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Sol-gel zirconia was prepared with zirconium r-butoxide and
HCl, H,SO4, C,H,0,, and NH,OH as hydrolysis catalysts.
Samples were characterized with DTA and TG analysis, X-ray
powder diffraction, and FTIR spectroscopy. The structure of the
crystalline phases was refined by the Rietveld method. When
samples were annealed below 300°C, they lost weight and had an
amorphous structure that, by annealing at higher temperatures,
crystallized into nanostructures. For H,SO, as hydrolysis cata-
lyst, the amorphous structure was stable even at higher temper-
atures, which was probably caused by the presence of SO, ions in
the structure. The local order in the amorphous phase was similar
to the local order in the tetragonal zirconia. Crystallization of the
amorphous phase produced tetragonal and monoclinic nano-
phases, with the tetragonal as the main phase. Both phases had
a similar average crystallite size. By annealing, the tetragonal
nanophase, which was more stable when C;H,O, was the hy-
drolysis catalyst, was transformed into the monolinic nano-
phase. Since not only OH™ ions in the structure were detected
with FTIR spectroscopy but also Zr vacancies were measured
with X-ray powder diffraction in the zirconia crystalline struc-
ture, we propose that these defects stabilized the tetragonal
phase. Both defects disappeared when samples were annealed at
high temperatures, which brought about the irreversible trans-
formation of the tetragonal into the monoclinic structure. © 1998

Academic Press

1. INTRODUCTION

The interesting structural and electronic properties of
zirconia (ZrO;) have been put to use in many applications.
Since it has a high melting point and low thermal conductiv-
ity at high temperature, zirconia is used as a thermal shield
(1). In zirconia composites, the martensitic transformation
from tetragonal to monoclinic zirconia produces materials
with high toughness (2). When zirconia is doped with
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divalent or trivalent cations, its structure is deficient in
oxygen, which favors oxygen transportation and produces
ionic conduction. Therefore, zirconia can be used as an
oxygen sensor (3) and in the fabrication of fuel cells (4).
These mechanical and electronic properties were discovered
and studied mainly in microcrystalline zirconia (5), but re-
cently they have also been studied in nanocrystalline zirconia.

During the past 10 years, nanocrystalline zirconia has
been produced by using different methods (6—10). The small
size of these crystals favors zirconia sintering at low temper-
atures (7), the preparation of zirconia thin films (8), and their
use as a support in catalysis (11).

In contrast to microcrystalline pure zirconia, where the
phase at room temperature is monoclinic, in nanocystalline
pure zirconia, the phase at this temperature can be tetra-
gonal or monoclinic, depending on the preparation condi-
tions (12-15). In microcrystalline zirconia, the stabilization
of the tetragonal zirconia phase at room temperature is
done by doping it with a large ion such as Y, Ce, Mg, or Ca
(5). By annealing, this stabilized tetragonal phase is revers-
ibly transformed into monoclinic zirconia through a mar-
tensitic transformation (5).

The initial crystalline phase obtained in nanocrystalline
nondoped zirconia depends on the preparation conditions
(6,9, 16). It can be tetragonal or monoclinic. When nano-
crystalline nondoped zirconia is annealed, the tetragonal
phase is transformed into the monoclinic phase (12). This
transformation, however, is neither martensitic nor revers-
ible (17). In this case, some research groups suggest that the
transformation is associated with the growth of the tetra-
gonal crystallite size (12), like the dependence of the tetra-
gonal to monoclinic transformation observed in poly-
crystalline zirconia (18).

One method for making nanocrystalline zirconia is the
sol-gel technique, where the final product depends on many
parameters (6). Among them, the hydrolysis catalyst and
temperature play important roles, especially when multiple
nanocrystalline phases coexist in the system (19).
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In the particular case of nanocrystalline zirconia, the
formation of the tetragonal or monoclinic nanophase in the
initial step of crystallization depends on pH, which in the
sol-gel technique can be controlled with the hydrolysis
catalyst.

The concentration of the nanophases in the samples and
their crystallography can be obtained from X-ray powder
diffraction and refinement of their crystalline structure (19).
Therefore, in the present work, we have used these tech-
niques for studying the nanophases in the sol-gel zirconia
prepared with different hydrolysis catalysts and annealed in
air at different temperatures.

2. EXPERIMENTAL
Sample Preparation

With continuous stirring, 10 ml of zirconium n-butoxide
was dissolved in 150 ml of tert-butyl alcohol, and the mix-
ture was refluxed at 70°C. The corresponding hydrolysis
catalyst, HCI or H,SO, for pH 3, C,H,O, for pH 5, and
NH,OH for pH9, was added until the desired pH was
obtained. Then the solution was stirred and refluxed for
10 min and cooled to 50°C. At this temperature, 25.66 ml of
water was added dropwise to the solution. Then its temper-
ature was again raised to 70°C, and the solution was stirred
and refluxed until forming a gel, which was dried in air at
100°C for 24 h (fresh sample).

Before the analysis, fresh samples were annealed in air at
200, 400, 600, and 800°C for 12 h at each temperature.

DTA and TG Analysis

These analyses were done in a Dupont Model 950 ther-
moanalyzer with DTA and TGA stages. Samples were an-
nealed in air from 25 to 1200°C at the annealing rate of
20°C/min.

X-Ray Diffraction

The crystalline structure of the phases in the samples was
characterized by X-ray powder diffraction and by refining it
by the Rietveld method. X-ray diffraction patterns were
measured at room temperature with a Siemens D-5000
diffractometer having CuKa radiation and a secondary-
beam graphite monochromator. Specimens were prepared
by packing sample powder into a glass holder. Intensity was
measured by step scanning in the 20 range between 20° and
110°, with a step of 0.02° and a measuring time of 2 s per
point. Crystalline structures were refined by using the
DBWS-9411 (20) and WYRET (21) programs. The peak
profiles, modeled with a pseudo-Voigt function, had average
crystallite size and microstrain as profile-breadth fitting
parameters (22). The standard deviations, showing the vari-
ation of the last figures of the corresponding number, are

given in parentheses. When the numbers corresponded to
parameters obtained from the Rietveld refinement, the esti-
mated standard deviations are not estimates of the analysis
as a whole but only of the minimum possible probable
errors based on their normal distribution (23).

FTIR Spectroscopy

Transparent disks, obtained by pressing dried sample
powder, were characterized with a 170-SX Nicolet FTIR
spectrometer.

3. RESULTS AND DISCUSSION

Sol-gel zirconia samples lost weight when they were an-
nealed from room temperature to 300°C (Fig. 1). This
weight loss was produced by evaporation of the residual
volatile components involved in sample preparation. Above
this temperature, the sample weight loss depended on the
hydrolysis catalyst.

For all hydrolysis catalysts, the structure of the samples
annealed below 300°C was amorphous (Fig. 2A). The center
of the main broad peak of the amorphous phase, however,
corresponded to the position of the main peak associated
with the (011) reflection of the tetragonal zirconia (Fig. 2B).
This broad peak was produced by the most frequent ion—ion
distances in the amorphous structure, which, in the present
case, corresponded to Zr—O distances. This means that the
local order in the amorphous phase was similar to the local
order in the tetragonal zirconia phase. This explains why the
most abundant crystalline phase formed during the crystal-
lization of the amorphous phase was the tetragonal one.
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FIG. 1. TG curves as a function of temperature of the sol-gel zirconia
prepared with different hydrolysis catalysts.



30 BOKHIMI ET AL.

2r0,-C,H,0,-pH5
5 |a
2 ‘
2 !
3 { 400°C
= ./‘ \w-d’ V W

60 80 100

Two Theta (degree)

FIG. 2. X-ray diffraction patterns of the sol-gel zirconia prepared with
acetic acid as hydrolysis catalyst and annealed in air: (A) at 200°C; (B) at
400°C. The tick marks and the (011) reflection represent the tetragonal
zirconia.

When HCI, C,H,0O,, and NH,OH were the hydrolysis
catalysts, the amorphous structure crystallized when sam-
ples were annealed in air at 400°C (Figs. 3-5). During the
annealing from room temperature to 400°C, samples lost
between 30 and 34% of their initial weight (Fig. 1). Their
differential thermal analysis showed that crystallization of
the amorphous phase for these hydrolysis catalysts occurred
between 300 and 350°C; the precise crystallization temper-
ature depended on the specific hydrolysis catalyst.

When H,SO, was the hydrolysis catalyst, samples cry-
stallized at temperatures higher than 400°C (Fig. 6). Here,
the sample annealed until 400°C lost only 26% of its initial
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FIG. 3. X-ray diffraction patterns of the sol-gel zirconia prepared with
hydrochloric acid as hydrolysis catalyst. Upper tick marks represent the
tetragonal zirconia, while lower tick marks represent the monoclinic
zirconia.
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FIG. 4. X-ray diffraction patterns of the sol-gel zirconia prepared with
acetic acid as hydrolysis catalyst. Upper tick marks represent the tetra-
gonal zirconia, while lower tick marks represent the monoclinic zirconia.

weight, and annealing at temperatures above 600°C caused
additional weight loss (Fig. 1), totaling 37% at 800°C. This
weight loss was similar to the total weight loss found in the
samples prepared with the other hydrolysis catalysts. This
means that the interaction of SO, ions with the amorphous
phase stabilized its amorphous structure and shifted its
crystallization to higher temperatures. This was confirmed
by the corresponding differential thermal analysis and the
weight loss observed above 600°C (Fig. 1). This result will be
of interest to those research groups studying zirconia super-
acids (24-27).

For all hydrolysis catalysts, crystallized samples had two
nanocrystalline phases, whose structures were refined by the
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FIG. 5. X-ray diffraction patterns of the sol-gel zirconia prepared with
ammonium hydroxide as hydrolysis catalyst. Upper tick marks represent
the tetragonal zirconia, while lower tick marks represent the monoclinic
zirconia.
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FIG. 6. X-ray diffraction patterns of the sol-gel zirconia prepared with
sulfuric acid as hydrolysis catalyst. Upper tick marks represent the tetra-
gonal zirconia, while lower tick marks represent the monoclinic zirconia.

Rietveld method (Figs. 7-10). One crystalline nanophase
was tetragonal, described by space group P4,/nmc and the
atom positions given in Table 1. The other nanophase was
monoclinic, described by space group P2,/c and the atom
positions given in Tables 2 and 3. These nanostructured
phases had crystallite sizes that varied between 4 and 34 nm
(Table 4). When acetic acid was the hydrolysis catalyst,
the sample annealed at 400°C was composed of 62(3) wt%
of the crystalline tetragonal zirconia phase and 38(1) wt%
of an amorphous phase with the same local order as the
crystalline tetragonal phase (Fig. 8). This amorphous
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FIG. 7. Rietveld refinement plot of the sol-gel zirconia prepared with
hydrochloric acid and annealed in air at 600°C. Experimental data are
indicated by dots, while the calculated curve obtained after the refinement
is indicated with a continuous line. The residue R, generated when all
contributing parts were taken into account was 0.08. The residue Ry
associated with only one phase was 0.009 for the tetragonal zirconia and
0.01 for the monoclinic zirconia. The continuous curve under the tick
marks in the difference between the experimental data and the calculated
curve.
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FIG. 8. Rietveld refinement plot of the sol-gel zirconia prepared with
acetic acid and annealed in air at 400°C (R,,, = 0.08). Experimental data
are indicated by dots, while the calculated curve obtained after the refine-
ment is indicated with a continuous line. Upper and lower tick marks
represent the tetragonal zirconia. Rg was 0.01 for each phase.

phase was also modeled with the local order of the mono-
clinic phase, but the fit was not as good as with the tetra-
gonal local order.

Weight phase concentrations (Table 4) were obtained
from the structure refinement. In the crystallization of the
amorphous phase, both tetragonal and monoclinic zirconia
nanophases coexisted (Tables 5 and 6), the tetragonal phase
being the main phase. Here, the monoclinic nanophase had
a smaller crystallite size than the tetragonal one. For both
hydrochloric acid and acetic acid, this difference in crystal-
lite size was present even after the samples were annealed at
600°C (Table 4). The observed monoclinic nanophase in the
initial crystallization was not associated with any trans-
formation of the tetragonal phase produced by the growing
of the tetragonal crystallite size (12).

3l ZrO,-NH,OH-pH9

x10° Counts

OF WoT NN MW U RN IR NN RN M DI S R

el ) " ’ X
20 40 60 80
Two theta (degree)

100

FIG. 9. Rietveld refinement plot of the sol-gel zirconia prepared with
ammonium hydroxide and annealed in air at 800°C (R,,, = 0.08). Experi-
mental data are indicated by dots, while the calculated curve obtained after
the refinement is indicated with a continuous line. Upper tick marks
represent the monoclinic phase (Rr = 0.01), and lower tick marks represent
the tetragonal zirconia (Rp = 0.01).
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TABLE 2
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FIG. 10. Rietveld refinement plot of the sol-gel zirconia prepared with
sulfuric acid and annealed in air at 600°C (R, = 0.08). Experimental data
are indicated by dots, while the calculated curve obtained after the refine-
ment is indicated with a continuous line. Upper tick marks represent the
tetragonal phase (Ry = 0.008), and lower tick marks represent the mono-
clinic zirconia (Ry = 0.01).

To stabilize the tetragonal phase in microcrystalline zir-
conia at low temperatures, zirconia is doped with large ions
such as Y, Ca, or Mg (5). In the sol-gel zirconia reported in
the present work, however, the solutions and precursors
used in the sample peparation did not include any of these
or similar ions.

During sample preparation, H,O, OH~ ions, H" ions,
H,q4s 1ons, and vacancies occur. When samples were an-
nealed to 300°C, the H,O present left them. Therefore,
water did not stabilize the tetragonal structure. It is known
that zirconia prepared from strongly acidic solutions
(pH < 1) gives rise to the monoclinic phase (9, 28, 29), which
also eliminated H* ions from stabilizing the tetragonal
structure. Since the tetragonal structure that we observed
was a bulk material, the adsorbed hydrogen was also dis-
carded as the stabilizer. These results suggest that a mixture
of OH ™ ions and vacancies could cause the observed tetra-
gonal structure stabilization.

From the Rietveld refinement of the tetragonal nano-
phase, we found that zirconium occupancy was less than 1.0.
This corresponded to cation vacancies in the crystalline

vacancies had to be close to OH™ ions occupying oxygen
sites in the structure.

To detect and study OH ™ ions in the zirconia structure,
samples were analyzed by using FTIR spectroscopy.

FTIR spectra of fresh samples had absorption bands
associated with residual water and solvent present after
sample preparation. In all samples, these residua disap-
peared after sample annealing at 300°C.

When samples were annealed at higher temperatures,
FTIR absorption bands associated with stable—even at
600°C—OH groups in the phase structures were observed.

For pH 3 and HCI as hydrolysis catalyst (Fig. 11a), the
band produced by OH stretching vibrations was observed
at 3318 cm ™!, while the band produced by its bending
vibrations was observed at 1615 cm™'. In the FTIR spec-
trum, bands produced by Zr—O binding were also detected.
They were, however, not well defined, except the broad band
at 381 cm ™1

When the hydrolysis catalyst was sulfuric acid (pH 3), the
bands produced by the stretching and bending vibrations of
the stable OH groups shifted to 3417 and 1636 cm !, re-
spectively (Fig. 11b), and had larger intensities than for the
HCI hydrolysis catalyst. In the low-energy region of the
spectrum, Zr—O binding produced well-defined bands at
606 and 459 cm .

TABLE 3
Limits of the Fractional Coordinates of Monoclinic Zirconia

structure.

For

compensating electrical

charge, these

Fractional coordinate

Lower limit

Upper limit

u, 0.2742(3) 0.2761(2)

. . TABLE1 , u, 0.0390(2) 0.0445(2)

Tetragonal Zirconia ‘(Space Gl‘Ol.lp P4,/nmc): Atomic ", 0.2090(2) 02112(2)
Fractional Coordinates

Uy 0.064(1) 0.102(2)

Atom Site x y 2 vy 0.329(1) 0.339(1)

v 0.328(1) 0.347(1)

Zr 2a 0.75 0.25 0.75 W, 0.425(1) 0.451(1)

0 4d 0.25 0.25 u W, 0.756(1) 0.770(2)

W, 0.430(2) 0.484(4)

Note. u varied between 0.0467(9) and 0.050(2).
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TABLE 4
Zirconia Phase Composition and Average Crystallite Size
as a Function of Hydrolysis Catalyst and Temperature

TABLE 6
Zirconia Monoclinic Nanophase: Lattice Parameters as a
Function of Hydrolysis Crystal and Temperature

Hydrolysis T  Tetragonal Monoclinic Tetragonal Monoclinic Hydrolysis T a b c p
catalyst (°C) (Wt%) (Wt%) d(nm) d(nm) catalyst (°C) (nm) (nm) (nm) (deg)
H,SO, 600 85(3) 15(3) 12.4(4) 12(2) H,SO, 600  0.5135(5) 0.5198(5) 0.5321(4) 98.88(4)
800 9(2) 91(4) 21.9(6) 27.8(8) 800  0.51417(4) 0.52030(4) 0.53127(4) 99.106(4)
HCl 400 78(5) 22(4) 17(1) 4.1(2) HCl 400  0.5096(8) 0.5189(9) 0.5334(9) 98.1(1)
600 35(1) 65(2) 24(1) 21(1) 600  0.51463(4) 0.51946(5) 0.53175(5) 99.07(3)
800 13(2) 87(3) 31(3) 31.1(8) 800  0.51463(3) 0.51938(3) 0.53208(3) 99.163(3)
C,H,0, 400  62(3), 38(1) 12.5(6), 1.3(1) C,H,0, 400  0.494(2) 0.533(3) 0.556(2) 102.66(6)
600 91(1) 8.6(2) 22.0(5) 12.8(1) 600  0.5146(5) 0.5197(5) 0.5313(5) 98.97(6)
800 17(2) 82(3) 22(3) 29(1) 800  0.51463(4) 0.51973(4) 0.53165(4) 99.064(4)
NH,OH 400 70(5) 30(6) 8.4(3) 5.8(5) NH,OH 400  0.5158(5) 0.5192(5) 0.5305(5) 98.37(6)
600 45(2) 55(1) 20.7(8) 22(1) 600  0.51436(5) 0.51986(5) 0.53147(5) 99.169(6)
800 11.7(4) 88.3(7) 32(3) 34(1) 800  0.51433(2) 0.51981(3) 0.53170(3) 99.153(3)

For acetic acid as hydrolysis catalyst (pH 5), the band
produced by OH stretching vibrations was shifted to
3381 cm ™! and increased in intensity (Fig. 11¢c). The band
associated with the corresponding bending vibrations, how-
ever, was not observed.

The shift of the band produced by the stretching vibration
of the OH groups was stronger for ammonium hydroxide as
hydrolysis catalyst (pH 9). This band was at 3417 cm ™! in
the FTIR spectrum (Fig. 11d), which suggested a stronger
interaction between OH ™ ions and the zirconia structure.

After the samples were annealed at 800°C, the oberved
FTIR bands associated with the OH groups had a very
weak intensity.

TABLE 5
Zirconia Tetragonal Nanophase: Lattice Parameters as a
Function of Hydrolysis Catalyst and Temperature

Hydrolysis T (°C) a ¢
catalyst (nm) (nm)
H,SO, 600 0.35951(1) 0.51800(7)
800 0.35945(5) 0.5182(2)
HCl 400 0.35975(5) 0.51749(4)
600 0.35945(2) 0.51816(4)
800 0.35945(2) 0.51839(7)
C,H,0, 400 0.35964(3) 0.51685(8)
600 0.35941(1) 0.51804(3)
800 0.35954(3) 0.51882(8)
NH,OH 400 0.35989(5) 0.5165(2)
600 0.35939(2) 0.51809(3)
800 0.35953(3) 0.51877(8)

FTIR and X-ray diffraction results showed that the tem-
perature behavior of the bands associated with the OH
groups and the amount of tetragonal phase were correlated.

The foregoing analysis confirmed the presence of OH™
ions in sol-gel nondoped zirconia and reinforced the as-
sumption that OH ™ ions stabilized the tetragonal structure.

The assumption that OH™ ions and cation vacancies
stabilized the tetragonal structure was according to the
reported fact (30) that monoclinic zirconia is obtained when
Zr(NO3), is used as a precursor in its preparation, but
tetragonal zirconia is obtained when Zr(OH), is the precur-
sor.

The annealing of the samples at even higher temperatures
increased the crystallite size of the nanophases and caused
the transformation of the tetragonal nanophase into the
monoclinic one (Figs. 3—6 and Table 4). According to our
model of the stabilization of the tetragonal structure, when
samples were annealed, the hydroxyl ions left them, de-
stabilizing the tetragonal structure and transforming it into
the monoclinic one. This transformation, however, was not
reversible. Since the O?~ ions associated to the OH ™ ions
left the sample, the Ti: O molar ratio and the corresponding
Ti—O bindings increased.

4. CONCLUSIONS

The structure of the zirconia produced by the sol—gel
technique was amorphous when the samples were heated
below 300°C. When sulfuric acid was the hydrolysis cata-
lyst, however, the amorphous phase was stable at even
higher temperatures. The local order in the amorphous
structure was similar to the local order in the tetragonal
phase.
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FIG. 11.
sulfuric acid, (c) acetic acid, and (d) ammonium hydroxide.

For all hydrolysis catalysts, by annealing, the amorphous
phase crystallized into the tetragonal and monoclinic zirco-
nia nanophases, which coexisted since the beginning of crys-
tallization. Here, the tetragonal phase was the main phase.

The average crystallite size of the monoclinic and tetra-
gonal phases was similar. This result showed that the mono-
clinic nanophase can exist without needing to be generated
by the transformation of the tetragonal phase when its
crystal grows.

By annealing, the tetragonal phase was irreversibly trans-
formed into the monoclinic phase. When acetic acid was the
hydrolysis catalyst, the tetragonal zirconia nanophase was
more stable.

T T
1500 1000 500 210

h

FTIR transmittance curves of sol-gel zirconia annealed at 300°C and prepared with different hydrolysis catalysts: (a) hydrochloric acid, (b)

We proposed a model for explaining the stabilization of
the tetragonal phase. In this model, OH™ ions and Zr
vacancies in the crystalline structure were the stabilizers.
The model also explained the irreversible structure trans-
formation of the tetragonal into the monoclinic phase,
which was observed when samples were annealed.
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