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Mo vacancy (Vmo) and Se vacancy (Vse) are doped into BiMoOg (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 Vy;o-BMO and Vse-ZnSe/CdSe (Vse-ZCS) while XPS results
confirm the construction of the dual S-scheme heterojunction Vyo-BMO/Vse-ZCS (VMo tse-BZCS). DFT
simulation demonstrate that the doping of Vyj, and Vs 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. Vy, and Vs function as the holes trapping center in
VMmo-BMO and the electron trapping center in Vse-ZCS, respectively, thereby effectively suppressing the
electron-hole recombination, which enhances the redox capability of Vio.: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 Vo se-
BZCS are competitive under either LED or xenon lamp irradiation in comparison with some reported
catalysts. Dual doping of Vy, and Vse were testified to amplify the bi-directional promotion effects
(BPEs) between TC and Cr(VI).
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1. Introduction

complexes, which are more inclined to bioaccumulate and bio-
magnify through the food chain. Eventually, industrial or do-

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(Ill) 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
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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
(BiM0o0Og, BMO) consisting of alternating perovskite-like
[MoO4]*~ layers and fluorite-like [Bi,0,]** 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
ZnInySy4 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 SnNbyOg/CulnS; 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 (Vi)
and Se vacancies (Vse) (Vmorse-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 (10~2>2) was much lower than
ZnSe (10-2>4), greatly facilitating the generation of Vs [27]. The
simultaneous photocatalytic degradation of tetracycline (TC) and
reduction of Cr(VI) in wastewater, with Vpo se-BZCS as the
photocatalyst, were carried out under low-cost light emitting
diodes (LED) visible light irradiation (A = 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 Vy and Vse on the
electron-hole separation and the charge transfer pathway in
VMose-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
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Fig. 1. XRD patterns of (a) BMO and Vy,-BMO, (b-c) ZnSe, Vse-ZCS, and Vi 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), concentration, (f) HRTEM image of Vy,-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 Vs.-ZCS.
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Fig. 1. (continued).

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(NOs)3-5H;0, AR, >99.7%),
zinc nitrate hexahydrate (Zn(NOs),-6H,0, AR, >99.0%), ethylene
glycol (CyHgO2), ethanol (C,Hs0OH, AR), p-benzoquinone (BQ,
CgH40,, CP, 98%), isopropanol (IPA, C3HgO, AR, >99.7%), ethyl-
enediamine tetra acetic acid disodium salt dihydrate (EDTA-
Na,CioH14N2Nay0g-2H,0, AR, >99.0%), anhydrous sodium sulfate
(NaS0y4, AR, >99.0%), anhydrous sodium carbonate (NayCOs, AR,

>99.0%), nitric acid (HNOs, 65% to 68%), potassium dichromate
(K2Cr207, GR, 99.8%), 1, 5-diphenylcarbazide (C13H14N40, AR) were
obtained from Sinopharm Chemical Reagent Co., LTD. Anhydrous
sodium molybdate (Na;MoO4, AR, >99.7%), sodium borohydride
(NaBHy, 96%), cadmium nitrate tetrahydrate (Cd(NOs),-4H;0, AR,
>99.0%) were bought from McLean 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, C32H24N>0g, CP,
>98.0%) was obtained from Merck Chemicals (Shanghai) Co., Ltd.

2.2. Preparation of Vi, se-BZCS, Vio-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
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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. Vy,-BMO and ZCS were
ground for 1 h at a mass ratio of 3:1, and the resulting sample was
designated as Vpo-BZCS. BMO and Vs.-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™ ') and Cr(VI) (40 mg-L™!) so-
lution. The mixtures were stirred in a dark environment for 30 min
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 um. 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™! 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 Vo and Vs 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 Bi;MoOg (JCPDS 72-1524) [28].
Meanwhile, the Vp;,-BMO sample exhibited additional peaks
ascribed to Bizg4Mo0g 360655 (JCPDS 43-0446), indicating that DES
impregnation induced Mo leaching and V), formation in BMO
[25]. Fig. 1(b) and (c) provided a comparison of the XRD patterns of
ZnSe, Vse-ZCS, and Vpo se-BZCS. Vse-ZCS displayed a weak
diffraction peak at 25.36°, which was assigned to the (11 1) crystal
plane of CdSe (JCPDS 88-2346). The same peak was also observed
in the pattern of Vo se-BZCS, confirming that Vyose-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 broke Mo—O bonds and produced Vy,
in BMO. It was demonstrated that the concentration of Vy, 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 Zn®>* by Cd** from Cd(NO3),

solution, were determined as well. When the Cd(NOs3), concen-
tration increased from 10 mmol-L~! to 80 mmol-L~, the molar
amount of Zn®>* in the electrolyte solution increased from
346.87 mg-L~! to 576.42 mg-L~ . The great difference between the
Ksp of CdSe (107352) and the Ksp of ZnSe (10-2>4) drove the ion
exchange between Zn?* and Cd**. Additionally, trace amounts of
Se ions were also detected in the solution and its concentration
progressively increased when the Cd(NO3), 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 V), 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 V;,-BMO with
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 (11 1) plane of ZnSe while the lattice spacing of
0.351 nm at the edge of ZnSe attributed to the (11 1) 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 Vs, (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 Vy;,-BMO nanosheets.
As shown in Fig. 2(b), the lattice spacings were ascribed to Vyo-
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 Vy;,-BMO and Vse-ZCS, mani-
festing the creation of the Vjp,-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 Vo, se-
BZCS.

XPS analysis was performed to investigate the effects of Vo and
Vse doping on photocatalytic behavior of Vyo, 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. The binding energy of Mo 3d, Bi 4f, and O 1s peaks of BMO/
ZnSe (Fig. 2(d), Fig. S4(b), Fig. 2(e)) moved toward lower values in
comparison with BMO while 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 Mo®* 3dsp
(235.66 eV) and Mo®* 3ds)2 (232.52 eV) of Vo se-BZCS continued
to shift toward lower binding energy [29] and both the deconvo-
luted peaks of Mo>* 3dsj; (234.28 eV) and Mo 3ds, (229.12 eV)
were observed for Vo, se-BZCS. Thus, both the electron delocal-
ization around Mo atom and the existence of Vy, were testified
[32]. Both the peaks of Bi** 4fs; and Bi** 4f; (Fig. S4(b)) shifted
toward lower binding energies [33]. Compared to BMO/ZnSe, the
shift of the peaks ascribed to lattice oxygen (Oj,t) and adsorbed
oxygen (O,gs) 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 Vo, 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
comparison with BMO/ZnSe, which was speculated to be due to the
disturbance of the IEF in the heterojunction to the Se 3d binding
energy. Fig. 1(i) showed that Vs, was more likely generated in ZnSe
than in CdSe of Vpo.se-BZCS, suggesting the rationality of
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Fig. 2. (a) TEM images and (b) HRTEM images of Vi, se-BZCS, (c-h) Energy dispersive spectroscopy mapping of Ve, se-BZCS. High resolution XPS spectrum of (i) Mo 3d, (j) O 1s

and (f) Zn 2p.

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 Vo, se-BZCS was located at around 680 nm. Compared with the
other catalysts, Vo, se-BZCS exhibited the superior light response
intensities in the range of 300—800 nm, indicating both the doping
of Vo and Vse enhanced the optical adsorption [35]. The calcu-
lated energy bandgaps (Eg) of BMO, Vj,-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
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(Epg) of VMo-BMO, ZnSe, and CdSe (Fig. S7) was estimated to
be —0.25V, —-1.02 V, and —0.63 V vs SCE, respectively, from the
Mott-Schottky plot. Furthermore, these values of Egg were con-
verted to the conduction band edge potential (Ecg) according to
Egs. (8) and (9). The Ecp of Vyo-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 (Eyg) of Vyo-BMO, ZnSe, and CdSe were determined to be
212 V, 113V, and 1.03 V vs SHE, respectively [36]. The electronic
band structures of Vy;,-BMO, ZnSe, and CdSe were depicted in
Fig. S8.

The in-situ XPS analysis was carried out to reveal the charge
transfer mechanism of Vpo,se-BZCS. All the peaks of Mo 3d
(Fig. 3(a)), Cd 3dsp, Cd 3ds), (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 V-
BMO and CdSe [27]. In contrast, both the Zn 2py; and Zn 2p3p;
peaks (Fig. 3(b)) shifted toward the lower binding energy,
demonstrating that Vse-ZnSe gained the electrons. Fig. 3(d)—(f)
exhibited the simulated work function (Ws) of Vjo-BMO, ZnSe, and

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

CdSe, respectively. Then, two charge transfer pathways in Vo se-
BZCS were deduced (Fig. 3(g)). When Vj;,-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 Vyo-BMO (with the lowest fermi level (Ef)) until
the interfacial Er reaches equilibrium [37]. Additionally, some
electrons also directly transfer from Vse-ZnSe to Vy,-BMO at the
Vse-ZnSe/Vyo-BMO interface. The two charge redistributions give
rise to an internal electric field (IEF) oriented away from Vge-ZnSe
to CdSe and then to Vyjo-BMO and directly from Vse-ZnSe to Vyjo-
BMO, respectively, in the Vpo.:se-BZCS heterojunction. The elec-
tron accumulations in Vy;,-BMO cause the band bending down-
ward while the electron depletions in Vse-ZnSe lead to the band
bending upward. At the Vy;,-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 Vj;,-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 Vge.-ZnSe
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and the VB of Vy;,-BMO respectively, thereby creating the dual S-
scheme heterojunction [38]. Additionally, Vs, is able to confine the
photoelectrons and increase the electron density around the Vs,
sites in Vse-ZnSe while Vo 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 Vo se-BZCS.

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

DOS

[ sum|

Energy/eV

DOS

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 Vy;,-BMO and revealed that the
defect states formed near the VB edge of Vy;o.-BMO were 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 Vi, in Vivo-BMO (Fig. S11), where red represents
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electron depletion while blue indicates electron accumulation. The
negatively charged center formed by V), could trap the photo-
generated holes in Vy;,-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 (11 1) plane was truncated for structural optimization.
The optimized models of Vse-ZCS with the Vs from CdSe and ZnSe
were illustrated in Fig. 4(d) and (e), respectively. The energy dif-
ference (AE) 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 AE 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 ZnSe were 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 Vy;,-BMO/Vse-ZnSe heterojunction
model and the Vs.-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 Ap 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 Vyo-
BMO and the electron losses in Vse-ZnSe. As demonstrated in
Fig. 4(h), the charge density at the Vp,-BMO/Vse-ZnSe interface
(red line) changed higher than the BMO/ZnSe interface (black line),
indicating that the dopings of Vs. and V), 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 Vs, site in Vse-ZnSe
and around the Vyy, site in Vyo-BMO were significantly lower than
that around the other Se and Mo sites Consequently, the highly
delocalized electron distribution around both the Vse and V), site
facilitated the transferring of more electrons [41]. As observed in
Fig. 4(k), the differential charge distribution in the region be-
tween Vyj, and Vs, site manifested a spontaneous charge transfer
pathway at the Vy;o-BMO/Vse-ZnSe interface. The Muliken charge
changes (AQ) between before and after the doping of Vo and Vse
were quantified as well. The positive AQ of Vy, site and the
negative AQ of Vs site demonstrated the electron transfer from
VMo to Vse [29]. Actually, the electrons transferred evidently from
the Zn atoms adjacent to Vs, sites to the O atoms adjacent to Vi,
site through Vyo-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 V), and Vse encouraged the formation
of new photoinduced hole acceptors and new photoinduced
electron acceptors in Vy,-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. Vo, 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 Vo, 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 NapSO4 electrolyte under LED
irradiation exhibited that Vp,-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 Vy;, 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 Vyi, and Vse jointly enhanced the redox activity.

Both the fs-TAS measurements of BZCS and Vo, 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 Vo, 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 Vo 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 V), site
and Vs, site near the Vyo-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 V), site and Vs, 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 Vy;,-BMO to
the VB of Vse.-ZnSe. Together with Fig. 3(g), the two photoinduced
charge transfer pathways were presumed to correspond to V-
BMO(VB)— CdSe — Vse-ZnSe(CB) through the Vyjo-BMO/CdSe/Vse-
ZnSe interface (Fig. 5(j)) and Vyjo— Vse through the Vyjo-BMO/Vse-
ZnSe interface (Fig. 5(k)). The short delay time of Vpo— 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 Vy,o-
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 Vo se-BZCS, respectively. Three lifetime
components were determined for both BZCS and Vypo,se-BZCS,
implying three major electron quenching pathways. The scheme of
the photogenerated carrier decay pathways in BZCS and Vo se-
BZCS was presented in Fig. 5(j) and (k), respectively. The lifetime of
dozens of picoseconds timescale (71) denotes the short-lived
charge recombination process caused by the trap state (TS) in
VMo-BMO [46]. The 71 for V. se-BZCS was lower than that for
BZCS. Actually, Vo 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 (73) denotes the recombination
of electrons from CB and holes from VB [47]. Compared to BZCS, the
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shorter 75 of Vo se-BZCS was due to the recombination of the
electrons from the Vse in Vse-ZCS and the holes from the Vo in Viyo-
BMO. The Vse-V)\jo recombination evidently decreased the amounts
of the photoelectrons involved in CB-VB recombination [48],
thereby improving the redox capability of Vo se-BZCS. The longest
lifetime of nanosecond timescale (73) was attributed to the
photoelectron transfer through heterojunctions toward the Vge-
ZCS surface [49]. Conversely, the value of 73 for Vyjo. se-BZCS larger
than that for BZCS demonstrated the higher 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, Vi, 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 Vo 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
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adsorption period. Vjo.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 Vj, and
Vse concentration on the catalytic performance of Vi se-BZCS was
investigated. Vi, 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 Cd** concentration in
the ion exchange process between Cd** and Zn?*. Additionally, as
displayed in Fig. 6(a)—(f), both the TC degradation efficiency and
the Cr(VI) reduction efficiency of Vi, se-BZCS were obviously
higher than Vyo-BZCS or Vse-BZCS alone because the doping of Vi,
and Vs magnified the BPEs between TC and Cr(VI). In the degra-
dation, TC and Cr(VI) consumed the photoinduced holes on the VB
of Vyo-BMO and the photoinduced electrons from the CB of Vge-
ZCS, respectively, serving as sacrificial agents for one another,
thereby inhibiting the photogenerated electron-hole recombina-
tion. Likewise, the doping of Vi, and Vse performed as the photo-
induced holes trapped centers in Vy;o-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
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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 V), 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 Vo, 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 Vo 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 Vyjo,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 Vyj,, which even wrongly acted as the electron-hole
recombination centers, and reduced the TC degradation efficiency
[40]. Additionally, an increased Cd?* concentration resulted into a
progressively higher Cr(VI) reduction efficiency (Fig. 6(c)), which
reached a maximum of 98.2% when the Cd** concentration was
80 mmol-L~!, whereas Cd>* concentration only marginally pro-
moted the TC degradation efficiency (Fig. 6(f)). Vimo 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, Vs, 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 decreased with the gradually increased mass fraction
of Vse-ZCS in Vo, 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 Vo 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 efficiency was 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 form of Cr,03~ and HCrO; under acid conditions, which
favored the Cr(VI) reduction [52], while TC exist as TCH>* 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 Vo se-
BZCS and some other reported catalysts for the simultaneous
removal of TC and Cr(VI). Vo 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 Vjose-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 V0. se-BZCS under
LED irradiation was 90.1% and 95.2%, respectively. The difference in
the two efficiencies between under the xenon lamp and under LED
irradiation was 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
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commonly 10 times longer than of the conventional xenon Lamp. In
the five-cycle photodegradation tests, Vi 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, -0—2, and photoinduced electron, respectively [54,55]. As
shownin Fig. 7(a) and (b), the photoinduced holes exerted the most
significant effect on TC degradation, followed by - O, 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 Vo se-BZCS was able to efficiently
reduce Cr(VI). Fig. 7(c)—(e) indicated that all the signals of h*, - O,

and -OH were successfully detected for both the photocatalytic
degradation system in the presence of BMO/ZnSe and V), 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 correlation with its amount. All the amounts
of the above three ROS generated in the presence of Vyjo, 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 -0, [56].

The electrostatic potential map, the lowest unoccupied mo-
lecular orbital (LUMO), the highest occupied molecular orbital
(HOMO), and the Fukui functions (the electrophilicity (f7), the
nucleophilicity (f*), and the radical attack susceptibility (f°)) 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
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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 Vo, se-BZCS, (c)

possible degradation pathways of TC in the presence of Vi, 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; 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, 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 Vyo,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 Vvo.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 Vyo, se-BZCS. It
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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 Vpo,se-BZCS were able to further
break the above complex molecules to produce the small molecule
intermediates, including P15, P17, P21, and P24.

The acute and chronic toxicity of all the degradation in-
termediates (P0O-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 CHV was 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
the majority of the degradation intermediates detected in pathway
1, 2, 3, and 4 for the degradation in the presence of Vo, se-BZCS
were considerably lowered in comparison with TC. Particularly,
the small molecule intermediates only detected during the
degradation in the presence of Vyo.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
0157:H7. As displayed in Fig. S21(b), the viable cell count of E. coli
0157:H7 in the degradation solution for different catalysts
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decreased in the sequence of Vpo,se-BZCS > Vge-BZCS > Vyo-
BZCS > BZCS > BMO. The colony number ratio for Vo, 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 Vyose-BZCS
possessed the lowest biotoxicity. The '"H 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 Vo -+ se-BZCS was calculated to be 34.2%
and 60.2% after the 120 min of the photocatalytic degradation
period.

The photocatalytic mechanism of Vyjo,se-BZCS for simulta-
neous TC degradation and Cr(VI) reduction was proposed
(Fig. S24). In the heterojunction, an IEF from ZnSe to BMO was built
because the work functions were in the order of Vye-
BMO > CdSe > Vse-ZnSe in Vi, se-BZCS. The introduction of Ve
and Vse into the oxidation ends and the reduction ends of the S-
scheme heterojunction added a new electron transfer pathway
directly from Vse-ZnSe to Vyo-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 Vo, se-BZCS. Once upon the light
irradiation, Vyjo and Vse could trap the photogenerated holes and
electrons, respectively, which caused a rapid photoinduced charge
transfer pathway (Vo — Vse) through the heterojunction interface
under the Coulomb force in the IEF with the direction Vse-
ZnSe — Vp1o-BMO. Consequently, the hole-electron recombination
was considerably prevent in both Vse-ZnSe and Vyj,-BMO. The
photogenerated electrons accumulated in the CB of Vs.-ZnSe
reduced Cr(VI) into Cr(IIl) while the holes accumulated in the VB of
VmMo-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, and
-OH. The whole photocatalytic degradation process includes the
reactions shown as from Eq. (1) to Eq. (7).

Photocatalytic + hv — e~ + h* (1)
VMo+h™ = Vyo-h™ (2)
Vse + €~ —Vge-e™ (3)
Hy0 + Vio-h™ — -OH + H* + Vi (4)
0y + Vse-e™— -0—2 +Vse (5)
Cr(VI) + 3Vge-e™ — Cr(Ill)+ 3Vse (6)
h*/-0—2/ -OH + TC —H,0 + CO, (7)

4. Conclusions

This study successfully constructed a dual-vacancy engineered
dual S-scheme heterojunction (Vo se-BZCS) by DES impregnation
and ion exchange methods. HRTEM images confirmed the targeted
doping of Vy, and Vse into BMO and ZnSe, respectively, and the
lattice distortion at the Vyo-BMO/Vse-ZCS interface was observed
as well. The electronic band structures of Vyo,-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 Vyo,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 Vs, to the V), 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 Vyo-BMO/Vse-ZnSe interface upon LED irradiation. Addition-
ally, Vpo and Vse acted as the photoexcited hole and electron
trapping centers, respectively, thereby efficiently promoting the
electron-hole separation of Vyo,se-BZCS. Consequently, Vo 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 Vy, and Vse
were confirmed to magnify the bi-directional promotion effects
(BPEs) between TC and Cr(VI) in the presence of Vjiose-BZCS.
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