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Abstract—Structural analysis in the range of characteristic sizes from 1 nm to ~1.5 pm was performed for SiO,-TiO,
aerogels prepared in supercritical CO,, isopropanol, hexafluoroisopropanol, or methyl-zert-butylether using small-angle X-
ray scattering and neutron scattering complementary methods. A two-level model that accounts for scattering by individual
inhomogeneities and their aggregates, which have fractal properties, satisfactorily describes the aerogel structures over the
entire range of scales. It is shown for the first time that the titania concentration is the key factor in the small-angle neutron
and X-ray scattering by SiO,~TiO, aero-gels. The phase composition of an aerogel does not significantly affect the aerogel
structure in the range of scales from 1 nm to ~1.5 pum, as probed by small-angle X-ray and neutron scattering.

INTRODUCTION

Aerogels are a unique type of solid-phase materials
distinguished by high specific surface areas and poros-
ities, which make them useful in the design of struc-
tural materials, including heat and sound insulators
[1]. Chemical modification of aerogels makes it possi-
ble to endow them with some functional properties
important from a practical point of view for producing
effective catalysts, selective sorbents, phosphors, and
gas sensors [1-3].

In the context of application, of particular interest
are multicomponent aerogels whose functional char-
acteristics and textural properties can be set by their
chemical composition, preparation and subsequent
processing parameters [4—6]. SiO,—TiO, binary aero-
gels are the best studied of these materials; they have
high catalytic activities in some organic syntheses and
have pronounced photocatalytic or UV protective
properties [5, 7—12]. Importantly, the composition
requirements for catalytic and photocatalytic SiO,—
TiO, materials differ significantly: high catalytic activ-
ity is provided by a high concentration of Si—O-Ti
bonds, which is achieved in amorphous aerogels with
high degrees of cross-polymerization of oxide compo-
nents [13—15]. High photocatalytic activity, in con-

trast, is typical of materials that contain nanocrystal-
line titania, where Si—O—Ti bond concentration is rel-
atively low [14—20].

To prepare SiO,—TiO, binary aerogel materials one
should keep in mind that the hydrolysis rates of silicon
alkoxides and titanium alkoxides differ by orders of mag-
nitude: e.g., for Ti(OEt),, the hydrolysis rate is five orders
of magnitude higher than for Si(OEt), (the rate constants
arc k=103 M"'stand k=5 % 102 M~! s!, respec-
tively [21]). Therefore, coordination chemistry
approaches will help to prepare high-porosity SiO,—
TiO, materials with reproducible properties. In partic-
ular, the use of organic ligands to chelate titanium
atoms can significantly reduce the difference between
the hydrolysis rates of titanium and silicon alkoxides
and ensure the production of chemically homoge-
neous materials [22].

The most popular method for preparing aerogels is
supercritical drying of the corresponding lyogels, with
carbon dioxide or lower aliphatic alcohols usually used
as supercritical fluids [1]. A supercritical fluid can
react with the gel host, especially if the drying process
occurs at a sufficiently high temperature [23—25]. Our
experimental data indicate that the properties of the
supercritical fluid used largely determine the compo-



sition and structure of the resulting aerogels [26].
However, the effect of this factor on the structure of
aerogels has not yet been systematically analyzed over
a wide range of scales.

We have previously studied the effect of the type of
supercritical fluid (e.g., CO,, isopropanol, hexafluo-
roisopropanol, and methyl-fert-butyl ether) on the
physical and chemical properties (textural characteris-
tics, phase composition, and thermal behavior) of
Si0,—TiO, aerogels with various titanium content
(with the Ti : Si ratio ranging from 1 : 1 to 1 :9
mol/mol) [27, 28]. Here, we continue this series of
studies by a detailed analysis of the mesostructure of
Si0,—TiO, aerogels using small-angle X-ray scattering
(SAXS) and ultra-small-angle neutron scattering
(USANS).

EXPERIMENTAL

The details of synthesis of SiO, aerogels and SiO,—
TiO, binary aerogels can be found in our previous
publications, together with the comprehensive analy-
sis of physical and chemical properties of the prepared
materials [26—28]. The synthesis of Si0,—TiO, lyogels
was carried out mixing pre-hydrolyzed tetramethox-
ysilane (TMOS), a solution containing titanium
tetraisopropoxide (TIP) and acetylacetone (acacH),
followed by addition of aqueous hydrogen fluoride
solution as a gelation catalyst. SiO, lyogels were pre-
pared by a similar procedure without titanium com-
pounds added to the batch. Then, the lyogels were
allowed to age at room temperature for 24 h, and
washed with a solvent once a day during 5 days; the
solvent was selected from isopropanol (iPrOH),
methyl-zert-butyl ether (MTBE), and hexafluoroiso-
propanol (HFIP). The lyogels intended to be dried
with supercritical CO, were washed with isopropanol.

The solvents used for supercritical drying were iso-
propanol, carbon dioxide, methyl-fert-butyl, and
hexafluoroisopropanol. The details of supercritical
drying procedure and the equipment used are
described in our previous publications [26—28]. The
drying temperatures and pressures were 255 + 5°C and
6.5+ 0.5 MPa for iPrOH, 240 £ 5°C and 6.5 £ 0.5 MPa
for MTBE, 205 + 5°C and 11 £ 1 MPa for HFIP, and
50 £ 1°C and 12 £ 0.2 MPa for CO,. The critical
parameters of the solvents used were: T,. = 235°C and
Por=4.8 MPa fori-PrOH [29], T,,=224.1°Cand p_, =
3.4 MPa for MTBE [30, 31], 7., = 182.0°C and p., =
3.1 MPafor HFIP [32], and T_,=31°Cand p_,= 7.4 MPa
for CO, [29]. The supercritically dried aerogels were
monolithic cylinders.

The SAXS structural analysis of aerogels was car-
ried out on a PI2 BioSAXS beamline [33] at
the Petra III storage ring (at DESY, Hamburg) oper-
ating in point slit geometry. The setup was equipped
with a Pilatus 2M (Dectris) gas-filled detector con-

sisting of 172 % 172 um? pixels with a total active area
of 253.7 x 288.8 mm. The photon wavelength A =
0.124 nm and the sample—detector distance L = 3 m
allowed for scattered intensity measurements in the
momentum transfer range 8 X 102 nm~' < g < 3nm™".
Grounded aerogel samples were applied to a kapton
film immediately prior to the experiment. Corrections
were applied for scattering by the kapton film and
ambient background. The thus-obtained 2D isotropic
scattering patterns were azimuthally averaged with
account for detector efficacy. All measurements were
at room temperature. Primary data processing was in
the ATSAS program package [34].

USANS measurements were carried out on a
MAUD high-resolution double-crystal diffractometer
(LVR-15 reactor, Prague) [35, 36]. A MAUD diffrac-
tometer, unlike ordinary double-crystal diffractome-
ters, is equipped with an elastically bent Si-crystal
analyzer, which can provide scattering intensity mea-
surements by a one-dimensional position-sensitive
detector over the entire available momentum transfer
range without crystal rotation. Scattering intensities
were measured in the momentum transfer range 4 X
103 nm~"'< ¢ <2 x 10~" nm~". Prior to an experiment,
powdery aerogel samples were poured into 1 mm
quartz cells. The spectra were corrected for cell scat-
tering, instrumental scattering, and ambient back-
ground using a routine procedure [36].

For getting opportunity of matching data gained by
different methods, we stitched together the data
gained by USANS (with collimation corrections for
the two-crystal geometry) and SAXS in the momen-
tum transfer range 8 X 107> nm~'<g<2 x 10~ nm~!
(the range in which USANS and SAXS data overlap).
So, the USANS and SAXS complementary methods
gave us the full scattering pattern for SiO,—TiO,
aerogel samples with the momentum transfer range
4x 1073 nm~!' < g < 3 nm™!, corresponding to the
range of characteristic sizes (diameters) from 1 nm to
~1.5 um.

RESULTS AND DISCUSSION

Figures la—1d show experimental USANS and
SAXS I5(g) curves for titanium-free SiO, aerogel sam-
ples (Fig. 1a) and SiO,—TiO, aerogels (Figs. 1b—1d)
with various as-batch titania percentages (10, 20, and
50 mol %, respectively), which were prepared by
supercritical drying in various supercritical solvents.
A qualitative consideration of the data indicates that
the major factor in the scattering character of aerogels
is the titania concentration, so scattering curves for the
aerogels with the same as-batch titania concentration
synthesized using different supercritical fluids are
similar.

This is rather nontrivial in view of our previous
finding that the type of supercritical fluid used, which
determines the supercritical drying temperature, has a
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Fig. 1. I5(q), USANS and SAXS scattering intensity versus momentum transfer plots for (a) SiO,, (b) SiO,—TiO, (10 mol %
TiO,), (c) Si0,—Ti0, (20 mol % TiO,), and (d) Si0,—TiO, (50 mol % TiO,) aerogels prepared by supercritical drying in (1) iso-
propanol, (2) CO,, (3) hexafluoroisopropanol, and (4) methyl-tert-butyl ether. For clarity, the /g(g) for samples 2, 3, and 4 are
multiplied by 10, 104, and 10° , respectively. Arrows indicate data ranges corresponding to characteristic inhomogeneity sizes.

key effect on the phase composition SiO,—TiO, aero-
gels [27, 28]. Supercritical drying in carbon dioxide or
hexafluoroisopropanol yields X-ray amorphous aero-
gels, while supercritical drying in either isopropanol or
methyl-zert-butyl yields aerogels containing nanocrys-
talline anatase with 10—20 nm particles [28]. At the
same time, in contrast to diffraction methods, where
X-ray or neutron scattering is due to the ordering of
atoms in the sample structure, small-angle neutron
and X-ray scattering is due to the contrast Ap = p(r) —
p, (the difference between the mean scattering density
of inhomogeneities p(7) and the scattering density of
the medium p,), and the contrast is virtually indepen-
dent of the short-range or long-range ordering in scat-
tering inhomogeneities [37].

Figure la shows small-angle scattering intensity
versus momentum transfer curves for titanium-free

Si0, aerogel samples that were prepared by supercrit-
ical drying in various supercritical fluids. All curves
feature two momentum transfer ¢ ranges, where the
scattering intensity /5(q) obeys the g~ power law with dif-
ferent values of the exponent #,. Such scattering is typical
of two-level hierarchical structures [38], which are inher-
ent to porous oxide materials with developed interfaces
between phases (aerogels and xerogels) [39—44].

Scattering in the range of large momentum trans-
fers (¢ > 3 x 10~2nm™"), corresponding to the smallest
structural scale level, is typical of porous (solid—pore)
systems consisting of randomly oriented nonspherical
(anisometric) items, e.g., strongly elongated or flat-
tened particles or pores. In order to describe scattering
in the Guinier region, which is determined by the sizes
and shapes of scattering inhomogeneities, one should
use the generalized relationship [45]
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where G is the Guinier factor [46], R, is the radius of
gyration of scattering inhomogeneities, s is a parame-
ter determined by the inhomogeneity shape (for spher-
ical items, s = 0, for one-dimensional particles or
pores s = 1, and for two-dimensional inhomogeneities
s = 2). Parameter s can acquire fractional values if
scattering inhomogeneities are shaped as an ellipsoid,
or if the system contains inhomogeneities of various
shapes.

Since non-spherical items are defined not by one,
but by two characteristic dimensions (radius R, and
length L in the case of elongated inhomogeneities) or
three (thickness 7, width W, and length L for flattened
inhomogeneities), the Guinier region can comprise
two or three momentum transfer ¢ ranges, in full
match with the experimental data (Fig. 1a).

Thus, three ranges can be distinguished on the
scattering intensity versus momentum transfer curve
for titanium-free SiO, aerogels, in the region of high
momentum transfers (g > 3 X 10-2nm™!): a range cor-
responding to the local structure of scattering inho-

mogeneities, describable by the power function ¢ ™
(the Porod law), and two scattering ranges where scat-
tering is determined by the characteristic sizes and
shapes of scattering inhomogeneities (Guinier law).

The values of exponent #, derived from the slopes
of linear portions of experimental /5(g) plots at g >
1 nm~! fall in the range from 3.05 to 3.59. Thus, the
first structural level of SiO, aerogels is represented by
inhomogeneities having fractal interphase boundaries
with fractal dimensions of 2.41 < Dg =6 —n; <2.95
[47].

In view of the above, we turned to the generalized
Guinier—Porod empirical model [45] to analyze scat-
tering by SiO, aerogels at the first structural level (in

the range ¢ > 3 X 1072 nm™"),

2 p2
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where (3 — s,) is a dimensional factor, R, and R,
are characteristic dimensions of non-spherical scatter-
ing inhomogeneities (R, < R,,), G, and G, are Guinier
factors [46], and B, is a factor of scattering inhomoge-
neity local structure [47]. R, = (L?/12 + R?/2)"/? and
R, = (R/2)"* for elongated inhomogeneities of radius R

and length L; R, = (W?/12 + T°/12)"/> and R, =
(7T/12)'/? for flattened inhomogeneities of thickness 7'
and width W.

Scattering in the range ¢ < 0.03 nm~!, detected by
USANS and corresponding to the second structural

m

level of a larger scale, is fitted by the power law ¢ .
The values of n, for SiO, aerogels for which the hexa-
fluoroisopropanol, methyl-fert-butyl ether, or CO,
supercritical fluid was used, fall in the range from 3.33
to 3.41, indicating the surface fractal properties of sec-
ond-level inhomogeneities, and 2.59 < Dy =6 — n, <
2.67. For an aerogel prepared with the isopropanol
supercritical fluid, n, is 2.74, which corresponds to
scattering on items with mass-fractal aggregation (the
corresponding fractal dimension: Dy, = n, = 2.74)
[47]. This observation indicates a different aggregation
character of inhomogeneities in the structure of this
aerogel. Apparently, this is due to supercritical isopro-
panol drying being carried out at the highest tempera-
ture (255°C); under such conditions, the SiO, aerogel
matrix can react with the solvent, this reaction is respon-
sible for a partial structural reorganization of the aerogel.

The scattering intensity curves for all SiO, aerogels
do not feature deviations from the power law in the g <
3 X 1072 nm~! region and do not yield to the Guinier
region. This circumstance indicates that the charac-
teristic size of the second-level inhomogeneities
exceeds the greatest size that can be determined by the
setup used. However, the relationship R, = 3.5/¢.in
[48] could serve to estimate this size; the estimate was

R, > 850 nm.

So, the USANS data for SiO, aerogels in the small

momentum transfer region (g < 3 x 1072 nm~') was
fitted by the power law

IS(Q)Z_nZ’ (3)

where B, is a factor depending on the local structure of
second-level scattering inhomogeneities [47].

The results of fitting the small-angle X-ray and
neutron scattering data / (g) by relationships (2) and
(3) for SiO, aerogels over the entire momentum trans-
fer range appear in Table 1 and in Fig. 1a.

According to the fitting results, SiO, aerogels are
highly porous systems comprised of flattened inho-
mogeneities with thickness T of 1.3 to 2.8 nm and
width W of 7.9 to 10.8 nm, having developed fractal
surfaces (2.41 < Dg < 2.95), in turn, constituting sur-
face-fractal (or mass-fractal) aggregates with sizes
R.,> 850 nm. The length L for first-level inhomogene-
ities cannot be estimated from the available data
because of overlapping with scattering from second-
level aggregates in the corresponding g range.



Table 1. Mesostructure parameters of SiO, aerogels prepared with various supercritical fluids, as derived from USANS and

SAXS data using relationships (2) and (3)

Supercritical fluid
Parameter
iPrOH CO, HFIP MTBE
USANS

Ds, =6 —n, - 2.60 £ 0.03 2.59+0.03 2.67 £0.03
Dy, =n, 2.74 £ 0.07 - - -

,» m > 850 > 850 > 850 > 850

SAXS

S 1.29 £ 0.02 0.57 £0.02 1.07 £ 0.02 0.85+0.02
W, nm 8.1+0.8 10.8 £ 0.9 7910.8 9.0+0.9
S 2.38+£0.03 1.99 + 0.02 2.13+£0.02 2.04 +£0.02
T, nm 1.3+0.1 28+0.2 22102 24102
D5, =6—n, 2.95+0.03 2.52+0.02 2.47 £0.02 2.41 £0.02

Using small-angle scattering methods to analyze
the structure of highly porous materials, one should
keep in mind that neutron and X-ray scattering occurs
at interfaces between phases. Therefore, scattering
inhomogeneities, whose sizes are derived from small-
angle scattering data, can likewise be solid particles
and pores in-between. In terms of commonly accepted
models, the hydrolysis of silicon alkoxides and the
condensation of colloidal SiO, particles should pro-
duce isotropic silica particles [49, 50], so it seems most
reasonable that the scattering inhomogeneities consti-
tuting the first and second structural levels are pores
between SiO, particles. Additionally, the sizes of first-
level inhomogeneities are in satisfactory agreement
with the pore distribution in identical SiO, aerogels as
derived from low-temperature nitrogen adsorption data
[27]. Similar considerations also apply to the interpreta-
tion of the results of structural analysis of mixed SiO,—
TiO, aerogels, which also consist of isotropic particles
[51-53].

The SAXS character for SiO,—TiO, aerogels with
10% titania as-batch concentration (Fig. 1b) is gener-
ally like that observed for titania-free SiO, aerogels
(Fig. 1a). SAXS data also make it possible to recognize
two momentum transfer ¢ ranges where the scattering
intensity /5(q) obeys the power law ¢, with different
exponents n,. The comparison of Fig. 1a and Fig. 1b
indicates that, when 10 mol % titania is added to aero-
gels, the segments of the intensity scattering curves that
correspond to the Guinier mode for the first structural
level and the power law segments (g < 0.01 nm™!) for the
second structural level shift toward the lower g. These
shifts are likely due to slightly greater characteristic
sizes of the first-level inhomogeneities in Si0,—TiO,
aerogels than in titania-free SiO, aerogels.

Scattering by SiO,—TiO, (10 mol % TiO,) aerogel sam-
ples was analyzed in terms of relationships (2) and (3). The

results of data processing appear in Table 2 and in
Fig. 1b.

An analysis of the contents of Table 2 shows that
Si0,—TiO, (10 mol % TiO,) aerogels, like SiO, aero-
gels, consist of flattened primary inhomogeneities
having fractal surfaces, which in turn constitute sur-
face-fractal (or mass-fractal) aggregates. The struc-
tural differences between SiO,—TiO, (10 mol % TiO,)
aerogels and SiO, aerogels are merely quantitative and
due to the higher fractal surface dimensions of the sec-
ond-level aggregates (for aerogels prepared with CO,,
HFIP, and MTBE supercritical fluids) and in the
greater values of thickness 7 and width W of the first-
level inhomogeneities. For SiO,—TiO, (10 mol %
TiO,) aerogels, just as for SiO, aerogels, length L for
first-level inhomogeneities cannot be estimated due to
overlapping with scattering from second-level aggre-
gates in the corresponding g range.

An increase in as-batch titania concentration in
Si0,—TiO, aerogels from 10 to 20 mol % leads to fur-
ther changes in the observed scattering pattern (Fig. 1c),
manifested in an additional shift, toward the lower ¢,
of the segment where scattering from first-level inho-
mogeneities enters the Guinier mode. As a result of
this shift, scattering from second-level aggregates in

Si0,—TiO, (20 mol % TiO,) aerogels fitted by g ™
goes beyond the range detectable by the setup used. In
this case, length L for first-level inhomogeneities can-
not be determined, for it appreciably exceeds the
greatest inhomogeneity size detectable by the instru-
ment used. This is manifested as the absence of the
third Guinier scattering range at small momentum
transfer values with the dimensional factor s; = 0. Our
estimate is that L > 850 nm in this case.



Table 2. Mesostructure parameters of SiO,—TiO, (10 mol % TiO,) aerogels prepared with various supercritical fluids, as
derived from USANS and SAXS data using relationships (2) and (3)

Supercritical fluid
Parameter
iPrOH CO, HFIP MTBE
USANS

Dg =6—n, - 2.76 £ 0.05 2.76 £ 0.05 2.71 £0.05
Dy, =ny 2.72 £0.07 - - -

,nm > 850 > 850 > 850 > 850

SAXS

S 1.57 £ 0.03 0.89 +0.02 1.42 £ 0.02 1.01 £ 0.02
W, nm 14.5+0.9 202+ 1.2 13.3+0.9 183+t 1.0
S 2.65 £ 0.03 2.30 £0.02 2.37 £0.02 2.53£0.02
T, nm 1.6 £0.2 43104 34+0.3 2.4+0.2
Ds =6—n, 2.76 £0.03 2.47 £0.02 2.57 £0.02 2.51 £0.02

However, the scattering curves at high momentum
transfer values (¢ > 0.8 nm™!) feature an additional

region where /I (g) is fitted by the power law ¢~ with
the exponent n, = 3.33 or 3.30 (for aerogels dried in
iPrOH or MTBE, respectively) and 2.66 or 2.46 (for
aerogels dried in CO, or HFIP, respectively). The
appearance of this additional region is likely due to the
presence of inhomogeneities with a prominent solid—
solid interface in SiO,—TiO, (20 mol %) aerogels.
Such regions do not appear on the scattering curves for
Si0,—TiO, (10 mol %) aerogels, likely, due to the rel-
atively low titania concentration in them. The charac-
teristic size of such inhomogeneities in Si0,—TiO, (20

mol %) aerogels was estimated at R, ~ 6 nm. As we
determined previously [27], SiO,—TiO, (20 mol %)
aerogels prepared via drying in supercritical iPrOH or
MTBE contain nanocrystalline anatase particles sized
~15 nm (as determined by the Scherrer relationship).
Thus, the match of diffraction data [27] and small-
angle X-ray scattering data allows us to assume that the
areas observed by SAXS in SiO,—TiO, (20 mol %)
aerogels dried in supercritical iPrOH or MTBE corre-
spond to nanocrystalline anatase. Anatase particles in
those aerogels as probed by SAXS have a fractal sur-
face with the dimension Dy = 6 — n, = 2.67 and 2.70
(for iPrOH and MTBE, respectively). On the other
hand, SiO,—TiO, (20 mol %) aerogels dried in super-
critical CO, or hexafluoroisopropanol are X-ray
amorphous and contain no nanocrystalline anatase
[27, 28]. Thus, the specified areas in these aerogels
most likely correspond to local chemical inhomogene-
ity zones comprising primarily amorphous titania. In
Si0,—TiO, (20 mol %) aerogels dried in supercritical
CO, or HFIP, such inhomogeneities have a mass-

fractal type structure with the dimension D), = n, =
2.66 and 2.46, respectively, as probed by SAXS.

Therefore, scattering in the ¢ > 0.8 nm~! range was
fitted using a unified exponential-power relationship

[48]
2 p2
I,(q) =G, exp(—qTRg“) +

I e P
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where G is the Guinier factor, R, isthe radius of gyra-
tion of scattering inhomogeneities, B, is a factor
depending on the local structure of scattering inho-
mogeneities, and constant [, describes background
incoherent scattering by inhomogeneities of the order
of X-ray wavelength. The R, for fractal items is related
to the upper self-similarity bound as

RCU = Rgo V(DSU + 2)/D50 [54]

Norming the momentum transfer g to the error
function erf(x) in expression (4) enables us to describe
correctly scattering intensity in the gap between the

area described by the Guinier approximation (gR, < 1)
and the area described by the power functiong™ (g R, > 1),
which is contributed by both inhomogeneities of char-
acteristic scale R, , and their surfaces [48].

Thus, the sum of relationships (2) and (4) was used
to analyze scattering data for SiO,—TiO, (20 mol %
TiO,) aerogels. The results of data processing appear
in Table 3 and in Fig. 1c.

The comparison of the contents of Tables 2 and 3
shows that an increase in as-batch titania concentra-



Table 3. Mesostructure parameters of SiO,—TiO, (20 mol % TiO,) aerogels prepared with various supercritical fluids, as
derived from USANS and SAXS data using relationships (2) and (4)

Supercritical fluid
Parameter
iPrOH CO, HFIP MTBE
USANS
S5 1.70 £ 0.04 1.58 £ 0.03 1.73 £0.04 1.65+0.02
W, nm 158 £ 8 189 £ 10 1558 166 £ 9
5 2.55+£0.02 2.54 £0.02 2.51 £0.01 2.55+£0.02
7, nm 27 +2 262 28+ 2 25+2
Dy, = 6 —n 2.21 £0.04 2.10 £ 0.04 2.15+0.04 2.15+£0.04
SAXS

,» M 57%£0.9 58+0.8 6.2+0.9 53+£0.8
Dg = 6 —ny 2.67 £0.04 — — 2.70 £0.04
Dy, = ny — 2.66 £ 0.06 2.46 £ 0.06 —

Table 4. Mesostructure parameters of SiO,—TiO, (50 mol % TiO,) aerogels prepared with various supercritical fluids, as

derived from USANS and SAXS data using relationships (2) and (4)

Supercritical fluid
Parameter
iPrOH CO, HFIP MTBE
USANS
51 2.54+0.02 2.38 £0.02 2.46 £ 0.01 2.23 £0.02
T, nm 90 £ 10 108 £ 10 92+ 10 169 = 15
Ds, = 6—n 2.21£0.04 2.22 £0.04 2.19 £0.04 2.18 £0.04
SAXS
,» m 145+ 1.8 11.6 £ 1.2 126+ 1.5 13.3£1.5
Ds, = 6 —ny 2.51 £0.04 — — 2.60 +0.04
Dy, =ny — 2.87 £0.03 2.45£0.03 —

tion in SiO,—TiO, aerogels from 10 to 20 mol % appre-

ciably decreases the surface fractal dimension Dy of
first-level inhomogeneities, i.e., leads to smoothing of
their surfaces. In addition, their characteristic sizes
(thickness 7 and width W) increase significantly
(almost by one order of magnitude).

As the titania concentration in SiO,—TiO, aerogels
increases to 50%, their small-angle scattering charac-
ter continues changing. For SiO,—TiO, (50 mol %
TiO,) aerogels the scattering curves I5(g) feature only
one linear segment (the Guinier mode), referring to
first-level inhomogeneities. In addition, the scattering
intensity curves also feature a region corresponding to
scattering from the solid—solid interface, associated
with nanocrystalline anatase particles or composi-
tional inhomogeneities in the sample.

Scattering data for SiO,—TiO, (50 mol % TiO,)
aerogels were analyzed by the sum of relationships (2)

and (4). The results of data processing appear in Table 4
and in Fig. 1d.

The comparison of the contents of Tables 3 and 4
shows that the increase in titania concentration in
Si0,—Ti0, aerogels from 20 to 50 mol % results in the
increase both of the characteristic sizes (7) of the sec-
ond-level inhomogeneities and of the size R, , which
corresponds to nanocrystalline anatase or chemically
inhomogeneous areas. The estimates of R, for SiO,—
TiO, (50 mol % TiO,) aerogels prepared using /PrOH
and MTBE supercritical fluids satisfactorily match the
TiO, crystallite sizes derived by Scherrer relationship
from X-ray diffraction data (14 and 19 nm, respec-
tively) [27]. In addition, from Tables 1—4 it follows
that the increasing titanium concentration in SiO,—
TiO, aerogels leads to a systematic increase in scatter-
ing inhomogeneity sizes. Our prior data [28] indicate
that the increasing titanium concentration in SiO,—



TiO, aerogels increases the mean pore size and thereby
decreases the aerogel surface. Therefore, it looks most
correct to regard the first-level and second-level scat-
tering inhomogeneities in aerogels as characteristics of
the pore space structure of the aerogels.

CONCLUSIONS

For the first time a comparative analysis of meso-
structures of SiO,—TiO, aerogels with titanium con-
centrations ranging from 0 to 50 mol % TiO,, pro-
duced by supercritical drying with various supercritical
fluids, namely, CO,, isopropanol, methyl-zert-butyl
ether, and hexafluoroisopropanol, was performed by
means of small-angle neutron and X-ray scattering
complementary methods. This allowed for the struc-
tural characteristics (characteristic sizes and fractal
dimensions) of the aerogels over a wide range of scales
from 1 nm to ~1.5 um. A generalized two-level model,
which accounts for scattering by individual inhomoge-
neities and their aggregates, appeared to give a satis-
factory fit of aerogel structures over the entire range of
scales. The key factor in the small-angle neutron and
X-ray scattering character of the aerogel is the titania
concentration, and not the type of supercritical fluid,
the latter determining the phase composition of the
aerogel. For SiO0,—TiO, aerogels with relatively high
titanium concentrations (20 mol % TiO, or more), a
match is observed between the inhomogeneity sizes
determined from small-angle X-ray scattering data at
high momentum transfers (g > 0.8 nm~'), on the one
hand, and the particle sizes of nanocrystalline titania
derived by the Scherrer relationship from X-ray dif-
fraction data, on the other.
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