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Abstract

In this study, Agl/Ags;POs/WOs ternary composite photocatalysts with dual Z-scheme
heterojunction were fabricated via the in situ loading of Agz;PO,; onto WOj3 followed
by anion exchange. Compared to single photocatalysts and binary composites, the
Agl/AgzPO4/WO3 composites exhibited enhanced photocatalytic activity in the pho-
todegradation of chlortetracycline hydrochloride (CTC) under visible-light irradiation.
Notably, the AAW-40 photocatalyst, which contained an Agl/Ag3zPO, molar ratio of 40%,
degraded 75.7% of the CTC within 75 min. Moreover, AAW-40 demonstrated an excellent
performance in the cyclic degradation of CTC over four cyclic degradation experiments.
The separation and transfer kinetics of the Agl/Ag3zPO4/WO3 composite were investigated
with photoluminescence spectroscopy, time-resolved photoluminescence spectroscopy, and
electrochemical measurements. The improved photocatalytic performance was primarily
due to the creation of a silver-bridged dual Z-scheme heterojunction, which facilitated
the efficient separation of photoinduced electron-hole pairs, retained the strong reducing
capability of electrons in Agl, and ensured the strongly oxidizing nature of the photoexcited
holes in WO3. The dual Z-scheme charge-transfer mechanism was further validated using
in situ X-ray photoelectron spectroscopy. This study provides a foundation for developing
innovative dual Z-scheme photocatalytic systems aimed at the efficient degradation of
antibiotics in wastewater.

Keywords: Agl/AgzPOy/WOs3; visible light; photocatalysis; CTC; dual Z-scheme

1. Introduction

Over the past few decades, antibiotics, which are some of the most commonly used
drugs in animal husbandry and aquatic farming, have emerged as significant pollutants in
aquatic environments owing to their extensive and inappropriate usage [1-3]. To tackle
these organic pollutants, photocatalytic oxidation, which is a green and environmentally
friendly technology for water treatment, can be employed. More specifically, this approach
involves the direct and effective harnessing of solar energy as an energy source to activate
the semiconductor photocatalyst, generate electron-hole pairs, and trigger a series of redox
reactions that oxidize and decompose various organic pollutants in the aqueous medium.

Tungsten trioxide (WO3), which is a typical n-type semiconductor material, has gar-
nered significant interest owing to its remarkable chemical stability, good electrical conduc-
tivity, and environmental friendliness [4-7]. Notably, WO3 has a relatively narrow bandgap
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compared to similar materials, such as TiO,, ZnO, and NiO, thereby enabling it to absorb
visible light. Moreover, it possesses a valence band that can generate highly oxidizing
holes, rendering it a popular candidate material in photocatalysis [8-11]. However, the
photocatalytic efficiency of WO3 is severely limited by the high recombination rate of its
photogenerated electron-hole pairs, in addition to its low rate of carrier migration, limited
light absorption range, and weak electron reduction capability in the conduction band.
Consequently, extensive research has been directed towards improving the photocatalytic
activity of WOj3 through selective elemental doping, morphological control, and heterojunc-
tion construction [8]. Among the aforementioned techniques, the formation of semiconduc-
tor heterojunctions is an effective means to suppress the recombination of photogenerated
carriers within photocatalytic materials while enhancing the efficiency of light absorption.
For instance, it has been reported that the type II heterojunction WO3/Bi,WOg photocata-
lyst [12], the p-n heterojunction WO3 /BiOCl photocatalyst [13], Z-scheme Agl/WO; [14,15],
and the all-solid-state Z-scheme WO3;/CDots/CdS [16] effectively promote the separation
of photogenerated carriers and significantly improve the photocatalytic performance of
WOj3 under visible-light irradiation. Furthermore, researchers have enhanced the photo-
catalytic performance of WOj3 by introducing Ag3;PO,4 with a matching band structure.
For example, You et al. [17] prepared a series of AgzPO4/WOj; photocatalysts using the
impregnation method and achieved a significantly higher degradation efficiency than those
of the single photocatalysts. However, cyclic degradation experiments revealed that the
efficiency of rhodamine B (RhB) degradation by AgsPO,/WOj significantly decreased,
from 99.9% to 45.6%, after four reuse cycles. In addition, Wang et al. [18] synthesized highly
efficient visible light-driven AgzPO4/WOj3 photocatalysts using an in situ precipitation
method. Notably, the system exhibited superior degradation performance against methyl
blue compared to both AgzPO4 and WOs3 photocatalysts. However, cyclic degradation
experiments using methyl blue indicated that the degradation efficiency decreased by 10.6%
after four reuse cycles of the AgzPO,/WOj3 photocatalysts. Although the photocatalytic
performance of WO3 was significantly enhanced in the binary Ag;PO,/WOj3; system, these
photocatalysts exhibited poor cycling stability.

With the above considerations in mind, the current study aims to address the limited
cycling stability of the AgsPO4/WO3 composite photocatalyst system, which stems from
the susceptibility of AgzPO, to photo-corrosion. For this, Agl is incorporated to construct
anovel Ag-bridged dual Z-scheme Agl/Ag3;PO4/WO5 ternary composite photocatalyst.
It is proposed that the matching band structures of AgzPO4 and WOs, as well as those
of AgzPO,4 and Agl, will facilitate the effective separation of electrons and holes through
the multilevel transfer of carriers in the Agl/AgzPO,/WOj3 ternary composite photocat-
alyst system. Moreover, the introduction of Agl, which is poorly soluble in water, into
the AgsPO4/WOj3 system has the potential to inhibit the photo-corrosion of AgsPOy [19],
which could further enhance the photocatalytic degradation activity and cycling stability
of the Ag;PO4/WO;3; composite photocatalyst. Thus, an AgsPO4/WOs3 composite pho-
tocatalyst is synthesized via a hydrothermal approach and Agl/AgszPO,/WO;3 ternary
composites containing different component ratios are prepared using the anion exchange
method. Furthermore, systematic characterization and analysis are conducted and the
photocatalytic degradation of chlortetracycline hydrochloride (CTC) is examined under
visible-light irradiation. Finally, a photocatalytic degradation mechanism is proposed for
the Agl/AgsPO4/WOj3 ternary composite photocatalyst based on band structure calcula-
tions, free-radical capture experiments, and electron spin resonance (ESR) evaluations.
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2. Results and Discussion

2.1. Characterization of Photocatalysts
2.1.1. XRD Analysis

Figure 1 presents the XRD patterns of the WO;3;, AgsPO,, Agl, AgsPO4/WOs,
Agl/WO3;, AAW-20, AAW-40, and AAW-60 samples. The diffraction peaks observed
for WO3 and AgzPO;4 correspond to the monoclinic phase WO;3; (JCPDS No. 43-1035) and
cubic phase AgzPO4 (JCPDS No. 06-0505) species, respectively. Moreover, the diffraction
peaks of WO3 and AgsPO, co-exist in the AgsPO4/WO3 composites. Notably, Agl consists
of a mixture of cubic-phase Agl (JCPDS No. 09-0399) and hexagonal-phase Agl (JCPDS
No. 09-0374), wherein the peak at 22.3° corresponds to the (100) crystal face of hexagonal-
phase Agl. It is observed that the diffraction peaks of both WO3 and Agl are present in the
Agl/WO; composites. Following the introduction of Agl into the AgzPO,/WOj3 composites,
the characteristic diffraction peaks of WO3; and AgsPO,4 were observed. Furthermore, weak
diffraction peaks attributed to Agl were detected at 39.2° in the AAW-40 and AAW-60 samples.
No additional impurity peaks were observed for the Agl/Ag;PO4/WO;5; composites, thereby
suggesting that no impurities were introduced into the ternary composite material.
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Figure 1. XRD patterns of the as-prepared: (a) WO3; (b) AgzPOy; (c) Agl; (d) AgsPO,/WOs3;
(e) Agl/WOj; (f) AAW-20; (g) AAW-40; and (h) AAW-60.

2.1.2. SEM Analysis

Figure 2 shows the corresponding SEM images recorded for the various samples and
the EDS spectrum of AAW-40. As indicated, WOj3 exhibits a smooth sheet-like structure,
whereas both AgzPO, and Agl feature a spheroidal particle structure. Additionally, the SEM
images of the AgzPO4/WOj3; and Agl/WOj; species reveal that spheroidal particles were
dispersed on the WO3 surface, while its sheet-like structure remained unaltered. Notably,
the surfaces of the AgzPOy, in the Agl/Ag3;PO,/WOj3; composites (Figure 2f-h) became
rough after the introduction of Agl, and the surface roughness increased with the Agl
content. Moreover, the Agl/Ag3zPOy particles were closely bound to the WO3 nanosheets,
which was expected to facilitate charge transfer during the photocatalytic degradation
process. The EDS spectrum presented in Figure 2i corresponds to the rectangular region of
the SEM image of AAW-40 in Figure 2g, thereby unveiling its elemental composition. More
specifically, C, O, W, P, Ag, and I were detected, with the C component originating from the
conductive adhesive material, and all remaining elements being present in the prepared
AAW-40 sample.
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Figure 2. SEM images of: (a) WO3; (b) Ag3POy; (c) Agl; (d) AgzPO4/WOs; (e) Agl/WOs; (f) AAW-20;
(g) AAW-40; (h) AAW-60; and (i) EDS spectrum of AAW-40.

2.1.3. TEM Analysis

Figure 3 presents the TEM and high-resolution (HR)TEM images of the as-synthesized
AAW-40 composite, revealing the presence of Agl/Ag3POy particles on the WOj3 surface.
Additionally, the HRTEM image revealed three distinct lattice fringes, with the lattice
spacings of 0.262 nm and 0.269 nm corresponding to the (202) crystal face of WO3 and the
(210) crystal face of AgsPOy, respectively. Furthermore, the lattice spacing of 0.196 nm was
attributed to the (112) face of 3-Agl and the (311) face of y-Agl. The Agl/Ags;POy particles
were loaded onto the WOj3 surface, thereby forming a ternary heterojunction.
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+
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Figure 3. (a) TEM image; and (b) HRTEM image of AAW-40.
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2.1.4. XPS Analysis

Figure 4a depicts the XPS survey spectrum of AAW-40, while Figure 4b—f shows the
W 4f, Ag 3d, P 2p,13d, and O 1s spectra, respectively, for the AAW-40 sample. Notably,
signals corresponding to the W, P, Ag, O, and I components were observed in the survey
spectrum. Additionally, in the W 4f spectrum (Figure 4b), the peaks at binding energies
of 35.59 eV and 37.76 eV correspond to the characteristic peaks of W 4f;,, and W 4f5 ),
respectively [20,21]. Meanwhile, the peaks observed at binding energies of 368.21 eV
and 374.21 eV in Figure 4c correspond to the Ag 3ds5,, and Ag 3d;,3 of AgzPO4 and Agl,
respectively [22]. Furthermore, Figure 4d presents the XPS spectrum of P 2p, with the peak
binding energy at 132.76 eV corresponding to P>* of AgzPOy [23]. The characteristic I 3ds;
and I 3ds/, peaks observed at 619.73 eV and 631.23 eV, respectively, in Figure 4e confirm
the formation of the desired Agl/AgsPO,/WOj3 ternary composite [24]. The two peaks
observed at 530.51 eV and 532.14 eV in the fitting map for O 1s (Figure 4f), respectively,
correspond to lattice oxygen [25] and hydroxyl oxygen components [26].
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Figure 4. XPS spectra of AAW-40: (a) survey scan; (b) W 4f; (c) Ag 3d; (d) P 2p; (e) I 3d; and (f) O 1s.

2.1.5. UV-Vis DRS Analysis

The UV-Vis DRS spectra presented in Figure 5a illustrate the light-absorption prop-
erties of the photocatalysts. It can be seen that pure WO; exhibits weaker absorption in
the visible-light region than Agl and Ag3POy. Notably, all Agl/AgsPO,/WO3 composites
demonstrate evident absorption in the visible-light region, enabling their excitation by
visible light and use as visible-light photocatalysts. The bandgap energies (Eg) of WOs3,
AgsPOy, and Agl were determined using the Kubelka-Munk equation [27,28]:

ahv = A(ho — Eg)"/? 1)
where « represents the absorption coefficient, i denotes the Planck constant, v denotes the
light frequency, and A is a constant. Additionally, n represents the transition type of the
semiconductor, where for direct transition, n = 1, and for indirect transition, n = 4. Since
the value of n for WOj3 is 4 [29], the bandgap energy of WO3 was estimated to be 2.47 eV
based on the plot of (whv)'/2 versus energy (hv). Furthermore, the n value for both AgzPO4
and Agl is 1[30,31], and the bandgap energies of Ag3PO, and Agl from the plots of (a/hv)?
versus energy (hv) were estimated to be 2.41 eV and 2.77 eV, respectively. Subsequently, the
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valence band edge potentials (Eyp) and the conduction band edge potentials (Ecp) of WO3,
AgsPOy, and Agl were calculated using the following equations:

Eyp = X — ES + 0.5E, )

Ecg=Evyp — Eq 3)

In the aforementioned equations, X denotes the absolute electronegativity of the
semiconductor, and E€ represents the energy of free electrons on the hydrogen scale (4.5 eV).
The values of X for WO3, AgzPOy, and Agl are 6.59 eV [32],5.96 eV [33], and 5.35 eV [34,35].
The Eyp and Ecp of WOs3 are 3.33 eV and 0.86 eV, while those of AgzPO, are 2.67 eV and
0.26 eV, respectively. Furthermore, the calculated values of Eyp and Ecp for Agl are 2.24 eV
and —0.53 eV, respectively.
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Figure 5. (a) UV-Vis DRS of as-prepared samples; (b) plots of (ahv)'/2 versus energy (hv) of WO3;
Plots of (xhv)? versus energy (hv) of (c) AgzPO, and (d) Agl.

2.2. Photocatalytic Activity and Stability

CTC is a broad-spectrum antibiotic that has found extensive applications in fields
such as animal husbandry and medical care. Nevertheless, the abuse of CTC has caused its
accumulation in water, gravely threatening environmental and ecological security. Conse-
quently, we carried out research on its degradation by means of photocatalysis. Figure 6a
presents the photodegradation curves of the prepared photocatalysts for degrading CTC.
Owing to its fast electron and hole recombination and limited visible-light absorption
capability, pure WO3; demonstrated the lowest CTC degradation efficiency, reaching only
15.3% after 75 min of visible-light irradiation. Notably, although Ag;PO,, Agl/WOs;, and
Ag3sPO4/WO;3; were able to degrade CTC, the ternary Agl/AgsPO4/WO3 composites
exhibited superior degradation efficiencies for CTC compared to the single and binary
photocatalysts, with a degradation efficiency exceeding 70% after 75 min of visible-light
irradiation. More specifically, AAW-40 exhibited the highest CTC degradation efficiency
of 75.7% after 75 min. The superior performances of the ternary Agl/AgzPO4/WO;3 com-
posites were attributed to their dual heterojunction structures, which enabled the efficient
separation of photogenerated electrons and holes (c.f., single and binary photocatalytic
materials), thereby significantly enhancing the photocatalytic performance. Additionally,
the photocatalytic processes performed using these materials followed pseudo-first or-
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der kinetics. Figure 6b displays their apparent rate constants (k). It is evident that the
k value of AAW-40 was markedly higher than those of WO;, AgzPO,, AgsPO4/WOs3, and
Agl/WOs; samples. Specifically, the k value of AAW-40 is 20.1 times and 1.7 times higher
than that of WO3 and Ag3PO,/WO;3, respectively. This finding demonstrates that upon the
formation of the Agl/AgzPO,/WO; composite, the photocatalytic activities of both WO3 and
Ag3PO,/WOs were significantly enhanced. The AAW-40 photocatalyst was further employed
in the degradation of RhB solution (20 mg/L, 100 mL). After 30 min of photocatalytic reaction,
the degradation efficiency of RhB reached 97.1% (Figure S1). This demonstrates the potential
of AAW-40 as an effective photocatalyst for degrading various pollutants.
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Figure 6. (a) Photodegradation of CTC with different photocatalysts; and (b) the corresponding
apparent rate constants for CTC degradation.

The catalyst reusability was subsequently investigated during cyclic photodegradation
experiments of CTC using the AAW-40 photocatalyst. As shown in Figure 7a, the CTC
degradation efficiency of AAW-40 decreased only slightly after four degradation cycles,
highlighting its excellent repeatability. Additionally, Figure 7b displays the XRD patterns of
the AAW-40 photocatalyst after the different-cycle degradation of CTC. It can be seen that
a peak corresponding to Ag appears in the XRD pattern after the first cycle experiment,
indicating the production of metallic Ag during the photodegradation reaction. Upon
further comparison of the XRD patterns of AAW-40 after the first and fourth runs (Figure 7b),
it is evident that the diffraction intensity of metallic silver did not increase. This portion of
Ag” played a role in resisting corrosion to a certain extent, thereby improving the catalytic
stability of the AAW-40 photocatalyst [36]. Furthermore, the SEM image, EDS spectrum,
and TEM image of AAW-40 after the cyclic experiments (Figure S2) reveal no discernible
alterations in its morphology and elemental composition, which may be attributed to the
extremely small size of the generated Ag® nanoparticles.
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Figure 7. (a) Reusability of AAW-40 in the photodegradation of CTC; and (b) XRD patterns of the
AAW-40 photocatalyst after different-cycle degradation of CTC.
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2.3. Photocatalytic Mechanism

The main active species involved in the photodegradation reaction process of CTC over
the AAW-40 photocatalyst were investigated through free radical trapping experiments.
Isopropyl alcohol (IPA), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), and
1,4-benzoquinone (BQ) were, respectively, employed as scavengers for hydroxyl radicals
(#OH), holes (h*), and superoxide radicals (6O, ™). As shown in Figure 8a, the degradation
efficiency decreased significantly after adding BQ and EDTA-2Na, suggesting that O, ™
and h* are the predominant active species. Additionally, IPA exerted a certain inhibitory
effect on the degradation of CTC, indicating that eOH contributes to the degradation of
CTC. As illustrated in Figure 8b, the apparent rate constants in the presence of various scav-
engers further confirm that €O, and h* are the primary active species in our experiments,
with h* being the most critical contributor to the photocatalytic process. The existence of
0O, and ¢OH in the AAW-40 photocatalytic system was further confirmed by the ESR
spin-trapping technique; Figure 9 presents the corresponding spectra. Although no charac-
teristic peak signals corresponding to DMPO-eO, ™~ or DMPO-eOH were observed under
dark conditions, distinct signals of DMPO-eO,~ (Figure 9a) and DMPO-eOH (Figure 9b)
emerged after 20 min of irradiation under visible light, indicating the generation of eO, ™~
and eOH in the photodegradation process of AAW-40. This was highly consistent with the
results of the scavenger quenching experiments presented in Figure 8.
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Figure 8. (a) Trapping experiments performed during the photodegradation of CTC over the AAW-40
photocatalyst; and (b) the corresponding apparent rate constants for CTC degradation.
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Figure 9. ESR spectra of superoxide (a) and hydroxyl (b) radicals over the AAW-40 photocatalyst.

PL (photoluminescence) spectroscopy is an effective technique for investigating the
separation efficiencies of photogenerated electrons and holes in semiconductors [37]. As
depicted in Figure 10a, pure WOj3 exhibits strong PL emission at 400-600 nm owing to
the rapid recombination of electron-hole pairs. The interfacial contact between the WO3
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nanosheets and Agl or AgzPO;, particles promoted the effective separation of electrons
and holes to a certain extent, as evidenced by the weaker PL intensities of Agl/WO3 and
Ag3PO4/WO;3; compared to that of WO;3. It was also observed that the binary compos-
ites exhibit higher PL intensities than the ternary Agl/Ag3;PO,/WOj3; composites, with
the AAW-40 heterojunction photocatalyst exhibiting the lowest PL intensity. These re-
sults clearly indicate that the introduction of Agl into the AgzPO4/WO3 photocatalyst
effectively enhanced the separation efficiency of photogenerated carriers in this system.
Furthermore, the time-resolved PL (TRPL) spectra effectively demonstrate the charge carrier
lifetime characteristics of the various photocatalysts, providing a strong basis for inferring their
photocatalytic activities. More specifically, as shown in Figure 10b, the average lifetimes of
the WO3, AgsPO,/WO3, and AAW-40 species were determined to be 6.33 ns, 6.51 ns, and
7.13 ns, respectively. Compared with WO3 and AgzPO4/WOj, the prolonged carrier lifetime
of AAW-40 indicates that an effective electron transfer and separation process was achieved in
AAW-40 [38]. In addition, the charge separation and transfer properties of the samples were
evaluated by photoelectrochemical measurements. Figure 10c shows the transient photocur-
rent responses of the WO3, AgsPO,/WOj3, and AAW-40 species, wherein the photocurrent
intensity reflects the separation efficiency of the photogenerated electron-hole pairs. The
photocurrent density of the AAW-40 composite was significantly higher than those of the
WO; and AgsPO4/WO; photocatalysts, indicating a superior carrier separation efficiency for
AAW-40, which is more conducive to the efficient progress of the photocatalytic reaction. The
charge transfer resistance was further evaluated by electrochemical impedance spectroscopy
(EIS). Compared to WO3 and AgzPO,/WOs, the AAW-40 photocatalyst exhibits a smaller arc
radius in the EIS Nyquist plots (Figure 10d), indicating that AAW-40 possesses a lower transfer
impedance, thus favoring the charge transfer process.
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Figure 10. (a) PL spectra of the representative samples; (b) TRPL spectra, (c) transient photocurrent
responses, and (d) EIS Nyquist plots for the WO3, AgsPO,/WO3 and AAW-40 photocatalysts.

Subsequently, the specific surface areas of the photocatalysts were quantified by
the nitrogen adsorption/desorption technique; the corresponding nitrogen adsorp-
tion/desorption isotherms are shown in Figure 11. Using the BET approach, the specific
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surface areas of the WO3, Agl/WO3, AgsPO4/WO3, and AAW-40 species were determined
tobe 4.80 m?/g, 423 m?/g, 4.14 m? /g, and 3.25 m?/g, respectively. A larger specific surface
area typically offers a greater number of photocatalytic reaction sites [39]. However, the
specific surface area of the AAW-40 photocatalyst was reduced compared to those of the
binary composites and single WO3 nanosheets. Consequently, it can be inferred that the
specific surface area is not the primary factor influencing the photocatalytic activity.

20-
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Figure 11. N, adsorption/desorption isotherms of the WO3, Agl/WO;, Ag;PO,/WO3, and
AAW-40 photocatalysts.

Notably, a type II heterojunction can be formed between Agl, Ag;PO,, and WO;3
based on their band positions; Figure 12a depicts the corresponding transfer modes of
the photogenerated electrons and holes. When exposed to visible light, Agl, AgzPO,, and
WOj are excited, generating electrons and holes. As a consequence of the progressively
increasing conduction band values of Agl, AgsPOy4, and WOj3, along with the successive
decline of the valence band values of WO3, AgzPOy4, and Agl, electrons transfer stepwise
to the conduction band of WOj3 and holes transfer stepwise to the valence band of Agl.
However, since the conduction band value of WO3 (0.86 eV vs. NHE) is higher than the
redox potential of O, /60, (—0.33 eV vs. NHE) [40,41], the electrons in the conduction
band of WOj; cannot effectively react with O, to form €O, ™. Moreover, since the Eyp of
Agl (2.24 eV vs. NHE) is lower than the redox potentials of OH~ /eOH (2.40 eV vs. NHE)
and H,O/eOH (2.72 eV vs. NHE) [42,43], the holes in the valence band of Agl lack the
capacity to oxidize water to form hydroxyl radicals. Therefore, ¢O,™ and ¢OH cannot be
formed in the Agl/Ag3zPO,/WO3; system if a type II heterojunction is formed. However,
the findings from both the free radical trapping experiments and ESR evaluations confirm
the generation of O, and eOH during the photocatalytic degradation process. It can
therefore be inferred that the photogenerated electrons and holes in the Agl/Ag;PO4/WO3
heterojunction photocatalyst were transferred through other heterojunction patterns. Thus,
the dual Z-scheme heterojunction utilizing silver metal as the charge mediator was con-
sidered to be more appropriate for clarifying the enhanced photocatalytic mechanism of
the Agl/AgzPO,/WO3 composite [15,44,45]. As shown in Figure 12b, electrons in the
conduction band of WO; flow to the Ag nanoparticles under visible-light irradiation and
then recombine with the holes transferred from the valence band of AgzPO;,. Furthermore,
the electrons in the conduction band of AgzPO;, are transferred to the Ag nanoparticles
and then recombine with the holes transferred from the valence band of Agl. Moreover,
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the electrons accumulated in the conduction band of Agl react with O, to produce ¢O,~,
whereas the holes present in the valence band of WOj effectively oxidize water molecules
to generate ®OH or directly oxidize CTC molecules. Via the dual Z-scheme charge transfer
pathway, the efficiency of separating photogenerated carriers is greatly improved, which
helps to maintain the strong reducing ability of the photoexcited electrons in Agl and the
powerful oxidizing capacity of the photoinduced holes in WOj3. These results indicate that
the enhanced photodegradation behavior of the Agl/AgsPO,/WOs3 photocatalyst can be
described by a dual Z-scheme heterojunction mechanism that uses Ag nanoparticles as
bridges between the electrons and holes.
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Figure 12. Schematic representation of the photocatalytic degradation mechanism of the
Agl/AgsPO,/WOs3 photocatalyst: (a) Type II and (b) Dual Z-scheme carrier transfer mechanisms.

To further verify the dual Z-scheme charge transfer mechanism during photocatalysis,
in situ XPS analysis was conducted under illumination. It is important to highlight that the
variation in binding energy (BE) of a specific element directly correlates with changes in its
electron density. Specifically, a reduction or enhancement in electron density will result in
a positive or negative shift in BE, respectively [46]. As shown in Figure 13, after visible-
light irradiation, the P 2p, W 4f, and O 1s peaks recorded for AAW-40 shift towards higher
binding energies. In contrast, the I 3d peak shifts to a lower BE, indicating the consumption of
electrons in WO3 and AgzPO, and the accumulation of electrons in Agl under visible-light
irradiation. This result further confirms the occurrence of a dual Z-scheme charge transfer mode
in the AAW-40 photocatalytic system, which therefore represents the most likely mechanism
responsible for its enhanced photocatalytic efficiency in the photocatalytic degradation of CTC.
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Figure 13. High-resolution in situ irradiated XPS results for the (a) I 3d, (b) P 2p, (c) W 4f, and (d) O 1s
components of the AAW-40 photocatalyst.

2.4. Possible Degradation Pathway of CTC

Qualitative analysis of the model compound CTC and its major degradation products
was performed using electrospray ionization quadrupole electrostatic field orbitrap mass
spectrometry (ESI-Q-Orbitrap MS) under positive ion mode. As shown in Figure S3, the
mass spectra of CTC and its potential intermediates are presented, providing insights into
the progression of the reaction (Figure 14). The initial substrate produced a protonated
quasi-molecular ion [M + HJ* at m/z 479 in ESI-MS. For the first potential reaction pathway,
chlortetracycline underwent dechlorination to form tetracycline with m/z 445. This process
follows a complex photochemical mechanism during photolysis. The second possible
reaction pathway involved the oxidative cleavage of the C-N bond in the dimethylamino
group of chlortetracycline, resulting in a product with m/z 465. This product further
underwent demethylation to produce a species at m/z 451, and subsequent oxidative
dehydrogenation led to a product at m/z 449. The third potential reaction route was
characterized by the oxidative ring-opening of the “D” ring of chlortetracycline, generating
a product at m/z 465. This product then underwent successive demethylation steps to
yield a product at m/z 435. The fourth possible reaction pathway started with the oxidative
ring-opening of the “D” ring of chlortetracycline, giving rise to a product at m/z 495.
Subsequently, the oxidative cleavage of the C-N bond in the dimethylamino group occurred,
producing a product at m/z 481. This product then underwent decarboxylation to form
a product at m/z 437. Further transformations of this product included demethylation
and epoxidation to generate a product at m/z 435, as well as oxidative removal of the side
chain to produce a product at m/z 366. Additionally, the degradation of the product at
m/z 495 also involved decarboxylation to form a product at m/z 451. When the various
intermediate products generated during the degradation of chlortetracycline continue to
undergo reactions such as oxidation and hydrolysis in the environment, the cyclic structure
will be gradually disrupted and opened.
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Figure 14. Possible degradation pathways of CTC.

3. Materials and Methods
3.1. Synthesis of WO3 Nanosheets

In this work, WOj3 nanosheets were prepared through a modified version of a previ-
ously described hydrothermal approach [20]. To be precise, 10 mL of nitric acid (Sinopharm
Chemical Reagent Co., Ltd., Beijing, China) was gradually introduced into 50 mL of deion-
ized water under continuous stirring for 10 min. Separately, 3 mmol of Na, WO,-2H,0
(Macklin Biochemical Company, Shanghai, China) was dissolved in 20 mL of deionized
water and then slowly added to the nitric acid mixture using an injection pump. The ob-
tained pale-yellow solution was stirred for 1 h, transferred into a Teflon-lined stainless-steel
autoclave with a capacity of 150 mL, and heated at 180 °C for 4 h. Once the reaction was
complete and the vessel had cooled to ambient temperature, the product was collected via
high-speed centrifugation, thoroughly rinsed with deionized water, and finally dried at 60 °C.

3.2. Synthesis of the Agl/Ag3PO4/WO3 Photocatalysts

Silver nitrate (1.02 g) was dissolved in 90 mL of deionized water, and WO;3
powder (0.464 g) was suspended in this solution to create suspension A. Separately,
Nap,HPO4-12H,0 (0.716 g) was dissolved in 30 mL of deionized water to form solution B,
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which was then slowly added to suspension A using an injection pump. The combined
mixture was transferred into a 150 mL Teflon-lined stainless-steel autoclave and heated at
120 °C for 6 h. After cooling, the product was collected by centrifugation, washed three
times with deionized water, and dried at 60 °C for 12 h to produce the AgzPO4/WO3
composite photocatalyst. A suspension was then formed by dispersing the prepared
Ag3PO4/WOj3 (0.50 g) in deionized water (40 mL). Following the addition of an aqueous
KI solution (20 mL) via an injection pump, the obtained mixture was stirred for 1 h, then
subjected to centrifugation, rinsed three times with deionized water, and finally dried
at 60 °C. By adding 0.0239 g, 0.0450 g and 0.0638 g of KI, respectively, products with
Agl/AgsPOy4 molar ratios of 20%, 40%, and 60% were obtained and were, respectively,
denoted as AAW-20, AAW-40 and AAW-60. Silver nitrate, Na,HPO,4-12H,0 and KI were
all purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).

3.3. Characterization

The crystal structures, morphologies, and elemental compositions of the as-prepared
samples were characterized by X-ray diffraction (XRD, SmartLab, Rigaku, Tokyo, Japan),
scanning electron microscopy (SEM, JSM-7200F, JEOL, Tokyo, Japan), energy-dispersive
X-ray spectroscopy (EDS, NORAN System 7, Thermo Scientific, Waltham, MA, USA), and
transmission electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan). The elemental
compositions and valence states of the samples were characterized by X-ray photoelectron
spectrometry (XPS, ESCALAB 250XI, Thermo Scientific, Waltham, MA, USA). Additionally,
the light absorption performance of each specimen was evaluated using ultraviolet-visible
(UV-Vis) diffuse reflectance spectroscopy (DRS, UV-3600Plus, Shimadzu, Kyoto, Japan)
over a scan range of 200-800 nm. The PL and TRPL spectra were recorded using a fluores-
cence spectrometer (FLS1000, Edinburgh Instruments, Edinburgh, UK). Photoelectrochemi-
cal measurements were performed on a CHI660E electrochemical workstation (Chenhua
Instruments Co., Shanghai, China) using a standard three-electrode system. The BET specific
surface areas were determined from the N; adsorption/desorption isotherms recorded using a
Micromeritics ASAP 2460 analyzer (Micromeritics Instrument Co., Norcross, GA, USA).

3.4. Photocatalytic Degradation of CTC

To assess the photocatalytic performance of the different materials, a CTC solution
was degraded in a 250 mL double-jacketed beaker, wherein circulating water was sup-
plied using a low-temperature constant-temperature stirring reaction bath at 25 °C. The
visible-light irradiation was provided by a 300 W xenon lamp fitted with a 420 nm cut-off filter
to block ultraviolet wavelengths. The photocatalyst (40 mg) was added to the CTC solution
(20 mg/L, 100 mL). The resulting suspension was stirred in the dark for 30 min prior to
switching on the xenon lamp to achieve an adsorption/desorption equilibrium. Once the illu-
mination commenced, a 3 mL sample of the degradation mixture was taken every 15 min and
centrifuged to obtain a clear solution. Subsequently, the corresponding concentration at each
time point was determined by measuring the absorbance at 367 nm using a spectrophotometer
(TU-1901, Beijing Purkinje General Instrument Co., Beijing, China).

4. Conclusions

In conclusion, this study demonstrated the fabrication of Ag-bridged dual Z-scheme
Agl/AgsPO,/WO;3 photocatalysts by loading Ags;PO, onto WO3 nanosheets, followed by
anion exchange. Under visible-light irradiation, the resulting ternary Agl/AgsPO,/WQO3
composites demonstrated excellent photocatalytic activities in degrading CTC. Notably,
these activities were superior to those of the single photocatalysts and the Agl/WO3
and AgzPO4/WO;3 binary composites. The CTC degradation efficiency of the AAW-40



Inorganics 2025, 13, 222 15 of 17

photocatalyst decreased only slightly after four cycles of degradation, emphasizing its
remarkable reusability. Active species trapping experiments and ESR evaluations confirmed
that @O, and h* were the predominant active species, with «OH also participating in the
photodegradation reaction. This finding, based on the determination of the active species
and band positions of Agl, AgzPOy4, and WOj3, implied the presence of a dual Z-scheme
system in which metal Ag acts as a bridge between the photogenerated electrons and holes.
This dual Z-scheme charge transfer mechanism significantly suppresses the electron-hole
recombination rate, prolongs the charge carrier lifetime, and optimizes the redox potentials
of the conduction and valence bands. The obtained results therefore suggest that the as-
prepared Agl/Ag3PO,/WO3 composite demonstrates good potential for the purification
of antibiotic wastewater.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/inorganics13070222/s1, Figure S1: photodegradation of
RhB by AAW-40 photocatalyst. Figure S2: (a) SEM image and corresponding EDS spectrum of
AAW-40 after four cycles; (b) TEM image of AAW-40 after four cycles. Figure S3: mass spectra of
CTC degradation intermediates.
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