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ABSTRACT: Constructing 2D/2D heterojunction is an effective strategy to suppress
the recombination of photogenerated carriers and boost the photocatalytic performance
of semiconductor photocatalysts. In this study, a 2D/2D direct Z-scheme SnWO4/BiOBr
(SWO/BOB) heterojunction photocatalyst was successfully fabricated through a facile
hydrothermal route. Intimate face-to-face interfacial contact between SnWOg4
nanosheets and BiOBr nanoplates was verified by multiple characterizations.The
as-prepared SWO/BOB composite heterojunction photocatalysts exhibited enhanced
photocatalytic activity over bare SnWO4 and BiOBr. The optimized S0SWO/BOB
sample presented the highest degradation performance. Its RhB degradation efficiency
within 25 min was 2.41 and 2.95 times that of pure SnWO4 and BiOBr, respectively,
while its CIP degradation efficiency in 60 min was 3.44 times and 1.27 times higher
than SnWO4 and BiOBr. The improved photocatalytic performance is mainly attributed
to the unique structural advantages of the 2D/2D heterostructure, which broadens the
light response range and accelerates interfacial charge transfer. Radical trapping tests
confirmed that h* was the primary reactive species, and O, acted as a secondary active
species in the photocatalytic pollutant degradation process of the 2D/2D
heterostructure. A direct Z-scheme charge transfer mechanism was proposed based on
band structure analysis and existing active species. This work provides a facile strategy
for the design of high-efficiency bismuth-based 2D/2D photocatalysts and theoretical

support for the remediation of refractory organic wastewater.

KEYWORDS: SnWOs; BiOBr; 2D/2D heterojunction; Z-scheme; Photocatalysis;

Organic pollutant degradation
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1. Introduction

Fast industrial development has led textile and pharmaceutical manufacturing
effluents to discharge abundant recalcitrant organic contaminants, such as rhodamine B
(RhB) and ciprofloxacin (CIP). Such persistent pollutants accumulate within food
chains, posing severe risks to aquatic ecological systems and human bodies, and are
difficult to eliminate via traditional water purification techniques. As an advanced
oxidation technology, photocatalysis offers a viable solar-powered approach for
environmental water remediation. Developing visible-light-responsive semiconductors
with high charge-carrier separation efficiency is therefore highly desirable[1,2][3].

Metal tungstates have been intensively investigated for their broad application
prospects in photocatalysis, optical instruments and sensor systems[4]. As a typical
metal tungstate photocatalyst, a-SnWO4 possesses multiple superior properties for
photocatalytic reactions. Its narrow band gap enables effective visible-light absorption,
while the matched band-edge position satisfies the thermodynamic requirements of
redox reactions. Furthermore, the coupling effect between Sn?" and W' endows the
material with distinctive electron transmission capability[5].

This material can be engineered into various nanostructured morphologies through
facile hydrothermal synthesis methods, which supports structural modification and
heterojunction fabrication for practical photocatalytic utilization[6]. Even so, inherent
shortcomings including limited visible-light absorption efficiency and inefficient
charge separation greatly limit its photocatalytic performance[7]. The assembly of
multicomponent semiconductor heterojunctions has emerged as a reliable approach to
address these problems. This effective strategy boosts the migration and separation of
photogenerated charges, broadens the spectral response range of light absorption, and
promotes interfacial catalytic reaction kinetics[8].

Z-scheme heterojunctions stand out among diverse heterostructure architectures
owing to their unique superiority in photocatalytic applications[9]. This structural
model enables the spatial separation and transmission of photogenerated charges
between different semiconductors, while retaining the powerful redox properties of the
two composite components. Such structural merits efficiently inhibit the recombination
of electrons and holes, promote charge segregation, and endow materials with excellent
photocatalytic capability[10-12]. In addition, the microscopic morphology of

photocatalysts exerts a vital impact on their catalytic performance. Two-dimensional
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nanosheet structures can expose more reactive sites and reduce the migration distance
of photogenerated carriers[13,14].

As a typical layered bismuth-based semiconductor with a band gap ranging from
2.6 t0 2.9 eV, bismuth oxybromide (BiOBr) has drawn extensive research interest in the
field of photocatalysis. Its unique layered structure favors the migration of
photogenerated charges, while pure BiOBr suffers from inherent limitations including
brief carrier lifespan and high interfacial impedance[15,16]. Numerous prior
investigations have verified that coupling BiOBr with functional materials such as
Bi2MoOg[17] and NiFe-LDH[ 18] can effectively improve photocatalytic performance.
Nevertheless, few systematic studies have focused on the SnWO4/BiOBr composite
photocatalytic system. Benefiting from well-matched band structures, both SnWO4 and
BiOBr are capable of forming nanosheet structures through hydrothermal synthesis,
constructing compact 2D/2D plate-on-plate heterojunction interfaces. This distinctive
structural feature optimizes the charge transmission path, which is conducive to

achieving synergistic enhancement of photocatalytic performance[14,19].

In this work, SnWO4/BiOBr 2D/2D Z-scheme composites were prepared by a
facile hydrothermal method. The crystal structure, morphology, optical and electronic
properties were systematically characterized. The visible-light-driven photocatalytic
degradation behaviors of the prepared samples were assessed using RhB and CIP as
target pollutants. Z-scheme charge transfer mechanism of composite materials was
clarified.

2 Experimental methods
2.1 Sample Preparation

SnWO4 was prepared by hydrothermal method. Specifically, 1.808 g of
SnCl-2H>0O was dissolved in 15 mL of dilute hydrochloric acid solution (I M) to
prepare solution A; next, 2.64 g of Na2WO4-2H>0 and 0.3 g of CTAB were dissolved
in 20 mL of deionized water to form solution B. Under vigorous stirring, solution B
was added dropwise to solution A, and then the pH of the mixture was adjusted to 7.00
with 10 M NaOH solution. Following an additional 30 minutes of stirring, the resulting

suspension was poured into a 100 mL stainless steel autoclave and maintained at 200°C

for 24 h. The solid precipitate was collected via filtration and rinsed repeatedly with
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deionized water and absolute ethanol in sequence. The final target product was

harvested after subsequent oven drying at 70°C overnight.

Preparation of SnWO4/BiOBr: 1.6 g Bi(NO3)3-5H>0 was dissolved in 40mL of
acetic acid aqueous solution (volume ratio of acetic acid to water is 1:7), then a certain
amount of SnWO4 was added and stired until the solution became uniform. Next,
0.3927 g KBr was dissolved in 30 mL of DI water and added to the above
Bi(NO3)3-5H>0 acetic acid aqueous solution.Then, the well-mixed solution was fully

added into a 100 mL autoclave, sealed and kept at 160°C for 12 hours. The collected

sediment was centrifuged and washed with ethanol and DI water, and then dried
overnight to obtain the final SnWO4/BiOBr composite samples. For convenience's sake,
composite samples with SnWO4 mass fractions of 30%, 50% and 80% were denoted as
30SWO/BOB, 50SWO/BOB and 80SWO/BOB, respectively. Additionally, pure
BiOBr was prepared following the same method above but without adding SnWOs.
2.2 Performance evaluation

The photocatalytic degradation experiment was conducted using a photocatalytic

reactor. Experiment process was as follows: firstly, 50 mL degradation solution with

a concentration of 10 mg/L was added to a cylindrical reactor containing 50 mg
photocatalyst. Then, place the reactor in the dark and stir to achieve adsorption
desorption equilibrium between the catalyst and the solution. After that, the reaction
solution was irradiated by a 500 W xenon lamp with a 420 nm cut-off filter. During the
photoreaction process, 3-4 mL degradation solution was taken out at regular intervals
and immediately centrifuged to detect the absorbance of the supernatant on a UV-vis
spectrophotometer. The degradation rate is calculated by (Ao-A¢)/Ao*100%, where Ao
is the initial absorbance of the solution and A is the absorbance at reaction time t. The
temperature of the reaction system was controlled by an external condenser water tank.
2.3 Material characterization

The crystal properties of the prepared samples were analyzed using Cu Ko
radiation (K=0.15406 nm) on an X-ray diffractometer (Bruker-D8 Advance, Germany)
within a 26 range of 10° to 80° and a step size of 0.1°. Scanning electron microscope

(FEI Quanta250FEG, USA) and high-resolution transmission electron microscopy
(Thermo Fisher FEI Talos F200X, USA) were used to observe the surface morphology
and microscopic fine structure of the sample. An X-ray photoelectron spectroscopy

(Thermo Fisher Escalabxi+, USA) was adopted to analyze the elemental composition
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and chemical state of the photocatalysts. An UV-visible diffuse reflectance
spectrometer (Schimadzu UV-3600 Plus, Japan) was applied to examine the light
absorption properties of the samples with BaSO4 as the white standard. A Hitachi F-
4600 spectrophotometer (Japan) was conducted to investigate photoluminescence
performance of the as-prepared samples at room temperature using an excitation

wavelength of 320 nm.

3 Results and Discussion

3.1 Sample characterization
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Scheme 1 Schematic illustration for the fabrication of SnWO4 nanosheets and 2D/2D SWO/BOB
heterojunction

Scheme 1 was schematic illustration for the fabrication of SnWO4 nanosheets and
2D/2D SWO/BOB heterojunction. In Step 1, SnWO4 nanosheets were synthesized via
a hydrothermal method using SnCl>-2H>O and NaxaWO4:2H>O as raw materials with
CTAB as surfactant. The pH value of the mixed solution is adjusted to 7 by NaOH,
followed by continuous stirring and hydrothermal treatment at 200° C for 24 h. In Step
2, the as-prepared SnWO4 nanosheets were introduced into the precursor solution
containing Bi(NOs)3:5H20 and KBr. After stirring, the mixture undergone a secondary
hydrothermal reaction at 160° C for 12 h to construct the 2D/2D SWO/BOB

heterojunction.
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Fig. 1 XRD patterns (a) and FTIR (b) of SnWO4, BiOBr and SWO/BOB composite samples
Crystal structures and phase purities of the as-prepared samples were collected by
XRD measurement. Fig.1a illustrates that all diffraction signals of pristine SnWO4 are
highly consistent with the standard orthorhombic a-SnWO4 phase (JCPDS No. 29-
1354). No characteristic diffraction signals of tungsten trioxide, tin oxide or other
impurities are observed, which proves the successful synthesis of high-purity a-
SnWO4[20]. The diffraction positions of pure BiOBr at 26 of 10.91°, 21.92°,
25.20°, 32.24°, 39.33°, 46.24°. 50.66° and 52.38° precisely correspond to the
(001), (002), (011), (012), (112), (020) and (014) crystal planes of tetragonal BiOBr
(JCPDS 02-4609)[21]. For SWO/BOB composite samples, the typical diffraction
signals of BiOBr remain clearly observable. Meanwhile, the intensity of these
characteristic peaks gradually declines as the SnWO4 component content rises.
Meanwhile, the characteristic peaks of SnWO4 only appear at 25.06 © and 28.35 © in
composite samples with a higher proportion of SnWO4 (50% and 80%). And the peak
intensity at 25.06 ° strengthens with the increase of SnWO4 addition. XRD patterns
verify the successful fabrication of SWO/BOB composite materials. FTIR spectra
shown in Fig. 1b demonstrate that pure SnWO. displays characteristic absorption bands
at around 560 cm™! assigned to Sn-O stretching vibrations and 770 cm™ originating
from W-O stretching. For pristine BiOBr, a band near 520 cm™ corresponds to Bi—O
stretching modes. The peaks at 1655 and 3433 cm™' correspond respectively to the
bending and stretching vibrations of the O-H bond in water molecules. The

hybridization process induces noticeable shifts and broadening in the characteristic Sn—
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0, W-0, and Bi—O vibration peaks. Variations in peak intensity follow a regular trend
as the loading amount of SnWO. increases. These phenomena validate the successful

fabrication of SWO/BOB composites with robust interfacial coupling effects[6,12,13].

Fig.2 SEM images of SnWOj4(a). 5S0SWO/BOB (b) and BiOBr (c¢); TEM image of 50SWO/BOB
(d) and enlarged image of S0SWO/BOB (¢); HRTEM image of S0SWO/BOB (f); EDS pattern (g)
and corresponding elemental mapping photos of S0SWO/BOB (h-1)

Microstructure photographs of SnWOs. 50SWO/BOB and BiOBr were obtained and
presented in Fig.2 (a-c). Fig. 2a reveals that pure SnWO4 presents an irregular
nanosheet microstructure. Pristine BiOBr exhibits smooth nanoplates with varied
dimensions, as displayed in Fig. 2c. The 50SWO/BOB composite in Fig. 2b is

constructed by two kinds of nanosheets with distinct sizes. Tiny SnWO4 nanosheets are
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randomly anchored on the surface of large-sized BiOBr nanosheets. The intimate
interfacial contact between the two components facilitates electron migration and
accelerates the separation of photogenerated charge carriers. Coexistence of SnWO4
and BiOBr can be further verified by TEM and HRTEM analysis (Fig.2 d-f). The clear
overlaps and boundaries between the layers in the TEM image demonstrate a sheet-on-
sheet structure of the composite material. Lattice stripes with the lattice spacing of
0.314 nm and 0.807 nm were found (Fig.2f) which can be assigned to (121) and (001)
plane of SnWO4 and BiOBr, respectively[22,23].

Moreover, EDS elemental mapping show the constituent elements bismuth (Bi1).
oxygen (O). tin (Sn). tungsten (W) and bromide (Br) all exist in the composite

material and they distribute uniformly on the surface of the composite. The above result

suggests the successful construction of SWO/BOB composite sample.
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Fig. 3 Survey XPS spectras of SnWO4, BiOBr and SOSWO/BOB (a); High-resolution XPS spectra
of Bi (b), Br (¢), Sn (d), O (e) and W (f) in corresponding samples.
XPS spectras of SnWO4, BiOBr and 50SWO/BOB were surveyed to further

probe the detailed elemental composition and chemical state of the samples. It is clearly
evident from the survey XPS spectra (Fig.3a) that Sn, W, O and Bi, O, Br appeared

separately in the spectra of SnWO4 and BiOBr. While, all the above elements were the
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constituent components of the binary material, which agree with the result of EDS and
element mapping (Fig.2g-1). In detail, the two peaks of single BiOBr located at the
binding energy of 158.79 eV and 164.08 eV were refered to as Bi*" of Bi4f7/2 and
Bi4f5/2 orbitals,respectively (Fig.3b)[24]. Meanwhile, two Br3d peaks picked out at
47.84 eV and 68.96 eV revealed the valence state of Bri(Fig.3c)[25]. As shown in
Fig.3d, the two XPS peaks of pure SnWO4 at 485.57 eV and 494.02 eV ascribed to
3d5/2 and 3d3/2 of Sn?'[26]. W4f spectra in Fig.3e also contained two typical
characteristic peaks at 34.57 eV and 36.71 eV, corresponding to W®[27]. For Ols
(Fig.3f) , two fitted peaks around 529 eV and 531 eV contribute to lattice oxygen (Bi-
O, Sn-0) and surface hydroxyl oxygen (OH-), respectively[28].

Compared with the pure samples, the peak positions of the elements in the
composite sample have shifted. For instance, peaks of Sn3d, W4f, Bi4f and Br3d all
shifted to higher binding energies. The displacement of peak positions in composite
materials is a common phenomenon, which can be explained by changes in electron
density around the element[29,30]. Usually, a shift towards higher binding energies
indicates a decrease in electron density, and vice versa. The XPS results further indicate
the successful construction of composite samples[31-33].

3.2 Photocatalytic performance of as-prepared materials
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Fig. 4 Photocatalytic degradation performance of the as-prepared samples toward RhB under visible
light irradiation. (a) Time-dependent degradation efficiency curves; (b) Corresponding pseudo-first-
order kinetic rate constants (k). ((RhB] =10 mg/L, [catalyst] = 40 mg)

Photodegradation ability of pure SnWO4. BiOBr and composite SWO/BOB was
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evaluated by selecting RhB and CIP as probe pollutants. Fig.4 presents the degradation
results for RhB, as shown in Fig.4a, the photocatalytic performance of composite
samples is significantly improved compared with pure samples after 25min of
photodegradation. The photocatalytic efficiencies of SnWO4 and BiOBr were 41.25%
and 33.67%, respectively, while those of 30SWO/BOB. 50SWO/BOB and
80SWO/BOB were 67.82%-. 99.33% and 89.28% separately. To further quantify the
reaction rate, the apparent rate constants (k) were calculated based on the pseudo-first-
order kinetic model, and the results are summarized in Fig.4b. The S0SWO/BOB
composite delivers the maximum k value of 0.21266 min™!, which is approximately 9.5
times and 12.1 times higher than that of bare SnWO4 (0.02246 min™') and BiOBr
(0.01759 min'!), respectively. Based on the above results, it can be concluded that the
photodegradation performance of composite materials first increases and then
decreases with the increase of SWO addition. Obviously, S0SWO/BOB was the optimal
one among all samples. The results indicate that SnWOy4 can act as a good co-catalyst
for improving the photocatalytic performance of BiOBr[34]. However, the excess
SnWO4 load would not only hinder the light-harvesting of BiOBr but also cover the

active sites.
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Fig. 5 Photocatalytic performance of the as-prepared materials toward CIP under visible light

([CIP] =10 mg/L, [catalyst] = 40 mg) (a); Time-dependent absorption spectra of CIP (b).

Ciprofloxacin hydrochloride serves as a clinical agent for the therapy of diverse

infections triggered by susceptible bacteria, including urinary-genital, respiratory,
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gastrointestinal, skin and soft tissue infections [35,36]. Improper antibiotic application
represents a prevalent issue in contemporary medical systems. Such misuse may induce
multiple adverse consequences, for instance the emergence of superbugs, elevated
resistance among pathogenic microorganisms, environmental contamination and
disrupted ecological equilibrium[35,36]. So the removal of antibiotic is particularly
important. Here, CIP was selected as the model pollutants to investigate the
photocatalytic performance of the as-prepared samples. Photocatalytic degradation

behavior of CIP was shown in Fig.5. The photocatalytic degradation efficiency of

SnWQ4. BiOBr and 30SWO/BOB. 50SWO/BOB. 80SWO/BOB at 60min were

24.64%. 66.69%. 63.61%. 84.66% and 75.77%, respectively (Fig.5a). Obviously,

the photocatalytic activity of SnWO4 was enhanced when coupled with BiOBr. As the
content of SnWOs in the composite material increases from 30 to 80, the photocatalytic
activity first first increased and then decreased. The optimal one obtained was
50SWO/BOB. Time-dependent absorption spectra was used to further illustrate that
CIP can be effectively photocatalytic degraded. Fig.5b presents time-resolved
absorption spectra recorded during CIP degradation over the S0SWO/BOB sample. The
gradual drop in CIP absorbance along with prolonged reaction time reveals the decrease
in CIP concentration originating from photocatalytic degradation.

3.3 Possible mechanism of augmented photocatalytic activity
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Fig. 6 UV-Vis DRS of the as-prepared samples(a), Tauc plot of SnWO4 and BiOBr(b), Mott-
Schottky plot of BiOBr (¢) and Mott-Schottky plot of SnWOj4 (d).

Light absorption properties of the as-prepared samples were characterized with the
UV-Vis DRS (Fig.6a). As shown in Fig.6a, all samples can absorb both ultraviolet and
visible light. The absorption edge of BiOBr was 445 nm and that of SnWO4 was 650
nm. Compared with BiOBr, SnWO4 and the composite samples have stronger
absorption intensity in the range from 200 to 800 nm. Moreover, the light absorption
edge of the composite samples red shifted from 472 nm of 30SWO/BOB to 677nm of
80SWO/BOB. Tauc’ equation ahv=A (hv-E;)"? was used to calculate the band gap (E)
of the as-prepared samples. Among which, o+ h. v. A and E; are the optical
absorption coefficient, planck constant, photon frequency, a constant and band gap,
respectively[37]. For n, its value is related to the type of semiconductor (n=4 for indirect
band gap semiconductors,while, for direct band gap semiconductors n=1)[38,39]. As
BiOBr and SnWO4 both are indirect band gap semiconductors, thus band gaps of as-
prepared samples could be estimated from the plot of (ohv)'? vs hv [42,43]. Fig.6b
presents the band gap (Eg) values of various samples. The measured data reveal that

BiOBr and SnWO4 possess band gaps of approximately 2.77 eV and 1.31 eV,
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respectively. In order to determine the band structure of BiOBr and SnWO4, Mott-
Schottky test was conducted to estimate the conduction band (Ecg) of BiOBr and
SnWOq4 (Fig.6¢c and d). By performing linear fitting on the obtained Mott-Schottky
curves, the flat-band potentials of BIOBr and SnWO4 were determined to be 0.35 and -
0.15 V, respectively, relative to the Ag/AgCl reference electrode (Fig.6d)[42,43].
According to the Nernst equation: Exue=Eag/agc1t0.197[46,47], the flat-band potentials
of BiOBr and SnWO4 were calculated as 0.547 and 0.047 V, respectively, relative to the
standard hydrogen electrode. A positive slope acquired from Mott-Schottky fitting
curve is characteristic of n-type semiconductors , while a negative slope indicates p-
type semiconductor[46]. Consequently, BiOBr and SnWO4 are p-type and n-type,
respectively. Typically, the Fermi level (Er) of n-type semiconductors is very close to
the conduction band bottom (0.1-0.3 V), whereas the Er of p-type semiconductors is
near the valence band top (0.1-0.3 V)[47]. The valence band of BiOBr was found to be
0.747 V, and the conduction band of SnWO4 was -0.153 V. From Eg=Evs-Ecg, the
conduction band of BiOBr is -2.023 V, and the valence band of SnWO4 is 1.157 V[48].

The band structure diagrams of BiOBr and SnWO4 can be determined as shown in

Scheme 2.
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Fig. 7 PL spectra (a), Transient photocurrent response curves (b) and EIS spectra (c) of the as-
prepared samples.

PL emission intensity reflects the recombination rate of photogenerated electron-
hole pairs. Reduced fluorescence peak intensity means stronger restraint on charge
recombination and improved separation efficiency of photogenerated carriers, which

generally contributes to superior photocatalytic activity[49,50].
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Fig.7a was PL spectra of the as-prepared samples (Aex=325 nm). As displayed in
Fig. 7a, BiOBr presented the strongest PL emission, with its main peaks centered at 450
nm and 475 nm. In contrast, pristine SnWOs yielded the weakest fluorescence response,
reflecting less pronounced intrinsic recombination relative to BiOBr. The other samples
had the similar PL peaks but show fluorescence intensities between the two extremes,
decreasing gradually with increasing SnWOs content: fluorescence intensity sequence:
BiOBr > 30SWO/BOB > 80SWO/BOB > 50SWO/BOB > SnWO.. When SWO/BOB
heterojunction is established, the built-in electric field formed at the interface drives the
migration of photo generated electron-hole pairs across the interfacial region,
effectively hindering carrier recombination. Notably, SOSWO/BOB exhibits the
optimum charge carrier separation performance in the composite samples[51].

The photocurrent density represents the number of photogenerated electrons that
can migrate to the electrode surface per unit time: the higher photocurrent, the stronger
the carrier migration ability. The cycling curve of the switch light shows no significant
attenuation, indicating that the material has good light stability[52]. The photocurrent
test results are shown in Fig. 7b, and it can be seen that the order of photocurrent
intensity for different samples is: 50SWO/BOB>80SWO/BOB>
30SWO/BOB>BiOBr>SnWO4. Pure ShWO has the lowest photocurrent: it has high
resistance to carrier migration and poor activity when used alone; The photocurrent of
pure BiOBr is higher than that of ShWO4. All heterojunction composites display
markedly elevated photocurrent responses relative to the two pure materials. The
sample with a 50% composite ratio achieves the maximum photocurrent peak and
optimal charge transfer efficiency. The heterojunction interface significantly improves
the efficiency of photogenerated carrier separation and interface charge transfer;
However, when the doping ratio of SnWOsy is too high (80%), the photocurrent slightly
decreases compared to the 50% sample. An excess of SnWO4 can act as carrier
recombination centers and thereby degrade the photocatalytic performance[53].

SnWO4 exhibits the lowest PL fluorescence signal, indicating that the radiative
recombination process of photo generated electron hole pairs is significantly
suppressed, and the intrinsic separation efficiency of charge carriers is better than that

1
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of the control sample. But the material also exhibits the weakest photocurrent response,
which seems contradictory, mainly due to the high-density deep level defect traps,
extremely low carrier migration rate, and high electrode interface charge transfer barrier
in SWO[54,55]. The separated state carriers generated by light excitation are easily
captured by lattice defects and undergo non radiative annihilation, which does not
produce fluorescence at all, resulting in a significant decrease in PL intensity; However,
carriers bound by defects cannot freely migrate to the electrode surface to participate in
charge conduction. Furthermore, the material suffers from low inherent conductivity,
accompanied by substantial scattering loss originating from grain boundaries[56,57].
Only a very small amount of photo generated charges can cross the interface barrier and
enter the external circuit, resulting in the lowest photocurrent density at the macroscopic
level.

The EIS test results are shown in Fig.7c. The radius of the Nyquist curve
corresponds to the charge transfer impedance (Rct): the smaller radius of the arc, the
lower the interface charge transfer resistance and the faster the carrier migration
speed[58]. From the test results in Fig. 7c, it can be seen that the order of different
sample arc radii is: BiOBr>SnWO4>80SWO/BOB>30SWO/BOB>50SWO/BOB.
BiOBr has the largest arc and the highest charge transfer impedance; Pure SnWO4
comes second. All three heterojunction composites exhibit considerably reduced arc
radii compared with the two single-component materials. Among these samples,
50SWO/BOB delivers the smallest arc size and possesses the minimum interfacial
charge transfer resistance.Constructing SWO/BOB heterojunction can effectively
reduce the charge transfer impedance at the solid-liquid interface and accelerate the

transfer of photogenerated charges.

PL. PC and EIS measurements yield consistent results. The construction of
SWO/BOB heterojunctions inhibits interfacial charge recombination, promotes charge
separation efficiency and lowers the resistance for charge transport.The above
experimental results can explain the photocatalytic activity of the composite sample is

better than that of single BiOBr or SnWO4 from the perspective of carrier dynamics.
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Fig. 8 Capture experiment of 5S0SWO/BOB under visible light irradiation (a), ESR spectra of

DMPO--OH (b) and DMPO--0O5 (¢) over S0SWO/BOB under dark and light irradiation.

To identify the dominant reactive species involved in the photocatalytic
degradation process, radical trapping experiments were carried out, where EDTA-2Na,
BQ and IPA were employed as scavengers for holes (h"), superoxide radicals (-O2") and
hydroxyl radicals (‘OH ), respectively[59]. As shown in Fig.8a, the degradation
efficiency exhibited negligible variation after adding IPA compared with the blank
group, demonstrating that (-OH) played a minor role in the reaction system. The
addition of BQ induced a notable reduction in degradation activity, revealing that -O2"
represented a key reactive species. A marked decrease in degradation efficiency was
detected once EDTA-2Na was added into the reaction system, demonstrating that
photogenerated h" governed the pollutant degradation. These scavenging
measurements collectively verified that photogenerated holes served as the dominant
active species. ‘Oz acted as a secondary reactive component, whereas ‘OH scarcely
took part in the photocatalytic degradation process.

To further verify the generation of reactive oxygen species and consolidate the
above conclusion, ESR spin-trapping measurements with DMPO were performed
(Fig.8b and c). In the dark environment, no obvious characteristic signals of
DMPO--0O>" and DMPO--OH adducts were detected. Under light irradiation, strong
four-fold characteristic peaks assigned to DMPO--O” were clearly observed
(Fig.8c),while negligible signal of DMPO--OH is observed (Fig.8b). Combining the
two sets of results, it can be concluded that h* and O serve as the primary reactive

species for photocatalytic degradation.
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Scheme 2 Photocatalytic degradation pathway of Z-scheme SnWO4/BiOBr heterojunction

Scheme 2 illustrates a direct Z-scheme SnWO4/BiOBr heterojunction
photocatalytic system under solar irradiation, and the charge transfer and degradation
mechanism is elaborated as follows: upon solar light excitation, both SnWO4 and
BiOBr absorb photons to generate electron-hole pairs. For SnWOs, the conduction band
(CB) potential is -0.153 eV vs. NHE, the valence band (VB) potential is 1.157 eV vs.
NHE, with a bandgap of 1.31 eV. For BiOBr, the CB and VB potentials are -2.023 eV
vs. NHE and 0.747 eV vs. NHE, respectively, and the bandgap is 2.77 eV.
Following the typical Z-scheme charge transfer pathway: photogenerated electrons on
the CB of SnWO4 recombine with photogenerated holes on the VB of BiOBr at the
heterojunction interface. This recombination effectively eliminates carriers with weak
redox capacity, while preserving highly reductive electrons on the CB of BiOBr (Ecg=-
2.023 eV vs. NHE) and highly oxidative holes on the VB of SnWO4 (Eve=1.157 eV vs.
NHE).

The standard redox potential of O2/-O2"is -0.33 eV vs. NHE[60]. The CB potential

of BiOBr (-2.023 eV) is more negative than this threshold, so its retained electrons can

thermodynamically reduce dissolved O to produce superoxide radicals -O,". The VB
potential of SnWO4 (1.157 eV) is lower than the potential of OH/-OH) (+1.99 eV vs.

NHE)[61], meaning the retained holes cannot oxidize OH to -OH. The photocatalytic

degradation process includes the following steps: one is that the enriched electrons on

1
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BiOBr CB activate molecular oxygen to form -O>", which attacks organic contaminants

to generate intermediates or final degradation products. The other is the reserved holes
on SnWOs VB possess sufficient oxidation ability to directly degrade organic
reactants.This Z-scheme heterojunction achieves spatially effective separation of
charge carriers while maintaining a strong oxidation-reduction potential for separating
electrons and holes, thereby improving the overall photocatalytic degradation

performance.

4.Conclusions

In this work, 2D/2D SWO/BOB heterojunction photocatalysts were synthesized

by a facile two-step hydrothermal method, forming close face-to-face interfacial
contact. XRD, FTIR., SEM. TEM. EDS-mapping and XPS results collectively

verified the successful preparation of SWO/BOB composites with strong interfacial
interaction between SnWOQO4 and BiOBr. The photocatalytic activity of SWO/BOB
composites was strongly dependent on the mass ratio of ShWO4. S0SWO/BOB shows
optimal activity for RhB and CIP degradation under visible light. The heterojunction

extends light absorption and restrains photocarrier recombination according to optical

and photoelectrochemical tests. h* is the primary active species and -O, acts as

secondary contributor during degradation. A direct Z-scheme mechanism is illustrated:
interfacial recombination of partial carriers preserves high-potential electrons and holes
for pollutant oxidation-reduction. This study supplies insights into constructing

high-efficiency bismuth-based photocatalysts for organic wastewater treatment.
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