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Abstract

Macroporous TiO,/SiO, (TS) composite thin films deposited on glass substrates were successfully prepared through a versatile template-free
sol—gel approach based on the hydrolysis and polycondensation of tetrabutyl titanate and tetraethyl orthosilicate. A theoretic explanation for the
formation of porous morphology was discussed in relation to the polymerization-induced phase separation and the concurrent sol—gel transition.
The mechanism of phase separation was attributed to the spinodal decomposition. The field emission scanning electron microscope (FESEM)
results indicate that the surface morphologies of TS thin films strongly depend on the amount of SiO, sols (mole fraction) and aging time before
spin-coating. A systemic method of long-range pore size tailoring for macroporous TS composite thin film was achieved by adjusting mole ratio

of TiO, to SiO, and the aging time.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Titanium dioxide (TiO,) thin films have been one of the
most promising multifunctional materials during the last
decades, due to their high photoactivity and photoelectrochem-
ical property, strong redox activity as well as outstanding
hydrophilicity [1,2]. They show great potential applications in
catalysis, water purification, antibacterium, anticorrosion,
photovoltaic cells, self-cleaning, antifogging, heat transfer
and biomedical applications [3-9]. Recently, special attention
has been focused on the surface structural or chemical
modifications for TiO, thin films to improve their photoelec-
trochemical or superhydrophilic properties. Microporous struc-
ture and surface morphological control of TiO, thin films have
been demonstrated to be highly beneficial for enhancing their
photocatalytic performance and wettability [10—12]. In addi-
tion, strengthened photocatalytic effects and superhydrophilic
performance have been observed in composite TiO, thin films
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prepared by mixing with SiO, or mono-layer coverage/
substrate by SiO, [13-17].

A variety of synthetic methods have been developed to
prepare TiO, thin films such as sol-gel method [18], sputtering
techniques [19], chemical vapor deposition [20], anodic
electrophoretic deposition [21], ultrasonic spray pyrolysis
[22], layer-by-layer (LBL) assembly [11], inkjet printing [3]
and hydrothermal synthesis [23]. Sol-gel process is one of the
most widely used techniques to fabricate porous structures for
its attractive advantages, i.e., easy to form uniform mult-
component films and control structure with different additives
[18]. It has been reported that porous TiO, films have been
prepared via surface modification with several templates or
pre-existing particles including polystyrene (PS) [24], poly-
ethylene glycol (PEG) [25], poly(propylene glycol) (PPG)
[26], poly(ethylene oxide) (PEO) [27], polymethyl methacry-
late (PMMA) microspheres [28] and hexadecyl trimethyl
ammonium bromide (CTAB) surfactant [18] in sol-gel route.
However, pore sizes of porous TiO, films derived from pre-
existing particles or molds are difficult to be precisely designed
and regulated. Polymerization-induced phase separation is a
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template-free manufacturing method for porous structure in
sol—gel process. In a typical phase separation process, chemical
instability induced by polymerization triggers the formation of
biphasic morphologies in the sol system, followed by an
irreversible freezing of the transient morphology by the sol-
gel transition of the gel phase. Upon removal of the non-gel
phase, the gel phase becomes the porous skeleton, an oxide
framework comprising of controlled macropores can be
obtained [29,30]. It can be logically deduced that the degree
of polymerization and the volume ratio of non-gel phase to gel
phase can be controlled by adjusting polymerization rate or
polymerization time. Consequently, pore size tailoring of oxide
framework can be achieved successfully. However, effects of
polymerization-induced phase separation on microspore size of
TiO, films under template-free conditions are few reported.
TiO,/SiO, composite thin films have been extensively used
as anti-reflection, protective and self-cleaning coatings depend-
ing on their particular chemical composition and micromor-
phology [14,15,31,32]. Therefore, the performance of these
materials can be dramatically advanced by morphological
control in a broad length scale. In our previous work [14],
macroporous TiO,/SiO, (TS) composite thin films were
successfully prepared through a novel sol-gel process by
introducing of acetylacetone (AcAc) and diethanolamine
(DEA) into the system, which could reduce the rate of
hydrolysis of metal alkoxides and control the rate of poly-
condensation reactions by adjusting the pH of the sols,
respectively. In this work, a facile pore size tailoring in a long
range under template-free condition was achieved by adjusting
the starting compositions or controlling the aging time. And
the chemical reaction and the phase separation mechanism in
the sol-gel process were elaborated. Lots of benefits are
expected not only from the porous structure in the surface
but also this novel approach, simplifying the experiment
process of pore forming control under template-free condition.

2. Experimental
2.1. Chemicals

For the preparation of TiO,/SiO, composite sols, the
following materials were used as received: tetrabutyl titanate
(Ti(OC4Ho)4, Ti(OBu)y, 98.5%), tetraethyl orthosilicate (Si
(OC;,Hs)4, TEOS, 99%), anhydrous ethanol (C,HsOH, 99.7%),
nitric acid (HNO;, 65-68%), acetylacetone (CH3;COCH,-
COCH;, AcAc, 98%), diethanolamine ((HOCH,CH,),NH,
DEA, 99%), deionized water (H,O).

2.2. Preparations of TiO,/SiO, composite sols

In a typical synthesis protocol, due to the wide difference in
hydrolysis rate between Ti(OBu); and TEOS, the TiO,/SiO,
composite sols were prepared by evenly mixing the separately-
produced SiO, sol and TiO, sol. Firstly, a SiO, sol was
prepared by mixing 10 ml TEOS with C,HsOH, H,O and
HNO; and the relative molar ratio of each chemical in the
precursor sol was TEOS:C,HsOH:H,O:HNO;=1:25:3:0.3.

The resulting sol was aged for 48 h before use. Then a starting
TiO, solution was prepared by mixing 10 ml Ti(OBu), with
C,Hs0OH, AcAc, DEA, H,O and HNO; and the relative molar
ratio of each chemical in the precursor sol was Ti(OBu)4:
AcAc:DEA:C,HsOH:H,O:HNO3; =1:0.65:0.65:35:20:0.5 [14].
Six groups of TS composite sols were obtained by mixing the
Si0, sol and the starting TiO, and then were aged in different
time before spin coating. The SiO, content, defined as a molar
fraction % of Si/(Si+Ti) varied from 0, 10, 20, 30 and 40 to
50. And different SiO, content resulted composite sols were
named as TS0, TS1, TS2, TS3, TS4 and TS5, respectively.

2.3. Preparations of TiO,/SiO, composite films

The following describes the preparation of the porous TiO,/
Si0, composite films. Firstly, transparent glass substrates were
carefully cleaned ultrasonically in acetone, C,HsOH and
deionized water for 20 min, successively. Subsequently, the
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Fig. 1. FTIR spectra of TiO, sol-gel process: (1) DEA, (2) AcAc, (3) Ti
(OBu)4+C,Hs0H, (4) Ti(OBu)4+C,HsOH+DEA, (5) Ti(OBu)4+C,HsOH
+AcAc, (6) Ti(OBu)4+C,HsOH+AcAc+DEA, (7) SiO, sol, (8) TiO, sol,
(9) TiOy/SiO, composite sol (20%), and (10) TiO,/SiO, composite
powder (20%).
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washed and dried substrates were spin-coated by the uniformly
mixed precursor sols with the rotation speed of 800 rpm for
20 s and 3000 rpm for 30 s in succession. Finally, The coatings
were dried at 100 °C for 0.5h and then calcined in air at
500 °C for 1 h, at a heating rate of 5 °C/min.

2.4. Characterizations

The pm-range surface morphologies of TS composite films
were measured by an LEO 1530 VP field emission scanning
electrons microscope (FESEM). Fourier transform-infrared
(FTIR) spectra of the composite TS sols and powders
dispersed in KBr pellets were recorded on a Bruker Vector
33 spectrometer with a 6 cm ™' resolution in the frequency
range from 4000 cm ™' to 400 cm ™.

3. Results and discussion
3.1. Chemistry of the sol-gel process

3.1.1. Chemistry of TiO, sol

In a typical synthesis of the TiO, sol, the complexing agents
AcAc and DEA have been reported as significant additives for
controlling the rate of hydrolysis and precipitation of the metal
alkoxides [18]. The related chemical reactions taking place are
presumed as follows:
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The chemical interactions between complexing agents and
precursors in sol-gel progress could be deduced by analyzing
FTIR spectra of the specimens. The evolution of the infrared
spectra for different samples is represented in Fig. 1. When
AcAc is added individually, it can be seen in traces 2, 3 and 5
that great changes take place in Ti(OBu), precursor. It is well
known that AcAc exists in two tautomeric forms (shown in Eq.
(1)), i.e. the diketone form (structure I) and the enol form
(structure II). The enol form was demonstrated by the spectrum
of trace 2, in which the intense band of H-O-H bending
vibration at 1624 cm™' indicates the strong intramolecular
hydrogen bond, compared with the normal absorption of
conjugated ketones at 1726 and 1709 cm ™', In the spectrum
of trace 5, the bands observed at 1590 cm ™! are assigned to

C=0 stretching vibration of AcAc, and the bands at
1528 cm ™! are attributed to C=—C stretching vibration bands,
and both of them are shifted to low frequencies than those of free
AcAc. This can be attributed to the formation of conjugated
dimeric Ti(IV)-AcAc, which possesses strong electron-attracting
tendency. Furthermore, the complexation of AcAc with Ti
(OBu), are also demonstrated by the disappearance of H-O-H
bending vibration band at 1624 cm™ 1, the blue shift of C—-C-C
absorption peak from 1248 to 1279 cm ™', as well as the blue
shift of —CH; bending vibration band peak from 1421,
1361 cm™' to 1431 and 1376 cm™'. On the other hand, when
DEA is added only, as shown in traces 1, 4, the intensity of the
N-H stretching vibration (about 3310 cm ™ 1) decreased and the
C-N stretching vibration has a red shift from 1123 to 1069,
indicating the complexation of DEA with Ti(OBu)s. When both
AcAc and DEA were used as complexing agents, as shown in
trace 6, the main absorption peaks are almost the same as ones in
trace 5, however, the characteristic absorption spectra of DEA
has not changed obviously in the process, indicating that AcAc
displays stronger chelating ability with Ti(OBu), than DEA,
together with Ti(OBu), is considered to be complexed by
AcAc only.

When H,O is introduced into this system, the enol form of
AcAc can react with Ti(OBu), preferentially relative to the
hydroxy in H,O, which restrains the hydrolysis and condensa-
tion of Ti(OBu)4 precursor, so as to maintain the stability of
TiO, sol. Then the placid hydrolysis and polycondensation
reactions of Ti(OBu)4 precursor complexed by AcAc can be
written as below:

1) Hydrolysis of Ti(OBu),4 (single-molecule hydrolysis resul-
tant as an example)
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2) Dehydration and debutaniation polycondensation
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The hydrolysis reaction results in the formation of Ti
(OBu)4 _ _(acac),(OH), with relatively strong polar, because
of the contribution of hydroxyl group on the sol particle

H,yC
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Table 1
pH (after 2 days aging) and gel time of TS composite sols.

Sample TSO TS1 TS2 TS3 TS4 TS5
pH 5.85 5.18 4.11 2.98 1.66 1.50
Gel time/days 65 42 24 15 8 5

surface. Further dehydration and debutanation between the
hydroxyl or alkoxy groups of Ti(OBu),_,_,(acac)(OH),
molecules lead to the condensation reactions. Therefore,
relatively narrow distribution of growing titania oligomers
can be obtained spontaneously in this condition [33]. This
hydrolysis and condensation process can be demonstrated by
curves 1, 6 and 8 as follow: (1) titanol groups characteristic
peak (933 cm ™ 1) appear in the TiO; sol; (2) the characteristic
peak of Ti—-O-C4Hy gradually shifted toward lower frequency
(883-878 cm ') together with decreasing the intensity, indi-
cating the weakening or even destroying of the Ti—-O-C4Hy
chemical bonding.

3.1.2. Chemistry of SiO; sol

The hydrolysis and polycondensation reactions of TEOS
precursor under acidic condition have been extensively studied
by Houmard etc. [34]. In the presence of H,O and HNO;,
the TEOS precursor is partially hydrolyzed to generate Si
(C,H50)30H. And then the hydrolysates can react with each
other by polycondensation to form Si—O-Si bridging bonds.
The above reactions can be confirmed by the IR spectrum of
SiO, sol, which is shown in Fig. 1 (trace 7). The absorp-
tion peak at 1050 cm ™' is attributed to symmetric Si-O-Si
stretching vibration and the IR absorbance at 798 cm ™' can be
assigned to asymmetric Si—O-Si stretching vibration. The
normalized spectra depict an IR band at 959 cm ™', which is
the characteristic of un-reacted silanol (Si—~OH) group.

3.1.3. Chemistry of composite sols

According to the electrical double layer theory [35,36] and
the aggregation of colloidal particles [37], in the pH range of
our reaction conditions (about 1.5-6.0), the SiO, sol usually
has negative zeta-potential, while the TiO, sol has positive
zeta-potential. Therefore, when adding SiO, sol to TiO, sol,
the SiO,-polycondensate would attract titania oligomers and
further react with them to generate a titania—silica condensation
polymer. The composite process can be written as below

HsC
3 H;C,

—0 OC,Hs
~ OBt 2 -
N N ’ —0Q  oBu 0CHs
\ /T'TOBU HO——=8i—0C;Hs—3 Ti—0—Si—oc,H; +C,HsOH (6)
OH | \ /\ ’
0 den d om
HyC s OC,H;

H;C

In trace 9 of FTIR spectra, an intense Ti—O—Si absorption peak
at about 950 cm ~ ! appears, which indicates the forming of Ti—
O-Si bond during the mixing process [38]. As the peak at
950 cm ™' in sols can be affected by the bands of silanol and
titanol groups, in order to eliminate the influence of silanol and
titanol groups, the IR spectrum of TiO,/SiO, composite
powders was recorded. The absorption peak appears at about

950 cm ! in trace 10, which is a further evidence for the forming
of Ti—O-Si bond and the occurring of the composite reaction.

3.2. The stability of TS sols

The pH values of TS composite sols were measured after 2
days of aging. As shown in Table 1, since the TiO, sol shows
weak acidity, whereas the SiO, sol is highly acidic and its pH
was less than 1, the pH values of mixing sols decreased
gradually with the increased content of SiO, sol. The gel time
was defined as the time period between the start point when
TiO, and SiO, sols were mixed together and the end point
when the composite sols become gelation and lost the ability to
flow. As displayed in Table I, the gel time of TS composite
sols shortened dramatically with the increasing of SiO, sol
content. In the process of above reactions (Egs. (1)—(6)), the
titania—silica oligomers in the composite sols coarsen gradually
and then cross-link with each other. The resulting polycon-
densates bring about the increase in the viscosity and density
of the composite sols, inducing the decrease of fluidity in sols
as well as the emergence of gels. The more SiO, sol is added,
the more complete reaction between titania oligomers and
silica oligomers is obtained.

3.3. The phase separation in TiO; sol

Previous research has shown that a flat surface could be
prepared through utilizing only AcAc or DEA as a complexing
agent [39-41]. The situation, however, has thoroughly chan-
ged when both AcAc and DEA were used as complexing
agents in this work. As shown in Fig. 4, a macroporous
structure on TSO surface was fabricated in a template-free sol—
gel process, which can be attributed to the polymerization-
induced phase separation in the TiO, sol. The mechanism and
formation process of the phase separation was elaborated
originating from a sol-gel system containing metal alkoxides
and appropriate additives [29,42—44].

In this work, HNO; as the strong acid catalyst plays an
important role of controlling the reactivity of Ti(OBu), to HyO.
In acid conditions, the alkoxide of titanium exhibits much higher
reactivity toward hydrolysis but relatively lower reactivity toward
polycondensation. The key point is the use of AcAc and DEA as
the complex agents. With the slow dropping of a mixture that
consists of C,HsOH, H,O and HNO;, AcAc and DEA play two
different, but equally important roles respectively. Since the
complexing ability of AcAc is stronger than that of DEA, AcAc
chelate with the alkoxides preferentially and therefore reduces the
rate of hydrolysis and precipitation of metal alkoxides. Compara-
tively, DEA is a highly polar organic alkali solvent with hydrogen
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bonding, when HNO; was introduced in the system, the H
would be consumed immediately by neutralization in a small
region. The pH in this small region decreases spontaneously to
isoelectric point of TiO, (pH=5.5-6.0) [30]. Even though the

® Phase separation
&

Regional hydrosis and polycondesation

Fig. 2. Schematic diagram of the original phase separation in TiO, system.

Development of

& Self-similar coarsening
co-continuous structure

ey

regional pH influenced by the nearby OH™ will increase in a
short time, the rapid change of pH to neutral condition accelerates
the polycondensation reaction in this short moment. Debutanation
polycondensation and dehydration polycondensation gradually
decrease the polarity of titania oligomers by consuming the
hydroxyl groups, whereas the polarity of the solvent remains
high. In the course of polycondensation, therefore, the initially
homogeneous mixture was destroyed, resulting from the reduc-
tion of miscibility between the polar solvent and polycondensed
inorganic species. This mechanism of the original phase separa-
tion is described in Fig. 2, through adjusting the pH to neutral
condition, phase separation will be triggered by accelerating
polycondensation reaction which leads to the polarity gap of
solvent and solute phases. Satisfactory regional pH can be
obtained from pre-setting mother solution pH and regional
neutralization.

When the solution is deposited on the surface of glass
substrate by spin-coating, the developing phase-separating

Spheroidization

Fragmentation of domains 1 ,
and sedimentaion

Fig. 3. The schematic illustration of developing phase separation in and spinodal decomposition.

Fig. 4. SEM micrographs of TiO, thin films at different aging times, (a) 0 day, (b) 1 day, (c) 2 days, (d) 5 days, (e) 10 days and (f) 15 days.
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Fig. 5. SEM micrographs of TS composite thin films after 2 days of aging at different mol contents of SiO,: (a) 10%, (b) 20%, (c) 30%, (d) 40% and (e) 50%.

domains are solidified suddenly by an evaporation-induced
sol-gel transition. Two-dimensionally phase-separated struc-
tures on the substrate are formed by the rapid physical freezing
of the transient structure. The domains of solvent phase are
expelled from the substrate to form unoccupied regions, while
the domains of gel phase tend to spread on the substrate and
form porous skeleton porous skeleton. Since the sol-gel
transition occurs simultaneously with the structural develop-
ment of the phase separation, the transient structures can be
frozen in various stages. Therefore, various transient structures
can be obtained as a permanent gel morphology between the
onset of phase separation and gel formation. The porous
structures depend on the competitive relation of phase separa-
tion and sol-gel transition, therefore, are controlled by the
onset of phase separation relative to the sol-gel transition
point. The earlier the phase separation is initiated relative to
the sol-gel transition, the coarser the resultant structure
becomes, and vice versa. In order to confirm the mechanisms
of the phase separation and investigate the adjusting method
for porous structure size of the TiO, film, the change
process of porous structure under different aging times were
studied.

For the TiO, sol with the complexing agents of AcAc and
DEA, the sol-gel transition is very slow and the sol has a
long stable time, which is very helpful for the formation of
stable porous structures. Seen from Fig. 4, with the aging times

from O day to 15 days, extraordinarily formed and stable
interconnected or isolated pores appeares in TiO, surface. The
average pore size of the films increases from 1 to 3.5 um in the
initial stage (0-2 days aging time) with the development of
spinodal decomposition, and the schematic illustration of
developing phase separation in spinodal decomposition is
described in Figs. 3 and 4. However, when the aging time
continually increases, the gelling tendency of TiO, sol is
strengthened and the TiO, gel phase formed in the polycon-
densation may be satisfactorily crosslinked though consuming
or absorbing the solvent, leading to an increasing compatibility
of the two phases and the gradual collapse of macropores.
For this reason, the phase separation is restrained and the
average size of the porous films decreased from about 3.5 to
2 pm (2-15 days aging time). Therefore, the aging time is an
important influence factor for phase separation, and a relatively
precise pore size adjustment can be obtained by changing the
aging time.

3.4. Effect of the amount of SiO, sol

For investigating the influence of the SiO, sol on the
morphology of TS thin films, the TS composite thin films with
different amounts of SiO, after the same 2 days of aging time are
operated. Seen from Fig. 5, the addition amount ratio of SiO, to
TiO, sol significantly affected the phase separation degree and



Y. Situ et al. / Ceramics International 40 (2014) 919-927 925

Fig. 6. SEM micrographs of TS composite thin films with 10% SiO, at different aging times, (a)—(g) represent 0-5 days, correspondingly.

surface morphology of TS composite thin films. In the diagrams,
interconnected or isolated macropores in TS1, TS2, TS3, and
TS4 surfaces turned to shrink with gradual increasing of SiO,
content from 10% to 40%, exhibiting numerous macropores with
average size around 1.5 pum, 1.2 pm, 500 nm and 400 nm,
respectively. Moreover, when the SiO, content further increased
to 50%, the porous structure has almost disappeared, and only
some slight traces of porous skeleton can be found.

There would be three main reasons for the gradually suppressed
phase separation in the TiO, sol by the introduction of SiO, sol.
Firstly, when SiO, sol (with non-phase-separation) was added, it
acts as a co-solvent of the relatively incompatible titania oligomers
in the reaction solution [45]. So the phase separation tendency was
suppressed due to the dilution effect, leading to smaller phase
separation domains in the whole TiO,/SiO, sol system. Hence, the
more SiO, sol added, the smaller porous structure obtained.
Secondly, pH act as a significant factor in the TiO, sol for the
control of polycondensation rate [29,30]. The pH of each
component solution system is given in Table 1. The organic
alkali DEA could be consumed by the excessive HNO; in SiO,
sol, and the final pH ultimately decreased to 1.50. Since the
solution pH of TS3, TS4 and TS5 sol are about 2.98, 1.66 and
1.50, which are much lower than the isoelectric point of TiO, [30],
the alkoxy-derived oligomers are positively charged and sponta-
neously stabilized by the electrostatic repulsion. They grow into
broader distribution by successive condensation, which slow down

the onset of phase separation relative to the sol-gel transition point
and being an obstacle to phase separation. Finally, as the gel time
decrease dramatically from TSO to TS5, so in the same 2 days
aging times, the gelling tendency of TS sol is strengthened
obviously from TSO to TS5. As the previous analysis, the
compatibility of the solvent-rich and oligomer-rich phases
increases in this system.

3.5. Effect of aging times

Fig. 6 shows the FESEM images of TS1 thin films with
different aging times. A lot of co-continuous structure contains
negative or positive curvature surfaces, as well as some porous
structure can be clearly observed in Fig. 6a. It can be obviously
observed that the phase separation in TiO,/SiO, sol system is
dominated by the “spinodal decomposition” mechanisms, and
the state of phase-separation domains in TS1 sol without aging
period is full of the co-continuous and fragmented structure.
After 1 day aging time, the fragmentation and spheroidization of
the phase-separation domains has become the main state, and the
obtained macroporous structure has a pore size of approximately
2 um. From Fig. 6a and b, we can see an integrated spinodal
decomposition regulated phase-separation process.

However, when the aging is sustaining to five days, the pore
size became smaller from 2 pm to 400 nm and the amount of
pore became fewer. And the similar phenomena happen in the
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Fig. 7. SEM micrographs of TS2 thin films prepared after different aging times: (a) 1 day, (b) 2 days, (c) 3 days and (d) 4 days.

TS2 films, in which the pore size gradually become smaller
until it disappear (see in Fig. 7). We can conclude that the
phase separation of the TS sol is gradually suppressed by
increasing aging time. One interpretation of the phenomenon is
that the dilution effect by introduced SiO; sol is a continuous,
but slow process, and the phase separation tendency is
suppressed accompanied by decreased hydrolysis—polyconden-
sation reaction rate [45]. Another tentative inference on this
result is that phase separation tendency is restrained by the
ever-increasing gelling tendency of TiO, sol. This deduction
can be supported by the SEM micrographs of TS0, TS1 and
TS2 films obtained by the different aging times. From TS0 to
TS2, the rate of gelling tendency accelerates, so the phase
separation tendency is suppressed more quickly, that is to say,
the pore size decreases more faster.

In brief, by inducing a phase separation parallel to the sol-
gel transition of alkoxy-derived TiO, or TiO,—SiO, system,
films with well-defined macroporous structure can be prepared.
With an appropriate choice of the reaction conditions such
as starting composition and aging time, the pore size of com-
posite films can be designed in a broad range. When both the
effects of the amount of SiO, sol and aging times are taken into
consideration, the pore size of the TS films can be tailored in a
long range (about 100 nm-2 pm) by adjusting the starting
compositions or controlling the aging time. In view of the
stability and homogeneity of the macroporous morphology,
together with the competitive relation of phase separation and
sol—gel transformation, the optimum approach to construct TS
films would be design the starting composition of 10% content
Si0O, and controlling the aging time of 1-2 days.

4. Conclusions

TiO,/SiO, composite thin films with macroporous structure
have been prepared by a sol-gel process in template-free
conditions. The macroporous morphology is obtained by

polymerization-induced phase separation and the concurrent
sol—gel transition process. The phase separation mechanism of
the sol system is proved to be the spinodal decomposition. The
porous structure of TS is influenced significantly by the amount
of SiO, and aging time. With increasing SiO, content or
extending aging time, the pore size became smaller since the
phase separation was suppressed gradually in the composite sol.
The diameter of macropores on the TS composite thin films could
be tailored in a long range by adjusting the starting compositions
or controlling the aging time, which facilitates the application of
TiO,/SiO, composite thin films in various fields.
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