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Abstract: Semiconductor photocatalysis technology is an environmentally friendly and efficient
emerging technology. This method can use sunlight as a driving force to quickly decompose organic
pollutants in water bodies. Zinc oxide (ZnO) and tungsten oxide (WO3) photocatalysts can absorb
sunlight and participate in photocatalytic degradation reactions due to their relatively narrow band
gap. Highly photosensitive WO3 nanofibers and ZnO/WO3 composite nanofibers were fabricated
via the electrospinning method. When 100 mg/L of rhodamine B (Rh B) solution was used as the
degradation substrate, the degradation efficiencies of WO3 and ZnO/WO3 for Rh B dye were 70%
and 90%, respectively, after a photocatalytic reaction of 120 min. The surface morphology, crystal
structure, and optical properties of ZnO/WO3 composite nanofibers and WO3 nanofibers were
characterized by SEM, XRD, XPS, and UV-vis absorption spectra, and the experimental results were
analyzed and explained using different mechanisms. The results show that ZnO/WO3 composite
nanofibers have better UV-visible light absorption performance, and the sample has a higher UV-
visible light utilization rate. This was mainly due to the fact that a P-N heterojunction was formed
in the semiconductor composite, and the electron–hole pair could realize rapid separation under
the drive of a built-in electric field force, which promoted the migration of carrier. Therefore, the
photocatalytic activity of the ZnO/WO3 catalyst was significantly higher than that of the WO3

catalyst, which promoted rapid improvement of the photocatalytic degradation efficiency of the
Rh B dye.

Keywords: electrospinning; composite nanofibers; wastewater treatment; photocatalysis;
rhodamine B

1. Introduction

Water occupies an indispensable position in human production activities and is the
source of human survival [1]. However, with the development of science and technology,
a large amount of sewage is discharged into nature, polluting the water environment.
The aggravation of water pollution leads to the shortage of water resources. Therefore,
the development of wastewater treatment and reuse technology is urgently required in
the future [2]. At present, biological treatment, adsorption, chemical oxidation treatment,
physical chemical treatment, and other methods are mainly used for wastewater treat-
ment [1,3]. In recent years, with the rapid development of industry and the widespread
use of various drugs, more and more new pollutants have been detected in the water
environment [4–7]. These pollutants are widely distributed and of various kinds. When
traditional treatment methods are adopted, there will be many problems, such as difficulty
in degrading pollutants thoroughly and secondary pollution caused by by-products after
water treatment. An increasing number of researchers pay attention to the research of
water pollution control technology, and develop low-cost green photocatalytic degradation
technology [8–11]. The core of photocatalytic technology is photocatalytic materials, most
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of which are semiconductor materials. The semiconductor photocatalyst is simple and
efficient to degrade pollutants, which can completely mineralize and remove pollutants
without secondary pollution, making it a research hotspot of current sewage treatment
technology [12].

Since the discovery of TiO2, it has been widely studied as a classical photocatalyst.
At present, TiO2 preparation, crystal control, morphology control, and other aspects of
technology have become increasing perfect [13–15]. However, a TiO2 wide band [1] gap
leads to a low visible light response rate, and cannot fully and effectively use visible light
for photocatalysis, restricting its widespread industrial utilization [16]. In order to solve this
problem, researchers began to modify TiO2, hoping to broaden its visible light absorption
range, so as to modify TiO2 using semiconductor doping elements, semiconductor surface
modification, and the construction of heterojunction. Park B.G. et al. [17] prepared TiO2
photocatalysts doped with metal ions (Fe, Ag, and Ni) and non-metallic N using the sol–
gel method, and explored its photocatalytic performance under visible light. The results
showed that the doped elements successfully expanded the light absorption range of
TiO2 to a visible light region. The photoluminescence intensity of N/Ni/TiO2 was the
highest among many doping schemes, and the photodegradation of formaldehyde and
methylene blue was the best. Akpan U.G. et al. [18] researched the TiO2 doping of various
sol–gels and sol–gel-related systems, and by doping rare earth metal ions, transition metal
ions, alkaline earth metal ions, and non-metallic ions, they finally concluded that TiO2
co-doping generally improved the photocatalytic efficiency of the catalysts. However,
doping transition metals can reduce the photocatalytic efficiency of the catalyst. TiO2
modified by these methods can indeed improve its visible light absorption performance
to a certain extent, but the photocatalytic activity of the material still has plenty of room
for improvement. Therefore, it is a very valuable research mission to search for other new
photocatalytic materials with stable properties, suitable band structures, and visible light
responses. At present, common photocatalytic materials include TiO2, WO3, ZnO, Fe2O3,
Ag3PO4, etc. [19–22]. Among them, WO3 is a kind of metal oxide with photocatalytic
activity, a large surface area, stable properties, good adsorption, and excellent physical and
chemical properties, and is an important N-type semiconductor. At the same time, WO3 is
non-toxic, cheap, and easy to prepare; its band gap is relatively small, and its band structure
is suitable and can respond to visible light [23–25]. These advantages eventually make it
a crucial material in the field of photocatalysis. Li et al. [26] synthesized MnWO4/WO3
nanofibers to degrade methylene blue (MB) dye in a short and rapid time, and proposed a
new low-cost and efficient way to degrade organic pollutants.

The band gap width of WO3 is 2.4–2.7 eV, which is lower than that of TiO2 (3.2 eV).
Therefore, theoretically, WO3 has a higher utilization rate of sunlight. Under the excita-
tion of visible light, the electrons in the valence band of WO3 undergo a semiconductor
transition to the conduction band, which stimulates both electrons and holes to participate
in the photocatalytic degradation reaction [27]. In addition, compared with TiO2, the
price of WO3 is relatively low. Hence, it is cost-effective, with practical production and
application conditions.

ZnO is one of the most commonly used photocatalytic materials in the third generation
of wide-band-gap semiconductors, and its band gap is about 3.2 eV [28,29]. It has a con-
ductivity of about 10−7–10−3 S/cm [30]. Under the excitation of near-ultraviolet (UV) light,
ZnO can show excellent photocatalytic activity in degrading organic pollutants. However,
the band gap width of ZnO is too large, so it is necessary to reduce its gap width, which
can improve the absorption range of visible light [31]. The photocatalytic performance of
ZnO can also be improved by reducing the recombination rate of photoelectrons and holes.
At the same time, the morphology of nano-ZnO can be controlled and the specific surface
area can be increased to improve the photocatalytic performance of ZnO. However, the
undoped ZnO exhibits low photocatalytic efficiency due to the inadequate utilization of
sunlight and the rapid recombination of charge carriers, thus affecting the catalysis rate of
the toxic dye degradation.
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Redouane et al. [32] synthesized the ZnO/Mt nanocomposite via a simple approach.
In comparison with pure ZnO, the photocatalytic activity of ZnO/Mt nanocomposite
towards the degradation of the organic pollutant Rhodamine B (Rh B) is greatly enhanced
when exposed to UV light, and they have found the ZnO/Mt nanocomposite sample can
effectively degrade hazardous organic pollutants under UV light and can have strong
potential application in environmental management. Hence, it is necessary to reduce the
band gap of the ZnO to harvest more sunlight for photocatalysis.

In this study, WO3 and ZnO/WO3 nanofibers were prepared via electrospinning,
and their photocatalytic properties were tested. The ZnO/WO3 composite nanofibers can
respond to both near-UV and visible light irradiations. This composite method can effec-
tively broaden the spectrum response range of semiconductor materials. The relationship
between the photocatalytic activity and degradation efficiency of Rh B solution with a
concentration of 100 mg/L was studied. A 300 W xenon lamp was used as the light source
to carry out photocatalytic degradation experiments in a photocatalytic protection chamber.
The photocatalytic performance of WO3 nanofibers and ZnO/WO3 composite nanofibers
in the degradation of Rh B was compared under the irradiation of UV-visible light. The
experimental results show that the adsorption and photocatalytic degradation efficiencies
of ZnO/WO3 composite nanofibers were significantly higher than those of WO3 nanofibers.

2. Materials and Methods
2.1. Materials

Ammonium metatungstate (AMT), rhodamine B(Rh B), zinc acetate (Zn (CH3COO)2), N,
n-dimethylformamide (DMF), and absolute ethyl alcohol were purchased from Shanghai Al-
addin Biochemical Technology Co., Ltd. (Shanghai, China). Polyvinylpyrrolidone (PVP) and
acetone were purchased from Maclin Biochemical Technology Co., LTD (Shanghai, China).
All the reagents used in the synthesis procedure were analytical pure-grade chemicals.

2.2. Preparation of WO3 and ZnO/WO3 Composite Nanofibers

Firstly, a certain amount of AMT and PVP was weighed using an electronic balance
and dissolved into 6 mL of deionized water and 3 mL of DMF. Transparent WO3 precursor
solution was formed after 10 h of constant rotation and agitation with magnetometer. Then,
6 mL of deionized water and 3 mL of DMF were added to a certain amount of AMT and
zinc acetate in a beaker. Uniform transparent ZnO/WO3 precursor solution was obtained
after the mixed solution was stirred at a uniform speed with a magnetic agitator for 10 h.

The configured WO3 and ZnO/WO3 precursor solutions were placed into syringes,
respectively. Before electrostatic spinning, the voltage of the working high-voltage power
supply was set to 14.5 kV, the needle of the syringe was connected to the positive pole of
the DC power supply, and the aluminum foil metal plate was connected to the negative
pole of the DC voltage source. The spinning needle was adjusted to a certain distance
from the aluminum foil. Generally, the distance between the aluminum foil metal plate
and the spinning needle was set to 10 cm. WO3 and WO3/ZnO precursor solutions were
spun under the action of an electric field force and a double-channel injection pump at
uniform speed, and the filamentous nanofibers were received by an aluminum foil metal
plate. Then, the prepared fiber samples were kept under a constant temperature at 80 ◦C
for 3 h in a drying oven. Finally, the two fiber samples were placed in a tubular furnace at
a heating rate of 2 ◦C/min and calcined at 500 ◦C for 4 h to obtain WO3 and ZnO/WO3
composite nanofibers.

2.3. Photocatalytic Degradation

The photocatalytic degradation of Rh B using WO3 and ZnO/WO3 nanofiber samples
prepared in this study was carried out in a special photocatalytic protective chamber.
Firstly, 300 mL of 100 mg/L Rh B aqueous solution was measured and 0.20 g of WO3
and ZnO/WO3 fiber samples were weighed and added into an Rh B aqueous solution,
respectively. In order to avoid the interference caused by the adsorption of the dye to the
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experimental data, the solution was first placed in a dark environment and stirred at a
constant speed for 30 min, and then stopped after reaching the adsorption equilibrium
condition. Then, a 300 W high-power xenon lamp was used as an UV light source, and
the distance between the light source and the reactor was about 15 cm. The photocatalytic
degradation experiment was carried out for 120 min under UV irradiation, and 6 mL
samples were taken every 20 min. The concentration of Rh B was measured using UV–
visible spectrophotometry (PerkinElmer, Lambda 35) at a maximum absorption wavelength
of 550–554 nm. The degradation rate was calculated using Equation (1) [6]:

E = (1− C/C0)× 100% (1)

where C is the Rh B concentration after photodegradation with UV–visible light and C0 is
the initial concentration of Rh B.

2.4. Characterizations

The morphologies of WO3 and ZnO/WO3 nanofiber samples were characterized with
a scanning electron microscope (SEM, Zeiss, Jena, Germany), manufactured by Hitachi,
Japan (S-3400 model), with a working voltage of 20 KV. SEM involves the use of high-energy
electron beams to bombard the surface of the sample and stimulate the physical information
of the sample. Through information amplification, collection, and re-imaging, the purpose
of material morphology characterization is achieved.

Cu-ray source X-ray diffraction (XRD) was used to determine the crystal structure,
manufactured by Brock GMBH (D8advance model). XRD involves the use of X-ray incident
beams to determine the crystallinity of a substance, according to the spatial arrangement
of atoms and structural characteristics. In this study, XRD was used to test WO3 and
ZnO/WO3 nanofiber samples’ crystal shape and growth direction. XRD test conditions
were set to 30 kV and 20 mA Cu-Kα radiation to determine the crystal phase and crys-
tal type.

X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific,
Waltham, MA, USA) was used to measure the surface ion valence states, elemental composi-
tion, and electron binding energy of the WO3 and ZnO/WO3 nanofiber samples. Moreover,
XPS can be used to semi-quantitatively analyze the surface composition and determination
of element valence. The wide application of XPS technology enables us to determine the
valence state and surface electronic state of elements more accurately. This method has the
characteristics of shallow analysis depth, small test area, and intact sample shape.

The ultraviolet–visible (UV-vis) absorbance/transmittance data were recorded with a
UV-1800 spectrophotometer (Shimadzu Co., Kyoto, Japan) or a Varioskan LUX micro-plate
reader (Thermo Fisher Scientific Inc., Waltham, MA, USA). UV-vis can be used to measure
the absorption spectrum of UV-visible light with a wavelength range of 200–800 nm, which
can be used to test the absorption band edge and band gap width of WO3 and ZnO/WO3
nanofiber samples.

3. Results and Discussion
3.1. Morphological Analysis

The morphologies of the prepared WO3 and ZnO/WO3 nanofiber were observed
using SEM, as shown in Figure 1. Figure 1a,b show the WO3 nanofibers and Figure 1c
shows an SEM image of the WO3 nanofibers calcined at 500 ◦C. Figure 1d,e show the
ZnO/WO3 composite nanofibers and Figure 1f shows the SEM image of the ZnO/WO3
nanofibers calcined at 500 ◦C. Figure 1 shows that the overall morphologies of WO3 and
ZnO/WO3 composite nanofibers were uniformly distributed, with smooth surfaces and
similar diameters, as well as an average diameter of about 2 µm. After the nanofibers
were calcined at high temperatures, the crystal water was completely decomposed and
volatilized, the overall morphology of the fiber changed significantly, the surface pores
increased, and the fiber became rougher because the nanoparticles formed by crystallization
were widely distributed on the surface of the fiber. After being calcined at high temper-
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atures, ZnO/WO3 composite nanofibers promoted surface particle crystallization due to
phase separation, the fiber diameter became thinner, and the surface was rough and had
no directional distribution. The fibers thinning would significantly increase the specific
surface area, which would help to improve the light absorption efficiency and provide
more active sites for the photocatalytic degradation of organic dyes [33].
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3.2. X-ray Diffraction Spectroscopy

In order to study the phase structure of WO3 nanofibers and ZnO/WO3 composite
nanofibers, we analyzed them using a XRD characterization test. As shown in Figure 2,
at diffraction angles of 2θ = 23.139◦, 34.936◦, 42.235◦, 46.243◦, and 49.362◦ peaks were
observed, corresponding to monoclinic phase WO3. At diffraction angles of 2θ = 30.783◦,
36.791◦, and 45.764◦, peaks were observed, corresponding to ZnO. The XRD pattern shows
that the diffraction peaks of WO3 nanofibers and ZnO/WO3 composite nanofibers after
high temperature calcination have great intensity and sharp shapes, which proves its high
crystallinity. No diffraction peaks of other compounds were detected in the phase structure,
indicating that the WO3 nanofibers and ZnO/WO3 composite nanofibers prepared by us
are single pure substances.

3.3. Absorption Characteristics Analysis

In order to study the optical absorption characteristics of WO3 nanofibers and
ZnO/WO3 composite nanofibers, the UV absorption spectra of the fiber samples were tested
and analyzed. Figure 3a,b, respectively, show the experimental results of the photocatalytic
degradation of Rh B dye using WO3 nanofibers and ZnO/WO3 composite nanofibers from
the initial time to the end of 120 min. With the progress of the photocatalytic reaction,
the color of Rh B dye was gradually lightened due to continuous degradation, and the
absorbance of the solution decreased rapidly, indicating that RhB was rapidly degraded,
which was the result of the direct fracture of the conjugated chromophores [30]. In ad-
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dition, the maximum absorption wavelength of Rh B was 553 nm, and the experimental
results show that the strongest absorption peak was observed at a 542 nm wavelength
and the maximum absorption wavelength was blue-shifted. The possible reason for this
phenomenon is the aggregation phenomenon between molecules. A large number of
nanoparticles gathered on the surface of the fiber, which made the surface of the nanofiber
rough and increased the specific surface area in contact with the Rh B dye, so that more
active sites could become involved in the reaction. Figure 3 also shows that during the
degradation of Rh B dye, the degradation degree of ZnO/WO3 composite nanofibers was
significantly more thorough than that of WO3 nanofibers. After 120 min of photocatalytic
degradation, the absorption peak strength of ZnO/WO3 composite nanofibers became very
weak, indicating that Rh B dye became almost completely degraded within 120 min, while
WO3 nanofibers still had a high absorption peak strength. This indicates that Rh B dye
was not completely degraded within 120 min. Therefore, ZnO/WO3 composite nanofibers
have better photocatalytic degradation efficiency and will be suitable for textile wastewater
treatment applications.
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3.4. XPS Analysis

In order to study the elemental composition and chemical valence identification of
ZnO/WO3 composite nanofiber samples, X-ray photoelectron spectroscopy was used to
test and analyze the ZnO/WO3 nanofiber samples. Figure 4a shows the full XPS spectra
of ZnO/WO3 samples. The figure shows that ZnO/WO3 indicating that the samples are
composed of two compounds, ZnO and WO3, which is consistent with the test results
of XRD. Figure 4b shows the two characteristic peaks corresponding to the Zn2p atomic
states. The characteristic peaks at the electron binding energy of 1022.1 eV and 1044.9 eV
corresponded to the Zn2p3/2 and Zn2p1/2 atomic states of Zn2+. Figure 4c shows the two
characteristic peaks corresponding to W4f. The characteristic peak at the electron binding
energy of 88.5 eV corresponded to the atomic state W4f. Figure 4d shows the characteristic
peak corresponding to O1s, and the corresponding electron binding energy was 530.5 eV.
The analysis results are consistent with the elemental composition detected by XRD.
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3.5. Photocatalytic Degradation Efficiency

In order to study the photocatalytic degradation efficiency of Rh B in WO3 and
ZnO/WO3 nanofiber samples, 100 mg/L of Rh B aqueous solution was selected as the
target pollutant, and the photocatalytic degradation performance of WO3 and ZnO/WO3
nanofiber samples was tested. In order to avoid the error of degradation efficiency caused
by the adsorption of the sample to Rh B solution, the adsorption–desorption experiment
of the sample was first carried out in dark conditions, and then the degradation efficiency
of the sample was measured under the irradiation of UV-visible light. Figure 5a shows
the photocatalytic degradation efficiency of WO3 nanofibers and ZnO/WO3 composite
nanofibers on Rh B solution after 120 min photocatalytic degradation experiment. Figure 5a
shows that the degradation rate increased with the increase in reaction time. However,
the degradation efficiency of a single WO3 nanofiber was low after 120 min of UV-visible
light irradiation, and the degradation efficiency of WO3 on Rh B solution was measured to
reach about 70%, indicating that WO3 nanofibers did not completely degrade Rh B. Com-
pared to WO3 nanofibers, ZnO/WO3 composite nanofibers showed better photocatalytic
performance. After 120 min of UV-visible light irradiation, the photocatalytic degradation
efficiency of ZnO/WO3 composite nanofibers reached 90%, which indicates that the photo-
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catalytic degradation efficiency of ZnO/WO3 composite nanofibers is significantly higher
than that of WO3 nanofibers.
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For pseudo-first-order reaction kinetics, Formula (2) was used for the fitting analysis
of the photodegradation process of R hB. Time was used as the independent variable to
process the test data and draw the kinetics fitting curve.

ln
(

C0

Ct

)
= kt (2)

where t represents the illumination time; t represents the concentration of R hB in solution
when the reaction time is t. C0 represents the RhB concentration in the solution before
photocatalytic treatment.

Figure 5b shows the fitting curve of degradation kinetics, pseudo-first-order kinetic
model for the data fitting. The degradation rate constants (k) of both WO3 nanofibers and
ZnO/WO3 composite nanofibers were 0.011 min−1 and 0.017 min−1, respectively. The k
value of ZnO/WO3 composite nanofibers was 1.5 times that of WO3 nanofibers, and this
was due to the fact that ZnO had provided adsorption sites, which enabled Rh B molecules
in contact with the catalyst surface to be absorbed in large quantities, accelerating the
degradation of Rh B [34].

Figure 6 shows the photocatalytic mechanism of ZnO/WO3 composite nanofibers
on Rh B dye. When the energy generated by external visible light is greater than the
band gap width (Eg) of ZnO (Eg = 3.2 eV) and WO3 (Eg = 2.7 eV), the photogenerated
electrons in ZnO and WO3 valence bands would be excited and jump to the conduction
band, and a large number of holes would be generated in ZnO and WO3 valence bands.
Because the conduction potential of WO3 is higher than that of ZnO, and the valence
potential of ZnO is lower than that of WO3, when ZnO and WO3 are in contact with each
other, heterojunction is formed in the interface region of contact [35]. Under the action
of potential gradients and the internal electric field, the excited photogenerated electrons
transfer from the surface of ZnO to WO3 conduction band, and finally a large number of
photogenerated electrons accumulate in the WO3 conduction band. Under the action of the
built-in electric field, the holes in the WO3 valence band would migrate to the ZnO valence
band with a lower electric potential, and eventually a large number of holes would gather
in the ZnO valence band, thus realizing the effective separation of electron–hole pairs. A
large number of photogenerated electrons gathered in the WO3 conduction band would
be captured by O2 molecules dissolved in aqueous solution, forming superoxide radical
·O2-, while a large number of holes gathered in ZnO valence band would be captured by
H2O molecules in aqueous solution, forming OH radicals. In a photocatalytic reaction
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system, both electrons and holes can participate in the degradation process, but in different
ways. Electrons are mainly involved in the degradation of the chromophores, while holes
are mainly involved in the process of deethylation [36]. The heterogeneous composite
semiconductor can effectively separate the electron–hole pairs, enhance the photocatalytic
activity of ZnO/WO3, and greatly improve the photocatalytic degradation efficiency of Rh
B dye. The photocatalytic mechanism involved in the degradation of Rh B organic dye can
be expressed as follows [37]:

• ZnO/WO3+ hν→ ZnO/WO3 + e− + h+;
• O2 + e−→ ·O2

−;
• ·O2

− + e− + 2H+ → H2O2;
• H2O2 + e− → ·OH + OH−;
• H2O + h+ → ·OH + h+;
• ·O2

− (or ·OH) + Rh B (dye)→ degradation products;
• h+ + Rh B(dye)→ degradation products.
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4. Conclusions

We successfully prepared WO3 nanofibers and ZnO/WO3 composite nanofibers using
the electrospinning method, with a specific surface morphology and size of composite
nanofibers. Compared with traditional synthesis methods, WO3 nanofibers and ZnO/WO3
composite nanofibers prepared using the electrospinning method were found to have
smaller diameters and smoother surfaces, and a large number of nanoparticles were at-
tached to the surface of the fibers to increase the contact area with the Rh B dye surface, thus
effectively improving the photocatalytic activity. Therefore, nanostructured fiber materials
prepared by electrospinning were found to have stronger photocatalytic activity. Com-
pared with WO3 nanofibers, ZnO/WO3 composite nanofibers were found to have better
UV-visible light absorption performance, and the sample has a higher UV-visible light uti-
lization rate. This is mainly due to the formation of a P-N heterojunction in a semiconductor
recombination model and the rapid separation of electron–hole pairs under the drive of a
built-in electric field force, which promotes carrier migration. The photocatalytic degra-
dation results show that the degradation efficiency of ZnO/WO3 composite nanofibers
reached about 90% after 120 min photocatalytic degradation under the same conditions,
which can almost achieve the complete degradation of Rh B dye. The semiconductor
composite construction technology of heterojunction will promote the rapid development
of semiconductor photocatalysis. The excellent photocatalytic degradation performance
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will expand the use of ZnO/WO3 composite nanofibers in the textile wastewater treatment
field in the future.
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