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Abstract 

Nanosized TiO, powders were prepared using the sol-gel procedure. The selected colloidal suspensions were stabilized with 
polyethylene glycol (PEG). This polymer prevented sintering of TiO, particles during the calcination of the starting material. 
X-ray powder diffraction (XRD) phase analysis showed that the samples, obtained up to 5OO”C, were a mixture of anatase and 
brookite. In the samples, obtained at 850°C and higher temperatures, rutile as a single phase was detected. The TGA/DTA curves 
were dependent on the preparation of TiO, samples. The samples were also characterized by Fourier transform infrared 
spectroscopy and laser Raman spectroscopy. A new method, based on low-frequency Raman scattering, was proposed for the size 
determination of nanosized TiO,. The size determination of nanosized TiO, by low-frequency Raman scattering was in a good 
agreement with crystallite size values obtained by XRD. 0 1997 Elsevier Science S.A. 
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1. Introduction 

Titanium dioxide, TiO,, is traditionally used as white 
pigment. It is used in a wide assortment of products, 
including paints, plastics, inks, paper, cosmetics, food- 
stuffs, pharmaceuticals, etc. [l]. TiO, also found impor- 
tant application as a catalyst support. 

In recent years, researchers and engineers paid special 
attention to nanosized TiO,, which can be utilized as 
dye-sensitized photoanode in a new type of solar cell as 
described by O’Regan and Gratzel [2] and discussed by 
Mallouk [3]. The mechanism of the conversion of light 
into electricity in this solar cell was discussed in other 
papers by Gratzel et al. [4-61. Kavan et al. [7] investi- 
gated the formation of TiO, films on SnO, (F-doped) 
and metallic (Pt, Au and Ti) electrodes by anodic 
oxidative hydrolysis of acidic aqueous TiCl, solutions. 
Thin TiO, films were spectrally sensitized to higher 
wavelengths by adsorption of RuL,(,u(NC) - 
Ru(CW(‘wM,, L = 2,2-bipyridine-4,4’-dicarboxylic 
acid, bpy = 2,2’-bipyridine. 
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Specific applications of TiO, are determined by the 
chemical, structural and physical properties of TiO, 
particles. These properties can be modified by the ex- 
perimental procedure used in TiO, synthesis. 

Vallet-Regi et al. [S] precipitated Ti(OH), using the 
reaction 

TiCl, + 4NH,OH + Ti(OH), + 4NH,Cl (1) 
The reaction products were crystalline aggregates (20- 
30 urn). On the other hand, pyrolysis [8,9] of aerosol 
droplets containing Ti(IV)-citrate yielded hollow spheri- 
cal particles (1-2 urn). In dependence on the tempera- 
ture of pyrolysis, up to 900°C an amorphous fraction, 
brookite, anatase or rutile were formed. 

A continues production of monodispersed TiO, pow- 
ders was developed [lo]. A solution containing titanium 
tetraethoxide, hydroxypropylcellulose and ethanol was 
mixed with water-ethanol solution and the hydrolytic 
product was aged by continuous flow through a 100 m 
long Teflon tube. The particle size could be controlled 
between 0.2 and 0.4 urn. A minimum aging period of 10 
min was required to produce monodispersed TiO, par- 
ticles. Ikemoto et al. [I I] prepared spherical and 
monodispersed TiO, particles in ethanol by mixing 0.1 
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M Ti(OC,H,), with 0.3 M H,O. The TiO, particles 
were amorphous and grew up to 0.7 pm after - 10 min 
of hydrolysis at room temperature. Chhor et al. [12] 
investigated the influence of experimental procedure on 
the microstructure of TiO,. TiO, powders were ob- 
tained from Ti(Iv-isopropoxide via three different 
routes, (i) thermal decomposition of titanium alkoxide 
in vapour phase, (ii) decomposition of titanium isopro- 
poxide in supercritical ethanol and (iii) standard proce- 
dure of hydrolysis of Ti(IV)-isopropoxide dissolved in 
ethanol. Kamiya et al. [13] investigated the conditions 
of the production of TiO, fibres by hydrolysis and 
polycondensation of Ti(IV)-isopropoxide. In order to 
produce fibres by the sol-gel procedure, the conditions 
for the formation of primarily chain-like or linear 
metaloxane polymers in solutions through hydrolysis 
and polycondensation reactions must be carefully ad- 
justed. This means that the initial molar ratio between 
Ti-alkoxide and H,O is a very important factor in the 
production of TiO, fibres. 

The correlation between the TiO, structure and the 
parameters of sol-gel synthesis (hydrolysis catalyst, pH 
and calcination temperature) were studied [14]. Very 
acidic and basic catalysts favoured the formation of 
rutile after thermal treatment of the TiO, precursor. It 
was found that the reaction pH did not alter either the 
shape or the size of the particles. An exception was 
observed during TiO, preparation in the presence of 
oxalic acid. Kallala et al. [15] studied the effect of H + 
ions on the growth of titanium oxopolymers. The au- 
thors measured the final structure of the polymers in 
gels produced under different reaction conditions ac- 
cording to: (i) the hydrolysis ratio which determines the 
potential functionality of monomers; (ii) the inhibition 
ratio which selects the relative rates of different reac- 
tions; and (iii) the monomer concentration, which de- 
termines how large the polymers can grow before their 
intergrowth. It was proposed that the growth process 
consisted of two stages, i.e. a few large polymers grew 
first, and then they densified through a capture of 
unused monomers. Terabe et al. [16] investigated the 
effects of water and hydrochloric acid on the structure 
and crystallization behavior of TiO, precursor prepared 
by the sol-gel procedure. Small angle X-ray scattering 
(SAXS) was used [ 171 to examine particle aggregation 
during the early phase gelation in the sol-gel synthesis 
of TiO,. 

Fine TiO, particles were also prepared by hydrolysis 
of emulsified alkoxide droplets [18]. Individual droplets 
acted as ‘microreactors controlling the particle compo- 
sition, size and shape. The emulsion method was also 
used by Lianos and Papoutsi [19,20] to prepare TiO, 
particles. Ito et al. [21] prepared transparent ultrafine 
titanium oxide. Positively charged Ti(OH), sol, ob- 
tained by mixing titanyl sulfate and sodium carbonate, 
was coagulated by the addition of sodium dodecylben- 

zene sulfonate (DBS), and then the coagulated colloids 
were transferred into the organic solvent phase by 
flushing. The organic solvent was removed under re- 
duced pressure and the solid product was thermally 
treated below the decomposition temperature of DBS. 

Nishide and Mizukami [22] observed the effect of 
complexing agents on the phase composition and opti- 
cal properties of TiO, films prepared by the sol-gel 
procedure. Nagpal et al. [23] prepared thin films of 
TiO, and hydroxypropylcellulose (HPC) polymer onto 
quartz and silicon substrates using spin-coating. The 
crystalline TiO, films remained transparent until they 
densified at 800°C. Thin TiO, i?lms were also obtained 
[24] by chemical vapour deposition (CVD) on different 
substrates in accordance with the reaction 

TiCl, + 2H,O + TiO, + 4HCl (2) 

TiO, is also an attractive material for the production 
of inorganic ultrafiltration membranes showing high 
thermal and chemical stability, as well as a good water 
permeability [25,26]. Membranes with the best proper- 
ties were obtained with nanosized TiO, particles. 

In the present work the chemical and microstructural 
properties of TiO, were investigated. The sol-gel syn- 
thesis of TiO, was optimized. The aim of this research 
was to obtain nanosized TiO, with improved proper- 
ties, which could be useful for its application as pho- 
toanode in dye-sensitized solar cells [27], as well as in 
electrochromic devices. 

2. Experimental 

Chemicals supplied by Aldrich and Merck were used. 
Water was doubly distilled. The TiO, precursor was 
precipitated by hydrolysis of Ti(IV)-isopropoxide in a 
specially designed apparatus. The glass apparatus and 
the experiments were designed to prevent direct contact 
between air atmosphere and the reacting system. The 
precipitation system was mixed at 500-1000 r.p.m. The 
experimental conditions for the preparation of TiO, 
samples are given in Table 1. The TiO, suspensions 
were dried in Petri dishes. After removal of ‘free’ water 
the solid products were analysed as prepared, or ther- 
mally treated in a tubular oven with temperature stabil- 
ity of 2 2°C. The conditions of the thermal treatment 
of sample A, obtained by hydrolysis of Ti(IV)-isopro- 
poxide, are given in Table 2. Samples B and C, stabi- 
lized by PEG (polyethylene glycol), are denoted as D 
and E (Table 1). 

X-ray powder diffraction (XRD) measurements were 
performed at room temperature using a Philips counter 
diffractometer (MPD 1880) with monochromatized 
CuKcz radiation. 

Differential thermal analysis was performed using an 
instrument produced by NETZSCH. The temperature 
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Table 1 
Experimental conditions for the preparation of TiO, samples 

Sample Chemical composition of the reactants Temperature of Time of reac- Temperature and time of aging (drying) 
reaction (“C) lion (h) 

A 10 ml isopropanol 50 ml Ti(IV)-isopropoxide 80 4 Aged in flask at 80°C for 24 h and at 50°C 
600 ml Ha0 2 ml cont. HNO, for 6 h, dried in Petri dish at 50°C for 65 h 

B 5 ml isopropanol 25 ml Ti(IV)-isopropoxide 20 4 Dried in Petri dish at 50°C for 66 h 
300 ml H,O 1 ml cont. HNO, 

C 5 ml isopropanol 25 ml Ti(IV)-isopropoxide SO 4 Dried in Petri dish at 50°C for 42 h 
300 ml Ha0 1 ml cont. HNO, 

D 165 ml of suspension B mixed with 10 g PEG Dried in Petri dish at 50°C for 66 h 
in 50 ml Ha0 

E 165 ml of suspension C mixed with 10 g PEG Dried in Petri dish at 50 OC for 42 h 
in 50 ml H,O 

was controlled by a Pt-PtRh (10%) thermocouple with 
a heating rate of 10°C mm-‘. 

FT-IR spectra were recorded at room temperature 
with a Perkin-Elmer spectrometer (model 2000). The 
FT-IR spectrometer was coupled to a personal com- 
puter loaded with an IR Data Manager (IRDM) pro- 
gram. The samples were pressed into discs using 
spectroscopically pure KBr. 

Raman scattering experiments were performed using 
a standard instrumental technique. A Coherent Innova- 
100 laser with % = 514.5 nm served as an excitation 
source and the scattered light was analyzed with a 
DILOR Z-24 Raman spectrometer. 

3. Results and discussion 

3.1. General 

The hydrolysis of Ti(IV)-isopropoxide in iso- 
propanol, after addition of water, can be described by 
the equation 

Ti(OC,H& + xH,O 

+ Ti(OH),(OC,H,), _ x + xC,H,OH (3) 

In excess of water, Ti(OH), precipitates completely. 
The Ti(OH), aggregates can be peptized into stable 
colloids by acidification of the suspension with HCl or 
HNO,. Adsorption of H+ ions onto the surface of 

Table 2 
Conditions of the thermal treatment of sample A produced by 
hydrolysis of Ti(IV)-isopropoxide 

Sample Temperature of heating (“C) Time of heating (h) 

A, 150 2 
A2 300 2 
A3 500 2 
A4 850 2 
4 1000 2 

Ti(OH), aggregates gives positive charge to colloidal 
particles, so that these particles can exist in stabilized 
state. The process of adsorption of H+ ions onto the 
surface of Ti(OH), aggregates can be written as 

nTi(OH), + yH + A- + [Ti(OH),]aH + + yA- (4) 

Peptization is a temperature dependent process. The 
phase composition of the products of aging of the TiO, 
precursor depends on its colloidal state (polymer, sol, 
gel or precipitate). Additional stabilization of TiO, 
colloids can be achieved with polymers, for example 
HPC, PEG, etc. These polymers also prevent sintering 
of particles during the calcination of the TiO, precur- 
sor. 

3.2. X-ray dzjjfraction 

The characteristic parts of XRD patterns of the TiO, 
precursor (sample A) and the solid products of its 
thermal treatment (samples A,, A, and A,) are shown 
in Fig. 1. The starting material (not calcined) and the 
samples obtained after heating up to 500°C were iden- 
tified as a mixture of anatase, as the dominant phase, 
and brookite. Both phases exhibited a pronounced dif- 
fraction broadening which decreased with increasing 
temperature. The crystallite size of these samples was 
estimated using the Scherrer equation 

D = 0.9/I/(P cos 6) (5) 

where 2 is the X-ray wavelength, 0 is the Bragg angle 
and p is the pure full width of the diffraction line at 
half of the maximum intensity. The average crystallite 
size increased from 6 to 9 nm with an increase of the 
temperature up to 300°C. It is important to note that 
the samples analyzed in the present work showed the 
existence of two phases, anatase and brookite, in the 
starting material; this being different from many similar 
investigations that considered only the conversion 
scheme ‘hydrous oxide gel -+ anatase 4 rutile’. A mix- 
ture of anatase and brookite was also observed in the 
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T=300°C , D=9,1m T=300°C , D=9,1m 

T  = 1000 T  T  = 1000 T  

i-7 TGA (nil) 1360°C 

Fig. 1. Characteristic parts of the XRD powder patterns of the TiO, 
sample, denoted as A in Table 1, and of its thermal decomposition 
products A, (ISO’C), Az (3OO’C) and A, (1OOO’C). XRD powder 
patterns were recorded at room temperature. The crystallite sizes, D, 
are given with an estimated error of approximately 25%. 

0 100 200 300 400 500 600 
Temperaturei’C 

15 10 
W"(Cui;a) 

J 

sample obtained after heating at 500°C. In the samples 
heated at 850°C and higher temperatures, rutile as a 
single phase was found. 

3.3. Themal analysis 

Figs. 2 and 3 and 4 show the characteristic results of 
thermal analysis. The DTA curve of sample A (Fig. 2) 

0 100 200 300 400 500 600 700 

Temperaturei°C 

Fig. 2. TGA and DTA curves ‘of sample A (no added PEG). Heating 
rate was 10°C min- ‘, 

Fig. 3. TGA and DTA curves of sample D (TiO, stabilized with 
PEG). Heating rate was 10°C min- r. 

shows an endothermic peak at 120°C due to dehydra- 
tion. In Fig. 2 an exothermic peak at 605°C is also 
visible. Lopez at el. [14] observed a peak at 605°C 
during the thermal analysis of TiO, precursor in the 
presence of oxalic acid, and this peak was ascribed to 
the second dehydroxylation of strongly bonded OH 
groups. On the other hand, it was reported [28] that the 
transition to rutile started at 610°C accelerated at 
730°C and was completed at 915°C. Chhor at al. [12] 
observed a partial transition of anatase to rutile at 
650°C after 4 h of heating. 

The DTA curve of sample D in air (Fig. 3) shows a 
strong exothermic peak at 495°C due to oxidation of 
the organic phase. This peak is shifted to 360°C in the 
DTA experiment performed in an oxygen atmosphere. 
Similarly, the DTA curve of sample E shows oxidation 
peaks at 460 and 335°C respectively (Fig. 4). The 
difference in the position of oxidation peaks is due to 
the nature of these samples. Sample B was prepared by 
the sol-gel procedure at 20°C and sample C by the 
same procedure at 80°C. Consequently, sample B was 
more hydrated and showed greater interaction with 
PEG than sample C. Also, the degree of structural 
ordering was higher in sample C than in sample B. The 
catalytic effect of TiO, on the oxidation of PEG 
molecules was not investigated; however, this effect 
cannot be ruled out completely. 
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Fig. 4. TGA and DTA curves of sample E (TiOZ stabiIized with 
PEG). Heating rate was 10°C min-‘. 

3.4. PT-IR spectroscopy 

The results of FT-IR spectroscopic measurements are 
summarized in Figs. 5 and 6 and 7. The spectra of 
samples A, B and C showed the same spectral features 
(Figs. 5 and 6). The spectrum of sample A is character- 
ized by a very strong band with two transmittance 

b I / 
I, 

I 
4000 3000 2000 1000 400 460 30 

Wave number/cm-’ 

Fig. 5. Fourier transform infrared spectra of samples A, A, and A,, 
recorded at room temperature. 

I 5d2 / / 
0 3000 2000 1000 

Wave number/cmT’ 

Fig. 6. Fourier transform infrared spectra of samples B and C, 
recorded at room temperature. 

minima at 590 and 486 cm - ‘, and a strong band at 347 
cm- ‘. Larbot et al. [29] and Chhor et al. [12] observed 
the same bands assigned to VTi.0 = 653-550 cm-’ and 
V.ri-o-Ti = 495-436 cm-‘. On the basis of the vri.o-ri 
frequency the formation of the Ti-0-Ti bond by con- 
densation reaction could be followed. Two OH stretch- 
ing bands at 3352 and 3233 cm-’ are also visible. The 
band at 1625 cm - ’ corresponds to the bending mode 
of adsorbed water. The sharp and intensive peak at 
1385 cm-’ is due to the presence of nitrates, which 
were added as HNO, during the acidification of the 
system in the sol-gel synthesis. With increasing heating 
temperature the band at 486 cm-l was shifted to 471 
cm - ’ and its relative intensity slightly increased sug- 
gesting the loss of coordinated OH groups, and conse- 
quently, the formation of new Ti-0-Ti bonds. 

The FT-IR spectra, shown in Fig. 7, can be ascribed 
to rutile. Ocafia et al. [30,31] have shown that the 
particle shape and state of aggregation of the micro- 
crystals have a strong effect on the IR spectrum of 
rutile powder. 

3.5. Raman spectroscopy 

In the present work, Raman spectroscopy was also 
used to monitor the chemical and microstructural 
changes in TiO, samples. The Raman spectra of TiO, 
polymorphs have been extensively investigated by many 
researchers. Before the presentation of our Raman re- 
sults, some publications which appeared in this field 
will be shortly reviewed. For example, Tompsett et al. 
[32] showed that the Raman spectra of natural brookite 
crystals from Switzerland and Brasil and of synthetic 
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brookite powder are characterized by an intense band 
at 153 cm-l. Besides several Raman bands of weak 
intensity, they also reported strong bands at 128 and 
636 cm-’ and a medium intensity band at 247 cm-‘. 
Anatase shows a very strong band at 143 cm-‘, and 
rutile lacks a strong band in this region. Bersani et al. 
[33] observed a shift of the anatase peak from 159 to 
149 cm-l with an increase of the calcination tempera- 
ture of the gel-derived glassy TiO,. Felske and Plieth 
[34] studied the Raman spectra of electrochemically 
formed oxide films on Ti electrodes. They also recorded 
the reference spectra of anatase and rutile. The Raman 
spectrum of anatase powder showed characteristic 
bands at 645, 512, 395 and 143 cm- ‘, while for Wile 
powder characteristic bands at 612, 447 and 232 cm - i 
were recorded. 

TurkoviC et al. [35,37] investigated thermally an- 
nealed TiO, films. The Raman bands corresponding to 
anatase and rutile were assigned. Thin TiO, films, 
obtained by the spray method [36], showed a shift of 
the anatase peak from 143 cm - ’ to higher wave num- 
bers. XRD analysis of the sample indicated that the size 
of TiO, crystallites was 4.7 nm. For the sample ob- 
tained by CVD, having crystallites of size in the range 
of 50 nm, the most prominent band was positioned at 
140 cm-r. On the basis of this work, the shift of the 
Raman band at 143 cm - ’ to greater wave numbers 
could be used as a fast probe for nanosized TiO,. 
Parker and Siegel [38] explained the shift to higher 
wave numbers of the Raman band at 143 cm - l in 
nanosized TiO, by intergrain defects due to oxygen 
deficiency, i.e. nanosized TiO, was, on an average, 
nonstoichiometric. 

I* 

Wave number/cm” 

Fig. 7. Fourier transform infrared spectra of samples A, and Aj, 
recorded at room temperature. 

I I 
1000 500 

156’~ 

I 

Wave number/cm-’ 
Fig. 8. Laser Raman spectra of samples B and C, recorded at room 
temperature. 

The Raman spectra of samples A, B and C showed 
the same spectral features. These samples were charac- 
terized with a very strong band at 153 cm - ’ for sample 
A, 156 cm - i for sample B and 153 cm - ’ for sample C. 
For illustration, the Raman spectra of samples B and C 
are shown in Fig. 8. Taking into account the literature 
data mentioned above, it can be concluded that the 
Raman spectra shown in Fig. 8 represent a mixture of 
anatase and brookite. 

Fig. 9 shows the Raman spectra of the solid films of 
samples D and E, obtained by drying the colloidal 
suspensions of TiO, precursors B and C stabilized with 
PEG. Since these Raman spectra showed’ additional 
bands due to PEG, the reference Raman spectrum of 
PEG is also presented in Fig. 10. After heating sample 
A at 850 and lOOO”C, Raman bands at 61.0, 447 and 
238 cm-’ were observed. These Raman bands are 
typical of rutile. 

In the present work we also paid attention to the size 
determination of nanosized TiO, using the method of 
low-frequency Raman scattering which had been tested 
in our previous work [39]. Generally, this method is 
based on the work of Duval et al. [40], originally 
applied to crystallized cordierite glass in the region of 
low-frequency Raman scattering. Duval et al. [40] 
showed that the maximum of the low-frequency Raman 
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10 

Fig. 9. Laser Raman spectra of samples D and E, recorded at room 
temperature. 

band was proportional to the inverse diameter of the 
spherical spine1 microcrystallites. Based on theoretical 
results of Lamb [41], and Tamura et al. [42], the 
frequency v (in cm- ‘) of the lowest-energy spherical 

1500 1000 500 

i 

1 
10 

Wave number/cm-’ 

Fig. 10. Laser Raman spectrum of polyethylene glycol (PEG), 
recorded at room temperature. 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 
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Fig. 11. Low-frequency Raman spectra, after baseline and tempera- 
ture correction, of samples B and C. In the spectra the anti Stokes 
(-) and Stokes ( f ) sides are shown. The sharp peak at N - 13 
cm-’ is a plasma line. 

mode of a free particle of spinel, corresponding to 
angular momentum I = 0, is 

v g 0.7v,/(d x c) (6) 

where c is the velocity of light in vacuum, ui is the 
longitudional velocity of sound and d is particle diame- 
ter. Duval et al. [40] pointed out that the technique of 
Raman scattering could be a simple and good method 
for the characterization of nanosized particles. In addi- 
tion, this method is also complementary to small angle 
neutron or X-ray scattering. 

Fig. 11 shows the low-frequency Raman spectra of 
samples B and C. The Raman spectra were corrected 
supposing a linear background and according to the 
Bose-Einstein theory. The positions of low-frequency 
Raman peak, V, and the corresponding particle diame- 
ter, d, calculated from Eq. (6) are given in Table 3. For 
the longitudinal velocity of sound, the average value for 
rutile, 0, = 9022 m s - I, was used [43]. It is supposed 
that there is no great difference in the longitudinal 
velocity of sound in different TiO, polymorphs. The 
particle size of nanosized TiO, determined by low-fre- 
quency Raman scattering, as presented in Table 3, is in 
good agreement with crystallite size measured by XRD 
(Fig. 1). 

Table 3 
Positions of low-frequency Raman peak, V, and TiO, particle diame- 
ter, d, determined from peak position 

Sample 

A 
A, 
A2 
B 
C 

v (cm-‘) d inm) 

30 7.0 
26 8.1 
21 10.0 
29 7.3 
24 8.8 
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It is known that the crystallite size does not automat- 
ically means the particle size. In previous works [44,45] 
we paid attention to this problem. The method of 
particle size determination by low-frequency Raman 
scattering was compared with high resolution electron 
microscopy (HREM). The nanocrystallite sizes were 
determined by X-ray diffraction and small angle X-ray 
scattering (SAXS). We obtained good agreement of the 
results obtained by these four techniques for the same 
samples. These works [44,45] supported our conclusion 
that in the present work crystallite sizes determined by 
XRD (in the range of estimated error) can be compared 
with the particle sizes determined by low-frequency 
Raman scattering. Also, on the basis of the present 
work, it can be concluded that the method by Duval et 
al. [40], originally developed for crystallized cordierite 
glass, can be also applied in particle size determination 
of nanosized TiO, and, generally, in the determination 
of nanosized metal oxide particles which are not inside 
the oxide glass matrix. 
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