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KEYWORDS Abstract Fabrication of heterojunction with specialized geometry shape could improve the pho-
BiVO,: todegradation efficiency of catalysts more efficiently based on the synergistic effect of components.
ZnCr-LDH; Herein, the BiVO,4/ZnCr-LDH type-1I heterojunction was successfully synthesized by the growth of
Hierarchical structure; two-dimensional (2D) ZnCr-LDH on 2D BiVOy, forming a unique three-dimensional (3D) hierar-
Type 1T heterojunction; chical structure. The 3D hierarchical BiVO,/ZnCr-LDH type-11 heterojunction with intimate
Photocatalysis 2D/2D heterointerfaces enlarges the interfacial contact areas and shortens the transfer distance

of carriers simultaneously, which could promote the separation and transfer of photoinduced car-
riers and prolong the lifetime of carriers. Additionally, the 3D structure could enhance the photon
utilization efficiency caused by the multiple reflections of incident light, and provide more active
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sites to promote the adsorption of pollutants. Therefore, the visible light catalytic performance of
the optimal heterostructure for the removal of tetracycline hydrochloride is 3.47 times and 22.43
times higher than that of BiVO4 and ZnCr-LDH, respectively. Superoxide radical (‘O5) is confirmed
as the primary active species, whereas hole (h™) is the secondary active species in the photodegra-
dation process. This work provides a facile strategy to enhance the visible light catalytic behavior of
BiVO, through the fabrication of 3D hierarchical architecture heterojunction for the removal of

organic pollutant.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Semiconductor photocatalysts can utilize the inexhaustible and clean
sunlight to effectively degrade contamination, which can alleviate seri-
ous resource and worldwide environmental issues (Li et al., 2019a;
Wang et al., 2022; Wu et al., 2022; Yang et al., 2022a). Up to now, var-
ious 2D(two-dimensional) bismuth-based photocatalysts, including
Bi,0,S (Xing et al., 2019), Bi,O,CO3 (Tan et al., 2021), BiOBr
(Yang et al., 2022b) and Bi,WOg (Li et al., 2022b), have been devel-
oped as candidates for mitigating the deterioration of environments.
Among the various 2D nanosheets, monoclinic BiVO4 with a 2D struc-
ture has attracted widespread attention for its narrow band gap
(~2.4 eV), adjustable structure and high visible light absorption prop-
erty (Liu et al., 2020a; Ni et al., 2018; Shen et al., 2020). Unfortunately,
though tremendous efforts have been made by scientists for BiVO, cat-
alysts, the insufficient separation of photo-generated carriers and rela-
tively low utilization of solar energy still preclude its potential
application in the field of photodegradation (Lu et al., 2020; Zhou
et al., 2019; Zhao et al., 2016). Therefore, it is highly desirable to pro-
mote the migration and separation of photoexcited carriers and extend
the spectral response range for improving the photocatalytic perfor-
mance of BiVOy,.

To address the above issues, many attempts, including defects engi-
neering (Yao et al., 2019), dye-sensitized (Sun et al., 2015), fabrication
of hierarchical structure (Yang et al., 2020), coupling with other semi-
conductors (Li et al., 2022c), etc., have been implemented to enhance
the photodegradation efficiency of BiVO,4 nanosheets. The construc-
tion of the BiVO,-based junction with matching bandgap energy like
type II (Li et al., 2021b), P-N (Ma et al., 2022) and Z-scheme (Dong
et al., 2018) heterojunction, is an impactful tactic to improve the sep-
aration efficiency of photoinduced carriers and sunlight absorption
capability. Although numerous BiVO,-based heterojunctions have
been investigated to accelerate the interfacial photoinduced carriers’
separation and migration, the morphology design of junctions is often
neglected (Li et al., 2018). In fact, the design of the geometry such as
core-shell structure (Li et al., 2019b), hollow sphere structure (Li
et al., 2022a), 2D/2D structure (Le et al., 2019), 3D hierarchical archi-
tecture (Ren et al., 2021) etc., has a positive and synergistic effect on
enhancing the catalytic performance of photocatalysts. In comparison
with the 0D (zero-dimensional), 1D (one-dimensional) and 2D struc-
tures, the unique 3D hierarchical structure collaborating with the close
2D/2D heterostructure interface can greatly shorten the diffusion path-
way of carriers, which is very helpful for improving the charge carriers’
separation efficiency (Yang et al., 2020; Kong et al., 2021; Ren et al.,
2021). In addition, due to the multi-reflections for incident light,
almost all of incident photons can be harvested by the hierarchical
structured material, leading to the enhanced spectral utilization effi-
ciency (Yang et al., 2022b). Furthermore, the 3D hierarchical struc-
tures could also raise the specific surface area to expose more active
sites, thus enhancing the adsorption capability for reactants and speed-
ing up the redox reactions (Shen et al., 2020). In light of these views, a
large number of heterojunctions with 3D hierarchical structure have
been successfully designed and synthesized, such as NiAI-LDH (Lay-
ered double hydroxide)/TisC, (Shi et al., 2021), Bi,O3/Bi;WOg¢/
MgAI-CLDH (Bing et al., 2018), InVOy4/Ti;C, T (Li et al., 2021a),

Ag@AgBr/ZnCr-LDH (Sahoo et al., 2018), WO3;@BiOBr (Ling
et al., 2020), CuS@ZnIn,S, (Fan et al., 2022). For BiVOy, the 3D hier-
archical structured hybrids also demonstrate superior photodegrada-
tion performance toward pollutants. For instance, a novel 3D/2D
BiVO,@PPy/g-C3Ny Z-scheme heterojunction was successfully fabri-
cated via the one-step hydrothermal method, which displayed excellent
photodegradation efficiency and stability toward tetracycline
hydrochloride (TC) under the visible light irradiation, due to the rapid
separation of photogenerated carriers via unique coupling heterointer-
face (Yan et al., 2021). In addition, Sun et al. combined an in-situ
deposition method with ultraviolet light irradiation to prepare 3D
plasmonic Ag/Ag,S/BiVO, p-n heterojunction, in which the Ag/Ag,S
was coated onto the surface of BiVO, sheets, with much higher photo-
catalytic performance for the oxidation of oxytetracycline hydrochlo-
ride and reduction of Cr®" than BiVO, under visible light
irradiation (Wei et al., 2018). These works strongly confirm that the
fabrication of 3D hierarchical heterojunction constructed by 2D sheets
is an efficient tactic to improve the photodegradation efficiency of
photocatalysts.

LDH is expressed as [M3iM3" (OH),] (A"")*"-mH,0, where
M2T, M3t AT represents a divalent metal cation, trivalent metal
cation and interlayer anion, respectively, and x is the molar ratio of
trivalent metal ion to total metal ion (Cui et al., 2021). Thanks to its
unique 2D brucite-like layered structure, high surface area, tunable
metal cation structure, and interlayer anion exchange capacity; various
LDH catalysts could adsorb pollutant molecules from solutions,
enriching the pollutant molecules to the LDH surface, which could
undoubtedly promote the catalytic reaction (Fu et al., 2016; Lan
et al., 2014). Furthermore, LDH can harvest visible light through inter-
electronic excitation such as intermetallic charge transfer (MMCT) and
ligand-to-metal charge transfer (LMCT) (Liu et al., 2017). Impor-
tantly, LDH nanosheets could interact with other catalysts to self-
assemble into 3D hierarchical composites with unique architectures,
due to their inherent positive charge and the abundant ionic sur-
face — OH group (Shiet al., 2021; Sun et al., 2014). Among the various
LDH catalysts, ZnCr-LDH has been found to be effective in the field
of photocatalysis due to its appropriate redox potential and superior
light-harvesting capability (Zheng et al., 2021). For example, a novel
Cu,O@ZnCr-LDH core-shell heterojunction has displayed the excel-
lent photocatalytic H,/O, production efficiency under the visible light
irradiation (Wang et al., 2017). Therefore, ZnCr-LDH may be the suit-
able candidate in collaboration with BiVOy, to construct a 3D hierar-
chical heterostructure.

Herein, a novel two-step hydrothermal approach was employed to
fabricate 3D hierarchical BiVO4/ZnCr-LDH type II heterostructure by
coupling 2D ZnCr-LDH nanosheets and 2D BiVO, nanosheets with
controllable constituent ratio. The various characterizations tech-
niques were used to determine the morphology, crystallinity and opti-
cal property of BiVO,/ZnCr-LDH type II junctions. The catalytic
activity of BiVO4/ZnCr-LDH hybrid was evaluated by the pho-
todegradation of TC under visible-light irradiation. The 3D hierarchi-
cal  BiVO4/ZnCr-LDH  junctions  exhibit  much  higher
photodegradation efficiency than bare BiVO,; and ZnCr-LDH
nanosheets. The results of the trapping experiment and the electron
spin resonance (ESR) indicate that O, is the primary active species,
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whereas h™ is the secondary active species in the catalytic system.
Additionally, a probable catalytic mechanism for the removal of TC
over 3D hierarchical BiVO,/ZnCr-LDH heterostructure is posed
according to the various characterization results.

2. Experimental

2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO;);95H>0), zinc nitrate
hexahydrate (Zn(NOs),6H,0), chromium nitrate nonahy-
drate (Cr(NO3);9H-,0), ammonium metavanadate (NHy-
VO3), sodium hydroxide (NaOH), sodium carbonate
(Na,COs;), sodium oxalate (Na,C,0,4), benzoquinone (BQ),
isopropanol (IPA), sodium dodecyl benzene sulfonate (Cig-
H,9NaO3S) and TC were supplied by Sinopharm Chemical
Reagent Co., 1td. All reagents were of analytical grade and
were not further purified.

2.2. Synthesis of the photocatalysts

BiVO, was synthesized by the hydrothermal method in deion-
ized (DI) water according to previously reported work (Sun
et al., 2019). The 3D hierarchical BiVO4/ZnCr-LDH type II
heterojunction was also fabricated by the hydrothermal
method. Briefly, 7.68 g NaOH and 6.36 g Na,CO3 powers were
dispersed in 100 mL DI water, and electromagnetically stirred
until transparent, which was later denoted as solution A for
later use. Then, a certain amount of Zn(NO;).6H,0, Cr
(NO3);9H,0 (the molar ratio of Zn(NO3),e6H,0/Cr(NO3);.
09H-0 is fixed at 2) and 1 mmol BiVO, powders were dis-
persed in 30 mL DI water, named as the solution B.
Subsequently, the mixed solution A was gradually added into
the solution B for keeping the constant pH of the mixture at 7.
The above resultant solution was filled into a 50 mL sealed
autoclave, and heated at 120 °C for 24 h. After collected by
centrifugation (6000 rpm), the catalysts were dried overnight.
The samples are marked as x-B-ZCL, where x represents the
molar ratio of BiVO, to Zn (NO;),6H,0. Pure ZnCr-LDH
was also prepared without the addition of BiVOy, by the above
approach.

2.3. Sample characterizations

The crystalline structure of catalysts was probed by X-ray
power diffraction (XRD) (Japan, XRD6100), which used Cu
Ka radiation. The scanning electron microscope (SEM) (Zeiss,
Sigma) and the transmission electron microscope (TEM)
(FEIG2) images were obtained to study the morphology of
the catalysts. The UV-vis optical absorption was conducted
with a UV-vis spectrophotometer (UV-2550, Shimadzu,
Japan). The chemical states of catalysts were investigated using
the X-ray photoelectron spectroscopy (XPS) (Thermo Scien-
tific K-Alpha™). The ESR data was recorded on a Bruker
A200 spectrometer (Germany). The Brunauer-Emmett-Teller
(SgeT) specific surface areas were evaluated by nitrogen (N,)
adsorption—desorption (Quantachrome ASIQMO000-200-6).
The total organic carbon content (TOC) removal efficiency
of TC was analyzed on a TOC-2000 (Metash, China) analyzer.
Photoluminescence (PL) spectroscopy measurements were
identified by F-4600. The transient photocurrent response,

the Mott-Schottky (M—S) measurements and the electrochem-
ical impedance spectroscopy (EIS) were characterized by elec-
trochemical workstation (CHI-660E).

2.4. Catalytic activity measurements

To test the catalytic efficiency of catalysts under visible-light
irradiation, TC was selected as the refractory organic. 30 mg
catalysts were diffused into a 50 mL TC (40 mg/L) suspension.
A 500 W xenon lamp was used as the visible light source,
equipped with a 420 nm cut-off filter. The mixture was ultra-
sonicated for a few minutes and vigorously stirred in the dark
for 0.5 h to attain the adsorption—desorption equilibrium.
Then the suspension was irradiated with visible light. At cer-
tain time intervals, aliquots (4 mL) of the mixture were inter-
mittently sampled and filtered to eliminate the catalyst
precipitates. Lastly, the filtrate was analyzed using UV-vis
spectrophotometer. The trapping experiments were conducted
by adding scavengers to TC solution, including IPA, BQ, and
Na,C,0,. The other experiment procedure was similar to that
of the catalytic degradation experiment.

3. Results and discussion

3.1. Structure characterization

The overall synthetic route of the 3D hierarchical BiVO,/
ZnCr-LDH type II heterojunction is shown in Scheme 1.
The phase and crystalline structure of the catalysts were char-
acterized by the XRD patterns. In Fig. 1, the diffraction peaks
located at 20 = 15.1°, 18.7°, 28.8°, 34.5° 39.5°, and 42.3° can
be well matched with the (020), (110), (—121),(200), (—141)
and (150) planes of monoclinic BiVO,4 phase (JCPDS card No.
14-0688), respectively(Sun et al., 2019; Tang et al., 2014). As-
prepared ZnCr-LDH (JCPDS card No.51-1525) has obvious
diffraction peaks at 11.7°, 23.5°, 34.9°, 39.5°, 47.0°, 60.7°,
and 62.1° could be assigned to the crystal planes of (003),
(006), (012), (015), (018), (110) and (113), respectively
(Wang et al., 2017; Sun et al., 2014). For BiVO4/ZnCr-LDH
heterojunction, when the content of ZnCr-LDH is relatively
low, the peaks of ZnCr-LDH can hardly be seen, such as 3-
B-ZCL. When the molar ratio of BiVO,4 to Zn (NO3),¢6H-,O
is further decreased to 1, the characteristic peaks of both
BiVO, and ZnCr-LDH could be detected. The peak intensities
of the ZnCr-LDH at 11.7° and 23.5° gradually heighten with
the increase of ZnCr-LDH content, while that of BiVO,4 drops
step by step. The reason may be that ZnCr-LDH coated onto
the surface of BiVO,4 nanosheets shield partially the diffraction
peaks of BiVO,, which will be confirmed by the following SEM
and TEM images.

The micromorphology of BiVO,, ZnCr-LDH and 0.5-B-
ZCL heterojunction was observed by SEM and EDS mapping
images. As depicted in Fig. 2a, the 2D irregular ZnCr-LDH
nanosheets with a lateral size of 30-50 nm stack each other,
which effortlessly gather in cohesive force, consistent with pre-
vious literature (Sohail et al., 2019; Sahoo et al., 2019). Fig. 2b
shows that pure BiVOy is also an irregular 2D flake-like struc-
ture with a smooth crystal surface, which provides a favorable
platform for the loading of ZnCr-LDH onto the surface (Lu
et al., 2020). For B-ZCL heterojunction, taking 0.5-B-ZCL
as an example, unlike pure BiVO, with a smooth surface, some
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ZCL heterojunctions.

stacked 2D ultrathin ZnCr-LDH nanosheets were loaded
in situ on the surface of 2D BiVOy after hydrothermal reac-
tion, forming a 3D hierarchical structured B-ZCL heterojunc-
tion (Fig. 2¢). This unique structure could expose more active
sites and increase the contact area of the catalysts, contributing
to improve the separation efficiency of photo-induced carriers,
which is conducive to improve the photocatalytic performance
(Liu et al., 2020b). Furthermore, as displayed in Fig. 2d-i, to
investigate the surface elemental composition, the EDS map-
ping spectra imply the coexistence of Zn, Cr, O, C, Bi and V
elements on the 0.5-B-ZCL heterojunction. Additionally, com-
pared to Bi and V elements, Zn, Cr, O and C elements are
more densely distributed, which also confirms that ZnCr-
LDH has been tightly well integrated onto the BiVO, surface
with close interfacial contact. As further confirmed by the
TEM images, a large number of accumulated 2D ZnCr-LDH
nanosheets with a lateral size of 30 ~ 50 nm is agglomerated
together, while pure BiVOy is an irregular 2D flake-like struc-
ture with several hundred nanometers in length (Fig. 3a-b). As
shown in Fig. 3c, taking 0.5-B-ZCL as an example, the close
contact between 2D ZnCr-LDH nanosheets and 2D flake-

Hydrothermal

3D BiVO,/ZnCr-LDH type II heterostructure

Schematic illumination for the preparation of 3D BiVO,/ZnCr-LDH type II heterojunction.

shaped BiVOy, is clearly observed, along with distinct heteroge-
neous interface and boundary contours, which is consistent
with SEM results. The (—141) crystal planes of BiVO,4 with
the interplanar spacings of 0.228 nm can be seen from the
HRTEM image, while the interplanar spacing of LDH is
unclear, possibly due to the lower crystallinity (Guo et al.,
2019) (Fig. 3d). Therefore, it is rationally concluded that 3D
hierarchical BiVO,/ZnCr-LDH heterojunction with good con-
tact interface has been successfully synthesized, which will pro-
mote the migration and separation efficiency of photo-induced
carriers and extend the spectrum absorption range.

The XPS spectra were used to explore the surface composi-
tion and elemental chemical states of the BiVO,, ZnCr-LDH
and 0.5-B-ZCL heterojunction. Fig. 4a exhibits the coexistence
of Bi, O, V, Zn, Cr, and C elements in 0.5-B-ZCL heterojunc-
tion, compared to pristine BiVO4 and ZnCr-LDH. In Fig. 4b,
the Bi 4f;, and Bi 4f5; of BiVO, assignments of Bi** could be
fitted as characteristic double peaks with a binding energy of
158.9 eV and 164.2 eV. In Fig. 4c, the spectra of V 2p can
be deconvoluted well into two peaks with binding energies of
516.4 and 523.9 eV, which are put down to the V 2ps, and
V 2p, 2, respectively. Compared to BiVO,, the binding energy
of Bi 4f and V 2p in 0.5-B-ZCL heterojunction exhibits a slight
shift to lower energy, indicating the electrons are migrated
from ZnCr-LDH to BiVOy, surface, owing to a powerful inter-
face interaction between BiVO4 and ZnCr-LDH (Wei et al.,
2018; Yan et al., 2021). For Zn and Cr elements, the binding
energies of Zn 2p3; (Zn 2p, ) and Cr 2ps; (Cr 2p;j») are pos-
itively shifted by 0.1 eV in relation to the original ZnCr-LDH
(Fig. 4d-e). Meanwhile, two binding energy values of 284.8 and
288.8 eV are observed for C 1s in ZnCr-LDH, which indicates
the presence of reference carbon and the intercalated CO3
anions in the layered structure of ZnCr-LDH (Tian et al.,
2012; Sun et al., 2014). Similarly, compared to ZnCr-LDH,
the C 1s binding energy in 0.5-B-ZCL heterojunction is slightly
moved to higher energy. From the results of XPS, the surface
modification of BiVO, by ZnCr-LDH induces a slight shift of
both Bi 4f and V 2p peaks toward lower energy, while the
peaks of Zn 2p, Cr 2p and C 1s move in the opposite direction,
which demonstrates the electrons are transferred from ZnCr-
LDH to BiVO, due to a strong interfacial interaction.

The specific surface areas (Sggr) and pore volume values of
ZnCr-LDH, BiVO, and B-ZCL heterojunctions were analyzed
by N, adsorption—desorption experiment. As shown in
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Fig. 2 SEM images of ZnCr-LDH (a), BiVOy, (b), 0.5-B-ZCL (c) and EDS-mapping images (d-i).

Fig. 3 TEM images of ZnCr-LDH (a), BiVO, (b), 0.5-B-ZCL (c¢) and HRTEM images of 0.5-B-ZCL heterojunction (d).
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Fig. 5a, BiVOy is a type-II adsorption isotherm, indicating a
non-porous structure (Yan et al., 2021), consistent with its
morphology observed from SEM images. Conversely, ZnCr-
LDH and B-ZCL heterojunctions can be assigned as a type-
IV adsorption isotherm with Hj hysteresis loop, implying the
presence of mesopore generated from the aggregated
nanosheets (Liu et al., 2017). As can be seen from Table I,
the Sger of ZnCr-LDH and BiVO, are 214.8 m?/g and
6.5 m?/g, while their pore volume values are 0.42 cm®/g and
0.03 cm®/g, respectively. Compared to BiVO,, the Spgr and
pore volume values of B-ZCL heterojunction structures are
increased. On the whole, with the increase of ZnCr-LDH con-
tent, the Sggt and pore volume values of B-ZCL heterojunc-
tions rise gradually. In detail, the Sggr of 3-B-ZCL, 1-B-
ZCL and 0.5-B-ZCL are 24.3 m?/g, 60.3 m?/g and 80.4 m?/g,
respectively. The pore volume values of 3-B-ZCL, 1-B-ZCL
and 0.5-B-ZCL are 0.13 cm®/g, 0.32 cm?/g and 0.60 cm?/g,
respectively. Though the Sggt of 0.33-B-ZCL is further raised
to 95.7 m%/g, its pore volume is decreased to 0.41 cm?/g.
Clearly, 0.5-B-ZCL with a loosely layer-by-layer stacking has
a relatively larger Sggr and the maximum pore volume values.
Generally speaking, the higher Sggr and pore volume could
provide more active sites and channels, thus improving the cat-
alytic efficiency (Sahoo et al., 2019).

3.2. Photocatalytic performance of catalysts

To reflect the adsorption capacity of catalysts in the absence of
light, the photocatalytic degradation activity including the
adsorption of pollutants in the aqueous solution under dark
conditions is shown in Fig. 5b. The removal efficiency is
defined as C/Cy, in which C and C, stand for the remnants
and initial concentration of TC, respectively. Before the photo-
catalytic degradation, the solution including TC and catalysts
is stirred in the dark for 30 min to reach the adsorption equi-
librium. The BiVO, (2.7 %) has a much weaker adsorption
performance in comparison with pristine ZnCr-LDH
(43.5 %). Nevertheless, the B-ZCL heterojunctions exhibit
gradually improved adsorption performance with the increase
of ZnCr-LDH content. For example, the adsorption efficiency
of TC for the optimal 0.5-B-ZCL sample is up to 24.3 % in the
same time range. The above results imply that the construction
of B-ZCL junction has a positive effect on the adsorption per-
formance, compared with the BiVO, alone.

The total removal rate of ZnCr-LDH and BiVO, for TC is
only as low as 48.2 % and 44.1 % after visible light photocat-
alytic reaction for 80 min, respectively. Obviously, the B-ZCL
heterojunctions show superior removal efficiency to the single
component. When a small amount of BiVO, is recombined
with ZnCr-LDH, the construction of 0.33-B-ZCL junction
could significantly enhance its visible light catalytic efficiency.
With the increase of ZnCr-LDH content, the photodegrada-

tion efficiency of TC for the 0.5-B-ZCL heterojunction reaches
the optimum (87.9 %) under the same condition. Continuing
to increase the content of LDH, the photodegradation perfor-
mance of B-ZCL heterojunction starts to decline. To directly
explore the catalytic removal efficiency, degradation kinetics
of TC over all samples are simulated by In(Cy/C) = kt
(Yang et al., 2022a). In Fig. 5c, the rate constant of BiVOy,
ZnCr-LDH, 0.33-B-ZCL, 0.5-B-ZCL, 1-B-ZCL and 3-B-ZCL
is fitted as 0.00686 min~', 0.00106 min~', 0.02195 min',
0.02378 min~"', 0.02176 min~"' and 0.01455 min~", respectively.
The rate constant for the optimal 0.5-B-ZCL heterojunction is
3.47 times and 22.43 times higher than that of BiVO, and
ZnCr-LDH for the TC antibiotic. The superior catalytic degra-
dation efficiency of B-ZCL heterojunction should relate to its
unique 3D hierarchical heterostructure, which could not only
facilitate the separation of photo-triggered carriers upon visi-
ble light irradiation, but also increase the utilization of incident
photons as well as, enlarge the specific surface areas and
improve the adsorption capability for TC. Furthermore, our
BiVO,4/ZnCr-LDH heterostructure exhibits much higher pho-
tocatalytic degradation activity for TC compared with related
BiVOy-based photocatalysts (Table 2).

The cycling performance is important for the practical
application of the photocatalyst. Consequently, the used 0.5-
B-ZCL heterojunction is collected through a series of proce-
dures including filtering, washing, and drying to demonstrate
its photostability. As shown in Fig. 5d, although the pho-
todegradation efficiency dramatically decreases from 82.9 %
to 60.0 % under visible light illumination after the second
cycle, the degradation efficiency of the 0.5-B-ZCL heterojunc-
tion remains about 60.0 % in the following cycles. The XRD
and SEM were applied to characterize the crystalline structure
and morphology of 0.5-B-ZCL after the recycling experiments.
As displayed in Fig. Sla, the peak intensities of the BiVO, in
the 0.5-B-ZCL-after sample gradually heighten, compared
with the 0.5-B-ZCL-before sample, indicating that the part
of ZnCr-LDH may be slightly peeled off during the cycle runs.
Nevertheless, it can be obviously observed that the morphol-
ogy of the 0.5-B-ZCL-after sample remains unchanged after
five cycling experiments (Fig. S1b). These results demonstrate
that the BiVO4/ZnCr-LDH heterojunction has relative stabil-
ity to some extent.

To further discuss the generation of reactive oxygen species,
the active species for the photodegradation of TC over 0.5-B-
ZCL heterojunction were explored by a radical quenching
experiment. As shown in Fig. 5e, Na,C,04, BQ and IPA were
applied to probe the active species like h™, 05, and eOH,
respectively (Li et al., 2021b). When a certain amount of BQ
is added to the photocatalytic system, the catalytic activity of
0.5-B-ZCL heterojunction is completely suppressed, indicating
that "O5 is the dominant active species. By introducing Na,C,-
0O, into the catalytic reaction, the degradation activity for TC

Table 1 Summary of the textural properties of samples.

Samples ZnCr-LDH BiVO, 3-B-ZCL 1-B-ZCL 0.5-B-ZCL 0.33-B-ZCL
Sper (m?/g) 214.8 6.5 273 60.3 80.4 95.7

Pore volume(cm?/g) 0.42 0.03 0.13 0.32 0.60 0.41
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Table 2 A comparison of photocatalytic degradation performance for TC over BiVO4/ZnCr-LDH junction with related BiVO4-based

photocatalysts.
Catalyst Dosage Concentration Source Reaction Removal Ref.
(mg) of TC (mg/L) time (min) percentage (%)
BiVO,/ZnCr-LDH 30 40 Visible 80 87.9 This
light work
BiVOy4/Nitrogen-doped carbon 50 5 Visible 150 93.5 Liu et al. (2020a)
quantum dots light
BiVO,/g-C3N,4 quantum dots 30 20 Visible 60 73.8 Li et al. (2019a)
light
Agl/ZnIn,S,/ 30 20 Visible 120 91.4 Wang et al. (2022)
BiVO, light
In, 77S4/BiVO, 50 10 Visible 90 89.9 Wu et al. (2022)
light
BiVO4@PPy/g-C53N4 30 30 Visible 120 90 Yan et al. (2021)
light

is decreased to 66.8 %, suggesting h ™" is the secondary active
species. After adding IPA into the system, the catalytic activity
of 0.5-B-ZCL is only slightly decreased, which means that
eOH hardly works during the photocatalytic reaction. The
above experiment results suggest that ‘O, is the dominant
active species, whereas h™ is another active species in the cat-
alytic system. Besides, the ESR method was further measured
to test the active species in the catalytic process of TC. Specif-
ically, ‘O, generated from the reduction of O, by electrons,
which can be investigated by probing the 5, 5-dimethyl-1-
pyrroline (DMPO)-"O; in a methanol medium. For 0.5-B-
ZCL (Fig. 5f), no signal peaks are observed in the dark. How-
ever, the peaks corresponding to DMPO-'O; could be
observed under visible light illumination. Therefore, O, and
h™ are the major active species during the catalytic reaction.

3.3. Optical absorption Property, band structure and charge
separation

The UV-vis diffuse absorption spectrogram was utilized to
characterize the light absorption performance of ZnCr-LDH,
BiVO,4 and B-ZCL heterojunction. In Fig. 6a, the optical
absorption edge of BiVO, is about 514 nm, while the two
strong characteristic peaks of ZnCr-LDH at around 410 and
570 nm can be seen, corresponding to LMCT transition from
O 2p orbital to Cr’ " 3d orbital and MMCT spectra attributed
to d-d transition from Cr 3dt2g to Cr 3 deg orbitals, respec-
tively (Sahoo et al., 2018; Sahoo et al., 2019). Meanwhile, a
strong absorption peaks ranging from 230 to 320 nm is also
observed for ZnCr-LDH, which is assigned as the LMCT tran-
sition between Cr 3dt2g and Zn 4 s orbitals (Liu et al., 2018).
Compared to BiVO,, the optical absorption edge of B-ZCL
heterojunction exhibits an apparent red shift, and a raised tail
appears obviously in the range of 500-600 nm with the
increased content of ZnCr-LDH. Furthermore, the band gap
(Eg) values are calculated by Kubelka-Munk equation: o/v
U = A (hv — E,), where o, iv, A is absorption coefficient, pho-
ton energy, a constant, respectively, and n is determined by
semiconductor intrinsic property (Yang et al., 2022b). Accord-
ing to previous reports, ZnCr-LDH and BiVOy are all direct
bandgap semiconductors, so n is equal to 2 (Wang et al.,
2017; Li et al., 2021b). In Fig. 6b-c, the Eg of ZnCr-LDH

and BiVOy, is calculated approximately to be 2.50 eV and
2.41 eV, respectively. To further verify the band structure of
ZnCr-LDH and BiVO,, the M—S test was performed to inves-
tigate the flat band potential (Eg,). The Eg, of ZnCr-LDH and
BiVO, are —0.78 V and —0.57 V (vs SCE), respectively (Fig. 6-
d-e). Based on the equation that Exyg = Escg + 0.24 V, the
En of ZnCr-LDH and BiVO, are —0.54 and —0.33 V (vs
NHE), respectively. For the intrinsic nature of n-type semicon-
ductors, the deviation between Eg, and the conduction band
(CB) is approximately 0.1 V. Thus, the CB potential of
ZnCr-LDH and BiVOy, should be —0.64 V and —0.43 V (vs
NHE), respectively. Based on the band gap equation of Eyg =-
Eg—Ecg, the valence band (VB) potential of ZnCr-LDH and
BiVOy are calculated as 1.86 V and 1.98 V (vs NHE), respec-
tively. Since the CB and VB potentials of ZnCr-LDH are more
negative than those of BiVO,, the photogenerated carriers
transfer to the opposite direction at the interface of BiVOy/
ZnCr-LDH heterojunction, which will form a type II hetero-
junction. Therefore, the type II heterostructure of ZnCr-
LDH and BiVO,4 would be possible to promote the separation
of photoexcited charges and then maximize the photocatalytic
removal efficiency for TC.

The PL measurement of semiconductors was adopted to
shed light on the separation and migration ability of the pho-
toinduced carriers. Generally, the higher PL intensity corre-
sponds to higher recombination rate of carriers (Yang et al.,
2022b). In Fig. 7a, the fluorescence peak intensity of B-ZCL
heterojunction presents much lower than that of ZnCr-LDH
and BiVOy, demonstrating the formation of a 3D hierarchical
heterostructure through in-situ growth of ZnCr-LDH loaded
on BiVOy can significantly delay the recombination of carriers
and improve the utilization of carriers. Among them, 0.5-B-
ZCL shows the lowest PL intensity, revealing the lowest recom-
bination probability of photo-induced carriers, consistent with
the results of the photodegradation experiment. This could be
attributed to the formation of the type-II junction, which could
suppress the recombination of photoinduced carriers, with a
higher activity than the individual components. In addition to
the PL measurement, the photoelectrochemical experiments
were further tested to investigate the mobility and separation
of photoexcited carriers, as well (Sun et al., 2019). In Fig. 7b,
when illuminated by visible light, ZnCr-LDH and BiVO,
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photoelectrodes only generate a weak photocurrent caused by
the fast recombination of carriers. Due to the faster separation
and migration efficiency of carriers, the photocurrent density of
the 0.5-B-ZCL type-II heterojunction is higher than that of
ZnCr-LDH and BiVO, over distinctive on—off cycles. Simi-
larly, the EIS Nyquist plot of ZnCr-LDH, BiVO, and 0.5-B-
ZCL type-II heterojunction is also detected to demonstrate
the transport and separation of photoexcited carriers
(Fig. 7c¢). Compared to pure ZnCr-LDH and BiVO,, the 0.5-
B-ZCL type-II heterojunction has the smallest arc radius,
which indicates a lower resistance and higher charge transfer
efficiency between 0.5-B-ZCL type-II heterojunction and elec-
trolyte (Yan et al., 2021). The results of photoelectrochemical
experiments illustrate that 3D hierarchical structure combining
with 2D/2D interface interactions between ZnCr-LDH and
BiVO, could effectively accelerate the separation of photoin-
duced charges at the type-II heterojunction interface to
enhance the photocatalytic performance.

3.4. Photodegradation mechanism

Combining the above characterization results, the photodegra-
dation mechanism of BiVO,/ZnCr-LDH heterojunction for
TC under visible light illumination presented in Fig. 8 is pro-
posed. When irradiated by visible light, electrons in the VB
of BiVO, and ZnCr-LDH are moved to their CB, leaving the
corresponding holes in their VB. Simultaneously, driven by
the effective interfacial interaction and staggered energy levels,
the photo-induced electrons in the CB of ZnCr-LDH flow to
the CB of BiVO,, whereas photo-induced holes transfer from
BiVO, to ZnCr-LDH in the opposite direction. Therefore,
photo-induced electrons and holes are spatially separated
and preserved in BiVO,4 and ZnCr-LDH, which can promote
the separation efficiency of carriers and prolong their lifetimes
of carriers (Li et al., 2019b). Additionally, the electrons accu-
mulated in the CB of BiVO, can be used as active reducing spe-
cies, reacting with dissolved oxygen to produce eO> radical.
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illumination.

Meanwhile, the h™ assembled in the VB of ZnCr-LDH could
act as oxidizing species to directly participate in the reaction
instead of forming eOH radicals, due to the less positive poten-
tial of VB. In summary, the notably enhanced photocatalytic
degradation activity of 3D hierarchical BiVO,/ZnCr-LDH
type-II heterojunction is caused by the following factors: (i)
the abundant 2D/2D heterointerfaces between ZnCr-LDH
and BiVO, within 3D hierarchical structure accelerate the
transportation and separation of photoexcited carriers; (ii)
the 3D hierarchical structure promotes the light absorption,
and enables the multiple reflections of incident light; (iii) the
enlarged specific surface area provides more active sites to pro-
mote the adsorption of reactants to directly participate in the
photocatalytic system.

4. Conclusions

In summary, a novel 3D hierarchical BiVO4/ZnCr-LDH type-II
heterojunction was successfully prepared, in which 2D ZnCr-LDH
nanosheets are in situ attached onto the surface of 2D BiVO,
nanosheets through two-step hydrothermal method. On the one hand,
this unique 3D hierarchical structure combining with abundant 2D/2D
type-11 heterojunction induced by compact heterointerface could pro-
mote the separation and migration of photogenerated carriers under
visible-light illumination. On the other hand, the 3D hierarchical archi-
tecture could enhance the utilization of incident photons through
multi-reflection and the higher specific surface area can provide more
active sites to accelerate the adsorption of reactants. The photodegra-
dation rate of the optimized 0.5-B-ZCL heterojunction is 3.47 times
and 22.43 times higher than that of BiVO4 and ZnCr-LDH for the
TC antibiotic. This work reveals that the construction of 3D hierarchi-
cal BiVO,/ZnCr-LDH with rich 2D/2D heterostructured interfaces
paves the way to improve the photodegradation efficiency for the
removal of antibiotic.
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