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Abstract

The shape and size of TiO,/ZnO composite nanoparticles can be manipulated by introducing surfactants and different Zn/Ti(OBu)s molar ratios
during the synthesis process. Different sizes of spherical TiO,/ZnO composite nanoparticles are obtained when sodium dodecyl benzene sulfonate
(DBS) and different Zn/Ti(OBu), molar ratios are used. Cubic TiO,/ZnO composite nanoparticles, hexagonal nanorods, and nanobelts are obtained
when sodium dodecyl sulfonate (SDS) and different Zn/Ti(OBu), molar ratios are used. The XRD study shows that there is no obvious difference
in crystal composition of various shapes of TiO,/ZnO composite nanoparticles. The photocatalytic degradation of methyl orange shows significant
variation in rate that decreases in the order: TiO,/ZnO composites >TiO, (with surfactant but no Zn) >TiO, (without surfactant and Zn). An optimal
Zn/Ti(OBu), molar ratio of 0.25:1 is found to achieve the highest photocatalytic activity of TiO,/ZnO composite nanoparticles.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

TiO, nanoparticles have been proved to be an important pho-
tocatalyst for degradation of environmental contaminants [1,2].
However, there are still a lot of problems needed to be solved
in practical applications of TiO, nanoparticles for photocatal-
ysis. For most of the photocatalytic decomposition processes,
photonic efficiency is less than 10% [3]. Furthermore, photocat-
alytic reactions on TiO; nanoparticles can usually be induced
only by ultraviolet light, which limits the application of TiO,
as a photocatalyst with visible light. Moreover, the electronic
excitation of TiO, nanoparticles needs a higher input energy
when the particle size decreases because of the quantum size
effect [4—6]. Therefore, it is highly desirable to synthesize TiO,
nanoparticles with a high photocatalytic activity.

One way to improve the photocatalytic activity of TiO;
nanoparticles is the manipulation of shape, size and surface prop-
erties of TiO» nanoparticles [7]. Studies have shown that the size
and shape of nanoparticles are correlated to the photocatalytic
activity of semiconductor nanoparticles [2,3,8—11]. Among the
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approaches for shape and size manipulation of nanoparticles,
one approach is the addition of surfactants, known as “oriented
attachment” [5,12], during synthesis [5,12—-14].

Another way to enhance the photocatalytic activity is the
coating and doping of other materials, including metal ions
and semiconductors, onto the surface of TiO; nanoparticles
[15-17]. The coupling of two semiconductors provides a novel
approach to achieve a more efficient charge separation, an
increased lifetime of the charge carriers, and an enhanced inter-
facial charge transfer to adsorbed substrates [18,19]. Recently,
studies have shown that the use of TiO>/WO3 and TiO>/Mo0Oj3
composites significantly enhanced the degradation rate of 1,4-
dichlorobenzene [20,21]. Other TiO, composite nanoparticles,
including TiO»/Fe; 03, TiO»/Si0; TiO2/ZrO; [22], TiO2/Inp O3
[23], TiOy/ZnFe;O4 [24], have also been studied.

The photocatalytic properties of TiO2/ZnO composite pho-
tocatalysts remain largely unexplored although a few studies
focused on TiO2/ZnO composites [25-27]. There is still not
much quantitatively known about the regulation of photocat-
alytic activity of TiO, composite nanoparticles. In our previous
study, we found that the use of surfactant can manipulate the
shape and size of TiO, nanoparticles, which leads to an enhanced
photocatalytic activity [28]. The ultimate goal of this study is to
further improve the photocatalytic activity of TiO, nanoparti-
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cles through a combination of different approaches (composite
and surfactant). In this communication, we report the results
of photocatalytic activity improvement of TiO, nanoparticles
through composite with ZnO and surfactant assisted shape and
size control.

2. Experiment

TiO; and TiO2/ZnO composite nanoparticles were prepared
through the sol-gel method with the introduction of surfac-
tants. Titanium butoxide (Ti(OC4Hg)4 or Ti(OBu)4, 97%), zinc
nitrate hexahydrate (Zn(NO)3-6H,0), ethanol, sodium dodecyl
benzene sulfonate (DBS), and sodium dodecyl sulfonate (SDS)
were purchased from Sigma—Aldrich Ltd. and used without fur-
ther purification. Double distilled and deionized water was used
throughout this research.

Ti(OBu)4 was dissolved in ethanol with a Ti(OBu)4/ethanol
molar ratio of 1:10. The pH of the solution was adjusted
to 2.0 with HCI. Surfactant (DBS or SDS) was dissolved
in ethanol according to a setting molar ratio and fed into
the Ti(OBu)4 solution slowly (0.5 mL/min). In this study, the
molar ratio of surfactant to Ti(OBu)4 was fixed at 0.02:1
for SDS and 5:1 for DBS, respectively. These molar ratios
were used because of the highest photocatalytic activity was
obtained with these molar ratios in our previous study [29].
One mole per liter of Zn(NO)3-6H,O solution was added
into the Ti(OBu)4/surfactant mixture slowly with a setting
molar ratio (0.1:1 to 0.5:1) of Zn to Ti(OBu)4. After that, the
Ti(OBu)4/surfactant mixture was fed into a mixture of deionized
water/ethanol (Ti(OBu)4:water:ethanol molar ratio=1:4:10,
0.5 mL/min). Hydrolysis reaction and polymerization took place
in this mixture and TiO; sol was formed. After gelation for 24 h,
the gel was dried at 70 °C in an oven until yellow crystal was
obtained. After calcined in a muffle furnace at a high temperature
(600-800 °C), white TiO, nanoparticles were obtained.

The microstructure and morphology of the TiO; nanoparti-
cles were observed using a scanning electron microscope (SEM),
JEOL5900/0XFORD SEM/EDS. An XRD scan of the nanopar-
ticles was performed using a D/Max III x-ray diffractometer
using Cu Ka radiation (Philips). The light reflectance prop-
erty was studied with a Cary50 UV-VIS-NIR spectrophotometer
(Varian Australia PTY Ltd.).

The photocatalytic activity of prepared TiO, composite
nanoparticles was evaluated in fixed film batch reactors using
methyl orange (MO) as a model compound. TiO, composite
nanoparticles were dispersed in deionized water in a test tube
and then treated in an ultrasonic bath (Cole-Parmer Ultrasonic
Cleaner, model 08895-16, 100W) for 30 min. Then the suspen-
sion was evenly poured onto a 10 cm diameter Petri dish. The
dishes were dried in an oven and flushed with deionized water
until the pH value of the flushing water became neutral and
the weight of the dishes was constant after drying at 105 °C.
The loading weight of TiO, or TiO»2/ZnO composite nanoparti-
cles in each Petri dish was controlled at 5 x 10~* g/cm?. Eighty
milliliters of model compound solution was added into the TiO,
or TiO»/ZnO composite coated dishes. The solution was mixed
by using a magnetic stirrer (1.5 cminlength) at a stirring speed of

60 rpm. The reaction was illuminated by a 6W UV lamp (Blak.
Ray UVL 56, wavelength =365 nm) in a black box. The light
intensity was measured by a light intensity meter from Photon
Technology International and controlled at 3.0 mW/cm? during
this study. Solution samples (1 mL/each time) were withdrawn
from the fixed film batch reactor for the determination of MO
concentration with time and were poured back into the reactor
after that. The concentration of MO solution was determined by
using a Cary50 UV-VIS-NIR spectrophotometer (Varian Aus-
tralia PTY Ltd.). The wavelength used for the measurement of
MO concentration was 465 nm.

The results of blank experiments under similar conditions but
without the addition of catalysts indicated that there was a loss of
1-2% solution volume due to the UV irradiation and reactor open
to the air but the loss of substrate was negligible. A comparison of
the TiO; or TiO2/ZnO composite catalyst loading weight before
and after photocatalytic reaction suggested that 3-5% of fixed
TiO; or TiO2/ZnO composite films were sheared out from the
Petri dish surface into the solution as suspended particles. For a
comparative study of catalytic activity, effect due to this change
was not significant.

Photocatalytic reactions on TiO; surface can be expressed
by the Langmuir-Hinshelwood model [30,31]. The reaction rate
after the adsorption equilibrium can be expressed as

—1<C>—Kt 1
n FO = ()

where C and Cj are the reactant concentration at time 7=t and
t=0, respectively, K and ¢ are the apparent reaction rate constant
and time, respectively. A plot of —In(C/Cyp) versus ¢ will yield a
slope of K.

3. Results and discussion
3.1. SEM image analysis
Fig. 1 shows the TiO, nanoparticles synthesized from

Ti(OBu)4 hydrolysis without using any surfactant and Zn. TiO»
nanoparticle aggregates with a wide range of size distribution

Fig. 1. TiO; nanoparticles synthesized from Ti(OBu)4 without using surfactant
and Zn addition (bar length=1 pm).
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Fig. 2. TiO, nanoparticles synthesized from Ti(OBu)4 with the use of surfactants but no Zn addition (bar length=1pm). (a) DBS:Ti(OBu)s=5:1; (b)

SDS:Ti(OBu)4 =0.02:1.

were formed. The average sizes of TiO; nanoparticles ranged
from 200 to 300 nm and were irregularly shaped as aggregates.
The aggregation could be due to the high viscosity of the sol,
which reduced the dispersion of particles.

Effects of DBS and SDS on the shape and size of TiO,
nanoparticles are shown in Fig. 2. Spherical TiO, nanoparti-
cles with a diameter of ~200nm were obtained when DBS
was used. Well shaped TiO; nanorods of ~100nm in diame-
ter and ~500nm in length were formed when SDS was used.
Shape uniformity and size distribution of TiO, nanoparticles
were improved with the use of surfactants when compared with
the nanoparticles in Fig. 1. This could be due to the use of surfac-
tant, which reduced the surface tension of solution and improved
the dispersion property of particles.

Fig. 3 shows the TiO2/ZnO composite nanoparticles shape
controlled by DBS at different Zn/Ti(OBu)4 molar ratios. Spher-
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ical nanoparticles were formed when DBS was used. Under the
SEM, it was observed that size distribution and shape unifor-
mity of TiO»/ZnO composite nanoparticles were improved with
a decrease in the Zn/Ti(OBu)4 molar ratio. The average diam-
eter of the TiO2/ZnO composite nanoparticles was ~300 nm.
When the Zn/Ti(OBu)4 molar ratios was set at 0.5:1 and 0.25:1,
aggregation of the TiO,/ZnO composite was observed.

Fig. 4 shows the TiO»/ZnO composite nanoparticles shape
controlled by SDS at different Zn/Ti(OBu)4 molar ratios. Cubic
nanoparticles at a dimension of 500-1000 nm in length were
formed when the Zn/Ti(OBu)4 molar ratio was set at 0.5:1. A
shape evolution was observed when the Zn/Ti(OBu)4 molar ratio
was increased. Hexagonal nanorods of ~500nm in diameter
and ~1500 nm in length were formed when the Zn/Ti(OBu)4
molar ratios was set at 0.25:1. When the Zn/Ti(OBu)4 molar
ratio was further decreased to 0.17:1 and 0.1:1, TiO»/ZnO com-
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Fig. 3. ZnO/TiO, composite nanoparticles synthesized with DBS and a decrease in the Zn/Ti(OBu)4 molar ratio (bar length=1wm; calcined at 600 °C,

DBS:Ti(OBu)4 =5:1): (a) 0.5:1; (b) 0.25:1; (c) 0.17:1; (d) 0.1:1.
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Fig. 4. ZnO/TiO; composite nanoparticles synthesized with SDS and a decrease in the Zn/Ti(OBu)4 molar ratio (bar length=1 pwm in (a) and (b) and 2 pm in (c)
and (d); calcined at 700 °C, SDS:Ti(OBu)4 =0.02:1): (a) 0.5:1; (b) 0.25:1; (¢) 0.17:1; (d) 0.1:1.

posite nanobelts were formed as shown in Fig. 4(c) and (d). The
nanobelts were ~500nm in width, ~50nm in thickness and
~8 wm in length.

The hypothesized mechanism of the growth of TiO, nanorods
and spherical nanoparticles under the action of surfactants is
based on the “oriented attachment” and anisotropic and isotropic
growth mechanisms [4,32].

The formation and growth of TiO, nanoparticles can be
described as a two-step process: formation of hydrolysis pro-
duces Ti(OH)(OR)4_, (monomer structure) and then the
polycondensation reactions lead to the formation of a Ti—-O-Ti
network. Studies have shown that in the absence of surfactant or
other additives, titanium alkoxides vigorously react with water
at low temperatures [33,34]: amorphous TiO; precipitation can
be formed. With the presence of surfactants, the surfactant

molecules typically comprise a compact Ti—-O-Ti network of
hexa-coordinated Ti atoms. The Ti nanocrystals are surrounded
by carboxylate ligands, which have the propensity to bridge
Ti centers. The contact of precursor monomers with water can
be hindered when surrounded by surfactants [35] and thus the
growth of cross-linking of Ti—O-Ti bonds occurs directionally.

In the presence of surfactants, the limited exposure of —OR
groups of titanium alkoxide results in the directional growth
of TiO; nanoparticles. Nanorods were formed with a high pre-
cursor monomer concentration because there was not enough
surfactant molecule to block the contact of —OR groups with
water in all directions [4]. On the other hand, if some of the con-
ditions favouring directional growth of TiO, nanoparticles are
retarded, the nanoparticle is nearly spherical or cubic. Through
the shape control of the TiO; nanoparticles, the chemical and
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Fig. 5. Energy dispersive X-ray analysis of nanoparticles synthesized with surfactants and Zn addition: (a) nanoparticles synthesized with DBS; (b) nanoparticles

synthesized with SDS.
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Fig. 6. X-ray diffraction patterns of the nanoparticles synthesized with different Zn/Ti(OBu)s molar ratios: (a) nanoparticles synthesized with DBS (calcined at

600 °C); (b) nanoparticles synthesized with SDS (calcined at 700 °C).

physical properties can be manipulated. Furthermore, the pho-
tocatalytic activity can be regulated.

The potential impact of Zn/Ti(OBu)4 molar ratio on the shape
and size is still unknown. On the one hand, similar spheri-
cal shape of TiO2/ZnO composite was obtained at different
Zn/Ti(OBu)4 molar ratios, when DBS was used. On the other
hand, an evolution in the shape and size of TiO2/ZnO composite
was observed from cubic nanoparticles, nanorods to nanobelts
at different Zn/Ti(OBu)4 molar ratios, when SDS was used. It
might be caused by a combined effect of both the surfactant and
the Zn/Ti(OBu)4 molar ratio and further studies are needed.

3.2. Energy dispersive spectrum (EDS) analysis

Fig. 5 shows the energy dispersion spectra of TiO»/ZnO com-
posite nanoparticles at different Zn/Ti(OBu)4 molar ratios. The
nanoparticles were mainly composed of Ti and O elements. Zn
was also observed in the nanoparticles. This suggests that Zn
was incorporated into the TiO, nanoparticles to form composite.
However, the strength of the signal of Zn element was decreased
with a decrease in the Zn/Ti(OBu)4 molar ratio. This might not
be surprised, as the content of Zn in the TiO2/ZnO composite
could increase with an increase in the Zn/Ti(OBu)4 molar ratio.

3.3. X-ray diffraction characterization

The X-ray diffraction patterns of the TiO2/ZnO composite
nanoparticles at different Zn/Ti(OBu)4 molar ratios were shown
in Fig. 6. Although the rutile peak is not obvious due to a com-
pressed scale in some XRD curves in Fig. 6, a small rutile peak
does exist in these samples. The calculated anatase percentages
of these samples at different Zn/Ti(OBu)4 molar ratios are shown
in Table 1. The patterns show that all the nanoparticles consist of
anatase as the primary phase. The percentage of rutile compo-
nent decreased with an increase in the Zn/Ti(OBu)4 molar ratio.
The pronounced anatase TiO; characteristic diffraction peaks
26=25.25° (101) and 48.0° (200) were found in the patterns
[2]. The XRD patterns indicate that nanoparticles synthesized
without Zn are good crystallinity with the lowest anatase/rutile
ratio. ZnO was found in nanoparticles synthesized at different
Zn/Ti(OBu)4 molar ratios under the identical conditions. The

diffraction intensity of ZnO, as shown in Fig. 6, increased with
an increase in the Zn/Ti(OBu)4 molar ratio. This could be due
to the improved crystallinity and/or increased concentration of
ZnO. There was a small percentage (about 10%) of rutile TiO»
found in nanoparticles synthesized with a Zn/Ti(OBu)s molar
ratio of 0.25:1 in Fig. 6(a) and (b). It has been reported that the
anatase phase has more open structure than the rutile phase, a
pure anatase phase is considered to achieve larger surface area,
which is necessary to obtain a higher photocatalytic activity [18].
With current knowledge, there is no in-depth explanation on
the difference in the percentage of anatase at different surfactant
types and concentrations. However, during the formation of TiO»
nanoparticles, surfactant molecules were attached on the crystal
facets of TiO; in the sol. The attachment of surfactants changed
the surface energy of the TiO; crystals. The difference in surface
energy of TiO; crystal facets affected the anatase formation.

3.4. UV—vis light reflectance analysis

The UV-vis light reflectance spectra of the TiO2/ZnO com-
posites synthesized at different Zn/Ti(OBu)s molar ratios are
shown in Fig. 7. An obvious red shift of UV—vis reflectance spec-
tra of TiO2/Zn0O composite nanoparticles was observed (spectra
1-4) when compared with the spectrum of neat anatase TiO»
nanoparticles obtained with the addition of surfactant but no Zn
(spectrum 5) and the nanoparticles obtained without the addition
of surfactants and Zn (spectrum 6). The results are consistent
with the findings of Ohshima et al. [27]. It has been reported
that both the band-gap energy of ZnO and that of TiO, were
of 3.2eV [36] and the wavelength of the absorption edge of

Table 1
The percentage of anatase component in the TiO»/ZnO composite at different
Zn/Ti(OBu)4 molar ratios

Anatase (%)

0:12 0.1:1* 0.17:1* 0.25:1* 0.5:1*

Surfactant
DBS 55.32 84.90 88.53 90.43 92.81
SDS 80.51 83.43 87.91 89.52 90.27

2 Zn/Ti.
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Fig. 7. UV-vis reflectance spectra of the nanoparticles synthesized with different Zn/Ti(OBu)4 molar ratio: (a) nanoparticles synthesized with DBS; (b) nanoparticles

synthesized with SDS.

ZnO and TiO; was 391 and 365 nm, respectively [19]. There-
fore, the red shift of TiO2/ZnO composite nanoparticles could
be attributed to the contribution of each of the oxide compo-
nent ZnO and TiO;, according to the XRD results, as shown
in Fig. 6. In addition, the red shift might also be due to the
change in the crystal phase composition of TiO; nanoparticles.
Anatase and rutile TiO, contained different energy band gaps
which lead to different excitation energy for the nanoparticles.
It is interesting to note that the difference in the UV-vis spectra
between TiO, grown with DBS and that without is small, while
the spectra are very different when SDS is used. This might be
related to the differences in morphology and size of the par-
ticles. A similar morphology and size (200-300 nm) of TiO;
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nanoparticles obtained with and without DBS might lead to a
similar absorption. While the nanorods of TiO, obtained with
SDS have a higher surface-to-volume ratio than that of spheres
and this could lead to an increased surface area. Nanoparticles,
with their increased surface area, provide surface states within
the band gap to effectively reduce the band gap [37].

When the DBS was used, TiO»/ZnO composite nanoparticles
strongly absorbed UV light within a wavelength below 380 nm,
while the neat anatase TiO» nanoparticles absorbed most of the
UV light with a lower wavelength (<350 nm). This suggests
that the TiO»/ZnO composite nanoparticles have a lower band
gap than the neat anatase TiO» nanoparticles. The lower band
gap has a positive effect on the photocatalytic activity because
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Fig. 8. Relationship between —In(C/Cp) and reaction time of MO photocatalytic decomposition with the nanoparticles synthesized with DBS [initial MO concentration
5000 pg/L; calcination temperature: 600 °C for nanoparticles samples without Zn but with surfactant or without surfactant and Zn]. (a) Zn:Ti(OBu)4 =0.5:1; (b)
Zn:Ti(OBu)4 =0.25:1; (¢) Zn:Ti(OBu)4 =0.17:1; (d) Zn:Ti(OBu)4 =0.1:1.
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Fig. 9. Relationship between —In(C/Cp) and reaction time of MO photocatalytic decomposition with the nanoparticles synthesized with SDS [initial MO concentration
5000 pg/L; calcination temperature: 700 °C for nanoparticle samples without Zn but with surfactant or without surfactant and Zn]. (a) Zn:Ti(OBu)4 =0.5:1; (b)
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lower source energy is needed to arouse a photocatalytic reac-
tion. In the cases of SDS, the TiO,/ZnO composite nanoparticles
(spectra 1-4 in Fig. 7(b)) strongly absorbed the light within a
wavelength below 400 nm, which is higher than the ZnO/TiO,
composite nanoparticles synthesized with DBS (spectra 1-4 in
Fig. 7(a)). In both surfactants, the TiO»/ZnO composite nanopar-
ticles synthesized at a Zn/Ti(OBu)4 molar ratio of 0.25:1 have
the largest “red shift” when compared with the neat anatase TiO»
nanoparticles.

3.5. Photocatalytic activity

Photocatalytic decomposition of methyl orange (MO) was
used to evaluate the photocatalytic activities of the synthesized
TiO,/Zn0O composite nanoparticles because MO solution is sta-
ble under UV illumination (without the use of TiO; catalyst)
[19]. It is well accepted that the photocatalytic decomposition
of organic pollutants accords with a pseudo first-order kinetic

[30,31]. The relationships between —In(C/Cyp) and reaction time
are shown in Figs. 8 and 9. The apparent reaction rate con-
stants (K) of MO decomposition using different photocatalysts
are summarized in Table 2.

As shown in Table 2, TiO2/ZnO composite nanoparticles had
a higher photocatalytic activity, which was represented by a
larger value of K, than the nanoparticles obtained without the
addition of Zn. When compared to TiO, nanoparticles syn-
thesized without the use of surfactants, the shape-controlled
TiO, nanoparticles with the use of surfactants showed a higher
photocatalytic activity. Among the nanoparticles calcined at
different temperatures, the nanoparticles calcined at 600 and
700 °C showed the higher photocatalytic activities under differ-
ent Zn/Ti(OBu)4 molar ratios for nanoparticles grown with DBS
and SDS, respectively. In both cases of using DBS and SDS,
the nanoparticles synthesized at a Zn/Ti(OBu)s molar ratio of
0.25:1 showed the highest photocatalytic activity. The photocat-
alytic activity results suggest that the shape controlling process

Table 2
Apparent reaction rate constant (K, h~!) of MO photocatalytic decomposition on different nanoparticles
Zn/Ti ratio DBS:Ti=5:1 SDS:Ti=0.02:1

600°C 700°C 800°C 600°C 700°C 800°C
Zn:Ti=0.5:1 1.27 0.87 0.61 0.89 1.03 0.31
Zn:Ti=0.25:1 1.81 1.40 0.85 1.05 1.25 0.85
Zn:Ti=0.17:1 1.09 0.84 0.60 0.92 1.14 0.61
Zn:Ti=0.1:1 0.95 0.76 0.58 0.77 0.88 0.50
Zn:Ti=0:1 0.57 0.53 0.43 0.59 0.63 0.47
Without surfactant Zn:Ti=0:1 0.42 0.44 0.40 0.42 0.44 0.40
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with surfactant can improve the photocatalytic activity of TiO,
nanoparticles. Photocatalytic activity of the shape-controlled
TiO, nanoparticles can be further improved with the composite
of ZnO.

The results of improved photocatalytic activity of TiO»
nanoparticles through composite with ZnO are consistent with
the findings of Yang et al. [25], Serpone et al. [38], and
Sukharev and Kershaw [39]. The higher photocatalytic activ-
ity of TiO2/ZnO composite nanoparticles is related to the role
of ZnO on the surface of TiO; nanoparticles [38,39]. The fact
can be related to the vectorial transfer of electrons and holes,
which takes place in coupled semiconductors possessing differ-
ent redox energy levels for their corresponding conduction and
valence bands [39]. In the TiO2/ZnO composite, the electron
transfer occurs from the conduction of band of light-activated
ZnO to the conduction of band of light-activated TiO, and,
conversely, hole transfer can take place from the valence band
of TiO, to the valance band of ZnO [38,39]. This efficient
charge separation increases the lifetime of the charge carriers
and enhances the efficiency of the interfacial charge transfer to
adsorbed substrates [39].

The TiO2/ZnO composite nanoparticles synthesized at a
Zn/Ti(OBu)4 molar ratio of 0.25:1 showed the highest photocat-
alytic activity because these nanoparticles showed the biggest
red shift in the UV-vis light reflectance, as shown in Fig. 7(a)
and (b), which means these composite nanoparticles have the
lowest band gap energy. A previous study showed that an exten-
sion of the wavelength range of light absorption increased the
photocatalytic activity of TiO, nanoparticles [13]. When the
Zn/Ti(OBu)4 molar ratio was low (0.17:1 and 0.1:1), the effect
of photogenerated electron trapped by ZnO was not obvious
because of the insufficiency of ZnO. The photocatalytic activ-
ity was thus not the highest. When the Zn/Ti(OBu)4 molar ratio
was high (0.5:1), some TiO; active sites would be surrounded
by ZnO which hinders the contact between TiO, and oxygen
containing species, which decreased the photocatalytic activity.
Thus, an optimal TiO»/ZnO composition existed for the highest
photocatalytic activity.

On the one hand, from Table 2, it is noted that the photocat-
alytic activity of TiO, nanoparticles obtained with SDS but no
Zn (Zn:Ti=0:1) is generally higher than that with DBS butno Zn
at different temperatures. This could be attributed to the differ-
ence in morphology of TiO; nanoparticles. Nanorods from SDS
(Fig. 2) have a higher surface-to-volume ratio than nanospheres
from DBS with a similar dimension. This would guarantee a
higher density of active sites available for surface reactions as
well as a higher interfacial charge carrier transfer rate [4].

The effect of temperature (600—800 °C) on the photocatalytic
activity is different for TiO, nanoparticles obtained with DBS,
SDS or without surfactant. From Table 2, it is noted that the
photocatalytic activity of TiO, nanoparticles obtained with DBS
and Zn decreased with an increase in calcination temperature; a
maximum photocatalytic activity of TiO; nanoparticles obtained
with SDS and Zn was observed at 700 °C; and the change in pho-
tocatalytic activity is small in terms of calcination temperature
for TiO; nanoparticles obtained without surfactant and Zn. This
could be related to the calcination temperature range tested. In

general, there is an optimal calcination temperature for a higher
photocatalytic activity, and the optimal calcination temperature
changes with respect to the preparation conditions of nanopar-
ticles [40,41]. The small change in the rate of photocatalytic
degradation of TiO, nanoparticles obtained without the use of
surfactant and Zn is within the margin of experimental error
(4-10%).

4. Conclusions

Different shapes of TiO/ZnO composite nanoparti-
cles, including spherical and cubic nanoparticles, hexagonal
nanorods, and nanobelts with different sizes, were prepared by
adjusting the Zn/Ti(OBu)4 molar ratio and the introduction of
surfactants. SEM images show that the shape and size of the
nanoparticles depend not only on the type of surfactant used
but also on the Zn/Ti(OBu)4 molar ratio. XRD patterns indi-
cated that there is no obvious difference in crystal structure
among different shapes of TiO,/ZnO composite nanoparticles.
Photocatalytic decomposition of MO shows that the TiO»/ZnO
composite nanoparticles have a higher photocatalytic activity
than the neat TiO» nanoparticles and shape-controlled nanopar-
ticles with surfactants but no Zn. An optimal Zn/Ti(OBu)4 molar
ratio of 0.25:1 was found to achieve a higher photocatalytic
activity of TiO2/ZnO composite nanoparticles.
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