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Abstract. We performed temperature-dependent extended x-ray absorption fine structure (EXAFS)
measurements on a series of nanocrystatline zirconia powders with different crystallite sizes. The
results show that there is a tetragonal-to-cubic phase transition with reduction of crystallite size.
The temperature dependence of the Exars Debye~Waller factor is also discussed.

1. Introduction

During the last decade, nanocrystalline materials (typically having crystallite size of just
a few nanometres} have been of much interest because novel properties appear in these
materials, such as the enhanced plasticity of a nanocrystalline ceramic material [1] and the
high diffusivity of Ag in nanocrystalline Cu [2]. Hence, nanocrystalline materials will be
applied widely in technology.

1t is well known that the properties of a material are closely connected with its atomic
structure, so structure determination is very important for good understanding of structure-
dependent properties. Many techniques have been applied to probe the atomic sitructure
of nanocrystalline materials, for instance, x-ray diffraction [3], high-resolution electronic
microscopy {4, 5], positron lifetime spectroscopy [6] and Mossbauer spectroscopy [7], while
extended x-ray absorption fine structure (EXAFS) spectroscopy is also a powerful tool for the
identification of the atomic structure, particularly for the identification of the local structure
around absorbing atoms. Many EXAFS studies have been made of the local atomic structure
in nanocrystalline materials or small clusters [8-11]. Most of these studies focused on metal
clusters. Few investigations were made of the nanocrystalline oxides. Nanophase oxides,
such as TiO,, Fe;05 and ZrO,, have high catalysis activity and other particular properties.
EXAFS studies on these materials are important.

Ytiria-stabilized zirconia is an important anion-conducting ceramic. Pure zirconia at
room temperature (RT) is in monoclinic form. The monoclinic (m)-to-tetragonal () phase
transition was found at about 1174 °C and another transition from the t to the cubic (c) phase
took place at about 2300 °C. However, the t phase appears at RT when the crystallite size is
of nanometre order {12, 13]. Furthermore, diffraction studies [14, 15] of the ultradispersed
powder of zirconia also indicated that its structure could be described in the t crystal system,
and the lattice parameters approached those in the CaF; ¢ phase with further reduction of the
particle size. The accuracy of the lattice parameters and the structural symmetry determined
by the diffraction methods is limited by the broadening of peaks, when the particle size is
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of nanometre order. For zirconia, the diffraction paitern of the t phase is very similar to
that of the ¢ phase. This makes the identification of structural symmetry more difficult.
However, the local structure in the t phase is different from that in the ¢ phase. Using the
EXAFS technique, the difference between the local atomic structures in the two phases can
be detected and used to identify the phase of the sample.

In this paper, we report the results of EXAFS measurements for a series of ultrafine
zirconia powders with different mean particle sizes. The possible t—¢ phase transition versus
the particle size is deduced from the results and the temperature-dependent variations of
Debye—Waller factors are also discussed.

2. Experiment

2.1, Sample preparation

Nanosized zirconia powders were prepared by the coprecipitation method. 7 mol% yttria-
stabilized zirconia powder was prepared by the coprecipitation-spray-drying method from
zirconium oxychloride and yttria (dissolved in HNO; before use). The precipitated cake was
washed with distilled water to remove anions, and then with alcohol twice to replace water
in the cake. The cake was then made into slurry, which was followed by spray-drying in
a mini-spray-dryer (Brikmann/Buchi Model 190, Westbury, NY), and further calcinated at
different temperatures to obtain different sizes of crystallite. By this method, three samples
with different mean particle size were prepared.

Chemical analysis and x-ray fluorescence spectroscopy (SRFS, PW 1404) were adopted
for the quantitative analysis of the main components. Atomic emission spectroscopy (ICP
3589) was employed for the qualitative analysis of the whole elements, while atomic
absorption spectroscopy (ICP 5000} was used to analyse impurity quantitatively. The resulis
are shown in table 1. The mean particle sizes of the three prepared samples were about
5 nm, 8 am and 11 nm, as estimated by the x-ray diffraction method. For convenience, the
three prepared samples are denoted as Zrl, Zr2 and Zr3 respectively.

Table 1. Content of components in the prepared nanosized zirconia powder.

Zr0y Y203 HfO2
Content (mol%) 9168  7.27 1.05

The samples used in the EXAFS experiment were prepared in the following way,
The nanometre-sized powders were sieved through 400 mesh screening and then smeared
uniformly onto Scotch tape. Several layers were used to achieve the optimum thickness
(ud € 1.5, Apx = 1.0y, The bulk samples of m zirconia (Mz) and yttria-stabilized ¢
zirconia (YCz, 10 mol% yttrium content) were prepared in the same way,

2.2. EXAFS experimental details

We measured the Zr K-edge absorption for all of the samples at three temperatures (i.e.,
70 K, 140 K and 210 K}. The XAFs specira were measured on Beemline 4W1B at the
radiation source of Beijing Synchrotron Radiation Laboratory. A transmission mode was
used in the measurement with an Si(111) double-crystal monochromator. The electron
energy in the storage ring was about 2.2 GeV with a current of about 20 mA. The photon
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intensity at the sample is about 10® counts s™'. Two ion chambers filled with a mixture of
Ar and N; gas were used to detect both incident x-ray intensity J; and transmitted intensity
I simultaneously. The Y K edge (17038 ¢V) was used to calibrate the energy scale. The
monochromator was detuned to eliminate the high-order harmonics. The energy resolution
at 17 keV was estimated to be about 2 eV, For each sample several independent scans were
performed to examine the repetition of experimental data and estimate error bars.

3. Data analysis and results

The x-ray absorption spectra were analysed using a standard procedure [16]. The EXAFS
oscillations were isolated after the subtraction of the pre-edge contribution, background
removal and normalization. Figure 1 shows the EXAFS spectra, y(k), of nanocrystalline
zirconia, YCZ and yttrium-stabilized t zirconia (YTZ). It can be seen that the EXAFS spectrum
of Zr1 (about 5 nm) resembles that of YCZ. With increasing particle size, the EXAFS spectrum
of nanocrystalline zirconia approaches that of YTZ. This implies that the local environment
in nanocrystalline zirconia varies from the local environment in YCZ to that in YTZ.
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Figure 1. Exars x (k) spectra of the Zr K edge in  Figure 2. Fourier transforms of the Zr K-edge EXAFS
nanocrystalline zirconia powders and bulk ycz and yTz. &3 x (k) in nanocrystalline zirconia powders.

The Fourier transform (FT) of EXAFS spectra, as shown in figure 2, was carried out
within the same scale in & space (from 2.7 A™! to 14.7 A1) and with an identical width
of Hanning window. The first peaks at about 1.6 A in FT spectra correspond to the nearest
Zr-O shell. It can be seen that the amplitude of this peak for the Zr3 sample is lower than
that for the others, The reason for this reduction of amplitude will be given in section 4.2.
The second peaks at about 3.2 A originate from the contribution of Zr—Zr atomic pairs.
With a decrease of particle size, the amplitude of the second peak decreases, while the more
distant shells disappear rapidly. This implies the breakdown of the long-range order in the
structure.

The FT signals for the Zr—O shell and the Zr—Zr shell were isolated respectively with the
Fourier filter technique and then backtransformed into & space. A non-linear least-squares
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fitting procedure was applied to obtain the local structure parameters. In our case, it is not
possible to obtain the backscattering amplitude and phase shift from a reference sample,
such as Mz or YCZ, for the complicated coordination environment in these materials [17).
Thus, the theoretically calculated amplitude and phase shift (from FEFF codes [18]) were
used in the fitting procedure. The validity of the calculated amplitude and phase shift was
verified by using them to fit the experimental spectrum of MZ . The obtained local structural
parameters for MZ are consistent with those from single-crystal x-ray diffraction [19]. The
fitting parameters for nanocrystalline samples are shown in table 2.

Table 2. Fitting parameters for the Zr-O shell and the Zr-Zr shell (70 K). R, N and o? are the
coordination distance, the coordination number and the ExAFs Debye-Waller factor respectively,
The first element symbol in the subseript represents the absorbing atom and the second one
stands for the backscattering atom.

Rz-o %o Rez oz
Sample  (A) Nzc_o (x10°Y Ay (A Ner_as (x1073 A?)
Zil 2,120+ 0.01 68+07 75%1.0 3.587 % 0.02 454+ 1.0 110+ 1.0
Zr2 21174 0.01 62+07 67£10 3.605 % 0.01 9.7+ 0.5 8.0+ 1.0
Z13 2.084 £ 0.01 45+07 38£10 36184 001 1.1 £ 05 50£ 10

To extract mean-square relative displacements (MSRDs), the method used by Marcus
and co-workers [9] was employed. For each sample, the filtered EXAFS signals at different
temperatures were fitted, assuming common values for the coordination distances and
coordination numbers and individual values for the MSRDs and energy origin shifts at each
temperature. The fitting results are also shown in table 2.

Error bars were estimated in a standard way [20] and are shown in table 2. It should be
noted that the error bars of MSRDs were estimated under the same assumption as mentioned
above.

4. Discussion

4.1, Interatomic distance

From table 2, we know that the Zr—O bond length contracts with the decrease of particle
size, while the Zr-Zr interatomic distance increases. The ratio of Zr—Zr interatomic distance
(@zr-z:) to Zr—O bond length (dz;—o) is denoted as R;. The subscript i represents the label
of the sample. The values of R; for nanccrystalline samples are shown in table 3. Those
for the ¢ phase and the t phase [21] are also shown. 1t should be noted that dz._z;
for the t phase takes the average interatomic distance of the two Zr-Zr subshells, and
diy—y takes the Zr-O distance corresponding to the four nearest oxygen neighbours. With
increasing particle size, the R; value is close to that in the t phase. With decreasing
size, the R; value approaches that in the ¢ phase. This implies the occurrence of a size-
induced phase transition. The nanocrystalline zirconia transforms from the t form to the ¢
form with the reduction of crystallite size. Further strong evidence for this kind of phase
transition is given in section 4.2. The diffraction study [14, 15] also showed that the lattice
parameters approached that of a CaFa-type structure with decreasing particle size. This result
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Table 3. Ratio (R;) of Ze—Zr interatomic distance to Zr-O bond length,

Cubic zirconia ~ Zrl Zr2 Zr3 Tetragonal zirconia
R; 1.63 ' 1.69+0.02 1.70=£0.01 1.74+£0.01 1.78

is consistent with our result, but ours is more determinable, because the EXAFS methad does
not suffer from the same limitations as the diffraction method.

Our results imply that a size-induced phase transition may occur at some critical
crystallite size. However, there is a crystallite size distribution in each sample (the crystallite
size determined by XRD is just an average value). The crystallites with different sizes in
each sample may be in different phases and hence each sample is a multiphase material.
This is the reason why R; for the nanocrystalline samples changes gradually from the value
for the ¢ phase to that for the t phase.

4.2, Coordination number

4.2.1. The coordination number of the Zr—-O shell. As shown in table 2, the coordination
number of the Zr-Q shell decreases with increasing particle size. For samples Zrl and Zr2,
the coordination number approaches seven, close to that for bulk ycz [17]. However, this
value is reduced to 4.5 for sample Zr3. As shown in [17], only four oxygen neighbours are
enclosed in the first Zr—O shell for the YTZ sample, and their contribution to the XA¥FS spectra
can be detected. Therefore, the reduction of Zr—O coordination number for Zr3 indicates
that Zr3 is in the t phase. This conclusion coincides with that deduced from interatomic
distances.

The drop of Zr—O coordination number with increasing of particle size cannot be
interpreted as the loss of oxygen atoms on the crystallite surface because if this were
s0, the decrease of the ratio of surface over volume would make the Zr-O coordination
number in Zr3 larger than that in Zr2 or Zrl.

4.2.2. The coordination number of the Zr-Zr shell. For this shell, an obvious feature, as
shown in table 2, is the dramatic reduction of coordination number with decreasing particle
size. This is due to the particle size effect. Due to the confinement of the crystallite
surface, the local environment around central Zr atoms near the surface is different from
that around central Zr atoms in the interior. In the former case, the Zr—Zr coordination
number decreases, while in the latter case, it keeps the value in the bulk crystal. The Zr-Zr
coordination number obtained by EXAFS is the weighted average over both cases. Therefore,
with decreasing particle size, the ratio of surface over volume increases and the average
Zr-Zr coordination number decreases.

Assuming that the shape of the crystallites is a sphere and the lattice of crystallites is
of FCC type, we evaluate the Zr—Zr coordination number. Here, the possible relaxations
of surface atoms are neglected. The results calculated, as shown in table 4, are consistent
with the experimental ones except for the Zrl sample. It may be that the morphology of
crystallites in the Zr1 sample is very different from a sphere and the lattice relaxation cannot
be omitted.
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Table 4. Calculated and experimental Zr-Zr coordination numbers, Np is the experimental
vajue. Ng is the calculated value.

Zrl 72 73
Ny 45+1.0 9.7+0.5 11.1£0.5
Ne 106 11.1 11.4
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Figure 3. Plot of o2 versus T2 for nanocrystalline zirconia powders and vcz, Scattered symbols
represent experimental data and solid lines are fitting curves. The typical error bar of the
experimental data is abour £0.001 {(A2).

4.3. Thermal vibration

According to the Debye approximation [22], the Debye-Waller factor 2 for ¢ zirconia can
be expressed as

3R 1 T7?
2 —gd i —_
oX(T) =0 t ek, L * [@J Dl] @

where o? is the statical contribution to the disorder, ®, is the Debye temperature and m,
is the reduced mass. D, is the slowly varying function

=)
D][&]=f+ al dx.
T o e =1

The plots of 62(T) versus T? of the first Zr—O shell for nanocrystalline powders and bulk
¢ zircoma are depicted in figure 3. The best linear fits to these curves according to (1)
are also shown. The Debye temperature of bulk yttria-stabilized zirconia is 470 K [23].
Hence, the Debye temperatures of nanocrystalline samples can be obtained from the relative
changes of slopes. The values of Debye temperatures thus obtained are shown in table 5.
The dramatic drop of Debye temperature for sample Zr3 may be caused by the c—t phase
transition. In fact, (1) is not well suited for the Zr3 sample, because the crystal structure
of the Zr3 sample deviates from ¢ symmetry. Hence, its Debye temperature is only a
qualitative value. However, significant variations are still obvious as shown in figure 3. If
we note that the t structure deviates slightly from its ¢ structure, a qualitative comparison
between these Debye temperatures is allowable.
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Table 5. Debye temperature (8p (K)}.

Zrl  Z2 I
Op(K) 502 519 404

The variation of o' versus T? for nanocrystalline zirconia is about five times Jower than
that for metal clusters [8]. This reflects the difference between the Zr—Q ionic bond (with
@k = 160 K) and the Au-Au metal bond (85" = 470 K).

5. Summary and conclusions

In this paper, we have studied the local environment around zirconium ions in a series of
nanocrystalline zirconia powders with different particle sizes by the EXAFS method. The
analysis of experimental spectra shows that there is a t—¢ phase transition with reduction of
particle size. To our knowledge, there has been no previous report of this transition.

Besides the structural transformation confirmed in this paper, a size-induced t-m phase
transition [24] was also observed in the zirconia system. An analogous phase transition
has been found in ultrafine FexO; [25]. The mechanism of the transformation is complex,
because many factors can affect the transition, such as domain boundaries [26], anionic
vacancies [27], classical heterogeneous nucleation [28] and the expansion in the unit-
cell volume [25). Further experiments and theoretical consideration would be heipful in
understanding the mechanism of this size-induced phase transition.
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