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The chemical compositions at the surface and in the bulk of thegaiderived ZrQ films calcined
at elevated temperatures in air or in Btmospheres were examined to understand the metastability of
the tetragonal phase and the mechanism of its phase transformation. The phase evolutionrofirO
followed the sequence of amorphotsm-tetragonal— monoclinic over 86-950 °C, while the phase
transformation of amorphous- m-tetragonal— monoclinic — m-tetragonal was observed undes N
atmosphere. The reduction of “Zrto low-valent states and the generation of oxygen vacancies via
dehydroxylation and deoxygenation play the crucial roles in stabilizing m-tetragonaliZitbe sot-
gel-derived films. The O/Zr ratios for stabilizing the m-tetragonal Zréhged between 1.98 and 1.63.
The m-tetragonal-to-monoclinic phase transformation primarily involves the segregation of lattice defects
to grain boundaries and occupation of oxygen vacancies by the diffuset@ that were converted
from surface hydroxyl groups. In the absence of alternative oxygen donors, including water and oxygen
molecules, the stability of m-tetragonal Zr@as maintained at elevated temperatures undatiNosphere.
In addition, regeneration of the oxygen vacancies via deoxygenation at high temperature results in the
reformation of m-tetragonal ZrOThe changes in the chemical compositions and crystallite sizes of the
films depict that the m-tetragonal-to-monoclinic phase transformation starts from the core of tetragonal
domains, while its retransformation begins from the boundaries of monoclinic grains.

Introduction chemically stabilized tetragonal phase below 120D
. . . ) . o However, the stabilized tetragonal Zr@ses its stability

Zirconium dioxide (ZrQ) is a promising material widely  4raqually and transforms to a monoclinic form at elevated
used as supportssolid electrolytes,and catalysfsbecause  tgmperatures. Therefore, the investigations on the metastabil-
of its special physical and chemical properties such as ity of tetragonal ZrQ attract much attention.
hardness, ionic conductivity, and surface acidity. These “qpq metastability of tetragonal Zg@h powders has been
physicochemical properties and technological performance yemonstrated to be related to particle sizes, lattice strain,
of ZrO, have been demonstrated to be greatly controlled by aggregation tendency, and structure similatit}.However,
crystalline structures such as crystallite sizes, defects, andsuch factors have little influence on the metastability of
crystal phases.® ZrO, mainly contains three polymorphs:  yeyragonal zr@ in films because film structures are con-
monoclinic, tetragonal, and cubic. The monoclinic phase iS yenged and the surface areas are fixed before and after phase
thermodynamically stable from room temperature t0 1200 yansformation. The introduction of defects such as allo-
°C and t_ransforms to the tetragonal form at 12@870°C. valent ions into the Zr@lattice has been demonstrated to
The cubic phase appears only at temperatures overZ370  gapjijize the metastable tetragonal phase in powders and films
Reversible transformation from a tetragonal to a monoclinic ;¢ 1oom temperaturé. The formation of oxygen vacancies
phase in pure Zréduring cooling processes usually causes j, the metal-doped Zris a plausible reason for this
a volume expansion and catastrophic cracking, thus limiting gapjjization. In addition, the existence of anionic impurities,
the application of Zr@to the engineering and electrochemi- such as Cl, OH-, SQ2-, and PG>, in the ZrQ, lattice has

cal systems that are operated at high temperafuiéss been reported to stabilize m-tetragonal Z/#17 These
drawback has been overcome by the development of the

(8) Garvie, R. CJ. Phys. Chem1965 69, 1238.

* Corresponding author. Tel:+886-3-5726785. Fax:+886-3-5718649. (9) Shukla, S; Seal, S.; Vij, R.; Bandyopadhyay, S.; Rahmaimafo.

E-mail: radoong@mx.nthu.edu.tw. Lett. 2002 2, 989.

T Present address: Institute of Environmental Engineering, National Chiao (10) Mitsuhashi, T. I. M. T., UJ. Am. Ceram. Sod 973 57.

Tung University, 75, Bo Ai Street, Hsinchu, 300, Taiwan. (11) Caracoche, M. C.; Rivas, P. C.; Cervera, M. M.; Caruso, R.; Benavidez,
(1) Chang, C. C,; Yen, S. KSurf. Coat. Technok004 182, 242. E.; de Sanctis, O.; Escobar, M. E.Am. Ceram. SoQ00Q 83, 377.
(2) Politova, T. L.; Irvine, J. T. SSolid State lonicR004 168 153. (12) Gibson, I. R.; Irvine, J. T. SI. Am. Ceram. SoQ001, 84, 615.

(3) De, M.; Kunzru, D.Catal. Lett.2004 96, 33. (13) Cypres, R. W., R.; Raucq, Ber. Dtsch. Keram. Ge4.963 40, 527.

(4) Yamaguchi, TCatal. Today1994 20, 199. (14) Srinivasan, R.; Taulbee, D.; Davis, B. Batal. Lett.1991 9, 1.

(5) Grau, J. A;; Yori, J. C.; Vera, C. R.; Lovey, F. C.; Condo, A. A.; (15) Srinivasan, R.; Watkins, T. R.; Hubbard, C. R.; Davis, BGtem.
Parera, J. AAppl. Catal. A-Gen2004 265 141. Mater. 1995 7, 725.

(6) Xu, G.; Zhang, Y. W,; Liao, C. S.; Yan, C. t5olid State lonicR004 (16) Chokkaram, S.; Srinivasan, R.; Milburn, D. R.; Davis, BJHColloid.
166, 391. Interface Scil1994 165 160.

(7) Hannink, R. H. J.; Kelly, P. M.; Muddle, B. GJ. Am. Ceram. Soc. (17) Spielbauer, D.; Mekhemer, G. A. H.; Riemer, T.; Zaki, M. |;
200Q 83, 461. Knozinger, H.J. Phys. Chem. B997, 101, 4681.

10.1021/cm051264t CCC: $30.25 © 2005 American Chemical Society
Published on Web 08/10/2005



4838 Chem. Mater., Vol. 17, No. 19, 2005 Chang and Doong

results clearly demonstrate that the metastability of tetragonalunder these two calcination conditions. Sgel method is
ZrO, is greatly dependent on chemical compositions of2ZrO used for the preparation of Zp@ilms because it is simple

In addition, calcination atmospheres play important roles in and feasible to control the morphology and thickness of films.
the metastability of tetragonal ZgOCalcination under humid

or O, conditions facilitates the phase transformation from Experimental Section

an m-tetragonal to a monoclinic form. It is believed that the Preparation of Thin Films. ZrO, thin films were prepared using

phase transformatlon is mainly related to the infiltration of spin-coated selgel method. The sol solution was obtained by
oxygen vacancies by the adsorbed water or oxygen m.Olem”esi‘ully hydrolyzing ZrCl with a stoichiometric quantity of water in
on oxygen vacant sites at the surfd€eThe chemical  2.propanol (IPA) to yield a Zr:bD:IPA molar ratio of 1:4:90. The
compositions changing with calciantion history determine sol solution was then stored at 26 for 24 h to allow equilibrium.
the ionic conductivity, catalytic efficiency, and optical An aliquot of the sol solution (2@L) was spin-coated on a 1.6-
properties of m-tetragonal ZgOTherefore, the characteriza- cn¥ glass slide, which had been precleaned wiC}O:/H,SO,

tion of chemical composition of Zriattracts large devotions solution to remove trace amounts of organic contaminants from

not only because of scientific interests but also the impact the surface, at 3000 rpm for 30 s. The temperature and the relative
on applications. humidity of the ambient atmosphere were controlled at@%nd

S Linst tal techni includi lect . 60%, respectively, during the coating process. This coating cycle
everal Instrumental techniques, Including electron spin , ., repeated four times to attain a desired film thickness (ca. 35

resonance (ESR), nuclear magnetic resonange (NMR)=nm). The as-coated films were then dried at°@for 10 min to
infrared spectroscopy (IR), Rutherford backscattering (RBS), evaporate solvents. Calcination was processed in the temperature
and X-ray photoelectron spectroscopy (XPS), have been usedange between 80 and 95@ for 12 h in air or in N for

to examine the species in the Zr@® elucidate the mesta-  crystallization.

stability of the tetragonal phade**The Z#" and OH were Characterization. The morphology and the thickness of the ZrO
identified in the m-tetragonal phase. In addition, the meta- films were examined by scanning electron microscopy (SEM,
stable tetragonal phase shows nonstoichiometric O/Zr valuedHitachi 4700) operating at an accelerating voltage of 25 kV. All of

(O/zr < 2.0), while the phase transformation to monoclinic the SEM samples were platinum-coated. SEM images indicate that
ZrO, usually occurs at an O/Zr ratio close to stoichio- the sot-gel-derived ZrQ films were smooth and film thicknesses

metry20-22 Gud® has used XPS to examine the surface were ca. 35 nm (see Supporting Information, Figure S1). The

g . . o crystalline properties of the ZeQilms were analyzed by an X-ray
species of Zr@and reports that OHions, in addition to diffractometer (XRD, Philips XPert Pro) using Cu K radiation

0z species, are generated_ after calcmgnon in boiling water. (1 = 1.5406 A) and operated at an accelerating voltage of 45 kV
On this basis, a degradation mechanism for m-tetragonalang an emission current of 40 mA. A grazing angle mode was
phase was proposed to emphasize that the loss of the stabilitypplied at an incident angle of 1Data were acquired over the

of the m-tetragonal phase might be due to the occupation ofrange of & from 25 to 35 at a sampling width of 0.02and a
oxygen vacancies by the diffused Okbns from the grain scanning speed of#min. The chemical compositions of the ZrO
surface. However, several studies indicated that removal ofthin films were characterized by an X-ray photoelectron spectrom-
OH- from the ZrQ lattice assists the formation of the eter (XPS, Physical Electronics, ESCA PHI 1600) using an &l K
monoclinic phasé! The mechanism for the stabilization of ~X-Tay source (1486.6 eV). After analysis of the chemical composi-
the m-tetragonal phase and the phase transformation to thdio" ©n the surface, argon etching (operated at 3 kV) was used to
monoclinic phase are still controversial. Moreover, the remove a 2-nm thickness from the top of the thin films for the

. . analysis of the chemical compositions in the bulk Zfiins. The
mechanism of the de_gradatl_on of _m-tetragonal Zudder spherical capacitor analyzer equipped with a multichannel detector
N, or vacuum conditions, in which oxygen donors for

! ; g ) and having a takeoff angle of 7@elative to the horizontal plane
compensation of lattice oxygen vacancies are absent, is N0 the sample was used to collect photoelectrons into the analyzer
clear. Therefore, detailed analysis of the chemical composi- at a passing energy of 23.5 eV and a collection step of 0.1 eV. All
tions throughout the crystallization and phase transformationthe analytical processes were performed under ultrahigh-vacuum
processes is required. conditions (maintained below 5.& 10°° Torr). The shifts of

In this study, the crystalline properties, including phase binding energies of peqks resulted from charging effects were
transformation and crystallite sizes of zfdms with respect  referenced fo the Zr 3g lined at 182.2 eV.
to chemical compositions calcined under air or &mo- Data Management. Volume Percentage of PhaseBhe volume

. . . . fraction of the tetragonaly() and monoclinic xm) phases were
spheres, were investigated. The O/Zr ratios, species of O, estimated from the integrated peak intensity of the (10tne of

and chemical states of Zr both at the surface and in the bulkthe tetragonal phaséand the (113) and (11}, planes of the

examined to elucidate the metastability of tetragonal ZrO

1(101)
= = 1
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Table 1. Average Crystallite Sizes of the m-Tetragonal and (a) (111),,
Monoclinic Phases Calcined at Various Temperatures 950°C

(111,
in air in Nz in air in Nz % 850°C
temp Diox Diiz Dioa Dizx temp Diox Dizx Dion  Ding %75000
(°C) (Mmy (nmP (nmp (hmP (°C) (nmp (hmP (nmp (nmp

»
400 154 — NA? NA 650 120 165 154 — S % 700°C
450 154 — 185 — 700 -° 180 158 16.2 5 (101), 650°C
500 16.3 — NA NA 750 - 184 50 169 : % 600°C
<

550 148 109 175 - 850 -— 15.8 8.1 156 M% .

600 14.3 153 157 — 950 -— 15.6 9.3 153 550°C
aCrystallite size of (10%)profile. b Crystallite size of (111 profile. MWWM 500°C

¢ Not detectedd NA means not available. % 450°C

. . 400°C
profiles using the Scherrer equatigh: .
WWAMMWWMMW 350°C
L L 1 I 1 " 1 n 1 N 1 n ]
0.A
Dy = m 3) 24 26 28 30 32 34 36
hkl (b) 20 (deg)
whereDyy is the average crystallite size of thiek{) profile, 1 is (11,

the wavelength of the incident X-rays (Cu= 1.5406 A),Bn is
the full width at half-maximum (fwhm) of thehkl) line, andé is
the Bragg angle.

Curve Fitting of the XPS Spectra.After performing a Shirley-
type background subtraction, the original spectra were fitted using
a nonlinear least-squares fitting program and Gausdianentzian
peak shapes were adapted for all the peaks. The parameters used 700°C
for the curve fitting of the Zr 3d and O 1s spectra, including the 650°C
binding energies, the doublet separation, and the full-width at half- 0

maximum (fwhm) of Zr 3¢, are summarized in Table 1S (See W
450°C

Supporting Information, Table 1S). Morant et?aldepicted that

(101), (111,

950°C
850°C

750°C

Intensity (A. U.)

the oxidation states of Zr were separated by an energy shift of 1.06 350°C

eV in the ZrQ matrix. In the present study, the binding energy of T
Zr*t 30k, at 182.2 eV was taken, and the low oxidation states of 24 26 28 30 32 34 36
Zr (Zr3*, Zr?*, and Zr") were downshifted by 1.06 eV per oxidation 20 (deg.)

Stgte with respect to ZT The fwhm of Zr 3¢, was set to 17 ev Figure 1. XRD patterns of the Zr@thin films calcined (a) in air and (b)
with a doublet separation of 2.37 or 2.39 eV to Zggdrhe binding in N for 12 h.

energies of O 1s for the Z0 and ZrOH species were set at
529.9 and 531.7 eV, respectively, with doublet separations ef 1.6 - m_tetragonal phase and then a phase transformation occurred
]}-9 a;‘ﬁ 1_'9t'2'3 etV('jreSPECtive'y' The atl‘_’midctratios V‘(f_“?t C?'C‘i'atedf to a monoclinic form. The m-tetragonal-to-monoclinic phase
rom the integrated peak areas normalized 1o sensiuvity 1actors o : : : :
2.576 and 0.711 for Zr and O, respectively. transformation occqrrec_i, however, at 70 Wh!Ch is higher _
than that observed in air. Moreover, the maximal conversion
of the m-tetragonal phase to the monoclinic phase was only
96% at 750°C, and 4% m-tetragonal phase still remained.
Crystalline Properties of ZrO, Films Calcined in As the calcination temperature rose to 8&) the monoclinic
Different Atmospheres.Figure 1 presents the XRD patterns phase retransformed to the tetragonal phase. The volume
of ZrO; films calcined in different atmospheres. When the fraction of the tetragonal phase increased to 15% upon
films were calcined in air, the selgel-derived ZrQ thin increasing the temperature to 950. However, the mono-
film was amorphous initially and began to crystallize into clinic-to-tetragonal phase transformation was not observed
an m-tetragonal phase as the temperature increased to 406br the ZrG thin films calcined in air within the experimental

Results

°C. The m-tetragonal phase was stable in the Zh film temperature range in this study.
at 400-500 °C, and the phase transformation from the  Table 1 shows the average crystallite sizes measured at
m-tetragonal to a monoclinic phase occurred at 85Qvith the elevated temperatures in different atmospheres. Under

an m-tetragonal-to-monoclinic volume ratio of 35:65 (see the atmosphere of air, the crystallite size of m-tetragonabZrO
Supporting Information, Figure S2). The fraction of mono- was 15.4 nm at 400C and slightly increased to 16.3 nm as
clinic ZrO, increased upon increasing calcination tempera- the temperature increased to 50D. The crystallite size of
ture, and the progressive transformation was complete at 700m-tetragonal Zr@ diminished to 12.0 nm at 656C, the
°C. temperature at which the m-tetragonal-to-monoclinic phase
Similar to the results obtained in air, the sglel-derived transformation occurred. The monoclinic phase formed
ZrO, film calcined in N initially crystallized into the initially at 550°C with a crystallite size of 10.9 nm, and the
crystallite size increased to 16.5 nm when the m-tetragonal-

(26) Stefanic, G.; Stefanic, I. I.; Music, $ater. Chem. Phy200Q 65, to-monoclinic phase transformation completed at €S0The
@7) }\fgr'am C.S.J. M. G. L: Soriano, L.: Rueda, Surf. Sci.1989 crystallite sizes then decreased to 15.6 nm as the temperature

218 331. increased to 950C.
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calcined in air.

Figure 3. The fractions of Zr species in the bulk Zf@Ims calcined in

o ir as a function of the calcination t ture.
Under the atmosphere of,Nthe crystallite size of the airas a function ot fhe caicination femperature

(101) profile decreased from 18.5 to 15.4 nm as the temperature range of 35@50 °C because of the removal
temperature increased from 450 to 6%C. During the of the lattice hydroxyl groups. The curve fittings of the Zr
m-tetragonal-to-monoclinic phase transformation, the crys- 3d spectra clearly indicate that, besides the dominatit Zr
tallite sizes of the (101)nd the (111) profiles were 15.8  species, &", Zr?t, and Zr" were present in small amounts
and 16.2 nm, respectively, which were rather close. However, after calcination. This phenomenon indicates that sorfie Zr
the crystallite sizes of the (108nd (111}, profile were 5.0 ions were reduced to low-valent states in the nonstoichio-
and 16.9 nm, respectively, at the maximal phase transforma-metric ZrG; films as a result of charge compensation.
tion temperature of 750°C. As the monoclinic phase Figure 3 shows the fractions of the Zr species as a function
transformed to the tetragonal phase at 8880 °C, the of the calcination temperature. The*Zions constituted 85%
crystallite size of the (11})profile decreased to 15:315.6 of the total Zr in the as-dried thin film and decreased te-67
nm. Meanwhile, the crystallite size of the (10profile 76% at 356-600°C. An increased fraction of Zt ions (91~
slightly increased from 8.1 to 9.3 nm over this temperature 97%) appeared as the temperature increased te B&0°C,
range. at which the phase transformed to the monoclinic phase. The
Chemical Compositions in Bulk ZrO, Films Calcined Zr** fractions decreased again to 62% at #8960 °C. In
in Air. To elucidate the relationship between the chemical addition, the fractions of the Z¥, Zr?*, and Zr" ions varied
compositions and the crystalline properties, the lattice O/Zr as a result of the Zt fraction changing at the different
ratios and the chemical states of the O and Zr ions in the temperatures. The Zr atoms, which were the second-most
bulk were examined after removing a 2-nm-thick layer from dominant species, accounted for22% of the total Zr at
the top of the thin films. Figure 2 shows the lattice O/Zr the experimental temperature ranges. Theé And Zr ions
ratios in the bulk Zr@ films as a function of temperature. contained 3-16% and 5-17% to total Zr species, respec-
The O/Zr ratio of the as-dried ZgQvas 2.56, which indicates tively.
that many hydroxyl groups generated during the hydrolysis Chemical Compositions at the Surface of ZrQ Films
remained in the selgel-derived ZrQ structure before  Calcined in Air. The changes in the lattice O/Zr ratios and
calcination. These hydroxyl groups were removed from the the fractions of Zr species indicate that thermal treatment
thin films upon thermal treatment, resulting in the decrease not only drives oxygen out of the thin films but also causes
in O/Zr ratios. The O/Zr ratios ranging between 1.77 and an intake of oxygen from the air into the thin films. To clarify
1.88 were observed at 46600 °C, the temperature range the process of oxygen recovery, the Zr and O species and
in which the m-tetragonal phase was stable. These valuesheir atomic ratios at the surface were investigated. The XPS
are below the stoichiometric value (O/2Zr2), which suggest  spectra of Zr 3d and O 1s characterized at the surface of
the existence of oxygen deficiencies. As the temperature ZrO, films reveals that the surface contained only*Zr
increased to 650750 °C, the m-tetragonal phase was species. In addition, substantial numbers of hydroxyl groups
completely transformed into the monoclinic phase and the were bonded at the surface (see Supporting Information,
O/Zr ratios increased to near stoichiometric values. The O/Zr Figure S4). Figure 4 presents the surface O/Zr-@fZr,
ratios fell again, however, to nonstoichiometric values (O/ and Zr-OH/Zr ratios at different calcination temperatures
Zr < 2) at temperatures above 750. in air. In agreement with the lattice O/Zr ratios, the surface
The XPS spectra of O 1s in the ZrQattice can be O/Zr ratios decreased from 2.90 to 2.27 as the temperature
deconvoluted into Z+O and Zr-OH peaks by curve fitting  increased from 80 to 50tC. A remarkable increase in the
(see Supporting Information, Figure S3). The atomic ratios surface O/Zr ratio to 2.592.66 was observed, however, in

estimated from their peak areas indicate that the @H the temperature range 55600 °C, at which temperatures
species were 18% to the total oxygen content in the as-driedthe m-tetragonal-to-monoclinic phase transformation oc-
ZrO, film. After calcination, the fraction of ZrOH de- curred. Subsequently, the surface O/Zr ratio dropped sud-

creased to a relatively stable value of-112% over the denly to 2.27 at 650C and increased again at 790950°C.
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In addition, the changes in the ZOH/Zr and Zr-O/Zr ratios
as a function of temperature were investigated. The@/
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Figure 7. The O/Zr, Zr-0O/Zr, and Zr-OH/Zr ratios as a function of
calcination temperatures inoN

ature increased to 4600 °C. A significant decrease in
the O/Zr ratio to 1.63 occurred over the temperature range

Zr ratios decreased from 1.05 to 0.35 as the temperature600—700°C and then a remarkable increase to 1.94 appeared

increased from 80 to 50C, indicating that dehydroxylation
occurred upon thermal treatment. The-ZOH/Zr ratio then
increased to 0.620.64 at 556-600°C before falling to 0.31
at 700°C. Again, the Z+OH/Zr ratio gradually increased
to 0.61 over the range between 750 and 960In contrast
to the surface ZrOH/Zr ratios, the surface ZO/Zr ratios
increased initially from 1.84 to 2.09 upon increasing the
temperature from 80 to 358C, which implies that some
Zr—OH were converted to 20O groups during the dehy-
droxylation process. The 2Z0O/Zr ratio fell to a substo-
ichiometric value (1.72) at 40TC, the temperature at which
the thin film crystallized into the m-tetragonal phase. It is
noted that the ZrO/Zr ratio increased to the stoichiometric
value (2.02) at 556600°C during the phase transformation
and then fell to 1.861.92 at 656-950 °C.

Chemical Compositions in Bulk ZrO, Films Calcined
in N». Figure 5 presents the lattice O/Zr ratios of Z2r@in
films calcined in N as a function of the calcination
temperature. The lattice O/Zr ratios in the bulk Zri@ms
were all below the stoichiometric value (O/Zr2). An O/Zr
ratio of 1.93 was observed in amorphous Zi&lcined at
350°C, and then it decreased to 1:82.87 as the temper-

at 750 °C, the temperature at which the maximal m-
tetragonal-to-monoclinic transformation occurred. Further
increases in the calcination temperature to 960caused
the O/Zr ratio to decline to 1.70. Figure 6 displays the
fractions of the four Zr speciesZr**, Zr3*, Zr*, and Zr—
in the ZrG thin films calcined in N at various temperatures.
The fraction of Zf* decreased initially from 91 to 69% as
the crystalline structure changed from an amorphous to the
m-tetragonal phase at 35@50°C. Before the next decrease
in the fraction of Zf* to 67% at 656-700 °C, the content
of Zr*t increased to 86% at 45600 °C. The Zft content
again increased to 76% at 730 and gradually fell to 65%
as the temperature was increased to 960 The fractions
of the ZP#*, Zr?*, and Zr* ions at elevated temperatures were
in the range of 7#18%, 5-10%, and 9%, respectively,
which exhibit an opposite trend to that of*Zrions.
Chemical Compositions at the Surface of ZrQ Films
Calcined in N,. Figure 7 plots the O/Zr, Z:O/Zr, and Z¢-
OH/zr ratios at the surface of the ZzQhin films as a
function of the calcination temperature underdtmosphere.
The Zr—OH/Zr ratio fell from 0.77 at 450C to its minimal
value of 0.27 at 700C and slightly increased to 0.36 at
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950 °C. In contrast to the change in the-ZDH/Zr ratio, the m-tetragonal-to-monaoclinic transformation involving the
the Zr—O/Zr ratio remained within 1.861.98 in the tem- existence of water vapor and oxygen molecules has been
perature range of 458950°C. The O/Zr ratio was primarily ~ proposed by several studi#s?? In this study, the increasing
dominated by the ZrOH/Zr ratio and exhibited a minimal ~ Zr—OH/Zr and Zr-O/Zr ratios at the surface suggest that
value of 2.16 at 700C. the intake of oxygen begins with the adsorption of water
and oxygen from air onto the surface. The adsorbed water
Discussion and oxygen molecules are then dissociated into hydroxyl ions
and oxygen atoms to fill the oxygen vacancies at the surface.
Similar results are also reported in Guo’s studies, which
investigated the degradation mechanism of tetragonaj ZrO
in Y-doped matrix In this study, the subsequent decreases
in the surface Z+OH/Zr and Zr+O/Zr ratios at 656-700
°C reveal that the surface-bound oxygen species diffuse into
the thin films. Several studies have proposed that the surface
OH groups diffuse into inner Zrgand consequently occupy
oxygen vacancies to promote m-tetragofralmonoclinic
phase transformatiot¥:33In this study, the content of lattice
OH groups did not increase before and after the phase
transformation. This finding depicts that the surface-bound
oxygen species mainly convert into oxygen iong{(that
can penetrate into the Zp@hin films to induce the phase
transformation. Meanwhile, the low-valent Zr species in the
lattice again oxidized to 2t by the diffused oxygen ions.

After the phase transformation to the monoclinic form was

Calcination in Air. The m-tetragonal phase is stable at
400-650°C in pure sot-gel-derived ZrQ@ thin films when
calcined in air. Calcination in Nextends the stability of the
m-tetragonal phase up to 78C. The changes in the O/Zr
ratios and the chemical states of Zr clearly depict the
formation and annihilation of oxygen vacancies and their
roles in the stabilization of the tetragonal phase in the-sol
gel-derived ZrQ films. Hydrolysis during the setgel
process usually introduces hydroxyl groups into the amor-
phous ZrQ structure. The decrease in the content of lattice
Zr—OH indicates that the hydroxyl groups are driven out
from the ZrQ thin films in the form of water molecules upon
thermal treatment. Meanwhile, the elements in the »ZrO
sample rearrange into a crystalline form. The dehydroxylation
reduces Zt" to low-valent states and also results in oxygen
vacancies for charge compensation according to following

equations: g :
complete, the lattice O/Zr ratios decreased as the temperature

Zr* T OH + HO wzZr*" — rose above 750C. Accordingly, some oxygen atoms were

713ty + 7% 0" + H.O (4 eliminated_ from the thin film at _ele\{ated temperatures.. This

oxvgen 0 &) thermally induced deoxygenation involves the donation of

Zr¥w"OH + HO =zr*" — two electrons and the reduction of*Zito low-valent states

Zr2+"'Voxygen+ Zr**=0" + H,0 (5) according to the following equations:
Zr*'= "OH + HO =zr*' — Zi e O e 4 2 e Oz —

+ A+ A
Zr' =V gygent Zr =0+ H,0 (6) O, + Zr¥ eV oerZt® + 203V 7T (7)

where Vhygen Means an oxygen vacancy. The oxygen Zr = O =zr** + zr¥ "0 wzr*" —

vacancies are considered to be responsible for the formation Oy + Zr¥ Vo eZr "+ Z0 N oenZr? (8)
of m-tetragonal phase instead of forming the thermodynami- o -
cally stably monoclinic phase upon crystallization. Usually, Zr¥ 'O Zr® 4 2Oz —

oxygen vacancies are introduced by incorporation of allo- Oy + Zr sV o eZl "+ Z0 Vg oorZt™ (9)
valent ions, including ¥*, Mg?*, and C&", into the ZrQ

lattice?®2°The autoreduced Zr species in the-sgél-derived Although oxygen vacancies and reduced Zr species were
ZrO, films explain why the tetragonal phase can be stabilized regenerated within the thin films, the transformation from

in the pure ZrQ. the m-tetragonal to the monoclinic phase did not occur. To
The phase transformation from m-tetragonal to monoclinic maintain the stability of the monoclinic phase under the
phase began at 53C and completed at 70C. Meanwhile, nonstoichiometric conditions, the reduced Zr species and

the lattice O/Zr ratios changed from substoichiometrd@) oxygen vacancies might segregate from the monoclinicZrO
to almost stoichiometric£ 2) values, which indicates that domain and consequently resulted in the decrease in the
the monoclinic phase tends to be stabilized when ,ZrO crystallite size at 856950 °C. Such segregation has been
approaches stoichiometry. The increase in the lattice O/Zr observed for doped ZrOat high temperature¥:® In
ratios reveals that an intake of oxygen from air into the thin addition, the deoxygenation increases numbers of oxygen
film induces the phase transformation from m-tetragonal to vacancies at the film surface and provides extra binding sites
monoclinic phase. Srinivasan et'8lhave reported that the  for hydroxyl groups, which can be evidenced by the increased
phase transformation from m-tetragonal to monoclinic form surface Zr-OH/Zr ratio at temperatures above 75C.
occurs rapidly in an oxygen-containing atmosphere than in
helium. On this basis, the phase transformation as a resul{3o) xie, S. B.; Iglesia, E.; Bell, A. TChem. Mater200q 12, 2442.

of a surface phenomenon has been proposed. In addition(31) Li, M. J.; Feng, Z. C.; Zhang, J.; Ying, P. L.; Xin, Q.; Li, Chin. J.
Catal. 2003 24, 861.
(32) Collins, D. E.; Bowman, K. JJ. Mater. Res1998 13, 1230.
(28) Zhang, Y. W.; Yang, Y.; Tian, S. J.; Liao, C. S.; Yan, C.XMater. (33) Guo, X.Solid State lonic4998 112, 113.
Chem.2002 12, 219. (34) Ram, SJ. Mater. Sci.2003 38, 643.
(29) Dell’Agli, G.; Mascolo, G.J. Eur. Ceram. So2004 24, 915. (35) Chang, S. M.; Doong, R. Al. Phys. Chem. B004 108 18098.
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Scheme 1. Schematic Diagram of the Proposed Mechanism for the m-Tetragonal-to-Monoclinic Phase Transformation and Its
Retransformation in N»?

& & :

Tetragonal ZrQ,  Monoclinic ZrQ, Oxygen vacancy

a (a) Diffusion of &~ from film surface into interior Zr@and segregation of oxygen vacancies from m-tetragonap doain to the grain boundaries,
(b) the occurrence of m-tetragonal-to-monoclinic phase transformation from cores of m-tetragonal domains, (c) growth of monoclinic doméjns, and (
regeneration of oxygen vacancies via deoxygenation and the phase retransformation starting from the boundaries of monoclinic domains.

Normally, the monoclinic-to-tetragonal phase transformation deficient conditions result in the reduction of*Zrto low-
occurs at temperatures above 1200 and a displaced valent species in the bulk ZgOlIn addition, the crystallite
tetragonal-to-monoclinic phase transformation is undergonesizes of the m-tetragonal Zs@liminished upon increasing

at 950°C during cooling’ In this study, the increase in the temperatures. These findings reveal that the oxygen vacancies
Zr—OH/Zr ratios at the surface of the monoclinic films and the reduced Zr species segregate from the m-tetragonal
depicts that the surface hydroxyl groups could compensatedomains to their boundary at elevated temperatures. This
the oxygen vacancies and might be responsible for this segregation decreases the number of oxygen vacancies in

reversible phase transformation. the m-tetragonal domains and induces the transformation of
Calcination in N,. Calcination in N retards m-tetragonal- ~ m-tetragonal domains into the monoclinic form. Because the
to-monoclinic phase transformation from 550 to 700 crystallite sizes of the m-tetragonal (15.8 nm) and monoclinic

because of the maintenance of oxygen vacancies in the(16.2 nm) ZrQ samples are very similar in this study, it is
absence of oxygen donors such as water and oxygen. Thedelieved that the monoclinic domains are converted from
mechanism of the crystallization of the sgjel-derived ZrQ the m-tetragonal domains. As the lattice O/Zr ratio increased
thin films calcined in N is similar to the mechanism that to 1.94, i.e., close to stoichiometry, the m-tetragonal phase
occurs in air. The dehydroxylation generates oxygen vacan-almost transformed into the monoclinic form. It is worth
cies to stabilize the m-tetragonal phase at room temperaturenoting that the transformation from the monoclinic phase
Although alternative oxygen donors such as water and back to the m-tetragonal phase occurred at a temperature
oxygen molecules are absent in,the O/Zr ratio in bulk above 750C. Meanwhile, both the O/Zr ratio and the*Zr
ZrO increased over the temperature range-4&00°C. The content in the bulk Zr@decreased upon increasing temper-
decrease in the number of surface-Z¥H species indicates  atures, which indicates that further deoxygenation at high-
that the surface hydroxyl groups of sael-derived ZrQ temperature results in the formation of oxygen vacancies and,
are consumed to compensate the lattice oxygen vacanciesthus, triggers the monoclinic-to-m-tetragonal conversion.
The annihilation of oxygen vacancies could promote the Both the fraction and crystallite sizes of m-tetragonal phase
formation of the monoclinic phase. increased with the increasing temperatures. This finding
It has been proposed that the m-tetragonal-to-monoclinic depicts that the stabilization of the tetragonal phase starts at
phase transformation starts from the surface of the m- the boundary of monoclinic grains and progresses into their
tetragonal grain boundaf#3 The mechanism for this phase interior. Similar behavior is also observed in Y-doped ZrO
transformation involves the penetration of Otirough the  calcined in N at high temperatures, in which the m-tetragonal
grain boundary into the inner part. By annihilation of oxygen Phase is stabilized by incorporation of nitrogen ions at the
vacancies from the occupied OHn the boundary, the  surface of graing
m-tetragonal Zr@ transformed to monoclinic form in the Guo® has proposed that critical maximum and minimum
surface layer of m-tetragonal grains. However, results shownvacancy concentrations should exist for the formation of the
in this study demonstrate that the phase transformation fromstable m-tetragonal phase. In this study, the minimum O/Zr
m-tetragonal to monoclinic ones involves the segregation of ratio required to stabilize the m-tetragonal phase was 1.63
oxygen vacancies and possibly begins from the core of at 700°C in N, while the maximum O/Zr ratio of 1.98 was
m-tetragonal domains. Scheme 1 illustrates the proposedobtained at 650C in air. When the O/Zr ratio was higher
mechanism for m-tetragonal-to-monoclinic phase transforma- than this maximum value (1.98), the m-tetragonal phase
tion and its retransformation. As the temperature further transformed completely into the monoclinic phase. On the
increases to 606700 °C, the decreasing O/Zr ratio in the other hand, segregation of low-valent Zr species to form
bulk ZrG; indicates that the oxygen vacancies are reformed suboxides (Z1Os) would occur when the O/Zr ratio is below
via egs 79. Although the surface hydroxyl groups are still the minimum value (1.63).
converted to @ to fill the oxygen vacancies under this
circumstance, the diffusion ra_;tte ofOis lower than the rate (36) Chung, T. J.; Song, H. S.. Kim, G. H.; Kim, D. Y. Am. Ceram.
at which the oxygen vacancies are generated. The oxygen- — Soc.1997 80, 2607.
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Conclusions atmosphere and triggers the phase transformation from the
monoclinic phase back to the m-tetragonal phase. The
minimal and maximal O/Zr ratios for maintaining the stability
of the m-tetragonal phase are 1.63 and 1.98, respectively.
n summary, results of this study not only demonstrate

Results obtained in this study clearly demonstrate that the
chemical compositions of ZrQwhich vary with respect to
the calcination temperatures and atmospheres, govern th

e\é?]gjtt;g: o:oirgizlg?s t%za;;;_gsgzgéogg 1:[illcr)r? sarr;(é ngxy— directly the crystalline characteristics of the-sgel-derived
9 P ZrO, with respect to the chemical compositions but also

4+ _ _
Zr*" atoms fo low-valent states and generate oxygen vacan provide detailed information regarding the defects that occur,

cies 1o stabilize th?’ m-tetragonal phase. The calc_|nat|on which may lead to a better understanding of the catalytic
atmosphere determines the fate of oxygen vacancies, the

metastability of m-tetragonal ZegDand the mechanism of and conductive properties of structural £rO
p?aseftransfrt;.)r(rjnatloln. Calcmanor(]jln a(;r mcrear?es the zmou?t Acknowledgment. The authors thank the National Science
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