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ABSTRACT: Sulfide-based photocatalysts hold promise
for visible-light-driven H,O, synthesis; however, the low
efficiency of photogenerated charge carrier separation
and migration remains a critical bottleneck limiting their
overall yield. In response to this challenge, the
construction of S-scheme heterojunctions represents a
promising strategy to expedite charge carrier migration,
enhance charge utilization, and consequently boost
photocatalytic H,O, production. This study successfully
prepared an S-scheme ZnIn,S,/Bi,MoQO; heterojunction
photocatalyst, bridged by interfacial Mo—S bonds, via a
hydrothermal method. This catalyst achieved a high
production rate of up to 1387 pmol-g*-h™ in the
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photocatalytic generation of H,0,. Combining in-situ spectroscopic characterization with density functional theory
calculations, it was clarified that the formation of Mo—S bonds induces the construction of the S-scheme heterojunction. The
synergistic effect of the interfacial built-in electric field and band alignment drives the spatial separation and directional
migration of photogenerated charge carriers, as well as the dynamic evolution of the key oxygen intermediate, thereby
enabling the efficient generation of H,0, via the two-electron oxygen reduction reaction pathway. This work provides a
novel interfacial engineering strategy and mechanistic insights for designing efficient and stable S-scheme heterojunction

catalysts for the green photocatalytic synthesis of H,0,.

KEYWORDS: ZnIn,S,/Bi,MoO,, Mo-S bonds, S-scheme, photocatalysis, H,0,

1 Introduction

Hydrogen peroxide (H,0,), as an important clean energy source,
has been widely applied in fields such as wastewater treatment,
organic synthesis, and medical disinfection [1-4]. Currently, the

Received: April 15, 2026; Revised: June 7, 2026
Accepted: June 13, 2026

>dAddress correspondence to Xueying Cheng, chengxy@jlnu.edu.cn;
Xingjing Zhang, xjzhangl28@163.com; Chunbo Liu, chunboliu@
jlnu.edu.cn

..................

94908930 (1 of 12)

large-scale production of H,O, mainly relies on the anthraquinone
process and direct synthesis from hydrogen and oxygen; however,
these methods suffer from high energy consumption and complex
procedures, which limit their application [5, 6]. In contrast,
photocatalytic technology harnesses solar energy to drive H,0O,
synthesis, offering advantages such as green sustainability, mild
reaction conditions, and low raw material costs [7, 8]. However, the
rapid recombination of photogenerated charge carriers is a critical
bottleneck limiting the efficiency of photocatalytic H,O, synthesis
[9, 10], necessitating the enhancement of charge separation
efficiency through materials design strategies such as interface
engineering [11, 12].

ZnIn,S, (ZIS), as a typical layered metal sulfide, has garnered
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widespread attention in photocatalytic H,O, synthesis due to its
excellent optical properties, good visible-light absorption capability,
and suitable band structure [13, 14]. However, it is confronted with
the dual constraints of severe charge carrier recombination and low
surface reaction efficiency [15, 16]. Bi,MoO, (BMO) possesses
advantages such as a large specific surface area, high chemical
stability, and strong metal interactions, but its narrow visible-light
absorption range results in insufficient catalytic capability [17-20].
In light of the respective limitations of single photocatalysts,
constructing an S-scheme heterojunction based on interfacial
chemical bonding has become an effective strategy to enhance
photocatalytic performance [21, 22]. Meanwhile, at the atomic
scale, interfacial chemical bonds are formed at the ZIS/BMO
interface through Mo-S orbital hybridization [23, 24]. This orbital
coupling induces a redistribution of interfacial electron density,
thereby enhancing the built-in electric field and constructing atomic-
level charge transport channels. It further synergizes with the S
scheme heterojunction to improve the separation efficiency of
photogenerated charge carriers and the interfacial reaction kinetics,
ultimately boosting the efficiency of photocatalytic H,0O,
synthesis [25, 26].

Herein, we successfully constructed an S-scheme ZIS/BMO
heterojunction photocatalyst featuring Mo-S bonds as the
interfacial bridging linkage via a hydrothermal method. This
heterojunction architecture effectively promoted the spatial
separation of photogenerated charge carriers, significantly enhanced
the efficiency of H,O, production via oxygen reduction, and
achieved a high yield of 1387 pmolg™h™. Integrated in-situ
spectroscopy and density functional theory (DFT) calculations
revealed that the formation of Mo-S interfacial bonds enabled the
construction of the ZIS/BMO S-scheme heterojunction. The
synergy between the two components resulted in efficient charge
carrier separation and migration, consequently driving highly
efficient H,O, production through the 2e” oxygen reduction
reaction (ORR) route. This study provides new insights and
experimental evidence for the design of efficient and stable
heterojunction-based photocatalytic systems for H,O, synthesis.

2 Experimental

2.1 Materials

The ultrapure water (resistivity 182 > MQ-cm) used in the
experiments was provided by the HHItech-Ultra system. All
chemical reagents were of analytical grade and used as received
without further purification. The materials were obtained from
commercial suppliers as follows:

Zinc chloride (ZnCl,, 98%), thioacetamide (TAA, 99%),
indium(IIT) chloride tetrahydrate (InCL-4H,O, 99%), sodium
molybdate dihydrate (Na,MoO,2H,0, 99.95%), potassium
hydrogen phthalate (C;H;KO,, 99.8%), p-benzoquinone (p-BQ,
99%), potassium iodide (KI, 99.8%), and sodium sulfate (Na,SO,, >
99%) were purchased from Macklin Biochemical Co., Ltd.
(Shanghai, China). Absolute ethanol (CH;,OH, > 99.7%) was
supplied by Tianjin Tianli Chemical Reagent Co., Ltd. Ethylene
glycol (HOCH,CH,0OH, > 99.5%) and hydrochloric acid (HCI,
36%-38%) were obtained from Chengdu Kelong Chemical Co.,
Ltd. Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na, >
98%) was purchased from Shanghai Haohong Biomedical
Technology Co., Ltd. Bismuth(Ill) nitrate pentahydrate
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(Bi(NO,):5H,0, 99%), silver nitrate (AgNO, = 99.8%),
polyvinylidene fluoride (PVDEF), and isopropanol (IPA, > 99%)
were purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. Acetylene black (99.5%) was supplied by Shanghai Yien
Chemical Technology Co., Ltd. N-Methyl-2-pyrrolidone (C;H,NO, >
99%) and hydrogen peroxide (H,O,, 30%) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sodium
hydroxide (NaOH, > 96%) was purchased from Tianjin Tiantai
Chemical Co., Ltd.

2.2 Synthesis of BMO

Bi(NO,),5H,0 (4 mmol, 1.940 g) was dissolved in 40 mL of
ethylene glycol (EG), and Na,MoO,2H,0 (2 mmol, 0.484 g) was
separately dissolved in 10 mL of ethanol, with both solutions stirred
rapidly until fully dissolved. Subsequently, the mixed solutions were
transferred to a 100 mL Teflon-lined autoclave and hydrothermally
treated at 190 °C for 2 h. Upon cooling to room temperature, the
precipitate was isolated and sequentially washed three times with
deionized water and ethanol by centrifugation. The purified solid
was dried under vacuum at 70 °C for 12 h, yielding BMO as the
final product.

2.3 Synthesis of ZIS/BMO

Initially, ZnCl, (1 mmol, 0.136 g), InCL,4H,0 (2 mmol, 0.587 g),
and TAA (2 mmol, 0.15 g) were measured into a 100 mL beaker,
after which 70 mL of deionized water was added. The solution was
ultrasonicated for 20 min and subsequently magnetically stirred for
30 min to ensure complete dissolution. Subsequently, varying
amounts of BMO (0, 0.025, 0.12, 0.24, and 0.36 mmol) were added
to the beaker, and the mixture was stirred for an additional 30 min.
The well-mixed solution was then transferred into a 100 mL Teflon-
lined autoclave and heated at 160 °C for 20 h. Upon cooling to
ambient temperature, the precipitate was centrifugally washed three
times sequentially with deionized water and ethanol. The final
products were dried under vacuum at 60 °C for 12 h, yielding
catalysts with varying BMO compositions, designated as ZIS,
ZIS/BMO 1%, ZIS/BMO 5%, ZIS/BMO 10%, and ZIS/BMO 15%
(Fig. 1(a)). Among them, the sample ZIS/BMO 5% was named as
ZIS/BMO.

24 Performance measurement

Photocatalytic H,0, generation tests were conducted using a multi-
channel parallel photoreactor (PCX 50 C, Beijing Perfect Light,
China). First, 10 mg of ZIS/BMO catalyst was uniformly dispersed
in 50 mL of 10% aqueous ethanol solution. Then, oxygen was
continuously purged into the solution under dark conditions with
stirring for 30 min, after which the mixture was exposed to visible
light (10 W light-emitting diode (LED), 100 mW-cm? A = 400-
800 nm) for 30 min. Every 5 min, 2 mL of the reaction solution was
sampled, filtered through a 0.45 um membrane filter, and subjected
to iodometric titration by mixing 1 mL filtrate with 2 mL of an
equal-volume mixture of potassium hydrogen phthalate
(0.1 molL?) and KI (0.4 molL?). Ultraviolet-visible (UV-vis)
spectrophotometry (350 nm) was employed to determine H,O,
concentration. Furthermore, IPA, p-BQ, EDTA-2Na, and AgNO,
were employed as scavengers for hydroxyl radicals (-OH),
superoxide radicals (O,), holes (h*), and electrons (e"), respectively,
to probe the primary active species. The photocatalytic H,0,
degradation experiment was performed by dispersing 10 mg
catalyst in 50 mL of 1 mmol-L"" H,O, aqueous solution under N,
purging with 30 min light irradiation.
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Figure1 Schematic diagram of the ZIS/BMO hetero-junction formation route (a). SEM images of ZIS/BMO (b). TEM (c), HRTEM (d), HAADF-STEM images and
corresponding elemental distributions (e) and (f), XRD (g), FT-IR (h), and Raman (i) of ZIS, BMO, and ZIS/BMO.

3 Results and discussion transmission electron microscopy (TEM). Figure Sl(a) in the
Electronic Supplementary Material (ESM) displays the spherical ZIS

. . nanoflower architecture, which is composed of assembled
31 Mo-S bridged ZnIn.S,/Bi,MoO, S-Scheme nanosheets [27]. Figure S1(b) in the ESM ilrl)ustrates the spherical
morphology of the BMO sample [28]. Compared to pure ZIS, the
The morphology of the synthesized photocatalysts was SEM image of the ZIS/BMO composite reveals a more uniform and
characterized by scanning electron microscopy (SEM) and well-defined nanoflower spherical structure (Fig. 1(b)). These
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observations suggest that the BMO substrate is encapsulated within
the ZIS nanosheets, and the interfacial interactions guide the
assembly process of the ZIS nanosheets, promoting the formation
of a highly ordered hierarchical architecture. The TEM image of
ZIS/BMO shown in Fig. 1(c) further demonstrates the combination
of ZIS on the BMO surface [29]. From the high-resolution
transmission electron microscopy (HR-TEM) image of ZIS/BMO
(Fig. 1(d)), lattice fringe spacings of 031 and 0.375 nm are
observed, corresponding to the (102) plane of ZIS and the (111)
plane of BMO, respectively [28, 30]. Figures 1(e) and 1(f) show the
elemental distribution of ZIS/BMO in the high-angle annular dark-
field (HAADF) mode. The elements Zn, In, S, Bi, Mo, and O are
uniformly distributed across the sample surface, confirming the
successful combination of the two components.

The crystal structure of the catalysts was characterized by X-ray
diffraction (XRD) (Fig. 1(g)). The diffraction peaks of ZIS are
located at 21.4°, 27.7°, 30.5°, 47.1° 52.1°, and 55.7°, corresponding
to the (006), (102), (104), (110), (116), and (202) crystal planes,
respectively, which are consistent with the PDF#65-2023 standard
card [31]. The diffraction peaks of BMO are located at 28.1°, 32.4°,
46.6° 55.5° and 58.5° corresponding to the (131), (002), (202),
(331), and (262) crystal planes, respectively, matching the PDF#76-
2388 standard [32]. No obvious BMO diffraction peaks were
observed in the ZIS/BMO, which is attributed to the encapsulation
of BMO by ZIS nanosheets and its low content. As the BMO
content increased, its characteristic diffraction peaks gradually
appeared (Fig. S2 in the ESM), confirming the successful
integration of ZIS and BMO [33].

The molecular vibration characteristics and interfacial chemical
bonding mechanisms of the samples were analyzed by Fourier
transform infrared (FT-IR) spectroscopy (Fig. 1(h)). The broad
absorption peak at 3400 cm™ is assigned to the O-H stretching
vibration of surface-adsorbed water, while the peaks at 1620 and
1370 cm™ correspond to the H-O-H bending vibrations of H,O
[34]. The absorption band observed for ZIS between 500 and
650 cm™ is assigned to the Zn-S and In-S stretching vibrations.
The characteristic peaks of BMO at 732 and 556 cm™ are assigned
to the Mo-O and Bi-O stretching vibrations, respectively [35]. The
retention of the characteristic vibration peaks of both components
in ZIS/BMO confirms the successful combination of ZIS and BMO.
Notably, the newly emerged absorption peak at 1051 cm™ can be
assigned to the Mo-S bond stretching vibration, indicating the
formation of a chemically bonded heterointerface between ZIS and
BMO via Mo-S bridging [36].

The molecular structure and vibration modes obtained from
Raman spectroscopy provide direct evidence for the formation of
interfacial chemical bonds in ZIS/BMO (Fig. 1(i)). The Raman
spectrum of BMO exhibits characteristic vibration peaks at 68, 147,
806, 842, and 297 cm™ [37], while ZIS shows characteristic peaks at
100, 239, and 349 cm™ [38]. Notably, no distinct BMO
characteristic peaks are observed in the Raman spectrum of
ZIS/BMO, which is attributed to the low crystallinity and relatively
low content of BMO. Additionally, a new vibration peak appears at
441 cm™, which, combined with the FT-IR analysis, can be assigned
to the vibrational mode of Mo-S bonds, providing direct evidence
for the formation of a chemically bridged interfacial structure
between ZIS and BMO via Mo-S bonds [36]. These results
demonstrate that Mo-S bonds serve as interfacial chemical bridges,
effectively connecting ZIS and BMO and establishing a structural
foundation for constructing a stable heterointerface and promoting
interfacial transport of photogenerated charge carriers.
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N, adsorption-desorption measurements were conducted to
systematically study the specific surface areas and pore structures of
ZIS, BMO, and ZIS/BMO. As presented in Figs. S3(a) and S3(b) in
the ESM, the adsorption—desorption isotherms for all three samples
display characteristic Type-IV profiles accompanied by H3-type
hysteresis loops (based on IUPAC classification), demonstrating the
mesoporous nature of ZIS/BMO. It is noteworthy that upon
incorporation of BMO, the specific surface area of ZIS/BMO
(83 m*g™) shows a further enhancement relative to pure-phase ZIS
(70 m>g") (Table S1 in the ESM). This phenomenon can be
attributed to the role of BMO as a substrate, which effectively
facilitates the uniform growth of ZIS nanosheets and inhibits
nanoparticle aggregation. This provides more active sites for the
photocatalytic reaction, which is conducive to the adsorption and
transport of reactant molecules [39]. Based on the
thermogravimetric analysis (TGA) results (Fig. S4(a) in the ESM),
O, temperature-programmed desorption (O,-TPD) measurements
were conducted (Fig. S4(b) in the ESM). Comparison of the peak
areas reveals that the O, adsorption amounts of BMO and
ZIS/BMO are roughly comparable, whereas that of ZIS is
significantly weaker. Regarding the desorption peak positions, ZIS
shows a peak at 331 °C, BMO at 391 °C, and ZIS/BMO exhibits an
additional new peak at a higher temperature of 691 °C besides its
peak at 452 °C. This indicates that ZIS/BMO possesses a stronger
O, adsorption capability [40].

3.2 Band structure and internal electric field-enhanced
charge transfer kinetics of ZIS/BMO

The optical absorption characteristics of the catalysts were
examined by UV-visible diffuse reflectance spectroscopy (UV-vis
DRS) (Fig. S5 in the ESM). As depicted in Fig. 2(a), ZIS displays an
absorption edge at about 628 nm, and BMO shows an absorption
edge near 480 nm. Compared to ZIS, the absorption edge of
ZIS/BMO exhibits a red shift, confirming the enhanced light-
harvesting capability of ZIS/BMO. Furthermore, the Tauc plots of
the prepared samples were obtained using the Kubelka-Munk
function (Fig. 2(b)), showing that the band gap (E,) values of ZIS
and BMO are 2.46 and 2.90 eV, respectively. Furthermore, the flat-
band potentials (V,) of the samples were determined using
Mott-Schottky (M-S) measurements at different frequencies
(1000, 1500, and 2000 Hz). The M-S plots of both ZIS and BMO
exhibit positive slopes, indicating that they are typical n-type
semiconductors (Fig. 2(c)). The V;, potentials of ZIS and BMO were
determined to be —0.93 and —0.43 €V, respectively. The potential
was converted to the normal hydrogen electrode (NHE) scale using
the Nernst equation: E (NHE) = E (Ag/AgCl) + 0.197. For an n-
type semiconductor, the conduction band (CB) edge is typically
about 0.1 V more negative than the flat-band potential (V},) [41].
Accordingly, the conduction band potentials of ZIS and BMO were
determined to be —0.83 and —0.33 V, respectively. In summary, the
band structure of ZIS/BMO is depicted in Fig. 2(d). It is noteworthy
that the band alignment of ZIS/BMO not only meets the
thermodynamic requirements for ORR but also satisfies the
prerequisite for forming an S-scheme heterojunction.

The chemical states of ZIS, BMO, and ZIS/BMO were
systematically analyzed by X-ray photoelectron spectroscopy (XPS)
(Figs. S6 and S7 in the ESM). In the Zn 2p spectrum of ZIS (Fig.
S7(a) in the ESM), the characteristic peaks for pure ZIS
corresponding to Zn 2p,, and Zn 2p,, are located at 1045.2 and
1022.2 eV, respectively [42]. For ZIS/BMO, these two peaks shift
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Figure2 UV-vis DRS of ZIS, BMO and ZIS/BMO (a), corresponding Tauc plots (b), Mott-Schottky plots (c) of ZIS and BMO, the calculated band structures (d), in-
situ XPS In 3d (e) and Bi 4f (f), calculated work functions for ZIS (g) and BMO (h), differential charge density bader charge analysis of ZIS/BMO (i).

positively to 1045.6 and 1022.4 eV, respectively. Similarly, in the
high-resolution In 3d spectrum (Fig. S7(b) in the ESM), two
characteristic peaks appear at 445.0 and 452.5 eV, corresponding to
the In 3d;, and In 3d,, orbitals, respectively, which is consistent
with the chemical state of In* [43]. For the ZIS/BMO, these
characteristic peaks shift to 445.3 and 452.8 eV, indicating a positive
binding energy shift of 0.3 eV. The S 2p spectrum (Fig. S7(c) in the
ESM) reveals that the characteristic peaks of ZIS (S 2p;, at 163 eV
and S 2p,, at 161.8 eV) shift to higher binding energies upon
forming the composite with BMO [44]. These results demonstrate
that upon incorporation of BMO, the binding energies of the
constituent elements in ZIS increase, implying a loss of electrons
from ZIS. Analysis of the Bi 4f orbitals (Fig. S7(d) in the ESM)
shows that BMO displays two prominent peaks at 158.7 and
164.1 eV, attributed to Bi 4f,, and Bi 4f;,,, respectively, confirming
the presence of Bi in the +3 oxidation state [45]. In ZIS/BMO,
besides the aforementioned characteristic peaks, a new peak
appears at 161.7 eV. This is due to the overlap between the
characteristic binding energy range of the S 2p orbital (161-163 eV)
and the Bi 4f spectral region; this new peak is likely contributed by
the S 2p orbital. This provides further indication of potential
interfacial interactions between ZIS and BMO. In the Mo 3d
spectrum (Fig. S7(e) in the ESM), the characteristic peaks of BMO

=
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for Mo 3d,, (235.5 eV) and Mo 3d;,, (232.3 eV) also show a shift to
lower binding energies upon forming the composite with ZIS [46].
It is noteworthy that in the O 1s spectrum of BMO (Fig. S7(f) in the
ESM), the characteristic peaks located at 530.2 and 529.2 eV are
assigned to the Mo-O and Bi-O bonds, respectively. In the
ZIS/BMO, these peaks shift to higher binding energies, a trend
opposite to that observed for the Mo 3d and Bi 4f orbitals. This may
be due to the interfacial interactions at the heterojunction
enhancing the coupling between BMO and ZIS, consequently
leading to an increase in the O 1s orbital binding energy [47]. The
observed binding energy shifts indicate strong electronic
interactions between ZIS and BMO, with electron transfer
occurring from ZIS to BMO at the interface. In-situ XPS
characterization was performed to further confirm the existence of
an electronic coupling effect between ZIS and BMO. The direction
of electron transfer was identified by comparing the XPS spectra
acquired under light irradiation. The binding energy of the In 3d
characteristic peaks in ZIS/BMO shows a negative shift under light
illumination, indicating that ZIS gains electrons during this process
(Fig. 2(e)). In contrast, a positive shift in the characteristic peaks of
the Bi 4f and O 1s orbitals for ZIS/BMO under light irradiation
(Fig. 2(f)) verifies the loss of electrons from BMO. These results
elucidate the strong interaction between ZIS and BMO under
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in-situ light exposure and the process of photogenerated electron
transfer from BMO to ZIS (Fig. S8 in the ESM).

To elucidate the interfacial charge transfer mechanism in
ZIS/BMO in detail, the electronic structure characteristics were
systematically examined by ultraviolet photoelectron spectroscopy
(UPS) (Fig. S9 in the ESM). The work functions for ZIS, BMO, and
ZIS/'BMO were determined to be 3.67, 4.12, and 3.89 eV,
respectively  [48]. Consequently, upon contact, electrons
spontaneously transfer from the higher Fermi level (ZIS) to the
lower Fermi level (BMO) until the Fermi levels equilibrate. This
finding is in agreement with the elemental binding energy shifts
observed in XPS analysis. For a more in-depth investigation of the
electronic structure, we performed work function calculations using
DFT. The work function (@) is crucial for evaluating the Fermi
level position and elucidating the charge carrier transfer between
ZIS and BMO, as it estimates the energy difference between the
vacuum level and the Fermi level [49]. As depicted in Figs. 2(g) and
2(h), the calculated work functions for BMO and ZIS are 7.81 and
5.63 eV, respectively. A lower work function implies a higher Fermi
level, indicating that ZIS possesses a higher Fermi level compared to
BMO. This suggests that after the introduction of BMO,
photogenerated electrons preferentially transfer from ZIS to BMO.
This conclusion is consistent with the results obtained from UPS
and XPS. Further validation of the interfacial charge transfer was
achieved through Bader charge analysis (Fig. 2(i)). The results
reveal the accumulation of positive charge on the ZIS surface and
negative charge on the BMO surface at the interface, demonstrating
electron transfer from ZIS to BMO. This charge transfer direction
aligns with the aforementioned XPS results and provides direct
evidence for the establishment of an IEF, serving as a key driving
force for the effective separation and transport of photogenerated
carriers [50].

To conclude, the S-scheme charge transfer mechanism provides
a rational explanation for the superior photocatalytic H,O,
production activity observed in the ZIS/BMO material. The
electronic band alignment, established according to the work
function discrepancy, unambiguously illustrates the charge
separation route at the interface (Fig. S10 in the ESM). Before
contact, the Fermi level of ZIS is higher than that of BMO,
exhibiting a significant energy level difference. Upon contact and
equilibration, an internal electric field (IEF) oriented from ZIS
towards BMO is established at the heterojunction interface. This
results in upward band bending for ZIS and downward band
bending for BMO, facilitating the transfer of photogenerated
electrons to the ZIS conduction band and the concentration of
holes in the BMO valence band. A common Fermi level is finally
achieved, leading to the formation of a stable charge transport
pathway across the interface. In this process, a portion of the
photogenerated electrons from the BMO conduction band
recombines with holes residing in the ZIS valence band, propelled
by the combined action of the IEF and the band bending.
Meanwhile, the electrons in the conduction band of ZIS and the
holes in the valence band of BMO are effectively preserved. This S-
scheme charge transfer route effectively removes the less useful
electrons (originating from the BMO CB) possessing inferior
reducing power and the less potent holes (from the ZIS VB) with
weaker oxidizing power, while preserving the highly active charge
carriers (electrons in the ZIS CB and holes in the BMO VB) that
exhibit strong redox abilities. The formation of the S-scheme
heterojunction facilitates not only the effective spatial separation
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and directed transport of photogenerated carriers, but also imparts
the ZIS/BMO with enhanced redox potentials, consequently leading
to a remarkable improvement in the photocatalytic H,O,
production efficiency.

3.3 S-scheme efficient

photocatalytic H,O, synthesis performance

heterojunction-driven

Using a solvent system comprising 45 mL deionized water and
5 mL ethanol, the photocatalytic H,O, production performance of
composites with varying BMO loading ratios was systematically
assessed. Figure 3(a) shows that BMO alone demonstrates low
photocatalytic activity, producing only trace amounts of H,O,,
which is attributed to the fast recombination of its photogenerated
charge carriers [51]. Conversely, the ZIS/BMO material shows
markedly enhanced photocatalytic activity, with an H,O, yield
reaching 1387 pmol-g™h™ (Fig. 3(b)), approximately double that of
pristine ZIS. This enhancement is attributed to the accelerated
migration of photogenerated electrons and improved charge carrier
separation efficiency after introducing BMO, where the strong
interfacial interaction between the two components is essential for
efficient photocatalytic H,O, production. Furthermore, when the
BMO loading exceeds 10 wt.%, the catalytic performance shows a
declining trend. This is because excessive BMO leads to a light-
shielding effect, which reduces photon absorption efficiency and
impedes interfacial charge migration [52]. This result is consistent
with the DRS measurement of the samples. Considering the
concurrent decomposition of H,O, during photocatalytic synthesis,
the H,O, decomposition behavior of the materials was further
examined in a N, atmosphere (Fig. S11 in the ESM). The formation
rate constant (K) and decomposition rate constant (K;) rate
constants of the generated H,O, were estimated using zero-order
and first-order kinetics models, respectively. The K; and K, values
for ZIS, BMO, and ZIS/BMO were determined by fitting the
photocatalytic H,O, formation data obtained within 30 min
(Fig. 3(a)). According to the fitting results, ZIS/BMO possesses a
significantly higher K; value (Fig. 3(c)), demonstrating its superior
performance in photocatalytic H,O, production. Additionally, the
ZIS/BMO exhibits good stability over five consecutive reaction
cycles, with the H,0, production rate decreasing by only 23.2%
(Fig. 3(d)), which is mainly attributable to catalyst loss during
recycling. Concurrently, the structural and catalytic stability of
ZISSBMO  was further corroborated by  post-reaction
characterization using XRD, SEM imaging, and XPS (Figs. S12-S14
in the ESM).

Photocatalytic hydrogen peroxide production entails a complex
series of consecutive reactions, principally comprising the ORR and
the water oxidation reaction (WOR). To identify the primary active
species involved in the photocatalytic production of H,O,, radical
trapping experiments were first conducted (Fig. 3(e)). After adding
AgNO,; to the reaction environment to scavenge electrons, almost
no H,0, production activity was observed for ZIS/BMO, indicating
that photogenerated electrons play a crucial role in H,0, formation.
Upon the addition of p-BQ, the H,O, production performance of
ZIS/BMO decreased by 68%, suggesting that -O, is an important
intermediate in the H,O, generation process. Furthermore, after
introducing EDTA-2Na as a scavenger for h*, the H,O, production
yield of ZIS/BMO increased. This phenomenon is ascribed to the
improved charge separation efficiency resulting from hole
consumption, which facilitates the ORR both thermodynamically
and kinetically [53]. When IPA was introduced as a quencher for
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Figure3 Photocatalytic generation of H,O, of samples under light irradiation (a), comparison of the H,0, evolution amount of samples under light irradiation (b), K;
and K; of H,0, (c), cycling experiments on ZIS/BMO catalyst (d), comparison of H,O, evolution catalyzed by ZIS/BMO under different conditions (e), photocatalytic yield
of H,O, under different pH conditions (f), AQY of H,0, photosynthesis over ZIS/BMO (g), changes in the amounts of H,O, generated and SCC efficiency on ZIS/BMO
(h), and photocatalytic H,O, production rates obtained by ZIS/BMO compared with previously reported ZIS-based photocatalysts (i).

-OH, the H,0, yield slightly decreased, implying that a portion of
H,0O, is generated through the coupling of -OH radicals.
Notably, ZIS/BMO exhibited a considerable H,O, production rate
(926.7 pmol-g™h™) even in pure water without any organic
scavenger. To evaluate the role of O, in the reaction system, H,O,
production performance tests were conducted under different
atmospheres. Under an air atmosphere, the concentration of H,0O,
generated by ZIS/BMO was slightly lower than that under an O,
atmosphere. In contrast, under a N, atmosphere, almost no H,0,
was produced, indicating that O, is a critical factor for H,O,
generation, and the ORR primarily governs the production yield of
H,0, in the ZIS/BMO photocatalytic system [54]. Furthermore,
although its band structure meets the thermodynamic requirements
for water oxidation, the lack of efficient active sites for water
oxidation results in significant kinetic inhibition of the reaction,
thus preventing effective H,O, production [55]. Based on these
results, it can be concluded that e” and -O,” are primarily involved in
the two-step, single-electron ORR pathway for H,O, production.
Additionally, the influence of pH value and catalyst loading
amount on the H,0, production was examined. The ZIS/BMO
achieved its maximum yield at pH = 3, with a subsequent decline in
H,O, production observed with increasing pH (Fig. 3(f)). This pH
dependence originates from the role of protons (H") in the
photocatalytic ORR; the availability of H* decreases under alkaline
conditions, leading to a reduction in H,O, concentration [56].

) 747w | Sci@pen

94908930 (7 of 12)

Furthermore, the catalyst dosage experiment results indicate that
(Fig. S15 in the ESM) the H,O, production concentration
approached saturation upon increasing the ZIS/BMO dosage to
30 mg. This saturation behavior is attributed to the light-shielding
effect induced by an excessive amount of catalyst [57].

To demonstrate the correlation between the H,O, production
rate and the absorption spectrum of ZIS/BMO, and to confirm the
induction of ORR by light, the apparent quantum yield (AQY) of
ZIS/BMO was measured under monochromatic light irradiation at
different wavelengths (Fig. 3(g)). The variation trend of H,0O, yield
at different wavelengths was consistent with that of the photo
responsive capability. The strong correlation between them
confirms the importance of light absorption in the photocatalytic
reaction. Meanwhile, under AM 1.5G illumination, the measured
solar-to-chemical conversion (SCC) efficiency of ZIS/BMO under
visible light irradiation (0.81%) was found to be higher than the
solar-to-biomass conversion efficiency of plants (~ 0.1%) (Fig. 3(h))
[58]. This confirms that ZIS/BMO can effectively convert solar
energy into releasable chemical energy to drive chemical reactions.
Furthermore, the H,O, evolution rate and capacity of ZIS/BMO via
photocatalysis are superior to those of most previously reported
photocatalysts (Fig. 3(i) and Table S2 in the ESM).

34 Enhanced charge separation for efficient 2e ORR

The efficiency of charge carrier separation and migration plays a
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critical role in determining photocatalytic performance. Initially, the
transient photocurrent responses of ZIS, BMO, and ZIS/BMO
samples across multiple cycles were measured to evaluate their
electron-related photocatalytic activity. Figure 4(a) demonstrates
that the ZIS/BMO achieved the maximum photocurrent density,
revealing enhanced efficiency in photogenerated carrier transport.
Electrochemical impedance spectroscopy (EIS) results showed that,
compared to the individual ZIS and BMO samples, ZIS/BMO had
the smallest arc radius in the Nyquist plot, indicating reduced
interfacial charge transfer resistance and the highest exciton
transport efficiency (Fig. 4(b)). Cyclic voltammetry (CV) results
show that, compared to ZIS, ZIS/BMO possesses the largest
electrochemically active surface area (ECSA), indicating its
strongest electron transfer capability (Fig. S16 in the ESM).
Furthermore, steady-state photoluminescence (PL) spectra under
380 nm excitation showed the most significant fluorescence
quenching for ZIS/BMO, indicating that the formation of the
heterojunction suppressed the recombination of photoinduced
electron-hole pairs, allowing more electrons to participate in the
photocatalytic reaction (Fig. 4(c)). The carrier dynamics of
ZIS/BMO  were further investigated using time-resolved
photoluminescence (TR-PL) spectroscopy (Fig. 4(d)). The average
lifetimes of ZIS and BMO were 2.66 and 1.95 ns, respectively, while
that of ZIS/BMO increased to 5.56 ns, indicating effective
promotion of photogenerated electron-hole separation (Table S3 in
the ESM).

Additionally, the DOS of ZIS, BMO, and the ZIS/BMO

composite were computed. Figure 4(e) shows that the pristine ZIS
and BMO materials both display clear band gaps, verifying their
semiconductor properties. In contrast, the density of electronic
states near the Fermi level is significantly enhanced in ZIS/BMO,
while the bandgap width is markedly reduced. This result indicates
a strong electronic synergistic effect between ZIS and BMO, leading
to an increased number of unpaired electrons at the Fermi level,
which fundamentally enhances the material's conductivity and
electron transfer capability [59]. Zeta potential measurements
disclosed that ZIS and BMO possess surface potentials of
—136.18 and +30.75 mV, respectively, at pH = 3. This opposite zeta
potential facilitates the combination of the two materials (Fig. 4(f)).
Efficient charge separation and migration facilitate the generation of
high surface charge density, thereby promoting redox reactions on
the catalyst surface. The zeta potential of ZIS/BMO showed a
further negative shift to -382.34 mV, signifying an increased
surface charge density. This enhances the interfacial interaction
with H', thereby establishing favorable conditions for the proton-
assisted oxygen reduction pathway, and consequently boosts the
photocatalytic H,O, production yield. This result is consistent with
the optimal performance of ZIS/BMO at pH = 3 [60, 61].

The thickness of the samples before and after the combination of
ZIS and BMO was investigated using atomic force microscopy
(AFM) (Figs. S17(a)-S17(d) in the ESM), which demonstrated the
assembly mode of ZIS and BMO combination. Furthermore, the
thinner the structure, the larger its effective specific surface area,
thereby exposing more active sites, which is beneficial for
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enhancing the catalytic performance [62, 63]. To further explore the
effect of BMO introduction on the IEF strength, the surface
potential difference of ZIS and ZIS/BMO was investigated using
Kelvin probe force microscopy (KPFM). As depicted in Figs. 4(g)
and 4(h), ZIS exhibits a surface electrostatic potential of 5.2 mV.
The surface electrostatic potential of the ZIS/BMO material is
enhanced to 17.9 mV (Figs. S18(a) and S18(b) in the ESM). The
enhancement in surface electrostatic potential indicates that the
interfacial coupling between ZIS and BMO forms a stronger IEF,
which promotes charge separation and transfer [64]. It is
noteworthy that under illumination, the surface potential of the
ZIS/BMO decreases to 13.3 mV (Fig. 4(i) and Fig. S18(c) in the
ESM), yet this value remains significantly higher than that of the
individual ZIS component. This is because the electric field
generated by the depletion of dipoles due to the back-migrated
photogenerated charges provides a strong driving force for charge
migration to the surface, further confirming the charge transfer
mechanism of this S-scheme heterojunction [65-67].
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Fundamentally, the enhanced photocatalytic H,O, production
activity of ZIS/BMO originates from the synergistic effects of
broadened light absorption, the established S-scheme
heterojunction band alignment, an intensified IEF, and optimized
interfacial charge dynamics, which collectively promote efficient
photogenerated carrier separation and transport.

Rotating disk electrode (RDE) measurements were conducted to
further probe the electron transfer processes involved in
photocatalytic H,O, production. As presented in, linear sweep
voltammetry (LSV) curves for ZIS and ZIS/BMO were recorded at
various rotation speeds (Figs. 5(a) and 5(b)). The number of
electrons transferred (n) during the ORR was determined by
analyzing the data with the Koutecky-Levich equation. In
comparison to ZIS (n = 1.54), the ZIS/BMO (n = 2.03) exhibits an
electron transfer number closer to 2, indicating a dominant 2e”
ORR pathway (Fig. 5(c)). In order to further clarify the reaction
mechanism, electron paramagnetic resonance (EPR) spectroscopy
was employed to identify the relevant reactive intermediates. As
shown in Fig. 5(d), using DMPO as a spin-trapping agent, the -O,”
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Figure5 LSV curves (a) and (b) at different rotation speeds, the calculated average number of transferred electrons (c) and ESR signals for DMPO-superoxide radical (d)

of ZIS and ZIS/BMO, in-situ DRIFT spectra of ZIS/BMO (e) and (f).
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signal is observed only after light irradiation, demonstrating that
light is a prerequisite for the generation of active species.
Furthermore, the signal intensity for ZIS/BMO is significantly
stronger than that for pure ZIS, indicating that the introduction of
BMO promotes the separation of electron-hole pairs, which is more
conducive to the ORR. After photoactivation, -OH signals were
detected in all the prepared materials, which is attributed to the
decomposition of H,O, under light (Fig. S19 in the ESM) [68]. This
result indicates that the introduction of BMO is more favorable for
the generation of H,O, through the 2¢- ORR pathway. In-situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was employed to identify the reactive intermediates
formed during the photocatalytic reaction, with the results
presented in Figs. 5(e) and 5(f). With prolonged light irradiation,
the characteristic signals at 1016 cm™ (assigned to O-O bond
vibration), 1125 cm™ (attributed to the superoxide radical, -O,), and
1206 cm™ (associated with H,O,) were all observed to intensify
significantly (Fig. S20 in the ESM). These findings provide further
support for the mechanism that hydrogen peroxide is generated via
a two-step single-electron ORR pathway [69].

4 Conclusion

In this study, an S-scheme ZIS/BMO heterojunction featuring
Mo-S bonds as interfacial bridging linkages was successfully
constructed for efficient photocatalytic H,O, production, achieving
a high generation rate of 1387 pmolg*h™ under visible light.
Combined experimental characterizations and DFT calculations
consistently reveal that the markedly improved activity arises from
the synergy within the ZIS/BMO S-scheme heterojunction
established through Mo-S interfacial bonds. This S-scheme
heterojunction effectively broadens the light absorption range and
optimizes the band structure, while the formation of Mo-S
interfacial bonds provides an efficient interfacial transport pathway
for photogenerated charge carriers. Together with the built-in
electric field, it synergistically drives the spatial separation and
directional migration of carriers, thereby preserving superior redox
capability and enabling the efficient conversion of oxygen to H,0,
via a two-step single-electron oxygen reduction pathway. This study
provides a feasible interfacial engineering strategy and mechanistic
insights for designing efficient and stable S-scheme photocatalysts
toward sustainable H,O, synthesis.

Electronic Supplementary Material: Supplementary material
(experimental procedures, detailed SEM and EDS images, XRD and
FT-IR spectra, XPS spectra, electrochemical test results, theoretical
calculation methods, tables, etc.) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908930.
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