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Abstract

In this study, novel titanium dioxide (TiO2) and zinc oxide
(ZnO) hybrid photocatalysts in the form of nanofibres were
fabricated by a facile method using electrospinning
followed by a calcination process. Scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) were employed to investigate the
morphology and structure of the heterogeneous nanofi‐
bres. The photocatalytic performances were evaluated via
the photodegradation of Rhodamine B (RhB) under
irradiation with UV light. Due to the low recombination
rate of photo-induced charge carriers, the high utilization
efficiency of UV light and the large contact area with the
target molecules, the ZnO/TiO2 hybrid nanofibres exhibit‐
ed high catalytic activity towards the Rhodamine B, and the
amount of Zn(OAc)2 in the precursor of these nanofibres
played an important role in determining the photo decom‐
position performance.

Keywords Nanofibres, Photocatalytic Activities, Zinc
Oxide, Titanium Dioxide, Rhodamine B

1. Introduction

As a result of industrial development, a variety of contam‐
inants have been discharged into water bodies. This has
had a negative effect on the environment. Dyes, such as
Rhodamine B (RhB), are widely utilized in textile industries
due to their stability and bright colour [1]. Microorganisms
in water cannot easily degrade most dyes and some of them
can generate carcinogenic substances during the decompo‐
sition process [2]. Usually, physical and biological methods
are not effective in removing dyes from water [3]. In recent
years, photodegradation has been considered an efficient
method for treating dye-containing sewage [4, 5]. Titanium
dioxide (TiO2) has attracted much attention due to its low
cost and good photocatalytic activity [6]. TiO2 has three
main phases: rutile, anatase and brookite. The anatase form
exhibits the best photocatalytic performance due to its low
recombination rate of charge carriers [7]. Zinc oxide (ZnO),
with a band gap comparable to that of TiO2, also possesses
a high photocatalytic performance [8, 9]. However, the
band gaps of both ZnO and TiO2 are relatively high, which
limits their uses in practical applications. Both TiO2 and
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ZnO require a high-energy light source, such as UV light,
to generate photo-generated electrons and holes.

So far, research efforts have focused on increasing the
ability to harvest light, and many approaches have been
employed to modify catalysts. Typical methods are as
follows: the synthesis of heterogeneous hybrids consisting
of various semiconductors, doping with noble metals and
transition metals [10-13]. The resultant hybrids usually
exhibit much better catalytic performance than the bare
catalysts. To improve the efficiency of the contact with
contaminants, catalysts are usually fabricated at the
nanoscale. Most ZnO/TiO2 hybrids are in the form of
nanoparticles due to their unique geometries [14, 15].
However, nanoparticles are difficult to recycle from a
suspension and may cause secondary pollution [16, 17].
The catalytic performances of nanofibres are superior to
those of spherical nanoparticles due to the relatively high
specific area and unique nanoparticle alignment. This can
cause efficient charge separation through interparticle
charge transfer along the nanofibre framework [18].
Therefore, catalysts in the form of nanofibres have attracted
much attention. Electrospinning is an efficient way to
fabricate nanofibres and various shaped fibres such as
hollow tubes, ribbons and filled tubes [19-24].

In this work, ZnO/TiO2 hybrid nanofibres were prepared
via electrospinning to obtain the precursor of hybrid
nanofibres. This was followed by calcination in a muffle
furnace. The photocatalytic performance of the product
was evaluated by analysing the photodegradation of RhB
under ultraviolet illumination. The synthesized products
possessed high degradation efficiency. The ZnO/TiO2 (1 wt
%) nanofibres degraded 90% of the dyes in about 15 min.
In the present work, this is the most effective of the
prepared samples.

2. Experimental Materials

Tetrabutyltitanate (TTB), Polyvinyl pyrrolidone (PVP,
MW=1,300,000), zinc acetate (Zn(OAc)2), lithium hydroxide
(LiOH) and ethanol (CH3CH2OH) were all purchased from
Aladdin chemistry Co., Ltd. The RhB dye was obtained
from Hangzhou Gaojing Fine Chemical Co., Ltd. All of the
reagents were of analytical grade and used without further
purification.

2.1 Synthesis of ZnO-ethanol Solution

ZnO solution was obtained via a facile method using
ethanol as the solvent. Following the typical procedure, to
obtain the homogeneous LiOH solution, 0.87 g lithium
hydroxide was added to 75 ml absolute ethanol and the
mixture was sonicated for 2 h to promote dissolution. Then,
3.2 g zinc acetate was dissolved in 150 ml absolute ethanol
and the suspension was heated to 90 °C under continuous
stirring until complete dissolution was achieved. Next, the
prepared lithium hydroxide solution was added drop-wise
into the zinc acetate solution at ambient temperature under

magnetic stirring for 2 h. Finally, the mixture was magnet‐
ically stirred for 30 min after the addition process was
completed to obtain the ZnO-ethanol solution.

2.2 Synthesis of the ZnO/TiO2 Hybrid Nanofibres

Following a typical synthesis method, 1.7 g PVP was added
to 14 ml ZnO-ethanol solution under magnetic stirring for
3 h. Then, 3 ml TTB was mixed with the prepared solution
following another 3 h of stirring to obtain a homogeneous
solution. Next, the precursor was fed to the nozzleless
electrospinning device. The conditions of electrospinning
were as follows: the distance from the electrode to collector,
12 cm; voltage, 18 kV; and flow rate, 0.5 ml/h. To obtain the
ZnO/TiO2 nanofibres, the resultant spun nanofibres were
heated from room temperature to 200 °C at a controlled
heating rate of 0.5 °C/min, followed by a constant temper‐
ature for 2 h in a muffle furnace. Subsequently, it was
continuously heated up to 600 °C and then held for 3 h.
Finally, it was left to cool down to room temperature
naturally. Other nanofibres containing different amounts
of Zn(OAc)2 in the precursor can be synthesized using the
same method. Due to the usage of LiOH in the preparation
of the ZnO nanoparticles, Li element exists in the form of
Li(OAc) after reacting with Zn(OAc)2. Finally, it becomes
Li2O in the sintered nanofibres. Compared to the amount
of ZnO and TiO2, Li2O is negligible and most of them are
embedded in nanofibres. Therefore, it has little influence
on the degradation efficiency. In addition, the prepared
nanofibres containing different zinc acetate contents of 0.5
wt%, 1 wt% and 2 wt% in the precursor are denoted as ZnO/
TiO2 (0.5 wt%), ZnO/TiO2 (1 wt%) and ZnO/TiO2 (2 wt%)
nanofibres.

2.3 Photodegradation Experiments

The evaluation of the photodecomposition activity was
performed via a Xujiang electromechanical photoreactor.
This consists of a 400 W high-pressure mercury lamp,
which is placed in the centre of a quartz cold trap. Around
the trap, there is a cylinder-like barrel that is filled with
flowing cool water. A test tube with a plug used for the
storage of the RhB dyes can be set in a fixture with a circular
hole between the barrel and cold trap. The tube is sub‐
merged into the water, thus keeping the temperature of the
contaminant cool enough to avoid the volatilization of RhB.
A magnetic stirrer is provided under the reaction tube. In
each trial, 3 mg of catalyst was added to 30 ml of 2 ppm RhB
dye aqueous solutions. Prior to irradiation, the suspension
was magnetically stirred for 30 min to achieve the equili‐
brium of adsorption and desorption between the catalyst
and the dyes in the dark. At given time intervals, 3 ml of
the sample was collected from the reactor. Then, the
catalyst was eliminated from the suspension by centrifu‐
gation. The filtrate was analysed utilizing a UV-Vis
spectrophotometer to determine the concentration of the
RhB dye solution.
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3. Results and Discussion

3.1 Morphologies and Structures of the ZnO/TiO2

Heterogeneous Nanofibres

SEM analysis was carried out to investigate the morpholo‐
gies of the obtained hybrid nanofibres before and after
calcination. Compared to PVP-TTB nanofibres, the
Zn(OAc)2-PVP-TTB nanofibres with different amounts of
Zn(OAc)2 were randomly distributed, accompanying a
relatively smooth surface, depending on the amorphous
character of the nanofibres. Moreover, an increase of the
Zn(OAc)2 content in the precursor produced belt-like
nanofibres, as can be clearly seen in Fig. 1 (d). This phe‐
nomenon may be attributed to the hydrolysis of TTB. The
diameter of the precursor of hybrid nanofibres also slightly
increased. After calcination, the nanofibres decreased in
diameter due to the elimination of water and organics.
Meanwhile, the surface of these fibres was relatively rough
because of the formation of nanoparticles on it. However,
the overall morphology, such as the reticular conformation,
remained. At the same calcination temperature, the
ZnO/TiO2 (1 wt%) nanofibres possessed more fractured
surfaces existing as loose ends. These enhanced the surface
area and improved the contact area with the contaminants
during photodegradation. Therefore, the photodegrada‐
tion efficiency of the ZnO/TiO2 (1 wt%) nanofibres was
higher than that of the other nanofibres. In addition, an
element analysis of the photocatalysts was carried out
using an energy-dispersive X-ray spectrometer (EDX)
attached to the scanning electron microscope, as shown in
Fig. 2. This shows that the obtained nanofibres were
composed of carbon, titanium, zinc and oxygen elements.
Therefore, the EDX results demonstrate the coexistence of
ZnO and TiO2 in the samples. No lithium element was
detected from the EDX analysis, indicating negligible
content of Li element in the sample. The molar ratio of Ti
to Zn was about 5.1, showing a large proportion of TiO2 in
the sample. It can also be seen that there was only a little
carbon element in the nanofibre, indicating the decompo‐
sition of almost all of the PVP.

Figure 1. SEM images of PVP-TTB and Zn(OAc)2-PVP-TTB nanofibres with
different content of zinc acetate: (a) PVP-TTB, (b) 0.5 wt%, (c) 1 wt%, (d) 2
wt%

Figure 2. SEM pictures of the pure TiO2 and the ZnO/TiO2 nanofibres with
different content of Zn(OAc)2 in the precursor after calcination: (a) bare
TiO2, (b) 0.5 wt%, (c) 1 wt%, (d) 2 wt%, (e) SEM image of ZnO/TiO2 (1 wt%)
nanofibres, (f) EDX spectra from the selected region in image E

TEM analysis was carried out to further investigate the
morphology and crystalline structure. As seen in Fig. 3, the
nanofibres were made up of densely packed nanocrystals.
Compared with nanoparticles, nanofibres have large
specific areas, increasing the active sites and facilitating the
adsorption of more contaminants [18]. As shown in Fig. 3(a-
d), the diameter of the samples also increased with increas‐
ing amounts of Zn(OAc)2 in the precursor, which is
consistent with the results from the SEM observation. In
addition, the fibrous appearance of the hybrid was unal‐
tered after calcination.

Figure 3. TEM images of TiO2 and ZnO/TiO2 nanofibres containing different
amounts of Zn(OAc)2 in the precursor: (a) TiO2 (b) 0.5 wt%, (c) 1 wt%, (d) 2
wt%

To  verify  the  crystal  structure  of  the  heterogeneous
nanofibres, XRD analysis was conducted. Fig. 4 exhibits the
XRD patterns of the ZnO-PVP-TTB fibre, pure TiO2 and the
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ZnO/TiO2 nanofibres with different Zn(OAc)2 content in the
precursor. It is well known that TiO2 mainly possesses the
two crystalline phases of anatase and rutile, denoted as (A)
and (R), respectively. The typical peaks of TiO2 located at 2θ
= 24.8° and 27.1° are ascribed to the (101) plane of anatase
and the (110) phase of rutile, respectively. It could be seen
that pure TiO2 nanofibres were mainly composed of the
rutile phase. However, the intensity of the anatase A (101)
enhanced whilst the Zn(OAc)2 content in the precursor was
increased, showing the increased anatase phase of TiO2 in
the nanofibre. The ZnO phase emerged when Zn(OAc)2 was
added to the precursor. In addition, ZnO-PVP-TTB did not
show any well-defined peaks, while the peak of the ZnO/
TiO2 nanofibres was distinct, suggesting that the nanofi‐
bres exhibit good crystallinity after calcination.

Figure 4. XRD patterns of ZnO-PVP-TTB, TiO2 and ZnO/TiO2 nanofibres
with different content of Zn(OAc)2 in the precursor

XPS analysis was conducted to study the chemical states of
the prepared nanofibres. As shown in Fig. 5, the XPS
spectrum of Zn 2p had two peaks located at 1044.7 eV and
1020.7 eV, which is ascribed to Zn 2p1/2 and 2p3/2, respec‐
tively. This demonstrates the presence of Zn2+ in the
sample. Furthermore, the Ti 2p peak of the ZnO/TiO2 (1 wt
%) nanofibres emerged at 464.3 eV and 458.5 eV, which can
be ascribed to Ti 2p1/2 and 2p3/2, respectively. This also
confirms the appearance of Ti4+ in the sample. Therefore,
the XPS images further verify the coexistence of TiO2 and
ZnO in the product. In addition, the binding energy of Li
1s was 55.56 eV, which confirms the presence of Li2O. In the
EDX analysis, Li element was not detected, suggesting the
negligible content of Li.

The diffuse reflectance UV-Vis spectra of both ZnO/TiO2 (1
wt%) and TiO2 nanofibres are shown in Fig. 6. It can be seen
from the absorption spectra that the absorption edge of
ZnO/TiO2 (1 wt%) had a red shift. To calculate the band
gaps, Kubelka-Munk equation was employed. The band
gaps of ZnO/TiO2 (1 wt%) and TiO2 nanofibres were
determined to be 2.8 eV and 3.1 eV, respectively. The band
gap energy of the ZnO/TiO2 (1 wt%) nanofibres decreased
due to the synergistic effect between the conduction band
of TiO2 and that of ZnO. Both impurity and defect levels

were introduced to the forbidden band of TiO2 due to the
formation of some sub-bands. Thus, the band gap energy
reduced [25-27]. The principle of the synergistic effect
between ZnO and TiO2 is illustrated in Fig. 10.

Figure 6. (a) DRS of TiO2 and ZnO/TiO2 (1wt%) nanofibres. Data are plotted
as transformed Kubelka-Munk function versus the energy of light, (b) the
absorption spectra between 200 and 800 nm.

3.2 Photocatalytic Activities and the Kinetics Model of the ZnO/
TiO2 Nanofibres

As the RhB molecular was very stable and the bleaching
under UV light irradiation was insignificant during the
degradation process, the photocatalytic performances of
pure TiO2 and the ZnO/TiO2 nanofibres were evaluated
using RhB as a target probe molecule. The results are shown
in Fig. 7. Following 15 min of exposure to UV light, the
photo catalytic efficiencies of TiO2, ZnO/TiO2 (0.5 wt%),
ZnO/TiO2 (1 wt%), and ZnO/TiO2 (2 wt%) nanofibres were
57.06%, 81.73%, 92.57% and 47.90%, respectively. It is worth
noting that the ZnO/TiO2 (1 wt%) hybrids possessed the
highest decomposition efficiency at 92.57%. Whilst the
Zn(OAc)2 content in the precursor of the nanofibres was
increased, the photodegradation activity significantly
increased as well. However, the efficiency remarkably
decreased to values that were even lower than for pure
TiO2 when the zinc acetate content in the precursor reached
2 wt%. The anatase phase of TiO2 absorbed more UV light
than the rutile structure. Furthermore, when the amount of

Figure 5. XPS spectra of ZnO/TiO2 (1 wt%) hybrid: (a) survey, (b) Ti 2p peak,
(c) Zn 2p peak, (d) Li 1s peak
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Zn(OAc)2 content in the precursor increased to an accept‐
able range, the anatase ratio was enhanced, as shown in the
XRD patterns, thus promoting the trapping of UV light and
increasing the photocatalytic performance. At the same
time, ZnO acted as a co-catalyst and decreased the recom‐
bination of the charge carriers. However, when the amount
of zinc acetate increased to 2 wt%, ZnO could have been
excessive, and it is likely that too many holes accumulated
on the conduction band. Therefore, superfluous charge
carriers could not be consumed instantaneously, and
excessive ZnO may have acted as recombination centres for
electrons and holes. In this case, the doping of ZnO could
improve the proportion of anatase phases and generate
many charge carriers by enhancing the absorption of UV
light in TiO2, which is consistent with the XRD analysis
results. However, the total number of separated charge
carriers declined after balancing the two opposite effects.
Thus, superfluous Zn(OAc)2 led to poorer photodegrada‐
tion performances for the ZnO/TiO2 (2 wt%) nanofibres
compared to the pure TiO2 nanofibres. The reason for the
decrease in the photo activity with increasing Zn(OAc)2

content to 2 wt% is as follows: the doping of a large amount
of ZnO remarkably decreased the total number of separat‐
ed electrons-holes.

Figure 7. The photocatalytic performance of the sample for RhB degradation

The temporal concentrations of the solution at different
given times were estimated by the UV-Vis absorbance at
about 554 nm, which corresponds with the typical maxi‐
mum absorption wavelength of RhB. Fig. 8 shows the
function of UV-Vis light absorbance versus time and it can
be seen that the absorption intensity gradually declined as
time went on, indicating the gradual degradation of the
contaminant. The location of the maximum adsorption
peak remained unchanged during the analysis process,
suggesting that there were no impurities in the analysed
solution. Moreover, the colour of the RhB solution changed
from pink to almost colourless during the entire degrada‐
tion process over approximately 15 min of illumination
time, implying the reducing concentration of RhB.

Figure 8. Absorption spectral changes of RhB under UV light illumination
(ZnO/TiO2 (1 wt%)

The degradation process of RhB was analysed via the
establishment of the Langmuir-Hinshelwood model
[28-30]. The relevant equations are expressed as follows:
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In eq(1), rt is the reaction rate, ct is the concentration of the
RhB dyes at time t, kr is the reaction rate constant, K1 is the
coefficient of adsorption of the RhB dyes, K2 is the adsorp‐
tion coefficient of dissolvent and cst is the concentration of
the solvent at time t. Compared with the reactant, the
adsorption of the dissolvent is negligible. Hence, eq(1) can
be expressed as eq(2). Meanwhile, the concentration of the
dyes is extremely low and K1Ct is much lower than 1.
Therefore, eq(2) can be further simplified to eq(3), where K
is the product of kr and K1 and is also a constant. As shown
in eq(4), the final kinetic model (eq(5)) can be obtained by
computing the integral of eq(3). As seen in eq(5), the
constant K represents the efficiency in the degradation of
the RhB dyes. The kinetic curves and the relevant constants
(K) are shown in Fig. 9 and Table 1. The reaction rate
constant (K) was 0.0550, 0.1161, 0.1736 and 0.0437 min-1 for
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the Zn(OAc)2 amounts in the precursor of 0, 0.5 wt%, 1 wt
%, and 2 wt%, respectively. The K value of the ZnO/TiO2 (1
wt%) nanofibres was the highest among these samples,
suggesting that the degradation efficiency of the ZnO/
TiO2 (1wt%) nanofibres was higher than that of other
nanofibres. From the result, it can be said that the amount
of Zn(OAc)2 content in the precursor of the nanofibres
played a vital role in the degradation process of the RhB
dyes. When the Zn(OAc)2 content in the precursor of the
sample was increased, the removal efficiency also in‐
creased, which could be attributed to the enhanced
synergistic effect between ZnO and TiO2. Meanwhile, an
excessive amount of Zn(OAc)2 content in the precursor
caused a decrease in the K value. This is because superflu‐
ous ZnO possibly became recombination centres, thus
reducing the separation efficiency of photo-generated
electrons and holes.

Figure 9. Fitting curves of the kinetic model for various nanofibres

Samples
Photo
Catalyst

Kinetic Equation K(min-1) R2

1 TiO2 ln(C0/C)=0.0550t 0.0550 0.998

2
ZnO/TiO2

(0.5%)
ln(C0/C)=0.1161t 0.1161 0.996

3
ZnO/TiO2

(1%)
ln(C0/C)=0.1736t 0.1736 0.998

4
ZnO/TiO2

(2%)
ln(C0/C)=0.0437t 0.0437 0.997

Table 1. The kinetic equations, rate constants (k) and regression coefficients
(R2) of photocatalytic degradation of RhB for various samples

3.3 Photocatalytic Mechanism

Based on the above results, a possible mechanism proposed
for the degradation of the RhB dyes by ZnO/TiO2 nanofi‐
bres is shown in Fig. 10. The improved activity in the
photodegradation could be attributed to the enhanced
separation efficiency of charge carriers resulting from the
charge transfer between ZnO and TiO2. The charge carriers
were generated simultaneously via the excitation by UV
illumination and gathered on the conduction and valance

bands of ZnO and TiO2, respectively. Without doping with
ZnO, the photo-induced electrons and holes generated
from TiO2 could quickly recombine with each other, thus
resulting in reduced photo catalytic performance. After the
introduction of ZnO, some sub-bands were formed by
introducing both defect levels and impurities into the
forbidden band, which resulted in a decrease in the energy
gap. Additionally, the ability of the ZnO/TiO2 nanofibres to
harvest UV light was improved due to the decrease in the
band gap of TiO2 [25-27]. Furthermore, due to the syner‐
gistic effects between ZnO and TiO2, the recombination rate
of the charge carriers was suppressed. Thus, more electrons
and holes were available to decompose the contaminants
and enhance the photo catalytic efficiency. Moreover,
photo-induced electrons are mainly consumed in two
ways: the first is the reaction with H2O and O2 adsorbed on
the surface of the catalysts, resulting in the production of
some radicals and negative ions [31, 32]. The second is the
combination with dissolved O2 in water, leading to the
consumption of electrons to promote the separation
process [33, 34]. As described above, the electrons from the
ZnO and holes from the TiO2 could transfer to the corre‐
sponding bands of the counterpart and also facilitate the
separation of charge carriers. After introducing ZnO to
TiO2, the separation efficiency substantially increased.
Thus, the photo catalytic activities significantly improved.

Figure 10. Photocatalytic mechanism diagram of samples

4. Conclusions

In summary, ZnO/TiO2 photo catalysts were synthesized
successfully and exhibited excellent photocatalytic per‐
formances in the decomposition of RhB dyes. The amount
of Zn(OAc)2 content in the precursor of nanofibres heavily
influenced the photodegradation activities and diameters
of the prepared nanofibres. The optimum content of zinc
acetate in the precursor was found to be 1 wt%. The
optimum photo-decomposition activities are attributed to
the low recombination rate of the photo-generated charge
carriers, the high utilization of ultraviolet light and the
large contact area with contaminants. This work provides
a potential photocatalyst for the degradation of contami‐
nants and a facile way to prepare a recyclable photocatalyst.
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