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Atomic ordering in xZrO,: (1 — x) SiO, xerogels
(x=0.3, 0.5) by X-ray diffraction and reverse

Monte Carlo simulations
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Atomic distribution functions for xZrO,- (1 — x) SiO, xerogels (x=0.3, 0.5) have been
obtained by X-ray diffraction experiments. Three dimensional structure models that closely
reproduce the experimental structural data have been constructed by reverse Monte Carlo
simulations. The model results suggest that the investigated xerogels do not exhibit any
characteristics of a phase segregation and have a homogeneous structure at the atomic
scale. In particular, the local atomic ordering in 0.5ZrO,-0.5SiO, xerogels heat treated to
770K has been found to be similar to that in crystalline ZrSiO,. The question as to why

a phase segregation occurs on the crystallization of xZrO, - (1 — x) SiO, xerogels (x — 0.3, 0.5)

has been addressed.

I. Introduction

ZrO,-containing silicates are important technological
materials due to their excellent resistance to alkali
corrosion and their low thermal expansion values
[1-4]. The preparation of these materials by the con-
ventional solid state reaction route which involves the
mixing of SiO, and ZrO, oxides followed by a thermal
treatment at elevated temperatures requires the use of
high temperatures if the synthesis is to be fully com-
pleted. Thus alternative routes to the synthesis of these
materials have been investigated and developed. In
this respect, sol-gel technology has proved to be
rather successful. It has been found that by employing
the sol-gel route ZrO,-SiO, amorphous materials
and gels, can be produced over quite a wide composi-
tion range at almost ambient temperatures [5-8]. By
subjecting these amorphous materials to a further
thermal treatment ZrO,-SiO, glasses, crystalline
powders, thin layers and other technological materials
have been easily produced [9-12]. Since the morpho-
logy and the structure-dependent properties of the
materials obtained via the sol-gel route are signifi-
cantly influenced by the structural characteristics of
the parent gel, a number of studies have dealt with the
atomic-scale structure of ZrO,-SiO, gels. In these
studies emphasis has been placed on revealing the
distribution of Zr and Si atoms in the amorphous
structure. Evidence for the presence of Zr—O-Si bonds
has been found by Raman and IR spectroscopy ex-
periments [9,13] which has been considered as an
indication that the distribution of Si and Zr atoms in
the ZrO,-Si0, gels investigated is more or less uni-
form on the atomic scale. No evidence for the forma-
tion of clusters rich in Zr atoms has been found by

extended-X-ray absorption fine structure (EXAFS) ex-
periments [14]. However these ZrO,—-SiO, gels and
glasses obtained from the gels have been observed to
always decompose into ZrO, and SiO, when heated
at high enough temperatures. An inherent tendency of
the Zr atoms towards clustering, even at low concen-
trations, has been suggested by the results of molecu-
lar dynamics simulations on the ZrO,-SiO, system
[15]. These findings may be taken as an indication
that Si and Zr atoms are not quite uniformly distri-
buted in the ZrO,-SiO, gels. Thus it seems that no
clear answer to the question: what is the atomic-scale
distribution of Zr and Si atoms in ZrO,-SiO, gels?
can be obtained on the basis of the structural informa-
tion collected to date. It is the purpose of the present
study to clarify the situation by carrying out a new
structural investigation on xZrO,-(1 —x)SiO,
xerogels (x = 0.3,0.5), using X-ray diffraction tech-
niques. Three dimensional structural models that
closely reproduce the experimental data have been
constructed by reverse Monte Carlo simulations. The
structural characteristics of the models have been
analysed in detail in order to reveal the spatial distri-
bution of Si and Zr atoms. The question: why do
Zr0,—Si0, gels decompose into ZrO, and SiO, upon
crystallization? is addressed.

2. Experimental procedures

2.1. Sample preparation

xZrO,- (1 — x) SiO, xerogels (x = 0.3,0.5) were pre-
pared by the controlled hydrolysis and condensation
of tetraethylorthosilicate, Si(OC,Hs), (TEOS), and a
70% solution of zirconium m-propoxide in propanol.
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Ethanol (C,HsOH), and hydrochloric acid (HCI) were
used as the solvent and as a catalyst, respectively.
Since the reaction rates of TEOS and m-propoxide
alkoxides differ, partial hydrolysis procedures were
applied in order to produce the sol. This method has
been previously applied to successfully produce TiO,—
SiO, gels [16,17]. The production of the sol occured
at room temperature in the following manner: at first
all the TEOS used was dissolved in half of the ethanol
and stirred while the water and acid were added in
drops. After stirring the resulting solution for 5min
the zirconium m-propoxide, dissolved in the rest of the
ethanol, was added in drops under continuous stir-
ring. With the following ratios of the parent products
used: ethanol/alkoxides =90, water/alkoxides = 10
and acid/alkoxides = 0.25 the gelation of the sol was
completed after ~700h. The wet gels were dried at
320K in air and further heated at 370K for 2h. The
thus obtained xerogels were ground into fine powders
which were probed using X-ray diffraction techniques.

2.2. X-ray diffraction investigations

The X-ray diffraction experiments were carried out
using the synchrotron radiation beamline 7/2 at the
Stanford Synchrotron Radiation Laboratory, USA.
The experiments were performed in a symmetrical
transmission geometry (® — 2@ mode) in steps of
0.01°. The white synchrotron beam was monochro-
mated by a double crystal Si(400) monochromator.
The diffracted X-ray photons were detected by a nitro-
gen cooled Ge solid state detector coupled to a 4-
channel analyser which separated the incoherent scat-
tering from the coherent scattering and also reduced
the overall background scattering. The 17keV X-rays
(4 = 0.0708 nm) selected by the monochromator were
used to collect high quality diffraction data up to
1.4nm ™' (130° in 2@). After applying the appropriate
correction factors as described in references [18-20]
the coherently scattered intensities, 1°°"(q), were ex-
tracted from the measured diffraction spectra and the
corresponding structure factors, S(g), defined as fol-
lows:

S(q) =1+ [I*"(9) — Yei @)/ Zeifil@)]® (1)

were calculated. Here ¢; and f;(q) are the atomic con-
centration and the atomic scattering factor of the
atomic species of type i(i = Zr, Si, O), respectively, and
q is the amplitude of the scattering(wave) vector
(¢ =4msin(®/L). By carrying out a Fourier transforma-
tion the corresponding reduced atomic distribution
functions, G(r),

G(r) = 4nr[p(r) — pol

_ (2/n)f:"“; a[s(q) — 1]sin(gr) dg @)

where p(r) and p, are the local and the average atomic
number densities as well as a distance in real space,
respectively, were calculated.

Structure factors obtained in this way and corre-
sponding atomic distribution functions for the two
investigated xerogels are shown in Figs 1 and 2,
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Figure 1 Structure factors, S(q) , for (a) 0.5ZrO,-0.5Si0, and (b)

0.3Zr0,-0.7Si0, xerogels. Key: (—) experimental data, (- - - -)
RMC results.
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Figure 2 Reduced atomic distribution functions for (a)
0.5Z1r0,-0.5Si0; and (b) 0.3ZrO, - 0.7 SiO, xerogels. Key: (—) ex-
perimental data; (- -) RMC fits.

respectively. As can be seen in Fig. 1 the experimental
structure factors are composed of low amplitude
peaks the first of which is centred at approximately
18.5nm™'. The relatively low amplitude of the first
peak in both structure factors indicates that no well-
defined long-range atomic correlations are present in
the investigated xerogels. This observation is con-
firmed by the fact that no pronounced peaks are
present in the corresponding atomic distribution func-
tions at real space distances longer than 1.0-1.2nm
(see Fig. 2). The first few physically sensible peaks in
both atomic distribution functions are centred at ap-
proximately 0.16, 0.225, 0.285, 0.36, 0.43 and 0.49 nm.
Amongst these peaks, the one centred at 0.36 nm has
the highest amplitude. By referring to available struc-
ture data for ZrO,-SiO, materials and taking into
account the ionic radii of Si, Zr and O it was reason-
able to attribute the first peak in the experimental
atomic distribution functions at 0.16 nm to the first
neighbour Si—O atomic pairs present in the investi-
gated xerogels. The second peak at 0.235nm was at-
tributed to the first neighbour Zr—O atomic pairs, the
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Figure 3 Comparison between (—) experimental and (- - -) model
atomic distribution functions for (a) 0.5ZrO,-0.5SiO, and (b)
0.3ZrO,-0.7Si0, xerogels. The model atomic distribution func-
tions are superpositions of properly weighed experimental atomic
distribution functions for the SiO, and ZrO, xerogels.

small amplitude third peak at 0.285nm — to the first
neighbour Zr-Si atomic pairs and the highest ampli-
tude peak at 0.36 nm to the first neighbour Zr-Zr and
Si—Si atomic pairs. This preliminary analysis of the
experimental atomic distribution functions was also
supported by the observation that the amplitude of
the peak at 0.162 nm, attributed to Si—O atomic cor-
relations, increases while the amplitudes of the peaks
at 0.225, 0.285 and 0.362 nm, attributed to Zr involv-
ing atomic correlations, decrease in line with the
change of the Si/Zr ratio (see Fig. 2). The next step in
the preliminary analysis of the experimental data was
to check whether the investigated xerogels could be
considered as a mixture of SiO, and ZrO, rich phases
i.e., to check if the Zr and Si atoms are not fully
homogeneous at the atomic scale. To do so we com-
pared the experimental atomic distribution functions
for the xZrO,-(1 —x)SiO, =xerogels (x = 0.3,0.5)
with model ones representing a properly weighed
superposition of experimental atomic distribution
functions for ZrO, and SiO, xerogels.

The two experimental distribution functions for the
ZrO, and SiO, xerogels were obtained and processed
in the same way as those for the ZrO,-SiO, xerogels
discussed in the present study. The results of the com-
parison are shown in Fig. 3. As can be seen in the
figure the calculated model atomic distribution func-
tions fail to reproduce the experimental data espe-
cially in the region of r values between 0.16-0.6 nm
where, our preliminary analyses suggest that the first
neighbour atomic correlations in xZrO, - (1 — x)SiO,
xerogels (x = 0.3, 0.5) should occur. This observation
suggested that the investigated xerogels are not a mix-
ture of ZrO, and SiO, rich phases and this result
prompted us to search for other models that better
reproduce the experimental data. Such models were
successfully constructed by reverse Monte Carlo simu-
lations, as will now be discussed.

3. Reverse Monte Carlo simulations on
xZr0O,- (1—x) SiO, xerogels (x=10.3, 0.5)
The reverse Monte Carlo method (RMC) used in the
modelling of disordered structures involves random

movements of atoms placed in a simulation box with
periodic boundary conditions. Moves are accepted if
the difference between the calculated model and ex-
perimentally derived structure-sensitive data, (usually
given in terms of structure factors and atomic distribu-
tion functions), is reduced. The process is repeated
until an almost perfect fit to the experimental data is
achieved. The resulting three dimensional atomic con-
figuration is considered to be a statistically representa-
tive model of the material under study. From the
configuration constructed important structural charac-
teristics such as partial atomic distribution functions,
co-ordination numbers and distances are determined
by geometrical analyses of the atomic coordinates
[21-24].

The present simulations on the xZrO, - (1 — x) SiO,
xerogels were carried out on atomic configurations of
4200 atoms placed in cubic boxes of appropriate edge
lengths.

During the simulations the random movements of
the atoms from the model atomic configurations were
limited by “cut-off” distances which prevented the
atoms from approaching each other to an unrealisti-
cally close distance. The following “cut-off” distances
of 0.14, 0.19, 0.21, 0.265, 0.335 and 0.340 nm estimated
from all the available structure data for ZrO,-SiO,
materials, were used for the Si-O, Zr-O, O-0O, Zr-Si,
Si—Si and Zr—Zr atomic pairs, respectively. The ampli-
tude of random atomic movements was initially
0.03nm which was gradually reduced to 0.001 nm
during the final stages of the simulation processes.

The probability of accepting an atomic movement
was determined by comparing the model calculated
with the experimental atomic distribution functions,
G(r), obtained from the present X-ray diffraction stud-
ies. Each of the particular simulation processes dis-
cussed below was terminated when approximately 10°
atomic moves were completed and no further im-
provement of the fit to the experimental data could be
achieved.

3.1. RMC simulations on the 0.5ZrO,-0.5Si0O,
xerogel
Having established that the investigated xerogel sam-
ples are unlikely to be a mixture of ZrO, and SiO,
phases we looked for structural models in which Zr
and Si atoms are homogeneously distributed at the
atomic level. For the 0.5ZrO,-0.55i0, xerogel a
model based on the structure of crystalline ZrSiO,
was investigated. For reference, crystalline ZrSiO,4 can
be considered as an assembly of SiO, and ZrO, tetra-
hedra where no direct links between like (SiO,4 or
ZrQ,) tetrahedral units exist [25]. A segment of the
starting atomic configuration with the crystalline
ZrSi0, structure is shown in Fig. 4. To ensure that the
basic structural features of the starting atomic config-
uration do not become completely lost in the course of
the simulation process and thus enable us to look for
the presence of these features in the 0.5ZrO, - 0.5Si0,
xerogel some extra constraints on the simulation
process were imposed. It was required that the
immediate oxygen co-ordination of Si and Zr atoms is
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Figure 4 Segment of the initial atomic configuration used in the
RMC simulations on the structure of the 0.5ZrO, - 0.5 SiO, xerogel.
The configuration is that of the structure of crystalline ZrSiO,4 [25]
being a regular assembly of almost perfect SiO, and distorted ZrO,
tetrahedra.
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Figure 5 Comparison between (—) experimental and (- - -) model
reduced atomic distribution functions for the 0.5ZrO,-0.5SiO,
xerogel. The model data shown in spectrum (a) are calculated from
an atomic configuration initially having the structure of crystalline
ZrSi0,. The model data shown in spectrum (b) are calculated from
an atomic configuration initially having the structure of crystalline
ZrSiO, where, in addition, the positions of 10% of the Zr and Si
atoms have been interchanged.

approximately preserved. Under these simulation con-
ditions the starting atomic configuration rapidly re-
laxed to a state consistent with the experimental struc-
tural data for 0.5ZrO,-0.5S10, xerogel.

As can be seen in Fig. 5 (per spectrum (a)) a model
based on the structure of crystalline ZrSiO, repro-
duces the experimental data for 0.5ZrO,-0.5Si0,
more closely than does a model based on a mixture of
ZrO, and SiO, phases (see Fig. 3). This result of our
simulations suggests that Zr and Si atoms in the
0.5Zr0O, - 0.5Si0, xerogel are highly likely to be uni-
formly distributed at the atomic level in a way similar
to that encountered in crystalline ZrSiO,. However,
since the experimental G(r) peak amplitudes at 0.16
and 0.235nm were not closely reproduced by this
structural model we have attempted to further refine
it. Initially we checked for the possible microclustering
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of Zr atoms that was suggested by the molecular
dynamics simulations performed by Damodaran et al.
[15]. To do so we randomly interchanged the atomic
positions of 10% of the Si and Zr atoms in the model
thus creating an atomic assembly containing first
neighbour Zr—O-Zr and Si—O-Si local atomic config-
urations which, otherwise, do not occur in crystalline
Z1Si0O, and the initial RMC model. The modified
structural model, however, produced an even greater
discrepancy with the experimental data especially in
the region around 0.28 nm (Spectrum (b) in Fig. 3),
where according to our preliminary analyses on the
experimental G(r), the first neighbour Zr-Si atomic
correlations occur. The observed discrepancies clearly
indicated that first neighbour Zr—-O—Zr and Si-O-Si
atomic configurations are unlikely to exist in the
0.5Zr0O,-0.5Si0, investigated xerogel. In addition,
our simulations do not support the results of
Damodaran et al. [15] that suggested an inherent
tendency of Zr atoms towards clustering in ZrO,—
SiO, gels.

Since this modification of the initially constructed
RMC model turned out to be an unsuccessful one,
another, more suitable modification was looked for.
Recalling the fact that the ZrO,-SiO, gels were ob-
tained with a rather porous morphology and often
showed a deviation from the targeted nominal chem-
ical composition, we tried to refine the initial RMC
model by eliminating a certain amount of Zr atoms
from the model thereby simulating a non-stoichiomet-
ric, i.e., defect containing gel structure. The amount of
Zr atoms (approximately 10%) we eliminated was
suggested by the results of our detailed chemical ana-
lyses which showed that the actual chemical composi-
tion of the investigated xerogel is 0.5Zr; _;0, - 0.5510,
where & = 0.1. It should be noted that, most probably
due to the specifics of the sol-gel preparation route,
Zr0,-Si0, gels have often been found to be slightly
Zr deficient (see Table I in reference [14]). With this
modification incorporated into the initial RMC model
we were able to almost perfectly reproduce the experi-
mental G(r) data, for the xerogel with a nominal chem-
ical composition of 0.5ZrO, - 0.5Si0,, shown in Fig. 2.
The modified structural model also closely repro-
duced the corresponding experimental S(g) data
shown in Fig. 1. The goodness-of-fit indicator in real
space achieved with the model data in Fig. 2 is ap-
proximately 17%. For reference, this value is only
approximately 3.5% when the corresponding pair
atomic distribution functions, g(r) = p(r) /po, instead
of the reduced atomic distribution functions are com-
pared to each other.

3.2 RMC simulations on the 0.3ZrO,-0.7SiO,
xerogel
Since our preliminary analyses on the experimental
structural data suggested that the 0.3ZrO,-0.7SiO,
xerogel is unlikely to be a mixture of ZrO, and SiO,
phases a model assuming a homogeneous distribution
of Zr and Si atoms was looked for. Considering the
success of the RMC model based on the structure of
crystalline ZrSiO, in approximating the atomic



arrangement in the 0.5ZrO, - 0.5S10, xerogel we decided
to adapt the final atomic configuration corresponding to
this model to the case of the 0.3ZrO, - 0.7Si0O, xerogel.
To do so we substituted Zr atoms for Si atoms in the
model atomic configuration so as to satisfy the findings
of our detailed chemical analyses that showed that the
actual chemical composition of the investigated xerogel
is 0.3Zr; _;0,-0.7Si0,, where 6 = 0.11. This model, as-
suming a uniform distribution of Zr-O polyhedra in
a matrix of Si-O polyhedra, did reasonably well in
reproducing the experimental structural data for the
investigated xerogel shown in Figs 1 and 2. The good-
ness-of-fit indicator achieved in real space with the
model data in Fig. 2 is approximately 19%. Again for
reference, this value is only approximately 3.9% when
the corresponding pair atomic distribution functions,
g(r) = p(r)/po, instead of the reduced atomic distribution
functions are compared to each other.

Given the good agreement observed between the
present RMC simulations and the experimental struc-
tural data for xZrO, - (1 — x)SiO, xerogels (x = 0.3,
0.5) one may expect that the structural characteristics
of the investigated materials are likely to be closely
matched by the constructed three dimensional atomic
configuration.

4. Discussion

The analysis of the present RMC structure models
started with the derivation of the partial atomic distri-
bution functions, G;;(r), (i,j =Zr,Si,O). The partial
atomic distribution functions for the 0.5ZrO, - 0.5Si0,
xerogel are shown in Fig. 6 (a and b) and those for
0.3Zr0O,-0.7Si0O, in Fig. 7 (a and b). As can be seen in
the figures the atomic partial distribution functions
that contain oxygen are quite similar for both investi-
gated xerogels. Both Gg o(r) partial functions have
only one well defined peak at 0.22 nm indicating the
presence of only short-range order correlations be-
tween O atoms in both xerogels. Both Gg; o(r) func-
tions have a large amplitude first peak at 0.163 nm,
a second one at 0.23 nm and subsequent hardly dis-
cernible oscillations extending up to 1.8 nm.

In both G, o(r) functions the first peak is split into
two components at 0.203 and 0.23 nm with other
peaks being positioned at approximately 0.4,0.65, 0.88,
1.22 and 1.6 nm. The splitting of the first peak into two
components in both Gz, o(r) functions suggests that
there are two distinct Zr—O first neighbour distances
in the investigated xerogels. It is interesting to note
that recent EXAFS experiments have also found two
distinct Zr—O distances in the first co-ordination shell
of Zr atoms in ZrO,—SiO, xerogels [ 14]. The shorter
Zr—O distance at approximately 0.203 nm has been
attributed to bridging Zr—O-Si bonds while the longer
Zr-O distance at approximately 0.23 nm to terminal
(non-bridging) Zr—O bonds. We consider that the
good agreement between the predictions of the present
RMC models and the experimental EXAFS findings is
strong evidence supporting the reliability of our simu-
lations.

As can be seen in Figs 6 (a) and 7 (a) Zr—Zr atomic
distribution functions for both the investigated
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Figure 6 Partial atomic distribution functions, G;{r), for the
0.5Zr0,-0.5Si0, xerogel according to the present RMC simula-
tions: (a) (i) Si-Si, (ii) Si-Zr and (iii) Zr-Zr and (b) (i) O-O, (ii) Si-O
and (iii) Zr-O.

xerogels are also quite similar. They are characterized
by a dominant peak at 0.365 nm and two more distant
oscillations positioned at approximately 1.1 and
1.43 nm. Since there are no Zr atoms separated by
distances less than 0.365 nm, which is the first neigh-
bour Zr-Zr distance occurring in crystalline ZrSiOy,
one may assume that, similarly to the corresponding
crystal, Zr atoms in the investigated 0.5ZrO, - 0.5 SiO,
xerogel sample are uniformly distributed at the atomic
scale. The same assumption also holds for the
0.3ZrO, - SiO, xerogel since the Zr—Zr atomic correla-
tions observed in this case are similar to those found
in the structural model for the 0.5ZrO,-0.5Si0,
xerogel.

As one can see in Figs 6 (a) and 7 (a) according
to the present simulations Zr—Si atomic distribu-
tion functions in xZrO,-(1 —x)SiO, xerogels
(x =0.3,0.5) also exhibit similar features. Both
G,_si(r) functions have two pronounced peaks at 0.27
and 0.36 nm followed by small amplitude oscillations
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Figure 7 Partial atomic distribution functions, G;{r), for the
0.3Zr0O,-0.7Si0, xerogel according to the present RMC simula-
tions: (a) (i) Si-Si, (i) Si-Zr and (iii) Zr-Zr and (b) (i) O-O, (ii) Si-O
and (iii) Zr-O.

positioned at 0.75,1.03,1.23 and 1.7 nm. As may be
expected the long-range (above approximately 0.5 nm)
Zr-Si atomic correlations in the 0.3ZrO,-0.7 SiO,
xerogel, where the Zr concentration is much less than
the Si one, are weaker than these found in the
0.5Zr0O,-0.5Si0, xerogel, where Zr and Si species
approximately have the same atomic concentration. It
should be noted that the first peak in both G, g(r)
functions at approximately 0.285 nm, which is close
to the first neighbour Zr—O-Si atomic distance in
crystalline ZrSiO,, evidently reflects Zr—O-Si atomic
configurations in the present structure models for
the investigated xZrO, (1 —x) SiO, xerogels
(x =0.3, 0.5). The presence of such Zr—O-Si config-
urations (Zr—O-Si bonds) in ZrO,—SiO, amorphous
materials has also been observed in several spectro-
scopic experiments [8,9, 13, 14].

According to the present RMC simulations the
Si-Si  atomic distribution function for the
0.5Zr0O,: 0.5 Si0, xerogel has a first well defined peak
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at 0.35nm followed by much broader ones at
0.65,1.02 and 1.43 nm. The position of the first peak
corresponds to the first neighbour Si-Si interatomic
distances in crystalline ZrSiO4. Therefore, one may
well assume that, similar to the corresponding crystal,
the distribution of Si atoms in the investigated
0.5Zr0O,-0.5S10, xerogel is more or less uniform.
However, as one can see in Fig. 7 (a) the Si—Si atomic
correlation function for 0.3ZrO,- 0.7 SiO, xerogel has
two well defined peaks at approximately 0.28 and
0.35 nm in addition to the small amplitude oscillations
positioned at approximately 0.7,1.05 and 1.43 nm.
These two peaks indicate that there are two types of
first neighbour Si-Si distances in the present struc-
tural model for the 0.3ZrO,-0.7SiO, xerogel. The
longer of these Si—Si distances (0.35 nm) may, as in the
case of the 0.5ZrO,- 0.5 SiO, xerogel, be attributed to
Si—Si pairs mediated by Zr—O polyhedral units. The
shorter one (0.28 nm) then may be attributed to Si—Si
pairs not mediated by such polyhedra. The emergence
of more closely spaced Si-Si atomic pairs in the
0.3Zr0O,' 0.7 Si0, xerogel, suggested by the results of
the present simulations, is not surprising considering
the relatively high Si atomic species content present in
this material. It should be noted that the results of the
molecular dynamics simulations of Damodaran et al.
[15] also suggest the presence of relatively closely
spaced Si atoms, occupying the centres of linked Si—O
polyhedra, in the gels with the composition of
0.3Z1r0,- 0.7 SiO,.

Other important characteristics of the local atomic
arrangement in the investigated xerogels obtained
from the RMC models were the partial co-ordination
numbers. These were obtained by counting all atomic
pairs falling into co-ordination shells with boundaries
of 0.235,0.265,0.290,0.345,0.410 and 0.42 nm for the
Si-0O, O-0, Zr-O, Zr-Si, Zr-Zr and Si—Si atomic
pairs, respectively. The boundaries of the co-ordina-
tion shells were considered to coincide with the min-
ima following the first well defined peaks in the corre-
sponding partial atomic distribution functions. The
partial co-ordination numbers obtained in this study
are summarized in Table I. As can be seen in the table
the first co-ordination numbers for Si—O from the
present structural models are close to 4 indicating the
presence of SiO, tetrahedral units in both of the inves-
tigated xerogel samples. This inference is also sup-
ported by the fact that the first neighbour O-O dis-
tance found (ro o =0.22nm) is close to 2(2/3)'/?
Isiio ('sio =0.163 nm) as it should be with tetrahedral
SiO, co-ordination units. Since the O-Si first co-
ordination number in the 0.5ZrO,-0.5SiO, xerogel
is close to 1 there are obviously no coupled SiO, tetra-
hedra in this material. In the 0.3ZrO, 0.7SiO,
xerogel, where the O-Si first co-ordination number is
greater than 1, then coupled SiO, units are very likely
to occur. In both investigated xerogels the Zr—O first
co-ordination number is close to 5 which is well in
line with the results of several reported spectroscopic
studies [14 and references therein] as well with the
predictions of the molecular dynamics simulations of
Damodaran et al. [15]. We consider that the close
agreement between the present findings and the results



TABLE I Partial co-ordination numbers, for xZrO,- (1 — x) SiO,
xerogels (x = 0.3, 0.5) calculated using the RMC structural models
developed in this work

0.5Z10, - 0.5Si0, 0.3Z10,-0.7Si0,

Si-O 3.81 3.75
O-Si 0.96 1.3

O-Zr 1.05 0.82
Zr-O 5.28 5.07
Zr-Si 2.20 2.30
Si-Zr 345 1.07
Zr—Zr 2.48 1.65
Si-Si 3.12 5.23
0-0 3.87 3.74

of previous investigations as further evidence in
support of the reliability of the performed RMC
simulations.

Considering that the O—Zr first co-ordination num-
bers in the present structural models have been found
to be close to unity, one may well assume that no
coupled Zr—O polyhedral units occur in the investi-
gated xerogel materials. The proposed uniform distri-
bution of the Zr atoms (Zr—O polyhedra) in the
xZr0O, (1 — x)Si0O, xerogels (x =0.3,0.5) is sup-
ported by the fact that no change in the Zr-Si first
co-ordination number is observed with the change in
the relative amount of Zr and Si atomic species (see
Table 1). Some changes in the number of first Si-Zr
and Zr—Zr neighbours, in line with the change in the
relative content of Si and Zr atomic species, are, how-
ever, predicted by the results of the present simula-
tions. As one may expect with the increase of the
relative amount of Si atomic species the number of
first Si-Zr and Zr-Zr atomic neighbours decreases
and that of the Si—Si atomic neighbours increases (see
Table I).

In general, the results of the present simulations
suggest that at the atomic scale xZrO,- (1 — x) SiO,
xerogels (x =0.3,0.5) may be considered to be an
assembly of irregular Zr—O polyhedra, involving short
(0.203 nm) and long (0.23 nm) Zr—O bonds, uniformly
imbedded into a matrix of SiO, tetrahedral units. In
particular, this specific atomic arrangement in the
0.5Zr0O, - 0.5 Si0, xerogel is closely related to that in
crystalline ZrSiO,.

The question as to: why do ZrO,-SiO, xerogels, in
which, according to the results of the present simula-
tions, Zr and Si atoms are homogeneously distributed
at the atomic level, always decompose into Zr and Si
rich phases upon prolonged thermal treatment at ele-
vated temperatures? arises. To address this question it
was necessary to perform some extra investigations.
A sample of the 0.5ZrO,- 0.5 SiO, xerogel was further
thermally treated at 770 K for 4 h and then investi-
gated by X-ray diffraction. The experimental atomic
distribution function obtained in the same manner as
previously discussed is shown in Fig. 8. A comparison
between the experimental atomic distribution func-
tions for the sample that did not receive an extra heat
treatment (Fig. 2) and the sample treated at 770 K
(Fig. 8) shows that they are rather similar and obvi-

Reduced RDF, G(r)
o

-3+

0 02 04 06 08 10 12 14 16 1.8
Distance, r(nm)

Figure 8 Reduced atomic distribution function, G(r), for the
0.5Zr0,-0.5S10, xerogel thermally treated at 770 K. Key: (—)
experimental data, (- - -) RMC fit.

ously both correspond to samples in an amorphous
state. Given the similarity of both sets of experi-
mental data we tried to fit the data for the further
thermally treated sample with the RMC structural
model that reproduced the data for the standard
thermally treated sample. The model is able to
reproduce the experimental results shown in Fig. 8.
An analysis of the calculated model atomic configura-
tion showed that its characteristics were not very
different from those of the initial one with small
differences being observed in the Si—O first, Si—Si
second and Zr—Zr second co-ordination numbers. For
the sample that received the extra thermal treatment
all these co-ordination numbers were found to be
slightly higher than the corresponding ones for
the standard xerogel. This indicates that some kind
of densification of the atomic arrangement occured
on further thermal treatment but that the main
characteristics of the xerogel, including the distribu-
tion of Zr and Si atoms, remained unchanged. Thus
these results indicated that up to the point where
the first indications of crystallization are observed the
atomic scale structure of the 0.5Zr0O,-5SiO, xerogel
is not substantially changed and, as indicated by the
results of the present simulations, it is highly likely to
be an assembly of uniformly distributed Zr-O and
Si—-O polyhedra.

In this way our studies suggest that a separation
into Zr and Si rich phases takes place only upon
a crystallization of xZrO, - SiO, xerogels (x =0.3, 0.5),
which in our case occurs at temperatures slightly
above 770 K, and that this crystallization is most
probably due to an increased diffusion promoted by
the thermal inpact and it is not due to the presence of
some initial Zr and/or Si microsegregation. It is inter-
esting to note that ZrO,-SiO, glasses [8] and even
ZrSiO, crystals [25], have also been found to be
unstable against thermal treatment decomposing into
Si rich and Zr rich phases at temperatures higher than
1000 K. In this respect, it seems that in the
ZrO,-Si0, xerogels this phase decomposition occurs
at slightly lower temperatures (770-800 K) which is
probably due to the greater degree of structural dis-
order already present in them.
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5. Conclusions

The results of the present X-ray diffraction and RMC
studies suggest that at the atomic level xZrO,- (1 — x)
SiO, xerogels (x = 0.3, 0.5) are highly likely to be an
assembly of uniformly distributed Zr—O and Si—O
polyhedral units. The reason for the homogeneous
distribution of Si and Zr atomic species in the investi-
gated xerogels could lie in the specifics of the sol-gel
process employed in their preparation, namely, in the
intimate mixing of Si and Zr alkoxide components in
the sol precursor achieved by a careful control on the
sol formation rate. Thus the results of the present
study clearly demonstrate the success of the sol-gel
method in yielding ZrO,-SiO, amorphous materials
with a homogeneous microstructure whose basic char-
acteristics are preserved even after a prolonged ther-
mal treatment at 770 K.
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