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bstract

In the present work the structural and electrical properties of samarium-doped barium cerate perovskites of BaCe1−xSmxO3−� formula (with
= 0–0.2), prepared by following the solid state reaction method, are investigated. The crystal structure and microstructure of the samples is
etermined by employing the techniques of X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). According to the XRD analysis at
≤ x≤ 0.2 the formed continuous series of BaCe Sm O solid solutions have the structure of cubic perovskite with orthorhombic distortions.
1−x x 3−δ

t was found that the relative density of the samples is ∼87% for 0.02 < x < 0.05 and ∼94% for 0.05 < x < 0.25. It was also found that the highest
onductivity is observed for x = 0.15. Finally, the thermal expansion of BaCe1−xSmxO3−δ (x = 0–0.2) is studied and the thermal expansion coefficients
or the high temperature region are calculated.
ublished by Elsevier B.V.
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. Introduction

Doped barium cerate (BaCeO3) materials are considered
s promising electrolytes for solid oxide fuel cells (SOFCs)
perating at low and intermediate temperatures. The protonic
onductivity of these materials and their application in SOFCs
ere first investigated by Iwahara et al. [1,2], although the

ubic BaCeO3 structure and its orthorhombic phase [3,4] were
eported decades earlier. The structural phase transitions of
aCeO3 have been investigated by Knight [5] who found a

hree structural phase transitions of BaCeO3; with the increase
f temperature the crystal structure changes from orthorhombic
mcn to orthorhombic Incn at 563 K, the first-order transition

rom Incn to rhombohedral F32/n at 673 K and the second-order
ne from rhombohedral to cubic Pm3m at 1173 K. Recently,
any studies have been devoted to the investigation of the doped
arium cerates’ structure, transport properties and chemical sta-
ility [6–12], as well as to their application in fuel cells [13–20].
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Barium cerates BaCe1−xRxO3−δ, doped in the cerium posi-
ion by R3+ (where R3+ represents a cation of rare-earth element)
elong to a group of electrolytes that exhibit protonic conduc-
ion [21]. It is known that temperature and atmosphere influence
he transport properties of most of the ionic conductors.

The incorporation of trivalent dopants into the BaCeO3 struc-
ure, results in the introduction of oxygen vacancies, which react
n turn with oxygen to produce electron holes in an oxygen rich
tmosphere, as follows:

CeX
Ce + OX

o +M2O3 → 2M′Ce + V••o + 2CeO2 (1)

1

2
O2 + V••o

K1←→Ox
o + 2h• (2)

t the first stage, a number of authors suggested the following
echanism of proton conductivity appearance in a hydro-

en/water rich atmosphere [22,23]:

2O+ V••o ↔ 2H•i + Ox
o (3)
fterwards, the following mechanism was proposed for the
ncorporation of protons [24,25]:

2O+ V••o + OX
o

K2←→2OH•o (4)
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roton is a positively charged elementary particle, whose size is
anishingly small compared with other lattice ions. In the lattice
f oxides, the proton is localized near an oxygen ion [26–28];
oreover, it inserts itself in the electron sheath of the oxygen

on [29]. Thus, an interstitial proton may be represented as an
H− group that occupies an oxygen point, i.e. OH•o [30]. In the
ork of Scherban et al. [31] the presence of OH group in the
aCeO3 lattice was found by infrared spectroscopy.

In general, the conductivity in mixed conductors is related to
efects acting as effective charge carriers [32], which in this case
onsist of oxygen vacancies, electron holes and protons, leading
o oxygen ion, electronic and proton conductivity, respectively:

Total =
∑

σi =
∑

qiCiBi (5)

here σi is the conductivity component contributed by charge
arrier species i, Ci is the concentration of the charge carrier, qi is
he charge and Bi is the mobility of charge carrier species i. The
atter is mainly affected by temperature only, while by modifying
he composition or the suitable physical parameters capable of
arying the defect concentrations, the transport properties can
e enhanced.

The concentration of protons can be derived from Eq. (3)
ccording to [33]:

H•] = K1/2[V••o ]1/2P
1/2
H2O (6)

here K is the equilibrium constant of Eq. (3), [H•] and [V••o ] are
he concentrations of protons and oxygen vacancies, and PH2O
he partial pressure of water vapor.

As mentioned above, doped barium cerates (BaCe1−x

xO3−δ) can be used as electrolytic materials in solid oxide
uel cells [34]. One of the advantages of these materials’ use
n SOFCs is the higher obtained efficiency in comparison with
he efficiency of the oxygen-ion electrolyte based ones [35–37].

oreover, proton conduction in BaCeO3 follows the hopping
echanism, which results in lower activation energy due to the

mall size of proton [38]. Additionally, the electronic conduc-
ivity of barium cerates is much lower than that of other solid
lectrolytes, for example, doped ceria under the operating con-
itions, and thus, the cell EMF, power output and conversion
fficiency could be significantly improved [39].

A number of works with respect to BaCeO3 based oxides
ave already been published [40–42]; however, with remarkable
ifferences in the reported conduction properties among them.
lthough the factors affecting the conduction properties of this

ype of electrolyte are very complex, it may be considered that
ts properties are influenced by the type and the content of the
opant, as well as by the preparation method of this material.
sually, in order to prepare a doped barium cerate powder, the

onventional solid state reaction method is used, consisting of
alcining mixtures of the initial materials in the form of oxides
nd carbonates at elevated temperatures (≥1000 ◦C), followed
y sintering the powder compacts at 1600 ◦C [43].
One of the possible dopants for barium cerates is samarium.
n the literature, there are only few works devoted to the prepara-
ion [44–46] and utilization of this material in SOFCs [46–49].
nitially, the majority of tests were made using single fuel cells

T
a
A
a
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ased on barium cerate with Pt or Ag electrodes and some-
imes with Ni anodes [34]. Recently, many researchers have
nvestigated the operation of single fuel cells with electrodes of
ase metals [46,47,50]. Iwahara et al. [46] studied hydrogen-air
uel cells based on samarium-doped barium cerate using vari-
us oxides as the cathode and porous nickel as the anode. In the
ork of Ranran et al. [47] it was demonstrated that the maxi-
um power density of 340 mW cm−2 was obtained at 700 ◦C,

sing the single cell with the BaCe0.8Sm0.2O2.9 (BCSO) elec-
rolyte of 50 �m in thickness, with Ba0.5Sr0.5Co0.8Fe0.2-BSCO
s the cathode and Ni-BCSO as the anode. The conductivity
f BaCe0.8Sm0.2O2.9 under the cell operating conditions was
.00938 S cm−1 at 700 ◦C. Kuzin et al. [50] have also studied
he electrochemical characteristics of a single fuel cell based
n BaCe0.9Nd0.1O3−δ electrolyte with non-precious electrodes
nickel-cermet anode and La0.8Sr0.2MnO3 cathode). In the work
f Maffei et al. [14] the operation of a direct ammonia fuel cell
tilizing a BaCe0.8Gd0.15Pr0.05O3 solid electrolyte was investi-
ated employing BaCe0.85Eu0.15O3 and Ni cermet as the anode.

Hibino et al. [51] investigated the performance of a 3wt%
d-loaded FeO/25 mol% Y3+-doped BaCeO3/Ba0.5Pr0.5CoO3
olid oxide fuel cell in the temperature range of 350–600 ◦C.
t was found that the overpotentials of the Pd-loaded FeO anode
nd the Ba0.5Pr0.5CoO3 cathode at 600 ◦C were less than one-
ourth those of a Pt electrode. Moreover, the BCY25 electrolyte
xhibited higher ion conductivities than 8 mol% yttria-stabilized
irconia below 800 ◦C and 20 mol% Sm3+-doped ceria (SDC)
elow 600 ◦C, having as a consequence the smallest ohmic resis-
ance loss during cell discharge below 600 ◦C among the three
lectrolytes.

In the work of Iwahara et al. [46] it was found that the total
onductivity of the BaCe1−xSmxO3−δ system in hydrogen atmo-
phere increases with the increase of samarium content and
eaches a maximum approximately at x = 0.2. Furthermore, its
alues are higher than those measured for BaCe0.9Nd0.1O3−δ

nd SrCe0.95Yb0.05O3−δ. Sharova et al. [45] found that the
onductivity of BaCe1−xSmxO3−δ is two orders of magnitude
reater than the conductivity of pure BaCeO3.

In the present work samarium oxide as the dopant material
as chosen and the influence of this dopant’s amount on the elec-

rical and thermal properties of the BaCeO3 based electrolyte
as investigated.

. Experimental

The samarium doped barium cerates (BaCe1−xSmxO3−δ)
ere prepared by solid-state synthesis using high-purity CeO2,
m2O3 and BaCO3. The corresponding nominal formation reac-

ion is:

BaCO3+ (1−x)CeO2+ x/2Sm2O3

→ BaCe1−xSmxO3−δ+CO2↑ (7)
he powders of the initial materials were ground in the appropri-
te proportions and mixed in an agate mortar with ethanol for 1 h.
fterwards they were calcined at 1400 ◦C for 3 h with a heating

nd cooling rate 300 ◦C h−1. Then the powders were ground and



ower Sources 181 (2008) 207–213 209

p
s
(
f
o
a
s
3

g
r
c

ρ

w
t
s

ρ

w
t
f

ρ

T
a
o
L

b
h
P
o
a
t
n
v
M
m

f
m
l
w
a
c
t

α

w

F
3

3

f
h
t
p
c
s
i
i
e
w
s
d
o
0

s
t
G

t

w
i
t
d
c
cases, t varies between 0.75 and 1 [54]. The tolerance factors
of the present BaCe1−xSmxO3−δ samples vary from t = 0.83 to
0.84 and are consistent with their observed non-cubic structures.

Table 1
Lattice constants and unit cell volume of the samples
E. Gorbova et al. / Journal of P

repared in the form of sheets by rolling with the addition of 5%
olution of natural rubber in a mixture of acetone and gasoline
60/40). The samples of 20 mm× 5 mm× 2 mm size were cut
rom the sheets with subsequent calcinations for the elimination
f the organic binders at 900 ◦C, with a heating rate of 90 ◦C h−1

nd a cooling rate of 300 ◦C h−1. Thereafter, the samples were
intered at 1600 ◦C for 3 h in air with a heating/cooling rate of
00 ◦C h−1.

The phase identification of the sintered samples was investi-
ated by employing the X-ray Diffraction technique by Cu K�
adiation (DMAX-2500, Rigaky Co. Ltd., Japan). The theoreti-
al density of the crystals was calculated by using the formula:

theor = M

NaV
(8)

here M is the molecular mass of a formula unit (g mol−1), Na
he Avogadro number and V the unit cell volume (cm3). The
amples’ density was calculated by the well know equation:

= m

V
(9)

here m is the weight of the sample (g) and V the volume of
he sample (cm3). The relative density was calculated by the
ormula:

rel = ρ

ρtheor
(10)

he microstructure of the samples, i.e. well-polished surface
fter thermal etching, was investigated by using the technique
f Scanning Electron Microscopy (SEM) (Model: JSM-5900
V).

The electrical conductivity measurements were carried out
y employing the four-point dc technique in wet air and wet
ydrogen atmosphere in the temperature range of 600–900 ◦C.
latinum paste stripes, deposited on the inner and outer surface
f an YSZ tube and connected with platinum wires, were used
s the electrochemical oxygen pump and the oxygen sensor. On
he samples’ surface four Pt electrodes were deposited and con-
ected with Pt wires. The one pair was used in order to apply
oltage with an electrochemical station (AMEL instruments
odel 2053). The second pair of electrodes was connected to a
ultimeter in order to register the voltage of the samples.
The thermal expansion was measured in air during heating

rom 25 to 900 ◦C, by using a quartz dilatometer with digital
icrometer on the ceramic samples BaCe1−xSmxO3−δ of 20 mm

ength. The micrometer sensitivity was 1 �m. The measurements
ere conducted both during heating and cooling process with

constant rate of 180 ◦C h−1. The thermal expansion coeffi-

ient (TEC), α, was determined by graphic differentiation of the
emperature dependence of the samples’ expansion:

= 1

L0

dL

dT

∣∣∣∣
T

(11)

here L0 is the sample’s length at room temperature.

x

0
0
0
0
0

ig. 1. XRD patterns of BaCe1−xSmxO3−δ (0≤ x≤ 0.2) sintered at 1600 ◦C for
h.

. Results and discussion

According to the XRD analysis (Fig. 1), at x = 0–0.2, the
ormed continuous series of solid BaCe1−xSmxO3−δ solutions
ave the structure of cubic perovskite with orthorhombic dis-
ortions, while the sample with x = 0.25 shows mixed phases of
erovskite and BaSm2O4. The lattice parameters and the unit
ell volume determined by the XRD analysis of the sinters are
hown in Table 1. The volume of the BaCe1−xSmxO3−δ unit cell
s (340± 1)× 10−3 nm3 and is practically independent of samar-
um content. The unit cell volume for BaCe0.85Sm0.15O3−δ is
qual to 340.99× 10−3 nm3 (Table 1), which is in accordance
ith the one reported in the work of Wu [52]. The synthe-

ized ceramic was gray. Starting from x = 0.05, it was vacuum
ense, practically without open porosity. The relative density
f the samples was ∼87% for 0.02 < x < 0.05 and ∼94% for
.05 < x < 0.25.

Based on the geometric packing of the charge spheres, the
tability of the ABO3 perovskite structure is determined from
he ionic radii, rA, rB and rO, and can be characterized by the
oldschmidt tolerance factor:

= (rA + rB)

[
√

2(rB + rO)]
(12)

here ri is the ionic radius of the i-th atom [53]. In general, the
deal cubic perovskite structure is formed when t is very close
o unity. However, a large number of perovskite structures are
istorted to orthorhombic, rhombohedral or tetragonal which
an be approximated as cubic when t deviates from 1. In most
in BaCe1−xSmx03–δ Parameters of unit cell, nm Volume, nm

a b c

0.8791 0.6247 0.6206 0.34081
.05 0.8799 0.6233 0.6218 0.34102
.1 0.8787 0.6231 0.6214 0.34016
.15 0.8786 0.6235 0.6224 0.34099
.2 0.8789 0.6237 0.6226 0.34122
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as in air. However, the conductivity of all samples in hydrogen is
lower, than the samples’ conductivity in air due to the presence
of hole conductivity in the latter case. In atmosphere containing
oxygen with high partial pressure, these samples have revealed

Table 2
The activation energy of conduction in wet air and in wet hydrogen

x, in BaCe1−xSmxO3−δ Ea (eV) in interval of temperatures

600–750 ◦C 750–900 ◦C

Wet air Wet H2 Wet air Wet H2

0 0.790 1.220 0.741 1.460
0.02 0.600 0.677
0.05 0.568 0.216 0.718 0.347
0.1 0.469 0.214 0.614 0.420
ig. 2. SEM micrographs of the BaCexSm1−xO3−δ, sintered at 1600 ◦C for 3 h;
aCe0.95Sm0.05O3−δ (a), BaCe0.9Sm0.1O3−δ (b), BaCe0.85Sm0.15O3−δ (c).

Fig. 2 shows the SEM micrographs of BaCe Sm O
1−x x 3−δ

amples with different contents of Sm doping, i.e. 5, 10,
5 mol% (mol% refers to the cation content in B position).
he BaCe0.95Sm0.05O3−δ sample has an average grain size of

0
0
0

ig. 3. Effect of temperature on the conductivity of BaCe1−xSmxO3−δ in wet
ir.

1 �m, while the average grain size increases with the increase
f Sm content; for BaCe0.9Sm0.1O3−δ the average grain size is
�m and for BaCe0.85Sm0.15O3−δ more than 4 �m.

As it can be seen in Fig. 3, the temperature dependences of
aCe1−xSmxO3−δ conductivity on air are in general non-linear.
heir slopes decrease slightly with the decrease of temperature.
he observed non-linearity may be attributed to the change of the
onduction mechanism, due to the change of the ratio between
he effective charge carriers’ (holes, protons and oxygen ions)
ransfer numbers, which vary with temperature and gas com-
osition, as well as to phase transitions. However, part of these
ependencies at 600–750 ◦C and 750–900 ◦C may be consid-
red as linear, which makes it possible to calculate the activation
nergy of conductivity for BaCe1−xSmxO3−δ. Table 2 shows the
alues of activation energy calculated from the slopes of the con-
uctivity values in wet air and in wet hydrogen atmospheres. The
aximum value of conductivity in air atmosphere is reached

n the case of 0.15 mol% Sm at 900 ◦C and corresponds to
8 mS cm−1, while at the same temperature the undoped sample
xhibits only 5 mS cm−1.

As can someone observe in Fig. 4 the conductivity of
aCexGd1−xO3−δ in wet hydrogen increases in the same order
.12 0.442 0.541

.15 0.426 0.210 0.521 0.492

.2 0.374 0.212 0.587 0.493
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ig. 4. Effect of temperature on the conductivity of BaCe1−xSmxO3−δ in
et hydrogen; Inset Figure: Effect of x on activation energy (Eact) for
aCe1−xSmxO3−δ, in wet hydrogen for two temperature intervals.

p-type conduction (hole conduction). When hydrogen is intro-
uced into the atmosphere, the contribution of hole conduction
ecreases and proton conduction appears [55].

In the inset figure in Fig. 4 the activation energy is shown as
function of x for the temperature regions of 600–750 ◦C and
50–900 ◦C, because the temperature dependencies of conduc-
ivity in hydrogen may be considered as linear at these regions. In
he high temperature region, Ea increases with the increase of Sm
ontent and reaches the value of 0.49 eV at x = 0.15, while in the
ange of 600–750 ◦C the activation energy practically does not
hange. Most probably, the minor change of activation energy
ith the increase of Sm content in the range of 750–900 ◦C can
e attributed to a change in the ratio between the hole, proton and
xygen transfer numbers, which can vary with the temperature
hange, as well as to phase transitions.

The isotherm dependence of conductivity on the dopant’s
oncentration (x in BaCe1−xSmxO3−δ) in wet hydrogen is shown
n Fig. 5. At low dopant concentrations, the conductivity of the

amples increases with the increase of the dopant’s level and
eaches its maximum values of 29 mS cm−1 and 9.5 mS cm−1 at
00 ◦C and 600 ◦C for 15 mol% Sm respectively.

ig. 5. Effect of Sm doping (x) on the conductivity of the BaCe1−xSmxO3−δ

amples in wet hydrogen, at different temperatures.
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As it was mentioned above, the total conductivity of the
aCe1−xSmxO3−δ system in wet air increases with the increase
f samarium content and reaches a maximum at x = 0.15 with val-
es of 0.0475 S cm−1 and 0.0778 S cm−1 at 800 ◦C and 900 ◦C,
espectively (Fig. 3). The conductivity of BaCe0.8Sm0.2O3−δ

t 800 ◦C is considerably lower, being equal to 0.0295 S cm−1.
imilar data have been reported by Chakroborty et al. [44] for

he same system BaCe0.8Sm0.2O3−δ; its conductivity in air was
.0279 S cm−1 at 800 ◦C.

The observed increase of conductivity with the increase
f dopant’s concentration up to the composition correspond-
ng to the maximum conductivity, can be explained by the
ccompanying increase in the vacancy concentration (δ in
aCe1−xSmxO3−δ). An increase in free vacancy concentra-

ion generally results in enhanced ionic conductivity, although
acancy concentration has been observed to be temperature and
opant size dependent due to the dopant cation–vacancy asso-
iation.

As can someone observe in Figs. 3 and 4 for compositions
f x more than 0.15 the conductivity decreases noticeably as
he dopant concentration increases. Wang et al. [56] supposed
hat the decrease in ionic conductivity after the maximum value
s due to the formation of neutral complexes in the form pro-
osed by Reichel et al. [57]: (Y′CeV·O) or (Y′CeV··OY′Ce). It could
e assumed that these complexes are formed according to the
ollowing reactions:

m′Ce + V··O = (Sm′CeV··O)· (13)

Sm′Ce + V··O = (Sm′CeV··OSm′Ce) (14)

imilar complexes can be formed with the proton participation
nd they can also influence the proton (as well total) conductiv-
ty. Sharova and Golelov [58] assumed that the part of oxygen
ransport upon doping increases faster than that of protonic,
robably because substitutional defects Nd′Ce may trap protons:

d′Ce + H.
i = [Nd′CeH.

i]
x (15)

n the present case the analogical processes can take place:

m′Ce + H.
i = [Sm′CeH.

i]
x (16)

he temperature dependencies of the linear expansion of the
aCe1−xSmxO3−δ (x = 0.5, 0.1, 0.15, 0.2) samples in the range

rom room temperature up to 900 ◦C are shown in Fig. 6. These
ependences are non-linear and the line bending increases with
he dopant’s content increase. One can easily distinguish a crit-
cal point around 500 ◦C for all samples. This critical point
orresponds to the temperature of 773 K at which Knight [5]
bserved one of the pure BaCeO3 phase transitions. Our results
re also in good agreement with the results reported in the work
f Yamaguchi and Yamada [59] for the Yb-doped BaCeO3-
ystem.

The dependence of thermal expansion coefficient (TEC) of
he studied ceramic materials on samarium content in the tem-

erature range of 600–900 ◦C are shown in Fig. 7. The TEC
ecreases with the samarium content increase up to x = 0.2. The
EC of the pure BaCeO3 is 13.8.10−6 K−1, which is in accor-
ance with the one reported in the work of Pal’guev [21]. The
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Fig. 6. Effect of temperature on the relative linear expansion of the
BaCe1−xSmxO3−δ system.
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Fig. 7. Effect of samarium content on thermal expansion coefficient.

EC of BaCe0.85Sm0.15O3−δ is significantly smaller than that
f BaCeO3 and almost the same as for yttria stabilized zirconia
lectrolyte. However, it is not quite clear the reason why the ther-
al expansion coefficient of BaCe1−xSmxO3−δ decreases very

apidly with the samarium content increase.

. Conclusions

In the present work, the novel family of BaCe1−xSmxO3−δ

olid compositions with perovskite structure has been prepared
s single phase compounds with samarium content up to x = 0.2.
he temperature dependence of total conductivity in both wet
ir and wet hydrogen atmosphere has been studied and the acti-
ation energy values for conductivity have been determined.
he effect of different samarium content on the properties of
aCe1−xSmxO3−δ have been examined. It was found that the
omposition BaCe0.85Sm0.15O3−δ presents the highest conduc-

ivity in this system. The ceramic material of this composition
as the same thermal expansion co-efficient as the one of the
ttria stabilized zirconia electrolyte. This allows the use of the
ame electrode materials for a cell based on the abovementioned

[
[
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eramic material as the ones for zirconia based cells, as well as
he same interconnect materials.
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