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Abstract: This study investigates the morphological evolution, optical properties, and photoelec-
trochemical (PEC) performance of copper-oxide-coated ZnO nanorods under different annealing
conditions. Distinct effects of annealing temperature and atmosphere on Cu,O and CuO growth on
ZnO nanorods were observed. SEM images revealed the transformation of Cu,O from silk-like to
mushroom-like structures, while CuO formed interconnecting nanomaterials. XRD and XPS analyses
showed peak shifts and binding energy changes, highlighting structural and electronic modifications
induced by annealing. Moreover, PEC measurements demonstrated the superior photoresponse of
CuO-coated ZnO nanorods, especially under negative bias, attributed to favorable band structure,
charge carrier separation, and annealing stability compared to CuyO-coated ones. A noteworthy
discovery is that ZnO nanorods coated with CuO nanostructures, prepared under air conditions at
400 °C annealing temperature, exhibit exceptional photocurrents. Applying a 0.4 V voltage increases
the photocurrent by approximately 10 mA /cm?. The findings provide valuable insights into tailoring
metal oxide semiconductor nanostructures for potential applications in diverse areas, including
photoelectrochemistry. This study offers practical guidance on modulating nanostructure growth
through annealing to enhance performance. The results hold significance for PEC water splitting and
have far-reaching impacts on photocatalysis, environmental remediation, and solar cells.

Keywords: annealing conditions; copper oxide; zinc oxide nanorods; optical properties;
photoelectrochemical performance; visible light absorption; charge separation; photocatalysis

1. Introduction

The limitations of finite energy resources and the escalating environmental challenges
have spurred the relentless pursuit of alternative and renewable energy sources [1]. As
global energy demands continue to rise, the efficient conversion of solar energy into
clean chemical fuel, particularly in the field of photoelectrochemical (PEC) cells [2—6], has
emerged as a promising prospect. The ongoing advancements in PEC research allow us
to apply this principle extensively in applications related to solar energy conversion and
storage. However, the efficiency of PEC water splitting primarily hinges on the characteris-
tics of the semiconductor material used as the photoelectrode or working electrode [7-9].
Despite exhibiting impressive energy conversion efficiency [10], compound semiconduc-
tors such as GaAs are susceptible to corrosion in aqueous environments. In contrast,
oxide-based semiconductor photoelectrodes, while demonstrating lower energy conversion
efficiency, offer superior corrosion resistance and are therefore considered ideal choices
from a commercial standpoint, given their longevity [11-13]. Among oxide semiconductors,
titanium dioxide (TiO;) is a commonly used photoelectrode material [14-16]. However,
its wide bandgap (3.27 eV) restricts light absorption to only the ultraviolet range of the
solar spectrum, far from the high-energy regions. On the other hand, zinc oxide (ZnO) also
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possesses a relatively wide bandgap (3.37 eV), but its electron mobility is 10 to 100 times
that of TiO; [17]. This significant improvement in electron transport efficiency makes ZnO
a preferred semiconductor used in photovoltaic devices [18-20].

In the pursuit of advanced materials for diverse applications, the synthesis of ZnO
nanorods (NRs) has garnered considerable attention. The study by Liang et al. presents
a straightforward physical vapor deposition method for the catalyst-free growth of well-
aligned ZnO NRs on silicon substrates [21]. By heating ZnO powder to 900 °C in a
horizontal tube furnace, the nanorods were obtained through a vapor—solid mechanism.
The method exhibited good crystallinity and optical properties, offering potential for
scalable fabrication in electronic and optical devices. Prete et al. conducted a detailed study
on ZnO NR growth using gold catalyst nanoparticles and the carbo-thermal evaporation
technique [22]. The findings provide crucial insights into growth kinetics and mechanisms,
guiding precise engineering of ZnO NRs for optimal size and morphology control on Si
substrates, which is essential for subsequent device integration. Yatsui et al. demonstrated
a low-temperature (270 °C) vapor-phase technique for epitaxial growth of vertically aligned
single-crystalline ZnO NRs on Si substrates [23]. Utilizing photo-assisted metal-organic
vapor-phase epitaxy (MOVPE) with 325 nm laser illumination, they achieved anisotropic
nanorod growth along the [001] direction. This approach, performed at low temperatures,
shows promise for integrated ZnO nanostructures on Si, offering significant implications
for nanophotonic and electronic devices.

The major limitation of ZnO used in PEC applications lies in its larger bandgap,
resulting in limited light absorption, primarily in the ultraviolet range, away from the high-
energy regions of the solar spectrum. To overcome this limitation, researchers have begun
to incorporate metal dopants into ZnO to enhance their performance [24,25]. Copper (Cu)
is one of the extensively studied dopants due to its reputation as an active and cost-effective
co-catalyst [26]. Copper shares a similar electronic band structure with ZnO, significantly
improving its photoactivity [27]. However, the effects of Cu doping on ZnO stability and
efficiency in PEC water splitting remain open questions [28-30]. The investigation of PEC
behavior of CuO-ZnO core/shell heterostructure nanowire arrays was first reported by
Zhao et al. [31]. The CuO nanowires (NWs) were synthesized through the oxidation of
copper foil in an ambient air environment. The process involved the thermal oxidation of
copper foil at 500 °C for a duration of 4 h. Subsequently, after cooling to room temperature,
several droplets of a saturated ethanol solution of zinc acetate were carefully applied to
the prepared CuO NW arrays, followed by air drying. To achieve the desired structure,
the zinc acetate-coated CuO NWs were subjected to a final thermal treatment at 350 °C for
20 min in an air environment. A scalable method for producing three-dimensional (3D)
branched nanowires (b-NWs) consisting of ZnO/CuO heterojunctions was reported by
Kargar et al. [32]. These b-NWs serve as photocathodes for PEC solar hydrogen production
in neutral environments. The growth of ZnO/CuO b-NWs was achieved using cost-
effective thermal oxidation and hydrothermal growth techniques. These b-NWs exhibit
a defect-free single-crystalline structure with smooth surfaces. The study establishes a
relationship between electrode currents and nanowire sizes and densities, with longer and
denser CuO NW cores demonstrating higher photocathodic currents due to an enlarged
reaction surface area. ZnO/CuO b-NW photoelectrodes show a broad photoresponse
spectrum, spanning from ultraviolet to near-infrared. Importantly, they outperform CuO
nanowires coated with ZnO in a core/shell configuration thanks to increased surface
area and enhanced gas evolution. Remarkably, when grown on copper mesh substrates,
ZnO/CuO b-NWs exhibit a significant enhancement in photocathodic current.

Bai et al. [33] developed a novel 3D ZnO/Cu;O NW photocathode material with re-
markably efficient photoelectrocatalytic performance. The fabrication process was achieved
on a copper substrate using straightforward and cost-effective wet chemical oxidation and
hydrothermal growth techniques. In comparison to pure CuyO NWs, the 3D ZnO/Cu,O
NWs exhibited a significantly higher photocurrent, reaching up to 4.55 mA cm?. Addi-
tionally, these NWs demonstrated exceptional stability under AM 1.5G illumination at
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an intensity of 100 mW /cm?. The outstanding performance of this unique nanostructure
can be attributed to its substantial effective surface area, which facilitates efficient PEC
water splitting and the degradation of organic pollutants. Moreover, the structure promotes
effective electron transportation, further enhancing its potential for a wide range of applica-
tions in PEC and environmental remediation. A straightforward approach to creating a
highly stable CuO/ZnO nanorod-nanobranch-based photocathode for the efficient gener-
ation of hydrogen through photoelectrochemical processes was reported by Shaislamov
et al. [34]. The primary CuO NRs, acting as the “trunk” of the structure, were synthesized
by directly thermally oxidizing Cu NRs grown using a template-assisted electrodeposition
method. Subsequently, secondary ZnO nanobranches were uniformly grown across the
entire surface of the CuO NRs using a hydrothermal method. The resulting CuO/ZnO
nanorod-nanobranch photoelectrode displayed remarkable stability, retaining 90% of its
performance during an extended period of testing.

The synthesis of a CuO-ZnO nanostructure through hydrothermal methods with
varying Cu dopant mole ratios has been reported by Albadarin et al. [35]. These studies
investigated the impact of factors such as crystallite size, surface morphology, and changes
in optical band gap on the nanostructure’s PEC performance. A comparative analysis
was also conducted against a reference ZnO-based photocathode. Their studies revealed
a transition in the morphology of ZnO NRs, transforming into nanosheets and vertically
aligned CuO-ZnO nanograss upon Cu incorporation. This transformation was attributed
to compositional changes resulting from the excessive introduction of Cu metal into the
ZnO lattice. Additionally, Cu insertion induced a bathochromic shift in the optical band
gap of the sample. Evaluation of PEC activity under a 100 mW/cm? Xenon light source in a
0.5 M NaySOy electrolyte solution demonstrated that the Zn-to-Cu ratio significantly af-
fected the photocurrent density. This enhanced performance is attributed to the larger
surface area and narrower optical energy band gap in the vertically aligned CuO-ZnO
nanograss, facilitating efficient charge transport in the PEC cells.

Our research focuses on the construction of copper oxide (CuO/Cu,0) nanostructures
on ZnO NRs for use in PEC applications. The key challenge in this research area lies in
precisely controlling the growth of the copper oxide nanostructures to achieve higher pho-
tocurrents and improved stability. Traditional methods for fabricating PEC electrodes often
involve complex processes and high material costs, limiting their feasibility for large-scale
applications. However, the fabrication method employed in our research, based on the
growth of ZnO nanorods and chemical bath deposition (CBD), simplifies the preparation
process and significantly reduces the equipment and material costs. This unique fabrication
approach opens up a new avenue for the efficient, cost-effective, and sustainable production
of PEC electrodes. We have observed distinct variations in nanostructure morphology as
a function of annealing temperature, specifically between samples annealed in nitrogen
and air atmospheres. These observations offer valuable insights into the growth process
and the role of ambient conditions in nanostructure formation. Cyclic voltammetry (CV)
measurements were conducted to assess the impact of visible light irradiation on the electro-
chemical response of the materials. ZnO nanorods exhibited minimal changes in CV curves
before and after light exposure, suggesting limited photoresponse. In contrast, Cu,O/ZnO
heterostructures with 5 and 10 CBD cycles displayed significantly increased currents and
anodic peak intensities upon light exposure, indicating improved photoconversion effi-
ciency. However, the CV of the Cu;O/ZnO heterostructure with 15 CBD cycles showed a
distinct enhancement in the cathodic peak after light irradiation. Additionally, this study in-
vestigates the effect of annealing temperatures on the nanostructure evolution and resulting
photoelectrochemical (PEC) performance of CuyO/ZnO or CuO/ZnO heterostructures. Ul-
timately, we made a significant discovery: ZnO nanorods coated with CuO nanostructures
prepared under an air condition at a 400 °C annealing temperature exhibited outstanding
photocurrents. Applying a voltage of 0.4 V increased the photocurrent by approximately
10 mA /cm?. Annealing at different temperatures under N, or air conditions led to distinct
nanostructure morphologies. These structural variations had a profound impact on the PEC
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performance, with the high-temperature-annealed ZnO/CuO heterostructures exhibiting
superior PEC properties. The significance of this discovery can be attributed to two main
factors. First, the CuO layer enhances visible light absorption, enabling the material to fully
harness solar energy. Second, the introduction of CuO nanostructures enhances electron
transport efficiency, effectively reducing electron-hole recombination rates. Therefore, by
precisely controlling the growth of nanostructures, we achieved higher photocurrents and
improved stability, a facet that had not been thoroughly explored in previous research. The
importance of this structural direction lies in its practical solutions for enhancing perfor-
mance in the field of PEC. This not only holds great significance for PEC water splitting but
also bears wide-ranging potential impacts in other PEC applications, such as photocatalysis,
environmental remediation, and solar cells.

2. Materials and Methods

To prepare the indium tin oxide (ITO)-coated glass slides for deposition, we initially
immersed them in commercial hydrochloric acid (37%) for 1 h. Subsequently, the slides
underwent a thorough cleaning process involving acetone, ethanol, and distilled water,
followed by drying in an incubator at 100 °C. We initiated the preparation of ZnO seed
layers utilizing the sol-gel method [36]. Specifically, the precursor for depositing these
seed layers consisted of a mixture of 15 mL of sol solution containing 0.75 M zinc acetate
dihydrate (Zn(CH3COO);-2H,0) combined with a solvent containing equal quantities of
monoethanolamine (HOCH,CH;NH,;) and 2-methoxyethanol (CH;OCH,;CH,OH). This
solution was left to stabilize at room temperature for 24 h. The dip-coating process for
applying the seed layer was conducted at a rate of 3 cm/min after immersing the glass
slide in the sol solution for 10 min. This procedure was repeated three times. Subsequent
to the dip-coating process, the substrate underwent drying and annealing on a hot plate
at a temperature of 200 °C for 30 min, leading to the gelation of the sol solution on the
substrate surface and subsequent seed layer formation. The growth of ZnO nanorods (NRs)
was accomplished by immersing the sample in a chemical bath containing a solution of
zinc nitrate hexahydrate (Zn(NOs),-6H,0) and methenamine (C¢HjyNy) at the same 0.1 M
concentration, maintained at 85 °C for a duration of 2 h.

To further create heterostructure, we aimed to deposit cuprous oxide (CuyO) on the
ZnO NRs using the chemical bath deposition (CBD) technique [37]. The CBD method
allows us to achieve varying effects by adjusting the number of deposition cycles. Notably,
we employed a dip coater apparatus, a departure from conventional manual operations,
to ensure precise control over the deposition process. For this purpose, we employed
analytical-grade copper sulfate (CuSO4-5H,0), sodium thiosulfate (NayS,03-5H,0), and
sodium hydroxide (NaOH) in an aqueous medium. Distilled water served as our solvent.
The copper—thiosulfate complex was prepared by mixing 5 mL of 1 M copper sulfate
solution with 20 mL of 1 M sodium thiosulfate solution. The resulting solution was stirred
for 20 min in a cold bath (approximately 0 °C) until it became colorless, serving as a source
of cations. Concurrently, a 1 M NaOH solution, maintained at 75 °C, was employed as a
source of anions. Each deposition cycle involved immersing the ZnO NRs/ITO glass slides
first in the anion solution and then in the cation solution using controlled dip coater. The
CBD procedure was conducted under carefully controlled conditions to ensure consistency
across samples. The parameters governing the CBD process were kept constant, and the
synthesis conditions were meticulously replicated for each sample. A controlled immersion
rate of approximately 20 mm /min was maintained during the CBD process. A standardized
deposition time of 10 s was maintained in anion solution, and 30 s in cation solution for all
synthesis runs, ensuring consistency in the coating thickness across samples. As a result,
Cu,0 thin films were formed on the substrate through the subsequent chemical reactions.

Cu($,03)” — Cut + $,052"
2Cu** + OH™ — Cu,O + H,O
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Subsequently, the slides were dipped in distilled water for 10 s to rinse away any
unreacted anions and cations. After obtaining the CuyO/ZnO NRs nanostructure through
the CBD process, we proceeded with an additional crucial step to enhance their properties,
which involved annealing the materials under different atmospheres, specifically using
nitrogen (N) gas and air. The annealing process was carried out in a controlled envi-
ronment, where the copper oxide/ZnO nanomaterial samples were subjected to varying
temperatures. The schematic of fabrication process of copper oxide/ZnO NRs heterostruc-
ture is shown in Figure 1a. For scanning electron microscopy (SEM) observations, a JEOL
JSM-7401F field emission SEM was utilized. The instrument operated at an acceleration
voltage of 15 kV, providing detailed surface morphology information. The working distance
during observations was set at 3.6 mm, ensuring optimal imaging conditions. Images were
acquired at various magnifications to capture both micro- and nanoscale features. Absorp-
tion spectra measurements were conducted using fiber-based UV-Vis spectrophotometer
(Ocean Optics HR400HCG). This instrument is equipped with a tungsten halogen white
light source. Before the absorption spectra measurements, a baseline scan was performed
using a blank ITO-coated glass, which typically consisted of the substrate material without
the thin film. This baseline correction accounts for any absorption or scattering effects from
the substrate. X-ray diffraction (XRD) analyses were performed using a high-resolution
X-ray diffractometer (PANalytical X"Pert PRO MRD). The X-ray source employed Cu K«,
A =0.15418 nm, and diffraction patterns were recorded over a 26 = 20 to 70 degree range.
The instrument’s parameters, including scan speed and step size, were optimized for ac-
curate phase identification and crystallographic information. The resulting XRD patterns
were analyzed to determine the structural characteristics of the synthesized materials. X-ray
photoelectron spectrometer (XPS) measurements were conducted using a PHI VersaProbe
4 instrument. The X-ray source emitted Al Ka X-rays of energy resolution < 0.5 eV at

Ag3ds/, peak.
(b) CHI 750
Growth of Potentiostat @ @@
seed layer y a
[ v Reference
electrode
Growth of
ZnO NRs
Growth of copper i Ptl C(;ur:jter ’
oxide nanostructure Cu,0/CuO coated , electrode White light
P _ ZnO NRson ITO ]
‘ glass as working Electrolyte N
electrode 1.0 M Na,SO, Transparent
window

= Teflon cell

Figure 1. Schematic of (a) fabricating copper oxide/ZnO NRs heterostructure and (b) visible light
photoelectrochemical measurement setup.

The experimental setup for photoelectrochemical (PEC) measurements is illustrated in
Figure 1b. In this study, PEC measurements were conducted using CHI 750 potentiostat
on copper oxide/ZnO nanomaterials. The electrolyte used for the PEC experiments was a
1.0 M sodium sulfate (NaSOy4) solution. The copper oxide/ZnO nanomaterials were
assessed using a three-electrode electrochemical measurement system provided by CH
Instruments. During the PEC measurements, the sample surface was illuminated with
150 W Xenon arc lamp, and an AM 1.5 filter was applied to produce 100 mW /cm? light
source. The potential applied to the system was scanned from 1.0 to —1.0 Vor 0.5to —0.5V
at a scan rate of 100 mV /sec. The working electrode was connected to a reference electrode
(Ag/AgCl) and a counter electrode (Pt), and a bias voltage was subsequently applied to
initiate the measurement process.
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3. Results

3.1. Influence of Annealing Conditions on the SEM Morphology and Optical Properties of
Copper-Oxide-Coated ZnO Nanorods

Figure 2 shows the surface and cross-sectional SEM images of as-growth ZnO NRs
before the CBD of copper oxide. The diameter of hexagonal-shape and length of ZnO NRs
are 100 nm and 2 um, respectively.

Figure 2. (a) Surface and (b) cross-sectional SEM image of ZnO nanorods on ITO-coated glass substrate.

Annealing at controlled temperatures in specific environments, such as nitrogen, is a
well-established method for enhancing the stability and durability of nanostructures [38].
The high surface energy of freshly grown nanostructures often leads to their coalescence
or degradation over time. Annealing allows for the relaxation of these high-energy sur-
faces, leading to more stable and robust structures. The annealing process can significantly
impact the physical and chemical properties of the nanostructures [39]. It can enhance
their crystallinity, reduce defects, and influence their electronic and optical characteristics,
ultimately tailoring them for specific applications. For the CBD process of fabricating
metal oxide semiconductors, post-treatment annealing is commonly adopted after the
CBD process to improve the coating quality [40,41]. However, how the microstructures of
metal oxide evolve under different annealing temperatures remains to be systematically
investigated. In this work, the formation process of copper oxide on ZnO NRs under
nitrogen and air annealing conditions was first explored by scanning electron microscopy
(SEM). Previous studies have shown that appropriate annealing helps eliminate impu-
rities, enhances crystallinity, and increases the grain size of copper oxide layers grown
by CBD [42-44]. Here, we focus on elucidating the morphological evolution of copper
oxide coatings by annealing over a temperature range of 100-400 °C under air or N, gas
conditions. Additionally, post-annealing after CBD is necessary to stabilize the material
structures before photoelectrochemical (PEC) testing in aqueous environments. The SEM
images, as shown in Figure 3, indicate the formation process of copper oxide on ZnO NRs
under Ny gas annealing at different temperatures. Figure 3 (inset) shows the optical images
of fabricated copper oxide/ZnO NRs under different annealing temperatures at N; gas.
The yellow-to-orange color of films indicates the existence of Cu,O [45]. The surface color
of the grown Cu,O thin films transitions from yellow to orange, with a more pronounced
shift toward orange observed at higher annealing temperatures. At 100 °C, we identified
the presence of circular, fuzzy structures resembling fibers on the surface of the ZnO NRs.
Upon increasing the temperature to 200 °C, there was a discernible reduction in the abun-
dance of these fiber-like features. At 300 °C, the observation revealed the presence of tiny
particulate CuyO on the surface of ZnO nanorods, indicating the effect of annealing at this
temperature. As the temperature increased to 400 °C, a hexagonal pattern of CuyO formed
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on the ZnO NRs, suggesting a transformation in the structural arrangement of Cu,O grains.
The detailed SEM analysis provides valuable insights into the phase transition process of
this composite material.

Figure 3. SEM surface morphologies and optical images (inset)of CuyO/ZnO NR thin films treated
under N, atmosphere at different annealing temperatures. (a) At lower temperatures, 100 °C, the
formation of silk-like structures is observed, connecting the ZnO NRs. (b) With increasing temperature
to 200 °C, the silk-like structures decrease. (c) At the annealing temperature of 300 °C, the fuzzy
structures vanish, and small granular structures resembling Cu,O form on the ZnO NRs. (d) At higher
temperatures of 400 °C, the small granules arrange into hexagonal-like structures. The presence of
the mushroom-shaped structures is noted in the samples annealed at 200 °C and 400 °C.

The observed darkening of the samples annealed in air at 100 °C to 400 °C, as shown
in Figure 4 (inset), may be indicative of the formation of copper oxide (CuO). Copper
oxide compounds are known to exhibit darker colors [46], and this color change suggests
a chemical transformation during annealing. The presence of oxygen in the air during
higher annealing temperatures could lead to the oxidation of copper species present on
the surface or within the nanorods. The formation of CuO, which is thermodynamically
favored under oxidative conditions under higher annealing temperatures, could account for
the altered coloration of the samples. At elevated annealing temperatures (above 100 °C) in
an air environment, we have observed the formation of interconnecting nanomaterials that
bridge the gaps between individual ZnO NRs, as shown in Figure 4. These interconnecting
materials give rise to a network-like structure that links the ZnO NRs together. Interestingly,
the characteristic mushroom-like structures and granular aggregates, which were prevalent
in samples annealed in N,, were notably absent in samples annealed in air at higher
temperatures. This disparity raises questions about the underlying mechanisms responsible
for the differences in nanostructure growth under varying annealing conditions. We
postulate that the interconnecting nanomaterials observed in air annealing may result from
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the oxidation of ZnO NRs in the presence of atmospheric oxygen. The increased annealing
temperature may enhance the reactivity of the system, leading to the formation of these
interconnecting materials. The presence of interconnecting nanomaterials and the absence
of mushroom-like structures and granular aggregates suggest that the ambient conditions
and annealing temperature play a crucial role in determining the final morphology and
properties of the nanostructures. Additionally, the observed increase in the diameter of
the ZnO NRs, particularly with elevated annealing temperatures, can be attributed to the
copper oxide precursor acting as nucleation sites or catalysts, influencing the growth of
Zn0O NRs. The presence of the precursor material could lead to the formation of new nuclei
on the surface of the nanorods, contributing to an increase in diameter. Moreover, the
diffusion and potential alloying between copper and zinc during annealing may play a
significant role. The high-temperature annealing process could facilitate the diffusion of
copper into the zinc oxide nanorods, potentially leading to changes in their crystal structure
and dimensions.

Figure 4. SEM surface morphologies and optical images of CuO/ZnO NR thin films treated under
ambient air atmosphere at different annealing temperatures. (a) At 100 °C, the presence of fewer
silk-like structures compared to the N, atmosphere is observed. (b) Annealing at 200 °C results in
the reduction of silk-like structures, while (c) at 300 °C, the fuzzy structures gradually disappear, and
network-like structure of CuO links the ZnO NRs together. (d) At 400 °C, the small granules form
hexagonal-like structures, similar to the nitrogen atmosphere. The absence of mushroom-shaped
structures is noted in all samples annealed in ambient air.

SEM coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) analysis revealed
a distinctive spatial distribution of Cu, O, and Zn atoms, as shown in Figure 5. Figure 5 also
displays a representative SEM image with EDS analysis showing the atomic concentration
of each element. Copper atoms (Cu) are represented in red, oxygen atoms (O) in blue,
and zinc atoms (Zn) in green. The atomic composition of the sample was determined
to be approximately 54.2:15.3:30.5 (O:Cu:Zn). A finding is the preferential enrichment of
Cu atoms at the tips of the nanorods forming distinct red regions in the elemental map.
This observation indicates that during air annealing, CuO exhibits a strong affinity for
nucleation and growth at the apex of the ZnO NRs.
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Figure 5. SEM-EDS analysis of CuO-coated ZnO NRs. The sample was annealed in ambient air at
200 °C.

Figure 6 shows the absorption spectra of copper-coated ZnO NRs fabricated under
N, and air annealing conditions at different temperatures. In the case of copper-coated
ZnO NR samples annealed under N; gas (samples show yellow color), we observed a
significant increase in absorbance within the wavelength range of 450 nm to 700 nm as the
annealing temperature increased to 200 °C, as shown in Figure 6a. This increase suggests
that a structural or compositional change has occurred at lower annealing temperatures,
resulting in improved absorbance of visible light. However, with a further increase in
annealing temperature (400 °C), the absorbance of the samples in the visible light range
did not continue to rise, and there was a decrease in absorbance in the wavelength range of
400 nm to 500 nm. In the case of copper-coated ZnO NRs annealed under ambient air
(samples showing dark brown color), an interesting optical behavior was observed with
increasing annealing temperature. Specifically, as the annealing temperature reached
200 °C, there was a noticeable increase in absorbance within the wavelength range of
450 nm to 700 nm, as shown in Figure 6b. This increase in absorbance was more pro-
nounced compared to samples annealed under N gas, particularly within the visible light
wavelength range. Moreover, the enhancement in absorbance within the visible light spec-
trum continued as the annealing temperature further increased. Remarkably, the sample
annealed at 400 °C exhibited absorbance characteristics, making it the most efficient in
terms of visible light absorption. Tauc plot analyses, as shown in Figure 6¢,d, revealed
distinct trends in the bandgap (Eg) of copper-oxide-coated ZnO thin films annealed in N,
and air atmospheres. For samples annealed in a N, environment, the bandgap ranged
between 2.35 eV and 2.5 eV within the 100 °C to 400 °C annealing temperature range. In
contrast, thin films annealed in air exhibited bandgaps in the range of 1.8 eV to 2.25 eV.
Notably, the bandgap of samples annealed in air was found to be at its minimum, especially
the sample annealed at 400 °C, suggesting enhanced absorption of visible light.
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Figure 6. Comparative absorbance spectra of copper-oxide-coated ZnO NRs annealed under
(a) N, gas atmosphere and (b) ambient air. The corresponding Taut plot of copper-oxide-coated
ZnO NRs annealed under (c) N, gas atmosphere and (d) ambient air. The copper-coated ZnO NRs
annealed above 300 °C under air condition show significantly enhanced absorbance within the visible
light range and reduced bandgap energy compared to samples annealed sunder N; gas, indicating
improved visible light absorption properties.

3.2. XRD Analysis Revealing the Influence of Cuy O and CuO on Structural Evolution and
Preferred Orientation in ZnO Nanorods

Figure 7 compares the XRD pattern of different samples, ZnO NRs, copper oxide
annealed at 200 °C under N gas, copper-oxide-coated ZnO NRs annealed at 200 °C under
N, gas, and copper oxide annealed at 400 °C under ambient air. All the samples show
a strong characteristic peak of a (002) plane at 20 ~ 34.2°, indicating the formation of
ZnO NRs [47]. A weak peak at around 26 =~ 36.5° corresponds to the presence of a (111)
plane indicating pure cuprous oxide (CuyO) [48], both shown in the pure Cu,O- and Cu,O-
coated ZnO NR samples. Weak peak at around 20 ~ 38.5° corresponds to the presence of
(111) plane indicating pure cupric oxide (CuO) [49], only shown in the CuO-coated ZnO
NR sample.
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Figure 7. X-ray diffraction (XRD) patterns of (a) pure ZnO NRs, (b) pure Cu,O, and (c)Cu,O grown
on ZnO NRs. Those three samples were annealed at 200 °C under N, gas environment. (d) XRD
pattern of CuO grown on ZnO NRs, annealed at 400 °C under air condition.

The XRD pattern of ZnO NRs typically shows an enhanced intensity of the (002)
diffraction peak, indicating the nanorods grow preferentially along the (001)direction.
However, in this work, the (002) peak intensity was found to decrease with increasing
N, gas annealing temperature when Cu,O was modified on the surface of ZnO NRs, as
shown in Figure 8a. Several factors may account for the reduced preferential orientation
after annealing. The migration of CuyO during thermal treatment disrupts the original
structure of ZnO nanorods, leading to a weaker (002) preferred growth. Recrystallization
of ZnO occurs upon annealing, with increased growth rates along certain directions at the
expense of preferred orientation. The annealing process likely compromises the structure
and morphology of ZnO NRs, resulting in the reduced intensity of the (002) reflection in
the XRD pattern. Figure 8b shows the (002) diffraction peak of ZnO NRs in the XRD pattern
became sharper and slightly shifted after annealing the copper-oxide-coated ZnO NRs
heterostructure in ambient air. The sharpening of the (002) peak can be ascribed to the
improved crystallinity of ZnO during annealing, which reduces the defects and enhances
the reflection from the (002) plane. The oxygen atmosphere may also facilitate the preferred
orientation of ZnO along the (001) direction, further strengthening the (002) diffraction.
Additionally, the modification of CuO could inhibit the growth of other orientations in ZnO,
making the relative intensity of the (002) reflection more pronounced. The thermal treatment
may also introduce stress that leads to minor changes in peak positions. Moreover, the
modification of CuO could vary the defect density on the surface of ZnO NRs, influencing
the microscopic strain [50]. The oxygen annealing improves the crystallinity and preferred
orientation of ZnO NRs, while the modification of CuO promotes the relative intensity of
the (002) reflection, collectively resulting in a sharper (002) XRD peak. Meanwhile, effects
like solid solubility and stress during thermal treatment induce slight peak shifts.
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Figure 8. X-ray diffraction (XRD) patterns of copper-oxide-coated ZnO NRs under (a) N, gas and
(b) ambient air annealing at different temperatures.

3.3. Investigation of Binding Energy Shifts in Ol1s, Cu 2p3/2, and Zn 2p3/2 Core Levels

In our investigation, we performed X-ray photoelectron spectroscopy (XPS) on copper
oxide grown on ZnO NRs fabricated by varying annealing temperatures corresponding to
Ny gas or ambient air. We observed a distinctive behavior in the Cu2p3/, binding energy
for samples under N, gas annealing at different temperatures, as shown in Figure 9a.
As the annealing temperature increased, we noted a significant downward shift in the
Cu2ps,;, binding energy when compared to the pure Cu,O reference. This observed shift
is intriguing and suggests an interaction between CuyO and ZnO during the annealing
process. We also observed a shoulder located at the high binding energy (934 eV) of the main
peaks in the 100 °C-annealed sample. This shoulder gradually disappeared as the annealing
temperature increased. The location of the shoulder might be due to the generation of a
CuO phase, which disappeared at higher temperatures under N, gas annealing conditions.
The observed energy shift of Cu2ps,, binding energy is consistent with the development of
interfacial electronic states at the CuyO-ZnO interface. This effect is likely due to charge
transfer and electronic restructuring between CuyO and ZnO, impacting the final electronic
structure and thus causing a binding energy shift in the XPS spectra [51]. In contrast, for
CuO-coated ZnO nanorods, the Cu2ps,/, binding energy remained relatively unaffected by
variations in the annealing temperature, as shown in Figure 9b. This lack of a significant
shift implies that the CuO-ZnO interaction differs from that of CuyO-ZnO. CuO has a
different electronic structure compared to CuyO, and it does not exhibit the same extent of
interaction with ZnO, leading to a consistent Cu2ps,, binding energy [52].

Figure 10 shows the Zn2p3,, binding energy of the copper-oxide-coated ZnO NRs
under different annealing conditions. For CupO-coated ZnO NRs, we noted a notable
shift in the Zn2pj3/, binding energy towards higher binding energies as the annealing
temperature increased. In contrast, the Zn2p3,, binding energy for CuO-coated ZnO NRs
remained relatively unaffected by changes in annealing temperature. The observed shift
in the Zn2p3,, binding energy for CuyO-coated ZnO nanorods suggests a change in the
chemical environment of zinc ions within the nanocomposite. This shift towards higher
binding energies indicates an increase in the energy required to remove electrons from
Zn 2p orbitals, which can be attributed to alterations in the local electronic structure. One
possible explanation is the formation of new chemical bonds or changes in coordination
environments around Zn ions due to the interaction with Cu,O and annealing. This change
in the chemical environment is consistent with the previously observed shift in Cu2ps,,
binding energy, reinforcing the idea of complex electronic interactions between Cu,O
and ZnO. Conversely, the consistent Zn2p3,, binding energy for CuO-coated ZnO NRs
under varying annealing temperatures implies a stable chemical environment around
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the Zn ions. The lack of binding energy shifts indicates that CuO interacts differently
with ZnO, maintaining a more uniform electronic structure. The difference in Zn2ps,,
binding energy shifts between Cuy;O-coated and CuO-coated ZnO NRs further highlights
the distinct interactions of these oxide materials with ZnO. These findings suggest that
Cuy0 can influence the electronic structure of ZnO in a manner that is sensitive to annealing
conditions, resulting in binding energy shifts for both Cu and Zn elements. On the other

hand, CuO maintains a relatively constant electronic environment within the composite,
demonstrating its distinct behavior.

— Cu,0/Zn0/100 °C— Cu,0/Zn0/200 °C
| = Cuy0/Zn0/300 °C— Cu,0/Zn0/400°C
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Figure 9. XPS spectra of copper-oxide-coated ZnO NRs under (a) N gas and (b) ambient air annealing
at different temperatures.
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Figure 10. XPS spectra of CuyO-ZnO NRs and CuO-ZnO NRs fabricated by different annealing
temperatures and atmospheric conditions.

Figure 10 also shows the Ols XPS binding energy observed in the CuyO-coated ZnO
and CuO-coated ZnO NRs under different annealing temperatures. The observed O1s XPS
binding energy shifts in CuyO-coated ZnO NRs are indeed intriguing. The shift towards
higher binding energy for the major peak (from 532 eV to 533 eV) indicates changes in the
oxygen chemical environment within the CuyO-ZnO nanocomposite. The Ols binding
energy in pure ZnO nanorods is typically observed around 530 eV. This position is consistent
with oxygen atoms in the ZnO lattice, which are part of the oxide structure of the nanorods.
In pure CuyO, the Ols binding energy is observed to be around 532 eV. This is expected as
Cu;0 is a compound consisting of copper and oxygen atoms, and the Ols peak represents
oxygen in the Cu,O crystal structure. The shift in the Ols binding energy to a higher
energy state (533 eV) when Cu,0 is coated on ZnO nanorods after annealing is indicative
of changes in the local chemical environment of oxygen. This shift may be attributed to
the interaction between Cu,O and ZnO during annealing, leading to the formation of new
chemical bonds and compounds. The oxygen atoms near the interface between CuyO and
ZnO may experience altered chemical environments, resulting in a higher binding energy
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state. Another possible reason for the shifting is the formation of oxygen vacancies or
defects when the CupO-ZnO NRs were annealed at N, gas. The annealing process could
also result in changes in the O1s binding energy. These defects can introduce new energy
states in the XPS spectrum [53]. The absence of a significant shift in the O1s binding energy
for CuO-coated ZnO NRs under ambient air annealing conditions suggests differences
in the chemical behavior of CuO compared to CupyO when interfaced with ZnO. CuO
and Cu20 are different copper oxide phases with distinct chemical properties. When
interfaced with ZnO, they may form different chemical bonds and structures. The chemical
interactions between CuO and ZnO may not induce the same shifts in Ols binding energy
as those observed in the CuyO-coated sample since Cu,O is a p-type semiconductor with
copper-deficient oxygen stoichiometry, whereas CuO is an n-type semiconductor with
stoichiometric oxygen. The different oxygen stoichiometries could lead to distinct oxygen
vacancy formation and charge transfer processes at the interface. These differences can
affect the Ols binding energy. Also, CuO and Cu,O have different crystal structures, which
can influence the nature of their interfaces with ZnO. Crystal defects, grain boundaries,
and interfacial structures play a role in determining XPS binding energies.

3.4. Electrochemical and Photoelectrochemical(PEC) Measurement of Cu,O- and CuO-Coated ZnO
Nanorods Fabricated Using Different Annealing Conditions

Studying the cyclic voltammetry (CV) of nanomaterials while observing before and
after exposure to light holds great significance and importance in the realm of materials
science and electrochemistry. Specifically, when nanomaterials are subjected to light irra-
diation, distinct changes in the CV curves become evident, characterized by a noticeable
increase in current and a pronounced shift towards the positive potential range. These
changes signify the effective conversion of incident light energy into electrical current,
indicative of the material’s efficient light absorption and photoinduced electron-hole pair
generation. The anodic peaks in the CV curve correspond to oxidation reactions, typically
representing the transfer of photogenerated electrons. A stronger anodic peak suggests
efficient electron-hole pair generation and their effective involvement in electrochemical
reactions. Conversely, the cathodic peaks, representative of reduction reactions, reveal
insights into the recombination of photogenerated electron-hole pairs. A weaker cathodic
peak implies reduced recombination, contributing to the preservation of the long-lived
electron-hole pairs and enhanced photocatalytic efficiency. The potential difference be-
tween the anodic and cathodic peaks within the CV curve is another critical parameter. A
larger potential difference typically indicates the material’s ability to generate photogener-
ated electron-hole pairs at lower energy excitation levels, which is of paramount importance
in photoredox and energy conversion applications. Figure 11 shows the photoelectrochemi-
cal (PEC) behavior of ZnO nanorods and ZnO/Cu,O heterostructures prepared by varying
the number of chemical bath deposition (CBD) cycles. CV measurements were conducted
to assess the impact of visible light irradiation on the electrochemical response of the
materials. CV measurements of pristine ZnO nanorods before and after light exposure re-
vealed minimal changes in the electrochemical response. This suggests that ZnO nanorods
alone exhibit limited photoresponse to visible light [54]. The CV curves of ZnO/Cu,0O het-
erostructures with five CBD cycles displayed pronounced increases in current and anodic
peak intensity after light exposure. These observations indicate enhanced photoconversion
efficiency, likely attributed to improved light absorption and efficient charge separation
within the heterostructure. Similar to the heterostructures with 5 CBD cycles, those with
10 CBD cycles exhibited enhanced photoresponse. The CV curves displayed increased
current and anodic peak intensity upon visible light irradiation, underscoring the improved
photoelectrochemical properties. Intriguingly, the ZnO/Cu,O heterostructure with 15 CBD
cycles demonstrated a distinct enhancement in the cathodic peak of the CV curve after light
irradiation. This suggests a different electron transfer behavior within the heterostructure,
which may be attributed to the unique properties introduced by the increased number of
Cu,0 layers.
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Figure 11. Cyclic voltammetry (CV) curves of ZnO nanorods and ZnO/Cu,O heterostructures before
(black lines) and after (red lines) visible light exposure. Pristine ZnO nanorods showing minimal
changes in photoresponse; ZnO/Cu;,O heterostructures with 5 CBD cycles, demonstrating significant
increases in current and anodic peak intensity after light exposure; ZnO/Cu,O heterostructures with
10 CBD cycles, exhibiting enhanced photoresponse similar to heterostructures with 5 CBD cycles;
ZnO/CuyO heterostructures with 15 CBD cycles, where a distinct enhancement in cathodic peak
intensity is observed after light irradiation.

Figure 12 shows the PEC performance of CuyO-coated Zn NRs fabricated by different
annealing temperatures before and under white light illumination. When applying a posi-
tive bias, all samples exhibit similar dark current and photocurrent behaviors. However,
notable differences arise when a negative bias is applied. At a bias of —0.4 V, distinct
variations in photocurrent and dark current are observed among the samples annealed at
100 °C, 200 °C, 300 °C, and 400 °C. The photocurrent and dark current diverge significantly
as the annealing temperature varies. Specifically, at -0.4 V bias, the photocurrent-to-dark
current increments for the samples annealed at 100 °C, 200 °C, 300 °C, and 400 °C are
0.25,1.5,1.7, and 2.0 mA /cm?, respectively. This observation suggests that the annealing
process, particularly at temperatures of 200 °C and above, significantly influences the PEC
performance of the CupO-coated ZnO NRs. The annealing temperature has a significant
impact on the morphology and PEC performance of Cu;O-ZnO nanocomposites. SEM
images revealed the morphological evolution of CuO on ZnO nanorods during annealing.
We observed a substantial improvement in both the dark current and photocurrent of the
samples when annealed at 200 °C, which may be attributed to the specific morphological
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changes in CuyO. At this temperature, CuyO begins to form larger, more ordered structures,
enhancing the electrochemical performance of the samples. A significant improvement in
both the dark current and photocurrent in the PEC measurements observed in the Cu,O-
coated ZnO NRs could also be correlated to the XRD and XPS results. The XRD results
suggested that annealing at 200 °C helps to enhance the crystallinity of ZnO NRs. The
improved crystal quality might lead to better charge transport and separation, both of
which are crucial for efficient photocatalytic activity. The XPS findings revealed changes in
the electronic structure at the Cuy O-ZnO interface. This alteration in electronic structure
likely plays a role in the observed improvement in PEC performance. The reconfiguration
of electronic states may facilitate more efficient charge transfer and separation, leading to
enhanced photocurrent [33]. However, as the annealing temperature continues to increase,
there is no further significant improvement in the performance of dark current and pho-
tocurrent. This could be because Cu,O has already reached its optimal morphology and
crystalline state at 200 °C, and further temperature increase offers limited performance
enhancement. These observations suggest that by carefully controlling the annealing tem-
perature, the morphology and electrochemical performance of CuyO-ZnO nanocomposites
can be tailored.
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Figure 12. Dark current and photocurrent density analysis of CuyO-coated ZnO nanorods fabricated
using different annealing temperatures under N; gas conditions.

When applying a positive bias, all CuO-coated ZnO NR samples exhibit similar dark
current and photocurrent characteristics, as shown in Figure 13. However, distinctive
differences emerge when a negative bias is applied. At a bias of —0.4 V, a significant
variance in photocurrent and dark current is observed among the samples. Specifically, at
—0.4 V bias, the photocurrent-to-dark current increments for the CuO-coated ZnO NRs
annealed at 100 °C, 200 °C, 300 °C, and 400 °C are 0.35, 0.7, 2.8, and 10.0 mA /cm?2, re-



Coatings 2023, 13, 2051

18 of 22

spectively. These results highlight the substantial impact of annealing temperature on the
photoelectrochemical properties of the CuO-coated ZnO nanorods under negative bias
conditions. The remarkable increase in photocurrent-to-dark current incensement as a
function of annealing temperature, especially at 400 °C, reflects a notable enhancement in
the material’s ability to generate photocurrent when subjected to negative bias. The varia-
tions in PEC performance, particularly the differences in dark current and photocurrent at
—0.4 V bias, show a clear trend. The sample annealed at 400 °C exhibits the most substantial
difference of 10.0 mA /cm?, while the 100 °C annealed sample shows the smallest difference
of 0.35 mA /cm?. This trend suggests that the morphological changes observed in the SEM
images could be closely related to the differences in PEC performance. The interconnecting
nanomaterials formed in air annealing may offer enhanced charge transport pathways and
surface area for improved PEC performance compared to the Ny-annealed samples. The
enhanced crystallinity and peak intensities seen in the XRD pattern at higher annealing
temperatures align well with the observed increase in the light-to-dark current difference.
Improved crystallinity typically indicates fewer crystal defects and enhanced charge carrier
mobility, contributing to better PEC performance. The shifts in peak positions may be
related to structural modifications, such as changes in grain size and orientation, which
can directly affect the electronic properties and charge transport within the CuO and ZnO
NRs. Furthermore, the appearance of new peaks or altered peak positions in the XRD
pattern observed in CuO-coated ZnO NRs may indicate phase transformations or changes
in the crystal structure. These structural modifications can influence the band structure and
surface states, which, in turn, affect the PEC behavior.
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Figure 13. Dark current and photocurrent density analysis of CuO-coated ZnO nanorods fabricated
using different annealing temperatures under ambient air conditions.
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In our study, we observed a remarkable difference in the PEC behavior between
CuO-coated ZnO NRs and CuyO-coated ZnO NRs, with CuO-coated samples exhibiting
superior performance. This enhancement can be attributed to several key factors. CuO
has a more favorable band structure compared to CuyO. The conduction band of CuO is
lower in energy, allowing for more efficient electron transfer to the electrode. This is crucial
for enhancing the photocurrent in PEC cells. CuO-coated ZnO NRs exhibit improved
charge carrier separation and reduced recombination rates [32]. This results in a higher
photocurrent, as more photogenerated electrons and holes reach the electrode instead of
recombining. The morphology of CuO coatings on ZnO nanorods can provide a higher
surface area, which promotes more active sites for photochemical reactions. This increased
surface area can lead to higher photocurrent generation. The different annealing processes
for CuO and Cu,O coatings play a significant role. CuO coatings are known to be more
stable and less prone to degradation during annealing, which can preserve their PEC
properties [34]. We have generated a table (Table 1) that presents our experimental data
alongside data from previously published academic journal papers. Upon comparison, it
became evident that our data outperforms the earlier research.

Table 1. Comparison of PEC measurements for CuO-coated ZnO nanorods with previous study data.

Photocurrent Materials and Structure Light Source
Enhancement
10 mA /cm? at 150 W Xenon arc lamp and an AM 1.5 filter were
0.4V applied bias CuO-coated ZnO nanorods [our work] applied to produce 100 mW/cm? light source
0.5 mA/cm? Cu0/Zn0O Core'/ shell heterostructure 100 mW white light illumination
nanowire arrays [31]
ZnO/CuO heterojunction
2
0-4mA/cm branched nanowires [32] 150 W xenon lamp
455 mA/cm? 3D ZnO/Cu,O nanowires [33] AM1.5G illumination (100 mW /cm?)
2.5 mA/cm? 3D p-CuO/n-ZnO junction [54] AM1.5G illumination (100 mWem~?2)
CuO nanorod with a ZnO
2 . . . 72
1.0 mA/cm nanobranch protective layer [55] 1 kW xenon lamp illumination (100 mWem™*)
1.5 mA/cm? p-CuO/ZnO nanorod /nanobranch [34] NA
150 W Xenon arc lamp and an AM 1.5 filter were
2 p
10mA/em CuO only [53] applied to produce 100 mW /cm? light source
2.0 mA /cm? CuO/ZnO nanowire heterojunction [56] 150 W Xe lamp
0.8 mA/cm? Copper zinc oxide heterostructure LED light source, no other power information
nanoflowers [57]
5 CuO/Cuy0 nanoflake/nanowire 150 W Xenon arc lamp and an AM 1.5 filter were
1.0 mA /cm

heterostructure [58]

applied to produce 100 mW /cm? light source

0.4 mA/cm? at CuO-ZnO 2 L -
0.5V applied bias Nanostructures [35] 100 mWem™ xenon light irradiation
2.0 mA /cm? Cu,0/CuO [4] 100 mW /cm?

4. Conclusions

In this study, we investigated the influence of annealing conditions on copper-oxide-
coated ZnO nanorods (NRs) to understand the morphological evolution and optical prop-
erties of these nanostructures. We observed distinct effects of annealing temperature and
atmospheric conditions on the growth of CuyO and CuO on the ZnO NRs. The results
indicated that annealing at specific temperatures could optimize the morphology and crys-
tallinity of these materials. SEM images revealed the evolution of CuyO from silk-like to
mushroom-like structures and CuO forming interconnecting nanomaterials under different
annealing conditions. XRD and XPS analyses showed shifts in peak positions and binding
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energies, highlighting the structural and electronic modifications induced by annealing.
Moreover, photoelectrochemical measurements demonstrated that CuO-coated ZnO NRs
exhibited superior photoresponse, especially under negative bias conditions, which is
attributed to their favorable band structure, charge carrier separation, and stability during
annealing. The findings from this research offer valuable insights into tailoring metal oxide
semiconductor nanostructures for potential applications in diverse fields.
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