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ABSTRACT

Beaded ZnTiQ, fibers have been fabricated by a combination of sol-gel, electrospinning and cal-
cination techniques. The ZnTiO, can be obtained by calcining at 700°C for 3.5 h. The morphology
and structure of the obtained photocatalytic material were characterized by various analyti-
cal techniques such as scanning electron microscopy (SEM), transmission electron microscope
(TEM), energy dispersive X-ray spectroscopy (EDX), Fourier transform infrared (FI-IR) and X-ray
diffraction (XRD). Their photocatalytic activity was evaluated by the decomposition of methyl
violet dye solution under simulated solar light irradiation. The fibers exhibited a beaded-like
morphology as shown in the TEM image. The effect of different morphology including fibers
and short fibers on the photocatalytic performance was also investigated. For the ZnTiO, fibers
and short fibers, almost all the dyes were degraded after 4 h and 3 h, respectively.
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1. Introduction

In the past decade, with the development of indus-
tries, the detrimental effects of environmental contami-
nation due to dyes and pigments are becoming more
and more serious. As a result, considerable attention
has been focused on effective purification methods for
the treatment of the dyes and pigments. However, the
existing methods like adsorption or biological treat-
ment appear to have many drawbacks, since the former
involves only phase transfer of the pollutants without
degradation, and the latter cannot be applied to con-
taminants which are toxic or refractory to the bacteria
[1]. This leads to the investigation of another effective,
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pollution-free and low cost method. Solar energy, an
inexhaustible natural energy source, could be widely
applied for color removal and organic degradation of
the dyes and pigments. Recently, among all the photo-
catalysts, the role of metal oxide photocatalysts such as
titanium oxide and zinc oxide is becoming more and
more important since they have some advantages over
other materials [1-8].

TiO, and ZnO are both wideband semiconductors
with excellent properties and extensive applications,
which have attracted much interest on either single
material [9,10] or ZnO-TiO, composites [11-15]. There
are five compounds in ZnO-TiO, binary oxide system,
that is, ZnTiO, (cubic, hexagonal), Zn,TiO, (cubic, tetrag-
onal) and Zn,Ti,O, (cubic) [16]. Among them, ZnTiO, is
a promising candidate as a paint pigment [17], catalytic
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sorbent for the desulfurization of hot coal gases [18],
and gas sensor for the detection of ethanol, CO, etc. [19].
ZnTiQO, also has potential applications as a photocataly-
sis material [16]. Synthesis of ZnTiO, from 1ZnO and
1TiO, by solid-state reaction method is very difficult
because it tends to decompose into Zn,TiO, and rutile
during solid-state reaction process. There are several
methods to prepare ZnTiO,, such as the solid-state reac-
tion method [20], sol-gel process [21], and molten salt
synthesis [22], etc. Here we use electrospinning, a simple
and convenient method to prepare ZnTiO, fibers.

The electrospinning method was first developed in
the 1930s [23] and is a fabrication process of fibers from
elongation of polymer solutions under a high electri-
cal field. A variety of polymers can be electrospun to
form uniform fibers. Recently, it has been demonstrated
that electrospinning and controlled calcination can be
combined to provide a simple route to prepare one-
dimensional inorganic semiconductor fibers, such as
TiO, [24-27], ZnO [28] and SnO, [29], etc. The fibers pre-
pared by electrospinning have good orientation, large
specific surface area, large aspect ratio, and dimensional
stability, which can be applied in tissue engineering [30],
desalination [31], sensing [32] as well as catalysis [33].

In this paper, beaded ZnTiO, fibers were prepared
with a combination of sol-gel, electrospinning and calci-
nation technique. The photocatalytic properties of elec-
trospun beaded fibers in the photochemical degradation
of methyl violet dye solution under simulated solar light
irradiation were first investigated, though the ZnTiO,
fibers have been already produced by electrospinning
technique [34,35]. And, we also discussed the effect of
different morphology including long beaded fibers and
short beaded fibers on the photocatalytic performance.
The morphology and structure of the obtained photo-
catalytic material were characterized by various ana-
lytical techniques such as scanning electron microscopy
(SEM), transmission electron microscope (TEM), energy
dispersive X-ray spectroscopy (EDX), Fourier transform
infrared (FT-IR) and X-ray diffraction (XRD).

2. Experimental
2.1. Materials

Tetrabutyl titanate {[CH,(CH,),O],Ti, 298%, CP} was
purchased from China Huishi Biochemistry Chemical
Company. Absolute ethanol (GR), acetic acid (GR) zinc
nitrate hexahydrate [Zn(NQO,),-6H,0, AR] and methyl
violet were supplied by Beijing Chemical Reagent Plant.
N, N-dimethylformamide (DMF, AR) was purchased
from Tianjin Tiantai Chemical Factory. Polyvinylpyrrol-
idone (PVP, M,,=1,300,000) was purchased from Aldrich.
All the above chemicals were used as received without
further purification.

2.2. Synthesis

The precursor sol for electrospinning was prepared
in the following procedures. In a typical synthesis,
0.3816 g Zn(NO,),-6H,0O was dissolved into a solution
of 1.555 g absolute ethanol and 1.422 g DMF under vig-
orous stirring for 10 min. Subsequently, this solution
was added drop-wise into the mixture of 1 g acetic acid
and 2 g absolute ethanol that contained 0.51 g PVP and
0.4375 g [CH,(CH,),0],Ti to give a spinnable sol. The
solution was delivered to a glass syringe (inner diameter:
about 1 mm, outer diameter: about 1.5 mm). As a high
voltage of 15 kV was applied, the solution jet accelerated
towards the cathode, which was placed 15 cm from the
needle tip, leading to the formation of fiber arrays onto
the substrate accompanied by partial solvent evapora-
tion. The operating flow rate was 0.30-0.40 mlh™.

The as-spun fibers were calcined at 700°C for 3.5 h in
air with a heating rate of 4°C min™ to completely elim-
inate the organics. After natural cooling to room tem-
perature, the fibers were ground to obtain short fibers.
Then, the fibers and short fibers were denoted as LF and
SF, respectively.

2.3. Characterization

Thermogravimetric analysis (Pyrisl1 TGA) was con-
ducted in air atmosphere over the temperature region
100-800°C at a heating rate of 10°C min™ with 5.2 mg
as-spun fibers. The structures of the samples were char-
acterized by X-ray diffraction (XRD) equipment (Sie-
mens D5005 diffractometer using Cu Ko radiation A =
1.5418 A; step size 0.05°, time per step 0.2 s, 50 kV, 150
mA) in the scan range 26 between 20° and 80°. IR spectra
were obtained on a fourier transform infrared spectrom-
eter (FT-IR, BRUKER VECTOR 22) with a resolution of
4 cm™'; KBr wafers were used, and the weight percent-
age of fibers in KBr was about 0.7%.The morphologies of
the samples were observed by scanning electron micros-
copy (SEM, SHIMADZU SSX-550) and transmission
electron microscope (TEM, JEM-2000EX). A small sec-
tion of the fibers was placed on the SEM sample holder
and sputter coated with gold to take the SEM photo-
graphs. TEM sample was prepared by ultrasonically
dispersing the obtained fibers after calcination at 700°C
in ethanol for 1 min and then placing one or two drops
of the suspension onto a C-coated, Cu grid (230 mesh).
After evaporation of the ethanol, the sample was ready
for TEM analysis. The fiber diameter range was deter-
mined by taking measurements 100 points from SEM
images using Nano Measurer, 1.2.0.0 (Department of
chemistry, Fudan University, China). EDX analysis was
done using a SEM coupled to an X-ray detector. UV—vis
absorption spectra were recorded on a UV-2501 PC Spec-
trometer (wavelength range: 190-900 nm; wavelength
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accuracy: *0.4 nm) with a resolution of 0.1 nm. N,
adsorption-desorption of the fibers was measured on a
Micromeritics Gemini V at liquid nitrogen temperature
of 77 K after degassing of the samples at 150°C for 2 h
under vacuum. The specific surface area was calculated
by the Brunauer-Emmett-Teller (BET) method in the
range of relative pressures between 0.05 and 0.30. The
pore width was calculated from the adsorption and
desorption branches of the isotherms using the Barrett—
Joyner-Halenda (BJH) method.

2.4. Photocatalytic activity measurements

The photocatalytic activities of the beaded ZnTiO,
fibers on the photooxidation of methyl violet were
investigated in a quartz photochemical reactor. A 500
W Xenon lamp (CHFXQ500W, 14,200 LX) was used as
the light source to simulate solar light. A fan was used
to cool down the lamp. Throughout the experiment, the
temperature of the reaction solution changed little [36].
In the photocatalytic degradation of methyl violet solu-
tion using ZnTiO, as photocatalyst system, the degrada-
tion rate was higher at alkaline pH values and increased
as pH increasing from 4 to 8. When the pH value was
8, the maximum degradation rate was achieved [16].
Here the pH values were kept at 6.2 in all the reac-
tions to eliminate the effect of the pH value on methyl
violet reduction. In each reaction, the sample with the
weight of 0.025 g was added to 25 ml methyl violet solu-
tion with a concentration of 10 mg 1"'. The suspension
was magnetically stirred in the dark for 1 h to reach the
adsorption—desorption equilibrium on the photocatalyst
surface. After illumination, 1 ml mixture solution was
taken from the suspension followed by centrifugation
and filtration at the 1 h intervals. Finally a clear solu-
tion was obtained. The change of absorption at 581 nm
(-N=N-) was monitored to identify the concentration of
methyl violet using a UV-vis spectrophotometer.

The concentration of methyl violet being linearly
proportional to the intensity of the absorption peak at
581 nm, the decomposition efficiency of methyl violet
can be calculated using the following equation:
n=M=Mx100% 1)

Co Ay
where C and A are the equilibrium concentration and
absorbency of methyl violet solution at 581 nm corre-
sponding to maximum absorption wavelength; C and
A are the concentration and absorbency after simulated
solar light irradiation at homologous time.

We also calculated the reaction rate constant by using
a pseudo-first-order equation [Eq. (2)] [37].

ln(%) - kt )

where C, is the equilibrium concentration of the dye
(mg 1), Cis the concentration of the dye at time t (mg1™),
tis the irradiation time, k is the reaction rate constant (h™?).

3. Results and discussion

Thermogravimetric (TG) measurement was utilized
to analyze the thermal decomposition characteristics
of the precursor fibers of ZnTiO, in air atmosphere in
the temperature range of 100-800°C, as shown in Fig. 1.
The TG curve can be divided into four main weight loss
stages. The first 7% of weight loss occurred below 240°C
can be attributed to the evaporation of water and trapped
solvents, such as ethanol, N, N-dimethylformamide and
acetic acid. The following significant weight loss of 53%
which occurs in the temperature range of 240-330°C
results from the combustion and decomposition of PVP
[38]. The third weight loss of 17% in the temperature
range of 330-700°C results from the dehydroxylation of
Ti-OH into TiO, and decomposition of the NO, group
[21]. In the final step over 700°C, no weight loss can be
observed, which indicates that the inorganic fibers have
been obtained.

The morphology of the electrospun fibers before
and after calcination was examined using SEM. Fig. 2a
shows the typical SEM image of fibers by electrospin-
ning precursory sol. These fibers were randomly dis-
tributed on the substrate, even and smooth. They were
longer than several millimeters, with diameters between
100 nm and 500 nm. As shown in Fig. 2b, after annealing
the sample in air at 700°C, a well-defined fiber texture
kept unchange with the shrinking of the fibers to a range
of 50-200 nm in diameter due to the removal of organic
substances. The detailed morphology and structure of
the sample were further characterized and analyzed by
TEM. Clearly seen from the TEM image, ZnTiO3 fibers

110

100 -
90 |-

ES

Weight /%

8 8 8§ &8 8

100 200 300 400 500 600 700 800
Temperature/ °C

Fig. 1. The TG curve of ZnTiO, precursor fibers.
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Fig. 2. SEM images of as-spun [CH,(CH,),O],Ti/Zn(NO,),/
PVP fibers before (a) and after (b) calcined at 700°C for 3.5 h
in air. Inset: the graphics with the diameter size values,
respectively. (c) TEM image of ZnTiO, fibers. (d) SEM image
of ZnTiO, short fibers ground from the fibers.

had a rough surface and consisted of many nanoparticles
with large grain size to form beaded-like morphology
(Fig. 2¢). This nanochain morphology is a polycrystalline
nanowire with more defects or lattice imperfections due
to the larger surface-to-volume ratio, which is beneficial
to the photocatalytic activity of the ZnTiO, fibers [39]. Fig.
2d shows the SEM image of ZnTiO, short fibers ground from
the fibers. As shown in the image, the length-diameter
ratio of the short fibers was reduced steeply and partial
short fibers were agglomerated due to the high surface
energy, resulting in lower BET surface area (5.77 m?g™)
than that (12.43 m*g™") of the ZnTiO, fibers [40,41].

Fig. 3A shows the FT-IR spectra of the sample before
and after calcination at 700°C. In the case of the compos-
ite fibers before calcination [Fig. 3A(a)], bands at about
1652 cm™ are resulted from the vibration of C =O groups
of PVP [27]. The peaks at about 1562 and 1385 cm™ are
due to the N-O bond vibration of NO,™ [21]. Generally,
the bands in the low-wave number region (600-650 cm™)
are assigned to Ti—O bond vibrations [21]. However, the
characteristic peaks of PVP and NO,™ have disappeared
after calcining at 700°C for 3.5 h, which indicated that
the polymers and NO, had been degraded [Fig. 3A(b)].
At the same time, the absorption bands of the Zn-O
stretching vibrations appeared at 433 cm™ [42] and bands
at 727 and 572 cm™ were ascribed to Ti-O stretching
vibrations in the TiO, group [21]. Moreover, the compo-
sition of the fibers was characterized by EDX spectrum
shown in Fig. 3B. The presence of Zn, O, and Ti elements
and no other impurity peaks occurring indicate that after
calcination, the organic components have been degraded.
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Fig. 3. (A) FTIR spectra of as-spun [CH,(CH,),0],Ti/
Zn(NQ,),/PVP fibers before (a) and after (b) calcmatlon at
700°C for 3.5 h. (B) EDX spectrum of ZnTiO, fibers.

Due to TiO, group existing in all forms of ZnTiO,,
Zn,Ti,O,, and Zn TiO,, to further confirm the struc-
ture of the fibers, XRD spectrum was conducted. Fig. 4
shows XRD spectrum of the fibers calcined at 700°C. The
peaks at 26 values of 23.80°, 32.66°, 35.20°, 40.35°, 48.83°,
53.31°, 56.74°, 61.70°, 63.28°, 68.64°, 70.87°,74.59°and

79.59°0bserved in the sample are indicative of correspond
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Fig. 4. XRD patterns of ZnTiO, fibers after calcination at
700°C for 3.5 h.
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diffraction peaks at (102), (104), (110), (113), (204), (205),
(108), (214), (300), (208), (1010), (220) and (218) respec-
tively, which can be perfectly indexed to a typical hex-
agonal structure of ZnTiO, (JCPDS Card No. 26-1500)
with a trace of cubic ZnTiO, at 20 value of 29.62°(JCPDS
Card No. 39-0190).

Fig. 5 shows the adsorption behaviors and pho-
tocatalytic activities of beaded ZnTiO, fibers evalu-
ated by the degradation of methyl violet solution. As
a comparison, the degradation with only the fibers in
the dark or with only simulated solar light irradiation
without the fibers was also measured. In the absence of
simulated solar light irradiation, only small concentra-
tion changes were observed due to small adsorption
(Fig. 5a). The direct photolysis of dyes in the absence of
fibers was examined via simulated solar light irradia-
tion of aqueous dye solutions. The results show that dye
methyl violet (10 mg 1I™') decomposed just a little after
4 h of simulated solar light irradiation (Fig. 5b). However,
the absorption of methyl violet at 581 nm almost disap-
peared after the methyl violet solution was irradiated
for 4 h in the presence of beaded ZnTiO, fibers (Fig. 5c).
In addition, no new absorption band arose in the UV-vis
region, indicating the breakdown of the chromophore.
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These experiments demonstrated that both solar light
and a photocatalyst, such as ZnTiO, were needed for the
effective destruction of methyl violet. The photocatalytic
degradation of organic dye is initiated by photoexcita-
tion of the semiconductor, followed by the formation of
an electron-hole pair on the surface of catalyst. The dye
can undergo direct oxidation to reactive intermediates by
the high oxidative potential of the hole (i;,) [43]. High
reactive hydroxyl radicals can also be formed, either by
the decomposition of water or by the reaction of the hole
with OH". The hydroxyl radical, an extremely strong,
non-selective oxidant can partially or completely oxi-
dize several organic chemicals [43]. The band gap of the
hexagonal-phase ZnTiO, is 3.05 eV, which indicates that
the hexagonal-phase ZnTiO, has a larger potential redox
than the anatase phase TiO, (3.2 eV) for the photocata-
lytic degradation of methyl violet with simulated solar
light irradiation [16]. In order to further investigate the
effect of different morphology including LF and SF for
photocatalysis, we have also studied the photocatalytic
activity of ZnTiO, SF. It was found that for the beaded
ZnTiO, SF, the photodegradation rate of methyl violet
was faster and after only 3 h, the dye achieved nearly total
degradation (Fig. 5d). We attribute the higher activity
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Fig. 5. The UV-vis spectra of the methyl violet solution at pH = 6.2 during simulated solar light irradiation in the presence of
the fibers calcination at 700°C for 3.5 h: (a) with only the LF in the dark, (b) with only simulated solar light irradiation without
the fibers, (c) beaded ZnTiO, LF, and (d) beaded ZnTiO, SF.
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Fig. 6. Photocatalytic decomposition of methyl violet solution
at pH = 6.2 during simulated solar light irradiation in the
presence of the fibers calcination at 700°C for 3.5 h: (a) with
only the LF in the dark, (b) with only simulated solar light
irradiation without the fibers, (c) beaded ZnTiO, LF, and (d)
beaded ZnTiO, SF.

of the ZnTiO, SF to the pore structures. The pore struc-
tural characteristics of the ZnTiO, LF and the SF were
analyzed by the nitrogen adsorption and desorption
techniques. The fibers had voids between fibers and sur-
face pores. The dye molecule can first diffuse into voids
in short time and then, finally diffuse into surface pores
in long time [37]. The ZnTiO, SF had more voids due
to short length-diameter ratio with larger average pore
width (74.5 + 9.5 nm) than the LF (52.4 + 4.6 nm). There-
fore, though the ZnTiO, SF had smaller BET surface area
(5.77 m?g") than that (12.43 m?g™") of the ZnTiO, LF, the
adsorption of dye on the ZnTiO, SF was larger than that
on the ZnTiO, LF, resulting in the higher photocatalytic
activity.

Fig. 6 shows the kinetics of methyl violet photodeg-
radation. After 2 h of simulated solar light irradiation,
about 76% dye was degraded by the ZnTiO, LF. In con-
trast, 86% degradation occurred in the case of the ZnTiO,
SE, which was faster than the photocatalysts reported
[44,45]. After calculating from Eq. (2), we found that the
degradation rate (k = 1.119 h™") of ZnTiO, SF was higher
than that (0.771 h™') of ZnTiO, LE. So ZnTiO, SF is better
photocatalysts than ZnTiO, LE.

4. Conclusions

In conclusion, we have successfully prepared beaded
ZnTiO, fibers by a combination of sol-gel, electrospin-
ning and calcination techniques. The fibers exhibit
ZnTiO, crystallization after calcining at 700°C for 3.5 h.
These ZnTiO, fibers with a beaded-like morphology
have high solar light photocatalytic activity toward

decomposition of methyl violet. After 4 h of simulated
solar light irradiation, the absorption of methyl violet at
581 nm almost disappeared. In order to further inves-
tigate the effect of the morphology and nanostructure
for photocatalysis, we also studied the photocatalytic
activity of the ZnTiO, SF ground from the LF. And for
the ZnTiO, SF, almost all the dyes were degraded after
only 3 h. The photocatalytic characteristics of the ZnTiO,
SF are superior to those of the ZnTiO, LF. We propose
that the ZnTiO, fibers be suitable for the degradation of
organic pollutants.
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