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Abstract
The influence of cobalt doping on the densification and activation energy of Ce0.9Sm0.1O2-δ was studied. Solid

solutions of Ce0.9-xCoxSm0.1O2-δ (x = 0, 0.05, 0.1 and 0.15) were prepared by means of a modified EDTA-glycol
method. It was found that the degree of densification increases with an increasing concentration of cobalt. Almost
full densification could be achieved at a sintering temperature of 1500 °C. The highest density (99.3 %) and minimum
activation energy (0.81 eV) were observed for the composition Ce0.8Co0.1Sm0.1O2-δ.
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I. Introduction
Solid oxide fuel cells (SOFCs) have high power generat-

ing efficiency and are applicable to a wide range of power
supplies, from small-scale distribution power supplies to
large-scale thermal power generation. Low pollution, high
power densities, flexibility in using hydrocarbon fuels are
the advantages of SOFCs1 as they are considered as the
premium power sources for the future. SOFCs operating
at intermediate temperature (< 800 °C) have received in-
creasing attention as the low operating temperatures pro-
long the service life of SOFCs and reduce the cost of ma-
terials processing and cell fabrication2. Solid oxide elec-
trolyte is a key component of SOFCs, affecting cell per-
formance and operating temperature to a large extent. Sol-
id oxide electrolytes based on ceria-doped materials with
sufficient electrical properties are studied as promising
candidate materials for use in intermediate-temperature
solid oxide fuel cells (IT-SOFCs).

At present, doped ceria with a cubic structure exhibits
the highest ionic conductivity in the range of 450-750 °C.
The high ionic conductivity in doped ceria arises from
charge-compensating oxygen vacancies related to alio-
valent cation conditions3. Ceria-based solid electrolytes
doped with various cations like La3+, Gd3+, Sm3+, Pr3+

etc., at different dopant concentrations have been exten-
sively investigated in order to obtain an electrolyte with
high ionic conductivity at reduced temperature. Trivalent
cation enhances the chemical stability and the ionic con-
ductivity while suppressing the reducibility of ceria-based
materials. Among the various dopants studied, gadolinia-
doped ceria (GDC) and samarium-doped ceria (SDC)
have been reported to exhibit the highest ionic conduc-
tivity4. SDC materials show high ionic conductivity5-7,
this is because, as a dopant, Sm3+ cations minimize the
change in the ceria lattice. In addition to descriptions of
singly doped ceria, many studies have reported on co-
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doped samples and results suggest that co-doping may
enhance conductivity even at moderate or intermediate
temperatures8-11. Oxides of transition metal (e.g. Fe2O3,
Co2O3, SrO2, etc.) are some of the co-dopants suggest-
ed for decreasing the sintering temperature as well as for
enhancing the ionic conductivity of ceria-based solid elec-
trolytes. Co has previously been suggested as a sintering
aid for CeO2

12. M. A. Azimova et al. reported that Co
doping is an effective technique for reducing the sintering
temperature required to form dense ceramics13.

In this work, cobalt co-doped Ce0.9Sm0.1O2-δ nanopow-
ders were synthesized. The effect of the Co2O3 co-doping
on crystallite size, relative density and activation energy
was investigated.

II. Experimental

The pure and Co-doped Ce0.9Sm0.1O2-δ materials were
prepared by means of a modified EDTA-glycol method14.
Highly pure Ce(NO3)3.6H2O, Sm(NO3)3.6H2O and
Co(NO3)2.6H2O were used as the precursors. These salts
were mixed independently in de-ionized water. Later all
the solutions were mixed in the correct ratio in order to
form the solid solution of Ce0.9-xCoxSm0.1O2-δ with x =
0, 0.05, 0.1 and 0.15 composition. The calculated quantities
of ethylenediaminetetraacetic acid (EDTA), dilute ammo-
nia and ethylene glycol (EG) were added to the nitrate
solution. The solution so formed was stirred and kept on
a hot plate for heat treatment at 80 °C until it formed a gel-
like mass. The resulting mass was combusted at 300 °C for
2 h, and then calcined at 650 °C for 7 h. The ashes obtained
from calcination were ground in an agate mortar in order
to obtain homogeneous powders. The powders were uni-
axially pressed at 200 MPa into pellets with a diameter of
6 mm and a thickness of 2 mm. The pellets were sintered
in air for 7 h at a constant heating rate (CHR) of 2 °C/min
between 1350 °C and 1550 °C.
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The phase composition was examined with X-ray
diffraction (XRD). The values for the specific surface areas
(SBET) of the calcined powders were measured with the
Brunauer-Emmett-Teller (BET) nitrogen-gas adsorption
method. The densities of green and sintered pellets were
calculated from the mass and dimensions of the samples,
and measured with the Archimedes method in a water
bath. The microstructures of the powders and sintered
samples were examined with a scanning electron micro-
scope (SEM). The average grain size was measured with
the intercept method on the surface of polished and ther-
mally etched sintered samples. The size of at least 300
grains was taken into account. The electrical conductivity
of the samples was measured by applying the impedance
spectroscopy method. The conductivity measurements
were conducted at different temperatures in the range
300-700°C in air. Each side of the sample was coated with
silver paste and the coatings were then dried to produce
solid silver electrode on both sides of the pellet.

III. Results and discussion
All the Ce0.9-xSm0.1CoxO2-δ powders were character-

ized with X-ray diffraction techniques and the XRD pat-
terns are presented in fig. 1. All the samples exhibit a char-
acteristic fluorite structure. A gradual enlargement of the

Fig. 1: XRD patterns of ceria-based powders.

XRD peaks for all the samples was observed with in-
creasing cobalt concentration. In general, a broadening of
peaks indicates a reduction in crystallite size. The diffrac-
tion pattern of all the Co co-doped powders was ob-
served to be similar to that of Ce0.9Sm0.1O2-δ powders.
No extra peaks were observed for Sm2O3 or Co2O3. This
indicates that cobalt ions had properly dissolved in the
Ce0.9Sm0.1O2-δ into the Sm site and a homogeneous solid
solution had formed. It is generally accepted that synthe-

sis of ceramics based on the wet-chemical method is pre-
ferred to those methods employing reactions in the solid
state, because it gives rise to more homogeneous powders
with controlled composition. The crystallite size (D) was
calculated with the Scherrer equation (Eq. 1);

D = 0.9λ/β cosθ (1)

where λ is a wavelength of the radiation, β is full width
at half maxima (FWHM) and θ is the diffraction angle.
Fig. 2 shows the effect of cobalt concentration on the
average crystallite size of Ce0.9-xSm0.1CoxO2-δ samples
calcined at 650 °C. It can be seen that the crystallite
size (calculated from the Scherrer equation) decreases
with increasing cobalt concentration. Table 1 shows
the lattice parameter (a) and the average crystallite size
(D) of the samples synthesized with the EDTA-glycol
method. It was found that the unit-cell lattice parame-
ter of Ce0.9-xCoxSm0.1O2-δ solid electrolytes decreases
steadily with increasing cobalt concentration (fig. 3). Such
a decrease in the unit-cell parameter can be attributed to
the replacement of bigger Ce4+ ions (0.96 Å) by smaller
Co2+ ions (0.83 Å). From the experimental results, it was
concluded that Co2O3 is soluble in a solution of Sm-doped
ceria.

Fig. 2: Crystallite sizes of Ce0.9-xCoxSm0.1O2-δ samples as a func-
tion of co-dopant concentration.

Fig. 3: Lattice parameter (Å) of Ce0.9-xCoxSm0.1O2-δ samples as
function of co-dopant concentration.
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Table 1: Lattice parameter (a), average crystallite size (D), specific surface area (SBET) and average particle sizes (DBET) of
Ce0.9-xCoxSm0.1O2-δ electrolytes

Samples Lattice parameter,
a (Å)

Average
Crystallite size,

D (nm)

SBET
(m2g-1)

DBET
(nm)

Ce0.9Sm0.1O2-δ 5.425 32.34 28.53 29.7

Ce0.85Co0.05Sm0.1O2-δ 5.421 27.67 34.11 27.1

Ce0.8Co0.1Sm0.1O2-δ 5.419 18.09 55.80 13.5

Ce0.75Co0.15Sm0.1O2-δ 5.417 21.00 49.32 16.2

The specific surface area values are presented in Table 1.
The specific area was converted to particle size (DBET)
in accordance with Eq. (2). From the XRD results as
well as the BET measurements, it is clear that with an
increasing concentration of cobalt, particle and crystallite
sizes decrease, while the specific surface area increases.
The possible reason behind this could be the reduction
in the rate of crystal growth in ceria particles caused by
the incorporation of cobalt ions into the cubic lattice of
Ce0.9-xSm0.1CoxO2-δ.

Fig. 4: Relative density of Ce0.9-xCoxSm0.1O2-δ at 1500 °C as a func-
tion of Co concentration (x).

Fig. 5: Relative density of Ce0.8Co0.1Sm0.1O2-δ at different sintering
temperatures.

DBET = 6 × 103/dth SBET (2)

where, dth is the theoretical density of the sample (g/cm3)
and DBET is the average particle size (nm).

The pellets of all the powders were sintered between
the temperatures 1350 °C and 1550 °C. The effect of the
cobalt concentration on the sinterability of the powders
sintered at 1500 °C for 7 h is shown in fig. 4. The rela-
tive density (Table 2) of the samples sintered at 1500 °C
increased with increasing cobalt concentration. The ef-
fect of the sintering temperature on the relative density of
Ce0.8Co0.1Sm0.1O2-δ is shown in fig. 5. As shown in fig.
5, the densification of Ce0.8Co0.1Sm0.1O2-δ electrolytes
increases with the sintering temperature from 1350 °C to
1500 °C; above 1500 °C, the densification decreases.

Fig. 6: SEM micrographs of the surface of Ce0.8Co0.1Sm0.1O2-δ
powder (A and B), Ce0.8Co0.1Sm0.1O2-δ sintered at 1350 °C (C) and
1500 °C (D).

Fig. 6 shows SEM micrographs of Ce0.8Co0.1Sm0.1O2-δ
powders and pellets sintered at 1350 °C and 1500 °C.
Figs. 6A and B show the morphology of the sample at
different magnification scales. It can be seen that the co-
doped ceria powder calcined at 650 °C exhibits foam-like
morphology. The sample sintered at 1350 °C shows rela-
tively high porosity as compared with the sample sintered
at 1500 °C. No pores are observed on the sample surface,
which is consistent with the measured density of the sin-
tered pellet.
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The temperature-dependent conductivity of Ce0.9-xCox
Sm0.1O2-δ electrolytes sintered at 1500 °C was studied
by plotting a logarithmic relationship between log(σT)
and 1000/T. Pure ceria is a mixed ionic and electronic
conductive material. However, the electronic conductiv-
ity of ceria can be significantly reduced with substitu-
tion of metal ions. The electrical conductivity of doped
ceria is influenced by several factors, such as the dopant
ion, the concentration of dopant ion, the oxygen vacan-
cy concentration and enthalpy associated with defects. In
this paper the conductivity of the co-doped samples was
measured in air and treated as oxide ionic conductivity.

Fig. 7: Arrhenius plot for ionic conductivities of
Ce0.8Co0.1Sm0.1O2-δ electrolyte sintered at 1500 °C.

It was found that the total conductivity of the sintered
Ce0.9-xCoxSm0.1O2-δ samples followed the order: x = 0.1
>0.15>0.05>0.0. Fig. 7 shows the temperature dependence
of the total conductivity for Ce0.8Co0.1Sm0.1O2-δ elec-
trolyte. Usually, the oxygen vacancies are created ow-
ing to substitution caused by co-dopant ions, which in-
creases the ionic conductivity. In order to introduce mo-
bile oxygen vacancies into the ceria-based compounds,
tri- or divalent dopants are added. One possible explana-
tion for the increased conductivity with the cobalt concen-
tration is that cobalt ions incorporated into the lattice of
Ce0.9Sm0.1O2-δ create oxygen vacancies.

The activation energy for conduction is obtained by plot-
ting the ionic conductivity data in the Arrhenius relation
for thermally activated conduction. Activation energy can
be calculated in accordance with the Arrhenius equation
(Eq. 3):

σ = σo/T) exp(-Ea/kBT) (3)

where kB is Boltzmann’s constant, σo is a constant relat-
ed to the density of the charge carriers i.e. oxide vacan-
cies, Ea is activation energy for ionic migration. The con-
ductivity of ceria-based compounds in air is mainly due
to oxide ionic conductivity while the contribution of elec-
tronic conductivity is negligible15. On formation of mo-
bile oxygen vacancies, the ionic conductivity dominates
the electronic conductivity. It was observed that the ox-
ide ion mobility increases with increasing temperature,
which in turn increases the conductivity at high tempera-
tures. The activation energy for conduction is obtained by
plotting the ionic conductivity data in Eq. 2. Fig. 8 shows
the variation of activation energy with the cobalt con-
centration in Ce0.9-xCoxSm0.1O2-δ solid electrolytes. It
can be seen that, as the concentration of cobalt increas-
es from x = 0.00-0.1, the activation energy tends to de-
crease from 0.89 to 0.81 eV. The minimum value of acti-
vation energy (0.81 eV) was observed for the composition
Ce0.8Co0.1Sm0.1O2-δ (Table 2). Such a decrease in activa-
tion energy is attributed to the presence of attractive inter-
actions between dopant cations and oxygen vacancies. For
the cobalt concentration x = 0.15 in Ce0.9-xCoxSm0.1O2-δ
electrolytes, the activation energy increases, causing the
reduced oxygen ionic conductivity. The ionic conductiv-
ity depends mainly on the mobile oxygen concentration.
At higher dopant concentration, the reduced ionic con-
ductivity is the result of the formation of local defect
structure11 and lower mobile oxygen vacancy concentra-
tion.

Fig. 8: Activation energy (eV) of Ce0.9-xCoxSm0.1O2-δ electrolytes
(sintered at 1500 °C) as a function of the cobalt concentration.

Table 2: Activation energies (Ea) and relative densities of Ce0.9-xCoxSm0.1O2-δ electrolytes.

Samples Relative density (%)
(sintered at 1500 °C)

Activation Energy
(Ea)

Ce0.9Sm0.1O2-δ 95.4±6.8 0.89±0.05

Ce0.85Co0.05Sm0.1O2-δ 97.5±7.9 0.85±0.03

Ce0.8Co0.1Sm0.1O2-δ 99.3±2.9 0.81±0.02

Ce0.75Co0.15Sm0.1O2-δ 99±5.5 0.86±0.03
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IV. Conclusions

To summarize, Ce0.9-xCoxSm0.1O2-δ nanoparticles were
successfully prepared with the EDTA-glycol method. The
crystal structure of all the samples calcined at 650 °C was
fluorite. The synthesized nanocrystals have the diameters
in the range of 18-32 nm. It was found that the cobalt
concentration in Ce0.9-xCoxSm0.1O2-δ samples affected
the density. The relative density of Ce0.8Co0.1Sm0.1O2-δ
sample was found to be the highest. The formation of
the small particle size of the Ce0.9-xCoxSm0.1O2-δ sam-
ples is the reason for the reduced sintering temperature at
1500 °C. The effects of cobalt co-doping are clearly reflect-
ed by the changes in the density and activation energy of
Ce0.9Sm0.1O2-δ solid electrolyte.
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