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The amorphous-to-cubic (a-c) crystallization of nanoZrO2 in a reducing environment was studied by
synchrotron X-ray diffraction. Rietveld analysis was performed to study the changes in crystallite size
and lattice parameter as the cubic phase emerged. The pair distribution function (PDF) was obtained
from the Fourier transformation of the normalized XRD patterns. A reverse Monte Carlo (RMC) simulation
was applied to provide details of the local structure during the crystallization process as well as to calculate
partial PDFs of Zr-Zr and Zr-O during the crystallization. The number of Zr’s next-nearest neighbors
of Zr remains 12, whereas the number of O’s as nearest neighbors of Zr increases from 6.7 to 7.3 as the
material evolves from an amorphous into a cubic structure, suggesting the persistence of a high
concentration of oxygen vacancies. These simulated atomic structures show that the local structure of
the amorphous phase bears resemblance to the short-range arrangement of cubic ZrO2, consistent with
the results of X-ray absorption near edge spectroscopy (XANES) at Zr LII and LIII . The amorphous-to-
crystalline phase transformation is affected by the environment. Under an oxidizing condition, the
amorphous phase crystallizes directly to tetragonal and subsequently to monoclinic zirconia.

1. Introduction

Zirconium oxide is an important engineering ceramic for
various applications, as electrolytes of solid oxide fuel cells,
high-temperature structural ceramics, and thermal barrier
materials.1-3 Recently, zirconia has been considered as an
important candidate for the replacement of SiO2 as the gate
oxide in microelectronic devices because of its high permit-
tivity, large band gap, and good thermal and chemical
stability on silicon.4

Zirconia has three polymorphs, as shown in Table 1. The
transitions between different phases of zirconium oxide have
been widely investigated.5-6 In general, the monoclinic form

is the stable phase at room temperature. At elevated
temperatures (>1170 °C), the tetragonal phase becomes
stable, followed by the cubic phase at even higher temper-
atures (>2370°C). By adding appropriate dopants, i.e., CaO
and Y2O3, cubic and tetragonal phases can be stabilized at
room temperature. It is also demonstrated that tetragonal
phase can be obtained at room temperature by decreasing
the particle size.7 The stabilization of high-temperature phases
at room temperature was explained to be enhanced by oxygen
vacancies, stress, surface energy, and fine crystalline size.7-9

In particular, in ceria-zirconia nanoparticles, the cubic
fluorite phase was stabilized to a higher zirconia concentra-
tion through a particle-size effect10 and a reducing environ-
ment.11

Extended X-ray absorption fine structure spectroscopy
(EXAFS) has been widely used to study the local structures
of zirconia polymorphs.12-16 All polymorphs of ZrO2 can
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be treated as local distortions of the cubic fluorite structure.12

It is found that the Zr-O bondings are similar among the
cubic, orthorhombic, and monoclinic phases, with a coor-
dination number close to 7 for Zr4+. On the other hand,
tetragonal phase has a Zr-O coordination number of 8 for
Zr4+, resembling a layered structure close to the fluorite
structure.12 Table 1 lists the corresponding lattice parameters
of the cubic, tetragonal, and monoclinic crystal structures
of zirconia. Few studies have been conducted on amorphous
zirconia and even fewer have given details of the local
structure during the crystallization process of the amorphous
to cubic ZrO2.15

The study of crystallization in situ requires fast collection
of data at high temperatures. Recently, Chupas et al.
demonstrated the feasibility of using a high-energy synchro-
tron X-ray source to record high-quality diffraction patterns
in short intervals to a large scattering factor,Q, with an area
detector.17-18 This instrumental improvement makes the in
situ study of the phase transitions possible. Because of the
availability of largeQ values with the synchrotron X-ray
source, advanced analyses, such as Rietveld and pair
distribution function (PDF) analyses, can be applied to
determine the long-range as well as local structures of the
different phases.

Rietveld analysis of X-ray diffraction (XRD) is now
widely applied to determine the long-range structure of
crystalline materials.19 Atomic positions, site occupancies,
lattice parameters, crystallite size, strain, and the thermal
factor can be obtained by refining the whole XRD profile
through Rietveld analysis.

2. Experimental Section

Materials. Amorphous zirconium oxide was prepared by mixing
0.5 M hexamethylenetetramine (HMT, C6N4H12, Lancaster, 99+%)
with 0.04 M ZrOCl2‚8H2O (Alfa, 99.9%) at room temperature for
24 h. After the sample was centrifuged out as precipitate, it was
washed with distilled water and dried in an oven at around 50°C.
The standard samples of Y2O3-doped ZrO2 (Alfa, 99%, 10-15%
Y2O3, excluding Hf) and pure ZrO2 (Alfa, 99.5%, Hf< 100 ppm)
were checked for phase purity with a Scintag X-ray diffractometer
and are referred to as the cubic and monoclinic zirconia standards,
respectively.

X-ray Diffraction. The X-ray diffraction experiments were
performed at the 1-ID beam line at the Advanced Photon Source

(APS) located at Argonne National Laboratory, Argonne, IL. High-
energy X-rays were delivered to the experimental hutch using a
double bent Laue monochromator, which is capable of providing a
flux of 1 × 1012 photons/s and operating with X-rays in the energy
range of 80-100 keV.20 A wavelength as small as 0.1241(2) Å
was used to provide a maximum scattering vectorQ of 24.5 Å-1.
A Mar345 image plate camera was mounted orthogonal to the beam
path, with the beam centered on the image plate. Calibration of
wavelength and image plate position was performed using a LaB6

standard and the software Fit-2d.21 The sample was mounted in a
sealed quartz capillary assembled into an apparatus as previously
described for high-temperature experiments.22 The recording time
for each pattern or scan is 1 min and 50 s. Therefore, each pattern
is a time average of the evolving XRD pattern over a scan time of
110 s. While recording the patterns, we increased the temperature
with a constant rate from room temperature to 500°C in 2 h with
an average heating rate of 4°C/min, kept it at 500°C for 20 min,
and then rapidly cooled it to room temperature, as shown in Figure
1a. Therefore, except during the dwelling at 500°C, the temperature
varied by 7.5°C per scan during ramping and decreased by as much
as 250°C between two consecutive scans during rapid cool down,
such that even when an average temperature is given, the scan
number gives a more accurate account.

Additional experiments of high-temperature in situ XRD were
also conducted at beamline X7B at National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory, Upton, NY. The
experimental setup is similar to the setup at beamline 1-ID at APS,
but with a larger wavelength of 0.9200 Å as well as a better control
of the gaseous environment. In the reducing experiment, the quartz
capillary measuring cell was connected to a vacuum system of
which the base vacuum was 5× 10-6 Torr. A mass spectrometer
was connected to the vacuum system to monitor the reaction. In
the oxidizing experiment, a gas mixture of 5% O2/95% He was
flowing through the measuring cell.

General Structure Analysis Software23 with EXP Graphic User
Interface24 was used for the whole-profile Rietveld analysis on
crystalline zirconium oxide. PDFgetX software25 was used to
subtract the amorphous quartz background from the pattern,
normalize the pattern, and obtain the PDF files. TheQmax used in
the analysis is 24.5 Å-1. The normalization of the experimental
spectra is critical for obtaining high-quality PDF spectra as well as
further analyses. Instrumental details and theoretical considerations
were described earlier.12 Reverse Monte Carlo (RMC) simulation
of PDF was performed on both amorphous and crystalline zirconia
with Discus software.26 Proffen has studied the defect structure of
15% CaO-doped ZrO2 with different sizes of model crystals by
RMC refinement. When the model crystal is large (i.e., 20× 20×
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Table 1. Polymorphs of ZrO2 from the Joint Committee on Powder Diffraction File (JCPDF) Database

JCPDF no. phase space group a (Å) b (Å) c (Å) â (deg) details
37-1484 monoclinic P21/a 5.3129 5.2125 5.1471 99.218
42-1164 tetragonal P42/nmc 3.64 5.27 90
49-1642 cubic Fm3hm 5.1280 90 oxygen deficient ZrOx, x ) 1.688-1.740
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20 unit cells), the simulated diffraction have relatively low noise
but the model contains too many degrees of freedom such that the
final simulated structure does not necessarily reflect the short-range
order inherent in the data. When the model crystal is small (i.e.,
5 × 5 × 5 unit cells), although the simulated diffraction has a
higher noise level, the number of degrees of freedom becomes
manageable and fast convergence is obtained with the final structure
often providing important information of the local structure.27

Therefore, we chose a model crystal of 6× 6 × 6 unit cells with
2592 ions in this study. For every refinement, the ions were first
displaced by a random amount smaller than 0.25 Å. After 40 000
cycles, the displacement was decreased to 0.05 Å, and the
refinement was run for more 80 000 cycles. For most simulations,
cubic ZrO2 was used as the starting structure. For several other
simulations, fluorite structure with a lattice parameter of 4 Å and
tetragonal and monoclinic ZrO2 were applied as the starting
structures. Real space PDF analysis was applied on cubic ZrO2 with
the PDFFit26 program.

Details of the PDF Method.Pair distribution function (PDF)
was first developed to study the local structure of amorphous
materials, i.e., liquid and glass.29 An PDF is obtained by a Fourier
transform of the corresponding normalized XRD pattern from
reciprocal space to real space.

Here,G(r) is the pair distribution function,F(r) is the microscopic
pair distribution,Fo is the average pair density,Q is the magnitude
of the scattering vector whereQ ) (4π sin θ)/λ, S(Q) is the
normalized scattering intensity, andr is the ion-ion distance.
Usually, PDF analysis is applied to study amorphous materials. In
1990, it was applied to study the local structures and defects in
crystalline materials.30 Such analysis uses both Bragg and diffuse
scattering, providing information of both long- and short-range
structures.28,31

Details of the RMC method.Reverse Monte Carlo (RMC) is
another method that serves to determine the structure of amorphous
materials. Provided with a starting structure with the same chemical
composition as the material being analyzed, the RMC program
randomly selects an atom (or an ion) and displaces it by a random
distance smaller than a maximum specified beforehand. On the basis
of the new structure generated, the software calculates the scattering
intensity, compares it with the observed results, and provides a
goodness-of-fit number,ø, as shown in eq 2.

Here,Ie is the experimental intensity,Ic is the calculated intensity,
andσ is an independent factor between 0 and 1. If∆ø2 < 0, the
movement is accepted by the program. If∆ø > 0, the move is
accepted with a probability of exp(-∆ø2/2). A smallerσ value
would result in more bad movements to be rejected.σ is usually in
the range of 0.01-0.1. Details of RMC simulation can be found in
refs 26, 32, and 33.

XANES. X-ray absorption near edge spectra (XANES) of
zirconia polymorphs were collected at the Zr LII and LIII edges using
fluorescence mode on beamline X-19A at the NSLS. The Si (111)
double-crystal monochromator was detuned (monitored by a 50%
decrease in the maximum transmitted intensity) to remove the
higher-order harmonics. A thin Zr foil was used as the standard to
calibrate the energy.

3. Results

3.1. Rietveld Analysis of Cubic ZrO2. The prepared ZrO2
remains as an amorphous phase from room temperature to
434 °C (scan no. 59). The formation of the cubic phase
occurs quickly between two consecutive scans, nos. 59 and
60. At 443°C (scan no. 60), ZrO2 acquires a cubic-fluorite
structure with the characteristic XRDs giving a number of
well-defined peaks. To provide a better view of the phase
transition, we show only XRD patterns after scan no. 50 in
Figure 1b. After the initial cubic phase formation, the
intensities of these peaks continue to increase with increasing
temperature from 443 to 475°C (i.e., from scan no. 60 to
65), suggesting that the crystallinity of the sample is
increasing.

Rietveld analysis has been applied on all the XRD patterns
of the cubic phase. Figure 2 shows a typical XRD pattern
and the corresponding Rietveld analysis. Only the cubic
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Figure 1. (a) The temperature profile applied while the XRD pattern was
recording. Each XRD scan took 1 min and 50 s; 90 scans took a total of
165 min. (b) In situ XRD showing the phase transition from amorphous to
cubic ZrO2 in a reducing environment.

G(r) ) 4πr(F(r) - Fo) ) 2
π∫0

∞
Q(S(Q) - 1) sin (Qr) dQ (1)

ø2 ) ∑
i)1

N [Ie(hi) - Ic(hi)]
2

σ2
(2)

∆ø2 ) ønew
2 - øold

2 (3)
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phase is identified after the crystallization. The lattice
parameter change of cubic ZrO2 is mainly due to the thermal
expansion effect. The crystallite size (Figure 3) shows a rapid
growth after crystallization. After the average size reaches
5.5 nm (475°C, scan no. 65), a slower rate is seen for size
increment. As mentioned above, the XRD intensity increases
from scan no. 60 to 65. In the early stage, the nuclei grow
quickly and consume the surrounding amorphous matrix.
When no amorphous zirconia is left, the larger ZrO2

crystallites grow more slowly by consuming smaller ZrO2

crystallites, a classic Ostwald ripening case.
3.2. H2O in Amorphous ZrO 2. When amorphous zirco-

nium oxide is prepared by the wet chemistry method, a
considerable amount of chemically absorbed water34-35 can
be found with the extreme composition corresponding to Zr-
(OH)4. To determine the structure of the amorphous zirconia,
it is important to verify the role of water in the amorphous
materials studied. In the mass spectroscopy, as shown in
Figure 4, the water released from the sample peaks around
100 °C. The water vapor partial pressure then decreases
smoothly without any additional peak as the temperature
rises. At crystallization temperature, 443°C, the partial
pressure of water vapor is down to the 1× 10-7 Torr range

with no observable change with further heating. Therefore,
the water inside the as-prepared amorphous zirconia is
physically absorbed, mostly desorbed before reaching
300°C, and does not affect the crystallization process above
430 °C.

Considerable amounts of CO and NH3 are released at
around 125°C and beyond (Figure 4). These are the products
of the decomposition of HMT. Although the sample was
washed after the preparation, some residual HMT was still
attached to the surface of the prepared samples. The gaseous
products CO and NH3 from the HMT decomposition resulted
in a reducing environment during the annealing.11

3.3. Reverse Monte Carlo Analysis.The typical experi-
mental PDFG(r) patterns of amorphous and cubic ZrO2 are
shown in panels a and b of Figure 5. Systematic errors tend
to be slowly modulating as a function ofQ and therefore
manifest themselves as ripples in the low-r region ofG(r).
These ripples occur at nonphysical distances (i.e., smaller
than that of the Zr-O closest contact). Thus, the RMC
simulations conducted in this work were carried out over
the range 0.8 Å< r < 20 Å. In some cases, small ripples
can be seen propagating throughG(r), most notably in the
PDFs of the amorphous material. These are either from
termination effects due to Fourier transform over a finiteQ
range or from systematic experimental errors. Although PDFs

(34) Yoldas, B. E.J. Am. Ceram. Soc.1982, 65 (8), 387.
(35) Huang, C.; Tang, Z.; Zhang, Z.J. Am. Ceram. Soc.2001, 84 (7), 1637.

Figure 2. Comparison of observed XRD pattern to the Rietveld analysis
of cubic ZrO2 at 56°C (after being cooled down).

Figure 3. The crystalline size of the cubic phase plotted against scan
number with markers indicating the average temperature during the scan
for the ramping, soaking at 500°C, and cooling down regions.

Figure 4. In situ mass spectroscopy study of the gas compositions while
amorphous zirconia was annealed.

Figure 5. Typical experimental PDF spectra of (a) amorphous and (b)
cubic ZrO2.
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of improved quality might be obtained from conventional
measurements utilizing solid-state point detectors, the current
study makes direct use of the novelty of the time-resolved
PDF approach. Results are obtained continuously during the
transition from amorphous to crystalline phases and structural
changes are determined continuously. Because structural
changes are determined continuously, the effect of systematic
errors is minimized and valuable information is obtained for
the structural transition of amorphous ZrO2 to crystalline
cubic ZrO2.

Figure 6 shows a plot of all the experimentalG(r) values
obtained in this study. The PDFs of amorphous ZrO2 show
peaks only at smallr values (1-7 Å). As the amorphous
material crystallizes, the material starts to show an ordered
long-range structure as peaks at large values ofr appear. As
crystallization proceeds, the cubic phase of ZrO2 shows well-
developed long-range structure. Some short-range structures
in the initial amorphous state persist or evolve in the final
cubic phase. Peak A atr ) 2.1 Å, in Figure 6, does not
change its position in both phases. In fluorite structure, this
distance corresponds to the Zr-O, connecting Zr to its
nearest-neighbor oxygens (NN), i.e., 1/4[111]a. Peak B and
C of the amorphous phase evolve into peak D during the
crystallization. Peak D atr ) 3.6 Å belongs to the Zr-Zr
distance, connecting Zr with its next-nearest-neighbor Zr’s
(NNN), i.e., 1/2[110]a.

The PDFs obtained from the reverse Monte Carlo (RMC)
simulations of the amorphous, crystallization, and crystalline
cubic structures are shown in Figure 7. The results from the
RMC agree well with the experimentalG(r) values. From
the RMC simulations and the resultant structures, one can
calculate the oxygen and zirconium contributions to the
PDFs. Therefore, it is possible to obtain the partial pair
distributions for the Zr-Zr and Zr-O correlations. The O-O
partial pair distribution is also available from RMC simula-
tions. However, because X-rays are less sensitive to oxygen,
the signal from O-O partial pair distribution is small and
not as reliable. Partial PDF’s of Zr-O and Zr-Zr of different
phases from RMC calculation are shown in Figure 8. From
the partial PDF’s extracted from the RMC simulations, one
can obtain the numbers of nearest neighbors (NN) and next-

nearest neighbors (NNN) of zirconium in ZrO2. This
information is not available from the total PDF calculated
from the experimental data.

where Nab is the pair number of atoms (ions) with an
interaction distance ranging froma to b, whereasG(r) is
the corresponding partial pair distribution function andn(r)
is really (4πrFo+G(r))r, the pair density. The area under each
peak represents the number of Zr-Zr pairs in that distance
range. Every peak can be simulated with a Gaussian function,
giving the number of Zr neighbors for each spherical shell
spanned by the peak. The same approach can be applied to
analyze Zr-O pairs. The number of NNN of Zr remains 12
for both the amorphous and cubic phases, as shown in Figure
9, which agrees well with previous results from EXAFS.12,15

The number of Zr nearest neighbors (Zr-O NN) is monitored
as crystallization progresses (Figure 10). Theoretically, this
number should be 8 for fluorite structure as in ceria. In
(Zr,Y)O1.87, the number of cation nearest neighbors is 7.12

Figure 6. Three-dimensional experimentalG(r) showing the evolution of
PDF peaks during crystallization.

Figure 7. CalculatedG(r) values from RMC simulations of (a) cubic, (b)
transition, and (c) amorphous zirconia as compared toG(r) values from
experiments.

Figure 8. Partial PDFs of Zr-Zr and Zr-O of (a) cubic, (b) transition,
and (c) amorphous ZrO2 calculated from RMC simulations.

4πrF(r) ) 4πrFo + G(r) (4)

Nab ) ∫a

b
(4πrFo + G(r))r dr (5)
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Here, the number increases from 6.7 in the amorphous phase
to 7.3 in the cubic phase.

Three representative structures obtained from RMC simu-
lation are shown in Figure 11 a-c. All the figures are the
projections along the (001) direction. For the amorphous
phase, although the Zr atoms are random in the long range,
they form tetrahedrons locally, as shown in Figure 11d. At
the phase transition, besides the zirconium tetrahedron units,
some cubic features can be observed, as shown in encircled
area of Figure 11b. In the cubic ZrO2, the features of fluorite
structure are fairly clear. (Note here that the starting structure
applied is cubic ZrO2 with lattice parameter be 5.2 Å.) The
small oxygen coordination number obtained is mainly due
to the displacements of the oxygen ions from their normal
sites in fluorite.

Three structures, fluorite structure with lattice parameter
of 4 Å, tetragonal (JCPDS file no. 42-1164), and monoclinic
ZrO2 (JCPDS file no. 37-1484), were used as different
starting structures in RMC simulation for the amorphous
phase. These three structures provided a similar output
structure for the amorphous phase. The situation is very
different for the RMC simulation of the final cubic phase,
where the cubic ZrO2 starting structure with a lattice
parameter of 5.2 Å needs to be used to give satisfactory
results. This difference in the requirement of the starting
structure to give reasonable results agrees with Winterer’s
EXAFS RMC simulation results on amorphous zirconia and
yttria-stabilized cubic zirconia.15

Previous study shows that the existence of oxygen vacan-
cies is important for the stabilization of cubic phase of

ZrO2.5,6,8,11-14,27Because the experiments were conducted in
a reducing condition, it is necessary to verify the role of
oxygen vacancies in the current study. The reason to perform
the RMC simulation is to compare the structure of the
amorphous phase with the cubic phase. The Rietveld analysis
which cannot be applied to the amorphous phase gives
structural information for the cubic phase from the PDF
spectra. From the Rietveld analysis in Section 3.1, we
optimized the lattice parameter, thermal factors, and oc-
cupancies of lattice sites. As shown in Figure 12, the real
space Rietveld analysis agrees well with experimental
reducedG(r) and gives 3% oxygen vacancies from the
recorded XRD pattern taken at 500°C right before cool
down. Similar Rietveld analysis of XRD patterns from the
subsequent cool down scans gives the same 3% oxygen
vacancy concentration. However, if the occupancy of Zr sites
is lower from 1 to 0.97, Rietveld analysis can give an oxygen
vacancy concentration as high as 16% from the same XRD
patterns.

3.4. In situ XRD Study in an Oxidizing Environment.
When the amorphous ZrO2 was annealed in an oxidizing
environment (PO2 ) 38 Torr), the resulting phase from
crystallization is different from the cubic phase in a reducing
environment (PO2 ) 1 × 10-7 Torr) earlier. As shown in
Figure 13, at the crystallization, the amorphous phase directly
changes into the tetragonal phase. The amorphous to crystal-
line ZrO2 phase transition is significantly affected by the
annealing environment. Under the reducing atmosphere,
amorphous ZrO2 crystallizes into the cubic phase and remains
as the cubic phase at room temperature, no matter how slow
the ramping down is. In the oxidizing atmosphere, it
crystallizes directly into the tetragonal phase.

After remaining at 530°C for about 1.5 h, the monoclinic
phase nucleates and grows from the tetragonal phase. In the
last few scans, both tetragonal and monoclinic phases are
present in the pattern. As the zirconia crystalline size is
increasing at 530°C, the phase transformation from tetrago-
nal to monoclinic is promoted by the larger crystallite size.36

3.5. XANES at the Zr LII and LIII Edge. X-ray
absorption near edge spectroscopy (XANES) is associated
with the excitation process of core electrons to bound/
quasibound states. It provides information of the electron
state and local structure. The Zr LII and LIII edges in XANES
of tetragonal ZrO2 and cubic (Zr, Ce, Sm)O2-x have been
studied before.37 Two main white lines, which are attributed
to the eg and t2g states, have been found in the cubic phase.
These states are associated with different Zr d-orbital levels,
z2, x2 - y2 for eg, andxy, yz, andxz for t2g, respectively. The
eg peak is 2.3 eV below the t2g peak. In tetragonal ZrO2,
besides these lines, an additional peak can be observed
between them, because of the low crystal symmetry. These
results agree well with Orlando’s theoretical calculation based
on the density functional theory.38

(36) Tang, J.; Zhang, F.; Zoogman, P.; Fabbri, J.; Chan, S.-W.; Zhu, Y.;
Brus, L. E.; Steigerwald, M. L.AdV. Mater. 2005, 15, 1595-
1602.

(37) Huang, W.; Shuk, P.; Greenblatt, M.; Croft, M.; Chen, F.; Liu, M.J.
Electrochem. Soc.2000, 147 (11), 4196.

(38) Orlando, R.; Pisani, C.; Roetti, C.; Stefanovich, E.Phys. ReV. B 1992,
45 (2), 45592.

Figure 9. Number of next-nearest neighbors (NNN) for Zr (i.e., Zr-Zr
pairs) obtained from RMC calculation.

Figure 10. Number of nearest neighbors (NN) of Zr, i.e., Zr-O pairs
obtained from RMC calculation.
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Zr LII and LIII spectra for monoclinic ZrO2, cubic YSZ,
and amorphous zirconia are shown in Figure 14. Similar to
the cubic (Zr, Ce, Sm)O2-x, cubic YSZ shows two white

main peaks, A (eg) and B (t2g), in both spectra. The
monoclinic ZrO2 shows a small C peak between A and B,
which can also be explained by decreased crystal symmetry
similar to that of tetragonal zirconia. The line shape of
amorphous phase is similar to that of cubic ZrO2, but
different from those of tetragonal and monoclinic zirconia.
Figure 15 shows the peak-fit of the Zr LIII edge XANES
spectra of amorphous zirconia. An arctangent function is used
to simulate the edge jump, whereas the arctangent function
together with two Gaussian peaks provide satisfactory fitting
to the original spectrum from amorphous ZrO2. More
importantly, the two peaks are separated by 2.3 eV, which
is same as the A-B separation in the cubic phase.

4. Discussion

The phase-stabilization mechanism of ZrO2 is complicated.
It has been found that when ZrO2 is reduced to ZrO2-x, the
cubic phase can be stabilized at room temperature.39 A recent

(39) Chatterjee, A.; Pradhan, S. K.; Datta, A.; Datta, M.; De, M.;
Chakravorty, D.J. Mater. Res.1994, 9 (2), 263.

Figure 11. ZrO2 structures obtained from RMC simulation. Smaller blue spheres are zirconium ions, larger red spheres are oxygen ions. (a) Amorphous
(scan no. 57); (b) transition (scan no. 60); (c) cubic 500°C (scan no. 80); (d) Zr tetrahedron unit.

Figure 12. Real space Rietveld analysis ofG(r) for scan no. 80.
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density function theory calculation on pure ZrO2 shows that
4% oxygen vacancy alone is enough to stabilize the cubic
phase at room temperature.8 With the results presented in
this study, the crystallization from amorphous to crystalline
zirconia is affected by the gaseous environment during
annealing. From the real space Rietveld PDF analyses, the
oxygen occupancy is about 97%, indicting 3% oxygen
vacancies. A different Rietveld analysis with Zr occupancy
of 97% gives a higher concentration of oxygen vacancies of
16%. Although the 3% oxygen vacancy concentration value
agrees well with the theoretical calculation,8 a direct calcula-
tion from the Zr-O coordination number of 7.3 gives an
oxygen vacancy concentration of 8.7%, which lies between
the two values from Rietveld analysis, indicating that the
results are reasonable.

It is widely accepted that the structure of the amorphous
ZrO2 is closer to tetragonal phase,40,41 although Winterer

demonstrated it to be closer to cubic phase.15 When the Zr-O
and Zr-Zr coordination numbers of amorphous phase are
compared with those of the other zirconia polymorphs
obtained from this study and previous EXAFS studies,12-13

the structure of the amorphous phase is concluded to be
closer to the cubic phase. The XANES result also proves
that the local structure of amorphous zirconia is similar to
that of cubic phase, which can be a direct result from the
present preparation method of nanoparticles of amorphous
ZrO2.

Here, the results show good agreement with the previous
EXAFS results, indicating that this PDF analysis, which is
based on in situ synchrotron XRD technique, is promising.
With future instrumental improvements, e.g., newer genera-
tion synchrotron X-ray sources and better area detectors, the
quality of the XRD pattern and the acquisition time will be
improved, making this technique more powerful.

Conclusions

The synchrotron X-ray with high intensity coupled with
an image plate detector enables in situ XRD study extended
to highQ values, allowing the present structural analysis of
the phase transition from amorphous to cubic zirconia. The
local structure of the amorphous zirconia closely resembled
that of cubic ZrO2, but not tetragonal zirconia, which is
corroborated by the results of X-ray absorption near edge
spectroscopy (XANES) at Zr LII and LIII . Under a reducing

(40) Molodetsky, I.; Navrotsky, A.; Paskowits, M. J.; Leppert, V. J.; Risbud,
S. H. J. Non-Cryst. Solids2000, 263 (1-3), 106.

(41) Livage, J.; Doi, K.; Mazieres, C.J. Am. Ceram. Soc.1968, 51 (6),
349.

Figure 13. In situ high-temperature XRD of amorphous ZrO2 in an oxidizing environment (PO2 ) 38 torrs) (a) Ramping from room temperature to 530°C.
See the emergence of the tetragonal phase around 450°C. (b) Dwelling at 530°C. See the emergence of the monoclinic phase at scan no. 80.

Figure 14. Zr LII and LIII spectra of the monoclinic ZrO2, the cubic yttria-stabilized zirconia (YSZ), and the amorphous ZrO2.

Figure 15. Peak-fitting of the Zr LIII edge spectrum of amorphous ZrO2.
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condition of PO2 ) 1 × 10-7 Torr, the amorphous phase
directly crystallizes to cubic ZrO2-x at 434 °C. Oxygen
vacancies may play an important role in stabilizing the cubic
phase. InPO2 ) 38 Torr, the amorphous ZrO2-x directly
crystallizes to the tetragonal phase, even when the particle
size is∼3 nm. The crystallization of amorphous zirconia is
drastically affected by the gaseous environment, particle size,
and oxygen vacancy concentration.
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