PAPRN catalysts

Article

Effects of Zn Doping on the Morphology and H; Production
Activity of Truncated Octahedral Cu;O Photocatalysts

Arul Pundi, Chun-Wen Kang and Chi-Jung Chang *

check for
updates

Academic Editor: Maria J. Sabater

Received: 11 September 2025
Revised: 18 October 2025
Accepted: 23 October 2025
Published: 1 November 2025

Citation: Pundi, A.;Kang, C.-W.;
Chang, C.-J. Effects of Zn Doping on
the Morphology and H, Production
Activity of Truncated Octahedral
Cu, O Photocatalysts. Catalysts 2025,
15,1030. https://doi.org/10.3390/
catal15111030

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Chemical Engineering, Feng Chia University, 100, Wenhwa Road, Seatwen, Taichung 40724,
Taiwan; apundi@fcu.edu.tw (A.P.); wainss9407278@gmail.com (C.-W.K.)
* Correspondence: changcj@fcu.edu.tw

Abstract

The truncated octagonal cuprous oxide photocatalysts were synthesized in the presence
of polyvinylpyrrolidone. Zn-doped Cu,O photocatalysts were successfully synthesized
with different ZnSO4/CuSOy ratios. The effects of Zn doping on the light absorption,
morphology, separation of photogenerated charge carriers, and hydrogen production
performance of the photocatalyst were investigated. The size and morphology of the Zn-
doped CuyO-based nanomaterials change with increasing dosages of zinc sulfate dopant.
Zn doping resulted in a reduction in crystallite size, a change in morphology, and a
decrease in the size of the nanomaterial. The hydrogen production activity of the Zn-Cu,O
photocatalyst Zn-Cu,O-2 with optimized dopant content can reach 9690 pmol h~g~1. The
enhanced photocatalytic activity of Zn-doped Cu,O photocatalyst is achieved through
significantly improved electron-hole separation, which is maximized at an optimal Zn
dopant concentration.

Keywords: photocatalyst; hydrogen production; Cu,O; Zn-doped; truncated octahedral

1. Introduction

Growing concerns about climate change have accelerated the search for clean and
sustainable energy alternatives to fossil fuels. Hydrogen, with its high energy density and
zero carbon emissions, is a promising candidate for use in energy applications. Among
various production methods, photocatalytic water splitting offers a direct route to convert
solar energy into hydrogen fuel [1]. Photocatalytic H, production is attractive due to its
mild operating conditions and use of diverse sacrificial agents. Advancing this technology
requires the development of efficient, stable, and scalable photocatalysts, supported by a
deep understanding of light-induced redox reactions, charge separation, and hydrogen
evolution mechanisms [2]. Despite notable progress in nanostructured and composite
photocatalysts, there remains an urgent need to improve photocatalytic activity [3].

The development of effective photocatalysts for hydrogen evolution remains a signifi-
cant challenge in the field of solar energy conversion. Cu,O, CuO, Cu,S, and CuS-based
nanomaterials are promising candidates for the photocatalytic hydrogen evolution applica-
tion [4-12]. Among them, CuyO serves as a p-type semiconductor material, characterized
by a forbidden bandgap ranging from 1.8 to 2.0 eV, and it exhibits notable light absorption
efficiency [13,14]. CuyO, characterized by its narrow band gap and significant absorption
of visible light, is a noteworthy candidate. Nonetheless, its practical utilization is impeded
by the rapid recombination of photogenerated electron-hole pairs.
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Several techniques have been proposed as potential solutions to the issues associated
with photocatalysis applications, including the incorporation of a cocatalyst [15], the forma-
tion of a heterojunction [16-19], and doping [20,21]. Recent research has demonstrated that
doping specific elements into semiconductor functional materials can significantly enhance
the light absorption, electron-hole pair separation, carrier transport, and photocatalytic
performance of photocatalysts [22-25]. Doping can modify the surface and interfacial
properties of photocatalysts, alter their electronic band structure, and reduce the recom-
bination of electron-hole pairs. Akhirudin et al. [26] reported that Zn-doped Cu,O was
synthesized via electrodeposition and evaluated its performance in degrading methylene
blue (MB). The synthesized materials exhibited morphology-dependent properties, forming
hexagonal and pentagonal particle structures under different deposition conditions. The
resulting variation in phase composition and surface characteristics significantly influenced
the photocatalytic performance, with a degradation efficiency of 63.23% being achieved.
Zerouali et al. [27] observed that the incorporation of zinc in CuO film substantially im-
proves the efficiency of dye degradation, underscoring the catalytic capabilities of zinc
as a vital element in photocatalytic processes. Based on the type of dopant ions, doping
can be classified into non-metal doping, metal doping, and co-doping [28]. Yu et al. [29]
successfully synthesized Zn-doped Cu,O via a hydrothermal method for the degradation
of ciprofloxacin, increasing the degradation efficiency of ciprofloxacin from 76.1% to 94.6%.
Their findings indicated that the morphology of Cu,O changed as the concentration of Zn
ions increased. Santhosh et al. [30] deposited Zn-doped CuO thin films on glass substrates
using an ultrasonic spray pyrolysis method. They found that Zn doping led to increased
crystal size and surface roughness.

In this study, the photocatalytic Hy production activity of truncated octagonal Cu,O-
based photocatalysts was studied for the first time. Various amounts of the zinc dopant were
introduced to control the morphology of CuyO-based nanomaterials and suppress electron-
hole recombination. The effects of Zn doping on the surface chemical composition, light
absorption, photocurrent response, electrochemical impedance, and hydrogen production
performance of the photocatalyst were investigated.

2. Results and Discussion
2.1. Crystal Structure Analysis

Figure 1 presents the XRD patterns of undoped CuyO and Zn-Cu,O photocatalysts
doped with different Zn concentrations. The diffraction peaks observed at 26 positions of
29.6°,36.4°,42.3°, 61.3°,73.5°, and 77.3° correspond to the (110), (111), (200), (220), (311),
and (222) crystal planes of cuprous oxide (Cuy0), respectively, matching well with the
standard JCPDS card no. 78-2076 [31]. Compared to undoped Cu,O, the peak positions
of Zn-doped Cu,0O photocatalysts exhibited no significant shift. This is attributed to the
similar ionic radii of Cu* (77 pm) and Zn?* (74 pm), which allows Zn?* ions to be uniformly
incorporated into the Cu,O lattice by substituting for Cu* ions [32]. The lack of additional
ZnO impurity peaks in the diffraction spectra of the Zn-doped Cu,O photocatalysts pro-
vides further evidence for the successful incorporation of Zn?* into the Cu,O lattice. The
results demonstrate that the substitution occurred without the formation of any secondary
phases [33].

The average crystallite size of the photocatalysts was calculated using the Scher-
rer equation:

D =0.9A/cosb,

where D is the average crystallite size;
0 is the diffraction angle;
(3 is the FWHM (full width at half maximum) of the characteristic peak;
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A is the wavelength of the incident X-ray.

The average crystallite size of the photocatalysts decreased with increasing Zn doping
concentration. The undoped CuyO exhibited an average crystallite size of approximately
33.9 nm, while the crystallite sizes of Zn-Cu;O-2, Zn-CuyO-6, and Zn-CuyO-20 were
13.4 nm, 10.2 nm, and 9.2 nm, respectively. Similar results were reported by Jiang et al. [34],
who investigated Zn-doped CuO with pine-needle-like structures for enhanced photocat-
alytic performance, where the average crystallite size of CuO decreased with increasing Zn

doping concentration.
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Figure 1. XRD patterns of (a) CuyO, (b) Zn-CuyO-2, (c) Zn-CupO-6, and (d) Zn-Cu,O-20.

2.2. Surface Morphology

The surface morphology of the photocatalysts was analyzed through FE-SEM.
Figure 2a—d displays the FE-SEM images of Cu,O photocatalysts with different Zn doping
concentrations. Figure 2a shows that the undoped Cu,O photocatalyst exhibited a trun-
cated octahedral nanostructure with a smooth surface. Figure 2b reveals that Zn-Cu,O-2
retained the truncated octahedral nanostructure after Zn doping. However, as the Zn
doping concentration increased, the morphology gradually became distorted. As shown
in Figure 2c,d, Zn-CuyO-6 transformed from a truncated octahedral structure into spheri-
cal aggregates composed of irregular nanoparticles, while Zn-Cu,O-20 also exhibited an
agglomerated spherical morphology. Additionally, the particle size of Zn-Cu,O-20 was
larger than that of Zn-Cu,O-6. Similar observations were reported by Goyal et al. [35], who
studied Zn-doped Cu,O for enhanced photocatalytic degradation activity. They found
that pure Cu,O particles exhibited a cubic morphology, whereas Zn doping caused the
CuyO particles to transform into distorted spherical shapes with surface defects. The
morphological changes observed in this study may be attributed to the effects of Zn doping.
The introduction of Zn alters the Gibbs free energy of the system, restricting the mobility of
adsorbed atoms. Consequently, the kinetic energy of adsorbed atoms (adatoms) decreases,
leading to the formation of agglomerated spherical structures of Zn-doped Cu,O. This
mechanism provides a possible explanation for the shape evolution observed in Zn-doped
Cuy0 in this study.
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Figure 2. FE-SEM images of (a) CuyO (b) Zn-Cuy0O-2 (¢) Zn-CuyO-6 (d) Zn-Cu,O-20.

2.3. Nanostructure Characterizations

Figure 3a-d display the high-resolution TEM (HRTEM) images, revealing a lattice
spacing of 0.30 nm, which corresponds to the (110) crystal plane of Cu,0O, in agreement
with the XRD pattern (JCPDS no. 78-2076) of cuprous oxide [31]. Selected area electron
diffraction (SAED) patterns also confirm the presence of diffraction spots corresponding to
the (110), (220), and (211) planes of Cu,O, further supporting the XRD results.

Figure 4 shows the elemental mapping of CuyO, Zn-Cu,0-2, and Zn-Cu,O-20 photo-
catalysts. The Cu and O signals originate from Cu,O. Figure 4b—d reveal weak Zn signals,
indicating the successful incorporation of Zn dopant into the Zn-Cu,O-2 and Zn-Cu,O-20
photocatalysts. The Zn content of Zn-doped Cu,O samples was monitored by EDS analysis.
The Zn contents of CuyO, Zn-Cuy0-2, Zn-CuyO-6, Zn-CuyO-20 photocatalysts are 0, 0.22%,
1.12%, and 4.12%, respectively. The measured Zn content of Zn-doped Cu,0 increases with
increasing Zn/Cu feeding ratio. The KSP of Cu(OH); (2.2 x 10~%°) [36] is lower than that
of Zn(OH), (22.5 x 10~17) [37]. In this study, the measured Zn content of Zn-doped Cu,O
is lower than the feed ratio used in the synthesis. Hence, the discrepancy may likely result
from limitations in solubility and reaction kinetics. The lower Zn content of Zn-doped
Cuy0O (compared with the feed ratio used in the synthesis) may be the reason why Zn
doping resulted in a decrease in crystallite size without altering the crystal structure, even
at a higher Zn/Cu feeding ratio (zinc sulfate/copper(ll) sulfate) (Figure 1).

2.4. Surface Chemical Properties

XPS was utilized to investigate the surface chemistry and oxidation states of the
elements present in the photocatalysts. Figure 5a shows the XPS Cu spectra of Cu,0,
Zn-Cuy0-2, and Zn-Cuy0-20 photocatalysts. After peak deconvolution, the peaks at 932.2
eV and 952 eV correspond to Cu* in CuyO, specifically the Cu 2p3,, and Cu 2p; /, peaks,
respectively. The Cu 2p3/, and Cu 2pq/;, peaks of Zn-Cu,O-20 exhibited a slight shift to
lower binding energy, indicating that Cu functions as the electron acceptor in the Zn-doped
Cu,0 samples. Additionally, the Auger parameters (&) determined for Cu,O, Zn-Cu,O-
2, and Zn-CuyO-20 are 1849.20 eV, 1849.10 eV, and 1848.61 eV, respectively. The values
are consistent with the reported range ~1848.5-1849.5 eV [38-41] for copper in the Cu*
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oxidation state. Consequently, all three samples demonstrate the presence of Cu in the
Cu(]) state. Suggesting that the Cu* was not reduced after Zn doping.
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Figure 3. (a) HRTEM (b) SAED images of Cu,O, (c) HRTEM (d) SAED images of Zn-Cu,0O-2,
(e) HRTEM (f) SAED images of Zn-CuyO-6, (g) HRTEM (h) SAED images of Zn-Cu,O-20.
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Figure 4. Elemental mapping images of (a)CuyO (b) Zn-CuyO-2 (¢) Zn-CupO-6 (d) Zn-Cuy O-20
photocatalysts.

Figure 5b displays the Ols XPS for CuyO, Zn—CuyO-2, and Zn-CuyO0-20 photocatalysts.
The peaks identified at approximately 530.1, 531.5, and 532.1 eV are associated with lattice
oxygen (Or), chemisorbed oxygen (Oc), and adsorbed oxygen (Op), respectively. The
relative intensity of the Or, peak varied with Zn doping, resulting in a shift to lower binding
energy (Figure 5b). The relative intensity and binding energy (531.28 eV for Zn—Cu,0O-2
and 531.08 eV for Zn-Cu,0-20) of the O¢c peak decreased as the introduction of Zn doping
increased. These observed trends align with findings in the literature regarding similar
oxide systems, where dopants effectively diminish surface defects or chemisorbed oxygen
species, thereby altering the local electronic environment and resulting in shifts in binding
energy [42,43]. For example, Li et al. [44] observed that K doping of CuFe,Oy resulted in
a shift in lattice oxygen to lower BE, accompanied by changes in the relative intensities
of Oc and O4. Additionally, Meena et al. [45] indicated that following C/N doping, the
O, of C/N-co-doped ZnO BE shifted to a lower binding energy. These results show that
Zn doping alters the concentration and chemical environment of chemisorbed or surface
oxygen species.

Figure 5c presents the XPS Zn 2p spectra of Zn-Cu,O-2 and Zn-CuyO-20 photocatalysts.
The Zn 2p3,, and Zn 2py /, peaks correspond to Zn?*, suggesting that Zn is incorporated
into the CuyO lattice via Zn-O-Cu bonding [46], confirming the successful synthesis of Zn-
doped CuyO. The intensity of the Zn peaks in Zn-CuyO-2 is weaker than that in Zn-CuyO-20,
indicating a lower Zn?* ion content in Zn-Cu,O-2.
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Figure 5. XPS (a) Cu 2p (b) Ols spectra of CuyO, Zn-Cu,0-2, and Zn-CuyO-20 (c) Zn 2p spectra of
Zn-Cuy0O-2 and Zn-CuyO-20 photocatalysts (d) Hydrogen evolution rates of truncated octahedral
Zn-Cuy0-2, Zn-CuyO-6, Zn-Cuy O-20 photocatalysts.

2.5. Hydrogen Production Efficiency

Figure 5d illustrates the hydrogen evolution rates of truncated octahedral Cu,O and
Zn-doped Cu,O photocatalysts (Zn-CuyO-2, Zn-Cu,0-6, Zn-Cu,0-20) with different Zn
doping concentrations. This analysis evaluates the effect of Zn doping concentration on the
photocatalytic hydrogen production rate.

The undoped Cu,O photocatalyst exhibited a hydrogen production rate of approxi-
mately 6126 umol h~!g~!. After Zn doping, the hydrogen evolution efficiency of truncated
octahedral Cuy;O improved. As depicted in Figure 5d, Zn-CuyO-2 reached the highest
hydrogen production rate of 9690 mol h~!g~! among other investigated photocatalysts.
The performance of photocatalytic activity suggests that introducing a specific impurity
energy level within the CuyO energy band significantly enhances the lifetime of excited
electrons, consequently improving hydrogen production activity [47,48]. However, as
the Zn-doping amount is higher than the optimized value, there is a decline in hydrogen
production. The hydrogen production rates of Zn-Cu,;O-6, and Zn-Cu,O-20 were 8756, and
8282 umol h~!g~1, respectively. The observed decrease in hydrogen production efficiency
as the Zn doping concentration rises might be due to increased electron-hole recombina-
tion [48]. As a result, the overall photocatalytic efficiency declines with increased levels
of Zn doping compared to the Zn-CuyO-2. The Zn-Cu,O-2 activity is higher than that of
the other tested photocatalysts, suggesting that an optimized Zn doping concentration
is necessary to achieve better photogenerated charge carrier production, charge separa-
tion, and electron transfer. The apparent quantum yield (AQY) for the H, evolution was
measured in a 60 mL quartz container using a similar experimental setup, with a band
pass filter (A = 340 nm with a photon flux of 1.91 mW cm~2). The AQY of the Zn-Cu,O-2
photocatalyst at 340 nm reaches 1.14%.

Table S1 presents the morphology, key findings, and applications of Zn-doped Cu,O
materials. Zn-doped Cu,0 films, nanomaterials with hollow microcubes, and truncated
octahedral structures were synthesized. These materials were used for different applica-



Catalysts 2025, 15, 1030

8 of 15

tions, such as photodetectors, photocatalysts for Hy production, and generating photocur-
rent. Compared with the above-mentioned literature, this study provides insights into
the doping-induced shape changes from truncated octahedral to spherical structures, the
morphology-performance relationship, and the high H, production activity of Zn-doped
Cuy0O photocatalysts.

Table 1 presents the composition, morphology, light source, sacrificial agent, and
hydrogen generation activity of various CuyO-based photocatalysts. CupyO-based photo-
catalysts with various morphologies, including dendrites, cubes, particles, and hollow
spheres, were synthesized using different methods. Lactic acid and methanol are added
as the sacrificial agents, as reported in the published literature [49-53]. In this study, the
photocatalytic H, production activity of truncated octagonal Cuy,O-based photocatalysts
was studied for the first time. The truncated octagonal Zn-doped Cu,O photocatalyst
achieved high hydrogen generation activity.

Table 1. The composition, morphology, light source, sacrificial agent, and hydrogen (H;) production
activity of various CuyO-based photocatalysts.

Activity

Material Morphology Sacrificial Agent Light Source (umol/g.h) Ref
Cu,O/TiO, Dendrite Methanol 300 W Xe lamp 2337.0 [49]
Cup,O/Zn0O Cube 10% Lactic acid 300 W Xe lamp 208.9 [50]
Cu,O-TiO, Cube 20% Methanol 300 W Xe lamp 3002.5 [51]

. . o 250 W metal
NiFe;O4/Cuy0 Particle 2% Methanol halide lamp 3.98 [52]
p-Cu,0O/n-ZnO Hollow spheres 20 % Methanol visible light 129.6 [53]
Zn-doped Cu;O  Truncated octagonal ~ 30% Lactic acid 300 W Xe lamp 9690 This work

2.6. Optical and Electrochemical Characteristics

Figure 6a displays the UV-Vis DRS spectra of undoped CuyO and Zn-doped Cu,O
photocatalysts with different Zn concentrations. The undoped Cu,O photocatalyst ap-
peared as a red powder. Its primary absorption range was between 300 and 650 nm, with an
absorption edge around 650 nm, beyond which slight absorption was observed (Figure 6a).
By comparing the DRS spectra of Zn-CuyO-2, Zn-CuyO-6, and Zn-Cu,O0-20, it was found
that increasing the Zn doping concentration resulted in a gradual hypsochromic (blue)
shift in the absorption edge. Similar results were reported by Yu et al. [29], who observed
a comparable trend in their study on Zn-doped Cu,O for photocatalytic degradation
of ciprofloxacin.

The electron-hole separation efficiency of the photocatalysts was evaluated using
steady-state fluorescence spectroscopy. Figure 6b presents the fluorescence spectra of
truncated octahedral Cu,O and Zn-doped Cu,O photocatalysts with different Zn concen-
trations. Under excitation with a 500 nm light source at room temperature, all samples
exhibit the fluorescence peak at a wavelength of 753 nm, as they exhibit approximately the
same band-edge emission characteristics [54]. The undoped Cu,O photocatalyst showed
the highest fluorescence intensity, indicating a higher electron-hole recombination rate [55].
In contrast, the fluorescence intensity of Zn-doped photocatalysts (Zn-Cu,O-2, Zn-Cu, O-6,
and Zn-Cu,0-20) significantly decreased, suggesting that the Zn dopants exert a mea-
surable influence on the CuyO nanostructure. The fluorescence intensity of Zn-Cu,O
diminishes compared to Cu,O as a result of the reduction in particle size and the lattice
distortion, which arises from the substitution of Cu* ions by Zn?* ions within the Cu,O
lattice. Ibrahim et al. [54] reported a similar finding for Ni-doped Cu,O photoelectrode
for water splitting. Kim et al. [56] have reported similar findings regarding the influence
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of lattice distortion and particle size on fluorescence emission intensity of ZnO. These
results suggest that Zn doping effectively reduced the recombination of photogenerated
electron-hole pairs.
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Figure 6. (a) UV-Vis DRS spectra, (b) fluorescence spectra, (c) photocurrent response curves, and
(d) Nyquist plots of undoped Cu,O and Zn-doped Cu,O photocatalysts.

Compared to undoped Cu,0O, the fluorescence intensity of Zn-CupO-2 and Zn-CuyO-6
decreased. Zn dopant can act as shallow traps that reduce the recombination of photoex-
cited electrons and holes. However, further increasing the Zn doping concentration in
Zn-CuyO-20 resulted in a slightly higher fluorescence intensity than Zn-Cu,O-6. This sug-
gests that an optimal Zn doping level can act as an electron or hole trapping site, reducing
electron-hole recombination and enhancing photocatalytic activity. However, excessive
Zn doping may introduce recombination centers, leading to an increased electron-hole
recombination rate in Zn-Cu,O-20 [57].

Photocurrent measurements were conducted to gain insights into the efficiency of
photoinduced electron-hole separation and the operational stability of photocatalysts un-
der repeated light irradiation [58]. Figure 6c¢ illustrates the photocurrent intensity for the
following samples: pure CuyO, Zn-doped Zn-CuyO-2, Zn-CuyO-6, and Zn-Cu,0-20, all
of which are subjected to Xenon lamp irradiation. The pure CuyO exhibited a reduced
photocurrent intensity. All Zn-doped samples demonstrated a greater photocurrent inten-
sity compared to pure CuyO. Nonetheless, an increased amount of Zn doping resulted in
a diminished photocurrent intensity for both Zn-CuyO-6 and Zn-CuyO-20. The reduced
photocurrent intensity is likely due to the rapid occurrence of radiative charge recombi-
nation. In Zn-Cu,0-2, enhanced charge separation and transfer mechanisms result in an
increased photocurrent. The findings validate that the truncated octahedral nanostructure
of Zn-CuyO-2, containing an optimized amount of Zn dopant, significantly enhances the
separation and transfer of photogenerated electron-hole pairs [59].

EIS was utilized to evaluate the charge transfer resistance of different photocatalysts
through the use of Nyquist plots. A smaller semicircle in the Nyquist plot typically signifies
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reduced charge transfer resistance, which suggests improved mobility of photogenerated
charge carriers and more effective charge separation and migration within the material [60].
The measurements were conducted at frequencies ranging from 0.01 Hz to 100,000 Hz
with an amplitude of 0.01 V. Figure 6d illustrates the Nyquist plots for the photocatalysts
CupO, Zn-CuyO-2, Zn-Cuy0-6, and Zn-CupO-20. Among these, pristine CuyO displays
the largest diameter of the arc, indicating the most significant charge transfer resistance.
In contrast, the introduction of Zn dopant leads to a notable reduction in the radius,
indicating a substantial decrease in charge transfer resistance. Zn-Cu,O-2 exhibits the
smallest semicircle, indicating superior charge transport properties. However, at higher
Zn doping concentrations, the available substitution sites for Zn?* within the Cu,O lattice
decreased, leading to the formation of Zn clusters. The increased probability of Zn cluster
formation resulted in higher charge transfer resistance for Zn-CuyO-6 and Zn-Cu,O-20.
These findings are consistent with trends reported in previous studies [61,62].

2.7. Band Structure—Mott-Schottky Plot

Figure 7a presents the Tauc plots of truncated octahedral Cu,O and Zn-doped Cu,O
photocatalysts. The estimated band gaps of Cuy0O, Zn-CuyO-2, Zn-Cu,0-6, and Zn-Cu,O-
20 were 1.89 eV, 1.90 eV, 1.91 eV, and 1.93 eV, respectively. These results suggest that Zn
doping results in an increased band gap of Cu;O compared to its undoped version, as
demonstrated by the observed shift towards the higher energy (blueshift) in the absorption
edge. The enhancement of the band gap has been mainly attributed to a decrease in
particle size resulting from the incorporation of Zn. The increased band gap in Zn-doped
Cu, O effectively reduces the recombination of photogenerated electron-hole pairs, which
enhances its photocatalytic performance.

12
(@) cu,9 (b)
i":C“p:Z 1.90 ev 1.91eV 10
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Figure 7. (a) Tauc plots of CupyO and Zn-doped CuyO photocatalysts, (b) Mott-Schottky plot
of Zn-Cu,0O-2 photocatalyst, (c) proposed photocatalytic hydrogen evolution mechanism of Zn-
doped Cu,0.
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Figure 7b presents the Mott-Schottky plot of Zn-Cu,O. The flat band potential (Efb)
of Zn-CuyO was determined to be 1.2 V vs. Hg/HgO (1 M NaOH) using Mott-Schottky
analysis. Since the potential of Hg/HgO (1 M NaOH) is +0.14 V relative to the standard
hydrogen electrode (SHE), the corrected flat band potential for Zn-Cu,O was calculated as
1.34 V vs. SHE. For a p-type semiconductor, the valence band (VB) is typically 0.1-0.3 eV
more positive than the flat band potential. Based on this, the valence band of Zn-Cu,O was
estimated to be 1.44 V vs. SHE. Given that the bandgap energy (Eg) of Zn-Cu,O was 1.9 eV,
the conduction band (CB) position was calculated as —0.46 V vs. SHE.

2.8. Reaction Mechanism

The energy band structure of Zn-doped CuyO was determined using the flat band
potential (Eg,) from Mott-Schottky analysis and the bandgap (Eg) from Tauc plots. The
resulting band alignment diagram is shown in Figure 7c, illustrating the hydrogen evolution
mechanism of Zn-doped Cu,0O. The diagram confirms that the valence and conduction
bands of Zn-doped Cu,O straddle the oxidation and reduction potentials of water, enabling
photocatalytic water splitting for hydrogen production. The possible reaction mechanisms
are as follows [63]:

Zn —CuyO+hv — e~ +h', (1)
H,O+h't — H" + eOH, )

h™ + C3HzO5 + 260H — C3H,05 + H,0, (3)
2e” +2H" — H,. (4)

When subjected to light, Zn-doped Zn-Cu;O-2 demonstrates photon absorption at-
tributed to its narrow bandgap, which is approximately 1.9 eV. This mechanism facilitates
the excitation of electrons from the VB (valence band) to the CB (conduction band), resulting
in the formation of electron-hole pairs (Equation (1)). The VB and CB of Zn-doped Cu,O
are located at +1.44 V and —0.46 V versus NHE, respectively, enabling thermodynamically
favorable proton reduction. The electrons produced in the CB effectively facilitate the
conversion of H* to H, (Equation (4)). In addition, the holes in the VB have sufficient
capacity to oxidize sacrificial material (lactic acid). The «OH forms when the hole oxidizes
the water molecule (Equation (2)). The further oxidation of lactic acid by eOH and hole
produces pyruvic acid and water (Equation (3)). When Zn?* ions are incorporated into
the Cu,O lattice, Cu* is partially substituted, causing the appearance of shallow trapping
states. The existence of Zn improves charge separation and migration. According to the
experimental results, Zn-CuyO-2 photocatalysts exhibit enhanced charge separation and
migration, resulting in the highest photocatalytic Hy generation.

3. Materials and Methods
3.1. Synthesis of Truncated Octahedral Zn-Doped CuyO Photocatalyst

To prepare the Zn-doped Cu,0O photocatalyst with a truncated octahedral morphology,
3.6 g of polyvinylpyrrolidone (PVP) and varying amounts of zinc sulfate were added to
50 mL of deionized water. Then, 3 mL of a 0.68 M aqueous solution of copper(Il) sulfate
pentahydrate (SHOWA) was added, and the mixture was stirred for 20 min. Subsequently,
3 mL of 0.74 M sodium citrate (J.T.Baker, Center Valley, PA, USA) aqueous solution and 3 mL
of 1.2 M sodium carbonate (Thermo Fisher Scientific, Ward Hill, MA, USA) aqueous solution
were added dropwise, and the mixture was stirred for 10 min. Afterward, 3 mL of 1.4 M
glucose (Sigma, St. Louis, MO, USA) aqueous solution was slowly added dropwise. The
solution was stirred thoroughly and heated in a water bath at 80 °C for 2 h. After allowing
the reaction mixture to stand for 1 h, the precipitate was collected by centrifugation, washed
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several times with deionized water and ethanol, and dried to obtain the Zn-doped Cu,O
photocatalyst with a truncated octahedral structure. The undoped Cu,O was prepared by
the same method without the addition of zinc sulfate.

Zinc-doped cuprous oxide samples, denoted as Zn-CuyO-x, were synthesized using
varying molar ratios of Zn to Cu precursors, where x = 2, 6, or 20. These correspond to
Zn/Cu molar ratios of 2:100, 6:100, and 20:100, respectively.

3.2. Hydrogen Production Experiment Using the Photocatalyst

Different concentrations of 30% lactic acid (TEDIA, Fairfield, CA, USA) aqueous
solution and 0.01 g of the photocatalyst were placed into a quartz tube. A magnetic stir
bar was added, and the solution was thoroughly mixed. The quartz tube was then sealed
with a rubber stopper. The sealed tube was immersed in a thermostatic water bath, and the
solution was continuously stirred while being irradiated with a 300 W xenon (Xe) lamp
for 3 h. The light intensity is 0.17 W/cm?. The irradiated area is 41.4 cm?. The generated
gas was extracted using a syringe and analyzed by gas chromatography (GC) (Shimadzu,
Kyoto, Japan) to determine the amount of hydrogen produced.

3.3. Characterization

The morphology of the photocatalyst was observed by a scanning electron microscope
(5-4800, Hitachi, Tokyo, Japan). XRD patterns were measured by X-ray diffraction analyzer
(D8 SSS, Bruker, Karlsruhe, Germany). X-ray diffraction patterns were obtained using Cu
Ko as the emission source and a scanning range of 10° to 80°. X-ray photoelectron spectra
(XPS) were obtained by an ULVAC PHI/PHI 5000 VersaProbe III instrument (ULVAC,
Chigasaki, Japan). Photoluminescence (PL) spectra were monitored using a fluorescence
spectrometer (F-7000, HITACHI, Hitachi, Tokyo, Japan) at an excitation wavelength of
500 nm. A diffuse reflectance spectrophotometer (JASCO/V-700, JASCO, Tokyo, Japan)
was used to obtain the light absorption of the samples.

3.4. Electrochemical Property

Electrochemical impedance spectroscopy (EIS) was obtained by a CHI 920D worksta-
tion (CH Instruments, Austin, Texas, USA) and a three-electrode system in an electrolyte
containing NaySOy (0.1 M). The platinum plate and Ag/AgCl were the counter electrode
and reference electrode, respectively. The photocatalyst was coated on an ITO glass to
make the working electrode. The photocurrent response is investigated under light (300 W
Xenon lamp, Prosper OptoElectronic, Ilan, Taiwan) in the three-electrode system with the
electrolyte containing Na;SO3 (0.25 M) and NayS (0.35 M).

4. Conclusions

Zn-doped Cu,O photocatalysts were successfully synthesized with different ZnSO,/
CuSOy ratios. The morphology of Zn-doped CuyO photocatalysts changes from truncated
octahedron to spherical aggregates as the ZnSO,4/CuSOy ratio increases. Meanwhile, the
size of the nanomaterial decreases with increasing zinc sulfate precursor content. Zn dop-
ing resulted in a reduction in crystalline properties (reduction in crystallite size) without
altering the crystal structure. Zn dopant can act as shallow traps that reduce the recombina-
tion of photoexcited electrons and holes. Excessive Zn dopant content distorts the crystal
lattice, leading to reduced crystallinity and charge separation property. Photoluminescence
and photocurrent response measurements indicated that an optimal amount of Zn doping
effectively suppressed electron-hole recombination, thereby improving the photocatalytic
hydrogen evolution activity. Zn-Cu,O-2 with an optimal Zn concentration unveiled the
highest H, production efficiency of 9690 umol h~!g~!, which is 1.58 times higher than that
of undoped Cu,O, thereby highlighting the advantage of Zn doping.
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