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a b s t r a c t

In this work, the transport properties of fine-grained scandia-stabilized zirconia ceramics with low Si
content have been investigated. These materials were prepared from ZrO2–6 mol% Sc2O3 nanopowders
synthesized by a nitrate-lysine gel-combustion route. High relative densities and excellent electri-
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eywords:
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eramics
lectrical properties

cal properties were obtained, even for sintering temperatures as low as 1350 ◦C. Our electrochemical
impedance spectroscopy study showed that both the volume fraction of grain boundaries and the spe-
cific grain-boundary conductivity are significantly enhanced with decreasing grain size, resulting in a
higher total ionic conductivity.

© 2009 Elsevier B.V. All rights reserved.
rain-boundary diffusion

. Introduction

In recent years, the transport properties of nanostructured or
ne-grained oxide-ion solid electrolytes have been intensively

nvestigated. Even though several authors reported an increase
n the total ionic conductivity in these materials [1–7], mainly
ttributable to their ‘parallel’ grain-boundary conductivity, there
s great controversy regarding this subject.

In microcrystalline solid electrolytes, it is well known that grain
oundaries partially block ionic transport, causing an extra contri-
ution to the total resistance and, therefore, the total conductivity
ecreases with decreasing grain size. Remarkably, in ZrO2- and
eO2-based ceramics, it has been found that the specific, or ‘true’,
rain-boundary conductivity (normalized by the volume fraction of
he grain boundary: � ′

gb
= �gbı/D, where �gb is the usual total grain-

oundary conductivity, ı is the thickness of the grain boundary and
is the grain size) is orders of magnitude lower than that of the

ulk, even in high-purity samples, indicating that this is an intrin-
ic property of the grain boundaries in these fluorite-like oxides
8–10]. Then, ionic transport across grain boundaries parallel to
he current direction (‘parallel’ grain-boundary conductivity) can

e ignored, not only because of the small volume fraction of grain
oundaries, but also because of their relatively low diffusivity.

Contrarily, in nanostructured solid electrolytes, or even in some
ne-grained materials, the volume fraction of grain boundaries is

∗ Corresponding author. Tel.: +54 11 47098100/1145; fax: +54 11 47098158.
E-mail address: dlamas@citefa.gov.ar (D.G. Lamas).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.035
much larger and also the specific grain-boundary conductivity may
increase [1]. In this case, the effect of the parallel grain-boundary
transport may give rise to an increase in the total ionic conductiv-
ity, which may become higher than the bulk conductivity. However,
only a few authors have observed this effect. For example, Kosacki
and co-workers reported an increase by one or two orders of magni-
tude in the total ionic conductivity of nanostructured CeO2–Gd2O3
and yttria-stabilized zirconia (YSZ) thin films, compared to that of
polycrystals with a larger grain size [11,12]. A similar phenomenon
has been found by our research group in ceria-based nanoceramics
[6,7], which was attributed to the increase in the parallel grain-
boundary conductivity of the nanostructured samples, coupled to
an increase in the grain-boundary ionic diffusivity with decreasing
grain size. Finally, Monty and co-workers found a similar effect in
ZrO2–4 mol% Y2O3 nanoceramics [2,3]. However, other authors did
not observe this effect [13,14].

Scandia-stabilized zirconia (ScSZ) electrolytes exhibit excellent
ionic conductivity, the highest among all ZrO2-based materials [15].
For this reason, ScSC ceramics are considered as promising candi-
dates for solid electrolytes in intermediate-temperature solid oxide
fuel cells (IT-SOFCs) and other electrochemical devices. The opti-
mum ionic conductivity corresponds to Sc2O3 contents between 9
and 11 mol%. Unfortunately, a rhombohedral phase (known as the
�-phase) of poor electrical properties, which has not been observed

in other ZrO2-based materials, exists at low-temperatures for this
compositional range [16]. The �-phase transforms to the high-
conductivity cubic phase on heating at temperatures above 600 ◦C,
reverting to the �-phase on cooling at about 500 ◦C. This ˇ ⇔ cubic
phase transformation is undesirable for applications because it

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dlamas@citefa.gov.ar
dx.doi.org/10.1016/j.jpowsour.2009.12.035
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nvolves a volume change that can cause the deterioration of the
lectrolyte. Therefore, from a technological point of view, it is
mportant to avoid this transformation without a dramatic loss in
he ionic conductivity. For this purpose, the introduction of co-
opants that promote the retention of the cubic phase, such as
2O3 or CeO2, has been proposed [17–20]. On the other hand, some
uthors demonstrated that the �-phase can be avoided in fine-
rained ScSZ ceramics, without the introduction of other dopants
21,22]. In fact, our research group has recently shown that the
-phase is absent in nanocrystalline ZrO2–Sc2O3 solid solutions
nd we have proposed a phase diagram for materials with average
rystallite sizes of about 25 nm [23].

Despite the importance of ScSZ solid electrolytes in SOFC tech-
ology, little information regarding the transport properties of
anostructured or fine-grained ScSZ ceramics can be found in the

iterature. Lei and Zhu reported the preparation of dense ScSZ
eramics with an average grain size of about 80 nm [21], but
hese authors only evaluated the total ionic conductivity, which
as found to decrease with decreasing grain size, and grain-

oundary transport was not investigated. Other authors analyzed
cSZ nanoceramics prepared by spark plasma sintering [22,24], but
hese materials exhibited low relative densities, so their results
ould be affected by the poor contact between grains. Finally, Xu
t al. investigated the ionic transport properties of fine-grained
cSZ ceramics prepared from nanopowders synthesized by a mild
rea-based hydrothermal method [25]. Interestingly, these authors
ound that the specific grain-boundary conductivity increases with
ecreasing average grain size but the total ionic conductivity
emains lower than the bulk one.

The enhancement of the specific grain-boundary conductivity
ith decreasing grain size has also been found in other ZrO2-based
aterials, such as ZrO2-CaO and ZrO2–Y2O3 [8,10,26,27]. Particu-

arly, in the case of ZrO2–CaO ceramics, Aoki et al. investigated the
ffect of impurities and proposed that the specific grain-boundary
onductivity decreases with increasing grain size due to grain size-
ependent segregation of Si and Ca [8]. However, these authors
ound that the specific grain-boundary conductivity is about two
rders of magnitude lower than the bulk conductivity in high-
urity samples. This fact indicates the existence of an intrinsic
blocking” effect which cannot be attributed to impurities. This
ntrinsic behavior of grain boundaries has been explained by the
space-charge depletion layer model” [10]. According to this model,
he ‘electrical grain boundary’ consists of a grain-boundary core
ith an enhanced oxygen vacancy concentration and two adjacent

pace-charge layers where oxygen vacancies are depleted, blocking
he transport of oxide ions. The depletion of oxygen vacancies in the
pace-charge layers is due to the segregation of the dopant cation
hich has been proposed to be a grain size-dependent effect: seg-

egation occurs over a larger grain-boundary area as the grain size
ecreases. Segregation of the dopant cation has also been observed

n YSZ and ceria-based electrolytes [10,28,29].
In this work, we have investigated the transport properties of

ne-grained ScSZ ceramics with low Si content. We chose a nominal
omposition of ZrO2–6 mol% Sc2O3 in order to avoid the presence of
he low-conductivity monoclinic and rhombohedral phases, which
re usually detected in materials with lower and higher Sc2O3
ontents, respectively. Taking into account that the presence of
he �-phase strongly depends on the compositional homogene-
ty and the thermal history of the material, we decided to analyze
amples with relatively low Sc2O3 content. The electrochemical
mpedance spectroscopy study presented here demonstrates that

oth the volume fraction of grain boundaries and the specific grain-
oundary conductivity are significantly enhanced with decreasing
verage grain size, resulting in a higher total ionic conductivity. To
ur knowledge, this interesting behavior of fine-grained ScSZ elec-
rolytes has not been reported before and can be very important
ources 195 (2010) 3402–3406 3403

since it strongly suggests that nanostructured samples may exhibit
even better properties.

2. Experimental

ZrO2–6 mol% Sc2O3 (nominal composition) nanopowders were
synthesized by a nitrate-lysine gel-combustion route [30] using the
following high-purity, raw compounds: ZrO(NO3)2·XH2O (X ≈ 2;
Alpha Aesar; 99.995%; Si content <1 ppm) and Sc(NO3)3·4H2O
(Stanford Materials; 99.99%; Si content: 12 ppm). Dense ScSZ sam-
ples were prepared by uniaxial pressing and sintering in air under
three different conditions: (i) pressing at 300 MPa and sintering
in air at 1600 ◦C for 4 h; (ii) pressing at 300 MPa and sintering at
1350 ◦C for 2 h; (iii) pressing at 600 MPa and sintering at 1350 ◦C
for 2 h.

X-ray fluorescence (XRF) analysis was performed to determine
Sc2O3 and impurity contents in the as-synthesized powders and
in the sintered specimens, using a PW4110 Venus 200 MiniLab X-
ray spectrometer, with a Cr target transmission X-ray tube and a
LiF(2 0 0) analyzer. The Si content of the as-synthesized nanopow-
ders was also determined by Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES, Optima 2000 DV, PerkinElmer).
For this analysis, the nanopowders were dissolved in H2SO4 and
H2O (H2SO4:H2O = 5:3) by microwave digestion. The ICP-OES tech-
nique was not employed to analyze the dense ceramics because it
was not possible to dissolve them in similar conditions, even after
a milling step.

The crystalline phases of dense ScSZ ceramics were identified by
X-ray diffraction (XRD, Philips PW 3710). Their density was deter-
mined from their mass and dimensions. Their microstructure was
observed by scanning electron microscopy (SEM, Philips 515 micro-
scope). During these observations, energy-dispersive spectroscopy
(EDS) analyses were performed using an EDAX 9900 analyzer in
order to detect the presence of impurities.

The ionic conductivity was measured by two-probe electro-
chemical impedance spectroscopy (EIS) from 200 to 600 ◦C in air
using a Solartron 1255 frequency response analyzer and an EG&G
Princeton Applied Research 273A potentiostat, in the frequency
range of 0.1–105 Hz. For these measurements, Ag electrodes were
applied on both sides of the ScSZ pellets by painting with a com-
mercial paste and firing at 700 ◦C for 1 h.

3. Results and discussion

The Sc2O3 content of both as-synthesized nanopowders and
dense ceramics, as determined by XRF, was 6.5 ± 0.6 mol% Sc2O3.
In both cases, the Si content was lower than the limit of detec-
tion, which was found to be 1000 ppm. No other impurities were
detected. According to ICP-OES analysis, the Si content in the as-
synthesized nanopowders was 131 ± 10 ppm. The source of this
small amount of Si was probably the Pyrex vessel used for the
synthesis of the nanopowders. Since we did not use Si-containing
materials for the preparation of the dense ceramics, it can be safely
assumed that their Si content is similar to that of the nanopowders.

All ScSZ ceramics exhibited a mixture of tetragonal and cubic
phases, as expected for this composition [31]. From Rietveld refine-
ments of XRD data, it was possible to determine the rate of these
phases, which were about 50:50 wt.% for all samples. The the-
oretical (crystallographic) density of this mixture of phases can
be estimated as 5.77 g cm−3, assuming theoretical densities of the

tetragonal and cubic phases of 5.89 g cm−3 and 5.65 g cm−3, respec-
tively (Inorganic Crystal Structure Database, ICSD, cards # 86700
and 86707, based on data reported by Fujimori et al. [32]). As shown
in Fig. 1, no traces of the monoclinic and rhombohedral phases
were detected, since their most intense Bragg peaks (at 2� angles
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Fig. 2. SEM micrographs of ScSZ samples evaluated in this work, taken at 5000×. In
ig. 1. Low-angle region of XRD patterns corresponding to ScSZ ceramics prepared
y pressing at 600 MPa and sintering at 1350 ◦C (a) and by pressing at 300 MPa and
intering at 1600 ◦C (b). XRD data for samples prepared by pressing at 300 MPa and
intering at 1350 ◦C were similar to (a).

t the right or the left of the (1 1 1)t/c peak) were not observed.
his is very important considering that these phases have very poor
lectrical properties and, therefore, their presence even in a small
olume fraction may strongly affect the electrical properties of ScSZ
eramics.

Fig. 2 shows SEM micrographs of ScSZ samples studied in this
ork. Those sintered at 1350 ◦C exhibited relative densities of

4–96% and were formed by very small grains with uniform size,
ith average grain sizes in the range of 0.45–0.50 �m. Samples pre-
ared with lower compaction pressure exhibited higher porosity.
hose sintered at 1600 ◦C, with relative densities of 97%, exhibited a
ifferent microstructure, with much larger average grains (average
rain size of 2.2 �m) and two typical sizes. Since it is well known
hat the grain growth kinetics of the tetragonal phase is signifi-
antly slower than that of the cubic phase [33], the smaller grains
with typical sizes of 1–1.5 �m) can be associated with the tetrag-
nal phase and the larger ones (in the range of 3–4 �m) with the
ubic phase. We did not find any glassy regions, usually observed
hen Si impurities form a SiO2 phase. In addition, no impurities
ere detected by EDS.

Table 1 reports the total ionic conductivity at 600 ◦C (the highest
emperature analyzed in this work) for all our ScSZ ceramics. The
otal ionic conductivity of the sample sintered at 1600 ◦C is compa-
able to those reported in the literature for materials with similar
ompositions [34–36]. Interestingly, samples sintered at 1350 ◦C
xhibited higher ionic conductivity at high temperatures, as it can
e noticed in the Arrhenius plots shown in Fig. 3.

The activation energies determined for the whole temperature
ange analyzed in this work, 200–600 ◦C, are reported in Table 1.

amples sintered at 1350 ◦C exhibited a higher activation energy
see the higher slope in the Arrhenius plots displayed in Fig. 3),
robably due to the strong influence of the grain-boundary ionic
ransport in materials with small average grain size. In fact, Xu et

able 1
otal ionic conductivity (�) at 600 ◦C and activation energy in the whole tempera-
ure range 200–600 ◦C (Ea) of all ScSZ ceramics studied in this work (P = compaction
ressure; Ts = sintering temperature). Numbers in parentheses indicate the error in
he last significant digit.

Sample � (10−3 S cm−1) Ea (eV)

P = 300 MPa; Ts = 1600 ◦C 6.1 (1) 1.21 (1)
P = 300 MPa; Ts = 1350 ◦C 8.6 (1) 1.27 (2)
P = 600 MPa; Ts = 1350 ◦C 9.8 (1) 1.28 (2)
all cases, the white line corresponds to 10 �m. (a) Pressed at 300 MPa and sintered
in air at 1350 ◦C for 2 h; (b) pressed at 600 MPa and sintered at 1350 ◦C for 2 h; (c)
pressed at 300 MPa and sintered at 1600 ◦C for 4 h.

al. reported that the activation energy of this process increases with
decreasing grain size [25], in agreement with our results.

Fig. 4 displays the Nyquist plots of ScSZ ceramics prepared
under the different conditions studied in this work, measured at
225 ◦C. This temperature was chosen in order to have the com-
plete arcs for both bulk and grain-boundary transport processes. It
can be observed that the samples sintered at 1350 ◦C exhibited a
smaller grain-boundary resistivity/bulk resistivity ratio, in spite of
the larger number of grain boundaries and the smaller relative den-
sity. Besides, the bulk and grain-boundary arcs are more overlapped
in the case of ceramics with small average grain size, indicating
that the characteristic frequencies of both processes are closer. The

analysis of the imaginary part of the impedance, shown in Fig. 5,
confirms this behavior: two characteristic frequencies are clearly
observed for the ceramic sintered at 1600 ◦C, while a strong over-
lap can be observed in the case of the samples sintered at 1350 ◦C.
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ig. 3. Arrhenius plots (of total electrical conductivity) for ScSZ ceramics prepared
nder the different compaction pressures (P) and sintering temperatures (Ts) eval-
ated in this work.

he increase in the characteristic frequency of the grain-boundary
ransport process and the enhancement of the total ionic conduc-
ivity found for samples with small average grain size point out that
hese fine-grained materials exhibit a different behavior than that
f conventional microcrystalline ones. In order to achieve a better
nderstanding of these results we will analyze our data in more
etail.

EIS data shown in Fig. 4 were fitted by an equivalent circuit con-
isting of two parallel circuits of a resistance and a constant phase

lement (CPE, ZCPE = 1/Q(jω)n) in series. The ‘true’ capacitance can
e calculated from the parameters Q and n using the equation [37]:

= Q 1/n�(1−n)/n (1)

ig. 4. Nyquist plots, measured at 225 ◦C, for all ScSZ samples studied in this work.
he equivalent circuits used for fits are shown at the top of the figure. See text for
etails.
Fig. 5. Imaginary part of the impedance, −�′′ , as a function of frequency, measured
at 225 ◦C, for all ScSZ samples analyzed in this work.

From the results of bulk and grain-boundary resistivities (�b and
�gb, respectively) and the bulk and grain-boundary capacitances (Cb
and Cgb, respectively), several parameters related to both transport
processes can be determined as follows [10]:

f i
c = (�iQi)

−1/ni

2�
= 1

2��iCi
(i = b; gb) (2)

ı

D
= εgbCb

εbCgb
≈ Cb

Cgb
(3)

x = 3D2ı

D3 + 3D2ı
≈ 3ı

D
(4)

� ′
gb = �gbı

D
≈ �gbCb

Cgb
(5)

�b

� ′
gb

≈ �bCgb

�gbCb
= f b

c

f gb
c

(6)

where f i
c is the characteristic frequency of the process, ε is the

dielectric constant, x is the volume fraction of grain boundaries
and the subscripts or superscripts b and gb indicate bulk and grain-
boundary transport processes, respectively. In Eq. (3), it has been
assumed that εgb ≈ εb, which is considered a reasonable approx-
imation in ZrO2-based materials [10]. The results of this analysis
are summarized in Table 2.

The results of EIS analysis for the ScSZ sample sintered at 1600 ◦C
(D = 2.2 �m) are in agreement with those known for conventional
microcrystalline materials, since �b is more than two orders of mag-
nitude higher than � ′

gb
, ı ≈ 5 nm is typical for ZrO2- or CeO2-based

materials [10] and x is very small. In this case, grain boundaries only
block ionic transport and its parallel component is negligible. On
the other hand, for samples sintered at 1350 ◦C (D ≈ 0.50 �m), the
�b/� ′

gb
ratio decreases by a factor of 20, showing that � ′

gb
increases

dramatically, and x becomes significant. Since bulk transport is
still much faster than grain-boundary transport, the parallel grain-
boundary conductivity is not high enough to reach very high total
ionic conductivities. However, the increase of � ′

gb
is important since

it gives rise to higher total ionic conductivity at high tempera-

tures for samples with small D (see Table 1). Taking into account
this important result, the present work indicates that high-purity
nanostructured ScSZ ceramics deserve intense investigation since
the grain-boundary diffusivity may be enhanced by orders of mag-
nitude in comparison to conventional microcrystalline materials.
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Table 2
Results of EIS analysis for ScSZ samples prepared under different conditions (P = compaction pressure; Ts = sintering temperature; D = average grain size). The subscripts or
superscripts “b” and “gb” indicate bulk and grain-boundary transport processes, respectively. Numbers in parentheses indicate the error in the last significant digit.

P = 300 MPaTs = 1600 ◦CD = 2.2 �m P = 300 MPaTs = 1350 ◦CD = 0.45 �m P = 600 MPaTs = 1350 ◦CD = 0.50 �m

�b (� cm) 7.43 (2) × 106 9.6 (5) × 106 8.5 (3) × 106

Qb (F cm−1) 2.82 (5) × 10−11 4.7 (2) × 10−11 5.4 (1) × 10−11

nb 0.852 (2) 0.821 (7) 0.857 (4)
Cb (F cm−1) 6.5 (1) × 10−12 8.8 (5) × 10−12 1.50 (4) × 10−11

f b
c (Hz) 3.30 (6) × 103 1.9 (2) × 103 1.25 (7) × 103

�gb (� cm) 6.97 (8) × 106 6.0 (4) × 106 5.6 (3) × 106

Qgb (F cm−1) 4.8 (2) × 10−9 1.7 (1) × 10−9 1.7 (1) × 10−9

ngb 0.870 (8) 0.73 (4) 0.77 (3)
Cgb (F cm−1) 2.9 (1) × 10−9 3.0 (2) × 10−10 4.1 (3) × 10−10

f gb (Hz) 7.9 (4) 88 (9) 69 (8)
3 (2)
8 (1)
2 (4)
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c

ı (nm) 4.9 (5) 1
x (%) 0.67 (7)
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4.2 (2) × 102 2

The results of the present work show that the grain-boundary
iffusivity of oxide ions in ScSZ ceramics increases with decreasing
rain size, in qualitative agreement with Xu et al. [25]. As has been
entioned above, these authors reported a marked increase in � ′

gb

ith decreasing grain size in samples prepared by a hydrothermal
rocess in the presence of urea. Unfortunately, the authors did not
eport the Si content of their samples, but they suggested that their
esults can be explained by SiO2 segregation. In our case, we are
ealing with materials with low Si content and, therefore, other
echanisms must be considered, such as the space-charge deple-

ion layer model. In this context, our results can be understood
ssuming that Sc segregation is enhanced with decreasing grain
ize, thus causing an increase in both ı and the oxygen vacancy
oncentration and also a decrease in the �b/� ′

gb
ratio [10,38]. The

elatively large values of ı found in the present work can be related
o this grain-size-dependent grain-boundary segregation of the
opant cation, which is expected to become more important in fine-
rained or nanocrystalline materials [10,38]. Further investigation
s needed to fully address this issue.

. Conclusions

We have studied the electrical properties of fine-grained ScSZ
eramics with low concentration of Si impurities that were pre-
ared under different conditions. EIS analysis showed that both
he volume fraction of grain boundaries and the specific grain-
oundary conductivity are significantly enhanced with decreasing
rain size. As a consequence, ScSZ ceramics of small average grain
ize (0.45–0.50 �m) exhibited higher total ionic conductivity than
icrocrystalline samples. This can be explained in the context of

he space-charge depletion layer model if grain size-dependent
egregation of Sc takes place, occurring in a larger region as the
rain size decreases.

In view of our results, it is clear that the study of the ionic trans-
ort properties of dense ScSZ nanoceramics with a smaller grain
ize deserves great attention, since they may exhibit much better
roperties than conventional microcrystalline ceramics.
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