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The ternary system (Yb2O3)x–(Sc2O3)(0.11�x)–(ZrO2)0.89 (x = 0–0.11) specimens have been prepared using a
co-precipitation method. The properties of this series of samples are affected by the ytterbium element. A
stabilized cubic phase is obtained at room temperature by introducing ytterbium and the unit cell param-
eters show a linear increasing relationship with content of Yb2O3, which also contributes to abatement of
the conductivity from 0.099 S/cm to 0.020 S/cm at 800 �C. However, the conductivity tends to remain a
constant at lower temperatures ranging from 500 �C to 650 �C as the addition of Yb2O3 is reduced to
below 3 mol%, achieving high up to 0.015 S/cm at 650 �C for a 3Yb8ScSZ body, indicating a potential to
be utilized as an electrolyte material for intermediate temperature solid oxide fuel cells.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Solid oxide fuel cells (SOFCs), as a highly efficient and clean
power generation device, have been demonstrated in a broad range
of applications from small auxiliary power units to large scale
power plants [1,2]. Lowering operational temperatures is one of
the critical points to cut down the cost and has obtained increased
attentions recently, which can mainly lead to enhancement of the
cell stability and extension of cheaper materials selection for inter-
connection. Therefore, it is significant to develop new electrolyte
materials with higher ion conductivities at low temperatures.
The solid materials have been investigated as the electrolytes of so-
lid oxide fuel cells including zirconia-, ceria- and lanthanum gal-
late-based materials. Scandia stabilised zirconia (ScSZ) shows the
highest conductivity among the zirconia systems. The high con-
ductivity of ScSZ is attributed to the small mismatch in size be-
tween Zr4+ and Sc3+, leading to a smaller energy for defect
association between oxygen vacancies and cations, which in-
creases mobility and conductivity. Nevertheless, ScSZ materials
have two major problems. ScSZ shows a large aging rate if scandia
content is too low, but the cubic phase transforms to a rhombohe-
dral phase when scandia content is increased to 10–12 mol%,
resulting in a much lower conductivity [3,4]. On the other hand,
the high cost of scandia makes it very difficult to be widely em-
ployed as an electrolyte material. Substituting the scandia with
ll rights reserved.
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other oxides is becoming one of the most effective solutions to
these problems [5]. Many studies have been performed on the ter-
nary system MxOy–Sc2O3–ZrO2. MxOy are CeO2 [6–10], Y2O3 [11–
15], Yb2O3 [3,16], Bi2O3 [16–18], Al2O3 [19], and Ga2O3 [20]. In
the Yb2O3–Sc2O3–ZrO2 system, the rhombohedral phase could be
eliminated when the substitution of Yb2O3 was over 2 mol%, and
the highest value of ionic conductivity was obtained when the
co-doping content reached to 11 mol%, both at 800 �C and
1000 �C. This result indicated that 11 mol% might be the best co-
doping level in the Yb2O3–Sc2O3–ZrO2 system [3]. However, there
is no reports on the best ratio of Yb2O3/Sc2O3. Yamaji et al. [18]
successfully stabilised the cubic phase and obtained a maximum
conductivity of 0.30 S/cm and a maximum power density of
210 mW/cm2 at 1000 �C for 1Yb8ScSZ by co-doping of Sc2O3 and
Yb2O3 into ZrO2. But their investigations are only limited to a cer-
tain range of Yb2O3 from 1 mol% to 2 mol%. In addition, the differ-
ence in ionic radius between the dopant and host can play an
important role in the conductivity. Better properties are to be ex-
pected if the size of dopant cation is close to the host cation. The
radius of Yb3+ and Sc3+ are both close to the Zr4+. Furthermore,
Yb is less costly than Sc. In present study, the 11 mol% has been se-
lected as the co-doping level to get the best ratio of Yb2O3/Sc2O.
The phase structure and conductivity properties of the (Yb2O3)x–
(Sc2O3)(0.11�x)–(ZrO2)0.89 (x = 0–0.11) system are mainly investi-
gated to manifest the changes of crystal structure and conductivity
with Yb2O3 addition. A good composition is explored, which is free
of rhombohedral phase, own acceptable conductivity at relatively
low temperature and contains low content of Sc2O3.
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2. Experiments

Powders of Zr(NO3)4 (Aladdin, 99.99%), Yb2O3 (Sinopharm Chemical Reagent Co.
99.99%) and Sc2O3 (Beijing Founder Star Science & Technology Co. 99.99%) were se-
lected as starting experimental materials to prepare target materials using a co-
precipitation method. Firstly, stoichiometric Yb2O3 and Sc2O3 were dissolved into
nitric acid and the solution was heated and continuous stirred until a clear solution
was obtained. The Zr(NO3)4�5H2O, meanwhile, was dissolved in the distilled water
at room temperature. The two solutions were then blended to yield the stock
solution. Precipitation was carried out by adding the stock solutions to a vigorously
stirred ammonia solution. The pH value of the final solution was adjusted at over
nine after precipitation. The precipitation was thoroughly washed with the distilled
water and ethanol until most of the ammonia and water were eliminated by vac-
uum filtration. Finally, the co-precipitated hydroxides were dried at 80 �C for 12 h
and then calcined at 800 �C for 2 h in air. The powders were uniaxially pressed into
discs with a diameter of 8 mm and a thickness of 1–2 mm with polyvinyl alcohol
(PVA) as the binder under 300 MPa. The pellets were sintered at 1550 �C for 10 h
in air. Nomenclature, compositions and densities of the various specimens has been
characterized and listed in Table 1.

The phase structures of powders and the sintered pellets were confirmed using
the X-ray-diffraction (XRD, Bruker D8 Advance, Germany) technique, and the mea-
surement was proceeded with Cu Ka1 radiation (k = 0.1542 nm) at a step of 0.02�/s
in the Bragg angle (2 theta) range from 20� to 90�. In-situ high temperature XRD
was also conducted with a heating rate of 0.2 �C/s to investigate the phase transition
ranging from room temperature to 1000 �C. The detection limit of XRD is approxi-
mately 1%. The microstructures of sintered pellets were analyzed using a Field Emis-
sion Scanning Electron Microscopy (FE-SEM, Hitachi, S-4800, Japan). The specimen
density was calculated from the pellet geometry and mass. The theoretical density
was derived from the lattice parameters obtained from the XRD diffraction pattern.

For the conductivity measurement, the pellets were coated with platinum paste
on both sides as electrodes and sintered at 950 �C for 3 h. Impedance measurements
were performed using a frequency response analyser (FRA, Solartron 1260). The
measuring frequency range was from 10 MHz to 0.1 Hz with an interruption poten-
tial of 0.5 V. The heating program was set from 300 �C to 900 �C with an interval of
50 �C in air. The impedance data were collected by Zviewer software. The ionic con-
ductivity r was calculated based on the impedance data, and the activation energy
Ea of the conductivity was determined by the Arrhenius law.
3. Results and discussion

All the samples were examined by X-ray fluorescence (XRF),
and the results confirmed the compositions. The typical SEM pic-
tures of 1Yb10ScSZ and 2Yb9ScSZ pellet surfaces were shown in
Fig. 1. The microstructures of other compositions are similar to
these two compositions. As showed in the pictures, the electrolytes
are dense. The particles are all closely contacted except for few of
closed pores. All these indicate the good electrolyte microstructure.
The relative densities were obtained, reaching up to 73–92%. The
theoretical densities increased with the increase of Yb content.
4. Characterization of crystal structure

Fig. 2 showed the XRD patterns of the pellets after sintering at
1550 �C for 10 h. The cubic phase had been obtained as the main
phase for most samples, but the 11ScSZ, 1Yb10ScSZ, 4Yb7ScSZ and
6Yb5ScSZ compositions were mixed by the rhombohedral and cubic
Table 1
Nomenclature, densities and unit cell parameters of compositions in(Yb2O3)x –(Sc2O3)(0.11

Nomenclature Compositions Unit cell parameter
(cubic) (Å)

Rhom
conte

11ScSZ (Sc2O3)0.11(ZrO2)0.89 5.08125 12.02
1Yb10ScSZ (Yb2O3)0.01(Sc2O3)0.10(ZrO2)0.89 5.08924 32.40
2Yb9ScSZ (Yb2O3)0.02(Sc2O3)0.09(ZrO2)0.89 5.09111 0.00
3Yb8ScSZ (Yb2O3)0.03(Sc2O3)0.08(ZrO2)0.89 5.09594 0.00
4Yb7ScSZ (Yb2O3)0.04(Sc2O3)0.07(ZrO2)0.89 5.10213 0.00
5Yb6ScSZ (Yb2O3)0.05(Sc2O3)0.06(ZrO2)0.89 5.10395 0.00
6Yb5ScSZ (Yb2O3)0.06(Sc2O3)0.05(ZrO2)0.89 5.10779 0.00
7Yb4ScSZ (Yb2O3)0.07(Sc2O3)0.04(ZrO2)0.89 5.11276 0.00
8Yb3ScSZ (Yb2O3)0.08(Sc2O3)0.03(ZrO2)0.89 5.11815 0.00
9Yb2ScSZ (Yb2O3)0.09(Sc2O3)0.02(ZrO2)0.89 5.12116 0.00
10Yb1ScSZ (Yb2O3)0.10(Sc2O3)0.01(ZrO2)0.89 5.12672 0.00
11YbSZ (Yb2O3)0.11(ZrO2)0.89 5.13029 0.00
phases. For the 4Yb7ScSZ and 6Yb5ScSZ compositions, which
contained a small amount of rhombohedral phase, we repeated
the synthesis process, and the results showed that it was likely to
form the rhombohedral phase in those compositions, but they were
almost purely cubic phase. It was reported that the formation of
rhombohedral phase was related to content of the scandia element
in Sc2O3-ZrO2 system [21], which can be restrained by adding a sec-
ondary oxide dopant [3,6–20,22]. That was further confirmed by re-
sults of the XRD examination in our study. single cubic phase can be
obtained when the Yb2O3 content came to higher than 2 mol%, and
the phase compositions were basically in agreement with the results
in Ref. [3], where the author found that the rhombohedral phase can
be avoided when the addition of Yb2O3 was more than 2 mol%.

11ScSZ always contained the rhombohedral phase and the
phase transition temperature was reported to be around 600–
650 �C [3,20]. The phase transition temperature from the rhombohe-
dral phase to cubic phase decreased by the substitution of Al [19], Ga
[20], and Bi [17]. In our study, 11ScSZ and 1YbScSZ were in a mixture
of cubic phase and rhombohedral phase. The in-situ high temperature
XRD patterns for 1Yb10ScSZ were shown in Fig. 3. The peaks of the
rhombohedral phase disappeared when the temperature reached
500 �C, which indicated that the rhombohedral phase transitioned
into the cubic phase from approximately 450 �C to 500 �C. Comparing
with 11ScSZ, the 1Yb10ScSZ composition demonstrated a decrease of
phase transition temperature by nearly 150 �C. Thus, replacing the
Sc2O3 by Yb2O3 for 11ScSZ can lower the rhombohedral phase trans-
formation temperature and even stabilise the cubic phase at room
temperature when the content of Yb2O3 exceeding 2 mol%. The mech-
anism of the cubic stabilization was not established until now. The
strain in the crystalline induced by adding a secondary oxide with
the different radius to the Sc3+ was concerned [19].

The ionic radii of Yb3+ and Sc3+ were 0.858 Å and 0.745 Å, respec-
tively. The ionic radius of Yb3+ was larger than that of Sc3+. Therefore,
an increase of the unit cell parameter can be expected when the Sc
cation was substituted by Yb. The unit cell parameters were calcu-
lated according to the patterns of XRD diffraction. The specified va-
lue of the unit cell parameters for all of the compositions were
shown in Table 1. The unit cell parameter of 11YbSZ was 5.13 Å.
Compared to 11ScSZ of 5.08 Å, there was a remarkable increase of
the unit cell parameter. The dependency of unit cell parameter on
Yb2O3 content was shown in Fig. 4. This increase was almost linear
in the range from 0 to 11 mol% ytterbium, which also implied that
all of the Sc cations were substituted by Yb. According to the unit cell
parameters obtained for all compositions, the theoretical densities
and relative densities were calculated as listed in Table 1.
4.1. Conductivity dependency

The electrical conductivities of the system were studied by the
impedance spectroscopy. These measurements were composed of
-x)–(ZrO2)0.89 (x = 0–0.11) system.

bohedral phase
nt (wt.%)

Theoretical density
(g/cm3)

Specimen density
(g/cm3)

Relativity
density (%)

2 5.70574 5.19779 91.09753
7 5.79977 5.26794 90.83011
0 5.89536 5.37237 91.12876
0 5.99449 5.25794 87.71287
0 6.08815 5.43139 89.21241
0 6.19698 5.40542 87.22673
0 6.29808 5.78987 91.93068
0 6.39447 5.55094 86.80844
0 6.48866 5.76831 88.89827
0 6.59140 5.40542 82.00713
0 6.68378 5.47017 81.84243
0 6.78340 5.00835 73.83241
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Fig. 2. XRD patterns of the pellets after sintering at 1550 �C for 10 h, obtained at
room temperature (r: represents the rhombohedra phase).
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Fig. 3. XRD patterns of the pellets of 1Yb10ScSZ, obtained at room temperature,
300 �C, 400 �C, 450 �C and 500 �C (r: represents the rhombohedra phase).
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Fig. 4. Dependence of the unit cell parameter on composition for the (Yb2O3)x–
(Sc2O3)(0.11�x)–(ZrO2) 0.89 (x = 0–0.11) system at room temperature.

Fig. 1. SEM micrographs of the electrolyte pellet sintered at 1550 �C for 10 h. (a)
1Yb10ScSZ and (b) 2Yb9ScSZ.
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the relative contributions of the bulk, grain boundary and electrode
resistances. Fig. 5 presented the impedance spectra for 11ScSZ,
1Yb10ScSZ and 2Yb9ScSZ at 400 �C. The Fitted responses were also
provided in the picture. The spectra had been interpreted with the
aid of the parallel connected resistor-capacitor equivalent circuit,
where high and intermediate frequency semicircles were related
to bulk and grain boundary resistances, respectively, while the
low frequency semicircle was attributed to electrode response.
As can be seen in Fig. 5, the relative contribution of bulk, grain
boundary and electrode resistance varied with Yb content. The
bulk resistance was calculated from the high frequency intercept
because it could not be observed at higher temperatures [23]. With
increasing temperature, bulk and grain boundary resistances both
decreased and the contribution from grain boundary decreased for
all samples. In higher temperature region, the grain boundary
resistance disappeared, and the electrical conductivity was merely
attributed to bulk resistance. At lower temperature, the grain
boundary resistance dominated the electrical transportation of
11ScSZ [17]. We took the first intermediate frequency circle as
the grain boundary resistance for the 11ScSZ sample. Comparing
to the 11ScSZ, the grain boundary resistance was apparently re-
duced both for 1Yb10ScSZ and 2Yb9ScSZ. The bulk and grain
boundary resistance of 2Yb9ScSZ were also smaller than the
1Yb10ScSZ, respectively. The total resistance of bulk and grain
boundary declined with the addition of Yb2O3 in the range from
0% to 3 mol%. These suggested that the electrical properties can
be improved at lower temperature with doping Yb2O3.

The activation energy values of all compositions were calcu-
lated using the Arrhenius equation as expressed in Eq. (1):

rT ¼ A expð�H=RTÞ ð1Þ

where r denoted the ionic conductivity, T the temperature in
Kelvin, A the pre-exponential factor, H the activation enthalpy and
R the gas constant. The parameters R take contributions from both
the grain boundaries and the bulk into account.
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The Arrhenius dependencies for all of the compositions accord-
ing to Eq. (1) were shown in Fig. 6. The Arrhenius plots showed a
curvature for all compositions from 300 �C to 900 �C. The samples
gave a smooth curve except for the 11ScSZ, which displayed a dis-
continuity at 600 �C. According to the literature [10,12,13], the dis-
continuity in the Arrhenius plots arose from the phase transition
from rhombohedral to cubic. As was well known, the rhombohe-
dral phase was a low conductive phase [4]. When it transformed
to the highly conductive cubic phase, there was an enhancement
of the conductivity, and a discontinuity appeared in the Arrhenius
plot. The discontinuity of the 11ScSZ sample was appeared in Fig. 6
and the rhombohedral phase was also analyzed by the XRD mea-
surement at room temperature. Together with the in-situ XRD
results of 1Yb10ScSZ whose rhombohedral phase transformed into
cubic phase around 450–500 �C. The discontinuity of the 11ScSZ
sample was probably caused by the phase transition.

The typical transformation temperature from rhombohedral to
cubic phase occurred at around 600 �C [12]. In this study, a small
amount of the rhombohedral phase was detected by XRD in some
samples, such as 4Yb7ScSZ and 6Yb5ScSZ. However, no conductiv-
ity discontinuities were observed. For those compositions, the
phase transition possibly took place below 400 �C, which is beyond
the measured region 400–900 �C. The results of conductivity did
not present discontinuities. Similar results had been observed in
other reports. Chiba et al. [3] found that the transition temperature
from the rhombohedral phase to the cubic phase shifted to a lower
temperature region as the content of Yb2O3 increased. In Ota’s
experiment [20], the phase transition temperature also shifted to
a low temperature region when the content of Ga2O3 was in-
creased. Even for 1Yb10ScSZ, the discontinuities in conductivity
were not observed, though an obvious rhombohedral phase can
be seen in the XRD pattern. All this results showed that the substi-
tution of Yb2O3 for Sc2O3 improved the conductivity of doped
zirconia in the low temperature region. Even the addition of
1 mol% Yb2O3, which was not sufficient to stabilise the cubic phase
to room temperature, also played an important role in enhancing
the low temperature conductivity properties.

The dependence of conductivity on composition in the temper-
ature range from 500 �C to 900 �C is shown in Fig. 7. In the high
temperature region from 700 �C to 900 �C, the conductivities mod-
erately decreased as the content of Yb2O3 increased. The sample of
11ScSZ showed the highest conductivity, 0.099 S/cm, whereas the
11YbScSZ achieved only 0.020 S/cm at 800 �C. In the low tempera-
ture region from 500 �C to 650 �C, the conductivities maintained al-
most a constant value before 3 mol% of Yb2O3 and then decreased
gradually as the content of Yb2O3 increased. All the compositions
containing Yb2O3 showed a higher conductivity than 11ScSZ at
500 �C. These indicated that the addition of Yb2O3 can improve
the conductivity at low temperature by stabilizing the cubic phase.
As is well known, 0.01 S/cm is the threshold value for application
as an electrolyte. All of the compositions that contained Yb2O3

could maintain 0.01 S/cm at 700 �C in our experiment. The
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2Yb9ScSZ and 3Yb8ScSZ compositions could even achieve 0.015 S/
cm at 650 �C. At high temperature, the decrease in ionic conductiv-
ity with increasing Yb2O3 content is in agreement with the results
for the (Y2O3)–(Sc2O3)–(ZrO2) system with 11 mol% stabiliser re-
ported in Ref. [12]. At high temperature, all compositions are cubic
phase. The oxygen vacancy transports in the similar structure. This
phenomenon can be explained mainly by the ionic size mismatch.
The ionic radius of the Yb3+ is larger than that of the Sc3+, which
causes a greater strain energy and also enhances the steric hin-
drance for the free migration of vacancies [24], and thus gives rise
to a decrease of the conductivity with increasing content of Yb3+.
While in the low temperature region, the improvement in conduc-
tivity by substitution of Yb3+ for Sc3+ can be explained by the con-
tribution of the cubic phase stabilisation. As is well known, there
was negative correlation between the conductivity and the activa-
tion energy. The main explanation for conductivity was described
in detail at the next part for the activation parameters.

We know that beside the conductivity, volume changes will oc-
cur with this phase transition during the temperature up and
down. And material can be broken down by volume changes. How-
ever two-phase behaviour is normally observed for 11ScSZ, this
phase transition from rhombohedral to cubic is quite difficult to
prevent. Chiba et al. [3] reported that 2 mol% Yb2O3 was sufficient
to stabilise the cubic structure at room temperature. Though a
small amount of the rhombohedral phase was observed in our
experiment after the addition of Yb2O3, there was no negative ef-
fect on the conductivity in the low temperature regime. Comparing
with 11ScSZ material, substituting the scandia with ytterbium
leads to a lower conductivity at high temperatures, but, at the
same time, it prevents the phase transition from occurring at low
temperatures. In addition, the decrease in the conductivity of
2Yb9ScSZ was slightly lower than that of the sample of 11ScSZ in
the high temperature range from 700 to 1000 �C, which is the typ-
ical operation temperature range for SOFCs. Thus, this system is
very promising for the application as an electrolyte material.

4.2. Activation parameters

It is known that the oxygen vacancies were induced by doping
of ZrO2 with aliovalent cations as charge compensating defects.
The defect formation reaction can be written in Kroger and Vink
notation:

Yb2O3 ! 2Yb0Zr þ V€Oþ 3O�o ð2Þ

Sc2O3 ! 2Sc0Zr þ V€Oþ 3O�o ð3Þ

Due to the coulombic attraction caused by the effective charges
in the lattice, together with the cation polarisability and the strain
energy caused by the different sizes of the host and dopant cations,
complex defect associations can be formed among dopants and the
oxygen vacancies. However, the oxygen ion diffusion at high tem-
peratures in the ZrO2 solid solution may be mainly due to the free
oxide ion vacancies. There have been many models proposed to
calculate the activation energy [25–27]. In the low temperature re-
gion, the activation energy is composed of the oxygen vacancy
migration energy (Em) and association energy (Eass). Kilner and
Brook [26] suggested that the value of Em depends more on the
structure than on the host cation size. The variation of Em is depen-
dent upon the cation type in an isostructural series. The Eass are
strongly dependent on the dopant cation size, and a minimum
may occur when the radius of the dopant equals that of the host.
Mogensen et al. [25] argued that lattice distortion (lattice stress
and deviation from cubic symmetry) due to the ion radius mis-
match is of great importance. The vacancy mobility seems to be
optimised when the deviations from the matching radius are
minimised and the cubic lattice has lower strains and distortions
because the crystal symmetry is maximised and the vacancy–lat-
tice interaction is minimised.

It is widely assumed that, at sufficiently high temperatures, the
complex defect associations are completely dissociated and the
isolated oxygen vacancies can migrate freely. According to this
model, at low temperatures, the activation energy has a significant
contribution from association, while, at high temperatures, the
activation energy is equal to only the migration enthalpy. The dif-
fusion of oxygen vacancies is affected by the elastic strain energy,
which is related to the size mismatch between the host and dopant
cations. Thus, the proposed model should be modified by the elas-
tic strain energy. In our experiment, we selected the prior model
for calculation. We assumed that the oxygen vacancies can migrate
freely at high temperatures, and the migration mainly depends on
the migration energy. We extracted the migration energy at a rel-
atively high temperature where some associations may still exist
as a subdominant role. In the low temperature regime, the activa-
tion energy comprises the oxygen vacancy migration energy (Em)
and the association energy (Eass). It can be expressed as follows:

Low temperature region : Ea ¼ Eass þ Em ð4Þ

High temperature region : Ea ¼ Em ð5Þ

For the low temperature region 400–500 �C and 400–550 �C, we
calculated the activation energy according to Eq. (1), (4) and (5):

Eassð400�500Þ ¼ Eað400�500Þ � Eað800�900Þ; ð6Þ

Eassð400�550Þ ¼ Eað400�550Þ � Eað750�900Þ ð7Þ

The apparent association energy can be obtained from imped-
ance data for the difference between the high and low temperature
activation energies, which is illustrated in Fig. 8, which shows a
plot of the migration energy and association energy as a function
of specimen composition in the temperature ranges 400–500 �C
and 400–550 �C. Correspondingly, the activation energy was ob-
tained from the impedance data in the temperature ranges 400–
500 �C, 400–550 �C, 800–900 �C and 750–900 �C.

As shown in Fig. 8, the migration energy increased and the asso-
ciation energy decreased with an increasing content of Yb2O3. It is
well known that the conductivity is negatively correlated with the
activation energy. In agreement with the conductivities results in
Fig. 8, the Em at 400–500 �C and 400–550 �C, increased when the
content of Yb2O3 increased, corresponding to the Ea in the high
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temperature regions 800–900 �C and 750–900 �C. The conductivity
decreased with increasing migration energy at high temperature. A
similar phenomenon was observed in the Y2O3–Sc2O3–ZrO2 system
[11,12] and the Ga2O3–Sc2O3–Zr2O3 system [20].

The association energy arises from the coulombic attraction
(vacancy and dopant cation), strain energy (ionic radius mismatch,
structural distortion) and steric blocking and may also include
some other blocking energy, such as the hindrance energy caused
by local ordering [28–30]. On the basis of the experimental results,
we suggest that a majority of associations disassociate at high tem-
perature, yet the steric blocking and strain energy caused by ionic
size differences still exist and come to play the dominant role. They
twist the oxygen path, create energy hindrances and finally lead to
low conductivity. Because the radius of Yb3+ is larger than that of
Sc3+, the larger migration energy can thus be expected for high
Yb2O3 contents.

As the system Y2O3–Sc2O3–ZrO2 [11,12] and Ga2O3–Sc2O3–
Zr2O3 [20] mentioned above, no matter the ionic radius is larger
than that of Zr4+ or not, the association energy in the ternary sys-
tem decreased compared to that of the binary system at low tem-
peratures. As Fig. 8 shows the association energy decreased with
the increase of Yb2O3 content. And slight addition of the other
oxide dopant could improve the conductivity. In our research, the
conductivity just showed a trivial increase at 500 �C before 3 mol%
Yb2O3 which is shown in Fig. 7. All this may indicate that, by com-
plex doping, we can lower the association energy at lower temper-
ature. Compositions that distort the crystal structure less by
complex doping could lead to very promising materials for low
temperature operation of SOFCs.

5. Conclusion

The co-precipitation synthesised samples of the ternary system
(Yb2O3)x–(Sc2O3)(0.11�x )–(ZrO2)0.89 (x = 0–0.11) were studied. The
cubic phase was obtained by the substitution of Yb2O3 for Sc2O3

except for the 1Yb10ScSZ sample, which contained the rhombohe-
dral phase. The conductivity decreased gradually in the tempera-
ture region from 800 �C to 900 �C with increasing Yb2O3 content.
However, in the low temperature region from 500 �C to 600 �C,
the conductivity remained at almost the same value when the con-
tent of Yb2O3 was less than 3 mol% and then gradually decreased
with increasing Yb2O3. As for 2Yb9ScSZ and 3Yb8ScSZ composi-
tions, the ionic conductivity of 0.015 S/cm was achieved at
650 �C. The addition of Yb2O3 decreased the association enthalpy
and increased the migration enthalpy. The strain energy and steric
blocking effect arose from the ionic radius difference should ac-
count for this migration enthalpy increase. Based on the consider-
ation of the phase structure, conductivity properties and cost of
raw materials, 3Yb8ScSZ is a potential electrolyte candidate for
applications at low intermediate temperatures.
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