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Abstract

In this paper, electrospinning method was used to prepare a one-dimensional nanostructured copper bismuthate- bismuth tungstate photocatalyst. The bismuth
tungstate nanosheet structure was prepared by solvothermal method, and the copper bismuthate-bismuth tungstate precursor nanofibers were prepared by
electrospinning using the doping method. The one-dimensional copper bismuthate-bismuth tungstate nanofiber structure was prepared by the high-temperature
decomposition. The results show that the diameter of the bismuth tungstate and copper bismuthate nanofibers is about 280 nm, with continuous and regular fiber
morphology. The fibers are composed of semiconductor nano-heterojunction and show good photocatalytic degradation efficiency for tetracycline hydrochloride.
After 120 min of illumination, the degradation efficiency is greater than 90%, and it can be recycled and reused. The photocatalytic mechanism analysis showed
that the energy band structure of the copper bismuthate-bismuth tungstate nano-semiconductor fiber was a Z-type heterojunction, and the free radical

capture experiment showed that h* and ®O*~ were main groups involved in oxidation reaction. The structure of

high specific surface area of the nanofibers will improve the separation of photo-generated electrons and holes, and the experiment results show it has good

performance of photocatalytic.

1. Introduction

The living environment, especially the air and water pollution, has
been paid much attention. A large number of organic substances, such as
pesticides, plastics, antibiotics, dyes, etc., cause serious pollution to the
environment, and then seriously affect human health [1-5]. In partic-
ular, the governance of soil, air and water play important role in the
environment protection [6—10]. Among them, for the prosperity and
development of mankind, effective treatment of water pollution has
become a major issue that people need to solve urgently [11-13].
Especially, the photocatalytic method has been widely used in the field
of environmental pollution degradation because of its environmental
friendliness and low cost. As a green photocatalyst, semiconductor
nanomaterials have important application prospects in solving global
problems such as pollutant degradation and energy shortages [14-18].
Bismuth-based semiconductor materials have the advantages of
narrow band gap width, suitable energy band position, higher physical
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and chemical stability, and low cost. They are used in pollutant degra-
dation, photocatalytic water splitting, and photocatalytic CO, reduction
[19,20]. In particular, CuBi,O4 (CBO) is p-type semiconductor with a
relatively narrow band gap (about 1.6 eV). CuBi,0;, is a semiconductor
material with a spinel structure [21-23]. It consists of independent CuO,
faces along the ¢ axis to form a staggered collinear “chain”, and is
connected by BiOy units to form a spinel structure. It has been widely
used in the fields of organic synthesis and photocatalytic sterilization,
and presents a good development prospect. However, the photo-
generated electrons and holes of the single-component bis- muth-based
semiconductor materials are easily recombined, resulting in low
quantum efficiency, thereby reducing their photocatalytic activity.
Normally, constructing a heterojunction can effectively improve the
efficiency of electron-hole separation. The CuBi,O4 has great potential
to form a Z-scheme heterojunction with many other semiconductor
materials such as WOs;, g-C;Ny4, and CuO. Besides, Bi,WOs (BWO) is
another Bi-based photocatalyst with potential application with a
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Fig. 1. X-ray powder diffraction pattern of different ratio BWO-CBO samples, illustration is partial enlargement.

sandwich slice structure of WO4-(Bi,0,),+. The band gap isabout 2.8 eV
and the valence band (VB) position is about 3.2 eV vs. NHE [24,25]. This
means it can form Z-scheme heterojunction with CuBi,O4 to drive
electrons with reduction potential in the conduction band (CB) of
CuBi,0, and form holes with oxidation potential in the VB of Bi,WOg.
On the other hand, one-dimensional nanomaterials have a large
specific surface area and a large aspect ratio [26-28]. At the same time,
their surface is allowed to be modified simply, which has great appli-
cation value in the field of photocatalysis. These one-dimensional
nanomaterials can be obtained by methods suchas electrospinning,
chemical synthesis, and template self-assembly. Among them, the elec-
trospinning method is a simple and effective method for preparing
one-dimensional nanomaterials [29-32]. Compared with the zero-
dimensional nano-photocatalytic material, due to its fibrous
morphology, the one-dimensional nanomaterial prepared by the elec-
trospinning method can effectively overcome the agglomeration be-
tween particles in the photocatalytic reaction. Because the fibrous
material has good dispersibility and large specific surface area, it can
fully contact with the reactant and improve the photocatalytic activity
and the repeated utilization [33,34].

In this paper, solvothermal technology and electrospinning tech-
nology are combined to prepare one-dimensional CuBi,04,~Bi, WO fiber
with Z-scheme heterojunction. The Bi, WO, nanoparticles are synthe-
sized by the solvothermal method are mixed with the CuBi,0, precursor
solution, electrospinning is performed, and finally the heat treatment is
performed to obtain a copper bismuthate-bismuth tungstate
heterojunction.

2. Experimental section

2.1. Solvothermal synthesis of Bi-WOs

2.93 g of Bi(NOs); - 5(H,0) was added to 30 mL of glacial acetic acid
and dissolved by ultrasound. 0.99 g of Na, WO, was dissolved in 150 mL
of deionized water. The Bi(NO;); solution was added to the aqueous

solution of Na, WO, and stirred for 30 min. The above-mentioned mixed
solution was equally divided into three parts, and respectively added to

three 100 mL stainless steel autoclaves and reacted at 180 °C for 24 h.
Then, the reactor was cooled to room temperature. The solution was
centrifuged and washed with deionized water for 3 times, and finally
washed with ethanol once, and dried at 80 °C for 5 h. Finally, light green
Bi, WO nanopowder was obtained.

2.2. Preparation of Bi>WOs~CuBi,O, heterojunctionfiber

8.4 g of PVP (Mw=1300000) was added to a mixed solution of 24 g
of glacial acetic acid, 30 g of absolute ethanol and 54 g of DMF. The
solution was stirred at room temperature for 12 h. 3.615 g of Cu
(NO3),-3H,0 and 14.515 g of Bi(NOs); - 5(H,O) were added to the above
solution and stirred for 6 h to form a light blue transparent solution.
Three parts of the above solutions were weighed separately with each
with amass 0f33.3 g,and 0.5 g,2 g, 3.4 g of BWO powder were added to
the three solutions and stirred for 3 h. The above solution was placed in a
5 mL syringe, and electrospinning was performed under a high voltage
of 10 kV. The distance between the needle and the aluminum foil
receiving plate was 12 cm. The liquid supply rate was controlled by a
syringe pump, and the sampling rate was 0.01 mL/min. The prepared
nanofibers were vacuum dried at 50 ‘C for 5 h. The dried fiber was
calcined at 600 °C for 2 h, and the heating rate of the muffle furnace was
1 °C/min. Finally, the Bi, WO—CuBi,0, one-dimensional heterojunction
fiber with 20%, 50%, and 80% BWO by mass was obtained. The three
fiber samples were labeled BC-1, BC-2 and BC-3, respectively.

3. Results and discussion
3.1. Structure characterization of the samples

The crystal structure of the sample prepared by electrostatic spinning
is characterized by X-ray powder diffraction (XRD). It can be seen from
the XRD s}pectrum (Fig. 1), and the dlffractlon peak of BWO corresponds
tothe PDF#39-0256.28.3°,32.8°,47.1°,55.8°and 58.5° respectively
correspond to (131), (200), (202), (331), and (262) diffraction surfaces.
The main diffraction peaks of CBO such as 20.9, 28.0, 30.8, 33.3,37.5,
46.7, 53.0, 55.7 correspond to (200), (211), (002), (310), (202), (411),



Fig. 3. Surface scan elemental analysis of BC-2 sample (a) Bi (b) Cu (¢) O (d) W.

(213), (332) diffraction surfaces according to PDF # 72-0439. In the
BWO-CBO heterojunction sample, the diffraction peak of Kusachiite
type CBO canbe observed. As shown in the illustration ofthe BC-1, BC-2,
BC-3 diffraction curves, with the mass increase of BWO, it can be
observed that the strength ratio of the neighborhood of BWO and CBO is
gradually increased. The results prove the formation of BWO-CBO
heterojunction.

3.2. Morphologies and element distribution

The morphology of the fiber sample prepared by electrospinning is
shown in Fig. 2. Fig. 2(a) shows the morphology of CBO samples after
high temperature calcination. It can be seen from the figure that there is
almost no fiber morphology in the precursor fiber after high temperature
reaction. But after adding BWO in the precursor solution, the scanning
electron microscope (SEM) micro morphology is obviously different,
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Fig. 4. TEM images of BWO samples (a)solvothermal BWO samples (b)—(e) dark field BWO samples and their element distributions of Bi, W, O.

showing the fiber morphology characteristics. The reason is that the
addition of BWO makes the product particles of CBO precursor combine
more firmly during the decomposition process, which can explain the
heterojunction between CBO and BWO. Fig. 2 (b), Fig. 2 (¢) and Fig. 2
(d) correspond to the morphologies of samples with different BI2WO6—
CuBi,04 mass ratios, respectively. SEM results show that the diameters
of the three samples with different BWO concentrations are basically the
same after calcination, but the fiber morphologies are different. When
BWO concentration is 20%, the fiber is discontinuous. When the con-
centration reaches 50%, the samples are continuous fibers with a
diameter of about 280 nm. However, when the BWO concentration
continues to increase to 80%, due to the higher BWO content and higher

solution viscosity, the spinning morphology is poor and the fiber appears
discontinuous state. It can be seen that the concentration of BWO has a
great influence on the continuity of the fiber. The results show that the
optimum doping concentration is 50%.

Fig. 3 shows the distribution of elements in the local morphology of
the fiber. In this figure, Fig. 3(a)—(d) correspond to the distribution of Bi,
Cu, W and O, respectively. It can be seen from the figure that the four
elements are uniformly distributed in the fiber, which indicates that
BWO can be uniformly dispersed in CBO precursor when BWO nano-
particles are mixed into CBO precursor and electrospun. At the same
time, after spinning and calcinating, the two substances are formed in
the fiber, and there is no obvious phase separation. BWO and CBO have a

BWO (200)
0.273 nm

CBO (200)
0.433 nm

Fig. 5. HRTEM analysis of BC-2 sample with heterojunction semiconductor structure (a) distribution of elements Cu and W in heterojunction (b) lattice structure of

heterojunction high resolution transmission electron microscope.
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Fig. 6. X-ray photoelectron spectroscopy (a) full spectrum (b)—(f) C 1s, W 4f, Cu 2p, Bi 4f, O 1s fine spectrum of BC-2 sample.

uniform contact macroscopically. This will help to form a large number
of heterojunctions.

In order to further determine the distribution of BWO in the fiber and
the formation of heterojunction with CBO, the BWO prepared by sol-
vothermal method and the BC-2 samples were characterized by trans-
mission electron microscopy (TEM). Fig. 4 shows the TEM morphology
of BWO. From Fig. 4(a), we can observe the BWO prepared by sol-
vothermal method is sheet-like nanostructure with diameters of about
20-40 nm. According to the element distribution in the dark field shown
in Fig. 4(b)—(e), Bi, W and O are evenly distributed in the nanoparticles.

High resolution transmission electron microscope (HRTEM) images
of BC-2 sample after ultrasonic dispersion are shown in Fig. 5. The

element distribution in Fig. 5(a) shows that Cu and W are distributed in
different nanoparticles, the area of Cu distribution corresponds to CBO
particles, and the area of W distribution corresponds to BWO nano-
sheets. The contact part between BWO and CBO can be observed. As
shown by the high-resolution transmission microscope photo in Fig. 5
(b), two different lattice fingerprints can be observed at the junction,
with gaps of 0.273 nm and 0.433 nm, respectively. These two parame-
ters correspond to (200) crystal plane of CBO and (200) crystal plane of
BWO. This can prove the production of BWO-CBO heterojunction in the
fiber.
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Fig. 7. (a) UV-Vis diffuse reflectance spectra of BWO, CBO, BC-1, BC-2 and BC-3 samples (b) Av-(¢/v)? curves of the samples.

3.3. Chemical composition and electronic state of photocatalyst

In order to determine the chemical composition and electronic state
of the fiber surface, the BC-2 sample was analyzed by X-ray photoelec-
tron spectroscopy (as shown in Fig. 6). Fig. 6(a) shows the whole XPS
scanning line. It can be seen that the fiber surface contains W, Bi, Cu and
O clements. Fig. 6(b) shows the carbon element in the test process to
calibrate the binding energy. Fig. 6(c)—(f) shows the high resolution XPS
spectra of various elements. The 34.75 eV and 36.95 eV peaks of W4fin
Fig. 6(c) correspond to the binding energies of W 4f;, and W 4f;), in
BWO, respectively [35]. In Fig. 6(d), the orbital and spin motion of Cu
2p electrons are coupled, and the orbital energy levels are split, which
are 933.75 eV and 953.80 eV, respectively, and are attributed to Cu
2ps» and Cu 2p;, of Cu in CBO [36]. As shown in Fig. 6(e), the two
binding energy peaks of 158.35 eV and 163.65 eV of Bi 4f orbital
correspond to Bi 4f;, and Bi 4£;, [34] respectively, which proves the
existence of Bi’T valence state in CBO material. In Fig. 6(f), the XPS
spectrum of O 1s, there is a shoulder peak near 530 eV. Two XPS peak
positions were obtained by sub peak fitting. They are located at
529.31eV and 530.60 eV, respectively. The peak of 529.31 eV corre-
sponds to lattice oxygen, and 530.60 eV corresponds to oxygen va-
cancies. The oxygen vacancies come from the surface absorption of
oxygen as well as ~OH from the residual energy gap [37,38]. The above
results further indicate that the existing forms of W, Bi, Cu and O are
CBO and BWO.

In order to characterize the effect of CBO on the absorption charac-
teristics of BWO in fiber samples, the optical absorption characteristics
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ofpure BWO,CBO and BC-1,BC-2 and BC-3 samples were characterized
by UV—Vis diffuse reflectance spectroscopy. As shown in Fig. 7(a), the
absorption band edge of pure BWO nanosheets is close to the short
wavelength direction of the visible region, and is about 450 nm, indi-
cating that BWO has a broad band gap, while the composites absorbed a
large proportion of the visible-light. For the BC-1, BC-2 and BC-3 sam-
ples, the absorption band edge has a significant red shift because of the
heterojunction forming, which makes the absorption of the sample
expand significantly in the visible region. This will make the photo-
catalyst more beneficial to the use of visible light. The band gap energy
of the sample is calculated by the following:

ahv = A(hv— E,)'?

here @, E, A, h, v are molar absorption coefficient, semiconductor op-
tical band gap, proportional constant, Planck constant and incident
photon frequency respectively [34]. From hv-( (thv)2 curve, as shown in
Fig. 7(b), the sample band gap can be estimated by the intersection of
the tangent and the x-axis. It can be seen from the figure that the band
gap of BWO is about 2.78 eV, while that of CBO has a significantly
narrowed width of 1.85 eV. In addition, with the formation of hetero-
junctions, the band gaps of BC-1, BC-2and BC-3 are 1.99¢eV,2.06 eV and
2.08 eV, respectively. Compared with the BWO, the band gaps of com-
posites are obviously increased. The change of band gap indicates that a
heterojunction is formed between CBO and BWO and more photo-
motivated carries can be obtained in composites because the CBO can
provide an easier path for carries generation [39].
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electrochemical impedance of CBO, BWO and BC-2 under light and no light.

The Mott-Schottky curves of BWO and CBO are shown in Fig. 8. The
intersection of the tangent of the curves and the x-axis is the flat band
potential. Because the tangent slope of BWO in Fig. 8(a) is positive [33],
it can be seen that BWO is an n-type semiconductor, and its flat band
potential is similar to its conduction band potential CB value, corre-
sponding to the Ag/AgCl electrode potential of 0.29 V (converted into
standard hydrogen electrode potential of 0.48 V vs. NHE). The tangent
slope of CBOin Fig. 8(b) is negative, which indicates that CBO is a p-type
semiconductor, and its flat band potential is similar to its valence band
potential VB value, corresponding to Ag/AgCl electrode potential of
1.16 V (converted to standard hydrogen electrode potential of 1.36 V vs.
NHE). The catalytic activity of photocatalyst is closely related to its band
structure. The conduction band bottom potential and valence band top
potential can be gotten from the formula [40]:

Ecs= Evs— E;
E, is the band gap of CBO or BWO, Eyg is the top potential of valence
band (VB) and Ecg is the bottom potential of conduction band (CB). After

calculation, the VB value of BWO is 3.28 ¢V, and the CB value of CBO is
—0.31eV.

3.4. Catalytic performance of photocatalyst

In the experiment of photocatalytic degradation of organic matter,
150 W xenon lamp was used as the light source. Tetracycline

hydrochloride (TC) was used as the degradation substance, and 20 mg
L™ TC solution was prepared. 50 mg of BC-2 was added to 50 mL of the
above solution. The catalyst was balanced with TC by magnetic stirring
for 30 min in dark environment. Then the solution was irradiated with
light source and stirred with magnetic force at the same time. 4 mL of the
solution was taken out and centrifuged every 20 min. The absorbance
change of the solution at 358 nm was recorded with a spectrophotom-
eter. As shown in Fig. 9(a), the catalytic effect of BWO is slightly better
than that of CBO. However, the photodegradation curve showed that the
catalytic efficiency of the composite catalyst formed by BWO and CBO
was significantly higher than that of the two single components. At 120
min, the degradation rate of 20 mg/L TC solution by BWO was about
30%, and the catalytic degradation rate of BC-1, BC-2 and BC-3 samples
reached 78.3%, 91.9% and 71.8%, respectively. The degradation rate of
BC-2 is more than three times that of BWO at the same time. The
degradation reaction rate was fitted by kinetic rate analysis, and the
degradation catalysis was in accordance with Langmuir-Hinshelwood
apparent first-order kinetic model [41]:

r=dC/dt=kk C/(1 + k C)

where r is the degradation rate (mg L_lh_l), C is the concentration of the
degraded product (mg L_]), t is the illumination time (h), k is the re-
action rate constant (mg'L_lh_l), k' is the adsorption coefficient of
degraded products (L- mg_]). Because the initial concentration of
degraded products is low, the above equation can be simplified as a first-
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order model:
—(C / CO) = Kk t = kypt

where C, is the concentration of the solution after the adsorption of the
photocatalyst reaches the adsorption desorption equilibrium, and Kapp
is the apparent first-order rate constant. As shown in Fig. 9(b), the
apparent rate constants Kapp of CBO, BWO, BC-1, BC-2 and BC-3 are
0.00146 min—', 0.00234 min~', 0.01225 min—', 0.02087 min~' and
0.00975 min™", respectively. The catalytic efficiency of BC-2 is 14.3 and
8.9 times higher than that of CBO and BWO, respectively, which in-
dicates that BWO and CBO heterojunction has higher catalytic effi-
ciency, and BC-2 heterojunction has larger contact area. It can be seen
that the formation of BWO and CBO composite photocatalyst hetero-
junction promotes the separation efficiency of photogenerated carriers
in the catalytic process, and further improves the catalytic efficiency.

Meanwhile, as shown in Fig. 9(¢), the interfacial charge transfer char-
acteristics of the sample were studied by electrochemical impedance
spectroscopy (EIS). The arc in the impedance spectrum can reflect the
catalytic performance of the catalyst. For the same photocatalyst,
through the comparison of impedance spectrum before and after illu-
mination, it is found that the impedance arc radius of each catalyst
under illumination is smaller than that without illumination, indicating
its essential characteristics as a photocatalyst. In addition, it can be seen
from the figure that the impedance arc radius of CBO and BWO is large,
and when the heterojunction is formed, the impedance arc radius of cbo-
bwo-2 nanofiber becomes significantly smaller, indicating that the
interfacial charge transfer performance of cbo-bwo-2 heterojunction is
better than that of single component photocatalyst, which is beneficial
to improving photocatalytic activity.



3.5. Catalytic mechanism of photocatalyst

The photocatalytic degradation mechanism of BC-2 was studied. The
active groups were determined by adding capture agent in photo-
catalytic reaction, and the types of active groups were determined from
the influence of capture agent on degradation efficiency. As shown in
Fig. 10(a), Sodium ethylenediaminetetraacetic (Na,EDTA), Tert butyl
alcohol (TBA) and P-benzoquinone (BQ) are used as trapping agents for
hole (h*), hydroxyl radicals (- OH), superoxide radicals (- O, ). When
Na,EDTA, TBA and BQ were added into the degradation solution, the
degradation rate of BC-2 to TC reached 45.2%, 86.9% and 34.9%
respectively in 120 min. This shows that h*, -OH, -0, has a certain
effect on the photodegradation process. In contrast, the addition of ht,
OH and O, capture significantly reduced the activity of the catalyst,
which proved that h* and - O, played a major role in photodegradation.
In addition, h* can not only directly mineralize TC, but also react with
water to produce a certain amount of -OH and then mineralize tetra-
cycline hydrochloride.

As shown in Fig. 10(b), there are two possible charge transfer
mechanisms of the catalyst, one is the traditional type II mechanism, the
other is the Z scheme. If it is type Il mechanism (left), for the production
of -O, , the conduction band position of BWO is 0.48 eV vs. NHE, which
is lower than the standard reduction potential of O,/-0,  (-0.33 eV). So
the electrons in the BWO band will not reduce the O, adsorbed on the
surface and change into the - O, . If it is Z-scheme mechanism (right),
the conduction band electrons generated by BWO transition are trans-
ferred to the h™ of CBO to complete the electron transfer and efficient
electron hole separation of the catalyst. At the same time, theh™ of BWO
and the O, produced by CBO conduction band can directly oxidize
organic molecules and decompose them into small molecules to com-
plete the degradation. It can be seen that BWO-CBO heterojunction is a
Z-scheme heterojunction. Fig. 10(c) shows the results of reusability of
photocatalyst. Four times of centrifugation recycling experiments were
carried out on the photocatalyst. After repeated photocatalytic degra-
dation of the same solution, it was found that the photocatalyst could
still retain high photocatalytic activity.

4. Conclusion

Copper bismuth-bismuth tungstate photocatalyst with one-
dimensional nanostructure was prepared by electrospinning. Bismuth
tungstate nanosheets were prepared by solvothermal method, and
doped into the precursor solution of copper bismuth. Polymer inorganic
salt nanofibers were prepared by electrospinning with PVP polymer
system. One dimensional nanofiber was obtained after high temperature
decomposition. XRD results show that the oxide prepared by slow
decomposition at 600 ‘C has obvious diffraction characteristic peaks.
Combined with XPS electronic valence, the fiber is composed of bismuth
tungstate and copper bismuth. SEM results show that the fiber has
continuous and regular morphology, and its diameter is about 280 nm.
Element distribution and high-resolution transmission electron micro-
scopy analysis showed that bismuth tungstate and copper bismuth oxide
formed semiconductor nano heterojunction. By adjusting the mass ratio
of the two composite oxides, the material showed good photocatalytic
degradation efficiency for tetracycline hydrochloride. After 120 min of
illumination, the degradation efficiency is more than 90%, and can be
recycled stably. The energy band structure of the nanofibers was
determined to be Z-type heterojunction by spectroscopic and electro-
chemical analysis. The analysis of capture mechanism of photocatalysis
free radical shows that hole and oxygen free radical participate in
oxidation reaction as main groups. In the process of photocatalysis, the
electrons in the conduction band of copper bismuth oxide flow to the
valence band of bismuth tungstate. Combined with the structural char-
acteristics of high specific surface area of nanofibers, the electron hole
separation is promoted. A large number of holes were generated in the
valence band of bismuth tungstate, and a large number of - O, were

generated in the conduction band of copper bismuth, and the photo-
catalyst showed good photocatalytic performance.
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