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Control over crystal structure, size, shape, and organization
of TiO, nanocrystals has been achieved by means of wet
chemistry. Hydrolysis and polycondensation of titanium
alkoxide [Ti(OR),] has been performed in the presence of
tetramethylammonium hydroxide (Me,NOH). This base both
catalyzes the reaction and provides an organic cation that
stabilizes the anatase polyanionic cores formed in this
medium. These anatase clusters are organized so as to favour
self-assembly into intermediate nanocrystals, which, in turn,
self-assemble into superlattices. This self-assembling process
has been exploited for the processing of highly structured

titania films. Furthermore, larger anatase TiO, nanocrystals
of different sizes and shapes have been obtained by
adjusting the relative concentrations of titanium alkoxide
and Me;NOH, the reaction temperature, and the pressure.
HRTEM, XRD, and EXAFS have been used to characterize
the various samples and to elucidate the growth of titania
anatase. Our observations are in accordance with
theoretically predicted condensation and growth pathways.
The formation of mesoscopic structures through a self-
assembling process of the multiply charged polytitanate
anions in the presence of MesN™* is also discussed.

Introduction

The chemistry of titania has been the subject of much
scientific and technological attention. This material is used
as a white pigment in making paints and cosmetics, in the
electroceramics industry, as a support in catalysis, and as
a photocatalyst.™? Nanostructuring of titania is of great
interest with regard to the construction of membranes for
gas-phase separations,®! its use as a nanoporous electrode
material in the development of new types of solar cells,™
and its use as an active layer in the design of electrochromic
devices.[l Recently, TiO, coatings on glasses have been
shown to exhibit interesting antifogging and self-cleaning
properties.[! The performance of titania in applications
such as these could be optimized with specific microstruc-
tural and macrostructural control over the morphology of
the material. Progress in this area depends on our under-
standing of the fundamental details by which chemical reac-
tivity is related to nucleation and growth of titania. These
processes need to be controlled at the earliest stages of pro-
duction and arrested at the appropriate stage so as to fur-
nish titania particles with the desired crystal structure and
a well-defined size, shape, and surface structure. Further-
more, control over the surface chemistry of nanocrystals
and their functionalization through the attachment of or-
ganic ligands may lead to organized assemblies!”? and pro-
vide new types of precursors for the processing of highly
nanostructured titania-based materials. [©!

[ Hahn-Meitner Institut, Bereich Physikalische Chemie, Abt. CD,
Glienicker Strasse 100, D-14109 Berlin, Germany
E-mail: chemseddine@hmi.de

bl Present adress: Atotec,
Erasmusstr. 20, D-10553 Berlin, Germany

Eur. J. Inorg. Chem. 1999, 235—245

O WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

The fundamental physical properties of such nanoscale
materials are of interest, since their small size and large sur-
face area can lead to unexpected or dramatically differing
properties.[¥! The need for high-quality titania systems in
order to achieve a quantitative understanding of size effects
on the physical properties is another motivating factor in
this work.[®

In techniques such as CVD, MOCVD, and simple ther-
mal pyrolysis, molecular precursors are allowed to react at
rather high temperatures in the gas phase or as molecular
solids.[% Control over particle size, size distribution, shape,
and crystalline orientation is inherently difficult to achieve.
In contrast, in wet chemical methods, a solvent is used as
the reaction medium or vehicle, and the reaction is per-
formed at low temperature. There are many advantages in
using wet chemistry for the synthesis of nanomaterials.[”]
Reaction, nucleation and growth can be easily monitored
and influenced. The growth can be arrested by controlling
the stoichiometry or by using appropriate ligands.™*t In
contrast to growing clusters on solid substrates or in solid
matrices, in the liquid phase the mobility and dynamics of
the growing phase is assured, allowing structural arrange-
ment of the core and growth termination by surface restruc-
turing and capping. By variation of the synthesis conditions
or reactants and characterization of the materials obtained,
the production of nanocrystals can be rationalized.**12l
Nanocrystals can be isolated according to size in the form
of soluble, processable, manageable powders, or used as pre-
cursors in the processing of films. 3!

Furthermore, a major line of development of this chemis-
try concerns the spontaneous generation of well-defined
architecture by the self-assembly of suitably designed and
functionalized nanocrystals.”! This issue of ordered nano-
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structured arrays of functional nanocrystals is of central im-
portance for the evaluation of the competitiveness of wet
chemistry, i.e. sol-gel processes or solution techniques, since
through the size, shape, and organization of particles, or-
ganic species can be confined within well-defined inorganic
structures, allowing control over their thermal removal. 824
One of the problems encountered in making titania is the
high reactivity of the available precursors, such alkoxides or
chlorides, toward water.[**! The reaction invariably leads to
a mixture of different polymeric species, which assume a
variety of structures and sizes, and finally to an amorphous
solid. Although certain chemical modifications have been
successful in controlling the reactivity of titanium alkoxides
and have permitted the isolation of intermediate polyoxoal-
koxides, *¢171 none of these species resemble the structure
of the bulk dioxide and any further hydrolysis again leads
to gels and amorphous precipitates. In both cases, a pepti-
zation process is required to convert these polymers into
crystalline particles. Control over size, size distribution, and
shape is difficult during these dissolution-growth pro-
cesses.8! The present approach involves performing the re-
action in a purely aqueous medium in the presence of a
base, so as to achieve a complete hydrolysis and to provide
conditions similar to those used in the aforementioned pep-
tization process. Thus, hydrolysis and polycondensation of
titanium alkoxide [Ti(OR),] is performed in the presence
of tetramethylammonium hydroxide (Me,NOH). This base
both catalyzes the reaction*>1"] and provides an organic
cation that is known to stabilize polyanionic cores in basic
media, e.g. polyanions of tungsten, molybdenum, and va-
nadium. 8!

Results

Figure 1 shows an overview image of titania nanocrystals
from a first sample, denoted as sample A. The nanocrystals
are uniform in shape and are not aggregated. The particles
are single nanocrystals and exhibit a triangular prismatic
shape with a relatively narrow size distribution. The high
resolution micrograph clearly shows lattice planes. All im-
ages of sample A show particles with an interplanar dis-
tance of 3.52 A in the tetragonal [101] planes, which corre-
sponds to the anatase phase. The lateral dimensions of the
particles can be estimated by counting the number of lattice
planes (about 30 LP in this case, which amounts to 10.5
nm). The average length measured directly from the micro-
graph is about 20 £ 1 nm. A careful analysis of the particles
reveals structural features that can be utilized for the study
of surface morphologies of small particles and the changes
that occur during growth. Thin edges of TEM samples rep-
resent surfaces that can be viewed in profile by HRTEM. 29
The steps on the particle edges are in the [101] crystallo-
graphic directions and the height of each step can be taken
as an indication of a cluster-cluster growth (see below). The
triangular shape is in fact due to the presence of stepped
[101] surfaces.
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Figure 1. TEM micrograph of TMA-capped TiO, particles ob-
tained for R = 3; the particles are homogeneous in size and trian-
gular in shape

The X-ray diffraction pattern (Figure 2b) of sample A
confirms the single anatase phase. However, all the Bragg
peaks are relatively broad due to the finite size of the nan-
ocrystals. The sizes calculated from the half-widths of the
peaks using the Scherrer equation amount to 11.1 nm for
the [101] peak, 20.8 nm for the [004] peak, and 20.7 nm for
the [200] peak. These values are in accordance with the lat-
eral dimensions measured from the TEM micrographs of
these triangular prismatic nanocrystals.

Autoclaving of solution A leads to a shape transfor-
mation from triangular to rectangular particles, which have
lengths of about 28 = 3 nm and widths of about 12 + 2 nm
(Figure 3). The autoclaving leads to nanocrystals of uni-
form shape, which are non-aggregated and conform to a
single anatase phase, according to TEM and XRD analysis.
The morphological transformation of particles can be attri-
buted to the thermal decomposition of the organic cations
under the autoclaving conditions. The loss or decompo-
sition of the organic cations probably induces chemical
etching, which is followed by further growth and elimi-
nation of steps, ultimately leading to a shape transform-
ation from triangular to rectangular.

Figure 4a shows a typical TEM image at low magnifi-
cation of titania particles obtained in the case of sample
B. A homogeneous fibrous or rod-like texture is achieved,
although a relatively marked polydispersity in terms of
length and width is apparent. Figure 4b shows a high-reso-
lution image of a selected titania nanocrystal from sample
B. The nanocrystal is viewed along the [010] direction. The
surface profile image of the nanocrystal B shows stepped
terraces on the [101] surface, which are marked with arrows.
Its height is measured as a multiple of 3.52 A, in accordance
with the dj10,). The corrugated sides are structural features
that have not previously been observed in the case of titania
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Figure 2. X-ray powder diffractograms of TiO, nanocrystals made
with various Ti/Me,;N ™ ratios R; Figures b, ¢, and d correspond to
solutions A (R = 4), B (R = 1.25), and E (R = 0.84); Figure a
was obtained after autoclaving solution B under a saturated vapor
pressure of water at 200°C and 2500 kPa; large-angle peak assign-
ments are based on anatase titania; peak broadening indicates a
decrease of nanocrystal size with increasing R; in addition to the
perfect organization in the lateral dimensions shown in Figure 10,
the series of harmonics in d indicates ordering of the growing ana-
tase cluster in the nanocrystals forming a layered nanostructure;
the sharpness of the peaks indicates a high degree of structural
communication between the nanocrystals

and are a consequence of cluster-cluster growth and con-
densation of skewed octahedra in the case of anatase (see
Discussion). The two sets of lattice fringes give two in-
terplanar distances, which correspond to the [101] and the
[002] of the anatase crystal structure (Figure 5). The elon-
gated particles lie in the [010] plane.

XRD measurements on films obtained by the deposition
of sample B solution onto a silicon wafer (Figure 2c) yield
further information on the polydispersity of the sample.
The low-angle peaks correspond to the presence of smaller
titania clusters (cf. sample E). The relatively high intensity
of the [200] peaks compared to the [101] peak is indicative
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Figure 3. Overview of titania nanocrystals prepared by autoclaving
solution A; the nanocrystals are homogeneous in both shape and
size

of film anisotropy and confirms a preferred orientation of
the crystallites. The Scherrer equation leads to 92.9 A for
the [101] peak and to 79.6 A for the [200] peak.

Figure 6 shows TEM images of particles obtained after
autoclaving sample B. The rod-like morphology is main-
tained. The diameter of the rods varies between 15 and 20
nm, but a large polydispersity in terms of rod length is ap-
parent (76 < L < 177 nm). The adopted procedure of ad-
ding the titanium alkoxide solution in a dropwise fashion is
mainly responsible for the observed polydispersity. In con-
trast to sample A, where a shape transformation was seen
to occur, further growth in length and diameter takes place
during the autoclaving of solution B without a change in
the rod-like morphology. However, the structural features
on the surface, such as sharp edges and steps, are no longer
present. Again, the surface reconstruction can be related to
the thermal decomposition of the organic cations under the
autoclaving conditions. This confirms the role of the
Me,N™* cation as a good capping ligand in stabilizing the
surface structure of titania nanocrystals.

The size of the particles can also be fine-tuned by chang-
ing the autoclave temperature. Autoclaving of portions of
sample B at 175°C and 200°C for a duration of 5 h resulted
in particle sizes, calculated using the Scherrer equation, of
18 nm and 12 nm, respectively, for the [101] peak, and of
15.6 nm and 14 nm, respectively, for the [200] peak. The
average width of nanocrystals measured from the TEM im-
ages is of the same order (about 12.32 nm). The average
length of 63 nm reflects the nanocrystal dimension in the
[002] direction, as shown in Figure 6b.

As mentioned above, the adopted procedure of adding
the titanium alkoxide solution in a dropwise fashion ac-
counts for the observed polydispersity in samples A and B.
Figures 7a and 7b show two typical images obtained from
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Figure 4. a) Elongated nanocrystals prepared with R = 1.25 (solu-
tion B); b) HRTEM of nanocrystals lying in the [010] plane and
elongated in the [001] direction; the corrugated sides shown by ar-
rows are due to oscillatory repetition of [1 0 1] and [1 0 —1] planes

Figure 5. Polyhedral and packing drawing of anatase, TiO, in the
[010] projection; [101] and [001] growth directions and a stepped
[101] surface are shown

238

Figure 6. a) Overview of nanocrystals obtained after autoclaving B
at 200°C, 2500 pKa for 5 hours; b) HRTEM shows no sharp edges
and no clear surface steps after NMe,* decomposition

sample C (Ti/Me4sNOH = 2), made by adding the titanium
alkoxide solution in a single portion. The sample has a rela-
tively homogeneous appearance at low magnification. Par-
ticles of two distinct shapes are formed. These two particle
types represent unique morphologies, in the sense that they
are themselves the products of a self-assembling process
(aggregation) of smaller elongated titania particles (slabs),
as indicated by arrows in Figure 7b.

Particles with a triangular prismatic shape are also pres-
ent in sample C, as indicated by arrows in Figure 7a. In
contrast to sample A, where the particles are single nano-
crystals, particles in sample C are composed of smaller ti-

Eur. J. Inorg. Chem. 1999, 235—245



Nanostructuring Titania: Control over Nanocrystal Structure, Size, Shape, and Organization

FULL PAPER

Figure 7. a) Two type of particles, shown by arrows, are obtained
in solution C; b) These particles are composed of self-assembled
smaller slabs as indicated by arrows

tania particles (slabs) self-assembled into aggregates of tri-
angular shape.

Figure 8 shows images obtained from sample D (Ti/
Me,NOH = 1). At low beam intensities, the particles exhi-
bit an internal structure as that in the case of sample C.
Slabs are disposed parallel to one another along the [001]
direction. At high magnification (higher electron fluxes), a
coalescence (condensation) is induced by the loss of the or-
ganic cations (see Figure 8). The nanocrystals are viewed
along the [010] axis, oriented parallel to the electron beam.
The coalescence of these slabs (building units) leads to par-
ticles with corrugated sides or stepped [101] surfaces, as
shown by black arrows in Figure 8. In addition to these thin
slabs, as already observed in the case of sample C, spherical
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particles are formed. Particles of this type form at R = Ti/
Me,;NOH = 1 and they show a propensity to self-assemble
into organized structures. Their concentration increases, at
the expense of their elongation, with the TMA concen-
tration.

Figure 8. Titania clusters made in solution D; elongated slabs self-
assemble into aggregates; at high magnification (higher electron
fluxes) the particles coalesce into elongated nanocrystals presenting
the same corrugated sides shown by arrows

Figures 9a and 9b show TEM images obtained in the
case of sample E. The particles are seen to be organized in
an ordered structure (2D superlattice). TEM provides a
real-space imaging of the superlattice. In addition, small-
angle electron diffraction can be used to probe the superlat-
tice structure on the micrometer scale, while small-angle
XRD allows insight into the structures of individual titania/
Me,N* nanocrystals on the Angstrém scale. Figure 9
shows an array of nanocrystals with a mean inter-particle
(center-to-center) distance of 15.7 nm, determined by direct
imaging and confirmed from the power spectrum. The high
magnification Figure 9b reveals well-faceted hexagonal
crystals that form a hexagonal close-packed sheet. The crys-
tals measure 13.5 nm in diameter. The high regularity in
terms of size and shape, and long-range translational and
orientational order is confirmed by the relatively sharp
spots seen in the power spectrum (see inset in Figure 9a).

Further structural information is provided by X-ray dif-
fraction (XRD). Measurements performed on thin films
obtained by solution deposition on various supports, par-
ticularly on silicon wafers, are very sensitive to the period-
icity perpendicular to the substrate (Figure 2d).

The diffraction intensity appears in two distinct scat-
tering regions, the small-angle and large-angle. A series of
harmonics at inter-plane distances of 16.56, 8.3, and 5.53
A indicates an orientation in the direction normal to the
substrate. The titania clusters are stacked in columns di-
rectly on top of one another, forming a multilayered struc-
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Figure 9. @) Transmission electron micrograph of titania/Me,N*
nanocrystals self-assembled into a superlattice with dimensions of
the order of um; the power spectrum (inset) confirms the long-
range translational and orientational order of the superlattice; b)
high magnification shows well-faceted hexagonal nanocrystals

ture. The majority of the nanocrystallites have the same
orientation of their layered structures, which accounts for
the sharpness of the XRD peaks.The white space observed
around the nanocrystals in Figure 9 is probably occupied
by organic cations.

Figure 10 shows TEM images of particles obtained in the
case of sample F, which corresponds to solution E kept un-
der reflux for an additional hour. The arrays obtained exhi-
bit less regular geometries on a large scale. In comparison
with sample E, changes in particle shape and in their organ-
ization, as well as in the internal structures of the nanocrys-
tals are observed. Instead of the hexagonal shape observed
in E, the drying leads to a rectangular shape and the nano-
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crystals are differently packed (Figure 10). Furthermore,
two types of internal structures are observed. This can be
explained in terms of the presence of two competing struc-
tures, since one type of nanocrystal is seen to be composed
of slabs disposed parallel to one another, while the other
type does not have any discerning features. Another expla-
nation is that in a few nanocrystals a condensation process
takes place, leading to slabs. These local transformations
will affect the self-assembling process, thereby leading to
new structures. A very interesting observation is that the
high magnification images reveal that the newly formed
slabs adopt a zig-zag structure. This is an indication of the
presence of cis-skewed chains, characteristic of the anatase
crystal structure (Figure 10). In fact, these anatase slabs are
the condensation products of smaller ones (sample E), the
anatase structure of which was shown by EXAFS and
XRD experiments.

cis-skewed chains
characteristic of the
anatase structure

Figure 10. Nanocrystals obtained from solution F: Arrow shows
nanocrystal composed of slabs disposed parallel to one another;
high magnification indicates structural features that can be related
to the cis-skewed chains in the [001] direction of the anatase crystal
structure; the neighboring nanocrystals do not exhibit the same
internal structure; arrows point to small clusters that probably did
not condense to give slabs; a competing structure, where the slabs
are differently oriented, is present

Figure 11 shows particles obtained in the case of sample
G, using the same composition as in sample D, but with
(CsH11)4NOH as the base instead of Me;NOH. The par-
ticles obtained are also elongated and relatively homo-
geneous, with widths of about 3.6 nm and lengths of about
42 nm. The important difference is the absence of the corru-
gated sides observed with Me,;N". The sharp edges indicate
a relatively flat [100] surface. High-resolution microscopy
shows most particles to be single nanocrystals, and a struc-
tural regularity where only [101] lattice planes are observed
for most particles. The use of (CsHq,)sN™ illustrates the
influence of cation size on the growth of titania, the larger
ion leading to [100] surfaces instead of [101] surfaces.

Figure 12 depicts an electron micrograph of particles of
sample H. The particles are almost spherical in shape and
display a large size distribution (102 nm < diameter < 5
nm). Besides the spherical particles, a few elongated forms
(or slabs) are also present, as indicated in Figure 12. By
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Figure 11. Elongated nanocrystals made with TPA; HRTEM sho-
wing no corrugated sides but relatively sharp edges corresponding
to flat [100] surfaces

comparison with sample E, this experiment shows the im-
portance of stirring with regard to the size distribution of
particles.

Figure 12. Overview of nanocrystals obtained without continuous
stirring; in addition to the wide distribution of sizes, some slabs
are observed (arrows), which seem to bridge or to interact with
neighboring spherical nanocrystals

Figure 13 shows particles of sample I, made using the
same procedure as in the case of sample E but with titanium
tetrabutoxide Ti(OnBu), as the titanium source in butanol.
The particles are almost spherical in shape and display a
very narrow size distribution, having a mean diameter of
about 7 nm. In this overall view of the particles, some small
organized domains can be observed. However, no long-

Eur. J. Inorg. Chem. 1999, 235—245

range order is apparent. The difference in size and shape of
the particles compared to those in sample E can be attri-
buted to the nature of the alkoxide groups.

Figure 13. A new type of nanocrystal is obtained with titanium
tetrabutoxide in butanol; monodisperity is achieved but the nano-
crystals are smaller compared to those in sample E

Sample J was prepared using a 10-fold more concentrated
titanium alkoxide solution. The condensation products are
titania fibres or slabs of uniform width (7.5 = 1 A). How-
ever, polydispersity in slab length is in evidence (1 <L <18
nm), as can be seen in Figure 14.

Figure 14. A further increase in titanium concentration leads to the
formation of longer and relatively stable slabs, or of polymers with
a polydispersity in length; the same width is observed for all poly-
mers
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Discussion

As far as we are aware, the work reported herein rep-
resents the first incidence of the tailoring of the morpho-
logies of titania nanocrystals with the anatase crystal struc-
ture under homogeneous conditions by variation of the hy-
drolysis conditions and control of the hydrothermal treat-
ment. In this approach, relatively high concentrations of the
alkoxide [Ti(OR),] are used. The hydrolysis is performed in
the presence of excess water and a base is employed to cata-
lyze the complete hydrolysis of all OR groups. The effects
of unhydrolyzed OR groups on the condensation pathway
or on the structure of the primary polycondensed species
are therefore avoided. Moreover, hydrolysis and conden-
sation are not separated due to the high titanium concen-
trations.[*” This methodology leads to a totally new type of
clusters and nanocrystals, exhibiting exclusively the anatase
crystal structure, with stabilization by tetramethylam-
monium cations (Me;N™).

The hydrolysis and condensation of titanium alkoxide or
titanium cations in solution has been the subject of a great
deal of attention.[*”21 Particularly relevant to the present
results is the theoretical work based on the partial charge
model by Henry and Livage, developed to understand and
predict inorganic polymerization in the case of transition
metal oxide precursors,?Yl as well as the work by Bradley
on the hydrolysis of titanium alkoxides in the presence of a
base.??l According to these authors, the presence of a base
influences the condensation by favouring the formation of
the highly nucleophilic TiO~. This reactive condensation
precursor reacts with the positively charged titanium, lead-
ing to the formation of polymeric materials.*"]

In the case of a highly dilute alcoholic solution of the
alkoxide, the overall hydrolysis reaction after the addition
of excess water can be written as:

Ti(OR), + 4 H,0 — Ti(OH), + 4 ROH (a)

However, at the high titanium concentrations used in the
present study, it is difficult to separate the hydrolysis (Equa-
tion a) and condensation (Equation b) processes. These two
primary processes are accelerated by the presence of
Me,NOH as a result of the formation of the highly nucleo-
philic TiO™ according to Equation c. The cation also plays
a role in preventing further condensation and stabilizing
condensed species according to Equation d.

Ti—-OH + XO—Ti — Ti—O—Ti + XOH (X = H, R) (b)
Ti—-OH + Me,NOH — Ti—0~ + Me,;N* + H,0 ©
Ti,OyH, + Me,;NOH — (Ti,O,H, )Me;N + H,0 (d)

The Me,NOH concentration will also determine the x
and y values and therefore the size of the condensed species.
According to refs.[17122] reaction according to Equation ¢
leads to polymers, which is consistent with the formation of
stable polymeric material in Figure 14, or of slabs in Figure
7b. In terms of the partial charge model,?% the formation
and stabilization of a totally new type of clusters, slabs,
polymers, or nanocrystals, exhibiting exclusively the anatase
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crystal structure, can be explained by considering a conden-
sation process dominated by an olation pathway, which is
seemingly favoured under the present experimental con-
ditions. 171211 1t is generally accepted that early in the con-
densation process, the coordination number of titanium
changes from 4 to 6, and that the basic building unit in the
polymerization process is an octahedral arrangement of six
oxygen atoms around a titanium centre.*121 These oc-
tahedra link together by sharing edges, so as to form di-
mers. According to the partial charge model, these dimers
condense to form skewed chains as a result of olation pro-
cesses, as illustrated in Figure 15.[21 In the presence of
Me,N™*, the condensed species can be stabilized allowing
their isolation, or may be forced to condense into larger
particles by further heat treatment. In the early stages of
condensation, the linear growth (polymerization) leads to
skewed chains,?! which corresponds to growth in the [001]
direction of the anatase phase (main stem). Then, through
an oxolation process, the nuclei can grow in one of the two
equivalent directions.?] The shape of the particle will be
determined by the difference in growth velocities in the
[101] and [001] directions, as indicated in Figure 5. At low
concentrations of Me,N*, growth is favoured in the the
[101] direction (Figure 1), while at high concentrations the
growth velocity is favoured in the [001] direction (Figure 4).
Therefore, the shape of nanocrystals can be fine-tuned by
changing the ratio Ti/Me,NOH, denoted as R.

g ¢
c%b [011]

a growth direction

« s

¥
.,
¢,

.
s

Figure 15. Model to explain condensation and growth of titania
anatase; the mode of linking dimers imposes restriction on the
growth direction leading to cis-skewed chains (main stem) and this
is favoured by the physicochemical conditions of the present reac-
tion; [100] and [010] are the first branching directions; then, de-
pending on the organic cation present and its concentration, the
secondary branching can be parallel to [101] or can remain parallel
to [100] and [010]

The HRTEM micrograph shown in Figure 4b and the
illustration in Figure 5 relate to titania nanocrystals where
the [101] and [010] are the predominant surfaces. The corru-
gated sides are due to oscillatory repetition of [L0 1] and [1
0 —1]. In terms of the mechanism discussed above, the main
stem of the nanocrystal is seemingly in the [001] direction.
The [100] and [010] directions are equivalent in the case of
the anatase crystal phase, and both can be primary branch-
ing directions. Sample B, heat-treated for only 2 h, was
found to contain small slabs and very thin elongated par-
ticles in the [001] crystallographic direction; in Figure 1
nanocrystals also show stepped [101] surfaces. The surface
steps are of a height equivalent to the cluster size. Growth

Eur. J. Inorg. Chem. 1999, 235—245
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will take place by the building-up of these steps so as to
form new cluster layers, and the rate of this process will
depend on the concentration of Me,N*. The crystal surface
in contact with the building units can be influenced by
Me,N*. This cation seems to interact preferentially with
the [101] surface, leading to the favoured development of
these surfaces, as shown in Figures 4b.

The decomposition of Me,N* at higher temperatures
and pressures leads to surface reconstruction and further
growth. The structural features observed on the surface,
such as steps, corrugated sides, and sharp edges are, in fact,
stabilized by Me,N*. However, no corrugated sides or steps
are observed in the presence of (CsH1)4sN* cations (Figure
11). The [100] surfaces of the particles are relatively flat.
The observed effect of cation size on nanocrystal shape can
be explained in terms of the role of the cations during the
early stages of condensation, and thereafter during the crys-
tal growth. Preliminary attempts to stabilize smaller clusters
by replacing Me,N* with (CsH;,)4,N* were not successful.

The Me,N*-stabilized clusters are able to self-assemble
to form nanocrystals, which can be identically replicated in
unlimited quantities provided that vigorous stirring of the
solution is maintained during the hydrothermal reaction
(see Figure 9, and to some extent Figures 10 and 13 as
well). Without stirring, a wide size distribution is generally
obtained, as shown in Figure 12, where arrows indicate the
additional presence of slabs. In fact, the monodispersity of
the primary clusters determines the monodispersity of the
intermediate nanocrystals formed by a self-assembling pro-
cess and, therefore, the formation of the superlattice ob-
served in Figures 9 and 10. These results clearly indicate the
construction of a superlattice in 3 steps. This was called a
progressive condensation process in our preliminary re-
port.!?3 The overall process first involves the formation of
the monodispersed primary building units. Secondly, they
self-assemble into nanocrystals with a diameter of 13.5 nm.
Finally, these nanocrystals are made to self-assemble in a
uniform manner to form a superlattice. These clusters and
nanocrystals are negatively charged and their electrostatic
repulsion accounts for the stability of the solutions inas-
much as it prevents flocculation. On the other hand, these
interactions and the monodispersity are responsible for the
long-range ordering observed after evaporation of the sol-
vent (Figure 10). The charged titania nanocrystals are
aligned in a periodic array, rather like in a crystal. 4

The very broad peaks seen in Figure 2d and the prelimi-
nary EXAFS experiments performed on our samples, par-
ticularly on sample E, are indicative of the anatase crystal
structure.?® The structural changes observed after an ad-
ditional heat-treatment of E to make F clearly indicate a
further condensation among a few nanocrystals to form
slabs, with the cis-skewed chains being characteristic of the
anatase crystal phase. Further structural information could
be gleaned from the XRD pattern of cluster films prepared
by simple deposition of solution E onto a silicon wafer fol-
lowed by drying in air (Figure 2d). A similar procedure was
used to obtain TEM measurements, where one drop of the
solution was applied to a carbon film. A series of peaks at
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low angular range with the spacings 16.56 A, 8.3 A, and
5.53 A was observed, attributable to [001], [002], and [003]
reflections, respectively, of a spacing of 16.56 A. These
XRD data suggest that the clusters are arranged inside the
nanocrystal such as to form a layered structure. Packing of
this type has been observed in the case of colloidal nano-
sheets made from exfoliated titanate. The exfoliation/reas-
sembly process in the presence of tetrabutylammonium hy-
droxide Bu,N™ leads to a comparable XRD pattern.?8! In
both cases, drying of the aggregate leads to textured films,
in which reflections are suppressed due to the preferred
orientation of the nanosheets or, in this case, clusters or
slabs. The thickness of the nanosheets is 7.5 A, which is
comparable to the thickness of the slabs (sample F), while
their lateral dimension is in the range 0.3—1 pm.[?®! Figure
10 shows nanocrystals composed of slabs disposed parallel
to one another with a repeating distance of about 16 * 1
A. This distance falls within the range of the spacings esti-
mated from the XRD pattern of sample F, which is anal-
ogous to Figure 2d.

The observed stepped surfaces in Figures 1 and 4b give
indications of a cluster-cluster growth of titania anatase
nanocrystals, especially the corrugated sides observed in the
case of sample B. According to XRD, these particles are
already formed at the reflux stage, i.e. in solution. In the
case of samples C and D, particles are seen to be composed
of aggregated small slabs at low magnification, which sub-
sequently coalesce into elongated particles also having cor-
rugated sides (Figure 8) like those of sample B grown in
solution (Figure 4). This direct observation suggests that a
cluster-cluster growth takes place in solution. The coalesc-
ence process that takes place under the electron beam still
has to be carefully investigated.

The nature of the intermediate nanocrystals observed in
Figure 9 proved to be sensitive to the OR group of the
alkoxide. Figure 13 shows smaller nanocrystals formed
when titanium tetrabutoxide in butanol was used (particle
diameter ca. 8—9 nm). The difference in size, and probably
in the internal structure as well, highlights the importance
of the OR group in the hydrolysis and condensation pro-
Cesses.

The ordering observed in Figure 9 is due to electrostatic
interactions between the multiply charged titanium poly-
anions and the Me,N* cations and leads to intermediate
nanocrystals. In turn, through inter-nanocrystal interac-
tions, these form a long-range ordered array, comparable to
arrays of pores typically observed in mesophases. In the
case of polysilicates, the self-assembly process can be ac-
companied by a condensation-polymerization process, lead-
ing to the formation of three-dimensionally structured ar-
rays, which are stable even after calcination. 2728l

The present synthetic technique furnishes titania clusters
of various sizes and shapes in solution. These clusters may
be used to grow transparent thin films, allowing control
over both the orientation of superlattices and that of indi-
vidual nanocrystals. The exact internal structure of the
superlattice still has to be determined, and this will be ad-
dressed once single crystals are obtained. However, EXAFS
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results, XRD, HRTEM, and elemental analysis indicate the
presence of anatase clusters and Me,N* cations. Optical
measurements and X-ray photoelectron spectroscopy (XPS)
indicate dramatic changes in the electronic properties of the
titania nanocrystals according to their size and shape.[?

Conclusion

We have presented a new method for preparing titania
nanocrystals with exclusively the anatase crystal structure.
Small titania clusters or polytitanate anions have been pre-
pared and stabilized in solution for the first time. Cluster-
cluster growth has been shown to take place, leading to
larger nanocrystals. The growth can be influenced by con-
trolling the hydrolysis and condensation with Me,NOH.
There is an apparent preference for interaction between
[101] surfaces and Mey,N*, which would account for the
differential growth velocities in the [101] and [001] direc-
tions. The monodispersity of the negatively charged clusters
renders them suitable for the progressive formation of tit-
ania/Me,N™* superlattices. Thin-film growth allows control
over the orientations of superlattices, individual nanocrys-
tals, and individual clusters. The polycondensation and
growth processes observed and discussed in this study are in
accordance with theoretical predictions. These new results
should motivate further investigations of titania and polyti-
tanates in solution.

Experimental Section

General: All hydrolysis reactions were conducted in air, whereas the
refluxing of solutions was carried out under argon.

Chemicals: All chemicals used were analytical grade or of the high-
est purity available and were used as purchased. 2-Propanol and
butanol from Merck; titanium isopropoxide Ti(OiPr), and butox-
ide Ti(OnBu), from Aldrich, and tetramethylammonium hydroxide
Me;NOH and tetrapentylammonium hydroxide (CsH1,);NOH
from Fluka.

Synthesis of TiO, Clusters and Nanocrystallites: A 250-mL three-
necked flask was placed in a large crystallizing dish on top of a
magnetic stirrer, and the side necks were fitted with a thermometer
and a gas inlet tube. A magnetic stirrer bar and 150 mL of aqueous
Me,NOH solution were placed in the flask and the crystallizing
dish was filled with ice. When the temperature of the Me,NOH
solution had reached 2°C, a solution of 0.333 mL of titanium isop-
ropoxide in 10 mL of 2-propanol was added dropwise by means of
a dropping funnel (1 drop/s) while the mixture was stirred vigor-
ously. During the course of the addition, a white precipitate
formed. After the addition was complete, the mixture was left to
stand for 10 min, then the ice bath was replaced by a heating
mantle, and the mixture was heated. On refluxing, the precipitate
dissolved after about 3 h, but after 6 h the solution became slightly
turbid once more (sample A).

Sample B was prepared according to the same procedure, but using
different concentrations (see Table 1); the mixture became slightly
turbid only after all the titanium alkoxide solution had been added
(about 5 min). In this case, aliquots were withdrawn from the re-
fluxing solution after 2 h and 6 h in order to carry out TEM obser-
vations.
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Aliquots of solutions A and B (8 mL each) were heat-treated in a
titanium autoclave at 175 and 200°C for a period of 5 h under a
saturated vapor pressure of water (about 2500 kPa) in a titanium-
coated reactor.

For the preparation of all other samples, the procedure adopted
was similar to that described above, except that the titanium alkox-
ide solution was added in a single portion rather than dropwise to
the Me;NOH solution (see Table 1).

Table 1. Stoichiometry of the reactions

Sample Ti(OR),

Me,NOH Reflux
X umol®

Temperature
y pmol@ [h]

[°Cl

90—100
90—-100
90—100
90—-100
90—100
90—-100
90—-100
3d 50—-60
90—-100
90-100

14
14
14
14
14
14
14Ib]

1
061!
1.4

C=IOMMOOm>
RRPRPRPRPPPOOO
PhrwkRrhrwoUION
ONONNOONNO
ORIV D

1
1
1
1
1
1
1
1
1
1

[ x pmol of titanium isopropoxide in 10 mL of 2-propanol, y pmol
of Me,NOH in 150 mL of water. — I Sample G was prepared with
tetrapentylammonium hydroxide (TPA) and sample | with titanium
tetrabutoxide in butanol. Sample H was left for 13 d without stir-
ring.

Elemental Analysis of Sample E was carried out commercially at
the microanalytical laboratory Pascher in Remagen-Bahndorf, Ger-
many. Elemental analysis of powder E, dried at room temperature
in air: C 18.22, H 5.5, N 4.9, O 42.87, Ti 33.3. The composition
can be roughly written as Ti O15[N(CH3)4]oH 1.

Film Growth: The samples were prepared by depositing freshly pre-
pared solutions on a silicon [100] wafer or on glass. In some cases,
the solutions were first concentrated in a rotary evaporator prior
to deposition in order to accelerate thick-film processing. Optically
transparent films of ordered titania nanocrystals could be prepared
by controlling the rate of evaporation of the solvent. Slow evapo-
ration leads to thin film growth, which allows orientation of the
superlattice and of the individual layered structures. Such depo-
sition on solid substrates produces ordered and oriented films.

The titania clusters and nanocrystals were investigated with a Phi-
lips CM12 transmission electron microscope. Samples were pre-
pared by placing a drop of the freshly prepared nanocrystal solu-
tion on a carbon film supported on a Cu grid. The advantages of
investigating crystal growth in the case of nanocrystals is that the
specimens are already thin to the point of electron transparency,
and are thus readily amenable to TEM examination. High resolu-
tion is quite easily achieved nowadays and image processing is
straightforward, allowing a stimulating interplay between synthesis
and TEM observation.*®! A careful analysis of the micrographs
can provide unique periodical and morphological information to
aid in the understanding of the effects of additives on crystal
growth. The NIH image-processing program was used to enhance
the data obtained from some samples.

X-ray Powder Diffraction and Small-Angle X-ray Scattering were
carried out with a Siemens D500/5000 diffractometer, operating
with a Cu anode at 45 kV and 30 mA. A secondary graphite mono-
chromator was used to select the K,1 and K,2 lines.
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