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Preparation of nanometric titanium hydrous
oxide particles by vapour phase hydrolysis
of titanium tetrabutoxide
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Spherical titanium nanoparticles in the range of 60 to 500 nm have been obtained by a
vapour-phase hydrolysis procedure using titanium tetrabutoxide as raw material. In this
work, different parameters such as alkoxide temperature, water temperature, carrier gas
flow rate, inlet pressure, vacuum and dilution of the raw material were tested. The most
important parameters in order to obtain nanoparticles of low mean size were the flow rate,
the alkoxide temperature and the inlet pressure. When the temperature decreases the
mean size decreases obtaining nanoparticles below 100 nm when the temperature is set up
to 125 ◦C. On the other hand, as the flow rate that pass through the alkoxide increases the
particle size decreases. Same behaviour is observed when the pressure inlet is increased.
In all cases, these results are attributed to a minor concentration of the alkoxide (low
amount of alkoxide molecules) in the gas stream. The other parameters, vacuum, water
temperature and dilution of the alkoxide did not show any important influence in the
particle size as the other ones. Polydispersity (broad or narrow particle size distribution)
has the same trend. The alkoxide temperature and carrier flow rate generate narrow
distributions while the other parameters produces broad distributions. FT-IR analysis of
these nanoparticles showed that for sizes below 100 nm the alkoxide is fully hydrolysed
and as the particle size increases the nanoparticle has more alkoxide or alcohol retained
inside. The heat treatment of these nanoparticles produces a decreasing in the particle size
and in all cases, the spherical shape is retained and no blackening in the nanoparticles of
higher size is observed. C© 1999 Kluwer Academic Publishers

1. Introduction
Several techniques are widely applicable to obtain an
enormous variety of materials in the form of submicron
spherical particles. SiO2, TiO2, ZrO2, ZrO2-Al2O3,
ZnO, Fe2O3, V2O5, etc. can be obtained as they are de-
scribed in a series of excellent reviews [1–4]. In the last
years, the need for high technology ceramic materials
has led to the idea that an uniform particle size facil-
itate the preparation of high dense powder compacts
and therefore the best sintering behaviour. However, it
is now recognised that for sintering to high density it is
more important to have a uniform pore size distribution
in the green body. On the other hand, a denser body can
be made with a wide range of particle size. Ring [5]
has obtained the higher density materials by using ma-
terials with a variation in particle size in the range of
10 to 30%.

Titanium oxide powders have been studied exten-
sively due to its applications as photoconductor, pig-
ments, coatings and fillers [6–11]. In a previous paper
[12] we have characterised the behaviour of submicron
spherical titanium hydrous oxide particles obtained
by vapour-phase hydrolysis of titanium tetrabutoxide
(TTB) as well as the green and sintered compacts ob-

tained by using such submicron particles. This experi-
mental method allows the preparation of particles with
different particle sizes by changing the experimental
conditions. Spherical particle sizes below 100 nm and
above 1000 nm can be obtained by this method. In the
present work we show the different particle size distri-
butions which can be obtained when the vapour-phase
hydrolysis procedure is used. In this procedure, TTB
has been used as starting material in order to obtain ti-
tanium oxide powders. We have also studied the degree
of hydrolysis of the TTB as a function of the particle
size of the as-prepared powder.

2. Experimental
2.1. Materials
TTB (Fluka, 99% purity, 1%n-butanol) and double
distilled-deionized water were used as starting materi-
als. The presence ofn-butanol in the TTB is necessary
because pure TTB is a highly hydrolyzable solid. Nitro-
gen (99.999% purity) was used as carrier gas. In some
experiments ethanol (EtOH),n-propanol (n-PrOH) and
n-butanol (n-BuOH), all of them Merck for analysis,
were used mixed with the carrier gas.
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2.2. Vapour-phase hydrolysis and
particle formation

In principle, the technique consist of the evaporation of
TTB at a given temperature. The TTB vapours are car-
ried by nitrogen gas to the hydrolysis chamber where
water vapour is also carried by another stream of nitro-
gen gas. The obtained particles are taken to a microfil-
ter where are collected. This apparatus is schematically
represented in Fig. 1. Dry nitrogen supplied by a tank
and controlled by a manometer pass through a nee-
dle valve where the total flow and pressure of carrier
gas are also controlled. This flow is divided into three,
all of them controlled also by needle valves and pass-
ing independently through three glass containers where

TABLE I Experimental conditions

Experience Tb Tw PN2 Vacuum Flow rate
number (◦C) (◦C) (atm.) (mm Hg) (ml/min) Alcohol

1 200 60 1.5 — 120 —
2 175 60 1.5 — 120 —
3 150 60 1.5 — 120 —
4 125 60 1.5 — 120 —
5 200 60 1.5 25 120 —
6 200 60 1.5 50 120 —
7 200 60 1.5 100 120 —
8 200 60 1.5 150 120 —
9 200 75 1.5 — 120 —

10 200 45 1.5 — 120 —
11 125 60 1.5 100 100 —
12 125 60 1.5 100 120 —
13 125 60 1.5 100 140 —
14 125 60 1.5 100 160 —
15 175 60 1.5 100 120 Ethanol
16 175 60 1.5 100 120 n-Propanol
17 175 60 1.5 100 120 n-Butanol
18 150 60 1.2 100 120 —
19 150 60 1.5 100 120 —
20 150 60 2.0 100 120 —
21 150 60 3.0 100 120 —

Figure 1 Vapour-phase system used for obtaining titanium nanoparticles.

TTB, water or alcohol are present. These containers are
heated (±0.1◦C) independently by thermostatic baths
to the desired temperature. These streams are sprayed
through gas nozzles with several holes of about 400µm
in diameter into the hydrolysis chamber. The hydrous
titanium oxide particles formed in the hydrolysis cham-
ber are taken to the collecting chamber where a Milli-
pore filter of 150 nm of pore size is used. The system
outlet is connected to a vacuum pump where different
underpressures are applied.

The results showed in the present work deals with
different experiments where inlet pressure, inlet flow,
bath temperatures, alcohol mixing and vacuum system
are tested. Table I gives such experimental conditions.
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2.3. Calcination
The powders prepared as described above were dried at
50◦C and the calcined in an oven at room atmosphere.
The heating treatment was 1000◦C for 1 hour at a heat-
ing rate of 10◦C/min. In all cases spherical morphology
was retained.

2.4. Particle characterisation
The particles collected in the microfilter were dried
in an oven at 50◦C (±0.5◦C) for 24 hours and then
studied by Scanning Electron Microscopy (SEM, Carl
Zeiss DSM-950) and by Infrared Spectroscopy (FT-IR,
Perkin-Elmer 1760X). Particle size distributions
(PSDs) were determined by image analysis from SEM
photographs for the as-prepared and calcined particles.
At least 500 measured particles were used to determine
the corresponding PSD. All PSDs were characterised
by the statistic parameters: mean and median diame-
ters (d anddm respectively), standard deviation (σ ) and
monodispersity (σ ∗, whereσ ∗ =1+ σ/d) [13]. FT-IR
spectra were obtained by the KBr pellet method. 10
scans were used for each spectrum with a resolution of
2 cm−1.

3. Results and discussion
Particle formation takes place instantaneously when the
aqueous stream interacts with the TTB stream. This is
observed by a sudden “fog” in the hydrolysis chamber.
This “fog” is difficult to observe visually when PSD has
an average spherical diameter below 100 nm. In this
case, as in the others, the particles are collected in the
microfilter. As we have said above, various studies were
made in order to investigate the influence of several
experimental conditions on the PSDs of the obtained
titanium hydrous oxide particles. The experiments were

TABLE I I Mean diameters (d), standard deviations (σ ) and polydispersity (σ ∗) of the PSDs

As prepared Heat treated
Experience
number d (nm) σ (nm) σ ∗ d (nm) σ (nm) σ ∗

1 515 232 1.45 485 237 1.49
2 302 83 1.27 252 80 1.32
3 153 34 1.22 138 30 1.22
4 76 16 1.21 74 16 1.21
5 464 259 1.56 414 170 1.41
6 428 222 1.52 425 183 1.43
7 434 286 1.66 406 191 1.47
8 524 299 1.57 489 263 1.53
9 510 229 1.45 489 252 1.51

10 525 226 1.43 508 264 1.52
11 92 20 1.22 96 20 1.21
12 81 18 1.22 75 16 1.21
13 68 14 1.20 67 15 1.22
14 60 12 1.20 60 12 1.20
15 224 74 1.33 205 68 1.33
16 209 76 1.36 202 71 1.35
17 201 75 1.37 188 67 1.36
18 184 46 1.25 173 50 1.26
19 156 36 1.23 145 33 1.23
20 146 44 1.30 137 36 1.26
21 124 46 1.37 110 30 1.27

carried out by varying one experimental condition and
fixing the other ones. In all cases, the particles were
smooth and spherical as can be observed in Fig. 2.

3.1. Particle size analysis
3.1.1. Influence of the TTB temperature
The experimental conditions are given in Table I, num-
bers 1–4. TTB is a viscous liquid with a boiling point
of 310–314◦C at 1 atmosphere. Therefore if a dry
carrier gas pass through a bath containing TTB at a
given temperature lower than that, then the carrier gas
stream will be saturated by TTB vapours at the cor-
responding partial pressure. Decreasing the TTB bath
temperature decreases the TTB partial pressure and
the carrier gas will have less TTB molecules. Fig. 3
shows the variation of the median particle size (dm) of
the PSDs obtained at different bath temperatures for
the as-prepared and heat treated titanium hydrous ox-
ide particles. It is observed, in this Fig. 3, that par-
ticle size distributions with median diameters below
100 nm can be obtained at bath temperatures lower than
125◦C. Mean diameters (assuming gaussian distribu-
tions) and standard deviations are given in Table II for
the as prepared and heat treated samples. The standard
deviation also decreases when the bath temperature de-
creases indicating that narrow PSDs are obtained at
lower bath temperatures. However, monodisperse dis-
tributions are only obtained for PSDs prepared at 125
and 150◦C (σ ∗<1.25). Polydispersity increases as the
particle size increases. Mean and median particle size
also decrease when particles are calcined at 1000◦C.
This result is due to the particle shrinkage that produce
a decreasing in the specific surface area and porosity
(1). PSDs close to 100 nm are obtained for particles
obtained at 150◦C of bath temperature and calcined at
1000◦C.

3399



(a)

(b)

Figure 2 Scanning electron microscopy of titanium nanoparticles: (a) experience 10 and (b) experience 12.

3.1.2. Influence of the vacuum in the system
In order to study the effect of the vacuum in the system
we have selected the TTB bath temperature of 200◦C.
The underpressures obtained with the aid of a vacuum

pump are given in Table I, experiences 1 and 5–8. When
vacuum is applied in the system, the particles obtained
in the hydrolysis chamber are moving faster to the
microfilter. Then, there exists a higher pressure drop
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Figure 3 Influence of the Titanium tetrabutoxide bath temperature in the
median particle diameter.

Figure 4 Influence of the vacuum in the median particle diameter.

between the glass nozzle and the hydrolysis chamber.
This pressure drop can increase the spray effect making
vapour TTB droplets of low size. In these experiments,
the bath temperature of the hydrolysis water was set up
to 60◦C (see Table I). Fig. 4 shows the variation of the
median diameter of the PSDs for the different vacuum
experiences. It seems that the vacuum system has no
effect in the mean particle size because the obtained
results are of the same order of magnitude. Statistical
analysis was carried out by using the Statgraphics Pro-
gramme, and the analysis of the variance of the different
PSDs gives identical results for the four PSDs obtained
when the vacuum in the system is modified. PSDs of the
calcined samples did not show any change in the mean
diameter, concluding that the vacuum has no influence
in the PSD. Mean diameters and standard deviations of
these PSDs are given in Table II.

On the other hand, vacuum seems to have influence
on the polydispersity of the PSDs. Polydispersity in-
creases as the vacuum increases, and this result cor-

responds to a high motion of the particles inside the
hydrolysis chamber and the corresponding high prob-
ability of sticking between particles forming particles
of higher mean size.

3.1.3. Influence of the water temperature
The influence of the water temperature was studied
when TTB bath temperature was 200◦C and no vac-
uum in the system was used. Experimental condi-
tions in Table I, numbers 1, 9, 10 correspond to these
experiences. As the water temperature increases, the
vapour partial pressure also increases and the hydroly-
sis stream will be more saturated in water. The studied
water bath temperatures are given in Table I. For the
water bath temperatures of 75, 60 and 45◦C, the me-
dian particle sizes obtained were 450, 448 and 435 nm
respectively, and 408, 375 and 402 nm for the calcined
samples. The statistical analysis of these PSDs did not
show any differences between them. Table II gives also
the mean diameter and the standard deviation of these
PSDs. All of them can be considered as polydisperse
and no influence on this polydispersity has the water
bath temperature.

3.1.4. Influence of the carried gas flow
The speed of the carrier gas flow can be modified by the
needles valves existing in the system. Since the water
temperature did not have any effect in the particle size
as we showed previously, then the carrier gas flow in
the water bath was fixed to 12.5 ml/min and the car-
rier gas flow in the alkoxide bath was changed between
100 and 160 ml/min. The experimental conditions are
given in Table I, numbers 11–14. Fig. 5 shows the in-
fluence of the carrier gas flow in the median particle
size of the obtained PSDs. It can be observed, in this
figure, that the median of the particle size decreases
as the carrier gas flow increase. Calcined particles also
show this behaviour, as can be observed in this Fig. 5.
Table II also gives the mean diameter and the stan-
dard deviation of these PSDs. The obtained results are

Figure 5 Influence of the carrier gas flow in the median particle diameter.
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attributed to the difference in diameters between the
glass nozzle and the hydrolysis chamber. This diameter
difference produces an increasing in the pressure drop
when the vapour alkoxide pass through the holes of the
nozzle to the hydrolysis chamber, and therefore each
vapour alkoxide droplet produces various droplets of
lower size. Therefore, when the carrier gas flow is in-
creased the glass nozzle works as a spray of the vapour
alkoxide.

3.1.5. Influence of the mixing with
alcohol vapours

As it was shown in Fig. 1, one of the three nitrogen
streams can pass through a thermostatic bath where
a liquid alcohol is present. This stream is then satu-
rated with the corresponding vapour and injected into
the vapour alkoxide stream before passing to the hy-
drolysis chamber. This procedure is implemented in or-
der to prevent vapour alkoxide condensation during the
short space which exists between the alkoxide bath and
the hydrolysis chamber. The vapour alkoxide stream is
then diluted by the vapour alcohols stream. Experiences
were carried out by using EtOH,n-PrOH andn-BuOH
as alcohols at the alkoxide bath temperature of 175◦C,
as it is shown in Table I, experiences 15–17.

The obtained results by examining the PSDs showed
a small decreasing in the median particle size diameter
for both obtained and calcined samples. The measured
median diameters for the experiments using EtOH,
n-PrOH andn-BuOH were 210, 204 and 197 nm, re-
spectively, and 201, 196 and 181 nm for the correspond-
ing calcined samples. These values are below those of
291 and 248 nm for the as-prepared and calcined sam-
ples respectively, when no alcohol stream is used. A
careful examination of the PSD by means of the analysis
of variance using the Statgraphics Programme gave as
a result that those distributions were analogous within
a confidence level of 95%. It is necessary to count and
measure a high quantity of particles in order to deter-
mine whether the alcohol stream has any influence in
the particle size.

Polydispersity seems to be not influenced by the pres-
ence of the alcohol stream flow, as can be observed in
Table I. And this result confirms the above mentioned
analogy between the obtained PSDs.

3.1.6. Influence of the carrier gas pressure
Fig. 6 shows the effect of the carrier gas pressure on the
median diameter of the obtained PSDs. Other distribu-
tion parameters are given in Table II, experiences 18 to
21. It can be observed that the particle size decreases
when the carrier gas pressure increases. This effect is
produced by the existence of holes in the glass noz-
zle which gives vapour alkoxide droplets of low size
by increasing the pressure difference between the glass
nozzle and the hydrolysis chamber. The heat treated
particles show the same behaviour as the corresponding
as-prepared particles. On the other hand, polydispersity
decreases when the carrier gas pressure is increased and
the PSDs obtained for high pressures can be considered

Figure 6 Influence of the carrier gas pressure in the median particle
diameter.

as monodisperse although their particle size is above
100 nm. These results show that monodisperse PSD
of particle diameter below 100 nm can be obtained by
using high pressures in the carrier gas stream.

3.2. Infrared spectroscopy
Fig. 7 shows the FT-IR spectra of the hydrous tita-
nia oxide particles prepared in different experimental

Figure 7 Infrared Spectra of the nanoparticles for different experimen-
tal conditions (numbers correspond to experimental conditions given in
Table I).
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conditions. Numbers above each spectrum corresponds
to those given in Table I. This figure only shows the most
representative spectra, however a careful analysis was
carried out for all of them. In these spectra can be ob-
served a wide band with a maximum about 615 cm−1,
which correspond to the Ti-O stretching in Ti-O-Ti
and Ti-OH bonds of the hydrous titania oxide, and
different low intensity bands around 1200–950 cm−1

which corresponds to the presence ofn-BuOH and/or
non-hydrolysed TTB. In the 1200–950 cm−1 spectral
region then-butanol gives three high intensity bands
located at 1074, 1046 and 1030 cm−1, four medium in-
tensity bands lying at 1114, 1012, 992 and 953 cm−1,
and a shoulder at 1062 cm−1 close to the 1074 cm−1

band. On the other hand, for the same spectral region,
TTB gives three high intensity bands at 1126, 1100
and 1039 cm−1, and a medium intensity band located
at 969 cm−1 [14, 15]. The FT-IR spectra of the Fig. 7
show different intensities for the IR bands which appear
in the 1200–950 cm−1 spectral region. This results cor-
responds to the presence ofn-butanol and/or TTB in the
obtained titanium hydrous oxide particles. The above
mentioned IR bands ofn-butanol and TTB were used
in order to study the degree of hydrolysis of the TTB
vapours during the formation of titanium hydrous oxide
particles.

FT-IR spectra were subjected to a deconvolution pro-
cedure where the above mentioned bands ofn-BuOH
and TTB were assumed to be a gaussian profile. Each
band can be defined by three parameters: intensity,
half-wide and frequency. Through an iterative process
the experimental spectrum can be fitted by the cor-
responding theoretical gaussian bands. The iteration
process is finished when the minimum deviation be-
tween experimental and theoretical spectra is achieved.
Here, the area of each convoluted gaussian band can
be determined through simple integration. Such band
area is proportional to the amount of the correspond-
ing chemical bond. Therefore, a semiquantitative in-
formation can be obtained by using this deconvolution
process [16].

The deconvolution procedure was performed to the
FT-IR spectra of the titanium hydrous particles. First of
all then-BuOH and TTB spectra were deconvoluted in
order to fit them with the minimum error in the band
parameters (intensity, half-wide and frequency) of their
corresponding IR bands. These bands were used as the
starting point for the deconvolution process. Values of
the integrated band areas are given in Table III. This ta-
ble only shows the results of the IR bands of TTB and
n-BuOH of higher intensity and half-wide. This makes
possible to achieve the minimum error in the band area
measurement. The analysis of these values gives the
following discussed results. The hydrolysis of the TTB
increases as the particle size of the titanium hydrous
oxide particle decreases. Particles below 100 nm do
not show the presence of TTB, and this corresponds
to the diffusion of water inside the titanium hydrous
oxide particle by means of their specific surface area.
Values of specific surface area as high as 180 m2/g have
been found for these particles [12]. The presence of a
higher concentration of water vapour in the hydrolysis

TABLE I I I Integrated FT-IR band areas (a.u.)

Experience number 1130 cm−1 1046 cm−1 R

1 0.28 0.13 2.15
2 1.25 0.12 2.08
3 0.14 0.08 1.75
4 0.00 0.00 —
5 1.31 0.13 2.38
6 0.30 0.13 2.50
7 0.28 0.13 2.15
8 0.20 0.10 2.00
9 0.30 0.12 2.50

10 0.24 0.11 2.18
11 — — —
12 — — —
13 — — —
14 — — —
15 0.25 0.12 2.08
16 0.08 0.04 2.00
17 0.06 0.04 1.5
18 0.14 0.08 1.75
19 0.12 0.08 1.50
20 0.11 0.07 1.57
21 0.03 0.04 0.75

chamber do not change this result, as it can be seen in
experiences 1, 8 and 9 of Table III. When the water bath
is set to the higher temperature a lower concentration
of non-hydrolysed TTB is observed. This result shows
that increasing the water concentration in the hydrol-
ysis chamber the hydrolysis of TTB is also increased.
However, it must be observed that the size of the parti-
cles is smaller in this case and this smaller particle size
may give a higher hydrolysis of the TTB.

In experiences where the pressure of the nitrogen car-
rier gas, system vacuum, flow of the nitrogen-alkoxide
stream and dilution with other alcohol is modified it is
always observed the same behaviour, i.e. the hydrolysis
of TTB increases when the final particle size decreases.

As we said in the experimental section, the raw TTB
is mixed with a 1% ofn-BuOH. This alcohol is also pro-
duced during the TTB hydrolysis and can be removed
from the titanium hydrous oxide particle by a diffusion
process in the hydrolysis chamber and also during the
drying step of the obtained particles. The deconvolution
procedure has been also used for studying the concen-
tration ofn-BuOH which remains inside the particles.
The results are also given in Table III. These results
show the same behaviour as those of non-hydrolysed
TTB, and the concentration ofn-BuOH remaining into
the obtained particle decreases when the particle size
decreases. In Table III the ratio,R, of the IR band ar-
eas of TTB andn-BuOH is also given which may in-
form about the hydrolysis of TTB. This ratio is 2.02
for particle sizes above 300 nm, and are below such
value for lower particle sizes. These results show that
some amount ofn-BuOH is removed from the obtained
particles during the drying step, but some part remains
after drying retained in pores. For particle sizes below
300 nm the hydrolysis of TTB is high and the dried
particle contains mainly hydrous titanium oxide and
n-BuOH. However, for particle sizes above 300 nm the
n-BuOH is removed and the particle contains mainly
hydrous titanium oxide and TTB.
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4. Conclusions
Spherical hydrous titania oxide particles have been pre-
pared by the vapour-phase hydrolysis method. Tita-
nium tetrabutoxide and deionized water were used as
the starting raw materials. Different reaction parame-
ters have been studied in this work, being the titanium
alkoxide temperature the most important in order to ob-
tain particles of low particle size. For a temperature of
125◦C particles of mean size below 100 nm are ob-
tained. When the obtained particles are heat treated up
to 1000◦C the mean particle size decreases due to the
particle shrinkage. The extend of the hydrolysis reac-
tion taking place during formation of the hydrous ti-
tania oxide particles has been studied by FT-IR spec-
troscopy. It has been observed that when the particle
size decreases the concentration of the titanium alkox-
ide retained inside the particle also decreases. Parti-
cles of mean size below 300 nm are mainly formed
by hydrous titania oxide and adsorbedn-butanol, how-
ever for particle sizes above 300 nm their composition
is hydrous titania oxide and non-hydrolysed titanium
alkoxide.
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