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A B S T R A C T   

How to achieve high-speed directional migration and separation of photogenerated carriers at heterointerfaces is 
still an important factor restricting efficient photocatalytic reactions. Herein, hierarchical columnar ZnIn2S4/ 
BiVO4 (ZIS/BVO) Z-scheme composite with photogenerated carriers highway in heterogeneous interface are 
designed by an in situ technique. Ultrathin ZIS nanosheets are uniformly grown upright on the surface of 
mulberry-like BVO pillars. The confined built-in electric field and Z-scheme heterojunction in ZIS/BVO are 
verified in detailed by synchronous illumination X-ray photoelectron spectroscopy, theoretical calculation, 
electron spin resonance spectroscopy, and high-resolution TEM. The photogenerated electrons in the conduction 
band (CB) of BVO migrate to the valence band (VB) of ZIS through heterojunction, whereas holes in the VB of 
BVO and electrons in the CB of ZIS maintain the original high redox capability. These holes and electrons with 
high redox capability react with H2O and O2 to generate more •OH and •O2

− , respectively, achieving enhanced 
photocatalytic mineralization antibiotic properties. The mineralization rate of antibiotics in the optimized ZIS/ 
BVO material are 4.4 and 1.8 times higher than that of pure BVO and ZIS, respectively.   

1. Introduction 

As a low-cost, efficient, and environmentally friendly technology, 
semiconductor photocatalysis is one of the effective ways to alleviate the 
energy crisis and environmental pollution and has attracted wide in-
terests in recent years [1–4]. However, photocatalytic techniques 
frequently suffer from problems such as the low separation and migra-
tion efficiency of photogenerated carriers and weak redox capability 
[5,6]. Semiconductors with narrow bandgaps can improve utilization of 
solar energy, but narrowing the bandgap can also lead to serious 
recombination of photogenerated carriers [7]. In addition, semi-
conductors with narrow bandgaps show a more negative (positive) po-
sition in the VB (CB) and the corresponding oxidation (reducing) ability 
decreases [8,9]. Consequently, the overall photocatalytic conversion 
efficiency is unsatisfactory and researchers have been trying to find 
different ways to improve the separation and migration efficiency of 
photogenerated carriers as well as the redox capacity of catalysts. 

Constructing heterojunctions is an effective approach to improve the 

separation efficiency of photogenerated charges [10,11]. At present, 
type-I and type-II heterojunctions can enable directional migration of 
photogenerated carriers to the bandgap with a small potential energy. 
However, the redox properties of carriers with low electrical potential 
are weak and photogenerated carriers with the same electrical charges 
repel each other, which is not conducive to effective separation of 
photogenerated carriers [12–15]. In plant photosynthesis, electrons are 
transported by the Z-scheme transport chains between photosystems I 
and II [16]. Hence, constructing a Z-scheme heterojunction by imitating 
plant chloroplasts can inhibit recombination of photogenerated carriers 
and retain the favorable redox properties of electrons and holes in order 
to improve the photocatalytic properties. 

As a typical ternary metal oxide, BiVO4 (BVO) is widely used in 
photocatalysis and electrocatalysis due to the excellent physical and 
chemical properties [17–19]. However, the energy band position of BVO 
is more positive than that of other semiconducting materials. The holes 
in the VB of BVO have strong oxidation capability, but the reduction 
capacity of electrons in the CB of BVO is weak [20,21]. Therefore, 
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choosing the proper semiconductor with a high position of CB is crucial 
to the design of Z-scheme heterojunctions in BVO. For example, the 
proper Z-scheme heterojunction can improve the photocatalytic per-
formance of BVO in water splitting [22,23], CO2 reduction [24,25], and 
nitrogen fixation [26]. ZIS possesses not only a high-energy band 
structure, but also excellent optical properties. In addition, preparation 
of ZIS is simple and the ultrathin ZIS can be attached easily to a semi-
conductor surface [27–30]. In the ZIS/BVO composites, the surface 
layered structure is beneficial for light absorption owing to the multiple 
scattering of light between ZIS nanosheets. Moreover, the flower-like 
structure on the surface exposes a larger area, which is beneficial for 
materials to adsorb more reactants including O2 and pollutants. The 
construction of ZIS/BVO Z-scheme heterojunctions is beneficial to pro-
mote the separation and migration of photogenerated carriers, which 
can greatly improve the photocatalytic performance of the materials. 
ZIS/BVO composites are expected to be efficient photocatalysts for 
water purification. However, although ZIS is a desirable candidate for 
the Z-scheme heterojunction in BVO, there have been few reports about 
ZIS/BVO Z-scheme heterojunctions on photocatalysis. 

In this work, hierarchical columnar ZIS/BVO composites that pro-
duce photogenerated carriers with directional migration properties are 
designed and fabricated in situ. The electron transfer direction is shown 
to be consistent with that of a Z-scheme system according to synchro-
nous illumination X-ray photoelectron spectroscopy and theoretical 
calculation. Efficient charge separation and high redox capability can 
also be accomplished simultaneously and therefore, more active species 
including •O2

− , h+, and •OH can be produced to enhance the photo-
catalytic properties in mineralization of antibiotics. The related mech-
anism is proposed and discussed. 

2. Experimental details 

2.1. Materials and synthesis 

Bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O), ammonium 
metavanadate (NH4VO3), thioacetamide (TAA), and glycerol were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. Zinc chloride (ZnCl2) 
and indium chloride tetrahydrate (InCl3·4H2O) were purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd. All the chemical 
reagents were used directly and distilled water was used to prepare the 
solutions. 

2.1.1. Synthesis of mulberry-like BVO 
Mulberry-like BVO was synthetized by a hydrothermal method as 

shown in Fig. 1a. 1 mmol Bi(NO3)3·5H2O was dissolved in 15 ml of 

ethylene glycol to form solution A and 1 mmol NH4VO3 was dissolved in 
15 ml of distilled water to form solution B. Solution B was added slowly 
to solution A and stirred for half an hour. The solution was then trans-
ferred to a 50 ml Teflon-lined autoclave and heated to 140 ◦C for 24 h. 
After the hydrothermal reaction, the product was rinsed several times 
with distilled water and ethanol and dried at 60 ◦C for at least 6 h to form 
the BVO monomer. 

2.1.2. Synthesis of flower-like ZIS 
The synthetic process is described in Fig. 1b. 20 ml of hydrochloric 

acid (pH = 2.5) were put in a round bottom flask to which 3 ml of 
glycerol were added. 0.2 mmol ZnCl2, 0.2 mmol InCl3·4H2O, and 0.4 
mmol TAA were added to the solution and stirred for half an hour. The 
solution was transferred to an oil bath and maintained at 80 ◦C for 2 h. 
Afterwards, the products were washed several times with distilled water 
and ethanol and the ZIS was dried in a vacuum oven at 45 ◦C for 6 h. 

2.1.3. Synthesis of hierarchical columnar ZIS/BVO composites 
The synthesis is illustrated in Fig. 1c. A certain amount of BVO (0.05 

mmol, 0.10 mmol, 0.15 mmol and 0.20 mmol) was added to a solution of 
hydrochloric acid (20 ml, pH = 2.5) and glycerol (3 ml). The solution 
was treated ultrasonically. 0.2 mmol ZnCl2, 0.2 mmol InCl3·4H2O, and 
0.4 mmol TAA were added to the solution in turn and the following steps 
were as same as those for ZIS. The corresponding samples were labeled 
as ZIS/BVO-0.05, ZIS/BVO-0.10, ZIS/BVO-0.15, and ZIS/BVO-0.20, 
respectively. 

2.2. Characterization 

Scanning electron microscopy (SEM, JOEL JSM-7800F), trans-
mission electron microscopy (TEM, Fei talos 200×) and high-resolution 
transmission electron microscopy (HR-TEM, Fei talos 200×) were used 
to examine the morphology of the catalysts. X-ray diffraction (XRD) was 
carried out on the Shimadzu XRD-6000X-ray diffractometer with Cu Kα 
irradiation. The FT-IR spectra were acquired by diffuse reflectance 
infrared Fourier transform spectroscopy (Nicolet iS50, Thermo Electron 
Corporation) and UV–vis diffuse reflectance spectra (UV–vis DRS) were 
obtained on the UV-3600 Plus spectrophotometer (Shimadzu Corpora-
tion, Japan). Synchronous illumination X-ray photoelectron spectros-
copy (SI-XPS, Thermo ESCALAB 250Xi) was performed to determine the 
elemental composition and chemical states of the samples. The in-
termediates in TC degradation were analyzed by liquid 
chromatography-mass spectrometry (LC-MS) (Thermo, *thermo LXQ 
LC/MS) in which the mobile phase contained 30 % methanol and 70 % 
water and the flow rate was 1.0 μL/min. The specific surface area and 

Fig. 1. Schematic illustration of the synthesis of (a) BVO, (b) ZIS, and (c) ZIS/BVO composites.  
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particle size were determined based on the N2 adsorption–desorption 
isotherms using the surface area analyzer (Micromeritics Instrument 
Corporation, USA). Electrochemical impedance spectroscopy (EIS) was 
conducted in a solution of 0.1 M KCl and 5 mM Fe(CN)6

3− /Fe(CN)6
4− and 

the electrochemical signals were recorded on the CHI 760E electro-
chemical analyzer (Chenhua Instrument Company). 

2.3. DFT calculation 

The Vienna Abinitio Simulation Package (VASP) was used to perform 
the density functional theory (DFT) calculations via the projected 
augmented wave method (PAW) [31]. The Perdew-Burke-Ernzerhof 
(PBE) functional was adopted to treat the exchange–correlation energy 
within the generalized gradient approximation (GGA) [32]. BVO, ZIS 
and ZIS/BVO-0.10 structures were optimized firstly. The energy cutoff 
for the plane wave was 420 eV and the k-point was 3 × 3 × 1. The 
convergence criterion for structural optimization and energy were set to 
0.03 eV/Å and 10− 4 eV, respectively. Then, k-point was set to be 9 × 9 ×
1 and the destiny of state (DOS) calculations of three structures were 
further carried out [33]. 

2.4. Photocatalytic experiments 

50 mg of the samples were dispersed in 100 ml of the TC solution (20 
mg L− 1) and a system with circulating water was employed to ensure 
that the temperature was constant at 30 ◦C in order to reduce the effects 
of thermal catalysis. An air pump was used to provide ample oxygen in 
the reaction. A Pyrex photocatalytic reactor was equipped with a 250 W 
Xe lamp (Wavelength: 420 nm, Operating Voltage: 220 V, Yangzhou 
University Town Science and Education Equipment Co., ltd.). Prior to 
light irradiation, the suspensions were stirred for 30 min to establish the 
adsorption and desorption equilibrium between the sample and target 
pollutant in darkness. The Xe lamp was turned on for the light reaction. 
About 4 ml of the suspension were collected every 0.5 h and the particles 
in the suspensions were removed by centrifugation. The absorbance of 
the solution was monitored by UV–vis spectrophotometry at 356 nm and 

the photocatalytic characteristics were derived according to the 
absorbance. 

3. Results and discussion 

3.1. Structure and morphology characterization of catalysts 

SEM is performed to observe the morphology of the samples. As 
shown in Fig. 2a, the BVO monomer resembles a mulberry with a rough 
surface and diameter and length of about 1.5 μm and 3 μm, respectively. 
Fig. S1a depicts the morphology of pure ZIS which shows flower-like 
spheres with a diameter of 1 μm assembled from some ultra-thin 
nanosheets. The SEM images of ZIS/BVO-0.10 are shown in Fig. 2b, c. 
The mulberry-like BVO is evenly decorated with ZIS nanosheets and no 
agglomeration is observed. When the amount of BVO is decreased, the 
ZIS monomer shows obvious agglomeration in ZIS/BVO-0.05 (Fig. S1b). 
However, when the content of BVO in the composites is increased, the 
ZIS nanosheets do not completely wrap BVO in ZIS/BVO-0.15 (Fig. S1c) 
and ZIS/BVO-0.20 (Fig. S1d) and the large amount of exposed BVO re-
duces utilization of the materials. TEM and HR-TEM are performed to 
examine the morphology and microstructure of the samples as shown in 
Fig. 2d-f. ZIS is evenly distributed on the surface of BVO which has a 
flimsy sheet-like structure as shown in Fig. 2d, e. The ZIS nanosheets 
form tight contact with BVO. The HR-TEM images of ZIS/BVO-0.10 in 
Fig. 2f reveal interplanar spacings of 0.310 nm and 0.205 nm corre-
sponding to the (− 121) crystal facets of BVO and (511) crystal facets of 
ZIS, respectively. The crystal facets of BVO and ZIS are interlaced con-
firming formation of the heterojunction between ZIS and BVO [34]. The 
TEM-EDS maps of ZIS/BVO-0.10 in Fig. 2g reveal the presence of six 
elements: Bi, V, O, Zn, In, and S in the ZIS/BVO composites. Bi, V, and O 
are distributed in the middle BVO and Zn, In, and S are detected from the 
outer ZIS constituting a hierarchical columnar structure. 

The specific surface areas of BVO, ZIS, and ZIS/BVO-0.10 are 
determined from the nitrogen adsorption–desorption isotherms (Fig. S2) 
to be 2.6963, 31.6915, and 27.4534 m2/g, respectively. Compared to 
BVO, the specific surface areas of the composites increase due to the 

Fig. 2. SEM images of (a) BVO and (b, c) ZIS/BVO-0.10, (d, e) TEM image, (f) HR-TEM image, and (g) Elemental maps of ZIS/BVO-0.10.  
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sheet-like structure of ZIS. The large specific surface area enables 
exposure of more active sites to boost the photocatalytic activity. 

XRD is utilized to analyze the structure of the materials. The XRD 
pattern of BVO can be indexed to the monoclinic phase BVO (JCPDS NO. 
14-0688) as shown in Fig. 3a. The main diffraction peaks at 18.9◦, 28.9◦, 
30.5◦, and 39.8◦ belong to the (011), (121), (040) and (211) crystal 
facets of BVO, respectively [35]. The XRD pattern of ZIS matches the 
hexagonal phase of ZIS (JCPDS NO. 65-2023). The results confirm that 
the BVO and ZIS monomer have high purity. The XRD peaks from the 
ZIS/BVO composites are similar to those from the BVO monomer and no 
characteristic peaks of ZIS appear from the ZIS/BVO composites. The 
possible explanation is that the peak intensity of ZIS is too weak. 
However, with decreasing BVO content, the peak intensity increases 
slightly. There is a strong interaction between ZIS and BVO. The FT-IR 
spectra of BVO, ZIS, and ZIS/BVO-0.10 in Fig. 3b reveal two strong 
vibrational bands at 711 cm− 1 and 815 cm− 1 from BVO stemming from 
waging and symmetrical stretching of V-O [36], respectively. With re-
gard to the single ZIS, the distinct absorption peak at 1613 cm− 1 is 
assigned to the bending mode of H–O–H of residual water molecules 
adsorbed on the ZIS surface [37]. The characteristic peaks observed 
from both BVO and ZIS corroborate formation of the ZIS/BVO 
heterojunction. 

The optical absorption capacity is studied by UV–vis DRS. Fig. 3c 
shows that the light absorption band edges of BVO and ZIS are about 
539 nm and 487 nm, respectively. Obviously, all the ZIS/BVO absorp-
tion edges show red-shifts and the visible light response range of BVO 
broadens [38]. The bandgaps (Eg) of ZIS and BVO monomer can be 
computed by the following equation: αhν = A (hν - Eg)n/2. The 
(αEphoton)1/2 vs Ephoton curve of the two monomers is determined by the 
classic Tauc approach and the Eg values of ZIS and BVO are 2.39 and 
2.17 eV, respectively (Fig. 3d). According to a previous report [39], the 
VB values of BVO and ZIS are 0.28 and − 0.96 eV, respectively and the 
CB values of BVO and ZIS are determined to be 2.45 and 1.43 eV based 
on ECB = EVB - Eg. The density of states (DOS) is calculated to study the 
band composition and hybridization states [40] as shown in Fig. 3e, f. 
The valence band maximum (VBM) of ZIS is mainly made up of the S 2p 
orbitals, whereas the conduction band minimum (CBM) of ZIS mainly 
consists of the In 3d and S 2p orbitals. The VBM of BVO is made up of the 
O 2p orbits including partial hybridization with the 6p orbitals of Bi and 
5d orbitals of V. Meanwhile, the CBM of BVO comprises mainly the V 5d 
orbital with some hybridization with the 6p orbital of Bi and 2p orbital of 
O [41]. 

3.2. Research on Z-scheme mechanism of ZnIn2S4/BiVO4 material 

The electron localization function (ELF) is used to analyze the elec-
tron distribution and transfer between atoms [42]. Fig. 4a-d show the 
electron distribution in the materials. When ZIS is in contact with BVO, 
the electron cloud of BVO changes significantly as shown in Fig. 4d. As 
shown in Fig. 4e, the blue and red shaded areas represent exhaustion and 
accumulation of the electron density, respectively. When there is close 
contact between ZIS and BVO, the atoms in BVO appear in red implying 
that electrons in ZIS are transferred to BVO. The work functions (Φ) of 
ZIS, BVO, and ZIS/BVO-0.10 are calculated by the following formula: Φ 
= Evac - EF, where Evac is the electrostatic potential in vacuum and EF is 
the Fermi level [43,44]. The work functions of the ZIS, BVO and ZIS/ 
BVO-0.10 surfaces are 6.67, 5.87, and 6.12 eV, respectively (Fig. 4f- 
h). Obviously, the Fermi level of the BVO surface is lower than that of 
ZIS and that of ZIS/BVO-0.10 is between ZIS and BVO. When the ZIS and 
BVO form close contact, electrons in ZIS are transferred to BVO to bal-
ance the Fermi level of the composite [45] and an internal electric field 
is created at the interface between ZIS and BVO. 

Theoretical calculation is performed to study the changes of the 
electronic structure in the ground state and that of the composites in the 
photo-excited state is investigated by SI-XPS. The XPS survey spectra of 
ZIS, BVO, and ZIS/BVO-0.10 are displayed in Fig. S3a. Only six elements 
(Bi, V, O, Zn, In and S) are observed from ZIS/BVO-0.10 confirming the 
high purity. The two peaks at 159.09 eV and 164.38 eV are attributed to 
Bi 4f7/2 and Bi 4f5/2 (Fig. 5a). Similarly, the O 1s spectrum exhibits two 
peaks at 529.80 and 531.75 eV corresponding to lattice oxygen and 
adsorbed oxygen, respectively (Fig. S3c). The peak shape of O 1s of ZIS/ 
BVO-0.10 is irregular because of the effects of ZIS surface-adsorbed 
oxygen. The characteristic peaks of V 2p are not found from the com-
posites (Fig. S3b) probably because of the large amount of ZIS covering 
the BVO surface. The peaks of Zn 2p at 1,022.1 and 1,045.0 eV of ZIS are 
Zn 2p3/2 and Zn 2p1/2 (Fig. 5b). The fitted peaks of In 3d at 444.8 and 
452.3 eV in Fig. 5c arise from In 3d5/2 and In 3d3/2, respectively. As 
shown in Fig. 5d, the S 2p peaks at 161.90 and 162.99 eV belong to S 
2p3/2 and S 2p1/2, respectively. When the ZIS/BVO heterojunction is 
formed, the Bi 4f and O 1s orbitals of ZIS/BVO-0.10 shift negatively 
compared to the BVO monomer, suggesting accumulation of electrons in 
the BVO. In contrast, the Zn 2p, In 3d, and S 2p orbitals of ZIS/BVO-0.10 
shift positively compared to pure ZIS, indicating loss of electrons from 
ZIS. The XPS results demonstrate that electrons are transferred from ZIS 
to BVO after forming a close contact between ZIS and BVO. In this case, 

Fig. 3. (a) XRD patterns, (b) FT-IR spectra, and (c) UV–vis DRS of the samples, (d) Bandgaps of BVO and ZIS, and calculated DOS of (e) ZIS and (f) BVO.  

X. Yan et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 452 (2023) 139271

5

ZIS can be considered as a reductive photocatalyst with a higher Fermi 
level and BVO can be considered an oxidative photocatalyst with a lower 
Fermi level (Fig. 5e) [46]. Thermodynamically, electrons transfer from 
ZIS to BVO until the Fermi level is tantamount (Fig. 5f). The interfaces of 
ZIS and BVO possess positive and negative charges, respectively and 
therefore, an internal electrical field is established between ZIS and BVO 
with a direction from ZIS to BVO. When the ZIS/BVO-0.10 hetero-
junction is excited upon light irradiation, the Bi 4f and O 1s orbitals shift 
positively compared to those in the dark. In contrast, the Zn 2p, In 3d, 

and S 2p orbitals of ZIS/BVO-0.10 show negative shifts under light 
irradiation, suggesting that photogenerated electrons are transferred 
from BVO to ZIS in the photoexcited state. With regard to ZIS and BVO, 
the photogenerated electrons are excited to CB during light irradiation. 
The excited electrons in the CB of BVO combine with holes in the VB of 
ZIS through the built-in electric field at the heterojunction interface 
(Fig. 5g). The direction of electrical transfer after contact and upon 
irradiation is consistent with the Z-scheme mechanism and XPS shows 
that the above analysis of electron localization and work functions is 

Fig. 4. Electron distributions of (a) BVO, (b) ZIS, (c) ZIS + BVO, and (d) ZIS/BVO, (e) ELF of ZIS/BVO, and calculated work functions of (f) ZIS, (g) BVO, and (h) 
ZIS/BVO. 

Fig. 5. XPS spectra of (a) Bi 4f, (b) Zn 2p, (c) In 3d, and (d) S 2p and flow direction of charges (e) before contact, (f) after contact, and (g) under light irradiation.  
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reasonable. 

3.3. Enhancement of photocatalytic TC degradation activity 

Antibiotics with strong inhibitory effects on pathogenic bacteria are 
widely used in the treatment of human diseases. However, wastewater 
containing large amounts of antibiotics is sometimes discharged directly 
into rivers and residual antibiotics are difficult to break down in the 
natural environment consequently causing serious water pollution. 
Therefore, it is necessary to degrade residual antibiotics in the envi-
ronment. Among them, TC is a typical broad-spectrum antibiotic. 
Because of its low price, TC has become the main antibiotic in the world. 
Due to its stable structure and resistance to biodegradation, it has been 
frequently detected in surface waters in recent years [47]. Traditional 
methods such as adsorption and membrane separation cannot 
completely decompose it. In addition, chemical or biological methods 
may cause secondary pollution [48]. Photocatalytic method is an ideal 
approach to water purification. Therefore, TC was selected for degra-
dation experiments. As shown in Fig. 6a, TC is hardly degraded without 
a photocatalyst and so self-degradation of TC is insignificant. The pho-
tocatalytic activity of BVO monomer is not ideal and only about 26 % of 
TC is removed after visible light exposure for 3 h. ZIS also shows a low 
degradation efficiency by degrading only 45 % of TC after 3 h. In 
comparison, all the ZIS/BVO composites show significantly better 
degradation characteristics than ZIS and BVO monomer. Among the 
composites, ZIS/BVO-0.10 delivers the best photocatalytic degradation 
performance. About 60 % of TC can be removed in the presence of ZIS/ 
BVO-0.10 after light irradiation for 3 h. The kinetics of photocatalytic 
degradation of TC shows the following relationship of − ln (C/C0) = kt (k 
is the kinetic rate constant) (Fig. 6b). The kinetic rate constants of ZIS, 
BVO, ZIS/BVO-0.05, ZIS/BVO-0.10, ZIS/BVO-0.15, and ZIS/BVO-0.20 

are 0.00375, 0.00155, 0.00453, 0.00682, 0.00441, and 0.00443 
min− 1, respectively. Therefore, the kinetic rate constants of all the ZIS/ 
BVO composites are larger than those of ZIS and BVO and specifically, 
the kinetic rate constants of ZIS/BVO-0.10 with the best degradation 
efficiency are about 2 times and 4.5 times as high as those of ZIS and 
BVO, respectively. For comparison, ZnO, TiO2, BiOBr and C3N4 are 
chosen to perform photocatalytic degradation experiments under the 
same conditions. As shown in Fig. S4a, the efficiency of them to degrade 
TC are 48 %, 40 %, 26 % and 2 % after 3 h light irradiation, respectively. 
However, ZIS/BVO-0.10 can degrade 60 % of TC after 3 h light irradi-
ation. The kinetic rate constants of the ZIS/BVO-0.10 are larger than that 
of the other four photocatalysts from the reaction kinetic curves 
(Fig. S4b). It is suggested that the photocatalytic degradation perfor-
mance of ZIS-BVO materials is higher than that of these photocatalysts. 

Mineralization of organic pollutants by ZIS/BVO-0.10 is assessed by 
TOC analysis during degradation (Fig. S7a) [49]. The TOC removal ef-
ficiency of ZIS/BVO-0.10 is higher than that of ZIS and BVO and ZIS/ 
BVO-0.10 fares better in TC mineralization consistent with the results 
of degradation. In order to investigate the degradation process of TC, the 
intermediates formed during photocatalytic degradation are monitored 
by LC-MS and the possible degradation pathway is derived. Fig. S5 
shows the mass spectra of the solution at different time revealing for-
mation of many small molecules during degradation. According to the 
detected intermediates, the degradation path of TC is proposed. As 
shown in Fig. 6c, TC (m/z = 445) with electron-rich functional groups 
are attacked by •O2

− and •OH to form intermediate P1 (m/z = 362) by 
demethylation, additional reaction, and elimination of the amide group. 
P1 is further converted into intermediate P2 (m/z = 302) through 
dehydroxylation and ring-opening reaction. After further attack by •O2

−

and •OH, P3 (m/z = 244.3) is produced by breaking carbon–carbon 
single bond. Afterwards, P3 is converted into P4 (m/z = 186) by ring 

Fig. 6. Photocatalytic properties of the samples for degradation of TC under visible light irradiation, (b) Reaction kinetics for degradation of TC, and (c) Possible 
degradation pathways of TC in ZIS/BVO-0.10. 

X. Yan et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 452 (2023) 139271

7

opening, dihydroxylation, and demethylation. P5 (m/z = 160) is formed 
by breaking the carbon–carbon single bond and after a series of ring 
opening, P5 (m/z = 160) is decomposed to form P6 (m/z = 142), P7 (m/ 
z = 130), and P8 (m/z = 144). Finally, these small molecules are 
gradually mineralized into CO2 and H2O. 

This work further explores the effects of anions and pH value in so-
lution on the photocatalytic degradation reaction. 0.1 mmol of NaCl, 
NaNO3, Na2SO4 and Na2CO3 were added to the pollutants to study the 
effect of anions on the photocatalytic reaction. As is shown in Fig. S6a, 
the photocatalytic degradation performance of ZIS/BVO-0.10 materials 
is not significantly reduced after adding these anions, which indicates 
that the presence of anions has no effect on the photocatalytic degra-
dation process. The anti-interfere experiments prove that ZIS/BVO 
materials possess good anti-ion interference performance. In addition, 
the pH value of the solution was adjusted to the target value using 2 
mol/L NaOH and HNO3. Then the photocatalytic degradation experi-
ment was carried out. As shown in the Fig. S6b, the degradation 

efficiency of TC is almost unchanged under alkaline conditions. How-
ever, the degradation of TC was significantly inhibited under acidic 
conditions. The possible reason is that the adsorption performance of 
photocatalysts to pollutants decreases under acidic conditions, resulting 
in a decrease in the overall degradation efficiency. 

The stability of ZIS/BVO-0.10 is evaluated by cycling experiments. 
As shown in Fig. S7b, the photocatalytic degradation properties of ZIS/ 
BVO-0.10 worsen after cycling for 9 times. The photocatalysts after 
cycling are collected to perform XRD (Fig. S7c) and SEM (Fig. S7d) and 
as shown, the structure and morphology of ZIS/BVO-0.10 do not change 
significantly. Furthermore, ZIS/BVO-0.10 composites after photo-
catalysis reactions were collected for XPS characterization. It can be 
seen from Fig. S8 that Bi, V, O, Zn, In and S elements are still detected in 
the used ZIS/BVO-0.10 composites. Fig.S9 displays the high resolution 
XPS spectra of fresh samples and used sample. Compared with the fresh 
samples, the positions of each element for the used sample have no 
obvious shift. The results of XPS indicate the stable structure of ZIS/BVO 

Fig. 7. (a) EIS spectra, (b) PL spectra, and ESR spectra of (c) DMPO-•O2
− and (d) DMPO-•OH of ZIS, BVO and ZIS/BVO-0.10; (e) Photocatalytic degradation of TC in 

the presence of different radical scavengers; (d) Mechanism of ZIS/BVO-0.10 in photocatalytic degradation. 
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composites. 

3.4. Optical, electronic and mechanistic studies of catalysts 

To investigate the resistance of the materials during charge transfer, 
EIS is carried out (Fig. 7a). The resistance is gauged by the Nyquist plot 
diameter and a smaller diameter implies a smaller resistance [50]. It is 
clear that the Nyquist diameter of the composites is smaller than those of 
ZIS and BVO and the resistance of ZIS/BVO-0.10 is smaller thus favoring 
charge transport. The steady-state PL spectra are acquired to analyze 
separation and recombination of photoexcited electrons and holes in the 
photocatalysts. As expected, fluorescence from ZIS/BVO-0.10 is weaker 
than that from ZIS and BVO (Fig. 7b), indicating that recombination of 
photogenerated charges is inhibited and so the Z-scheme heterojunction 
improves separation and migration efficiency of photogenerated 
carriers. 

ESR and free radicals capturing experiments are performed to 
determine the active species in the degradation process [51,52]. The 
ESR results are presented in Fig. 7c, d. Without light, no signals are 
observed for DMPO-•O2

− and DMPO-•OH from the three materials and no 
reactive oxygen species are produced under dark conditions. However, 
upon light illumination, all three materials produce signal peaks of 
DMPO-•O2

− and the signal from ZIS/BVO-0.10 is significantly stronger 
than those from ZIS and BVO. Furthermore, DMPO-•OH is observed from 
BVO and ZIS/BVO-0.10 with the signal from the latter being stronger 
indicating that more •O2

− and •OH are generated at ZIS/BVO-0.10. 
However, DMPO-•OH cannot be observed from ZIS because the VB po-
sition of ZIS is more negative than that of •OH/OH− (2.38 V vs NHE) and 
holes in the VB of ZIS cannot convert OH− into •OH. This verifies that 
electrons in the CB of BVO combine with holes in the VB of ZIS when 
ZIS/BVO-0.10 is excited by visible light. The holes in the VB of BVO can 
oxidize H2O to generate •OH and meanwhile, electrons in the CB of ZIS 
have reducing power to convert O2 into more •O2

− . To further verify the 
presence of these reactive oxygen species, free radical trapping experi-
ments are performed in the presence of ZIS/BVO-0.10 (Fig. 7e). Argon 
(Ar), tert-butyl alcohol (TBA), and ammonium oxalate (AO) are the •O2

− , 
•OH, and h+ capturing agents, respectively [53]. After Ar is introduced 
to the reaction, the degradation efficiency of TC is greatly reduced. This 
indicates that a large amount of •O2

− is produced and •O2
− plays an 

important role in the degradation process. In addition, notable inhibi-
tion of photocatalytic degradation is observed after adding AO and TBA 
further validating that •O2

− , holes, and •OH are the main active species. 
The results from the radical capture experiments are in line with ESR 
revealing that photogenerated carriers are transferred via the Z-scheme 
mechanism in the photoexcited state. 

The reaction mechanism of the ZIS/BVO-0.10 Z-scheme hetero-
junction is proposed according to the positional relationship of VB and 
CB and active species. As shown in Fig. 7f, electrons in the VB of ZIS and 
BVO are excited and then transferred to the CB. Because of the internal 
electric field between ZIS and BVO, electrons in the CB of BVO recom-
bine with holes in the VB of ZIS, while electrons in the VB of ZIS and 
holes in the CB of BVO are retained. Owing to more negative position of 
the CB of ZIS, electrons in ZIS reduce O2 to •O2

− (E0(O2/•O2
− = − 0.046 eV 

vs NHE). The VB position of BVO is more positive than that of E0(•OH/ 
OH− ) (2.38 eV vs NHE). Holes in the BVO thus not only convert OH−

into •OH, but also directly oxidize organic pollutants. Eventually, •O2
− , 

•OH and h+ convert the organic pollutants into CO2 and H2O. In sum-
mary, the ZIS/BVO-0.10 Z-scheme heterojunction not only separates 
photogenerated electrons and holes, but also retains the maximum redox 
capacity of the original materials. 

This work is the first to synthesize mulberry-like BVO by a simple 
hydrothermal method under neutral conditions and grow ultrathin ZIS 
nanosheets on its surface. ZIS/BVO composites exhibit good photo-
catalytic performance of degrading TC. However, the only disadvantage 
is that the specific surface area of the composites is not improved 
compared to ZIS monomer. If the specific surface areas of composites are 

increased by different methods, this material will exhibit better photo-
catalytic performance and this material will also be more used to solve 
wastewater. 

4. Conclusion 

A hierarchical columnar ZIS/BVO Z-scheme heterojunction is 
designed and fabricated. Flower-like ZIS nanosheets are prepared uni-
formly on the surface of mulberry-like BVO. Synchronous illumination 
X-ray photoelectron spectroscopy and theoretical calculation confirm 
that the photoexcited electrons are transferred from BVO to ZIS via the Z- 
scheme mechanism. This strategy not only accomplishes effective sep-
aration of photogenerated carriers, but also maintain robust oxidation 
and reduction centers in the materials. Compared to pure BVO and ZIS, 
ZIS/BVO has better photocatalytic properties in mineralization of anti-
biotics. In the degradation process, •O2

− , •OH, and h+ are the main active 
species. The reaction mechanism is proposed and discussed. The concept 
of constructing a Z-scheme heterojunction between two semiconductors 
with the suitable band positions is promising in improving the activity 
and efficiency of photocatalysts. 
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Fig. S1. SEM images of (a) ZIS nanoflowers, (b) ZIS/BVO-0.05, (c) ZIS/BVO-0.15, 

and (d) ZIS/BVO-0.20 composites. 
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Fig. S2. Nitrogen absorption-desorption isotherms of (a) BVO, (b) ZIS, and (c) 

ZIS/BVO-0.10 composites. 
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Fig. S3. (a) XPS survey spectra of ZIS, BVO, and ZIS/BVO-0.10 and high-resolution 

XPS spectra of (b) V 2p and (c) O 1s. 
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Fig. S4. (a) Photocatalytic properties and (b) reaction kinetics of different 

photocatalysts for degradation of TC under visible light irradiation.  
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Fig. S5. LC-MS spectra of TC and intermediates in the photodegradation process 
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Fig. S6. Effects of (a) anions and (b) pH values on the degradation of TC. 

 

 

 

Fig. S7. TOC removal of (a) ZIS, BVO and ZIS/BVO-0.10, (b) Cycling experiments, 

(c) XRD patterns, and (d) SEM image of ZIS/BVO-0.10 after cycling. 
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Fig. S8. XPS survey spectra of the fresh and the used ZIS/BVO-0.10. 

 

 

 

Fig. S9. The high resolution XPS spectra of (a) Bi 4f, (b) V 2p, (c) O 1s, (d) Zn 2p, (d) 

In 3d and (f) S 2p. 
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