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Hybrid materials offer the advantage of synergistically
combining distinct properties of the individual components;
accordingly, different combinations might be engineered to
target desired performances or to explore possible novel
properties of the composites.[1] One of the most appealing
combinations is crystalline/amorphous hybrids. Among these
materials, silica/titania nanocomposites[2] have been studied
as systems that are able to combine the remarkable adsorp-
tion properties of amorphous porous silica and the excellent
photocatalytic activity of crystalline titania nanoparticles.[3]

TiO2 is known to be one of the best-performing photo-
catalysts[4] among metal oxide semiconductors with important
applications in environmental and energetic fields (waste-
water pollution, water splitting, dye-sensitized solar cells, self-
cleaning textiles). The possibility of overcoming the relatively
low surface area of pure titania makes SiO2/TiO2 hybrids
particularly suitable for air and water pollutant purification.[5]

However, this kind of composites have been rarely charac-
terized according to a unique and coherent approach, suitably
addressed to quantitatively extract information on the mutual
influence of each component under different synthetic con-
ditions. Such a characterization would be extremely helpful in
tailoring the synthesis and engineering of advanced systems,
as long as it enables control of the composite properties over a
gram scale. The latter requirement makes diffraction tech-
niques, which are able to extract properties averaged over the
irradiated volume, more suitable for structural investigations
than the statistically limited microscopies, such as AFM,
TEM, and HRTEM, commonly used in particles structure,
interface, and morphology studies of pure and hybrid systems.

Structural details of amorphous materials are traditionally
recovered by the total scattering pair/radial distribution
function (PDF/RDF) technique[6] or by the Debye function
(DF) method.[7] RDF is obtained by sine Fourier transforming
the powder pattern, while DF uses the set of interatomic
distances to model, in the reciprocal space, the experimental
trace. Only recently, a DF-based method has been proposed[8]

for nanosized anisotropic crystal domains, which is able to

model both Bragg and diffuse scattering and, at the same
time, to overcome the computational time limits of the Debye
equation.[9] Compared to the more conventional Rietveld-
based structural methods, which are only able to reproduce
the Bragg scattering, and to the frequently used Scherrer
equation (affording only average sizes), the new approach can
provide information about the nanocrystal size and shape, as
well as about their relative distributions on the basis of
chemically sound models. The main aspects of our DF method
are outlined in the Experimental Section; recent applications
to TiO2 nanoparticles can be found in ref. [10].

Herein we report on the (micro)structural characteriza-
tion of sol–gel SiO2/TiO2 composites prepared at low temper-
ature (80 8C) by tuning the content of the tetraethyl ortho-
silicate (TEOS) and titanium isopropoxide (TTIP) precursors
(50:50, 65:35, and 80:20 Si/Ti molar ratios, labeled ST50,
ST65, and ST80 in the following) and the ageing time (24, 48,
and 120 h, marked as A, B, and C, respectively; see the
Supporting Information).[11] All samples have been inves-
tigated by X-ray total scattering techniques using, for the first
time, both reciprocal (DF) and real (RDF) space methods on
the same experimental dataset, thus aiming at fully character-
izing both the nanocrystalline and the amorphous fractions.
Moreover, pure SiO2 samples were prepared under the same
temperature and ageing conditions (SA, SB, SC samples), and
used as reference materials for the amorphous component.

TiO2 photocatalytic efficiency is commonly related to the
ability of synthesizing the most suitable polymorph (anatase,
which is preferred to rutile and brookite), in high purity[12] and
in small nanocrystals (NCs) of relatively high crystal perfec-
tion. Furthermore, a deep control of the crystal shape (aiming
at developing the more active crystal facets)[13] and of the size
and shape distributions is highly desirable. When embedded
in an amorphous silica (a-SiO2) matrix, the growth of pure
anatase is favored[2a,14] and the formation of a core/shell
structure (anatase/Ti�O�Si-modified titania),[15] as indicated
by the blue-shift of the pure anatase absorption edge (from
3.20 to 3.54 eV) and the decrease of the crystal field at TiO2–
SiO2 interface observed by XAS, is reported.[16]

In the present work, our combined DF/RDF approach was
applied to the synchrotron X-ray powder diffraction data
collected on the samples mentioned above, enabling us to:
1) quantitatively evaluate the amorphous matrix effects on
the size and shape distributions of anatase NCs; 2) investigate
the TiO2–SiO2 interface; and 3) understand how the TiO2/
SiO2 interplay influences the electronic,[17] sorptive, and
photocatalytic properties of the nanocomposites. Following
the DF analysis described in the Experimental Section, we
obtained the results given below and as graphical outputs in
Figure 1–3. Satisfactory fits were reached for all samples (see
the Supporting Information), in both nanocrystalline and
amorphous components, regardless of their nominal relative
fractions.

Figure 2 shows the collection of the 2D maps illustrating
the bivariate size distribution of TiO2 NCs. A strong
correlation between the two growth directions (along the c-
axis and in the orthogonal ab-plane) is found in all samples.
Furthermore, a clear dependence of the size/shape distribu-
tion on both the composition and the ageing time is observed:
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the distribution becomes wider upon ageing, whereas an
opposite effect is observed upon increasing the amorphous
fraction. Accordingly, the two effects appear most pro-
nounced in the two extreme cases: ST50C and ST80A.

Average NC sizes and aspect ratios, derived from the
distributions shown above, are synoptically collected in
Figure 3. Small sizes are found (with Deq values—the diam-
eter of the sphere of equivalent volume—below 9 nm), along

with aspect ratios Lc/Dab always below 1 (Lc is the average
crystal size along the c-axis and Dab is the diameter of the
circle of equivalent area, in the ab-plane). Weak, but
detectable, systematic effects on both size and shape are
evaluated: smaller average sizes are formed at low ageing
times and at larger silica fractions. Similarly, a progressively
more anisotropic shape is favored for larger amorphous
content, down to an average aspect ratio of 0.77 (ST80).

Interestingly, the calculated diffraction traces of the
amorphous component (provided by the DF analysis as
separate signals) did not exactly match the corresponding
experimental patterns of pure SiO2 (see Figure 4a), prompt-
ing us to investigate the short-range order of the amorphous
matrices by the (complementary) RDF method. The main
results, given as G(r), are shown in Figure 4 b (C samples);
similar findings are obtained for the other samples (see the
Supporting Information).

Besides the expected Si�O and Si�Si interatomic dis-
tances (1.5 � and 3.0 �, respectively), new features clearly
emerge in the ST50 sample, and are weakly perceptible in the
others (more TiO2-diluted). In particular, a weak shoulder at
2.0 � and a more pronounced one at 3.7 � are present,
corresponding to the Ti�O and Ti�Ti distances in corner-
sharing octahedra, respectively, thus giving evidence of the
presence of amorphous titania (a-TiO2). The Si–Ti distance
(ca. 3.2 �), witnessing the occurrence of a Ti�O�Si link
between TiO6 octahedra and SiO4 tetrahedra, could not be
clearly assessed by RDF, because of the occurrence of
multiple (Si–Si and Ti–Ti in edge-sharing octahedra) distan-
ces overlapping around 3.0–3.2 �, but was confirmed by IR
spectroscopy[18] (see the Supporting Information).

We also estimated the TiO2 fraction in the amorphous
matrix by coupling the (DF-derived) integral areas under the
crystalline and amorphous traces. The weight fractions of
anatase, a-TiO2, and a-SiO2 are given in Figure 5 for all the
composites. A significant percentage (about 16, 14, and 10%

Figure 1. Best fit obtained by the DF analysis on the ST50C sample.
Experimental data as black dots; total calculated trace as solid green
line with the amorphous trace highlighted under the peaks; difference
line (Exp-Calc) at the bottom. The anatase NC model corresponding to
the average size and shape computed from the experimentally derived
size/shape distributions is shown in the insert.

Figure 2. Collection of the bivariate size distribution maps of anatase
NCs provided by the DF analysis. Horizontal axis: diameter of the
equivalent circle in the ab-plane. Vertical axis: crystal size along the
c-axis (values in nm).

Figure 3. a) Average size, Deq, and b) aspect ratio, Lc/Dab, of anatase
NCs. Note that, since the size distributions are significantly asymmet-
ric, the mean values (7 to 9 nm) do not coincide with the distribution
maxima (falling near 5 nm in Figure 2).
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of the total weight in the ST50, ST65, and ST80 samples,
respectively) turned out to be a-TiO2, with small fluctuations
depending on ageing (or on the accuracy of the method). To
shed light on the location of the a-TiO2 in the composites, we
performed the DF analysis on a calcined sample (ST50C
heated in air at 550 8C). Its Deq increases from 8.5 to 10.8 nm
and, surprisingly, also the morphology of the NCs changes to a
lower Lc/Dab (from 0.93 to 0.80). These findings suggest the
existence of a non-uniformly distributed a-TiO2 shell, reason-
ably located at the interface between anatase NCs and silica
matrix, rather than of significant amounts of a-TiO2 islands
dissolved in a-SiO2.

The derived nanocomposite properties were compared to
independent estimates of the porosity, adsorption, photo-
catalytic efficiency and UV-Vis light absorption. To this aim,
specific surface areas (SSA, BET model), the variation of the
concentration of methylene blue (MB) solutions when the
powders were suspended in the dark (adsorption) and upon
light exposure, and energy band gaps (Eg) were derived (see
the Supporting Information). SSA of composites increases
with the amorphous fraction (in the 450–670 m2 g�1 range) for
all ageing times (see Figure 6a), with the value for ST80A,
surprisingly, being larger than that of the corresponding pure
silica sample SA.

In all samples, systematically larger surfaces, due to micro-
porosity, are observed on increasing the a-SiO2 content,
resulting in a variety of micro- and meso-pore distributions,
which seems to strongly control the adsorption of MB
molecules (see Figure 6b). At variance, smaller surfaces
occur for prolonged ageing. The most favorable combination,
leading to larger SSA values, seems to occur for aged silica
samples (SB and SC) and by the joint action of mild ageing
and limited TiO2 fraction in the ST80A composite (micro/
mesopores SSA ratios: 0.55, 0.47, and 0.48, respectively).

The photocatalytic activity of TiO2 NCs is given in
Figure 7 for all the composites. Taking into account the
results summarized in Figure 3, a clear inverse dependence of
the apparent kinetic constant with the size of the NCs (for
equal TiO2 content) and with the aspect ratios (across
different TiO2 compositions) is observed. The best combina-
tion is found, again, in the ST80A sample, the composite also
having the best adsorption properties.

Finally, the Eg values fall in the 3.08–3.22 eV range; the
small, systematic red-shift is registered for the higher TiO2

content (ST50 and ST65 samples); no significant changes are
observed upon ageing. To the best of our knowledge, two
possible reasons for this behavior may be invoked: 1) the
presence of a-TiO2 (known to reduce the Eg values[19]), and
2) the occurrence of surface defects (Ti sof, estimated by DF

Figure 4. a) Amorphous traces derived from the DF analysis; b) G(r)
(the probability of finding two atoms at the distance r, weighted by
atomic numbers) of the patterns shown in (a). Colour codes: ST50C
(red), ST65C (green), and ST80C (blue) [bottom to top in (a)]. The
experimental diffraction pattern and the RDF trace of pure SiO2 (SC,
dashed line) are included for comparison.

Figure 5. Crystalline (anatase) and amorphous (TiO2 and SiO2), weight
fractions (%) estimated for the investigated samples. Nominal frac-
tions of total TiO2 are 57% (ST50), 42 % (ST65), and 25% (ST80).

Figure 6. a) SSA values and b) relative amount of adsorbed MB in
nanocomposites and pure silica samples.
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analysis—see the Supporting Information—fall in the 0.87–
0.90 range). An opposite effect was found by Li and Kim[16a]

on similar composites prepared by a different route and
calcined at 480 8C. However, we measured an Eg of 3.19 eV
also in our calcined sample.

In summary, a combined DF/RDF total scattering
approach has been used, for the first time, to give a coherent
picture of the amorphous/crystalline interplay in silica/titania
hybrid materials as a function of samples composition and
ageing. The ability to quantitatively address by this new
method a number of structural and microstructural features in
anisotropically shaped crystal domains and amorphous frac-
tions, thus increasing the structural chemist�s toolbox, has
proved to be a useful tool in interpreting subtle functional
property modifications and for designing better-performing
materials. It is worth noting that highly valuable spectroscopic
techniques (solid-state NMR and IR) are currently used in
characterizing similar hybrid nanocomposites, but with lim-
ited chances of discriminating the amorphous or nanocrystal-
line origin of the signals.

Experimental Section
Synthesis: Silica/titania nanocomposites were prepared using a sol–
gel synthetic procedure, by adding (dropwise under stirring) a mixture
of tetraethyl orthosilicate (TEOS) and titanium tetraisopropoxide
(TTIP) with the desired Si/Ti molar ratio (50:50, 65:35, and 80:20), to
a 1.4m HCl solution in water and ethanol [(TEOS + TTIP)/
H2OHCl 1.4m/EtOH molar ratio 1:25:15]. Hydrolysis was obtained
leaving the sols under stirring for 24 h at RT; the gels of each
composition were then separated into three portions and aged in
closed bottles at 80 8C for 24, 48, and 120 h, resulting in nine different
samples that were finally dried at RT. Pure silica samples (SA, SB, and
SC) were prepared using TEOS only and used as reference materials
for the nanocomposite amorphous fractions.

X-ray characterization: Diffraction data were collected at the
Materials Science beamline of the Swiss Light Source synchrotron
facility at the Paul Scherrer Institute, from samples loaded in 0.5 mm
glass capillaries, using a Debye–Scherrer geometry and approxi-
mately 15 keV radiation (l = 0.827006 �), partial He beam path, and
a Mythen detector covering 1158 with 0.00388 resolution. Data were

carefully subtracted for absorption-corrected air and capillary
scattering contributions before DF analysis.

The DF method used for the characterization[10] of anatase NCs
relies on: 1) the generation of a bivariate population of D4h prismatic
crystals of variable shape and size (platelets to rods); 2) the
calculation, for each NC, of a set of sampled interatomic distances
(instead of the true ones), later stored in a suitable database; 3) the
use of a modified and fast Debye equation algorithm. The entire
process allows to reduce the number of distances involved in the
Debye equation by orders of magnitude, thus making it possible to
obtain pattern simulations the accuracy of which is within 1 ppm of
the ideal pattern and to speed up the use of iterative global
optimization algorithms while refining several model parameters. In
the present work, the sampled distances database used for pattern
simulations included 1000 NCs with a maximum size up to 15 nm in
the ab-plane and 24 nm along the c-axis. The experimental diffraction
patterns of pure SiO2 samples were used as an initial estimate of the
amorphous component and 50 additional Chebyshev polynomial
coefficients were necessary to reproduce a satisfactory (and wavy)
amorphous trace. A Simplex algorithm[20] was employed to explore
the parameter space (averages and standard deviations of the
bivariate log-normal size distribution - one pair for each growth
direction - and their correlation angle; Ti occupancy factors and three
coefficients modeling the possible size-dependence of the atomic
Debye-Waller factors) and to reach a reliable fit for each sample.

Physical characterization: Details of measurements of N2 absorp-
tion/desorption isotherms, photocatalytic activity, IR, and diffuse
reflectance spectra can be found in the Supporting Information.
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