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Surfactant-Free Synthesis of Hyperbranched Monoclinic Bismuth Vanadate
and its Applications in Photocatalysis, Gas Sensing, and Lithium-Ion

Batteries

Yu Zhao, Yi Xie,* Xi Zhu, Si Yan, and Sunxi Wang'"!

Abstract: Hyperbranched monoclinic
BiVO, (h-BiVO,) has been synthesized
on a large scale and with good uni-
formity by a surfactant-free hydrother-
mal route. h-BiVO, consists of four
trunks with branches distributed on op-

Based on crystal structure analysis and
experimental results, h-BiVO, shows
preferential growth along the [100] di-
rection, and subsequently, along the
[010] and [001] directions. As-synthe-
sized h-BiVO, exhibits excellent photo-

catalytic ability in the photodegrada-
tion reaction of an aqueous solution of
RB under visible light. Electrochemical
measurements predict that h-BiVO,
possesses high sensitivity to formalde-
hyde and ethanol gases, favorable dis-

posite sides. From observation of the
intermediates at an early stage of the
reaction process, it can be seen that
during formation h-BiVO, has different
growth rates along the a, b, and ¢ axes.

Introduction

Outside the realm of biology, some of the most beautiful
and familiar examples of spontaneous pattern formation in
nature can be found in the growth of crystals. Investigation
into the chemical systems of these attractive crystal struc-
tures has shown that the distinctive size, shape, and chemical
functionality of such structures make them promising candi-
dates for the design and fabrication of new functional mate-
rials.'! One example of these attractive patterns, the hyper-
branched structure, is common in nature across a wide
range of size scales.”] Hyperbranched crystals usually have
hexagonal or cubic symmetry, and have been obtained
through different strategies, such as spontaneous ordered ag-
gregation® and surfactant/ligand-assisted processes.! For
example, well-defined a-Fe,O; dendritic fractals have been
fabricated from the hydrolysis of a single iron complex pre-
cursor by using spontaneously self-assembled nanoscale
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charge capacity, and capacity retention,
which indicate potential applications in
the fields of sensing devices and lithi-
um-ion batteries.

building blocks,* and PbS 3D dendritic nanostructures
have been obtained through a surfactant/ligand-assisted hy-
drothermal method.*?) However, hyperbranched materials
with low crystal symmetry (for instance, monoclinic) are not
common in nature. To the best of our knowledge, the fabri-
cation of hyperbranched structures of such materials without
the assistance of templates, microemulsions, surfactant mi-
celles, and so on, has seldom been reported to date. Thus, a
challenge remains for material scientists to find simple and
reliable methods for the controlled synthesis of hierarchical-
ly hyperbranched architectures of low crystal-symmetry ma-
terials with designed chemical components and expected
functionalities.

Over the past few decades considerable attention has
been devoted to metal-oxide semiconductors, which have
extremely important applications in various fields, such as
gas sensing,’! lithium-ion batteries,® and photocatalysis.”]
One member of the Aurivillius family of layered oxides,
monoclinic bismuth vanadate (m-BiVO,) has attracted con-
siderable attention as a result of its properties. This com-
pound, which has important applications in pigments,* ionic
conductivity,”! and ferroelasticity,'” also has the ability to
photocatalytically split H,O into O, and H, from an aque-
ous solution of AgNO;! and can photodegrade organic
pollutants under visible-light irradiation.''**) These novel
photochemical properties make m-BiVO, a promising func-
tional material with considerable potential applications in
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solving the energy and environmental issues that confront
mankind today. Traditional methods for synthesizing m-
BiVO, usually involve solid-state or melting reactions at
high temperatures.'”! Tt would be of interest if a preparation
method that controls the crystal forms under mild conditions
could be developed. Recent advances have shown that m-
BiVO, can be readily synthesized through a hydrothermal
process."!! The benefits of this method are the relatively low
temperature required, environmentally friendly reaction
conditions, and controllable morphology and size distribu-
tion.

Herein, we report the synthesis of m-BiVO, with a hyper-
branched structure without the assistance of surfactants. Hy-
perbranched monoclinic BiVO, (h-BiVO,) has been synthe-
sized by the hydrothermal treatment of Bi(NO;); and
NaVQ, under acidic conditions. The structure is formed as a
result of fast growth along the [100] direction and relatively
slow growth along the [010] direction. h-BiVO, exhibits
better photocatalytic ability when compared with hierarchi-
cal m-BiVO, frameworks, which were synthesized by a sur-
factant-assisted route outlined previously.""™ As an impor-
tant metal oxide semiconductor with a layered structure, we
have investigated the electrochemical behavior of m-BiVO,
for potential applications in gas sensing and lithium-ion bat-
teries. h-BiVO, shows a high sensitivity to ethanol and form-
aldehyde gases, favorable discharge capacity, and capacity
retention, which indicates that h-BiVO, represents an ad-
vanced material for building microdevices with predictable
functionalities. This work could be of great importance for
the exploration and expansion of potential applications of
m-BiVO,.
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Figure 1. a) A representative FESEM image of the hyperbranched m-
BiVO,. b) A magnified FESEM image that shows a single hyperbranch
of h-BiVO,. c¢) A magnified FESEM image that shows the trunk of h-
BiVO,. d) The XRD pattern of h-BiVO,.

Results and Discussion

Figure 1 shows the field-emission scanning electron micro-
scopy (FESEM) images and XRD pattern of the synthesized
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product. A panoramic morphology of the product is present-
ed in Figure 1a that reveals the hyperbranched structure and
indicates a high yield. A magnified FESEM image that
shows an individual h-BiVO, architecture is presented in
Figure 1b. The hyperbranched structure grows with four pro-
nounced trunks, which have corrugations and ordered
branches that are symmetrically distributed on opposite
sides of the trunks. The length of the trunks is 3 to 5 pm,
whereas the length of the branches ranges from 200 to
500 nm. Figure 1c shows a magnified FESEM image of an
individual trunk. All of the branches have a similar structure
and opposing directions of protrusion. It is also worth
noting that there are some protuberances, rather than
branches, that grow perpendicular to both the trunk and the
branches. Figure 1d shows the XRD pattern of h-BiVO,. All
of the diffraction peaks can be indexed as a monoclinic lat-
tice (space group I2/b) of BiVO, with cell constants of a=
5.200, b=5.097, and ¢c=11.74 A, which are consistent with
the values given by the Joint Committee on Powder Diffrac-
tion Standards (JCPDS 83-1700). No peaks for other phases
or impurities were detected, which indicated the high purity
of the product.

Figure 2 shows transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy
(HRTEM) images of h-BiVO, and the associated selective

Figure 2. a) A TEM image of the trunk of an individual hyperbranch. b)
and c) The HRTEM images (left) associated with the SAED patterns
(right) of h-BiVO,. d) The corresponding EDX pattern of h-BiVO,.

area electron diffraction (SAED) and energy-dispersive X-
ray spectroscopy (EDX) patterns. Figure 2a shows the TEM
image of an individual trunk. Despite the fact that there are
some shorter branches positioned between the normal-sized
branches, in general the closer the branches are to the tip of
the trunk the shorter they become. This phenomenon sug-
gests that the growth rates of the trunks and the branches
are clearly different. Figure 2b and ¢ shows HRTEM images
and SAED patterns of the trunk and branch, respectively, as
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indicated in Figure 2a. The separations of 2.59 and 2.60 A in
Figure 2b and c, respectively, correspond to the distance be-
tween adjacent (200) crystal planes, whereas the separations
of 2.35 (Figure 2b) and 2.55 A (Figure 2c) correspond to the
distance between adjacent (114) and (020) crystal planes, re-
spectively. h-BiVO, shows fast growth along the [100] direc-
tion (the trunk) and subsequent growth along the [010] di-
rection (the branch). In combination with the FESEM ob-
servations (Figure 1c), the results indicate that the growth
rate along the [001] direction is much slower than along the
[100] or [010] directions because no branches grow out from
the trunk in this direction. Figure 2d shows the EDX spec-
trum of h-BiVO,. Only bismuth, vanadium, and oxygen sig-
nals were observed (copper and carbon signals arise from
the TEM grid), which indicates the high purity of the prod-
uct. The ratio of Bi:V atoms is approximately 1:1.08, which
is consistent with the stoichiometric ratio of BiVO,.
Regarding the formation of h-BiVO,, it is thought that
protons play a key role because there are no other tem-
plates or organic additives in the reaction system. For a
complete view of the morphology evolution, a detailed
time-dependent study was conducted. Figure 3a to f shows a

Figure 3. a)-f) A series of TEM images of the intermediate products col-
lected at intervals of 10 min, 20 min, 30 min, 45 min, 1 h, and 3 h, respec-
tively. The scale bars are 100, 200, 200, 200, 400 and 500 nm, respectively.

series of TEM images of the intermediates taken at intervals
of 10 min, 20 min, 30 min, 45 min, 1 h and 3 h, respectively,
after the reaction had begun. The intermediates clearly
show a continuous morphology evolution from a square to a
tetrapod-branched structure, and finally to a hyperbranched
structure. After the reaction had proceeded for 10 min,
square particles were generated and after 30 min the inter-
mediates had grown bigger and became tetrapod-branched
structures. As the reaction time increased to 3 h, branches
grew out of the trunks. For reaction times of 6 h, the product
consisted predominantly of h-BiVO,. Accompanying XRD
analysis indicated that the intermediates were phase-pure
m-BiVO, (see the Supporting Information). To understand
why protons seriously affected the formation of the hyper-
branched structure, we first considered the crystal structure
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of m-BiVO,."" Figure 4a (left-right) shows the side eleva-
tion of the {100}, {010}, and {001} facets, respectively. The
V—0 polyhedrons (VOPs) and Bi—O polyhedrons (BOPs)

distorted

° Oxygen atumL V-0 polyhedron Bi-O polyhedron

b)

BiVO, H+ intercalation
particles grow along [100], subsequent [010], [001]

Hyperbranched
structure

Figure 4. a) Side elevation views of the {100}, {010} and {001} facets (left—
right) of a 2x2x1 section of m-BiVO,. b) A schematic illustration of the
formation process of the hyperbranched structure.

are closely packed along the [100] direction (Figure 4a, left),
whereas along the [010] direction they are less closely
packed and have aligned tunnels (Figure 4a, center). We be-
lieve that these aligned tunnels facilitate the dissolution of
BiVO, in strongly acidic conditions (pH 2-3) because there
is enough space for protons to intercalate into the tunnels.
As the intercalation of protons and the dissolution process
occurs, the growth rate along the [010] direction slows
down. However, in comparison, the growth rate along the
[100] direction is not as seriously affected by proton interca-
lation because of the closely packed VOPs and BOPs.
Therefore, the [100] direction becomes the preferential ori-
entation direction. The m-BiVO, crystal has layers arranged
in a lamellar structure along the [001] direction (Figure 4a,
right). The space between these neighboring layers favors
the proton-intercalation-induced dissolution process. There-
fore, the growth rate along the [001] direction is rapidly de-
celerated, and instead of branches, only protuberances grow
out of the trunk. This proton-induced dissolution process for
the generation of micro- and nanostructures has also been
observed in the synthesis of metal-oxide-based materials,
such as a-Fe,O; nanotubes,”” ammonium molybdenum/
tungsten bronze nanorods, ¥ and vanadium pentoxide nano-
belts,'"), which are a result of acidity during formation and
are closely related to the crystal structure. Based on the
time-dependent morphology evolution evidence and the
crystal structure analysis, a proton-induced dissolution pro-
cess for the formation of h-BiVO, has been proposed. A
schematic illustration of this process is presented in Fig-
ure 4b.

Although the hyperbranched-formation process has been
deduced, direct evidence of the shape transformation caused
by proton intercalation and dissolution cannot be proved.
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To confirm the key role that protons play in this formation
process, we conducted a series of parallel experiments to in-
directly verify the rationality of our proposed formation pro-
cess. Figure 5a to d shows the products obtained at different

Figure 5. a)-d) FESEM images of the products obtained at pH values of
1.0, 4.0, 6.0 and 8.0, respectively.

pH values (1.0, 4.0, 6.0, and 8.0, respectively). XRD analysis
has confirmed the monoclinic lattice of BiVO, (see the Sup-
porting Information). As the pH value decreases from be-
tween 2.0 and 3.0 to 1.0, the product appears to be rodlike
and the branches are shortened (Figure 5a), which indicates
that the proton intercalation and dissolution process be-
comes more intense. The tunnels aligned along the [010] di-
rection are more likely to be attacked by protons, and there-
fore, the growth rate along the [010] direction slows down,
which results in the formation of shortened branches (com-
pared with h-BiVO,). As the pH value increases from be-
tween 2.0 and 3.0 to 4.0, the product appears to be grapelike
(see Figure 5b). Shorter branches are aligned around the
trunk and the length of the branches in different directions
is indistinguishable. This result suggests that as the proton
concentration decreases, the intercalation and dissolution
process is weakened and the growth rate along the [010] and
[001] directions are evenly matched. However, the ruling
growth direction is still along the [100] direction. As the pH
value is increased to 6.0 and then 8.0, only particles can be
distinguished (Figure 5c and d, respectively). The increased
pH value leads to a decreased intensity of proton intercala-
tion and dissolution, and therefore, no specific morphology
apart from particles can be obtained.

Photodegradation of H,O and organic pollutants with
photocatalysts is promising as a method to solve the urgent
energy and environmental issues that confront mankind
today. In prior research some UV-light-driven photocata-
lysts, TiO, for instance, have been extensively studied.!'’)
However, UV light makes up only 4% of the total solar
energy emissions compared with visible light, which ac-
counts for 43 %. Therefore, the development of visible-light-
driven photocatalysts with high-energy-transfer efficiency,
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low toxicity, and low cost for industrial production has
become one of the most challenging tasks. The photocatalyt-
ic performance of h-BiVO, was tested on the photodegrada-
tion of N,N,N',N'-tetracthylated rhodamine B (RB) under
visible-light irradiation. The UV/Vis diffuse reflectance
spectrum of h-BiVO, is shown in Figure 6a. h-BiVO, shows
a strong absorption in the visible-light region in addition to
that in the UV-light region. The energy of the band gap of
h-BiVO, can be obtained from a plot of (ohv)* versus
photon energy (hv; Figure 6a, inset). The value estimated
from the x axis intercept of the tangent is 2.3 eV, which is
consistent with previous reports.''*!7) Figure 6b shows the
decrease in UV/Vis absorption intensity of the solution of
RB with time, recorded at 15 min intervals. The photodeg-
radation rate is over 90 % after 45 min under visible-light ir-
radiation. We also used commercial TiO, (commercial De-
gussa P25 TiO,) and dense bulk m-BiVO, particles (Fig-
ure 5d) as references to evaluate the photocatalytic perfor-
mance of h-BiVO,. As illustrated in the inset of Figure 6b, it
is obvious that h-BiVO, exhibits superior photocatalytic
abilities over P25 and dense bulk m-BiVO, particles. More-
over, h-BiVO, exhibits better photodegradation efficiency
compared with the m-BiVO, hierarchical frameworks of our
previous report.'"® We assume that the surfactant-free reac-
tion system is responsible for the enhancement of photode-
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Figure 6. a) The UV/Vis diffuse reflectance spectra of h-BiVO,. Inset: A
plot of (aav)? vs. photon energy (hv). b) Changes to the UV/Vis spectrum
of an aqueous solution of RB as a function of irradiation time. Inset:
Comparison of the change in RB concentration under different catalytic
conditions; ¥=photocatalyst-free solution, A=P25, e=dense bulk m-
BiVO, particles, and m=h-BiVO,.
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gradation efficiency. Generally, the activity of a photocata-
lyst increases with an increase in surface area, not only be-
cause the photocatalytic reaction usually takes place on the
surface, but also because the efficiency of the electron-hole
separation is promoted.'® The complete removal of surfac-
tant is a complicated process and there is a considerable
chance of organic molecules being adsorbed onto the sur-
face, which would prevent direct contact with pollutant mol-
ecules and decrease the photodegradation efficiency.

The electrochemical behavior of m-BiVO, is of concern
when considering the fact that it is a metal-oxide semicon-
ductor with a layered structure. Herein, the applications of
h-BiVO, in gas sensing and lithium-ion batteries were inves-
tigated. Sensing devices based on metal-oxide semiconduc-
tors are mainly used for the detection of combustible and
noxious gases. When a metal-oxide semiconductor is ex-
posed to reducing or oxidizing gases, its resistance varies in
accordance with the gas concentration. The theory for the
operation of such sensors involves adsorption/desorption
phenomena and reactions at the surface of the metal
oxide."l The gas sensitivity is defined as the resistance ratio
R,/ Ry in which R, and R, are the electrical resistances
for the sensor in air and gas, respectively. The sensing prop-
erties of h-BiVO, towards trace levels of gas were analyzed
at room temperature in dry air. Figure 7 shows the room
temperature gas-sensing characteristic of h-BiVO, (sensitiv-
ity vs. gas-vapor concentration) in response to ethanol and
formaldehyde (curves a) and b), respectively) compared
with dense bulk m-BiVO, particles (curves c) and d), respec-
tively). The sensitivity of h-BiVO, increases with an increase
in the concentration of ethanol or formaldehyde gas. How-
ever, the dense bulk m-BiVO, particles are less sensitive to
the concentration of gas present. The sensitivity of h-BiVO,
to the two gases is distinguishable even at a concentration
of 10 ppm. The higher sensitivity of h-BiVO, can be attribut-
ed to the relatively large surface area compared with the
dense bulk particles, which gives a better opportunity to
adsorb and desorb gas molecules."” In our study, we found
that the on and off responses for h-BiVO, can be repeated
many times without observing major changes in the signal,
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Figure 7. a) and b) The sensitivity (at RT) of h-BiVO, to ethanol (m) and
formaldehyde (@), respectively. ¢) and d) The sensitivity (at RT) of dense
bulk m-BiVO, particles to ethanol (o) and formaldehyde (o), respective-

ly.
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which indicates stable reversibility and potential applications
in combustible and noxious gas detection.

For years world-wide research has been focused on find-
ing alternative anode materials for lithium-ion batteries to
improve their energy density and safety.””! It was found that
3D transition-metal oxides have enhanced reversible capaci-
ties compared with that of graphite.’)! The electrochemical
behavior and layered structure of m-BiVO, facilitates the
intercalation and deintercalation of lithium ions compared
with the dense bulk materials, which is noteworthy in the
field of rechargeable lithium-ion batteries. Figure 8 shows
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Figure 8. Voltage versus discharge capacity curves for the 2nd, 20th, and

50th cycles of an h-BiVO,/Li cell between 2.5 and 1.0 V. Inset: The corre-
sponding cyclic performance of the cell.

the voltage (2.5-1.0 V) versus discharge capacity curve for a
cell (current density=50 mAhg™!, 293 K) for the 2nd, 20th,
and 50th cycles. The discharge curve of the h-BiVO, elec-
trode has a long plateau. The highest discharge capacity of
the second cycle is 226.8 mAhg !, whereas the reversible dis-
charge capacity after 50 cycles is 168.3 mAhg™! (74 % of the
second discharge capacity). The inset of Figure 8 shows the
cyclic performance of the h-BiVO, electrode. The relatively
high discharge capacity and stable capacity retention indi-
cate a potential application as a cathode material in lithium-
ion batteries.

Conclusion

In conclusion, m-BiVO, with a hyperbranched structure has
been successfully synthesized through a surfactant-free hy-
drothermal route. The dissolution process and the arrange-
ment of VOPs and BOPs in the crystal result in different
growth rates along the a, b, and ¢ axes, therefore, a proton-
induced intercalation—dissolution process for the formation
of the hyperbranched structure has been proposed. h-BiVO,
shows excellent visible-light driven photocatalytic ability in
the photodegradation of RB in solution. The electrochemi-
cal behavior of h-BiVO, in gas sensing and in lithium-ion
batteries was also investigated. The high sensitivity to etha-
nol and formaldehyde gases, and favorable discharge capaci-
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ty and capacity retention, suggest that h-BiVO, has promis-
ing potential for application in these fields.

Experimental Section

All of the chemicals used were analytical reagents, purchased from
Shanghai Chemical Company and used without further purification. In a
typical procedure, Bi(NO;);:5H,0 (240 mg, 0.50 mmol) was dissolved in
distilled water (50 mL) and sonicated for 5 min to give a clear solution.
Then Naz;VO,12H,0 (400 mg, 1.0 mmol) was added and stirred for
5 min to give an opaque solution. The pH value was then adjusted to ap-
proximately 2.0 to 3.0 with 2M aqueous nitric acid before the solution
was transferred to a Teflon-lined stainless steel autoclave with a capacity
of 60 mL. The autoclave was heated to 473 K at a ramping rate of
5 Kmin™' and maintained at 473 K for 6 h. After the autoclave cooled to
room temperature, the bright yellow precipitate was collected, washed
several times with distilled water and ethanol, and dried in a vacuum
drying oven at 333 K for 6 h before characterization.

XRD patterns were recorded by using a Philips X’Pert Pro Super diffrac-
tometer with Cuy, radiation (1=1.54178 A), FESEM was performed by
using an FEI Sirion-200 SEM, the TEM and HRTEM images associated
with SAED and EDX analyses were performed by using a JEOL-2010
TEM with an acceleration voltage of 200 kV. The photocatalytic perfor-
mance of h-BiVO, was evaluated by the degradation of RB under visi-
ble-light irradiation, which was provided by a Xenon lamp with a 380 nm
cut-off filter. An aqueous suspension of BiVO, was prepared by adding
powdered h-BiVO, (200 mg) to an aqueous solution of RB (100.0 mL, 5 x
107> m). The solution was protected from light and stirred for 6 h to reach
adsorption equilibrium and uniform dispersion. At 15 min intervals after
irradiation, the dispersion was filtered and the RB concentration of the
filtrate was determined by using a UV/Vis-NIR spectrophotometer (Shi-
madzu SolidSpec-3700DUYV). The same procedure was performed for
P25 and dense bulk m-BiVO,. Gas sensing measurements were per-
formed at room temperature with a WS-30A system (Weisheng Instru-
ments, Zhengzhou, China). The lithium-ion battery electrode experi-
ments were carried out by using a Land battery system (CT2001A). The
performance of h-BiVO, as a cathode was evaluated by using a Teflon
cell with a lithium-metal anode. The cathode was a mixture of h-BiVO,,
acetylene black, and poly(vinylidene fluoride) with a weight ratio of
80:15:5. The electrolyte was 1M LiPF in ethylene carbonate/diethyl car-
bonate (1:1) and the separator was a Celgard 2320. The cell was assem-
bled in a glove box filled with high-purity argon gas. The galvanostatic
charge/discharge experiment was performed between 2.5 and 1.0 V at a
constant discharge rate of 50 mAg™ at 293 K.
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