO@Gra-COOH CuO@Gra-NH,

Figure 6. Density of states for various CuO-Graphene complexes.

Additionally, the charge distribution for CuO-Graphene complexes was calculated
using Mulliken population analysis. Mulliken charges were calculated based on the
charge population that each atom defines as its basic functions [58]. Figure 7 shows the
Mulliken charge distribution for various CuO-Graphene complexes produced by the
B3LYP-D/6-31G** level of theory. We observed charge transfer from graphene to CuO
clusters. The calculated charge distribution for the CuO-Gra and CuO-Gra-NH:
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complexes showed an almost similar charge distribution (-0.83|el), whereas in the case
of CuO@Gra-COOH, the calculated charge distribution was -0.81lel.

-0.83 lel e\ -0.81 lel

(2

“"‘HHMM

CuO@Gra CuO@Gra-COOH

-0.83 lel

CuO@Gra-NH,

Figure 7. Mulliken charge distribution for various CuO-Graphene complexes. Grey, Cyan, Red, Blue
and White color represents C, Cu, O, N, and H atoms.

2.2. PEC Property Comparison of CuO and Incorporated Graphene CuO Thin Film

The effect of CuO and CuO:Gra-COOH thin-film crystallinity on the performance of
PEC-WS was investigated. The I-V characteristics (current vs. voltage) of the PECs were
measured in two conditions (on and off): “light on” under AM 1.5G illumination of 100
mW/cm? and “light off” in darkness. The measured potential was converted into a reversi-
ble hydrogen electrode (RHE) scale by using the following equation:

E(RHE) = E(Ag/AgCl) +0.197 + 0.059 pH

E(Ag/AgCl) and E(RHE) are measured potentials with respect to the Ag/AgCl R.E
and RHE scales, respectively. In our experiment, a pH of 5.84 was maintained, corre-
sponding to the pH of the electrolyte. Due to the presence of dissolved oxygen (Oz), which
would result in oxygen reduction rather than Hx creation as a primary cathodic reaction,
the system was bubbled with argon (Ar) gas for 1 h prior to the PEC measurements. Figure
8 shows Current-Voltage (I-V) characteristics of a 500 nm sputter CuO photocathode with
a CuO and CuO:Gra-COOH charge-transfer layer under light-on and -off conditions. Af-
ter incorporating Gra-COOH, linear cyclic voltammetry showed an improvement in pho-
tocurrent. Under chopped visible-light conditions, I-V plots were recorded at a fixed po-
tentiality, and the photocurrent was recorded at 2.6 mA/cm? at 0 V vs. RHE. The photo-
current of the electrode was determined by the rate of recombination at the electrolyte or
electrode interface and efficiency. The excited electrons were transferred from the semi-
conductor to the FTO substrate [59].
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Figure 8. Current-Voltage characteristics of a 500 nm sputter CuO photocathode with sol-gel spin-
coated CuO and CuO:Gra-COOH charge-transfer layer.

A functionalized Gra-COOH-incorporated CuO electrode shows a slightly higher
dark current compared to sputter CuO. However, it does not show an enormous reduction
in photocurrent after numerous cycles of light-on and -off conditions. As previously
stated, the -COOH functional group acts as an electron acceptor group [60] and has strong
electron-accepting capabilities, [61,62] which can enhance the p-type conductivity of the
hybrid structure. It has also been demonstrated that the efficiency of charge separation
improves when graphene is present [63-65]. Under illumination, CuO is known to be un-
stable and will eventually reduce into Cu20, while Cu will decrease the photocurrent over
time. The incorporated graphene CuO working electrode (CuO:Gra-COOH) contributes
to a stable photocurrent in spite of having a similar light-harvesting profile [31].

One of the major concerns with CuO-based working electrodes for PEC-WS applica-
tions is their instability in aqueous electrolytes. Figure 9 shows the photo-corrosion stabil-
ity of a 500 nm sputter CuO photocathode with a CuO and CuO:Gra-COOH charge-trans-
fer layer under light-on and -off conditions. As seen in Figure 9, CuO shows a ~20% de-
crease in photocurrent after 900 s, while the CuO:Gra-COOH electrode only shows a ~10%
reduction. Particularly, the stability of the photocathode also depends on the quantum of
Gra-COOH, which generates only 10-20% of the initial photocurrent. Although it is a
~10% reduction in photocurrent, the CuO:Gra-COOH electrode performs better, which
should be noticeable. If a film has a good crystalline layer, it exhibits enhanced photosta-
bility due to the superior transit of photogenerated electrons (e-) and holes (h*) to the sur-
face. This allows the photogenerated charges to move more rapidly from the electrode to
the electrolyte. After adding CuO:Gra-COOH, the photogenerated carriers exhibit a ten-
dency to transport rapidly from the electrode’s bulk to the electrolyte. This can be at-
tributed to the improved electrical conductivity of CuO through the addition of graphene
(CuO:Gra-COOH). As a result, nanocrystal-engineered CuO thin films can improve the
efficiency of CuO-based PEC-WS as well as the stability of the photocathode.
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Figure 9. (a) Photo-corrosion stability test of 500 nm sputter-coated CuO photocathode (black); (b)
500 nm sputter-coated CuO photocathode with spin-coated CuO (20 nm) (blue); (c) 500 nm sputter
CuO photocathode with sol-gel spin-coated CuO:Gra-COOH (20 nm) (magenta); (d) photo-corrision
stability test of all CuO thin films.

In consequence, an optimized CuO:G-COOH photocathode would be ideal for solar
H: generation because it would conflate charge-transport properties and photogenerated
carriers of CuO [24]. Figure 10 shows the hydrogen evolution under light illumination of
a 500 nm sputter CuO and a 500 nm sputter CuO with sol-gel-deposited Cu and a
CuO:Gra-COOH charge-transfer layer. As can be seen in the figure, there is no difference
between sputter-grown CuO (500 nm) and sputter-grown CuO (500 nm)/sol-gel CuO (20
nm). However, in the case of CuO:Gra-COOH, the ratio is 10% higher, and the amount of
hydrogen evolution is ~9.3 umol. The calculated faradic efficiencies of CuO and CuO:Gra-
COOH for the PES process, as shown in Figure 10, are 79% and 84%, respectively, using
the equations from [66]. A low-cost, highly stable photocathode is required for the gener-
ation of solar-driven Hz. The current study demonstrates that a stable CuO:Gra-COOH
photocathode can also be synthesized using a solution technique. As a result, there is an
open opportunity to expand solar Hz generation on a large scale.
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Figure 10. Hydrogen evolution under light illumination of a 500 nm sputter CuO and a 500 nm
sputter CuO with sol-gel-deposited CuO and CuO:Gra-COOH charge-transfer layer.

3. Experimental Section
3.1. Thin-Film Preparation on FTO-Coated Glass Substrate

A CuO layer was sputtered at 500 nm thickness under identical circumstances as pre-
viously reported [67]. The thickness of sputter-grown CuO was ~500 nm, which is suffi-
cient to absorb maximum visible light. Firstly, a 500 nm thick CuO film was grown on
FTO (fluorine-doped tin oxide) substrate via sputtering, followed by sol-gel spin-coated
thin film (~20 nm) of CuO and CuO:Gra-COOH that was deposited separately.

FTO-coated glass substrates were used to deposit CuO thin films. Before nitrogen gas
dried, the substrates were ultrasonically cleaned in IPA for 10 min. The substrates were
cleaned before being introduced into the CuO thin-film-sputtering chamber for deposi-
tion. CuO thin film with a thickness of 500 nm was deposited on FTO substrate by using
sputter deposition. In an argon atmosphere, CuO target at 100 W was sputtered at a pres-
sure of 3 mTorr. Rapid thermal annealing was performed after deposition to increase the
crystal quality of the CuO film. Following that, samples were annealed in nitrogen at 600
°C for 60 s (heating and cooling rate of 10 °C/s) by rapid thermal treatment (RTT). CuO
and incorporated graphene CuO thin film were then deposited on the sputter-grown CuO
(500 nm)/FTO substrates via sol-gel/spin-coating technique, as shown in Figure 11a,b.
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Figure 11. (a) Schematic diagram of sputter CuO-based photocathode fabrication with sol-gel spin-
coated CuO and CuO:Gra-COOH charge-transfer layer. (b) Schematic diagram of sputter CuO-
based photocathode with sol-gel spin-coated CuO and CuO:G-COOH charge-transfer layer. Sche-
matic design of photoelectrodes.

A copper oxide (CuO) solution was made by vigorously stirring 1.0 mL ethanolamine
(C2H/NO) into 20 mL 2-methoxyethanol (CsHsO2). After 15 min of constant stirring, 1.09 g
copper (II) acetate (Cu(CHsCOO)2) was added to the above-mentioned solution, yielding
a deep blue color. In addition, 0.5 mL polyethylene glycol (CanHan2On+1) (average molecu-
lar weight 200) was added to the solution, and the solution was set to deposit as CuO film.
Following that, 0.04 g-COOH functionalized graphene nanosheets (Cheap Tubes Inc.,
USA) was added to 1 mL CuO solution, and then the solution was sonicated for 60 s by
using pulse mode (5 s on and 5 s off). Before deposition on an FTO glass substrate, an
additional 3 h of spin-coating stirring was performed, and the film was dried at 100 °C on
a hotplate for a couple of minutes just before annealing at 600 °C for 10 min. The thickness
of the sol-gel/spin-coat films deposited with CuO and CuO-Gra-COOH was approxi-
mately 20 nm.

3.2. Material Characterization

Diffraction and crystallographic information were recorded by X-ray diffractometer
(Bruker D8 Advance, Billerica, MA, USA, Rigaku SmartLab, Tokyo, Japan and Panalytical
X'Pert Pro, Almelo, The Netherlands) with Cu-Ka radiation (A = 1.54 A). Morphological
analysis was performed using high-resolution transmission electron microscopy
(HRTEM) (JEOL JEM-2100F, FEI Tecnai F30, Portland, OR, USA) at resolutions ranging
from 5 to 50 nm. Topographical and optical measurements were performed using atomic
force microscopy (AFM) (Bruker Dimension Icon, Asylum Research MFP-3D, Billerica,
MA, USA) and Agilent Cary 60 (Thermo Scientific Evolution 60S, Tokyo, Japan). The
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electronic structure and chemical state of the samples were evaluated by X-ray photoelec-
tron spectroscopy (XPS) (Thermo Fisher Scientific K-Alpha, Waltham, MA, USA). UV-vis-
ible spectroscopy (Shimadzu UV-2600, Kyoto, Japan) was used to measure the catalytic
properties of the samples.

3.3. Photoelectrochemical Measurement (PEC)

This study used a three-electrode cell configuration with a platinum foil as the coun-
ter electrode (C.E), Ag/AgCl as the reference electrode (R.E) and CuO thin films as the
working electrode to perform photoelectrochemical (PEC) experiments (W.E). The tests
were performed in an electrolyte solution with a pH of 5.84 and a concentration of 0.1 M
Naz50.s. Black tape was used to conceal the CuO thin film’s 1 cm? active region. Using a
Metrohm-Autolab PGSTAT101 potentiostat and a 150 W Xenon arc lamp with AM 1.5 fil-
ters, PEC characterization was carried out. The illuminating light on the CuO thin film
was retained at a constant 100 mWcm=2 intensity. The applied fixed potential and current
density were 1.2 V and 0.5 mA cm™, respectively.

3.4. Computational Methodologies

All geometry optimizations were carried out using the B3LYP method in conjunction
with 6-31G** and LANL2DZ basis sets. C, H, O and N atoms were treated with 6-31G**,
and LANL2DZ was used for Cu. The optimized geometries were used to calculate energy
levels, population analysis and molecular orbital analysis. All calculations were per-
formed using Gaussian 16 code [68].

4. Conclusions

To summarize, we propose a simple, low-cost, scalable solution-based approach for
fabricating and designing CuO:Gra-COOH photocathodes. We have shown that graphene
incorporates nanoparticles into the CuO film, which improves the electrical and optical
properties of the film. The -COOH functional group improves water-splitting perfor-
mance with CuO electrode stability, and the PEC measurements confirm that Hz evolution
takes place. Gra:CuO-based films are used to obtain a picture of solar-driven WS for H
production and photocatalytic activity. The performance of PEC improves slightly with
the addition of graphene nanoparticles due to increased film conductivity and the sup-
pression of charge-carrier recombination. Additionally, it is observed that the graphene
functional group plays a significant role in making more effective and stable photoelec-
trodes due to its electron-accepting tendency. According to the DFT calculations between
different complexes of graphene with CuO, CuO@Gra-COOH shows the finest and most
stable complex due to its high energy gap of 0.78 and charge distribution of —0.81lel. The
presence of an ultra-thin CuO:Gra-COOH charge-transport layer shows ~9.3 umol Hz evo-
lution. This work opens up the opportunity to improve the photocathode performance by
integrating an ultra-thin charge-transport layer. Highly effective and stable photocath-
odes can be designed by combining a metal oxide/charge-transport layer for UV-visible
light-driven solar Hz production in practice, which is supported by extensive theoretical
results.
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