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Microspheric and lamellar BiVO, powders were selectively prepared through a hydrothermal process by using
cetyltrimethylammonium bromide (CTAB) as a template-directing reagent. The as-prepared BiVO, powders were
characterized by X-ray diffraction, electron microscopy, nitrogen adsorption—desorption experimentation, Fourier
transform infrared spectrometry, and UV—vis diffuse reflectance spectroscopy. Experimental results indicate that
microspheric BiVO, with particle sizes in the range of 7~12 um can be derived from a relatively low hydrothermal
temperature (<160 °C) and possess a mixed crystal consisting of tetragonal and monoclinic phases, whereas lamellar
BiVO, with a pure monoclinic phase can be obtained at a higher hydrothermal temperature (200 °C). Their
photocatalytic activities for O, evolution were investigated by using Fe(NO3); as a sacrificial reagent under visible-light
irradiation, and the lamellar BiVO, shows a better photoactivity than the microspheric product due to its pure
monoclinic crystal phase. Moreover, the effects of CTAB content on the morphologies and crystal phases of the
obtained products were also discussed. It was found that the addition of CTAB can adjust the morphologies of BiVO,
and obstruct the crystal phase transformation from the mixed crystal to pure monoclinic BiVO, during the hydrothermal

process.

1. Introduction

Since photoelelctrochemical water-splitting into H, and O,
on a TiO, electrode was reported in 1972,' various attempts
of water photosplitting over semiconductors (e.g., TiO, and
CdS) have been made with a view to constructing a solar
energy conversion system for H, fuel production.> ® Among
those, most investigations have focused on photocatalytic H,
production on a photocatalyst, whereas O, evolution is much
more difficult than the kinetically simpler process of H,
evolution because it requires the abstraction of four elec-
trons.”® The inability to produce O, on a photocatalyst has
prevented the construction of a water-splitting system for H,
production.® Therefore, developing a novel photocatalyst for
O, evolution is necessary for constructing an effective solar
energy conversion system from water-splitting to H, fuel.>’*
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Itis well-known that WO; can photo-oxidize water into O,
under visible-light irradiation,”'° but its band gap (ca. 2.8 eV)
is still too large to efficiently absorb sunlight. Recently,
bismuth vanadate (BiVO,), generally used as a yellow pig-
ment to replace cadmium-based material due to its low
environmental toxicity, has inspired a great deal of research
interest because of its excellent photoactivity under visible-
light irradiation."' ~'® According to previous reports, BiVO,
has three main crystal phases: a zircon structure with a
tetragonal (z-t) system and a scheelite structure with a
monoclinic (s-m) and a tetragonal (s-t) system.'” Among
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them, BiVOy(s-m) is usually obtained through solid-state and
melting reaction procedures, and BiVOy(z-t) is prepared via
precipitation processes from a Bi(NOs); and NH4VO3; solu-
tion at room temperature.”’ The phase transition between
BiVO,(s-m) and BiVO4(s-t) is reversible at about 255 °C,*
and BiVOy(z-t) can be transformed into BiVOy(s-m) after a
heat treatment at 400~600 °C."” Among the above three
crystal phases, BiVOy(s-m) is the best visible-light-driven
photocatalyst for the degradation of organic pollutants and
O, production from water-splitting due to its narrow band
gap (ca. 2.4 eV),"""1*2! while the photocatalytic activity
of BiVOy,(z-t) is negligible.'”” For example, Kohtani and
co-workers have found that BiVO,(s-m) was able to photo-
degrade alkylphenols in wastewater under sunlight irradia-
tion."" As a visible-light-driven photocatalyst, BiVO4(s-m)
has also been used to simultaneously photo-oxidize phenol
and photoreduce Cr(VI)."? Furthermore, excellent photoca-
talytic activities for O, evolution on BiVOy(s-m) have also
been observed under visible-light irradiation.'>!’

BiVO,4 powders with various morphologies have been synthe-
sized through different surfactant templating routes.'**"*> For
example, nanofibroid BiVOy(s-m) has been synthesized from
cetyltrimethylammonium bromide (CTAB) solution in heptane
and hexanol.?! Flaky BiVO,(s-m) has been hydrothermally
synthesized in the presence of sodium dodecylbenzenesulfo-
nate.'* Recently, 3-D hierarchical nanostructures of BiVO,
(s-m) have been synthesized through a simple hydrothermal
process by using Gemini surfactant (C12-MADS) as a struc-
ture-directing reagent.® In this study, BiVO, powders with
different morphologies were hydrothermally synthesized by
using CTAB as a template-directing reagent. Microspheric
and lamellar BiVOy, particles were selectively prepared through
adjustment of the hydrothermal temperature. The photocata-
Iytic activities for O, evolution on the microspheric and lamellar
BiVO, were comparatively investigated under visible-light irra-
diation. Moreover, the effects of hydrothermal temperature and
surfactant content on the morphology and crystal phase of the
obtained BiVO, were also discussed.

2. Experimental Section

2.1. Preparation of Materials. All chemicals used in the
present experiments were obtained from commercial sources as
analytical reagents. A typical synthesis process is as follows:
2.9100 g of Bi(NO3)3-5H,0 (Sinopharm Chemical Reagent Co.
Ltd., 99%) and 0.7204 g of NH4VO; (Sinopharm Chemical
Reagent Co. Ltd., 99%) were dissolved into 30 mL of a 0.5 M
HNOj; solution under magnetic stirring in succession, and then
30 mL of a 0.03 M CTAB solution was added into the above
mixture under vigorous stirring. The pH of the above mixture
was adjusted to 6.00 with an ammonia solution. After aging
for 12 h without stirring, the mixture was transferred into a
Teflon-lined stainless steel autoclave and maintained at differ-
ent temperatures for 72 h. The resultant solid was separated
by centrifugation and washed with water and ethanol three
times and then dried in the air. An anion-exchange treat-
ment was performed by mixing the as-prepared sample
(0.5000 g) with an ethanol solution of sodium acetate (40 mL,
0.05 M) under stirring at 40 °C for 72 h. The solid was washed
with water and ethanol and then dried at 60 °C to obtain the
product.
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2.2. Characterization of Materials. X-ray diffraction
(XRD) patterns were obtained with an XRD-6000 diffract-
ometer using Cu Ka radiation (A = 0.15418 nm). The morphol-
ogies were studied with a LaBgs JEM-2010 (HT)-FEF
transmission electron microscope (TEM) and an FEI Quanta
200 scanning electron microscope (SEM). The UV—vis diffuse
reflectance absorption spectra were recorded on a Cary 5000
UV—vis—NIR spectrophotometer equipped with an integrating
sphere using BaSQOy, as a reference. Fourier transform infrared
(FTIR) spectra were acquired with a Thermo Nicolet Avatar
360 FTIR spectrometer. The Brunauer—Emmett—Teller (BET)
surface areas of the samples were analyzed by nitrogen adsorp-
tion—desorption measurement using a Micromeritics ASAP
2020 apparatus after the samples were degassed at 180 °C.

2.3. Photocatalytic Activity Test. The photocatalytic O,
evolution on a photocatalyst from an Fe(NO3); aqueous solu-
tion was carried out in a closed gas-circulation system. A 300 W
Xe illuminator (CHF-XM-300W, Beijing Trusttech Co.) was
used as a light source, which was collimated and focused into
5 cm? parallel faculae and then translated into upright light by a
viewfinder. A cutoff filter (Kenko L-42) was employed for the
visible-light irradiation (A > 420 nm).

The photochemical reaction was performed in a reaction
cell (Pyrex glass) containing the photocatalyst (0.100 g) and a
0.05 M Fe(NO3); solution (100 mL). Prior to the light irradia-
tion, the above suspension was thoroughly degassed to remove
air completely, and the reactor was irradiated from the top. The
amount of evolved O, was determined with a gas chromato-
graph (GC, SP-6800A, thermal conductivity detector, 5 A
molecular sieve columns and Ar carrier).

Generally, quantum yield is an optimum parameter of the
efficiency rating for a photochemical reaction system.?*** Che-
mical actinometry has also been tried to determine the quantum
yield in the present system by employing potassium ferrioxalate
according to previous literature accounts.”> However, it was
found that there exist some difficulties in making these measure-
ments under the currently available conditions. Therefore, the
time courses of photocatalytic O, evolution over the photoca-
talysts were applied in order to compare their photocatalytic
efficiencies in the present work.

3. Results and Discussion

3.1. XRD Analyses of the BiVO, Powders. Figure 1
shows the XRD patterns of the products obtained at
different hydrothermal temperatures. The products hy-
drothermally derived at 80, 120, and 160 °C reveal
identical XRD patterns, as shown in Figure la—c, which
can be ascribed to BiVOy(z-t) (JCPD no: 14-0133) along
with a few BiVO4(s-m)’s (JCPD no: 14-0688).>>° The
monoclinic BiVOy is slightly increased with a rise in the
hydrothermal temperature from 80 to 160 °C. Once the
hydrothermal temperature is reached (200 °C), pure
BiVOy(s-m) can be obtained, as observed in Figure 1d.
This phenomenon is similar to the previous report that
hydrothermal treatment at 200 °C is sufficient for the
preparation of pure BiVO,(s-m).>> The formation of
monoclinic BiVO4 under a higher hydrothermal tempera-
ture strongly suggests that BiVOy4(s-m) is a thermodyna-
mically stable phase, while BiVOy(z-t) is a metastable one
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Figure 1. XRD patterns of BiVO, products derived from different
hydrothermal temperatures for 72 h in the presence of 0.03 M CTAB.
(a) 80 °C, (b) 120 °C, (c) 160 °C, and (d) 200 °C.

under the present experimental conditions.>” However,
further experimental results prove that a pure BiVOy(s-m)
can also be obtained at 160 °C by prolonging the hydro-
thermal time from 72 to 96 h (refer to the Supporting
Information, Figure Sla). Therefore, it seems that the
phase transformations of BiVO, are controlled both
kinetically and thermodynamically, which should be
further investigated.

3.2. Morphologies of the BiVO4 Powders. The SEM and
TEM images of BiVO, derived from different hydrother-
mal temperatures in the presence of 0.03 M CTAB
are shown in Figures 2 and 3, respectively. As can be
seen, the hydrothermal temperature has a significant
influence on the morphology of the product. The panora-
mic view in Figure 2a clearly illustrates that BiVOy,
hydrothermally derived at 80 °C mostly consists of rela-
tive uniform microspheres with a diameter of 7~12 um,
coexisting with many irregular nanoparticles. One
individual microsphere with some attached irregular
particles can be clearly observed from the inset in
Figure 2a, which has a well-defined spherical shape with
a diameter of ca. 10 um. Figure 3a shows that the micro-
spheres could possibly consist of aggregations containing
nanoparticles and nanosheets with much smaller dimen-
sions. The products derived at 120 and 160 °C also show
similar morphologies; the slight difference is that there are
much fewer irregular nanoparticles coexisting on the
surfaces of microspheric particles in comparison with
the product derived at 80 °C (Figure 2b and c). It is
noticeable that some small cavities appeared on the
surfaces of microspheres derived at 160 °C (Figure 2c),
implying that the microspheres might be in a metastable
state at this elevated temperature. Figure 2d shows that
the product hydrothermally derived at 200 °C is a well-
defined lamellar structure with dimensions in the range of
0.08~0.12 um. Those lamellae are composed of terrace-
like particles with no spherical particles, and those ter-
races are stepped along the edges of lamellae (Figures 2d
and 3b). The above observations imply that those terrace-
like lamellae might be transformed from the nanoparti-
cles and nanosheets, as shown in Figure 3a. These
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Figure 2. Typical SEM images of BiVO, products obtained at different
hydrothermal temperatures for 72 h in the presence of 0.03 M CTAB.
(a) 80 °C, (b) 120 °C, (c) 160 °C, and (d) 200 °C.

Figure 3. Typical TEM images of BiVO, products obtained at different
hydrothermal temperatures for 72 h in the presence of 0.03 M CTAB.
(a) 80 °C and (b) 200 °C.

nanoparticles and nanosheets in the microspheric aggre-
gations (Figures 2a—c and 3a) can grow and accumulate
to form those terracelike lamellae along with the phase
transformation from a mixed crystal to BiVOy(s-m)
(Figure 1) under hydrothermal treatment at 200 °C.
Although it has been reported that BiVO, with various
morphologies could be sz?/nthesized by different surfac-
tant templating routes,'**""** the present BiVO, with
microspheric and lamellar morphologies in the presence
of CTAB has not been reported before. The relevant
formation mechanism and the role of the surfactant will
be further discussed in detail in the following section.
3.3. UV—Vis Diffuse Reflectance Absorption Spectra of
BiVO,4 Powders. Figure 4 displays the diffuse reflectance
absorption spectra of BiVOy prepared at different hydro-
thermal temperatures in the presence of 0.03 M CTAB.
All of the products show excellent visible-light absorp-
tion, and the product hydrothermally produced at 200 °C
shows the best visible-light response. Its absorption edge
is estimated to be 549 nm with a band gap of
2.26 ¢V, which can be ascribed to the characteristic
absorption of BiVO,(s-m).'> However, the absorption
edge (537 nm) of BiVOy, derived at 80 °C is similar to
those of products prepared at 120 and 160 °C, and their
corresponding band gaps are calculated to be 2.31, 2.30,
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Figure 4. UV—vis diffuse reflectance absorption spectra of BiVO,
products derived from different hydrothermal temperatures for 72 h
in the presence of 0.03 M CTAB. (a) 80 °C, (b) 120 °C, (c¢) 160 °C, and
(d) 200 °C.

and 2.29 eV, respectively. Clearly, the absorption edge
slightly shifts to red light with an elevation of the hydro-
thermal temperature from 80 to 200 °C.

As demonstrated before, the visible-light absorption
band with an absorption edge of 430 nm for BiVOy(z-t) is
assigned to the electron trans1t10n from an O,, valence
band to a V34 conduction band,'® while the valence bands
at the top of the BiVO,(s-m) may be formed by both O,
(64%) and Big, (18%), namely, a hybrid orbital of Big
and Oy, (Bigs—04p). 2 The presence of Big in the top of
the valence bands results in a more negative energy level
of the valence band and then a decrease in the band gap.?®
The absorption edges of the present products obtained at
80, 120, and 160 °C show an obvious red shift in compar-
ison to a pure BiVOy(z-t) with an absorption edge of
430 nm."®> According to the XRD analytical results, the
above products are mixtures containing mostly a tetra-
gonal phase and a few monoclinic phases. Therefore, it is
reasonable to conclude that the coexisting BiVO,(s-m)
contributed to the above red shifts in the absorption band
for the present products. This phenomenon of the top of
the valence band being controlled by the Bigs or hybrid
Bigs—O»,, orbital is expected to provide valuable informa-
tion for the development of novel visible-light-driven
photocatalysts.

3.4. Infrared Spectra of the BiVO,4 powders. Figure 5
shows the FTIR spectra of the BiVO, derived from
different hydrotherma.l temperatures. The obvious ab-
sorptions at 1623 cm™ ' and 3440 cm ™! can be ascribed to
bending and stretching vibrations of the adsorbed H,O
molecules, respectively.?” The medium peak at 1390 cm ™
and the weak peak at 1440 cm ™' indicate adsorbed trace
NO; .73 The very weak absorption bands at 2924,
2875, and 1052 cm™ ' can be ascribed to aliphatic C—H
and C—N stretching vibrations,*! respectively. It suggests
that CTAB can be efficiently removed by the ion-
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Figure 5. FTIR spectra of BiVO4 products derived from different
hydrothermal temperatures for 72 h in the presence of 0.03 M CTAB.
(a) 80 °C, (b) 120 °C, (c) 160 °C, and (d) 200 °C.

exchange and washing processes due to the relative weak
bonding between CTAB and BiVO,.*

The BiVO, hydrothermally derived at 80 °C is char-
acterized by a very strong absorption band at 756 cm ™!
with a shoulder at 818 cm ™' (V—0),?® which is similar to
that of BiVO,4 obtained at 120 and 160 °C. However, the
strong absorption band and a weak shoulder absorption
band of V—O for the product prepared at 200 °C show a
blue shift (731 cm™ ") and a red shift (827 cm™"), respec-
tively. This may be attributable to the crystal phase
transformation from BiVOy, (z-t) to BiVO, (s-m). In this
process, the unit cell volume of BiVO, reduced from 351.2 A3
for BiVO4(z-t) to 309.2 A* for BiVO,(s-m).>” The VO,
tetrahedron in BiVOy(z-t) has four equivalent distances
4x1.74 A) whereas the V> ion in the monoclinic phase
was located in a distorted tetrahedral environment with
two different V—O distances (2 x 1.68 A,2x1.77 A) »
Those differences in the two crystal phases would induce
absorption band shifts, as shown in the FTIR spectra,
which should be further ascertained.

3.5. Photocatalytic Properties of the BiVO, Powders.
Figure 6 shows the time courses of photocatalytic O,
evolution from various BiVOy, suspension systems con-
taining an Fe(INOs); aqueous solution under visible-light
(A > 420 nm) irradiation. BiVOy4(s-m) derived at 200 °C
exhibits the best O, evolution efficiency (549 umol h™ ') at
the first 1 h of irradiation among all of the products
tested, which can be attributed to its pure monoclinic
phase and a most excellent visible-light response
(Figures 1d and 4d). This is consistent with the previous
report that BiVOy(s-m) possesses higher photocatalytic
activity than BiVOg(z-t) under visible light.'>** The
products hydrothermally derived at 80~160 °C also show
obvious photocatalytic O, evolution efficiency, although
they are mainly composed of BiVOy(z-t) coexisting with
limited BiVOy4(s-m). Figure 6 also reveals that photo-
catalytic O, evolution efficiency over the products is
pronounced with the increase of the hydrothermal tem-
perature from 80 to 160 °C, although they possess similar
mixed crystals, light absorptions, and morphologies.
The volume percentage of BiVOy4(s-m) in the products
increases with an elevation of the hydrothermal tempera-
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Figure 6. Time courses of photocatalytic O, evolution over various
BiVO, products in the presence of Fe(NOj3); solution under visible-light
irradiation (A > 420 nm). (a) 80 °C, (b) 120 °C, (c¢) 160 °C, and (d) 200 °C.

Table 1. BET Surface Areas and BiVO,(s-m) Percentages in the Products
Prepared at Different Hydrothermal Temperatures

hydrothermal temp. (°C) 80 120 160 200
Sger (m* g ') 2.04 1.59 1.04 032

BiVOy(s-m) percentage” (%) 19.07 21.51 23.75 ~100

“Calculated according to ¥nmonoctinic = IMonodiinic(121)/( Monoclinic(121) T
[Telragonal(200)) from XRD patterns.

ture from 80 to 160 °C, as shown in Table 1, and an
increasing volume percentage of BiVOy(s-m) usually
leads to the delocalization and mobility of photogener-
ated camers due to its relative low symmetry of BIVO4-
(s-m).?’ This improved mobility of the charge carriers can
efficiently retard the recombination and then improve its
photoactivity.'”

It is well-known that a high specific surface area is
usually beneficial for the adsorption of reactants, which
might increase a reaction’s chances between the photo-
generated carriers and the reactants and then lead to a
better photoactivity.*> As observed in Table 1, although
all of the products obtained show relatively small BET
surface areas (Spgt), the Sppr value decreases upon
enhancing the hydrothermal temperature from 80 to
200 °C, and the pure BiVOy(s-m) derived at 200 °C
possesses the smallest one. The products derived from a
relatively low temperature (e.g., < 160 °C) exhibit an
increase in photocatalytic activity along with a decrease in
the Sggt value, and the pure BiVOy(s-m) possesses the
best photoactivity, though the smallest surface area. It
seems that the crystal phase is the decisive factor in the
photoactivity, in comparison with the specific surface
area in under present conditions.

On the basis of the above discussions and our previous
results,>* a conclusion might be drawn that the photo-
generated holes in the valence band can oxidize the water
to form O, while the photogenerated electrons in the
conduction band can reduce Fe’ " to form Fe?" under
the present experimental conditions, because it is neces-
sary that Fe’ " effectively captures the photogenerated

(33) Bao, N.; Shen, L.; Takata, T.; Domen, K. Chem. Mater. 2008, 20,
110-117.
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111-117.
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electrons to avoid the carrier’s recombination in the
continuous O, production process. Therefore, the overall
O, evolution reaction under the present conditions could
be approximately suggested as follows:

4OH ™~ +4F3+1=20m ot 0 + 0, +4Fet AH =
BiVOy

186 kJ mol ™!

3.6. Discussion on the Formation Mechanism of Micro-
spheric or Lamellar BiVOy. As described above, BiVO,(z-t)
and BiVOy(s-m) coexist in the products derived at rela-
tively low hydrothermal temperatures (e.g., < 160 °C).
Moreover, the precipitate during the preparation of the
hydrothermal mixture also showed a similar mixed crys-
tal (refer to the Supporting Information, Figure SI1b).
Those phenomena seem to suggest that the hydrothermal
temperature was not an exclusive factor for the selective
preparation of the crystal phase of BiVO,. For example,
highly crystalline BiVOy4(z-t) and BiVOy(s-m) were selec-
tively synthesized by changing the ratio of layered potas-
sium vanadate to Bi(NOj3); in aqueous media at room
temperature.'> An insufficient amount of vanadate in the
reactant led to the formation of BiVOy(z-t), whereas an
excessive amount of vanadate led to the formation of
BiVO,(s-m)."?

In the present preparation process of the hydrother-
mal mixture, vanadium species were first precipitated
as reddish-brown V,0s and then partly dissolved as
VO, under the present high acidity (pH = 0.80).>> After
adjusting the mixture to a pH of 6.0, it is considered
part of the formation process that the above insufficient
amounts of VO3~ and BiO ™ slightly dissolved in water
to form a BiVOy crystal nucleus due to electrostatic force.
Those nuclei would congregate and grow to become
a metastable precipitate. The main composition of
BiVOy(z-t) in the products without hydrothermal treat-
ment might be attributable to the insufficient amount of
VO3, as described above. During the hydrothermal
treatment at relatively low temperatures (e.g., 80~
160 °C), those metastable BiVO, precipitates would
reconstruct to form microspheric particles containing a
mixed crystal of BiVOy(z-t) and BiVOy(s-m) under the
surfactant-directing interaction and the hydrothermal
conditions. Once the temperature was enhanced to
200 °C, pure BiVOy(s-m) completely formed due to the
thermodynamic factor.

Control experiments indicated that the microspheric
and lamellar BiVO, could not be formed without the
addition of CTAB; thus, the effect of CTAB on the
morphologies of the products was further investigated.
Figure 7 shows the SEM images of products derived from
different CTAB concentrations and hydrothermal tem-
peratures. As can be seen, irregular aggregations
(Figure 7a) were derived from hydrothermal treatment
at 80 °C for 72 h in the presence of 0.01 M CTAB. With
enhancement of the CTAB concentration to 0.02 M, some
microspheres with irregular shape began to appear and
were covered with fibroid nanoparticles, as observed in

(35) Chen, L.; Liu, Y.; Lu, Z.; Zeng, D. J. Colloid Interface Sci. 2006, 295,
440-444.
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Figure 7. SEM images of products synthesized from different hydro-
thermal conditions. (a), (c) 0.0l M CTAB; (b), (d) 0.02 M CTAB; (a),
(b) 80 °C hydrothermal treatment for 72 h; (c), (d) 200 °C hydrothermal
treatment for 72 h.

Figure 7b, and then much more regular microspheres
could be obtained from a mixture containing 0.03 M
CTAB (Figure 2a). However, once the hydrothermal
temperature was enhanced to 200 °C, irregular aggrega-
tions and a bit of lamellae were observed from the product
prepared in the presence of 0.01 M CTAB (Figure 7c), and
the lamellar structures became more uniform (Figures 7d
and 2d) with a further increase in the CTAB concentra-
tion to 0.02 and 0.03 M CTAB. However, further experi-
mental results demonstrated that much more irregular
particles were formed in the absence of CTAB at the same
hydrothermal temperature (refer to the Supporting In-
formation, Figures SI 2a and 2d). Therefore, it is reason-
able to conclude that the formation of microspheric or
lamellar morphology was attributed to not only the
presence of CTAB but also the hydrothermal temperature
in the present system.

To further study the effect of CTAB on the crystal
phase of BiVOy, a set of BiVO, products was prepared
under the same hydrothermal conditions in the absence of
CTAB. As can be seen in Figure 8, the crystal phases of
products obtained at 80 and 120 °C were an admixture
containing dominant BiVOy(z-t) with limited BiVO,-
(s-m), which is similar to the product prepared in the
presence of 0.03 M CTAB at the same temperature. The
differences between them are that the proportion of the
monoclinic phase obtained in the absence of CTAB is
slightly higher than those gained in the presence of
CTAB. Once the hydrothermal temperature rose to
160 °C, pure BiVOy(s-m) could be obtained and lamel-
lae-like particles appeared (refer to the Supporting In-
formation, Figure SI 2¢), suggesting that this temperature
is sufficient for the preparation of pure BiVOy(s-m) with-
out CTAB. However, pure BiVO,(s-m) was not obtained
in the presence of CTAB until the hydrothermal tempera-
ture was enhanced to 200 °C. Therefore, the addition of
CTAB might obstruct the crystal phase transformation
from the mixed crystal to pure BiVOy4(s-m) at 160 °C.

Ke et al.

e monoclinic phase
m tetragonal phase

Intensity

Figure 8. XRD patterns of BiVO, products derived from different
hydrothermal temperatures for 72 h in the absence of CTAB. (a) 80 °C,
(b) 120 °C, (c) 160 °C, and (d) 200 °C.

On the basis of the above-mentioned observations, the
formation mechanisms of the different crystal phases and
morphologies of BiVO4 were proposed in Figure 9. Under
the present experimental conditions, the VO3~ and BiO "
slightly dissolved in water to yield a BiVO, crystal nucleus
due to electrostatic force, and then yiclded a metastable
precipitate. Under the surfactant-mediated interaction
and hydrothermal conditions, those metastable precipi-
tates reconstructed and grew into a BiVO, precipitate
along with bilayer CTAB absorbed on the surfaces of
produced BiVO,. 3¢~

The energies of structures exhibiting distorted Bi**
environments (e.g., monoclinic BiVO43) are competitive
with those possessing s;/mmetric Bi’ " environments
(e.g., tetragonal BiVO,).”” The relative contraction of
the filled Biss orbital can interact with the O, orbital,
resulting in a mild destabilization of the symmetric struc-
tures (e.g., tetragonal BiVO,). For the Bi*" at low
symmetry (e.g., monoclinic BiVO,), antibonding Bigs—
O,, states can mix with the unfilled Big, orbital to
produce a localized, nonbonding state at the top of the
valence band, which leads to a reduction of the above
destabilizing effect.”” It is consistent with the present
experiment results that BiVOy4(s-m) is the thermodyna-
mically stable form and BiVOy(z-t) is a metastable one.
Moreover, it also suggests that a higher symmetric
environment in BiVOy(z-t) facilitates the adsorption of
CTAB symmetrically, which leads to the formation of
microspheric particles, as shown in Figure 2a—c.

At a higher hydrothermal temperature (e.g., 200 °C),
the atom density on the (010) crystal plane of BiVO,(s-m)
is larger than those on the other planes,'* which might
provide an opportunity for adsorption of the ammonium
radicals and then induce the formation of lamellar struc-
tures along with the phase transformation from tetrago-
nal to monoclinic BiVO,4. Moreover, the higher internal
pressure can be thought of as another impetus for the
transformation from microspheric to lamellar BiVOy,
because it could destroy the adsorbed CTAB bilayers

(36) Sifaoui, H.; Lugowska, K.; Domdnska, U.; Modaressi, A.; Rogalski,
M. J. Colloid Interface Sci. 2007, 314, 643-650.

(37) Ducker, A.; Wanless, J. Langmuir 1999, 15, 160-168.

(38) Vakarelski, I.; Toritani, A.; Nakayama, M.; Higashitani, K. Lang-
muir 2003, 19, 110-117.
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Figure 9. Schematic model of the formation mechanism for the microspheric and lamellar BiVO, products derived from different hydrothermal

conditions.

and microspheric particles and then bring those partly
unwarped particles and fragments together, which is also
beneficial for the morphology transformation.

4. Conclusions

Microspheric and lamellar BiVO, were prepared selec-
tively by adjusting the hydrothermal temperature in the
presence of CTAB, and its photocatalytic activity was in-
vestigated. It was found that the hydrothermal temperature
significantly influenced the morphology, crystal phase, light
absorption, and photocatalytic activity of the obtained
BiVO,. The microsphere BiVO, can be derived from a
relatively low hydrothermal temperature (e.g., < 160 °C)
and possesses a mixed crystal consisting of tetragonal and
monoclinic phases, whereas the lamellar BiVO4 with a pure
monoclinic phase can be obtained at a higher hydrothermal
temperature (200 °C), which showed the best photocatalytic
activity for O, evolution compared with the microspheric
products with a mixed crystal of tetragonal and monoclinic
phases. The lamellar BiVO, exhibited promising application

as a visible-light-driven photocatalyst for photocatalytic O,
production. Moreover, experimental results demonstrated
that CTAB acted as a morphology-directing reagent for the
formation of microspheric and lamellar BiVO,, and CTAB
might obstruct the crystal phase transformation from a
mixed crystal to pure monoclinic BiVO,4 at 160 °C. The
peculiar formation mechanism of microspheric and lamellar
BiVO, is revealed here for the first time, which would be
helpful for providing a deeper understanding of crystal
growth during the hydrothermal process.
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