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A B S T R A C T

Mo vacancy (VMo) and Se vacancy (VSe) are doped into Bi2MoO6 (BMO) and ZnSe, respectively, while
they are mechanically ground and mixed to fabricate the dual S-scheme heterojunction. The lattice
distortion is observed at the interface between VMo-BMO and VSe-ZnSe/CdSe (VSe-ZCS) while XPS results
confirm the construction of the dual S-scheme heterojunction VMo-BMO/VSe-ZCS (VMo+Se-BZCS). DFT
simulation demonstrate that the doping of VMo and VSe lead to more electrons transferring spontane-
ously through the heterojunction interfaces and promote the IEF strength accordingly. Both in-situ XPS
and fs-TAS characterization prove the presence of a fast photoinduced charge transfer pathway from
VMo-BMO to VSe-ZnSe under LED light irradiation. VMo and VSe function as the holes trapping center in
VMo-BMO and the electron trapping center in VSe-ZCS, respectively, thereby effectively suppressing the
electron-hole recombination, which enhances the redox capability of VMo+Se-BZCS together with the
fast charge transferring. During the photocatalytic degradation experiments for the wastewater con-
taining both tetracycline (TC) and Cr(VI), both the TC and the Cr(VI) degradation efficiency of VMo+Se-
BZCS are competitive under either LED or xenon lamp irradiation in comparison with some reported
catalysts. Dual doping of VMo and VSe were testified to amplify the bi-directional promotion effects
(BPEs) between TC and Cr(VI).
© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Human activities have been proved to exacerbate the com-
bined pollution emission of organic pollutants and heavy metals,
whereas traditional degradation managements targeted primar-
ily the single pollutants [1,2]. Tetracycline (TC) is a typical broad-
spectrum antibiotic and extensively utilized in industrial pro-
duction due to its outstanding antibacterial performance [3].
Chromium is the most common of the heavy metal contami-
nants while hexavalent chromium (Cr(VI)) is more toxic than
Cr(III) owing to its high oxidizing potential [4]. Both TC and
Cr(VI) are highly stable and the electron-rich functional groups
of TC easily combine with Cr(VI) to generate medical metal

complexes, which are more inclined to bioaccumulate and bio-
magnify through the food chain. Eventually, industrial or do-
mestic wastewater containing TC and Cr(VI) amplify risks to
ecosystems and human health. Therefore, there is an urgent
need to develop an efficient wastewater treatment for simulta-
neous removal of TC and Cr(VI) [5].

Photocatalytic degradation can utilize the photoinduced
electrons and holes in semiconductor catalysts to degrade
various pollutants efficiently under mild conditions [6—8]. As a
member of the Aurivillius-phase family, bismuth molybdate
(Bi2MoO6, BMO) consisting of alternating perovskite-like
[MoO4]2— layers and fluorite-like [Bi2O2]2+ layers was consid-
ered to be a promising candidate of photocatalysis because of its
unique perovskite-type layered structure and wide range of light
absorption [9—11]. However, such intrinsic limitations of pristine
BMO as the deficiency of active sites for surface reactions and
the swift recombination of charge carriers severely restricts its
photocatalytic activity [12,13]. ZnSe is regarded as a promising
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selection to combine with BMO to create S-scheme hetero-
junction owing to its narrow band gap and high reduction po-
tential [14,15]. The S-scheme heterojunction alleviates the
electron transfer from the oxidized semiconductor to the
reduced semiconductor, leading to the effective separation of the
photoinduced electrons and holes, eventually rendering itself an
outstanding redox activity [16—18].

Vacancy engineering strategy can introduce new defect states
in the band gap and subtly modulate the band gap of the photo-
catalyst [19]. The regulated electronic structure of photocatalyst
was beneficial to reinforce the migration and separation of
photoexcited carriers [20,21]. Additionally, anion defects and
cation vacancies commonly act as electron trapping centers
(electron acceptors) and hole trapping centers (electron donors),
respectively, which enhances the mobility of photoinduced elec-
trons and holes [22,23]. Zhao et al. [24] developed the defective
ZnIn2S4 rich in dual Zn and In cation vacancies and reported that
the defect states accelerated the transfer of photoelectrons from
VB to CB, thereby improving the carrier separation efficiency.
However, most of the dual-vacancy engineering strategies doped
dual metal or nonmetal vacancies into the reduction photocatalyst
(RP) or the oxidation photocatalyst (OP) alone in the S-scheme
heterojunction. Such vacancies were difficult to be precisely
localized and confined in the heterojunction, probably rendering
them mutually restrictive, even forming carrier recombination
centers and weakening the redox activity [25]. Huang et al.[26]
fabricated the BiVO4 photoanodes with dual V and O vacancies and
proved that excessive V vacancies significantly restricted the ac-
tion of O vacancies and caused the formation of carrier recombi-
nation. In this context, the precise introduction of anionic and

cationic vacancies into RP and OP of the S-scheme heterojunctions
create the electron trapping and the hole trapping centers in RP
and OP, respectively. Furthermore, the resulting directionally co-
ordinated internal electric field (IEF) in the heterojunction sup-
press the electron-hole recombination and optimize the
photoinduced charge transfer pathway. Additionally, the bi-
directional promotion effects (BPEs) were reported for the simul-
taneous photocatalytic removal of Cr(VI) and tetracycline hydro-
chloride (TCH) with SnNb2O6/CuInS2 S-scheme heterojunction as
the catalyst. The directionally coordinated IEF was expected to
generate a “cascade amplification” effect on the BPEs.

Herein, both deep eutectic solvent impregnation and ion
exchange methods were employed to construct a dual-vacancy
engineered S-scheme heterojunction with Mo vacancies (VMo)
and Se vacancies (VSe) (VMo+Se-BZCS) [14,15]. During the ion
exchange process, both the structural distortion of ZnSe and the
formation of CdSe on the surfaces of ZnSe occurred because the
solubility product (Ksp) of CdSe (10- 35.2) was much lower than
ZnSe (10- 25.4), greatly facilitating the generation of VSe [27]. The
simultaneous photocatalytic degradation of tetracycline (TC) and
reduction of Cr(VI) in wastewater, with VMo+Se-BZCS as the
photocatalyst, were carried out under low-cost light emitting
diodes (LED) visible light irradiation (λ = 420—780 nm). LED
panel exhibited the higher energy efficiency, longer life expec-
tancy, larger color gamut, and more compact design than the
conventional xenon lamp. The effects of dual VMo and VSe on the
electron-hole separation and the charge transfer pathway in
VMo+Se-BZCS during the simultaneous removal of TC and Cr(VI),
as well as on the amplification of BPEs between TC and Cr(VI),
were investigated. Both femtosecond transient absorption

Fig. 1. XRD patterns of (a) BMO and VMo-BMO, (b-c) ZnSe, VSe-ZCS, and VMo+Se-BZCS, (d) Bi and Mo ion concentration of the filtrate after the treatment of BMO with different DES
impregnation time, (e) Zn and Se ion concentration of the filtrate after the treatment of ZnSe with different Cd(NO3)2 concentration, (f) HRTEM image of VMo-BMO, (g) the
intensity profile of Bi and Mo atom in the green and yellow box in the enlarged image in (f), (h)-(i) HRTEM image of VSe-ZCS.
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spectroscopy (fs-TAS) characterization and DFT simulation re-
sults elucidated the photocatalytic degradation mechanism of TC
and Cr(VI) for the dual S-scheme heterojunction. This work
offered a promising avenue for enhancing the interfacial charge
transfer in the S-scheme heterojunction and improving its redox
ability.

2. Experimental

2.1. Chemicals

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, AR, ≥99.7%),
zinc nitrate hexahydrate (Zn(NO3)2·6H2O, AR, ≥99.0%), ethylene
glycol (C2H6O2), ethanol (C2H5OH, AR), p-benzoquinone (BQ,
C6H4O2, CP, 98%), isopropanol (IPA, C3H8O, AR, ≥99.7%), ethyl-
enediamine tetra acetic acid disodium salt dihydrate (EDTA-
Na,C10H14N2Na2O8·2H2O, AR, ≥99.0%), anhydrous sodium sulfate
(Na2SO4, AR, ≥99.0%), anhydrous sodium carbonate (Na2CO3, AR,

≥99.0%), nitric acid (HNO3, 65% to 68%), potassium dichromate
(K2Cr2O7, GR, 99.8%), 1, 5-diphenylcarbazide (C13H14N4O, AR) were
obtained from Sinopharm Chemical Reagent Co., LTD. Anhydrous
sodium molybdate (Na2MoO4, AR, ≥99.7%), sodium borohydride
(NaBH4, 96%), cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O, AR,
≥99.0%) were bought fromMcLean Biochemical Co., Ltd. Selenium
powder (Se) and Nafion perfluorinated resin solution (Polymer
Content:5.0% to 5.4%, Water Content:42% to 48%) were purchased
from Aladdin Reagent Co., Ltd. Tetracycline (TC, C22H24N2O8, CP,
≥98.0%) was obtained from Merck Chemicals (Shanghai) Co., Ltd.

2.2. Preparation of VMo+Se-BZCS, VMo-BZCS and VSe-BZCS

VMo-BMO and VSe-ZCS were firstly prepared according to the
method in Supplementary Material. They were mixed with the
mass fraction of VSe-ZCS at 5%, 15%, 20%, 25%, 30%, and 50%,
respectively, and mechanically ground for 30 min. The related
preparation scheme was illustrated as Fig. S1. BMO and ZnSe were

Fig. 1. (continued).
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ground for 1 h at a mass ratio of 3:1 to obtain BMO/ZnSe. ZCS was
prepared according to the method in Supplementary Material.
BMO and ZCS were ground for 1 h at a mass ratio of 3:1, and the
resulting sample was labeled as BZCS. VMo-BMO and ZCS were
ground for 1 h at a mass ratio of 3:1, and the resulting sample was
designated as VMo-BZCS. BMO and VSe-ZCS were thoroughly
ground for 1 h at a mass ratio of 3:1, and the resulting sample was
designated as VSe-BZCS.

2.3. Photocatalytic degradation experiment

Photocatalytic degradation experiments were performed using
a 40 W LED lamp as the visible light source (wavelength range:
400—830 nm; lamp diameter: 10 cm). First, 50 mg of catalyst was
added into 100 ml of TC (40 mg·L- 1) and Cr(VI) (40 mg·L- 1) so-
lution. Themixtures were stirred in a dark environment for 30min
to achieve the adsorption equilibrium of photocatalysts. Subse-
quently, the solution was irradiated under LED for 120 min while
the temperature was controlled at 25 ◦C using the circulating
water. 1 ml of aliquots were collected every 15 min and filtered by
the membrane with the pore size of 0.22 μm. The concentration of
TC and Cr(VI) was determined by measuring the absorbance at
357 nm and 540 nm, respectively, using an ultraviolet-visible
spectrophotometer, while Cr(VI) was quantified by the 1,5-
diphenylcarbazide (DPC) colorimetric method. After obtaining
the spent catalysts by centrifugation, they were washed three
times with absolute ethanol and deionized water, respectively,
dried at 60 ◦C, and weighed. The volume of the solution in the
degradation system was adjusted to maintain the catalyst loading
constant at 0.5 g L- 1 for all the degradations. TC and Cr(VI)
degradation efficiency were calculated as described in Supple-
mentary Material.

Both characterization and DFT computational details were
outlined in the Supplementary Material. Escherichia coli growth
inhibition experiment method was also presented in Supple-
mentary Material to evaluate the biotoxicity of the degradation
solutions after the degradation tests.

3. Results and Discussion

3.1. Doping of VMo and VSe in the catalyst

Both the XRD patterns of BMO before and after DES impreg-
nation (Fig. 1(a)) showed that the diffraction peaks of BMO aligned
well with the standard pattern of Bi2MoO6 (JCPDS 72-1524) [28].
Meanwhile, the VMo-BMO sample exhibited additional peaks
ascribed to Bi3.64Mo0.36O6.55 (JCPDS 43-0446), indicating that DES
impregnation induced Mo leaching and VMo formation in BMO
[25]. Fig. 1(b) and (c) provided a comparison of the XRD patterns of
ZnSe, VSe-ZCS, and VMo+Se-BZCS. VSe-ZCS displayed a weak
diffraction peak at 25.36◦, which was assigned to the (111) crystal
plane of CdSe (JCPDS 88-2346). The same peak was also observed
in the pattern of VMo+Se-BZCS, confirming that VMo+Se-BZCS con-
tained BMO, ZnSe, and CdSe. Both the Mo and Bi concentrations
(Fig. 1(d); Table S1) were detected in the filtrate by ICP-OES
characterization after the impregnation of BMO by DES. When
the impregnation time increased from 5 h to 15 h, the Mo/Bi molar
ratio changed from 21.15:1 to 23.34:1, confirming that DES
impregnation preferentially brokeMo—O bonds and produced VMo
in BMO. It was demonstrated that the concentration of VMo could
be controlled by adjusting the DES impregnation time. Both the
concentrations of Zn and Se (Fig. 1(e); Table S2) in the electrolyte
solution, after the replacing of Zn2+ by Cd2+ from Cd(NO3)2

solution, were determined as well. When the Cd(NO3)2 concen-
tration increased from 10 mmol·L- 1 to 80 mmol·L- 1, the molar
amount of Zn2+ in the electrolyte solution increased from
346.87 mg·L- 1 to 576.42mg·L- 1. The great difference between the
Ksp of CdSe (10- 35.2) and the Ksp of ZnSe (10- 25.4) drove the ion
exchange between Zn2+ and Cd2+. Additionally, trace amounts of
Se ions were also detected in the solution and its concentration
progressively increased when the Cd(NO3)2 concentration became
higher, demonstrating that VSe was generated in VSe-ZCS during
the ion exchange process.

The TEM images (Fig. S2) indicated that the doping of VMo into
BMO did not destroy its Aurivillius-phase layered structure. The
lattice spacings of 0.273 nm and 0.261 nm correspond to the (0 0 2)
and (2 2 0) crystal planes of bismuth molybdate, respectively [29].
Fig. 1(f) presented an atomic-level HRTEM image of VMo-BMOwith
a local enlarged image. The atom intensity profiles of the two
rectangular boxes in the enlarged image (Fig. 1(f)) were visualized
in Fig. 1(g). The absence of Mo peak confirmed the existence of
VMo. As illustrated in Fig. 1(h), the lattice spacing of 0.327 nm
aligned with the (1 1 1) plane of ZnSe while the lattice spacing of
0.351 nm at the edge of ZnSe attributed to the (111) plane of CdSe,
indicating that CdSe was produced on the outer surface of ZnSe
nanoparticles after the ion exchange. Additionally, both the lattice
distortion and VSe (Fig. 1(i)) were observed on the outer surface of
the ZnSe nanoparticle [30].

Fig. S3 and Fig. 2(a) displayed the SEM and HRTEM images of
VMo+Se-BZCS, respectively. It was shown that numerous VSe-ZCS
nanoparticles were stacked on surfaces of VMo-BMO nanosheets.
As shown in Fig. 2(b), the lattice spacings were ascribed to VMo-
BMO (d = 0.273 nm, 0.261 nm), ZnSe (d = 0.327 nm), and CdSe
(d = 0.351 nm), respectively. The distinct lattice distortion was
observed at the interface between VMo-BMO and VSe-ZCS, mani-
festing the creation of the VMo-BMO/VSe-ZCS heterojunction
interface [31]. All the elements of Bi, Mo, O, Zn, Se, and Cd
(Fig. 2(c)) were uniformly distributed on the surface of VMo+Se-
BZCS.

XPS analysiswas performed to investigate the effects of VMo and
VSe doping on photocatalytic behavior of VMo+Se-BZCS. All the or-
bitals of Bi 4f, O 1s, Mo 3d, Se 3d, Zn 2p, and Cd 3d (Fig. S4(a)) were
detected. ThebindingenergyofMo3d, Bi 4f, andO1speaks of BMO/
ZnSe (Fig. 2(d), Fig. S4(b), Fig. 2(e)) moved toward lower values in
comparisonwith BMOwhile the binding energy of Se 3d and Zn 2p
of BMO/ZnSe changed to higher values in comparison with ZnSe,
implying the building of IEF at the BMO/ZnSe interface. Addition-
ally, compared with BMO/ZnSe, both the peaks of Mo6+ 3d3/2
(235.66 eV) and Mo6+ 3d5/2 (232.52 eV) of VMo+Se-BZCS continued
to shift toward lower binding energy [29] and both the deconvo-
luted peaks of Mo5+ 3d3/2 (234.28 eV) and Mo5+ 3d5/2 (229.12 eV)
were observed for VMo+Se-BZCS. Thus, both the electron delocal-
ization around Mo atom and the existence of VMo were testified
[32]. Both the peaks of Bi3+ 4f5/2 and Bi3+ 4f7/2 (Fig. S4(b)) shifted
toward lower binding energies [33]. Compared to BMO/ZnSe, the
shift of the peaks ascribed to lattice oxygen (Olatt) and adsorbed
oxygen (Oads) of VMo+Se-BZCS (Fig. 2(e)) shifted to lower binding
energies, implying the valence decrease of Mo adjacent to O atoms
[34]. Additionally, the Zn 2p peak of VMo+Se-BZCS (Fig. 2(f)) shifted
toward higher binding energy, suggesting that the doped VSe
functioned as trapped-electron centers. However, the Se 3d peak of
VMo+Se-BZCS (Fig. S4(c)) shifted toward the lower binding energy in
comparisonwith BMO/ZnSe, whichwas speculated to be due to the
disturbance of the IEF in the heterojunction to the Se 3d binding
energy. Fig. 1(i) showed that VSe was more likely generated in ZnSe
than in CdSe of VMo+Se-BZCS, suggesting the rationality of
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identifying the presence of VSe by the changes of Zn 2p binding
energy in the following in-situ XPS analysis.

3.2. Photochemical properties of the catalyst

The light absorption properties of the catalysts were evaluated
by the UV-Vis DRS characterization (Fig. S5). The absorption edge

of VMo+Se-BZCS was located at around 680 nm. Compared with the
other catalysts, VMo+Se-BZCS exhibited the superior light response
intensities in the range of 300- 800 nm, indicating both the doping
of VMo and VSe enhanced the optical adsorption [35]. The calcu-
lated energy bandgaps (Eg) of BMO, VMo-BMO, ZnSe, and CdSe
(Fig. S6) were determined to be 2.58 eV, 2.33 eV, 2.01 eV, and
1.72 eV, respectively, from the Tauc plots. The flat-band potentials

Fig. 2. (a) TEM images and (b) HRTEM images of VMo+Se-BZCS, (c-h) Energy dispersive spectroscopy mapping of VMo+Se-BZCS. High resolution XPS spectrum of (i) Mo 3d, (j) O 1s
and (f) Zn 2p.
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(EFB) of VMo-BMO, ZnSe, and CdSe (Fig. S7) was estimated to
be - 0.25 V, - 1.02 V, and - 0.63 V vs SCE, respectively, from the
Mott-Schottky plot. Furthermore, these values of EFB were con-
verted to the conduction band edge potential (ECB) according to
Eqs. (8) and (9). The ECB of VMo-BMO, ZnSe, and CdSe were calcu-
lated to be - 0.21 V, - 0.98 V, and - 0.59 V vs SHE, respectively.
Subsequently, according to Eq. (12), the valence band edge po-
tential (EVB) of VMo-BMO, ZnSe, and CdSe were determined to be
2.12 V, 1.13 V, and 1.03 V vs SHE, respectively [36]. The electronic
band structures of VMo-BMO, ZnSe, and CdSe were depicted in
Fig. S8.

The in-situ XPS analysis was carried out to reveal the charge
transfer mechanism of VMo+Se-BZCS. All the peaks of Mo 3d
(Fig. 3(a)), Cd 3d3/2, Cd 3d5/2 (Fig. 3(c)), Bi 4f, and O 1s (Fig. S9)
shifted toward the higher binding energy under LED irradiation,
indicating the loss of the photogenerated electrons in both VMo-
BMO and CdSe [27]. In contrast, both the Zn 2p1/2 and Zn 2p3/2
peaks (Fig. 3(b)) shifted toward the lower binding energy,
demonstrating that VSe-ZnSe gained the electrons. Fig. 3(d)—(f)
exhibited the simulatedwork function (Wf) of VMo-BMO, ZnSe, and

CdSe, respectively. Then, two charge transfer pathways in VMo+Se-
BZCS were deduced (Fig. 3(g)). When VMo-BMO, CdSe, and VSe-
ZnSe are in close contact, the electrons spontaneously transfer
from the surface of VSe-ZnSe (with the highest fermi level (Ef)) to
CdSe and then to VMo-BMO (with the lowest fermi level (Ef)) until
the interfacial Ef reaches equilibrium [37]. Additionally, some
electrons also directly transfer from VSe-ZnSe to VMo-BMO at the
VSe-ZnSe/VMo-BMO interface. The two charge redistributions give
rise to an internal electric field (IEF) oriented away from VSe-ZnSe
to CdSe and then to VMo-BMO and directly from VSe-ZnSe to VMo-
BMO, respectively, in the VMo+Se-BZCS heterojunction. The elec-
tron accumulations in VMo-BMO cause the band bending down-
ward while the electron depletions in VSe-ZnSe lead to the band
bending upward. At the VMo-BMO/CdSe interface, the bands in
VMo-BMO and CdSe bend downward and upward, respectively.
Under LED light excitation, the electrons from the VB of VMo-BMO
finally transfer to the CB of VSe-ZnSe along two independent
pathways under the combined action of IEF, interface band
bending, and Coulomb forces. The electron transferring enables
the photoelectrons and holes to accumulate in the CB of VSe-ZnSe

Fig. 3. In situ XPS high-resolution spectra of (a) Mo 3d, (b) Zn 2p, and (c) Cd 3d of VMo + Se-BZCS, simulated electrostatic potentials of (d) VMo-BMO, (e) VSe-ZnSe, and (f) CdSe, (g)
scheme of the charge transfer pathway and IEF of the dual S-scheme heterojunction in VMo+Se-BZCS.
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and the VB of VMo-BMO respectively, thereby creating the dual S-
scheme heterojunction [38]. Additionally, VSe is able to confine the
photoelectrons and increase the electron density around the VSe
sites in VSe-ZnSe while VMo sites can effectively locate the holes in
VMo-BMO, which not only suppresses the carrier recombination in
the dual S-scheme heterojunction but also enhances the redox
capability of VMo+Se-BZCS.

As observed in Fig. 4(a) and (b), the CB of VMo-BMO primarily
derived from Bi p orbitals and Mo d orbitals, while the VB was

chiefly composed of Bi p orbitals, Bi s orbitals, and O p orbitals.
Fig. S10 manifested the comparison of the projected density of
states (PDOS) between BMO and VMo-BMO and revealed that the
defect states formed near the VB edge of VMo-BMOwere composed
of Bi s orbitals and O p orbitals. The defect states favorably nar-
rowed the bandgap and facilitated electron transfer [39].
Furthermore, the differential charge density distribution maps
demonstrated a distinct increase of the electron density around O
atoms adjacent to VMo in VMo-BMO (Fig. S11), where red represents

Fig. 4. Band structures and the related DOS of (a) BMO and (b) VMo-BMO, Models of (c) ZCS, (d) VSe-ZCS with VSe from CdSe, and (e) VSe-ZCS with VSe from ZnSe, (f) comparison of
ΔE between VSe(CdSe)-ZCS and VSe(ZnSe)-ZCS, (g) PDOS of Zn and Se in VSe-ZnSe, electron location function and planar-averaged differential charge density of (h) VMo-BMO/VSe-ZnSe
and (i) VSe-ZCS, (j) electron localization function of VSe-ZnSe and VMo-BMO, (k) differential charge distribution of BMO/ZnSe and VMo-BMO/VSe-ZnSe.
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electron depletionwhile blue indicates electron accumulation. The
negatively charged center formed by VMo could trap the photo-
generated holes in VMo-BMO, thereby suppressing electron-hole
recombination and enhancing its oxidative degradation capa-
bility. A ZCS model was constructed and shown in Fig. 4(c). Zn
atom was substituted with Cd atom along the [1 1 1] direction
while the (1 1 1) plane was truncated for structural optimization.
The optimized models of VSe-ZCS with the VSe from CdSe and ZnSe
were illustrated in Fig. 4(d) and (e), respectively. The energy dif-
ference (ΔE) between the sum of the energy of the unit cell before
and after VSe doping was defined as the VSe formation energy
(Fig. 4(f)). The ΔE of VSe(CdSe)-ZCS (3.44 eV) was much lower than
VSe(ZnSe)-ZCS (5.60 eV), indicating that VSe was more prone to be
formed in ZnSe than in CdSe. Fig. S12 displayed the optimized
structural model of ZCS. It was observed that the structure of CdSe
was stable and regular while the adjacent ZnSe configurations
exhibited the obvious distortion, which coincided with the exis-
tence of VSe and the lattice distortion displayed in Fig. 1(i). The
differential charge distribution map of VSe-ZCS (Fig. S13) indicated
the electron accumulation around the VSe site. The projected
density of states (PDOS) spectra for VSe-ZnSe and ZnSewere shown
in Fig. 4(g) and Fig. S14, respectively. The doping of VSe in ZnSe
directly produced the defect states in its bandgap, which derived
dominantly from Zn s orbitals.

Fig. S15 manifested the VMo-BMO/VSe-ZnSe heterojunction
model and the VSe-ZCS model while their planar averaged charge
densities were plotted in Fig. 4(h) and (i), respectively, to visualize
the transfer of electrons at the heterojunction interface. The
negative and positive values of Δρ in its distribution along the z-
direction (vertical to the interface) denoted the charge depletion
and accumulation, respectively. An IEF directed from VSe-ZnSe to
VMo-BMO was constructed owing to the electron gains in VMo-
BMO and the electron losses in VSe-ZnSe. As demonstrated in
Fig. 4(h), the charge density at the VMo-BMO/VSe-ZnSe interface
(red line) changed higher than the BMO/ZnSe interface (black line),
indicating that the dopings of VSe and VMo enhanced the IEF
strength [40]. Fig. 4(i) verified the IEF direction in VSe-ZCS from
VSe-ZnSe to CdSe as well. Fig. 4(j) displayed that both the electron
localization function (ELF) values around the VSe site in VSe-ZnSe
and around the VMo site in VMo-BMOwere significantly lower than
that around the other Se and Mo sites Consequently, the highly
delocalized electron distribution around both the VSe and VMo site
facilitated the transferring of more electrons [41]. As observed in
Fig. 4(k), the differential charge distribution in the region be-
tween VMo and VSe site manifested a spontaneous charge transfer
pathway at the VMo-BMO/VSe-ZnSe interface. The Muliken charge
changes (ΔQ) between before and after the doping of VMo and VSe
were quantified as well. The positive ΔQ of VMo site and the
negative ΔQ of VSe site demonstrated the electron transfer from
VMo to VSe [29]. Actually, the electrons transferred evidently from
the Zn atoms adjacent to VSe sites to the O atoms adjacent to VMo
site through VMo-BMO/VSe-ZnSe interface (Fig. 4(k)) because the
electronegativity of O (3.44) was much higher than Zn (1.65). The
electron transfer direction was the same as the IEF direction,
enhancing the IEF strength accordingly. During the photo-
degradation, the doping of VMo and VSe encouraged the formation
of new photoinduced hole acceptors and new photoinduced
electron acceptors in VMo-BMO and VSe-ZnSe, respectively, which
was expected to promote the electron-hole recombination along
with the IEF.

3.3. Efficient photoinduced electron-hole separation in the catalyst

Transient photocurrent response (TPR) analysis (Fig. 5(a)) were
performed to detect the photoinduced electron-hole separation in

the presence of different catalysts. VMo+Se-BZCS owned the highest
photocurrent intensity among all the catalysts, further confirming
that the engineered dual vacancies promoted the photoelectron-
hole separation efficiency of the dual S-scheme heterojunction.
The Nyquist diagrams of different catalysts (Fig. 5(b)) displayed
that VMo+Se-BZCS had the shortest curvature radius, suggesting the
existence of a rapid charge transfer pathway [42,43]. The cyclic
voltammetry (CV) profiles of the electrodes modified using
different catalysts (Fig. 5(c)) in Na2SO4 electrolyte under LED
irradiation exhibited that VMo-BZCS owned the augmented
oxidation peak at 0.024 V vs. SCE while VSe-BZCS possessed the
intensified reduction peak at - 0.794 V vs. SCE in comparison with
BZCS, signifying that the doping of VMo and VSe improved the
oxidative and the reductive activity, respectively [44]. VMo+Se-
BZCS further showed the strongest reduction and oxidation peaks
at 0.105 V vs. SCE and - 0.863 V vs. SCE, respectively, demon-
strating that VMo and VSe jointly enhanced the redox activity.

Both the fs-TAS measurements of BZCS and VMo+Se-BZCS were
carried out to uncover the electron transfer mechanism in pho-
tocatalysis. As shown in Fig. 5(d) and (g), the fs-TAS spectra of BZCS
possessed an excited-state absorption (ESA) peak at around
510 nm and a broad ground-state bleach (GSB) peak at 640-
700 nm. Nevertheless, two distinct GSB peaks could be distin-
guished from the fs-TAS spectra of VMo+Se-BZCS. Fig. 5(e) and (h)
presented the 2D pseudo-color maps of fs-TA spectra for BZCS and
VMo+Se-BZCS, respectively. BZCS demonstrated an individual ESA
band and an individual GSB band, respectively, whereas VMo+Se-
BZCS exhibited two prominent GSB bands. The GSB signals
generally originate from electron transitions from VB to CB in the
photocatalyst and serve as indicators for photoelectron yield or
charge transfer capability [12]. As observed in Fig. 5(h), the first
GSB band in the delay time range of 1-10 ps was attributed to the
photoinduced electron transfer and combination between VMo site
and VSe site near the VMo-BMO/VSe-ZnSe interface while the sec-
ond GSB band in the delay time range of 100-1000 ps was
accredited to the charge recombination for the trapped holes and
electrons by VMo site and VSe site, respectively. They denoted two
independent photoinduced charge transfer pathways once under
the photoexcitation. The distinct ESA signals between the two GSB
bands suggested the electron transfer from the CB of VMo-BMO to
the VB of VSe-ZnSe. Together with Fig. 3(g), the two photoinduced
charge transfer pathways were presumed to correspond to VMo-
BMO(VB)→CdSe→VSe-ZnSe(CB) through the VMo-BMO/CdSe/VSe-
ZnSe interface (Fig. 5(j)) and VMo→VSe through the VMo-BMO/VSe-
ZnSe interface (Fig. 5(k)). The short delay time of VMo→VSe
denoted the formation of a new fast photogenerated charge
transferring pathway, which worked together with the other
pathway to boost the production of more holes on the VB of VMo-
BMO and more electrons on the CB of VSe-ZnSe. Accordingly, the
redox capability of the catalyst was greatly enhanced [45].

Fig. 5(f) and (i) manifested the fitting results of GSB recovery
kinetics for BZCS and VMo+Se-BZCS, respectively. Three lifetime
components were determined for both BZCS and VMo+Se-BZCS,
implying threemajor electron quenching pathways. The scheme of
the photogenerated carrier decay pathways in BZCS and VMo+Se-
BZCS was presented in Fig. 5(j) and (k), respectively. The lifetime of
dozens of picoseconds timescale (τ1) denotes the short-lived
charge recombination process caused by the trap state (TS) in
VMo-BMO [46]. The τ1 for VMo+Se-BZCS was lower than that for
BZCS. Actually, VMo and VSe could trap the photogenerated holes
and electrons, respectively, to decrease both the amounts of the
holes and electrons transferred to the trap state, which suppressed
the trap state-assisted carrier recombination. Another lifetime of
hundreds of picoseconds timescale (τ2) denotes the recombination
of electrons fromCB and holes fromVB [47]. Compared to BZCS, the
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Fig. 5. (a) Transient photocurrent response, (b) Nyquist diagram, and (c) Cyclic voltammetry (CV) curve of different catalysts, selected transient absorption spectra at specific time
scales of (d) BZCS and (g) VMo+Se-BZCS, 2D pseudo-colored fs-TAS spectra of (e) BZCS and (h) VMo+Se- BZCS, Normalized GSB recovery kinetics fitting curves of (f) BZCS and (i)
VMo+Se-BZCS probed at 631 nm, photoinduced electron decay pathways for (j) BZCS and (k) VMo+Se-BZCS.
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shorter τ2 of VMo+Se-BZCS was due to the recombination of the
electrons fromtheVSe inVSe-ZCS and theholes fromtheVMo inVMo-
BMO. TheVSe-VMo recombination evidently decreased the amounts
of the photoelectrons involved in CB-VB recombination [48],
thereby improving the redoxcapability ofVMo+Se-BZCS. The longest
lifetime of nanosecond timescale (τ3) was attributed to the
photoelectron transfer through heterojunctions toward the VSe-
ZCS surface [49]. Conversely, the value of τ3 for VMo+Se-BZCS larger
than that for BZCSdemonstrated thehigher carrier transferring rate
through the heterojunction interface toward the surface of VSe-ZCS,
which led to the electron enrichment on the surface of VSe-ZCS for
redox reactions [50]. Therefore, VMo and VSe not only suppressed
the photogenerated electron-hole recombination in the hetero-
junction but also provided abundant free-migrating electrons and
holes on the catalyst's surface, ultimately endowing VMo+Se-BZCS
with superior photocatalytic activity.

3.4. Photocatalytic degradation experiment for TC and Cr(VI)

The photocatalytic performance of different photocatalysts
were evaluated for simultaneous TC degradation and Cr(VI)
reduction. As seen in Fig. 6(a)—(f), almost all the catalysts reached
the adsorption equilibrium during the initial 30 min dark

adsorption period. VMo+Se-BZCS achieved both the highest TC
degradation efficiency of 90.1% (Fig. 6(a)) and the highest Cr(VI)
reduction efficiency of 95.2% (Fig. 6(d)) at 120 min among the
catalysts while BZCS owned the TC degradation efficiency of 75.1%
and the Cr(VI) reduction efficiency of 74.0%. The effects of VMo and
VSe concentrationon the catalytic performance of VMo+Se-BZCSwas
investigated. VMo concentration was adjusted by changing the im-
mersion time of BMO in the deep eutectic solvent (DES) while VSe
concentration was tuned by controlling the Cd2+ concentration in
the ion exchange process between Cd2+ and Zn2+. Additionally, as
displayed in Fig. 6(a)—(f), both the TC degradation efficiency and
the Cr(VI) reduction efficiency of VMo+Se-BZCS were obviously
higher than VMo-BZCS or VSe-BZCS alone because the doping of VMo
and VSe magnified the BPEs between TC and Cr(VI). In the degra-
dation, TC and Cr(VI) consumed the photoinduced holes on the VB
of VMo-BMO and the photoinduced electrons from the CB of VSe-
ZCS, respectively, serving as sacrificial agents for one another,
thereby inhibiting the photogenerated electron-hole recombina-
tion. Likewise, the doping of VMo and VSe performed as the photo-
induced holes trapped centers in VMo-BMO and the photoinduced
electrons trapped centers in VSe-ZCS, respectively, which restricted
the electron-hole recombination during the degradation as well.
Therefore, the dual-vacancy engineering strategy greatly amplified

Fig. 6. Photocatalytic TC degradation curves and Cr(VI) reduction curves of (a, d) different catalysts, (b, e) the catalysts with different DES degradation times, and (c, f) the catalysts
with different Cd(NO3)2 concentrations, (g) TC degradation curves and (h) Cr(VI) reduction curves of VMo+Se-BZCS in the wastewater containing both TC and Cr(VI), TC alone, and
Cr(VI) alone, (i) comparison of TC degradation curves and Cr(VI) reduction efficiency of BZCS and VMo+Se-BZCS.
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the BPEs, and hence increased both the TC and Cr(VI) degradation
efficiency.

The TC and Cr(VI) degradation efficiency for the wastewater
containing TC alone, Cr(VI) alone, and both TC and Cr(VI) were
compared for BZCS and VMo+Se-BZCS, respectively. For BZCS, the TC
degradation efficiency for the wastewater containing TC alone was
higher than that for the wastewater containing both TC and Cr(VI)
(Fig. S16), denoting that Cr(VI) owned an inhibitory effect on TC
degradation. It was because that Cr(VI) reduction competed for the
consumption of photogenerated electrons from the CB of ZnSe that
would otherwise be used to generate the ROS effective for TC
degradation, such as ·O—2 and ·OH. Additionally, although the
Cr(VI) reduction efficiency for the wastewater containing both TC
and Cr(VI) was higher than that for the wastewater containing
both Cr(VI) alone during the first 60 min of the reduction, both of
the Cr(VI) reduction efficiency were basically equal when the
Cr(VI) reduction approached 120 min, suggesting that the TC and
Cr(VI) degradation catalyzed by BZCS showed no BPEs. In contrast,
for VMo+Se-BZCS, both the TC and Cr(VI) degradation efficiency for
the degradation of the wastewater containing both TC and Cr(VI)
exceeded those for the degradation of the wastewater containing
TC or Cr(VI) alone (Fig. 6(g) and (h)). It was also demonstrated that
the doped VMo and VSe amplified the BPEs between TC and Cr(VI)
and the resultant photoinduced hole and electron centers
improved the catalyst's redox performance.

Particularly, increasing the immersion time led to the highest
TC degradation efficiency of for VMo+Se-BZCS-DES15 (Fig. 6(b))
whereas exerted limited effects on Cr(VI) reduction efficiency
(Fig. 6(e)). Excessive immersion time of BMO into DES generated
overabundant VMo, which evenwrongly acted as the electron-hole
recombination centers, and reduced the TC degradation efficiency
[40]. Additionally, an increased Cd2+ concentration resulted into a
progressively higher Cr(VI) reduction efficiency (Fig. 6(c)), which
reached a maximum of 98.2% when the Cd2+ concentration was
80 mmol·L- 1, whereas Cd2+ concentration only marginally pro-
moted the TC degradation efficiency (Fig. 6(f)). VMo only promoted
the TC degradation because it trapped the photoinduced holes

which could directly oxidize TC and break the large TC molecule
into small molecules. Similarly, VSe facilitated the Cr(VI) reduction
because it trapped the photoinduced electrons.

Fig. S17(a) and S17(d) displayed that both the TC degradation
efficiency and Cr(VI) reduction efficiency initially increased and
subsequently decreasedwith the gradually increasedmass fraction
of VSe-ZCS in VMo+Se-BZCS. The TC degradation efficiency and the
Cr(VI) reduction efficiency were the highest at 90.1% and 95.2%,
respectively, with the VSe-ZCS mass fraction of 25% [51]. Fig. S17(b)
and S17(e) demonstrated that both the TC degradation efficiency
and the Cr(VI) reduction efficiency progressively rose with the
increased VMo+Se-BZCS loading in the degradation. Fig. S17(c) and
S17(f) highlighted the effects of pH on the simultaneous degrada-
tion of TC and Cr(VI). The TC degradation efficiencywas the highest
at under neutral conditions while the Cr(VI) reduction efficiency
steadily declined with the pH value changing from 2 to 12. Cr(VI)

exist in the formof Cr2O
2-
7 andHCrO-

4 under acid conditions,which
favored the Cr(VI) reduction [52], while TC exist as TCH3+when pH
is greater than 3.3 and less than 7.7, which is resistant to be
degraded [53].

Table S3 compared the photocatalytic performance of VMo+Se-
BZCS and some other reported catalysts for the simultaneous
removal of TC and Cr(VI). VMo+Se-BZCS possessed the superior
catalytic performance under both LED and xenon lamp irradiation,
respectively, among all the listed catalysts. The TC degradation ef-
ficiency and the Cr(VI) reduction efficiency of VMo+Se-BZCS was
98.9% and 99.5% under xenon lamp irradiation, respectively, by the
end of the degradation. Actually, as seen in Fig. S18(a) and S18(b),
these two efficiencies had achieved 96.1% and 96.4%, respectively,
when the degradation proceeded for 60 min. The TC degradation
efficiency and the Cr(VI) reduction efficiency of VMo+Se-BZCS under
LED irradiationwas 90.1% and 95.2%, respectively. The difference in
the two efficiencies between under the xenon lamp and under LED
irradiationwas attributed to the factor that the xenon lamp owned
a broader spectral range and higher light intensity than LED.
However, LED was still competitive because its power (40 W) was
only one-fifth of the of xenon Lamp (200 W) and its lifetime was

Fig. 7. (a) TC degradation curves and (b) Cr(VI) reduction curves for different quenchers in the presence of VMo+Se-BZCS, ESR spectra of (c) h+, (d)·O—2, (e) ·OH generated under
dark and illumination conditions in the presence of VMo+Se-BZCS, and (f) ESR spectra of VSe and VMo.
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commonly10 times longer than of the conventional xenon Lamp. In
the five-cycle photodegradation tests, VMo+Se-BZCS exhibited a
high cyclability. As exhibited in Fig. S18(c) and S18(d), the TC
degradation efficiency and Cr(VI) reduction efficiency decreased by
only 4.8% and 5.2%, respectively, after the five degradation cycles.

The major ROS responsible for TC degradation and Cr(VI)
reduction were determined through the free radical quenching
experiment and electron spin resonance (ESR) analysis. EDTA-Na,
IPA, BQ, and NaHCO3 was exploited as the quenchers for hole,
·OH, ·O—2, and photoinduced electron, respectively [54,55]. As
shown in Fig. 7(a) and (b), the photoinduced holes exerted themost
significant effect on TC degradation, followed by · O-

2 and ·OH,
while the photoinduced electrons played the greatest role in Cr(VI)
reduction because the Cr(VI) reduction efficiency sharply
decreased after NaHCO3 quenched the electrons in the hetero-
junction. It was noted that the added EDTA-Na quenched a lot of
photoinduced holes in the catalyst and suppressed most of the
electron-hole recombination. Consequently, substantial photoin-
duced electrons near the CB of VMo+Se-BZCS was able to efficiently
reduce Cr(VI). Fig. 7(c)—(e) indicated that all the signals of h+, ·O-

2 ,

and ·OH were successfully detected for both the photocatalytic
degradation system in the presence of BMO/ZnSe andVMo+Se-BZCS.
Remarkably, the peak intensity of h+ possessed a negative corre-
lation with its amount while both the peak intensity of ·O—2 and
·OH owned a positive correlationwith its amount. All the amounts
of the above three ROS generated in the presence of VMo+Se-BZCS
were distinctly higher than those in the presence of BMO/ZnSe,
highlighting the promoting effect of the fast photoinduced charge
transferring pathway on the photocatalytic generation of ROS. It
was because that the fast pathway led to the generation of more
photoinduced h+ and electrons, which directly drove the formation
of ·OH and ·O-

2 [56].
The electrostatic potential map, the lowest unoccupied mo-

lecular orbital (LUMO), the highest occupied molecular orbital
(HOMO), and the Fukui functions (the electrophilicity (f- ), the
nucleophilicity (f+), and the radical attack susceptibility (f0)) of TC
were displayed in Fig. S19(a)—S19(d), respectively. HOMO was
mainly localized near N atom (45) and the adjacent two methyl
groups, manifesting that both the C (47-48) atoms and N (45) atom
were more susceptible to be attacked by the electrophilic radicals

Fig. 8. HPLC-MS spectra of the degradation solutions (a) 15 min and (b) 90 min after the degradation started for the TC and Cr(VI) wastewater in the presence of VMo+Se-BZCS, (c)
possible degradation pathways of TC in the presence of VMo+Se-BZCS.
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(h+ and ·OH). Additionally, LUMO was primarily placed near
carbonyl group, benzene ring, and hydroxyl group, rendering them
attacked by such nucleophilic radicals as ·O-

2 h
+ and ·OH preferred

to target the atoms of C (47-48) and N (45) with the high f- value,
removing both the hydroxyl and amine groups and opening the
cycloalkane, while ·O-

2 preferentially broke the nucleophilic sites
with the high f+ value and opened the aromatic ring at C (1-15).

3.5. Effects of vacancies on the degradation intermediate and
pathways

HPLC-MS characterization was carried out for modifying the
intermediate products 15 and 90 min after the start of the
degradation in the presence of BMO/ZnSe and VMo+Se-BZCS,
respectively. Fig. S20(a) and S20(b) exhibited the mass-to-charge
ratio (m/z) values of the intermediate products during the degra-
dation for BMO/ZnSe while Fig. 8(a) and (b) showed those for
VMo+Se-BZCS. Four pathways of the TC degradation in the presence
of VMo+Se-BZCS were hypothesized and were depicted in Fig. 8(c).
Both the red product names (Fig. 8(b)) and the red structure for-
mulas (Fig. 8(c)) represented the small molecule intermediates
that were not generated during the degradation in the presence of
BMO/ZnSe but were produced in the presence of VMo+Se-BZCS. It

was shown that some complex polycyclic aromatic hydrocarbons,
such as P2, P6, and P8, could still be detected even 90 min after the
degradation in the presence of BMO/ZnSe. Nevertheless, more ROS
produced in the presence of VMo+Se-BZCS were able to further
break the above complexmolecules to produce the small molecule
intermediates, including P15, P17, P21, and P24.

The acute and chronic toxicity of all the degradation in-
termediates (P0-P25) were predicted using ECOSAR algorithm. The
LC50 and EC50 of fish, daphnia and green algae were used as the
indicative factor of acute toxicity while the CHVwas utilized as the
indicative factor of chronic toxicity (Fig. S21(a)). The lower the
indicative factors were, the higher the toxicity was. The toxicity of
themajority of the degradation intermediates detected in pathway
1, 2, 3, and 4 for the degradation in the presence of VMo+Se-BZCS
were considerably lowered in comparison with TC. Particularly,
the small molecule intermediates only detected during the
degradation in the presence of VMo+Se-BZCS, such as P13, P15, P16,
P17, P21, and P24, exhibited low toxicity or even non-toxic. The
biotoxicity of the degradation solutions of the TC and Cr(VI)
wastewater after the photocatalytic degradation of 180 min in the
presence of different photocatalysts were assessed with E. coli
O157:H7. As displayed in Fig. S21(b), the viable cell count of E. coli
O157:H7 in the degradation solution for different catalysts

Fig. 8. (continued).
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decreased in the sequence of VMo+Se-BZCS ＞ VSe-BZCS ＞ VMo-
BZCS ＞ BZCS ＞ BMO. The colony number ratio for VMo+Se-BZCS
(Fig. S22) was the highest and even reached 100.3% after 12 h of
incubation, manifesting that the degraded solutions after 180 min
of the degradation of wastewater in the presence of VMo+Se-BZCS
possessed the lowest biotoxicity. The 1H NMR spectrum of the
degraded solution (Fig. S21(c)) displayed no observable peaks of
organic compounds, demonstrating complete degradation of TC
into small-molecule inorganic compounds. As displayed in
Fig. S23, the TOC removal for the TC degradation process cata-
lyzed by BMO/ZnSe and VMo + Se-BZCS was calculated to be 34.2%
and 60.2% after the 120 min of the photocatalytic degradation
period.

The photocatalytic mechanism of VMo+Se-BZCS for simulta-
neous TC degradation and Cr(VI) reduction was proposed
(Fig. S24). In the heterojunction, an IEF from ZnSe to BMOwas built
because the work functions were in the order of VMo-
BMO ＞ CdSe ＞ VSe-ZnSe in VMo+Se-BZCS. The introduction of VMo
and VSe into the oxidation ends and the reduction ends of the S-
scheme heterojunction added a new electron transfer pathway
directly fromVSe-ZnSe to VMo-BMO and generated an extra IEF. The
directions of the resultant two IEFs were the same, thereby
enhancing the IEF intensity and constructing a dual S-scheme
heterojunction constructure of VMo+Se-BZCS. Once upon the light
irradiation, VMo and VSe could trap the photogenerated holes and
electrons, respectively, which caused a rapid photoinduced charge
transfer pathway (VMo→VSe) through the heterojunction interface
under the Coulomb force in the IEF with the direction VSe-
ZnSe→VMo-BMO. Consequently, the hole-electron recombination
was considerably prevent in both VSe-ZnSe and VMo-BMO. The
photogenerated electrons accumulated in the CB of VSe-ZnSe
reduced Cr(VI) into Cr(III) while the holes accumulated in the VB of
VMo-BMO oxidized and degraded TC into small molecules. Addi-
tionally, the photogenerated electrons and holes were able to
produce the ROS effective for TC degradation, including · O-

2 and
·OH. The whole photocatalytic degradation process includes the
reactions shown as from Eq. (1) to Eq. (7).

Photocatalytic + hν → e— + h+ (1)

VMo+h+→VMo-h+ (2)

VSe + e—→VSe-e— (3)

H2O + VMo-h+→ ·OH + H+ + VMo (4)

O2 + VSe-e—→ ·O—2 +VSe (5)

Cr(VI) + 3VSe-e—→Cr(III)+ 3VSe (6)

h+/·O—2/ ·OH + TC →H2O + CO2 (7)

4. Conclusions

This study successfully constructed a dual-vacancy engineered
dual S-scheme heterojunction (VMo+Se-BZCS) by DES impregnation
and ion exchangemethods. HRTEM images confirmed the targeted
doping of VMo and VSe into BMO and ZnSe, respectively, and the
lattice distortion at the VMo-BMO/VSe-ZCS interface was observed
as well. The electronic band structures of VMo-BMO, ZnSe, and
CdSe were depicted according to the UV-Vis DRS and Mott-
Schottky characterization results, verifying the dual S-scheme

heterojunction structure of VMo+Se-BZCS together with the XPS
analysis. DFT simulation revealed that more electrons spontane-
ously transferred through the heterojunction interfaces from the
neighboring Zn atoms near VSe to the VMo site, which enhanced the
IEF strength accordingly. Both in-situ XPS and fs-TAS analysis
certified the formation of a fast charge transfer pathway through
the VMo-BMO/VSe-ZnSe interface upon LED irradiation. Addition-
ally, VMo and VSe acted as the photoexcited hole and electron
trapping centers, respectively, thereby efficiently promoting the
electron-hole separation of VMo+Se-BZCS. Consequently, VMo+Se-
BZCS showed the TC degradation efficiency of 90.1% and the Cr(VI)
reduction efficiency of 95.2% upon LED irradiation and the TC
degradation efficiency of 98.9% and the Cr(VI) reduction efficiency
of 99.5% upon xenon lamp irradiation, during the photocatalytic
degradation of the wastewater containing both tetracycline (TC)
and Cr(VI). All the values were competitive in comparison with
some other reported catalysts. The dual doping of VMo and VSe
were confirmed to magnify the bi-directional promotion effects
(BPEs) between TC and Cr(VI) in the presence of VMo+Se-BZCS.
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[6] Y.H. Wen, Á. Rentería-Gómez, G.S. Day, M.F. Smith, T.H. Yan, R.O.K. Ozdemir,
O. Gutierrez, V.K. Sharma, X.M. Ma, H.C. Zhou, Integrated photocatalytic
reduction and oxidation of perfluorooctanoic acid by metal-organic frame-
works: key insights into the degradation mechanisms, J. Am. Chem. Soc. 144
(26) (2022) 11840—11850.

[7] S.J. Li, X.Y. Li, Y.P. Liu, P. Zhang, J.L. Zhang, B. Zhang, Interfacial engineering of
a plasmonic Ag/Ag2CO3/C3N5 S-scheme heterojunction for high-performance
photocatalytic degradation of antibiotics, Chin. J. Catal. 72 (2025) 130—142.

[8] D.Y. Ma, Q.Q. Xue, Y.P. Liu, F.L. Liang, W.Y. Li, T. Liu, C.Q. Zhuang, Z.W. Zhao, S.
J. Li, Manipulating interfacial charge redistribution in Mn0.5Cd0.5S/N-rich
C3N5 S-scheme heterojunction for high-performance photocatalytic removal
of emerging contaminants, J. Mater. Sci. Technol. 243 (2026) 265—274.

[9] J. Liu, Y.J. Xiang, Y.W. Chen, H.J. Zhang, B.J. Ye, L. Ren, W.F. Tan, A. Kappler, J.T.
Hou, Quantitative contribution of oxygen vacancy defects to arsenate immo-
bilization on hematite, Environ. Sci. Technol. 57 (33) (2023) 12453—12464.

[10] B. Liu, N.H. Zhou, J. Liu, X.L. Wang, P.K.J. Robertson, X.Y. Chen, C. Chen, J.M.
Luo, C.Y. Wang, Full-spectrum Bi@SrTiO3 for bi-directional promotion effects
on photocatalytic redox reaction: insight into intermediates and mechanism,
J. Rare Earths 42 (5) (2024) 917—929.

[11] N. Wang, H.T. Luo, L.L. Lu, P. Wu, G.D. Kang, J.Q. Chen, T. Xia, H. Zhou, S.H.
Zhang, One-step calcination decomposition synthesis of Bi5O7NO3/β-Bi2O3
for efficient degradation of norfloxacin: performance, mechanism and
toxicity insights, Chem. Eng. J. 524 (2025) 169507.

[12] J.C. Xu, X.D. Zhang, X.F. Wang, X.H. Wu, H.G. Yu, Charge self-regulation over
in-plane two-dimensional/two-dimensional hetero-cocatalyst for robust
photocatalytic hydrogen generation, J. Colloid Interface Sci. 675 (2024)
592—601.

[13] J.C. Sin, S.M. Lam, H.H. Zeng, H. Lin, H.X. Li, L.L. Huang, S.J. Liaw, A.R.
Mohamed, J.W. Lim, Integrating BaFe2O4 nanoparticles onto N-doped Bi2WO6
microspheres for eminent visible light-driven photocatalytic performance
towards aquaculture contaminants and pathogens, Colloids Surf. A Phys-
icochem. Eng. Aspects 692 (2024) 133905.

[14] D.Y. Li, S. Hussain, Y.J. Wang, C. Huang, P. Li, M.Y. Wang, T. He, ZnSe/CdSe Z-
scheme composites with Se vacancy for efficient photocatalytic CO2 reduc-
tion, Appl. Catal. B Environ. 286 (2021) 119887.

[15] Y. Lu, Y.L. Yang, X.Y. Fan, Y.Q. Li, D.H. Zhou, B. Cai, L.Y. Wang, K. Fan, K. Zhang,
Boosting charge transport in BiVO(4) photoanode for solar water oxidation,
Adv. Mater. 34 (8) (2022) e2108178.

[16] W.T. Song, K.C. Chong, G.B. Qi, Y.K. Xiao, G.W. Chen, B.W. Li, Y.F. Tang, X.Y.
Zhang, Y.F. Yao, Z.Q. Lin, Z.G. Zou, B. Liu, Unraveling the transformation from
type-II to Z-scheme in perovskite-based heterostructures for enhanced
photocatalytic CO2 reduction, J. Am. Chem. Soc. 146 (5) (2024) 3303—3314.

[17] S.J. Li, Y.Q. Zhao, X.L. Zhang, Y.P. Liu, T. Liu, W.Y. Li, Y.P. Hou, W. Jiang, B.
Zhang, Floatable S-scheme Bi4O5Br2/C3N4/carbon fiber cloth with robust in-
ternal electric field for efficient photocatalytic antibiotic decontamination,
Adv. Fiber Mater. 7 (6) (2025) 2032—2047.

[18] S.J. Li, R. Li, K.X. Dong, Y.P. Liu, X. Yu, W.Y. Li, T. Liu, Z.W. Zhao, M.Y. Zhang, B.
Zhang, X.B. Chen, Self-floating Bi4O5Br2/P-doped C3N4/carbon fiber cloth with
S-scheme heterostructure for boosted photocatalytic removal of emerging
organic contaminants, Chin. J. Catal. 76 (2025) 37—49.

[19] Z.S. Chen, J.Y. Wang, M.J. Hao, Y.H. Xie, X.L. Liu, H. Yang, G.I.N. Waterhouse, X.
K. Wang, S.Q. Ma, Tuning excited state electronic structure and charge
transport in covalent organic frameworks for enhanced photocatalytic per-
formance, Nat. Commun. 14 (1) (2023) 1106.

[20] Y.X. He, J. Qian, P.F. Wang, T.P. Xie, D.D. Dionysiou, B.H. Lu, S.J. Tang, Syn-
ergized selenium-vacancy heterogeneous interface and carbon nanotubes for
insight into efficient oxidation of pollutants via photocatalytic perox-
ymonosulfate activation, Appl. Catal. B Environ. 330 (2023) 122620.

[21] B. Shen, H. Du, A.X. Liu, N.Y. Li, C. Chen, L.G. Shen, Y.X. Hui, R.B. Huo, Z. Zhang,
Q. Wang, Interfacial electric field steering S-scheme charge transfer in MIL-
88A(Fe)/polydopamine heterojunctions: dual-redox pathways for efficient
pollutant mineralization, J. Clean. Prod. 523 (2025) 146458.

[22] Y. Liu, H.T.D. Bui, A.R. Jadhav, T. Yang, S. Saqlain, Y.G. Luo, J.M. Yu, A. Kumar,
H.D. Wang, L.L. Wang, V.Q. Bui, M.G. Kim, Y.D. Kim, H. Lee, Revealing the
synergy of cation and anion vacancies on improving overall water splitting
kinetics, Adv. Funct. Mater. 31 (21) (2021) 2010718.

[23] J. Zhang, D.S. Yang, Z. Yang, L.L. Wang, Utilizing cationic vacancy defects to
switch oxygen evolution mechanisms on atomically dispersed ru for
enhanced acidic catalytic performance, Appl. Catal. B Environ. Energy 364
(2025) 124845.

[24] J.H. Zhao, Y.F. Wang, H. Liu, R. Zhang, W.L. Jia, J.H. Zhang, Y. Sun, L.C. Peng,
Understanding the role of dual zinc and indium vacancies in ZnIn2S4 for the
visible-light-driven photocatalytic air-oxidation of 5-hydroxymethylfurfural,
ACS Catal. 15 (4) (2025) 3464—3474.

[25] H.J. Chen, R.H. Xu, D. Chen, T.L. Lu, H.J. Li, M. Wang, Subsurface Mo vacancy in
bismuth molybdate promotes photocatalytic oxidation of lactate to pyruvate,
ACS Catal. 14 (3) (2024) 1977—1986.

[26] J.T. Huang, T. Lin, L.Y. Lin, G.J. Ma, Z.Y. Zhang, S. Handschuh-Wang, A.Y. Meng,
P.G. Han, B. He, Boosted charge transport efficiency for bismuth and oxygen
dual vacancy-engineered BiVO4 photoanodes, ACS Appl. Energy Mater. 7 (22)
(2024) 10710—10720.

[27] L. Wang, Y.K. Li, Y.Y. Ai, E.C. Fan, F. Zhang, W.T. Zhang, G.S. Shao, P. Zhang,
Tracking heterogeneous interface charge reverse separation in SrTiO3/NiO/
NiS nanofibers with in situ irradiation XPS, Adv. Funct. Mater. 33 (44) (2023)
2306466.

[28] L. Yang, X.X. Jiang, X.M. Jin, J.R. Zhang, R.Z. Li, Y. Luo, H.Y. Li, Yeast-templated
in situ hydrothermal synthesis of carbon modified Bi2MoO6/Bi2S3 micro-
spheres with efficient photocatalytic performance, Ceram. Int. 50 (21) (2024)
42632—42644.

[29] X.J. Yang, X.J. Li, B. Zhang, T.F. Liu, Z.P. Chen, Oxygen vacancies enriched
hollow Bi2MoO6 microspheres for efficient photocatalytic oxidation of hy-
drocarbons, ACS Sustainable Chem. Eng. 12 (17) (2024) 6519—6528.

[30] M.Y. Wang, H. Yu, N. Yang, K. Yu, Ferroelectric polarization-electric field
promoted S-scheme CdSe/BaxSr1-xTiO3 for highly efficient solar hydrogen
evolution, Sep. Purif. Technol. 354 (2025) 128919.

[31] H. Wang, P.Y. Yang, W.J. Zhao, S.H. Ma, J.H. Hou, Q.F. He, C.L. Wu, H.A. Chen,
Q. Wang, Q. Cheng, B.S. Guo, J.C. Qiao, W.J. Lu, S.J. Zhao, X.D. Xu, C.T. Liu, Y.
Liu, C.W. Pao, Y. Yang, Lattice distortion enabling enhanced strength and
plasticity in high entropy intermetallic alloy, Nat. Commun. 15 (1) (2024)
6782.

[32] S.B. Cao, Y.W. Zeng, Y. Li, K. Da, W.T. Chen, J. Yang, X.M. Fan, The presence of
Mo and O double vacancies in Bi2W0.25Mo0.75O6 solid solution promotes
photogenerated charge separation and molecular oxygen activation for
efficient removal of gaseous toluene under visible light, Sep. Purif. Technol.
354 (2025) 128958.

[33] A.Q. Wang, Y.K. Wen, H.D. Zhu, Z. Liu, H. Wang, W.N. Yao, Y.L. Fan, G.C. Xie, X.
H. Chen, K. Yan, Q. Duan, Z.W. Jiang, M.M. Xu, Y.D. Wei, H. Lin, Oxygen va-
cancy mediated photocatalysis of Ti3C2 MXene quantum dots/W18O49 hybrid
membrane for peroxymonosulfate-enhanced oxidation degradation, Chem.
Eng. J. 496 (2024) 154264.

[34] L.Q. Zhang, Z.L. Jin, In situ proof construction of GDY/NiWO4/CdS double S-
scheme heterojunction: improving charge transfer and promoting photo-
catalytic activity, Chem. Eng. J. 497 (2024) 154548.

[35] R.Y. Zeng, C.C. Cheng, F.S. Xing, Y. Zou, K.N. Ding, C.J. Huang, Dual vacancies
induced local polarization electric field for high-performance photocatalytic
H2 production, Appl. Catal. B Environ. 316 (2022) 121680.

[36] C.L. Li, Y.F. Wang, S.R. Chen, W. Zhang, Z. Wang, Z.Y. Hou, Enhanced photo-
electrochemical performance based on conformal and uniform ZnO/ZnSe/
CdSe heterostructures on Zn foil substrate, Int. J. Hydrogen Energy 45 (15)
(2020) 8257—8272.

[37] M.W. Liu, W.H. Yang, R.S. Xiao, Y. Qin, R. Tan, Y.X. Chen, W.L. Gu, L.Y. Hu, Y.H.
Lin, C.Z. Zhu, Anisotropic dual S-scheme heterojunctions mimic natural
photosynthetic system for boosting photoelectric response, Angew. Chem. Int.
Ed. 63 (33) (2024) e202407481.

[38] H.W. Zhu, H.F. Shi, J.P. Li, X.S. Qu, S.S. Zhao, H.S. Wang, A. Rong, Z. Chen,
Construction of S-scheme Cs3PMo12O40/MnIn2S4 heterojunction for efficient
photocatalytic removal of antibiotics: degradation pathways, toxicity eval-
uation and mechanism insight, J. Alloys Compd. 976 (2024) 173072.

[39] Y.S. Li, D.M. Han, Z.H. Wang, F.B. Gu, Double-solvent-induced derivatization
of Bi-MOF to vacancy-rich Bi4O5Br2: toward efficient photocatalytic degra-
dation of ciprofloxacin in water and HCHO gas, ACS Appl. Mater. Interfaces 16
(6) (2024) 7080—7096.

[40] Y. Fang, Y. Cao, B.H. Tan, Q.L. Chen, Oxygen and titanium vacancies in a BiOBr/
MXene-Ti3C2 composite for boosting photocatalytic N2 fixation, ACS Appl.
Mater. Interfaces 13 (36) (2021) 42624—42634.

[41] X. Shi, W.D. Dai, X.A. Dong, Q. Ren, J.P. Sheng, F. Dong, Dual Cu and S va-
cancies boost CO2 photomethanation on Cu1.95S1-x: Vacancy-regulated se-
lective photocatalysis, Appl. Catal. B Environ. 339 (2023) 123147.

[42] W. Li, Z.L. Liu, Y.B. Dong, L.Q. Wang, Z. Liu, L. Zhang, Z.N. Qiao, Micellar
interface modulation self-assembly strategy towards mesoporous bismuth
oxychloride-based materials for boosting photocatalytic pharmaceuticals
degradation, Chem. Eng. J. 450 (2022) 137897.

[43] S.J. Li, C.J. You, K. Rong, C.Q. Zhuang, X.B. Chen, B. Zhang, Chemically bonded
Mn0.5Cd0.5S/BiOBr S-scheme photocatalyst with rich oxygen vacancies for
improved photocatalytic decontamination performance, Adv. Powder Mater. 3
(3) (2024) 100183.

[44] A. Verma, S. Kumar, Y.P. Fu, A ternary-hybrid as efficiently photocatalytic
antibiotic degradation and electrochemical pollutant detection, Chem. Eng. J.
408 (2021) 127290.

[45] D.C. Jiang, S.N. Hu, Y. Qu, X. Tian, H.W. Du, C.H. Zhu, Z.J. Li, L.S. Yin, Y.P. Yuan,
G. Liu, Infrared irradiation-lattice vibration coupling-initiated N→Π* elec-
tronic transition in carbon nitride nanosheets for increased photocatalysis,
Adv. Funct. Mater. 34 (16) (2024) 2311803.

[46] L.M. Jin, M. Deng, J. Gao, L.C. Wang, Q. Zhou, X.J. Tang, Q. Li, H. Du, D. Hao, Q.
Wang, A crystalline triazine covalent organic framework with partial fluo-
rination for efficient hydrogen peroxide production toward water treatment,
Chem. Eng. J. 515 (2025) 163722.

[47] Y.X. Li, W.L. Su, Y.S. Yang, L.X. Bai, J. Lu, W.K. Zhang, S. Wei, In situ topotactic
formation of the pn-type inorganic intergrowth bulk heterojunction NiO(Al)/
CuO(Ni, Al) for photocatalytic CO2 methanation, Appl. Catal. B Environ. 341
(2024) 123282.

P. Tian et al. / Chinese Journal of Chemical Engineering 95 (2026) 113—128 127



[48] X.N. Tong, J.X. Shou, H. Song, Y.L. Wang, L. Huang, L.S. Yin, Ultrafast electron
transfer from crystalline g-C3N4 to Pt revealed by femtosecond transient
absorption spectroscopy, Energy Fuel. 36 (19) (2022) 11532—11541.

[49] C. Cheng, J.J. Zhang, B.C. Zhu, G.J. Liang, L.Y. Zhang, J.G. Yu, Verifying the
charge-transfer mechanism in S-scheme heterojunctions using femtosecond
transient absorption spectroscopy, Angew. Chem. Int. Ed. 62 (8) (2023)
e202218688.

[50] P.Y. Dong, K.J. Gao, L.H. Zhang, H.K. Huan, M.H. Xie, X.L. Yang, J.L. Zhang,
Hydrogen bond-assisted construction of MOF/semiconductor heterojunction
photocatalysts for highly efficient electron transfer, Appl. Catal. B Environ.
Energy 357 (2024) 124297.

[51] T.J. Ma, H.Y. Long, Z.H. Shi, Z.C. Lang, M.X. Zhao, S.Q. Zhang, C.S. Lei, Efficient
photocatalytic degradation of TC under visible light with three-dimensional
flower shaped N doped BiOBr/CuBi2O4, Opt. Mater. 143 (2023) 114175.

[52] C.C. Wang, S.J. Li, M.J. Cai, R.Y. Yan, K.X. Dong, J.L. Zhang, Y.P. Liu, Rationally
designed tetra (4-carboxyphenyl) porphyrin/graphene quantum dots/bis-
muth molybdate Z-scheme heterojunction for tetracycline degradation and

Cr(VI) reduction: performance, mechanism, intermediate toxicity appraise-
ment, J. Colloid Interface Sci. 619 (2022) 307—321.

[53] S.J. Li, M.J. Cai, C.C. Wang, Y.P. Liu, N. Li, P. Zhang, X. Li, Rationally designed
Ta3N5/BiOCl S-scheme heterojunction with oxygen vacancies for elimination
of tetracycline antibiotic and Cr(VI): performance, toxicity evaluation and
mechanism insight, J. Mater. Sci. Technol. 123 (2022) 177—190.

[54] X.T. Kong, J.X. Ma, S. Garg, T.D. Waite, Tailored metal-organic frameworks for
water purification: perfluorinated Fe-MOFs for enhanced heterogeneous
catalytic ozonation, Environ. Sci. Technol. 58 (20) (2024) 8988—8999.

[55] P. Zhang, N. Xiao, L. Yang, S.L. Liu, J.K. Wang, J.Y. Hu, Z.B. Tong, G.Q. Zhang, S.
M. Ding, Y.Q. Yu, Active species trapping test for the mechanism study of
photocatalytic dye degradation: a critical examination, Appl. Catal. A-Gen.
707 (2025) 120527. https://doi.org/10.1016/j.apcata.2025.120527.

[56] J.B. Lin, B. He, X. Li, X.H. Wang, L.Z. Zhang, P.J.J. Alvarez, M.C. Long, In-situ
formed Zr-phosphonate surface complex promotes peroxymonosulfate
activation of single-atom Cu for efficient phosphonate oxidation, Environ. Sci.
Technol. 59 (29) (2025) 15547—15557.

P. Tian et al. / Chinese Journal of Chemical Engineering 95 (2026) 113—128128


	01_2026年期刊7期（印刷）
	02_编委页(封二）
	03_扉页
	04_版权页1
	05_目录
	06_3872
	Prediction of pyrolysis products distribution for end-of-life wind turbine blades using attention-based feature fusion
	1. Introduction
	2. Research Methods
	2.1. PINN-based product distribution model
	2.2. Attention-based dynamic weighted feature fusion

	3. Results and Discussion
	3.1. Modeling dataset generation
	3.2. Performance indices
	3.3. Comparison with existing methods
	3.4. Diebold-Mariano test

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	References


	07_3877
	Interpretable machine learning-based prediction of hydrodynamic performance of divided fixed-valve tray in distillation columns
	1. Introduction
	2. Methods
	2.1. Experimental approach
	2.1.1. Orifice kinetic energy factor
	2.1.2. Overflow strength
	2.1.3. Wet pressure drop
	2.1.4. Clear liquid height
	2.1.5. Weep rate
	2.1.6. Entrainment rate

	2.2. Algorithms

	3. Results and Discussion
	3.1. Training machine learning models and hyperparameter optimization
	3.1.1. Data preprocessing
	3.1.2. Training and validation
	3.1.3. Hyperparameter optimization

	3.2. Performance evaluation of ML models
	3.3. Comparison and screening of ML models
	3.4. Feature study

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Generative AI and AI-assisted Technologies in the Writing Process
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	Nomenclature
	References


	08_3855
	Numerical investigation of microporous layer structure on mass transport and durability in proton exchange membrane water e ...
	1. Introduction
	2. Modeling and Methods
	2.1. Model introduction
	2.2. Agglomerate model
	2.3. Establish the numerical model

	3. Results and Discussion
	3.1. Location of the MPL
	3.2. Impact of MPL’s structural parameters on performance
	3.3. Thickness of the MPL
	3.4. Contact angle and porosity of the AMPL
	3.5. Best parameters of AMPL

	4. Conclusions
	CRediT Authorship Contribution Statement
	Author Declaration
	Acknowledgements
	References


	09_3871
	Molten salt-derived biochar with tunable pore architecture as non-metallic catalysts for acetylene hydrochlorination
	1. Introduction
	2. Materials and Methods
	2.1. Materials and chemicals
	2.2. Preparation biochar and its surface modification
	2.3. Characterization methods
	2.4. Catalysis evaluation

	3. Results and Discussion
	3.1. Primary optimization of pore volume adjustable BC
	3.1.1. Biochar synthesis routes
	3.1.2. Primary optimization of ternary salt
	3.1.3. Primary optimization of mesh number and constant temperature time

	3.2. Precisely adjustment of BC micropore volume
	3.3. Characteristics and properties of F-BC
	3.4. Evaluation of catalyst

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	10_3876
	MnO nanoflower network anchored on lamellar carbon: A high-performance cathode for aqueous zinc-ion batteries
	1. Introduction
	2. Experimental
	2.1. Preparation of MnO NN/LC and B-MnO/C materials
	2.2. Materials characterization
	2.3. Electrochemical tests

	3. Results and Discussions
	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	11_3866
	A highly robust fluorine-functionalized {Sn2}-organic framework for efficiently catalyzing CO2-Epoxide cycloaddition and Kn ...
	1. Introduction
	2. Results and Discussion
	2.1. Crystal structural analysis
	2.2. SEM and XPS characterization
	2.3. Gas adsorption studies

	3. Catalytic Studies on Catalytic Cycloaddition of CO2 with Epoxides
	3.1. Screening the catalytic performance
	3.2. Cycloaddition reaction of CO2 with various epoxides
	3.3. Recyclability of NUC-165a catalyst
	3.4. Hot filtration test
	3.5. Proposed reaction mechanism

	4. Investigations into the Catalytic Performance in the Knoevenagel Condensation Reaction Involving Aldehydes and Malononitrile
	4.1. Screening the catalytic performance
	4.2. Catalytic substrate scope
	4.3. Recyclability of NUC-165a catalyst
	4.4. Hot filtration test
	4.5. Proposed reaction mechanism

	5. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	12_3873
	Bio-templated and 3D-printed hierarchical NaY zeolite monolith for efficient and recyclable CO2 adsorption
	1. Introduction
	2. Experimental
	2.1. Chemicals and materials
	2.2. Synthesis of Bio-NaY and conventional NaY
	2.3. Fabrication of 3D-Printed adsorbents
	2.4. Characterization methods
	2.5. Adsorption experiments
	2.6. Molecular simulation method
	2.7. Zero length column (ZLC) measurement

	3. Results and Discussion
	3.1. Characterization of the Bio-SiO2 platform
	3.2. Characterization of bio-templated zeolite
	3.3. CO2 capture performance of Bio-NaY zeolite
	3.4. Molecular dynamics simulation
	3.5. 3D-printed monoliths and CO2 capture performance

	4. Conclusions
	CRediT Authorship Contribution Statement
	Date Availability Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	13_3878
	Hydrothermal preparation of CuS2-Cu2O decorated TiO2 for highly efficient activation of peroxymonosulfate to degrade chloro ...
	1. Introduction
	2. Experimental
	2.1. Chemicals and characterization methods
	2.2. Preparation of CuS2-Cu2O/TiO2
	2.3. Photocatalytic degradation of chloroquine phosphate

	3. Results and Discussion
	3.1. Structure and morphology
	3.2. Optical properties
	3.3. Degradation of CQ in the CuS2-Cu2O/TiO2/PMS system
	3.4. Catalytic mechanism
	3.4.1. Electrochemical performance of the catalytic system
	3.4.2. Identification of reactive species
	3.4.3. Possible catalytic mechanism

	3.5. Degradation pathway of CQ

	4. Conclusions
	CRediT Authorship Contribution Statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	14_3859
	Scalable electrosynthesis of propionic acid via 1-propanol oxidation on nickel hydroxide electrodes in a diaphragmless elec ...
	1. Introduction
	2. Experimental
	2.1. Electrolytic cell
	2.2. Product analysis
	2.3. Electrochemical tests

	3. Results and Discussion
	3.1. Optimization of current density
	3.2. Optimization of 1-PrOH
	3.3. Optimization of pH
	3.4. Optimization of reaction time
	3.5. Stability test and amplification experiment
	3.6. The producing pathway of 1-PrOOH from 1-PrOH

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	15_3882
	Recovery of calcium resources from phosphogypsum in the preparation of sulfoaluminate cement: Decomposition mechanism and m ...
	1. Introduction
	2. Experiments
	2.1. Sample preparation
	2.2. Methods

	3. Results and Discussion
	3.1. Thermodynamic analysis
	3.2. Thermal analysis
	3.3. Decomposition rate
	3.4. Mineral formation
	3.5. Microstructure analysis
	3.6. Kinetic analysis for PG decomposition in mineral formation

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgments
	References


	16_3848
	Dual Mo and Se vacancies in dual S-scheme heterojunction suppress charge recombination and boost redox capability for simul ...
	1. Introduction
	2. Experimental
	2.1. Chemicals
	2.2. Preparation of VMo+Se-BZCS, VMo-BZCS and VSe-BZCS
	2.3. Photocatalytic degradation experiment

	3. Results and Discussion
	3.1. Doping of VMo and VSe in the catalyst
	3.2. Photochemical properties of the catalyst
	3.3. Efficient photoinduced electron-hole separation in the catalyst
	3.4. Photocatalytic degradation experiment for TC and Cr(VI)
	3.5. Effects of vacancies on the degradation intermediate and pathways

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	17_3874
	Molecular dynamics study on proton transport in Nafion, sulfonated polyethylene, and sulfonated poly(ether ether ketone) me ...
	1. Introduction
	2. Simulation Methods
	3. Results and Discussion
	3.1. Diffusion properties
	3.2. Radial distribution function
	3.3. Membrane internal structure
	3.4. Hydrogen-bond network
	3.5. Water channel analysis

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	18_3867
	Controllable self-biodegradation of polycaprolactone/polyurethane composite sutures enabled by random heteropolymers-immobi ...
	1. Introduction
	2. Materials and Methods
	2.1. Chemical synthesis of PU and RHP
	2.2. The protective ability of RHP to BCL in organic reagents
	2.3. Preparation of self–biodegradable PCL/PU composite suture
	2.4. Mechanical test
	2.5. Degradation of the self-biodegradable PCL/PU composite sutures
	2.6. Cytocompatibility assessment
	2.7. Functional characterization of thymol–loaded self–biodegradable sutures
	2.8. Statistical analysis

	3. Results
	3.1. The encapsulation and protective effects of RHP on BCL
	3.2. Optimization of PCL/PU composite ratio and characterization of self–biodegradable sutures
	3.3. Analysis of degradation performance of self-biodegradable sutures
	3.4. In vitro cell viability
	3.5. Functionalized self–biodegradable sutures

	4. Discussion
	5. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	flink8
	References


	19_3883
	Density functional theory study of carbon-based bifunctional oxygen electrode catalysts with double Yb atoms linked via N/N ...
	1. Introduction
	2. Materials and Methods
	2.1. Computational materials model
	2.2. Calculation method

	3. Results and Discussion
	3.1. Stability analysis
	3.2. Adsorption analysis of ORR and OER
	3.3. OH modification and mechanism analysis
	3.4. Volcano map relationship

	4. Conclusions
	CRediT Authorship Contribution Statement
	Data Availability
	Declaration of Generative AI and AI-assisted Technologies in the Manuscript Preparation Process
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	20_3845
	Semi-hydrogenation of acetylene on Ni/H-zeolite catalysts with different zeolite topologies
	1. Introduction
	2. Experimental
	2.1. Catalyst preparation
	2.2. Catalyst characterization
	2.3. Catalytic performance evaluation

	3. Results and Discussion
	3.1. Catalyst characterization
	3.1.1. XRD
	3.1.2. BET
	3.1.3. SEM and TEM analysis
	3.1.4. NH3-TPD and Py-FTIR analysis
	3.1.5. H2-TPR analysis
	3.1.6. C2H4-TPD analysis
	3.1.7. In-situ DRIFTS analysis
	3.1.8. XPS analysis

	3.2. Structure and performance of catalysts
	3.2.1. Effect of different zeolite topologies on the catalytic performance
	3.2.2. Relationship between structure and catalytic performance of Ni/H-zeolite

	3.3. The plausible reaction mechanism

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	21_3870
	Data-driven robust optimization for integrated refinery planning and blending scheduling under multi-mode uncertainty
	1. Introduction
	2. Problem Statement
	2.1. Given
	2.2. Determine
	2.3. While

	3. Deterministic Optimization Model for Integrated Problem
	3.1. Refinery planning model
	3.1.1. Objective function
	3.1.2. Scheduling models
	3.1.3. Demand constraints
	3.1.4. Blender constraints
	3.1.5. Storage constraints
	3.1.6. Units Constraints with a single operating mode
	3.1.7. Units constraints with multiple operating modes
	3.1.8. Crude oil cut constraints
	3.1.9. Units durations constraints

	3.2. Product blending scheduling model
	3.2.1. Objective function
	3.2.2. Mode transition constraints
	3.2.3. Multi-mode Secondary unit constraints
	3.2.4. Blender constraints
	3.2.5. Storage tank constraints


	4. Data-driven Robust Optimization Model for Integrated Problem
	4.1. Blending effect model
	4.2. Multi-mode uncertainty set induced by weighted one-class supporting vector machine
	4.2.1. Setting the weight parameter and trimming uncertainty set
	4.2.2. Robust counterpart reformulation


	5. Integrated Framework & Computational Strategy
	5.1. Single-level reformulation
	5.2. Calculation scheme: robust buffer-based decomposition

	6. Case Study
	7. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Nomenclature
	References


	22_3895
	Characterization of dynamic behavior in the liquid spray zone of a bottom-spouted fluidized bed
	1. Introduction
	2. Experimental
	2.1. Experimental apparatus
	2.2. Experimental material
	2.3. Experimental methodology
	2.3.1. Signal detection
	2.3.2. Detection of droplet signals in the liquid spray zone
	2.3.3. Characterization of liquid–solid contact efficiency


	3. Characterization of Liquid-sprayed Spouted Fluidized Beds
	3.1. Temperature dynamic behavior of the liquid spray zone and the spouted drying zone
	3.1.1. Particle shape effect
	3.1.2. Effect of atomization gas velocity on temperature
	3.1.3. Effect of spouted gas velocity on bed temperature
	3.1.4. Effect of fluidized gas velocity on bed temperature
	3.1.5. Effect of liquid spouted rate on bed temperature
	3.1.6. Temperature variation coefficient

	3.2. Dynamic behavior of droplets in the liquid spray zone
	3.3. Liquid–solid contact efficiency in the liquid spray zone
	3.3.1. Effect of bed temperature on liquid–solid contact efficiency
	3.3.2. Effect of spouted gas velocity on liquid–solid contact efficiency
	3.3.3. Effect of atomization gas velocity on liquid–solid contact efficiency
	3.3.4. Effect of fluidized gas velocity on liquid–solid contact efficiency
	3.3.5. Effect of liquid spouted rate on liquid–solid contact efficiency


	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	References


	23_3881
	SiO2-AlO(OH) composite-loaded gold nanoparticles catalyze the oxidative esterification reaction of 5-hydroxymethylfurfural
	1. Introduction
	2. Experimental
	2.1. Preparation of catalysts
	2.2. Oxidative esterification reaction of HMF

	3. Results and Discussion
	3.1. Structural characterization of catalysts
	3.2. Catalytic performance evaluation
	3.3. Reaction mechanism and substrate expansion

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	24_3897
	Computational modeling of nanoplastic particles for polymer-binding peptide interactions at atomistic resolution
	1. Introduction
	2. Methods and Modeling
	2.1. Quantum mechanics calculations and restrained electrostatic surface potential charge fitting
	2.2. Simulation of polymer folding in water and radius of gyration calculations
	2.3. Simulation details for studying the physicochemical properties of pure polymers
	2.4. Explicit-solvent atomistic MD simulations for the binding study of polymers and peptides

	3. Results and Discussion
	3.1. Partial atomic charges and atom types of PE, PP, and PS monomers
	3.2. Simulation studies to examine the validity of GAFF2 force field for the polymer systems
	3.3. Binding studies of peptides and polymer particles via the MD simulations

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	25_3888
	Gas–liquid countercurrent absorption process based on micro-scale helical liquid-bridge flow
	1. Introduction
	2. Materials and Methods
	2.1. Fluid flow experiment
	2.2. Mass transfer experiment

	3. Results and Discussion
	3.1. Two-phase flow pattern
	3.2. Fluid flow behavior
	3.2.1. Liquid-bridge morphology
	3.2.2. Average liquid film thickness
	3.2.3. Gas–liquid contact area
	3.2.4. Average residence time

	3.3. Mass transfer performance
	3.3.1. Effect of gas flow patterns
	3.3.2. Effect of liquid flow rate
	3.3.3. Effect of helical parameters

	3.4. Mass transfer coefficient prediction
	3.5. Mass transfer performance comparison

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	flink7
	References


	26_3880
	Oil hydrogenation in a HiGee-aided fixed bed reactor: Process intensification and macro-kinetic model
	1. Introduction
	2. Experimental and Analysis Method
	2.1. Materials
	2.2. Apparatus and process
	2.3. Analysis method of samples

	3. Results and Discussion
	3.1. Structure optimization
	3.1.1. Effect of filling volume of top quartz sand
	3.1.2. Effect of catalyst particle shape

	3.2. Hydrogenation performance
	3.2.1. Effect of rotational speed of HMG
	3.2.2. Effect of reaction temperature
	3.2.3. Effect of pressure
	3.2.4. Effect of H2-oil volumetric flow rate ratio
	3.2.5. Effect of liquid hourly space velocity (LHSV)

	3.3. Macro-kinetic model
	3.3.1. VGO hydrodesulfurization
	3.3.2. VGO hydrodenitrogenation


	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Nomenclatures
	References


	27_3832
	Impacts of drying treatment on pyrolysis of oily sludge: Kinetic analysis and product evaluation
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Tube furnace experiment
	2.3. TG-IR experiment
	2.4. GC-MS experiment
	2.5. Pyrolysis kinetics

	3. Results and Discussion
	3.1. Dried OS pyrolysis product distribution
	3.2. Thermogravimetric analysis
	3.3. Pyrolysis kinetic analysis
	3.4. IR test analysis
	3.5. Analysis of pyrolysis gas components
	3.6. Analysis of pyrolysis oil components

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Nomenclature
	Supplementary Material
	References


	28_3900
	Influence mechanism and regulation strategy of atmospheric conditions on the thermal decomposition of phosphogypsum
	1. Introduction
	2. Experimental
	2.1. Experimental materials and equipment
	2.2. Experimental methods
	2.3. Analytical methods
	2.4. Theoretical analysis

	3. Results and Discussion
	3.1. Thermal decomposition process of CaSO4·2H2O
	3.2. Decomposition process of CaSO4·2H2O under different reduction conditions
	3.2.1. Graphite powder as reducing agent
	3.2.2. CO as reducing agent

	3.3. Regulation of thermal decomposition products of CaSO4·2H2O under different reducing atmospheres
	3.3.1. Influence of CO concentration on the thermal decomposition of CaSO4·2H2O
	3.3.2. Influence of CO2 concentration on the thermal decomposition of CaSO4·2H2O
	3.3.3. Influence of PCO2/PCO partial pressure ratio on the thermal decomposition of CaSO4·2H2O

	3.4. Analysis of the reduction process of phosphogypsum
	3.5. Reaction mechanism

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	References


	29_3893
	CFD analysis of particle deposition characteristics in the human upper respiratory tract: A study on multifactorial regulat ...
	1. Introduction
	2. Numerical Simulation Method
	2.1. Geometric and mesh models
	2.2. Governing equations
	2.3. Boundary conditions and calculation method
	2.4. Grid independence verification

	3. Results and Discussion
	3.1. Model validation
	3.2. Analysis of flow field characteristics and deposition hotspots
	3.3. Factors analysis of steady-state breathing
	3.3.1. Simulation experiments under steady-state breathing
	3.3.2. Response surface analysis based on respiratory intensity, particle density and particle size

	3.4. Factor analysis of circulatory respiration
	3.4.1. Simulation experiments under circulatory respiration
	3.4.2. Response surface analysis based on respiration ratio, respiratory frequency and breath-holding time


	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Acknowledgements
	AcknowledgementsThis work was supported by the CAMS Innovation Fund for Medical Sciences (2022-I2M-1-025) and National Natu ...
	Supplementary Material
	References


	30_3892
	Preparation of polystyrene microspheres by suspension polymerization: A review
	1. Introduction
	2. Suspension Polymerization Mechanisms
	3. Well-developed Methods for Particle Size Control
	3.1. Control mechanism of stirring parameters on particle size
	3.2. Design and optimization of dispersant systems
	3.3. Effects of oil–water ratio and salt type
	3.4. Effect of temperature
	3.5. Effect of gel fraction

	4. New Processes and Technologies
	4.1. Membrane emulsification technology
	4.2. Microchannel technology
	4.3. Acoustic field-assisted technology

	5. Summary and Prospects
	5.1. Summary
	5.2. Prospects

	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	References


	31_3894
	Flow field characteristics analysis of venturi ejector improved by swirler using CFD simulation
	1. Introduction
	2. Governing Equation and Calculation Specification
	2.1. Multiphase flow model
	2.2. Turbulence model
	2.3. Mesh partition and simulation setting
	2.4. Mesh independence study and experiment validation

	3. Results and Discussion
	3.1. Influence of QL
	3.2. Influence of nozzle size
	3.3. Influence of swirler angle

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	32_3865
	Combining multiscale decomposition with time-series modeling: An approach for petrochemical processes
	1. Introduction
	2. Proposed Methodology
	2.1. Adaptive signal decomposition module
	2.1.1. VMD framework
	2.1.2. Parameter optimization strategy

	2.2. Squeeze-and-excitation spatial attention module
	2.2.1. Global feature squeeze
	2.2.2. Adaptive weight excitation
	2.2.3. Feature recalibration

	2.3. Temporal convolutional network model
	2.3.1. Causal convolution mechanism
	2.3.2. Dilated convolution structure
	2.3.3. Residual learning block


	3. Results and Discussion
	3.1. Case study I: Tennessee Eastman process
	3.2. Case study II: industrial FCC process

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	References


	33_3898
	Bubble distribution and mass transfer by experiments and flow field characteristics by CFD simulation in a self-rotating hy ...
	1. Introduction
	2. Experimental
	2.1. Chemicals
	2.2. Experimental apparatus
	2.3. The geometry of the hydraulic agitator and gas distributor
	2.4. Experimental methodology
	2.4.1. Bubbles and image processing
	2.4.2. Measurement of kLa

	2.5. Numerical simulation
	2.5.1. Governing equation
	2.5.2. Boundary conditions and solution setup
	2.5.3. Mesh independence test
	2.5.4. Validation of numerical results


	3. Results and Discussion
	3.1. Bubble distribution characteristics
	3.1.1. Bubble size distribution
	3.1.2. Bubble shape distribution
	3.1.3. Sauter mean diameter
	3.1.4. Deformation rate

	3.2. Mass transfer performance
	3.2.1. Continuous intake
	3.2.2. Pulse intake

	3.3. Comparison of mechanical stirring and hydraulic stirring
	3.3.1. Comparison of bubble distribution characteristics
	3.3.1.1. Bubble size distribution
	3.3.1.2. Bubble shape distribution
	3.3.1.3. Sauter mean diameter and deformation rate

	3.3.2. Comparison of mass transfer performance

	3.4. Flow field simulation results
	3.4.1. Velocity field analysis
	3.4.2. Turbulent kinetic energy analysis
	3.4.3. Turbulent dissipation rate analysis

	3.5. Analysis of gas–liquid interaction mechanisms

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	Nomenclature
	References


	34_3901
	Investigating flow field control mechanisms in a molten bath using POD and chaos theory with asymmetric nozzle arrangements
	1. Introduction
	2. Geometric Model and Analysis Methods
	2.1. Geometric model
	2.2. Definition of metrics
	2.2.1. Largest Lyapunov exponents
	2.2.2. Synchrosqueezed wavelet transform (SWT)
	2.2.3. Proper orthogonal decomposition


	3. Computational Model and Numerical Methods
	3.1. Hydrodynamic model
	3.1.1. Governing equations
	3.1.2. VOF phase equations
	3.1.3. Turbulence model equations

	3.2. Boundary conditions and physical parameters
	3.3. Grid independence verification
	3.4. Model validity verification

	4. Results and Discussion
	4.1. Bubble dynamic behavior
	4.2. Largest Lyapunov exponents
	4.3. Synchrosqueezed wavelet transforms
	4.4. POD energy distribution analysis
	4.5. POD streamline plot
	4.6. POD mode temporal coefficient analysis

	5. Conclusions
	CRediT Authorship Contribution Statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References


	35_3851
	An innovative sol-gel method for preparing LiNi0.5Mn1.5O4 material with excellent electrochemical performance
	1. Introduction
	2. Materials and Methods
	2.1. Preparation of LNMO
	2.2. Materials characterization
	2.3. Electrochemical measurement

	3. Results and Discussion
	3.1. Phase structure analysis of prepared sample materials
	3.2. SEM and TEM analysis
	3.3. Electrochemical properties analysis
	3.4. XPS and EIS analysis

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	References


	36_3914
	Comparative techno–economic and environmental assessment of hydrogen–to–carbon ratio adjustment strategies in biogas to met ...
	1. Introduction
	2. Process Description
	3. Results and Discussion
	3.1. Mass and energy balance
	3.2. Economic viability
	3.3. Environmental benefits
	3.4. Sensitivity analysis
	3.5. Future research directions

	4. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary Material
	References


	37_封三，广告-西安交大-宣传展板-含出血



