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Abstract: The prevalent utilization of organophosphorus pesticides presents a profound risk to the
global environment, necessitating the immediate development of a secure and reliable methodology
to mitigate this hazard. Photocatalytic technology, through the generation of robust oxidizing free
radicals by suitable catalysts, offers a viable solution by effectively oxidizing organophosphorus
pesticides, thus preserving environmental well-being. In this study, we successfully synthesized
TiO2/WO3 (TO/WO) nanocomposites characterized by oxygen defects and S-scheme heterojunc-
tions, demonstrating superior photocatalytic activity in the degradation of triazophos. Notably, the
60-TO/WO nanocomposite, wherein the proportion of WO comprises 60% of the total, exhibited
optimal photocatalytic degradation activity, achieving a degradation rate of 78% within 120 min,
and demonstrating exceptional stability, maintaining impressive degradation activity across four
cycles. This performance was notably superior to that of standalone TO and WO. The presence of
oxygen defects in WO was corroborated by electron paramagnetic resonance (EPR) spectroscopy.
The mechanism at the heterojunction of the 60-TO/WO nanocomposite, identified as an S-scheme,
was also confirmed by EPR and theoretical computations. Oxygen defects expedite charge transfer
and effectively enhance the photocatalytic reaction, while the S-scheme effectively segregates photo-
generated electrons and holes, thereby optimizing the photocatalytic oxidation of triazophos. This
study introduces a novel nanocomposite material, characterized by oxygen defects and the S-scheme
heterojunction, capable of effectively degrading triazophos and promoting environmental health.

Keywords: photocatalytic; nanocomposites; heterojunction; S-scheme; oxygen defects

1. Introduction

The escalating deployment of organophosphorus pesticides in global agricultural
practices has precipitated a severe ecological crisis [1–4]. These anthropogenic compounds,
considered integral to modern agricultural methodologies, permeate diverse ecosystems,
disrupting the intricate balance of biodiversity and threatening the vitality and sustainabil-
ity of our planet [5–8]. This precarious situation underscores the urgent need for safe and
effective strategies to mitigate the harmful effects of organophosphorus pesticides, particu-
larly triazophos [9–11]. In this regard, photocatalytic technology emerges as a promising
solution [12–15]. Over recent years, the photocatalytic degradation of organic pollutants has
evolved into an efficient, sustainable, and environmentally friendly strategy for detoxifying
polluted aquatic and terrestrial environments [16–19]. This technology, which employs a
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specific catalyst to generate potent oxidizing free radicals through photocatalysis, can effec-
tively degrade a broad spectrum of pollutants, including organophosphorus pesticides. Its
appeal extends beyond efficiency, encompassing scalability and the potential for seamless
integration into existing environmental remediation strategies [20–22].

Oxidative materials with oxygen vacancies have attracted substantial academic atten-
tion over the years. These vacancies can act as electron traps, capturing photo-generated
electrons and reducing electron–hole recombination, thereby enhancing the efficiency of
photocatalytic reactions [23–25]. Moreover, these vacancies can increase the number of
active sites on the material surface, strengthening its interaction with reactant molecules
and boosting catalytic activity. In the context of photocatalysis, these trapped electrons and
the corresponding holes can react with water or oxygen to generate oxidative radicals such
as hydroxyl radicals and superoxide anions. These radicals, with their potent oxidative
abilities, can degrade organic pollutants, playing a crucial role in environmental remedia-
tion and pollution control. However, the inherent limitations of single materials (such as
TiO2, WO3, CeO2, etc.), including band gap deficiencies, stability issues, and inefficiencies
in photogenerated electron and hole separation, hinder their further development. To
overcome these challenges, composite materials, which can compensate for the band gap
deficiencies of individual materials and efficiently segregate photogenerated electrons
and holes [26–30], are gaining increasing attention, thereby enhancing the generation of
oxidative radicals and the overall photocatalytic performance.

A growing body of research indicates that composite material photocatalysts out-
perform their single-component counterparts in terms of photocatalytic activity. For in-
stance, Liu et al. synthesized ZnO/g-C3N4 nanocomposites that exhibited superior activity
in H2O2 production [31], while Wang et al. TiO2/ZnIn2S4 photocatalyst demonstrated
commendable activity in CO2 reduction [32]. Similarly, the TiO2/Fe2O3 composite engi-
neered by Mirmasoomi et al. exhibited remarkable activity in photocatalytic pesticide
degradation [33]. Zhang et al. performed a one-pot synthesis of S-scheme WO3/BiOBr
heterojunction nanoflowers, enriched with oxygen vacancies, and exhibited enhanced
photodegradation of tetracycline [34]. It is noteworthy that TiO2, while a common photo-
catalyst, does not absorb in the visible range. However, WO3 with oxygen defects exhibits
significant visible light absorption characteristics, making it a promising material for the
creation of heterostructures such as the TiO2/WO3 (TO/WO) nanocomposites in our study.

Motivated by these findings, we attempted the development and characterization of
TO/WO nanocomposites, marking a pioneering stride towards triazophos degradation.
In our study, TO/WO exhibited exceptional photocatalytic hydrogen evolution activity
and stability. Notably, 60-TO/WO demonstrated superior photocatalytic degradation
performance, achieving a triazophos degradation rate of 78% within 120 min and retaining
commendable photocatalytic stability over four cycles, significantly outperforming TO
and WO. This study also confirmed the existence of a substantial number of oxygen
vacancies in WO via electron paramagnetic resonance (EPR). The operational mechanism
at the TO/WO nanocomposite heterojunction was confirmed as an S-scheme through
EPR and theoretical calculations. The presence of oxygen vacancies can expedite charge
transfer and enhance the photocatalytic reaction. Similarly, the existence of the S-scheme
can effectively segregate photogenerated electron and hole pairs, thereby improving the
efficiency of the photocatalytic reaction. This project introduces a TO/WO nanocomposite
material characterized by oxygen vacancies and an S-scheme heterojunction, offering a
viable approach for pesticide residue elimination.

2. Results
2.1. Phase and Microscopic Morphology Analysis

XRD can be utilized to obtain clear insights into the synthesized materials, as shown
in Figure 1a. The results revealed that the XRD peak positions of TO corresponded com-
pletely to the tetragonal TiO2 (no. 78-2486) without any impurities. The XRD peak shapes
of WO corresponded completely to the monoclinic WO3 (no. 83-0950) without any im-
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purities. These findings indicate the successful preparation of WO and TO without the
presence of amorphous substances. Additionally, in the TO/WO nanocomposites, as the
WO ratio gradually increased, the peaks of TO (101) and WO (200) faces became more
pronounced. This suggests the presence of both WO and TO crystalline phases in the
TO/WO nanocomposites.
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Figure 1. (a) The XRD spectra of the samples. (b) FT-IR spectra of the samples.

Figure 1b displays the FT-IR spectra of the measured samples. The results indicate that,
as the TO proportion increased, the vibrational band at 1623 cm−1 of the tested samples
gradually shifted to a lower wavenumber, a change that is more clearly observed in the
right panel of Figure 1b, implying changes in the chemical bonds within the material after
composite formation. Combined with Figure 1a, this indirectly indicates the formation of
the composite material in the TO/WO nanocomposites.

SEM and TEM can be employed to analyze the micro-morphology of the synthesized
materials. Figure 2a–c show the SEM images of WO, TO, and 60-TO/WO nanocomposites.
The results reveal that WO displayed a morphology of multilayered nano-sheets, with a
thickness less than 10 nm, while TO existed in the form of nanoparticles with a diameter
of approximately 20 nm. In the 60-TO/WO nanocomposite, TO nanoparticles randomly
adhered to the WO surface. TEM images (Figure 2d–f) offer more detailed information,
demonstrating the aforementioned results. After ultrasonic dispersion, WO presented
a ribbon-like shape of nanosheets, and TO was observed as nanoparticles, whereas the
60-TO/WO nanocomposites exhibited a wrapping form between TO nanoparticles and WO
nanosheets. The inset in Figure 2f shows the high-resolution TEM image of the 60-TO/WO
nanocomposite, where the lattice fringes of TO and WO are observed with d-spacings
of 0.350 nm (corresponding to the (101) plane of TO) and 0.361 nm (corresponding to
the (200) plane of WO). Furthermore, the presence of heterojunctions, as indicated by the
distorted lattice lines represented by the blue line, attests to the successful preparation of
the composite material.

Figure 2g displays the SEM energy-dispersive X-ray spectroscopy (EDS) image of the
60-TO/WO nanocomposite, indicating that the sample only contains four elements (C, O,
W, and Ti), with no impurity peaks, where C originated from the conductive adhesive, W
and O came from WO, and Ti came from TO. This suggests that the 60-TO/WO nanocom-
posites only contain the constituent elements, demonstrating the sample purity. Figure 2h
presents the TEM high-angle annular dark-field (HAADF) and mapping images of the
60-TO/WO nanocomposites, indicating that the distribution of W, O, and Ti elements in
the nanocomposites is uniform, confirming the sample’s uniformity.
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Figure 2. SEM image of (a) WO, (b) TO, and (c) 60-TO/WO nanocomposites. TEM image of (d) WO,
(e) TO, and (f) 60-TO/WO nanocomposites (the inset in Figure 2f is the HRTEM image of 60-TO/WO
nanocomposite). EDS spectrum of (g) 60-TO/WO nanocomposites. HAADF and elemental mapping
images of (h) 60-TO/WO nanocomposites.

2.2. XPS and Elemental Analysis

XPS can effectively analyze the photoelectron spectra, elemental composition, and
chemical structure of the tested materials. Figure 3a shows the XPS full-spectrum image
of the 60-TO/WO nanocomposites containing all elements of WO and TO. Furthermore,
as depicted in Figure 3a, an array of prominent peaks is discernible in the patterns for
TO, WO, and the 60-TO/WO combination. We concentrated our analytical efforts on
several ubiquitous peaks. High-resolution XPS element spectra of TO, WO, and 60-TO/WO
nanocomposites are displayed in Figure 3b–d. Figure 3b shows that the W 4f of WO
exhibits four characteristic peaks, with two more significant peaks of W 4f5/2 and W
4f7/2. After computer fitting, two other apparent peaks, both representing W5+ ions, are
observed, indicating oxygen defects in WO. Additionally, the W 4f peaks of 60-TO/WO
nanocomposites demonstrated a shift to the right compared to WO. In Figure 3c, O 1s
exhibited two prominent peaks of lattice oxygen and adsorbed oxygen. Furthermore, the
60-TO/WO nanocomposites showed an apparent right shift relative to WO and a clear left
shift relative to TO. In Figure 3d, Ti 2p exhibited two obvious peaks of Ti 2p1/2 and Ti 2p3/2.
Relative to TO, the 60-TO/WO nanocomposite’s two peak positions of the Ti 2p exhibited a
considerable left shift.
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Overall, the 60-TO/WO nanocomposites exhibited a right shift relative to WO and a
left shift relative to TO. This demonstrates that the chemical environment on the material
surface changed after combining. Different materials may undergo interface reactions,
leading to the formation of new chemical environments, indicating the successful fabrica-
tion of composite materials. Furthermore, the shifting phenomenon reveals that electron
transfer occurred from TO to WO after the composite formation, indicating the formation
of a built-in electric field, which is a necessary process for the formation of the S-scheme
heterojunction [35–37].

2.3. Specific Surface Area

The BET (Brunauer–Emmett–Teller) technique can effectively be used to observe
the pore size distribution of the test sample, specific surface area, and the adsorption
isotherm type of N2. As shown in Figure 4a, all samples exhibited classic Type IV and
H3 hysteresis loops, which are commonly found in mesoporous materials with pore sizes
within 2–50 nm [37]. The pore size distribution of all tested samples mainly concentrated
within 2–50 nm, indicating that they are mesoporous materials.
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Figure 4. (a) N2 adsorption-desorption isotherms and pore size distribution curves (insert) of TO,
WO, and TO/WO nanocomposites; (b) The SBET for the TO, WO, and TO/WO nanocomposites.

Figure 4b shows that with the addition of WO, the specific surface area (SBET) of the
composite material gradually decreased, with the lowest SBET observed at a WO ratio of
40% (60-TO/WO). This is because increasing the proportion of a single component in the
composite material will increase the size and number of catalyst crystal particles based
on that component, resulting in a decrease in specific surface area. When the number of
new crystal particles in the catalyst increases, even larger aggregates are formed, resulting
in a further decrease in SBET. However, when a certain proportion is reached, the effect
of the new component on the SBET of the composite material reaches a minimum, and
further reducing the proportion of this component will lead to a decrease in the number
of crystal particles, resulting in an increase in SBET. In photocatalytic reactions, when the
proportion of a particular component increases, the new component may improve the
crystal structure or composition inside the photocatalyst, leading to a more excellent crystal
structure and catalytic activity. Despite the fact that the new crystal structure usually
leads to a decrease in SBET, adjusting the component ratio appropriately can effectively
improve the efficiency of photocatalytic reactions, promote the progression of reactions,
and accelerate the reaction rate.

2.4. Optical Property and Band Gap Analysis

The UV-vis DRS technique can effectively provide feedback on the light absorption
ability and band structure of the photocatalyst. As shown in Figure 5a, WO exhibited visible
light excitation characteristics and an obvious tail in WO, TO, and TO/WO nanocomposites.
The appearance of the tail often represents the existence of some defects. In the TO/WO
nanocomposites, the tail becomes smaller as the proportion of WO gradually increases.
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When the content of WO is 0, that is, only TO is present, there is no tail, which indicates the
absence of defects.
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Figure 5b, identified as a Tauc plot and obtained by the linear transformation of
Figure 5a, presents the band gap diagram of WO and TO. According to Equation (S1) [37]
in the Supporting Information, the band gap width of WO and TO was 2.80 and 3.36 eV,
respectively. Additionally, based on Formulas (S2) and (S3) [37] in the Supporting Informa-
tion, the conduction bands of WO and TO were 0.69 and −0.37 eV, respectively, and the
valence bands were 3.49 and 2.99 eV, respectively.

2.5. Photocatalytic Performance of Triazophos and Electrochemical Analysis

The photocatalytic activity can intuitively reflect the degradation ability of WO, TO,
and TO/WO nanocomposites towards triazophos. As shown in Figure 6a, under simulated
sunlight irradiation, both TO and WO exhibited moderate photocatalytic degradation
activity. However, when WO and TO form nanocomposites, the TO/WO nanocompos-
ites showed excellent photocatalytic degradation activity. Among them, the 60-TO/WO
nanocomposite material had the highest degradation efficiency of triazophos, with a degra-
dation rate of 78% within 120 min. This can be more intuitively represented in Figure 6b.
Figure 6c shows the linear relationship between lnC0/C and time. The results indicate that
the 60-TO/WO nanocomposite material had the highest Kapp value of 0.021 min−1, which
was 2.01 and 2.84 times that of WO and TO, respectively. In comparison to other studies
(Table S2), our photodegradation performance exhibited superior results. Figure 6d shows
the photocatalytic degradation stability test of TO, WO, and the 60-TO/WO nanocom-
posites. The results show that the 60-TO/WO nanocomposite material had the optimal
photocatalytic degradation stability and can maintain high activity degradation within
four cycles.

Photocurrent and impedance are key parameters for evaluating the activity and per-
formance of photocatalysts. Photocurrents can evaluate the photocatalytic activity and
electron transfer ability of the catalyst, while impedance can be used to study the charge
transfer rate and mechanism in photocatalytic reactions. By analyzing the electrochemical
impedance and photocurrent of the photocatalyst, the performance of the catalyst can be
optimized and the reaction mechanism of photocatalytic reactions can be further under-
stood. As shown in Figure 7a, TO and WO had obvious photocurrent response curves,
while the 60-TO/WO nanocomposite material had the strongest photocurrent response
curve. This indicates that the 60-TO/WO nanocomposite material had the best photore-
action characteristics, which is consistent with the results in Figure 6. In Figure 7b, the
60-TO/WO nanocomposite material had the smallest radius, indicating that it had the
lowest impedance value, indirectly indicating that the amount of charge passing through
the 60-TO/WO nanocomposite material per unit time was the largest, which is beneficial to
the progress of photocatalytic reactions.
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2.6. The Exploration Process of Photocatalytic Mechanism

According to the above results, the energy band structure of WO and TO is staggered,
and, thus, the mechanism type of the heterojunction in the TO/WO nanocomposite material
may be either Type-II or S-scheme (as shown in Figure 8a). Assuming the mechanism
type of the heterojunction in the TO/WO nanocomposite material as Type-II, its effec-
tive conduction and valence bands were 0.69 and 3.49 eV, respectively. The conduction
band position was evidently lower than the O2/·O2

−1 (−0.33 eV) potential, theoretically
incapable of generating ·O2

−1 effectively. Nonetheless, in testing the 60-TO/WO nanocom-
posite material, clear ·O2

−1 signals were observed (as in Figure 8b). This indicates that the
mechanism type of the heterojunction in the TO/WO nanocomposite material as Type-II is
erroneous. Assuming the mechanism type of the heterojunction in the TO/WO nanocom-
posite material as S-scheme, its effective conduction band was −0.37 eV, higher than the
O2/·O2

−1 potential, theoretically capable of generating ·O2
−1. This result conforms with

the experimental findings, allowing us to infer that the mechanism type of the heterojunc-
tion in the TO/WO nanocomposite material is S-scheme. In addition to ·O2

−1, the presence
of hydroxyl radicals (·OH), known to be stronger oxidants, was also detected (as shown
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in Figure 8b). The detection of ·OH further demonstrates the photocatalytic activity of
the TO/WO nanocomposite material. Furthermore, when testing for the ·O2

−1 signal in
the 60-TO/WO nanocomposite material, we also tested for WO’s oxygen defects (as in
Figure 8c). The results showed that WO has noticeable oxygen defects. Oxygen defects
can increase the surface defect density of a photocatalyst, thereby increasing the chance of
adsorbing reactant molecules and accelerating catalytic reactions. Simultaneously, oxygen
defects can change the energy band structure of a photocatalyst, expand the photocatalytic
spectral range, and improve the photocatalytic activity of the catalyst. Moreover, oxy-
gen defects can also improve the stability of a photocatalyst, reduce the loss of reactants,
and prolong the catalyst’s life span [38–42]. This is an important factor for the exceptional
photocatalytic degradation activity and stability of the 60-TO/WO nanocomposite material.

Catalysts 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 

Figure 8. (a) The schematic diagrams of charge transfer in Type−II and S−scheme heterojunction. (b) 

DMPO spin trapping EPR spectra of 60−TO/WO nanocomposites (·O2− and ·OH). (c) Capture the 

EPR spectra of WO atomic defects. The work function of (d) WO (200) and (e) TO (101) facet. (f) 

Diagram of the formation process of the S−scheme at the TO/WO nanocomposites heterojunction. 

2.7. Photocatalytic Mechanism 

In summary, we constructed a schematic diagram for the photocatalytic hydrogen 

production mechanism of TO/WO nanocomposites with S−scheme heterojunction. As 

shown in Figure 9, under the action of sunlight without any catalysts, the photogenerated 

electron−hole pairs in TO and WO will be separated and aggregated on their respective 

conduction and valence band surfaces. Due to the presence of S−scheme heterojunction, 

the electron on the WO conduction band surface and the hole on the TO valence band 

surface will combine and consume each other. At the same time, there will be a large num-

ber of photogenerated holes and electrons on the WO valence band surface and the TO 

conduction band surface, respectively. The multitude of photogenerated electrons on the 

TO conduction band surface will react with O2 to generate ·O2−1. Meanwhile, the photo-

generated holes on the WO valence band surface will react with H2O/OH− to generate ·OH. 

·O2−1 and ·OH will react with triazophos to oxidize it into CO2, H2O, and other non−toxic 

or low−toxic substances. The presence of S−scheme heterojunction and oxygen vacancies 

ensures the effective separation of photogenerated electrons and holes in the TO/WO 

nanocomposites, accelerates the catalytic reaction, improves the stability of the photocata-

lyst, and enables efficient and continuous photodegradation of triazophos by 60−TO/WO 

nanocomposites. 

Figure 8. (a) The schematic diagrams of charge transfer in Type-II and S-scheme heterojunction.
(b) DMPO spin trapping EPR spectra of 60-TO/WO nanocomposites (·O2

− and ·OH). (c) Capture
the EPR spectra of WO atomic defects. The work function of (d) WO (200) and (e) TO (101) facet.
(f) Diagram of the formation process of the S-scheme at the TO/WO nanocomposites heterojunction.

To further determine the mechanism of the heterojunction in the TO/WO nanocom-
posite material, we calculated the surface work functions of the WO (200) and the TO (101)
surfaces through theoretical calculations (as in Figure 8d,e). The results show that the
surface work function values of the WO (200) and the TO (101) surfaces were 5.309 and
4.664 eV, respectively. This indicates that the Fermi energy level (Ef) of the WO (200) surface
was more negative than that of the TO (101) surface. When WO couples with TO, electrons
migrated from TO to WO, thereby achieving the equilibrium state of Ef and forming an
internal electric field, as shown in Figure 8f. Consequently, the mechanism type of the
heterojunction in the TO/WO nanocomposite material is S-scheme.

2.7. Photocatalytic Mechanism

In summary, we constructed a schematic diagram for the photocatalytic hydrogen
production mechanism of TO/WO nanocomposites with S-scheme heterojunction. As
shown in Figure 9, under the action of sunlight without any catalysts, the photogenerated
electron-hole pairs in TO and WO will be separated and aggregated on their respective
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conduction and valence band surfaces. Due to the presence of S-scheme heterojunction,
the electron on the WO conduction band surface and the hole on the TO valence band
surface will combine and consume each other. At the same time, there will be a large
number of photogenerated holes and electrons on the WO valence band surface and the
TO conduction band surface, respectively. The multitude of photogenerated electrons
on the TO conduction band surface will react with O2 to generate ·O2

−1. Meanwhile,
the photogenerated holes on the WO valence band surface will react with H2O/OH− to
generate ·OH. ·O2

−1 and ·OH will react with triazophos to oxidize it into CO2, H2O, and
other non-toxic or low-toxic substances. The presence of S-scheme heterojunction and
oxygen vacancies ensures the effective separation of photogenerated electrons and holes in
the TO/WO nanocomposites, accelerates the catalytic reaction, improves the stability of
the photocatalyst, and enables efficient and continuous photodegradation of triazophos by
60-TO/WO nanocomposites.
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3. Experimental
3.1. Material

Tungsten hexachloride (WCl6), 1-propanol (C3H8O), TiO2, acetylthiocholine iodide,
5,5′-dithiobis (2-nitrobenzoic acid), cholinesterase, nafion, anhydrous ethanol, triazophos,
and distilled water were used in this work.

3.2. Synthesis of WO Nanosheets

WO nanosheets were synthesized using a hydrothermal method. This involved the
preparation of a solution comprising 35 mL of C3H8O and 0.5 g of WCl6. The solution was
transferred to a reaction kettle and underwent a heat treatment at a temperature of 180 ◦C
for a duration of 3 h. This resulted in the formation of WO nanosheets.

3.3. Synthesis of TO/WO Nanocomposites

The synthesis of TO/WO nanocomposites followed a similar process (as shown in
Scheme 1). A mixture of 200 mg of TO, 232.52 mg of WCl6, and 35 mL of C3H8O was
prepared and stirred thoroughly for an hour. This mixture was then transferred to a
50 mL capacity hydrothermal autoclave and subjected to a heat treatment at 180 ◦C for 3 h.
Following the heat treatment, the product underwent a series of four washing cycles and
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was subsequently freeze-dried at temperatures below −45 ◦C for over 18 h, resulting in the
60-TO/WO nanocomposites.
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The process for other TO/WO nanocomposites followed the same steps with alter-
ations in the quantities of the raw materials, as detailed in Table S1. The notable difference
in the synthesis process of WO and TO/WO nanocomposites was the inclusion or omission
of TO in the initial solution.

3.4. Characterization

The current study employed a range of advanced analytical techniques to analyze
the samples. X-ray diffraction (XRD) analysis was conducted with the Bruker D8 Ad-
vance diffractometer (Bruker Corporation, Billerica, MA, USA), while X-ray photoelectron
spectroscopy (XPS) was used to determine surface composition with the ESCALab MKII
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), utilizing powder samples
pressed into tablets. Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) were carried out using the Hitachi S-8100 (Hitachi High-Technologies,
Tokyo, Japan) and FEI Tecnai G2-20 microscopes (Thermo Fisher Scientific, Waltham, MA,
USA), respectively. Fourier-transform infrared spectroscopy (FT-IR) and ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS) were performed using the IR-21 (Shimadzu
Corporation, Kyoto, Japan) and Shimadzu UV-2450 spectrometers (Shimadzu Corpora-
tion, Kyoto, Japan), respectively. The Micromeritics ASAP 2460 analyzer (Micromeritics
Instrument Corp., Norcross, GA, USA) was employed to determine the nitrogen adsorption–
desorption isotherms. The inhibition rate of triazophos was evaluated using the pesticide
residue detector (Model CXWL-NY-2280-6, Upsilon Instruments Co., Ltd., Huizhou, China).
To measure the photoelectrochemical properties, a three-electrode cell was employed,
controlled by the CHI-760E electrochemical analyzer (Chenhua Instrument Company,
Shanghai, China), with 0.5 M Na2SO4 serving as the electrolyte solution. The working
electrode was prepared by mixing 10 mg of the catalyst with 10 µL of 5% Nafion and 0.1 mL
of ethyl alcohol to form a slurry, which was then coated onto an ITO glass (1.0 cm2).

3.5. Evaluation of Photocatalytic Activity

The evaluation of the photocatalytic activity was facilitated through a systematic
procedure. The experiment commenced with the preparation of a test solution incorporat-
ing triazophos pesticide and a buffer solution. A control experiment was simultaneously
conducted using only the buffer solution.

Enzymes and a chromogenic agent were added to each of the solutions which then
underwent an incubation period. The conditions for incubation were carefully controlled,
with a consistent temperature of 37 ◦C being maintained; room temperature incubation
was allowed if the ambient environment was above 20 ◦C.

Subsequent to this, a substrate was added to each test tube. The process then involved
a calibration phase with the light source, as well as the placement of the colorimetric
dish into the instrument’s colorimetric channel. Illumination during the experiment was
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provided by a 300 W xenon lamp (Beijing Zhongjiao Jinyuan Technology Co., Ltd., Beijing,
China). A specific detail to note was the maintenance of a 10 cm distance between the lamp
and the test solution. Evaluative testing was carried out at 40 min intervals until a steady
degradation rate value was observed.

During the entirety of the experiment, precautions were implemented to prevent
cross-contamination. This included changing the pipette tip each time the chromogenic
agent, substrate, and enzyme were introduced. The conclusion of the experiment was
marked by pressing the ‘test’ button on the instrument, with results being available after a
waiting period of 3 min.

4. Conclusions

In conclusion, this study investigated the efficacy of TO/WO nanocomposites, distin-
guished by oxygen vacancies and S-scheme heterojunctions, as a proficient and eco-friendly
methodology for the degradation of triazophosphine pesticides, exhibiting superior photo-
catalytic activity and robust stability. Within the investigative ensemble, the 60-TO/WO
nanocomposites demonstrated exceptional photocatalytic prowess, achieving a degradation
rate of 78% within a span of 120 min and maintaining this high caliber of performance across
four cycles. Importantly, this research validated the presence of oxygen deficits using EPR.
The existence of S-scheme heterojunctions within the nanocomposites was substantiated
through EPR and theoretical computations. The presence of oxygen vacancies can expedite
charge transfer and effectively augment the photocatalytic reaction. Similarly, the S-scheme
can efficiently segregate photogenerated electron and hole pairs, thereby enhancing the
efficiency of the photocatalytic reaction. Consequently, TO/WO nanocomposites are poised
as promising candidates for future research and development, fostering anticipation for
their broader application in environmentally sustainable remediation strategies.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13071136/s1, Table S1: The amounts of chemicals for
preparing WO and TO/WO nanocomposites, Table S2: This work is compared with the work in the
literature. References [43–49] are cited in the Supplementary Materials.
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