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Abstract

Ce0.8Sm0.2�xLaxO1.9 powders, denoted as LaxSDC (for x¼0, 0.01, 0.03, 0.05, 0.07 and 0.1), were synthesized via the mechanical

milling reaction method. The La3þ doping content has a remarkable influence on structural and electrical properties. The phase

identification and morphology were studied by X-ray diffraction (XRD) and scanning electron microscopy (SEM). Lattice parameters

were calculated by the Rietveld method. It was observed that the lattice parameter values in Ce0.8Sm0.2�xLaxO1.9 systems obey Vegard’s

law. The pellets were then sintered at 1500 1C in air for 7 h. The relative densities of these pellets were over 93.7%.The electrical

conductivity was studied using two-probe impedance spectroscopy and results showed that the conductivity of Ce0.8Sm0.2�xLaxO1.9 first

increased and then decreased with La dopant content x. Results also showed that Ce0.8Sm0.17La0.03O1.9 had the highest electrical

conductivity, s700 1C equal to 3.8� 10�2 Scm�1 and an activation energy equal to 0.77 eV. It was therefore concluded that

co-doping with the appropriate amount of La can further improve the electrical properties of ceria electrolytes.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Taking into account its higher ionic conductivity at much
lower temperatures compared to YSZ and its good compat-
ibility with electrodes [1–3], doped ceria has been considered a
better candidate for use as an electrolyte in intermediate
temperature solid oxide fuel cells (IT-SOFC). Among the
currently used doped ceria are those with general formula
Ce1�xMxO2�d for M=Gd3þ , Sm3þ , Y3þ , La3þ ,Nd3þ ,
Eu3þ , Sr2þ , Ca2þ [3–13], etc. These materials have remark-
able properties in terms of structural, electrochemical and
thermal stability. Dopant cations mentioned above introduced
an oxygen vacancy in the lattice as charge compensating
defects and increased the ionic conductivity. However, when
exposed to the reducing atmosphere, their electrical conduc-
tion requires co-doping to obtain acceptable performances and
to improve their electrical properties. So far, some co-doped
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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ceria-based electrolytes, such as Ce0.8Ca0.2�xSmxOy [14],
Ce1�x(Sm0.5Nd0.5)xOd [15], Ce0.8 Gd0.2�xNdxO2�d [16],
Ce0.8Y0.2�xSrxO2�d [17], Ce0.8Gd0.2�xYxO2�d [18] and
Ce0.8�xSm0.2CaxO2�d [19], have been studied. Since Ce0.8
Sm0.2O1.9, Ce0.8Gd0.2O1.9 and Ce0.8La0.2O1.9 were found to
have the highest conductivity [20], Sm and La co-doped ceria
are probably better electrolytes. However, there is still a lack of
research results on these materials.
In this work, Sm3þ and La3þ co-doped ceria materials

were prepared and characterized for the first time.
The effect of co-doping on structure and conductivity
was then studied and compared to singly-doped ceria.
Highly conductive electrolytes were found. The aim was to
develop new ceria-based electrolyte materials to further
improve their ionic conductivity.

2. Experimental

Ce0.8Sm0.2�xLaxO1.9 electrolytes (x¼0, 0.01, 0.03, 0.05,
0.07, and 0.1) were synthesized using the mechanical
ll rights reserved.
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Fig. 1. (a) X-ray diffraction patterns of synthesized Ce0.8Sm0.2�xLaxO1.9

powders calcined at 1350 1C. (b) Shift of (111) and (200) XRD peaks for

Ce0.8Sm0.2�xLaxO1.9 with La content.
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milling reaction method. All starting materials used were
highly pure: cerium oxide (CeO2), 99.99% (Aldrich),
samarium oxide (Sm2O3), 99.99% (Aldrich), and lantha-
num oxide (La2O3), 99.99% (Aldrich). The bibliographic
studies [17,21] can provide some information on this type
of synthesis. However, the experimental protocol generally
requires many stages of calcinations and crushing to
obtain the desired phase. Precursors in stoichiometric
amounts were mixed and ground in ethanol for about
7 h at 200 rpm using zirconium (ZrO2) balls in a planetary
mill (Retsch PM 200). When dried, the resulting powders
were then treated at 1200 1C for 2 h. The as-synthesized
powders were milled again with ethanol for 5 h at 200 rpm,
dried and calcined at 1350 1C for 5 h to give the desired
phase. Finally, grinding the synthesized powders (at 400 rpm/
40 min) gave a better sinterability.

The phase composition of the obtained LaxSDC pow-
ders was identified using X-ray diffraction (XRD) with a
Bruker D8 Advance Germany diffractometer which uses
CuKa monochromatic radiation at room temperature.
The crystalline phase and cell parameters were fitted with
the PANalytical X’Pert High Score Plus program using the
Rietveld method. The average crystallite size (D) was also
defined by using the Scherrer formula: D=0.9l/bcos y.
The morphology and microstructure of LaxSDC were
observed with a scanning electron microscope (SEM,
JEOL.JSM-5400). A laser size analyzer (Malvern Master-
sizer 2000) was used to perform particle size distribution
measurement. The dried powders were ground in an agate
mortar and then pressed to 5 MPa into cylindrical pellets
(12–13 mm in diameter and 0.8–1.5 mm in thickness).
The pellets were then sintered at 1500 1C in air for 7 h
with a heating and cooling rate of 200 1C/h. Experimental
densities of the sintered pellets were determined using a
pycnometer with distilled water and were then compared
to the theoretical values determined from the lattice
parameters.

Electrochemical impedance spectra (EIS) were obtained
using a Hewlett–Packard HP 4192 Analyzer. Impedance
measurements were carried out in an open circuit using
two electrode configurations with a signal amplitude of
50 mV and a frequency band ranging from 5 Hz to
13 MHz. Both pellet surfaces were coated with silver pastes
to act as electrodes and platinum wires attached to the
electrodes were used as current collectors. All these
measurements were performed at equilibrium potential as
a function of temperature (250–700 1C)

In order to obtain the bulk, grain boundary and total
ionic conductivity, the data obtained was analyzed using
the equivalent circuit of the Zview software.

3. Results and discussion

3.1. Crystal structure

Fig. 1(a) shows the XRD patterns of the Ce0.8Sm0.2�x

LaxO1.9 (LaxSDC) solid solutions prepared by the mechanical
milling reaction method and calcined at 1350 1C for 5 h.
It can be seen that all powders were single phased with a cubic
fluorite structure and space group Fm3m (JCPDS powder
diffraction file no. 34-0394). No other peaks attributable to
impurities or other phases were detected. The structural
refinement of the SDC was carried out using the Rietveld
method. The fitting of the XRD pattern of the SDC is shown
in Fig. 2.
Final R-goodness factors were Rp¼4.17, Rwp¼5.75,

Re¼3.74 and w2 (chi2)¼2.37.
The crystallite sizes (DXRD) of the LaxSDC powders,

calculated by the Scherrer formula, were found to be
between 44.5 and 482 nm (Table 1).
It was also found that the position of the diffraction

peaks moved towards lower angles, with x ranging from 0
to 0.1 as shown in Fig. 1(b).This is due to the decrease in
ionic radius in the following order: La3þ (1.15 Å)4Sm3þ

(1.08 Å)4Ce4þ (0.97 Å); thus, the substitution of Ce4þ

with La3þ and Sm3þ in the CeO2 lattice would enlarge
said crystal lattice.
Fig. 3 shows the relationship between the lattice para-

meter for Ce0.8Sm0.2�xLaxO1.9 and the doping content.
This can be expressed as a(x) ¼0.1738xþ5.4449. As it can
be seen, the lattice parameter increases linearly with
increasing lanthanum content, which is found to obey
Vegard’s rule [15,22]. Therefore, the increased lattice para-
meter testifies that samarium and lanthanum are indeed in
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the ceria crystal lattice. These results are similar to previous
work [23,24].
3.2. Microstructure

The sintered density was determined using the Archimedes
principle which was described in our previous work [25].

The equation used for calculating the theoretical density
(DC) is as follows:

Dtheo ¼
4xMLa þ4ð0:2�xÞMSmþ3:2MCeþ7:6MO

NA½aðxÞ�
3

ð1Þ

where MLa, MSm, MCe and MO represent the atomic weights
of doping cations, cerium and oxygen, NA is the Avogadro
number and a is the calculated lattice parameter.

Table 1 summarizes the calculated density (Dc), the
measured sintered density (Dm) and the relative density
(Dm/Dc) of the Ce0.8Sm0.2�xLaxO1.9 series. It can be seen
that the measured densities for all sintered samples were
between 93.7% and 95.9%, relative to the theoretical
value. As shown in Table 1, it was necessary to submit
all sample powders to ultrasound vibrations for 20 min in
order to dissociate the largest agglomerates. A monomodal
particle distribution was then obtained with the width of
Fig. 2. Rietveld analysis of the Ce0.8Sm0.2O1.9 doped ceria fluorite. Peak

position and the differences between observed and calculated profiles

are shown.

Table 1

Measured and calculated properties of the Ce0.8Sm0.2�xLaxO

Composition DXRD (nm) S a (Å)

SDC 44.5 1.98 5.444

La0.01SDC 120.6 1.42 5.447

La0.03SDC 482.1 1.07 5.451

La0.05SDC 69.5 1.42 5.454

La0.07SDC 240.1 1.31 5.457

La0.1SDC 372.5 1.17 5.462
the size distribution (S) lying between 1.07 and 1.98 mm.

S¼
d90� d10

d50
ð2Þ

where d10, d50 and d90 are the particle sizes when the
accumulative distributions are10%, 50% and 90% respec-
tively. The powders have a severe agglomeration and broad
size distribution as shown in Fig. 4. The SEM micrograph of
LaxSDC (x¼0–0.1) samples sintered at 1500 1C for 7 h is
1.9 series.

Dc (g cm�3) Dm (g cm�3) Dm/Dc (%)

7.076 6.69 94.5

7.064 6.71 95.0

7.043 6.72 95.4

7.022 6.72 95.7

7.001 6.64 94.8

6.968 6.53 93.7

Fig. 3. Dependence of the lattice constant on the La content in co-doped

ceria electrolytes.

Fig. 4. SEM of prepared Ce0.8Sm0.2O1.9 powder calcined at 1350 1C for 5 h.
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shown in Fig. 5. The micrograph shows that the samples of
SDC and La0.01SDC (Fig. 5a–b) were found to be very
porous, the pores of which were continuous and open.
In contrast, the La0.03SDC and La0.05SDC samples
(Fig. 5c–d) were denser. The grains were very close to each
other and the grain boundary was very clear, which is
consistent with the relative density values given in Table 1.
As for the La0.07SDC and La0.1SDC samples (Fig. 5e–f), it
can be seen that said grains have a non-uniform size and that
pinholes appear at grain boundaries. However, these pinholes
were attributed to the oxygen release reaction, according to
Li et al. and Yao et al. [16–26]. The average grain size for all
samples is lower than 3.5 mm.

3.3. Electrical characterization

AC impedance spectroscopy is widely employed to obtain
information related to the electrical behavior of grains, grain
Fig. 5. SEM photographs of the samples sintered at 1500 1C for 7 h in air: (a

(f) La0.1SDC.
boundaries and electrode response. A typical impedance
spectrum measured at 300 1C under air for the LaxSDC
(x=0–0.1) pellets with equivalent circuit is illustrated in
Fig. 6. The data of the electrochemical impedance spectra
(EIS) was fitted to the equivalent circuit of the Rs (Rb CPEb)
(Rgb CPEgb) (Rel CPEel) type shown in Fig. 6, where Rs is the
ohmic resistance of the LaxSDC electrolyte and the three
series connected elements (R//CPE). R is resistance and CPE
is a constant phase element representing time-dependent
capacitive elements. The first component, (Rb CPEb), appears
as a semi-circle in the high-frequency region, the second one,
(Rgb CPEgb), as a semi-circle in the medium-frequency region
and the third one, (Rel CPEel), as an incomplete semi-circle in
the low-frequency region. This pattern can be attributed to
the grains, the grain boundaries and the electrochemical
response of the silver electrode, respectively. The amplitude
of this arc is thermally dependent and increases with
decreasing La proportion.
) SDC, (b) La0.01SDC, (c) La0.03SDC, (d) La0.05SDC, (e) La0.07SDC and



Fig. 7. (a) Temperature dependence of grain conductivity obtained

for the.Ce0.8Sm0.2�xLaxO1.9 electrolyte sintered at 1500 1C for 7 h.

(b). Temperature dependence of grain boundary conductivity obtained

for the Ce0.8Sm0.2�xLaxO1.9 electrolyte sintered at 1500 1C for 7 h.
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For a pellet with thickness, d, and section area, S, the
total, bulk and grain boundary conductivities were calcu-
lated using the following relation:

si ¼
1

Ri

�
d

S
ð3Þ

where Ri (i¼b, gb, tot) is the resistance obtained from
impedance spectra. In this work, the total conductivity
values that will be presented are the sum of the bulk and
grain boundary conductivities which are calculated from
this equation:

1

stot
¼

1

sb

þ
1

sgb
ð4Þ

Activation energies (Ea) were obtained by fitting the
conductivity data to the Arrhenius relation for thermally-
activated conduction, which is calculated using the follow-
ing equation:

s¼
s0
T

exp �
Ea

kT

� �
ð5Þ

where s, s0, Ea, k and T are the conductivity, pre-exponential
factor, activation energy, Boltzmann constant and absolute
temperature, respectively.

Substitution of the ceria by rare-earth and other triva-
lent and divalent oxides produces oxygen vacancies in
the lattice giving rise to ionic conduction [27]. As given by
Eqs. (6) and (7), written in the Kroger–Vink notation, the
addition of lanthanum and samarium to CeO2 induce the
formation of oxygen vacancies

La2O3 -
2CeO2

2La0CeþV €Oþ3
x
O ð6Þ

Sm2O3 -
2CeO2

2Sm0CeþV €Oþ3
x
O ð7Þ

Fig. 7(a and b) shows the temperature dependence of
grain conductivity and grain boundary conductivity
for Ce0.8Sm0.2�xLaxO1.9 electrolytes, respectively, in the
200–450 1C temperature range. It can be seen that grain
conductivity and grain boundary conductivity are higher
Fig. 6. Impedance spectra and equivalent circuit of Ce0.8Sm0.2�xLaxO1.9

sintered at 1500 1C for 7 h at the measured temperature of 300 1C in air.
than the corresponding Sm singly-doped ceria conductiv-
ity, suggesting that a co-doping effect exists. Grain con-
ductivity (sb) for all the samples is higher than the grain
boundary conductivity (sgb). It can also be observed in
Table 2 that the grain boundary activation energy is higher
than the grain activation energy. This confirms the block-
ing effect of grain boundaries [19,28].
As reported in literature, the grain boundary resistance

is created by the presence of contaminants and the
depletion of oxygen vacancy concentrations in space
charge layers [15,19,28]. As shown in Fig. 7(a), the ionic
conductivity of grains increases with increasing lanthanum
content up to 3 mol% For a higher concentration of La3þ

(y40.03) said ionic conductivity decreases. This is prob-
ably due to the dissolution of La2O3 in the ceria. Dissolu-
tion of La3þ ions in a samarium-doped ceria sample will
produce a higher activation energy and hence a lower
conductivity. Li et al. [15] also proved that the improve-
ment of grain conductivity for Ce0.9 (SmxNd1�x)0.1O1.95

systems mostly lies on the improvement of ln s0.



Table 2

Activation energies and conductivity of Ce0.8Sm0.2�xLaxO1.9 electrolytes.

Samples Activation energy (eV) Conductivity (10�2 S cm�1)

Eb Egb Etot stot at 700 1C

200–450 1C 200–450 1C 200–450 1C 500–700 1C

SDC 0.83 0.94 0.84 0.96 1.19

La0.01SDC 0.87 0.94 0.99 0.55 1.51

La0.03SDC 0.97 1.02 1.09 0.77 3.80

La0.05SDC 1.00 1.09 1.09 0.86 2.39

La0.07SDC 1.00 1.02 1.03 0.75 2.23

La0.1SDC 0.91 1.06 1.07 0.64 1.11

Fig. 8. Plot of the total conductivity as a function of the La content at

different temperatures for the Ce0.8Sm0.2�xLaxO1.9 series sintered at1500 1

C for 7 h.

Fig. 9. Temperature dependence of total conductivity obtained for the

Ce0.8Sm0.2�xLaxO1.9 electrolyte sintered at 1500 1C for 7 h.
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Fig. 8 shows the isothermal plots of total conductivity
versus lanthanum content at different temperatures. The
conductivity of Ce0.8Sm0.2�xLaxO1.9 first increased
(xo0.03) and then decreased (x40.03) with Nd dopant
content x. Ce0.8Sm0.17La0.03O1.9 exhibits the highest elec-
trical conductivity throughout the whole temperature
range, 250–700 1C. The observed conductivity of this
composition was equal to 0.038 S cm�1 at 700 1C, which
was higher than 0.0119 S cm�1 found for the single-doped
ceria Ce0.8Sm0.2O1.9 at 700 1C and also higher than what
was reported in literature [29]. Moreover, the conductivity
value was also higher than that of single-doped Ce0.85
La0.15O2�d found in literature [21].We can once again see
that the samarium single-doped sample (SDC) exhibits the
smallest ionic conductivity throughout the entire tempera-
ture range (250–700 1C) studied.

As shown in Fig. 8, the difference between total
conductivities of LaxSDC samples decreases with the
increase of temperature. According to Cioateră et al.
[27], this behavior might be due to an increase in the
concentration of charge carriers arising from trivalent
doping at high temperatures.
The total electrical conductivity at 700 1C and the
activation energy values for two temperature regions are
given in Table 2. It can be seen from Table 2 that the
activation energy increases with increasing La dopant
content x in the lower temperature ranges. This may be
due to the formation of both, order clusters and local
ordering [15]. However, the decrease of the activation
energy at higher temperature ranges is due to the
dopant-oxygen vacancy complex dissociating completely
to free a dopant cation and oxygen vacancy, which is
consistent with the observations of Ozdemir et al. [14].
This decrease is due to the presence of attractive interac-
tions between dopant cations and oxygen vacancies [19,28].
Fig. 9 shows the Arrhenius plot of the total electrical

conductivity for the samples with different lanthanum
contents in the temperature range 250–700 1C. It can be
seen that the addition of La improves the ionic conductiv-
ity. The Ce0.8Sm0.17La0.03O1.9 sample obviously possesses
the highest total ionic conductivity, in consistency with
Fig. 8.
As can be seen in Fig. 9, the Arrhenius plot shows a

significant curve which is usually interpreted as a transition
from associated to dissociated behavior of the defect
cluster or complex. This curvature is observed at around
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400–500 1C, and arises from the differences in the conduc-
tion mechanism due to the changes in the behaviors of the
defect at low (200–450 1C) and high (500–700 1C) tem-
peratures. Furthermore, the gradient change in the Arrhe-
nius plot for the Ce0.8Sm0.2�xLaxO1.9 compositions can be
observed, and which has previously been found for
numerous doped ceria solid solutions, such as Ce1�xGdx

O2�d [8], Ce1�xSmxO2�d [20], Ce1�xNdxO2�d [4], and
Ce1�xYxO2�d [10], and for co-doped ceria solid electro-
lytes too, including Ce0.8Sm0.1Ln0.1O1.9 [25], Ce1�x(Sm0.5

Nd0.5)xOd[15] and Smx/2Ndx/2Ce1�xO2�d [30]. This means
that is in the low temperature region, activation energy
(Ea) equals the migration energy (Emg) and the defect
association energy (Eas), because the oxygen vacancy
associated with the dopant is trapped on account of the
association of defects to form defect complexes. Accord-
ingly, both the association and migration energies of the
system influence the conduction mechanism. But the high
temperature region is only associated with the migration
energy, because oxygen vacancies are assumed to be
mobile [19,30,26]. It can also be noted that the difference
between the total conductivities of Ce0.8Sm0.2�xLaxO1.9

samples increases at high temperatures. At a low dopant
concentration, most of the oxygen vacancies Vö are
probably mobile while at high dopant concentrations,
defect associations localized near the dopants begin to
form at the expense of oxygen vacancies [27,31].

If the conductivity of the La0.1SDC compound (0.038
S/ cm) in this paper is compared to that prepared with
citric acid-nitrate (0.0659 S/cm) [25], it can be seen that the
preparation method affects the electrical properties.
4. Conclusions

Lanthanum (La) and samarium (Sm) co-doped ceria
systems Ce0.8Sm0.2�xLaxO1.9 (x¼0.00, 0.01, 0.03, 0.05,
0.07 and 0.1) are successfully synthesized through the
mechanical milling reaction method. Dense ceramics are
obtained by sintering the pellets at 1500 1C for 7 h.
The relative densities are over 93% of the theoretical density
and these results are consistent with the SEM studies.
The lattice parameter increases linearly with increasing La
content. The ionic conductivity of co-doped ceria samples is
higher than for singly-doped ceria. The Ce0.8Sm0.17La0.03
O1.9 sample gave the highest conductivity value of 0.038 S
cm�1 at 700 1C. These co-doped ceria materials can be used
as possible electrolyte material for IT-SOFC applications.
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