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Abstract: Solar light-driven hydrogen by photocatalytic water splitting over a semiconductor pho-
toelectrode has been considered a promising green energy carrier. P-type semiconducting copper
oxides (Cu2O and CuO) have attracted remarkable attention as an efficient photocathode for photo-
electrochemical (PEC) water splitting because of their high solar absorptivity and optical band gaps.
In this study, CuO thin films were prepared using the sol-gel spin coating method to investigate the
effects of aging time and layer dependency. Electrodeposition was also applied to fabricate Cu2O
thin films. Cu2O thin films annealed at 300 ◦C are a hetero-phase system composed of Cu2O and
CuO, while those at 400 ◦C are fully oxidized to CuO. Thin films are characterized using atomic force
microscopy (AFM), scanning electron microscopy (SEM), ultraviolet-visible spectroscopy (UV-VIS),
Fourier transform infrared spectroscopy (FTIR), spectroscopic ellipsometry (SE), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and Raman microscopy. The hetero-phase thin films
increase the photoconversion efficiency compared to Cu2O. Fully oxidized thin films annealed at
400 ◦C exhibit a higher efficiency than the hetero-phase thin film. We also verified that CuO thin
films fabricated using electrodeposition show slightly higher efficiency than the spin coating method.
The highest photocurrent of 1.1 mA/cm2 at 0.10 V versus RHE was measured for the fully oxidized
CuO thin film under one-sun AM1.5G illumination. This study demonstrates a practical method to
fabricate durable thin films with efficient optical and photocatalytic properties.

Keywords: p-type semiconductor; copper oxide; thin film; sol-gel deposition; electrodeposition;
photoelectrochemical water splitting

1. Introduction

Hydrogen generation using solar energy through water electrolysis with solar-powered
electricity and photocatalytic solar water splitting is vital to fulfill the pipe dream of the
hydrogen economy, due to global demand for renewable energy [1]. Among solar energy
conversion methods, photoelectrochemical (PEC) water splitting is considered one of the
most pivotal and sustainable approaches to tackle the global energy crisis. It dissociates
water molecules directly into hydrogen and oxygen using sunlight and semiconducting
PEC materials [2]. Even if it is sustainable without producing greenhouse gases, developing
novel PEC materials with excellent efficiencies, durability, and cost-effectiveness is impera-
tive for their commercialization [3]. PEC water splitting occurs sequentially through the
production of electron-hole pairs due to absorbing sunlight, the charge drift and diffusion,
the separation of charge carriers, and the reduction or oxidation of water on the surfaces
with the charge carriers [4]. Semiconducting PEC materials must meet several requirements
to split water molecules [5]. For example, the potential of the conduction band (CB) gap
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must be lower than the reaction potential of reduced water, and that of the valence band
(VB) gap higher than the reaction potential of oxidized water.

The photoelectrodes for large-scale applications may be cost-effective metal oxides [6]
among various semiconductor materials of metal oxides (TiO2 and WO3), metal sulfides
(CdS and WS2), and metal selenides (WSe2 and ZnSe) [7]. Their ionic character origi-
nated from the hybrid orbitals of transition metal cations and oxygen (O 2p) could lead
to a large band gap [5]. Furthermore, the VB’s localized p-orbital characteristic causes
the low mobility of electron holes in conventional metal oxides, resulting in no durable
photoanode device producing a photocurrent greater than 10 mA/cm2 with adequate
photovoltage coupled with a photocathode [8]. In addition, metal oxides often experi-
ence short charge diffusion and slow charge transfer, owing to the formation of sluggish
and self-trapped charge carriers [9]. Therefore, the search for novel, highly efficient, and
cost-effective metal oxide semiconductors with a narrower band gap and a longer carrier
diffusion length has attracted wide attention [10]. However, it remains a great challenge
to propose high-performance materials for photocatalytic water splitting, for example,
by regulating electronic band structures and creating the direct Z-scheme heterojunction
(i.e., Co9S8/CdS [11], ZnO/CdS [12], and TiO2/CdS [13]) and the p-n heterojunction (i.e.,
B-C3N4/Mo-BiVO4 [14], Cu2O/CeO2 [15], and CuO/ZnO [16]). To the best of our knowl-
edge, no candidate material meets all requirements with a high enough energy conversion
efficiency [7].

Among semiconducting photoelectrode materials, copper oxides (CuxO; x = 1 or 2)
have received remarkable attention due to their outstanding properties and numerous
applications for solar-to-hydrogen conversion from water [17,18]. Copper oxides are
naturally a p-type semiconductor [19] with high solar absorptivity, low thermal radiation,
and low energy band gaps (Cu2O: 2.1–2.6 eV and CuO: 1.3–2.1 eV) [20]. The band gaps also
depend on sample preparation approaches and surface morphologies. Due to their high
natural abundance, copper oxides can also be used for cost-effective solar cells [21]. Cu2O-
based solar cells with a band gap of 2.0 eV were reported to potentially reach a theoretical
maximum efficiency of 20% [19,22] according to the Shockley-Queisser limit (SQL) [23].
Moreover, copper oxide-based photoelectrodes can be applied for photochemical CO2
reduction [24]. Regardless of these advantages and the versatile applications of copper
oxides as excellent solar absorbing materials, a grand challenge may be to rationally
minimize the strong electron-hole recombination of copper oxides [22]. Various reports also
address obtaining the optimal diffusion length of minority charge carriers and thicknesses
of thin films [22,25]. Therefore, it may be crucial to effectively separate electron-hole pairs
to improve the efficiency of photocatalytic solar water splitting using copper oxide-based
photocathodes. To date, as summarized in Table S1, the fabrication of copper oxide-based
photocathodes applied to PEC water splitting is a tremendous challenge that requires
technological advances [26], since the efficiency (e.g., 0.10–1.75%) [17,27–37] depends on
many factors, such as substrates, pH values, and surface modification. For the preparation
of high-performance photoelectrode materials, metal oxide thin films can be prepared
by numerous methods, including the sol-gel method, chemical vapor deposition (CVD),
pulsed laser deposition (PLD), and electrodeposition. Among them, the sol-gel spin coating
method is more cost-effective, faster, and higher-yield than physical methods (i.e., CVD and
PLD). Its process comprises the preparation of a precursor solution, aging the solution for
conversion of sol in the liquid to gel, depositing the sol-gel on a substrate by spin coating,
and heat treatment of thin films. Even if the sol-gel approach is fast and straightforward
compared to other thin-film deposition methods, the performance of thin films is influenced
by several factors, including sol aging time and temperatures, sol concentrations, chelating
agents, pre- and post-heating temperatures, and spin coating speed and time. Among the
factors for preparing high-quality thin films, optimizing sol aging time and heat-treatment
parameters may be essential for fabricating nanostructured thin films and controlling
optical band gaps. Accordingly, this study first examined the effects of sol aging time, heat
treatment, and layer dependency on p-type CuO thin films fabricated using the sol-gel spin
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coating method, followed by photocatalytic solar water splitting. CuO thin films were also
prepared using electrodeposition with thermal oxidation to compare with the sol-gel spin
coating method. We demonstrated the effect of the substrates on photocatalytic efficiencies
using indium tin oxide (ITO or tin-doped indium oxide) and fluorine-doped tin oxide (FTO)
coated glass substrates since their properties are affected by thermal treatment [38,39].

2. Experimental Details
2.1. Thin-Film Preparation

The sol-gel thin-film deposition method [40] was applied on ITO (~120 nm) coated
glass substrates to examine the effects of CuO sol using p-type CuO thin films. ITO
substrates were sequentially cleaned in an ultrasonic bath of acetone, isopropyl alcohol
(IPA), ethanol, and deionized (DI) water for 5 min, followed by drying in an oven and ozone
treatment for 10 min. For spin coating, we prepared a precursor solution by adding 1 mL of
ethanolamine to 15 mL of IPA under stirring, followed by mixing with 0.68 g of copper (II)
acetate. After the complete dissolution of the copper acetate, a solution of 0.2 g of ethylene
glycol was added. The precursor solution was stirred for 24 h in air to reach complete
mixing at 1500 rpm. Impurities were removed using a 0.45 µm syringe filter [41]. Then, the
sol solution was aged at room temperature for 0, 12, 24, 36, and 48 h with magnetic stirring.
The prefiltered 150 µL sol solution was placed on an ITO substrate at 2000 rpm for 30 s
using a spin coater in a fume hood. The spin-coated thin films were then dried at 120 ◦C
on a hot plate for 2 min, and was pre-annealed at 350 ◦C for 5 min to remove precursor
chemicals. All thin-film samples were subjected to a final annealing process at 400 ◦C on a
hot plate for 2 h in air. To examine layer dependency, the pre-annealing process at 350 ◦C
for 5 min was repeated twice, four times, six times, and eight times, followed by the final
annealing process at 400 ◦C for 2 h. Cu2O thin films were also fabricated on FTO (~400 nm)
coated glass substrates by electrodeposition. In this study, FTO substrates were applied for
electrodeposition because of their excellent chemical resistance [38]. It was performed using
the chronoamperometric (CA) method at −0.36 V versus Ag/AgCl (3 M NaCl) for 20 min in
a solution of 3 M lactic acid and 0.4 M CuSO4 (pH = 9) [29] added to 40 mL of DI water. The
pH value was obtained using 5 M NaOH, while the entire electrodeposition process was
conducted with magnetic stirring at 100 rpm. A potentiostat (BioLogic, SP-150) was used to
supply a constant current during the electrodeposition process at room temperature using
a coiled platinum wire (0.5 mm diameter) as a counter electrode. To obtain hetero-phase
CuO/Cu2O and pure CuO thin films, Cu2O thin films were thermally oxidized at 300 ◦C
and 400 ◦C, respectively, for 1 h in air, after cleaning the Cu2O thin films using DI water
and drying in an oven at 70 ◦C.

2.2. Characterization of Thin-Film Samples

Atomic force microscopy (AFM, Bruker Innova, MA, USA), with the tapping mode,
and scanning electron microscopy (SEM, Zeiss Auriga, Oberkochen, Germany), at an
accelerating voltage of 5.0 kV and a working distance of 5.2 mm after gold coating, were
employed to examine the surface morphologies of thin films. Band gaps of thin films
were measured using ultraviolet-visible spectroscopy (UV-VIS, Shimadzu UV1800, Kyoto,
Japan), while Fourier transform infrared spectroscopy (FTIR, Thermo Nicolet iS-10, MA,
USA) was used to investigate the temperature-dependent variation of precursor chemicals.
Furthermore, we characterized the optical constants using variable angle spectroscopic
ellipsometry (VASE, J.A.Woollam α-SE, Lincoln, NE, USA) to examine the thickness of CuO
thin films by measuring at three different angles of 65◦, 70◦, and 75◦. X-ray diffraction (XRD,
Brucker D8 DISCOVER, Billerica, MA, USA) using Cu Kα radiation (λ = 0.154184 nm), an
X-ray photoelectron spectrometer (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA)
equipped with mono-chromated Al Kα radiation and a flood gun, and Raman microscopy
(CL Technology UniDRON-S, New Taipei, Taiwan) with a 532 nm excitation wavelength
were applied to characterize the temperature-dependent effects of thin films grown on
FTO. PEC measurements were carried out with a typical three-electrode system using
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Ag/AgCl (3 M NaCl) and a coiled platinum wire as reference and counter electrodes,
respectively, and the working electrode of copper oxide thin films with an active area of
1.0 cm2 in 0.2 M Na2SO4. The Nernst equation was applied to convert the potentials (V
versus Ag/AgCl) to the reversible hydrogen electrode (RHE) scale (V versus RHE) [42].
The applied bias photon-to-current conversion efficiency (ABPE, %) was used to calculate
the photoconversion efficiency of thin films using ABPE = [JP(1.23 − Vb)/Plight]AM1.5G,
where JP is the photocurrent density measured in mA/cm2, Vb is the applied bias in V, and
Plight is the power density of incident light (AM1.5G 100 mW/cm2 illumination, Enlitech
SS-X, Kaohsiung, Taiwan) [43,44].

3. Results and Discussion
3.1. Sol Aging Time

The effects of the aging time of the CuO sol solution from 0 to 48 h were examined to
understand the influence of structural and optical properties of CuO thin films. The AFM
images of CuO thin films are displayed in Figure 1a–e. The AFM images in 3 µm × 3 µm
were used to quantify the root mean square (RMS) roughness of thin-film surfaces, which
could be calculated from the cross-sectional profile. As illustrated in Figure 1f, the RMS
roughness of CuO thin films prepared at different aging times (0, 12, 24, 36, and 48 h)
corresponded to 35.5, 20.5, 15.7, 12.8, and 12.5 nm, respectively. It demonstrated that the
surface of CuO thin films became smoothened by surface diffusion and were stable after
36 h. Based on the stable RMS roughness, we assumed that copper oxide grains became
homogeneous after annealing because of the stable CuO sol solution. Furthermore, we
measured the thickness of CuO thin films using spectroscopic ellipsometry (SE). We first
verified the thickness of ITO measured using SEM (~120 nm) with the Cauchy model [45]
used for transparent thin films. Then, the Tauc-Lorenz method was applied to examine
non-transparent CuO thin films [46]. Figure 1f shows the variation of the thickness of CuO
thin films by changing the aging time of the sol. It was found that the film thickness was
stabilized as the surface roughness became constant after 36 h, similar to the previous
study [47]. Then, we conducted absorption measurements of CuO thin films using UV-VIS
spectroscopy. We observed that longer aging times (0 and 12 h) showed less absorbance,
confirming that the RMS roughness was correlated with absorbance [47]. The Tauc plot
analysis [48,49] with a direct transition (γ = 1

2 ) resulted in the band gap of ~1.99 eV [20]
using (αhv)1/γ = B

(
hv − Eg

)
, where α, h, v, B, and Eg were the absorption coefficient, the

Plank constant, the photon energy, a constant, and the energy band gap, respectively. It
verified that the aging time negligibly affected the optical property of the stabilization
process. Our detailed examination showed that 36 h may be imperative to fabricate stable
thin films. Therefore, in this study, we used the aging time of 36 h to prepare the sol-gel
CuO thin films. As summarized in Figure 2a, FTIR spectra confirmed the complete removal
of precursor chemicals and the formation of metal oxide phases after 300 ◦C. After heating
as-deposited thin films, the characteristic peaks of the precursor chemical of copper(II)
acetate disappeared [50], while the absorption peak at around 587 cm−1 assigned to the
vibration of Cu(II)-O [51] appeared.

3.2. Characterization of Layer-Dependence Effects of Spin-Coated CuO Thin Films

The layer dependency of CuO thin films was performed to determine a reasonable
thickness compared to that fabricated by electrodeposition. As mentioned above, the
sol-gel thin-film deposition method [40] was applied on ITO substrates. As described
above, two, four, six, and eight-layer CuO films were prepared. After each layer deposition,
pre-annealing was conducted at 350 ◦C for 5 min, while final thin-film samples were
annealed at 400 ◦C for 2 h. In addition to the surface morphology analysis, the band gap
was obtained via the Tauc plot analysis using the absorbance spectra of each CuO thin-film
layer. Figure 2b,c show the absorption spectra and averaged energy band gaps of CuO
thin films with different layers. The absorption intensity increased as the thickness of
the thin films became thicker, indicating that the transmittance decreased accordingly. To
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improve the accuracy of the optical energy gap measurements, due to the inhomogeneity
of the thin films, we measured each thin-film sample three times, resulting in 1.83, 1.73,
1.62, and 1.49 eV, respectively. The growth of grains caused a decrease in the number of
grain boundaries. This led to an increase in the absorption intensity and a shift of the
absorption edge to higher wavelengths. Consequently, the energy gap decreased [52].
Shown in Figure 3a–d are AFM-based images to examine the surface morphology of the
layer dependency. As shown in Figure 3e, the RMS roughness analysis illustrated a linear
relationship with the number of layers of CuO thin films (8.9, 15.1, 15.6, and 20.4 nm versus
two, four, six, and eight layers, respectively). Furthermore, we observed that the thickness
of the CuO thin film using ellipsometry with the Tauc-Lorentz method linearly increased
with the growth of CuO layers (Figure 3e, 97.8, 123.9, 180.4, and 274.2 nm versus two, four,
six, and eight layers, respectively). The layer-dependence study suggested that eight-layer
CuO thin films under the experimental conditions were optimal for further analyses to
avoid too low transmittance of CuO thin films.
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3.3. Preparation and Characterization of Copper Oxide Thin Films Using Electrodeposition

As summarized in Figure 4, we carried out SEM measurements to examine whether
the surfaces of thin films, using spin coating and electrodeposition, were dense enough for
PEC measurements. As an initiative, we first examined the PEC performance of CuO/ITO
and CuO/FTO prepared using the sol-gel spin-coating method and annealed at 400 ◦C.
As shown in Figure S1, the ITO-based CuO thin film showed a lower PEC performance
than the FTO-based thin film, due to the change of the electrical property at >300 ◦C [38,39].
Accordingly, we applied the FTO substrate to examine the photoconversion efficiency in
this study. We prepared yellowish-red Cu2O thin films using electrodeposition at room
temperature to fabricate hetero-phase CuO/Cu2O and CuO films on FTO. As shown in
Figure 4a,b, we observed that the thickness of electrodeposition-based thin films was
approximately 100 nm. In addition, it demonstrated that the Cu2O thin film was well
prepared without cracks, and the thermally oxidized samples became denser with smaller
grains. More characterizations were carried out to examine how Cu2O was transformed
into CuO after annealing. As shown in Figure 4c, the spin-coated CuO surfaces consisted
of nanostructured and homogeneous grains, leading to a high surface roughness compared
to Cu2O-based samples. We assumed that these surface morphologies would influence
the PEC performance because nanostructured surfaces significantly affect optical proper-
ties [53], making nanostructured photoelectrodes more effective than conventional bulk
films. SEM confirmed that the thickness of the spin-coated CuO thin film on FTO was
~257 nm, which was in line with that deposited on ITO using SE (Figure 3e, ~274 nm). We
conducted surface characterizations to understand the chemical composition of thin films
using XRD, Raman microscopy, and XPS. As shown in Figure 5a, the two major diffraction
peaks at 36.7◦ and 42.4◦ corresponding to (111) and (200) planes were attributed to Cu2O
(JCPDS file No. 05-0667) [54,55]. The spin-coated CuO (JCPDS file No. 78–0428) thin
film was identified by those at 33.5◦, 35.5◦ , and 38.6◦, corresponding to (110), (002), and
(111) planes [55,56]. After thermal oxidation at 300 ◦C, the thin film was characterized by
a mixture of Cu2O and CuO. Then, after thermal oxidation at 400 ◦C, the XRD patterns
became identical to those of CuO, confirming the complete oxidation of Cu2O to CuO at
400 ◦C under the experimental conditions. However, as the intensity of the XRD pattern
was not remarkable, Raman spectroscopy was used to characterize the surfaces to com-
plement the XRD analysis, clarifying the change of thin-film-based copper oxides. Shown
in Figure 5b are Raman spectra for thin-film copper oxides deposited on FTO using spin
coating and electrodeposition before and after annealing at 300 ◦C and 400 ◦C scanned in
the spectral region of 100 to 800 cm−1. The characteristic Raman bands for CuO at 292 cm−1
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and Cu2O at 213, 529, and 633 cm−1 agreed with those in the literature [57]. Like the XRD
measurements, we verified that the Cu2O-based thin-film sample annealed at 400 ◦C to
become CuO, while the sample that annealed at 300 ◦C exhibited the characteristic peaks of
Cu2O and CuO. It revealed that the Cu2O thin films annealed at 300 ◦C could be considered
a hetero-phase system composed of CuO and Cu2O. To identify the elemental composi-
tions and oxidation states of CuO and Cu2O thin-film samples prepared by the sol-gel
spin coating and electrodeposition methods, XPS measurements were performed [58,59].
The survey spectra of Cu2O and CuO deposited on FTO are shown in Figure S2, where
copper and oxygen elements are characterized. The C 1s peak at 284.8 eV was applied to
calibrate the XPS spectra of Cu2O and CuO [60,61]. As shown in Figure 5c, the main peaks
of the Cu2O thin film at 932.8 eV and 952.5 eV (Cu+) and those of the CuO thin film at
933.3 eV and 953.6 eV (Cu2+) corresponded to Cu 2p3/2 and Cu 2p1/2, respectively [62].
Furthermore, the shake-up satellite peaks were detected in the region of 940.0–943.5 eV and
at 962.2 eV [63,64]. Figure 5d shows the XPS analysis of the O 1s peaks for Cu2O and CuO.
The peak at 529.7 eV observed from the thermal oxidation sample was identified as lattice
oxygen in CuO, while that at 530.3 eV was assigned to lattice oxygen in Cu2O [65]. The
optical properties of copper oxide thin films were also examined by the band gap change
in the range of 300–1100 nm. All thin films exhibited higher absorption in the UV region
(350 to 390 nm) than in the visible region (Figure 6a). The absorption of the Cu2O film was
greatly enhanced in the range of 400–800 nm after annealing. As shown in Figure 6b, the
2.45 eV band gap of Cu2O aligned with those in the literature [20]. After annealing, as
anticipated, its band gap shifted down to that of CuO (i.e., 1.61 eV (annealed at 300 ◦C),
1.51 eV (annealed at 400 ◦C), and 1.49 eV (spin-coated CuO)) [20].
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Figure 4. SEM images of cross-sectional and top views for (a) the as-prepared Cu2O thin film by
electrodeposition and (b) the thermally oxidized sample at 400 ◦C after electrodeposition. (c) The
spin-coated eight-layer CuO thin film annealed at 400 ◦C. Thin films are deposited on FTO.
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Figure 6. (a) Absorption spectra of Cu2O and thermally oxidized at 300 ◦C and 400 ◦C, and
(b) Tauc plot for the Cu2O thin film deposited on FTO. The inset shows a comparison of the band
gaps of different samples. (c) Photocurrent densities and (d) photoconversion efficiencies of Cu2O
and annealed thin films at 300 ◦C and 400 ◦C and the spin-coated CuO thin film on FTO.
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3.4. Photocatalytic Solar Water Splitting Using P-Type Semiconducting Copper Oxide Thin Films

After characterizing photoelectrode materials, as summarized in Figure 6c,d, we
conducted PEC water splitting experiments, demonstrating the onset potential of pho-
toelectrodes at ~0.45 V [29,66]. Similar to the previous study [29], the photoconversion
efficiency of Cu2O prepared by electrodeposition was 0.09%, while thermally oxidized
electrode materials at 300 ◦C and 400 ◦C showed enhanced efficiencies of 0.45% and 1.19%,
respectively (Figure 6d), compared to Cu2O. We also measured the photoconversion ef-
ficiency of the spin-coated CuO thin film, and its efficiency of 1.05% was comparable to
that annealed at 400 ◦C. As described above, the nanostructured surface of thin films
might influence the efficiency. As we characterized that Cu2O samples annealed at 400 ◦C
were identified as CuO, we hypothesized that electrodeposition-based electrode materials
might improve photocurrent collection, owing to a better interface between the nanos-
tructured photoelectrodes and substrates, leading to less energy loss during transport. In
summary, hetero-phase thin films (Cu2O and CuO) boosted PEC performance compared
to the Cu2O film, while a fully oxidized sample at 400 ◦C exhibited better performance.
A rational design of high-efficiency copper oxide-based photoelectrodes might be critical
to understanding the mechanisms, since the enhancement of photoconversion efficiencies
through hydrogen evolution was related to the carrier concentrations of Cu2O and CuO
(3.1 × 1017 cm−3 and 2.4 × 1018 cm−3, respectively) [29].

4. Conclusions

Cu2O thin films were successfully fabricated using electrodeposition, while CuO thin
films were also prepared using the sol-gel spin coating method. We studied the effects
of aging time and layer dependency based on surface morphologies and optical property
variation, suggesting an optimal eight-layer CuO thin film (~270 nm) for further exper-
iments. XRD and Raman spectroscopic measurements confirmed that Cu2O thin films
annealed at 300 ◦C are a hetero-phase system composed of Cu2O and CuO. It revealed that
>400 ◦C annealing is essential for fabricating pure CuO. The surface morphology examina-
tion using SEM and AFM observed the nanostructured formation from thermal oxidation,
suggesting a good junction between electrode materials and the substrate. Consequently, it
may affect photoconversion efficiencies. The Tauc plot was successfully applied to measure
the energy band gaps of thin films, which were consistent with those in the literature (Cu2O:
2.45 eV and CuO: 1.49–1.51 eV). The hetero-phase thin film had a slightly larger band gap of
1.61 eV than CuO. We verified that CuO thin films fabricated via electrodeposition exhibit
a slightly higher efficiency than the sol-gel spin coating method (1.19% versus 1.05%). A
systematic thickness-dependent study on Cu2O thin films, by adjusting preparation condi-
tions (i.e., pH and temperatures of precursor solutions and annealing temperatures), may
influence PEC performance by generating heterojunction layers [18,29]. This study would
offer pivotal information to achieve the rational design of highly efficient and cost-effective
PEC water splitting and CO2 seawater splitting using different fabrication approaches for
copper oxide-based photoelectrodes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12081206/s1, Table S1: Compilation of representative
copper oxide-based photocathodes used for PEC water splitting, Figure S1: Comparison of photo-
conversion efficiencies of CuO deposited on FTO and ITO using the sol-gel spin-coating method,
Figure S2: XPS survey spectrum for (a) Cu2O and (b) CuO deposited on FTO.

Author Contributions: Conceptualization, Y.C.; data curation, C.-J.C. and C.-W.L.; investigation,
C.-J.C., C.-W.L., W.-C.J. and Y.-S.L.; methodology, C.-J.C. and C.-W.L.; project administration, C.C.,
H.-C.Y. and Y.C.; software, C.-W.L.; supervision, Y.C.; visualization, C.-J.C. and C.-W.L.; writing—
original draft preparation, C.-J.C. and C.-W.L.; writing—review and editing, C.C., H.-C.Y., S.-J.C. and
Y.C. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/coatings12081206/s1
https://www.mdpi.com/article/10.3390/coatings12081206/s1


Coatings 2022, 12, 1206 10 of 12

Funding: We acknowledge the Ministry of Science and Technology of Taiwan (MOST Grant
No. 110-2221-E-A49-017-MY3 and 109-2221-E-009-146). C.C. thanks the Ministry of SMEs and
Startups (Project No. P0016558), Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: C.-J.C. and C.-W.L. thank Cong-You Lin and Tsai-Te Wang for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Moniz, S.J.; Shevlin, S.A.; Martin, D.J.; Guo, Z.-X.; Tang, J. Visible-light driven heterojunction photocatalysts for water splitting—A

critical review. Energy Environ. Sci. 2015, 8, 731–759. [CrossRef]
2. Montoya, J.H.; Seitz, L.C.; Chakthranont, P.; Vojvodic, A.; Jaramillo, T.F.; Nørskov, J.K. Materials for solar fuels and chemicals.

Nat. Mater. 2017, 16, 70–81. [CrossRef] [PubMed]
3. Dias, P.; Mendes, A. Hydrogen production from photoelectrochemical water splitting. In Encyclopedia of Sustainability Science and

Technology; Meyers, R.A., Ed.; Springer: New York, NY, USA, 2017; pp. 1–52.
4. Hisatomi, T.; Kubota, J.; Domen, K. Recent advances in semiconductors for photocatalytic and photoelectrochemical water

splitting. Chem. Soc. Rev. 2014, 43, 7520–7535. [CrossRef] [PubMed]
5. Yang, Y.; Niu, S.; Han, D.; Liu, T.; Wang, G.; Li, Y. Progress in developing metal oxide nanomaterials for photoelectrochemical

water splitting. Adv. Energy Mater. 2017, 7, 1700555. [CrossRef]
6. Díez-García, M.I.; Gómez, R. Progress in ternary metal oxides as photocathodes for water splitting cells: Optimization strategies.

Sol. RRL 2022, 6, 2100871. [CrossRef]
7. Saraswat, S.K.; Rodene, D.D.; Gupta, R.B. Recent advancements in semiconductor materials for photoelectrochemical water

splitting for hydrogen production using visible light. Renew. Sustain. Energ. Rev. 2018, 89, 228–248. [CrossRef]
8. Liu, C.; Dasgupta, N.P.; Yang, P. Semiconductor nanowires for artificial photosynthesis. Chem. Mater. 2014, 26, 415–422. [CrossRef]
9. Rettie, A.J.E.; Chemelewski, W.D.; Emin, D.; Mullins, C.B. Unravelling small-polaron transport in metal oxide photoelectrodes. J.

Phys. Chem. Lett. 2016, 7, 471–479. [CrossRef]
10. Jin, H.; Guo, C.; Liu, X.; Liu, J.; Vasileff, A.; Jiao, Y.; Zheng, Y.; Qiao, S.-Z. Emerging two-dimensional nanomaterials for

electrocatalysis. Chem. Rev. 2018, 118, 6337–6408. [CrossRef]
11. Feng, C.; Chen, Z.; Jing, J.; Sun, M.; Han, J.; Fang, K.; Li, W. Synergistic effect of hierarchical structure and Z-scheme heterojunction

constructed by CdS nanoparticles and nanoflower-structured Co9S8 with significantly enhanced photocatalytic hydrogen
production performance. J. Photochem. Photobiol. 2021, 409, 113160. [CrossRef]

12. Wang, S.; Zhu, B.; Liu, M.; Zhang, L.; Yu, J.; Zhou, M. Direct Z-scheme ZnO/CdS hierarchical photocatalyst for enhanced
photocatalytic H2-production activity. Appl. Catal. B Environ. 2019, 243, 19–26. [CrossRef]

13. Meng, A.; Zhu, B.; Zhong, B.; Zhang, L.; Cheng, B. Direct Z-scheme TiO2/CdS hierarchical photocatalyst for enhanced photocat-
alytic H2-production activity. Appl. Surf. Sci. 2017, 422, 518–527. [CrossRef]

14. Ye, K.-H.; Li, H.; Huang, D.; Xiao, S.; Qiu, W.; Li, M.; Hu, Y.; Mai, W.; Ji, H.; Yang, S. Enhancing photoelectrochemical water
splitting by combining work function tuning and heterojunction engineering. Nat. Commun. 2019, 10, 3687. [CrossRef]

15. Wang, Y.; Tang, G.; Wu, Y.; Zhao, J.; Zhang, H.; Zhou, M. Cu2O/CeO2 Photoelectrochemical water splitting: A nanocomposite
with an efficient interfacial transmission path under the Co-action of p-n heterojunction and micro-mesocrystals. Chem. Eur. J.
2022, 28, e202103459.

16. Zhang, K.; Cai, W.-F.; Shi, J.-W.; Chen, Q.-Y. Architecture lattice-matched cauliflower-like CuO/ZnO p–n heterojunction toward
efficient water splitting. J. Chem. Technol. Biotechnol. 2022, 97, 914–923. [CrossRef]

17. Chiang, C.-Y.; Aroh, K.; Franson, N.; Satsangi, V.R.; Dass, S.; Ehrman, S. Copper oxide nanoparticle made by flame spray pyrolysis
for photoelectrochemical water splitting–Part II. Photoelectrochemical study. Int. J. Hydrogen Energy 2011, 36, 15519–15526.
[CrossRef]

18. Jeong, D.; Jo, W.; Jeong, J.; Kim, T.; Han, S.; Son, M.-K.; Jung, H. Characterization of Cu2O/CuO heterostructure photocathode by
tailoring CuO thickness for photoelectrochemical water splitting. RSC Adv. 2022, 12, 2632–2640. [CrossRef]

19. Meyer, B.K.; Polity, A.; Reppin, D.; Becker, M.; Hering, P.; Klar, P.J.; Sander, T.; Reindl, C.; Benz, J.; Eickhoff, M.; et al. Binary
copper oxide semiconductors: From materials towards devices. Phys. Status Solidi B 2012, 249, 1487–1509. [CrossRef]

20. Murali, D.S.; Kumar, S.; Choudhary, R.J.; Wadikar, A.D.; Jain, M.K.; Subrahmanyam, A. Synthesis of Cu2O from CuO thin films:
Optical and electrical properties. AIP Adv. 2015, 5, 047143. [CrossRef]

21. Hussain, S.; Cao, C.; Usman, Z.; Nabi, G.; Butt, F.K.; Mahmood, K.; Ali, A.; Arshad, M.I.; Amin, N. Effect of films morphology on
the performance of Cu2O PEC solar cells. Optik 2018, 172, 72–78. [CrossRef]

22. Kunturu, P.P.; Huskens, J. Efficient solar water splitting photocathodes comprising a copper oxide heterostructure protected by a
thin carbon layer. ACS Appl. Energy Mater. 2019, 2, 7850–7860. [CrossRef]

http://doi.org/10.1039/C4EE03271C
http://doi.org/10.1038/nmat4778
http://www.ncbi.nlm.nih.gov/pubmed/27994241
http://doi.org/10.1039/C3CS60378D
http://www.ncbi.nlm.nih.gov/pubmed/24413305
http://doi.org/10.1002/aenm.201700555
http://doi.org/10.1002/solr.202100871
http://doi.org/10.1016/j.rser.2018.03.063
http://doi.org/10.1021/cm4023198
http://doi.org/10.1021/acs.jpclett.5b02143
http://doi.org/10.1021/acs.chemrev.7b00689
http://doi.org/10.1016/j.jphotochem.2021.113160
http://doi.org/10.1016/j.apcatb.2018.10.019
http://doi.org/10.1016/j.apsusc.2017.06.028
http://doi.org/10.1038/s41467-019-11586-y
http://doi.org/10.1002/jctb.6974
http://doi.org/10.1016/j.ijhydene.2011.09.041
http://doi.org/10.1039/D1RA08863G
http://doi.org/10.1002/pssb.201248128
http://doi.org/10.1063/1.4919323
http://doi.org/10.1016/j.ijleo.2018.07.026
http://doi.org/10.1021/acsaem.9b01290


Coatings 2022, 12, 1206 11 of 12

23. Shockley, W.; Queisser, H.J. Detailed balance limit of efficiency of p-n junction solar cells. J. App. Phys. 1961, 32, 510–519.
[CrossRef]

24. de Brito, J.F.; Araujo, A.R.; Rajeshwar, K.; Zanoni, M.V.B. Photoelectrochemical reduction of CO2 on Cu/Cu2O films: Product
distribution and pH effects. Chem. Eng. J. 2015, 264, 302–309. [CrossRef]

25. Liu, Y.; Turley, H.K.; Tumbleston, J.R.; Samulski, E.T.; Lopez, R. Minority carrier transport length of electrodeposited Cu2O in
ZnO/Cu2O heterojunction solar cells. Appl. Phys. Lett. 2011, 98, 162105. [CrossRef]

26. Paracchino, A.; Mathews, N.; Hisatomi, T.; Stefik, M.; Tilley, S.D.; Grätzel, M. Ultrathin films on copper(I) oxide water splitting
photocathodes: A study on performance and stability. Energy Environ. Sci. 2012, 5, 8673–8681. [CrossRef]

27. Xing, H.; Lei, E.; Guo, Z.; Zhao, D.; Liu, Z. Enhancement in the charge transport and photocorrosion stability of CuO photocathode:
The synergistic effect of spatially separated dual-cocatalysts and p-n heterojunction. Chem. Eng. J. 2020, 394, 124907. [CrossRef]

28. Jian, J.; Kumar, R.; Sun, J. Cu2O/ZnO p–n junction decorated with NiOx as a protective layer and cocatalyst for enhanced
photoelectrochemical water splitting. ACS Appl. Energy Mater. 2020, 3, 10408–10414. [CrossRef]

29. Yang, Y.; Xu, D.; Wu, Q.; Diao, P. Cu2O/CuO bilayered composite as a high-efficiency photocathode for photoelectrochemical
hydrogen evolution reaction. Sci. Rep. 2016, 6, 35158. [CrossRef]

30. Bae, H.; Burungale, V.; Na, W.; Rho, H.; Kang, S.H.; Ryu, S.-W.; Ha, J.-S. Nanostructured CuO with a thin g-C3N4 layer as a highly
efficient photocathode for solar water splitting. RSC Adv. 2021, 11, 16083–16089. [CrossRef]

31. Mary, A.S.; Murugan, C.; Pandikumar, A. Uplifting the charge carrier separation and migration in Co-doped CuBi2O4/TiO2
pn heterojunction photocathode for enhanced photoelectrocatalytic water splitting. J. Colloid Interface Sci. 2022, 608, 2482–2492.
[CrossRef]

32. Baek, S.K.; Kim, J.S.; Yun, Y.D.; Kim, Y.B.; Cho, H.K. Cuprous/Cupric heterojunction photocathodes with optimal phase transition
interface via preferred orientation and precise oxidation. ACS Sustain. Chem. Eng. 2018, 6, 10364–10373. [CrossRef]

33. Ma, M.; Lei, E.; Zhao, D.; Xin, Y.; Wu, X.; Meng, Y.; Liu, Z. The p-n heterojunction of BiVO4/Cu2O was decorated by plasma Ag
NPs for efficient photoelectrochemical degradation of Rhodamine B. Colloids Surf. A Physicochem. Eng. Asp. 2022, 633, 127834.
[CrossRef]

34. Hossain, R.; Nekouei, R.K.; Al Mahmood, A.; Sahajwalla, V. Value-added fabrication of NiO-doped CuO nanoflakes from waste
flexible printed circuit board for advanced photocatalytic application. Sci. Rep. 2022, 12, 12171. [CrossRef] [PubMed]

35. Chen, Y.-C.; Dong, P.-H.; Hsu, Y.-K. Defective indium tin oxide forms an ohmic back contact to an n-type Cu2O photoanode to
accelerate charge-transfer kinetics for enhanced low-bias photoelectrochemical water splitting. ACS Appl. Mater. Interfaces 2021,
13, 38375–38383. [CrossRef]

36. Zhong, X.; Song, Y.; Cui, A.; Mu, X.; Li, L.; Han, L.; Shan, G.; Liu, H. Adenine-functionalized graphene oxide as a charge transfer
layer to enhance activity and stability of Cu2O photocathode for CO2 reduction reaction. Appl. Surf. Sci. 2022, 591, 153197.
[CrossRef]

37. Kalanur, S.S.; Lee, Y.J.; Seo, H. Enhanced and stable photoelectrochemical H2 production using a engineered nano multijunction
with Cu2O photocathode. Mater. Today Chem. 2022, 26, 101031. [CrossRef]

38. Zardetto, V.; Brown, T.M.; Reale, A.; Di Carlo, A. Substrates for flexible electronics: A practical investigation on the electrical, film
flexibility, optical, temperature, and solvent resistance properties. J. Polym. Sci. B Polym. Phys. 2011, 49, 638–648. [CrossRef]

39. Li, F.; Chen, C.; Tan, F.; Li, C.; Yue, G.; Shen, L.; Zhang, W. Semitransparent inverted polymer solar cells employing a sol-gel-
derived TiO2 electron-selective layer on FTO and MoO3/Ag/MoO3 transparent electrode. Nanoscale Res. Lett. 2014, 9, 579.
[CrossRef]
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