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Sol-gel processing of titanium-containing thin 
coatings 
Part I Preparation and structure 
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Using tetrabutylorthotitanate as a precursor, titanate coatings with and without modifiers such as 
SnO2 and Fe203 have been successfully obtained. The hydrolysis and polycondensation 
mechanism is discussed in relation to the sol-gel transition. The gel-formation region was 
obtained as well as stable-layer formation and phase-separation regions in the 
Ti(OBun)4-C2HsOH-H20 system. Coatings deposited on glass substrates exhibited a strong 
tendency to aggregate and with increasing temperature to crystallize in anatase or rutile phases 
(500 and 1000 ~ respectively). Structural characteristics of the gel products were investigated 
by SEM, X-ray and electron diffraction .measurements, as well as by small-angle X-ray 
scattering. It was established that after thermal treatment at 500~ for 10min, spherical 
aggregates were formed in the coatings, having an average radius of approximately 5.1 nm. 

1. I n t r o d u c t i o n  
After the pioneering work of Dislich [1], synthesis of 
glassy materials by the sol-gel technology has proved 
to be an interesting and quickly developing scientific 
field [2]. It has been shown that through this tech- 
nology glasses may be synthesized with compositions 
hitherto thought impossible to achieve through stan- 
dard methods of melting. Thin vitreous or polycrystal- 
line layers are also new products obtained through the 
sol-gel method. By varying the content of TiO2, for 
example, coatings of high refractive index in combina- 
tion with other applicable properties may be depos- 
ited [3]. Introducing modifiers is frequently used to 
increase chemical resistance [4, 5] to achieve addi- 
tional colouring effect [6, 7] or to obtain a definite 
transmittance and reflection [8] of the layers. Mono- 
TiO2 coatings have been investigated in detail by 
Nogami and Moria [9] to establish their infrared 
transmittance. Yamamoto et al. [10] investigated 
thin-film preparation with compositions from the bi- 
nary SiO2-TiO2 system drawn from alkoxide solu- 
tions. Strawbridge and James [11] investigated in 
detail the dipping process in sol solutions of Ti(OEt) 4 
and C~HsOH. The basic characteristics of the process 
are described in Dislich's publications [12-14]. 

It is known that the sol-gel process is a suitable 
technology to prepare vitreous products of high 
homogeneity and purity. This is achieved by mixing 
the starting components at the molecular level in the 
sol solution. High homogeneity and the lack of impu- 
rities allow excellent physical and chemical para- 
meters of the coatings to be achieved. Coating proper- 
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ties are strongly influenced by the conditions of sol 
preparations, by the rate of the hydrolysis and poly- 
condensation processes, by the modifiers, viscosity, 
pH and HzO/C2HsOH ratio, etc. 

Titanium oxides prove to be of the greatest practical 
value compared to other oxides applied in sol-gel 
technology. This is mostly due to their high refractive 
index, good chemical stability, high electrical resist- 
ance, interesting catalytic and other properties 
[15-183. 

The present paper presents results of investigations 
on processing and structural characteristics of titanate 
thin coatings deposited on glass substrates through 
the sol-gel technology. Bearing in mind the detailed 
experimental data on titanate layers, the facts have 
been presented in three separate papers, this being 
more appropriate and rational. This approach pro- 
vides the opportunity to present results in a better way 
(Part II, XPS-study, and Part III Properties [19,20] ) 
which enables the reader selectively to chose know- 
ledge according to his personal interests. The object of 
the investigation is common to all three parts, so they 
interrelate to give a full description of the synthesis, 
structural characteristics, chemical analysis and prop- 
erties of the titanate coatings. 

2. Experimental procedure 
2.1. Sol solution preparation 
The process includes dissolution of titanium alkoxide 
as C16H3604Ti and the respective salts in a chosen 
solvent, followed by hydrolytic polycondensation 
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TAB LE I Compositions of titanium-containing sol solutions 

Composition Ti(OBun)4 CzHsOH H20 
(tool %) (tool %) (tool %) 

Second Composition of oxide 
component in coatings 
(mol %) (wt %) 

001 3.0 97.0 - 
002 3.0 85.0 12.0 
004 4.5 95.0 - 

005 15.0 75.0 5.0 

007 15.0 75.0 5.0 

009 10.0 82.0 3.0 

- 1 0 0  TiO 2 
- 100 TiO 2 
0.5 82.54 TiO 2 
(SnCI,,) 14.96 SnO a 
5.0 61.40 TiO 2 
(SnCI4) 38.60 SnO 2 
5.0 60.0 TiO z 
(Fe(NO 3) 3 . 9H20 ) 40.0 FezO 3 
5.0 66.7 TiO 2 
(Fe(NO3) 3 �9 9H20 ) 33.3 Fe20 3 

[- 1 l ] 
t ._ 1 

a HN03 ] 

Second 
component 

I Stirring ot 60~ C~ 30min 

1 
Cooling ot room ] 

temperoture 

1 
Dip-cootinq process 

Figure 1 Sol-gel processing of TiO2-containmg thin films from 
Ti(OBu") 4 used as the precursor. 

leading to the preparation of a multicomponent and 
transparent solution which polymerizes in the course 
of time. All compositions investigated are listed in 
Table I. They are calculated with the respective 
mole(weight) per cents of the initial constituents and of 
the related final oxide products with the help of the 
BATHR computer program [21]. 

The starting substance was tetrabutylorthotitanate 
(TBTi or Ti(OBu)4) from Merk. Modifiers were intro- 
duced in alcoholic solutions of nitrates or chlorides of 
the respective metals of high purity (p.a.). 

Fig. 1 shows a block diagram of the preparation of 
thin layers used in our study. The sol and the respect- 
ive gel products were prepared as follows: the cal- 
culated quantity of ethyl alcohol was dropped 
through a pipette into a vessel suitable for the pur- 
pose, and then Ti(OBu")4 was added. During moder- 
ate mixing by a magnetic stirrer, water was added 
drop by drop according to the calculations, so that the 
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Figure 2 Adhesion of the metal oxide (TiO2) film to the glass surface. 
PB, phase b o u n d a r y  

hydrolysis process takes place. At the end of the pro- 
cess the system was a monophase and transparent 
solution. Some drops of concentrated nitric acid were 
added in the ratio HNO3/TBTi = 0.01, as catalyst of 
hydrolysis. At a moderate stirring rate the system was 
heated to 60 ~ for 30-60 min. In that time the second 
component (acid, nitrate, chloride) was added in the 
respective quantities. Polymerization occurred during 
the course of which the final titanate-containing trans- 
parent solution was obtained. After a short ageing, 
depending on the conditions, the system was trans- 
formed into a transparent gel product. Gel-formation 
is not a desirable process in thin-layer processing, so 
various steps were undertaken to stabilize the sol 
solution, for example, addition of stabilizers and or- 
ganic additives or maintaining low concentrations of 
the initial constituents. Low concentrations of the 
film-forming components in the sol solution may be 
guaranteed by using compositions rich in ethyl al- 
cohol and lacking in water, which enables a suitable 
viscosity of the solution (below 10 cP) to be main- 
tained. It was established that solutions with a viscos- 
ity over 10 cP produce microcracks in the coatings 
during thermal treatment. A high stability of the sol 
solutions with time is achieved at a pH value between 
1 and 4. 

2.2. Depos i t ion  of layers 
Thin layers of chosen composition (see Table I) char- 
acterize high stability of the titanium-containing sol 
solutions which were of interest because of their phys- 
ical and chemical properties, were deposited on fiat 



glass-type Flasch Glas A.G. The glass substrates had 
excellent parallelity and flatness. They were cleaned 
using the technology of the Central Laboratory of 
Photoprocesses at BAS, which included the following 
steps: ultrasonic water treatment, deionized water 
treatment, surface active substances solution treat- 
ment, alcohol treatment and drying in a dry nitrogen 
flow. Dipping was done following the method de- 
scribed in detail by Dislich [12]. 

2.3. Me thods  
SEM investigations were carried out in a Jeol JSM- 
T200 using secondary electrons (SEI regime) and 
back-scattered electron images in compositional con- 
trast (COMPO regime). To improve the surface con- 
ductivity of layers a standard vacuum evaporation 
procedure with gold was applied. 

Phase identification of the thin layers was made 
using an X-ray diffractometer, type TUR M62, 
Germany. The X-ray source was CuK~ radiation of 
X = 0.154 20 nm. Calculation and comparison of the 
X-ray diffraction values was made with the help of 
personal computer, Pravetz-16 and VAX-770 with 
JCPDS data base [22]. 

Some of the samples deposited on polymer plastic 
folio placed on the substrate, were tested after thermal 
treatment, using the Debye-Scherer method with 
CuK~ radiation. The photometering of Debyegrams 
was performed with a photometer type TENNO, 
Trento, Italy. Another group of samples was investig- 
ated using a Rigaku-Denki X-ray diffractometer, 
Japan, using small-angle X-ray scattering (SAXS) at 
MoK~ radiation of X = 0.07107 nm and scattering 
angle, 0, corresponding to 0.3 nm -1 ~< s ~< 31 nm -1, 
where s may be expressed by [23]. 

4 ~ .  FOq 
s =   -s,ni5 j (,) 

3. Chemist ry  of the process 
The main chemical reactions taking place are as fol- 
lows 

Ti(OR)4 + 4H20 , Ti(OH)4 + 4ROH 1 (2a) 
{ 

Ti (OH)4 ~TiO2 + 2 H 2 0 "  ~ (2b) 

As hydrolysis proceeds polycondensation of the 
hydrolysis products takes place according to the reac- 
tions 

xTi(OR)2(OH)2 , 

-Ti(OR)2-O-Ti(OR)2-Ti(OR)2 O -  -+ H 2 0  
I I - R O H  

-Ti(RO)-O Ti(OR)-O-Ti(OR)-O-  + A T  
I - -  H2O 

OH 

OR 
I 

-T i (RO)2-OTi-O Ti(RO)2-O- (3) 
f 

HO-Ti-O-Ti(RO)a- 
I 

OR 

TBTi 

4O 6O 

6O 4O 

C2HsOH 20 40 60 80 H20 

Figure 3 Regions in the Ti(C4HgO ) ,t-C2HsOH-H20 system; re- 
gion A is the gel-forming region; region B (shaded area) is the 
dip-coating region; region C is the immiscible region 

To obtain oxide layers of good optical and mechan- 
ical properties, hydrolysis and polycondensation must 
proceed slowly and simultaneously. In time, the hy- 
drolysis is suppressed, while the polycondensation be- 
comes stronger, being stimulated by the next thermal 
treatment. Good adhesion of the layer to the glass 
substrate results from the surface reaction of some 
building groups with the glass surface. The glass SiO2- 
base network also penetrates the layer in this way. 
A simple schematic diagram of this process is pres- 
ented in Fig. 2. 

4. Results and discussion 
4.1. Gel-formation region determination 
Sakka et al. [24-26] followed the acidic catalysed 
hydrolytic polycondensation of tetraethylorthosilicate 
and proved that the low water concentration caused 
spiral bonding of polymeric chains in the sol, thus 
forming a solution, ready for the drawing of fibres. 
The same authors [27] studied gel formation of 
siloxanes with different functional groups and defined 
the regions of gel-formation, phase separation and 
non-gelling homogeneous solution, Duran et al. [6] 
investigated the properties of glassy layers in the 
SiOz MxOy system, where M is iron, cobalt, iron 
+ cobalt, and outlined the area of compositions 

appropriate for qualified drawing of thin layers in the 
TEOS-EtOH-H20 system. 

No data have been found in the literature referring 
to gel-formation region determination in the 
Ti(OBu")4-EtOH-H20 system. The present work 
aimed to define the gel-formation region in this sys- 
tem. Fig. 3 shows a summary of the experimental 
results obtained for 30 ml solutions, for the respective 
geometrical points after the treatment described 
above. Region C was characterized by a liquid separ- 
ation and precipitation took place at a very high 
speed. Here hydrolysis products (titanate hydroxides) 
rapidly spoil the homogeneity, transparency and stab- 
ility of the solution, thus resulting in crystalline-phase 
formation. 

2355 



To keep the titanate sol solutions stable for a long 
period of time and ready to be drawn in thin layers, it 
is recommended that researchers work with composi- 
tions in region B, even without water. Hydrolysis, 
necessary for the gel-film formation, is accomplished 
under the influence of atmospheric moisture, some- 
times over 80%, due to the high hydrosorption ability 
of the titanium butoxide and its respective sol solu- 
tions. 

4.2.  S E M  i n v e s t i g a t i o n s  
From the experimental data for stable gel-formation 
regions and the drawing of layers (see Fig. 3, regions 
A and B, respectively) the compositions in Table I for 
the coatings obtained, were characterized by SEM. 

Fig. 4a shows a scanning electron micrograph of 
a gel titanate coating of composition 001 (surface 
regions with microdefects were specially selected, be- 
cause the layers obtained were very smooth)�9 The 
same coating but at a different angle of observation, is 
shown in Fig. 4b. A nonuniform band, typical of the 
coating after thermal treatment, is clearly seen. 

4.3�9 X-ray  and  e l ec t ron  d i f f rac t ion  s t u d y  
Fig. 5 shows X-ray diffraction patterns of a titanate gel 
product. It is seen that for the layer deposited and 
dried at 120 ~ for 10 rain, no crystalline phase exists, 
while at higher temperatures a crystalline phase is 
seen. At much higher temperatures, a phase transition 
of anatase (500~ to rutile and brookite phase 
(1000 ~ is dominant. 

A similar picture is typical for samples of code 005 
and 007 whose diffractograms are presented on 
Figs. 6 and 7, respectively. With increasing temper- 
ature, a co-crystallization of titanium oxide and the 
oxide-modifier SnO2 takes place (see Fig. 6). The crys- 
tallization process is less obvious for the sample 
treated at 500 ~ but is very evident for the sample 
treated at 1000 ~ On increasing the temperature of 
samples to 500~ in the system TiO2-Fe203,  two 
co-existing crystalline phases TiO2 and T iO2 'Fe :O3  
are found. After a thermal treatment at 1000 ~ for 1 h, 
intensive crystallization takes place. Data are avail- 
able concerning the presence of the compound 
TiFe205 coexisting with the high-temperature TiO2 
modification 1-22]. 

The initial X-ray diffraction investigations of thin 
coatings on glass substrates did not, in fact, indicate 
the presence of a crystalline phase, perhaps because of 
lack of mass, therefore it was necessary to use the 
Debye-Scherer method. Data from electron diffrac- 
tion investigations show the presence of kind of short- 
range order in coatings containing TiO2 and TiO2 
plus SnO2 (Figs 8 and 9). Coatings treated by the 
Debye-Scherer method were separated from the poly- 
mer substrate before thermal treatment (separation of 
the coating from the glass substrate was impossible 
because of its strong adhesion)�9 The Debyegrams and 
the photometric spectra are presented on Figs 8, 9 and 
10 marked as D. 

Fig. 8 shows data from the phase characterization of 
the crystal coating of mono-TiO2 (code 001). It is seen 
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Figure 4 Cross-sectional view scanning electron micrographs of 
a coating of composition 001, (a) before thermal treatment, where (l) 
is the glass substrate and (2) is the coating (regime COMPO), and (b) 
after thermal treatment at 500 ~ C, 10 min, where (1) is the glass 
substrate and (2) is the TiO 2 coating microview under an angle of 
observation of 40 ~ (regime SEI). Phase-boundary substrate/coating 
is arrowed. 
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Figure 5 X-ray diffraction curves of the gel product with code 002 
after thermal treatment for 1 h. A, Anatase; B, brookite; R, rutile. 
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Figure 6 X-ray diffraction curves of the gel product with code 005 
after thermal treatment at 120, 500 and 1000 ~ C for 1 h. (e) TiO 2, 
(11) SnO 2. 



that the coatings have an even surface. The X-ray 
picture of the coating deposited on the glass-substrate 
(curve R) shows X-ray vitreous phase. After the elec- 
tron diffraction study it was established that the coat- 
ing was polycrystalline (Fig. 8E). The presence of cry- 
stalline TiO2 as anatase phase, was checked in the 
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Figure 7 X-ray diffraction curves of the gel product with composi- 
tion 007 containing Fe20 3 after lhermal treatment for 1 h. (~7) 
TiO2, (V) TiO2" Fe203, (0) ~-Fe203. 

layer separated from the polymer substrate (see Fig. 8, 
curve D) heated at 500 ~ for 10 rain. 

Results from the investigation of a coating of com- 
position 004 are presented in Fig. 9. It is noticed that 
the thin film separated from the polymer substrate has 
a crystalline anatase phase. However, using X-ray 
phase analysis, no crystalline phase was detected 
(Fig. 9, curve R) which may be due to the negligible 
mass of the coating and its very small thickness. The 
micrograph shows the presence of microcracks in the 
layer, possibly caused by the initiation of internal 
tension during thermal treatment. 

Fig. 10 shows the results after characterization of 
the coating with composition 007. On separation from 
the polymer substrate, the coating crystallizes in the 
anatase phase and cz-Fe203 after thermal treatment at 
500~ for 10 rain. 

4.4. SAXS studies  
To clarify the microaggregate process in the coatings, 
the layers were obtained investigated using small- 
angle X-ray scattering. From the experimental SAXS 
curves through the least square method, the radii of 
the microaggregates present in the volume was estim- 
ated without any collimation correction. The data 

Figure 8 Phase characteristics of the TiO 2 thin film, code 001, after thermal treatment at 500 ~ 10 min. (R) X-ray diffraction patterns, (D) 
Debyegram, (E) electron diffraction surface micrograph, and (F) planar view of the film surface. 
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Figure 9 Phase characteristics of the titanium-containing coating with code 004; R, D, E and F, see in Fig. 8. 

show that samples had a fine crystalline fracture struc- 
ture, which tend to agglomerate on thermal treatment. 
(Of interest to us are the studies of Zarzycki [28-31] 
on the structural investigation of gel products. The 
author proposes a simple fracto-aggregation model, 
according to which the clusters and microstructural 
formations are formed continuously, starting from an 
elementary spherical aggregation radius [29, 30].) 

Fig. 11 shows the experimental X-ray scattering 
curve for a monotitanate layer, deposited on both 
sides of a thin quartz capillary. The layer consists of 
aggregated and already formed small crystallites of 
TiO2 of average correlation radius /~g~-4.3 nm. (/~g 
depends on the spherical aggregation radius through 
the formula R ~ (5/3/~g) 1/23 Therefore, the titanate 
coating consists of already formed aggregations of 
TiO2, of almost spherical clusters of radius R ~ 5.1 nm. 
These fracto-aggregates could be accepted as micro- 
crystalline formations of TiO2 from the X-ray 
and electron diffraction phase analysis data (see 
Figs 8 and 9). 

Fig. 12 shows SAXS curves of gel products of com- 
position 002. The average radii of the predominant 
clusters in the gels treated at 120 and 500 ~ respec- 
tively, are approximately 0.96 and 5.5 nm. This shows 
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development of gel aggregation, in the layer with the 
higher temperature. It was established that thermal 
treatment densities the coating structure which is built 
of bigger aggregations. 

5. Conclusions 
l. Titanate coatings with or without modifiers were 

successfully obtained from alcoholic solutions of tetra- 
butylorthotitanate as precursor. 

2. The chemical mechanism of the hydrolysis and 
polycondensation processes has been discussed for 
Ti(OBu")4 , as well as the manner of formation of 
adhesive oxide bonds between the surface of the glass 
substrate and the sol --, gel ~ oxide layer. 

3. The regions of gel formation, stable layer forma- 
tion, as well as phase separation of solution in the 
ternary Ti(OC4H9)4-C2HsOH-H20 system were ex- 
perimentally defined. 

4. It was established that titanate gels exhibit 
a strong tendency to aggregate and for crystal growth 
with increasing temperature of treatment. The crystal- 
line phase identified after thermal treatment at 
500~ is anatase, while at 1000 ~ it is mainly rutile 
phase. 



Figure I0 Phase characteristics of TiO2-Fe20 3 thin film with code 007; R, D, E and F, see in Fig. 8. 
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Figure 11 SAXS curve for TiO 2 coating on a quartz glass substrate 
after treatment at 500: C; composition 001. 
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Figure I2 SAXS curve for gel products with composition 002 after 
thermal treatment at (1) 120 ~ C, (2) 500 ~ C and (3) 1000 ~ C for 1 h. 
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5. It was established, again with the help of X-rays, 
that coatings on TiO2 and TiO2-SnO2 show a tend- 
ency to devitrify, while those in the TiOz-Fe203  sys- 
tem have an amorphous-like structure. 

6. The processes of structural aggregation in titan- 
ate coatings over thin quartz capillary were studied by 
SAXS. It was proved that there is a growth of agglom- 
erations with increasing treatment temperature from 
0.96 nm at 120 ~ up to approximately 5.1 + 0.5 nm 
at 500 ~ respectively. 
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