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Abstract: Cuy0O, a narrow-bandgap semiconductor with visible light absorption capa-
bilities, faces limitations in photocatalytic applications due to photocorrosion from hole
self-oxidation and insufficient light absorption. In this work, a series of novel spherical
CuyO0/FePOy Z-scheme heterojunctions were successfully synthesized via self-assembly to
overcome these challenges. The photocurrent, electrical impedance spectroscopy (EIS), and
photoluminescence (PL) tests showed that Cup,O/1.5FePOy4 (CF1.5) had excellent electron
hole separation efficiency. Subsequently, photocatalytic degradation was utilized as a prob-
ing technique to further confirm the above conclusions, with the kinetic reaction constants
of CF1.5 being 2.46 and 11.23 times higher than those of Cuy;O and FePOy, respectively.
After five cycles of experiments and XPS analysis, it was found that the content of Cu(I)
in CF1.5 did not significantly decrease after the reaction, indicating that it has superior
anti-photocorrosion performance compared to single CuyO, which is also due to the es-
tablishment of a Z-scheme heterojunction. Systematic studies using radical scavenging
experiments and ESR tests identified -OH and -O, ™ as the main active species involved in
photocatalysis. The formation of a Z-scheme heterojunction not only enhances the photocat-
alytic activity of the CF1.5 composite but also effectively suppresses the photocorrosion of
Cu; 0O, thereby offering a promising approach for enhancing anti-photocorrosion of Cu,O.

CupO/FePOy;
anti-photocorrosion

Keywords: Z-scheme heterojunction; photocatalytic degradation;

1. Introduction

In recent years, photocatalysis has emerged as an environmentally friendly, efficient,
and sustainable technology widely applied in carbon reduction, green energy conversion,
and environmental management [1-3]. During the photocatalysis process, the generated
active species such as -OH, -O,~, and h*, which are influenced by the semiconductor
properties, can effectively be utilized for pollutant removal. Therefore, the development of
efficient semiconductor photocatalysts is crucial for the practical application of photocatal-
ysis technology [4,5]. Cuy0, as a P-type narrow-band semiconductor with a direct bandgap
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of 2.0-2.2 eV, is highly regarded by researchers and has been widely studied for its green,
cheap, and easy availability [6]. Zhang et al. synthesized bifunctional CuyO materials
for the degradation of methyl orange dye [7]. Nwanya et al. developed cubic crystalline
CuyO nanoparticles for industrial textile wastewater treatment and antimicrobial applica-
tions [8]. Although it exhibited UV-visible light absorption, photoexcited holes that could
not be compensated by electrons could oxidize Cu(l) to the low-photocatalytic-activity
product Cu(Il), resulting in so-called photocorrosion [9-11]. Hence, the primary challenge
in enhancing the anti-photocorrosion of Cu,O lies in facilitating the efficient separation of
photogenerated electron-hole pairs to maximize solar energy utilization.

Hole oxidation is considered as the primary cause of highly active Cu(I) photocorro-
sion. The following methods could accelerate the transfer and migration of these holes:
doping [12-17], crystal plane engineering [18-20], morphology control [21-24], and the
construction of heterojunctions [25-27]. Interestingly, the construction of heterojunctions
effectively facilitated the separation of electron-hole pairs, thereby achieving higher photo-
catalytic efficiency. Yu et al. successfully synthesized p-n Cuy;O/CaWO;, heterojunction
composite materials for the photocatalytic degradation of tetracycline and doxycycline [26].
The built-in electric field generated within the composite accelerated the transfer of elec-
trons and holes at the interface, exhibiting superior photocatalytic activity compared to
the individual components. However, the degradation rate of tetracycline decreased from
91.0% to 70.0% after five cycles, indicating poor cyclic stability. Ke et al. synthesized p-n
Cuy0/BiO3 heterojunction composites for water oxidation and MB dye degradation [27].
The composites suppressed the recombination of electron-hole pairs by enhancing charge
separation, thereby enabling a higher number of photogenerated electrons and holes to
participate in the oxidation of water molecules and dyes. However, after four cycles,
the oxygen yield of the composite catalyst decreased to 74% of that of the fresh cata-
lyst. Therefore, the constructed p-n heterojunction structure did not effectively address
the photocorrosion issue of Cu,O. Surprisingly, the Z-scheme heterojunction addressed
these limitations by both accelerating the effective separation of electron-hole pairs and
enhancing the anti-photocorrosion and stability of Cu,O [28,29]. Sun et al. successfully
synthesized a novel Z-type CuZnSnS,/CupO (CZTS/CuyO) photocatalytic composite
using the solvothermal method and oxidation-reduction method. Due to the formation
of heterojunctions, high charge carrier separation was presented, thus achieving excellent
photocatalytic hydrogen production efficiency [28]. Bi et al. successfully synthesized a
concave cubic Z-type ZnInyS,/CuyO heterojunction photocatalytic material with excel-
lent light-driven CO, reduction performance by selective etching [29]. However, there
is little other research. Therefore, it is crucial to find a material that forms a Z-scheme
heterojunction with Cu,O.

Iron phosphate (FePO,), known as an N-type semiconductor, has been wildly used
in lithium-ion battery production because of its high photoactivity, excellent thermal sta-
bility, low cost, and easy recoverability. For example, Zhang et al.’s multi-component
CupyO@FePOy core—cage structure has a fast electron transfer rate, which can realize highly
sensitive in situ detection of nitric oxide [30]. However, FePOy has received limited atten-
tion as a photocatalyst. Researchers explored its application in photocatalysis and found
that it exhibited excellent light absorption, electrical conductivity, and reusability [31,32].
However, the photocatalytic activity of pure FePO; is inhibited by the rapid recombination
of its wide bandgap and charge carrier [33,34]. Beshkar et al. successfully prepared a
Cul/FePOy p-n heterojunction photocatalyst for the degradation of amoxicillin, which
exhibited no significant decrease in degradation rate after five cycles of testing [35]. Then,
Tuo et al. successfully synthesized a FePO,/g-C3N4 composite material, which maintained
a consistent degradation rate of Rhodamine B (RhB) after five cycles of testing, demon-
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strating the composite material’s excellent cyclic stability [36]. Based on these studies, we
attempted to construct a novel Cu,O/FePOy Z-scheme heterojunction composite to achieve
anti-photocorrosion and high photocatalytic activity.

In this paper, novel sphere Cu,O/FePOy heterojunction photocatalytic composites
were successfully synthesized by introducing FePO, into CuyO nanocubes using the self-
assembly method. The Z-scheme heterostructure between Cu,O and FePO, has been
proved by a series of characterization methods. This discovery provides valuable insights,
demonstrating that the synthesized CuyO/FePO, composite not only enhanced photocat-
alytic activity for the treatment of wastewater and electron hole separation efficiency but
also effectively inhibited the photocorrosion of Cu,O.

2. Materials and Methods
2.1. Material and Reagent

Anhydrous cupric acetate (Cu(CH3COO),, AR, 98.0%), sodium hydroxide (NaOH, AR,
95%), disodium hydrogen phosphate (Na,HPO,, AR,99.99%), Iron(IlI)nitrate nonahydrate
(Fe(NO3)3-9H,0, AR, 99.99%), absolute ethanol (C;H50H), methylene blue (MB, AR,
>98.0%), 4-OH-TEMPO (AR, 98%), EDTA-2Na (AR, >99.0%), and IPA (AR, >99.7%) were
the analytical reagents and were purchased from Aladdin (Shanghai, China) and Macklin
(Shanghai, China). The absolute ethanol (AR, >99.7%) and distilled water (DW, 99.0%) can
be used directly without any further purification.

2.2. Synthesis of the Samples
2.2.1. Synthesis of the Raw Cu,O

The original CuyO was synthesized using the simple precipitation-reduction method
reported by Lou et al. [31]. The synthesis procedure proceeded as follows: Cu(CH3COO),
(0.01 mol) was dispersed in 80 mL of deionized water, and the resulting solution was heated
to 70 °C. Subsequently, NaOH (0.02 mol) and glucose (0.005 mol) were sequentially added.
The solution was then maintained at 70 °C for 1 h. Afterward, the precipitate was isolated
via centrifugation and dried in a 60 °C oven for 12 h.

2.2.2. Synthesis of the Cuy,O/FePO,; Composite

The CuyO/FePOy4 composites were prepared via a simple hydrothermal method. Cu,O
(0.01 mol) and Fe(NO3)3-9H,0 (0.01 mol) powders were dispersed in ethanol solution using
ultrasound for 1 h (referred to as solution A). Simultaneously, NayHPOy (0.01 mol) powder
was dissolved in 30 mL of water by stirring (referred to as solution B). Solution B was
then added dropwise to solution A. After 10 min of stirring, the resulting mixture was
transferred to a 100 mL Teflonlined autoclave and reacted at 120 °C for 6 h. Upon cooling
to room temperature, the solution was filtered, and the residue was then dried in a 60 °C
oven for 12 h. By varying the amount of FePO,4, composites with different molar ratios of
1:0.5, 1:1, 1:1.5, and 1:2 were synthesized, which were denoted as CF0.5, CF, CF1.5, and
CF2, respectively.

The synthesis procedure for FePO, mirrors that of the CuyO/FePO, composite de-
scribed above, with the exclusion of CuyO from the process.

2.3. Characterization Techniques

The properties of the composites were characterized by various photocatalytic analysis
techniques. The structure and phase composition of the composites were investigated by
an X-ray diffractometer (XRD, X'Pert PRO MPD) running at a scan rate of 5° /min in the
20 range of 5-90° using Cu-ka monochromatic radiation (1.5406 A, 45 KV, 40 mA). The
surface morphology and structure of the prepared samples were characterized by scanning
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electron microscopy (SEM) (Hitachi Regulus8100, Hitachi High-Tech Corporation, Tokyo,
Japan). Prior to the experiment, gold spraying was performed to enhance the conductivity
of the materials. Then, the elements of the composite were verified by energy dispersive
X-ray spectroscopy (EDX). In addition, the valence states and molecular structures of ele-
ments on the surface of the composite were measured by X-ray photoelectron spectroscopy
(XPS, Thermo Kalpha, ThermoField, Nashville, TN, USA), and the valence band spectra
of the raw Cuy0O and FePO4 were obtained. The optical properties of the monomers and
composites were studied by a visible light diffuse reflection spectrophotometer (UV-vis
DRS, PE lambda 750, PerkinElmer, Waltham, MA, USA) and photoluminescence fluores-
cence spectrophotometer (photoluminescence, Hitachi F-4500, Japan) with an excitation
wavelength of 300 nm. The specific surface area (BET), pore volume, and pore size of the
material were measured by physical adsorption apparatus (BSD-PS) at 200 °C for 6 h after
degassing with nitrogen. The electrical impedance (EIS) and photocurrent of the photocat-
alytic material were measured using an electrochemical workstation. In this experiment,
we used a three-electrode system for electrochemical testing. Pt was the opposite electrode,
Ag/AgCl was the reference electrode, and the catalyst was the working electrode. Then,
5 mg of the catalyst was mixed with 20 puL of Nafion solution and sonicated to achieve
complete dispersion. The dispersed solution was evenly dropped onto a rectangular FTO
conductive glass using a pipette and then heated at 60 °C for 1 h in an oven. Finally, the
FTO conductive glass loaded with the catalyst was placed on the working electrode side
in a 0.1 M NaySOy solution for testing. The absorbance of methylene blue dye in different
time periods was determined by UV-1800PC (AOELAB, Shanghai, China).

2.4. Photocatalytic Degradation Experiments

The photocatalytic performance was evaluated by the degradation of MB pollutants in
a 300 W xenon lamp (CEL-HXF300) under visible light irradiation (A > 420 nm). For each ex-
periment, before the light source was turned on the 20 mg Cuy,O/FePOy4 photocatalyst was
dispersed into 50 mL of MB pollutants (20 mg/L). The mixture was stirred in the dark for
30 min to achieve adsorption—desorption equilibrium. During illumination, approximately
4 mL of the solution was sampled every 20 min, and the catalyst powder was removed
using a 0.45 pum filter. The absorbance of the MB solution was measured at 665 nm using a
UV-visible spectrophotometer. Since the absorbance and concentration were proportional
in a certain range, the degradation rate of MB solution by the Cu,O/FePO;, photocatalyst
was calculated with the absorbance value directly instead of the concentration value, which
was calculated from Equation (1):

17(%) = (Absy — Abst)/Absy x 100% (1)

where Abs is the initial absorbance value of the MB solution, and Abs; is the MB absorbance
value in a certain time period. Continuing from there, we conducted photocatalytic cycling
experiments using 20 mg of catalyst to degrade a 50 mL solution of 20 mg/L MB. After each
sampling, the catalyst powder was subjected to centrifugation, rinsing, reclamation, and
then drying at 60 °C in an oven prior to commencing the subsequent experimental cycle.
The active free radicals -OH, -O, ", and h* generated during the photocatalytic reaction
play an important role in the degradation and reduction process. The main schemes of
active free radicals were determined by radical trapping experiments. According to the
evaluation of reaction activity, under neutral conditions, 100 uL isopropyl alcohol (IPA),
1 mmol EDTA-2Na, and 1 mmol 4-OH-TEMPO were added to the reaction system as
trapping agents for -OH, h*, and -O, ™ radicals, respectively.
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3. Results and Discussion
3.1. Characterizations

Figure 1a illustrates the phase structure and crystallinity of the synthesized sample
determined via X-ray powder diffraction (XRD). The major diffraction peaks of pure Cu,O
observed at 29.6°, 36.2°, 42.4°, 61.5°, and 73.7° correspond to the (110), (111), (200), (107),
and (311) crystal planes of Cu,O (JCPDS No. 77-0199), respectively. Additionally, the
presence of the (102) crystal plane, characteristic of amorphous FePO; at 25.8°, conforms to
the typical diffraction pattern of hexagonal FePO,4 (JCPDS No. 50-1635). The XRD pattern
of the CF1.5 composite synthesized via the hydrothermal method exhibits obvious peaks
attributable to both Cu,O and FePO,. Particularly notable is the prominent diffraction
peak at 25.8° corresponding to the (102) crystal plane of FePOj, indicating its presence
within the composite. Furthermore, CF1.5 composites show the diffraction characteristic
peaks of pure FePO,, which indicates that the crystal structure of FePO, can be improved
and the heterostructure can be formed by a hydrothermal composite. Figure 1b presented
the comprehensive measurement spectra of samples Cu,O, FePO,, and CF1.5, clearly
demonstrating the presence of Cu, O, Fe, and P elements.

SEM images of CuyO, FePOy, and CF1.5 are depicted in Figure 1c—f. As shown in
Figure 1c, CupO presented a microcube with a side length of about 500 nm. Figure 1d is the
SEM image of FePO,4 nanoparticles with indefinite morphology, showing the morphology
of massive accumulation. Figure le,f shows the CF1.5 composite synthesized via the self-
assembly method, displaying a homogeneous and same-size spherical structure attributed
to the interfacial deposition of FePO,4 on CuyO and the photoetching process of Cu,O.
This structural arrangement is corroborated by Zhang et al.’s study on CuyO@FePO4CC
synthesized using a template-assisted deposition method [30]. The spherical structure of
the composite was homogeneous, with Cu,0O in close contact with FePOy, which facilitated
the transfer and recombination of electron-hole pairs. According to the Supplementary
Materials, specifically Figures S1 and S2, iron and phosphate ions exhibited a certain
aggregation effect on CuyO but did not individually form spherical structures, nor did
they exist in a homogeneous state. Simultaneously, the changes in the morphology of
CuyO/FePOy4 composite materials with different ratios are illustrated in the SEM images
shown in Figures 53-5S5 of the Supplementary Materials. To further confirm the successful
formation of the FePO,/CuyO composite, elemental mapping and energy-dispersive X-ray
spectroscopy (EDX) analyses were performed on the CF1.5 sample, as shown in Figure 1g/h.
The cubic structures on the surface of the spheres were primarily composed of Cu, with a
uniform distribution of Cu, Fe, P, and O elements across the surface. The atomic percentage
data provided in Supplementary Material Table S1 indicated that the mass fraction of
Cu (21%) was lower than the standard value (34.4%). This discrepancy suggests several
possibilities: (1) the presence of a certain amount of CuyO cubes on the sphere’s surface
rather than a homogeneous composite microsphere; (2) the influence of the selection range.

The photocatalytic performance of a photocatalyst is significantly influenced by its
specific surface area and pore size. Table 1 presents the specific surface area, pore volume,
and pore size of the synthesized samples. As indicated in the table, CF exhibits an increased
specific surface area compared to the individual Cu,O. This indicates that the CF composite
spherical structure after self-assembly not only improves the specific surface area of the
material, but also provides more adsorption sites, and the increase in specific surface area
and active sites will improve the degradation efficiency of dyes to a certain extent.
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Figure 1. (a) XRD patterns and (b) XPS spectrum of as-prepared samples; SEM images of (c¢) Cu,0O,
(d) FePOy, and (e,f) CF1.5; and (g) element mapping of and (h) EDX of CF1.5.

Table 1. The BET specific surface area, pore volume, and pore diameter of the as-prepared samples.

Samples Specific Surface Area Pore Volume Pore Diameter
(m?/g) (mL/g) (nm)
Cu, 0 5.1826 0.0255 19.6812
FePOy 70.4664 0.7064 40.0985
CF0.5 9.1060 0.0172 7.5555
CF 23.0821 0.0777 13.4650
CF15 17.3974 0.0348 8.0012
CF2 12.6882 0.0210 6.6203

The light absorption capacity of the CuyO, FePOy, and CF1.5 composites was evaluated
by UV-vis diffuse reflectance spectroscopy (UV-vis DRS), and the corresponding Tauc plot
was calculated by Equation (2):

ahv = A(hv — Eg)? )
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where &, hv, and A are the absorption coefficient, photon energy, and energy-independent
constants, respectively [37,38]. As shown in Figure 2a, FePO, showed the strongest ab-
sorption peak around 270 nm and a light absorption edge around 350 nm in the ultraviolet
region, while CuyO showed a wider absorption peak in the entire ultraviolet region. The
spherical structures formed after hydrothermal treatment exhibit larger sizes compared
to the cubic CupO and amorphous FePO, observed in the SEM images (Figure 1c—f). This
enlargement is advantageous for enhancing the absorption of visible light.
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Figure 2. (a) UV-vis DRS spectra; (b) transient photocurrent responses; (c) EIS Nyquist plots;
and (d) time-resolved transient photoluminescence (PL) decay curves of as-prepared Cu,O, FePOy,
and CF1.5.

The generation efficiency of photogenerated electron-hole pairs was analyzed by
controlling the transient photocurrent response under intermittent light conditions [39].
As depicted in Figure 2b, CF1.5 exhibited a higher photocurrent intensity and improved
photocharge transfer efficiency compared to pure Cu,O and FePO, during the repeated
on—off cycling experiments with a 10 s interval. The low photocurrent response of FePO,
and CuyO may be due to the rapid recombination of electron-hole pairs. Compared with
Cuy0 and FePOy, the photocurrent density of the CF1.5 heterojunction has been widely
improved. These results indicate that FePO4-modified Cuy,O microcubes promote the
separation and transfer of photogenerated charge carriers, and inhibit the recombination
of photogenerated electron-hole pairs. Additionally, the electrochemical impedance spec-
troscopy (EIS) results shown in Figure 2c were employed to assess the resistance associated
with the photogenerated charge during the transfer process. The smaller the arc radius
in the Nyquist plot, the lower the interfacial charge transfer resistance of the catalyst
material, which facilitates the transfer of photogenerated electrons [40]. The arc radius
of CF1.5 was notably smaller than that of the individual catalyst components, indicating
reduced resistance for photogenerated electron migration. Consequently, the enhanced
surface electron transfer efficiency of the CF1.5 composite not only boosted photocatalytic
degradation performance but also mitigated the recombination of electron-hole pairs in
Cu;O, imparting the composite with certain anti-photocorrosion properties. Fluorescence
measurements, shown in Figure 2d, were conducted on the samples under excitation at
approximately 300 nm. CF1.5 displayed the weakest emission peak intensity compared
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to Cuy0O and FePOy, suggesting a reduction in electron-hole pair recombination. Wang
and colleagues’ research indicated that the reason for this outcome is the formation of a
heterojunction between the two individual substances [40].

Figure 3a—c present the photocatalytic activity and performance of pure CuyO, FePOy,
and CuyO/FePO, composites for the visible light-induced degradation of MB solution.
Controlled experiments demonstrated that the self-photolysis efficiency and adsorption
rates of MB molecules on the photocatalyst are minimal (Figure 3a). As shown in Figure 3a,
irradiation of pure Cu,O and FePO,4 nanostructures under visible light for 2 h results in
the removal of approximately 69% and 28% of the MB dye, respectively. The relatively
low photolysis efficiency of CupO and FePO4 nanoparticles can be attributed to their low
optical efficiency and a high rate of electron-hole pair recombination [31]. In contrast,
the photocatalytic degradation efficiency of Cu,O/FePO, composites with varying molar
ratios surpasses that of the individual CuyO and FePOy catalysts, achieving a maximum
degradation efficiency of 94% at a molar ratio of 1:1.5. Among all the samples, CF1.5
demonstrated the highest photocatalytic degradation efficiency for MB, with its kinetic
constants being approximately 2.46 times and 11.23 times greater than those of pure Cu,O
and FePOy, respectively (Figure 3b). In addition to superior photocatalytic performance, the
cyclic stability of the photocatalyst is crucial. The stability of Cu,O and CF1.5 composites
was evaluated through multiple cycles of MB degradation. Figure 3c illustrates that we
conducted five cycles of photocatalytic degradation experiments on Cu,O and CF1.5. The
data reveal that the photocatalytic performance of CF1.5 remained largely stable, with
degradation rates consistently above 92%. In contrast, pure Cu;O showed a gradual
decline in degradation efficiency, decreasing by approximately 5% per cycle, indicating
substantial photocorrosion. In the Supplementary Material, Table S2 shows the work on
MB degradation by Cuy;O-based photocatalysts in recent years. It can be seen that the
CF1.5 photocatalyst used in this work has excellent stability. In order to explore the wide
applicability of the CF1.5 photocatalyst for the treatment of water pollutants, a series of
photodegradation and cycling experiments were conducted on tetracycline (TC) and Congo
red (CR) solutions with the same concentration as MB, respectively (Figure 3d—f). The
results showed that the photocatalyst not only had a high removal efficiency of water
pollutants, but also had excellent cycling stability.

Subsequently, XPS analyses were conducted on fresh CuyO, used CuyO, fresh CF1.5,
and used CF1.5 and FePO,4 samples (Figure 4a—d). As shown in Figure 4a, the XPS spectrum
of Cu exhibits two peaks at 932.3 eV and 952.4 eV, corresponding to Cu* 2p3/2 and Cu*
2p1/2, respectively [41]. The presence of Cu?* primarily results from the oxidation of Cu;O
to CuO during the preparation process [42,43]. Two additional weak peaks for Cu?* are
observed at 934.3 eV and 955.0 eV for Cu 2p3/2 and Cu 2p1/2, respectively [44]. The
content of monovalent copper in used Cu,O significantly decreases, while the divalent
copper content increases, indicating substantial photocorrosion of Cu,O. This change
was attributed to the effective migration of valence electron density away from the Cu
nucleus, resulting in reduced inner-shell electron shielding. Compared to the peak of
CuyO before the reaction, the Cu 2p peak of Cu,O after the reaction showed a noticeable
blue shift [45]. Figure 4b clearly shows that the Cu* content in both fresh CF1.5 and used
CF1.5 remains largely unchanged, further demonstrating the superior anti-photocorrosion
capability of CF1.5. Compared to the Cu 2p1/2 peak of fresh CF1.5, the Cu 2p1/2 peak of
used CF1.5 exhibits a red shift. Additionally, the rearrangement of outer-shell electrons
in Cu has resulted in the appearance of three satellite peaks at 943.6 eV, 941.6 eV, and
962.2 eV in the Cu 2p spectrum [44]. As shown in Figure 4c, the Fe 2p band could be
reverse-spun into four peaks of 711.6 eV, 718.1 eV, 724.9 eV and 732.7 eV, which belong
to Fe 2p3/2, the satellite peaks of Fe 2p3/2, Fe 2p1/2 and the satellite peaks of Fe 2p1/2,
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respectively. This confirmed the presence of Fe3* in the material [46,47]. Increased electrical
screening of the inner shell of Fe causes the Fe 2p peak of CF1.5 to redshift compared to
pure CuO. The O 1s spectrum in Figure 4d can be convolved into three sub-peaks, and
the O1 peak at 532.1 eV corresponds to the hydroxyl group adsorbed on the surface [48].
Hydroxy-oxygen could not only improve the photocatalytic ability of the composite, but
also promote the photocatalytic reaction. The O2 peak appearing at 531.09 eV was the
formation of the P-O bond in PO43~. The O3 peak at 529.7 eV was attributed to lattice
oxygen (O,) induced by O bonding with metals Cu and Fe [49,50]. It is well known that
changes in electron binding energy are due to changes in the coulomb force between the
nucleus and its outer electrons [51,52]. Compared with pure CuyO and pure FePOy, the
binding energy of Cu, Fe, P, and O in CF1.5 moved in a lower or higher direction, which
confirms the charge movement after CupyO and FePO, contact [53]. The wide peak shown
in Figure S6 corresponds to the binding energy of P 2p associated with P(V) in PO,3~,
which is consistent with the findings reported by Wu et al. [54]. The results from the
cyclic experiments and XPS analyses provide robust evidence supporting the superior
anti-photocorrosion properties of CF1.5 and the formation of the heterojunction.
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Figure 3. (a) Photodegradation of MB (50 mL, 20 mg/L) by different photocatalysts under visible
light irradiation (A > 420 nm); (b) kinetic linear simulation curves and (c) recycling performance
experiments of CuyO and CF1.5; (d) photodegradation of TC and CR (50 mL, 20 mg/L) by CF1.5 and
Cu,O photocatalysts; (e) kinetic linear simulation curves; and (f) recycling performance experiments
of CF1.5.

The direct bandgap width of pure CuyO and pure FePO, were measured by using
Kubelka—Munk theory. As shown in Figure 5a, the bandgap energies of pure Cu,O and
pure FePO4 were 1.86 eV and 2.85 eV, respectively, consistent with the results reported by
Beshkar and Wang et al. [31,49]. Meanwhile, the Eyg xps of CuyO and FePO, were —0.06 eV
and 2.47 eV (Figure 5b) according to the XPS valence band spectrum, respectively. The
valence bands of CuyO and FePOy can be calculated using Equation (3):

EVB =@ + EVB,xps —4.44 (3)

where ¢ (4.2 eV) is the work function of the instrument and Evp is the valence band position
relative to the NHE. The Eyp of CuyO and FePOy is —0.3 eV and 2.23 eV, respectively. The
Ecp values of CuyO and FePOy can be calculated by Equation (4):
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Figure 4. XPS analysis of as-prepared CuyO, FePOy, and CF1.5 of (a,b) Cu 2p, (c) Fe 2p, and (d) O 1s.

The band value (Eyp) is obtained by VB-XPS. The conduction band (Ecg) values
for CuyO and FePOy are calculated to be —2.16 eV and —0.62 eV, respectively. To better
visualize the electron band structure and compare the reduction and oxidation capacities of
the conduction and valence bands, the relevant band spectra are presented in Figure 5c.
The figure reveals that CuyO’s conduction band exhibits a strong negative potential, while
FePO,’s valence band shows a strong positive potential. This indicates that the Ecp of
Cu,O possesses good reducing ability, whereas the EVB of FePO, demonstrates strong
oxidizing capability.

To further elucidate the degradation mechanism of the photocatalysts, we investigated
the effects of active free radicals and substances produced on the surface of pure Cu,O and
CuyO/FePOy4 heterojunctions on MB degradation using free radical capture experiments
and ESR spectroscopy. EDTA-2Na (1 mmol), 4-OH-TEMPO (1 mmol), and IPA (100 puL)
were introduced to the photocatalytic reaction system as scavengers for h*, -0?~, and -OH,
respectively. As shown in Figure 5d, in the Cu,O system, compared to the solution without
a scavenger (69.40%), the degradation rates of -O,~, -OH, and h* in the MB solution
decreased by 56.01%, 7.48%, and 65.62%, respectively, upon addition of the scavenger.
The addition of EDTA-2Na and 4-OH-TEMPO scavengers significantly decreased the
photodegradation efficiency, indicating that h* and -O,~ played the main active role in
the degradation of MB solution by Cu,O. In the CF1.5 system, compared to the solution
without a scavenger (94.01%), the degradation rates of -O, ", -OH, and h* in the MB solution
decreased by 57.76%, 23.29%, and 4.92%, respectively, upon addition of the scavenger. The
addition of IPA and 4-OH-TEMPO scavengers significantly decreased the photodegradation
efficiency, indicating that -OH and -O, ™ played a major role in the degradation of MB in
CFL1.5 solution. In order to verify the charge transfer mechanism of the CF1.5 heterojunction,
the electron spin resonance (ESR) spectra of Cu;O and CF1.5 were measured. Figure 5e-h
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shows the ESR signal of DMPO conventional class capture radicals. In the absence of light
exposure, the signal of DMPO--OH and DMPO--O, ™ is basically invisible. This provided
direct evidence for the construction of a CF1.5 Z-scheme heterojunction. The mechanism

will be discussed in depth below.
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Figure 5. (a) Band energies of CupO and FePO, determined by the Tauc plot; (b) VB-XPS spectra
and (c) schematic illustration of the band structures of Cu,O and FePOy; (d) free radical trap-
ping experiments of Cu,O and CF1.5 under different scavengers; ESR signals of (e,f) DMPO--OH
and (g,h) DMPO-O,~ adducts in the presence of Cuy,O and CF1.5 under visible light irradiation
(A > 420 nm), respectively.
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3.2. Photocatalytic Mechanism and Discussion

Based on the above result analysis, we propose a Z-scheme mechanism of MB degra-
dation by Cu,O/FePOy (Figure 6). In Figure 6a, the diagram illustrates the degradation
mechanism of CuyO. According to the results of free radical capture experiments and ESR
testing, it is known that the active species involved in the Cu,O reaction are superoxide
radicals (O, ™) and holes (h*). Cu,O nanoparticles are excited by sunlight to produce
photogenerated electrons and photogenerated holes. The optical excitation of electrons
transfers them to the Cu,O surface, where they then react with dissolved oxygen to gener-
ate super oxygen free radicals (O ~) [55]. On the other hand, photogenic holes can oxidize
water or hydroxyl group (OH™) adsorbed on the catalyst surface to form hydroxyl radicals
(-OH). These strongly oxidizing hydroxyl (-OH) radicals, superoxide radicals (-O, ™), and
holes (h*) participate in the degradation process of dyes [56,57]. Figure 6b shows the
photocatalytic mechanism of the Cu,O/FePOy heterojunction after contact. The electrons
in the CuyO and FePO, valence bands were stimulated by light and transferred to the
conduction bands of Cu,O and FePOy, leaving holes in their valence bands, respectively.
Since the Ecp (—2.16 eV) of CuyO is more negative than that of O,/-O,™ (—0.33 eV vs.
NHE), the e~ of the valence band of Cu,0 has a strong reducing ability. Similarly, h* in the
valence band of FePO,4 was more positively charged than H,O/-OH (1.99 eV vs. NHE),
and its accumulation of photogenic holes in the valence band could effectively oxidize H,O
to -OH. The active substance -O,~ produced on the surface of CuyO could not only directly
participate in the degradation of pollutants, but also combine with H* to produce H,O,,
and then decompose into -OH, which acts on pollutants together with the -OH produced on
the surface of FePO,4. Compared to individual CuyO, where some of the holes participate
in the degradation of pollutants while others can oxidize Cu,O itself, in the Cuy,O/FePOy4
system, the band alignment between Cu,O and FePOy enables the photogenerated holes
in the valence band of Cu,O to recombine with the photogenerated electrons transferred
from the conduction band of FePOj,. This process effectively prevents the self-oxidation
of photogenerated holes in Cu,0, thereby suppressing photocorrosion. Ultimately, this
results in a Z-scheme heterojunction photocatalytic composite material with high stability

and enhanced photocatalytic activity.

(b)

Figure 6. Schematic illustration of the degradation of MB by the as-prepared (a) CuyO; (b) Z-scheme
CuyO/FePOy heterojunction under visible light irradiation.
4. Conclusions

In this work, we synthesized a high-efficiency photocatalytic Z-scheme composite
material CuyO/FePO, with anti-photocorrosion capability using a hydrothermal method.
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Photodegradation, as a probe reaction, demonstrated that the CF spherical material ex-
hibited superior photocatalytic performance compared to single Cuy,O and FePOy. Char-
acterization techniques such as BET, DRS, PL, photocurrent, and EIS confirmed that the
CF1.5 nanocomposite material exhibited a larger specific surface area, enhanced visible
light absorption capacity, and efficient electron-hole pair separation compared to single
CupO. These improvements were closely related to the establishment of the Z-scheme
heterojunction. XPS analysis and cycling experiments revealed that the content of Cu(I) and
catalytic activity did not significantly decrease, indicating that CF1.5 exhibited excellent
anti-photocorrosion. Furthermore, free radical trapping experiments and ESR tests revealed
that -OH and -O, ™ radicals were the main active species in the photodegradation by CF1.5
photocatalyst. This study introduced a novel Z-scheme photocatalytic material CF1.5,
which not only expands the application of Cu,O in anti-photocorrosion materials but also
contributes positively to mitigating environmental pollution issues.
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