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A combination of 2°Si and 170 MAS NMR, EXAFS and FTIR spectroscopy has been used to study the
atomic structure of (Zr0,),(Si0O,), _, (x = 0.1, 0.2, 0.3 and 0.4) xerogels prepared by reacting partially
hydrolysed tetraethyl orthosilicate with zirconium(rv) propoxide. Results from (ZrO,), 1(Si0,),. o samples
reveal the oxides to be atomically mixed with no evidence of phase separation. In these samples, the nearest
neighbour environment of zirconium is similar to that found in cubic zirconia. In the (ZrO,), ,(SiO,), 6
samples, phase separation occurs with a significant proportion of the zirconium present as amorphous ZrO,
with a local structure similar to that of monoclinic zirconia. 17O MAS NMR and EXAFS have proven
valuable techniques for gauging the level of atomic mixing in these materials.

Introduction

(Z2r0,)(510,), -, materials have attracted interest because of
their low expansion coefficients, as well as their good mecha-
nical and chemical resistance.! Such materials also exhibit
catalytic activity? and can be used as supports for other cata-
lysts. Unfortunately, melt-quenched glasses containing signifi-
cant amounts of ZrO, are difficult and expensive to prepare
due to the high melting point of zirconia. The sol-gel route
from alkoxide precursors offers a low temperature method for
preparing mixed oxide glasses.?

Many of the properties of (ZrO,),(SiO,), _, glasses, such as
the degree of atomic mixing, pore size and surface area,
depend on the exact preparation conditions. The bulk proper-
ties of these materials are related to the connectivity and type
of ZrO, and SiO, polyhedra present in the structure. Silicon is
almost certainly present as SiO, tetrahedra whereas zirconium
can adopt a range of coordination geometries: e.g. 6-fold in
catapleiite, Na,ZrSi;O4-2H,0, 7-fold in monoclinic ZrO,
and 8-fold in tetragonal ZrQO,.** An interesting comparison
is to related materials, (TiO,),(SiO,), ., where, for x < 0.2,
titanium adopts tetrahedral coordination within the silica
network, whereas for x ~ 0.4, small domains of TiO, are
formed which contain octahedrally coordinated titanium and
crystallise into anatase upon heating.5~8 It is known that zir-
conium and silicon can form a crystalline oxide zircon,
ZrSiO, (ref. 9) which illustrates that the (ZrO,)(SiO,), _,
system behaves very differently from its titanium counterpart.
The key to understanding the behaviour of the
(Zr0O,)(Si0,), _ , materials is to determine how zirconium sits
in the silica network and what effect its presence has on the
network.

In this work, a combined FTIR, 2°Si and 1’0 MAS NMR,
and Zr K-edge EXAFS study on (ZrO,)(Si0,),_, (x =0 to
0.4) xerogels has been undertaken to attempt to answer some
of the questions raised above. Samples were heat treated to
various temperatures up to 750 °C to monitor the effect on the
local structure in these glasses.

Experimental
Sample preparation

The samples were prepared using the sol-gel route from the
following precursors: tetraethyl orthosilicate, TEOS (Aldrich,
98%), and zirconium(rv) propoxide, Zr(OP1"),, 70 wt.% solu-
tion in propan-1-ol, Pr"OH (Aldrich). HCI (Fisons) was used
as a catalyst to promote the hydrolysis and condensation
reactions 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 aim being to
encourage Si—O-Zr bonding as opposed to Zr—O-Zr bonding
which could lead to phase separation. The chosen prehy-
drolysis conditions were TEOS : Pr"OH : H,O 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"),/Pr"OH solution was
diluted further, 1:4 by volume with Pr"OH, before being
slowly added to the prehydrolysed TEOS solution while stir-
ring. After one hour, water was added such that the overall
water : alkoxide molar ratio was 2. The resulting clear sol was
then left to gel: this typically took a few days, depending on
composition. It should be noted that all reagents were loaded
in a dry box under a N, atmosphere and transferred using
syringes to avoid absorption of moisture from the atmosphere.
Samples for 7O MAS NMR were prepared using 20 mol%
170 enriched water (D-Chem).

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.
Samples were prepared with nominal compositions of
(Zr0O,),(Si0,), _, where x = 0.1, 0.2, 0.3 and 0.4. Each sample
was heated to 500 and 750 °C. The 7O enriched samples were
prepared for the compositions x = 0.1 and 04 and heat
treated at 125, 250, 350, 500 and 750 °C.
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FTIR spectroscopy

IR spectra were recorded in diffuse reflectance mode on a
Biorad FTS175C spectrometer controlled by Win-IR software.
Samples were diluted (1:10 by weight) in dry KBr and
scanned over the range 4000-400 cm~! with a resolution of 4
cm 1. Each spectrum was the result of summing 64 scans.

MAS NMR

The 2°Si NMR spectra were acquired on a Bruker MSL300
spectrometer operating at 59.6 MHz using MAS at typically 4
kHz with a 2.3 ps (~30° tip angle) pulse and a 20 s recycle
delay. A 7 mm Bruker double-bearing probe was used. The
delay was sufficient to prevent saturation. The spectra were
referenced externally to TMS, tetramethylsilane, (0 ppm).
Each spectrum was the sum of 500—1000 scans.

The 170 NMR spectra were acquired on a Chemagnetics
CMX300 Infinity spectrometer operating at 40.7 MHz with
MAS at typically 15 kHz using a Chemagnetics 4 mm double-
bearing probe with a 1-2.5 s recycle delay. The delay was suf-
ficient to prevent saturation. A 90°——180° echo sequence was
applied with a short 7 delay of 71.4 ps to overcome problems
of probe ringing thereby allowing the spectra to be phased
correctly. The spectra were referenced externally to H,O (0
ppm). Each spectrum was the result of ~100000 co-added
scans.

EXAFS spectroscopy

Zr K-edge EXAFS data were collected in transmission mode
on station 9.2 at the Daresbury Laboratory SRS using a
Si[220] crystal monochromator and 50% harmonic rejection.
Tonisation chambers, filled with a mixture of Ar/He or Kr/He
at appropriate partial pressures to optimise detector sensiti-
vities, were placed in the beam path before and after the
sample. Finely ground samples were diluted in boron nitride
and pressed into pellets to give a satisfactory edge jump and
absorption. Typically each EXAFS spectrum was the sum of
three 45 min scans.

Results and data analysis
FTIR spectroscopy

Figs. 1(a) and (b) show the IR spectra of the (ZrO,)(SiO,), _ ..
sol gels unheated and after heating to 750 °C, respectively. The
peaks in these spectra have been assigned according to the
literature.**~*3 The broad bands at 3550 and 3200 cm ™' are
due to stretching vibrations involving OH groups. The band
at 1640 cm ! is assigned to the H-O-H bending vibration of
water. The peaks at 1160, 1070 and 795 cm ™! are character-
istic of a silica network: the bands at 1160 cm~* and 1070
cm~! are ascribed to the LO and TO components of the
asymmetric stretch of the SiO, unit, respectively, and the
feature at 795 cm™! is due to the symmetric stretch of the
SiO, unit. The shoulder at 980 cm ™! is made up of contribu-
tions from Si—(OH) stretches and a Si-O-Zr vibration. The
assignment of the feature at 500-600 cm ™! region will be dis-
cussed in detail later. The sharp weak bands at ca. 2900 and
1450 cm ™! are due to C-H stretching and bending vibrations,
respectively, from organic material remaining in the samples.

MAS NMR

The 2°Si MAS NMR spectra were deconvolved by Gaussian
fitting using Win-IR software; three signals could be distin-
guished at —94, —101 and —108 ppm with varying inten-
sities. Each resonance represents a specific degree of Si—-O-Si
polymerisation. The —94 ppm signal comes from Si sites in a
Q? configuration, and the —101 and — 108 ppm signals come
from Q3 and Q* configurations, respectively (Q" stands for a
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Fig. 1 (a) IR spectra of unheated (ZrO,),(SiO,), _, xerogels. (b) IR
spectra of (Zr0O,),(Si0,), _, xerogels after heating to 750 °C for 2 h.

SiO, unit with n bridging oxygens'#). The results of the
Gaussian fitting are summarised in Table 1. Fig. 2 shows a
typical fit.

The 'O MAS NMR spectra of the enriched
(Zr0O,)0.1(510,)0.9 and (ZrO,), 4(Si0,), ¢ samples are shown
in Figs. 3 and 4, respectively. The spectra are dominated by a
resonance which peaks at O ppm and shows structure at nega-
tive shift due to the quadrupole interaction.' This resonance
is due to Si-O-Si bridges!'® with a contribution from Si-OH
groups.!” This signal has spinning sidebands from the MAS
process at 350 and —350 ppm. The resonances at 295 and 395
ppm observed for the (ZrO,), ,(510,), ¢ samples are ascribed
to Zr—-O—-Zr bonding and are close to the signals observed
from monoclinic zirconia.'® The signal at around 150 ppm
observed for both compositions is due to Zr—O-Si bridges.!'®

EXAFS spectroscopy

The equation for the interpretation of EXAFS data is

N.
(k) = AFAC z Hfz | f(m, k, R))| o~ 2Rji(k)
J J

x e~ 2% sin[2kR; + 28(k) + Y(k, R))]
where x(k) is the magnitude of the X-ray absorption fine struc-
ture as a function of the photoelectron wave vector k. AFAC

is the proportion of electrons that perform an EXAFS-type
scatter. N; is the coordination number and R; is the inter-

.

/_....é’.': — 5,‘/#—-’;_,\/\,»;,4_&,:___:,‘-_:}35@‘/-
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Fig. 2 ?°Si MAS NMR spectrum of unheated (ZrO,), 1(Si0,)o.0
xerogel showing deconvolution by Gaussian fitting.



Table 1 2°Si NMR data®

Q’ Q? Q*
Heat
treatment FWHM FWHM FWHM
Sample /°C (ppm) 4 (ppm) I(%) (ppm) 0 (ppm) I(%) (ppm) d (ppm) I (%)
(Zr0,), ,(Si0,)yo  None 8.8(5) —95.0(5) 14.0 6.8(2) —100.9(1) 35.1 9.3(1) —108.2(1) 50.9
120 10.4(13) —95.1(15) 123 8.1(4) —101.4(1) 384 9.2(2) —108.5(2) 493
250 9.5(9) —92.0(11) 4.6 10.6(7) —100.8(2) 42.7 104(2) —108.3(3) 52.7
500 11.6(15) —90.6(15) 4.7 11.2(8) —100.3(4) 272 11.5(2) —108.6(2) 68.1
750 10.9(56) —91.1.(42) 2.4 10.0(13) —100.0(5) 13.2 12.3(1) —109.4(1) 84.4
(Zr0O,), ,(Si0,)y s  None 11.9(6) —93.8(6) 22.0 8.0(2) —100.9(1) 402 9.7(2) —107.8(2) 378
120 14.0(22) —94.1(26) 197 9.7(9) —101.0(4) 456 9.8(5) —108.1(7) 347
250 12.5(32) —90.0(40) 9.2 11.8(26) —100.010)  46.1 11.0(6) —107.711) 447
500 11.9(16) —91.7(21) 8.8 11.4(17) —101(7) 33.9 11.5(3) —108.6(6) 572
750 9.0(12) —949(15) 55 11.2(28) —102.3(11)  24.8 12.0(4) —110.1(7) 69.7
(Zr0,), 5(Si0,),;,  None 11.7(6) —93.5(6) 33.0 8.3(5) —100.8(2) 41.7 9.4(5) —107.8(5 253
120 11.0(13) —950(15) 333 8.0(10) —101.0(3) 36.6 9.3(8) —107.6(9) 30.0
250 12.5(20) —923(28)  17.6 10.7(15) —100.0(4) 439 10.6(5) —107.8(7) 384
500 10.0(13) —90.0(15) 9.8 11.2(22) —99.3(7) 34.1 12.0(6) —107.8(8) 56.1
750 12.7(27) —924(39) 9.4 11.7(24) —100.8(7) 25.1 12.3(4) —109.2(5 65.6
(Zr0O,), 4(Si0,)y ¢  None 15.1(5) —93.06) 422 11.2(6) —100.9(3) 429 13.927) —106.6(43) 149
120 16.1(9) —93.5(11) 420 10.6(8) —100.4(6) 37.9 11.7(13) —106.9(20)  20.1
250 15.9(10) —932(13) 387 11.2(11) —100.2(5) 352 10.6(4) —107.6(7) 26.1
500 14.9(33) —929(51) 272 11.5(35) —993(12) 235 12.5(10) —107.0(15) 493
750 16.0(31) —93.0(53) 244 12.9(43) —100.2(18)  26.1 12.8(7) —107.9(13)  49.5

“ FWHM, & and T represent the line width, the 2°Si chemical shift and the relative intensity, respectively. Errors: FWHM +1 ppm, é + 1 ppm,

I+ 5%.

atomic distance for the jth shell. (k) and y(k, R; are the
phase shifts experienced by the photoelectron, f(m, k, R;) is the
amplitude of the photoelectron backscattering and A(k) is the
electron mean free path; these are calculated within
EXCURVY97.1° The Debye-Waller factor is A =262 in
EXCURV97.

The programs EXCALIB, EXBACK and EXCURV97!®
were used to extract the EXAFS signal and analyse the data.
Least-squares refinements of the structural parameters of our

500 0 =500
Chemical shift (ppm)

Fig. 3 170 MAS NMR spectra of a (ZrO,), ;(Si0,), o xerogel after
various heat treatments: (a) no heat treatment, (b) 125, (c) 250, (d) 350,
(e) 500 and (f) 750°C (peaks at 350 and —350 ppm are spinning
sidebands).

samples were carried out against the k® weighted EXAFS

signal to minimise the fit index, FI,

FI =) [ — x)]1?

i

where yT and yF are the theoretical and experimental EXAFS,
respectively. The results of the refinements are reported in

500 0 -500
Chemical shift (ppm)

Fig. 4 70O MAS NMR spectra of a (ZrO,), 4(SiO,), ¢ xerogel after
various heat treatments: (a) 125, (b) 250, (c) 350, (d) 500 and (e) 750 °C

(peaks at 350 and —350 ppm are spinning sidebands).
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Table 2 Zr K-edge EXAFS derived structural parameters for reference compounds. The parameters in italics have been fixed

Sample Shell N R/A A4/A? Ry; (%) Crystallographic data?/A
Monoclinic Zr-0 7 2.13(1) 0.019(2) 36 70 x ~2.054
Z:0, Zr Zr 7 3.46(1) 0.013(1) TZr x 3.454
Zr-7Zr 4 3.99(1) 0.018(3) 47Zr x 3.977
Zr-Zr 1 4.54(3) 0.009(5) 1Zr x 4.540
Tetragonal Zr-0 4 2.09(1) 0.010(2) 39 40 x 2.065
Zr0O, Zr-O 4 2.28(3) 0.046(15) 40 x 2.455
Zr-7Zr 12 3.62(1) 0.018(1) 127r x 3.67
Cubic — — — — — 30 x 2.04
(Zt, Y)O, 5, — — — — 40 x 223
— — — — 127r x 3.64
Zircon Zr-0 4 212(1) 0.005(2) 38 40 x 2.129
ZtSio, Zr-0 4 2.26(1) 0.006(2) 40 x 2267
Zr-Si 2 3.00(1) 0.005(2) 2Si x 2.990
Zr-7r 4 3.64(1) 0.006(1) 47r x 3.625
Zr-Si 4 — — 4Si x 3.625

4 Refs. 5 and 9.

terms of the discrepancy index

JI Lx'(k) — x"(k) | k* dk

R x 100%

di =
j | (k)| k> dk

Monoclinic and tetragonal zirconia (TOSOH Corporation)
were run as reference materials to check the validity of our
data analysis and also to allow refinement of the parameter
AFAC. The results obtained from our standard materials are
summarised in Table 2. The parameters were obtained by
fitting the EXAFS data over the range 2.8-20.0 A~ L. In these
refinements, the coordination numbers were fixed at values
consistent with the crystallographic data available.® The
errors are the statistical uncertainties calculated by
EXCURVY97. Also included in Table 2 are the crystallographic
data for yttrium stabilised cubic zirconia for comparison. The
value obtained for the second Zr—O distance in tetragonal zir-

conia is shorter than the crystallographic distance; this effect
is caused by the addition of Y,O; to our sample to stabilise
the tetragonal phase at room temperature.® A value of 0.91 for
AFAC was derived from the data from the reference com-
pounds; this was used throughout analysis of the data from
our sol-gel samples. Zircon, ZrSiO,, (Strem Chemicals) was
also run as a standard because this material has similar com-
position to some of our sol-gel samples. The structural
parameters obtained are presented in Table 2. There is good
agreement with the crystallographic data, although it should
be noted that fitting the EXAFS data with a second silicon
shell at ~3.6 A did not yield the correct Zr-Si distance struc-
tural parameters. This is due to the fact that silicon is a weak
backscatterer at this distance and therefore this correlation
does not have a significant contribution to the EXAFS signal.
The Zr K-edge EXAFS derived parameters of our sol-gel
samples are shown in Table 3. The errors are the statistical
uncertainties calculated by EXCURVY7. Figs. 5 and 6 show
the EXAFS data and their Fourier transforms together with

Table 3 Zr K-edge EXAFS derived structural parameters for (ZrO,),(SiO,), _, xerogels

Heat
Composition treatment Shell N R/A A/A? Ry; (%)
(Z10,)5 4(SI0,), Room temp. 7r-0 79(5) 2.14(1) 0.023(2) 30
Zr-7Zr 4.2(15) 3.49(1) 0.025(5)
500 Zr-O 7.3(4) 2.13(1) 0.026(2) 31
Zr—Zr 4.2(14) 3.41(1) 0.030(5)
750 Zr-O 7A(5) 2.12(1) 0.028(2) 32
Zr-Zr 4.3(16) 3.40(1) 0.030(5)
(Zr0,),.4(S105), 4 Room temp. Zr-O 8.4(6) 2.14(1) 0.029(3) 35
Zr-Zr 49(22) 3.50(1) 0.033(8)
500 Zr-O 7.2(6) 2.12(1) 0.029(3) 42
Zr—Zr 3.6(17) 3.42(1) 0.030(9)
750 Zr-O 7.5(6) 2.11(1) 0.033(3) 40
Zr-Zr 4.3(17) 3.39(1) 0.030(6)
(Zr0,),.5(S105)0 5 Room temp. Zr-O 9.5(9) 2.14(1) 0.038(4) 39
Zr—Zr 3.4(15) 3.53(3) 0.032(17)
500 7r-O 7.9(8) 2.10(1) 0.033(3) 42
Zr-7Zr 3.5(18) 3.38(2) 0.031(8)
750 Zr-O 8.6(3) 2.10(1) 0.040(4) 37
Zr—Zr 4.4(16) 3.38(1) 0.032(6)
(Zr0,), 1(S510,)0 ¢ Room temp. Zr-O 3.1(4) 2.00(1) 0.006(1) 35
Zr-O 6.4(13) 2.25(1) 0.031(9)
Zr—Zr 0.7(4) 3.37(1) 0.012(6)
500 Zr-O 2.3(6) 2.01(1) 0.005(2) 30
Zr-O 5.2(15) 2.18(3) 0.038(13)
Zr—Zr 0.2(2) 3.40(1) 0.006(5)
750 Zr-O 2.4(8) 1.98(1) 0.007(2) 31
Zr-O 4.4(17) 2.15(4) 0.039(17)
Zr-Zr 0.5(4) 3.38(2) 0.013(7)
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Fig. 5 Zr K-edge EXAFS for data unheated (ZrO,), ,(5i0,) 0
xerogel: k* weighted EXAFS (top) and Fourier transform (bottom).
( ) Experimental data, and (- — — —) theoretical fit. Note that the
experimental kf’ weighted EXAFS exhibits a double-electron tran-
sition at ~7.7 A~1.2°
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Fig. 6 Zr K-edge EXAFS for data unheated (ZrO,), ,(SiO,) ¢

xerogel: k® weighted EXAFS (top) and Fourier transform (bottom).
( ) Experimental data, and (- — — -) theoretical fit.

the calculated fits for the two extremes of composition,
(Z21r0,)0.1(510,)0.o and (ZrO,), 4(Si0,), ¢ after no heat treat-
ment. These data illustrate a clear structural change over the
composition range. The data from the (ZrO,), (Si0;),.4
samples are affected by a double-electron transition at ~7.7
A=120 a5 can be seen in Fig. 5. Consequently, during the
fitting procedure for these samples, data were excluded
between 7.0 and 8.3 A~L. It should be noted that the features
at 1.5 A in r-space are a characteristic of most oxides®! and
are artefacts of multiple scattering events. The shoulder at
about 2.6 A in r-space is more problematic. Okasaka et al.?>
ascribed the peak to non-bridging Zr-O bonds. However, this
distance is too long for Zr-O bonding and it seems likely that
the feature is an artefact of the Fourier transform.>?

Discussion

The 2°Si MAS NMR results presented above show the general
trend in all four samples of an increase in more polymerised
Q" species as the temperature of the heat treatment increases.
It is well known that for SiO, sol-gels, heat treatment to pro-
gressively higher temperatures leads to the loss of organic
groups and to further condensation which strengthens the
silica network and eventually leads to the presence of only Q*
species (i.e. virtually all of the SiO, tetrahedra are connected
to four other SiO, units). The interesting feature of these
NMR results concerns the effect that zirconium has on the
chemical shift of silicon. Table 1 clearly shows that as the zir-
conium dopant level is increased, the extent of condensation
of the silica network is reduced. It has been previously shown
that in the related materials, (Ti0,)(SiO,), ., where x < 0.2,
titanium adopts tetrahedral coordination within the silica
network and has little effect on the silicon chemical shift.?4
Thus, for a (TiO,), ;5(Si0,),.5, sample heated to 750 °C, vir-
tually all the silicon is present as Q* species. Zirconium is
therefore playing a very different role in these mixed oxide
sol-gel materials compared to that of titanium. Other workers
have observed similar behaviour in (ZrO,),(SiO,), _, sol-gels.
Tartaj et al.>® observed a single broad peak at —89.3 ppm in
the 2°Si MAS NMR spectrum from an unheated
(Zr0O,),.5(510,), s sample prepared by the hydrolysis of an
aerosol of Zr and Si alkoxides. This band was attributed to
the presence of silicon in Si(Si0),(ZrO), (Q2%,) and
Si(Si0)(Zr0), (Q},,) environments. Andrianainarivelo et al.'!
studied (ZrO,),(Si0,), _, materials prepared by a non-
hydrolytic sol-gel route and found that increasing the zir-
conium content lead to an increasing number of Zr—O-Si
bonds, which, in turn, lead to an increase in the Q2,, and Q3,,
signals in the 2°Si NMR spectra. The effect described above is
due to the high field strength!® of Zr** ions which cause them
to adopt higher coordination numbers with respect to oxygen.
Zr** cannot substitute tetrahedrally into a silica network as
can Ti** and therefore acts as a network modifier. This dis-
rupting effect is illustrated by the widths of the 2°Si NMR
peaks which show a general increase with increasing Zr
content. In fact, this network modifying behaviour has been
cited as the cause of the catalytic activity of (ZrO,)(Si0,), _,
materials.?8

The FTIR results shown in Figs. 1(a) and (b) illustrate the
effect that zirconium has on the silica network. The main
change observed in the spectra at both temperatures is that
the silica network vibrations at 1160, 1070 and 795 cm™?!
become less well defined as the zirconium content is increased.
This effect is most pronounced for the 795 cm ™! peak due to
the symmetric stretch of the SiO, unit!!!® which has all but
disappeared for the (ZrO,), ,(Si0,), ¢ sample. Clearly, the
addition of zirconium is modifying the connectivity and
strength of the silica network.

The amount of zirconium present also causes a significant
change in the size of the peaks at ~3550, ~3200 and 1640
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cm™! due to hydroxy groups and adsorbed water for the
samples heat treated to 750 °C. Increasing the amount of zir-
conium increases of number of hydroxy groups present. This
change can be rationalised in terms of the extra disorder
introduced into the structure by the presence more ZrO,
(x > 4) polyhedra. The extra disorder is associated with the
presence of more non-bridging M—O bonds. The fact that
more adsorbed water is present at the higher levels of zir-
conium doping is most likely due to the presence of more
hydroxy groups which provide sites for water to hydrogen
bond.

The shoulder at ~980 cm™! changes shape and position
with heat treatment and zirconium content. This feature has
contributions from Si—-(OH) stretches and Zr—O-Si modes,
and for the unheated samples becomes stronger and less well
defined as the zirconium content increases. Since the broad
hydroxy band centred at ~3400 cm™' has similar intensity
for all the unheated samples, it can be deduced that the
change in the 980 cm ™! feature is due to an increase in the
number of Zr—O-Si bonds with increasing zirconium content.
The same conclusions cannot be drawn from the spectra from
the heat treated samples since the concentration of hydroxy
groups also increases with zirconium content.

The peaks at the low energy end of the spectra are more
difficult to interpret. All spectra exhibit a broad feature at
about 500 cm~! with a weak shoulder at ~600 cm™!.
Nogami!? attributed intensity in the 500-600 cm ™~ region of
the IR spectra of (ZrO,),(SiO,), _, sol-gels to the presence of
ZrO, polyhedra in which the Zr** ion does not enter the total
anionic framework structure of the glass. Lee and Condrate!?
made a similar assignment, attributing a broad band at 600
cm ™! to the vibration of ZrO, units in an atomic arrangement
similar to that in crystalline cubic zirconia. It should be noted
the pure sol—gel derived silica also exhibits IR absorption in
the 400-600 cm ™! region; Matos et al.2’ observed bands
at ~550 and ~460 cm~! which were assigned to Si—(OH)
and Si-O-Si bending vibrations, respectively. In the spectra
presented here, there is a definite increase in intensity in the
500-600 cm~! region with increasing zirconium content
for both the unheated and heat treated samples. This
suggests an increase in the number of interstitial ZrO,
units within the silica network as the zirconium content is
increased.

The disappearance of the sharp bands at 2900 and 1450
cm ™! due to C-H vibrations with heat treatment provides evi-
dence for the removal of any organic fragments with heating
to 750 °C.

The Zr K-edge EXAFS parameters in Table 3 provide
important information on the local environment of the zir-
conium atoms in these samples. The structural parameters
derived for the (ZrO,),5(Si0,)y; and (ZrO,), 4(Si0,)06
samples, before and after heat treatment, resemble those for
monoclinic ZrO,. The Zr-O nearest neighbour distances
obtained are all close to the average value for monoclinic
ZrO, obtained from this EXAFS study. The Zr-O coordi-
nation numbers are close to 8 but, taking into account the
errors in coordination numbers derived from this technique
(£20%), the difference between 7-fold and 8-fold coordination
cannot be unambiguously distinguished. The distances
obtained from the EXAFS technique, with uncertainties of
+0.05 A for nearest neighbour correlations, often provide a
much better guide to local environment. The Zr-Zr distances
in the (ZrO,),. 3(5102)0 ; and (Zr0O,),.4(510,), ¢ samples are
between 3.4 and 3.5 A which are close to the value of 3.46 A
found in monoclinic ZrO, .

The Zr-Zr coordination numbers of just over 4 are much
lower than the value of 7 expected for monoclinic ZrO,. The
Debye-Waller factors for the Zr—Zr shell in the xerogel
samples are also significantly higher than those obtained from
monoclinic ZrO,, indicating much greater disorder in this
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shell for the former materials. Similar results have been
obtained from EXAFS studies of amorphous Zr(OH), pre-
pared from zirconium basic sulfate.?® Based upon the preced-
ing observations, it is proposed that for the (ZrO,), 5(SiO5,), ;
and (ZrO,), 4(5i10,), ¢ samples before and after heat treat-
ment a significant proportion of the ZrO, forms amorphous
regions with Zr in a local environment close to that found in
monoclinic ZrO, .

The EXAFS data from the (ZrO,), ,(SiO,), o samples are
best fitted with a different structural model consisting of a
split Zr—O shell and one Zr—Zr distance. This distinct splitting
of the Zr-O shell is similar to that observed in cubic and
tetragonal zirconia,® and in zircon, Z1SiO,. ° The two Zr-O
distances of ~2.0 and ~2.2 A obtained are closest to those
for yttrium stabilized cubic zirconia which has three oxygens
at a distance of 2.04 A and four oxygens at 2.23 A. The Zr-Zr
coordination numbers of ~0.5 and distances of ~3.4 A are
consistent with Zr being randomly distributed through the
silica structure with no phase separation of ZrO,. For
example, a (ZrO,), ,(510,)y o sample with a Zr-M coordi-
nation number of 8 (cf. zircon) and a random distribution of
Zr would have a Zr-Zr coordination number of 0.8.

The  structural  parameters  obtained for  the
(Zr0O,), »(510,), ¢ samples are intermediate between those for
the (ZrO,)0.4(8i0,)0.0 and (ZrO,)y 4(Si0,).6 samples. The
high Debye—Waller factors of ~0.04 A2 for the Zr-O shell
suggests a possible splitting of this shell as observed in the
(Zr0O,), 1(510,), o samples whereas the Zr-Zr coordination
numbers of close to 4 suggest a degree of phase separation of
amorphous ZrO, as in the samples of higher Zr content. It
seems likely that as the Zr content increases above 10 mol%
phase separation of some amorphous ZrQO, starts to occur; at
40 mol% Zr, a significant proportion of zirconium is present
as amorphous ZrO,. Similar results were obtained by Lee
and Condrate'? who identified ZrO,-rich regions in
(Zr0O,),(Si0,), _, sol-gel derived glasses for x > 0.27 from the
presence of a broad band at 550 cm ! in the Raman spectra.
The results from the (ZrO,), ,(S510,),.o samples clearly show
that when zirconium enters the silica network homogeneously,
it acts as a network modifier, thus agreeing with the 2°Si
NMR and FTIR results discussed above. Considering all the
results presented in Table 3, it appears that heat treatment has
little effect on the coodination of zirconium in these materials.
One noticeable effect, is a general increase in the Debye—
Waller factors for the Zr—O shells of the higher zirconium
content samples. This may reflect more zirconium entering the
silica network and a change in local coordination from
monoclinic-like to cubic/tetragonal-like as the samples are
heated.

The 17O MAS NMR results shown in Figs. 3 and 4 com-
plement the EXAFS results. The spectra from the
(ZrO,)4 4(510,), ¢ samples all show the presence of Si-O-Si (0
ppm), Zr—O-Si (150 ppm) and Zr—O—-Zr (295 and 395 ppm)
bridges. As mentioned previously, the positions of the peaks
due to Zr-O-Zr bonding are close to those observed from
monoclinic zirconia.'® This result suggests, in agreement with
the interpretation of the EXAFS data, that these samples
contain phase separated ZrO, with a local structure similar to
that in monoclinic zirconia. The effect of heat treatment is to
bring the peaks due to Zr—-O-Zr bonding closer together and
to broaden the Zr—O-Si peak. However, this probably reflects
a change in local coodination of some of the zirconium atoms
to an environment closer to that found in cubic and tetrago-
nal zirconia; tetragonal zirconia exhibits a Zr-O-Zr peak at
365 ppm!® which is approximately midway between the peaks
from monoclinic zirconia. The spectra from the
(Zr0O,)0.1(510,),. o samples all show the presence of Si—O-Si (0
ppm) and Zr-O-Si (150 ppm) bridges and an absence of
Zr—O-Zr bonding. These results support the interpretation of
the EXAFS data showing that the (ZrO,), ,(510,), ¢ samples



are atomically mixed. The Zr—O-Si peak becomes slightly
more intense with heat treatment. This may reflect densifica-
tion of the structure as hydroxy groups are lost and more
Zr—0O-Si bonds are formed. It should be noted that, despite
phase separation, the spectra from the (ZrO,), 4(Si0,), 6
samples show more intense peaks due to Zr—O-Si bonding
than those from the (ZrO,), ,(5i0,), o samples. This indicates
that, although phase separation starts to occur at ~20 mol%
Zr, the amount of isolated interstitial ZrO, within the silica
network still increases as the zirconium content is raised.

Conclusions

All the structural techniques described above show that zir-
conium clearly behaves differently from titanium in mixed
metal-oxide : silica materials prepared by the sol-gel method.
Titanium can substitute for silicon in the silica network for
low levels of doping whereas zirconium always acts as a
network modifier. The network modifying behaviour of zir-
conium has been used Millar and Ko?® to explain the high
catalytic activity of (ZrO,).(Si0,), _, aerogels compared with
their titanium doped counterparts. The authors attribute the
catalytic activity to acid sites which result from the “charge
imbalance” in the Zr-O-Si bridges caused by mismatches in
cation valency and coordination. EXAFS and 'O MAS
NMR data have shown that for (ZrO,), ;(S10,), o samples the
oxides are atomically mixed with no evidence of phase separa-
tion. In these samples the local structure of zirconium is
similar to that found in cubic zirconia. The results for the
(Zr0,)(.4(510,), ¢ samples show that some phase separation
occurs with a significant proportion of the zirconium present
as amorphous ZrO, with a local structure similar to that of
monoclinic zirconia. The remaining ZrO, enters the interstices
of the silica network. Despite phase separation, the
(Z1r0,).4(S510,) ¢ samples contain more Zr-O-Si bonding
than the (ZrO,), 1(Si0,)y o samples. This observation high-
lights another difference between the role of zirconium and
titanium in such materials. In (TiO,),(SiO,); _, materials,
when phase separation occurs at x ~ 0.4, nearly all the TiO,
is present as a separate phase,® whereas in (ZrO,),(SiO,); _,
(x > 0.2) samples, phase separated ZrO, and interstitial ZrO,
are present in equillibrium. Since the level of phase separation
is crucial to the physical properties and usefulness of these
materials, 170 MAS NMR and EXAFS have proven valuable
techniques for detecting this.
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