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Three small inorganic compounds [acetic acid (CH3;COOH),
nitric acid (HNOj), and hydrochloric acid (HCI)] and
five small organic compounds [n-butyl alcohol
(CH3CH,CH,CH,0H), 1,2-propanediol (CH,OHCHOH-
CHs), propane-1,3-dicarboxylic acid (HOOCCH,COOH),
butane-1,4-dicarboxylic acid (HOOCCH,CH,COOH), and
ethylenediamine (H,NCH,CH,NH,)] with different donors
(Cl7, NO3~, OH, COO~, and NH,) are used respectively and
comparatively in different reaction media for tailoring the
sol-hydrothermal synthesis of TiO, nanocrystals at a specific
reaction temperature and/or for different reaction times. Both
anatase and rutile with a variety of nanostructures such as
nanocubes, nanorods, nanoneedles, and their self-assembled

nanospheres are selectively grown. Well-defined and crystal-
line anatase nanocrystals with a narrow size distribution are
prepared in the presence of n-butyl alcohol. With the use of
HCI, nanoneedles and their assembled nanospheres of
phase-pure rutile are obtained under much less drastic con-
ditions, even at 100 °C and for only two hours. The effects of
the reaction media, synthesis temperatures, and aging times
on the structures and shapes of the products are investigated
in detail by powder X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and transmission electron micro-
scopy (TEM).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Titanium dioxide has great potential in pigments, sen-
sors, dielectric ceramics, as a catalyst supporter, and in solar
cells as it exhibits outstanding ability for deodorization, air
purification, and sterilization by strong photocatalysis.['~1
Its performance depends to a large extent on its physical
and chemical nature, which are related to its crystal struc-
ture, grain (crystal) size, morphology, and even surface
structure.'!! Therefore, there is considerable interest in the
controlled preparation of TiO, with a specific nanostruc-
ture.[12-241

Many chemical routes have been developed to synthesize
titania nanoparticles, typically gas condensation and wet
chemistry.?>=32! In the former, it is not easy to control grain
size and crystal shape; in addition, there are some limita-
tions such as low output, complex equipment, and high
cost. In contrast, it is much easier to control and modify
the growth by adopting appropriate organic ligands in wet
chemical processing such as sol-gel and hydrothermal syn-
thesis.
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The sol-gel approach provides a feasible route to prepare
nanosized particles by using organic ligands to confine the
growth. However, the high-temperature calcination may
lead to aggregation into larger particles, phase transforma-
tion, and unavoidable evaporation of organic molecules.
More attention has been paid to hydrothermal synthesis be-
cause of its much milder and friendly reaction conditions
in a tightly closed vessel, and it shows advantages over sol—
gel processes in most aspects.[30-31]

Multidispersed nanocrystals are generally produced be-
cause of the heterogeneous nature of the reaction and
Ostwald ripening during hydrothermal aging. Therefore, the
use of an organic solvent as a reaction medium!'®3?! and of
organic surfactants as ligands to confine the growth has
raised great interest.”’>?] It has been reported that rutile
nanofibers and poorly crystalline, multidispersed anatase
nanoparticles can be prepared using alcohols as solvents.[*]
In the first part of this manuscript, we will use n-butyl
alcohol instead of water as a nonaqueous reaction medium
and titanium n-butoxide (TNB) as a titanium precursor to
prepare monodispersed anatase TiO, nanocubes.

Besides the use of organic surfactants with long alkyl
chains, some smaller organic acids and amines with oxygen
and nitrogen as donors have also been employed to modify
the growth of titania in aqueous or nonaqueous sol-
vents.['7-34 For example, Sugimoto and co-workers have in-
vestigated organic amines for the shape-controlled synthesis
of TiO, nanoparticles by employing titanium isopropoxide
as a titanium sourcel?”! while Jiang and co-workers have
investigated carboxylic acids for the size-controlled synthe-
sis of TiO, by employing inorganic metatitanic acid as a
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titanium source.*> The use of diols in an autoclave synthe-
sis of nanosized TiO, crystals has also been reported in se-
veral papers.*®371 Herein we compare the use of organic
diamines, diacids, and diols as additives on the growth of
TiO, nanocrystals in a sol-hydrothermal approach.

As with the use of organic molecules, inorganic acidic
aqueous solutions have been extensively used in the past
few decades to precipitate TiO, nanocrystals. Besides our
previous work, the influence of some small inorganic acids
such as HCI on the growth of products has been investi-
gated in detail.[3%-38-3%1 Recently, the growth process of TiO,
nanocrystals is receiving more and more interests.[40-4%]
However, to the best of our knowledge there are no reports
about the evolution of one-dimensional rutile nanostruc-
tures with hydrothermal growth and aging. Such a growth
and aging process of pure-phase rutile nanocrystals is inves-
tigated here in detail based on our previous work.%

Results and Discussion

The Use of Pure Water as Solvent

TNB is very reactive towards nucleophilic reagents and
its hydrolysis occurs very easily in water. However, its hy-
drolysis can be modified and the growth of the resultant
TiO, controlled by organic alcohols, acids, and even amines.
A comparable experiment was performed without adding
any additive or co-solvent to investigate the effect of
alcohol, acid, and amine on the crystallization of TiO,. The
powder XRD pattern shown in part a of Figure 1 reveals
that TiO, particles from “pure hydrothermal treatment” of
TNB crystallize in phase-pure tetragonal anatase (JCPDS
card no. 84-1286) in the space group I4,/amd (no. 141) with
unit cell dimensions ¢ = 0.3782 and ¢ = 0.9502 nm. The
TEM image in Figure 1 (b) demonstrates that most of the
particles range from 10 to 20 nm in size and are finely dis-
persed. The crystal sizes calculated from the 101 and 200
diffractions using Scherrer’s equation are 15.7 and 12.2 nm,
respectively. The ratio of Dyg1/D5qo is about 1.30, which in-
dicates some anisotropic growth. A few aggregates and
much larger particles can be clearly observed, which is
probably due to the easy hydrolysis of TNB, precipitation
of amorphous titania particles, and heterogeneous reac-
tions. In order to obtain more uniform titania nanocrystals,
organic solvents such as n-butyl alcohol were used as sol-
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vents and/or chelating ligands to inhibit hydrolysis and ma-
nipulate the growth of TiO,.

The Use of Organic Compounds

n-Butyl Alcohol as Solvent

Recently, highly crystalline anatase nanoparticles have
been synthesized by the reaction of titanium tetraisopro-
poxide with common ketones and aldehydes as oxygen-sup-
plying agents under solvothermal conditions.*?l In our
present work, highly crystalline and monodispersed anatase
nanocrystals are obtained in n-butyl alcohol. TNB is dis-
solved in n-butyl alcohol to form a transparent sol. This
homogeneous sol can be used in a solvothermal reaction to
prepare uniform TiO, nanocrystals. During the synthesis,
the etherification of n-butyl alcohol in the system would
occur and slowly generate water, which could play a role as
an oxygen donor in the hydrolysis of TNB to form tita-
nia.33

The powder XRD pattern (Figure 2, a2) indicates the
product is phase-pure anatase. The calculated crystallite
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Figure 2. XRD patterns (left panel) of TiO, powders derived from
several different media at 220 °C after 6.0 h (al-el) and 24 h (a2—
e2), and a comparison of the corresponding calculated particle sizes
by fitting the FWHM of (101) (top-right panel) and (200) (bottom-
right panel) peaks: (a) n-butyl alcohol, (b) 1,2-propanediol, (c) pro-
panedicarboxylic acid, (d) butanedicarboxylic acid, (e) ethylenedi-
amine. B means Brookite.

100nm

Figure 1. (a) Powder XRD pattern of the nanocrystalline titania product generated in “pure water” at 220 °C for 24 h (top), and pattern
with vertical bars (bottom) derived from the JCPDS card (no. 84-1286) of anatase TiO,. (b) TEM image of the product.

2230

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2006, 2229-2235



Comparative Sol-Hydro(Solvo)thermal Synthesis of TiO, Nanocrystals

FULL PAPER

i

Figure 3. TEM images of nanocrystalline TiO, samples obtained under various sol-hydrothermal conditions: (a) n-butyl alcohol, (b)
propanedicarboxylic acid, (c) butanedicarboxylic acid, (d) ethylenediamine. Scale bar: 20 nm.

sizes are 10.0 (D;¢;) and 10.4 nm (D»go), which imply an
isotropic growth of TiO, nanocrystals. Besides the crystal
sizes, the particle sizes of TiO,, as displayed in Figure 3
(a2), are smaller than those in Figure 1 (b), further confirm-
ing that the use of n-butyl alcohol can confine the growth
of titanium dioxide. Besides acting as an oxygen donor, n-
butyl alcohol is also the by-product of the hydrolysis of
TNB, therefore the use of n-butyl alcohol as a solvent
would significantly retard the hydrolysis, polycondensation,
and eventual crystallization and growth. More significantly,
monodispersed nanocubes of highly crystalline anatase
crystals are obtained from such a solvothermal growth in
n-butyl alcohol.

An Organic Diol

In order to compare the effect of a monoalchol and diol
on the growth of TiO,, 1,2-propanediol was used as an ad-
ditive. A homogeneous sol of the precursor was formed by
mixing TNB and 1,2-propanediol with magnetic stirring be-
fore performing the reaction. The product was indexed to
be anatase, with crystallite sizes of 7.4 (Do) and 7.5 nm
(D1o0; Figure 2, b2), which also indicate an isotropic growth
as compared to that obtained with n-butyl alcohol. How-
ever, 1,2-propanediol inhibits the growth of TiO, more,
probably due to its stronger chelating ability because of its
didentate structure.

Organic Diacids

A carboxyl group could serve as a donor to coordinate
titanium atom in aqueous solution,[*>l and organic acids
can serve as ligands to limit the hydrolysis of TNB. Thus,
a homogeneous hydrosol was produced as a hydrothermal
reaction precursor for the formation of uniform titania
nanoparticles. Herein, propanedicarboxylic acid and but-
anedicarboxylic acid were chosen as additives in the reac-
tion media to modify the hydrothermal growth of TiO,.
The products were identified from their powder XRD pat-
terns to be anatase (parts c2 and d2 in Figure 2). Highly
dispersed nanoparticles, as shown in Figure 3 (see b2 and
c2), are clearly obtained. Although organic diacids could be
used as ligands to complex titanium atoms and might con-
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fine the growth of TiO, crystals, in our present work the
calculated crystal sizes (Dg; = 16.2, D5g9 = 15.7 nm and
Dior = 16.2, Dyyy = 16.6 nm for propanedicarboxylic acid
and butanedicarboxylic acid, respectively) are a little larger
than those from a “pure hydrothermal reaction”, and are
much larger than those from alcohols (Figure 2, right
panel). Thus, the ability of these diacids to confine the
growth is greatly reduced. This can be attributed to the
presence of H3O" ionsP%3! and esterification of the acid
with n-butyl alcohol, which is the by-product of the hydrol-
ysis of TNB. In this way, the chelating ability of the acid is
greatly reduced.

A Diamine

The titanium dioxide product from the reaction with the
addition of ethylenediamine is anatase with a trace of
brookite (Figure 2, e2). The existence of brookite might re-
sult from the weakly basic nature of the amine.[*’]

The crystal sizes of the product are related to both nucle-
ation and growth: a greater number of nuclei generally re-
sult in a smaller crystal size. The isoelectronic point (IEP)
of titania is around pH 6. In either basic or acidic medium,
the solubility of titania is greater than that in both alcohol
and water, which means that the number of nucleation sites
in either a basic or acidic medium is less than that in
alcohol. Therefore, the sizes of crystals grown in either
acidic or basic medium should be larger than those grown
in alcohol or water. In addition, it has been well established
that both organic amines and acids can catalyze the growth
of titania particles.l'3-3% The crystal sizes, as shown in Fig-
ure 2 (e2), are larger than those from alcohol (parts a2 and
b2 in Figure 2).

Figure 3 (d2) reveals that the use of ethylenediamine can
significantly promote an anisotropic growth of TiO, nano-
crystals and, consequently, TiO, nanorods are obtained.
The anisotropic growth of anatase is attributed to its
stronger adsorption of ethylenediamine onto the crystal
faces parallel to the c-axis than the others.?®! This organic
diamine is a strong ligand for some transition metals such
as zinc, copper, and nickel, and is widely used in coordina-
tion chemistry.**! However, the capping ability of nitrogen
2231
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atoms — the electron donors in amines — with titanium is
relatively weaker than the oxygen atoms in carboxyl moie-
ties or hydroxide ions. Therefore, the particle sizes of the
final products obtained from the aqueous solution of ethyl-
enediamine are significantly larger than those from the or-
ganic media mentioned above (Figure 2).

Reaction Times

In order to further investigate the growth behavior of
TiO, in various reaction media in the presence of organic
alcohol, acid, or amine, the reaction time was shortened to
six hours. The powder XRD and TEM images in Figures 2
and 3, respectively, confirm similar growth features to those
observed after 24 h, and it can also be observed that the
crystal sizes of TiO, from the amine medium are the largest
and those from the alcohol medium are the smallest. How-
ever, some titania particles are not well crystallized after a
crystallization time of only 6.0 h, as observed in Figure 3
(al).

Well-crystallized anatase particles can be observed after
only a short time either in butanediacarboxylic acid or in
propanedicarboxylic acid. Anatase crystals exhibit very
similar growth behavior in these two organic acids. The
TEM images and calculated crystal sizes indicate a similar
isotropic growth behavior of TiO, nanocrystals in the pres-
ence of these organic acids, which have similar structures
except for the length of their alkyl chain.

The resultant crystal sizes are dependent on a coopera-
tive effect of hydrolysis, nucleation, growth, and aging. Be-
side the growth, the other fundamental significance for
studying the size and shape control of the nanocrystals lies
in the understanding of their nucleation. Facile hydrolysis,
such as in “pure water”, might yield larger amount of nuclei
and reduce crystal sizes, especially without aging, although
it could also shorten the time to reach the nucleation and
growth step, which might increase the crystal sizes. There-
fore, the role of the nucleation and its effect on the crystal
sizes is quite complicated and generally poorly understood
due to a lack of reliable experimental data.[*”] Here, for ex-
ample, the growth of anatase crystals in alcohol, particu-
larly in the diol, is obviously inhibited, whereas in amine it
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is considerably accelerated (Figure 2, right panel). In sum-
mary, the ability to retard the growth of anatase follows the
trend 1,2-propanediol > n-butyl alcohol > water > bu-
tane(or propane)dicarboxylic acid > ethylenediamine, with
the donor sequence OH, COO, NH,. Based on these ex-
perimental results, we are convinced that the growth step
generally plays a crucial role during the hydrothermal reac-
tion.['”! Therefore, in order to obtain optimal nanostruc-
tured materials, it is quite important to adopt appropriate
organic molecule to modify the growth behavior.>:46]

The Use of Inorganic Acids: A Typical Growth and Aging
of Rutile in Hydrochloric Acid

In our previous work we investigated the effects of inor-
ganic acids on the growth of TiO, and found that pure-
phase anatase, a mixture of anatase and rutile, and pure-
phase rutile were obtained in acetic acid, nitric acid, and
hydrochloric acid, respectively.?®! It has also been reported
that pure rutile can be grown in nitric acid.*’! However,
upon changing the TNB and nitric acid concentrations
from those in the literature,3%471 no rutile phase appeared,
and phase-pure anatase was formed instead. This suggests
that the growth of TiO, in nitric acid is very complicated.
The anatase products formed as nanograins and rutile as
nanorods (Figure 4, right panel, parts b and c).

We have previously reported the synthesis of rutile nano-
crystals at temperatures above 200 °C by using TNB as a
starting material in sol-hydrothermal reactions. A low-tem-
perature preparation of rutile nanorods was also achieved
at around 100 °C by using either titanium tetrachloride or
trichloride as titanium source.*3*% However, titanium chlo-
rides release large amounts of heat, which prevents the
homogeneous precipitation of TiO, particles because of the
vigorously exothermic reaction, when titanium chloride is
dissolved in water.!!>-3%

According to the above experimental results with inor-
ganic media (Figure 4), it can be concluded that phase-pure
rutile nanorods can be formed in HCI. Therefore, HCI solu-
tion was selected as a representative inorganic medium to
examine the growth of rutile at a much lower temperature.
We used a modified sol-hydrothermal growth to prepare

Figure 4. XRD patterns and TEM images of titania samples generated from various solutions at 220 °C: (a) HOAc, (b) HNOs, and (c)

HCI for 24 h; (d) HCI for 7 d. Scale bar: 100 nm.
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rutile nanoneedles with a much higher aspect ratio at 100
and 140 °C, respectively. As indicated in Figure 5 (al), rutile
was obtained as the exclusive product at 100 °C after only
two hours. The nanoparticles of rutile prepared at this point
are highly aggregated into nanospheres consisting of very
thin nanorods (Figure 6, al and inset). Their radial as-
sembly in a good geometrical match to create the spherical
nanostructure could significantly reduce the total free en-
ergy. These spherical structures are present for about 10 h
at 100 °C and are then destroyed by further hydrothermal
reaction (Figure 6, a4). The calculated crystalline sizes of
rutile prepared at 100 °C after two hours are about 2.1 and
5.5nm for the 110 and 101 diffractions, respectively. With
an increase of reaction time, the crystal sizes assigned to
Dy tend to increase progressively. However, the crystal
sizes calculated from the 101 diffraction tend to increase
only up to 10 h and decrease a little thereafter (Figure 5,
middle).
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Figure 5. XRD patterns (left panel) of the products formed with
HCl at 100 °C (al-a5) and 140 °C (b1-b5) after 2.0 h (al, bl), 6.0 h
(a2, b2), 10 h (a3, b3), 15h (a4, b4), and 20 h (a5, b5). Crystallite
sizes (middle panel) calculated by fitting the FWHM of the (110)
and (101) peaks. Dg;/Dy ;o ratios (right panel).

Phase-pure rutile can also be obtained at 140 °C (Fig-
ure 5, bl) and a similar hydrothermal growth behavior to
that at 100 °C is observed (Figure 5, middle). These rutile

particles synthesized at 140 °C also self-aggregate into
microspheres up to 10 h (Figure 6, bl-b3). However, the
aggregated microspheres self-disperse after a longer hydro-
thermal aging such as for 15 h (Figure 6, b4). This might
be due to a much higher activation energy for self-aggrega-
tion for the formation of larger nanorods. The typical prod-
uct obtained at 140 °C after 10 h consists of well-defined
nanoneedles, as clearly illustrated in Figure 7 (a), in which
the sample for TEM observation has been highly and
strongly ultrasonically dispersed. The anisotropic growth of
rutile nanoneedles into self-assembled sub-microspheres
can clearly be observed in the low-magnification TEM im-
age (Figure 7, b). The lattice spacing of 0.32 nm perpendic-
ular to the longitudinal direction in the high-magnification
TEM image implies a <001> growth direction (Figure 7,
¢). The favorable growth along the c-axis in the early stages
is due to the internal structure, as we described pre-
viously.?% The growth velocity at the initial stage either in
the radial or longitudinal direction is much faster than that
at 100 °C due to kinetic factors. This type of quick growth
feature during the initial stage has been well documented
by Peng for semiconductors.™’! With further aging after
10 h, the radial growth tends to be slower and the longitudi-
nal growth also tends to be retarded. The maximum value

Figure 7. TEM images of ultrasonically dispersed rutile
nanoneedles (a), a self-assembled sphere (b), and a high-resolution
TEM image of a specific nanoneedle (c). Scale bar: 200 nm.

Figure 6. Electron microscopy images of the products obtained with HCI at 100 °C (al-a4) and 140 °C (b1-b4) after 2.0 h (al, bl), 6.0 h
(a2, b2), 10 h (a3, b3), and 15 h (a4, b4). The inset in a3 is the magnified sphere indicated by the white arrow. Scale bar: 200 nm.
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of Djg; at 10 h and the slow decrease of D;y; after 10 h
(Figure 5, middle) reveals an obvious 1D/2D ripening dur-
ing hydrothermal aging, as described previously for CdSe
nanorods.[*!

The ratio of Djq/D;1o indicates that the aspect ratio
drops noticeably with hydrothermal reactions longer than
two hours in our present work. We did not observe the 1D
and 3D growth stage described previously by Peng for the
growth of CdSe nanocrystalsi*! when our reaction is
shorter than two hours (Figure 5, right panel). However,
both the short and long axes increase when the reaction
time is shorter than 10 h at either 100 °C or 140 °C (Fig-
ure 5, middle). Thus, the reaction at times shorter than 10 h
can be referred to as a three-dimensional growth stage. Af-
ter 10 h, the short axis keeps growing while the long axis
becomes shorter. There is therefore a noticeable net growth
and net dissolution along the short and long axes, respec-
tively, along with a 1D/2D ripening. This produces nanor-
ods with smaller aspect ratios, and granular particles are
produced if allowed enough reaction time. A significant ex-
perimental result in our present work is that the aspect ratio
at 100 °C is greater than that at 140 °C, as shown in Fig-
ure 5 (right). This means that the higher reaction tempera-
ture accelerates the 1D/2D ripening, especially for longer
reaction times. For example, many more and larger granular
crystals are noticeable at 220 °C after one day, and even
more so after seven days (Figure 4, c, d, right).

Conclusions

A variety of sol-hydro(solvo)thermal syntheses of ana-
tase and rutile nanocrystals have been comparatively de-
scribed that use small inorganic and organic compounds as
additives at various reaction temperatures for different
aging times. Instead of water, alcohol as a solvent in the
sol-hydrothermal synthesis can result in a confined growth
of well-crystalline and uniform anatase nanocubes. Except
for HCI medium, phase-pure anatase can be formed in an
organic alcohol, an organic diamine, an organic diacid, and
acetic and nitric acids. The use of a diamine promotes the
anisotropic growth of anatase nanocrystals, while the use of
a diacid cannot do this efficiently because of its stronger
capping ability. Rutile nanospheres self-assembled from ru-
tile nanorods are obtained through a facile sol-hydrother-
mal growth route in HCI medium. More significantly, a 3D
growth and 1D/2D ripening mechanism of rutile nanocrys-
tals are revealed. It is proposed that prolonging the reaction
time and increasing the reaction temperature will lead to
the formation of larger rutile crystals but will reduce the
aspect ratios of one-dimensional rutile nanocrystals.

Experimental Section

Preparation: Titanium salts such as titanium chloride (TiCl; or
TiCl,), 042 titanium sulfate Ti(SO,),,[*®*1 and titanium alkoxide
[Ti(OR)4]P%*!) in solution are often used as titanium sources to
synthesize TiO, nanoparticles. The hydrolysis of Ti(OR), is rela-

2234

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tively mild as compared with inorganic salts and is easy to control.
Therefore, tetrabutyl titanate was employed here as the titanium
source. In the present work, besides H>,O and n-butyl alcohol as
“pure solvents”, the others were used as aqueous 2.0 M solutions
of acetic acid, nitric acid, hydrochloric acid, 1,3-propanedicarbox-
ylic acid, 1,4-butanedicarboxylic acid, 1,2-propanediol, and ethyl-
enediamine. Titanium n-butoxide [Ti(OC4Hy),;, TNB] was added
dropwise to one of the pure organic solvents or one of the concen-
trated inorganic acids/amine under magnetic stirring to form a
clear sol. Then, distilled water was added dropwise to the sol while
stirring to prepare a reagent with a fixed concentration of diol,
acid, amine, and titanium (2.0 m). Subsequently, the homogeneous
hydrosol was transferred into a Teflon-lined stainless-steel vessel,
which was tightly closed instantly for sol-hydrothermal reaction
under an autogenous pressure at 220 °C for one day, unless other-
wise mentioned. The vessel was then taken out from the oven and
cooled to ambient temperature. The white product was filtered,
washed with distilled water, and dried in a desiccator at ambient
temperature.

Characterization: Products were characterized by powder X-ray dif-
fraction using Cu-K,, radiation (4 = 0.15045 nm) and a graphite
monochromator on a RIGAKUD/MAX 2200 VPC diffractometer
operating at 40 kV and 30 mA. Crystallite sizes of TiO, particles
were calculated using Scherrer’s equation from the FWHM (full-
width at half-maximum) of the anatase (101 and 200) and rutile
(110 and 101) diffractions, respectively. Electron microscopy obser-
vations were carried out with a JSM-6330F Field Emission scan-
ning electron microscope at 15 kV or JEM-100CX and JEM-2010
transmission electron microscopes at 100 kV and 200 kV, respec-
tively. The samples for TEM examination were prepared by de-
positing an ultrasonically dispersed suspension of TiO, powder
from a water/alcohol mixture onto a carbon-coated copper grid.
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