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Abstract. We present combined x-ray and neutron diffraction, and extended x-ray absorption
fine structure (EXAFS) and x-ray absorption near edge structure (XANES) results on a single set
of (ZrO7),(SiO2)1—, xerogel samples. In these samples, there is improved homogeneity of Zr
compared to our previous study, due to greater dilution of the precursor Zr n-propoxide in propan-
1-ol. Structural parameters obtained from model fitting of the diffraction and EXAFS data are
compared with those in reference compounds. A qualitative comparison of XANES spectra is also
made. The results show that for x 2> 0.3 there is phase separation of ZrO, and the Zr environment
is similar to that in monoclinic ZrO» and Zr hydroxide. For x < 0.2 there is no phase separation,
the SiO; network is distorted and the Zr coordination is similar to that in Zr n-propoxide, with
some Zr—Zr clustering.

1. Introduction

Zirconia (ZrO,) is a useful material because it has high fracture toughness, mechanical strength
and chemical durability, and it exhibits significant ionic conductivity at elevated temperatures.
Zirconia—silica materials can be used as coatings, fibres, catalysts and high-refractive-index
glasses. The refractive index increases as the ZrO, content increases [ 1], as does the resistance
to alkaline conditions [2]. The strength and hardness of zirconia—silica materials also increase
with ZrO, content [1]. There is one mixed ZrO,—SiO; crystalline compound, zircon (ZrSiOy),
but its formation requires heating at 1400 °C [3]. ZrO,-SiO, glasses with significant ZrO,
content are difficult to produce using conventional melt—quench techniques due to the extremely
high temperatures required [4].

Sol-gel processing [5] offers a technique for producing ZrO,-Si0, glasses with large
ZrO, content, but without the need for very high processing temperatures. In the majority
of cases, Zr and Si alkoxides are used as precursors and a gel is formed by the hydrolysis
and condensation of the alkoxides. The gel is then dried to produce an amorphous, porous,
hydrated solid called a xerogel. In (ZrO,),(SiO;);_, xerogels, Zr is expected to act as a
network modifier. Substitution of Zr for Si in the SiO, network is unfavourable because the
Zr** jon has a large size and coordination number (i.e. 6-8) [6]. Phase separation of ZrO, can
occur in ZrO,-Si0» xerogels and the extent of phase separation depends on the composition
and preparation method.
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The atomic structure of amorphous (ZrO,)  (SiO,);_, xerogels has been investigated using
several techniques. TR [7, 8], Raman [7] and °Si NMR [8] studies show that Zr disrupts the
Si0, network. 7O NMR studies [8] for x = 0.1 show a predominance of Si-O—Zr oxygen
configurations, whilst for x = 0.4 they show significant amounts of O-Zr, configurations,
i.e. corresponding to phase separation of ZrO,, which are similar to those in monoclinic ZrO;
(m-ZrO; [9]). For x < 0.1, IR and Raman studies [7] have concluded that the Zr nearest-
neighbour environment is like that in cubic ZrO; (c-ZrO, [10]). Zr K-edge EXAFS (extended
x-ray absorption fine structure) results [8] are consistent with these observations. Other workers
[11] have suggested that for 0.3 < x < 0.5 the local structure is similar to ZrSiOy, but ZrSiO4
contains only isolated SiO, tetrahedra [3], which is completely inconsistent with 2981 NMR
observations of (ZrO;),(Si0,);_, xerogels [8].

This paper reports a combined x-ray and neutron diffraction and Zr K-edge EXAFS and
XANES (x-ray absorption near edge structure) study of (ZrO»),(Si0;);_, xerogels, with
0.1 < x < 0.4. The effect of the ZrO, content on the structure of the xerogels and on the Zr
local environment is investigated.

2. Method

2.1. Sample preparation

The (Zr0;),(Si0;);_, xerogel samples were prepared using precursors of zirconium n-
propoxide, Zr(OPr"), (Aldrich, 70 wt% in propan-1-ol), and tetracthyl orthosilicate, TEOS
(Aldrich, 98%). Because the reactivity of Zr(OPr")4 is much greater than that of TEOS,
the TEOS was pre-hydrolysed before the addition of the Zr(OPr")4 [12]. In addition, the
Zr(OPr"), was further diluted in propan-1-ol to prevent precipitation of ZrO, phases. The
dilution used in this study, i.e. 1:30, was greater than in our previous study, i.e. 1:4 [8], in
order to increase the homogeneity of the Zr distribution in the xerogels. Pre-hydrolysis was
carried out by mixing together TEOS, propan-1-ol and water in the molar ratio of 1.0:1.3:2.0
for approximately 1 h. The diluted Zr(OPr"), was then added to the TEOS mixture. The
samples were allowed to dry in air, leaving friable, clear xerogels.

The (ZrO»),(Si0,)|_, xerogel samples were prepared with ZrO, contents of x = 0.1,
0.2, 0.3 and 0.4. The densities and compositions of the samples are listed in table 1. The
compositional information was determined using the results of ICP-AES, thermogravimetric
analysis and calibrated solid-state NMR. The densities were measured using the Archimedes
method with 2-butanol as the buoyant liquid. The xerogel samples contain residual quantities
of solvent. All of the samples are amorphous.

Table 1. Densities and compositions of (ZrO;), (SiO2)1_x xerogels. (All uncertainties are £10%
relative to the stated value.)

Composition (at%)
Density

x (gem™3)  Si Zr O C H

0.1  1.66 123 14 368 102 393
02 1.86 104 25 362 101 408
03 199 85 36 355 10.0 424
04 218 6.6 47 349 99 439

Several reference compounds were examined in the XANES experiments: ZrSiOy4 (Strem
Chemicals); yttria-stabilized tetragonal and cubic ZrO, (st-ZrO, and sc-ZrO, respectively)
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and m-ZrO, (Tosoh Corporation) and Zr(OH)4, and Zr(OPr")4 (Aldrich, 70 wt% in propan-
1-ol). The Zr(OH)4 sample was prepared by the precipitation method: zirconium choride
octahydrate dissolved in distilled water was mixed with ammonia solution. The precipitate
was washed with water and filtrated, then heated to 230 °C to remove excess water

2.2. X-ray diffraction

X-ray diffraction experiments were carried out on Station 9.1 of SRS, Daresbury Laboratory.
The data were collected from powdered samples using the transmission mode with 6-260
geometry. Incident x-rays of wavelength A = 0.485 A were used, corresponding to a large Q
range (up to 22 A=), where Q = 47 sin(8) /A is the modulus of the scattering vector. X-rays
of this wavelength (energy of ~25.6 keV) will excite fluorescence in Zr atoms (Zr K-edge
energy of ~18.0 keV), and the fluorescent x-rays would cause a large background signal. This
was avoided by using the Warren—Mavel method [13]. The energy of the incident x-rays was
chosen to be slightly more than the Ag K-edge (i.e. 25.5 keV), and a Ag foil was placed at
the 26 scattering position. The spectrum due to, primarily, elastically scattered x-rays was
measured from the fluorescence of the Ag foil using a detector 13 mm away and set at 45 ° to
the scattered beam.

The measured scattering intensity is corrected for detector dead time, intensity variation
of the incident beam, polarization of the incident beam, # dependence of the sample volume
illuminated, background scattering and absorption. After normalizing to the theoretical self-
scattering, the scattering intensity in electron units, /., is obtained [14]. The structural
information is described by the total structure factor:

Ieu - (N Zi Ciffz)
N f2

where the term in brackets is the self-scattering. The other parameters are the number of atoms
N, the elemental concentrations ¢;, and the elemental and average scattering factors f; and f,
respectively, which are O-dependent. Note that f; are determined from theoretical calculations
of atomic electron distributions, and if these do not accurately reflect the real atomic electron
distributions, systematic errors are introduced.

The measured S(Q) is a sum of contributions due to correlations between different pairs
of elements i and j (e.g. Si—O) [14]:

S@=Y3" <%) 5i/(Q) @

J

S(Q) =1+

ey

where each contribution is described by a partial structure factor, S;;(Q), and the ratios in
brackets are weighting factors, w;;. For an amorphous material (i.e. an isotropic scatterer) the
relationship between the structure factor, and correlations between pairs of atoms is [15]

Q(S(@) -1 =/0 4mrpo(g(r) — 1) sin(Qr) dr 3)

where p, is the average atomic number density, and g(r) is the pair distribution function. In
this work we report results using the standard structural function

t(r) = 4mwrppg(r) “)
which is obtained by Fourier transform of S(Q). For an i—j correlation (e.g. Si—O) with a
Gaussian distribution of distances, the contribution to S;;(Q) is [15]
Nij wl-.,- sin(QR,-j)

AS;i(Q) = cj 0K,

exp(—o;;0%/2) ®)
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where N;; is the coordination number (type j atoms around a type i atom), R;; is the mean
distance and oy; is the standard deviation.

Structural information can be obtained by comparing the experimental results with a model
generated using a sum of terms from equation (5) representing different i—j correlations. The
experimental and model S(Q) are Fourier transformed to generate 7(r), and the #(r)’s are
compared. The parameters N;;, 0;; and R;; are iterated and the procedure repeated until the
best fit to the experiment is achieved. In this way, the same Fourier transform effects apply
to the experimental data and model fits. A Hanning window function was used in the Fourier
transform, to reduce the truncation effects due to limited Q range.

2.3. Neutron diffraction

Neutron diffraction experiments were carried out using the LAD diffractometer [16] at ISIS,
Rutherford Appleton Laboratory, UK. Each powdered sample was placed inside a cylindrical
vanadium can with a diameter of 6 mm. Data was collected up to Q values of 35 A~L. This
larger Q range provides a greater resolution in real space compared with the x-ray diffraction
data. Unfortunately there was insufficient quantity of the x = 0.1 sample remaining to obtain
satisfactory neutron diffraction data.

The data were corrected for detector dead time, intensity variation of the incident beam,
background scattering, absorption and multiple-scattering scattering [16]. Inelastic scattering
corrections are commonly derived using the Placzek method [17]. These corrections are
valid for relatively heavy nuclei, but are less reliable for light elements such as H. Since the
(ZrOy), (810,) 1, xerogels studied here contain significant quantities of H, Placzek corrections
could not sensibly be used. Instead, inelastic scattering contributions were removed by fitting
Chebyshev polynomials to isolate the differential scattering cross section do/d€2. From this,
the total structure factor is obtained,

. do/dQ — (N Y, ¢;b?)

S(0) =1 e

Q)

where the term in brackets is the self-scattering, and b; and b are the elemental and average
scattering lengths, respectively, which are independent of Q. Unfortunately, the method used
to remove the effects of inelastic scattering may reduce the reliability of S(Q).

The total structure factor obtained from neutron diffraction has analogous properties to that
obtained from x-ray diffraction, except that the weighting factors w;; depend on the scattering
lengths b instead of the scattering factors f. This means that neutron and x-ray diffraction
tend to emphasize different correlations. Structural information can be obtained in the same
way as for x-ray data, i.e. equations (2)—(5) apply.

2.4. EXAFS

X-ray absorption spectroscopy experiments were carried out on Station 9.2 of the SRS,
Daresbury Laboratory, UK. A Si(220) monochromator was used, with the harmonic rejection
rate set at 50%. Samples with suitable optical thickness were prepared from the powders. The
data were collected at the Zr K-edge (17998 eV) in the transmission mode using standard
ion chambers. The energy calibration was monitored using a third ion chamber and a Zr foil.
Data was collected up to & values of 15 A=, where k is the wavevector associated with the
free photoelectron. Initial data processing was performed using the Daresbury Laboratory
programs EXCALIB and EXBACK [18] to obtain the absorption . The EXAFS spectra are
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given by [19],
M (k) — [ post (k)
Wpre(k) = L post (k)
where 4y (k) and 45 (k) are fits to the pre- and post-edge backgrounds.
In single scattering, curved wave theory, x (k) has the form [20]

x(k) =" Sa)| £ (k. R))| exp(—2R; /A (k)) sin(2k R; +28(k)+p; (k. R;)) exp(—207k*)(8)

J

x (k) = (M

where N; is the number of atoms at a distance R; from the central absorbing atom, and 201.2
is the Debye—Waller factor taking into account the structural and thermal disorder. Other
parameters are the phase shifts due to the central excited atom, &(k), and the back-scattering
atom, @;(k); the backscattering amplitude, | f;(k, R;)|; and the inelastic mean free path of
the photoelectron, A (k). The amplitude reduction factor, S (k), takes into account many-body
effects.

To extract structural information, the experimental x (k) is fitted using equation (8).
EXCURV92 [18,21] was used with Hedin—-Lundqvist potentials and the relaxed atom
approximation. To verify the suitability of this procedure, the experimental x (k) was fitted for
sc-Zr0; [10]. In this way the value of Sg was determined to be 1.00 & 0.05, and this value was
used for the analysis of xerogel samples. The parameter E ; allows for errors in determination
of the energy scale [19], and was free to vary in the fitting.

The parameters N;, R;, and 20.? were obtained by least squares fitting of x (k) in k space

with &° weighting. The x (k) includes a non-EXAFS feature at ~7.7 A~" which is attributed
to a double electron transition [22]. Consequently, the data between 7.0 and 8.3 A~ was
excluded during the fitting process. Because the parameters R; and £ and N; and 2(7/.2 are
correlated [23], the statistical errors were estimated from the 95% confidence level as a function
of both fitted parameters in a pair. The statistical errors underestimate the uncertainty of the
results when systematic errors are also present. The quality of fits can be judged from the
discrepancy index

Rd" _ Zf k?|X(ki)dum - X(ki)fit|
’ > k% ki) dara

€))

2.5. XANES

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 +30 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 [24]. XANES spectra are presented in the form of 1 + x (E), where the energy
scale E is set to zero at the inflection point of the main absorption edge (Eyp = 17998 eV).
XANES spectra were collected for the xerogels samples and several reference compounds
(see section 2.1). For the Zr(OH)4 sample, the combined x-ray diffraction/EXAFS Station 9.3
was used. The experimental conditions were similar to those described above except that the
XANES spectra were collected with steps of 1.7 eV.

3. Results

3.1. Expected interatomic correlations

The diffraction data includes regions of overlapping interatomic correlations which can only
be interpreted by making assumptions. For x = 0.1, the SiO, network is dominant, and the
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Figure 1. Estimated intensity of interatomic correlations for x-ray and neutron dittraction ot SiO,
and m-ZrO,.

expected correlations can be estimated from the structure of SiO, [25]. For x = 0.4, there is a
phase separation of ZrO,, and the expected correlations can be estimated from the structure of
m-ZrO; [9]. The expected intensities of these correlations are indicated in figure 1. Whereas
Si0, has well defined O-O correlations at 2.63 A, m-ZrO, has O-O correlations extending
from 2.6 to 2.9 A with a static disorder of oo—o = 0.13 A. The latter can be neglected for
x = 0.1, but will significantly overlap O-Si—O and Si—O-Si correlations for x = 0.4. Such
O-Zr-O correlations are expected even if there is no phase separation of ZrO,. Not shown
are Zr-0-Si correlations which were observed at distances of 3.5-3.7 A in minerals [26] and
glasses [27], and 3.0 and 3.6 A in ZrSiO, [3]. Also not shown are Si—O-Si—O correlations
which begin at ~3.5 A and reach a maximum at ~4 A [25].

3.2. Diffraction results

The Q(S(Q) — 1) obtained from x-ray and neutron diffraction are shown in figures 2 and 3,
respectively. In both cases, it can be seen that S(Q) is strongly increasing for @ < 1 A~L.
This corresponds with the onset of small-angle scattering. Small-angle scattering occurs due
to the microporous structure of Zr—Si xerogels, and also due to phase separation of ZrO; in
xerogels with large x. We have previously presented small-angle x-ray scattering results on
(ZrOy), (Si0;)—_, xerogels [28].

The ¢ (r) obtained from x-ray diffraction is shown in figure 4. Structural parameters were
obtained from model fits (see figures 2 and 4) and are shown in table 2. The Si-O and Zr—O
correlations are observedin 7 (r) at 1.6 and 2.1 A respectively. Additional peaksinz(r) at ~2.6
and ~3.0 A were fitted with O—O and Si-Si correlations, respectively. The peak at ~3.5 A
is at the distance expected for Zr—O—Zr and Zr-O-Si correlations (see section 3.1). Although
Zr—O—Zr and Zr—O-Si correlations overlap, the former will be dominant for large x (because
there is phase separated ZrO, and Zr scatters more strongly than Si), and the latter will be
dominant at small x (because there is no phase-separated ZrO, and the Zr content is smaller).
Hence, the peak at ~3.5 A was fitted using Zr—Si correlations for x = 0.1 and 0.2, and Zr—Zr
correlations for x = 0.3 and 0.4.
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Figure 2. X-ray diffraction Q(S(Q) — 1) for (ZrO3),(SiO2)1_, xerogels with x = 0.1, 0.2, 0.3
and 0.4. The broken curves show model fits.
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Figure 3. Neutron diffraction Q(S(Q) — 1) for (ZrO,), (SiO2)1_, xerogels with x = (.2, 0.3 and
0.4. The broken curves show model fits.

The #(r) obtained from neutron diffraction is shown in figure 5. Structural parameters
were obtained from model fits (see figures 3 and 5) and are shown in table 3. The Si-O, Zr-O
and O-0O correlations are observed in ¢(r) at 1.6, 2.1 and 2.6 A respectively. In addition,
the #(r) were fitted with Si—Si correlations at ~3.0 A. The fits also include peaks at ~3.5 A
representing Si—Zr and Zr—Zr correlations, as for x-ray diffraction, but these are not well
defined due to the large features in #(r) atr > 3.5 A.

The (r) from neutron diffraction show a strong peak at ~2.6 A corresponding to O—O
correlations. However, (r) in the region from 2.4 to 2.8 A cannot be adequately fitted using
a single peak. A single peak gives the wrong shape for #(r), and would require unreasonably
large peaks to be used for the Zr—O and Si-Si correlations at 2.1 and 3.0 A respectively. This
is almost certainly due to the difference between O-Si—O and O-Zr-O correlations, both of
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Figure 4. X-ray diffraction 7(r) for (ZrO;),(SiO2)|—, xerogels with x = 0.1, 0.2, 0.3 and 0.4.
The broken curves show model fits.
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Figure 5. Neutron diffraction 7(r) for (ZrO3), (SiO2)—, xerogels with x = 0.2, 0.3 and 0.4.
Dotted lines show model fits.

which contribute to the observed O—O correlation (see section 3.1). Hence #(r) in the region
from 2.4 to 2.8 A was fitted using a sum of two O-O correlations, i.e. O—Oa and O-Ob (see
table 3). The comparison between the latter and a single O—O correlation is illustrated in
figure 5 for the case of x = 0.4.

3.3. EXAFS and XANES results

The k3x (k) and Fourier transform |k3 (k)| obtained from EXAFS are shown in figures 6
and 7. The Fourier transforms show features at ~1.5 A which are unphysical, being too short
for a realistic values of Rz,—o. Other workers have observed similar artefacts in Zr and Ti
K-edge EXAFS [22,29]. Structural parameters were obtained from model fits (see figures 6
and 7) and are listed in table 4. The lowest discrepancy indexes, Rg;s, were obtained by
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Table 2. Structural parameters obtained from the model fitting of x-ray diffraction ¢(r) for
(Z1rO3), (S107) 1 — xerogels.

Si-O Zr-0 0-0

N R (A) o (A) N R (A) o (A) N R (A) o (A)
x (£0.4)  (£0.02)  (£0.005) (£0.8) (£0.02) (£0.015) (+0.5) (£0.02)  (+0.01)
01 3.7 1.61 0.045 6.7 2.07 0.125 4.8 2.63 0.1
02 40 1.61 0.040 6.3 2.08 0.130 52 2.64 0.09
03 3.9 1.62 0.030 6.0 2.10 0.120 5.0 2.66 0.08
04 39 1.63 0.025 6.3 2.11 0.110 4.7 2.66 0.07

Si-O-Si Si—-O-Zr Zr-O-Zr

N R (A) o (A) N R(A) o (A) N R (A) o (A)
x (£1.0)  (£0.03)  (£0.02)  (£2) (£0.04)  (£0.02) (£1.0)  (£0.04)  (£0.03)
0.1 56 3.05 0.13 13 3.51 0.15 — — —
02 62 3.03 0.12 9 34 0.13 — — —
03 54 3.00 0.11 — — — 5.9 3.46 0.15
04 64 297 0.1 — — — 58 3.46 0.14

Table 3. Structural parameters obtained from the model fitting of neutron diffraction z(r) for
(ZrO3), (S107) | —» sol-gel samples. Note that the O—O correlation was fitted using the sum of two
peaks, i.e. 0-Oa and O-Ob.

0-0Oa
Si-O Zr-0 0-0b
N R (A) o (A) N R (A) o (A) N R (A) o (A)

X (£0.4)  (£0.01)  (£0.005) (£0.8)  (£0.02) (£0.01) (£0.3)  (£0.015)  (£0.01)
(£0.05)  (£0.02)  (+£0.04)

02 38 1.61 0.035 6.0 2.09 0.070 24 2.64 0.065
3.2 2.65 0.26
03 3.7 1.62 0.030 8.0 2.10 0.10 2.0 2.64 0.070
5.2 2.68 0.26
04 34 1.62 0.025 75 2.13 0.095 1.8 2.63 0.075
55 2.68 0.25
Si-O-Si Zr-0-Si Zr-O-Zr
N R (A) o (A) N R (A) o (A) N R (R) o (A)
x (£1.5)  (£0.03)  (£0.02) (&3) (F0.04)  (£0.02)  (£1.5) (£0.04) (££0.02)
02 5.8 3.05 0.09 10 3.51 0.09 — — —
03 64 3.01 0.07 — — — 6.5 3.49 0.07
04 65 2.99 0.08 — — — 55 3.48 0.08

fitting a single Zr—O correlation for an x = 0.4 sample and two Zr-O correlations, i.e. Zr—Oa
and Zr—Ob, for samples with x < 0.4. Only Zr—O—Zr next-nearest-neighbour correlations
could be reliably identified. The same trends occurred in our previous EXAFS study of
(Zr0O7)4 (S10,)1—y xerogels [8]. Our previous study [8] included 70 NMR results which
show the presence of Zr—O-Si configurations in all samples. Hence the inability to identify
Zr—O-Si correlations in EXAFS indicates a limitation of EXAFS for these kinds of materials.
Other workers have commented that Zr K-edge EXAFS can have reduced sensitivity to Zr—
O-Si correlations [27].
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Figure 6. EXAFS k3x(k) for (ZrO,), (Si02)1—x xerogels with x = 0.1, 0.2, 0.3 and 0.4. The

broken curves show model fits. The arrow indicates a non-EXAFS feature attributed to a double
electron transition [22].
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Figure 7. EXAFS Fourier transformed |k x (k)| for (Z105), (Si0,);_ xerogels with x = 0.1,
0.2, 0.3 and 0.4. The broken curve show model fits.

The XANES spectra of (ZrO»), (SiO;);_, xerogels are shown in figure 8. Also shown are
the XANES spectra of reference compounds. XANES at the K-edge involves the excitation
of a Is photo-electron into low-lying, empty states with p-type symmetry at the metal atom
[30,31]. Pre-edge features (see left arrow) correspond to empty states with p—d mixing which
can occur for non-centrosymmetric metal atom sites. The shape of the main absorption peak
represents transitions to np continuum states and ‘shape resonances’ of the metal atom site
[30]. Peaks occurring a few tens of electronvolts above the edge (see right arrow) correspond
to multiple scattering involving strongly-ordered, next-nearest-neighbour atoms. Qualitative
information can be obtained by comparing the XANES spectra of the xerogels with those of
the reference compounds (the so-called ‘fingerprint’ method) (e.g. [32]).
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Table 4. Structural parameters obtained from the model fitting of EXAFS k*x (k) for
(Zr02), (Si02)1—x xerogels. The asterisks denote results from our previous study of
(Zr0,) . (Si02)1_y xerogels [8], in which a lower dilution of Zr(OPr")4 in propan-1-ol was used
(see section 2.1). The numbers in brackets are uncertainties in the last digits.

Zr—0a 7Zr-0Ob

x N R@A) 20%@A% N RA) 202 (A%

0.1 2.5(3) 2.01(1)  0.006(2) 5.009) 2.20(2)  0.026(6)
0.2 1.9(2) 2.01(1)  0.005(1) 5.5(10) 2.17(1)  0.034(7)
03 1.5(2) 2.03(1) 0.008(2) 5.5(6) 2.16(1)  0.026(4)

0.4 — — — 7.1(7) 2.12(1) 0.026(6)

0.1%  3.14) 2.00(1)  0.006(1) 6.4(13) 2.25(1)  0.03109)

0.2% — — — 9.5(9) 2.14(1) 0.038(4)

03%  — — — 8.4(6) 2.14(1)  0.029(3)

0.4% — — — 7.9(5) 2.14(1) 0.023(2)
7Zr7r

x N RA) 202 (AY)  Rais (%)

0.1  LIG) 3342 0017(7) 30
02 073) 3372 0016(6) 34
03 24(11) 346(3) 0033(10) 37
04  34(15) 3482) 002909) 35
0.1*  07@)  337(1) 00126) 35
02% 34(15) 3.533) 0032(17) 39
03* 49(22) 3.50(1) 00338) 35
04% 42(15) 349(1) 0.0255) 30

4. Discussion

4.1. SiO, network

The values of Rg;—o and Ns;—o agree with those expected, i.e. 1.61 A and 3.9, respectively
[25]. The neutron data show that Rg;—o is independent of x, but the x-ray data show an increase
in Rg;—o with increasing x. The latter is likely to be an artefact due to the presence of the large
Zr-O peak at 2.1 A. Both neutron and x-ray data show a decrease in disorder with increasing
X, i.e. o5;—p decreases with increasing x,and this is unlikely to be an artefact. It implies that
distribution of Zr in the absence of phase separation causes more distortion of the Si0, network
than phase separation of ZrO, for large x.

In pure amorphous SiO, the O-Si—O and Si—O-Si correlations occur at Rp—p = 2.63 A
and Rg;—5; = 3.08 A with No—o = 5.9 and Ng;—s; = 4.0 [25], but these decrease as SiO, is
depolymerized. Our previous 2°Si NMR study of Zr0»,—SiO» xerogel samples [8] indicated
the average number of non-bridging oxygens per SiO, tetrahedra increases from ~0.5 for
x = 0.1 to~1.0 for x = 0.4. Hence for x = 0.1 the expected coordination numbers are
No—o =~ 5.3 and Ng;—s; =~ 3.5. The x-ray diffraction results for the x = 0.1 sample are
dominated by the SiO, network, and are in reasonable agreement with those expected. For
x > 0.1, the interpretation of O—O correlations is complicated by the overlap of O-Si—O and
O-Zr-0 correlations (see sections 3.1 and 4.2).

The neutron and x-ray diffraction results for Si—~O-Si correlations in samples with x > 0.1
show Ng;—s; = 6.0 £ 0.5 independent of depolymerization, and Rg;—s; decreasing with
increasing x. These trends are not physically reasonable for a SiO, network with increasing
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Figure 8. XANES 1 + x(E) for (ZrO;),(SiO2)1_y xerogels with x = 0.1, 0.2, 0.3 and 0.4
and reference compounds: (a) ZrSiOy, (b) st-ZrO», (c) sc-ZrOy, (d) m-ZrO,, (e) Zr(OH)4 and
(f) Zr(OPr™")4. The left and right arrows indicate features due to p—d mixing and multiple scattering,
respectively (see section 3.3). The broken curves represent the (ZrO»), (SiO2);—, xerogels in our
previous study [8], which had a less homogeneous Zr distribution than in this study due to lower
dilution of Zr n-propoxide in propan-1-ol (see section 2.1).

depolymerization. This is almost certainly due to overlap with O-Zr-O correlations which
increase with x, and can be expected to extend up to 2.9 A (see sections 3.1 and 4.2).

4.2. Zr local environment

Both the neutron and x-ray diffraction data show Nz.—_p = 6.7 £ 0.8 with no significant
composition dependence, and Rz, increasing with x from 2.08 A for x = 0.2 to 2.12 A for
x = 0.4. Although the x-ray results for x < 0.3 may be affected by the presence of the Si—O
peak at 1.6 A, the peaks are well separated in the neutron data, and the increase in Rz, is
considered to reflect real changes in the sample structure.

The EXAFS data also show a total Nz,—p = 7.2+0.8andamean Rz,—o = 2.13+0.01 A
independent of x. However, for x < 0.4 the Zr—O correlation is split, and the results form
a trend with the ratios Nz,—p./Nz—o» and Rz,—op/Rz,—0, decreasing as x increases from
0.1 to 0.3. Hence the results form a trend that corresponds to the change from non-phase-
separated Zr for small x, to phase separation of ZrO, for large x. Note this trend of decreasing
asymmetry is consistent with the increase in diffraction values of Rz,—. Our previous EXAFS
study of (Zr0O), (Si0,);_, xerogel samples [8] gave similar results and trends (see table 4).
However, in that case a split Zr—O correlation was only observed for x = 0.1, reflecting a
less-homogeneous Zr distribution in those samples (see section 2.1). The XANES results also
show a trend with increasing x, and this trend occurs more slowly for the xerogel samples in
this compared to the previous [8] study. This is further confirmation of the differences between
these samples.
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The O-Zr—O correlations overlap with O-Si—O and, to a lesser extent, Si—O-Si
correlations. The effects of this can be seen in the diffraction results. The x-ray diffraction
data show Np—p = 5.0 & 0.5 independent of x and Rp—¢ increasing with x. This is not
expected for an SiO, network with increasing depolymerization, and is almost certainly
due to overlap of O—Zr—O with O-Si—O correlations. Two O-O correlations, i.e. O-Oa
and O-Ob, were required to fit the neutron diffraction data. Again, this can reasonably be
attributed to the presence of both Si—O-Si and O—Zr-O correlations. The observations that
Ro—0a = 2.64 £0.02 A independent of x and Ny_g, decreases with decreasing x are
consistent with O-Si—O correlations. For x = 0.4, which has phase-separated ZrO,, the
values of No_op = 5.5 £ 0.5 and Ro_op = 2.68 £ 0.02 A can be compared with those
expected for O-Zr-O correlations, e.g. NO-O = 8.5 and RO-O = 2.78 A for m-ZrO, [9].
The former are somewhat smaller than the latter, which may indicate a ZrO, phase with reduced
connectivity, for example hydrated ZrO-, or may be due to overlap with Si—-O-Si correlations
(see section 4.1).

Next nearest neighbour Zr—-O—Zr and Zr—O-Si correlations are expected at ~3.5 A. These
cannot be separated, and the diffraction data was fitted by using Zr—O-Si correlations for
x = 0.1 and 0.2 and Zr—O—Zr correlations for x = 0.3 and 0.4. For x = 0.3 and 0.4, the
x-ray diffraction and EXAFS data show Rz—z, = 3.47 = 0.02 A with N g7y = 5.8+ 1.0
and Nz,—z, = 3.4 £ 1.5, respectively. The neutron diffraction data is consistent with this.
There is a marked change in the EXAFS results for Nz,—z, and Rz,—z, between x = 0.2 and
0.3, which can be attributed to onset of phase separation of ZrO,. For x = 0.1 and 0.2 the
x-ray diffraction data gave Nz,._s; = 11 £ 2, which is too large. This suggests that we cannot
neglect other contributions to ¢ (r) at ~3.5 A such as Si-O-Si—0 and weak Zr—Zr correlations.
Indeed, for x = 0.1 and 0.2, the EXAFS gives Nz,—z, = 0.9 £ 0.5, indicating that there is
some clustering of Zr even in the absence of phase separation.

The parameters obtained for xerogels can be compared with those for reference
compounds, which are shown in table 5. For x = 0.4, which has phase-separated ZrO,,
it can be seen that Nz,—o = 7.0 £0.8, Rz,—0 = 2.13£0.01 Aand Ry,—,, = 3.47£0.02 A
give the best agreement with an environment like that in m-ZrO,. This is consistent with our
previous study [8]. The smaller observed Zr—O distance, i.e. 2.13 A, compared to m-ZrO»,
i.e. 2.17 A, has previously been attributed to the asymmetry of the Zr—-O distances in m-ZrO,
[33]. A similar Zr local environment has been proposed for Zr(OH), [34]. The latter can
be expected to have some similarity to the ZrO, phase in ZrO,—SiO, xerogels because they
are hydrated. The XANES spectra for x = 0.4 do not show a strong similarity to any of the
reference samples. However, the XANES spectra show a trend with increasing x of increasing
similarity to that for Zr(OH)4. This trend is more evident for the xerogel samples in our
previous study [8] which had a less homogeneous Zr distribution (see section 2.1).

For x = 0.1, the observed Zr—Oa correlation (Rz,—o, = 2.01 &= 0.01 A and N Zr—0a =
2.5 £ 0.3) compares best with those in sc-ZrO» (Rz,—o, = 2.04 A and and Nzr—0a = 3)
[10] and Zr(OPr")s (Rzi—0u = 1.94 A and Nz —o, = 2) [35]. The Zr-Ob correlation
(Rzy—op = 2.20£0.01 A and Nz—op = 5.0 £ 0.9) also compares well. This is consistent
with previous studies [7, 8], which indicated that the Zr nearest-neighbour environment in the
absence of phase separation is similar to that in c-ZrO,. In fact, both Rz,—o, and Nz,—o,
are intermediate between the corresponding values for sc-ZrO, and Zr(OPr"),. The XANES
spectra for x = 0.1 shows most similarity to that for Zr(OPr")4. The latter can be expected
to have some similarity to Zr in ZrO,—SiO, xerogels because Zr(OPr"), is the precursor.
Furthermore, Zr(OPr"), consists of dimers with Nz,_z,. = 1, which parallels the weak Zr—Zr
correlation seen in the EXAFS results for x = 0.1 and 0.2. However, the larger values of
total Nz,—o and mean Rz, imply a coordination of seven in the xerogel compared to six in
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Table 5. Structural parameters for ZrO, reference compounds from crystallographic data and Zr
K-edge EXAFS. The ideal forms of cubic and tetragonal ZrO, are only stable at high temperatures,
and sc-ZrO, and st-ZrO, refer to yttria stabilized room-temperature forms, respectively [10].
Italics indicates parameters which were fixed during EXAFS fitting. The asterisks denote Zr—
Si correlations. The numbers in brackets are uncertainties in the last digits.

Zr—Oa
Zr—Ob Zr-7Zr
Crystal EXAFS Crystal EXAFS
Compound NxR(A) NxR(A) A (A?) N x R(A) N xR(A) A (A%)
ZrSiOy4 [3, 8] 4x2.12 4 x2.12(1) 0.005(2) 2 x3.00% 2 x3.00(1)* 0.005(2)*
4 %226 4 x2.26(1) 0.006(2) 4 x 3.64 4 x 3.64(1) 0.006(1)
st-ZrO; [10, 8] 4 x2.08 4 x2.09(1) 0.010(2) 12 x3.62 12 x 3.62(1) 0.018(1)
4 %238 4 x2.283) 0.05(2)
sc-ZrOy 3 x2.04 3 x2.11(1) 0.008(1) 12 x3.64 12 x 3.60(1) 0.021(2)
([10], this study) 4 x 2.23 4 x221(1) 0.020(5)
m-ZrO> [9, 8] 7x2.16 7 x 2.13(1) 0.019(2) 7 x3.45 7 x 3.46(1) 0.013(1)
Zr(OH)4 [34] — 2.0(5) x 2.08(1) 0.010 — 1.7(10) x 3.27(3) 0.023
— 5.0(5) x 2.16(1) 0.022 — 2.0(10) x 3.41(3) 0.023
Zr(OPr")4 2x194 2.0(1) x 1.97(1) 0.007(2) 1 x3.47 1.4(3) x 3.43(2)  0.007(3)
[35,36] 4 %217 4.0(1) x 2.19(3)  0.016(8)

Zr(OPr™)4. This could occur if there is an additional long Zr—O bond, for example, to a water
group. In fact, such ligands have been proposed for Zr(OH)4 [34].

5. Conclusions

The (Zr0O,), (Si0,),_, xerogel samples in the present study have a more homogeneous Zr
distribution than those in our previous study, due to greater dilution of the precursor Zr(OPr"),4
in propan-1-ol. The Zr—O and Zr-Zr correlations clearly show a change between one Zr
local environment and another as x increases from 0.2 to 0.3, corresponding to the onset of
phase-separated ZrO-. A close comparison of the Zr local environment with those in reference
compounds was made. For x > 0.3, the Zr environment in phase-separated ZrO; is similar
to that in m-ZrO; and Zr(OH)4. For x < 0.2 there is no phase separation, and the Zr-O
correlation is split with two or three well defined, short Zr—O bonds at 2.00 A, and five longer
Zr—0 bonds at 2.20 + 0.02 A. This Zr coordination is more similar to that in Zr-propoxide,
rather than c-ZrO; as concluded in previous studies. There is some and Zr—Zr clustering, i.e.
Nz,—z, = 0.9 & 0.5, and the Zr distribution causes distortion of the SiO, network.
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