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The alkoxide sol—gel synthesis of nanostructured TiO; has been studied systematically to
examine the processing parameters that control crystallite size and phase. Nonagglomerated,
ultrafine anatase particles have been generated by hydrothermally treating the sol—gel-
derived hydrous oxides. The degree of crystallinity and purity of the synthesized materials
could affect their structural evolution during heat treatment. It was found that the 10-nm
anatase TiO, sample derived by hydrothermal processing at 180 °C underwent neither phase
change nor significant grain growth up to 800 °C. Nanocrystalline rutile TiO, particles have
also been attained via hydrothermal treatment in an acidic medium. They possessed an
ultrafine rutile grain size and a high surface area, which could not be achieved via phase
transformation from thermal treatment of anatase particles.

Introduction

Titania has been extensively used in a variety of
applications such as gas sensors, dielectric ceramics,
catalysts for thermal or photoinduced processes, pho-
tovoltaic solar cells, and pigments.2~° The physical and
chemical characteristics of TiO;, can be controlled by its
particle size, morphology, and crystalline phase. Nano-
structured materials with ultrafine crystallite sizes
(<100 nm) and high surface areas have attracted
substantial interests due to their unusual optical,
electrical, and catalytic properties.®10712 This work is
focused on the synthesis and characterization of ultra-
fine TiO; particles with tailored microstructure, crystal
phase, and thermal stability.

Titania can be synthesized by several different meth-
ods: (i) inert gas condensation,!3 (ii) flame synthesis by
TiCl, oxidation,* (iii) oxidation—hydrothermal synthe-
sis of metallic Ti,!> and (iv) hydrolysis precipitation of
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titanium alkoxides or chlorides.16718 In this study, the
processing parameters in wet-chemical synthesis of TiO,
nanoparticles were investigated. Of particular interest
is the sol—gel approach,®20 which allows compositional
and microstructural tailoring through controlling the
precursor chemistry and processing conditions. Sol—gel
processing provides for excellent chemical homogeneity
and the possibility of deriving unigue metastable struc-
tures at low reaction temperatures. It involves the
formation of a metal—oxo—polymer network from mo-
lecular precursors such as metal alkoxides or metal
salts.?l For example, the metal alkoxides may be
hydrolyzed (eq 1) and polycondensed (egs 2 and 3) to
form a metal oxide gel as follows:

M-OR + H,0 — M—OH + ROH 1)
M—OH + M—OR —M-0O-M + ROH  (2)
M—OH + M—OH —M-O-M + H,0  (3)

where M = Si, Ti, Zr, Al, etc., and R = alkyl group. The
relative rates of hydrolysis and polycondensation strongly
influence the structure and properties of the resulting
metal oxides. Factors affecting the sol—gel process
include the reactivity of metal alkoxides, pH of the
reaction medium, water:alkoxide ratio, reaction tem-
perature, and nature of solvent and additive. By varying
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these processing parameters, materials with different
microstructure and surface chemistry can be obtained.

Typically, sol—gel-derived precipitates are amorphous
in nature, requiring further heat treatment to induce
crystallization. The calcination process frequently gives
rise to particle agglomeration and grain growth and may
induce phase transformation. Hydrothermal treatment
represents an alternative to calcination for promoting
crystallization under milder temperatures. Hydrother-
mal processing has been widely applied in the synthesis
of zeolites,?? and in the production of advanced ceramic
powders.23 In our study, hydrothermal processing is
adopted to produce nanocrystalline oxides with ultrafine
particle size. In the hydrothermal treatment, grain size,
particle morphology, crystalline phase, and surface
chemistry can be controlled via processing variables
such as sol composition and pH, reaction temperature
and pressure, aging time, and nature of solvent and
additive.

In this work, nanocrystalline anatase TiO; particles
with grain size systematically tailored in the range of
5—100 nm have been derived via sol—gel precipitation
of alkoxides, followed by hydrothermal treatment or
calcination. Nanoparticles with ultrahigh surface areas
and negligible agglomeration were obtained with excel-
lent thermal stability. Rutile TiO, particles were also
created by hydrothermal aging of the hydrolysis pre-
cipitates in an acidic medium.

Experimental Section

Synthesis. TiO, nanocrystals were derived via sol—gel
hydrolysis precipitation of titanium isopropoxide (Ti(OCsH7)4)
(Alfa Chemicals, MA), followed by calcination or hydrothermal
treatment. A specific amount of titanium isopropoxide was
dissolved in anhydrous ethanol, and mixed with a water—
ethanol solution with a water:alkoxide molar ratio of 3—170.
The isopropoxide solution was added dropwise to the aqueous
solution with rigorous stirring at room temperature. White
precipitates of hydrous oxides were produced instantly, and
the mixture was stirred for at least 2 h. The amorphous
precipitates were then subjected to either calcination or
hydrothermal treatment. In the former, the precipitates were
first separated from the mother liquor by centrifugation and
were redispersed in ethanol to minimize particle agglomeration
from hydrogen bonding. This washing process was repeated
five times. The resulting materials were then dried and
calcined at 450 °C in flowing oxygen for removal of volatile
and organic species and for formation of crystalline oxides. In
the hydrothermal route, the mother liquor containing the
amorphous precipitates was transferred to a sealed pressure-
safe tube (Ace Glass Inc., Vineland, NJ) or a stainless steel
autoclave (Parr Instruments Inc., Moline, IL), and aged at 80—
240 °C for 1—4 days. The hydrothermally treated suspension
was then centrifuged; the powder recovered was washed with
deionized water, and dried at room temperature.

Characterization. The titania samples were characterized
by powder X-ray diffraction (XRD) with a Siemens D5000
diffractometer (45 kV, 40 mA) using Ni-filtered Cu Ka radia-
tion (1 = 1.5406 A). XRD patterns were obtained for 20—70°
(26) by step-scanning with a step size of 0.02°. To determine
the average crystallite size, peak broadening analysis was
applied to anatase (101) and rutile (110) diffractions using
Scherrer’s equation.
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The morphology and grain size of the titania particles were
examined by transmission electron microscopy (TEM) on a
JEOL 200CX or 2010 microscope operating at 200 kV. Drops
of a powder suspension were added to carbon-coated copper
grids in TEM sample preparation.

Nitrogen adsorption—desorption isotherms were obtained
with a Micromeritics ASAP 2000 or 2010 system for analysis
of BET (Brunauer—Emmett—Teller) surface area and BJH
(Barrett—Joyner—Halenda) pore size distribution. The samples
were degassed at 110 °C under vacuum prior to adsorption
studies at 77 K.

Thermogravimetric analysis (TGA) was performed on a
Perkin-Elmer TGA 7 System. TGA experiments were con-
ducted in flowing oxygen at a ramp rate of 5 °C/min.

Results and Discussion

Alkoxide Sol—Gel Processing of Anatase Nanoc-
rystals. The as-derived precipitates from sol—gel pro-
cessing of titanium isopropoxide were amorphous in
nature. A significant weight loss was noted in the TGA
curves for the titania gels below 400 °C, which could be
attributed to the removal of water, alcohol, and unre-
acted alkoxy species. The amorphous gel began to be
crystallized upon heat treatment at 200 °C, as indicated
by the emergence of a very broad, low-intensity XRD
peak associated with anatase (101) diffraction. Calcina-
tion at this low temperature could not completely
crystallize the material, giving a mixture of amorphous
and nanocrystalline titania. To convert the sol—gel-
derived sample fully to crystalline TiO,, a calcination
treatment of 450 °C was applied; this temperature was
also necessary to eliminate water and organic species
from the hydrous gel.

In sol—gel processing of early transition metal alkox-
ides, hydrolysis and condensation reactions occur very
rapidly, so that uniform and ultrafine products are
difficult to obtain. With the use of bulky, branched
alkoxy groups (such as isopropoxides), the hydrolysis
and condensation rates can be reduced to favor the
formation of small colloidal clusters, yielding a more
uniform particle size.?® To achieve a very narrow
particle size distribution in the desired range, we have
examined the water:alkoxide ratio as a synthesis pa-
rameter to control the absolute and relative rates of
nucleation and growth of clusters. The effect of water:
alkoxide ratio on the sol—gel synthesis of titania is
illustrated in Figure 1. Upon calcination at 450 °C,
distinct anatase peaks were noted in the XRD patterns
of the various samples. Anatase is the metastable phase
of titania, typically associated with high surface areas;
it undergoes a transformation to the rutile phase upon
thermal treatment typically at 400—1200 °C.2* It was
noted in Figure la—c that increasing the water:alkoxide
molar ratio led to reduced crystallite size in the calcined
material. Anatase nanocrystals of 20 nm could be
obtained by calcining titania gel synthesized with a
water:alkoxide ratio of 165. The water:alkoxide ratio
determines the sol—gel chemistry and the structural
characteristics of the hydrolyzed gel. High water:alkox-
ide ratios in the reaction medium ensure a more
complete hydrolysis of alkoxides, favoring nucleation
versus particle growth.

(24) Shannon, R. D.; Pask, J. A. J. Am. Ceram. Soc. 1965, 48, 391.
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Figure 1. XRD patterns of nanocrystalline anatase titania
samples prepared with a water:alkoxide ratio of (a) 3.3
(without acid) (82 nm), (b) 10 (without acid) (57 nm), (c) 165
(without acid) (20 nm), and (d) 165 (with HCI) (14 nm). The
samples were characterized after calcination at 450 °C for 2
h. All peaks noted corresponded to the anatase phase. The
crystallite sizes indicated in parentheses were calculated from
peak broadening of the anatase (101) diffraction.

Even at a very high water:alkoxide ratio, precipitates
appeared shortly after the alkoxide solution has been
introduced to the aqueous solution. Additives such as
electrolytes,?® polymers,2%and cellulose,?” or complexing
ligands?® have been employed to modify the reactivity
of the metal alkoxide precursors to inhibit the conden-
sation reactions so that monodispersed particles of well-
controlled sizes could be obtained. An alternative ap-
proach to controlling the sol—gel reaction rates involves
the use of acid or base catalysts.?®30 In some of our
experiments, hydrochloric acid was added to the water—
ethanol solution, so that the HCl:alkoxide molar ratio
was 0.25 in the reaction medium. For the system with
a water:alkoxide ratio of 165, the addition of HCI
resulted in the reduction of crystallite size from 20 to
14 nm for materials calcined at 450 °C (Figure 1c,d).
Besides a finer grain size, a narrower pore size distribu-
tion with a smaller average pore diameter was also
attained for the sample synthesized with HCI. The
amount of acid added, or pH of the system, affects the
state of the hydrolyzed products in the form of sol, gel,
and precipitates. The presence of acid catalysts pro-
motes the hydrolysis reaction versus the condensation
reaction. The gelation process was delayed in the
synthesis with HCI addition, so that a turbid gel was
formed instead of white precipitates. HCI serves not only
as an acid catalyst, but also as an electrolyte to prevent
particle growth or agglomeration through electrostatic
repulsion. Since the isoelectric point of TiO; lies at a
pH of 5—7,31 surface charges on the particles in an acidic
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Figure 2. XRD patterns of nanocrystalline titania samples
prepared by hydrolysis precipitation with a water:alkoxide
ratio of 92, followed by hydrothermal aging for 1 day at (a) 80
°C (6 nm), (b) 180 °C (10 nm), and (c) 240 °C (28 nm). All peaks
noted corresponded to the anatase phase, except for those
denoted with an asterisk (*), which corresponded to the
brookite phase. The crystallite sizes indicated in parentheses
were calculated from peak broadening of the anatase (101)
diffraction.

medium help to keep discrete particles in the dispersed
state.

Figure 2 shows the XRD patterns of titania derived
from alkoxide hydrolysis precipitation, followed by hy-
drothermal treatment. The samples were synthesized
with a water:alkoxide ratio of 92, and subjected to
hydrothermal treatment at 80—240 °C for 1 day. The
titania gels were successfully crystallized to the anatase
phase at relatively low temperatures through hydro-
thermal aging. Nanocrystalline anatase materials with
grain sizes of 6, 10, and 28 nm were obtained from
hydrothermal treatment at 80, 180, and 240 °C, respec-
tively. A minor brookite peak at 31° (26) was noted for
samples prepared at 80 and 180 °C (Figure 2a,b).
Compared to the calcination approach, titania with
much finer crystallite sizes can be produced via hydro-
thermal treatment, especially at low aging tempera-
tures. These nanocrystalline anatase TiO, powders are
associated with ultrahigh surface areas attractive for
catalytic and photocatalytic applications.3232 The well-
defined nanometer-sized particles could also be com-
pacted to give greenbodies with an ultrafine microstruc-
ture that would facilitate sintering of TiO, for advanced
ceramics applications.

Figure 3 illustrates the effects of water:alkoxide ratio,
and aging temperature and time on the anatase XRD
crystallite size of hydrothermally prepared TiO,. Water:
alkoxide ratios of <10 and =3.3 produced amorphous
titania materials after aging at 80 °C for 1 day and 4
days, respectively. This showed that the water content
in the mother liquor was crucial to creating crystalline
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Figure 3. Crystallite sizes of titania samples prepared by
hydrolysis precipitation with the water:alkoxide ratios indi-
cated, followed by hydrothermal aging at (O) 80 °C for 1 day,
(2) 80 °C for 4 days, (®) 180 °C for 1 day, and (a) 180 °C for
4 days. The crystallite sizes were calculated from the broaden-
ing of the anatase (101) XRD peak.

structures at the low hydrothermal treatment temper-
ature. Yin et al.3* also indicated that the amount of
water determined the degree of crystallization. We
found that if the mother liquor consisted of a low water
content (water:alkoxide ratio < 10), crystallization
would require hydrothermal aging for periods longer
than 1 day and/or at a temperature higher than 80 °C.
Aging period did not have significant effects on the
anatase crystallite size for systems with a high water
content (water:alkoxide ratio > 30) or for systems
hydrothermally treated at a temperature of 180 °C.
Anatase crystallite sizes of 6—7 nm and 9—10 nm were
obtained for systems hydrothermally synthesized with
a water:alkoxide ratio of =50 at 80 and 180 °C,
respectively. A high water content in the mother liquor
ensured proper hydrothermal treatment of the amor-
phous gel to promote nucleation of nanocrystals. Such
conditions allowed an ultrafine crystallite size to be
achieved, especially at a low hydrothermal aging tem-
perature whereby particle growth was minimal. For the
systems with a low water:alkoxide ratio of <30, the
nucleation process was very slow. If these systems were
subjected to hydrothermal treatment at 180 °C, the few
nuclei generated would undergo relatively rapid grain
growth, yielding coarser crystals of 15—18 nm.
Transmission electron micrographs of nanocrystalline
anatase TiO, samples are shown in Figure 4. Samples
with 6, 10, and 28 nm grain sizes were synthesized via
hydrothermal treatment at 80, 180, and 240 °C, respec-
tively (Figure 4a,b,d). The sample with 20 nm grain size
was obtained via calcination at 450 °C (Figure 4c). The
titania grains in Figure 4a—c were quite uniform in
morphology, and their TEM grain sizes were consistent
with those calculated from XRD peak broadening.
According to the surface areas of these samples, the
calculated equivalent particle sizes would be 6.1 nm (253
m?/g), 10.2 nm (151 m?/g), and 22.0 nm (70 m?/g),
respectively, assuming a spherical particle morphology.
These calculated values matched well with the grain
sizes observed by TEM and XRD, indicating that
particle agglomeration was negligible for these three

(34) Yin, S.; Inoue, Y.; Uchida, S.; Fujishiro, Y.; Sato, T. J. Mater.
Res. 1998, 13, 844.
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samples. Compared to the samples obtained from hy-
drothermal treatment at 80 and 180 °C, the sample
synthesized from hydrothermal aging at 240 °C (Figure
4d) was less uniform in particle morphology and larger
in grain size. At the high aging temperature of the
latter, the nucleation and growth processes might not
have proceeded slowly and uniformly enough, so that a
mixture of uniaxed and elongated grains were produced.

Structural Evolution of Alkoxide-Derived Ana-
tase Nanocrystals. The four as-synthesized nanocrys-
talline titania samples illustrated in Figure 4 were
subjected to a series of heat treatments in flowing
oxygen for structural evolution studies. Their phase
composition and average anatase/rutile grain sizes were
analyzed by XRD after heat treatments at 300—800 °C
(Figure 5). The phase composition of the samples were
obtained from the following equation:3®

Xy =1[1+1.26 (I/1)]" (4)

where xa is the weight fraction of anatase in the
mixture. 1a and Ig were obtained from the peak areas
of the anatase (101) and rutile (110) diffractions,
respectively.

The samples obtained from hydrothermal treatment
at 80 °C (Figure 5a) and from calcination at 450 °C
(Figure 5c) underwent partial anatase — rutile phase
transformation at 600 °C, which was accompanied by a
significant grain growth. The sample that was hydro-
thermally synthesized at 240 °C underwent partial
phase transformation at a higher temperature of 800
°C (Figure 5d). It experienced minor grain growth from
28 to 49 nm at 700 °C; its anatase grains remained
unchanged in size at 800 °C despite the formation of a
substantial number of 68 nm rutile grains. Interest-
ingly, the sample produced from hydrothermal aging at
180 °C demonstrated a remarkable thermal stability
(Figure 5b). It retained a pure anatase phase even after
a 2-h heat treatment at 800 °C. TEM studies (not
shown) indicate that this 800 °C calcined titania sample
still retained a spherical particle morphology, although
the particles became more agglomerated. Usually at
such a high temperature, phase transformation to rutile
would have occurred with significant grain growth to
>100 nm. This sample, however, underwent only minor
grain growth from 10 to 17 nm and 35 nm at 700 and
800 °C, respectively.

It is presently not clear why the materials obtained
from hydrothermal aging at 180 °C reproducibly exhib-
ited such unusual stability against phase transforma-
tion and grain growth, but several factors might have
contributed to it. Parameters such as particle size,36-38
impurity,324° and reaction atmosphere*142 have been
known to affect the phase transformation phenomenon.
The crystallinity and surface chemistry of the ultrafine
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W. J. Mater. Res. 1989, 4, 1246.
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Figure 4. TEM micrographs of titania samples prepared by hydrolysis precipitation with a water:alkoxide ratio of (a) 92, followed
by hydrothermal aging at 80 °C for 1 day (6 nm), (b) 92, followed by hydrothermal aging at 180 °C for 1 day (10 nm), (c) 165,
followed by calcination at 450 °C for 2 h (20 nm), and (d) 92, followed by hydrothermal aging at 240 °C for 1 day (28 nm). The
crystallite sizes indicated in parentheses were calculated from the broadening of the anatase (101) XRD peak.

grains obtained from the wet-chemical synthesis might
have a strong influence on the subsequent structural
evolution of these materials. During the hydrothermal
aging process, the amorphous hydrous gels gradually
developed into crystalline titania grains with further
hydrolysis/polycondensation reactions and structural
rearrangements. This was a very different process from
crystallization via calcination, which involved rapid
purification and thermal transformation of hydrous gels
that had not yet fully reacted. The mild hydrothermal
synthesis would be capable of yielding a more well-
defined structure with less surface impurities/defects if
appropriate aging temperature and period were em-
ployed to ensure complete sol—gel reaction and crystal-
lization in an appropriate medium. This might explain
the excellent thermal stability associated with 10-nm
anatase grains synthesized via hydrothermal aging at
180 °C. A lower aging temperature could produce a finer
as-synthesized average grain size, but might be inad-
equate at inducing complete reactions of the residual
alkoxy and hydroxy groups. The impurities in the

samples synthesized via hydrothermal treatment at 80
°C and via calcination at 450 °C might have promoted
the nucleation of rutile,*® so that phase transformation
was initiated at a lower heat treatment temperature of
600 °C for these materials. Elemental analysis and TGA
characterization results supported the fact that these
two samples have substantially greater amounts of
organic residues than the samples synthesized from
hydrothermal treatment at 180 and at 240 °C.
Besides purity and crystallinity,?* particle arrange-
ment and packing would also influence the thermal
stability and phase transformation of materials.*4~4’
Banfield and co-workers*4° reported that the anatase
— rutile transformation could be initiated from the
rutile-like elements created at the oriented contacts

(43) Ocafia, M.; Garcia-Ramos, J. V.; Serna, C. J. J. Am. Ceram.
Soc. 1992, 75, 2010.

(44) Kumar, K.-N. P.; Kumar, J.; Keizer, K. J. Am. Ceram. Soc.
1994, 77, 1396.

(45) Liniger, E. G. J. Am. Ceram. Soc. 1988, 71, C-408.

(46) Edelson, L. H.; Glaeser, A. M. 3. Am. Ceram. Soc. 1988, 71,
225.

(47) Kumar, K.-N. P.; Keizer, K.; Burggraaf, A. J.; Okubo, T.;
Nagamoto, H.; Morooka, S. Nature 1992, 358, 48.
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Figure 5. XRD crystallite sizes corresponding to the anatase (101) peak (solid bars) and the rutile (110) peak (shaded bars) for
titania samples described in Figure 4 after heat treatments at the temperatures indicated. The wt % of anatase in the mixed-

phase systems are denoted.

between anatase particles. The lack of proper particle
attachment or particle coordination would decrease the
possibility of rutile nucleation. Generally, calcination
causes particles to form hard agglomerates while the
hydrothermal treatment creates a softer agglomeration
of particles. The hard agglomerates formed in the
calcined sample might have an increased degree of
packing, which facilitated the phase transformation.
The looser packing of particles generated in the hydro-
thermal treatment might be one of the factors respon-
sible for their relatively high thermal stability.
Figure 5 illustrates that the phase transformation to
rutile was initiated after the anatase grains have grown
to a certain size. The samples prepared by hydrothermal
treatment at 80 °C and by calcination at 450 °C
consisted of anatase grains of 42—46 nm when <10 wt
% of the titania material was transformed to the rutile
phase at 600 °C. The sample hydrothermally treated
at 240 °C consisted of 47 nm anatase grains when 53
wt % of transformation to rutile took place at 800 °C.
For the sample hydrothermally treated at 180 °C, phase
transformation was initiated at 840 °C, when 96 wt %
of the titania consisted of 51 nm anatase grains.
Although these anatase grain sizes might be larger than
that needed to initiate the anatase — rutile transforma-
tion, it appeared that the critical nuclei size for rutile

(48) Zhang, H.; Banfield, J. F. Am. Mineral. 1999, 84, 528.
(49) Penn, R. L.; Banfield, J. F. Am. Mineral. 1999, 84, 871.

formation could be estimated to be in the range of 40—
50 nm from this study. Once the critical nuclei size has
been attained from anatase grain growth during heat
treatment, rapid rutile formation and grain growth were
observed, so that the resulting rutile grains were larger
than the coexisting anatase grains.

The critical nuclei size for phase transformation is
governed by the volume free energy, surface energy, and
strain energy, which would vary with different materials
synthesis and processing. In previous studies,>°~52 the
rutile crystallites began to form after the anatase grains
grew to certain sizes (~13—50 nm), and the resulting
rutile grains were always larger than the anatase
grains. The critical nuclei size is achieved through
particle densification and/or particle growth.5® These
two mechanisms resulted in different critical nuclei
sizes and microstructures. The delayed phase transfor-
mation shown by samples hydrothermally treated at 180
and 240 °C could be attributed to their slow grain
growth in reaching the critical nuclei size. Their grain
growth might have been suppressed due to their high
crystallinity and purity attained in the high-tempera-
ture hydrothermal aging. The sample hydrothermally
treated at 240 °C underwent phase transformation at

(50) Kumar, K. Scr. Metall. Mater. 1995, 32, 873.

(51) Gribb, A. A.; Banfield, J. F. Am. Mineral. 1997, 82, 717.

(52) Hague, D. C.; Mayo, M. J. Nanostruct. Mater. 1993, 3, 61.

(53) Nair, P.; Nair, J.; Raj, A.; Maeda, K.; Mizukami, F.; Okubo,
T.; lzutsu, H. Mater. Res. Bull. 1999, 34, 225.
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a lower temperature than the sample hydrothermally
treated at 180 °C. The former was shown by TEM
(Figure 4d) to possess larger grains of less uniform
morphologies compared to the latter (Figure 4b). The
presence of nonequiaxed grains might have contributed
to grain growth at a lower temperature to the critical
nuclei size for the former. The larger grain size and
elongated morphology of titania particles attained from
hydrothermal treatment at 240 °C might have also
facilitated the phase transformation process.

This study illustrates the flexibility of hydrothermal
processing at attaining titania samples of controlled
grain size and stability. The nanocrystalline anatase
grain size (35 nm) and high surface area (43.1 m?/g)
retained at 800 °C by the system derived via hydro-
thermal treatment at 180 °C present unique opportuni-
ties for high-temperature catalytic applications. The
47-53% mixture of ultrafine anatase—rutile grains
obtained from 800 °C calcination of the sample derived
via hydrothermal aging at 240 °C might also be of
interest to special applications that would benefit from
designed mixed titania phases.

Alkoxide Sol—Gel Processing of Rutile Nanoc-
rystals. As illustrated by this study and other reports,
rutile titania particles can be obtained via thermal
treatments. However, the elevated temperatures that
were typically applied to produce rutile crystals fre-
quently led to significant grain growth and loss of
surface area. It is desired in some applications to obtain
ultrafine rutile crystals with a high surface area and a
controlled morphology. We are interested in investigat-
ing hydrothermal processing as a novel means to
directly generate rutile nanocrystals with unique mi-
crostructures. Our approach utilized sol—gel hydrolysis
precipitation of titanium isopropoxide with a water:
alkoxide ratio of 165. After recovery of the amorphous
gel via centrifugation, the sample was dried at room
temperature before it was introduced to 30 mL of an
aqueous HNOj; solution for hydrothermal treatment at
180 °C. Figure 6 shows the XRD patterns of these acid-
treated materials and a sample produced in a HNO3-
free aqueous solution. The latter was composed of 10
nm anatase grains (Figure 6a). A mixture of anatase
grains (of 10—11 nm) and rutile grains were produced
from hydrothermal aging in 1 and 1.5 N of HNO3 for 1
day (Figure 6b,c). The weaker acidic solution produced
finer rutile grains (35 nm vs 77 nm) and a smaller
weight fraction of rutile (30% vs 64%) in the resulting
titania sample. A longer aging time of 7 days in 1 N
HNO; created a pure rutile phase with an average grain
size of 49 nm (Figure 6d).

With a short hydrothermal aging period (i.e., 1 day)
in the HNO3; medium, a mixture of anatase and rutile
was obtained. Both of these titania phases belong to the
tetragonal crystal system, consisting of [TiOg] octahedra
as a basic structural unit. Their crystalline structures
differ in the assembly of the octahedral chains. The
complexation between the anatase grains and HNO;3;
might have contributed to the reorientation of the less
dense structure of anatase to produce more rigid, linear-
like chains that favored the nucleation of rutile crystals.
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Figure 6. XRD patterns of nanocrystalline titania samples
prepared by hydrolysis precipitation with a water:alkoxide
ratio of 165. After recovery and drying, these samples were
hydrothermally aged at 180 °C in (a) an acid-free solution for
1 day, (b) 1 N HNOg solution for 1 day, (c) 1.5 N HNO3 solution
for 1 day, and (d) 1 N HNOs solution for 7 days. All diffraction
peaks noted in part a corresponded to the anatase phase; all
diffraction peaks noted in part d corresponded to the rutile
phase.

It was noted in parts b and d of Figure 6 that the
formation and growth of rutile crystals proceeded at the
expense of anatase crystals with increasing hydrother-
mal aging period, possibly via a dissolution—precipita-
tion mechanism.?35* As with HCI,*”%5 HNO; of increased
acid concentration accelerated this transformation pro-
cess during hydrothermal aging (part b vs part c of
Figure 6). However, not every inorganic acid would
facilitate the formation of rutile with increasing acid
concentration. H,SO, and HF have been observed to
transform anatase to rutile at moderate levels of acidity,
with phase reversion to anatase at high acidity.”>® This
study shows that hydrothermal aging in an acidic
medium presents a unique and flexible means of obtain-
ing ultrafine rutile grains or mixed-phase titania ma-
terials under a milder temperature than that required
by the conventional calcination approach.

Conclusions

Nanocrystalline TiO, materials have been successfully
synthesized via sol—gel hydrolysis precipitation, fol-
lowed by calcination or hydrothermal treatment. High
water:alkoxide ratios were found to favor the formation
of ultrafine titania particles. Anatase grains as small
as 6 nm were obtained via hydrothermal treatment at
80 °C, without the grain growth or particle agglomera-
tion commonly induced by the calcination process. Ten-
nanometer-sized anatase nanocrystals derived via hy-
drothermal aging at 180 °C were shown to possess
unusual thermal stability against grain growth and the
anatase — rutile phase transformation. Rutile grains
have been generated with ultrafine grain size via

(54) Kondo, M.; Shinozaki, K.; Ooki, R.; Mizutani, N. J. Ceram. Soc.
Jpn. 1994, 102, 742.
(55) lzumi, F. Bull. Chem. Soc. Jpn. 1978, 51, 1771.
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hydrothermal treatment in an acidic medium. This
study illustrates the successful tailoring of TiO2 grain
size, crystalline phase(s), and thermal stability via wet-
chemical synthesis. Hydrothermal treatment was shown
to be an effective means to crystallize titania at mild
temperatures. The processing chemistry highly de-
pended on the composition and pH of the mother liquor,
as well as the aging temperature and duration. The
nanocrystalline titania of ultrahigh surface area and

Wang and Ying

thermal stability presents unique characteristics useful
toward chemical and advanced materials applications.
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