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Tuning the Surface Properties of CuO Films Using the
Precursor Aging Approach for Enhanced
Photoelectrocatalytic Reactions

Pannan I. Kyesmen,* Nolwazi Nombona, and Mmantsae Diale*

The surface properties of semiconductors have a significant influence on their
photoelectrocatalytic efficiency. This research presents a precursor aging
method for tuning the surface properties of CuO films, for enhanced catalytic
response. A precursor solution made using copper acetate, polyethylene
glycol (PEG) 400, and diethanolamine, and aged for 1, 40, 80, 120, 150, 180,
and 250 days is used in each case to fabricate CuO photocathodes via the
dip-coating method. The films fabricated using the 1-day-old precursor reveal
compact and homogeneous nanoparticles. The films eventually get tuned to
yield highly porous and rougher surfaces after aging the precursors for
180–250 days. The film’s bandgap decreases by 9% after 180–250 days of
precursor aging. Photocathodes prepared using the 180-day-old precursor
produce the optimum photocurrent density of 1.6 mA cm−2 at 0.35 V versus
reversible hydrogen electrode (RHE), representing a 196% increase relative to
the films fabricated using the 1-day-old solution. They also produce an anodic
onset potential shift of 260 mV. This improved photoelectrocatalytic response
is due to the porous morphology of the films, which produces a larger surface
area that enhances light absorption, increases active sites for catalytic
reactions, and reduces charge transfer resistance at the
photocathode-electrolyte interface.

1. Introduction

The search for favorable photo-catalysts that can drive the photo-
electrochemical (PEC) evolution of hydrogen from water has in-
tensified in recent years. This is due to the increasing global quest
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for suitable renewable energy sources
that can replace the widely consumed
fossil fuels, which are harmful to the
environment.[1] Solar radiation has been
regarded as one of the most ideal power
sources capable of replacing the com-
monly consumed fossil fuels.[2] This
is because solar radiation is abundant,
free, and has very little negative effects
on the environment.[3] Solar energy is
mainly harnessed through the use of
photovoltaic systems to obtain electric
power,[4] solar thermal devices to gener-
ate heat, as well as electricity,[5] and solar-
to-fuel conversions such as the photo-
electrolysis of water to produce hydrogen
(H2).[6] The photo-electrolysis of water
commonly regarded as photoelectrocat-
alytic water-splitting is a globally desired
technology for PEC H2 production.[7]

CuO is one of the widely investigated
photocathodes for water-splitting appli-
cations. This is because it can absorb
light in the visible spectrum due to its
low bandgap of 1.2–1.7 eV,[8] has a suit-
able band position for H2 evolution,[7] it’s

abundant,[9] and promises a solar-to-hydrogen (STH) conversion
efficiency of ≈30%.[10 ]

Many solution-based techniques, such as spin-coating,[11]

dip-coating,[12] spray pyrolysis,[13] electrodeposition,[14] suc-
cessive ionic layer adsorption/reaction,[15] and hydrothermal
deposition,[16] have been engaged for preparing CuO films for
catalytic purposes. Generally, the techniques first involve the
preparation of a precursor solution, which is then used to prepare
CuO films via the different deposition approaches. The film’s
processing parameters, such as precursor concentration, depo-
sition time, drying, and annealing conditions, have been em-
ployed in tuning the properties of the CuO films for PEC appli-
cations. Kushwaha et al. 2017, obtained two different structures
of nanosheets and nanoleaves for hydrothermally deposited CuO
photocathodes, by simply varying the precursor concentration
used for the film’s preparation.[17] Elsewhere, the unwanted sur-
face defects of electrodeposited CuO photocathodes were inhib-
ited through the optimization of electrodeposition time.[18] In our
previous study, the engagement of a three-step heating process
enhanced the crystallinity and reduced the agglomeration of dip-
coated CuO nanoparticles, improving their PEC properties.[12]
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Figure 1. The surface image of a) CuO-1d, b) CuO-40d, c) CuO-80d, d) CuO-120d, e) CuO-150d, f) CuO-180d, and g) CuO-250d films: the insets present
the micrographs of the samples at a larger magnification, while (h) and (i) presents the histograms for the average particle diameter distribution for
CuO-1d and CuO-180d films, respectively.

PEC reactions occur on the surface of photoelectrodes during
water splitting. Hence, the majority of solution-based techniques
for preparing photoelectrodes are geared toward tuning surface
properties, such as grain size, surface roughness, and porosity,
which serve critical roles in determining PEC response. The in-
troduction of suitable structural defects to a material in the form
of a porous geometry has proven to be very effective at boost-
ing the PEC efficiency of photoelectrodes. This is an established
aspect of defect engineering that increases a material’s surface
area and reduces the distance between the charge carriers and
the electrolyte.[19]

Numerous surface engineering concepts have been employed
in tuning the surface properties of photoelectrode materials to-
ward obtaining suitable nanostructures for enhancing photocat-
alytic and PEC reactions. Porous electrodeposited CuO photo-
cathodes have been prepared through the optimization of applied
potential and deposition time, producing a 1.6-fold enhancement
in photocurrent density over the non-porous films at 0.1 V versus
RHE.[20] The precursor aging concept has also been engaged in
modifying the surface properties of materials for catalytic appli-
cations. Byun et al. 2020, prepared BiVO4 films via the metal-
organic decomposition method and obtained rougher films and
smaller grain sizes after aging the solution used for the synthe-
sis for 1–5 days, achieving the optimum PEC response for the
ones fabricated using the 3-day-old solution.[21] Elsewhere, Ku-
mar et al. 2020 achieved a 5.6 times enhancement in the porosity
of ZrO2 films, after sol-aging for 10 days: significant progress to-
ward improving their PEC activity.[22] In another study, electron-
gun deposited WO3 has been reported to form larger aggregates

and rougher surfaces with an increasing aging time of 1–122 h of
the precursor solution, producing an enhanced electrochemical
response.[23] The precursor aging method has been effective at in-
fluencing the surface properties of materials for improved PEC
response. However, the method has been widely ignored and not
well engaged in tuning the surface properties of dip-coated CuO
films for PEC applications.

In this paper, the precursor aging approach was extensively
engaged in tuning the surface properties of dip-coated copper
(II) oxide (CuO) photocathodes. CuO photocathodes were pre-
pared using Cu-based precursor solutions that were aged for 1–
250 days, yielding highly porous, rougher, and better photore-
sponse for the samples fabricated using the (180–250)-day-old
solutions. This research introduces a cheap and easy solution ag-
ing method for fabricating suitable dip-coated CuO-based materi-
als for photoelectrocatalytic, photo-sensing, optoelectronics, and
photovoltaic applications.

2. Results and Discussion

2.1. Morphological Studies and Elemental Content

The surface microstructures of the fabricated CuO photocath-
odes are given in Figure 1a–g for CuO films prepared using the
precursor solution that were aged for 1–250 days. All the pre-
pared films consist of compact spherical nanoparticles with their
grain sizes reducing with the aging time of the precursor solu-
tion used for film deposition. The histograms for the average
particle size distribution for all the CuO samples are given in
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Figure 2. The surface topography of a) CuO-1d, b) CuO-40d, c) CuO-80d, d) CuO-120d, e) CuO-150d, f) CuO-180d, and g) CuO-250d films.

Figure S1, Supporting Information. The histograms for CuO-1d
and CuO-180d are presented in Figures 1h,i, respectively, for easy
comparison. CuO-1d samples, prepared using the solution that
was aged for 1 day, had the highest grain size of 39.5 nm, which
reduces by 24.8% and 32.1% for CuO-180d and CuO-250d sam-
ples, respectively.

The surface morphology of the CuO films was notably influ-
enced by the aging of the precursor solution. CuO-1d films re-
vealed compact and homogeneous nanoparticles on the film’s
surface with some slight agglomeration of the particles. The
film’s surface became more homogeneous and less agglomer-
ated with an increasing precursor aging time of up to 120 days.
After precursor aging for 150 days, the prepared CuO films dis-
closed a uniform surface with some shallow pores. The CuO sam-
ples prepared using precursor solution that was aged for 180 days
showed a completely porous morphology with an estimated av-
erage pore diameter of 623 nm. Further aging of the deposition
precursor solution to 250 days also yielded CuO films of porous
morphology with relatively larger pores with a mean diameter
of 749 nm. However, CuO-250d films revealed a more coalesced
surface relative to the CuO-180d samples. Porous surfaces are
desired for PEC applications because they provide larger surface
areas and more reaction centers during catalytic reactions.[24]

The cross-sectional images of the fabricated CuO films were
examined to obtain their estimated film thicknesses. Figure S2a–
g, Supporting Information, shows the cross-sectional views for
CuO films that were fabricated using the precursors that were
aged for 1–250 days. The images were analyzed using ImageJ
software to extract the approximate thicknesses of the films. The
analysis disclosed films of similar thicknesses of about 372 ±
38 nm for all the prepared CuO films. Precursor aging time did
not show any significant impact on the thickness of the deposited
films. If the thickness of the prepared CuO films had varied
significantly, it can influence photon absorption,[12,25] as well as
charge recombination in the bulk of the films, due to the short
diffusion length of CuO (≈200 nm).[26] It was therefore valuable
that identical thicknesses were obtained for the CuO films to en-
able a more accurate comparison of their PEC properties.

Atomic force microscopy (AFM) analysis was performed on
the CuO films to extract information on the effect of precur-
sor aging on the roughness and porosity of their surface to-
pographies. The topographical images of the prepared films are
presented in Figure 2a–g. The images disclosed uniformly dis-
tributed nanoparticles on the surface of all the films. The results
of the roughness analysis conducted on the films are presented
in Figure 3a. An approximate surface roughness of 29 nm was
obtained for the CuO-1d films. Further precursor aging between
40 and 120 days resulted in a notable drop in the surface rough-
ness of the CuO films to a value ranging from 7.8–12 nm with
the least value estimated for the CuO-80d films. The reduction in
the surface roughness observed for the films was a result of the
drop in the grain sizes estimated for the CuO-40d, CuO-80d, and
CuO-120d samples relative to CuO-1d (Figure 1), similar to pre-
vious reports.[27] This is because smaller grains can decrease the
coercivity of nanoparticles, which will result in the formation of
smoother films.[28] The surface roughness significantly improved
to 20.9 nm for the CuO-150d films. This enhancement was be-
cause of the initial inducement of pore formation on the film’s
surface after precursing aging for 150 days. This is more clearly
seen in the scanning electron microscopy (SEM) micrograph im-
age of the film given in Figure 1e. The surface roughness dramat-
ically increased for CuO-180d and CuO-250d photocathodes rela-
tive to CuO-1d, attaining a 3- and 4.2-fold increment, respectively.
This was a result of the formation of large pores on the surface
of the films. The line scans done on the surface of all the films
over a 22 μm length are given in Figure 3b and agree well with
the roughness analysis conducted on the film’s surface. Rougher
topographies have been shown to promote electrochemical ac-
tivity at the photo-catalyst/electrolyte interface for improved PEC
response.[29]

Energy dispersive X-ray spectroscopy (EDS) analysis was con-
ducted to investigate the elemental content of the fabricated
CuO films and their distribution across the surface of the sam-
ples. Figure 4a–d shows the elemental distribution for CuO-1d,
CuO-150d, CuO-180d, and CuO-250d samples. The distribution
of the constituent elements of CuO on the film’s surfaces was
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Figure 3. The a) roughness values and b) line scan data obtained for CuO films prepared using precursor solution that was aged for 1–250 days.

investigated, as well as that of Sn; one of the key contents of the
fluorine-doped tin oxide (FTO) substrates used for film deposi-
tion. The analysis revealed a homogeneous distribution of O and
Cu on the surface micrographs of the films with some dark re-
gions observed around the porous sites on the surfaces of CuO-
180d and CuO-250d samples. The Sn content around the porous
regions on the surfaces of CuO-180d and CuO-250d samples be-
came more pronounced because of the proximity of those areas
to the FTO substrates. The supplementary data gives the elemen-
tal distribution of CuO-40d, CuO-80d, and 120d, showing similar
surface and elemental distribution with those of CuO-1d films.
The elemental EDS point scans performed also affirmed the pres-
ence of Cu, O, and Sn in the films (Figure S3d, Supporting In-
formation). A little amount of Si was observed in the point scans
because of the quarts in glass, which was part of the FTO/glass
substrates used for film deposition.

2.2. X-ray Diffraction Studies

The X-ray diffraction (XRD) patterns of the CuO films were ob-
tained to ascertain their crystal phase and microstructural proper-

ties. The XRD patterns obtained for the fabricated CuO samples
are given in Figure 5. The patterns disclosed peaks at (111) and
(1̄11) planes, in agreement with the tenorite crystal structure of
CuO with lattice parameters a = 4.64 Å, b = 3.4 Å, c = 5.09 Å, 𝛽
= 99.5° (JCPDS no 05–0661). Peaks that belong to Cu and other
forms of its oxides were not seen in the XRD patterns, which im-
plied that the CuO samples prepared were of good purity. The
peaks at (1̄11) were analyzed to ascertain their full width at half
maximum (FWHM) and the crystal size (D) for all the prepared
CuO films using the Debye–Scherrer approximation. Additional
microstructural information was obtained from the microstrain
(ɛ) and the dislocation density (d), evaluated for the CuO samples
using Williamson and Smallman’s approximation.[30]

The data extracted from the crystal size analysis of the CuO
films are presented in Figure 6a. The crystal size of the films
generally reduces with the aging time of the precursor used for
film deposition. The lowest crystal size of 12.9 nm was evaluated
for the CuO-250d samples, representing a 37.1% reduction when
compared to the value evaluated for CuO-1d films. The reduc-
tion of crystal size of the films with precursor aging time eventu-
ally resulted in the formation of large pores for CuO-180d and

Figure 4. The EDS elemental distribution for a) CuO-1d, b) CuO-150d, c) CuO-180d, and d) CuO-250d samples.
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Figure 5. XRD patterns of dip-coated CuO films prepared using a precur-
sor solution that was aged for 1–250 days.

CuO-250d films: an essential property in photoelectrocatalytic
applications.[31]

The microstrain evaluated for the films generally increases
with the increasing aging time of the precursor used for film de-
position, yielding a maximum value of 8.82 × 10−3 for the CuO-
250d films. This represents a 1.6-fold increase when compared
to the value evaluated for the CuO-1d films. The observed in-
crease in the microstrain was attributed to an increment in the
lattice defects of the films, resulting from the reduction of the
crystal size of the samples.[32] Similarly, the dislocation density
obtained for the CuO samples generally increases with the ag-
ing time of the precursor solution. This is associated with the
enhancement of grain boundaries due to the lowering of the
crystal size of the films with precursor aging.[33] The highest d
value of 6.04 × 1015 lines/m2 was obtained for the CuO-250d
films, which was 2.5 times higher than what was recorded for
CuO-1d samples. The formation of large pores on the surface
of CuO-180d and CuO-250d films may have introduced more
structural defects, contributing to the high d values evaluated for
the films.

2.3. Optical Properties

The optical absorption and the direct and indirect bandgap of
the prepared CuO films were obtained from the UV–vis stud-
ies performed on the samples. The film’s absorption patterns are
given in Figure 7a. The films exhibited an absorption onset that
ranges from 872 to 954 nm, absorbing photons in the visible and
some parts of the infrared region of the electromagnetic spec-
trum. CuO-1d, CuO-40d, CuO-80d, and CuO-120d samples dis-
played similar absorption patterns. For these films, the decrease
in grain size of the films with precursor aging time was accom-
panied by the reduction in particle agglomeration on the film’s
surface. Grain size decrease can reduce light absorption,[34] while
the reduction in particle agglomeration can enhance it.[35] The
effect of these two properties may have counteracted each other,
leading to the identical absorption patterns observed. A notable

increase in the roughness of the CuO-150d films coupled with
the initial inducement of pores on their surface noticeably en-
hanced the photo absorption of the films. CuO-180d and CuO-
250d displayed a significantly higher optical absorption relative
to all the other films. The pores on these film’s surfaces induced
some light scattering that prolong the photon pathway in the
films, yielding the enhanced optical absorption observed.[36] This
resulted in the red-shifting of the onset absorption wavelength
from 890 nm for CuO-1d films to 953 ± 4 nm for the porous
CuO-180d and CuO-250d samples.

The direct and indirect bandgap of the CuO films were eval-
uated from their measured absorption spectra using the Tauc
method given by Equation (1)

𝛼h𝜈 = A
(
h𝜈 − Eg

)n
(1)

where hv is the Planck energy, A denotes a constant determined
based on the film’s thickness, Eg is the bandgap, and 𝑛 repre-
sents a constant that can have values of either 2 or 1/2 for al-
lowed indirect and direct transitions, respectively.[37] The approx-
imated direct and indirect bandgaps of the prepared CuO films
are presented in Table S1, Supporting Information. An identical
bandgap value of 1.32 ± 0.02 eV was estimated for CuO-1d, CuO-
40d, CuO-80d, and CuO-120d films. This agrees with the simi-
lar absorption spectra observed for the samples. Further aging of
the precursor solution before film deposition led to a drop in the
bandgap of the films to 1.27 eV for CuO-150d samples and 1.20 ±
0.03 for CuO-180 and CuO-250d films. The eminent red-shifting
of the absorption onset observed for the CuO-180d and CuO-
250d films due to the porous nature of their surfaces, broadens
their absorption band toward higher wavelengths, causing the re-
duction of their bandgaps.[38] The lowered bandgap and enhance
photon absorption observed for CuO-180d and CuO-250d sam-
ples will enhance the generation of photo-induced electron-hole
pairs if used as a photo-catalyst: vital for photo applications.[39]

To further understand the contributions of precursor aging
in inducing porous surface defects which consequently lead to
the bandgap reduction of the CuO films, the UV–vis absorption
spectra of the aged precursor solutions were investigated. The
absorption patterns of the solutions are given in Figure 8. The
spectra revealed absorption peaks at 285 and 693 nm for the 1-
day aged Cu solution. The peak at 285 nm gradually red-shifted
while the one at 693 nm remained the same with precursor ag-
ing time. This peak shift was an indication of the displacement
of acetate ions with diethanolamine. A color change from blue
to dark green was also observed for the solution after aging for
150 days and above, further confirming the formation of the bis-
(diethanolamine) copper (II) complex. This complexation reac-
tion is a gradual process which can be more clearly seen in the
peak shifts presented in the expanded view of the UV–vis absorp-
tion spectra shown in Figure S4, Supporting Information. The
formation of large pores on the surfaces of CuO-180d and CuO-
250d samples after film deposition and crystallization was asso-
ciated with the elongated diethanolamine ligand formed in the
aged copper solutions, which is longer than the initial acetate lig-
and. Similar observations have been made for MOFs where more
elongated ligands resulted in the emergence of larger pores.[40]
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Figure 6. a) Crystal size, and b) microstrain and dislocation density of dip-coated CuO films prepared using precursor solution that was aged for 1–250
days.

Figure 7. UV–vis a) absorption spectra, b) indirect bandgaps, and c) direct bandgaps of the dip-coated CuO films prepared using precursor solution
that was aged for 1–250 days.

2.4. Mott–Schottky Analysis

Mott–Schottky (MS) measurements were conducted on the CuO
photocathodes to obtain valuable insights into the effect of pre-
cursor aging on the acceptor density (NA), flat band potential
(Vfb), and the energy band positions of the films. The MS plots
obtained for the photocathodes displayed a negative slope (Figure
9), which is a known behavior of the space charge layer of p-type
materials such as CuO.

The NA and Vfb values of the CuO films were extracted from
the MS plots using the MS formula for p-type semiconductors

presented in Equation (2).[41]

1
C2

= 2
𝜀0𝜀eA2NA

(
−V + Vfb −

KT
e

)
(2)

where C is the capacitance of the space charge layer, e represents
the electronic charge, K stands for the Boltzmann constant, V is
the applied potential, A represents the electrode’s surface area, T
is the temperature, the dielectric constant (Ɛ) of the CuO films
is 18.1,[13] and 𝜖0 is the vacuum permittivity. The intersection of
fitting the linear region of the MS plots on the voltage axis, at
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Figure 8. UV–vis absorption spectra of copper-based solution aged for 1
to 250 days.

1/C2 = 0 was used to deduce the approximate values of Vfb for the
CuO photocathodes. In addition, the slope of the linear portions
of the MS plots was used to get the NA values of the CuO pho-
tocathodes in line with Equation (3) extracted from Equation (2).
The NA and Vfb values evaluated for the CuO photocathodes are
presented in Table S2, Supporting Information.

NA = − 2
𝜀0𝜀eA2

⎡⎢⎢⎢⎣
dV

d
(

1
C2

)
⎤⎥⎥⎥⎦

(3)

The approximate NA values evaluated for the prepared CuO
samples were in the order of 1020, identical to other acceptor
concentration values reported for the films.[42] The maximum
NA value of 8.3 × 1020 cm−3 was observed for the CuO samples
made from the precursor solution that was aged for 180 days,
representing a 2.5-fold increase in comparison with the value ob-
tained for the CuO-1d samples. The notable increase in the NA
value of CuO-180d is linked to the porosity of the film’s surface,
which greatly suppress charge recombination, enhancing the ac-

Figure 9. MS plots for the CuO photocathodes prepared using the precur-
sor solution that was aged for 1 to 250 days.

ceptor density.[42a] The CuO-250d samples yielded a much lower
NA value of 2.1 × 1020 cm−3 despite having a porous surface.
This was attributed to the coalescing of the nanoparticles on the
film’s surface (Figure 1g), which created charge recombination
sites that limits the acceptor concentration of the films.

The Vfb values calculated for the CuO films deposited using the
precursor solution that was aged between 1 and 120 days yielded
identical values of 0.652–0.696 V versus RHE. The Vfb values no-
tably shifted to more positive potentials for the CuO photocath-
odes prepared using the precursor that was aged for 150 days and
above. A more positive Vfb value is desirable for the film’s use
in PEC applications. This is because it will produce a larger de-
gree of band bending at the electrode’s surface and a wider space
charge region, generating a larger driving force that will improve
the charge carriers’ separation during photoelectrocatalysis.[10,43]

Furthermore, the energy band positions for the valence band
(EVB) and conduction band (ECB) were estimated using the indi-
rect bandgap evaluated for the films (Figure 7b and Table S1, Sup-
porting Information) and their Vfb values. Under the flat band
conditions, for a p-type semiconductor, the fermi level (Ef) is
taken as the Vfb value of the material.[43,44] More so, based on
previous studies for a p-type semiconductor, an empirical ap-
proximation of 0.20 was estimated as the potential difference be-
tween the EVB and Ef positions.[44,45] The EVB of the photocath-
odes were deduced from their Vfb and the ECB positions using
the relation: EVB = ECB + Eg.[44] The valence and conduction band
positions obtained for the films are presented in Table S2, Sup-
porting Information. Comparable EVB values of 0.85–0.93 V ver-
sus RHE were evaluated for the photocathodes. These values are
similar to other valence band positions reported for CuO films in
literature.[43,46] The conduction band position calculated for the
films prepared using the precursor solution that was aged for 1
to 120 days were similar, yielding an estimated ECB value of −0.46
± 0.02 V versus RHE. A comparable ECB value of −0.48 V versus
RHE has also been reported for CuO films elsewhere.[46] After
precursor aging for 150–250 days, the films produced recorded
more positive ECB values, ranging from −0.29 to −0.34 V ver-
sus RHE, with CuO-180d photocathodes having the largest shift.
This drop in ECB is attributed to the quantum confinement ef-
fects resulting from the significant reduction in the grain size of
the films, similar to a previous observation for Ge.[47] This shows
that the conduction band of the dip-coated CuO films could be
tuned through the aging of the precursor solution used for film
deposition. For PEC applications, a more positive ECB is an ad-
vantage as it shifts the position of the energy band closer to the
hydrogen evolution potential, reducing the potential required to
drive the electrochemical reaction.

2.5. Impedance Spectroscopy Analysis

Electrochemical impedance spectroscopy (EIS) measurements
were performed on the dip-coated CuO photocathodes to study
the influence of precursor aging on the charge transfer dynam-
ics occurring at the surface and in the bulk of the samples. The
Nyquist plots of the CuO photocathodes obtained from the EIS
analysis under light conditions are given in Figure 10. The equiv-
alent circuit presented in the inset of Figure 10 was used to model
the EIS data recorded for the films. The circuit component, Rs,

Adv. Mater. Interfaces 2023, 10, 2300230 2300230 (7 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 10. The Nyquist plots of dip-coated CuO films prepared using pre-
cursors that were aged for 1–250 days: the colored shaped lines give the
plots of the data collected from the raw EIS measurements while the grey
lines present the corresponding plots obtained from fitting the data to the
equivalent circuit, presented in the inset of the graph.

stands for the series resistance linked to the FTO/CuO interface,
the wires connected to the potentiostat, and the electrolyte’s ionic
conductivity.[48] Rtr stands for the resistance of the trap states in
the bulk of the photocathodes while Rct denotes the resistance
to charge transfer at the photocathode/liquid junction. The ca-
pacitance of the space charge layer is represented by the constant
phase element, CPE1, and that of the surface states is symbol-
ized with CPE2. The approximate values deduced for the vari-
ous elements after fitting the modeled circuit with the EIS data
are displayed in Table 1. The CPE elements consist of two parts:
the pseudo capacitance given by CPE-T, commonly called the Q-
value, and the second component, CPE-P, which can have values
between 0 and 1. The CPE-P values depict the depressed semi-
circle seen in the Nyquist plots of the photocathodes.[49] The es-
timated values for the CPE elements which depict the non-ideal
capacitive response of the photocathodes were converted to their
actual capacitance (C) values using Equation (4).[50]

C = Q1∕n × R(1−n)∕n (4)

Table 1. The evaluated values for the components in the modeled equiva-
lent circuit that was used to represent the EIS data obtained for the CuO
photocathodes.

Sample Rs [𝛀] CPE1 Cb
[mF]

Rtr
[k𝛀]

CPE2 Cs [mF] Rct [k𝛀]

T
[mF]

P T
[mF]

P

CuO-1d 13.8 0.30 0.81 0.25 1.51 3.5 0.50 17.15 1.40

CuO-40d 13.8 0.41 0.85 0.35 1.10 4.6 0.50 21.46 1.01

CuO-80d 14.3 0.65 0.82 0.59 0.96 5.2 0.47 28.15 0.86

CuO-120d 13.7 0.65 0.81 0.59 0.99 4.7 0.50 24.30 1.10

CuO-150d 13.3 1.13 0.81 1.10 0.79 5.3 0.42 33.69 0.72

CuO-180d 13.6 1.19 0.85 1.11 0.55 6.4 0.45 36.89 0.66

CuO-250d 14.1 1.22 0.83 1.20 0.74 6.1 0.44 38.00 0.69

where R is the resistance connected in parallel with the CPE el-
ements. The results obtained for the actual capacitance repre-
sented as Cb and Cs for CPE1 and CPE2, respectively, and the
approximate values of all the elements in the modeled circuit are
presented in Table 1.

The series resistance, Rs, obtained in the EIS analysis of the
photocathodes yielded similar values of 13.3–14.1 Ω as antici-
pated since all the films were deposited on FTO substrates and
treated under the same heating conditions. The resistance of the
trap states in the bulk of the films, Rtr, generally reduces with
the aging time of the solution that was used for sample prepa-
ration, with the minimum value of 0.55 kΩ observed for CuO-
180d. This value represents a 63.6% drop when compared to the
maximum Rtr value observed for CuO-1d samples. This means
that more of the trap states in CuO-180d films will make it to the
solid/liquid junction when compared to the other films, making
them more desirable for photoelectrocatalytic applications. The
capacitance of the depletion layer in the bulk of the photocath-
odes (Cb) and that of their surface states (Cs) both increase with
the aging time of the solutions that were used for sample prepa-
ration. The enhancement of Cs for the films promoted their capa-
bility at accumulating surface charge carriers and enhanced their
PEC performance.[51] The resistance to the transfer of charge car-
riers, Rct, yielded the highest value for CuO-1d photocathodes.
This limited charge separation on the film’s surface and con-
tributed to the low photocurrent response observed for the films
in Section 2.6. The Rct values significantly dropped for films fab-
ricated with precursor solution that was aged for 150–250 days,
yielding the minimum value of 0.66 for the CuO-180d sample,
representing a 52.9% reduction when compared to the estimated
value observed for CuO-1d films. The lowered Rct value was due
to the high porosity of the CuO-180d films, which increases the
number of active sites available for PEC reactions.[52] This re-
duces the distance that electrons need to travel before making
contact with the electrolyte,[53] boosting charge separation and
the photocurrent response of the films, as seen in Section 2.6. Ad-
ditional analysis of the charge transport mechanisms occurring
at the surface of the photocathodes is given in the Supporting In-
formation using the Bode plots of log |Z| against log frequency
and phase angle versus log frequency shown in Figures S5a and
S5b, respectively.

2.6. Photo-Responses

The current response of the prepared CuO photocathodes was
studied using linear voltammetry in dark and under illumination
conditions and the results are given in Figure 11a. No significant
dark current response was observed for the films within the po-
tential scan window of 1–0.35 V versus RHE. The CuO-1d pho-
tocathode prepared with the deposition precursor solution that
was aged for 1d produced the minimum photocurrent density
of 0.22 and 0.56 A cm−2 at 0.45 and 0.35 versus RHE, respec-
tively. This low photo-response is attributed to the agglomeration
of the nanoparticles on the film’s surface[54] and the recorded
high resistance to charge transport in the bulk of the photo-
cathodes and at the solid/electrolyte junction. Further aging of
the precursor solution used for film deposition between 40 and
180 days showed a continuous improvement in the photocurrent

Adv. Mater. Interfaces 2023, 10, 2300230 2300230 (8 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 11. The a) photocurrent density, b) solar conversion efficiency, and c) photostability of CuO photocathodes.

density of the films at 0.45 V versus RHE. The optimum pho-
tocurrent density of 1.6 A cm−2 was observed for CuO-180d pho-
tocathodes at 0.35 V versus RHE, representing a 2.9-fold increase
when compared to the CuO-1d samples, at the same potential.
This is a very notable photoactivity enhancement for an intrin-
sic metal oxide that was neither doped nor modified with an-
other material. The photocurrent enhancement was mainly as-
sociated with the porous morphology of the films, which in-
creased the number of active sites, lowered the resistance to
charge transfer, and greatly reduce charge recombination on the
film’s surface.[52,53,55] A comparison of the maximum photocur-
rent density attained by the CuO photocathodes in this project
with other reports in the literature is presented in Table S3, Sup-
porting Information. Additional aging of the solution used for
sample preparation to 250 days resulted in an 18.4% decrease
in the photocurrent density achieved at 0.35 V versus RHE, rela-
tive to the observed response of CuO-180 films. This drop was
attributed to the coalescing of the film’s surface nanoparticles
(Figure 1g), which created more charge recombination sites, re-
sulting in increased resistance to charge transfer at the solid–
liquid junction. The onset potential for photocurrent yielded a
notable anodic shift of over 200 mV for CuO-150d, CuO-180d,
and CuO-250d samples with respect to that of CuO-1d. This ob-
servation agrees with the more positive Vfb values recorded for
the films, suggesting a drop in the potential that will be required
to initiate PEC reactions.[56]

The approximate solar conversion efficiency (ƞsc) of the pre-
pared CuO photocathodes was evaluated using Equation (5)

𝜂sc (%) =
Jph ×

(
1.23 − Vapp

)
Pin

(5)

where Jph in mA cm−2 is the recorded photocurrent density, Vapp
in V versus RHE denotes the applied voltage, and Pin (mW cm−2)
is the input power of the solar radiation.[57] The conversion ef-
ficiencies calculated for the CuO photocathodes are shown in
Figure 11b. Precursor aging for 40 days and above generally en-
hances the ƞsc of the dip-coated photocathodes. The maximum ƞsc
value of 1.5% was achieved for CuO-180d photocathodes at 0.35 V
versus RHE in agreement with the optimum photocurrent den-
sity observed for the films. CuO-250d photocathodes produced a
36% drop in the ƞsc value relative to the evaluated values for CuO-
180d films, at the same potential. The higher Rtr and Rct values
recorded for the CuO-250d films implied that more charge re-
combination was occurring in the bulk and surface of the films
during photoelectrocatalysis, resulting in the observed drop in ƞsc
for the photocathodes.[58]

The main setback in using CuO as a photocathode in driving
PEC reactions is its poor photostability in electrolytes.[59] To test
this, a potential-time scan was performed on the films at 0.35 V
versus RHE, for 500 s. The photocathodes retained about 35–
42.8% of their photocurrent densities after 500 s. CuO photocath-
odes prepared using the precursors that were aged for 150–250
days exhibited lower photostability due to the drop in the crys-
tallinity of the films (Figure 6a), in line with previously observed
results,[60] retaining 31.5% to 34.2% of their photocurrent after
500 s. So, precursor aging resulted in reduced photostability of
the CuO photocathodes because of the decreased crystallization
of the films. The poor photostability generally observed for the
CuO photocathodes is attributed to photo-corrosion, similar to
other reports.[59a,61] The photocathodes can be protected with thin
layers of stable metal oxides, such as TiO2,[62] metals, such as
Ni[57] and Ag,[63] or with a bimetallic material such as Au-Pd,[64]

to enhance their photostability in electrolytes.

Adv. Mater. Interfaces 2023, 10, 2300230 2300230 (9 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 12. Proposed energy band bending, charge transport kinetics, and
reaction mechanisms.

The proposed energy band bending, charge transport, and re-
action mechanisms occurring on the surface and bulk of the films
are displayed in Figure 12. If a p-type semiconducting material is
dipped into a liquid electrolyte, it will first undergo some charge
transfer processes before attaining equilibrium. The ions in the
electrolyte are absorbed at the photocathode’s interface and the
majority of charge carriers around the film’s surface, which are
holes, in this case, get driven into the electrolyte from the film’s
surface. This will create a space charge layer around the surface
of the films characterize by the absence of holes and the forma-
tion of an electric field in the region.[65] The field in this layer
will cause the bending of the energy bands downward around the
space charge region, in favor of the electron’s movement from
the CB to the film’s surface, and against holes transport to the
rear contact from the VB. This will create a potential barrier,
Ebr, against hole transport.[66] Concurrently, a region of absorbed
ions, adjacent to the electrode’s surface is formed, which is often
regarded as the Helmholtz layer.[65a]

During photoelectrocatalysis, upon illumination of the photo-
cathodes with photons of energy that are equal to or more than
the bandgap of CuO, photogenerated electron–hole pairs are pro-
duced. The photogenerated electrons are moved to the CB of
CuO and are then transferred to the surface of the photocathodes,
where they reduce water to produce H2. The holes are driven to
the VB of CuO and are then moved to FTO rear contact, where
they get transported to the counter electrode through the back
contact to oxidize water. The separation of charge carriers and
their movement to the surface of the photocathodes and FTO con-
tacts are been facilitated by the electric field in the space charge
region and the energy band bending. Also, the poor photostability
of CuO photocathodes implies that some of the photogenerated
electrons at the photocathode’s surface will also go on to reduce
the CuO to Cu2O which may be further reduced to Cu if the re-
action is prolonged for a sufficient period.[65a,67]

3. Conclusion

In summary, the precursor aging approach was engaged in tun-
ing the surface properties of dip-coated CuO photocathodes for
enhanced photoelectrocatalytic activity. A Cu-based precursor so-
lution was aged for 1, 40, 80, 120, 150, 180, and 250 days, and used
in each case to fabricate CuO photocathodes on FTO substrates
via the dip-coating technique. Compact nanoparticles were ob-
served on the surface of CuO films prepared using the 1-day-old
precursor. This was gradually tuned through precursor aging, to
produce highly porous and rougher surfaces for the CuO films
fabricated using the (180–250)-day-old solutions. The bandgap
of the films was also tuned from 1.32 ± 0.02 eV for CuO-1d to
1.20 ± 0.03 for CuO-180 and CuO-250d samples. The optimum
photocurrent density of 1.6 mA cm−2 at 0.35 V versus RHE was
attained for the CuO-180d photocathodes, representing a 196%
increase when compared to the value obtained for CuO-1d films,
which recorded the least photo response. The photocurrent en-
hancement was related to the large surface area of the films cre-
ated by their porous surface, which enhanced light absorption,
increased the number of active reaction sites, and reduced the
resistance to charge transfer at the solid-liquid interface. This
study investigates for the first time, the use of the precursor aging
method, in tuning the surface properties of dip-coated CuO films,
offering a cheap and easy method for fabricating suitable CuO-
based materials for catalytic, optoelectronics, photo-sensing, and
photovoltaic applications.

4. Experimental Section
Precursor Preparation and Film Deposition: A previously described

method was engaged in the preparation of 0.25 m of copper acetate so-
lution, which was used as the precursor for the fabrication of dip-coated
CuO films.[12] In summary, 1.36 g of copper acetate was added to 27 mL of
propan-2-ol and stirred for 1 h at room temperature. This was followed by
the dropwise addition of 1.5 mL of diethanolamine to the mixture, which
was further stirred for 1 h. Finally, 1.5 mL of PEG 400 was added to the
suspension and stirred for another 1 h. The resulting solution obtained
was initially aged for 1 day and used as the precursor for the preparation
of the first set of CuO films on FTO substrates.

For the CuO film deposition, FTO substrates used were first cleaned
using a previously described method.[12] The substrates were then dipped
into the prepared precursor solution that was aged for 1 day using a PTL-
MM01 dip-coater and withdrawn at the velocity of 2 mm s−1. The samples
were then dried at 115 °C for 12 min, and heated for another 5 min after
heating them to 280 °C. The dip-coating process was repeated four more
times to obtain five layers of the deposited films. The samples were then
annealed at 550 °C in air, for 1 h, to obtain crystallized CuO films. More
CuO films were also produced using the precursor solutions that were
aged for 40, 80, 120, 150, 180, and 250 days, respectively. All the CuO
films were made to consist of five layers and prepared using the same
process described for the samples that were made using the precursor
solution that was aged for 1 day. The films prepared using the precursor
solutions that were aged for 1, 40, 80, 120, 150, 180, and 250 days were
labeled as CuO-1d, CuO-40d, CuO-80d, CuO-120d, CuO-150d, CuO-180d,
and CuO-250d, respectively. Figure 13 presents an illustration of the CuO
film fabrication process.

Characterization: The XRD measurements were conducted on the pre-
pared CuO samples to study their structural properties using Bruker
D2 PHASER-e diffractometer of Cu-K𝛼 radiation at the wavelength of
0.15418 nm. Field emission gun scanning electron microscopy (FEG-SEM)
was performed using the Ultrafast 540 instrument to analyze the surface
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Figure 13. A schematic representation of the procedure used for the preparation of CuO films.

morphology and the cross-sectional images of the CuO films, performed
at 2 kV. The Ultrafast 540 microscopy instrument was coupled to EDS,
which was used to perform elemental composition analysis on the film’s
surface, conducted at 20 kV. The films were also studied using the Bruker
Dimension Icon with ScanAsyst AFM system, in tapping mode, over the
scan area of 30 μm × 30 μm, to further investigate their surface topogra-
phy. NanoScope Analysis software was used to analyze the AFM images
obtained for the films. Agilent CARY 60 UV–vis spectrometer was used to
measure the optical absorbance of the CuO films. The UV–vis instrument
was used to study the absorption properties of all the aged precursor solu-
tions used in preparing the CuO films. Raman spectroscopy investigations
were done on the prepared CuO films using a WiTec alpha300 RAS+ Con-
focal Raman Microscope with a 532 nm laser at 5 mW.

Electrochemical Measurements: Electrochemical measurements were
done using a VersaSTAT 3F potentiostat, which was attached to a PEC cell.
The cell consisted of Ag/AgCl in 3 m of KCl, 2 × 2 cm platinum mesh, and
the FTO/CuO films as the reference, counter, and working electrodes, re-
spectively. The electrolyte used for the electrochemical studies was 0.5 m
Na2SO4 (pH = 5.8). Linear sweep voltammetry (LSV) measurements were
performed on the CuO photocathodes in dark and light conditions at
0.05 V s−1 scan rate to ascertain their photo response. The light source
used during the measurements was a Newport 𝑂𝑟𝑖𝑒𝑙 𝐿𝐶𝑆 − 100 solar
simulator, under A.M1.5G illumination that was calibrated to 1 sun with
a Newport 91 150 V standard cell. The solar simulator was made to con-
sistently illuminate the photocathodes to a limited surface area of 0.49
cm2. EIS was carried out on all the photocathodes in dark conditions at
−0.5 V versus Ag/AgCl, 10 000 to 0.1 Hz of frequency, and an excitation
amplitude of 10 mV. ZView software was employed in fitting the data ob-
tained from the EIS measurements to a modeled equivalent circuit. Also,
chronoamperometry studies were conducted on the CuO photocathodes
in both dark and light conditions at −0.2 V versus Ag/AgCl for a period of
500 s, to investigate their photostability in the electrolyte. The Nernst rela-
tion presented in Equation (6) was applied in transforming all the potential
versus Ag/AgCl to the RHE scale.

VRHE = 0.1976 V + (0.059 × pH) + VAg∕AgCl (6)

where VRHE denote the potential versus RHE reference, 0.1976 V is
the approximate potential of Ag/AgCl reference against the normal hy-
drogen electrode (NHE) at 25 °C, and VAg/AgCl stands for the poten-
tial versus Ag/AgCl reference electrode used during the electrochemical
measurements.[68]
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