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Abstract

The composite powder of TiO,/ZnO with an atomic ratio of Ti to Zn of 3/1 was prepared through sol—gel process followed by hydrothermal and
post-heat treatments. The as-prepared powder was characterized in detail by means of XRD, TG/DTA, DLS, and SEM. The XRD results showed
that by applying the hydrothermal process the crystallinity of the composite powder was significantly improved. The SEM and DLS results
revealed no visible variations on particle morphology and size owing to the hydrothermal and post-heat treatments. The enhancement of the
photocatalytic activity of the composite powder evaluated through methyl orange (MO) degradation under UV light irradiation was, therefore,
attributed to its high crystallinity that was achieved during the hydrothermal process under a rather low temperature.
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1. Introduction

Because it have shown the merits of non-toxic, stable in
aqueous solution, low cost, and environmentally friendly,
titanium dioxide (TiO,) is well-known semiconductor with
excellent photocatalytic property that has been widely used in
improving environmental pollutants, antibacterial dopes, self-
clean building, and so on [1-4]. However, the material presents
a major drawback during the photocatalytic process: the
relatively low value of the overall quantum efficiency due to the
high recombination rate of photo-induced electron—hole pairs at
or near its surface [5-7]. Some success in enhancing the
photocatalytic activity has been conducted by several methods
such as using nano-sized semiconductor crystallites instead of
bulk materials [8], modifying photocatalysts by doping with
ions [9-12], or coupling TiO, to other oxides [13,14], for
instance to zinc oxide (ZnO) for its characteristics of non-toxic
and low cost [15,16]. Coupled semiconductor photocatalyst of
TiO,/ZnO has been investigated to enhance the photodegrada-
tion efficiency of TiO, catalyst by a number of researchers and
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its effect for improving photocatalytic efficiency was reported
[17,18].

In our previous study the photocatalytic behavior of the
TiO,/ZnO composite has been studied [19]. It was found that
even calcined at 500 °C the composite was rather amorphous.
High crystallinity for the composite has been achieved by
calcining the powder at higher temperature, for instance at
700 °C [20]. However, unexpected chemical reaction of TiO,
with ZnO to form ZnTiO; was extensively occurred at this
temperature in our study that has actually been applied by
several researches for synthesis of ZnTiO; powder [21-23]. On
the other hand, it is known that hydrothermal treatment can
improve the crystallinity of a powder at rather low temperature
[3]. Since the crystallinity of a TiO, or its composite catalyst
can significantly influence its photocatalytic activity, the
hydrothermal treatment may be a feasible way to enhance
photocatalytic activity by improving the crystallinity of the
TiO,/ZnO composite powder. So, in this study we would like to
conduct an investigation on the hydrothermal treatment of the
TiO,/ZnO composite powder and its effect on photocatalytic
activity of the powder. The composite powder was prepared via
sol-gel process followed by hydrothermal and post-heat
treatments under various conditions. The as-prepared TiO,/
ZnO powder was characterized in detail and its photocatalytic
activity was finally assessed.
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2. Experimental procedure

In the present study the TiO,/ZnO composite powder was
prepared via sol—gel process followed by hydrothermal and post-
heat treatments. The preparation of TiO,/ZnO sol has been
reported elsewhere [20]; therefore, it is only briefly described
here. The TiO,/ZnO composite sol was achieved via directly
mixing of the acidic TiO, sol and the ZnO sol. The tetrabutyl
titanate (Aldrich, 99.99%, TBT) was used as a precursor to
prepare a precursor solution. A mixture of distilled water, glacial
acetic acid, and ethanol was then dropped into the precursor
solution at a speed of one drop per second under a strong stirring.
After that, the solution was continuously stirred for 1 h to achieve
ayellow transparent TiO, sol. The zinc acetate (Aldrich, 99.99%)
used as a precursor was dissolved in ethanol and stirred for at
50 °C in water bath to get a precursor solution. A mixture of
distilled water, diethanolamine, and ethanol was then dropped
into the precursor solution at a speed of one drop per second
under a strong stirring for half an hour. After that, the mixture of
distilled water and ethanol was dropped into the precursor
solution under a strong stirring for 2 h to achieve a transparent
ZnO sol. The prepared ZnO sol was then directly incorporated
into the TiO, sol at an atomic molar ratio of Ti to Zn of 3/1 to
achieve the TiO,/ZnO composite sol. The mixture of TiO»/ZnO
sol was aged for a period of time at room temperature until it
became gel. The gel was dried and pulverized to be powder. The
gel powder was then transferred into a Teflon-lined autoclave and
heated at various temperatures for different time. After
hydrothermal treatment, the powder was washed with distilled
water and dried. The powder was finally post-heat treated by
calcination in air for 1 h in a muffle oven.

The as-prepared TiO,/ZnO composite powder was char-
acterized in detail as follows. The crystalline phase of TiO,/
ZnO powders was identified through X-ray diffraction (XRD,
Model D8 Advance, BRUKER/AXS, Germany) method. The
thermal decomposition behavior of the composite powder at
high temperature was analyzed by thermo-gravimetric analyzer
(TGA, ZRY-2P, Shanghai Precision and. Scientific Instrument
Co. Ltd., China) in air from room temperature to 1000 °C at a
heating rate of 10 °C/min. The particle size and its distribution
of the powder were quantitatively determined through dynamic
light scattering (DLS, MPT-2, MALVERN, England) method.
The particle morphology was observed using scanning electron
microscopy (SEM, Model JSM-6700F, JEOL, Japan).

The photocatalytic performance of the as-prepared TiO,/ZnO
composite powder was assessed from the photodegradation of
methyl orange (MO) solution using the powder as catalyst under
UVirradiation. It was carried out as below. A MO solution with a
concentration of 0.025 mmol/L. was prepared as an initial
solution. The 0.1 g composite powder was well pulverized in a
quartz mortar and then incorporated into a 200 ml initial MO
solution to achieve a powder/solution suspension. The suspen-
sion was then UV irradiated using a 20 W UV lamp having a
wave length of 254 nm for a period of reaction time. During the
process the suspension was kept stirring. After reaction, the
composite particles in the suspension were well filtered using a
centrifugal filter. The filtrate of MO solution was then obtained

and its concentration was determined by measuring the
absorbance at 465 nm using a UV-vis spectrophotometer.

3. Results and discussion
3.1. Particle crystallization of the composite powder

In order to clarify the effect of hydrothermal treatment on
the particle crystallization and phase composition, the TiO,/
ZnO composite powder was hydrothermally treated under
various conditions. The proposed temperature and time were as
follows: 120 °C for 1h, 150 °C for 24 h, 180 °C for 24 h,
200 °C for 12 h, 200 °C for 24 h, and 200 °C for 48 h. The XRD
measurements were conducted on the untreated and hydro-
thermal treated powders and the results were shown in Fig. 1.
As seen from Fig. 1, the untreated powder did not show any
diffraction peak, indicating an amorphous state of the TiO,/
ZnO gel. After 1 h hydrothermal treatment at 120 °C, visible
diffraction peaks with low intensities were present. The powder
was therefore partially crystallized under such condition,
though the treating time was rather short. Significant crystal-
lization of the composite powder can be achieved by applying
the powder at 150 °C for 24 h, as revealed by sharp peaks in
Fig. 1 that was corresponding to anatase phase of TiO,. No peak
can be related to ZnO. Hydrothermal treatments at temperature
higher than 150 °C for a time longer than 24 h led to similar
diffraction patterns. Thus, from an economic point of view the
experimental parameters of 150 °C and 24 h for hydrothermal
process were preferred.
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Fig. 1. XRD patterns of the TiO,/ZnO composite powder untreated and
hydrothermally treated at various temperatures for different times.
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Fig. 2. TG/DTA curves of the TiO»/ZnO composite powder (heating speed of
10 °C/min).

Before post-heat treatment, a TG/DTA analysis was
conducted on the TiO,/ZnO composite powder to determine
the calcining temperature. The composite powders with
hydrothermal treatments at 150 °C for 24 h and at 200 °C
for 48 h were used as specimens. The derived TG/DTA curves
were illustrated in Fig. 2. As seen from Fig. 2, two endothermic
DTA peaks were observed at 164.1 °C and 234.5 °C for the
powder hydrothermally treated at 150 °C for 24 h. The weight
loss was mainly occurred at a temperature range of 150-400 °C
while in the temperature range of 400-1000 °C the TG curve
was rather flat, giving a final total weight loss of 7.6%. The
endothermic DTA peaks for the powder hydrothermally treated
at 200 °C for 48 h were at 132.5 °C and 264.7 °C and the
resultant weight loss temperature range were 200—400 °C. The
final total weight loss of 5.6% was slightly smaller than that of
the powder treated at 150 °C for 24 h, which could be probably
due to the better dissolution of organic components during the
longer hydrothermal process of 48 h. Since the weight loss of
the composite powder can be well achieved below 400 °C, as
shown in Fig. 2, a post-heat treating temperature of 350 °C was
therefore applied for the TiO,/ZnO composite powder.

The TiO,/ZnO composite was post-heat treated at 350 °C for
1 h and its crystallization behavior during this process was
examined through XRD. The results were shown in Fig. 3. As
seen from Fig. 3, the composite powder calcined at 350 °C for
1 h was in an amorphous state, in good agreement with our
previous study where even with 2 h calcination at temperature
as high as 500 °C the composite was amorphous that has been
attributed to the particle interactions of TiO, and ZnO during
the calcining process [19]. With a hydrothermal treatment at
150 °C for 24 h, the composite powder, however, crystallized
very well. Strong diffraction peaks were present in the patterns,
corresponding to anatase phase of TiO,. With hydrothermal
treatment followed by calcination the obtained XRD patterns
for the composite showed strong diffraction peaks and was
essentially comparable to those of hydrothermally treated. Such
results suggested that the hydrothermal process played a key
role on the particle crystallization. High crystallinity has been
achieved for the TiO,/ZnO composite via hydrothermal
treatment in our study.
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Fig. 3. XRD patterns of the TiO,/ZnO composite powder after hydrothermal
treatment and calcination at various temperatures for different times.

3.2. Particle morphology and size of the composite powder

The particle morphology of the TiO,/ZnO composite was
examined through SEM and the results were shown in Fig. 4. As
seen from Fig. 4A-D, the composite powders at low
magnification were small. The observations at high magnifica-
tion showed presences of both large and small particles for the
composites (Fig. 4a—d). The SEM results in Fig. 4 did not show
any visible variation regarding particle shape, surface tough-
ness, and size between the composites. This suggested that the
hydrothermal treatment as well as the calcining process did not
give a significant effect on the particle morphology of the TiO,/
ZnO composite.

Although from a SEM point of view no visible variation of
particle size could be recognized in Fig. 4, quantitative
determination of the particle size for the TiO,/ZnO powder was
quite essential. The particles size and its distribution of the
powder were measured through DLS method. The composite
powder was dispersed into a mixture of water and glycerin
(volume ratio of water to glycerin of 2/3) under a strong stirring.
The measurements were conducted and the results were shown
in Table 1. As seen from Table 1, only one peak was present in
the DLS results, giving a normal distribution of particle size.
The derived Z-average diameters were in nano scale and
comparable to each other for the composites prepared under
different conditions. Such results suggested that the hydro-
thermal treatment as well as the calcining process did not
noticeably affect the particle growth, in good agreement with
the SEM results given above.

3.3. Photodegradation performance of the composite
powder

The photocatalytic performance of the TiO,/ZnO composite
powder was explored via photodegradation of MO solution
under UV irradiation using the powder as catalyst. The reaction
time for photodegradation was scheduled to be O h, 0.5 h, 1 h,
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Fig. 4. SEM morphologies (A-D at low magnification and a—d at high magnification) of the TiO,/ZnO composite powder after hydrothermal and calcining
treatments.

1.5h, 2 h, 2.5 h and 3 h. By applying the composite powder as showed absorption peaks with peak heights as maximum values
catalyst, the photodegradation process was conducted. Fig. 5 at a wavelength of 465 nm. These maximum values remarkably
showed UV-vis adsorption spectra (A—G for different reaction decreased with the increase of the reaction time from 0.5 h to
time) of MO solution catalyzed by the TiO,/ZnO composite 3h. In particular, the curves for the composite powder
powder under UV irradiation. As seen, all the curves in Fig. 5 hydrothermally treated at 150 °C for 24 h were rather low in
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Results of particle size analysis of the TiO,/ZnO composite powder through DLS method.
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Parameters for preparation Peak 1 Peak 2 Z-average (nm)
Diameter (nm) Volume (%) Diameter (nm) Volume (%)
Dried gel 154.4 100 0 0 207.2
350°C, 1h 527.4 100 0 0 543.5
150 °C, 24 h 413.0 100 0 0 446.3
200 °C, 48 h 516.1 100 0 0 603.3
150 °C, 24h+350°C, 1 h 429.0 100 0 0 497.5
o7 No catalyst No catalyst,
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Fig. 5. UV-vis adsorption spectra (A—G for different reaction time) of MO solution catalyzed by the TiO,/ZnO composite powder under UV irradiation.
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Fig. 6. Relationship between C/C, and reaction time ¢ for MO decomposition
catalyzed by the TiO,/ZnO composite powder under UV irradiation. The C and
Cy were the concentration of MO solution at time ¢ =t and ¢ = 0, respectively.

each graph in Fig. 5 while those of hydrothermally treated
followed by post-heat treatment were lowest.

In order to well understand the dynamic photodegradation
behavior of the composite powder, the photodegradation
efficiency of C/Cy was determined [20]. The depictive plots
of C/C, against reaction time ¢ were shown in Fig. 6. As seen,
the C/C, for MO solution catalyzed by the composite powder
post-heat treated at 350 °C for 1 h was lower than that of no
catalyst. This suggested that MO has been degraded to some
extent by the amorphous TiO,/ZnO composite powder. By
applying hydrothermal treatment at 150 °C for 24 h the
composite catalyst significantly decomposed MO. The derived
C/C, curve was remarkably lower than that of the post-treated
composite powder. The C/C, for MO solution catalyzed by the
composite powder hydrothermally treated followed by post-
heat process was slightly lower than that of the composite only
hydrothermally treated. Such results suggested that the
photodegradation efficiency of the composite powder has been
enhanced mainly via the hydrothermal treating process.

From above researches it was found that the photodegrada-
tion behavior of the TiO,/ZnO composite powder was strongly
related to the particle crystallization of the powder. It has been
reported that the photocatalytic activity of TiO, catalyst is
dependent on both crystallinity and specific surface area of the
material [24]. In this study by applying hydrothermal treatment
the crystallinity of the composite powder was significantly
improved. Both the SEM and DLS results revealed no visible
effects of the process on the particle morphology and size. As a
result, the enhancement of the photodegradation efficiency of
the composite powder was attributed to its high crystallinity
that was achieved during the hydrothermal process.

4. Conclusion
The TiO,/ZnO composite powder with an atomic molar ratio

of Ti to Zn of 3/1 has been prepared via sol-gel process
followed by hydrothermal and post-heat treatments. The

crystallinity of composite powder was significantly improved
through hydrothermal treatment at rather low temperature.
There were no visible variations on particle morphology and
size owing to the hydrothermal process. Thus, the enhanced
photodegradation efficiency was achieved by improving the
crystallinity of the TiO,/ZnO composite powder through
hydrothermal treatment.
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