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Abstract
We report the results of an extended x-ray absorption fine structure (EXAFS)
study of a sample of ZrO2 prepared by high-energy ball milling. X-
ray diffraction showed that the sample contained nanocrystals that were
predominantly monoclinic with a particle size of 15 nm. The EXAFS for the
sample was strongly attenuated in comparison to that for bulk monoclinic ZrO2.
This has been interpreted as the ball-milled sample containing a large level of
disorder whose possible origins are discussed. In contrast, our previous EXAFS
studies of nanocrystalline oxides prepared by sol–gel methods have shown that
these samples contain well-ordered crystallites with grain boundaries similar
to those in bulk materials. It is concluded that ball-milled samples are very
different from oxide nanocrystals produced by other techniques.

1. Introduction

There is intense interest in nanocrystalline materials since their properties can be markedly
different from the parent bulk solids [1–4]. Reasons for the interest in nanocrystalline
ceramic oxides include the possibilities of producing superhard and superplastic ceramics
and catalysts with enhanced activities. Clearly, the increased surface area to volume ratio
afforded by preparing a catalyst in nanocrystalline form will increase activity, however, recent
work on simple binary oxides [5] suggests that other factors, i.e. surface morphology and
surface chemistry, are advantageously different for nanocrystals. In addition, nanocrystalline
materials will dissolve higher concentrations of impurities than their bulk counterparts and
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this offers further scope for tailoring new catalytic materials. A thorough understanding of
the physics and chemistry of these new materials is reliant on a detailed characterization
and, in particular, it is important to know the effect of the preparative route on the nature
of the microstructure of the nanocrystal. Several methods have been developed to prepare
nanocrystalline oxides including the calcination of hydroxides [6, 7], sol–gel syntheses [8–
10], oxidation of nanocrystalline metals [11, 12], chemical vapour phase deposition [13, 14],
radio-frequency sputtering [15, 16] and high-energy ball milling [17–20]. It is far from clear
whether the different routes produce the same microstructure and the aim of this paper is to
compare the microstructure of nanocrystalline zirconia produced by different routes.

We have used extended x-ray absorption fine structure (EXAFS) to study nanocrystalline
zirconia. There is a long history of EXAFS measurements, a probe of local structure up
to 5–10 Å [21], being used to determine the microstructure of nanocrystalline materials
as the presence of disorder in a sample results in an attenuation of the amplitude of the
oscillations. Early work on nanocrystalline metals reported strongly attenuated signals that
were interpreted as evidence of highly disordered interfacial regions (see, for example, the
study of nanocrystalline Cu [22]) and this view of the microstructure was assumed for all
nanocrystalline materials. The interfacial region has even been termed ‘gas-like’. However,
more recent work has shown that the EXAFS signal is strongly dependent on sample preparation
and the EXAFS protocol [23, 24]. The EXAFS of 12 nm nanocrystalline Pd produced by
inert gas condensation and carefully selected for particle size homogeneity showed only a
small attenuation of the signal [23]. This could be explained simply in terms of size effect
with no evidence of high levels of disorder. Recent transmission EXAFS experiments for
13 nm nanocrystalline Cu showed no significant attenuation, leading to the conclusion that the
interfaces were similar to normal grain boundaries found in bulk samples [24]. In contrast,
the EXAFS of 8 nm nanocrystalline Fe produced by ball milling showed a strongly attenuated
signal that was interpreted in terms of a large density of defects and ill-coordinated surface
atoms in the material [25].

The history of EXAFS studies of nanocrystalline oxides is similar to that described above
for metals, with papers both for and against the presence of highly disordered interfaces.
However, there is now reliable EXAFS evidence for the interfaces being similar to normal
grain boundaries in bulk samples. For the specific case of sol–gel-prepared tin oxide, SnO2,
see [26–29] and for zinc oxide,ZnO, see [30–32]. Reference [29] on 3 nm nanocrystals of SnO2

shows that the nanocrystals have a similar level of static and dynamic disorder to that found
in bulk material. Recent EXAFS studies of nanocrystalline zirconia, ZrO2 [33–35], yttrium-
stabilized cubic ZrO2 (YSZ) [33–35] and CeO2 [34, 35] prepared by polymer-spin coating (a
variation of the sol–gel procedure) also reveal low levels of static and dynamic disorder. This
seems to be a common feature of the sol–gel-synthesized nanocrystalline oxides [36].

High-energy ball milling has many potential advantages as a route to preparing
nanocrystalline samples [20]. It can be applied to a wide range of material types, provides
control over the particle size, produces large quantities of sample in short times and the
equipment is relatively simple and inexpensive. Although detailed examinations of the
microstructure on ball-milled samples are sparse, the very recent and thorough study of
corundum, Al2O3, was particularly revealing [37]. In this work Al2O3 was ball milled down
to an average particle size of 13 nm and examined by x-ray diffraction (XRD), transmission
electron microscopy (TEM), 27Al magic angle spinning nuclear magnetic resonance (MAS-
NMR) and electron paramagnetic resonance (EPR) of the Fe3+ trace impurity. All the
techniques revealed a significant fraction of amorphous material in the sample, around 80%
from MAS-NMR and 50% from XRD, and the authors suggested the sample consisted of
nanocrystalline grains embedded in amorphous grain boundaries. This is clearly very different
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from the microstructure of sol–gel-prepared nanocrystalline oxides revealed by EXAFS [36]
and was a stimulus for the work reported here.

Zirconia is an exceptionally important technological ceramic with a variety of applications,
including use as a tough engineering material [38], a highly durable catalyst [39] and catalyst
support [40] and as an oxygen conducting solid electrolyte membrane [41]. The normal phase
of pure ZrO2 at room temperature is monoclinic which converts at elevated temperatures to a
tetragonal and then a cubic, fluorite-structured phase. The tetragonal phase can be stabilized at
room temperature by the addition of small amounts (�16 mol%) of aliovalent cation impurities,
such as Ca2+, Mg2+ or Y3+. Higher concentrations of these dopants will stabilize the cubic
form at room temperature and it is this material, particularly the yttrium-stabilized cubic
zirconia, YSZ, which is used as a solid electrolyte [41]. The tetragonal phase is also stabilized
in small crystallites (�30 nm) of pure ZrO2 [42]. In fact the common synthetic route to
zirconia, the calcination of the hydroxide, produced by sol–gel procedures can be controlled
via the annealing temperature and time, to control the particle size and phase. For example,
heating for one hour at 500 ◦C will produce tetragonal crystallites with an average size of
10 nm, as measured from XRD [43]. However, the structural changes in the conversion
from the hydroxide are complex [7, 44] and very recent work combining EXAFS and NMR
measurements have emphasized the multiphase nature of ZrO2 produced by calcination at
low temperature [45]. Calcination temperatures in excess of 700 ◦C are necessary to remove
traces of hydroxide and amorphous material from the sample. As a result, the final material has
relatively large crystallites, average size ∼25 nm, and is a mixture of tetragonal and monoclinic
phases.

There have been extensive EXAFS studies of ZrO2, either pure or containing yttria
stabilizer, to probe the local structure in bulk material [46] and nanocrystalline samples
produced by calcining the hydroxide [7, 33–36, 44, 47–49], mechanical attrition of bulk
ZrO2 [17] or oxidation of the nanocrystalline metal [50, 51] and an unspecified chemical
method [52]. We emphasize that the preparation route strongly affects the results and can lead
to erroneous conclusions on the nature of the nanocrystals. It has been stated that the EXAFS
results provide evidence of disordered surfaces in ZrO2 nanocrystals prepared by hydroxide
calcination as a consequence of the large fraction of atoms in the crystallite surface [48, 49].
These statements are incorrect as they ignore the presence of unreacted hydroxide in the
sample [45] and the EXAFS of carefully prepared samples shows no evidence of disorder
even in 6 nm nanocrystals [33–36]. The EXAFS of ball-milled ZrO2 indicated the presence of
amorphous material in the sample [17], however, that work provided only a qualitative analysis
of the data and was performed before extensive studies were available for nanocrystalline ZrO2

obtained from other preparation routes. In contrast, we will present below a detailed analysis
of the EXAFS of ball-milled ZrO2 and compare it with data for sol–gel-prepared samples
collected and analysed by the same procedures by our group.

2. Experimental details

2.1. Materials

ZrO2 powder (Prolabo, 99% purity) was ground using a Spex 8000 mixer mill, which generates
essentially impact/shock interactions. Several samples were prepared but only the one with
the smallest particle size was studied in depth. 1 g of powder was placed in a 50 ml stainless
steel container together with five stainless steel balls (one of 14 mm, two of 8 mm and two of
6 mm diameter), leading to a ball/powder weight ratio of 26. Milling lasted for 60 min.
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2.2. XRD

X-ray powder diffraction patterns of the samples were collected on a conventional laboratory
diffractometer, a Phillips PW1720 instrument, using a Cu Kα tube operating at 35 kV and
20 mA. Particle sizes, S, were determined from the Scherrer equation [53], i.e.

S = Kλ

β cos θ

where K is a constant (0.89), β is the full-width-at-half-maximum height of a diffraction peak
at angle θ and λ is the x-ray wavelength.

2.3. EXAFS

Measurements were made on station 9.3 at the CLRC Daresbury synchrotron radiation
source. The synchrotron has an electron energy of 2 GeV and the average current during
the measurements was 150 mA. Station 9.3 is equipped with a high-stability, double Si(220)
crystal monochromator that can be offset from the Bragg angle to reject harmonic contaminants
from the monochromatic beam. In the present work the harmonic rejection was set at 50%.
Zr K edge EXAFS spectra for the powdered materials were collected at room temperature in
conventional transmission mode using gas-filled ion chamber detectors. The samples were
prepared by thoroughly mixing the ground material with fumed silica or powdered polythene
diluents and pressed into pellets in a 13 mm IR press. Spectra were typically collected to
k = 18 Å−1 and several scans were taken to improve the signal-to-noise ratio. For these
measurements, the amount of sample in the pellet was adjusted to give an adsorption of about
µd = 1.

The data were processed in the conventional manner using the Daresbury suite of EXAFS
programmes; EXCALIB, EXBACK (or EXBROOK) and EXCURV98 [54]. Phase shifts were
derived from ab initio calculations within EXCURV98. This code also includes routines to
treat multiple scattering effects in highly symmetric structures and these were employed in
the current work. For each spectrum a theoretical fit was obtained by adding shells of atoms
around the central excited atom and least-squares iterating the radial distances, RD, and the
Debye–Waller type factors, A(=2σ 2). This latter factor will contain contributions from both
thermal disorder and static variations in RD. In some cases the co-ordination number (CN),
was also iterated. The quality of the fit is measured by an R-factor [54] and the errors in RD
are ∼±0.02 Å and ∼±20% in A and CN.

3. Results and discussion

The XRD pattern for the ball-milled sample is shown in figure 1 along with the patterns for
monoclinic and tetragonal ZrO2. The ball-milled sample is predominantly in the monoclinic
phase and the particle size calculated by applying the Scherrer equation to the peak at 28.2◦
(the 1̄01 reflection) yields an average particle size of 15 nm. There is a shoulder on the peak
at 31.5◦ (the 111 reflection) centred at about 30◦, which corresponds to the 101 reflection of
the tetragonal phase. From the peak areas we estimate that the amount of tetragonal phase in
the sample is at most 10%, which should not present a major problem in analysing the EXAFS
results in terms of the ball-milled material in the monoclinic phase.

The Zr K-edge EXAFS of the monoclinic ZrO2 powder prior to ball milling is shown in
figure 2. The fitting of the spectrum was performed using an initial structural model based
on a simplified picture of the crystallographic data [33, 46] for the first four co-ordination
shells. In the least-squares fitting, the CNs were held constant and radial distances and the
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Figure 1. The XRD patterns for zirconia powders: (a) the ball-milled sample with 15 nm particle
size, (b) tetragonal ZrO2, (c) monoclinic ZrO2.

Debye–Waller factors were allowed to float. The best-fit parameters are listed in table 1 along
with previous EXAFS data for ZrO2. It can be seen that the present parameters are in excellent
agreement (within the expected experimental errors of ±0.02 Å for the radial distances and
±20% for the Debye–Waller factors) with our previous study of monoclinic bulk ZrO2 [33, 35],
which provides a necessary validation of the current set of experiments. It is normal for the
Debye–Waller factors to increase with increasing radial distance and therefore the large value
for the Zr–O correlation (0.028 Å2) compared to those for the Zr–Zr correlations is at first sight
disconcerting. However, the crystallographic data for monoclinic ZrO2 show that the Zr–O
shell is complex with 7O atoms at seven different distances ranging from 2.051 to 2.285 Å.
Following previous studies [33, 46], we have used a simplified model for this shell and the
large Debye–Waller factor is due to the dispersion in the radial distances.

The Zr K-edge EXAFS of the ball-milled sample is shown in figure 3. A visual inspection
of the plot shows that it is basically similar to that for the monoclinic bulk sample except for
an attenuation of the EXAFS at large k and a marked reduction in the second (i.e. a factor of
two) and higher peaks, the Zr–Zr correlations, in the Fourier transform centred at ∼3.5 Å. The
spectrum was fitted using the same starting model for the bulk monoclinic sample (i.e. four
co-ordination shells) and again the CNs were held constant and the radial distances and Debye–
Waller factors were allowed to float. The best-fit parameters are listed in table 1. The radial
distance and the Debye–Waller factor for the first shell, the Zr–O correlation, are virtually
identical to those for the bulk material. In contrast, although the radial distances for the Zr–
Zr correlations are very similar to those for the bulk material, the Debye–Waller factors are
markedly increased, by nearly a factor of two, as expected from the reduction in peak size.
Other approaches were taken to the fitting, i.e. allowing the CNs to float, and equally good fits
were obtained to those shown in table 1. In these cases, the reduction in the magnitude of the
Zr–Zr correlations was partly taken up by a reduction in the CNs, however, the radial distances
remained essentially the same as for the bulk monoclinic sample. It should be noted that a
particle size of 15 nm would have an insignificant effect on the CNs of the Zr–Zr shells [36].

The strong attenuation of the EXAFS of the ball-milled sample is clearly indicative of a
high level of disorder in the sample. There are a number of possible origins for the disorder
which EXAFS measurement alone will not be able to discriminate. One possibility is the
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Figure 2. EXAFS spectra (k3-weighted) and corresponding Fourier transforms for bulk monoclinic
ZrO2 powder; (a) and the corresponding Fourier transform (b) corrected with the phase shift of the
first shell. The experimental data are shown by the solid curves and the best fit is the dotted curves.

presence of a large number of defects and ill-coordinated surface atoms in the crystallites, the
model used to interpret the EXAFS of ball-milled Fe [25]. These could be either point defects
or dislocations. Another possibility is that the interfaces between the crystallites are highly
disordered, the situation discussed in the introduction for the early work on nanocrystalline
metals. However, there is good evidence from TEM that ball-milled ZrO2 [17] and Al2O3 [37]
contain considerable portions of amorphous material. Therefore, for the purpose of comparison
with the recent data for Al2O3 it is worth pursuing a model that assumes that the EXAFS
shown in figure 3 is for a two-phase sample, containing nanocrystals of monoclinic ZrO2 and
amorphous ZrO2, and then make a semi-quantitative analysis of the composition. An upper
limit to the fraction of crystalline material in the sample can be obtained by assuming that
the amorphous material is completely disordered beyond the first Zr–O shell, i.e. there are no
peaks beyond the first peak in the Fourier transform of the amorphous material. On this basis
the second peak in the Fourier transform of the ball-milled sample at 3.45 Å is due only to Zr
atoms in the crystalline region of the sample. The ratio of the area of this second peak for the
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Table 1. EXAFS results for nanocrystalline zirconia powders and precursors (errors on the
parameters are quoted in the text).

Zr K edge EXAFS

Composition Grain size Phase Atom CN RD (Å) A (Å2) Comment/Reference

Zirconium Bulk Amorphous O 7 2.13 0.018 Room
hydroxide Zr 4 3.37 0.028 temperature [33]
Zirconium Bulk Amorphous O 2.0 ± 0.5 2.08 0.01 Room
hydroxide O (or 5 ± 0.5 2.16 0.022 temperature [7]

OH/H2O)
Zr 1.7 ± 1.0 3.27 0.023
Zr 2.0 ± 1.0 3.41 0.023

ZrO2 Bulk Monoclinic O 7 2.15 0.020 Room
Zr 7 3.46 0.015 temperature [33]
Zr 4 4.03 0.017
Zr 1 4.55 0.002

ZrO2 Bulk Monoclinic O 7 2.14 0.026 Room temperature
This work

Zr 7 3.45 0.016
Zr 4 3.98 0.019
Zr 1 4.54 0.007

ZrO2 ball 15 nm Monoclinic O 7 2.13 0.028 Room temperature
milled This work

Zr 7 3.45 0.027
Zr 4 4.00 0.033
Zr 1 4.54 0.015

YSZ Bulk Cubic O 7 2.31 0.018 Room
Zr(Y) 12 3.61 0.020 temperature [33]

YSZ film 6 nm Cubic O 7 2.33 0.018 Room
Zr(Y) 12 3.63 0.016 temperature [33]

ball-milled and the bulk sample is therefore the fraction of crystalline material in the ball-milled
sample. This analysis yields 60% amorphous material in the ball-milled sample. This will be
an underestimate as the amorphous material would be expected to show some local structure
beyond the first co-ordination shell and there would be some contribution to the second peak in
the Fourier transform. Although we would not try to pursue this model too far, we believe it is
noteworthy that an estimate of 60% is in the range of 50–80% reported for ball-milled Al2O3.

An attenuation of the EXAFS of ball-milled ZrO2 has been noted by previous workers [17]
and attributed to amorphous material in the sample. However, it was not treated by any detailed
analysis; only the Zr–O correlation was analysed and no estimate was made of the phase
composition of the sample. In addition, it was assumed by comparison with the earlier EXAFS
of ZrO2 nanocrystals prepared from the hydroxide [49] that an attenuation of the EXAFS was
a common feature of all nanocrystalline samples. This is now known to be incorrect and that
carefully prepared samples of nanocrystalline ZrO2, even at a particle size of 6 nm show no
perceptible attenuation [33–36]. An illustration of this can be seen in the parameters listed for
bulk and 6 nm YSZ in table 1.

4. Conclusions

The experiments reported here show that the EXAFS of ball-milled ZrO2 is strongly attenuated
compared to that for the bulk material. This is clear evidence that the ball-milled sample
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Figure 3. EXAFS spectra (k3-weighted) and corresponding Fourier transforms for ball-milled
ZrO2 powder (15 nm) (a) and the corresponding Fourier transform (b) corrected with the phase
shift of the first shell. The experimental data are shown by the solid curves and the best fit is the
dotted curves.

contains a high level of disorder. On the basis of the EXAFS experiments alone it is not
possible to identify the exact nature of the disorder. It is worth noting that applying the
model recently developed for ball-milled Al2O3, in which the nanocrystals are embedded in
an amorphous matrix [37], is consistent with the present results. It is a matter of opinion as
to whether this model is any different to one in which the nanocrystallites are separated by
disordered interfaces. In either case, detailed analysis of the EXAFS would require a two-phase
model, i.e. Zr atoms in two different types of local environment.

The presence of disorder is a result of the ball-milling method of preparation and is not
a general feature of nanocrystalline materials. We have shown that nanocrystalline films of
ZrO2 [34, 35] and YSZ [33, 35] prepared by polymer spin coating show no attenuation of
the EXAFS even at particle sizes of 6 nm. Similar results for other nanocrystalline oxides
prepared by the sol–gel technique show that the crystallites are well-ordered and that the
interfaces between crystallites are like grain boundaries in normal bulk samples [36].
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We conclude that nanocrystalline oxide samples prepared by ball milling should be
considered separately from samples prepared by other techniques. The presence of disorder,
which is not present in samples prepared by other methods, could well be the origin of some
of the unusual properties reported for ball-milled samples. A particularly important case is
that of anomalously high diffusion coefficients [20, 55]. For example, anomalously fast Li+

ion diffusion has been reported from NMR studies of ball-milled LiNbO3 with a particle size
of 22 nm. Preliminary studies of the EXAFS of ball-milled LiNbO3 show an attenuation of
the spectrum similar to that reported here [56]. It is therefore important to ascertain whether
fast diffusion in ball-milled samples is simply due to the inherent disorder in these particular
samples or whether it is an intrinsic property of nanocrystalline materials. Hence, parallel
diffusion studies of ball-milled and sol–gel samples are needed to resolve this important issue.
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