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a b s t r a c t

Synchrotron X-ray powder diffraction was applied to the study of the effect of crystallite size on the crys-
tal structure of ZrO2–10 mol% Sc2O3 nanopowders synthesized by a nitrate-lysine gel-combustion route.
Nanopowders with different average crystallite sizes were obtained by calcination at several tempera-
tures, ranging from 650 to 1200 ◦C. The metastable t′′-form of the tetragonal phase, exhibiting a cubic
unit cell and tetragonal P42/nmc spatial symmetry, was retained at room temperature in fine nanocrys-
talline powders, completely avoiding the presence of the stable rhombohedral � phase. Differently, this
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phase was identified in samples calcined at high temperatures and its content increased with increasing
crystallite size. The critical maximum crystallite size for the retention of the mestastable t′′-form resulted
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of about 35 nm.

. Introduction

Because of their high ionic conductivity, ZrO2–Sc2O3 ceramics
ave attracted the attention of many researchers. These materials
re promising candidates as solid electrolytes in intermediate-
emperature solid-oxide fuel cells (IT-SOFCs). Nevertheless, a
ecrease in their ionic conductivity after high-temperature treat-
ents is often observed. This effect can be assigned to the

eveloping of certain phases with poor electrical properties. This
ecomes a key problem for the application of these materials and,
or this reason, the equilibrium phase diagram of the ZrO2–Sc2O3
ystem has been studied by several authors. Although substantial
rogress has been made in recent years, many uncertainties still
emain.

The polymorphs reported for ZrO2–Sc2O3 solid solutions exhibit
ither monoclinic, tetragonal, cubic or rhombohedral symmetries.
he monoclinic and rhombohedral phases exhibit poor electrical
roperties, while the tetragonal and cubic ones are useful for appli-
ations. The existence of rhombohedral phases, such as �, � and �,
s an important feature of ZrO2–Sc2O3 materials [1,2] and they have
ot been observed in other ZrO2-based systems.
Several metastable phases have been found in compositionally
omogeneous ZrO2-based systems. Depending on composition,
emperature and crystal size, the tetragonal phase can exhibit three

etastable forms named as t, t′ and t′′ [2]. The stable tetragonal
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form is known as the t-form. The t′-form has a wider solubility
range, but is unstable in comparison with a mixture of t-form and
cubic phase. The t′′-form has an axial ratio, c/a, of unity, but its oxy-
gen atoms are displaced along the c-axis from their ideal sites of
the cubic phase. Interestingly, the t′′-form has not been observed
in compositionally homogeneous ZrO2–Sc2O3 solid solutions with
large crystallite sizes. Instead, (t′ + �) or (cubic + �) mixtures were
found in the range from 9 up to 14 mol% Sc2O3 [1].

Yashima and coworkers [2] have proposed a metastable–stable
phase diagram for compositionally homogeneous ZrO2–Sc2O3
materials with large grain size, which were synthesized at high
temperatures. Differently, the characterization of the phase dia-
gram of nanostructured ZrO2–Sc2O3 solid solutions did not receive
much attention up to now. To our knowledge, only Xu et al. [3]
have explored some features of the ZrO2–Sc2O3 phase diagram in
nanostructured solid solutions. These authors studied the phase
transitions in ZrO2–Sc2O3 nanopowders synthesized by a two step
hydrothermal process.

In this work, we have investigated the presence and the crystal-
lographic features of the metastable and stable phases exhibited by
ZrO2–10 mol% Sc2O3 nanopowders with different average crystal-
lite sizes, ranging from 10 to 140 nm. This study was performed by
using synchrotron radiation X-ray powder diffraction (XPD) with
a high-intensity setup. The Sc2O3 content studied in this work is

within the typical compositional range of interest in IT-SOFCs (usu-
ally between 7 and 12 mol% Sc2O3). For ZrO2–Sc2O3 electrolytes
with Sc2O3 content close to 10 mol%, operation at temperatures
higher than 550 ◦C is required since at this temperature the � phase
transforms to the cubic one. Interestingly, we will demonstrate here

http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. XPD patterns of ZrO2–10 mol% Sc2O3 powders with average crystallite sizes
of 10 nm (below) and 25 nm (above). Insets: Profiles of the (1 1 2) Bragg reflection
62 P.M. Abdala et al. / Journal of Alloy

hat the � phase can also be completely suppressed in nanocrys-
alline solid solutions.

The present work aimed to perform a crystallographic investiga-
ion of the metastable phases that are retained at room temperature
n nanopowders of ZrO2–Sc2O3 solid solutions with different aver-
ge crystallite sizes. The phases studied here exist within more
r less limited domains of crystallite size, temperature and pres-
ure, very different from those of dense materials used in practical
evices. Therefore, in that case, the combined effects of temper-
ture, pressure and average crystallite size must be investigated
nder real processing conditions. However, the present study pro-
ides important new information that could be of technological
nterest.

. Experimental

.1. Synthesis of nanocrystalline ZrO2–Sc2O3 solid solutions

Nanocrystalline ZrO2–10 mol% Sc2O3 powders were obtained by using a
ecently developed stoichiometric nitrate-lysine gel-combustion process [4].
rO(NO3)2·6H2O (Alpha Aesar, USA, 99.9%) and Sc(NO3)3·4H2O (Standford Materi-
ls, USA, 99.99%) were dissolved in distilled water in order to obtain ZrO2–10 mol%
c2O3. Lysine (Merck, Germany) was added in right stoichiometric proportion for the
ombustion reaction. The solution was then evaporated and concentrated in a hot
late at 200 ◦C until a viscous gel was formed. This gel was spontaneously subjected
o a vigorous exothermic reaction. The system remained homogeneous during the
hole process and no precipitation was observed.

The as-reacted material was firstly heated in air at 650 ◦C for 2 h in order to
emove the carbonaceous residues. Finally, nanopowders with different average
rystallite sizes were prepared by calcination in air at different temperatures (850,
35, 1000 or 1200 ◦C) for 1 h.

.2. Synchrotron X-ray powder diffraction experiments and data analysis

The crystal structures of the studied nanopowders were determined by syn-
hrotron XPD. These measurements were carried out at the D10B-XPD beamline of
he Brazilian Synchrotron Light Laboratory (LNLS, Campinas, Brazil) using a high-
ntensity and low-resolution configuration, without crystal analyzer [5]. Since the
ragg peaks of nanocrystalline samples are intrinsically broad, the relatively low
esolution of the diffractometer configuration does not significantly affect the peak
rofile. The X-ray wavelength was set at 1.5495 Å.

The average crystallite sizes of the as-synthesized nanopowders, calcined at
ifferent temperatures, were determined by means of the Scherrer equation [6].

Rietveld refinements of XPD data were performed by using the program FullProf.
y means of this analysis, we have determined the structural parameters and, in
he case of mixtures, the weight fraction or abundance of the different component
hases.

For the tetragonal phase, we have assumed a P42/nmc space group with the
ations (Zr4+ and Sc3+) and the O2− anions in 2a and 4d positions, respectively. For
he cubic phase, the space group was considered to be Fm3̄m, with the cations and
nions in 4a and 8c positions, respectively. In the case of the rhombohedral � phase,
he assigned space group was R3̄ with cations and anions in 18f and 6c positions [7],
espectively. The peak shape was modeled by a pseudo-Voigt function. The back-
round of each profile was adjusted by using a six-parameter polynomial function
n (2�)n , n = 0–5. Isotropic atomic temperature parameters were used. The thermal
arameters corresponding to Zr and Sc atoms were assumed to be equal. The results
re reported in terms of the usual pseudo-fluorite unit cell.

The weight fraction of the different phases can be determined from the results
f Rietveld refinements by using the following equation:

i =
n∑

j=1

Si(ZMV)i

Sj(ZMV)j

(1)

here Wi is the weight fraction of the phase “i” in a mixture of n phases and S, Z, M
nd V are the scale factor, the number of basic formula per unit cell, the mass of the
ormula unit and the unit cell volume, respectively [8].

This quantitative analysis performed by Rietveld refinements was confirmed by
sing the single line method [9]. This procedure is based on the determination of
he ratio between the intensity of a Bragg peak in the mixture I1 and that of the
ame peak in a single phase sample I1p. In the present case, we are considering two

hases with the same composition and, thus, their respective X-ray mass absorption
oefficients are equal. For this simple case, the weight fractions of phases 1 and 2
re given by:

1 = I1
I1p

and W2 = 1 − W1 (2)
(forbidden for the cubic phase) associated to the tetragonal t′′-form, taken with
longer counting times. The increasing trend of the background close to the (1 1 2)
Bragg peak is due to a large tail of the strong (2 2 0) Bragg reflection, which is caused
by the strong peak broadening of these samples with small average crystallite size.

The discrimination between the cubic phase and the tetragonal t′′-form can be
achieved through the observation of the (1 1 2) Bragg reflection occurring exclu-
sively in phases of tetragonal symmetry and so forbidden for the cubic one. The
(1 1 2) reflection is very weak and is related to small displacements along the c-axis
of the O2− anions from their average position in the fluorite-like (cubic) structure.
Therefore, the use of a powerful synchrotron X-ray source becomes of critical impor-
tance for its detection. The fractional z-coordinate of the O2− anion in the asymmetric
unit of the tetragonal unit cell can be calculated from the ratio of the measured inte-
grated intensities of the (1 1 1) and (1 1 2) Bragg peaks, I(1 1 2) and I(1 1 1), as it was
previously demonstrated [5], by applying a simple equation given by:

I(1 1 2)
I(1 1 1)

=
4f 2

O sin[4�z(O)] q2
OL(1 1 2)

f 2
Zr–Scq2

Zr–ScL(1 1 1)
(3)

where fO and qO are the scattering factor and the Debye–Waller factor of O2− anions,
fZr–Sc and qZr–Sc are the weighted average of the atomic scattering factor and the
Debye–Waller factor of the cations and L(1 1 2) and L(1 1 1) are the Lorentz factors
associated to the (1 1 2) and (1 1 1) Bragg reflections, respectively.

It is deemed that the method based on the application of Eq. (3) is more accurate
for the determination of z(O) than Rietveld analysis because the latter simultane-
ously fits the whole XPD pattern and, therefore, the weight of weak Bragg peaks
is underestimated. For this reason, we will only report the results of z(O) obtained
from Eq. (3).

3. Results and discussion

The samples with small average crystallite size, up to 25 nm,
exhibited the t′′-form, while the rhomhohedral �-phase was
observed in samples with higher average crystallite size.

XPD patterns corresponding to powders composed of very small
crystallites, with average crystallite sizes of 10 and 25 nm are dis-
played in Fig. 1. The strong reflections can be indexed assuming
a fcc (cubic) unit cell. On the other hand, the insets in Fig. 1 indi-
cate the presence of a weak but clearly apparent (1 1 2) Bragg peak,
which is forbidden for structures with cubic symmetry. Thus, the
crystal structure of these samples can be characterized by a cubic
unit cell but with a tetragonal symmetry, demonstrating that it can
be identified as the tetragonal t′′-form.

Fig. 2 displays the XPD patterns close to the (1 1 1) Bragg reflec-
tion of the t′′-form for all studied samples, with average crystallite
sizes from 10 up to 140 nm. The XPD patterns corresponding to
powders with average crystallite sizes of 35 nm or larger indi-
cate the existence of a mixture of tetragonal t′′-form (and/or cubic
phase) and � phase. The discrimination of the t′′-form from the
cubic phase could not be achieved for the biphasic samples because
the (1 1 2) reflection is masked by others weak reflections of the �

phase.

The identified phases, their average crystallite sizes and the
t′′/cubic content of all the samples are presented in Table 1. It
is important to remark that the existence of the t′′-form in the
ZrO2–Sc2O3 system was not reported in the metastable phase dia-
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Table 1
Identified phases, t′′/cubic content and crystallite sizes of ZrO2–10 mol% Sc2O3 powders treated at different temperatures. Numbers in parentheses indicate the error in the
last significant digit.

Calcination temperature (◦C) Present phase(s) t′′/c content (wt.%)a Average crystallite sizes (nm)

Rietveld method Single line method t′′ �

650 t′′ 100 100 10(1) –
850 t′′ 100 100 25(2) –
935 t′′ (or c) + �a 53.4(5) 50(1) 35(3)b 35(3)b

1000 t′′ (or c) + �a 24.1(3) 25(1) 50(4) 80(8)
1200 t′′ (or c) + �a 13.8(2)

a It was not possible to differentiate the t′′-form and the cubic phase in mixtures with t
b For this sample, the best fitting of XPD data was obtained assuming equal peak broad
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ig. 2. XPD patterns close to the (1 1 1) most intense Bragg peak corresponding to the
′′-form for all the samples studied in this work. The integrated intensities of Bragg
eaks corresponding to the � phase increase with increasing average crystallite size
i.e., increasing calcination temperature).

ram proposed by Yashima et al. for compositional homogeneous
aterials with much larger crystallite sizes [1,2]. We assigned this

iscrepancy to an effect associated to the nanometric nature of
he crystallites in the solid solutions that we have prepared by the
el-combustion process.

It is worth mentioning that the above qualitative analysis of
ur XPD data is also compatible with the existence of a mixture
f the tetragonal t′′-form and cubic phase. However, if both phases

ave different lattice parameter, average crystallite size or micros-
rain, the profile of the Bragg peaks should be distorted, particularly
t high 2�-angles. The use of a high-intensity synchrotron source
ade possible a fine study of the peak profile and no evidence of
possible mixture of phases was observed. Rietveld analysis of

able 2
ummary of the results obtained from Rietveld refinements of synchrotron XPD data f
arentheses indicate the error in the last significant digit. Equivalent isotropic Debye–Wa
or both phases.

Calcination temperature (◦C) Space group Lattice parameters

a (Å) c (Å)

650 P42/nmc 5.0878(4) 5.089(1)
850 P42/nmc 5.0887(3) 5.0891(7)

935 Fm3̄m 5.08864(5)
R3̄ 19.8531(3) 17.9404(2)

1000 Fm3̄m 5.09284(3)
R3̄ 19.8244(1) 18.00867(9)

1200 Fm3̄m 5.09189(2)
R3̄ 19.8153(1) 18.02770(7)

a For the biphasic samples, the Debye–Waller factors of both phases were assumed to b
13.7(6) 85(8) 1.4(2) × 102

he rhombohedral � phase.
ening for both phases.

these samples considering only the tetragonal phase gave excellent
agreement factors and confirmed that the axial ratio c/a was equal
to 1 within the experimental error for both samples (see Table 2).
For these reasons, we assume that these materials were single-
phased and only exhibited the t′′-form of the tetragonal phase.

The fractional z-coordinate of the O2− anion in the asymmetric
unit of the tetragonal unit cell, z(O), determined from the ratio of
the integrated intensities of the (1 1 1) and (1 1 2) Bragg peaks (Eq.
(3)) resulted of 0.237(2) for both single-phased t′′ samples. This
value is similar to those reported in the literature for the t′′-form in
other ZrO2-based systems [5,10].

The results of Rietveld refinements of our Synchrotron XPD data
are summarized in Table 2. As it was mentioned above, the discrim-
ination of the t′′-form from the cubic phase could not be achieved,
so we have assumed this phase to be cubic in order to simplify
the Rietveld refinements of XPD data of biphasic samples. We also
assumed that the Debye–Waller factors are equivalent for Zr4+ and
Sc3+ cations and for both phases in order to reduce the number
of parameters. The atom positions determined by Wurst et al. for
the � phase [7] used in these refinements successfully explained
the main and also the weak reflections that appear in the XPD
patterns. Rietveld refinements were successfully performed under
these hypotheses. Other authors had performed Rietveld analysis
assuming 1a and 2c positions [2], but our results based on this
model did not fit the observed weak peaks. The lattice parameters
derived from our Rietveld refinements resulted in good agreement
with those reported in the literature [7].

Both proposed methods for the quantitative analysis gave sim-
ilar results (see Table 1). The content of the rhombohedral �
phase increases with increasing average crystallite size, as expected
935 ◦C, with an average crystallite size of 35 nm, contained approx-
imately 50 wt.% of t′′-form (and/or cubic phase) and 50 wt.% of �
phase. Thus, this crystallite size can be considered as a critical
maximum crystallite size for the retention of the t′′-form at room

or ZrO2–10 mol% Sc2O3 powders calcined at different temperatures. Numbers in
ller factors were assumed for Zr and Sc. The same Debye–Waller factors were used

B(Zr,Sc) (Å2) B(O) (Å2) Rp Rwp Rexp

1.05(4) 2.4(1) 5.89 7.9 2.46
0.99(2) 2.72(7) 6.07 8.01 2.41

0.60(3)a 1.70(8)a 7.33 9.44 2.31

0.38(3)a 1.10(9)a 8.48 11.0 2.26

0.39(9)a 0.23(3)a 9.1 11.5 2.24

e equal.
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emperature. For larger crystallite sizes, the content of � phase
rogressively grows and reaches 86 wt.% of the total volume for
he largest crystallite sizes analyzed here. This is consistent with
he results reported by Yashima and coworkers for coarse-grained
ompositionally homogeneous solid solutions [1,2]. The observed
ransition from the t′′-form of the tetragonal phase to a mixture of
hases with increasing average crystallite size is probably smeared
y the distribution of crystallite sizes and shapes, which were not
aken into account in this study.

. Conclusion

ZrO2–10 mol% Sc2O3 nanopowders with different average crys-
allite sizes, from 10 up to about 140 nm, were analyzed by
ynchrotron XPD. We established that the stable rhombohedral

phase can be totally suppressed in nanocrystalline ZrO2–Sc2O3
olid solutions with average crystallite size below a critical maxi-
um size of 35 nm. For this range of average crystallite sizes the

′′-form is fully retained at room temperature, thus demonstrat-
ng that the phase diagram of ZrO2–Sc2O3 strongly depends on
rystallite size. The use of a synchrotron source made possible the
etection of very weak XPD reflections of this tetragonal form,
llowing us a quantitative determination of the displacement of
2− anions from their ideal positions in the cubic phase.

The presence of the rhombohedral � phase, that coexists with
he tetragonal t′′-form (and/or the cubic phase), was detected in
amples with average crystallite sizes ranging from 35 to 140 nm.

ts weight fraction increases with increasing average crystallite
izes, up to a maximum of 85% for the largest average crystal-
ite sizes. These results show that the ZrO2–10 mol% Sc2O3 solid
olution gradually tends, for increasing crystallite size, towards the
ixture of cubic and rhombohedral phases proposed by Yashima

[
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et al. [1] for materials with the same composition and much larger
crystallite sizes.
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