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Abstract—The solvothermal reaction of titanium tetra-isopropoxide (TTIP) in different alcohol solvents was investi-
gated in the pressure range 40+2 bar to prepare Titanium (IV) oxide. The results show that the physical properties of
the products, such as crystal size, shape, and structure, are strongly influenced by the types of solvents and temperature
during the reaction. The effects of reaction conditions on the physical properties and the crystal structure of powder
were investigated by using XRD, SEM, DLS, DSC and BET. The obtainggh@i@ler prepared at an organic solvent
condition exhibited submicron size and huge surface area with a narrow size distribution but some agglomeration. TiO
powder prepared at 1,4-butanediol and 623 K shows the highest photoactivity on the photodegradation rate of methyl
orange.
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INTRODUCTION because the organic solution, having a low relative permittivity, is
free from ionic species [Chen and Xu, 1998]. So, this method will
Solid inorganic materials are often employed to promote highbe defined as chemical reactions or transformations in an organic
efficiency chemical processes including both catalytic and photo-solvent under supercritical or sub-critical pressure with temperature
catalytic reactions [Domen et al., 2001; Park et al., 2001]. Amongconditions. Solvothermal processing provides for excellent chemi-
the large number of inorganic materials, titania has been the mostal homogeneity and the possibility of deriving unique metastable
extensively used in modem technologies including solar energy corstructures at low reaction temperatures. As expected, the prepared
version, and photocatalysis because of its high photocatalytic activiiO, nanoparticles exhibited photocatalytic activity much higher
ity, stability, suitable band-gap energy, and so on [Kominanmi etthan those of commercial products of Jild this study, we first
al., 2001]. These properties are dictated to a large extent by contrattempted to compare a characterization and photocatalytic activi-
of its crystal phase, morphology, and particle size. In recent yeardjes of synthesized nanocrystalline Ji®various organic solvents.
researchers have reported a variety of nano-sizemi@erials as The prepared TiOphotocatalysts were evaluated on the photo-
nano-particles, nano-wires, nano-tubes, and so on. As we knovgatalytic activity by using a simple photoreactor system. Photooxi-
titania has three main crystal phases: anatase, rutile and brokite [Hofflation of methyl orange was chosen to test the photocatalytic ac-
mann et al., 1995; Linsebigler et al., 1995]. Among them, anatasévity of TiO, powders prepared by solvothermal method. The pho-
phase is chemically and optically active, and thus is suitable for cattocatalytic activity of the catalysts was analyzed by a UV-VIS spec-
alysts and supports. Crystal structures have their own stabilizatiotrophotometer [Chen, 2000; Nam et al., 2003]. The photocatalytic
temperature ranges and can be controlled by heat treatment and soraetivity of TiO, powders prepared by the hydrothermal method was
times, by dopants [Calza et al., 1997; Mills and Wang, 1997]. Nanocompared with Degussa P-25 Tigdwder.
crystallite sizes and high surface areas have attracted interest due to
the unusual photocatalytic properties. However, nanosized titanium EXPERIMENTAL
dioxide particles have a strong tendency to agglomerate to larger
particles, which leads to a decrease of thermal stability and exerts Preparation of Titania
an influence on its applications. Therefore, this study is focused on The preparation procedure for Tigowder was as follows: 0.1
the synthesis and characterization of ultrafine, pi@ticles with mole of TTIP (99.9%, Ti[OCH(CH}]., Junsei Chemical) 0.10 mole
nanosize, crystal phase, narrow size distribution and minimal agwas slowly, respectively, added into three different kinds of 1.0 mole
glomeration. of solvents (1-Butanol 99%; 1,4-Butanediol 99%; Glycerol 99.5+%)
A solvothermal method was employed for this purpose. The solto obtain a white precipitate. Before the solvothermal treatment,
vothermal method, a powerful route for preparing materials, is simthe solutions were sonicated for distribution of conglomerated amor-
ilar to the hydrothermal method except that organic solvents argphous phase TiQith 140 W, 15,000 Hz for 2 min. And the solu-
used instead of water [Qian, 1999; Wang et al., 2001; Zhu et altions were heated to 573 K or 623 K with a ramping rate of 5K/
1995]. In comparison with the hydrothermal method, the solvotherimin and maintained these temperatures with auto-generative pres-
mal method might allow the product to be free from foreign anionssure of 40 bars in a stirred autoclave system for 1 hr. During the
solvothermal treatment, a white precipitation was formed to ana-
To whom correspondence should be addressed. tase phase Tiano powder. The stirring velocity of magnetic drive
E-mail: gyhan@skku.ac.kr in the stirred autoclave was maintained at about 300 rpm. The ob-
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Fig. 1. Procedure for preparing the nanocrystalline TiQ powder

by solvothermal method. - = " e - o
20
tained TiQ powders were rapidly vyashed .With ethanpl repeatedly, Fig. 2. The powder XRD patterns of nanocrystalline TiQ powders
and then dried at 353K for overnight. This preparation procedure prepared by the solvothermal method at various stirring
is given in Fig. 1. velocities and pH of solutions.

2. Photooxidation of Methyl Orange

The photooxidation of methyl orange was carried out in a sim- The TiO, powder was analyzed by powder X-ray diffraction
ple photocatalytic reactor to test the activity of catalyst. The methyl(XRD, Rigaku Co. Model DMax) with nickel filtered Cykadia-
orange solution was prepared by mixing 30 ppm of methyl orangdion (30 kV, 30 mA) and with the@range from 20 to 80The scan
and 100 ml of distilled water (MilliPore Q). 0.1 g of the prepared speed was 2@nin and the time constant was 1 sec. The diffraction
TiO, catalyst was added into a pyrex cylindrical reactor with theangle of 25.2was selected to discuss the crystallinity of the pre-
methyl orange solution. A 400 W Osram metal halide lamp, builtpared TiQ. The powder XRD patterns of the products are shown
into aluminum lamp housing with rear reflectors, was used as thén Fig. 2.
light source which was located 30 cm in front of the reactor. A mag- The analysis of the XRD pattern revealed that the ga@ders
netic stirrer at 300 rpm was used to mix the, BGspension with  were successfully crystallized to the anatase phase through solvo-
reactant and air bubbling of 200 ml/min was used for source of oxythermal treatment by JCPDS files (card number 9-29). The aver-
gen in the solution. The reaction rate was analyzed by a UV-VISage particle size was determined from the full width at half maxi-

spectrometer (Hitachi Co. U-3210) at 462 nm. mum (FWHM) of anatase peak by using Sherrer's equation. The
crystallite sizes were calculated at 5.6-11.4 nm for the po@-
RESULTS AND DISCUSSION ders. These results are summarized in Table 1. The number of -OH
in the moleculer structure might be one of the factors that affect the
1. Characterization of TiO, Powders crystallization reaction. The titania gels in the 1,4-butanediol and

Table 1. The measured physical properties of TiQprepared by the solvothermal method at various conditions

Solvents Butanol 1,4-butanediol Glycerol

Properties 573K 623 K 573K 623 K 573K 623 K
BET (nr/g) 96 102 99 122 107 111
DSC (kcal/mol) Heat of physisorption of® 0.43 1.44 0.70 1.66 0.57 0.98

Heat of chemisorption of J@ 17.17 17.62 28.96 29.15 27.64 28.47
Crystalline phase anatase, brookite  anatase anatase anatase anatase anatase
Calculated crystal size by BET (nm) 15.9 15.1 15.4 12.6 14.2 14.0
Calculated crystal size by XRD (nm) 11.8 6.8 8.3 5.6 6.0 59
Measured average patrticle size by DLS (nm) 102 89 66 59 113 104
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glycerol solvents showed higher crystallinity to the anatase phasparticles and to slightly decrease the particle size of the primary par-

than titania gel in the butanol through solvothermal treatment. Thdicles. In addition, a weak peak of the brookite phase was observed
-OH facilitated the condensation of hydrolyzed precipitates, andfor the sample in the butanol at the 573 K because of competitive

1,4-butanediol and glycerol solvents have more plentiful -OH inreaction about the crystallization pathway: dissociation and associ-

the molecule structure than butanol. However, the crystalline sizeation [Kivinen, 1965]. The polycrystalline Ti®ize and shape of

of TiO, was slightly decreased with increasing the cystallinity of the obtained samples were observed by a scanning electron micro-
TiO.. scope (SEM, JEOL Co. Model JSM 35CF). The SEM picture con-

The effect of reaction temperature during the solvothermal treatfirmed the morphologies of agglomerated ,gowders.
ment was examined. Fig. 2 shows that the primary particle size at Fig. 3 shows the difference of shape and size of the agglomer-
623 K is smaller than that at 573 K and has higher crystallinities.ated TiQ powders. It shows the irregular shapes of secondary par-
We know that reaction temperature might be one of the factors thaticles, and that butanol has a weaker solvolysis activity than other
affect the initial nucleation and crystallization reactions. This resultsolvents because it has one -OH in a formula structure. In addition,
indicates that the solvothermal method could be effective for obthe agglomeration of crystallized Ti@® the glycerol solvent was
taining the comparatively small sizes but high crystallinity of, TiO highly progressed by plenty of -OH sources. In order to compare
powder by controlling the temperature and the number of -OH inthe particle size distribution of TjQdynamic light scattering spec-
the formula of solvents. It is believed that the reaction temperaturé¢rometer (DLS, Bl Co. Model 9000AT) analysis was performed.
controlled the morphologies and crystalline size of the. Tie The DLS results reflected the conglomerated particle size distribu-
higher temperatures of solvothermal treatment of pi€cipitates  tion of primary TiQ crystals. This analysis involved weighing out
were beneficial to promote initial nucleation and crystallization of an appropriate sample, re-dispersing it in 20 ml of distilled water
using an ultrasonication for the dispersion and stabilization of the
separated for fine powder at 140 W, 20 kHz for 10 min. These re-
sults are shown in Fig. 4.

The results show that with the solvothermal method it is diffi-
cult to avoid the agglomeration of particles by electrostatic repul-
sion arising from their surface charge which can be controlled by
the pH-value of the suspension. The energy for ditsorption was
determined by using a differential scanning calorimeter (DSC, Per-
kin ElImer Co. Model DSC7). Usually, the energy for desorption of
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Fig. 3. SEM images for the TiQ powders prepared by solvother- Measured particle diameter (nm)

mal method at various conditions of solutions: (a) x10,000

and x100,000, 573 K, butanol, (b) x10,000 and x100,000, Fig. 4. DLS data for particle size distribution of the TiO, powders
573K, 1,4-butanediol, and (c) x10,000 and x100,000, 573 K, prepared by the solvothermal method with different sol-
glycerol. vents at two reaction temperatures.

Korean J. Chem. Eng.(Vol. 20, No. 6)



1152 W.S. Nam and G. Y. Han

H,O on single crystals was below about 10 kcal/mol. The DSC dataurement of the photodegradation rate of methyl orange. As shown in
show that all of these prepared Tiave a high surface area and Fig. 5, the photodegradation rate of methyl orange slightly increased
pores with a hydrophilic character. And the surface area of the TiOwith increasing the temperature of solvothermal treatment. It also
was measured by nitrogen adsorption with continuous flow methshowed that the catalyst activity prepared through 1,4-butanediol
od by using a BET surface area analyzer (Gemini model 2375) afteand glycerol was higher than the commercial Degussa P-25 TiO
heat treatment at 280 for 1 hr. These results are summarized in powder.
Table 1. From the results of photodegradation rate of methyl orange with
The particle sizes as measured by various experimental techniquelifferent TiO, catalysts, it can be said that the temperature of crys-
(calculation of crystal size by BET, XRD by Sherrer’s equation, andtallization and the number of -OH in synthesizing solution highly
average particle size by DLS) are given in Table 1. We can see thaffected physical properties of the Tigdwders and their catalytic
difference of crystal size calculated by BET and XRD and averagectivity.
particle size measured by DLS techniques.
From these results, it is noted that the dominant particle size and CONCLUSIONS
crystallinity are affected by the number of -OH. During the solvo-
thermal treatment, the metal alkoxides were partially hydrolyzed In summary, nanocrystalline titania could be successfully pre-
with -OH sources such as alcohols, -diols and so on. Generally, titgeared through solvothermal method with three different kinds of
nium alkoxides were fully hydrolyzed and condensed tg aitbr- solvents. Anatase phase secondary powders (about 100 nm) were
phous powder by -OH. Finally, these powders formed gelled anaebtained with some grain growth and particle agglomeration in var-
tase phase titania through solvothermal treatment. However, exce®us conditions. In addition, the stirring of solution prevents agglom-
sive -OH accelerate condensation of hydrolyzed titanium alkoxideseration of TiQ powder during the solvothermal treatment, but agi-
and growth of particles at high temperatures. Similarly, the thermatation energy has little effect of dispersion of powders. The cata-
treatment involves the formation of metal-oxo-polymer network Iytic activity of TiO, powders was examined in a simple photore-
from the metal alkoxides with @ [Lee et al., 2001]. Especially, it action system, and their photocatalytic activities were observed to
is believed that the butanol solvent will be partially hydrolyzed at be higher or similar to the Degussa P-25, i@wder. It was ob-
573 K. Others were fully hydrolyzed. If the sources with much -OH served that the reaction temperature and number of -OH in the mo-
take part in the condensation of hydrolyzed titanium alkoxides, theséecular structure of solvents affected the physical properties of TiO
immediately nucleate titania amorphous powder. Subsequently, powpowders and thus affected the catalytic activity.
dered should be crystallized from amorphous phase to anatase phase
by the auto-generated high pressure in the stirred autoclave system. REFERENCES
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