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Abstract

In this work, a 3D Z-scheme photocatalyst Ag/AgBr/Zn;V,0,(OH),-2H,0 (Ag/AgBr/ZVO) was synthesized by a hydrother-
mal method, and a subsequent surface deposition-optical reduction technique. The prepared flower-like Ag/AgBr/ZVO was
characterized by scanning election microscopy (SEM), x-ray powder diffraction (XRD), x-ray photoelectron spectroscopy
(XPS), UV-vis spectrophotometry, N, adsorption-desorption isotherm based on Brunauer-Emmett-Teller (BET) theory, and
electrochemical tests. The photocatalytic degradation performance of the catalyst was investigated by the degradation of
methylene blue (MB) dye by visible light irradiation. Compared with bare Zn;V,0,(OH),-2H,0 (ZVO) nanoflowers, the
photocatalytic effect of the 3D Z-scheme heterojunction Ag/AgBr/ZVO was significantly enhanced. The catalyst of 2h-Ag/
AgBr/ZVO exhibited the strongest photocatalytic activity, of which the MB degradation rate is about 98.8% in 100 min,
which was about five times that of pure ZVO. The increase in the photodegradation rate is ascribed to the accelerated interface
charge-transfer process, the faster photogenerated carrier separation rate and the enhancement of visible light absorption.
In view of the trapping of the reaction intermediate and the electron spin resonance (ESR) measurement, we propose a pos-
sible Z-scheme photocatalytic mechanism. This improved visible-light response likely originates from a synergistic effect
of the different components. This work offered an ideal method for producing stable, efficient, and recyclable photocatalysts
suitable for use in the visible light range.
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Introduction

Over the past several decades, industry and the economy
have rapidly developed, and humans’ living environment
and quality have gradually deteriorated. We are facing
a huge energy crisis and environmental pollution while
enjoying and consuming precious resources from nature.'™
Photocatalysis has gradually attracted the interest of many
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researchers due to its cost-effective and green applications
in environmental protection.’ As we all know, the photodeg-
radation process involves light excitation, the separation and
migration processes of the photogenerated charges carriers,
and finally the redox reaction of organic molecules.®

On Earth, vanadium is a diffusely distributed transition
element. As important functional inorganic materials, tran-
sition metal vanadium oxide and vanadate materials have
long been studied due to their rich structural chemistry and
excellent kinetics.”® The diversity of vanadium oxidation
states from +2 to +5 affords many unique compounds and
coordination numbers. They have numerous applications
in optical devices,’ electrode materials for lithium batter-
ies, %! catalysts'>!® magnetic materials,'*!> gas sensors, '
and electrochemical capacitors.!”~' In contrast to the ten-
dency of vanadium oxides to become amorphous, a second
metal is introduced and arranged between the vanadium
oxide layers to form columns that stabilize the framework
of vanadium oxides. A lot of research have been conducted
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on the synthesis and properties of various structured-metal
vanadates, such as Na, ;V;0,,,”’ BiVO, nanoparticles,”!
FeVO, nanorods,*” Lij o4V,05 nanowires* and Zn;V;04
nanoflowers.**

According to previous theoretical studies, the V 3d orbital
has a lower conduction band position. It can be deduced that
a semiconductor material containing vanadium element may
have a more suitable energy band structure, and may be a
good photocatalyst raw material. Some examples include
BiVO,,%> Zn,V,0,,%® and Zn,(VO,),.'> Among metal vana-
date photocatalysts, Zn;V,0,(OH),-2H,0 was a particularly
important semiconductor photocatalyst material.>’~>° This
is due to its special crystal structure and suitable energy
level positions. Hexagonal-phase ZVO is a frame structure
composed of a Zn-O tetrahedron layer and a V-O octahedron
layer that are mutually bonded in an alternative fashion.*°
In addition, there were channels for electrons and holes to
move between the V-O layers. It was easier for photogen-
erated carriers to migrate to the catalyst surface for redox
reactions. However, due to the wide band gap of ZVO and
weaker absorption of visible light, its application in photoca-
talysis has been limited. For example, Wang et al. prepared
ZVO nanoplates, and discovered that the ZVO had photo-
catalytic degradation performance towards methylene blue
(MB) under UV light irradiation.?” Modification of ZVO is
an effective means of making up for this deficiency. Zhan
et al. designed a g-C;N,/Zn,V,0,(0OH),(H,0), with high
photocatalytic activities,® of which the absorption range
under visible light was significantly expanded. Therefore,
so as to improve the absorption range of ZVO under visible
light, we needed to find a narrow band gap semiconductor
to modify it.

AgBr was a representative photosensitive semiconduc-
tor (Eg = 2.6 eV).>! Thereby, AgBr was widely employed
to decorate photocatalysts to boost photocatalytic perfor-
mance. When AgBr was exposed to light, the Ag* in it are
easily reduced to Ag due to its photosensitivity. As far as
we know, some noble metals (Au or Ag) possess a surface
plasmon resonance (SPR) effect that can greatly enhance
the width of the absorption bands.*>** Noble metal-sem-
iconductor composite materials, as heterojunction photo-
catalysts containing two kinds of visible light response
photocatalyst components with visible light response and
precious metals with surface plasmon resonance, are con-
sidered as ideal means to degrade pollutants.*** Until
now, more and more attention has been paid to Ag/AgX
(X = Br, ClI, I) because these structures are effective at
degrading harmful chemicals in visible light.**® A series
of Ag@AgX (X=Cl, Br, I) plasmonic photocatalysts were
synthesized by Wang and his co-workers, in which Ag0
reduced from Ag+ of AgX was supposed to prompt optical
absorption in the visible light region.> Cai et al. devised
Ag/AgCl photocatalysts, and the optical absorption of the

as-prepared photocatalysts was significantly enhanced,
which was ascribed to the enhanced optical absorption due
to the Ag®,*’. However, the silver halide species (AgX, X
= Br or Cl) always suffers from decomposition under sun-
light irradiation, resulting in its poor performance in the
photocatalytic reaction and thus reducing the stability and
efficiency of the catalyst. Additionally, silver nanoparticles
produced by silver halide are mostly large and disordered,
which adversely impacts the photocatalytic activity. In this
case, we chose ZVO nanoflowers as the support material,
because it was not only a visible-light-driven photocatalyst
but also has a large surface area, making it an ideal candi-
date. Ag® could also be employed as an electron mediator
in Z-scheme photocatalysts. Many researchers have dis-
covered a large number of Z-scheme semiconductor com-
posites with Ag/AgBr, such as CeO,-Ag/AgBr,*! Agl/Ag/
AgBr,*? Ag-AgBr@Bi,TiOs,,* and Ag@AgBr/g-C;N,.*
Owing to retaining the superior reduction ability of the
conduction band (CB) and the superior oxidation ability
of the valence band (VB), the Z-scheme system exhibited
higher photocatalytic performance than the single pho-
tocatalyst.*! Anchoring Ag/AgBr on the surface of ZVO
seemed to be an ideal choice for raising the photocatalytic
degradation rate of ZVO.

In this paper, we successfully synthesized ZVO with
flower-like nanostructures through a template-free hydro-
thermal route, which has weaker photocatalytic activity
under visible light. However, because ZVO has a large
forbidden band width, its absorption range of visible light
is narrow. Therefore, we modified it with a narrow band
gap semiconductor AgBr. By depositing Ag/AgBr on the
flower-shaped sphere ZVO, a 3D Ag/AgB1/ZVO Z-type
heterojunction photocatalyst was cleverly constructed.
Cetyltrimethylammonium bromide (CTAB) was chosen
as both of surfactant and Br source. Through the reac-
tion of AgNO; with CTAB in ZVO aqueous solution,
some AgBr nanoparticles are deposited on the ZVO. The
obtained AgBr/ZVO was then irradiated under the xenon
lamp to obtain the Ag/AgBr/ZVO. The formation of the
Ag/AgBr/ZVO heterojunction was confirmed by scanning
electron microscopy (SEM), x-ray photoelectron spectros-
copy (XPS) and Mott-Schottky measurement. The photo-
catalytic degradation performance of Ag/AgBr/ZVO was
estimated by the photodegradation of MB under visible
light irradiation. The results demonstrated that the photo-
catalytic ability of the 2 h-Ag/AgBr/ZVO was remarkably
boosted as compared with bare ZVO. What's more, success
in preparing the 3D hetero-nanostructure Ag/AgBr/ZVO
was a significant milestone to creating some new types of
3D hetero-nanostructure functional materials. However,
our study was only performed in the laboratory stage and
has not been used in practical applications.
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Experimental Section
Reagents and Chemicals

Zinc nitrate hexahydrate (Zn(NOj),-6H,0) and ammonium
metavanadate (NH,VO;) were purchased from Aladdin
Reagent Co. Ltd., China. CTAB was received from Shen-
yang Reagent Factory. Silver nitrate (AgNO;) was received
from Beijing Chemical Plant, China. Deionized water and
ethanol were used for washing and dissolution during the
experiment.

Synthesis of ZVO Nanomaterials

NH,VO; and Zn(NO);+6H,0 (3:2 molar ratio) was dis-
solved into 40 mL deionized water. The obtained solution
was diverted into a 50 mL autoclave to perform a hydro-
thermal treatment at 120°C for 3 h, 6 h, 12 h, 18 h. The
precipitates were collected by filtration, and washed with
deionized water and ethanol. Finally, the precipitates were
dried at 60°C.

Synthesis of Ag/AgBr/ZVO Heterostructures

We selected flower-like ZVO as the support for Ag/AgBr.
30 mg of ZVO powder obtained above was dispersed in 20
mL CTAB aqueous solution (0.01 mol/L) with magnetic
stirring for 1 h. Then, 10 mL of silver nitrate solution (0.01
mol/L) was added dropwise, and the resulting mixed liquid
was placed in a dark environment and stirred for 1 h. After
stirring for 1 h, the mixture was then irradiated under sun-
light for about X (X = 1,2,3,4) h to obtain X h-Ag/AgBr/
ZVO. The color of the product changed from white to light
gray, indicating that silver nanoparticles were formed. The
product was filtered, washed with deionized water, and
dried in air at 60°C to obtain the powder sample. For com-
parison, the same method was used to synthesize AgBr/
Zn;V,04(0H),-2H,0 (AgBr/ZVO) without visible light
irradiation.

Characterization

X-ray diffraction (XRD) patterns were collected on a Sie-
mens D5005 diffractometer using Cu-Ka radiation (4 =
1.5418 A and operating at 30 kV and 20 mA). SEM images
were assumed on a JEOL JSM-5600L instrument. Physical
adsorption of nitrogen was performed on a Micromeritics
ASAP2010 M volumetric adsorption analyzer at 77 K. A
sample was degassed in vacuum at 573 K for 12 h before
measurement. Surface area was calculated based on the
Brunauer-Emmett-Teller (BET) model, while pore size was

@ Springer

computed using the Barret-Joyner-Halenda (BJH) method.
The UV-vis diffuse reflectance spectra (UV-vis DRS) were
measured using a UV-vis spectrophotometer (UV-vis 2550,
Shimadzu, Japan). XPS (AXIS) ULTRA, Japan) characteri-
zations were performed on a photoelectron spectrometer
with a monochromatized Al Ka x-ray source. Excitation was
used to investigate the distribution of Zn, V, Ag, Br and O in
the Ag/AgBr/ ZVO composite material.

Photocatalytic Activity Measurements

Photocatalysis was evaluated through the photodegradation
of MB under a xenon lamp source (Microsolar300, Beijing
Perfectlight, light intensity 200 mW/cm?, 4 > 420 nm). In a
typical reaction, 50 mg photocatalyst (ZVO, AgB1/ZVO, 1
h-Ag/AgB1/ ZVO, 2 h-Ag/AgBr/ZVO, 3 h-Ag/AgBt/ ZVO, 4
h-Ag/AgBr/ZVO) was placed in 100 mL MB aqueous solu-
tion (5 mg/L). A 4 mL solution sample was taken at 20 min
intervals during the experiment.

The degradation rate was calculated using Eq. (1), where
C, and C, were the initial and residual pollutant concentra-
tion before and after visible-light irradiation, respectively.
The first-order kinetic equation (Eq. (2)) was used to fit the
experimental data, where k was the reaction rate constant,
and ¢ was the reaction time.

Degradation rate = (C, — C,)/C, x 100% (1)

In (C,/Cy) = kxt 2)

Results and Discussion

Structure and Morphology Characterization
of Catalysts

The synthetic process of ZVO and 3D Z-scheme heterojunc-
tion photocatalyst Ag/AgBr/ZVO was depicted in Fig. 1.
Hexagonal-phase ZVO is a frame structure composed of a
Zn-0 tetrahedron layer and a V-O octahedron layer alter-
nately bonded to each other, therefore, ZVO crystallizes
easily to form a nanosheet structure. When the reaction
time was 3 h, ZVO nanosheets self-assembled to form a 3D
flower-like structure. We selected flower-like ZVO as the
skeleton for Ag/AgBr, and a 3D Z-scheme heterojunction
photocatalyst Ag/AgBr/ZVO was prepared by subsequent
surface deposition and photoreduction technology. When the
reaction time increases, the flower-like morphology of ZVO
was destroyed, and the nanobelts were grown from broken
nanoflowers, which demonstrated that the hydrothermal time
was a key factor in the morphology of ZVO.?” We can infer
this conclusion from the XRD and SEM results.



A 3D Z-Scheme Heterojunction Photocatalyst: Flower-Like...

6775

Fig. 1 Schematic illustration
of the synthesis of ZVO and
photocatalyst Ag/AgBr/ZVO.
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Fig.2 XRD patterns for ZVO nanostructures obtained at 120°C for
different reaction time.

Figure 2 shows the XRD patterns of all the as-synthesized
ZVO. All of the samples show a single phase, and no sec-
ondary phase is observed. The main diffraction peaks of
12.29 °, 30.10 °, 34.19 °, 36.46 °, respectively correspond
to the diffraction of the (001), (012), (020) and (021) planes
of ZVO (PDF# 87-0417). Strong and sharp peaks suggested
that the product was well crystallized. When the reaction
time increases, the intensity of the (001) diffraction peak
decreases gradually and the intensity is minimized at 18 h
of reaction time, indicating the growth direction of samples
was altered. Compared with those previous studies of ZVO
synthesized using NaVO; instead of NH,VOj; as a vanadium
source,’** we concluded that the NH,* cations play a key
role in determining the crystal growth orientation along
either the [110] or [001] axis.*®

The crystal structures and phases of Zn;V,0,(OH),-2H,0,
AgBr, and X h-Ag/AgB1/ ZVO (X =1, 2, 3, 4) were detected
via XRD patterns. As shown in Fig. 3, after the introduction
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Fig.3 XRD patterns of samples.

of silver bromide and silver, the structure of ZVO has not
changed, suggesting that the introduced nanoparticles may
not be incorporated into the crystal lattice of ZVO. Com-
pared with bare ZVO, three new peaks at 31.0 °, 44.2 ° and
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72.2 ° appeared, which could be assigned to face-centered
cubic AgBr (PDF#79-0149).*” Because the Ag® amounts
were low and the weak peaks were covered by the back-
ground, its diffraction peaks were not observed

SEM images of the ZVO are shown in Fig. 4a—d. It can
be seen that the reaction time was a key factor in changing
the morphology. Figure 4 shows that with increasing reac-
tion time, the morphology of the products changes from a
nanoflower (Fig. 4a) to a nanobelt (Fig. 4d). A large number
of sphere-like nanoflowers are distributed evenly, indicating
that a significant proportion (above 90 %) of the products
presents a uniform sphere-like nanoflower structure. The
average diameter of the nanoflowers was approximately
4-5 pm. The individual ZVO ‘flower’ still consisted of a
large quantity of homogeneous nanosheets. The nanobelts
are several to tens of micrometers in length and 200-300
nm in width.

The morphologies of ZVO, AgBr/ ZVO and X h-Ag/
AgBr/ZVO (X=1, 2, 3, 4 h) were further investigated
through SEM images as shown in Fig. 5. From Fig. 5a
and the illustration, it can be seen that bare ZVO prod-
ucts exhibited a regular flower-like morphology, and has
perfect uniformity and dispersibility. Compared to the
bare ZVO, the surfaces of AgBr/ZVO (Fig. 5b) become
rough and some AgBr nanoparticles are gathered on the
ZVO nanoflowers. From Fig. Sc—e, it was found that the
flower-like morphology remains intact after growth of Ag/
AgBr particles on the surface of ZVO. As the photoreduc-
tion time changes, the size of the Ag/AgBr nanoparticles
also changed significantly. The presence of ZVO prevents

Fig.4 SEM images of as-
obtained ZVO nanostructures
at 120°C for different reaction
times: (a) 3 h, (b) 6 h, (c) 12 h,
(d) 18 h.
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the polymerization of the Ag/AgBr nanoparticles, which
increases the specific surface area and active sites of the
catalyst to a certain extent. A large amount of Ag/AgBr
nanoparticles could effectively increase the absorbance
of the catalyst. Figure 5f represents the morphology of 4
h-Ag/AgBr/ZVO. The morphology of ZVO was slightly
destroyed, and Ag/AgBr nanoparticles gathered on the
ZVO surface. This was unfavorable for the photocatalytic
process.

The element mapping images of 2 h-Ag/AgB1/ZVO are
exhibited in Fig. 6. Figure 6a—f demonstrates that Ag and
Br are uniformly distributed on the surface of the ZVO, and
Ag, Br, V, Zn, and O are also uniformly dispersed in the
composites. This indicates that the corresponding composite
catalysts were prepared successfully.

The surface elemental compositions and chemical states
of the 2 h-Ag/AgBr/ZVO sample were analyzed by XPS.
The survey XPS spectrum (Fig. 7a) shows that the Ag/
AgBr/ZVO sample contained V, Zn, O, Br, and Ag. As
displayed in Fig. 7b, two peaks located at 516.64 eV and
524.32 eV were attributed to V 2p;/, and V 2p,,, respec-
tively, corresponding to V¥ in Zn;V,0,(0H),-2H,0. Fig-
ure 7c shows the Zn 2p XPS spectrum. Two individual
peaks located at 1022.7 eV and 1045.6 eV were attributed
to Zn 2p 5, and Zn 2p ,, respectively. Figure 7d shows
that the apparent characteristic peak at 530.4 eV?° was
assigned to the O 1s binding energy. Two characteristic
peaks located at 67.7 eV (Br 3ds,,) and 68.7 eV (Br 3d,,)
in Fig. 7e indicate the existence of Br™ in the AgBr struc-
ture.*® In Fig. 7f, the peaks located at 373.6 and 367.5 eV
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Fig.5 SEM images of (a) ZVO, (b) AgB1/ZVO, (c) 1 h-Ag/AgBr/ZVO, (d) 2 h-Ag/AgBr/ZVO, (e) 3 h-Ag/AgBr/ZVO, (f) 4 h-Ag/AgB1/ZVO.

Fig.6 The SEM image (a) and element distribution images of (b) V, (c) Br, (d) O, (e) Zn and (f) Ag in 2h -Ag/AgBr/ZVO.

were attributed to the Ag 3d,, and Ag 3ds), of Ag*, and
the peaks at 374.1 and 368.1 eV belong to the Ag 3d;/, and
Ag 3ds, of Ag®.®

The specific surface area of the catalyst has a certain
effect on its photocatalytic performance. Research showed
that the photocatalytic activity of the photocatalysts is pos-
itively related to their specific surface area. As shown in
Fig. 8, the isothermal adsorption-desorption curve of the 2
h-Ag/AgBr/ZVO showed a I'V-type isotherm with a H1 hys-
teresis loop. The specific surface area of the 2 h-Ag/AgBr/
ZVO determined by the BET method was 39.56 m* g™'. The

pore sizes were determined by the BJH method. The pore
size of the 2 h-Ag/AgBr/ZVO sample was 3.4 nm.

Photocatalytic Properties

The UV-vis DRS was used to characterize the optical prop-
erties of the catalyst. As shown in Fig. 9 a, the maximum
absorption edge of bare ZVO was around 405 nm, which
showed the ZVO has a corresponding effect in the near vis-
ible light region. The maximum absorption edge of AgBr/
ZVO was unchanged compared with ZVO. In contrast to
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Fig. 8 Nitrogen adsorption-desorption isotherms and pore-size distri-
bution curve of 2 h-Ag/AgBr/ZVO.

ZVO and AgBr /ZVO, the absorption edges of X h-Ag/
AgBr/ZVO photocatalysts showed a significant red shift.
This showed that the band gap of the composite materi-
als become smaller. The absorption wavelengths were the
biggest when the illumination time was 2 h. The band gap
energy (Eg) could be evaluated by the Kubelka—Munk
method.*® As shown in Fig. 9b, the Eg values for bare ZVO
and 2 h-Ag/AgBr /ZVO are 3.06 and 2.71 eV, respectively.
The results confirmed that there is a red shift in the 2 h-Ag/

@ Springer

AgB1/ZVO sample compared with the bare ZVO. As shown
in Fig. 9c, the photocatalysis efficiency of as-prepared X
h-Ag/AgBr/ZVO (x = 1, 2, 3, and 4), AgBt/ZVO and bare
ZNO catalysts were examined by degrading MB under vis-
ible light. The MB degradation rate of ZVO was 19.8 % after
irradiation for 100 min, while the photocatalytic degradation
rate of MB by AgBr/ZVO reached 78 %. However the pho-
todegradation rate of ternary X h-Ag/AgBr/ZVO photocata-
lysts were significantly improved in comparison with bare
ZVO and AgBr/ZVO. Among those samples, the 2 h-Ag/
AgBr/ZVO photocatalyst had the fastest photodegradation
rate, and 98.8 % of MB was degraded in 100 min. under
visible light illumination, while 89.1, 84, and 80 % of MB
were degraded over 1 h - Ag/AgBr/ZVO, 3 h-Ag/ AgBr/ZVO
and 4 h-Ag/AgBr/ZVO, respectively. Figure 9d displays the
pseudo-first-order kinetic curves of MB degradation over
as-prepared catalysts. The reaction constant k value of MB
degradation over 2 h-Ag/AgBr/ZVO was the highest, being
about 0.042, which was about 21 times and 2.7 times that of
ZVO and AgBr/ZVO. This indicated that the photocatalytic
ability of ZVO can be effectively enhanced through compos-
iting with Ag and AgBr.

Photocatalytic Mechanism

Additionally, as one of the most effective methods for depict-
ing the charge transfer and separation efficiency, electro-
chemical impedance spectroscopy (EIS) of as-prepared
catalysts were employed. From Fig. 10a, ZVO possesses
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Fig.9 (a) UV-vis DRS of the samples, (b) the corresponding band gap estimation based on the Kubelka—Munk theory, (c) elimination of MB
over photocatalysts, (d) the first-order kinetics of MB photocatalytic degradation.

the maximum radius of the Nyquist plot. The introduction
of Ag/AgBr nanoparticles into ZVO caused an apparent
decline in the arc radius of the Nyquist plot, revealing that
the Ag/AgBr/ZVO composites had the smallest interface
transfer resistance. However, the semicircular radius of X
h-Ag/AgBr/ZVO (X = 1, 3, 4 h) were larger than that of 2
h-Ag/AgBr/ZVO, indicating that the photogenerated carri-
ers could be separated faster in 2 h-Ag/AgB1/ZVO, because
the Ag/AgBr promotes the construction of an effective het-
erostructure between the interfaces of ZVO and AgBr. The
appropriate light exposure time was also a key factor in the
preparation of excellent performance photocatalysts. Fig-
ure 10b depicts the Tafel analysis, in which 2 h-Ag/AgBr/
ZVO exhibits the largest anodic Tafel slope as compared
with ZVO and X h-Ag/AgB1/ZVO (X = 1, 3, 4). The larger
anodic Tafel slope shows that 2 h-Ag/AgBr/ZVO has higher
reactivity and better electrochemical performance. The
ZVO and AgBr were employed in M-S measurements. Nor-
mally, in an M-S curve, a positive slop represents an n-type
semiconductor, whereas a negative slop represents a p-type
semiconductor. Obviously, bare ZVO is a typical p-type
semiconductor (Fig. 10c), and bare AgBr is a typical n type
semiconductor (Fig. 10d). We could also observe that the Ey,

of ZVO and AgBr were 1.02 and —0.14 eV, respectively. For
the most n (p)-type semiconductors, the CB (VB) position
was believed to be about 0.1 eV above (below) the Efb.5 !
The Eyp of ZVO was 1.12 eV (vs. Ag/AgCl), and this value
can be further transformed to the normal hydrogen electrode
(NHE) by the Nernst equation (Eq. (3)).> The VB of ZVO is
1.317 eV (vs. NHE), and the CB was —1.743 eV. According
to the band gap of AgBr (2.6 eV),* the VB and CB of AgBr
are 2.557 eV and —0.043 eV, respectively.

Exne = Eag/ager +0.197 3)

During the process of the photocatalytic reaction,
some main active substances would be produced, among
whicheO,”, ¢OH and h * are the three most important active
groups. Na,C,0,, BQ and IPA were used as scavenging
agents for h*, e0,~ and eOH, respectively. We performed
trapping experiments of active species to determine that the
substituent groups played a role. As shown in Fig. 11a, when
Na,C,0,, BQ and IPA were added separately, the degrada-
tion rate of MB decreased from 98.8 to 53.8 % (IPA), 62.6
% (Na,C,0,) and 75 % (BQ) within 100 min, respectively.
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Fig 10 (a) EIS spectra and (b) Tafel polarization curves (c) and (d) Mott-Schottky plots of ZVO and AgBr in 0.1 M Na,SO, aqueous solution

(pH="7).

Thence, the o0, h* and eOH are the main active group in
the photocatalytic reaction. From Fig. 11 ¢ and d, the sig-
nals of €O, and eOH cannot be detected under dark condi-
tions. However, the signals of ¢O,™ and eOH appeared under
visible light irradiation. This corresponded to the trapping
experiment results.

As we all know, the electron (e”) and hole (h™) sepa-
ration ability as well as the light absorption ability of the
catalyst are the key factors that determine its photocatalytic
ability. Based on all the observations, we posed a possible
photocatalytic mechanism, illustrated in Fig. 12. As shown
in Fig. 12a, according to the energy band position of the
AgBr and ZVO, a conventional heterojunction can be formed
between AgBr and ZVO. When visible light was irradiated
on the catalyst surface, both AgBr and ZVO could be stimu-
lated. Because the CB position and VB position of ZVO
was higher than AgBr, the e~ on the CB of ZVO flow to the
CB of AgBr, and the h* on the VB of AgBr flow to the VB
of ZVO, rapidly separating e /h*. However the CB (0.043
eV vs. NHE) of AgBr was lower than the potential of O,
/00, (=0.046 eV vs. NHE), the ™ obtained on the CB of

@ Springer

AgBr will reduce Ag* to Ag®, causing photo-corrosion of
AgBr. Furthermore, the h* remaining at the VB potential of
ZVO (1.317 eV vs. NHE) do not have enough capacity to
oxidize water into hydroxyl radicals, owing to their poten-
tial being lower than the H,O/eOH potential (2.37 eV vs.
NHE).*! Based on this, we proposed a Z-scheme system, in
which Ag nanoparticles act as a bridge between e /h*. In
Fig. 12b, when exposed to visible light, the e~ on the CB of
AgBr flow to the Ag nanoparticles, and integrate with the h*
transferred from the VB of ZVO. It accelerates the separa-
tion of e~/h*, and improves the stability of the composite.
The e™ on the CB of ZVO reacted with the adsorbed oxygen
on the surface of the ZVO to generate superoxide radicals,
and the h* on the VB of AgBr reacted with water to generate
hydroxyl radicals. This analysis was identical to the results
of the ESR and the trapping of reactive species. The specific
reflection process was as follows:

ZVO + hv - ZVO(e™, h*) 4)
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AgBr + hv — AgBr (e7, ht) ®)

e (AgBr) + h™(ZVO) — Ag (e”/h") (6)

e (ZVO) + 0, —

oO;

0

«0; + MB — CO, + H,0
h*(AgBr) + OH™ —' OH

h*(AgBr) + MB —» CO, + H,0

®)

)

(10)

an
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8. M.H. Khorasanizadeh, R. Monsef, O. Amiri, M. Amiri, and M.
Conclusions Salavati-Niasari, Ultrason. Sonochem. 58, 104686 (2019).

To summarize, we prepared ZVO with different morpholo-
gies by a hydrothermal method. We selected flower-shaped
ZVO as a support for Ag/AgBr. A 3D Z-scheme heterojunc-
tion was constructed by depositing AgBr on the surface,
and a Z-scheme system Ag/AgBr/ZVO was successfully
prepared through a subsequent photoreduction route. The
size of the 3D flower-like Ag/AgBr/ZVO composite particle
was about 2.5 pm. The specific surface area of the 2 h-Ag/
AgBr/ZVO was 39.56 m*> g~!. The 2 h-Ag/AgBr/ZVO has
a narrower band gap (2.71 eV). The prepared photocatalyst
had a fast degradation rate towards MB under visible light
irradiation. The photoreduction time was key factor during
photodegradation. The catalyst 2h-Ag/AgB1/ZVO exhibited
the strongest photocatalytic activity, of which the MB degra-
dation efficiency is about 98.8 % in 100 min. and the reac-
tion constant k values of MB degradation over 2 h-Ag/AgBr/
ZVO was 0.042. EIS and Tafel measurements indicated that
the composite photocatalyst has a higher electron-hole sepa-
ration efficiency. Active species trapping experiments and
ESR confirmed that h™, ¢OH, and 0, were the main active
groups involved in photodegradation of MB. According to
the band position of the ZVO and AgBr and identified active
species, we speculated that the photocatalysis mechanism
over Ag/AgBr/ZVO composites was a Z-scheme.
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