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The amorphous-to-cubic {&) crystallization of nanoZr@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 Z+Zr and Zr—0O 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 cylior&i€tent with
the results of X-ray absorption near edge spectroscopy (XANES) aty &nd L. 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 is the stable phase at room temperature. At elevated
. . L . ) ) : temperatures 1170 °C), the tetragonal phase becomes
Z_|rcon|um_OX|_de IS an important engineering ceramic for stable, followed by the cubic phase at even higher temper-
various applications, as electrolytes of solid oxide fuel cells, atures ¢ 2370°C). By adding appropriate dopants, i.e., CaO
high—tgmperature struct_ural _ceramics, and th(_armal barrierand Y-Os, cubic and tetragonal phases can be stabilized at
matenalsl.—?’ Re.cently, Zirconia has been COngdered as an room temperature. It is also demonstrated that tetragonal
Important pand|date fqr the replacement of 5119 t_he gate phase can be obtained at room temperature by decreasing
Qx!de in microelectronic devices because of its high permit- y,q particle sizé.The stabilization of high-temperature phases
tIVIty.’. large .b'and gap, and good thermal and chemical 4 o0 temperature was explained to be enhanced by oxygen
stability on silicort vacancies, stress, surface energy, and fine crystalliné Size.

Zirconia has three polymorphs, as shown in Table 1. The |y particular, in ceria-zirconia nanoparticles, the cubic
transitions between different phases of zirconium oxide have forite phase was stabilized to a higher zirconia concentra-

been widely investigated.® In general, the monoclinic form 4o through a particle-size effééand a reducing environ-

menti!
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Table 1. Polymorphs of ZrO, from the Joint Committee on Powder Diffraction File (JCPDF) Database

JCPDF no. phase space group  a(A) b (A) c(A) B (deg) details

37-1484 monoclinic P21/a 5.3129 5.2125 5.1471 99.218

42-1164 tetragonal P42hmc 3.64 5.27 90

49-1642 cubic Fm3m 5.1280 90 oxygen deficient ZgOx = 1.688-1.740

be treated as local distortions of the cubic fluorite structtire.  (APS) located at Argonne National Laboratory, Argonne, IL. High-
It is found that the Z+O bondings are similar among the energy X-rays were delivered to the experimental hutch using a
cubic, orthorhombic, and monoclinic phases, with a coor- double bent Laue monochromator, which is capable of providing a
dination number close to 7 for #r. On the other hand flux of 1 x 10'2 photons/s and operating with X-rays in the energy

tetragonal phase has a-Z® coordination number of 8 for ~ ange of 86-100 keVz? A wavelength as small as 0'124;(2) A
. . . 71
Zr**, resembling a layered structure close to the fluorite was used to provide a maximum scattering veQaf 24.5 A™.

. . . A Mar345 image plate camera was mounted orthogonal to the beam
2
structuret? Table 1 lists the corresponding lattice parameters path, with the beam centered on the image plate. Calibration of

of the Cl:IbIC, tetrago_nal, and monoclinic crystal structures wavelength and image plate position was performed using @ LaB

of zirconia. Few studies have been conducted on amorphousstandard and the software Fit-2dThe sample was mounted in a

zirconia and even fewer have given details of the local sealed quartz capillary assembled into an apparatus as previously

structure during the crystallization process of the amorphousdescribed for high-temperature experiméitShe recording time

to cubic ZrQ.1® for each pattern or scan is 1 min and 50’kerefore, each pattern
The study of crystallization in situ requires fast collection S & time average of the evolving XRD pattern over a scan time of

of data at high temperatures. Recently, Chupas et al. 1}0 s While recording the patterns, we increased t_he temperature

demonstrated the feasibility of using a high-energy synchro- With @ constant rate from room temperature to 300in 2 h with

tron X-ray source to record high-quality diffraction patterns an average heating rate of@/min, kept it at 500C for 20 min,

. . . . and then rapidly cooled it to room temperature, as shown in Figure
in short intervals to a large scattering factQr,with an area picly P g

1718 Thic ; . . la. Therefore, except during the dwelling at 3@0 the temperature
detector. This instrumental improvement makes the in - 4jeq by 7.5°C per scan during ramping and decreased by as much

situ study of the phase transitions possible. Because of theas 250°C between two consecutive scans during rapid cool down,
availability of largeQ values with the synchrotron X-ray  such that even when an average temperature is given, the scan
source, advanced analyses, such as Rietveld and paihumber gives a more accurate account.
distribution function (PDF) analyses, can be applied to  Additional experiments of high-temperature in situ XRD were
determine the long-range as well as local structures of thealso conducted at beamline X7B at National Synchrotron Light
different phases. Source (NSLS), Brookhaven National Laboratory, Upton, NY. The
Rietveld analysis of X-ray diffraction (XRD) is now exper_imental setup is similar to the setup at beamline 1-ID at APS,
widely applied to determine the long-range structure of but with a larger wavelength of 0.9200 A as well as a better control

. . . L . . of the gaseous environment. In the reducing experiment, the quartz
crystalline material$? Atomic positions, site occupancies, 9 g exp d

latti t tallite si trai d the th Icapillary measuring cell was connected to a vacuum system of
attice parameters, crystallite size, stran, an € thermal, nich the base vacuum was»510°¢ Torr. A mass spectrometer

factor can be obtained by refining the whole XRD profile a5 connected to the vacuum system to monitor the reaction. In

through Rietveld analysis. the oxidizing experiment, a gas mixture of 5%/@5% He was
flowing through the measuring cell.
2. Experimental Section General Structure Analysis Softwatevith EXP Graphic User

. ) ) . » Interfacé* was used for the whole-profile Rietveld analysis on
Materials. Amorphous zirconium oxide was prepared by mixing crystalline zirconium oxide. PDFgetX softwafewas used to

0.5 M hexamethylenetetramine (HMTgKlH;,, Lancaster, 98%) subtract the amorphous quartz background from the pattern,
with 0.04 M ZrOCh-8H,0 (Alfa, 99.9%) at room temperature for 5 majize the pattern, and obtain the PDF files. Thay used in

24 h. After the sample was centrifuged out as precipitate, it Was {hq analysis is 24.5 A The normalization of the experimental
washed with distilled water and dried in an oven "’(:t around(oEiO spectra is critical for obtaining high-quality PDF spectra as well as
The standard samples of,@s-doped ZrQ (Alf)a, 99%, 10-15% further analyses. Instrumental details and theoretical considerations
Y205, excluding Hf) and pure ZreXAlfa, 99.5%, Hf < 100 ppm)  ere described earlié?.Reverse Monte Carlo (RMC) simulation
were checked for phase purity with a Scintag X-ray diffractometer ¢ ppr \yas performed on both amorphous and crystalline zirconia
and are referred to as the cubic and monoclinic zirconia standards, it Discus softwar@® Proffen has studied the defect structure of
respectively. 15% CaO-doped ZrOwith different sizes of model crystals by

X-ray Diffraction. The X-ray diffraction experiments were  RmC refinement. When the model crystal is large (i.e. 200 x
performed at the 1-ID beam line at the Advanced Photon Source
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Here,G(r) is the pair distribution functiornp(r) is the microscopic

g J"""“" pair distribution,p, is the average pair densit§,is the magnitude
sl of the scattering vector wher® = (4z sin 0)/4, Q) is the
O normalized scattering intensity, andis the ion-ion distance.
‘E,' ook Usually, PDF analysis is applied to study amorphous materials. In
§ 1990, it was applied to study the local structures and defects in
g 200 L - crystalline material§? Such analysis uses both Bragg and diffuse
o scattering, providing information of both long- and short-range
% 100 . structureg8:3t
k= : i Details of the RMC method. Reverse Monte Carlo (RMC) is

or 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 numbey;, as shown in eq 2.

0 10 20 30 40 50 60 70 80 90
Scan Number

R OOV "
=) 2

500 ¢ AXZ = Xnew2 - %old2 ©)

500

Here,l. is the experimental intensity, is the calculated intensity,
ando is an independent factor between 0 and 1Ajf < 0, the
movement is accepted by the programAlf > 0, the move is
accepted with a probability of exp@Ay%2). A smallero value
Figure 1. (a) The temperature profile applied while the XRD pattern was Would resultin more bad movements to be re_JeC‘te'g- usually in )
recording Each XRD scan took 1 min and 50 s; 90 scans took a total of the range of 0.0%0.1. Details of RMC simulation can be found in
165 min. (b) In situ XRD showing the phase transition from amorphous to refs 26, 32, and 33.
cubic ZrQ; in a reducing environment. XANES. X-ray absorption near edge spectra (XANES) of

] ) ] ) ] ) zirconia polymorphs were collected at the Zrand Ly, edges using
20 unit cells), the simulated diffraction have relatively low noise ,orescence mode on beamline X-19A at the NSLS. The Si (111)
but the model contains too many degrees of freedom such that thedouble-crystal monochromator was detuned (monitored by a 50%
final simulated structure does not necessarily reflect the short-rangeqecrease in the maximum transmitted intensity) to remove the

order inherent in the data. When the model crystal is small (i.e., higher-order harmonics. A thin Zr foil was used as the standard to
5 x 5 x 5 unit cells), although the simulated diffraction has a gjiprate the energy.

higher noise level, the number of degrees of freedom becomes

manageable and fast convergence is obtained with the final structure 3. Results
often providing important information of the local structdre. '
Therefore, we chose a model crystal ok66 x 6 unit cells with 3.1. Rietveld Analysis of Cubic ZrQ,. The prepared Zr©

2592 ions in this study. For every refinement, the ions were first remains as an amorphous phase from room temperature to
displaced by a random amount smaller than 0.25 A. After 40 000 434 °C (scan no. 59). The formation of the cubic phase
cycles, the displacement was decreased to 0.05 A, and thegceyrs quickly between two consecutive scans, nos. 59 and
reflr)ement was run for more 80 OQO cycles. For most simulations, 60. At 443°C (scan no. 60), Zr@acquires a cubic-fluorite
cubic ZrQ, was used as the starting structure. For several other . " .
simulations, fluorite structure with a lattice parametedd and structurg with the character|§tlc XRDs glvilng a number of
tetragonal and monoclinic ZekOwere applied as the starting WeII-c_i(_aflned peaks. To provide a better view of the phase
structures. Real space PDF analysis was applied on cubiotto transition, we show only XRD patterns after scan no. 50 in
the PDFFi#6 program. Figure 1b. After the initial cubic phase formation, the
Details of the PDF Method. Pair distribution function (PDF)  intensities of these peaks continue to increase with increasing
was first developed to study the local structure of amorphous temperature from 443 to 47 (i.e., from scan no. 60 to
materials, i.e., liquid and glad8An PDF is obtained by a Fourier ~ 65), suggesting that the crystallinity of the sample is
transform of the corresponding normalized XRD pattern from increasing.
reciprocal space to real space. Rietveld analysis has been applied on all the XRD patterns
5 o of the cubic phase. Figure 2 shows a typical XRD pattern
G(r) = 4ar(o(r) —pO)=EL Q(EQ) —1)sin@n) dQ (1) and the corresponding Rietveld analysis. Only the cubic

(30) Egami, T.J. Phys. Chem. Solidk995 56 (10), 1407.
(27) Proffen, Th.; Welberry, T. RI. Appl. Crystallogr.1998 31, 318. (31) Proffen, Th.; Billinge, S. J. L.; Egami, T.; Louca, Eristallogr. Z.
(28) Proffen, Th.; Billinge, SJ. Appl. Crystallogr.1999 32, 572. 2003 218 132.
(29) Klug, H. P.; Alexander, L. EX-ray Diffraction Procedures for (32) Mellergard, A.; McGreevy, R. LActa Crystallogr., Sect. A999 55,
Polycrystalline and Amorphous Material@nd ed.; John Wiley & 783.
Sons: New York, 1974. (33) McGreevy, R. L.; Pusztai, IMol. Simul.1988 1, 359.
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Figure 2. Comparison of observed XRD pattern to the Rietveld analysis

of cubic ZrQ, at 56°C (after being cooled down). Figure 4. In situ mass spectroscopy study of the gas compositions while

amorphous zirconia was annealed.
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Figure 3. The crystalline size of the cubic phase plotted against scan r(A)
number with markers indicating the average temperature during the scanfigure 5. Typical experimental PDF spectra of (a) amorphous and (b)
for the ramping, soaking at 50, and cooling down regions. cubic ZrQ.

phase is identified after the crystallization. The lattice with no observable change with further heating. Therefore,
parameter change of cubic Zy@ mainly due to the thermal  the water inside the as-prepared amorphous zirconia is
expansion effect. The crystallite size (Figure 3) shows a rapid physically absorbed, mostly desorbed before reaching
growth after crystallization. After the average size reaches 300°C, and does not affect the crystallization process above
5.5 nm (475°C, scan no. 65), a slower rate is seen for size 430°C.

increment. As mentioned above, the XRD intensity increases Considerable amounts of CO and Nire released at

from scan no. 60 to 65. In the early'stage, the nuclei 9rOW around 125C and beyond (Figure 4). These are the products
quickly and consume th? sur_rou_ndmg amorphous matrix. ¢ yne decomposition of HMT. Although the sample was
When ho amorphous  zirconia is _left, _the larger £rO washed after the preparation, some residual HMT was still
crystallites grow more slowly by consuming smaller 210 513ched to the surface of the prepared samples. The gaseous

crystallites, a classic Ostwald ripening case. _ products CO and Nifrom the HMT decomposition resulted
(3.2 KO in Amorphous ZrO». When amorphous zirco- i, 4 vequcing environment during the anneafthg.
nium oxide is prepared by the wet chemistry method, a

considerable amount of chemically absorbed watércan

be found with the extreme composition corresponding to Zr-
(OH),. To determine the structure of the amorphous zirconia, be slowl dulati ; s 4 theref
it is important to verify the role of water in the amorphous to ?f S OV\r']y mo : ulating as ? u_nctrl]onl Q an t c%:ga ore
materials studied. In the mass spectroscopy, as shown inman esf[t EMSEIVES as rippies In t € lowegion o .
Figure 4, the water released from the sample peaks aroundThese ripples occur at nonphysical distances (i.e., smaller
100 °C. The water vapor partial pressure then decreasesthan th_at of the ZrO c_Iose.st contact). Thusz the RMC
smoothly without any additional peak as the temperature simulations conducted in this work were carried out over

rises. At crystallization temperature, 44€, the partial the range 0.8 A< r < _20 A. In some cases, small_rlpples
pressure of water vapor is down to the<110~7 Torr range can be seen propagating througtr), most notably in the
PDFs of the amorphous material. These are either from

(34) Yoldas, B. EJ. Am. Ceram. Sod982 65 (8), 387. termination effects due to Fourier transform over a fite
(85) Huang, C.; Tang, Z.; Zhang, Z. Am. Ceram. So2001, 84 (7), 1637. range or from systematic experimental errors. Although PDFs

3.3. Reverse Monte Carlo AnalysisThe typical experi-
mental PDFG(r) patterns of amorphous and cubic Zr&e
shown in panels a and b of Figure 5. Systematic errors tend
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Figure 7. CalculatedG(r) values from RMC simulations of (a) cubic, (b)

transition, and (c) amorphous zirconia as compare®(9 values from
experiments.

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

of improved quality might be obtained from conventional
measurements utilizing solid-state point detectors, the current

] — Zr-Zr r. Cubic Phase, 475 °C (Scan No. 65) (a)
4

study makes direct use of the novelty of the time-resolved 2F
0
2

Zr-0 ;

|
i
|
il

PDF approach. Results are obtained continuously during the
transition from amorphous to crystalline phases and structural __ -
changes are determined continuously. Because structura=-
changes are determined continuously, the effect of systematic=
errors is minimized and valuable information is obtained for .®
the structural transition of amorphous Zr@ crystalline E
cubic ZrQ. o
Figure 6 shows a plot of all the experimen@(r) values
obtained in this study. The PDFs of amorphous ZsBow
peaks only at smalt values (17 A). As the amorphous
material crystallizes, the material starts to show an ordered
long-range structure as peaks at large valugsapipear. As °
crystallization proceeds, the cubic phase of ZsBows well- r(A)
developed long-range structure. Some short-range structuregigure 8. Partial PDFs of ZrZr and ZrO of (a) cubic, (b) transition,
in the initial amorphous state persist or evolve in the final and (c) amorphous Zr{xalculated from RMC simulations.
cubic phase. Peak A at= 2.1 A, in Figure 6, does not
change its position in both phases. In fluorite structure, this
distance corresponds to the-ZD, connecting Zr to its
nearest-neighbor oxygens (NN), i.e., 1/4[111]a. Peak B and

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

C of the amorphous phase evolve into peak D during the Ar p(r) = 4arp, + G(r) (4)
crystallization. Peak D at = 3.6 A belongs to the ZrZr X
distance, connecting Zr with its next-nearest-neighbor Zr's N, = fa (4atrp, + G(r))r dr (5)

(NNN), i.e., 1/2[110]a.

The PDFs obtained from the reverse Monte Carlo (RMC) where Ny, is the pair number of atoms (ions) with an
simulations of the amorphous, crystallization, and crystalline interaction distance ranging from to b, whereasG(r) is
cubic structures are shown in Figure 7. The results from the the corresponding partial pair distribution function aro)

RMC agree well with the experiment@(r) values. From is really (4zr po+G(r))r, the pair density. The area under each
the RMC simulations and the resultant structures, one canpeak represents the number of-Zr pairs in that distance
calculate the oxygen and zirconium contributions to the range. Every peak can be simulated with a Gaussian function,
PDFs. Therefore, it is possible to obtain the partial pair giving the number of Zr neighbors for each spherical shell
distributions for the Z+Zr and Zr—0O correlations. The ©0 spanned by the peak. The same approach can be applied to
partial pair distribution is also available from RMC simula- analyze Zr-O pairs. The number of NNN of Zr remains 12
tions. However, because X-rays are less sensitive to oxygen for both the amorphous and cubic phases, as shown in Figure
the signal from G-O partial pair distribution is small and 9, which agrees well with previous results from EXARS®

not as reliable. Partial PDF's of 20 and ZrZr of different The number of Zr nearest neighbors{Z NN) is monitored
phases from RMC calculation are shown in Figure 8. From as crystallization progresses (Figure 10). Theoretically, this
the partial PDF’s extracted from the RMC simulations, one number should be 8 for fluorite structure as in ceria. In
can obtain the numbers of nearest neighbors (NN) and next-(Zr,Y)O1 g7, the number of cation nearest neighbors i$ 7.
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Figure 9. Number of next-nearest neighbors (NNN) for Zr (i.e..~Zr
pairs) obtained from RMC calculation.
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Zr0,.568111427Because the experiments were conducted in
a reducing condition, it is necessary to verify the role of

(2 376°C Phase Transformation Point, 443 °C
_§ oxygen vacancies in the current study. The reason to perform
5, TpreneenaneiTianemenaRreatean,eln the RMC simulation is to compare the structure of the
2 ol gé{"c; gao;”rc‘:g amorphous phase with the cubic phase. The Rietveld analysis
5 Ramp Up which cannot be applied to the amorphous phase gives
oy 500 °C structural information for the cubic phase from the PDF
= °r spectra. From the Rietveld analysis in Section 3.1, we
> sl = Zr-Zr NNN optimized the lattice parameter, thermal factors, and oc-
. . . . . . . cupancies of lattice sites. As shown in Figure 12, the real
50 5 60 65 70 75 80 space Rietveld analysis agrees well with experimental
Scan No. reducedG(r) and gives 3% oxygen vacancies from the

recorded XRD pattern taken at 50C right before cool
down. Similar Rietveld analysis of XRD patterns from the
subsequent cool down scans gives the same 3% oxygen

‘ = 7Zr-ONN vacancy concentration. However, if the occupancy of Zr sites

o is lower from 1 to 0.97, Rietveld analysis can give an oxygen
_.é R, vacancy concentration as high as 16% from the same XRD
o 8 aaa’c patterns.
2 76 ‘ FamettmatpEee tetaea 3.4. In situ XRD Study in an Oxidizing Environment.
"E P L st of Finsn of When the amorphous ZgOwvas annealed in an oxidizing
o s Dweling Dweling environment Po, = 38 Torr), the resulting phase from
= Ramp Up 500 °C crystallization is different from the cubic phase in a reducing
2 environment Po, = 1 x 1077 Torr) earlier. As shown in

4L L l L Figure 13, at the crystallization, the amorphous phase directly

50 55 60 65 70 75 80 changes into the tetragonal phase. The amorphous to crystal-
Scan No. line ZrO, phase transition is significantly affected by the

annealing environment. Under the reducing atmosphere,

amorphous Zr@crystallizes into the cubic phase and remains
s the cubic phase at room temperature, no matter how slow
he ramping down is. In the oxidizing atmosphere, it

Three representative structures obtained from RMC simu- crystallizes d_wgctly into the tetragonal phase. .
lation are shown in Figure 11-&. All the figures are the After remaining at 530C for about 1.5 h, the monoclinic

projections along the (001) direction. For the amorphous phase nucleates and grows from the tetragonal phase. In the

phase, although the Zr atoms are random in the long range,'aSt few scans, both tetragonal and rrllonoclmlc.phas_es are
they form tetrahedrons locally, as shown in Figure 11d. At present in the pattern. As the zirconia crystalline size is

the phase transition, besides the zirconium tetrahedron units N"créasing at 530C, the phase transformation from tetrago-

some cubic features can be observed, as shown in encircled'@! to monoclinic is promoted by the larger crystallite size.
area of Figure 11b. In the cubic ZgQhe features of fluorite 3.5. XANES at the Zr Ly and Lu Edge. X-ray
structure are fairly clear. (Note here that the starting structure 2PSOrption near edge spectroscopy (XANES) is associated
applied is cubic Zr@with lattice parameter be 5.2 A.) The With the excitation process of core electrons to bound/
small oxygen coordination number obtained is mainly due duasibound states. It provides information of the electron

to the displacements of the oxygen ions from their normal State and local structure. The Zy ind Ly edges in XANES
sites in fluorite. of tetragonal Zr@ and cubic (Zr, Ce, Sm)O, have been

Three structures, fluorite structure with lattice parameter Studied beforé’ Two main white lines, which are attributed
of 4 A, tetragonal (JCPDS file no. 42-1164), and monoclinic 0 the g and b, states, have been found in the cubic phase.
ZrO, (JCPDS file no. 37-1484), were used as different These states are associated with different Zr d—_orbltal levels,
starting structures in RMC simulation for the amorphous Z»X* — ¥ for &, andxy, yz andxzfor ty, respectively. The
phase. These three structures provided a similar output®& P2k is 2.3 eV below thed peak. In tetragonal Zrf)
structure for the amorphous phase. The situation is very besides these lines, an additional peak can be observed
different for the RMC simulation of the final cubic phase, Petween them, because of the low crystal symmetry. These
where the cubic Zr@ starting structure with a lattice results agree well Wlt_h Orlando’s theoretical calculation based
parameter of 5.2 A needs to be used to give satisfactory©n the density functional theoy.
results. This difference in the requirement of the starting
structure to give reasonable results agrees with Winterer’s (36) gang, E éhangr.':-; Zofdgml\éﬂ‘”v&d':a?\?”v J-?ZCha”'lS-"’lV-; Zhu, Y.
EXAFS RMC simulation results on amorphous zirconia and 1{;%52’. - B Steigerwald, M. . Mater. 2005 15, 1595~
yttria-stabilized cubic zirconi& (37) Huang, W.; Shuk, P.; Greenblatt, M.; Croft, M.; Chen, F.; Liu,M.
Previous study shows that the existence of oxygen vacan- s Electrochem. 02000 147 (11), 4196,
cies is important for the stabilization of cubic phase of

Figure 10. Number of nearest neighbors (NN) of Zr, i.e.,-ZD pairs
obtained from RMC calculation.

Here, the number increases from 6.7 in the amorphous phas
to 7.3 in the cubic phase.

) Orlando, R.; Pisani, C.; Roetti, C.; StefanovichPys. Re. B 1992
45 (2), 45592.
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(a) Amorphous (Scan No.57)

5 & et o

j".&;& ig'g

Q%eﬁoggnp‘ y-
6. 070 O

SAAZLAN A
) e

I: 5 A

y

(c) Cubic 500°C

(b) Transition (Scan No. 60)

(d) Zr tetrahedron unit

Figure 11. ZrO, 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 8G0(scan no. 80); (d) Zr tetrahedron unit.
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Figure 12. Real space Rietveld analysis &{r) for scan no. 80.

Zr Ly and Ly spectra for monoclinic Zr@ cubic YSZ,
and amorphous zirconia are shown in Figure 14. Similar to (39) Chatterjee, A Pradhan, S. K.. Datta, A.: Datta, M.; De, M.:
the cubic (Zr, Ce, Sm)Q,, cubic YSZ shows two white

main peaks, A (§ and B (bg), in both spectra. The
monoclinic ZrQ 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 Zr®ut
different from those of tetragonal and monoclinic zirconia.
Figure 15 shows the peak-fit of the ZiLedge 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 ZrOMore
importantly, the two peaks are separated by 2.3 eV, which
is same as the AB separation in the cubic phase.

4. Discussion

The phase-stabilization mechanism of Zi©complicated.
It has been found that when Zs@ reduced to Zr@,, the
cubic phase can be stabilized at room temperafubaecent

Chakravorty, DJ. Mater. Res1994 9 (2), 263.
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Monoelinic

Figure 13. In situ high-temperature XRD of amorphous zri@ an oxidizing environmentRp, = 38 torrs) (a) Ramping from room temperature to 380
See the emergence of the tetragonal phase around@5@®) Dwelling at 530°C. See the emergence of the monoclinic phase at scan no. 80.
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Figure 14. Zr L, and Ly spectra of the monoclinic Zr)the cubic yttria-stabilized zirconia (YSZ), and the amorphous,ZrO

I demonstrated it to be closer to cubic phtisa/hen the Zr-O
N\ ] and Zr-Zr coordination numbers of amorphous phase are
{ \ 3 compared with those of the other zirconia polymorphs

[ A\ E obtained from this study and previous EXAFS studfes$’

f 3 the structure of the amorphous phase is concluded to be
| ] closer to the cubic phase. The XANES result also proves
' g that the local structure of amorphous zirconia is similar to
that of cubic phase, which can be a direct result from the

ya 3 present preparation method of nanoparticles of amorphous
—_— 2/ 1 ZrOs,.
T Here, the results show good agreement with the previous

Photon Energy (eV) 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.
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Figure 15. Peak-fitting of the Zr Iy edge spectrum of amorphous ZrO

density function theory calculation on pure Zr€hows that
4% oxygen vacancy alone is enough to stabilize the cubic
phase at room temperatui&Vith 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 The synchrotron X-ray with high intensity coupled with
oxygen occupancy is about 97%, indicting 3% oxygen animage plate detector enables in situ XRD study extended
vacancies. A different Rietveld analysis with Zr occupancy to highQ values, allowing the present structural analysis of
of 97% gives a higher concentration of oxygen vacancies of the phase transition from amorphous to cubic zirconia. The
16%. Although the 3% oxygen vacancy concentration value local structure of the amorphous zirconia closely resembled
agrees well with the theoretical calculatiba,direct calcula-  that of cubic ZrQ, but not tetragonal zirconia, which is
tion from the Zr-O coordination number of 7.3 gives an corroborated by the results of X-ray absorption near edge
oxygen vacancy concentration of 8.7%, which lies between spectroscopy (XANES) at ZrLand L. Under a reducing
the two values from Rietveld analysis, indicating that the

results are reasonable. (40) Molodetsky, I.; Navrotsky, A.; Paskowits, M. J.; Leppert, V. J.; Risbud,

- S. H.J. Non-Cryst. Solid200Q 263 (1—3), 106.
It is widely accepted that the structure of the amorphous (41) Livage, J.. Doi, K. Mazieres, GL. Am. Ceram. Sod.968 51 (6),

ZrO, is closer to tetragonal pha$&!! although Winterer 349.

Conclusions
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condition of Po, = 1 x 1077 Torr, the amorphous phase ment of Energy, Office of Science, Office of Basic Energy
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crystallizes to the tetragonal phase, even when the particleChemical Sciences, under Contract DE-AC02-98CH10886.
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