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In-situ Raman spectroscopy has been used to characterize the transformation of amorphous
zirconium oxyhydroxide to tetragonal ZrO2 and then to monoclinic ZrO2 in both the absence
and presence of water vapor. In the absence of H2O vapor, t-ZrO2 forms when zirconium
oxyhydroxide is treated in air above 673 K and the tetragonal-to-monoclinic transformation
occurs at temperatures above 950 K. Treatment at progressively higher temperatures is
accompanied by loss of surface area. The tetragonal-to-monoclinic transformation occurs
when the size of the zirconia particles is equal to or greater than a critical size determined
from an analysis of the thermodynamic stability of small particles of t- and m-ZrO2. Exposure
of t-ZrO2 to 3 kPa of H2O or immersion in liquid water at 298 K results in its extensive
(∼80%) transformation to m-ZrO2 without a loss in surface area. This observation is
attributed to a decrease in the difference between the surface free energy of m-ZrO2 and
that of t-ZrO2 caused by the adsorption of H2O. Treatment in water vapor at 623 K induces
the tetragonal-to-monoclinic transformation as well, but it is accompanied by a significant
decrease in surface area. Only 80% of the t-ZrO2 is transformed to m-ZrO2 at 298 K because
of the apparent presence of some crystallites with lattice strain, which increases the
temperature for the tetragonal-to-monoclinic phase transformation. The results of this study
demonstrate that m-ZrO2 with high surface areas can be prepared by exposing t-ZrO2 to
water vapor at room temperature.

Introduction

Zirconium oxide has attracted considerable attention
recently as both a catalyst and a catalyst support
because of its high thermal stability and the amphoteric
character of its surface hydroxyl groups. Zirconia cata-
lyzes the hydrogenation of olefins,1-4 the isomerization
of olefins5 and epoxides,6,7 and the dehydration of
alcohols.8,9 When zirconia is used as a support, various
reactions such as Fischer-Tropsch synthesis,10,11 metha-
nol synthesis,12-15 and hydrodesulfurization16 have been

reported to proceed with higher rates and selectivity
than with other supports.

The catalytic applications of zirconia mentioned above
have stimulated research aimed at understanding the
factors controlling the structural and textural properties
of ZrO2, such as the distribution of ZrO2 among amor-
phous, tetragonal, and monoclinic phases, the BET
surface area, and the pore size distribution.17-31 Aque-
ous precipitation or sol-gel methods are often used to
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produce zirconia powders (see ref 31 and references
therein). The initial product is an amorphous zirconium
oxyhydroxide or a mixture of amorphous and tetragonal
ZrO2 (a-ZrO2 and t-ZrO2, respectively). Calcination of
the initial product at progressively higher temperatures
leads to the conversion of all of the a-ZrO2 to t-ZrO2,
and at higher temperatures to the conversion of t-ZrO2
to monoclinic ZrO2 (m-ZrO2). Since treatments also lead
to a decrease in surface area, m-ZrO2 is usually obtained
with much lower surface area than t-ZrO2. The attain-
ment of high surface area m-ZrO2 requires methods for
inducing the tetragonal to monoclinic transformation at
low temperature. The possibility of using water vapor
to achieve this goal has been reported in the litera-
ture.32,33 At temperatures above 673 K, the presence of
water vapor was found to promote the tetragonal-to-
monoclinic phase transformation of ZrO2, but with
concurrent growth in the crystallite size of both phases.
The present work was undertaken in order to determine
whether the tetragonal-to-monoclinic transformation
can be carried out near room temperatures in order to
minimize particle growth.

Experimental Section
Zirconium oxyhydroxide, ZrOx(OH)4-2x, was prepared by the

precipitation of an aqueous solution of ZrOCl2 at a constant
pH of 10.29 The precipitate was washed with deionized water
until the rinse solution was free of chloride ions, and the filter
cake was then dried overnight at 393 K. The N2 BET surface
area of the powders was 412 m2/g.

Raman spectra were recorded using a HoloLab 5000 Raman
spectrometer (Kaiser Optical) equipped with a Nd:YAG laser
that is frequency doubled to 532 nm. The laser was operated
at a power level of 45 mW. The resolution of the spectrometer
is 5 cm-1. The samples were loaded as powders into a
stationary cell that could be heated to 1023 K.34 The sample
could then be treated in the Raman cell with 20% O2/He or
with a mixture of 20% O2/He saturated with H2O vapor at 298
K.

Powder X-ray diffraction (XRD) patterns were recorded
using a Siemens D5000 diffractometer. Cu (KR) radiation was
used together with a scanning rate of 0.02 deg s-1. Samples
were prepared by spreading a thin layer of powder in Vaseline
on a glass plate holder. For a limited number of samples, XRD
patterns were also recorded without exposure of the sample
to room air. In these cases, the pretreated samples were
transferred into a glovebox where they were mixed with a
small amount of Vaseline and then spread onto the sample
holder. Preparation in this manner ensured that water vapor
in the air would not affect the smaples. The volume fraction
of m-ZrO2 was determined via the method described by Toraya
et al.35

Thermal analysis was carried out with an SDT 2960
Simultaneous DSC-TGA (TA Instruments). Weight loss and
heat flows were measured while samples (∼ 0.02 g) were
heated from 293 to 1273 K at 10 K/min in flowing O2. These
measurements were used to determine the temperature at
which the amorphous-to-tetragonal and the tetragonal-to-
monoclinic phase transitions occurred and the amount of heat
released during each transformation.

Results
Figure 1 shows Raman spectra taken as a function of

time as amorphous zirconium oxyhdroxide was heated

in flowing 20% O2/He at 623 K. Spectra acquired for
heating times of <50 min exhibited very strong fluo-
rescence and no discernible Raman bands, and hence,
they are not shown. The absence of sharp bands in the
spectra obtained for heating times between 50 and 200
min indicates that the sample is amorphous. At longer
heating times, well-defined bands appear at 146, 259,
307, and 461 cm-1; after 300 min, additional bands
become apparent at 595 and 632 cm-1. All these features
are indicative of the slow transformation of amorphous
zirconium oxyhydroxide into crystalline tetragonal zir-
conia.36 Spectra similar to those presented in Figure 1
were recorded at 673 K (not shown). In this case, the
crystallization of tetragonal zirconia occurred much
more rapidly and Raman features for this phase were
clearly evident even after heating for only 10 min.
Slowly increasing the temperature from 673 to 823 K
over several hours produced no new bands, indicating
that the tetragonal zirconia formed at 673 K is stable
up to 823 K.

When the calcination temperature was raised to 873
K, new Raman features were observed at 174 and 182
cm-1 after 1 h (see Figure 2). These bands became
stronger as the temperature was raised to 923 K, and
an additional band appeared at 364 cm-1. When the
temperature was increased to 973 K after holding at
923 K for 1 h, a new band appeared at 210 cm-1 and
the band at 256 cm-1 decreased in intensity and shifted
to 252 cm-1. A new band also appeared at 325 cm-1,
and it became more intense with time. When the
temperature was increased to 1023 K, additional bands
appeared at 522 and 548 cm-1 and the pair of bands
originally at 593 and 627 cm-1 coalesced into a single
band at 613 cm-1. The Raman features at 174, 182, 210,
325, 364, 464, 522, 548, and 613 cm-1 in Figure 2 can
all be assigned to monoclinic zirconia.33

The differential scanning calorimeter data showed a
narrow peak at 714 K associated with the amorphous-
to-tetragonal transformation of ZrO2 and a broad peak
occurring between 923 and 1173 K associated with the(32) Murase, Y.; Kato, E. J. Am. Ceram. Soc. 1979, 62, 527.

(33) Murase, Y.; Kato, E. J. Am. Ceram. Soc. 1983, 66, 196.
(34) Xie, S.; Rosynek, M. P.; Lunsford, J. H. Appl. Spectrosc. 1999,

53, 1183.
(35) Toraya, H.; Yoshimura, M.; Somiya, S. J. Am. Ceram. Soc.

1984, 67, C-119.
(36) Mercera, P. D. L.; Van Ommen, J. G.; Doesburg, E. B. M.;
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Figure 1. Raman spectra for amorphous ZrOx(OH)2-2x re-
corded at 623 K in 20% O2/He. Spectra were recorded at
intervals of 10 min. Temperature was increased from 298 K
at 10 K/min.
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tetragonal-to-monoclinic transformation.37 The enthalpy
for the amorphous-to-tetragonal transformation was
estimated to be ∼ -13 kJ/mol, whereas the enthalpy for
the tetragonal-to-monoclinic transformation was esti-
mated to be ∼ -6 kJ/mol.

The progressive transformation of zirconia from its
tetragonal to its monoclinic phase shown in Figure 2 is
accompanied by a loss in BET surface area and by a
corresponding increase in the average crystallite size.
These latter trends are illustrated in Figure 3. The
surface area decreased from 412 to 15 m2/g over the
temperature range 400-1023 K, whereas the particle
size, calculated assuming quasispherical crystallites,
increased from 2.5 to 68 nm. The temperature ranges
over which ZrO2 was detected by Raman spectroscopy
to exist in the amorphous, tetragonal, and monoclinic
phases are indicated at the top of Figure 3.

The effects of water vapor on the transformation of
tetragonal to monoclinic zirconia at 298 K are illustrated
in Figure 4. In this case, amorphous zirconium oxyhy-

droxide was treated at 723 K in 20% O2/He for 2 h in
order to transform it fully to t-ZrO2. The sample was
then cooled to 298 K and exposed to 3 kPa of H2O in
20% O2/He. The spectra shown in Figure 4 indicate that
bands characteristic of m-ZrO2 appeared almost im-
mediately after exposure of crystalline t-ZrO2 to water
vapor at room temperature.

Figure 5 shows Raman spectra taken as the amor-
phous zirconium oxyhydroxide was treated at 623 K in
a stream of 20% O2/He containing 3 kPa H2O. Bands at
146, 262, 365, 451, 595, and 632 cm-1, characteristic of
t-ZrO2, appeared almost immediately, followed by a slow
transformation from tetragonal to m-ZrO2 over about
300 min. These results suggest that the presence of
water vapor increases the rate of the transformation of
amorphous zirconium oxyhydroxide to crystalline
t-ZrO2, as well as that of the transformation of tetrago-
nal to monoclinic ZrO2. Additional evidence of the effect
of water vapor on the transformation of tetragonal to
monoclinic ZrO2 is presented in Figure 6. Comparison
of spectra a and b in Figure 6 shows that exposure of
t-ZrO2 to ambient air for ∼10 s is sufficient to start the
tetragonal-to-monoclinic phase transition. The bands for

(37) Navı́o, J. A.; Marchena, F. J.; Macı́as, M.; Colón, G.; Avilés,
M. A.; Sánchez-Soto, P. J. J. Sol-Gel Sci. Technol. 1997, 10, 165.

Figure 2. Raman spectra for amorphous ZrOx(OH)4-2x re-
corded at 873, 923, and 1023 K. Spectra were recorded at
intervals of 10 min. The sample was held at 923, 973, and 1023
K for 1, 0.5, and 1 h, respectively.

Figure 3. BET surface area of ZrO2 calcined at different
temperatures: (a) experimental data; (b) value of SAc calcu-
lated from eq 2.

Figure 4. Raman spectra recorded at 298 K for amorphous
ZrOx(OH)4-2x after it was exposed to a 3.0 kPa H2O vapor at
298 K. The sample was calcined at 723 K for 2 h, and Raman
spectra were recorded at intervals of 1 min. The first spectrum
was recorded before the H2O vapor was introduced into the
gas stream.

Figure 5. Raman spectra H2O for amorphous ZrOx(OH)4-2x

recorded at 623 K in 20% O2/He containing 3.0 kPa of H2O.
The temperature was increased from 298 K at 10 K/min.
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m-ZrO2 are much more intense after the sample is
exposed to 3 kPa of H2O in 20% O2/He for 100 min at
298 K (spectrum c). Heating an amorphous zirconium
oxyhydroxide at 623 K in 20% O2/He containing 3 kPa
H2O for 16 h led to a sample with Raman features
(spectrum d in Figure 6) similar to those observed
following H2O exposure at 298 K.

The effects of various pretreatment conditions on the
zirconia phase and on its BET surface area and average
particle size are shown in Table 1. Treatment of
amorphous zirconium oxyhydroxide in 20% O2 at 623
K for 16 h led to pure t-ZrO2 with a surface area of 204
m2/g and an average crystallite size of 6.4 nm. Exposure
of this sample to 3 kPa of H2O at 298 K for 100 min
does not change the particle size or BET surface area
of the crystalline ZrO2 but changes its structure to 69%
m-ZrO2. Immersion of t-ZrO2 treated at 623 K in liquid
H2O increases the fraction of m-ZrO2 slightly (72%),

without any loss in surface area. In contrast, treating
the amorphous zirconium oxyhydroxide sample at 623
K in 20% O2/He containing 3 kPa of H2O for 16 h led to
a sample containing 79% m-ZrO2, but with a lower BET
surface area (128 m2/g). Similar results were obtained
when an amorphous zirconium oxyhydroxide sample
was first calcined at 723 K in 20% O2/He for 2 h. XRD
patterns for this series of experiments are shown in
Figure 7. Treatment in 20% O2/He at 723 K converted
the sample to 100% t-ZrO2 with a BET surface area of
167 m2/g. Exposure of this sample to H2O (3 kPa of H2O
for 100 min) at 298 K or immersion of the sample in
liquid H2O for 12 h led to samples containing 74% and
78% m-ZrO2, respectively; these treatments had no
effect on the BET surface area. Treating zirconium
oxyhydroxide at 723 K in 20% O2/He containing 3 kPa
H2O led to a sample that is 81% m-ZrO2 with a surface
area of 68 m2/g. Figure 7 also shows that the tetragonal-
to-monoclinic transformation occurs readily even at 298
K upon exposure to ambient air. Consistent with the
results presented in Figure 6, a significant fraction of

Table 1. BET Surface Area, Pore Volume, and Phase Composition for ZrO2 Pretreated at Different Conditions

particle size (nm)

pretreatment conditions SA (m2/g) Vp
a (cm3/g) Rp

b (Å) monoclinic (vol %) t-ZrO2 m-ZrO2 calc

393 K 412
623 Kc

1. 20% O2 16 h 204 0.325 31 0 6.4 5.0
2. 20% O2 16 h, then 3 kPa H2O at 298 Kd 207 0.320 31 69 6.4 5.6 5.0
3. 20% O2 16 h, then liquid H2O at 298 Ke 205 0.315 30 72 6.4 5.6 5.0
4. 20% O2 + 3.0 kPa H2O 16 h 128 0.357 53 79 6.6 7.6 8.0
723 Kc

1. 20% O2 2 h 167 0.288 31 0 6.3 6.1
2. 20% O2 2 h, then 3 kPa H2O at 298 Kd 168 0.280 31 74 6.3 6.2 6.1
3. 20% O2 2 h, then liquid H2O at 298 Ke 175 0.297 31 78 6.3 6.2 5.8
4. 20% O2 + 3.0 kPa H2O 2 h 68 0.302 58 81 8.6 10.8 15.0

a Specific pore volume calculated from N2 adsorption at P/P0 ) 0.95. b Pore radius calculated from N2 BET adsorption data. c Temperature
was increased in dry or wet 20% O2/He containing 3.0 kPa H2O vapor from 298 K to the desired temperature at 10 K/min. d The sample
was exposed to 3.0 kPa of H2O vapor at 298 K for 100 min. e Liquid deionized H2O was introduced after the sample was cooled to 298 K,
and the sample was kept wet overnight before it was pretreated at 623 K for 1 h with flowing dry 20% O2/He.

Figure 6. Raman spectra for amorphous ZrOx(OH)4-2x re-
corded at 298 K: (a) after it was calcined at 723 K for 1 h; (b)
after it was subsequently exposed to room air for 10 s; (c) after
the sample was exposed to a 3.0 kPa H2O vapor for 100 min;
(d) after it was heated at 623 K in 20% O2/He + 3.0 kPa H2O
for 16 h.

Figure 7. XRD patterns taken after (a) calcining amorphous
ZrOx(OH)4-2x at 723 K in 20% O2 for 2 h (sample mixed with
Vaseline in a drybox prior to air exposure); (b-d) exposure of
the calcined sample to ambient air at 298 K for 10 s, 12 h,
and 24 h, respectively; (e) exposure of the calcined sample to
3.0 kPa of H2O at 298 K for 100 min; (f) immersion of the
calcined sample in liquid H2O overnight and then drying in
20% O2 at 623 K for 1 h; (g) calcining amorphous ZrOx(OH)2-2x

at 723 K in 20% O2 and 3.0 kPa H2O.
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t-ZrO2 is converted to m-ZrO2 within the first 10 s of
exposure to air, after which further conversion occurs
slowly.

Discussion

As demonstrated by the Raman spectra presented in
Figures 4-6, water vapor increases the rate of crystal-
lization of amorphous zirconium oxyhydroxide into
t-ZrO2 and the subsequent transformation of this phase
to m-ZrO2. While Murase and Kato30 have reported that
H2O vapor facilitates the tetragonal-to-monoclinic trans-
formation of ZrO2 at temperatures above 673 K, it is
remarkable that this transformation can occur even at
298 K. A possible explanation for the effects of water
vapor can be found by considering the thermodynamics
of the tetragonal-to-monoclinic transformation.

Garvie and co-workers38-41 have proposed that the
stabilization of small particles of t-ZrO2 at temperatures
below those required for the tetragonal-to-monoclinic
transformation of bulk ZrO2 (1447 K) reflects the higher
surface free energy of m-ZrO2. On the basis of this
interpretation, the critical particle size, dc, for the
tetragonal-to-monoclinic transformation is given by

where q is the heat of the tetragonal-to-monoclinic
transformation, ∆σ is the difference in surface free
energies between the monoclinic and tetragonal phases
of ZrO2, Tb is the temperature at which the tetragonal-
to-monoclinic transformation occurs for an infinite
crystal of ZrO2 (1447 K), and T is the temperature at
which particles of a given size dc undergo the tetragonal-
to-monoclinic transformation. The validity of eq 1 has
been confirmed by experimental data for strain-free
ZrO2 particles with average sizes between 9.7 nm and
9 µm. Garvie and Goss37 have noted that the value of
dc can shift to larger or smaller values than those
determined for strain-free crystals, depending on the
circumstances under which ZrO2 is prepared. For ex-
ample, any strain in the ZrO2 lattice caused by the
formation of polycrystals will increase dc above its value
for strain-free crystals; a similar effect can arise from
the adsorption of sulfate anions. On the other hand, the
value of dc will be lower than that for strain-free crystals
when crystals are prepared such that the value of ∆σ is
lower than that measured in the absence of strain.

Since the total Gibbs free energy for a given mass of
crystals is proportional to its specific surface area, it is
useful to define a critical surface area, SAc, required for
the tetragonal-to-monoclinic transformation. This quan-
tity is related to dc for quasispherical crystals as follows:

where F is the particle density. Figure 3 shows a plot of
the critical surface area versus calcination temperature.
The following parameter values were used to generate

this plot: q ) -5.94 kJ/mol; ∆σ ) 0.36 J/m2; Tb ) 1447
K; and F ) 5.89 g/cm2. 41 Surface areas that lie above
this critical surface area line lead to stable t-ZrO2,
whereas surface areas below this line will result in the
stabilization of m-ZrO2. A comparison of the experimen-
tally observed surface area (Figure 3) with that required
for the onset of the tetragonal-to-monoclinic transforma-
tion shows that t-ZrO2 is expected to be the stable phase
at temperatures below 950 K. This is in good qualitative
agreement with the Raman spectroscopy observations
presented in Figure 2, which show the substantial
absence of m-ZrO2 below 923 K and the presence of
significant quantities of m-ZrO2 at temperatures of 973
K and above. The temperature range over which the
tetragonal-to-monoclinic transformation occurs is also
consistent with that observed in the DSC experiments
(923-1173 K). The broad temperature range over which
this transformation occurs is believed to reflect a broad
range of particle sizes, within which large particles
transform at a lower temperature than small parti-
cles.34-36

The influence of water vapor can also be explained
using the thermodynamic arguments above. Upon ex-
posure to water, the surface free energy of ZrO2 will
change. If this effect is larger for m-ZrO2 than for t-ZrO2,
then the value of ∆σ in eq 1 will decrease and dc will
also decrease in the presence of water. This, in turn,
would lead to an increase in SAc. For the tetragonal-
to-monoclinic transformation to occur at 298 K for
particles with a surface area of 120 m2/g, the value of
∆σ would need to decrease from 0.36 to 0.23 J/m2 upon
water adsorption. While comparative measurements of
the heat of adsorption of water on t- and m-ZrO2 have
not been reported, such measurements have recently
been published for CO2 adsorption.42 They show that
the heat of CO2 adsorption on m-ZrO2 is larger than that
on t-ZrO2 by about 10 kJ/mol, which corresponds to 0.16
J/m2. This suggests that the proposed interpretation of
the effects of water is plausible.

Raising the temperature at which ZrO2 is exposed to
water vapor does not increase the proportion of m-ZrO2
(see Table 1), but it does decrease the surface area
relative to that obtained by calcination in dry 20% O2/
He at the same temperature. This result is qualitatively
consistent with the findings of Murase and Kato,31 who
reported faster crystal growth when heating ZrO2 in O2
containing water vapor. It appears that water vapor
increases the mobility of zirconia at crystal surfaces,
thereby facilitating particle sintering.

The time scale over which the tetragonal-to-mono-
clinic transformation occurs in the presence of water
vapor is very short. As shown in Figure 4, evidence for
m-ZrO2 was detected in the Raman spectrum im-
mediately after t-ZrO2 was exposed to water vapor.
Since the tetragonal-to-monoclinic transformation is a
martensitic, diffusionless process, there is no activation
barrier for the process.43 The only factor that delays the
onset of the transformation is the formation of nuclei.
Similarly rapid tetragonal-to-monoclinic transforma-
tions at room temperature have been reported by

(38) Garvie, R. C. J. Phys. Chem. 1965, 69, 1238.
(39) Garvie, R. C. J. Phys. Chem. 1978, 82, 218.
(40) Garvie, R. C. J. Mater. Sci. 1985, 20, 3499.
(41) Garvie, R. C.; Goss, M. F. J. Mater. Sci. 1986, 21, 1253.

(42) Bachiller-Baez, B.; Rodriquez-Ramos, I.; Guerrero-Ruiz, A.
Langmuir 1998, 14, 3556.

(43) West, A. R. Solid State Chemistry and Its Applications;
Wiley: New York, 1985.

dc
-1 ) ( q

6∆σ)(T/Tb - 1) (1)

SAc ) 6
Fdc

(2)
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Mitsuhashi et al.44 for t-ZrO2 following grinding or
ultrasonic treatment at 400 kHz. The authors suggested
that nucleation sites required for the transformation
were created by these treatments. Incomplete transfor-
mation was observed for t-ZrO2 crystallites containing
a large degree of strain. It is, therefore, conceivable that
the incomplete tetragonal-to-monoclinic transformation
observed in the present study upon exposure of t-ZrO2
to water vapor might reflect the presence of crystallites
with a moderate amount of strain.

It is useful to comment on the practical consequences
of the present results. While it is not yet possible to
achieve a complete transformation of t-ZrO2 to m-ZrO2
at 298 K, nearly 80% of the t-ZrO2 can be transformed
to the monoclinic phase without loss in surface area.
Recent studies carried out in our laboratory indicate
that the surface properties of ZrO2 powder consisting
of a mixture of monoclinic and tetragonal phases with
>50% m-ZrO2 resemble very closely those of pure
m-ZrO2. This conclusion is based on measurements of
CO and CO2 adsorption and on the dynamics of D2
exchange of Zr-OH groups.45 The net result is that high
surface area ZrO2 supports with the properties of pure
m-ZrO2 can be prepared by water treatment of t-ZrO2
under ambient conditions.

Conclusions

In situ Raman spectroscopy can be used to follow the
tetragonal-to-monoclinic transformation of ZrO2. In the

absence of water vapor, t-ZrO2 prepared by calcination
of amorphous zirconium oxyhydroxide at 623 K has a
surface area of 204 m2/g. This material is stable up to
calcination temperatures of 823 K; above that it starts
to transform into m-ZrO2. The tetragonal-to-monoclinic
transformation occurs when the size of the t-ZrO2

particles reaches a critical value, which is determined
by thermodynamics (see eq 1). Exposure of t-ZrO2

calcined at 623 K to 3 kPa H2O vapor or immersion in
liquid H2O at 298 K results in the conversion of nearly
80% of the t-ZrO2 to m-ZrO2 without a loss in surface
area. This transformation is attributed to a preferential
lowering of the surface free energy of the m-ZrO2

relative to t-ZrO2 upon adsorption of water. Failure to
achieve complete transformation to m-ZrO2 is attributed
to strain stabilization in some t-ZrO2 particles. Treat-
ment of t-ZrO2 in water vapor at elevated temperature
causes the tetragonal-to-monoclinic transformation to
occur concurrently with a significant loss in surface
area.
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