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INTRODUCTION

SiO2�based aerogels are unique mesoporous mate�
rials with low density, high porosity, and large specific
surface area [1]. The possibility of producing compos�
ite aerogels that combine these characteristics with
high catalytic activity is of special interest [2]. In par�
ticular, SiO2–TiO2 composite aerogels were proposed
as catalysts for alkene isomerization and epoxidation
[3, 4] and as photocatalysts promoting photoinduced
decomposition of organic pollutants in water and air
[5–7].

SiO2–TiO2 binary aerogels can be prepared using a
variety of sol–gel processes, followed by supercritical
drying [8, 9]. For example, Kwon et al. [10] added tita�
nium dioxide powder during the formation of SiO2
lyogel. In a number of studies, SiO2 lyogels were
impregnated with titanium alkoxides [11] or TiO2 sus�
pensions [10]. The most universal synthesis method is
the cohydrolysis and condensation of silicon and tita�
nium alkoxides [12–14]. Since the rates of the hydrol�
ysis and polycondensation of titanium alkoxides con�
siderably exceed those of silicon alkoxides, two syn�
thetic tricks are used. One is prehydrolysis of silicon
alkoxides [12] and the other is prechelation of tita�
nium alkoxides [13].

Lower aliphatic alcohols (MeOH, EtOH, and
i�PrOH) and СО2 are typically used as supercritical

fluids (SCFs) in the synthesis of aerogels, including
binary ones [1]. The effect of the nature of the SCF on
the physicochemical properties of SiO2–TiO2 binary
aerogels is essentially unexplored. Note that our data
demonstrate that, in the synthesis of oxide aerogels,
characteristics of the SCF are of prime importance
[15–18]. In particular, the specific surface area of
SiO2�, Al2O3�, and ZrO2�based aerogels prepared
through supercritical drying in diethyl ether, methyl
tert�butyl ether (MTBE), or hexafluoroisopropanol is
about twice the surface area of aerogels produced by
conventional drying in ethanol, and their porosity is
also considerably higher. Aerogels prepared in differ�
ent solvents may also differ in phase composition. In
particular, ZrO2 aerogel produced through drying in
ethanol is crystalline and consists of a mixture of the
tetragonal and monoclinic phases of zirconium diox�
ide, whereas drying in ethers yields amorphous ZrO2

aerogels.

In this paper, we examine the effect of the nature of
the solvent used in supercritical drying on the proper�
ties of binary aerogels based on SiO2–TiO2 with vari�
ous compositions and present an experimental study
of the feasibility of preparing SiO2–TiO2 aerogels con�
taining titanium dioxide in an amorphous or nano�
crystalline state.
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EXPERIMENTAL

The starting chemicals used were tetramethoxysi�
lane (TMOS), Si(OCH3)4 (Aldrich, 99%); titanium
tetraisopropylate (TTIP), Ti(�OiPr)4 (Acros, 98+%),
isopropanol (Acros, 99.5+%), HF (Acros, 40% aque�
ous solution), acetylacetone (reagent grade), methyl
tert�butyl ether (Acros, 99%), and distilled water.

Synthesis of lyogels. The following approach was
used to improve the homogeneity of SiO2–TiO2 binary
aerogels: to a prehydrolyzed TMOS solution was
added TTIP chelated by acetylacetone. We used the
following molar ratios of the starting chemicals:
TMOS : Ti(OiPr)4 : acacH : i�PrOH : H2O : HF =
1 ⎯ α : α : 2α : 3.0 : 4.0 : 0.04 (α = 0, 0.05, 0.10, 0.20,
0.35, 0.50).

As an example, we describe the synthesis of a sam�
ple with a nominal TiO2 content of 20 mol % (α = 0.2).
The total volume of the solvent (i�PrOH, 13.8 mL)
was divided into two equal parts. To one part was
added 7.14 mL of TMOS with constant stirring on a
magnetic stirrer. A HF solution was prepared sepa�
rately, by adding 0.12 mL of HF to 4.32 mL of water.
The HF solution was added to the TMOS solution.
TMOS was prehydrolyzed in an ice�water bath for 5–
7 min.

Another solution was prepared as follows: Acetyl�
acetone (2.45 mL) was added to the other part of the
solvent, also with constant stirring on a magnetic stir�
rer. Next, 3.56 mL of TTIP was added to the resultant
solution. Chelation by acetylacetone was performed
for 3–5 min. After stirring, the titanium�containing
solution was added to the silicon�containing solution.
After vigorous stirring of the reaction mixture for 40–
60 s, the resultant sols were transferred to cylindrical
polypropylene containers (3–5 mL). Gelation took
40–60 min. Next, the gels were stored at room tem�
perature for 24 h and then washed with the solvent
chosen (i�PrOH or MTBE) every 24 h during five days
(in order to replace the liquid in the pores by a pure
solvent). The gels for supercritical drying in CO2 were
washed with isopropanol.

Supercritical drying. As solvents for supercritical
drying, we used isopropanol, carbon dioxide, and
MTBE.

A glass tube containing gel under a solvent layer
(14–16 mL) was placed in an autoclave (V = 38 mL).
The autoclave was mounted in a furnace, heated at a
rate of �100°C/h to a temperature exceeding the crit�
ical temperature of the solvent, and held at that tem�
perature for 10–15 min. The drying temperatures for
i�PrOH and MTBE were 250–260 (6.0–7.0 MPa) and
235–245°C (6.0–7.0 MPa), respectively. Next, the
pressure in the heated autoclave was gradually lowered
to atmospheric pressure and the autoclave was evacu�
ated for 30 min (0.03–0.04 atm), cooled, and opened.

Supercritical drying in CO2 was carried out in a sys�
tem that comprised a Supercritical 24 high�pressure
pump for CO2 (SSI, USA), a 50�mL steel reactor, and

a BPR back pressure regulator (Goregulator, Waters,
USA). The sample was washed with liquid CO2 for 2 h
at a temperature of 20°C and pressure of 15 MPa. The
temperature in the reactor was then raised to 50°C and
the sample was washed with supercritical CO2
(15 MPa) for 2–2.5 h. Next, the pressure in the heated
autoclave was gradually (30–40 min) lowered to atmo�
spheric pressure and the autoclave was cooled and
opened.

Hereafter, the binary aerogel samples are denoted
as xTS, where x is the nominal TiO2 content of the
aerogel (in mole percent). For example, 0TS denotes
aerogel based on individual SiO2, and 20TS denotes
aerogel based on SiO2–TiO2 with a nominal TiO2 con�
tent of 20 mol %.

Characterization of the aerogels. Using low�tem�
perature nitrogen adsorption measurements with
ATKh�06 analyzer (KATAKON, Russia), we deter�
mined the specific surface area of the aerogels and
plotted full nitrogen adsorption/desorption isotherms.
From these data, we evaluated the specific surface area
of the samples using the BET model, with five data
points at partial pressures in the range 0.05–0.25. The
pore size distribution was assessed by the Barrett–
Joyner–Halenda (BJH) method using adsorption iso�
therms at partial pressures in the range 0.4–0.97. The
micropore volume and specific surface area were
determined by the t�plot method. As a reference, we
used the adsorption isotherm proposed by Gregg and
Sing (Sing’s αS method) and refined at the laboratories
headed by V.B. Fenelonov (Boreskov Institute of
Catalysis, Siberian Branch, Russian Academy of Sci�
ences, Russia) and M. Jaroniec (Kent State Univer�
sity, USA). Before measurements, the samples were
degassed in flowing nitrogen at 200°C for 35 min.

The phase composition of solid samples was deter�
mined by X�ray diffraction on a Bruker D8 Advance
diffractometer (CuK

α
 radiation) at a continuous scan

rate of 5°2θ/min.
The micromorphology and elemental composition

of the samples were assessed by scanning electron
microscopy on a Carl Zeiss NVision 40 equipped with
an Oxford Instruments X�Max energy dispersive X�ray
detector, at accelerating voltages of 1 and 20 kV,
respectively. Magnification was varied from 3000× to
300000×.

RESULTS AND DISCUSSION

After the completion of supercritical drying with
the use of different supercritical fluids, we successfully
obtained monolithic aerogels in all cases (Fig. 1).

The actual titanium and silicon contents of the
aerogel samples were determined by X�ray microanal�
ysis. The actual titanium content was evaluated as

 × 100, where χ is the atomic percent of

the corresponding element as determined by X�ray

χ Ti( )

χ Ti( ) χ Si( )+
����������������������������
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microanalysis (the nominal content was evaluated in
an analogous way). According to X�ray microanalysis
data, the actual titanium content of the samples was
lower than the nominal content (Fig. 2). It seems
likely that the washing and supercritical drying of the
lyogels led to removal of titanium in the form of com�
plexes.

According to Fig. 2, the distinction between the
actual and nominal titanium contents increases with
increasing TTIP concentration in the reaction mix�
tures. At a given concentration, the highest titanium
concentration is observed in the samples prepared
using MTBE. One possible reason for this is that,
because of its low polarity, MTBE is less prone to reac�
tions with titanium complexes during washing and
drying. It is worth pointing out that titanium leaching
during supercritical drying of titanium�containing
binary aerogels was also reported by Yoda et al. [5].

All of the synthesized SiO2–TiO2 mixed aerogels
had a large specific surface area (200–1200 m2/g)
(Fig. 3). As seen in Fig. 3, the specific surface area of
the SiO2–TiO2 binary aerogels decreases markedly
with increasing nominal TiO2 content. A similar
decrease in the specific surface area of SiO2–TiO2
aerogels was observed previously in a number of stud�
ies [12, 19, 20].

Data similar to ours have been interpreted in sev�
eral ways. In particular, the decrease in specific surface
area with increasing titanium content was assumed to
be due to the larger atomic weight of titanium in com�
parison with that of silicon. Moreover, an increase in
titanium content may impair pore accessibility

because of the TiO2 segregation in pores of aerogels.
Clearly, the observed changes in specific surface area
can be understood in terms of the key features of the
hydrolysis and condensation processes during gela�
tion. In particular, our data demonstrate that increas�
ing the titanium content of reaction mixtures reduces
the gelation time. A similar relation was reported by
Miller et al. [12]. The increase in gelation rate is due to
the higher rate of the formation of Si–O–Ti bridges
owing to the higher reactivity of Ti–O–R in compari�
son with Si–O–H. In models dealing with diffusion�
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Fig. 1. Appearance of some SiO2–TiO2 binary aerogels.
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Fig. 2. Actual TiO2 content of the SiO2–TiO2 binary aero�
gel samples produced by supercritical drying in (1) CO2,
(2) i�PrOH, and (3) MTBE.
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limited aggregation (DLA) and cluster–cluster aggre�
gation (CCA) [9], gel structures with various pore sizes
can be formed, depending on the rate of the hydrolysis
of the starting compounds and that of the polyconden�
sation of sol particles. If the hydrolysis rate exceeds the
polycondensation rate, loose particle aggregates are
formed. The opposite relationship between the rates of
these processes leads to the formation of denser aggre�
gates.

As follows from the data in Fig. 3, the samples pre�
pared using supercritical CO2 have a relatively small
specific surface area in comparison with the materials
obtained in the other solvents. Since the drying tem�
perature in СО2 is low (�50°С) in comparison with
the other solvents (�200–250°С), drying in СО2
removes not all organic impurities (especially acetyl�
acetone).

Figure 4 shows full nitrogen adsorption/desorption
isotherms for the 50TS aerogel samples and the corre�
sponding pore size distributions. It can be seen from
the data in Fig. 4 that the absolute adsorption values
for the samples dried in MTBE and i�PrOH are higher
than those for the samples dried in СО2. All of the iso�
therms are type IV in the IUPAC classification and
have narrow, type H1 hysteresis loops, characteristic of
materials containing cylindrical pores open on both
sides. It follows from the pore size distributions in
these samples that a major contribution to the pore
structure of the samples comes from small mesopores
(2–15 nm), whereas pores more than 20 nm in size are
essentially missing.

Using a comparative αS method [21] for aerogels
based on SiO2–TiO2, we determined the micropore
and mesopore areas (Fig. 5).

It can be seen that micropores make a significant
contribution to the specific surface area of the sample
prepared using CO2. By contrast, their contribution is
insignificant in the samples prepared in MTBE. With
increasing titanium content, the contribution of
micropores to the pore structure of the aerogels also
increases. This trend is probably also due to a change
in the gelation mechanism from CCA (loose structure)
to DLA (dense structure).
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Fig. 3. Specific surface area as a function of nominal TiO2
content for the SiO2–TiO2 aerogels produced by super�
critical drying in (1) CO2, (2) i�PrOH, and (3) MTBE.
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On the whole, MTBE as a solvent for the prepara�
tion of SiO2–TiO2 aerogels allows one to produce
materials with a considerable contribution of mesopo�
res. This suggests that they will exhibit higher activity
in heterogeneous catalytic processes owing to their
large specific surface area and its better accessibility.

Figure 6 shows X�ray diffraction patterns of the
synthesized aerogels. It can be seen that the aerogels

prepared using CO2 are X�ray amorphous, indepen�
dent of titanium content. The samples dried in
i�PrOH and MTBE contain crystalline anatase. The
marked broadening of the diffraction peaks attests to a
small size of the TiO2 particles.

The formation of crystalline anatase in the samples
prepared using i�PrOH and MTBE is most likely due
to the fact that the critical parameters of these solvents
(and, accordingly, the supercritical drying tempera�
ture of these aerogels) considerably exceed those of
СО2. It is worth pointing out that the preparation of
amorphous aerogels via drying in СО2 and the forma�
tion of anatase during drying in the alcohols were also
reported previously [5, 13, 22].

The results obtained by analyzing X�ray diffraction
data are presented in the table. It follows from these
data that the anatase particles range in size from 10 to
20 nm and that the particle size is a weak function of
the nominal titanium concentration in the aerogels.

Nevertheless, it can be seen that, with increasing
titanium concentration in the aerogels prepared using
MTBE, the particle size of anatase increases slightly
(from �12 to �19 nm), whereas it remains essentially
unchanged when i�PrOH is used as SCF.

Note that the formation of metastable anatase
under supercritical conditions, instead of rutile, a
thermodynamically stable titanium dioxide poly�
morph, is often attributed to topotactic crystallization
of gel resulting from the hydrolysis of titanium com�
pounds, whose structure has short�range ordering
similar to one in anatase [23].
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The phase composition of the aerogels, as deter�
mined by X�ray diffraction, correlates well with scan�
ning electron microscopy data. Figure 7 shows micro�
graphs of the 20TS aerogel samples. It can be seen
that, even though prepared using different solvents,
the aerogels are similar in morphology.

Analysis of the micrographs taken using a backscat�
tered electron detector (Figs. 7b, 7d, 7f) indicates that the
aerogel samples dried in i�PrOH and MTBE contain
separate anatase particles, which are uniformly distrib�
uted over the aerogel matrix, whereas the samples dried
in СО2 are homogeneous on a nanometer scale.

Particle size of anatase in the aerogels, as evaluated from X�ray diffraction data

Solvent

Particle size, nm

0TS 5TS 10TS 20TS 35TS 50TS

i�PrOH XRAP* 15 14 17 14 14 

MTBE XRAP 12 12 14 16 19 

CO2 XRAP XRAP XRAP XRAP XRAP XRAP

* X�ray amorphous phase.

(b)

(c)(a) (e)

(d) (f)

200 nm

CO2 i�PrOH MTBE

Fig. 7. Micrographs of the 20TS aerogel samples prepared through supercritical drying in (a, b) CO2, (c, d) i�PrOH, and
(e, f) MTBE.
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CONCLUSIONS

SiO2–TiO2 binary aerogels with a large specific sur�
face area (�1000 m2/g) have been prepared via super�
critical drying using a new SCF: methyl tert�butyl
ether. It has been shown that, using different supercrit�
ical media, one can obtain both amorphous SiO2–
TiO2 aerogels, with a homogeneous distribution of
their components (СО2), and composite aerogels con�
taining nanocrystalline anatase (isopropanol and
MTBE). The SiO2–TiO2 aerogels contain no large
mesopores (greater than 20 nm in diameter), indepen�
dent of the nature of the supercritical fluid used. A
considerable contribution to the large specific surface
area of the aerogels is made by micropores, especially
when supercritical drying is carried out in СО2 and
isopropanol.

ACKNOWLEDGMENTS

This work was supported in part by the Presidium of
the Russian Academy of Sciences (basic research pro�
gram no. 39). The process for the preparation of binary
aerogels was developed with support from the Russian
Science Foundation (grant no. 14�13�01150).

REFERENCES

1. Aerogels Handbook, Aegerter, M.A. et al., Eds., Dor�
drecht: Springer, 2011.

2. Pierre, A. and Pajonk, G., Chemistry of aerogels and
their applications, Chem. Rev., 2002, vol. 102,
pp. 4243–4265.

3. Dutoit, D.C., Schneider, M., Hutter, R., and Baiker, A.,
Titania–silica mixed oxides: IV. Influence of Ti content
and aging on structural and catalytic properties of aero�
gels, J. Catal., 1996, vol. 161, pp. 651–658.

4. Dusi, M., Muller, C.A., Mallat, T., and Baiker, A.,
Novel amine�modified TiO2–SiO2 aerogel for the
demanding epoxidation of substituted cyclohexenols,
Chem. Commun., 1999, pp. 197–198.

5. Yoda, S., Ohtake, K., Takebayashi, Y., Sugeta, T., Sako, T.,
and Sato, T., Preparation of titania�impregnated silica
aerogels and their application to removal of benzene in
air, J. Mater. Chem., 2000, vol. 10, pp. 2151–2156.

6. Malinowska, B., Walendziewski, J., Robert, D.,
Weber, J.V., and Stolarski, M., The study of photocat�
alytic activities of titania and titania–silica aerogels,
Appl. Catal., B, 2003, vol. 46, pp. 441–451.

7. Cheng, S., Liu, X., Yun, S., Luo, H., and Gao, Y.,
SiO2/TiO2 composite aerogels: preparation via ambient
pressure drying and photocatalytic performance,
Ceram. Int., 2014, vol. 40, pp. 13 781–13 786.

8. Re, N., Kinetics of bicomponent sol–gel processes,
J. Non�Cryst. Solids, 1992, vol. 142, pp. 1–17.

9. Husing, N. and Schubert, U., Aerogels—airy materi�
als: chemistry, structure, and properties, Angew. Chem.,
Int. Ed., 1998, vol. 37, pp. 22–45.

10. Kwon, Y.G., Choi, S.Y., Kang, E.S., and Baek, S.S.,
Ambient�dried silica aerogel doped with TiO2 powder
for thermal insulation, J. Mater. Sci., 2000, vol. 35,
pp. 6075–6079.

11. Yoda, S., Tasaka, Y., Uchida, K., Kawai, A., Ohshima, S.,
and Ikazaki, F., TiO2�impregnated SiO2 aerogels by
alcohol supercritical drying with zeolite, J. Non�Cryst.
Solids, 1998, vol. 225, pp. 105–110.

12. Miller, J.B., Johnston, S.T., and Ko, E.I., Effect of pre�
hydrolysis on the textural and catalytic properties of
titania–silica aerogels, J. Catal., 1994, vol. 150,
pp. 311–320.

13. Dutoit, D.C., Schneider, M., and Baiker, A., Titania–
silica mixed oxides: I. Influence of sol–gel and drying
conditions on structural properties, J. Catal., 1995,
vol. 153, pp. 165–176.

14. Schneider, M. and Baiker, A., Titania�based aerogels,
Catal. Today, 1997, vol. 35, pp. 339–365.

15. Lermontov, S.A., Malkova, A.N., Yurkova, L.L., Strau�
mal, E.A., Gubanova, N.N., Baranchikov, A.Ye., and
Ivanov, V.K., Diethyl and methyl–tert�butyl ethers as
new solvents for aerogels preparation, Mater. Lett.,
2014, vol. 116, pp. 116–119.

16. Lermontov, S., Malkova, A., Yurkova, L., Straumal, E.,
Gubanova, N., Baranchikov, A., Smirnov, M., Tarasov, V.,
Buznik, V., and Ivanov, V., Hexafluoroisopropyl alco�
hol as a new solvent for aerogels preparation, J. Supercrit.
Fluids, 2014, vol. 89, pp. 28–32.

17. Lermontov, S.A., Sipyagina, N.A., Malkova, A.N.,
Yarkov, A.V., Baranchikov, A.E., Kozik, V.V., and
Ivanov, V.K., Functionalization of aerogels by the use of
pre�constructed monomers: a case of trifluoroacety�
lated (3�aminopropyl)triethoxysilane, RSC Adv., 2014,
vol. 4, pp. 52 423–52 429.

18. Balakhonov, S.V., Efremova, M.V., Ivanov, V.K., and
Churagulov, B.R., Facile synthesis of vanadia aerogels
with controlled V3+/V4+ ratio, Mater. Lett., 2015,
vol. 156, pp. 109–112.

19. Ahmed, M.S. and Attia, Y.A., Aerogel materials for
photocatalytic detoxification of cyanide wastes in
water, J. Non�Cryst. Solids, 1995, vol. 186, pp. 402–
407.

20. Ismail, A.A., Ibrahim, I.A., Ahmed, M.S.,
Mohamed, R.M., and El�Shall, H., Sol–gel synthesis
of titania–silica photocatalyst for cyanide photodegra�
dation, J. Photochem. Photobiol., A, 2004, vol. 163,
pp. 445–451.

21. Gregg, S.J. and Sing, K.S.W., Adsorption, Surface Area,
and Porosity, New York: Academic, 1982, 2nd ed.

22. Cao, S., Yeung, K.L., and Yue, P.L., Preparation of
freestanding and crack�free titania–silica aerogels and
their performance for gas phase, photocatalytic oxida�
tion of VOCs, Appl. Catal., B, 2006, vol. 68, pp. 99–108.

23. Nishizawa, H. and Aoki, Y., The crystallization of ana�
tase and the conversion to bronze�type TiO2 under
hydrothermal conditions, J. Solid State Chem., 1985,
vol. 56, pp. 158–165.


