Changes in the Zr environment in zirconia—silica xerogels with
composition and heat treatment as revealed by Zr K-edge XANES

and EXAFS
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X-ray absorption spectroscopy at the Zr K-edge is an important technique for probing the environment of Zr.
Here it is applied to zirconia-silica xerogels with composition 0.07 < x < 0.40, where x is the molar ratio

Zr : (Zr + Si). Reference samples of crystalline ZrO, , ZrSiO, , BaZrO; and liquid Zr n-propoxide were also
examined. New XANES (X-ray adsorption near edge structure) results are presented for zirconia—silica
xerogels, and compared with previous EXAFS (extended X-ray absorption fine structure) results. For high Zr
contents (x = 0.4) there is a separate, amorphous ZrO, phase, which before heat treatment is similar to Zr
hydroxide, and after heat treatment at 750 °C is similar to an amorphous precursor of tetragonal ZrO, . For
low Zr contents (x = 0.1) there is atomic mixing of Zr in the SiO, network, and the environment of Zr is more
similar to that in Zr n-propoxide compared to other reference samples. New in situ XANES and EXAFS
results are presented for x = 0.1 xerogels heated at 250 °C. These clearly show that the Zr environment

depends on ambient moisture in addition to heat treatment.

1. Introduction

Mixed zirconia-silica materials are technologically useful
because of their strength, fracture toughness and chemical
durability (like zirconia), low thermal expansion and tunable
refractive index.! There is also interest in the possible catalytic
applications of these materials.> The structure of mixed
zirconia-silica materials is fundamentally interesting because
Zr** cannot isomorphically substitute for Si** in silicate min-
erals, due to its large size (Zr—O coordination of 6-8) and high
charge (compared to Mg?* for example).> There is one mixed
zirconia-silica crystalline compound, zircon (ZrSiO,), but its
formation requires heating at 1400°C.* The preparation of
mixed zirconia-silica glasses by melt-quenching is difficult
because of the high melting temperatures required.’

Preparation by the sol-gel process has the advantage of
using liquid precursors and is a comparatively low tem-
perature process for producing glassy materials.® A gel is pro-
duced by hydrolysis and condensation reactions of metal
alkoxide precursors, and is then converted to a xerogel by
drying. A xerogel is generally an amorphous, microporous,
hydrated solid, and becomes more like a conventional melt-
quenched glass with heat treatment up to ~1000°C. The
structure of zirconia-silica xerogels is strongly dependent on
the composition, preparation method and heat treatment. In
order to understand better their properties, it is important to
characterise the environment of Zr and how it depends on
sample preparation conditions.

The atomic structure of amorphous zirconia—silica xerogels
with composition 0 < x < 0.5, where x is the molar ratio
Zr : (Zr + Si), has been investigated using several techniques.
IR,”-® Raman’ and 2°Si NMR® studies show that Zr disrupts
the SiO, network. 70O NMR studies for x = 0.1% show a pre-
dominance of Si-O-Zr oxygen configurations, whilst for
x = 0.4% they show significant amounts of O exclusively
bonded to Zr, i.e. O-Zr, configurations, which before heat
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treatment are similar to those in monoclinic ZrO, (m-ZrO,°).
For x < 0.1, IR and Raman studies’ have concluded that the
Zr local environment is like that in cubic ZrO, (c-ZrO,°).
X-ray diffraction studies have shown that continued heat
treatment of zirconia-silica xerogels with x < 0.5 eventually
causes crystallisation of tetragonal ZrO,'° (t-ZrO,°). X-ray
and neutron diffraction’ and Zr K-edge EXAFS (extended
X-ray absorption fine structure)®!! results are consistent with
all of these observations. Previous workers'? have suggested
that for 0.3 < x < 0.5 the local structure is similar to ZrSiO,,
but ZrSiO, contains only isolated SiO, tetrahedra,* which is
completely inconsistent with 2°Si NMR observations of
zirconia-silica xerogels.®

We have previously presented a combined IR, 2°Si and 17O
NMR and Zr K-edge EXAFS study carried out on a single set
of zirconia-silica xerogel samples.® Here we present new
EXAFS and XANES (X-ray absorption near edge structure)
results, including in situ measurements, which greatly extend
the previous work. This leads to a more detailed description
of the Zr environment in x = 0.1 xerogels, and clearly shows
that it is sensitive to ambient moisture.

2. Method

2.1. Sample preparation

Our xerogel samples were prepared using the sol-gel process
from the following precursors: tetraethyl orthosilicate, TEOS
(Aldrich, 98%), and Zr(iv) n-propoxide, Zr(OPr"), (70 wt.%
solution in propan-1-ol, Aldrich). HCI (Fisons) was used as a
catalyst and propan-1-ol (Aldrich, 99+ %) was used as a
mutual solvent.

The method of Yoldas!?® was used to promote homogeneity
within the samples. This involved prehydrolysis of the TEOS
to maximise the number of Si-OH groups, before mixing with
the more reactive Zr(OPr"), precursor. The chosen pre-
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hydrolysis conditions were TEOS : propan-1-ol : water in a
1:1:1 molar ratio in the presence of HCI (pH 1), stirring for
2 h. The appropriate quantity of stock Zr(OPr"),—propan-1-ol
solution was diluted further, 1 : 4 by volume with propan-1-ol,
before being slowly added to the prehydrolysed TEOS solu-
tion with stirring. After one hour, water was added such that
the overall alkoxide : water molar ratio was 2. The resulting
clear sol was then left to gel: this typically took a few days,
depending on composition. This method of preparation is
hereafter referred to as method A.

A second set of samples was made in the same way, but
with stock Zr(OPr"),—propan-1-ol solution diluted further,
1: 30 by volume with propan-1-ol, in an effort to promote
greater mixing. This is hereafter referred to as method B.

All samples were air dried for several days, finely ground,
and then pumped under vacuum for 24 h to remove any
excess solvent. Heat treatments were performed at a heating
rate of 5°C min~! with each temperature maintained for 2 h.

Various reference compounds were also examined. Samples
of m-ZrO,, t-ZrO, and c-ZrO,, were obtained from the
TOSOH Corporation. The t-ZrO, and c-ZrO, were stabilised
with 3 and 13 mol% Y,0,,'* hereafter denoted “st-ZrO, ”
and “sc-ZrO, ” respectively. Samples of BaZrO; and Zr n-
propoxide were obtained from Aldrich, and a sample of
ZrSiO, was obtained from Strem Chemicals. A sample of Zr
hydroxide was prepared by the precipitation method.
ZrCl, - 8H,0 (50 g) was dissolved in distilled water (200 ml) to
produce zirconium hydroxide precipitate and ammonium
chloride. The precipitation reaction was halted by adding 35
wt.% aqueous ammonia until a pH of ~ 10 was reached, with
the aim of producing small precipitate particles. The precipi-
tate was washed with water and filtrated, then heated to
230 °C to remove excess water.

2.2. Experiment

We have previously presented EXAFS results for zirconia—
silica xerogels prepared using method A, and for reference
compounds of st-ZrO,, m-ZrO, and ZrSiO,.® Here we
present new EXAFS results for reference compounds of sc-
ZrO,, BaZrO; and Zr n-propoxide, and for an unheated
x = 0.1 xerogel measured in situ at 25 and at 250°C. The
experiments were carried out on EXAFS station 9.2 at the
Daresbury Laboratory, UK. EXAFS spectra were collected in
transmission mode at the Zr K-edge, with edge position E, =
17998 eV. A Si(220) monochromator was used, with a harmo-
nic rejection of 50%, and a resolution of ~5 eV at the Zr
K-edge.'’

The absorbance, ut = In(I,/I,), was measured using stan-
dard ion chambers before and after the sample (I, and I,
respectively). In situ measurements were carried out using a
furnace with kapton windows and an N, atmosphere.'® The
pre- and post-edge backgrounds, ut,. and pt,,, were
obtained by fitting polynomials of order 1 and 3 respect-
ively. The normalised absorbance is 1+ y = (ut — ut,,.)/
(:utpost - :utpre)‘

In our previous study, XANES results were not presented.
Here we present XANES results for all of the samples studied
by EXAFS, plus additional samples. Most of the XANES
experiments were carried out on EXAFS station 9.2 as
described above. XANES spectra were collected in the near
edge region, from — 15 to 430 eV with steps of 0.6 eV relative
to the absorption edge. The limited lifetime of the core-hole
causes a broadening of ~2 eV at the Zr K-edge.!” XANES
spectra are presented with E = 0 at the inflection point of the
main absorption edge (E, = 17998 V). For the Zr hydroxide
sample, the combined XRD/EXAFS station 9.3 was used. The
experimental conditions were similar to those described above
except that XANES spectra were collected with steps of 1.7
eV.
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2.3. EXAFS data analysis

The EXAFS spectra were analysed using the curved wave,
single-scattering, equation'8

N.
1K) = SolkPY. - |k, )| e=285%0
j J

X €297 §in(2kR, + 26(k) + $(k, R)) 1)

where k is the photoelectron wavevector, and N;, R; and g;
describe the coordination number, distance and standard
deviation (respectively) for the jth shell of neighbouring atoms
around the central atom. The program EXCURV92!® was
used to fit eqn. (1) to the experimental y(k). The parameters
| f(k, Ry |, ¢(k, R;), 6(k) and A(k) represent the amplitude and
phase of backscattering, the phase shift at the central atom,
and the inclastic mean free path of the photoclectron. These
parameters were calculated within EXCURV92 using von
Barth and Hedin-Lundqvist potentials, with Z + 1 approx-
imation for the excited atom. The amplitude reduction factor,
So(k)?, represents multi-electron effects. EXCURV92 uses an
additional parameter, Ep, to correct the edge position E,.
Eqgn. (1) does not include the effects of multiple-scattering.
However, multiple scattering is expected to be less significant
for amorphous materials (as seen in amorphous Si2°), and
should not affect results for nearest neighbour, ie. Zr-O,
correlations.

Structural parameters were obtained from the experimental
x(k) using least squares fitting in k-space with k* weighting,
The fits for crystalline compounds were carried out with N;
fixed equal to the published values, and R;, ¢;, Er and So(k)ﬁ
free to vary. The value of S,(k)?> was found to be 1.0. The fits
for the xerogel samples were carried out with fixed Sy(k)* =
1.0, and N;, R;, ¢; and Ej free to vary. The data from the
xerogel samples, which have weaker EXAFS oscillations, are
significantly affected by a double-electron transition at ~7.7
A~12! Consequently, during the fitting for these samples, the
data between 7.0 and 8.3 A~! were excluded. The statistical
errors of fitting are obtained from the 95% confidence limits
in the least sum of squares.>? The quality of fits is reported
using the discrepancy index

Ry = <Z ki3 | X(ki)expt — (k)i |>

/z k?'x(ki)expt| X 100% (2)
J

Values of k. = 2.8 A~* and k,,, ~ 20 A~* were used for all
samples, e)zg\cept the x = 0.1 xerogel measured in situ, for which
Kpay ® 16 A71,

‘max

2.4. XANES data analysis

XANES at the K-edge involves the excitation of a 1s photo-
electron into low-lying empty states at the central atom with
p-type symmetry.?3 The characteristic features of XANES
spectra for transition metal oxides are as follows.?* Pre-edge
peak(s) correspond to 1s to nd transitions with p—d mixing.
Such transitions are not allowed for completely centro-
symmetric metal atom sites, but the pre-edge peak intensity
increases as the degree of centrosymmetry decreases. The
shape of the main absorption peak represents transitions to np
continuum states and “ shape resonances ” of the metal atom
environment.?® Peaks occurring a few 10 €V about the main
peak correspond to multiple scattering involving second
nearest neighbour atoms or higher shells. Qualitative informa-
tion can be obtained by comparing XANES spectra with
those of reference compounds (the so-called “fingerprint”
method) [e.g. ref. 25].



3. Results

3.1. EXAFS results

To assist in the interpretation of results, Table 1 describes the
environments of Zr in various reference compounds. Pure t-
Zr0, and c-ZrO, are unstable at 25°C,” and Table 1 shows
instead st-ZrO, and sc-ZrO,, i.e. the forms stabilised with
Y,0;.'* The EXAFS results for reference compounds are also
shown in Table 1. There is good agreement with the crystallo-
graphic data and with other EXAFS studies, with the follow-
ing exceptions. For m-ZrO, the observed value of Ry, is
slightly shorter than the crystallographic value, an effect
which has previously been explained.?® For st-ZrO, and sc-
ZrO,, the observed values of R, o, and R, , differ from
values reported clsewhere, probably due to differences in
details of stabilisation by Y,0;. Attempts to fit the Z1SiO,
EXAFS data with a second Zr-Si correlation at ~3.6 A did
not yield the correct Zr—Si distance. This occurs because Si is
a weak backscatterer, and hence such correlations do not
make a strong contribution to the EXAFS signal. The values
of Ry for BaZrO; are high because there are strong corre-
lations at larger distances (these were not fitted because it is
the Z1—O correlations which are of interest here).

Figs. 1 and 2 show experimental k3y(k) and the magnitude
of the FT of k3y(k) previously measured ex situ for x = 0.1
xerogels before and after heat treatment at 750 °C. Figs. 1 and
2 also show new in situ measurements for an unheated x = 0.1
xerogel measured in situ at 25 and at 250°C. The FTs show
features at ~ 1.5 A which are unphysical, being too short for a
realistic values of R;, . Similar artefacts have been observed
in Zr and Ti K-edge EXAFS.2!27 Table 2 shows the EXAFS
results for the xerogel sample measured in situ, along with pre-
vious results for zirconia-—silica xerogels with x = 0.1 and
x = 0.4 measured ex situ. It was previously shown that for
x = 0.1 it is necessary to use a split Zr-O shell to obtain a
satisfactory fit, but for x > 0.2, a single Zr—O shell is sufficient.

5 10 15
k/A1

Fig. 1 k3y(k) for x = 0.1 xerogels measured ex situ (a) before and (c)

after heat treatment at 750 °C,® and measured in situ (b) at 25°C and

(d) at 250 °C. Dotted lines are fits to the data.

187117

RIA

Fig. 2 | FT{k*x(k)} | corresponding to Fig. 1. Dotted lines are fits to
the data. (Note that for (a) and (c) fitting was performed using k., ~
20 A~! but the FT is displayed using k.~ 16 A~!, so that FT
effects are the same as for (b) and (d).)

max

Table 1 EXAFS results® for reference compounds from the literature® and in our work® (where EXAFS results were not available, X-ray

diffraction results are shown?)

Literature Our work
Compound [ref.] Correlation N R/A R/A 202/A2 Ry (%)
st-ZrO% [9] Zr—Oa 4 2.08 2.09(1) 0.010(2) 39
Zr-Ob 4 2.38 2.28(3) 0.046(15)
{2.23}
Zr—Zr 12 3.62 3.62(1) 0.018(1)
Z:SiO, [4] Zr—Oa 4 213 2.12(1) 0.005(2) 38
Zr-Ob 4 2.27 2.26(1) 0.006(2)
{2.20}
Zr-Si 2 2.99 3.00(1) 0.005(2)
Zr—Zr 4 3.63 3.64(1) 0.006(1)
sc-ZrO% [9] Zr—Oa 3 2.04 2.11(1) 0.008(1) 26
Zr—Ob 4 228 2.21(1) 0.020(5)
{2.15}
ZrZr 12 3.64 3.60(1) 0.021(2)
m-ZrO, [9] Zr-0O 7 2.16 2.13(1) 0.019(2) 36
Zr—Zr 7 345 3.46(1) 0.013(1)
Zr—Zr 4 3.98 3.99(1) 0.018(3)
Zr hydroxide [32] Zr-O 7 2.14 — —
Zirconolite [26] Zr-O 7 2.16 — —
BaZrO, [40] Zr-O 6 2.09 2.06(1) 0.007(4) 47
Zr-Ba 8 3.62 3.59(1) 0.014(5)
Zr-7r 6 4.18 4.23(2) 0.003(1)
Zr n-propoxide Zr—Oa 2 1.96 1.97(1) 0.008(2) 35
[37] Zr-Ob 4 2.18 2.19(3) 0.017(4)
{2.11}
Zr—Zr 1 3.53 3.52(1) 0.014(9)
Zr-C 6 3.54 3.62(3) 0.016(15)

“ {} Denotes average of R,,_, and R,,_q,. * Denotes samples stablised with Y,05. * Refs. 9, 26, 32 and 37. © Ref. 8 and this study. ¢ Refs. 4 and

40.
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Table 2 EXAFS results® for zirconia-silica xerogels prepared using method A®

X Heat treatment/°C Correlation N R/A 262/A2 Ry
0.4 None Zr-O 7.9(5) 2.14(1) 0.023(2) 30
Zt-Zr 4.(15) 3.49(1) 0.025(5)
04 750 Zr-0 7.4(5) 212(1) 0.028(2) 32
Zr-Zr 4.3(16) 3.40(1) 0.030(5)
0.1 None Zr-Oa 3.1(4) 2.00(1) 0.006(1) 35
Zr-Ob 6.4(13) 2.25(1) 0.031(1)
{2.17(1)}
Zr Zr 0.7(4) 3.37(1) 0.012(6)
0.1 750 Zt-Oa 2.4(8) 1.98(1) 0.007(2) 31
Zr-Ob 4.4(4) 2.15(4) 0.039(17)
{2.09(4)}
Zr Zr 0.5(4) 3.38(2) 0.013(7)
0.1 25+ Zr-Oa 3.3(5) 2.00(1) 0.008(3) 37
Zr-Ob 5.1(13) 223(1) 0.023(7)
{2.14(1)}
Zt-Zr 1.2(8) 3.35(2) 0.016(9)
0.1 250% Zr-Oa 2.5(8) 1.99(1) 0.010(3) 38
Zr-Ob 4.6(10) 2.18(2) 0.039(15)
2.112)}
Zr Zr 0.9(7) 3.34(2) 0.019(9)

4 {} Denotes average of Ry, o, and R,, . * Denotes previously unheated sample measured in situ. * Ref. 8 and this study.

No reliable Zr-Si correlation was obtained from the
EXAFS fitting. This is particularly surprising because such
correlations are expected for low Zr content. Indeed, 7O
NMR studies® have shown that Zr-O-Si configurations are
prevalent for x = 0.1 xerogels. One factor is that Si is a weak
backscatterer. Another is that the xerogels are amorphous,
and structural disorder will cause large values of 262, . In
fact, fitting with fixed N, g =4 typically gives values of
Ry =380 005 A and 202, = 0.06 + 0.05 A2 In our
previous EXAFS study,® it was also not possible to extract
meaningful Zr—Si correlations. In contrast, for ZrSiO, there is
very little structural disorder, i.e. 202, = 0.006 A2, and Zr-Si
correlations are obtained from the EXAFS fitting.

3.2. XANES results

Fig. 3a shows the XANES spectra for reference compounds.
These are in good agreement with those reported in the liter-
ature.® #2829 Also included is a result from the literature for
annealed zirconolite (CaZrTi,0,).?5 There are pre-edge fea-
tures (see left arrow) due to 1s—4d transitions. This corre-
sponds to p—d mixing, and such mixing has been shown in
density of states calculations for crystalline ZrO,3° (7- and
8-fold coordination) and Y,0;3! (6-fold coordination). The
pre-edge feature is strongest for st-ZrO, which has a Zr site
with strong tetrahedral distortion, i.e. reduced centro-
symmetry.'# Different shapes are seen for the main absorption
edge (see Fig. 3a): a double peak for sites with tetrahedral
distortion ((1) ZrSiO,, (2) st-ZrO, and (3) sc-ZrO,), a single
peak for sites with 7-fold coordination without Zr-O splitting
(4) m-ZrO,, (5 Zr hydroxide and (6) zirconolite), and a
double peak for sites with octahedral coordination ((7)
BaZrO; and (8) Zr n-propoxide). A secondary peak at >40
eV above the edge (see right arrow) corresponds to multiple
scattering due to strong Zr-Zr or Zr-Ba correlations (see
Table 1). The XANES for Zr hydroxide are similar to that for
m-ZrO,, which is consistent with a report that in Zr hydrox-
ide the Zr local environment is similar to that in m-ZrO,.3?
Fig. 3b shows the XANES spectra of unheated zirconia-
silica xerogels prepared using method A. With increasing Zr
content, the main absorption edge clearly changes from being
asymmetric with peak on the right-hand side, to being asym-
metric with peak on the left-hand side. This clear trend in the
XANES spectra implies the presence of at least two different
Zr environments. This obviously parallels the change in
EXAFS results from a split Zr—O correlation for x < 0.1 to a
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single Zr—O correlation for x > 0.2 (see Table 2). Fig. 4a
shows that the change occurs more slowly for samples pre-
pared using method B compared to method A (see Fig. 3b). As
these samples have the same Zr contents, the difference must
be due to method B giving a more homogencous distribution
of Zr. This may be expected, because in method B there is
greater pre-hydrolysis of silica and greater dilution of Zr with
propanol.

Fig. 4b shows the effect of heat treatment on XANES
spectra for xerogel samples prepared using method A. There is
substantial change in the XANES spectra from before (dotted
lines) to after (solid lines) heat treatment at 750 °C. In particu-
lar, xerogels with x = 0.1 heat treated at 750 °C show a pro-
nounced growth of the pre-edge feature due to 1s—4d
transitions (see arrow in Fig. 4b). Fig. 5 shows the XANES
spectra for x = 0.1 xerogels prepared using method A before
and after heat treatment at 250 °C measured in situ at 25 and
250°C. For measurements in situ at 250°C there is pro-
nounced growth of the pre-edge feature.

3 T T T T | — T T

1+ x(E)

unheated

reference xerogels

compounds (method A)

07 40 0o 40
E/eV E/eV

Fig. 3 (a) XANES spectra of reference compounds: (1) ZrSiO,, (2)
st-ZrO,, (3) sc-ZrO,, (4) Zr hydroxide, (5) m-ZrO,, (6) zirconolite,>®
(7) BaZrO; and (8) Zr n-propoxide. (Left and right arrows indicate
features corresponding to 1s—4d transitions and multiple scattering
respectively.) (b) XANES spectra of unheated zirconia—silica xerogels
prepared using method A.
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Fig. 4 (a) XANES spectra of unheated xerogels prepared using
method B. (b) XANES spectra of xerogels prepared using method A
before (dotted lines) and after (solid lines) heat treatment at 750 °C.

4. Discussion

4.1. Zirconia-silica xerogels with high Zr content

The XANES spectrum for the unheated x = 0.4 xerogel is
most similar to that for Zr hydroxide. The most reasonable
interpretation is that for unheated xerogels with x = 0.4, most
of the Zr is present in a separate, amorphous ZrO, phase
which is very similar to Zr hydroxide. This is consistent with
the EXAFS results which show significant Zr—O-Zr corre-
lations, no significant splitting of Zr-O correlations, and
Nz._o and R,,_g corresponding to a 7-fold coordination, indi-
cating a Zr local environment similar to that in m-ZrQ, %32
The similar EXAFS results for samples with 0.2 < x < 0.3
indicate a predominance of phase separated ZrO, in these
samples, but the XANES spectra show that there is an
increasing contribution from a second, different Zr environ-
ment as x decreases (see below).

The XANES spectra for x = 0.4 shows pronounced changes
after heat treatment at 750 °C, which are very similar to the
changes observed for Zr hydroxide during heat treatment

gl
=
+
in situ at 250 °C | in situ at 250 °C
o———+— 1
|
_
+
in situ at 25 °C in situ at 25 °C
0™ 20 0 40
EleV EleV

Fig. 5 XANES spectra of x = 0.1 xerogels (a, b and dotted lines)
before and (c, d) after heat treatment at 250 °C, measured (a, c) in situ
at 25°C and (b, d) in situ at 250 °C.

prior to the crystallisation of st-ZrQ,.3* This indicates the
development of an amorphous precursor to st-ZrO,, and is
consistent with O NMR results which show O-Zr,, configu-
rations becoming more like those in st-ZrO, after heat treat-
ment at 750°C.2 170 NMR results® indicate roughly similar
proportions of Si-O-Zr and O-Zr, configurations for x = 0.4
after heat treatment at 750 °C. Assuming these correspond to
the boundaries and interiors (respectively) of the ZrO, phase,
the typical size of such regions can be estimated to be a few
nm in diameter. Note that additional heat treatment even-
tually causes the crystallisation of t-ZrO,, a phase which is
known to be stabilised by small domain size.3*

4.2. Zirconia-silica xerogels with low Zr content

The EXAFS results for the unheated x = 0.1 xerogel indicate
the presence of less than one Zr-O-Zr correlation per Zr,
which is consistent with 7O NMR studies that show Si-O-Zr
configurations are much more prevalent than O—Zr, configu-
rations.® Hence, while there may be some Zr-Zr clustering,
there is not a separate ZrO, phase. The absence of phase
separation is consistent with other observations of the
zirconia-silica system. When molten ZrSiO, is rapidly
quenched, separate zirconia-rich and silica-rich phases are
formed, with the latter containing <15 mol% ZrO,.> X-ray
diffraction studies of zirconia—silica xerogels show that crys-
tallisation is substantially retarded for x < 0.15.1° In x = 0.1
xerogels the Zr environment is obviously dominated by
Zr—-O-Si correlations. However, the details of Si-O-Zr con-
figurations are not obvious because they involve both Si-O
bond valences which are =~ 1.0 and Zr-O bond valences which
are <1 (necessary in order for Zr to have coordination of
26).35

The EXAFS results for the unheated x = 0.1 xerogel (see
Table 2) show a pronounced splitting of the Zr—O correlation,
with mean R,, o = 2.17 A, which suggests a Zr local environ-
ment with 7-fold coordination similar to that in sc-ZrO,.
However, this interpretation is difficult to apply in detail,
given that sc-ZrO, contains only O-Zr, configurations and
these are largely absent from the xerogel. Raman studies have
also concluded the Zr local environment in heat treated xero-
gels with x < 0.1 is like that in sc-ZrO,,” but those studies
noted that similar Raman features occur in perovskites, in
which Zr has octahedral coordination.

The XANES spectrum for the unheated x = 0.1 xerogel has
a main absorption peak which is very similar to that for Zr
n-propoxide. Zr n-propoxide contains Zr-O-R, R-OZr, and
Zr—(ROH) configurations (see Fig. 6a).>® These provide a
basis for describing oxygen configurations in the xerogel, with
R replaced by H or Si. The EXAFS results give values of
Rz 0, and Ry, o, slightly longer than those for Zr n-
propoxide,” total N, o > 6, and mean Ry, = 2.14 + 0.01
A which is longer than for 6-fold coordination. Hence the
EXAFS and XANES together imply a Zr environment similar
to that in Zr n-propoxide, but with greater than 6-fold coordi-
nation. This could occur if there is an additional, weakly
bound ligand, such as a water group. Such additional ligands
have been proposed for Zr in Zr hydroxide3? (see Fig. 6b).
The reason is that Zr in an octahedral environment is coordi-
natively unsaturated. In addition, the EXAFS results for

a RO b HO—Zr

RO\ / ZrO\ / /

RO m—e Zr\ VA ] Zr\_'OH
o’ ) OR wo” | oH
N BN

Zr Zr

Fig. 6 Local environments of Zr observed in (a) Zr n-propoxide,*®-37

and proposed for (b) Zr hydroxide.?* (Line thickness represents bond
valences of approximately 1.0, 0.5 and <0.5, in descending order.)
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x = 0.1 xerogels indicate approximately one Zr—O-Zr corre-
lation per Zr which is similar to the dimers present in Zr n-
propoxide.

4.3. Effects of heating

Heat treatment of the x = 0.1 xerogel at 750 °C causes small
but significant changes in the EXAFS results (see Table 2).
The Zr-O correlation continues to be split, but R,, ., has
decreased to 2.15 + 0.04 ;\, which is closer to that in Zr n-
propoxide.®” In addition, total N,, , decreases and mean
R,, o decreases to 2.11 + 0.02 A which is shorter than for
7-fold coordination. Heat treatment at 750°C results in
XANES spectra with a pronounced pre-edge feature corre-
sponding to 1s—4d transitions (see arrow in Fig. 4b), which is
stronger than for any other samples. It is known in the case of
Ti3® an increase in 1s-3d transitions can result from distorted
octahedral coordination. Hence the EXAFS and XANES
results indicate that heat treatment at 750 °C generates a Zr
environment similar to that in Zr n-propoxide but with
increased octahedral distortion (see Fig. 6b). Heat treatment is
expected to cause the loss of loosely bound ligands such as
water groups.

We now turn our attention to the results of in situ measure-
ments. As anticipated, the EXAFS and XANES results for an
unheated x = 0.1 xerogel measured ex situ, and measured in
situ at 25°C are in good agreement (see Figs. 1, 2, 3b, and 5a).
This shows reproducibility and that the effect of the furnace
container is negligible. The EXAFS and XANES results for an
unheated x = 0.1 xerogel measured in situ after 20 min at
250°C are very similar to those measured ex situ after heat
treatment at 750°C for 2 h (see Figs. 1, 2, 4b, and 5b). In
particular, the XANES show a pronounced pre-edge feature
due to 1s—4d transitions. Furthermore, the same XANES fea-
tures are also observed in situ at 250 °C for an x = 0.1 xerogel
which has previously been heat treated at 250 °C for 2 h (see
Figs. 5c and 5d). Hence the change in coordination must be
due to the effects of ambient moisture. This is consistent with
the presence of Zr-Ob correlations due to the water groups
which are lost with heat treatment. The changes are irrevers-
ible at 750°C, presumably due to relaxation of the xerogel
network structure associated with decreased porosity.

5. Conclusions

The Zr K-edge XANES study presented here provides a valu-
able addition to previous studies of zirconia-silica xerogels.
For x = 0.4 there is a separate, amorphous ZrO, phase. The
XANES results show that the ZrO, phase is initially similar
to Zr hydroxide, and with heat treatment up to 750°C
becomes similar to an amorphous precursor of t-ZrO,. For
x = 0.1 there is atomic mixing of Zr in the SiO, network, and
the Zr local environment has previously been described as
similar to that in ¢-ZrO,. However, the XANES and EXAFS
results here show that it is more appropriately described as
being similar to that in Zr n-propoxide, with significant
changes occurring during heat treatment up to 750 °C. The in
situ XANES and EXAFS results for x = 0.1 xerogels clearly
show rapid and reversible changes in the Zr environment with
heating at 250°C, indicating Zr coordination is sensitive to
ambient moisture. The change is irreversible with heat treat-
ment at 750 °C. This parallels results previously obtained for
titania-silica xerogels.>® In both cases the transition metal is
coordinatively unsaturated due to the constraints of the SiO,
network, and ambient moisture provides a way of increasing
coordination.
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