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Abstract

Small Angle Neutron Scattering (SANS) measurements have been performed to investigate the
nanoscale structure of materials of the systems xTiO2-(l-x)SiC>2 and jcZrO2-(l-*)SiO2 with x < 10 mol % at
different processing stages. The materials were prepared by sol-gel using the alkoxides method, in strong acidic

conditions. Samples were studied as xerogels heat-treated at 120 and 850 °C and as wet gels at gel point and
after aging. All samples showed identical microstructure at gel point, extended linear chains -10 ran long. The

aged gel has a mass fractal structure with fractal dimension of 1.7 — 1.9. The 120 °C heat-treated xerogels show

homogeneous oxide regions with mass fractal structure. For the 850 °C heat-treated xerogel the oxide regions

average size has reduced and it has densified as compared to 120 °C heat-treated sample.

1. Introduction
Materials of the systems JtMO2-(l-*)SiO2 with x in mol % can be prepared by

the alkoxide method [1] in which silicon and metalic alkoxides, Si(OR>4 and M(OR)4,
respectively, undergo hydrolysis and polymerization via condensation reactions with
elimination of H2O and alcohol ROH. The properties of the final material strongly depend on
the processing conditions namely, composition and concentration of reagents, water content,
pH, temperature and heat treatment [2]. The motivation for sol-gel processing is primarily the
potentially higher purity and homogeneity and the lower processing temperatures of the
materials compared with traditional glass melting or ceramic powder methods.

Small Angle Scattering of Neutrons (SANS) and X-ray proved to be well
suited techniques to investigate, on a nanometer scale, the microstructure of the material at the
different stages of the sol-gel processing. Silica gels have been the object of intense research
[2]. However, systematic studies in multicomponent gels are still very few.

SANS measurements have been carried out in gels of the systems
xTiO2-(l-x)SiO2, and xZrO2-(l-x)SiC>2 with x<10 mol %. The samples were all prepared in
strong acid conditions (pH~l) and with the stoichiometric water/alkoxides molar ratio, R=4.
The study focused on the variation of composition M, concentration of precursors x, aging
and heat treatment of samples. The present work reports the most important SANS results
obtained from fresh gels (just gelified, aged gels and xerogels heat treated at 120 °C and 850
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2. Experimental
Tetraethylorthosilicate, titanium isopropoxide and zirconium propoxide were

used as starting chemicals to prepare gels with x = 0, 2, 4, 6 and 10 mol % in TiC>2 and ZrO2
in strong acidic conditions. The procedure followed in the gel preparation is described
elsewhere [3, 4]. The solutions obtained were put in sealed quartz cells of lmm thickness, at
60 °C until gelation occured. The wet gels (solutions in which flow was not visually observed)
were measured by SANS after 0, 2, 4 and 6 hours at 60 °C. For the preparation of xerogels,
the solutions obtained were left in Petri dishes covered with plastic foil at 60 °C for gelation.
After a period of 15 days at 60 °C the gels were heat-treated at 120 °C for 48 h, and then
heat-treated for 5.5 h at 850 °C. The heating rate to 850 °C was equal to 60 °C h"1.

Neutron scattering measurements were performed using the PAXE instrument
at the Leon-Brillouin Laboratory. A monochromatic beam of neutrons of a given wavelenght
X, with AX/X - 10 % was collimated by diaphragms of apertures of 1.0 and 0.7 cm diameter at
source and sample, respectively, separeted by distance L. The detector, position sensitive with
64 x 64 cm3 active area and 1 cm2 pixel area, was positioned at a distance L from the sample.
Different experimental settings were used, i. e., different values of X and L, in order to change
the range of the scattering vector modulus, Q, given by Q = 2 iiQ/X, where G is scattering
angle.

SANS measurements were carried out in wet gels, both fresh (just gelified) and
aged, keeping the sample temperature < 8 °C, and in xerogels after heat-treatment at 120 °C
and 850 °C (550 °C in the case of x = 0) with the sample at room temperature. Scattered
intensities have been corrected for detector efficiency and normalized for sample thickness,
transmission and incident beam flux. They have also been calibrated by the use of the
incoherent scattering of 1 mm thick light water. In case of xerogels, the constant contribution
to be scattered intensity has been substracted taking its approximate value as that of the
average intensity at the larger Q values measured (0.41 A-1). Some data from wet gels were
collected at different experiments at which the Q range extended only up to 0.22 A"1. In this
case, data have been corrected for the incoherent scattering from the estimated total number of
protons per unit volume in the sample.

3. Data analysis
Gels are, in general, difficult samples to deal with in what concerns

interpretation of the scattering data as the chemistry involved is quite complex. Sols consist of
growing units which might be hydrolized and/or polymerized in various degrees. Likewise, the
products of these reactions (H2O and alcohols) can be present in various concentration values.
As a consequence the actual composition of the solvent is unknown, except that it consists
mainly of water and alcohol. Similarly, the oxide network composition varies from the fresh
gel to the heat treated xerogel. The contrast in wet gels (fresh or aged) originates from the
rather different scattering length densities of the solvent dominated by the hydrogen of water
and alcohols and that of the oxide network. In heat treated xerogels the contrast is between
the oxide network and pores. The scattering law for an homogeneous solution (at Q"1 scale)
of N particles (or pores) with volume V and scattering density p in an homogeneous solvent or
matrix with scattering length density po is given by

S(Q) (1)
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where <() is the density of particles in the sampled volume, Fl QJ is the particle form factor and

slQjthe structure factor. The particles are considered identical and centro symmetric.

Si QJ accounts for the spatial distribution of pores or particles in the matrix or solvent if

thermal density or/and concentration fluctations are neglegible, which in most cases exist at a
very small scale and give only a Q-independent contribution at small angles. If the interactions
among particles are weak and there are relatively few particles in the sampled volume (dilute
system), the structure factor will be that of a perfect gas: S(Q) = 1, for all Q. However, the
more common situation is that where short range order is observed and the structure factor is
similar to that of a simple liquid [5]. This usually manifests itself by the presence of a broad
peak in the scattering law. As for particle form factor, it has a straightforward expression for
simple geometrical shapes. Assuming complete desorientation of the particles it is, for spheres
of radius r:

_\|2 [3sin(Qr)-Qrcos(Qr)l±

K=p-po being the scattering contrast, whereas for thin cylinders of length L and radius h
(h«L) it becomes:

(3)

However, the low Q asymptotic behaviour of the particle form factor is
independent of the particle's shape and is given by the Guinier approximation as:

F(Q)|2 = V2K2 exp (- Q2R2 / 3) for QRG<1 (4)

where RQ is the radius of gyration of the particle given by:

RG = V3/5r for spheres of radius r and (5)

R G = h / V 2 + L/Vl2 = L' / Vl2 for thin cylinders with L » h . (6)

SANS data from wet gels, both fresh and aged are analysed as resulting from a
system of growing particles in a solvent whereas xerogels appear as porous materials.
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FIG. 1. Ratio ofl(Q) obtained from x=2 and 6 mol % fresh xZrO2-(l-x)SiO2 gels each divided by
I(Q) from x=0.
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FIG. 2. Variation of the slope D in the log-log plot of 1(0 as a Junction of the ratio of the aging
tome, t, to the gelling time, tg, forx = 0 (o), 2 (•), 4 (A) and 6 (V) mol % ofTiO2-
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FIG. 3.1(0) for 2 mol % TiO2 xerogel heat-treated at 120 °C with fitting of a sphere from factor.
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FIG. 4.1(Q) in a plot ofQ4l vs Q2, for 850 °C heat-treated xerogels, with x=4 and 10 mol % ZrO2-

229



4. Results and discussion
4.1. Fresh gels

Samples at gel point, called fresh gels, originate a scattered intensity I(Q)
which is a monotonously decreasing function, typical of a solution of non-interacting
elongated objects. All fresh gels produce identical I(Q), within the experimental error (-10%),
for all measured x values and for both TiC>2 and ZrC>2 systems. Figure 1 shows the result of
the division of I(Q) for x=2 and 6 mol % fresh gels by I(Q) obtained from x=0 fresh gel, in the
xZrO2-(l-*)SiO2 system. A fairly approximate constant equal to 1 is found.

Thus, the nanostructure at gel point is independent of the amount of TiO2 or
ZrC>2 present in SiC>2, at least for x<10 mol %, as seen by SANS. The authors
found for the scattering object, a gyration radius of 3 nm and cylindrical shape, the cylinder
length being of the order of 10 nm [3, 6] from equations (3) and (6).

Later, SANS measurements were extended to higher Q values to obtain
information on the cylinder radius. It was found to be of the order of the interatomic distance
in condensed matter [7]. The picture which emerges from the set of results obtained so far is
that, at the gel point, the scattering object is an extended linear polymer chain, ca. 10 nm long,
whose longitudinal network should extended as

Y-0-M-O-M- -0-M-O-Y
• I 1

whereas, in the radial direction the oxide network is simply M-O-Y, with M=Si, Ti or Zr and
Y=H or some ethyl group R. Other authors [2] have concluded that SiO2 in acidic solutions
forms linear polymers but apparently only in strong acidic solutions are these extended.

4 2. Aged Gels
The authors first studied the aging of gels of the system JcTiO2-(l-x)SiO2 [6]. It

was found that the extended chains grow with aging loosing the cylindrical shape. The growth
was observed to be consistent with the cluster-cluster diffusion limited aggregation model.
Such model generates random or disordered systems characterized by self-similarity in real
space within a characteristic length scale, often refered as, mass fractal systems, with a fractal
dimension of around 1.7. Since, such a dimension between 1 and 2 indicates a loosely
connected network, as branches on the tree, the above model generates an open ramified
object. In this model [8] particles are placed on a lattice and allowed to move by random
motion. Each time clusters approach within one lattice constant, they stick permanently and
then move as a unit. The larger units then also stick on contact with other clusters. The aging
of gels of the system xTiO2-(l-x)SiC>2 led to a fractal dimension of ~1.7 [6] as can be
observed in Figure 2. For the aged gels of the xZrO2-(l-x)SiO2 system a slightly larger value,
ca. 1.9, was obtained [7].

4. 3. Xerogels heat-treated at 120 °C
The scattering intensity from xerogels dried at 120 °C of the system

xTiO2-(l-x)SiO2 with x < 6 mol % presents [3] a broad peak as well as significant scattering
at lower Q, which increases with the TiO2 content. The peak position is seen to move to lower
Q with x. Beyond the peak position, I(Q) has been fitted with a sphere from factor (eq. 2), as
shown in figure 3. The best fit was achieved for a diameter of 3.6 nm, for x=2 mol % xerogel.
Such a sphere can be associated with pores in agreement with the results reported in [3]. The
peak in I(Q) can be attributed to the presence of homogeneous regions with average diameter
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27r/QPeak- This equals 13 nm for the x=2 mol % sample. Given the relative sizes, the pore
might be located in the meeting point of three or four oxide spheroids. SANS results from
xZrO2-(l-x)SiO2 xerogels with x<10 mol % show a broad peak at Q=0.04 A'1 in I(Q), for all
ZrO2 contents. Therefore, the average diameter of the oxide regions in this system is ~ 16 nm.
Furthermore the internal structure of these regions was studied and found to have mass fractal
nature, with a fractal dimensions < 2. This means that the homogeneous oxide region is, in
fact, an open ramified network.

4. 4. Xerogels heat-treated at 850 °C

In the xTiO2(l-x)SiO2 xerogels with x<10 mol %, heat-treated at 850 °C, the
scattered intensity shows a broad peak which has moved to higher Q value, as compared to
the 120 °C heat-treated sample. It is Q-0.05 A'1 in the case of x = 2 mol %. Beyond the peak
position, I(Q) has been fitted with a sphere form factor. A good fit was obtained for 3 nm
diameter, for the 2 mol % sample.

In the jtZrO2(l-x)SiO2 system with x<10 mol % xerogels produced scattered
intensities with broad peaks centered at Q-0.05 A"1, corresponding to an average oxide region
diameter of 12.5 nm. The internal structure of the oxide region was studied and found to be
that of a dense particle with smooth surface, as shown in Figure 4.

5. Conclusions
For both systems, at the gel point, cylindrical clusters or extended linear

polymer chains, about 10 nm long were found; these grow with aging time showing mass
fractal behaviour; the growth is consistent with the cluster-cluster difussion limited
aggregation model. At this stage the only apparent difference is slightly larger fractal
dimention of the xZrO2-(l-x)SiC>2 aged gel 1.9, compared to 1.7 for that ofxTiO2-(l-x)SiC>2.

Xerogels heat-treated at 120 °C show homogeneous oxide regions with
diameter of about 10-16 nm and pores with average diameter of 3-4 nm. In the
xTiC>2-(l-x)SiO2 xerogel these values increase with TiO2 content, whereas in the
xZrO2-(l-x)SiO2 system they are independent on the Zr(>2 content. Xerogels heat-treated at
850 °C show similar microstructure within each system but with reduced size of both oxide
region and pore as compared to the 120 °C heat-treated sample. At the same time, the low
density (open ramifield) oxide regions of the 120 °C heat-treated xerogel gave rise to dense
(hard core) oxide particles in the 850 °C heat-treated xerogels.
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