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ABSTRACT: BiVO, nanofibers were successfully prepared by
electrospinning and precisely controlled heat treatment. The
obtained BiVO, nanofibers showed an enhanced photo-
catalytic activity in the degradation of rhodamine-B under
visible light irradiation. The as-prepared nanofibers were
characterized by means of numerous techniques. The
enhanced photocatalyst activity is attributed to the formation
of a phase junction of tetragonal sheelite (s-t) and monoclinic
sheelite (s-m) phases in the electrospun BiVO, nanofibers. We
have also investigated the band structure of BiVO, using first
principle calculation. The main photon transition mechanism
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of the photocatalyst should be from the O 2p to V 3d state of s-m/t BiVO, nanofibers.
KEYWORDS: BiVO,, electrospinning, phase junction, photon absorption, first principle calculation

Bl INTRODUCTION

Nowadays, environment pollution is one of the most urgent
issues facing modern society. As a result, photocatalysis has
received extensive attention for water treatment, pollutant
removal, and so on.' Because of the low cost and high
efficiency, titanium dioxide is the most widely used photo-
catalyst at present.” However, TiO, can be activated only under
UV radiation due to its limited band gap (E,). Much research
has been carried out on surface modification or doping to
eliminate this drawback,> > but there are still some problems.
For example, the dopants usually act as recombination centers
of the photogenerated electrons and holes, which is not
conducive to the photocatalytic efficiency.® Therefore, a lot of
effort has been focused on the design and development of
nontitania-based semiconductor 7photocatalgsts with visible
light response, such as BiVO,  Bi,WO,® AgNbO,’ etc.
These photocatalysts have been developed through band gap
engineering; a continuous valence band is formed with Bi (6s),
and V (3d) besides O (2p) orbital, which results in a decrease
of the band gap."

Among the various nontitania-based visible light-driven
photocatalysts, BiVO, has been investigated during the past
three decades because of its potential applications in many
fields. BiVO, exhibits promising photocatalytic activity in water
splitting and degradation of organic pollutants.'"'* BiVO, also
shows ferroelastic property® and ionic conductivity."* BiVO,
exists in three different phases, tetragonal zircon (t-z),
tetragonal sheelite (s-t), and monoclinic sheelite (s-m)
structure.”> The photocatalytic performance of BiVO, is
strongly related to its crystal phase. It has been reported that
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the photocatalytic activity of the monoclinic BiVO, is much
higher than those of the other two.'® Yet it is still unclear
whether the monoclinic BiVO, shows the best visible light-
driven photcatalytic activity or the performance can be proved
better with a mixture of tetragonal sheelite phase. Actually, it is
known that the photocatalytic efficiency is mainly related to the
specific surface area, surface charge carrier transfer rate, and
electron—hole recombination rate. The lifetime of photo-
generated electron—hole pairs will be increased by the
formation of the phase junction, which is helpful to the
photocatalytic process. Here, we have prepared BiVO,
nanofibers with a phase junction structure by electrospinning
versus calcination at different temperatures. Enhanced photo-
catalytic activity has been shown in the BiVO, nanofibers.

Up to now, several methods such as hydrothermal,'”
coprecipitation,18 rapid microwave-assisted,'” solid state
reaction,”® and templating fabrication®" have been adopted
for the preparation of BiVO,. However, BiVO, prepared by
these methods usually has a large crystal size, resulting in low
surface area. In recent years, electrospun fibrous materials were
found to be preferable for catalysts. The prepared ultrafine
nanofibers present good photocatalytic activity due to their
merits of large surface-to-volume ratios and recoverable
character,”* and, as compared to the powders, the nanofibers
can be easily separated from the solution.”* Moreover, phase
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junction can be formed in the electros;pun fibers by simply
controlling the calcination temperature.”

In the present report, BiVO, nanofibers have been prepared
by electrospinning method. Phase junction structure of
scheelite tetragonal and monoclinic phases in the electrospun
BiVO, nanofibers was obtained by the precisely controlled heat
treatment. The photocatalyic activity of electrospun BiVO,
nanofibers has been investigated using the degradation of
rhodamine-B under visible light irradiation. The enhanced
photocatalyst characters are discussed by density functional
theory (DFT).

B EXPERIMENTAL SECTION

BiVO, nanofibers were prepared by the following procedure. First,
Bi(NO;);:SH,0 was dissolved into HNO; solution. Citric acid then
was added as a chelating agent, and after the homogeneous solution
was obtained, aqueous ammonia was slowly added to the solution with
stirring until a white precipitation came out and further dissolved. A
second solution was prepared by dissolving the corresponding
stoichiometric amount of NH,VO; and also citric acid in distilled
water. Afterward, the as-prepared solutions were mixed together.
Ethanol and polyvinylpyrrolidone (PVP, MW = 1300 000) then were
added to the solution. The weight ratio of the starting materials was
Bi(NO,),-5H,0/PVP/ethanol/H,0 1/2.5/8/10. The concentra-
tions of Bi(NO,);;SH,0 and NH,VO; are 0.103 mol/L. After
complete dissolution, a clear transparent solution was obtained. The
viscous solution was then put into a hypodermic syringe and
electrospun with an applied high voltage of 20 kV at an electrode
distance of about 20 cm; the grounded aluminum foil was used as a
fiber collector. The as-spun nanofibers were then calcined at different
temperatures, 350, 400, 450, 500, and 550 °C, for 1 h at a heating rate
of 5 °C min™", respectively.

The photocatalytic activity of the prepared nanofibers was evaluated
by the degradation of Rhodamine B (RhB) under visible light
irradiation of a 300 W Xe lamp with a 400 nm cutoff filter. The
incident photon flow was measured using a Digital Power & Energy
meter (PM121D, Thorlabs Inc., Newton, NJ); the total optical power
impinging on the solution was obtained with the known volume of
solution irradiated as 109 + 10 mW mL™". The nanofibers were
dispersed in RhB solution (2.5 X 107> M, 10 mL) with a catalyst
loading of 1g/L. The mixture was magnetically stirred in the dark for 2
h to obtain the adsorption/desorption equilibrium of RhB with the
catalyst and then loaded in an open beaker with exposure to irradiation
with continuous stirring at room temperature. At regular intervals of
10 min, UV—vis absorption spectra of the separated solution were
measured. The absorption at 554 nm referring to the concentration of
RhB was recorded as a function of irradiation time.

The morphology of the as-prepared products was characterized by
scanning electron microscopy (SEM, JEOL JSM-6460LV, Tokyo,
Japan). The phase of the BiVO, nanofibers was identified by X-ray
diffraction (XRD, D/max-2550, Rigaku Co. Tokyo, Japan) and
transmission electron microscopy (TEM, JEOL-2011, Tokyo, Japan).
UV—visible (UV—vis) diffuse reflectance spectra (Shimadzu, UV3600)
were recorded in the diffuse reflectance mode in the scan range of
300—800 nm. The X-ray photoelectron spectrum (XPS, PHI-5300
ESCA, PerkinElmer, Boston, MA) and the effective surface area
determination (BET, QuadraSorb Station 2, Florida, USA) were also
measured.

B RESULTS AND DISCUSSION

Figure 1 demonstrates the SEM images of the as-spun
Bi(NO;);/NH,VO;/PVP fibers and the BiVO, nanofibers
annealed at 450 °C. It is obvious that the surface of the as-spun
fibers is smooth, while the calcined one becomes rough and the
diameter has been reduced markedly.

The surface element compositions and chemical states of
BiVO, nanofibers are revealed by XPS analysis (see Supporting

9639

Figure 1. SEM images of (a) as-spun nanofibers and (b) the
nanofibers annealed at 450 °C for 1 h in air.

Information Figure S1). The atomic concentration ratio of Bi/
V is tested to be 1.03 + 0.10. The phase structures of the
BiVO, nanofibers are studied by XRD. Figure 2a shows the
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Figure 2. (a) XRD patterns of specimens calcined at different
temperatures. (b) The step-scanning XRD of these BiVO, nanofibers.

XRD patterns of the nanofibers annealed at different temper-
atures. The difference between the XRD patterns of BiVO, (s-
m) and BiVO, (s-t) can be identified by the weak diffraction
peak at 15° and splitting peaks at 20 = 18.5°, 35°, and 46°.1° 1t
can be seen that BiVO, nanofibers calcined at 350 °C exhibit an
incomplete tetragonal scheelite crystal structure (JCPDS no.
75-2481), while the diffraction patterns of the nanofibers
calcined at 550 °C fit well with the scheelite-monoclinic phase
(according to JCPDS no. 75-2480). As the temperature
increases, the crystallinity of BiVO, nanofibers improves and
the peak splitting has become clearer. Figure 2b shows the step-
scanning XRD patterns from 34.5° to 36° of these BiVO,
nanofibers. The 35° diffraction peak gradually splits into two.
The phase gradually transforms from s-t BiVO, to s-m BiVO,,*
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indicating that a phase junction is presented in the BiVO,
nanofibers. A similar phase junction in semiconductors like
TiOZ,26 Ga203,27 BiZO3,28 BiPO4,29 etc., could also be formed
by adjusting the processing parameters.

Transmission electron microscopy (TEM) images of as-
prepared BiVO, nanofibers at temperatures ranging from 400
to 550 °C are shown in Figure 3. The nanofiber calcined at 550
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Figure 3. HRTEM images of the BiVO, nanofibers calcined at
different temperatures: (a) 400 °C, (b) 450 °C, (c) 500 °C; and (d)
SAED pattern of the BiVO, nanofibers calcined at 550 °C.

°C demonstrates a necklace structure. The inset of Figure 3d is
the corresponding selected area electron diffraction (SAED)
pattern, which matches well with the single crystalline structure
of s-m BiVO,, respectively. The HRTEM image of the BiVO,
nanofibers calcined at 400 °C is shown in Figure 3a. The lattice
fringes with d spacings of 0.293 and 0.308 nm are in good
agreement with the (004) and (112) lattice planes of both
scheelite tetragonal BiVO, (JCPDS no. 75-2481) and
monoclinic BivO, (JCPDS no. 75-2480). Figure 3b shows
the HRTEM image of the BiVO, nanofibers calcined at 450 °C.
The d spacing of 0.580 nm agrees well with the lattice spacings
of (002) of s-m BiVO,, while the d spacing of 0.470 nm
matches well with (101) lattice planes of s-t BiVO,, which
confirms the existence of the phase junction in the nanofibers
calcined at 450 °C. Further increasing the calcination
temperature to 500 °C, BiVO, nanofibers possess the (101)
and (011) lattice plane of s-m BiVO, (Figure 3c), which is in
accord with the XRD result.

The photocatalytic activities of the nanofibers calcined at
different temperature are evaluated by the degradation of RhB
dye under visible light irradiation (4 = 400—750 nm). Catalyst
loading of the nanofibers is 1 g/L. The total optical power
impinging on the solution is 109 + 10 mW mL™". The effective
surface area of the nanofibers measured using the BET test is
18.97 + 3.55 m*/g. The normalized optical density change of
RhB at 554 nm photocatalyzed by BiVO, nanofibers is plotted
in Figure 4a as a function of time. When the phase junction is
formed in BiVO, nanofibers, a remarkable enhancement in
photocatalytic activity is observed. The optimal calcination
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temperature is 450 °C. RhB is almost completely degraded
when irradiated under visible light for 40 min (Figure 4d), and
the color of RhB solution turns clear (inset of Figure 4d). The
RhB adsorbed on the sample surface is also removed (see FT-
IR results, Supporting Information Figure S2). In comparison
with the commercial TiO, powders (Degussa P-25), the
photocatalytic activity of the BiVO, nanofibers is remarkably
enhanced because TiO, can be activated only under UV
radiation. It is known that the photodegradation of RhB can be
considered as a pseudo-first-order reaction.>”>' The degrada-
tion rate constant k can be calculated by the formula as follows:

(1)

where t is the reaction time, C is the concentration of RhB after
reacting for time f, and C, is the initial concentration,
respectively. The relationship between the reaction rate
constant k and the calcination temperature is shown in Figure
4b. The photocatalytic efficiency of the BiVO, nanofibers
indicates a strong dependence on the calcination temperature.
The nanofibers calcined at 450 °C show the highest catalytic
activity with rate constant (k) of 0.10 min™", about 10 times the
BiVO, nanofibers calcined at 350 °C (0.01 min™") for which
the phase is scheelite tetragonal and S times higher than that
calcined at 550 °C with the phase of pure scheelite monoclinic.
The apparent quantum efficiency (AQE) is defined as
follows:***>

AQE = d[x]/dt _ kC,
d[w],./dt  TOP (2)
where d[x]/dt is the initial rate of change of the concentration
of the reactant; here, for the degradation of RhB, d[x]/dt = kC,.
d[hv];,./dt is the total optical power (TOP) impinging on the
sample. As the catalyst loading of the nanofibers is 1g/L, the
TOP impinging on the BiVO, nanofibers is 0.018 + 0.002
mW/mL. On the basis of the experimental data, we estimated
the apparent quantum efficiency (AQE) by using formula 2,
and plotted them in Figure 4b. In the present research, AQE
depends on the incident photons but not on the photons
absorbed by the photocatalyst; the real quantum yield may be
higher than the AQE obtained in this Article. It is indicated
from Figure 4c that the photocatalytic activity of the nanofibers
annealed at 450 °C is well stable in 8 time cycle tests, for which
the RhB can still be almost completely degraded when
irradiated under visible light in 40 min. The catalyst removed
from the solution still demonstrates the three-dimensional open
structure, although some nanofibers broke into small pieces
during the dispersion and centrifugal separation process (Figure
4d). This character shows promising industrial application in
eliminating the organic pollutants from wastewater.

It is important to investigate the mechanism of the enhanced
photocatalytic activity of the phase junction structured
electrospun BiVO, nanofibers. Here, we would like to discuss
the photocatalytic process in detail by investigating the band
structure of the BiVO, nanofibers. The UV—vis diffuse
reflection spectra of the BiVO, nanofibers calcined at different
temperatures were measured and are shown in Figure Sa. The
nanofibers annealed at 350 °C have no obvious absorption edge
because the crystallization is incomplete. The specimens
calcined at 400—550 °C exhibit absorption in the visible light
region, indicating the possibility for photocatalytic activity
driven by visible light. The band gaps of the BiVO, nanofibers
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Figure 4. (a) Photodegradation of RhB by BiVO, nanofibers calcined at different temperatures; (b) degradation rate constants and apparent
quantum efficiencies for BiVO, nanofibers; (c) the repeatability tests of the specimen calcined at 450 °C; (d) and the absorption spectrum of the
RhB solution in the presence of BiVO, nanofibers. The inset illustrates photos for the RhB solutions photodegraded with different time and the SEM

image of the specimen reclaimed after photocatalytic measurement.
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Figure S. (a) UV—visible diffuse reflection spectra of the BiVO, fibers
calcined at different temperatures, and (b) the corresponding plots of
(ahv)? versus photon energy (hv).

can be estimated on the basis of the UV—vis diffuse reflection
spectra using the following formation:**
2

(ahv)” = A(hv — E,) 3)
where «a is the absorption coefficient, 4 is Planck’s constant, v is
the incident light frequency, A is a constant, and E, is the band
gap, respectively. Therefore, the band gap of the BiVO,
nanofibers can be estimated from the data shown in Figure
Sb. The estimated E, results of the nanofibers annealed at 400,
450, 500, and 550 °C are 2.58, 2.58, 2.55, and 2.55 eV,
respectively. It is found that the band gap of BiVO, nanofibers
is a function of annealing temperature.

The band structure of the semiconductor materials could also
be predicted using first principle calculation. In the present
study, we calculated the band structure of the phase junction
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structure in electrospun BiVO, nanofibers using first principle
calculation. The crystal structure of BiVO, (s-m) is similar to
that of BiVO, (s-t) due to the same scheelite structure. The
distinct feature of the two BiVO, phases is that their basic
structural unit is constructed by VO, tetrahedra and BiOjg
dodecahedron. The difference between s-m and s-t BiVO, is
only the oxygen position (see Supporting Information Figure
S3). This depends on the changed lattice parameters at low or
high temperature. The partial densities of states (DOS) of s-m/
s-t BiVO, phases are shown in Figure 6.

The lower valence bands have little effect on photocatalytic
properties. The valence band (VB) mainly consists of O 2p and
minor Bi 6s. The conduction band (CB) strongly hybridized
with V 3d states, O 2p states, and Bi 6p states. In CB, V 3d
states are split into two parts, which contain 3d,,_,, and 3d,,
states, and 3d,,, 3d,,, and 3d,, states. The photocatalytic activity
should be enhanced by the tetrahedral crystal field effect.®® In
our first principle calculation, we have used the advanced hybrid
functional HSE06>® to describe the exchange-correlation
potential avoiding the self-interaction effects between electrons
to make the calculated results more accurate. The calculated
results (shown in Figure 6) indicate that the band gaps of s-m
and s-t phase BiVO, are 2.5 and 3.1 eV, respectively. Some
reported calculations and experimental results are close to
us.”’7* Our estimated value of band gap in the electrospun
BiVO, nanofibers by UV—vis diffuse reflection spectra
measurement is 2.55—2.58 eV depending on the calcination
temperature, which is between the calculated values of s-m
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Figure 6. Electron densities of states of (a) s-m BiVO, (E 2.5 eV)
and (b) s-t BiVO, (E 3.1 eV). The dashed line is the Ferml level.

phase and s-t phase BiVO,, indicating that the phase junction
structure of s-m/s-t phases exists in the electrospun BiVO,
nanofibers.

The mechanism of phase-dependent photocatalytic activity in
phase junction BiVO, nanofibers is schematically shown in
Figure 7. In our study, the contents of scheelite tetragonal
phase in the phase junction electrospun BiVO, nanofibers are
different at various annealing temperatures. As schematized in
Figure 7, when the catalysts are illuminated by visible light with

Phase junction

2.58eV 2.58eV2.55eV2.55eV
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|
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Figure 7. Schematic illustrations of the band structure related
photocatalytic mechanism for the s-m/s-t BiVO, phase junction.
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photon energy higher than the band gap of BiVO,, electrons in
the valence band can be excited to the CB with the generation
of the same amount of holes. In the phase junction structure of
the BiVO, nanofibers, the electrons will transfer from s-t BiVO,
to the scheelite monoclinic electron-trapping site. The lifetime
of photogenerated electron—hole pairs will be increased. The
photoinduced holes are apt to react with surface-bound H,O or
OH™ to produce the hydroxyl radical species (*OH), which is
an extremely strong oxidant for the mineralization of organic
chemicals. The RhB molecules can be oxidized into inorganic
molecules (e.g., CO,, H,O) or ions (e.g, NO;~, and CI~ )20

On the other hand, we can also discuss the mechanism of
photocatalytic activity in phase junction structured BiVO,
nanofibers from the aspects of the optical character of
semiconductor materials. For optical properties, the linear
response of the electron gas can be described by the complex
dielectric function:

e(w) = g(w) + ig,(®) (4)
_ 2 [ o's(e) do’
a(w) =1+ ﬂp w'? - o (%)
&) = [4” - )Zf<1|M|J>f(1 -£)
5(E; - B, — o) &k ()

The dielectric function depends on the electronic band
structure of a crystal, and it also strongly depends on the
photon frequency of compounds. The dielectric function is
proportional to the integrality of the dipole interband transition
probability as shown in Figure 8a.

The constraint of selection rule for the electronic interband
transition is that the dielectric function reflects the character-
istics of the band structure and the PDOS near the Fermi level.
On the basis of the analysis of electronic structure in s-m/s-t
BiVO,, it is clear that the peaks of &,(w) near the absorption
edge mainly originated from the electron transition from O 2p
occupied states to V 3d unoccupied states. The other peaks are
contributed by the electron transition from O 2p occupied
states to Bi 6p unoccupied states. While comparing the
monoclinic and tetragonal phases, both the real (Re) and the
imaginary (Im) parts of the tetragonal phase are higher than
those of the monoclinic phase in the long wavelength of
photon. The absorption of s-m/s-t BiVO, is shown in Figure
8b. It can be seen the monoclinic phase has a good absorption
in the “green” light (wavelength from 480 to 620 nm). Yet the
tetragonal phase has a larger band gap, which requires the
higher energy of photon (violet light) for the transition.
Additionally, it has higher absorption coeflicient than the
monoclinic phase in the longer wavelength of photons. It helps
the phase junction to get more energy to increase the
photocatalyst activity. This is in agreement with the experl—
ments by UV—vis reflection. According to Kweon’s results,*'
the theoretical evidence confirms the phase dependence of hole
localization and transport in bismuth vanadate for photocatalyst
properties.

H CONCLUSION

Tetragonal sheelite (s-t) and monoclinic sheelite (s-m) phases
BiVO, nanofibers with a phase junction have been successfully
prepared via a simple electrospinning process and controlled
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m/s-t BiVO, in theory; (b) absorption coefficients as a function of
photon energy of s-m/s-t BiVO,, with the absorption edge of s-m/s-t
BiVO, phases corresponding to the 410 and S00 nm photon
wavelength, respectively.

calcination. The obtained nanofibers show an enhanced
photocatalytic activity in the decomposition of RhB under
visible light irradiation. Structure, phase analysis, and band
structure calculation results reveal that the enhanced photo-
catalytic activity is attributed to the phase junction structure of
the (s-t) and (s-m) phases in electrospun BiVO, nanofibers.
The results in the current work may be beneficial to the future
study of exploring the visible light-driven photocatalysis
materials.
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