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Enhancing the efficiency of photocatalytic H, evolution and H,0, production through heterojunction
engineering is crucial for addressing energy sustainability and environmental challenges. In this context,
constructing S-scheme heterojunctions has emerged as a promising strategy. Here, we report an inorganic/
organic S-scheme Bi,WOg/zinc(ll) tetrakis(4-carboxy-phenyl)porphyrin (BWO/ZTP) heterojunction with
a strong built-in electric field, constructed via an interface induction strategy. The optimal BWO/ZTP-1
achieves exceptional H, evolution and H,0, production activity, achieving 2,343.3 and 236.1 pmol-g™-h™.
These represent remarkable enhancements of 14.9 and 3.44 times for H, and 2.33 and 2.27 times for H,0,
over pristine BWO and Zn-TCPP. By using femtosecond transient absorption spectroscopy, Kelvin probe
force microscopy, insitu x-ray photoelectron spectroscopy and density functional theory, we demonstrate
that built-in electric field is pivotal for the exceptional performance, which leads to the proposal of a
photocatalytic mechanism. This work provided feasible insights and references for the design of novel
and superior inorganic/organic S-scheme heterojunction photocatalysts with tight contact and synergistic
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interaction for photocatalytic applications.

Introduction

The escalating global energy demands driven by industrializa-
tion and population growth contrast sharply with the finite
nature of conventional fossil fuel reserves [1,2]. The fossil fuel
combustion generates detrimental environmental impacts,
including excessive CO, emissions, acid precipitation, and par-
ticulate matter pollution, collectively posing threats to ecologi-
cal systems and public health. Thus, it has become urgent to
find green, pollution-free, and renewable energy sources to
replace fossil fuels . Hydrogen energy, as a high-efficiency, high-
calorific value and environmentally friendly energy carrier, is
considered an ideal alternative to fossil fuels [3]. As a chemical
widely used in various industries, H,0O, is also a potential sub-
stitute for traditional fuels [4,5]. As highly efficient technology
among a series of hydrogen production means, photocatalytic
technology does not require external energy input or cause
secondary pollution and has drawn widespread attention in
fields such as energy conversion and environmental reme-
diation [6-8]. Photocatalytic hydrogen evolution and H,O,
production, as a solar-powered and environmentally benign
methodology, have emerged as a frontier research focus in

Cai et al. 2026 | https://doi.org/10.34133/research.1166

sustainable fuel generation, requiring neither exogenous energy
supply nor generating toxic by-products [9]. This approach
could not only address the energy crisis but also reduce green-
house gas emissions and ultimately foster sustainable develop-
ment. The efficacy of photocatalytic water splitting critically
depends on the development of advanced photocatalysts with
optimized charge transfer dynamics [10]. The heterojunction
is a very feasible strategy for the construction of highly efficient
photocatalysts in recent years [11]. Among them, the S-scheme
heterojunction has become a research hotspot not only as the
rapid separation rate of photogenerated charge carriers but also
as the reserved strong redox capacity.

The development of heterojunctions has evolved from the
early type II to the Z-scheme and now to the current S-scheme
[12]. In type II heterojunctions, the electrons and holes are
concentrated in energy levels with relatively weak reduction
and oxidation capabilities, which inherently diminishes the
overall redox power. To address this issue, the concept of
Z-scheme heterojunctions was proposed. However, their
electron transfer pathway is considered thermodynamically
challenging to achieve. Against this backdrop, the S-scheme
heterojunction was introduced in 2019 [13]. A typical S-scheme
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heterojunction is composed of an oxidative photocatalyst (OP)
and a reductive photocatalyst (RP), which are characterized by
distinct energy band structures [14,15]. Upon contact, the dif-
ference in Fermi levels between the 2 semiconductors drives
electron transfer from the material with the higher Fermi level
to the one with the lower level until equilibrium is reached.
This interfacial charge redistribution leads to the accumulation
of opposite charges, which subsequently induces the formation
of a built-in electric field (IEF) [16,17]. Under light irradiation,
the IEF at the interface accelerates the recombination of pho-
togenerated electrons from the OP with holes from the RP. This
selective charge transfer mechanism effectively preserves holes
with strong oxidative power in the valence band of the OP and
electrons with high reductive potential in the conduction band
of the RP, thereby enhancing the overall redox capability of
the heterojunction system [18]. So far, the previously reported
S-scheme heterojunctions are generally categorized into organic
and inorganic types. All-inorganic S-scheme heterojunctions
have good conductivity and carrier mobility and can produce
electron-hole pairs after absorbing light energy, and these
electron-hole pairs are easy to separate [19]. However, all-
inorganic S-scheme heterojunctions often exhibit stringent
fabrication requirements due to lattice matching constraints,
which significantly limit their scalability [20,21]. In contrast,
all-organic S-scheme heterojunctions show stronger adaptability
and can be modified to have specific functions [22]. Unfortunately,
all-organic S-scheme heterojunctions suffer from structural dis-
order, leading to charge carrier transport dominated by hopping
between localized states that caused strong localization and
shorter diffusion path [23,24]. According to the literature
reported by Cheng et al. [25], in inorganic/organic system, the
inorganic component typically possesses a stable and well-defined
morphology, which could serve as a robust, high-quality sub-
strate to induce the in situ growth of organic components at
the interface, thus facilitating the rapid interfacial charge
transfer. Meanwhile, the comfortably functionalized organic
component with broad spectral response could effectively com-
pensate for the inherently limited light-harvesting capability
of the difficultly regulated inorganic counterpart [26]. More
significantly, a key advantage of inorganic/organic heterojunc-
tions lies in their superior stability and more efficient charge
separation compared to all-inorganic or all-organic semicon-
ductors, effectively addressing the limitations of the individual
components while retaining strong redox capability [27]. The
preparation methods of inorganic/organic heterojunction mate-
rials mainly include one-pot synthesis, in situ growth, self-
template method, and so on. The in situ growth method is to
grow one or more objects on the substrate under certain condi-
tions. Compared with other methods, this method nucleates
and forms on the substrate surface, so the matrix and guest
molecules show excellent compatibility and tight interface
strength [28]. On the basis of these considerations, we propose
that the inorganic/organic S-scheme could enhance photocata-
lytic activity through synergistic interfacial interaction and
optimized charge transfer pathways.

As a classical inorganic semiconductor, the bismuth tung-
state (BWO) is characterized by a unique 2-dimensional (2D)
layered architecture with excellent photochemical property
[29]. Although the large specific surface area and abundant
active sites provide a favorable platform for photocatalytic reac-
tions, similar to many single-component semiconductors, BWO
suffers from a relatively high recombination rate of photogenerated
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electron-hole pairs [30]. Coupling BWO with a 2D organic semi-
conductor to construct an S-scheme heterojunction could offer a
promising strategy to promote charge carriers separation. Zinc(II)
tetrakis(4-carboxy-phenyl)porphyrin (Zn-TCPP) nanosheets, a
well-known metal-organic framework, are recognized as a 2D
organic semiconductor with a large specific surface area and broad
spectral response [31]. During the process of forming heterojunc-
tion, the 2D BWO provided a high-quality substrate for the nucle-
ation and in situ growth of 2D Zn-TCPP, which facilitates the
formation of an intimate interfacial contact and, in turn, acceler-
ates interfacial charge carriers transfer. At the same time, consider-
ing the interleaved energy levels, 2D BWO and 2D Zn-TCPP are
theoretically capable of forming a stable S-scheme heterojunction,
which holds great promise for achieving superior photocatalytic
performance.

An inorganic/organic S-scheme 2D/2D BWO/Zn-TCPP (BWO/
ZTP) heterojunction was successfully fabricated through an
in situ interface induction strategy in this study. Unlike most
previously reported S-scheme heterojunction, the 2D Zn-TCPP
was conformally in situ grown on the surface of 2D BWO,
forming a more compact interface that facilitates rapid charge
carriers transfer. Comprehensive analyses of crystallinity,
morphology, photochemical, and electrochemical behaviors
clearly confirmed the tight interfacial interaction between 2D
Zn-TCPP and 2D BWO. The excellent photocatalytic activity
of BWO/ZTP-1 was evaluated by photocatalytic hydrogen evo-
lution (2,343.3 pmol-g_1~h_1) and H,0, (236.1 pmol‘g_l-h_l)
experiments. Furthermore, the density functional theory (DFT)
calculation was conducted to gain deeper mechanistic insight
into the interfacial charge transfer process. The rational archi-
tecture engineering of inorganic/organic S-scheme 2D/2D het-
erojunction was conceptually advanced in this research, offering
novel perspectives for promoting photocatalytic performance.

Results and Discussion

Characterization of catalysts

Crystal structure and composition analysis

To determine the crystalline structure of the samples, we per-
formed the x-ray diffraction (XRD) analysis on the samples
over a scanning range from 5° to 80° at a rate of 6°-min”". The
resulting diffraction pattern was shown in Fig. 1A. The XRD
pattern of BWO exhibited characteristic diffraction peaks at
28.68°, 33.02°, 47.52°, and 56.26°, which correspond to the
(113), (200), (206), and (313) crystal planes [32,33]. These
observations unambiguously confirmed the formation of highly
crystalline BWO, as evidenced by its XRD pattern aligning with
the standard diffraction data (JCPDS no. 73-2020). In addition,
Zn-TCPP nanosheets exhibited distinct diffraction peaks at 26
values of 7.96° 10.75°, and 17.51°, which could be indexed to
the (110), (002), and (004) crystal planes, respectively, thereby
verifying the successful synthesis of Zn-TCPP nanosheets
by aligning well with previously reported data [34,35]. It
was worth noting that the characteristic peaks belonging to
Zn-TCPP were not prominent in BWO/ZTP-1. The phenom-
enon may be attributed to the relatively low peak intensity of
Zn-TCPP nanosheets compared to the stronger diffraction
peaks of BWO, which could obscure the characteristic peaks
of Zn-TCPP in the composite. In the locally enlarged Fig. S1A,
weak peaks belonging to Zn-TCPP could be clearly observed
in BWO/ZTP-1, indicating the preserved crystalline integrity
of both BWO and Zn-TCPP. As could be seen in Fig. S1B, the
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Fig. 1. (A) XRD. a.u., arbitrary units. (B) FT-IR spectra. (C) Zeta potential profiles. (D to F) SEM of BWO, Zn-TCPP, and BWO/ZTP-1. (G and H) TEM and high-resolution TEM

images. (I) Energy-dispersive x-ray mapping images of BWO/ZTP-1.

intensity of the characteristic diffraction peaks of BWO in
the composites gradually became stronger with the increase
in BWO content. It could be preliminarily determined that
there was a gradient change in the components of BWO in
the composites.

To further verify the successful preparation of the BWO/
ZTP, we conducted the Fourier transform infrared (FT-IR)
analysis to characterize the functional groups of BWO, Zn-
TCPP, and the resulting BWO/ZTP-1. As displayed in Fig. 1B,
the original BWO exhibited 2 distinct characteristic peaks at
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565 and 714 cm™". The broad peak at 565 cm™" attributed to
Bi-O bonds and the peak at 714 cm ™" were associated with the
stretching and bending vibrations of characteristic W-O bonds
in BWO [36,37]. Notably, in the spectrum of BWO/ZTP-1,
some minuscule shifts in the peaks at 565 and 714 cm™" were
observed. These shifts were likely due to strong interactions
between BWO and Zn-TCPP nanosheets, which altered the
electronic environment around the metal-oxygen bonds and
resulted in changes in vibration frequency. Furthermore, as
exhibited in Fig. S1C, the characteristic peaks of BWO became
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increasingly distinct with the rise in the content. In contrast to
BWO, the characteristic peaks of Zn-TCPP were prominent in
the BWO/ZTP. The peak at 773 cm™' was primarily ascribed
to the vibrations of the porphyrin ring skeleton, while the peak
at 1,380 cm ™' corresponded to the stretching vibrations of the
C=N bond. The vibration of the Zn-N bond resulted in a char-
acteristic peak at 992 cm™', indicating that Zn** successfully
coordinated with the porphyrin [38]. The porphyrin-pyrrole
ring’s stretching vibration led to the appearance of a peak at
1,606 cm™!, whereas the peak at 1,648 cm~! arose from the
stretching vibration of the carboxyl groups C=0 bonds [39].
Meanwhile, for BWO/ZTP-0.5 and BWO/ZTP-2, their XRD
and FT-IR patterns differed from those of BWO/ZTP-1 only in
peak intensity, while the peak positions remained the same,
demonstrating that the crystal structure and functional groups
of the materials remained unchanged. In addition, the zeta
potential of the samples was measured to evaluate their stability
(Fig. 1C), in which the BWO and Zn-TCPP exhibited zeta
potential values of —24.49 and —24.08 mV. In contrast, the
BWO/ZTP-1 presented a significantly more negative potential
value of —40.55 mV. The pronounced alteration could likely be
ascribed to the presence of Zn-TCPP, whose structure features
4 deprotonated carboxylate groups that collectively generate a
surface rich in negative charges [40]. Zeta potential was a mea-
sure of the electrostatic repulsion or attraction between par-
ticles, for which the larger absolute zeta value indicated greater
stability since the particles were less prone to aggregation upon
dispersion. The high zeta potential value of BWO/ZTP-1 sug-
gested that the formation of S-scheme heterojunction could
significantly enhance stability.

Microscopic morphology and 2D structure analysis

The surface topography and nanostructure of BWO, Zn-TCPP,
and BWO/ZTP-1 were examined via scanning electron micros-
copy (SEM). As demonstrated in Fig. 1D to F, the 2D BWO
exhibited an uneven petal-like nanosphere appearance with a
rough surface. Similarly, the 2D Zn-TCPP also displayed an
analogous nanoflower-like morphology. However, the petals of
Zn-TCPP were larger than those of BWO, offering a greater
specific surface area, which facilitated the formation of encap-
sulated heterojunctions between the 2 components. Notably,
the SEM images of BWO/ZTP-1 (Fig. 1F and Fig. S1D) revealed
that the Zn-TCPP appeared to tightly cover on the surface of
BWO, forming a distinctly tight self-assembling rather than a
just respectively independent petal-like morphology. The result
may be due to the fact that, as an inorganic component, the
BWO had a stable and well-defined morphology, which pro-
vided a high-quality substrate for inducing the in situ growth
of Zn-TCPP to form a dense BWO/ZTP heterojunction. The
close contact between the BWO and Zn-TCPP was expected
to enhance the transfer of photogenerated charge carriers. The
transmission electron microscopy (TEM) and high-resolution
TEM (Fig. 1G and H) further confirmed the above conclusion,
in which the existence of the interface could be clearly observed.
The lattice stripe spacings of 0.271 and 0.492 nm were observed
on both sides of the interface, corresponding to the (200) crystal
plane of BWO and the (004) crystal plane of Zn-TCPP, respec-
tively [41]. Subsequently, the elements and composition of
BWO/ZTP-1 were tested using energy-dispersive x-ray elemen-
tal mapping technique. It could be seen that N, O, Bi, W, and
Zn were uniformly distributed on BWO/ZTP-1, confirming
the heterojunction formation of BWO and Zn-TCPP.
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The atomic force microscopy characterization was conducted
to quantify the nanosheet thickness of samples. As revealed in
Fig. 2, the nanosheet thicknesses of Zn-TCPP and BWO were
measured as 3.23 and 3.55 nm, further corroborating the SEM
results. In addition, the cross-sectional profile of BWO/ZTP-1
exhibited a step-like profile, where BWO served as the base layer
and Zn-TCPP was attached to the surface in close contact. The
results provided unambiguous evidence for the successful syn-
thesis of the BWO/ZTP composite and established a foundation
for constructing a dense heterojunction interface. Meanwhile,
to verify the stacking form of Zn-TCPP on the surface of BWO,
we physically mixed Zn-TCPP and BWO and then dispersed
them in N,N'-dimethylformamide (DMF) along with BWO/
ZTP to test their ultraviolet-visible (UV-vis) light absorption
capability (Fig. S2A). Compared to physical mixing, the S-band
of BWO/ZTP exhibited a blue shift, confirming the formation
of face-to-face binding between the 2.

Specific surface area analysis

To comprehensively understand the impact of the structural
characteristics for samples, we analyzed the N, adsorption-
desorption isotherms of BWO, Zn-TCPP, and BWO/ZTP-1
(Fig. S2B and C). As revealed in Fig. S2B, the adsorption-
desorption isotherm of BWO exhibited a typical H, hysteresis
loop, corresponding to an type IV isotherm, which was indica-
tive of a mesoporous structure. Conversely, the Zn-TCPP and
BWO/ZTP-1 exhibited reversible type I adsorption-desorption
profiles [42,43]. The specific surface areas and pore volume
of the samples were summarized in Table S1. The Zn-TCPP
showed a significantly larger specific surface area (125.94 m*g ")
compared to BWO (17.35 m*g "), likely due to the larger wrin-
kled sheet structures of Zn-TCPP, as evidenced by the SEM
image in Fig. 1D and E. For BWO/ZTP-1, the specific surface
area (112.02 m*g™") was slightly reduced compared to original
Zn-TCPP, which could be attributed to the in situ growth of
Zn-TCPP on the BWO surface. This interaction potentially led
to a more compact interface, resulting in a marginally decreased
surface area for BWO/ZTP-1. In addition, the pore volume of
BWO/ZTP-1 (0.084 cm®g™") was reduced compared to that of
Zn-TCPP (0.138 cm3-g_ ) and BWO (0.094 cmS-g_l), which
confirms the close contact between the 2 monomers.

Analysis of element composition and chemical

valence states

The chemical states of elements on the surfaces of BWO,
Zn-TCPP, and BWO/ZTP-1 were characterized by x-ray pho-
toelectron spectroscopy (XPS). The XPS survey spectrum (Fig.
3A) confirmed the presence of Zn, W, Bi, O, and N in the BWO/
ZTP-1, indicating the successful combination of BWO and
Zn-TCPP. The uniform distribution of elements across the sur-
face ensured compositional consistency. The O 1s spectrum
(Fig. 3B) showed peaks at 529.95, 530.90, and 531.57 eV, attrib-
uted to Bi-O, W-0 and adsorbed oxygen (O,4) on the surface
of BWO [44]. The peaks at 531.93 and 533.49 eV correspond
to C=0 and C-O bond components in Zn-TCPP. The presence
of BWO and Zn-TCPP in BWO/ZTP-1 was confirmed. Compared
to the O 1s binding energies of the 2 monomers, a shift occurred
on the O Is of the BWO/ZTP-1, resulting in a change in the
binding energy. The peaks of Bi-O, W-0, and O, in the BWO/
ZTP-1 were 529.87,530.80, and 531.40 eV, respectively, and the
peak positions were shifted toward lower binding energies com-
pared to the monomer BWO, while the opposite was true for
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Fig. 2. 2D, 3D, and cross-sectional atomic force microscopy images of (A) BWO/ZTP-1, (B) BWO, and (C) Zn-TCPP.
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Zn-TCPP. This strongly confirmed the existence of interaction
between the 2 monomers in the BWO/ZTP-1. These distinct
oxygen species reflected the complex chemical environment of
the BWO/ZTP-1 surface, which was expected to enhance the
catalytic performance. In the W 4f spectrum (Fig. 3C), peaks
at 35.31 and 37.46 eV corresponded to W 4f,, and W 4f;,,
which were characteristic of W®" [45]. The peak positions of
BWO/ZTP-1 appeared at 35.16 and 37.38 eV, again moving
toward the low binding energy position. In the Bi 4f spectrum
(Fig. 3D). The peaks of Bi 4f in BWO were located at 159.13
and 164.43 eV, corresponding to Bi 4f,, and Bi 4f;,, [37]. The
BWO/ZTP-1 was similarly shifted toward the lower field at
159.02 and 164.32 eV. The Zn 2p spectrum (Fig. 3E) showed
peaks at 1,022.07 and 1,045.14 eV, corresponding to Zn-N
bond (Zn 2p,, and Zn 2p,,,), which clearly confirmed the
incorporation of Zn-TCPP in BWO/ZTP-1 [46]. The binding
energy increased compared to the pristine Zn-TCPP (1,022.00
and 1,045.10 eV). It was possible that the chemical environment
of Zn had changed because of the formation of composites,
further suggesting a chemical interaction between Zn-TCPP
and BWO. The N 1s spectrum (Fig. 3F) revealed peaks at
396.81, 398.18, and 400.02 eV, which corresponded to N-Zn,
N=C, and N-C bonds, which indicated that BWO/ZTP-1
retained the structure feature in the Zn-TCPP. The binding
energy shifted toward higher values suggested the formation
of interfacial chemical bonds between Zn-TCPP and BWO,
which altered the local electronic environment. The results

further confirmed the interaction between BWO and Zn-TCPP,
likely due to the formation of IEF, laying the foundation for the
construction of a heterojunction. To further confirm the het-
erojunction scheme, we tested in situ XPS. The in situ XPS
spectra of W, Bi, Zn, and N elements of BWO/ZTP-1 under
illumination were shown in Fig. 3C to E. After illumination,
the binding energy of W 4f and Bi 4f moved upward, and the
binding energy of N 1s and Zn 2p moved to the lower position.
The feature fully demonstrated the charge transfer from BWO
to Zn-TCPP under illumination, which further confirmed that
the S-scheme heterojunction formed between Zn-TCPP and
BWO.

IEF analysis

As we all know, the IEF was crucial for accelerating the migra-
tion and separation of charge carriers. To verify the existence
of the IEF and the spatial transfer of charges in BWO/ZTP-1,
we used the Kelvin probe force microscopy (KPEM) to test the
contact potential difference under dark and light conditions,
as shown in Fig. 4A to E. Under dark conditions, a potential
difference of 44 mV was detected, proving the existence of the
IEE. After illumination, there was no significant change in the
morphology of BWO/ZTP-1 (Fig. 4A to C), but the potential
had changed. The overall decreased in surface potential indi-
cated the accumulation of charges. Because of the coverage of
Zn-TCPP on the surface of BWO, the decreased in potential
under illumination indicated the aggregation of electrons in
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potential and (H) IEF strength of BWO, Zn-TCPP, and BWO/ZTP-1.
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Zn-TCPP. This conclusion further confirmed the results of
in situ XPS. To further verify the strength of the IEF, we per-
formed the calculations based on the model proposed by
Kanata-Kito et al. [47]. The surface potential and surface charge
density were represented by the values of open-circuit voltage
(Fig. 4F and G) and zeta (Fig. 1C), respectively. As shown in
Fig. 4H of the calculation results, the IEF strength of BWO/
ZTP-1 was 2.5 and 2.1 times higher than that of BWO and
Zn-TCPP, respectively, which indicated that BWO/ZTP-1 could
separate photogenerated carriers more efficiently. Meanwhile,
the enhanced IEF intensity of this inorganic/organic S-scheme
heterojunction also surpassed that of many reported materials
to date (Table S2).

Optical property and band composition analysis

The optical absorption properties of BWO, Zn-TCPP, and
BWO/ZTP-1 were characterized by UV-vis diffuse reflectance
spectroscopy. As exhibited in Fig. 5A, BWO exhibited strong
absorption in the range of 300 to 350 nm, with a gradual decline
in absorption capacity beyond 350 nm. Compared to BWO,
Zn-TCPP demonstrated significantly enhanced light absorp-
tion capacity, primarily attributed to the photosensitive por-
phyrin molecular unit, which contained multiple conjugated
double bonds. These conjugated bonds enabled efficient photon
absorption, leading to a strong S-band absorption peak near
380 nm and prominent Q-band absorption peaks in the range
of 500 to 700 nm [48]. Upon the heterojunction formation,
BWO/ZTP-1 also showed strong UV-vis light absorption,
demonstrating the excellent light-harvesting performance for
BWO/ZTP-1. The bandgaps (E,) of BWO and Zn-TCPP were
calculated from the Tauc spectra (Fig. 5B), yielding the cor-
responding values of 3.03 and 1.89 eV, respectively. The energy
band characteristic demonstrated that Zn-TCPP was more

readily photoexcited to generate electron-hole pairs. Further-
more, the Mott-Schottky plots (Fig. 5C and D) at testing fre-
quencies of 500, 1,000, 2,000, and 3,000 Hz exhibited positive
slopes, indicating that both BWO and Zn-TCPP were n-type
semiconductors. Further analysis of the Mott-Schottky plots
revealed flat-band potentials of —0.38 and —0.78 V for BWO
and Zn-TCPP, respectively. Typically, for n-type semiconduc-
tors, the conduction band potential (E.) was about 0.1 to
0.3 V more negative than the flat-band potential. Therefore, the
Ep, values of BWO and Zn-TCPP were estimated to be about
—0.58 and —0.98 V. By converting these values into standard
hydrogen electrode potentials using the formula Eyy = Eqcg
+ 0.241 V, the potentials were determined to be —0.34 and
—0.74 V, respectively. Finally, detailed information about the
energy bands was derived on the basis of the Mott-Schottky
plot, E, values, and DFT data below, as shown in Fig. 5E.
The energetic configuration analysis revealed that BWO and
Zn-TCPP exhibited negative conduction band potentials (Eqp <
0 V), fulfilling the essential redox potential thresholds for
proton reduction reaction. Notably, the more negative E of
Zn-TCPP indicated its superior photocatalytic hydrogen evolu-
tion capability. Moreover, the diagram also revealed staggered
energy levels between BWO and Zn-TCPP, providing the basis
for forming an S-scheme heterojunction.

Theoretical calculations based on DFT were conducted for
BWO, Zn-TCPP, and BWO/ZTP-1 to further investigate their
energy band structures, as demonstrated in Fig. 6 and Fig. S3.
The results revealed that the conduction band minimum and
valence band maximum were located at the same position in
k-space for all 3 samples, confirming that they were direct
bandgap semiconductors . The calculated bandgap values were
2.3, 1.87, and 1.63 eV for BWO, Zn-TCPP, and BWO/ZTP-1
(Fig. S3A to C). Notably, the bandgap value of BWO/ZTP-1
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Fig. 5. (A) UV-vis spectra of BWO, Zn-TCPP, and BWO/ZTP-1. (B) Tauc spectra of BWO and Zn-TCPP. (C and D) Mott-Schottky plots of BWO and Zn-TCPP. (E) Band structure

diagram.
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decreased significantly compared to original BWO and Zn-TCPP,
which indicated a wider photoresponse range. Furthermore, Fig.
6A and B presented the density of states (DOS) for BWO and
Zn-TCPP, which were consistent with the energy band calcula-
tions. For BWO, the valence band was primarily contributed
by O atom, reflected in the significant state density to the left
of the Fermi level, while the conduction band was mainly
derived from W and Bi atoms. While the valence band of
Zn-TCPP was mainly contributed by the elements C, N, and
O, the conduction band came from the elements C and Zn.
Comparing the calculated bandgap with the experimental
bandgap value, the difference between the 2 was not significant,
further confirming the rationality of the calculated results.
Figure 6C showed the DOS of the BWO/ZTP-1, in which the
valence band was composed of O, C, and N atoms, while the
conduction band consists of Bi, W, Zn, and C atoms. In addi-
tion, the energy for adsorption of H* and the Gibbs free energy
AGy- of the samples were also calculated, as shown in Fig. 6D
and E. In general, the lower the value of adsorption energy, the
easier the reaction. The values of adsorption energy for BWO,
Zn-TCPP, and BWO/ZTP-1 were —2.74, —2.06, and —2.89 eV,
respectively. The fact that BWO/ZTP-1 possessed the lowest
value suggested that it had the highest adsorption for H atom,
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which was more favorable for the photocatalytic hydrogen evo-
lution reaction. From the differential charge density plot of H*
adsorption sites in Fig. S4A, when H atoms adsorb at the inter-
face between BWO and Zn-TCPP, electron redistribution
occurs. Meanwhile, the AGy;. values of BWO, Zn-TCPP, and
BWO/ZTP-1 were 0.93, 1.64, and 0.78 eV, respectively. Usually,
the interface effect and electronic structure optimization of
heterojunction materials could significantly reduce the energy
barrier of the reaction. The BWO/ZTP-1 had the lowest AGy.,
which indicated that the formation of S-scheme heterojunction
reduced the energy barrier and made the hydrogen evolution
reaction easier.

The work functions of BWO and Zn-TCPP, along with the
charge density difference of the BWO/ZTP heterojunction, were
calculated to ascertain the direction of charge flow. As displayed
in Fig. 6F and G, the work functions of BWO and Zn-TCPP
were 5.95 and 4.98 eV, respectively. The proposed charge trans-
fer pathway (Fig. 7) was consistent with the fundamental prin-
ciple of Fermi level alignment. It involved the spontaneous
migration of electrons from the semiconductor with a higher
Fermi level to its counterpart upon contact, a process initially
driven by the concentration gradient. Specifically, as the BWO
possessed a lower Fermi level compared to Zn-TCPP, electrons
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Fig. 7. Interfacial electron transport pathways in S-scheme BWO/ZTP-1 heterostructure.

spontaneously transferred from Zn-TCPP to BWO until ther-
modynamic equilibrium was established, thereby achieving
interfacial charge separation. The differential charge density
in Fig. 6H and Fig. S4B revealed significant charge accumu-
lation and dissipation localized at the BWO/ZTP heteroin-
terface, with electron density redistribution predominantly
occurring through interfacial migration from Zn-TCPP to
BWO, in line with the work function calculation results. This
directional charge transfer process will caused the energy band
of Zn-TCPP to bend upward and the energy band of BWO to
bend downward. More importantly, the retention of positive
charges on the Zn-TCPP side and the accumulation of negative
charges on the BWO side lead to the generation of IEF from
Zn-TCPP toward BWO. Under light irradiation, photogene-
rated charge carriers migrated rapidly accelerated by the IEE
thereby promoting spatial charge carrier separation.

Photoelectrochemical analysis

The steady-state photoluminescence (PL) spectra systematically
characterized charge carrier separation efficiency in BWO,
Zn-TCPP, and BWO/ZTP-1, a key indicator for the principal
determinant of photocatalytic activity. It was well known that
the higher recombination rate of photogenerated electron-hole
pairs corresponded to the higher PL peak intensity, indicating
lower effective utilization of photogenerated charge carriers.
As shown in Fig. 8A, the BWO exhibited a relatively high peak
intensity, suggesting a high recombination rate of electron-hole
pairs. While the Zn-TCPP demonstrated a slightly lower inten-
sity compared to BWO, the separation efficiency of electron-
hole pairs remained suboptimal. In contrast, the BWO/ZTP-1
displayed a significantly reduced peak intensity, attributed to
the strong IEF of the S-scheme heterojunction, which acceler-
ated the transfer of photogenerated charge carriers. The time-
resolved PL spectroscopy (Fig. 8B) quantitatively assessed the
photogenerated charge carrier separation capability. As tabu-
lated in Table S3, the BWO and Zn-TCPP exhibited 0.40- and
0.49-ns average lifetime, while the BWO/ZTP-1 showed the
extended durations of 1.05 ns. Apparently, the presence of
S-scheme heterojunction accelerated the carrier transfer and
thus improved the separation efficiency, resulting in the longest
average lifetime of BWO/ZTP-1. The resistive property of semi-
conductors would directly influence the migration rate of pho-
togenerated charge carriers in photocatalytic reactions, which
was evaluated through electrochemical impedance spectros-
copy. As depicted in Fig. 8C, the BWO/ZTP-1 exhibited a
smaller semicircular arc radius compared to pristine BWO and
Zn-TCPP, indicating a lower impedance and fast interfacial
charge transfer rate. The photocurrent responses revealed
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Fig. 8. (A) The steady-state PL spectra. (B) Time-resolved PL. (C) Electrochemical
impedance spectroscopy plots. (D) Photocurrent spectra of BWO, Zn-TCPP, and
BWO/ZTP-1.

charge separation and transfer more intuitively. As illustrated
in Fig. 8D, the BWO demonstrated the weakest photocurrent
response, while BWO/ZTP-1 displayed the strongest photocur-
rent response, which means that it had the best photogenerated
carrier separation ability. Besides, the separation and migration
dynamics of photogenerated charge carriers were investigated
by femtosecond transient absorption spectroscopy (fs-TAS).
From Fig. 9A to D, it could be visually observed that after pho-
toexcitation, BWO/ZTP-1 exhibited a stronger excited-state
absorption signal than Zn-TCPP, indicating superior charge
separation ability. The attenuation kinetics curves of Zn-TCPP
and BWO/ZTP-1 were shown in Fig. 9E. Compared with
Zn-TCPP, the charge lifetime of BWO/ZTP-1 was significantly
prolonged. The dynamic curve showed a trend of first rising and
then falling, which indicated that the charge undergoes a process
of formation and recombination. The charge lifetime of Zn-TCPP
at 640 nm was 2.12 ps, indicating a very short survival time.
However, BWO/ZTP-1 exhibited a charge lifetime of 180.58 ps
at the same wavelength. This could be attributed to the presence
of a huge IEF in the S-scheme heterojunction, which enabled
efficient separation of photogenerated carriers [49].

Photocatalytic activity tests

Photocatalytic hydrogen evolution experiments were con-
ducted under a 300-W Xe lamp with a 420-nm cutoft filter and
a light power density of 525 mW-cm™ to evaluate the photo-
catalytic performance of the samples. As exhibited in Fig. 9E,
the hydrogen production rates for BWO and Zn-TCPP were
157.3 and 680.9 pmol-g~"-h™", while BWO/ZTP-1 achieved a
significantly higher rate of 2,343.3 pmol-g~-h™, which was
14.9 and 3.44 times greater than those of original BWO and
Zn-TCPP, and the performance was superior to previously
reported composite materials based on BWO (Table S4). The
remarkable improvement was attributed to the efficient IEF of
the 2D/2D S-scheme heterojunction, which accelerated the
transfer of photogenerated electron-hole pairs and enabled
efficient charge carriers separation. In addition, the effect of
BWO/ZTP via varying the theoretical mass ratios on hydrogen
production was investigated. Experimental results indicated


https://doi.org/10.34133/research.1166

Research

A 6.0x10° B 250 6.0x10° € 0.004-
2.9%107 200 2.0%10°
" — 0.002
£ 1504 Z 150 &
oy = e
2 -26x10° 3 100 2Ex10° S
= = 2507 < 000
50
-8.0x107° -3
-8.0x10 -0.002 . . .
480 560 640 720 560 640 720 800 500 600 200 300
Wavelength (um) Wavelength (nm) Wavelength (nm)
E — F £
Kinetic at 640 nm @ BWO/ZTP-1 =
@ Zn-TCPP - 2,343.3
0.009 o
—— Fit BWO/ZTP-1 _—
—— Fit Zn-TCPP g
20.006 E2 g |8
e z| | |f
e g
< Z o 21,1449
<10.003 H A 893.8
2 y
Z 680.9 e
0.000 ? Znrcee . =212ps e y [
BWO/ZTP-1t,,. = 180.58 ps| = 157.3
-0.002 . . . . . . . . o - . .
500 W l600 " 700 800 0 200 40'0 600 800 1,000 ?,« 01) o —‘CY‘NO\'I“? ;)\ 1},‘9—\0\1;‘?,%.
avelength (nm) Time (ps) ° WO
G 236.1 H 0y ! -OH
Ep g 2 Dark Dark
2 3 8 & —BWO & —BWO
g ) » z Zn-TCPP = = zeiCER
vi 101.1 103.7 z — BWOJZTP-1 z J j —— BWO/ZTP-]
S - 2lLight 2 O A E |Light ""}\/" o
: = ANV : s |
PR oo 3440 3460 3480 3500 3,520 3450 3480 3510 3540 3,570
+© o Magnetic field (G) Magnetic field (G)

Fig. 9. (A and B) 2D fs-TAS contour plots and (C and D) transient absorption spectra of Zn-TCPP and BWO/ZTP-1. (E) Normalized attenuation kinetics curves of transient
absorption spectra of Zn-TCPP and BWO/ZTP-1 at 640 nm. (F) Photocatalytic hydrogen evolution rates of BWO, Zn-TCPP, BWO/ZTP-2, BWO/ZTP-1, and BWO/ZTP-0.5.
(G) Photocatalytic H,0, production of BWO, Zn-TCPP, and BWO/ZTP-1. (H and I) ESR spectrum of DMPO-+0,~ and DMPO-+0H.

that an optimal H, evolution rate was 1,144.9 pmol g~"-h™" at
BWO:Zn-TCPP = 2:1 mass ratio, while the H, evolution rate
declined to 893.8 pmol g~"-h™" when Zn-TCPP content domi-
nated (BWO:Zn-TCPP = 1:2). The reduction in efficiency with
an increase in Zn-TCPP content was likely due to the relatively
weaker interaction between the 2 components, resulting in
insufficient formation of tightly connected S-scheme hetero-
junction. Conversely, when BWO was in excess, agglomeration
occurred, reducing the number of active sites and hindering
hydrogen production efficiency. These findings emphasized the
critical role of the mass ratio in tightly forming an efficient IEF
to facilitate charge transfer. To evaluate the stability of the mate-
rial, we conducted the long-term stability testing, and from the
first cycle to the fourth cycle, the hydrogen production effi-
ciency of BWO/ZTP-1 did not significantly decreased (Fig. S5).
XRD, XPS, SEM, and FT-IR characterization of the BWO/
ZTP-1 after the fourth cycle (Fig. S6) revealed no notable
changed in structure, demonstrating excellent stability and
potential for practical applications. In addition, Fig. S7 illus-
trated the relationship between the apparent quantum effi-
ciency (AQE) and solar-hydrogen conversion efficiency (STH)
of BWO/ZTP-1 at specific wavelengths (400, 420, and 500 nm).
The variation of AQE and STH was the same as that of UV-vis
spectroscopy. Among them, the AQE and STH were exhibited
at 420 nm, which were 1.03% and 0.43%, respectively. Table S5
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listed a series of reported AQE data for BWO-based and
Zn-TCPP-based photocatalysts. It could be observed that
BWO/ZTP-1 had superior AQE, which may be due to the inte-
gration of BWO’s excellent conductivity and Zn-TCPP’s excel-
lent photosensitivity, enabling it to better utilize sunlight.

To further evaluate the photocatalytic performance of the
materials, we carried out the experiment of photocatalytic pro-
duction of H,0,. As shown in Fig. 9G, the H,0, production
rates of BWO and Zn-TCPP were 101.1 and 103.7 pmol~g_1~h_1,
respectively. The rate of BWO/ZTP-1 was 236.1 pmol-g "-h™",
which was 2.33 and 2.27 times higher than that of BWO and
Zn-TCPP. Meanwhile, after 4 cycles, the rate of H,O, genera-
tion did not significantly decrease, and the XRD and XPS (Fig.
S6) of the recovered material showed no significant changes,
which confirmed its excellent stability. To confirm the path of
photocatalytic H,0, production, we carried out tests under
different conditions (Fig. S8). The H,0, yield of the system
decreased significantly when Ar was introduced, which con-
firmed the importance of O, in the reaction. At the same time,
when AgNO, was added as an electron sacrificial agent, almost
no H,0, was produced, which confirmed the importance of elec-
trons in the reaction again. When para-benzoquinone was added
as a sacrificial agent for -O,", the yield of H,0, in the system
significantly decreases, confirming the importance of -0, in the
reaction. Then, according to the electron spin resonance (ESR)
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Fig. 10. Schematic of photocatalytic mechanism in BWO/ZTP. VB, valence band;
NPs, nanoparticles.

results, BWO/ZTP-1 had enhanced ability to produce -O,~, which
could be confirmed that the generation of H,0, was through
2-step one electron oxygen reduction (O,—-O,” —H,0,).

Possible photocatalytic mechanism

To further investigate the possible catalytic mechanism of the
BWO/ZTP-1 heterojunction, we performed the radical species
detection via ESR signal analysis to characterize the redox
capacity of samples. As shown in Fig. 9H and I, no character-
istic signals of 5,5-dimethyl- 1-pyrroline N-oxide (DMPO)--O,~
were detected for BWO, Zn-TCPP, and BWO/ZTP-1 without
light irradiation; however, postillumination (15 min), the
BWO/ZTP-1 composite exhibited the strongest DMPO--O,~
signals, indicating its superior reduction capability for proton
reduction to generate hydrogen. Furthermore, the ESR signals
of DMPO--OH followed a similar trend. Almost no -OH radi-
cals were observed in the dark, whereas the BWO/ZTP-1 het-
erojunction displayed the most intense DMPO--OH signals
under illumination, further confirming its exceptional oxida-
tion capacity. In addition, the oxidation ability of BWO/ZTP-1
was further validated through sacrificial agent experiments, as
shown in Fig. S9. By adjusting the dosage of sacrificial agent
(L-ascorbic acid), a significant change in hydrogen production
rate could be observed. When no r-ascorbic acid was added,
almost no H, was produced, and the yield of H, increased sig-
nificantly with the increase in L-ascorbic acid. When 1 M
L-ascorbic acid was added, the rate of H, generation reached
1,978.3 pmol-g_"-h~". When the dosaige of L-ascorbic acid was
2 M, the rate of 2,343.3 pmol-g~"-h™" did not change signifi-
cantly compared to the addition of 1 M sacrificial agent, which
indicated that the hydrogen production rate reaches its maxi-
mum value. These ESR results provided very compelling evi-
dence that the S-scheme heterojunction could effectively preserve
the strong redox property. On the basis of the above discussion,
we proposed a feasible photocatalytic mechanism for BWO/ZTP-
1, as illustrated in Fig. 10. When BWO and Zn-TCPP come into
contact, the difference in Fermi level could cause a redistribution
of charges. The migration of charges caused band bending and
the formation of IEE. Under light irradiation, both BWO and
Zn-TCPP could absorb photons and generate photogenerated
electron-hole pairs. The IEF provided strong driving force, caus-
ing charges and holes to migrate in opposite directions, effec-
tively achieving spatial separation of electron-hole pairs. The
photogenerated holes retained in BWO exhibited very strong
oxidative capability, which could effectively oxidize L-ascorbic

Cai et al. 2026 | https://doi.org/10.34133/research.1166

@Bi(NO,),-5H,0
@Na, WO, 2H,0
QCTAB

° ) >
2 g 3 =
3 o S )
Ooo > R LD ¥

%0y frW ‘;‘ -y a)

®
¢
W

A [/

3

3

y Interface induction ‘CTQ - In situ growth ; Y

: Be. o8 -3
BWO BWO/ZTP

Fig. 11. Synthetic pathway for 2D/2D BWO/ZTP assembly.

acid. Meanwhile, the photogenerated electrons remaining in
the Zn-TCPP possessed high reductive potential, enabling
the reduction of H* to H,. In this system, the H,PtCl, in situ
photoreduced to Pt nanoparticles was introduced as a cocata-
lyst, which acted as efficient electron traps, forming active cata-
Iytic sites that further facilitate the reduction of H' to H,.
The L-ascorbic acid was used as a sacrificial agent to scavenge
photogenerated holes, producing dehydroascorbic acid and
suppressing electron-hole recombination. This process pro-
vided a stable reductive environment for H* to H,, ensuring
efficient hydrogen evolution.

Conclusion

In summary, an inorganic/organic S-scheme BWO/ZTP het-
erojunction was fabricated via an in situ interface induction
strategy. Among these samples, the BWO/ZTP-1 exhibited a
remarkable hydrogen evolution efficiency and H,O, production
activity, achieving 2,343.3 and 236.1 pmol-g~"-h~". The H, pro-
duction capacity of BWO/ZTP-1 was 14.9 and 3.44 times, and
the H,O, production capacity was 2.33 and 2.27 times that of
BWO and Zn-TCPP. Furthermore, the photocatalytic activity
of BWO/ZTP-1 remained stable with no significant decline
after consecutive 4 cycles. The outstanding catalytic perfor-
mance observed in BWO/ZTP-1 likely originated from the
well-constructed S-scheme heterojunction system. Through
fs-TAS, KPFM, and in situ XPS characterization techniques
combined with DFT calculations, it was confirmed that the
S-scheme heterojunction of BWO/ZTP-1 exhibited enhanced
carrier mobility and robust redox capability, enabling efficient
photocatalytic hydrogen evolution and H,O, production. This
work offered very valuable insights and references for the
design and fabrication of inorganic/organic S-scheme hetero-
junction for photocatalytic application.

Materials and Methods

Materials

All chemical reagents were used as received without additional
purification. Zinc nitrate hexahydrate [Zn(NO,),-6H,0, 98%],
bismuth nitrate pentahydrate [Bi(NO,);-5H,0, 99%], pyrazine
(C,H,N,, 99%), sodium tungstate dihydrate (Na,WO,2H,0,
99.5%), and polyvinylpyrrolidone were procured from Alfa Aesar.
Adamas supplied pyrrole (C,H;N, 99%), methyl 4-formylbenzoate
(CyH4O;, 98%), and chloroplatinic acid (H,PtClg, 98%).
Solvents and auxiliaries including methanol (CH,OH, 99.9%),
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tetrahydrofuran (C,Hz0,98%), propionic acid (C;H,O,, 99.5%),
ethylene glycol (C,H(O,, 98%), N,N-dimethylformamide
(C3H,NO, 98%), potassium hydroxide (90%), and ethanol
(C,HO, 98%) were originated from Chron Chemicals.

Synthesis of samples

Synthesis of Zn-TCPP

First, 4.5 mg of Zn(NO,),-6H,0, 0.8 mg of C,H,N,, and 20 mg
of polyvinylpyrrolidone were dissolved in a mixed solution of
9 ml of DMF (V) and 3 ml of ethanol (V,) (V:V, = 3:1), des-
ignated as solution A. Separately, 4 mg of TCPP was dissolved
in 3 ml of DMF and 1 ml of ethanol with the same volume ratio
of 3:1, designated as solution B. Under continuous stirring, the
solution B was added dropwise to the solution A. Following
the addition, the mixture was stirred (5 min) and subjected to
ultrasonic treatment (10 min). A precise aliquot (16 ml) of the
resultant solution was then sealed in glass vials and reacted at
80 °C for 16 h. After cooling naturally, the product was washed
with ethanol (x3) and vacuum-dried at 60 °C for 10 h.

Synthesis of BWO

Initially, 0.97 g of Bi(NO;);-5H,0 and 0.6 g of cetyltrimethyl-
ammonium bromide were dissolved in 60 ml of deionized water
with stirring for 30 min to ensure thorough mixing. Subse-
quently, 0.33 g of Na,WO,-2H,0 was introduced, and the solu-
tion was stirred continuously for additional 2 h. The mixture
was subjected to a hydrothermal treatment at 180 °C for 12 h
in a 100-ml Teflon-lined autoclave. After natural cooling to
room temperature, the resulting product was isolated by cen-
trifugation, sequentially washed with anhydrous ethanol and
deionized water (3 times each), and finally vacuum-dried at
60 °C for 10 h to yield the final product, designated as BWO.

Synthesis of BWO/ZTP

The preparation of the composite materials was similar to the syn-
thesis method of Zn-TCPP nanosheets Fig. 11. BWO was uniformly
dispersed in 1 ml of ethanol at different theoretical mass ratios and
sonicated for 10 min to obtain solution C. After thoroughly mixing
solutions A and B, solution C was added, and the remaining steps
were identical to those used for Zn-TCPP synthesis. On the basis
of the theoretical mass ratios of BWO and Zn-TCPP (BWO:Zn-
TCPP = 0.5, 1, and 2), the final products could be named BWO/
ZTP-0.5, BWO/ZTP-1, and BWO/ZTP-2.
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