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Abstract: Two-dimensional (2D) ZnO/Bi; ¢Zn 4V, 70105 nanosheets were prepared using Zns(CO3)»(OH)s nanosheets as substrate to

anchor BiVO, followed by calcination. As-prepared samples were characterized by X-ray diffraction and transmission electron

microscopy with elemental mapping attachment. Results show that with the increasing Zn/Bi molar ratio, the surface composition of

ZnO porous nanosheets evolves into BizZng4V;70105 step by step. When the Zn/Bi molar ratio is above 1:0.02, additional BiVO4

begins to form and grows into particles in the Biz9Zng4V,70105 region. Diffuse reflectance spectra of as-prepared samples reveal

that nanoscale heterostructures harvest visible light of 400~600 nm dependent on the varying Zn/Bi molar ratio. The experiment for

photocatalytic degradation of rhodamine B under visible light (2>420 nm) illumination shows that the 2D heterostructure with the

Zn/Bi molar ratio of 1:0.0133 performs the best photocatalytic activity in spite of no remarkable visible-light absorption.

Photoluminescence and photoelectrochemical tests indicate that the enhancement in catalytic activity is attributable to an effective

separation and transfer of photoinduced carriers caused by the ZnO/Bis¢Zng4V,701¢5 heterostructure. The 2D surface hetero-

genization can promote the photocatalytic process, being applicable to a wide range of 2D nanostructures.
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Semiconductor photocatalysis is a promising approach for
environmental detoxification! ), which is capable of con-
verting toxic and nonbiodegradable organic compounds into
carbon dioxide and inorganic constituents. Among various
semiconductors applied, titanium dioxide (TiO,) and zinc
oxide (ZnO) are most widely employed for photocatalysts due
to their high activity to remove a wide range of organic
pollutants from air and water. Compared with TiO,, ZnO is a
sort of bio-safe and biocompatible material with low cost and
easy synthesis'’. Besides, ZnO basically exhibits better
electron transfer and more efficiency than TiO, in photo-
catalytic degradation of some dyes under visible light illumi-
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nation” ", In this regard, ZnO could become a promising

photocatalyst for application.
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However, pristine ZnO has high recombination rate of
photo-generated carriers, directly causing low photochemical
converting efficiency. Combining with another semiconductor
to construct a heterojunction is prevailingly employed to solve
the above-mentioned issue. Up to now, a lot of ZnO-based
semiconductors were fabricated and their photocatalytic
activities were enhanced in varying degrees, including TiO,™,
BiOBr™” and AgCI"". Besides, large band gap of ZnO (~3.3
eV) allows it to only absorb UV light occupying 5% of solar
spectrum, which leads to a low photodegradation efficiency
under solar irradiation. Several strategies have been adopted to
extend spectral response of ZnO, such as doping with
nonmetal (C, N, S)[”'B], metal (Cu, Cr, Ce, La)“4'16], and
sensitization. Among them, sensitization using visible-light
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active materials (for instance, narrow band gap) has been
extensively investigated as an effective means not only to
improve the harvest of visible light but also to inhibit the
recombination of photoinduced carriers.

Bismuth vanadate (BiVO,) as a visible-light-sensitizing
semiconductor has attracted great research interest, owing to
narrow bandgap energy (2.45 eV), low cost, chemical and
thermal stability and environmentally benign properties!'”.
Singh et al'™® reported that BiVO,-ZnO nanocomposite was
synthesized by hydrothermal method followed by annealing at
450 °C and performed 4.3-fold-enhanced photocatalytic
activity under sun irradiation with respect to bare ZnO. Fu et
al'"! presented a simple wet-chemical process to obtain
ZnO-loaded BiVO, spherical-like nanoparticles which
irradiated by visible light showed a two-fold enhancement of
photocatalytic activity in comparison with unloaded BiVO,
nanoparticles. Besides, N-doped ZnO nanosheets coupled with
BiVO, and BiVO,ZnO coupling nanosheet arrays on a
conductive magnetically driven cilia film also exhibited much
higher visible-light-driven activity for degradation than BiVO,

alone**",

The improved visible-light catalytic activity of
these BiVO,/ZnO heterostructures was ascribed to the
formation of intermediate band and comparatively low
recombination rate, which facilitates the separation of
electron-hole pairs'™®.

However, reported BiVO,/ZnO heterostructures were
fabricated by annealing of mechanically mixed BiVO, and
ZnO. There were scarce investigations regarding to using ZnO
precursors to prepare BiVO,/ZnO heterostructure. In the
present work, 2D ZnO/Bi;9Zny,V;,095 nanoscale hetero-
structures were prepared using Zns(COs),(OH)s nanosheets as
ZnO precursor to anchor BiVO, followed by calcination. With
the increasing Zn/Bi molar ratio, the harvest of visible light
for this modification was gradually enhanced. However,
modified ZnO nanosheets with the Zn/Bi molar ratio of
1:0.0133 exhibited the best visible-light-driven photocatalytic
degradation efficiency, although it did not have a remarkable
absorption in visible-light region. Characterization of photolu-
minescence, photocurrent and electrochemical impedance de-
monstrated that the enhanced photocatalytic activity compared
with single-component counterparts was mainly ascribed to
good separation and transfer of photoinduced carriers.

1 Experiment

All major chemicals of analytical grade were purchased
from Aladdin Reagent Co. Ltd, Shanghai China and used as
received without further purification. All the solutions were
prepared with doubly distilled water.

Zns(CO3)»(OH)s (ZCH) nanosheets were prepared by a
hydrothermal approach similar to our reported procedures™.
Zn(CH;C0O0),2H,0 (0.23 g) was dissolved in distilled water
(75 mL), followed by adding urea (0.29 g) and hexadecyl

trimethyl ammonium bromide (0.047 g). The resulting mixture

was magnetically stirred for 1 h to form transparent solution
and then transferred into a Teflon-lined autoclave of 100 mL.
The autoclave was then screwed up and kept inside an electric
oven at 80 °C for 4 h and 120 °C for 3 h. After cooling to room
temperature naturally, cotton-like suspended solid was collected
by centrifugation and then washed with deionized water and
absolute ethanol several times.

Zn0/Bi3 9Zny4V1,0105 (ZnO/BZVO) heterostructures were
prepared by a precursor-deposited method in combination
with calcination. A typical procedure was as follows. A whole
portion of prepared ZCH nanosheets were put into 100 mL
distilled water and dispersed by sonicating. Then, a calculated
amount of Na;VO, was added in the above-mentioned mixture
and dissolved under magnetic stirring. This system was
vigorously stirred for 30 min so that part of VO,” ions could
be adsorbed on the surface of ZCH nanosheets by electrostatic
interaction. Subsequently, a required amount of Bi(NO;);-
5H,0 dissolved in ethylene glycol was dropwise added to the
above-made mixture, the amount of which was varied to
obtain serial samples with varying molar ratio of Zn to Bi
(1:0.0033, 1:0.0067, 1:0.0133, 1:0.02, 1:0.04, 1:0.067, 1:0.2).
The above-mentioned whole process was carried out at room
temperature under magnetic stirring. The resulting ZCH-BiVO,
combined samples were centrifuged, washed thoroughly with
distilled water, and then dried at 65 °C for 12 h.

BiVO,-modifying ZnO nanosheets were obtained after
calcining a series of ZCH-BiVO, combined samples at 500 °C
for 2 h. For comparison, pristine BiVO, was prepared by the
same process without ZCH nanosheets. The as-prepared
samples with the Zn/Bi molar ratio of 1:0.0033, 1:0.0067,
1:0.0133, 1:0.02, 1:0.04, 1:0.067, 1:0.2 were denoted as
ZB 0.0033, ZB 0.0067, ZB 0.0133, ZB 0.02, ZB 0.04,
ZB 0.067,ZB 0.2, respectively.

The phase composition and crystal structure of as-fabricated
samples were determined by powder X-ray diffraction (XRD,
XD-6 with Cu Ko radiation at a scan rate of 0.02°s™). The
morphology and elemental mapping of the samples were
studied by transmission electron microscopy (FEI-Tecnai F20)
at an accelerating voltage of 200 kV. UV-vis diffuse
reflectance spectra (DRS) were measured using a UV-vis
spectrophotometer (EVOLUTION 220) with an integrating
sphere under ambient conditions. Photoluminescence (PL)
spectra were tested on a fluorescence spectrophotometer
(fluoroSENS-9000, UK) equipped with a filter (A<360 nm) at
an export of the excitation channel and another filter (>380
nm) at an entry of the emission channel. The photoelectric
current (PC) and electrochemical impedance spectroscopy
(EIS) of the photocatalyst were recorded through a CHI760E
A17122 electrochemical workstation (Ivium CompactStat. h.,
Netherland).

The photocatalytic experiment was carried out as our
previous report™. Rhodamine B (RhB) was chosen as a
photo-degradation object. Glass beakers (capacity ca. 100 mL)
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were used as photoreactor vessels. The reaction system
containing RhB (3 mg/L, 20 mL) with a pH of 6.56 and
photocatalysts (10 mg) was sonicated for dispersion and
stirred in the darkness for 15 min to reach an adsorption
equilibrium of RhB on the surface of photocatalysts.
Afterwards, it was placed into cylinder-shaped tank filled with
circulating water and irradiated by visible light under
magnetic stirring for a given period. The visible light with
wavelength ranging from 420 nm to 750 nm was produced
from a 300 W Xenon lamp (Model CEL-HXF300) with a
UVIRCUT 420 filter. After the photocatalytic reaction,
degradation suspensions under different illumination periods
were centrifuged to separate the photocatalysts. The
absorption spectra of RhB solutions under different photo-
catalytic periods were estimated using a UV-vis spectro-
photometer (Shimadzu UV 2600). The absorption peak at 553
nm represents the aromatic content of RhB and its decrease
indicates the degradation of dye. The stability of the
photocatalyts was obtained through three successive cycling
experiments. After each run, photocatalyst powder were
collected though washing with deionized water and absolute
ethanol several times, separately, to remove the remained RhB
and/or degradation products.

2 Results and Discussion

2.1 Phase structure and morphology of as-prepared
samples

Fig.1a shows XRD patterns of modified ZnO samples with
varying Zn/Bi molar ratios along with bare ZnO and BiVO, for
comparison. All the diffraction peaks of pristine ZnO (pattern a)
in Fig.la were perfectly assigned as the hexagonal phase of
ZnO, coinciding well with the standard data of ZnO (JCPDS
card 36-1451). Most diffraction peaks of pristine BiVO, are
consistent with the tetragonal phase of BiVO, (JCPDS card
14-0688), as shown in pattern i in Fig.1a. In the XRD patterns
of modified-ZnO samples (patterns b~h in Fig.la), with an
increasing Zn/Bi molar ratio, a new diffraction peak at 28.5°
begins to form at 1:0.0133 and then be gradually intensified.
This diffraction peak denoted as solid inverted triangle symbol
along with other new diffraction peaks could be indexed to the
tetragonal BZVO phase (JCPDS No. 48-0276). Upon the
Zn/Bi molar ratio increasing to 1:0.2, another new phase of
BiVO, (marked as hollow inverted triangle symbols) yields in
the ZnO/BZVO heterostructures. These results suggest that
under low content of deposited BiVO,, BiVO, can completely
react with surface of ZCH substrate at 500 °C to produce
BZVO. While the quantity of deposited BiVO, reaches a
certain value, some part of BiVO, far from the surface of ZCH
could not participate in reaction and be left. Accordingly, as
the Zn/Bi molar ratio increases, BZVO first yield and then
grow. When the ratio is enough high, formation of BiVO, on
the surface of BZVO region would occur.

It is observed that all of hexagonal ZnO diffraction peaks
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Fig.1 XRD patterns of as-prepared samples (a): a-ZnO, b-ZB_0.0033,
¢-ZB 0.0067, d-ZB_0.0133, e-ZB_0.02, {-ZB_0.04, g-ZB_0.067,
h-ZB 0.2, i-BiVOy; (b) enlarged (100) diffraction peaks of
ZnO in modified samples with the increasing Zn/Bi molar

ratio

for modified-ZnO samples are gradually weakened with the
increasing Zn/Bi molar ratio. Furthermore, the diffraction
peaks of (100) at 31.65° of ZnO phase, magnified in Fig.1b,
illustrate the increasing width at half-peak height with the
increase of Zn/Bi molar ratio. The weakening and broadening
of ZnO diffraction peaks in composite compared with the bare
ZnO demonstrates a decrease in size of ZnO in composite.
This is because the production of BZVO sacrifices part of
ZnO precursor. This in-situ growth could endow ZnO/BZVO
nanoscale heterostructure with a strongly bound interface
between BZVO phase and ZnO substrate.

As displayed in Fig.2, surface morphology of porous nano-
sheets evolves with the increasing Zn/Bi molar ratio. Pristine
ZnO is porous sheetlike morphology (Fig.2a), the surface of
which is smooth. At the molar ratio of 1:0.0067 of Zn to Bi,
brightness contrast and roughness are observed on a porous
nanosheet (Fig.2b). The dark region on the porous sheet would
be BZVO. When the Zn/Bi molar ratio increases to 1:0.02,
dark region overspreads large part of porous nanosheets.
Besides, few particles grow on the surface of nanosheets.
Upon the Zn/Bi molar ratio reaching 1:0.067, more and larger
particles are observed on the surface of porous nanosheets.
This morphology evolution with the increasing Zn/Bi molar
ratio in combination with the XRD characterization results
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Fig.2 TEM images of as-prepared samples with varying Zn/Bi ratios: (a) 1:0, (b) 1:0.0067, (c) 1:0.02, and (d) 1:0.067

demonstrates that the dark region is BZVO and particles are
BiVO,.

To further corroborate this derived result, elemental
mapping for ZB_0.067 was measured considering that the Bi
content in ZB 0.0133 was possibly lower than the element-
detecting limit of EDS. Their element mapping images are
shown in Fig.3. The mapping signals of Zn and O elements
are more intensive than those of Bi and V elements, indicating
that ZnO is the main chemical composition of nanosheets.

100 nm

100 nm

Mapping images of Bi and V elements display that they are
homogeneously distributed in nanosheets. Only the image of
Zn elemental mapping does not show loaded-particle shapes,
suggesting the substance of the loaded particles is BiVO,. As a
result, with the increasing Zn/Bi ratio, surface of ZnO porous
nanosheets gradually changes into BZVO. While the Zn/Bi
ratio>0.02, additional BiVO, particles grow on the surface of
BZVO region.

100 nm

100 nm 100 nm

Fig.3 TEM elemental mapping images of BiVO4-modifying ZnO sample with the Zn/Bi ratio of 1:0.067
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2.2 Formation mechanism of ZnO/BZVO porous nanosheets
Based on the above results, we proposed a formation
mechanism for 2D ZnO/BZVO nanoscale heterostructures
(Fig.4). Typically, the surface of as-prepared ZCH nanosheets
with partial deficiency of CO;> groups presents electro-
positivity™ and is easily anchored by VO,” anions. When
low content of VO, anions was added into aqueous solution
containing dispersed ZCH nanosheets, all VO,” anions could
be adsorbed on the surface of ZCH nanosheets (Eq. (1)). Upon
the addition of Bi*" ions, they would react with anchored
VO,* anions to produce BiVO, on the surface of ZCH
nanosheets (Eq. (2)). At 500 °C for 2 h, the low-content
anchored BiVO, would completely react with its contact part
of ZCH nanosheets to produce Bi;9Zny 4V, ;0105 (Eq. (3)) and
other ZCH evolved into ZnO. Owing to the evolution of CO,
and H,O gas from the pyrolysis of ZCH, nanosheets turned
into porous nanosheets (Fig.41). At high levels of VO, anions,
only part of VO, anions could be adsorbed on the surface of
ZCH nanosheets due to saturation, leaving free VO,* anions
in mixed solution. Subsequently, Bi’* ions at the equal amount
of VO, dissolved in ethylene glycol was drop by drop added
into the above system. Bi’" ions would firstly combine with the
anchored VO,” anions to yield BiVO, nuclei and next these
nuclei grew up under free VO,” anions in the solution and Bi*"
ions from continuous addition. These composite with high
content of BiVO, were calcined at 500 °C; part of BiVO,
reacted with the part of ZCH
Bi39Zny4V 70105 and left BiVO4 were crystallized into particles
(Eq. (4)) on the surface of Bi; 9Zn, 4V ,01¢5 (Fig.41l).
ZCH+VO,” —ZCH-VO,” )
ZCH-VO,/ +Bi*"~ZCH-BiVO, ?)

contact to produce

ZCH-BiVO, (low loading) S8, 710/Bis yZno4V1 10105 (3)
ZCH-BiVO, (high loading)

Calcini ; i
alcining 7n0/Bi; 9Zny 4V, 70,05/BiVO, 4)
ZCH nanosheet
. —_T High
BiVO, BiVO,

anchoring | ] 'anchoring

||

500 °C 500 °C BZ_V
o 2h ZnO
L) ("]
Pl Y o o
Porous Porous
7ZnO/BZVO ZnO/BZVO nanosheet
nanosheet with loaded BiVO4
particles
1 I

Fig4 Schematic representation of the formation mechanism of BiVO,-
modifying ZnO nanostructures under different conditions of

anchoring

2.3 Optical absorption and PL properties

UV-vis diffuse reflectance spectra of as-prepared samples
are presented in Fig.5. For ZnO and BiVO,, the absorption
band edges are roughly at 420 and 610 nm, respectively. It
indicates that ZnO only absorbs UV light, and BiVO, has a
strong absorption in the visible-light range from 400 nm to
500 nm. With respect to ZnO, visible light in the region of
400~550 nm for BiVO4-modifying ZnO nanosheets are
gradually harvested with the increasing content of Bi. This can
be further proved by photos of as-prepared samples shown in
Fig.6, which displays that the color is gradually deepened
from white to orange with the increasing Bi content.
Harvesting the visible component of solar radiation for
BiVO4-modifying ZnO nanosheets is expected to enhance
visible-light-driven photocatalytic efficiency.

The PL spectra of selected samples are shown in Fig.7 for the
purpose of investigating the migration and transfer behaviors of
ZnO, ZB 0.0033, ZB 0.0133 and
ZB_0.067 display three main emissions excited by an excitation
wavelength of 330 nm at room temperature. The ultraviolet
emission band centered at approximately 375 nm is due to the

photoinduced e /h’".

radiative exciton recombination. A violet shoulder on the
lower-energy at around 400 nm should be assigned to the
transition from interstitial zinc to valence band™™. The visible
emission observed over the wide range of 500~800 nm is
attributed to the deep level emission of interstitial oxygen and
antisite oxygen (Ogz,) defect states in the crystal structure of
ZnO™**! for pure BiVO, does not exhibit emission. With the
increasing Zn/Bi molar ratio, the intensity of these emission
peaks gradually decreases to the minimum at 1:0.0133 followed
by an increase. It indicates that only a small quantity of BZVO
modification can facilitate the migration and transfer of
photoexcited e /h" pairs on ZnO nanosheets and thus is expected
to enhance photocatalytic activity.
2.4 Photoelectrochemical properties

The separation efficiency of charge carriers for as-prepared
pristine ZnO, BiVO, and BZVO-modified ZnO heterostructures
was determined by PC and EIS experiments. Fig.8a shows
current-time curves for the as-prepared sample under intermit-

100+
S 80+
) ZnO
o ——7B 0.0033
E 60 ZB_0.0067
3 ——7B 00133
= 40 7B 0.02
~ ——7B 0.04
——7B 0067
20 ——7ZB 02
—BiVO,

400 500 600 700 800
Wavelength/nm

Fig.5 UV-visible diffuse reflectance spectra of as-prepared products
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Fig.6 Photos of as-prepared products: (a) ZnO, (b) ZB_0.0033, (c) ZB_0.0067, (d) ZB_0.0133, (e) ZB_0.02, (f) ZB_0.04, (g) ZB_0.067,

(h) ZB_0.2, and (i) BiVO,

375 nm —m—Zn0

1 —e—7ZB 0.0033
—v—ZB 0.0133
—+—Z7B 0.067
——7B 02
——BiVO,

PL Intensity/a.u.

400 500 600 700 800
Wavelength/nm

Fig.7 Photoluminescence emission spectra of ZnO, ZB 0.0033,
ZB 0.0133, ZB 0.067, ZB 0.2 and BiVO, excited by light

with wavelength at 330 nm at room temperature

tent visible light (2>420 nm). Only BiVO, electrode generates
cathode photocurrent suggesting p-type semiconducting
property, while ZnO and BZVO-modified ZnO exhibit anode
photocurrent response reflecting n-type semiconductor. As
shown in Fig.8a, with the increasing Zn/Bi molar ratio, the
photocurrent density of BZVO-modified ZnO increases to the
maximum at the molar ratio of 1:0.0133 and then decreases,
compared with pristine ZnO. This phenomenon demonstrates
that BZVO/ZnO heterostructure with low BZVO content can
promote the separation of photogenerated carriers. Although
pure BiVO, performs the best photocurrent at the moment of
opening light, it quickly drops as the irradiation time prolongs.
To investigate the mobility of photoexcited carriers, EIS of
as-synthesized samples was further measured in the dark, and
the EIS Nyquist plots are displayed in Fig.8b. The diameter of
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Fig.8 Transient photocurrent density with light on/off cycles under
visible light irradiation (a) and EIS Nyquist plots of ZnO,
ZB_0.0033, ZB_0.0133, ZB 0.067, ZB 0.2 and BiVO,
electrodes measured in mixed phosphate solution with pH of
6.86 (b)

the semicircle of the EIS Nyquist plots is directly related to
the transfer efficiency of carriers, and the smaller radius
reflects higher separation efficiency. In terms of pristine ZnO
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and BiVO,, a relatively smaller arc radius is found for BZVO-
modified ZnO. Among them, ZB 0.0133 heterostructure
performs the smallest arc radius, which is evidence of high
mobility of carriers.
2.5 Photocatalytic behavior of ZnO/BZVO nanosheets
The degradation of RhB was used for assessing the visible-
light-driven photocatalytic activity of the as-prepared nanoscale
samples. Photocatalytic degradation experiment for each sample
was parallelly carried out three times to prevent abnormal data.
Fig.9 shows the variation of relative average concentration of
RhB dependent on visible-light irradiation time with error bars
for the as-prepared samples. Without photocatalysts, no
observed, suggesting that
self-degradation of RhB is difficult to occur. Although pristine
ZnO porous nanosheets do not have absorption in visible-light

remarkable degradation s

region, it still performs photocatalytic activity under
visible-light irradiation. This is perhaps because the UVIRCUT
420 filter does not completely cut off UV light and a little bit
of them can penetrate through the filter. In Fig.9, it is observed
that the BZVO-modified ZnO nanosheets perform enhanced
catalytic activity compared with their single-composition
counterparts, except for samples with ZnO/Bi molar ratio of
1:0.0033 and 1:0.2 whose catalytic activity is near to that of
pristine ZnO and BiVO,. Among these samples, ZB_0.0133
exhibits the highest catalytic efficiency, which is around two
times higher than ZnO (ZnO takes 105 min to degrade 69% of
RhB; ZB 0.0133 takes 45 min to degrade 68% of RhB).

Fig.10 shows a temporal evolution of UV-Vis absorption
spectrum of RhB solution with ZB_0.0133 as irradiation time
prolongs up to 105 min. It is observed that RhB shows a major
absorption band at about 553 nm. As the irradiation time
prolongs, the RhB absorption decreases rapidly and the
maximum absorption weak shifts from 553 nm to 496 nm.
Meanwhile, it is found that the color of the suspension also
changes from initial fuchsia to light-colored, suggesting that
the ZB 0.0133 exhibits good catalytic activity for RhB
degradation under visible light conditions.
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Fig.9 Variation of the relative content of RhB (C/Cy) in the darkness
and then under visible light irradiation (2>420 nm) in the
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Fig.10 Temporal UV-vis absorption spectral variations of RhB

aqueous solution with prolonged irradiation time

Apart from good catalytic activity, the recyclability of any
photocatalyst has a very important effect on its practical
application. Thus, the recycling degradation experiments were
carried out to test the stability of the ZB 0.0133 and the
corresponding curves are shown in Fig.11. After three recycles,
the ZB_0.0133 photocatalyst still performs good degradation
efficiency of 80%, which is 95.2% of the corresponding fresh
catalyst. All XRD peaks of BZVO-modified ZnO nanosheets
after three successive recycles can be assigned to tetragonal
BZVO and hexagonal ZnO (Fig.12) in accord with the
composition of the fresh sample, although the diffraction
intensity of the recycled sample is weaker than that of the
fresh one possibly due to undergoing a dissolution-
precipitation process in each washing cycle. It represents that
BZVO-modified ZnO nanosheets have tolerable stability and
no serious photocorrosion during the washing and recycling
process.

2.6 Discussion of enhanced photocatalytic mechanism

Photocatalytic activity has many influencing factors including
light response, specific surface area, energy levels (valence-
band maximum (VBM) and conduction-band minimum (CBM))

Lok Ist run ! 2nd run ' 3rd run
AY Ay
0.8 Light on i i
@ | N '
2 0.6} i !
kS | LR !
0.4f! ' A
SN \\: ™
0.2}! .\.‘\:: | .
| VI A D
0306090 0 306090 0 306090

Time/min

Fig.11 Cycling runs in the adsorption and degradation of RhB over
the ZB_0.0133 under visible light illumination
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Fig.12 XRD patterns of the BZ 0.0133 before and after three cycles

and separation and migration of photogenerated carriers. Since
TEM images show that BZVO modification on the surface of
ZnO nanosheets does not change the sheetlike morphology, the
effect from specific surface area can be ruled out. Although the
increasing BZVO content raises the band gap of ZnO phase
leading to higher VBM and lower CBM energy levels, BZVO is
the main visible-light-response composition in the BZVO-
modified ZnO heterostructure. So, energy levels can also be
ruled out. In terms of our BZVO-modified ZnO heterostructure,
the enhanced photocatalytic activity has to be ascribed to the
separation and migration of photoinduced carriers.

Based on the measurement results of PL and PC, a possible
mechanism for enhanced photocatalytic activity for as-
prepared composite samples was discussed. At low level of
BZVO, the thickness of ZnO nanosheets have little variations
and a type-II heterostructure forms between wide band-gap
ZnO and narrow band-gap BZVO, whose band alignment is
schematically illustrated in Fig.13 (left). The position of CB
and VB of ZnO is both lower than that of BZVO, which could
promote the photoexcited electrons and holes to facilely
transfer in opposite directions and subsequently result in an
efficient spatial separation.

However, the thickness of ZnO nanosheets becomes thinner
and thinner with the increasing BZVO content, which could

Zn0O ZBVO

CB CB

VB

Low Zn/Bi ratio

High Zn/Bi ratio

Fig.13 Schematic of band gap alignment of ZnO/BZVO hetero-

structures with low and high Zn/Bi molar ratio

cause broadening of band gap of ZnO nanosheets due to
quantum size effect. The broadening of band gap would give
rise to the up-shift of CBM energy level and the down-shift of
VBM energy level. Upon the BZVO content being above
some value, the CBM energy level could move up higher than
that of BZVO, schematized in Fig.13 (right). In this case,
photoexcited electrons of BZVO side cannot move to ZnO and
some accumulated electrons would combine with photoexcited
holes. This would be the reason for a reduction in PC and an
increase in PL for ZnO/BZVO with high Zn/Bi ratio although
it harvests more visible light. Accordingly, the enhancement in
photocatalytic activity for ZnO nanosheets with low-level
BZVO modification has to be mainly attributable to the
effective separation of photoinduced carriers.

3 Conclusions

1) 2D ZnO/BZVO nanoscale heterostructures are obtained
by an integrated route, with hydrothermal, precipitation and
thermal-decomposition means being employed.

2) At the Zn/Bi molar ratio of 1:0.0133, BZVO-modified
ZnO nanosheets perform the best catalytic efficiency under
visible light irradiation in spite of weak visible-light harvest.

3) The separation and transfer of photoinduced carriers play
the major role in enhancing photocatalytic activity relative to
pristine ZnO. Low-content modification on the surface of
two-dimensional nanomaterials could improve photocatalytic
activity. The used method is general and applicable to a wide
range of similar surface engineering for photocatalytic
application.
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