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Electrospinning Preparation and Formation Mechanism of
BiVO,/a, #-Bi,O; Nanofibers with Enhanced Photocatalytic

Properties

Fan Yang,” Xiaojiao Yu,*™" Binghua Yao,” Jie Zhang,” and Jv Li®

Herein, the BiVO,/a, 3-Bi,O; nanofibers with moderate amounts
of BiVO, nanoparticles (1-5 wt%) were successfully fabricated
by combining electrospinning and hydrothermal method. The
microstructure and properties of the prepared samples were
characterized by X-ray diffraction, X-ray photoelectron spectro-
scopy, fourier transform infrared spectrometer, scanning elec-
tron microscopy, transmission electron microscope, ultraviolet-
visible diffuse reflection, and photocurrent measurement. The
results show that BiVO, had a substantial effect on the
formation of 3-Bi,O; and the structure of the nanofibers. From
the photocatalytic test results, it can be inferred that the RhB
degradation efficiencies of pure BiVO, and a-Bi,O; were lower

Introduction

At present, there are many ways to treat organic wastewater.
Among these methods, photocatalysis is a promising approach
and has attracted substantial attention due to its advantages,
such as being nontoxic, low cost, and stable in addition to
nonsecondary pollution.™ Photocatalyst plays a key role in
photocatalytic oxidation. Due to its unique performance, the
crystal structure,” morphology,” synthetic methods™ of Bi,0,
have attracted abroad attention, and efforts are underway to
improve its properties. Moreover, the main crystal types of
Bi,O; are a, 3, y, 0 and w. The common types are a and f,
where the band gap are 2.72 eV® and 2.27 eV, respectively.
Many researchers have paid substantial attention to a-Bi,0;,
whereas there have been only a few reports on metastable -
Bi,O; due to the difficulty of fabricating it.” It is well known
that 3-Bi,O; has a lower band gap energy and high optical
absorption in the visible-light region, so the photocatalytic
activity of $-Bi,O; is higher than that of «-Bi,O;. However,
visible light can be absorbed by pure Bi,0O;, and the recombina-
tion efficiency of photogenerated carries is high in the single
catalyst,” and this limits the application and generalization of
Bi,O; in the field of photocatalysis. Therefore, many visible-
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than those of the composites considered in this study. The
samples with a BiVO, content of 3 wt% displayed the best
photocatalytic activity for RhB (the degradation efficiency of
RhB and Tc was 96.1% and 77.1%, respectively) compared to
that of other samples considered in this study. The reactive
species in the photocatalytic process were also studied, and it
was found that the O,¢~ play a leading role in this process. In
addition, the two-step formation mechanism and the carries
transmission mechanism of the composite nanofibers were
constructed. This work provides a valuable reference for future
research and design of high-performance photocatalysts.

light-driven photocatalysts consisting of Bi,O; and the material
with suitable band gaps, such as FeVO,"” TiO,"” BiOX,""
SrTio,,!"? NiFe,0,," Au/FevO," ZnO,™ and Bi,S,/Bi,0,C0O,,"
have been explored to solve this problem. In particular, some
researchers have attached great importance to (3-Bi,0;/a-Bi,0,
heterojunction photocatalyst. Hou et al."” reported that the
photocatalytic activity of a [-Bi,Os/a-Bi,O; heterojunction for
the degradation of cationic RhB and anionic MO under visible-
light irradiation is superior to that of $-Bi,O; sheets, which is
attributed to the efficient charge separation and transfer across
the [5-Bi,05/a-Bi,0; phase junction. In addition, Bi,0,/BiVO, has
also been studied before.

BiVO, is a non-toxic and environmentally friendly photo-
catalyst. The band gap is 2.4eV,™ which leads to high
absorption of visible light. Mao etal.” prepared the Bi,O,/
BiVO, heterostructure nanorods using a solvent thermal
method, and their photocatalytic properties were better than
those of Bi,O; and BiVO,, which was attributed to the presence
of a p-n heterojunction that reduces the recombination
efficiency of electron-hole pairs. Bi,0,/BiVO, nanocomposites
were fabricated via a homogeneous precipitation method with
different surface dispersants by Li et al.*” and they studied the
effect of different surfactants on the morphology of the
nanoparticles and the effect of the relative proportion between
BiVO, and Bi,O; on photocatalytic activity. The results show
that the structure and morphology of the BiVO, varied using
different surface dispersants and Bi,05(50 wt%)/BiVO, displayed
the best photocatalytic activity of the composition ratios. To
the best of our knowledge, the preparation of Bi,0,/BiVO,
nanofiber by electrostatic spinning, however, has not been
reported.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. SEM of BV (a), BO-PVP (b), BO-BVO (c), BO-BV1-PVP (d), BO-BV3-PVP (e), BO-BV5-PVP (f), BO-BV1 (g), BO-BV3 (h), and BO-BV5 (i)

To investigate their structure, composition and photo-
catalytic performance of nanofiber, we prepared Bi,0,/BiVO,
nanofibers. The electrospinning solution was obtained by
mixing the BiVO, powders acquired from the hydrothermal
method and a solution that included bismuth sources and PVP,
the electrospinning process was carried out subsequently. The
BiVO,/a, 5-Bi,0; nanofibers were obtained after calcining of the
BiVO,/Bi(NO,);/PVP nanofibers. RhB and Tc, as model pollutants,
were used to measure the photocatalytic properties of the as-
prepared samples. Finally, by combining the characterization
results and related experiments, the two-step (heating and
cooling) formation mechanism of the composite nanofibers
was constructed. This work provided a valuable reference for
the future research and designing of high-performance photo-
catalyst.

Results and discussion
SEM and TEM analyses

Figure 1 (a) shows the hydrothermal BiVO, nanoparticles. The
images of the precursor fibers are displayed in Figure 1 (b) and
(d)-(f), where it can be seen that the surfaces of all precursors
are smooth. However, the diameter of BO-BVX-PVP (approx-
imately 0.8 um, X=1, 3, 5) is larger than that of BO-PVP
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(approximately 0.6 pm). This may be attributed to the impact of
BiVO, on the process of electrospinning; i.e., the addition of
BiVO, leads to a variation in the stretching and separation of
nanofibers. In addition, we found that BiVO, was wrapped in
the precursor nanofibers from the TEM image of the BO-BV3-
PVP precursor (Figure 2(a)). Calcined nanofibers are also

Figure 2. TEM of BO-BV3-PVP(a) and BO(b)

observed in Figure 1(c) and (g)-(i). Compared with the precursor
nanofibers, it is clear that all the nanofibers were attenuated
after calcining because the organic template was removed. In

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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addition, as the content of BiVO, increased, the decoration on
the surface of the nanofibers without calcining also increased,
which may be beneficial for the photocatalytic process.

FTIR analysis

Figure 3 depicts the FTIR spectra of the samples in the
wavenumber range from 400 cm ' to 4000 cm~'. The broad
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Figure 3. FTIR spectra of the BV, BO, BO-BV3, BO-PVP and BO-BV3-PVP

absorption at 3426 cm ™' was assigned to the O—H stretching

vibration of the adsorbed water molecules. The bands at
1651 cm™', 1291 cm ™', and 1380 cm ™" correspond to C=0 and
C—N in PVP2Y and NO;™ in Bi(NO,),, respectively. These bands
disappeared after calcination. The results show that the organic
template was removed and Bi(NOs); decomposed to Bi,O;. In
addition, both the V—O stretching vibration located at 730-
830 cm™" and that of Bi—O located at 430-540 cm™"? appeared
in BO-BV3, which indicates that the nanofibers contained BiVO,
and Bi,0;.

XPS analysis

XPS analysis was used to investigate the chemical composition
and valence state of the samples.” The survey spectra of BO-
BV3 (Figure 4) show the signals from Bi 4f,,, and Bi4f;,, at app-

roximately 156.6 eV and 162.0 eV, respectively, indicating
that the bismuth ions in the composites are in a trivalent
state.”” The dominant peaks shown in Figure 4(c) at 529.4 eV,
531.2 eV and 532.8 eV are characteristic of structural oxygen (O
15).%1 The peaks at 282.6 eV, 284.3 eV and 286.5 eV originated
from the C 1s spectrum resulting from the decomposition of
PVP.?Y The characteristic peaks of V 2p signals, however, are
not observed in the pattern, which may show that the BiVO,
was not present under the surface of the nanofibers.

ChemistrySelect 2019, 4, 8606-8613  Wiley Online Library

8608

Chemist
SELECTV

Full Papers

XRD analysis

Figure 5(a) shows the XRD patterns of BV, BO, BO-BV1, BO-BV3,
and BO-BV5. The diffraction peaks from BO and BV are in good
accordance with the standard data of pure a-Bi,O; (PDF#No0.41-
1449)®" and monoclinic BiVO, (PDF#No.75-2480),”® respec-
tively. BO-BV1, BO-BV3, and BO-BV5, however, contain not only
the peaks from «-Bi,O; but also the peaks from pj-Bi,O,
(PDF#N0.78-1793),”" and the sharpness of the diffraction peaks
implies that all samples are highly crystallized and have no
impurities.®” Figure 5(b) shows the enlargement of Figure 5(a)
from 25° to 30°. As the BiVO, content increased in the
nanofibers, the intensity of the main diffraction peaks of a-
Bi,O; at 26.90° from the (111) plane, 27.93° from the (120)
plane, and 28.01° from the (012) plane decreased, and the
intensity of the main diffraction peak of -Bi,O; at 27.94° from
the (201) plane increased, which indicates that increasing the
amount of BiVO, that was added is beneficial for the formation
of f3-Bi,O,. In addition, the diffraction peaks of BiVO, in the
BiVO,/a, -Bi,O; nanofibers did not appear because the amount
of BiVO, is relatively low in the composites.”"

Formation mechanism of BiVO,/a, -Bi,O; nanofibers

According to the results above, a possible growth mechanism
for BiVO,/a, [5-Bi,O; nanofibers is proposed. The investigation
of the mechanism shown in Figure 6 begins with a piece of
fiber, and its process can be divided into two steps: the
oxidation and decomposition of the precursor nanofibers
(heating) and the crystal growth of Bi,O; (cooling). During the
heating process, the PVP template and Bi(NOs); are oxidized
and decompose into gases and amorphous Bi,0;, respectively
(a-b). After being held at temperature, the system cools to
room temperature, and the crystals of a-Bi,O; and [5-Bi,O; are
formed at different times. It should be noted that 3-Bi,O; forms
over the interface of BiVO, first (c), and a-Bi,O; forms far away
from the interface next (d).

To explain the interfacial crystallographic characteristics
between two phases that are related by reproducible orienta-
tion relationships, Zhang et al.®*? proposed the edge-to-edge
matching model. Combining this model and the results of the
characterization above, we speculated that $-Bi,O; and BiVO,
are better matched than a-Bi,O; and BiVO, Therefore, 5-Bi,0,
was formed on the surface of BiVO, instead of a-Bi,O; (e).

UV-Vis DRS analysis

Figure 7(a) shows the UV-Vis DRS spectra of the as-obtained
samples. Compared with that of the pure a-Bi,O,, the light
absorption of the composites is clearly expanded to the visible-
light region. As shown in Figure 7(b), the band gap of BV, BO,
BO-BV1, BO-BV3 and BO-BV5 can be calculated as follows
according to Tauc’s law: 2.45 eV, 2.74 eV, 2.41 eV, 2.40 eV and
242 eV, respectively, which indicates that photogenerated
carriers can be produced by the BiVO,/a, $-Bi,O; nanocompo-
site more easily than pure a-Bi,O; and BiVO,. Therefore, adding
BiVO, appropriately can enhance the light utilization efficiency

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. XPS patterns of BO-BV3

of BiVO,/a, [5-Bi,O; nanofibers, which can improve the photo-
catalytic activity of the samples.

Photocurrent test

The generation and transfer of the photogenerated carriers
during the photocatalytic process can be evaluated by the
photocurrent. Typically, the photocurrent is positively corre-
lated with the separation efficiency of photogenerated electron
holes. Figure 8 displays the photocurrent-time test curves of
BV, BO, BO-BV1, BO-BV3, and BO-BV5 under visible light
irradiation. Furthermore, compared to BV and BO, BO-BV3
exhibits a distinctly enhanced photocurrent response after one
cycle (505s). The results show that the photogenerated
electron-hole pairs of BO-BV3 could be separated more
effectively than those of the other samples.®?

Photocatalytic properties and possible mechanism

To study the photocatalytic properties of the as-obtained
nanocomposites for the degradation of organic pollutants, we
carried out experiments involving the degradation of RhB.
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From the blank experiment (shown in Figure 9(a)), it was
concluded that the self-photodegradation of RhB is negligible.
The adsorption-desorption equilibrium of RhB in the dark can
be established within 30 min. It can be inferred that the dark
absorption of RhB and Tc, from Figure 9(c) and (d), are about
29% and 18%, respectively. The RhB degradation efficiencies of
pure BiVO, and a-Bi,O; are 65.6% and 70.5% within 110 min,
respectively. With BiVO, added in, for one thing, the band gap
of is narrow, which means it have a better optical absorption
properties; for another thing, because the crystalline of sample
will be changed from single (a-Bi,O;) to mixed phase (a-Bi,0;,
B-Bi,0,, and BiVO,), the separation rate of e -h™ pairs can be
increased. And therefore, the BiVO,/a, -Bi,O; heterojunctions
demonstrates a good photocatalytic activity to remove RhB.
Typically, the highest degradation efficiency, 96.1%, can be
reached by BO-BV3. Figure 9(b) displays the kinetic curves of
RhB for the samples. We inferred that BO-BV3 follows
polynomial rules, while the other samples follow first-order
kinetic rules, and the half-life period of BO-BV3 is shorter than
that of the others. Accordingly, the results indicate that the
photocatalytic efficiency could be enhanced compared with
that of the single samples when a-Bi,O; is decorated with

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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BiVO,. Figure 9(c) shows the time-dependent absorption spec-
tra of the RhB solution in the presence of BO-BV3 from 0 to
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110 min. As the irradiation time increased, the maximum
absorption band of RhB at 554 nm gradually decreased and
eventually nearly disappeared after 110 min. Moreover, the
blue shift of the main peak in the absorption curve was

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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attributed to the de-ethylation of the dye from N, N, N, N'-
tetra-ethylated rhodamine to rhodamine.®¥ Removing Tc from
water is a serious issue,*” and the degradation of Tc by BO-BV3
was studied here. Figure 9(d) shows that BO-BV3 exhibits
photocatalytic degradation activity (77.1%)

mentioned above, the band gap of a-Bi,0,, 5-Bi,O; and BiVO,
are 2.74eV, 2.27 eV, and 2.45 eV, respectively. Through the
following equations (1-2), the potentials of conductor band
(CB) and the valence band (VB) can be obtained.

for Tc, which suggests that the photocatalyst possesses Es=X—E +0.5Eg (1)
activity for its practical application. The possible mechanism
was proposed to show the pathway of electron-holes trans-  Ecs = Evs — Eg )
mission in the BO-BV3 and explain its enhanced photocatalytic
performance (shown in Figure 9(e)-(f)). From the discussion
ChemistrySelect 2019, 4, 8606-8613  Wiley Online Library 8611 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



:@‘* ChemPubSoc
Drertd Europe

Where X is the electronegativity (Bi,O;: 6.24 eV, BiVO,:
6.16 eV) of the semiconductor; E° is the energy of free electrons
on the hydrogen scale (about 4.5 eV); Eg, Eq, and Ez are the
band gap energy, CB potential, and VB potential of semi-
conductor. It can be found that the potentials (a-Bi,O; for
0.37 eV, -Bi,0; for 0.61 eV, and BiVO, for 0.43 eV) are more
positive than the standard reduction potential of 0,/O,e"
(-0.046 eV), which means O, cannot be reduced to O,e ", before
they contact with each other (Figure 9(e)). However, when a-
Bi,O;, -Bi,0s, and BiVO, contact, the Fermi energy (E) will be
changed to a balanced condition®® (Figure 9(f)). As a result, the
band of a-Bi,O; and BiVO, are shifted downwards and while
the band gap of 5-Bi,0; is shifted upwards to level that O, can
be reduced to O,e . In addition, eOH, another reactive specie, is
produced both in contact and not contact.

In the process of photocatalytic degradation, reactive
species, such as electrons (e”), superoxide radicals (O,e7),
valence band holes (h™), and hydroxyl radicals (¢OH), make a
substantial difference.®” The roles of these reactive species can
be estimated by investigating the effects of scavengers of
reactive species on photocatalytic degradation.”® BO-BV3 was
selected as the model photocatalyst to determine the relative
importance of reactive species in the degradation of RhB. The
results are shown in Figure 10. With the addition of BQ, the

LOF o No scavenger
—o—LEDTA
0.8 - «— BQ
£ —+—TBA
£ 0.6
k)
=
=
-
& 0.4
=]
0.2
0.0 Light on
0 20 40 60 80 100 120
Time(min)

Figure 10. Photocatalytic degradation of RhB over BO-BV3 under different
conditions with exposure to visible light: original, adding EDTA, adding BQ,
and adding TBA.

degradation rate of RhB was clearly decreased. The addition of
BQ restrains the photocatalytic degradation process. Therefore,
O,¢ " radicals played a key role in the degradation process.
After EDTA and TBA were added to the reaction system, the
rates for RhB degradation over BO-BV3 were 69.8% and 74.4%,
respectively. These results indicate that h* and «OH also play
an important role in the degradation process (after O,o 7). The
possible reactions occurring in the photocatalytic process are
given in Egs. (3-9). When the light was turned on, the e - h*
pairs were generated on the surface of the samples (Eq. (3)).
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Thereafter, e~ reacted with O, to form O,e~ (Eq. (4)). The holes
with strong oxidizing properties degrade RhB directly, and a
portion of the holes might react with H,0 to form ¢OH (Eq. (5)),
which can also be used to oxidize RhB. Some O,e~ could
degrade RhB, whereas some may form eOH (Egs. (6)-(9)). As a
result of the issues outlined above, the order of importance of
the main active species in the system was deduced to be as
follows: O,e~ > h™ >eOH.

BO-BV3+hv— BO-BV3(+eCB™) (3)
eCB~+0, — O,e" (4)
hVB* +H,0 — H" +eOH (5)
02e¢™ +H" — eH20 (6)
eCB™ + eH20 + H+ — H,0, (7)
H,0, — 2 eOH ®)

RhB* active species(O2e~, hVB*, eOH)
— degraded products

Conclusions

BiVO,/a, -Bi,O; heterostructures were successfully fabricated
by electrospinning with a hydrothermal process. The results
show that the addition of BiVO, has a great effect on the
formation of 5-Bi,O; and the structure of the nanofibers, which
are crucial for the photocatalytic performance of the samples.
The formation process of the as-prepared nanofibers can be
divided into two steps: the oxidation and decomposition of
precursor nanofibers (heating) and the crystallization and
growth of a, f5-Bi,O; (cooling). Compared to pure BiVO, and
Bi,O,, the BiVO,/a, 3-Bi,O; nanofiber nanocomposites exhibited
better photocatalytic behavior for the decomposition of RhB
and Tc. The improved photocatalytic activity of the as-prepared
nanocomposites may originate from the increased light
absorption and separation of photogenerated carriers, which is
derived from the addition of BiVO,. Furthermore, the sample
with a BiVO, content of 3 wt% displayed the best photo-
catalytic activity on RhB compared to that of the other samples
analyzed in this study. The reactive species in the photo-
catalytic process were deduced to be as follows: O,e~ > h* >
«OH.

Supporting Information Summary

Experimental procedures are available in supporting informa-
tion.
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