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A B S T R A C T   

The photocatalytic efficiency can be enhanced by constructing Z-scheme heterostructures. However, there is still 
a lack of comprehensive and direct evidence regarding the charge transfer pathway and mode during the pho
tocatalytic process. A composite photocatalyst BiVO4/UiO-66-NH2 (BVO/U6N) was prepared by in-situ loading 
BiVO4 nanoparticles onto the surface of UiO-66-NH2 using a hydrothermal method. This catalyst effectively 
promotes the photocatalytic conversion of thioanisole to sulfoxide. The differences between BiVO4 and UiO-66- 
NH2 in band structure and Fermi energy level enable the composite to act according to the Z-scheme charge 
transfer pattern, which significantly enhances charge separation efficiency. In-situ X-ray photoelectron spec
troscopy (in-situ XPS) combined with DFT calculation confirmed the transfer of electrons from UiO-66-NH2 to 
BiVO4, driven by an internal electric field (IEF) upon hybridization. This demonstrates the formation of a Z- 
scheme photogenerated charge transfer pathway in the BVO/U6N composite. The direct Z-scheme system 
significantly enhances the carrier redox, resulting in a sulfoxide yield of 95.21% for the optimized sample in 
methanol, which is 5 times and 4.1 times higher than that of UiO-66-NH2 and BiVO4, respectively. BVO/U6N 
exhibits efficient photocatalysis and selectivity towards various substrate sulfides, making it a highly promising 
heterogeneous photocatalyst.   

1. Introduction 

Sulfoxide is not only extensively utilized in drug synthesis, but also 
serves as an indispensable bioactive component in the chemical, fine 
chemical and pharmaceutical industries [1,2]. Traditionally, thioanisole 
oxidation to sulfoxide products has been predominantly achieved 
through a thermal oxidation process that necessitates the use of oxidants 
[3,4]. However, this approach has several drawbacks, including low 
selectivity, high resource consumption, and the generation of highly 
toxic waste products [5,6]. Therefore, the quest for an eco-friendly and 
efficient approach to synthesizing sulfoxide has been a focal point in the 
field of photocatalysis research. Visible-light-driven photocatalysis is 

regarded as one of the most promising solutions for oxidizing thioanisole 
into sulfoxide, owing to its high sustainability and environmental 
compatibility [7–10]. At present, because of its high surface area and 
porous structure, COF have been widely used in photocatalytic thio
anisole conversion reactions, and have made great progress [11–14]. 
However, due to the limited stability of COF, complex preparation 
methods and high cost, its application in the reaction is limited. 
Compared with COF, MOFs not only possess a large specific surface area 
and porous structure but also exhibit the advantages of facile prepara
tion, high stability, and low cost [15–19]. Therefore, the use of MOF- 
based solar energy photocatalyst to promote thioanisole yield under 
mild conditions (ambient temperature and pressure) for further 
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synthesis of sulfoxide products is considered a highly promising 
approach. 

Metal-Organic Frameworks (MOFs) exhibit exceptional structural 
and functional versatility, as well as high surface area and porosity, 
rendering them highly promising for a wide range of applications in 
catalysis, gas adsorption, chemical sensing [19–27]., and biomedicine 
[28–30]. However, the photocatalytic capacity of MOFs is severely 
limited in some oxidation reactions due to their weak response to visible 
light and the possible recombination of photoinduced carriers [31]. 
BiVO4 is a highly attractive photocatalytic material due to its strong 
sunlight absorption and narrow band gap width [45–47]. However, due 
to the low conduction band (CB) level of BiVO4, electron-hole separation 
and utilization efficiency are not optimal, resulting in unsatisfactory 
photocatalytic activity [48-51]. The improved photocatalytic activity 
can be attributed to the formation of heterojunctions, which effectually 
inhibits the recombination of photogenerated electron-hole pairs 
[32–35]. Owing to the successful transfer of photogenerated carriers at 
the interface, Z-scheme heterojunction can effectively mitigate electron- 
hole recombination and maintain high oxidation and reduction activ
ities in both valence and conduction bands [36–40]. The efficiency of 
photocatalytic reactions can be enhanced by rationally designing and 
constructing Z-scheme heterostructures to accelerate charge separation 
and transfer [41–44]. The Fermi energy level difference between MOF 
and BiVO4 generates a built-in electric field at the interface, which fa
cilitates carrier migration between MOF and BiVO4 through efficient 
electron transfer. Therefore, it is anticipated that a precisely engineered 
catalyst incorporating both UiO-66-NH2 and BiVO4 to form a Z-scheme 
heterostructure would effectively catalyze the oxidation of thioanisole 
under visible light irradiation. 

We have synthesized a photocatalyst, BiVO4/UiO-66-NH2 (BVO/ 
U6N), with a Z-scheme charge transfer process by in situ growing BiVO4 
on the surface of UiO-66-NH2. This rational design not only maintains 
the excellent visible light response of BiVO4, but also promotes the 
dispersion of BiVO4 on the MOF surface due to the high surface area of 
UiO-66-NH2, providing more adsorption sites and photocatalytic reac
tion centers for efficient photocatalytic yield of sulfoxide. DFT calcula
tion and in-situ XPS were used to validate the electron transfer modes of 
the composites, confirming the optimized BVO/U6N followed a Z- 
scheme electron transfer pattern, resulting in significantly improved 
photogenerated carrier migration and separation efficiency. The results 
indicate that the BVO/U6N composite shows good photocatalytic per
formance for the yield of sulfoxide under certain conditions. The highest 
photocatalysis yield rate reached 95.21%, which was 5 times and 4 times 
obtained using the pure UiO-66-NH2 and BiVO4, respectively. 

2. Experimental section 

2.1. Synthesis of UiO-66-NH2 

The synthesis of UiO-66-NH2 was referred to the previous literature 
[52]. Briefly, Loaded ZrCl4 (1.9 g) and NH2-BDC (1.5 g) into a 100 mL 
beaker, and add 50 mL of DMF to the beaker. After complete dissolution, 
stir for 30 min, then add 20 mL of acetic acid and continue stirring for 
30 min. Then the mixed solution was placed in a 50 mL Teflon lined 
autoclave for hydrothermal reaction, and the temperature was 
controlled at 120 ℃ for 16 h. After cooling, it was washed approximately 
DMF and ethanol twice, and the sample was dried at 60 ◦C. 

2.2. Synthesis of BiVO4 

The synthesis of BiVO4 is similar to others. Briefly, 0.12 g Bi 
(NO)3⋅5H2O was dissolved in 40 mL H2O, stirred for 10 min after 
dissolution, followed add 0.03 g of NH4VO3, was added and then was 
stirred for further 2 h, and then put into the Teflon-lined autoclave, kept 
at 160 ℃ for 12 h. After being brought down to 25 ℃, the samples were 
washed twice with H2O and ethanol, and dried at 60 ℃. 

2.3. Synthesis of BiVO4/UiO-66-NH2 

First, 0.18 g of UiO-66-NH2 to 70 mL of Bi(NO)3⋅5H2O aqueous so
lution was added 0.003 g of NH4VO3 after dissolution. Keep stirring for 
2 h. The product was placed in a Teflon-lined autoclave for hydrother
mal reaction. Keep it at 160 ◦C for 12 h. then wash it with water and 
ethanol twice, and keep it at 60 ◦C for 12 h. Finally get BVO/U6N mixed 
sample. We also prepared catalysts with different BiVO4 loads, halving 
and doubling the amounts of Bi(NO)3⋅5H2O and NH4VO3, as 0.5BVO/ 
U6N and 1.5BVO/U6N. 

2.4. Photocatalytic reaction 

In a typical procedure, 15 mg of the synthsized photocatalyst is 
added to a 3 mL methanol solution containing 0.4 mmol thioanisole and 
placed in a 25 mL quartz reactor. Disperse the sample and solution ul
trasonically for 15 min and stir vigorously, and then keep them under an 
oxygen atmosphere for 10 min. Then the mixed solution was irradiated 
with the 300 W Xenon lamp is fitted with an AM 1.5 filter and stirred for 
6 h. After the photocatalysis is completed, the reaction solution is 
filtered with a filter membrane. After completion, gas chromatography- 
mass spectrometry (GC–MS) was used to detect the solution in the 
reactor. 

2.5. Trapping experiments for visible-light-induced active species 

A certain amount of Ammonium persulphate ((NH4)2S2O8), 1,4-ben
zoquinone (BQ), tert-Butyl Alcohol (-BuOH), 2,2,6,6-tetramethylpiperi
dine-1-oxyl (TEMPO) and CuSO4 were used as different scavengers to 
detect the effects of holes, superoxide radicals, singlet oxygen, hydroxyl 
radical and electrons in the photocatalytic reaction. For the quenching 
experiment, except for adding a certain amount of quencher to the 
photocatalytic reactor, the other steps are the similar as method 
described above. 

2.6. Photoelectrochemical characterization 

Photochemical measurements and electrochemistry were performed 
in an electrochemical workstation using a three-electrode cell (Chen
Hua, 760E). The photocatalyst-coated FTO was used as the working 
electrode, the Pt was used as the counter electrode, and the reference 
electrode is Ag/AgCl, with 0.1 M Na2SO4 solution as an electrolyte. The 
photoelectrochemical measurement and the photocatalytic performance 
experiment were measured using the same light source for 
measurement. 

3. Results and discussions 

3.1. Morphology and structure of BVO/U6N composites 

The morphologies of UiO-66-NH2, BiVO4 and BVO/U6N samples 
were studied by scanning electron microscopy (SEM). The synthesized 
UiO-66-NH2 exhibited an octahedral structure with a size of approxi
mately 400 nm and a relatively smooth surface (Fig. 1a). Supporting 
Information Fig. S1 shows the SEM image of BiVO4, which appeared as 
tightly aggregated fine rod-like structures. In the Supporting Informa
tion Fig. S2, the XRD test of BiVO4 is presented. The XRD pattern of 
BiVO4 corresponds well with the standard monoclinic crystal system 
BiVO4 (JCPDS No.14–0688), indicating successful preparation and high 
crystallinity of the BiVO4. Scheme 1 illustrates the synthesis process of 
BVO/U6N nanomaterials, while Fig. 1b displays their SEM image. It was 
observed from the figures that BiVO4 particles were uniformly loaded on 
the surface of UiO-66-NH2 octahedron. In addition, the size of BiVO4 
nanoparticles distributed on the surface of UiO-66-NH2 was significantly 
smaller than that of pure BiVO4. One possible explanation is that UiO- 
66-NH2 improved the dispersion of BiVO4 and reduced the particle size 
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Fig. 1. a, b) SEM image of UiO-66-NH2 and BVO/U6N composite. c, d) TEM image and HRTEM image of BVO/U6N. e) Element mapping images of Zr, Bi, V and O.  

Scheme 1. Synthesis process of BVO/U6N composites.  
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of BiVO4 nanoparticles by coordinating with functional groups to adsorb 
and immobilize Bi3+ on its surface. The generated VO4

3- will be gradually 
bound to the immobilized Bi3+ on the surface of UiO-66-NH2, preventing 
a large number of BiVO4 nanoparticles from aggregating on the surface 
of UiO-66-NH2 [53]. 

The microstructure and morphology of BVO/U6N samples were 
further investigated by transmission electron microscopy (TEM). Sup
porting Information Figs. S3, S4 and Fig. 1c showed TEM images of 
octahedral UiO-66-NH2, BiVO4 and BVO/U6N composite, respectively. 
The high-resolution TEM (Fig. 1d) provided direct evidence of the for
mation of heterogeneous interfaces between BiVO4 and UiO-66-NH2. 
The lattice spacing of the (220) and (200) surfaces of BiVO4 was 
observed to be 0.237 and 0.259 nm, respectively, indicating intimate 
contact between BiVO4 and UiO-66-NH2 that facilitated photogenerated 
charge transfer. Subsequently, the elemental composition and distribu
tion of the synthesized BVO/U6N samples were investigated through 
TEM-EDX elemental mapping, as illustrated in Supporting Information 
Fig. S5 and Fig. 1e. The obtained elemental mapping images revealed 
that Zr, Bi, V, C, N, and O were present in the prepared BVO/U6N 
composite. These findings confirmed the successful construction of 
BVO/U6N composite. 

3.2. In-situ XPS research of BVO/U6N composites 

The crystal structure and phase purity of the synthesized photo
catalysts were assessed via X-ray diffraction (XRD). As shown in Fig. 2a, 
UiO-66-NH2, BiVO4, and BVO/U6N exhibited distinct crystal structures. 
The XRD results indicated that both UiO-66-NH2 and BiVO4 maintained 
their characteristic diffraction peaks after compounding, indicating 
successful completion of the process without altering their original 
crystal structures. The Brunauer-Emmett-Teller (BET) surface area of 
UiO-66-NH2 decreases with the loading of BiVO4, which is due to the 

small specific surface area of BiVO4 (Supporting Information Fig. S6). 
The surface chemical states and elemental compositions of UiO-66-NH2, 
BiVO4, and BVO/U6N hybrids were analyzed using X-ray photoelectron 
spectroscopy (XPS). The Zr 3d binding energies of UiO-66-NH2 were 
observed at 185.13 eV and 182.77 eV, respectively (Fig. 2b). The two 
binding energies of BiVO4 at 159.09 and 164.39 eV corresponded to Bi 
4f7/2 and Bi 4f5/2 (Fig. 2c), respectively. Additionally, the V 4p binding 
energies of pristine BiVO4 were located at 524.11 and 516.62 eV 
(Fig. 2d). The shift in binding energy reflects the gain and loss of elec
trons between the two semiconductors, with positive and negative shifts 
indicating a decrease and increase in electron density, respectively. 
Therefore, changes in binding energy can be utilized to determine the 
direction of transfer for photogenerated carriers on a heterojunction 
photocatalyst. 

We used in-situ XPS to further explore the mode of charge transfer in 
the BVO/U6N composite. As shown in Fig. 2b, c, compared with the 
pristine UiO-66-NH2, the binding energy of Zr 3d in BVO/U6N shifted 
from 185.34 and 182.96 eV to 185.13 and 182.77 eV in the dark. 
Notably, the binding energy of Zr 3d shifted to higher energy levels in 
the absence of light, indicating a reduction in electron density within 
UiO-66-NH2. In contrast, the binding energies of Bi 4f and V 2p for BVO/ 
U6N exhibited significant shifts towards lower energy levels compared 
to those observed for BiVO4 (Fig. 2c, d) [54], suggesting an increase in 
electron density upon contact with UiO-66-NH2. Due to the intimate 
contacts and strong chemical interactions within the composite archi
tecture, electrons residing on UiO-66-NH2 were effectively transferred to 
BiVO4. In-situ XPS measurements revealed that under light irradiation, 
the binding energy of Zr 3d in BVO/U6N composite was significantly 
shifted towards lower energy levels compared to its dark counterpart 
(Fig. 2b). However, the binding energies of Bi 4f and V 2p in the 
nanocomposite exhibited significant shifts towards higher energy levels 
(Fig. 2c, d), indicating efficient transfer of photogenerated electrons 

Fig. 2. (a) XRD patterns of UiO-66-NH2, BiVO4 and BVO/U6N. (b-d) In-situ XPS spectra of Zr 3d, Bi 4f, and V 4p of samples.  
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from BiVO4 to UiO-66-NH2 [55]. In conclusion, these XPS test results 
provide crucial evidence for carrier transfer at the BVO/U6N hetero
junction interface under light irradiation. 

3.3. Band structure and construction of Z-scheme system 

The optical properties of the composites were expressed by UV–vi
sible absorption spectra (Fig. 3a). Compared with UiO-66- NH2, the 
BVO/U6N composite exhibited significantly enhanced visible-range 
absorption, which can be attributed to the increased photoresponse of 
BiVO4 on the surface of UiO-66-NH2. The correlation between (αhν)2 

and hν of BiVO4 and UiO-66-NH2 is illustrated in Supporting Informa
tion Fig. S7. By means of Kubelka-Munk transformation, the bandgap 
energy values for BiVO4 and UiO-66-NH2 are determined to be 2.49 eV 
and 2.88 eV, respectively. 

Since the interfacial charge transfer process was close relevant to the 
work functions (WFs) of the sample, the work functions(Φ) of UiO-66- 
NH2 and BiVO4 were calculated using DFT, the Φ values for UiO-66-NH2 
and BiVO4 are 4.63 eV and 6.25 eV respectively. When BiVO4 is loaded 
on the UiO-66-NH2 surface, free electrons would be transferred from the 
higher (UiO-66-NH2) to the lower Fermi energy level (BiVO4) until the 
Fermi energy levels aligned, which will induce a built electric field at the 
contact interface from UiO-66-NH2 towards BiVO4 [56,57]. Meanwhile, 
Mott-Schottky was used to measure the CB positions of BiVO4 and UiO- 
66-NH2. As can be seen in Fig. 3d and 3e, Mott-Schottky plots shows a 
positive slope, which is a characteristic of typical n-type semi
conductors. The flat-band potentials of BiVO4 and UiO-66-NH2 obtained 
from the intersection points were 0.30 V (vs RHE) and − 0.39 V (vs RHE), 
respectively. Considering that the CB potential of n-type semiconductors 
was almost equal to the flat band potential, we can determine that the 
conduction positions of BiVO4 and UiO-66-NH2 were roughly 0.30 V (vs 
RHE) and − 0.39 V (vs RHE). By combining UV and flat band potential, 
the band structure of BiVO4 and UiO-66-NH2 was finally obtained, as 
shown in Fig. 3f. 

By integrating the test results of ISI-XPS, DFT calculation and band 
structure, we can elucidate the electron transfer mechanism of BVO/ 

U6N (Fig. 4). Upon contact between UiO-66-NH2 and BiVO4, free elec
trons with higher Fermi energy on UiO-66-NH2 migrate to BiVO4 
through the interface to achieve Fermi energy equilibrium. Simulta
neously, an electron depletion layer is formed in UiO-66-NH2 while an 
electron accumulation layer is generated in BiVO4. The contact interface 
between UiO-66-NH2 with positive charge and BiVO4 with negative 
charge induces an internal electric field, resulting in the band bending of 
both materials. Upon light irradiation, photoexcited electron-hole pairs 
are generated in both BiVO4 and UiO-66-NH2. These carriers are then 
transferred from the conduction band of BiVO4 to the HOMO energy 
level of UiO-66-NH2 through interfacial band bending and the internal 
electric field [58–60]. This is a direct Z-scheme electron transfer mode, 
which was also confirmed by in situ XPS results. 

Charge separation of a photocatalyst is a critical factor affecting its 
photoactivity. SS-SPS responses for UiO-66-NH2 and BVO/U6N mate
rials were conducted to investigate the charge separation of materials. 
As shown in Fig. 5a, the SPS response of UiO-66-NH2 was negligible due 
to the rapid recombination of carriers. In contrast, the BVO/U6N 
nanocomposite exhibited a significant SS-SPS signal, indicating that the 
preparation of heterojunctions facilitated charge separation [61,62]. In 
addition, the amount of hydroxyl radicals formed in the photocatalytic 
system can be measured by coumarin method to determine photo
generate charge separation. The hydroxyl radicals were quantified by 
adding the probe molecule coumarin to generate luminescent 7-hydrox
ycoumarin molecules. Therefore, higher fluorescence intensity means 
more hydroxyl radicals were produced, which shows better charge 
separation effect. As shown in Fig. 5b, the signal of BVO/U6N was 
significantly stronger than that of BiVO4 and UiO-66-NH2, indicating 
that BVO/U6N had higher efficiency in photogenerated charge separa
tion, which corresponds of the results of SS-SPS. 

Then, the charge transfer and separation efficiency of the samples 
were investigated by photoelectrochemical characterization measure
ment techniques. As depicted in Fig. 5c, the photocurrent response of 
BVO/U6N was superior to that of BiVO4 and UiO-66-NH2, indicating its 
higher efficiency in charge separation. Nyquist plots were presented in 
Fig. 5d for BiVO4, UiO-66-NH2 and BVO/U6N. The smaller arc radius 

Fig. 3. (a) UV–vis absorption spectra of BiVO4, UiO-66-NH2 and BVO/U6N. (b, c) Work functions of UiO-66-NH2 (001) and BiVO4 (220). (d, e) Mott-Schottky plots 
of BiVO4 and UiO-66-NH2 at various frequencies. (f) Band structure alignments for BiVO4 and UiO-66-NH2. 
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observed for BVO/U6N indicates a reduction in interfacial charge 
transfer resistance, thereby facilitating the transfer of photogenerated 
carriers across the interface. The charge transfer kinetics of the samples 
were further verified using steady-state photoluminescence and time- 
resolved PL. In particular, PL illustrated in Fig. 5e show a significant 
quenching of the BVO/U6N PL intensity with the addition of BiVO4, 

which further indicated that the Z-scheme heterostructure formed by the 
presence of BiVO4 significantly inhibits the complexation of photo
generated electron-hole in UiO-66-NH2. The time-resolved PL decay 
curves can also verify the charge transfer efficiency of these samples 
(Fig. 5f), identifying fluorescence lifetimes of 3.04 and 2.66 ns for UiO- 
66-NH2 and BVO/U6N, respectively. It is widely acknowledged that a 

Fig. 4. Charge-transfer processes in Z-scheme heterostructures: before and after contact, formation of built-in electric fields and after illumination.  

Fig. 5. (a) SS-SPS responses for UiO-66-NH2 and BVO/U6N. (b) Fluorescence spectra of the hydroxyl radicals formed for UiO-66-NH2, BiVO4 and BVO/U6N. (c) 
Transient photocurrent responses and (d) EIS Nyquist plots of UiO-66-NH2, BiVO4 and BVO/U6N. (e) Steady-state PL spectra and (f) Time-resolved PL spectra of UiO- 
66-NH2 and BVO/U6N. 
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shorter lifetime of time-resolved photoluminescence indicates faster 
transfer of photogenerated electrons in heterojunction structures. The 
aforementioned results demonstrate that the Z-scheme charge transfer 
mechanism between BiVO4 and UiO-66-NH2 exhibits higher efficiency 
in charge transfer and effectively suppresses electron-hole 
recombination. 

3.4. Catalytic performance of BVO/U6N 

The photocatalytic activity of the sample was assessed by selective 
oxidation of thioanisole to sulfoxide under AM1.5 light irradiation. 
BiVO4, UiO-66-NH2 and BVO/U6N were subject to photocatalytic se
lective oxidation of thioanisole, respectively (Fig. 6b). The yield and 
selectivity of sulfoxide were measured by GC–MS. As expected, both 
BiVO4 and UiO-66-NH2 showed low yield rates, which could be attrib
uted to their rapid photogenerated charge carrier recombination. On the 
contrary, under the same reaction conditions, BVO/U6N showed the 
most excellent photocatalytic activity, and the yield and selectivity of 
sulfoxide reached 95.21% and 99.99%, respectively. As shown in Sup
porting Information Fig. S8, selective thioanisole oxidation to sulfoxide 
could be confirmed. The results indicate that the Z-scheme charge 
transfer mechanism of BVO/U6N significantly enhances interfacial 
charge separation efficiency and effectively suppresses photogenerated 
charge recombination, thereby demonstrating excellent photocatalytic 
performance. The adsorption–desorption of O2 by photocatalyst is an 
important step in oxygen activation [63]. Supporting Information 
Fig. S9 compare an optimized models of O2 molecules adsorbed on the 
surfaces of UiO-66-NH2 and BiVO4. Obviously, the adsorption energy 
Eads (-0.32 eV) of O2 on UiO-66-NH2 is higher than that on BiVO4 (-0.54 

eV), indicating that the O2 adsorbed on UiO-66-NH2 is more easily 
desorbed than that on BiVO4, thus improving the photocatalytic per
formance. To further investigate the impact of solvents on this reaction 
(Fig. 6c), acetonitrile and DMF were employed as solvents. The results 
indicated that the yields and selectivities of acetonitrile and DMF were 
significantly inferior to those of methanol, which could be attributed to 
the effective hole quenching ability of methanol. This effectively 
inhibited electron-hole recombination, thereby retaining more e- and 
⋅O2–. 

The experiments were conducted under different time gradients 
(Fig. 6d). The results indicated that the yield of sulfoxide gradually 
accumulated with the increase of time, and reached the optimal state 
after 6 h. However, when the light duration reached 8 h, the yield and 
selectivity decreased to 79.35% and 80.24%, respectively, which may be 
due to the peroxidation of the thioanisole for too long a reaction time 
resulting in the formation of by products, such as methyl phenyl sulfone. 
This conclusion was proved by GC (Supporting Information Fig. S8). 
When the reaction is extended to 12 h, it can be found that the emer
gence of by-products gradually increases with the increase of time, and 
finally reaches a stable state (Supporting Information Fig. S11). 
Controlled experiments were carried out to explore the necessity of 
oxygen and light for the reaction. It is clear from the Supporting Infor
mation Fig. S10 that the yield of thioanisole to sulfoxide was not com
plete in the absence of oxygen and light. Compared with various 
atmospheres, it is found that the catalytic effect is best in oxygen at
mosphere. This value is relatively high performance in the same type of 
reaction (Supporting Information Table S1). At the same time, we also 
carried out photocatalytic tests on UiO-66-NH2 loaded with different 
contents of BiVO4, and the test results showed that the photocatalytic 

Fig. 6. (a) Photocatalytic selective oxidation of thioanisole. (b) Yield and selectivity of UiO-66-NH2, BiVO4 and BVO/U6N. (c, d) Under different solvents and times. 
(e) Stability test for selective oxidation of BVO/U6N with thioanisole. 
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performance was the best when the load of BiVO4 was 10%. Too little or 
too much BiVO4 will affect its photocatalytic activity (Supporting In
formation S11). In addition, the photocatalytic activity remained basi
cally unchanged in the first 6 cycles, and the yield and selectivity of 
photocatalyzed thioanisole decreased slightly at the beginning of 7 cy
cles (Fig. 6e), which strongly indicates that the BVO/U6N hetero
structure is stable for the photocatalytic yield of sulfoxide. The XRD and 
SEM images after the photocatalytic reaction showed no significant 
changed in the morphology and structure of BVO/U6N, indicating that 
BVO/U6N has high stability before and after the photocatalytic reaction 
(Supporting Information Fig. S12). At the same time, the ICP-AES test 
results of BVO/U6N showed that the metal content did not change 
significantly before and after the photocatalytic reaction, which further 
demonstrated the stability of the composite (Supporting Information 
Table S2). The electron transfer mode of the Z-scheme heterostructure 
can effectively inhibit the electron-hole recombination, make the elec
trons and holes migrate to the two ends of the composite, and improve 
the oxidation and reduction ability of the mixture. The relationship 
between conversion rate and irradiation time is shown in Supporting 
Information Fig. S13. The results show that the linear relationship be
tween conversion rate and irradiation time is consistent with the first- 
order reaction kinetics. 

The mechanism of photocatalytic selective oxidation was confirmed 
through a series of free radical quenching experiments (Fig. 7a). Firstly, 
the addition of CuSO4 as an electron collector under identical reaction 
conditions significantly reduced the yield rate of sulfoxide, indicating 
that photogenerated electrons reduction triggered the radical oxidation 
pathway. On the contrary, the addition of (NH4)2S2O8 as a hole collector 
did not significantly alter the yield rate, implying that methanol acted as 
a quencher for photogenerated holes and thus hindered their partici
pation in the oxidation process. Therefore, methanol proved to be the 
most satisfactory solvent for photocatalytic activity. In general hydroxyl 
radical (⋅OH), superoxide radical (⋅O2− ) and singlet oxygen (1O2) were 
necessary active substances for photocatalytic reaction, because the 
photocatalytic reaction was carried out in methanol, which has the 
ability to burst holes and therefore does not produce ⋅OH, and therefore 
⋅OH should not be the oxide species for the photocatalytic oxidation of 
thioanisole. The ⋅O2− and 1O2 were studied by the corresponding scav
enger. The addition of BQ as a ⋅O2− quencher resulted in a significant 
decrease in the yield of thioanisole, indicating that ⋅O2− to be pivotal in 
the oxidation process. In this study, when 1O2 scavengers were added, 
there was no significant change in yield. This indicated that 1O2 is not 
major active species in the photocatalytic oxidation of thioanisole. 
Therefore, the oxidation process as it stands may depend mainly on the 
⋅O2− reactive species. 

Based on the preceding discussion, a viable mechanism for charge 
transfer and photocatalytic oxidation in the Z-scheme system on BVO/ 
U6N is proposed. As illustrated in Fig. 7b, BiVO4 and UiO-66-NH2 can be 
readily photoexcited to generate electrons and holes upon exposure to 
light. The photogenerated electrons in the conduction band of BiVO4 are 
bound to the holes in the highest occupied molecular orbital level of 
UiO-66-NH2, thereby inhibiting recombination between photogenerated 
electrons and holes within both BiVO4 and UiO-66-NH2 itself. This 
retention of valence band and lowest unoccupied molecular orbital 
levels with enhanced oxidation–reduction capacity effectively improves 
carrier separation efficiency and maximizes photocatalyst oxida
tion–reduction potential. It is worth noting that the UiO-66-NH2 porous 
structure and high specific surface area provide more active and 
adsorption sites for thioanisole photocatalytic oxidation. The photo
generated electrons of BVO/U6N composite can effectively capture O2 to 
produce ⋅O2− , which then oxidizes sulfide to generate sulfide free radical 
cations. In addition, the transferred holes are heavily consumed by the 
primary solvent CH3OH, producing H+ and ⋅CH2OH for a rapid reduc
tion of sulfide peroxide to the product sulfoxide [64–67]. 

Furthermore, we expanded the scope of our investigation by testing 
other sulfide substrates with varying substituents (Table 1) to assess the 

generality of BVO/U6N as a photocatalyst. Specifically, we probed the 
impact of electron-withdrawing -F and -Cl groups as well as intersite -Br 
groups on the para position of thioethers. Our results demonstrate that 
BVO/U6N exhibits robust photocatalytic activity towards thioethers 
bearing diverse substituents. The results suggest that the photo
generated charge carriers in the Z-scheme system of BVO/U6N can 
achieve effective spatial separation and maintain strong reduc
tion–oxidation capacity, thereby exhibiting remarkable performance in 
photocatalytic organic oxidation reactions. 

4. Conclusion 

In conclusion, the well-dispersed BiVO4 was immobilized onto UiO- 
66-NH2 to fabricate a BVO/U6N composite for efficient and stable 
photocatalytic thioanisole conversion. The UiO-66-NH2 support signif
icantly enhances the dispersibility of BiVO4 particles, thereby exposing 
more adsorption and reaction sites. In-situ XPS, DFT calculation, and 

Fig. 7. (a) Photocatalytic activity tested of BVO/U6N under different quench
ing agents. (b) Proposed reaction mechanism of BVO/U6N photocatalytic se
lective oxidation of thioanisole. 
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band structure analysis confirmed the Z-scheme electron transfer 
mechanism. The experimental results demonstrate that under the in
fluence of internal electric field and interfacial band bending, photo
generated electrons are transferred from the conduction band of BiVO4 
to the HOMO level of UiO-66-NH2, leading to a charge-separated state 
between the holes in the valence band of BiVO4 and the electrons in the 
LUMO level of UiO-66-NH2. As a result, the charge recombination pro
cess is suppressed and thus enhances photocatalytic selective thioanisole 
oxidation efficiency. After 6 h of AM1.5 light irradiation, the yield of 
sulfoxide reached 95.21% with a selectivity of 99.99%, which was 5.1 
and 4.1 times higher than that of pure UiO-66-NH2 and BiVO4, respec
tively. This study demonstrates that designing MOF-based Z-scheme 
heterostructures is an effective strategy for optimizing photocatalytic 
organic oxidation reactions. 
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