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bstract

A reverse microemulsion-mediated hydrothermal route has been employed to synthesize photocatalytic titanium dioxide (TiO2) powders. Nano-
rystalline monophasic anatase TiO2 powders were successfully prepared when the microemulsion-derived precursors were hydrothermally treated.
he advantage of using this microemulsion mediated hydrothermal route is the significant reduction in reaction time and temperatures as compared
ith the conventional hydrothermal process. The oil/water emulsion ratio significantly affected the particle sizes of the obtained TiO powders. The
2

pecific surface area of TiO2 powders was increased with the oil/water ratio, thereby leading to enhanced photocatalytic activity of TiO2 powders.
s the hydrothermal temperature was elevated, the morphology of the TiO2 particles changed from a rod-like shape into a polyhedral shape. The
ariation in microstructures decreased the specific surface area of the TiO2 powders and lowered the photocatalytic activity.

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

The synthesis of semiconductor nanocrystals has attracted
ignificant interest because of their special optoelectronic and
hysiochemical properties. It is attributed to the quantum con-
nement of electrons and large surface-to-volume ratio [1–4].
uch effort has been devoted to control the size as well as
orphology of the semiconductor nanostructures with improved

rystallinity. Since these parameters are the key factors to alter
he optoelectronic and physicochemical properties of semicon-
uctors [5,6]. Recently, research has been intensively focused
n the various semiconductor oxide materials because of their
nique optoelectronic properties and variety of technological
pplications [7].

Nano-crystalline titania (TiO2) is considered to be one of the
ost promising materials due to its excellent physicochemical

tability, high oxidation affinity, mechanical hardness, superior

hoto-reactivity, low cost, novel optoelectronic properties and
asy availability [8–10]. TiO2 has been widely used for various
pplications including electro-chromic display devices [11], dye
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ensitized solar cells, [12,13], gas sensors [14], cosmetics [15],
nd phtotocatalysts [8,16-18].

The photocatalytic activity of titania is markedly influ-
nced by the microstructure, crystal structure, particle shape
nd size, crystallite size, crystallinity, specific surface area and
reparation method [15,19–21]. Titanium dioxide has three
olymorphic phases, viz. anatase, rutile and brookite [8]. Rutile
s a stable phase, while anatase and brookite are metastable
nd will be transformed into rutile after thermal treatment [15].
etastable anatase titania (Eg = 3.2 eV) has higher photocat-

lytic activity than rutile and brookite phases [15,16]. Well
rystallized anatase TiO2 with small crystallite size enhances
hotocatalytic performance because of its quantum size con-
nement, high specific surface area, increased number of active
urface sites, short interface migration distance and small crys-
allite size [21,22]. Therefore, it is important to develop a suitable
ow-temperature method to synthesize nano-sized anatase
iO2.

Numerous techniques including chemical precipitation [23],
ol–gel [24–26], chemical vapor deposition [27], and hydrother-

al crystallization [9,12,13,16,18,22] were used to synthesize

ano-crystalline TiO2. These methods suffer the problems of
igh-temperature processing, long aging time, grain growth and
igorous stirring. The high processing temperatures and long
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ratio to 20. The broad diffraction peaks implied a decrease in
the particle size of TiO2 powders.

The microstructures and particle sizes of the obtained TiO2
powders were examined via TEM. Fig. 2(a)–(c) shows TEM
50 C.-H. Lu et al. / Journal of Haza

eaction time result in the formation of large sized particles with a
ide size distribution. To overcome the above drawbacks, a new
icroemulsion-mediated low temperature hydrothermal route

as been employed in this study to synthesize crystalline nano-
ized TiO2 powders. The main advantage of the proposed route
s low reaction temperature and short processing time that pre-
ents agglomeration in the formed particles. Varying oil/water
icroemulsion ratio, nano-sized TiO2 nano-particles with large

urface area and a rod shape were successfully synthesized at
ow temperature within short reaction period. The effects of
ydrothermal processing temperature on the microstructures and
hotocatalytic behavior of the obtained TiO2 powders were also
nvestigated in detail.

. Experimental

Nano-sized titanium dioxide powders were synthesized
sing a microemulsion-mediated hydrothermal route. The
icroemulsion is an admixture of cyclohexane, n-hexanol, and

olyoxyethylene (10) octylphenyl ether (OP-10) in the ratio of
0:3:2. Here cyclohexane was used as a continuous oil phase,
-hexanol act as a cosurfactant and OP-10 as a surfactant. Two
ypes of microemulsions were separately prepared and named
A and EB, respectively. The oil phase remains invariant for
oth microemulsion systems. The main difference is that the
A was prepared by mixing the oil phase into an appropriate
mount of TiOCl2 (0.2 M) aqueous phase. EB contained aque-
us solution of NaOH (1 M) mixed with oil phase to form a
ispersed microemulsion aqueous phase. The oil/water volume
atio in both microemulsions varied from 5 to 20. Microemulsion
B was used as a precipitating reagent. Appropriate amounts
f dispersed EA and EB aqueous media were mixed together
ith continuous stirring at room temperature for 30 min. The pH
alue of the mixed microemulsion was adjusted to 7, by adopt-
ng the appropriate EA and EB microemulsion volume ratio. The
esultant mixed microemulsions were transferred into a Teflon
ontainer and hydrothermally treated at different hydrothermal
emperatures from 150 to 190 ◦C for 1 h. The autoclave heat-
ng rate was almost 3 ◦C/min. The nano-sized TiO2 powders
ere recovered from vacuum filtration and washed several times
ith deionized water and ethanol to remove any organic residue
resent in the powders. The suspensions were washed with
cetone to prevent particle agglomeration. The obtained white
owders were then dried at 60 ◦C in a vacuum oven.

The X-ray diffraction (XRD) technique was used to deter-
ine the crystal structures and phase purity of the as-prepared

owders. The average crystallite size of the TiO2 powders was
alculated using Debye–Scherrer’s equation using full width
alf maximum (FWHM) of diffraction peak. Transmission elec-
ron microscopy (TEM) technique was used to examine the

icrostructures and particle sizes of the obtained nano-size TiO2
owders. UV–vis spectra were recorded by a UV–vis spectrome-
er (Hitachi U-3410). Brunauer–Emmett–Teller (BET) nitrogen

dsorption method was used to measure the specific surface
reas of the powders. The photocatalytic activities of TiO2 pow-
ers were determined using methylene blue decomposition in
n aqueous solution. The prepared powders (0.01 g) were dis-

F
o
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ersed in 20 ml (30 �M) of methylene blue solution, in order
o satisfy the Bill’s law restrictions. Prior to the photocatalytic

easurement, the colloidal solution was magnetically stirred
n dark for 20 min to establish adsorption–desorption equilib-
ium condition. The reactant solution was irradiated for 90 min
nder UV light at 365 nm wavelength. The suspensions were
entrifuged to separate out the catalyst from the solution. The
ethylene blue solution concentrations were analyzed via an
V–vis spectrometer (at 664 nm).

. Results and discussion

.1. Oil/water ratio effects on the microstructures and
hotocatalytic activities of TiO2 powder

The microemulsion derived precursors were hydrothermally
reated at 150 ◦C for 1 h to obtain nano-sized TiO2 powders.
he oil/water ratio was varied prior to the hydrothermal

reatment. The XRD patterns of TiO2 powders synthesized
t different oil/water ratios are displayed in Fig. 1. The XRD
atterns are identical for all samples and all peaks were in
ood agreement with the data reported in ICDD File No. #
1-1272, and were assigned to the TiO2 anatase phase. No
ther peaks corresponding to the rutile or brookite phases were
bserved, indicating that the obtained TiO2 powders exhibited
monophasic anatase structure. The crystal structure of the

iO2 powders was not affected by the change in the oil/water
atio. The X-ray diffraction peaks of the obtained TiO2 powders
ecame broader with increasing the microemulsion oil/water
ig. 1. X-ray diffraction patterns of TiO2 powders prepared with different
il/water ratios at 150 ◦C for 1 h.
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ig. 2. Transmission electron micrographs of TiO2 powders prepared at 150 ◦C
ith different oil/water ratios of (a) 5, (b) 10, and (c) 20.

icrographs of the TiO2 powders prepared at oil/water ratios
qual to 5, 10, and 20, respectively. It is revealed that the mor-
hology of the obtained TiO2 particles was mono-dispersed and
od shaped. When the oil/water ratio was increased from 5 to
0, the average particle sizes of the TiO2 powders decreased
rom 36.4 to 22.7 nm. This indicated that an increase in the
il/water ratio decreased the particle size of the obtained TiO2
ano-particles. It was reported that the size of the reverse micelle
epends on the amount of water content in the microemulsion

olution [28]. Once the oil/water ratio is increased, the size
f the reverse micelle is correspondingly decreased. Since the
rain growth of particles is limited by the size of the reverse
icelles in the microemulsion hydrothermal process, increas-

p

s

ig. 3. BET specific surface area of TiO2 powders prepared with different
il/water ratios at 150 ◦C for 1 h.

ng the oil/water ratio ultimately decreases the size of the TiO2
articles formed therein.

The BET specific surface areas of TiO2 powders for differ-
nt oil/water ratios are illustrated in Fig. 3. The BET specific
urface areas of TiO2 powders for oil/water ratios equal to 5,
0, and 20 are 134, 206, and 245 m2/g, respectively. It is also
mportant to note that the BET specific surface areas of com-

ercially available Degussa P-25 and Aldrich TiO2 powders
re about 50 and 10 m2/g, respectively. In this study, TiO2 pow-
ers with BET specific surface areas greater than 200 m2/g were
uccessfully obtained at relatively low hydrothermal processing
emperatures in short reaction periods. The large BET surface
rea is due to the special rod-shaped morphology of TiO2 pow-
ers. The decrease in particle size and consequent increase in
ET specific surface area of TiO2 powders were observed with

ncreasing the oil/water ratio.
Fig. 4 illustrates the variation in methylene blue concentration

ith time in presence of obtained nano-sized TiO2 powders syn-
hesized using different oil/water ratios. It was found that almost
ll methylene blue was decomposed under UV light illumination
or 10 min. It also revealed that the amount of methylene blue
egraded by TiO2 powders was increased when the oil/water
atio was raised. This is attributed to the increase in BET spe-
ific surface area of TiO2 powders as reported by Yu et al. [29].
ompared with commercially available photocatalysts Degussa
-25 and ST-01 (Ishihara Chemical Co. Ltd.), TiO2 powders pre-
ared via the microemulsion-mediated hydrothermal route have
igher photocatalytic abilities.

.2. Effects of hydrothermal temperature on the
icrostructures and photocatalytic activities of TiO2
owders

Fig. 5 depicts the XRD patterns of TiO2 powders synthe-
ized from mixed microemulsion solution after hydrothermally
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ig. 4. Relation between photocatalytic activities of TiO2 powders prepared
ith different oil/water ratios at 150 ◦C for 1 h.

reated at (a) 150, (b) 170, and (c) 190 ◦C for 1 h. The XRD pat-
erns indicate that anatase phase was formed in all samples. It
as observed that with increasing hydrothermal processing tem-
eratures, the peak intensities increased and the FWHM of the

iffraction peak became narrower. The average crystallite size of
he TiO2 powders was calculated using Scherrer’s formula and
epicted in Fig. 6. This reveals that the crystallite size increased
ith increasing hydrothermal temperatures. This indicates the

ig. 5. XRD patterns of TiO2 powders prepared at different hydrothermal tem-
eratures for 1 h.
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ig. 6. Variation in crystallite size of TiO2 powders prepared at different
ydrothermal temperatures for 1 h.

ncrease in the formation of larger crystallites and anatase phase
rystallinity enhancement in the formed TiO2 powders at ele-
ated hydrothermal temperatures. Yu et al. [22] also reported
hat the average crystallite sizes and degree of crystallization
ncrease with increasing hydrothermal temperatures.

Fig. 7 shows TEM micrographs of powders hydrothermally
reated at temperatures ranging from 150 to 190 ◦C. It can
e seen (Fig. 7(a)) that the TiO2 particles formed at 150 ◦C
ere monodispersed with a rod-like shape. The length of these

ods was around 50 nm and the diameter was in the range of
0 nm, with an aspect ratio of about 5. After increasing the
ydrothermal temperature to 170 ◦C (Fig. 7(b)), the TiO2 par-
icles retained the rod-like morphology, but the aspect ratio
ecame less (∼2.6). This indicates that the morphology of TiO2
articles was transformed from a long-axis rod-like shape into
short-axis rod-like shape after the hydrothermal temperature
as elevated from 150 to 170 ◦C. When the temperature was

ncreased to 190 ◦C (Fig. 7(c)), the morphology of the TiO2
articles changed from rod-shape to polyhedral particles with a
road size distribution. In addition, the particle size was found
o be increased after the hydrothermal temperature was raised.

ith increasing hydrothermal temperature, the reverse micelles
n the microemulsion will not be maintained. This will result
n fast cluster nucleation oriented in random directions, thereby
orming large particles [30].

Fig. 8 illustrates the variation in transmittance spectra (%T)
ersus wavelength (nm) of TiO2 powders synthesized at dif-
erent hydrothermal temperatures. It shows a decrease in the
ptical transmittance of TiO2 powders synthesized at elevated
emperatures. This is attributed to the increase in particle as

ell as crystallite size of TiO2 and the finding is in good agree-
ent with the results reported by Yu et al. [31]. Fig. 9(a) and

b) represents the BET specific surface area and the amount of
egraded methylene blue for TiO2 powders prepared at vari-
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Fig. 8. UV–vis transmittance spectra of TiO2 powders synthesized at different
hydrothermal temperatures for 1 h.
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ig. 7. Transmission electron micrographs of TiO2 powders prepared at (a) 150,
b) 170, and (c) 190 ◦C for 1 h.

us hydrothermal temperatures. As the processing temperature
as increased, the surface area of the TiO2 powders corre-

pondingly decreased. The rod-like TiO2 powders prepared at
50 ◦C had a largest BET specific surface area (210 m2/g).
hen the hydrothermal temperature was elevated, the amount

f degraded methylene blue was reduced. This is attributed to
n increase in the particle size and the decrease in the sur-

ace area. The above results indicate that the oil/water ratio
nd the hydrothermal temperature should be well controlled to
btain nano-sized TiO2 powders with improved photocatalytic
roperties.

d
a
r
i

ig. 9. (a) BET specific surface area and (b) concentration of degraded methy-
ene blue for TiO2 powders prepared at different hydrothermal temperatures.

. Conclusions

TiO2 nano-particles with improved photocatalytic perfor-
ance were successfully prepared via the microemulsion

ydrothermal process. Monophasic TiO2 powders with an
natase structure were obtained after the hydrothermal treat-
ent. Increasing the oil/water emulsion ratio significantly
ecreased the particle size of the prepared TiO2 powders,
nd consequently increased the specific surface area. As a
esult, photocatalytic activity of TiO2 powders was significantly
mproved. When the hydrothermal temperature was elevated,
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he morphology of the TiO2 particles changed from rod-shape
o polyhedral particles with a broad size distribution. The rod-
haped particles exhibited larger specific surface area than the
olyhedral particles. The change in morphology, as well as the
rain growth at elevated temperatures, reduced the specific sur-
ace area of the TiO2 powders. Consequently, the photocatalytic
ctivities of TiO2 powders were reduced with hydrothermal tem-
erature elevation.
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