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bstract

The performance of La2NiO4 cathode material and Ce1–xSmxO2–δ (x = 0.1, 0.2, 0.3, 0.4) electrolyte system was analyzed. Ceria-based materials
ere prepared by the freeze-drying precursor route whereas La2NiO4 was prepared by the nitrate–citrate procedure. Electrolyte pellets were
btained after sintering the powders at 1600 ◦C for 10 h. Also dense ceria-based electrolytes samples were obtained by calcining the powders at
150 ◦C after the addition of 2 mol%-Co. Interface polarization measurements were performed by impedance spectroscopy in air at open circuit
oltage, using symmetrical cells prepared after the deposition of porous La2NiO4-electrodes on the Ce1–xSmxO2–δ system. X-ray diffraction (XRD)
f cathode materials after using in symmetrical cells confirmed no significant reaction between La2NiO4 and ceria-based electrolytes. The efficiency
f the cathode material is highly dependent on the composition of the electrolyte, and low-content Sm-doped ceria samples revealed an important
ecrease in the performance of the system. Differences in electrochemical behaviour were attributed principally to the oxide ion transference
etween cathode and electrolyte, and were correlated to the conductivity of the electrolyte. In this way cobalt-doped electrolytes with a Sm-content
30% perform better than free-cobalt samples due to the increase in grain boundary conductivity. Finally, composites of the ceria-based materials

nd La2NiO4 to use as cathode were prepared and an important increase of the interface performance was observed compared to La2NiO4 pure
athode. Predictions of maximun power density were obtained by the mixed transport properties of the electrolytes and by the interface polarization

esults. The use of composite materials could allow to increase the performance of the cell from 170 mW cm−2 for pure La2NiO4 cathode, to
70 mW cm−2 for La2NiO4–Ce0.8Sm0.2O2–δ cathode, both working with Ce0.8Sm0.2O2–δ electrolyte 300 �m in thickness and Ni–Ce0.8Sm0.2O2–δ as
node at 800 ◦C.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Intermediate solid oxide fuel cells (IT-SOFC) have very
mportant limitations due to the voltage drop in the internal
omponents caused by the relatively high internal resistance at
he operating temperatures (500–700 ◦C) [1]. The ohmic loss
s mainly governed by the electrolyte resistance which is usu-

lly decreased by the reduction of the electrolyte thickness. On
he other hand, the high cathode polarization is the main prob-
em concerned to the interfacial resistances. The development
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ctrolyte; Mixed conducting oxides

f mixed ionic–electronic conducting materials is a promising
ay to decrease the polarization losses due to an enlargement
f the electrochemical reaction zone [2,3]: from the triple-phase
oundary (TPB) into a double contact between the gas phase
nd the mixed conductor. The family of compounds A2MO4+δ

ith the K2NiF4-type structure has been recently proposed due
o the high electronic conductivity and some oxygen overstoi-
hiometry which improves the oxygen ionic conduction by the
igh mobility of the interstitial lattice sites [4,5]. The overstoi-
hiometric La2NiO4+δ has been reported to exhibit a metal (high

)-to-insulator (low T) transition as a function of temperature,
isplaying a maximum value of 82 S cm−1 at around 400 ◦C [6]
nd to present one of the highest oxygen diffusion values among
ifferent compounds with the K2NiF4-type structure [7]. Low
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alues of electrode–electrolyte interface resistances are required
n order to use these cathodes in SOFC. Commonly the analysis
f this polarization process is performed paying more attention
o the cathode properties than to the electrolyte ones. However,
he optimization of the interfacial resistance needs the simulta-
eous knowledge of both cathode and electrolyte properties.

The present work analyzes the electrochemical performance
f the La2NiO4-based cathode material with the Ce1–xSmxO2–δ-
ased electrolyte system. The electrode polarization was studied
y impedance spectroscopy in air, whereas the mixed trans-
ort properties of the electrolytes were analyzed by the
ebb–Wagner technique and impedance spectroscopy in air
reviously reported [8]. Important differences in the cathode per-
ormance were obtained by changing both the electrolyte and the
lectrode properties. The improvement of the electrolyte–grain
oundary conduction seems to be an important feature for the
ptimization of the polarization process.

. Experimental

.1. Synthesis and structural characterization.

Freeze-drying precursor route [9,10] was used to prepare
e1–xSmxO2–δ (x = 0.1, 0.2, 0.3, 0.4) powders. Stoichiomet-

ic amounts of cations were dissolved in distilled water using
he following nitrates as reactants: Ce(NO3)3·6H2O (Aldrich,
9.99%), Sm(NO3)3·6H2O (Aldrich, 99.9%). The solutions
ere frozen in liquid nitrogen and introduced in a freeze-dryer

Heto Lyolab) for 3 days. The amorphous powders were then
alcined at 375 ◦C for 4 h to decompose the nitrates. X-ray
iffraction measurements (Philips X’Pert powder diffractome-
er; Cu K� radiation, λ = 1.5406 Å) were performed to analyze
he crystal structure of the powders calcined at low and high
emperatures. Lattice parameters were extracted from X-ray
iffraction (XRD) patterns from powders calcined at 1600 ◦C
or 10 h.

Sintered pellets of about 7-mm diameter and 1-mm thickness
ere prepared by uniaxial pressing after milling the powders

precalcined at 375 ◦C) with zirconia balls and calcining at
600 ◦C for 10 h.

The use of 2 mol% of cobalt as sintering additive allowed the
ecrease of sintering temperature [8,11,12], and high-density
ellets were obtained calcining at 1150 ◦C for 10 h. Cobalt was
reviously added by impregnating the precalcined powders with
n ethanol solution of Co(NO3)2·6H2O (Panreac, purity > 98%)
nd heating at 650 ◦C for 1 h.

Polycrystalline La2NiO4+δ powder was synthesized via a
itrate–citrate route. Stoichiometric amounts of analytical grade
f La2O3 and Ni(NO3)2·6H2O (Panreac) were dissolved in cit-
ic acid (10%) with some drops of HNO3 (65%) under stirring.
he solution was slowly evaporated, leading to an organic resin

hich was dried at 120 ◦C and slowly decomposed at temper-

tures up to 600 ◦C. Finally, it was fired in air at 950 ◦C for
h and slowly cooled down to room temperature. The prepared

amples were characterized by XRD for phase identification and
o assess phase purity.
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w
t
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.2. Preparation of the cell and microstructural
haracterization

The electrochemical measurements of the cath-
de//electrolyte systems were performed on symmetrical
ells. For this purpose, a slurry of the cathode material and

binder (DecofluxTM, WB41, Zschimmer and Schwartz)
as prepared, and the milled ink was symmetrically painted
nto the surface of the sintered pellets obtaining 5.50 mm
iameter symmetrical electrodes. The cell was then calcined
t 1000 ◦C for 4 h to obtain a good adherence between the
omponents. Symmetrical Pt electrodes were then painted over
he cathode surface to ensure equipotential conditions and the
ell was calcined at 950 ◦C for 30 min. As electrolytes, pellets
btained from the system Ce1–xSmxO2–δ (x = 0.1, 0.2, 0.3, 0.4)
intered at 1600 ◦C, and Ce1–xSmxO2–δ + 2%Co (x = 0.1, 0.2,
.3, 0.4) sintered at 1150 ◦C were employed. In a first analysis
owders of La2NiO4 as cathode were used. Then composites
f La2NiO4–Ce1–xSmxO2–δ (x = 0.1, 0.2, 0.3, 0.4) in a ratio of
:1 (w/w), respectively, were also prepared. Table 1 shows the
ymmetrical cell systems studied in the present work and the
otation used for the sake of clarity.

In order to analyze the chemical compatibility of cathodes
nd electrolytes, XRD measurements were performed in cathode
aterials after being applied with the binder over the electrolyte

ellets and calcined in the cell at 1000 ◦C for 4 h.
The thermal compatibility of Ce1–xSmxO2–δ system and

a2NiO4 cathode material was studied by the thermal expansion
f dense ceramics in air, using a Linseis L75/1550C dilatometer
etween 25 and 1000 ◦C, with a heating rate of 5 ◦C min−1.

Scanning electron microscopy (Hitachi S-2500) measure-
ents were performed on fracture and superficial surfaces of the

tudied cells to analyze the microstructure and possible reaction
f the components.

.3. Electrode performance characterization

The electrode activity of the La2NiO4-based material over the
e1–xSmxO2–δ electrolyte system was evaluated by the interfa-
ial polarization resistance in symmetrical cell configuration,
nd it was studied by impedance spectroscopy in air at open
ircuit voltage (AUTOLAB PGSTAT 302, ECO CHEMIE).
xperimental measurements were performed by decreasing the

emperature from 1000 to 500 ◦C, in the frequency range of 10−2

o 106 Hz and an excitation voltage of 50 mV. Zview 2.9c soft-
are (Scribner Associates) was used to fit the experimental data

o the equivalent circuits. The polarization data were multiplied
y the electrode area and 0.5 to account for both electrodes.

.4. Mixed conducting properties of ceria–samaria-based
lectrolytes

Ionic transport properties of the system Ce1–xSmxO2–δ
x = 0.05, 0.1, 0.2, 0.3) were previously reported for pellets sin-
ered at 1600 ◦C [8] and a high influence of the Sm-content
as observed. High-temperature sintered samples showed resis-

ive grain boundaries, more valuable in Sm-low content pellets
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Table 1
Symmetrical cells and components studied in this work

Symmetrical cell: electrode//electrolyte Cathode material Electrolyte

La2NiO4//10CSO La2NiO4 Ce0.9Sm0.1O2−δ

La2NiO4//20CSO La2NiO4 Ce0.8Sm0.2O2−δ

La2NiO4//30CSO La2NiO4 Ce0.7Sm0.3O2−δ

La2NiO4//40CSO La2NiO4 Ce0.6Sm0.4O2−δ

La2NiO4//10CSO2Co La2NiO4 Ce0.9Sm0.1O2−δ + 2%Co
La2NiO4//20CSO2Co La2NiO4 Ce0.8Sm0.2O2−δ + 2%Co
La2NiO4//30CSO2Co La2NiO4 Ce0.7Sm0.3O2−δ + 2%Co
La2NiO4//40CSO2Co La2NiO4 Ce0.6Sm0.4O2−δ + 2%Co

La2NiO4–10CSO//20CSO La2NiO4–Ce0.9Sm0.1O2−δ (2:1 (w/w)) Ce0.8Sm0.2O2−δ

La2NiO4–20CSO//20CSO La2NiO4–Ce0.8Sm0.2O2−δ (2:1 (w/w)) Ce0.8Sm0.2O2−δ

La2NiO4–30CSO//20CSO La2NiO4–Ce0.7Sm0.3O2−δ (2:1 (w/w)) Ce0.8Sm0.2O2−δ

La2NiO4–40CSO//20CSO La2NiO4–Ce0.6Sm0.4O2−δ (2:1 (w/w)) Ce0.8Sm0.2O2−δ
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a2NiO4–20CSO//20CSO2Co La2NiO4–

ote that in impedance spectroscopy measurements the cathode materials were

x = 0.05, 0.1). However, the addition of cobalt and sintering
t 1150 ◦C decreased the grain boundary resistivity. The space
harge layer model was proposed to account modifications in
m and/or Co segregation at grain boundaries.

The use of ceria-based systems in fuel-cell conditions, makes
ecessary the analysis of electronic conductivity under reducing
onditions. For this purpose Hebb–Wagner/ion-blocking mea-
urements [13–16] in Ce1–xSmxO2–δ (x = 0.1, 0.2, 0.3) pellets
intered at 1600 ◦C (cobalt-free samples) and 1150 ◦C (cobalt-
oped samples) were performed. Table 2 shows the notation
sed for the electrolytes. High-dense pellets were sealed against
n alumina impervious disk obtaining an ion-blocking electrode
fter applying the inner under cathodic polarization. Reference
lectrode was in air conditions and the oxygen partial pressure
n the blocking electrode was decreased by the increase in the
athodic polarization. More details of the experimental setup
ere presented elsewhere [10,17]. The electronic conductivity
nder the chemical potential gradient was extracted by the aver-
ge electronic conductivity for the conditions across the sample,
s follows:

= L Ie (1)
e,av
A V0

here L and A are the sample thickness and the electrode
rea respectively; V0 is the steady-state potential difference

able 2
intering temperature, unit cell parameter and densification of the electrolytes

lectrolyte Notation Ts (◦C) a (Å) Densification
(%)

e0.9Sm0.1O2−δ 10CSO 1600 5.4236(2) 98
e0.8Sm0.2O2−δ 20CSO 1600 5.4351(1) 99
e0.7Sm0.3O2−δ 30CSO 1600 5.4447(1) 96
e0.6Sm0.4O2−δ 40CSO 1600 5.4508(2) 99

e0.9Sm0.1O2−δ + 2%Co 10CSO2Co 1150 5.4233(2) 97
e0.8Sm0.2O2−δ + 2%Co 20CSO2Co 1150 5.4347(2) 97
e0.7Sm0.3O2−δ + 2%Co 30CSO2Co 1150 5.4443(2) 95
e0.6Sm0.4O2−δ + 2%Co 40CSO2Co 1150 5.4506(1) 98
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Sm0.2O2−δ (2:1 (w/w)) Ce0.8Sm0.2O2−δ + 2%Co

d in symmetrical configuration, that is on both surfaces of the electrolytes

cross the sample and Ie is the steady-state electronic cur-
ent.

. Results

.1. Synthesis, characterization and compatibility of
lectrolytes and cathode materials

Powders of Ce1–xSmxO2–δ (x = 0.1, 0.2, 0.3, 0.4) calcined
t 375 ◦C for 4 h presented flourite single phases as it was
onfirmed by XRD measurements. Lattice parameters were
xtracted from XRD patterns from powders calcined at 1600 ◦C
or 10 h and it was observed a linear increase with Sm addition,
or x increasing from 0.1 to 0.3 (Table 2). Sample doped with
= 0.4 deviates from linearity due to the approximation to the
oping-saturation limit, as it was also found in Gd-doped system
18].

XRD measurements were also performed in cobalt-doped
eria–samaria powders calcined at 1150 ◦C for 10 h, and
t was confirmed no evidences of secondary phases and
o significant changes in lattice parameters compared to
obalt-free samples (Table 2). Cobalt-free pellets sintered at
600 ◦C and cobalt-doped pellets sintered at 1150 ◦C presented
igh values of densification (≥95%) as it is also shown in
able 2.

La2NiO4+δ powders calcined at 950 ◦C for 8 h possessed the
ure and well-crystallized K2NiF4 structure, as it was also con-
rmed by XRD data.

The chemical stability between the electrode and electrolytes
as also analyzed by means of X-ray diffraction. There is
o significant reaction between La2NiO4+δ and Ce1–xSmxO2–δ

x = 0.1, 0.2, 0.3, 0.4) when the cathode is placed on the elec-
rolyte and calcined at 1000 ◦C for 4 h, as it is appreciable in
ig. 1(a) and (b) for La2NiO4//20CSO. However, there is a

light reaction between La2NiO4+δ and Ce1–xSmxO2–δ (x = 0.1,
.2, 0.3, 0.4) in the composites La2NiO4+δ–Ce1–xSmxO2–δ

2:1 (w:w)) when they are previously mixed, placed on the
lectrolytes and heated at 1000 ◦C during 4 h, leading to the
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Fig. 1. X-ray diffraction patterns for (a) pure well-crystallized La2NiO4 phase;
(b) La2NiO4 placed on 20CSO electrolyte and calcined at 1000 ◦C for 4 h; (c)
c
c
2
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Fig. 3. SEM images of the La NiO //20CSO2Co cell. (a) Cross-section image
o

a
a
h
the cathode layer (Fig. 3(b)).
omposite La2NiO4–20CSO (2:1 (w:w)) deposited on 20CSO electrolyte and
alcined at 1000 ◦C for 4 h. Note that (*) indicates most important peaks of
0CSO and (+) most important peaks of La3Ni2O7.

ormation of the Ruddlesden–Popper La3Ni2O7 as a secondary
hase (Fig. 1(c)). Similar behaviour was observed in cobalt-
oped electrolytes.

Aiming to study the mechanical compatibility of the
a2NiO4+δ electrode with the Ce1–xSmxO2–δ electrolytes, ther-
al expansion measurements of dense ceramics were carried

ut in air. Fig. 2 illustrates the �L/L0 values obtained using
heating rate of 5 ◦C min−1 in the range of 30–1000 ◦C. The

alculated thermal expansion coefficients (TEC) are in the
ange of 11.4–12.6 × 10−6 K−1, for Ce1–xSmxO2–δ electrolytes,
hich match well with the obtained 12.4 × 10−6 K−1 value for

a2NiO4+δ.

Fig. 3(a) shows a cross-section SEM image of a porous
a2NiO4+δ electrode deposited on a dense 20CSO2Co elec-

rolyte. It is observed a good adherence between the electrolyte

ig. 2. Thermal expansion measurements for La2NiO4 and Ce1–xSmxO2–δ series
ith x = 0.1, 0.2, 0.3 and 0.4.

F
o
m
A

2 4

f the electrolyte and the cathode and (b) superficial image of the porous cathode.

nd the cathode layer with neither cracks nor discontinuity points
long the cathode–electrolyte interface. Also it is evidenced the
igh densification of the electrolyte (≥95%) and the porosity of
ig. 4. Impedance spectra obtained at 700 ◦C (a), and area-specific resistance
f the polarization process in the entire range of temperature (b), for the sym-
etrical cell configuration La2NiO4//40CSO with current collectors based on
u-ink (squares) and Pt-ink (triangles).
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Fig. 5. (a) Impedance spectroscopy data for La2NiO4//20CSO system measured
at 900 ◦C (closed circles). Electrolyte resistance (Rs) was subtracted from the
experimental data. Also it is shown the fitting data (line) and each deconvoluted
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atic studies of the ionic conductivity of ceria-based electrolytes
olarization process (open circles). (b) Equivalent circuit used for fitting the
xperimental data.

.2. La2NiO4 cathode material with Ce1–xSmxO2–δ

lectrolyte system

The application of the equipotential conditions to the elec-
rode surfaces during impedance spectroscopy measurements
as ensured by the use of porous Pt over the cathode material

s current collector. To confirm the absence of an extra-catalytic
ffect associated to the Pt current collector, two configurations
f the symmetrical cell La2NiO4//40CSO were prepared: first
ith porous Pt as current collector, and after that with porous
u electrodes. Fig. 4(a) shows the impedance spectra obtained

n both cases at 700 ◦C and it is clearly observed that the total
olarization resistance of the interface is practically not affected
y the current collector employed. This suggests that the porous
t does not introduce an extra-catalytic effect in the interface
olarization process, as it is confirmed by the representation of
he area-specific resistance in the entire range of the studied
emperature (Fig. 4(b)).

Electrode polarization processes of the studied systems are
haracterized by three different contributions as it is shown
n Fig. 5(a) for La2NiO4//20CSO symmetrical cell, in which
ach polarization contribution was adjusted to a Rp-CPE ele-
ent (Fig. 5(b)). Note that in the spectra is also appreciable at

igh frequencies the induction process coming from the mea-
urement setup. The represented spectra were displaced to the
rigin of the x-axis after the subtraction of the series resis-

ances. This allows an easier comparison of the polarization
rocesses. To take into account these two contributions in the
tting of the experimental data the elements L and Rs were intro-

d
c
m

ig. 6. (a) Impedance spectra at 900 ◦C for La2NiO4 cathode material over
e1–SmxO2–δ (x = 0.1, 0.2, 0.3, 0.4) electrolytes sintered at 1600 ◦C and (b)
rea-specific resistances in the entire range of studied temperatures.

uced, respectively. The high frequency arc is usually attributed
o the oxygen ion transference from the electrode–electrolyte
nterface into the electrolyte [19,20]. This process may be gov-
rned by the ionic transport of the electrolyte and should not be
ependent on the oxygen partial pressure [21]. The intermediate
requency arc could be attributed to the charge transfer reaction,
nd the low frequency arc to the oxygen diffusion process [22].
ig. 6(a) shows an example of the impedance spectra obtained at
00 ◦C for the La2NiO4 cathode placed in symmetrical configu-
ation onto the electrolytes 10CSO, 20CSO, 30CSO and 40CSO.
lear differences were obtained for the electrolytes employed:

otal interface polarization resistance decreases when the Sm-
ontent increases, in the entire range of temperature (Fig. 6(b)).
he high electrode polarization resistance of 1.64 � cm2 at
00 ◦C when using 10CSO electrolyte is decreased to 1.00,
.77 and 0.73 � cm2 when the electrolytes are 20CSO, 30CSO
nd 40CSO, respectively. It was previously reported system-
oped with different contents of Gd and Sm [8,18]. These results
learly indicated that samples sintered at 1600 ◦C presented a
onotonous decrease of the grain boundary resistivity when the
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ig. 7. (a) High-frequency polarization resistance for different Sm-content elec
esistance.

m and/or Gd content increased. This was attributed to lower
ffects of the space charge potential, due to lower differences in
omposition between bulk and space charge layer. These results
uggest that the grain boundary process could be determinant
n the detriment of the electrode polarization process as it was
lso previously suggested for the system LSM–YSZ [21,23].
n this way Fig. 7(a) shows that the area-specific resistance of
he high frequency polarization process increases when the Sm-

ontent decreases, in good agreement with the increase in the
rain boundary resistivity [8]. However, Fig. 7(b) shows that the
ntermediate-frequency polarization process, which is attributed
o the charge transfer reaction, is not strongly affected by the

i
w
C
i

ig. 8. Impedance spectra at 800 ◦C for La2NiO4-cathode material placed in symme
ithout (open symbols) cobalt addition. (a) x = 0.1; (b) x = 0.2; (c) x = 0.3; (d) x = 0.4.
es with La2NiO4 cathode material and (b) intermediate-frequency polarization

m-content of the electrolyte, suggesting that total polarization
s governed by the oxide ions transference from the interface
athode–electrolyte to the electrolyte. It is also to stand out
hat it has been studied the p-type electronic conductivity of
e1–xGdxO2–δ and it was obtained an increase when the Gd-
ontent increases [24], and as a consequence the oxygen surface
xchange rate of the electrolyte increases. This phenomenon
ould also contribute to the enhancement of the electrochem-

cal activity of samples doped with higher contents of Sm. It
as previously reported the Pt-electrode polarization of the
e0.80Gd0.20O2–δ and Ce0.80Gd0.18Pr0.02O2–δ electrolytes and

t was confirmed a decrease in the polarization resistance of

trical configuration over Ce1–xSmxO2–δ electrolytes with (closed symbols) and
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r-doped samples [25]. However, the authors confirmed that
he increase in the p-type electronic conductivity at the elec-
rolyte surface was not the only factor to enhance the electrode
ctivity.

.3. La2NiO4 cathode material with
e1–xSmxO2–δ + 2%Co electrolyte system

The ionic transport properties of the studied electrolyte sys-
em are highly influenced by the grain boundary. Important
nhancement of the properties was reported by the addition
f small amounts of cobalt and sintering at low temperature,
ainly in samples with highly resistive grain boundaries [8,26].
he analysis of the performance of La2NiO4 electrode was
xtended to Ce1–xSmxO2–δ + 2%Co (Ts = 1150 ◦C) electrolyte
ystem in order to account the effect of the enhanced grain
oundary in the polarization resistance. Fig. 8 shows examples
f the impedance spectra obtained for samples with and without
obalt as sintering additive. The polarization resistance clearly

ecreases in cobalt-added electrolytes (except for 40%Sm), and
he effect is more pronounced in samples with low content
f Sm (10%Sm, 20%Sm). Fig. 9 shows the analysis extended
o the entire range of temperature. The enhancement in the

t
c
t
f

ig. 9. Electrode polarization resistances for La2NiO4-cathode material over Ce1–x

obalt-addition (closed symbols) and without cobalt addition (open symbols).
r Sources 178 (2008) 151–162 157

erformance of the electrode//electrolyte interface polarization
roduces a decrease in the resistance from 1.64 � cm2 at 800 ◦C
or 10CSO electrolyte to 0.40 � cm2 for 10CSO2Co electrolyte.
hese results agree well with the previously reported behaviour
f the grain boundary [8,18] in which the segregation of cobalt
nd sintering at low temperature could contribute to mitigate
he deleterious effect associated to the segregation of impurities
nd/or Sm3+ at grain boundaries. This is observed in Fig. 10
or the comparison of La2NiO4//Ce1–xSmxO2–δ-interface polar-
zation resistance and electrolyte–grain boundary resistivity as
function of Sm-content in Ce1–xSmxO2–δ (Ts = 1600 ◦C) and
e1–xSmxO2–δ + 2%Co (Ts = 1150 ◦C) electrolytes. It was also

eported [8,18] that the classical Mott–Schottky space charge
otential was clearly more affected by the addition of cobalt
n highly resistive grain boundary samples that is in samples
ith lower contents of Sm3+/Gd3+. Now the results confirm

he important role of the electrolyte grain boundary conduc-
ion in the polarization behaviour of the cathode–electrolyte
nterface. Note that the addition of cobalt was also reported

o increase the p-type electronic conductivity in Gd-doped
eria [12,24], which could also increase, at least partially,
he polarization activity of the electrode–electrolyte inter-
ace.

SmxO2–δ electrolytes with x = 0.1 (a); x = 0.2 (b); x = 0.3 (c); x = 0.4 (d), with
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Fig. 10. Interface electrode/electrolyte polarization for La2NiO4//Ce1–xSmx
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Fig. 11. Impedance spectra for La2NiO4–Ce1–xSmxO2−δ composites (2:1
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2–δ (circles) and electrolyte–grain boundary resistivity (triangles) as a
unction of Sm-content in the electrolyte. Closed symbols correspond to
e1–xSmxO2–δ + 2%Co electrolytes.

.4. Composites of La2NiO4-Ce1–xSmxO2–δ cathode
aterials with Ce0.8Sm0.2O1.9 electrolyte

The catalytic activity of the electrode material was modified
y the use of La2NiO4–Ce1–xSmxO2–δ composites, due to the
ntroduction of the ionic conductor component extends the effec-
ive places of reaction. Powders of composites were prepared in a
atio of 2:1 (w/w) for La2NiO4 and Ce1–xSmxO2–δ respectively,
nd for x = 0.1, 0.2, 0.3, 0.4. The analysis was performed by the
se of these electrode materials in symmetrical configuration
laced on the Ce0.8Sm0.2O1.9 electrolyte sintered at 1600 ◦C.
ig. 11 shows the impedance spectra in air obtained at 800 ◦C for
he studied composites compared to the pure La2NiO4 cathode
aterial. The use of composites produces an important decrease

n the electrode polarization due to the increase of the mixed con-
ucting properties of the cathode material. However, the increase

w
a
w
t

ig. 12. (a) Electrode polarization resistance as a function of Sm-content in La2

e0.8Sm0.2O1.9 electrolyte and (b) bulk ionic resistivity of Ce1–xSmxO2–δ system as a
w:w)) placed over Ce0.8Sm0.2O1.9 electrolyte in symmetrical configuration.
ure La2NiO4-cathode material is also shown for comparison.

n the electrode performance is not correlated to the increase in
he Sm-content in Ce1–xSmxO2–δ system. Fig. 12(a) shows that
he electrode polarization resistance presents a minimum for
he composite La2NiO4–20CSO used as symmetrical electrode
ith the electrolyte 20CSO. On the other hand Fig. 12(b) shows

he bulk ionic resistivity of the system Ce1–xSmxO2–δ extracted
rom results of Ref. [8] which also presents a minimum in x = 0.2.
owever, the effect produced by changes in composition of Sm-
oped powders on the electrode polarization do not correspond
o the bulk conductivity behaviour. This suggests that the ionic
onductivity of the composite is not the only factor that affects
he performance of the electrode, and different catalytic prop-
rties could be attributed to different Sm-content composites.
ote that electrochemical properties of the interfaces formed
y La2NiO4 and Ce1–xSmxO2–δ composite materials may be
ependent on the Sm-content, affecting the performance of the
ystem. Composite system of La2NiO4–20CSO presents very
ood properties to use as cathode material on 20CSO electrolyte
ith electrode polarization values of 0.29 and 0.76 � cm2 at 800
nd 750 ◦C, respectively. However, the efficiency of the system
hen used in a SOFC is also dependent on the electrolyte resis-

ance, due to a decrease of the cell voltage (E) when current (I)

NiO4–Ce1–xSmxO2–δ composites placed in symmetrical configuration over
function of Sm-content.
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Eq. (4) indicates that the maximum efficiency of the system is
not only dependent on the ionic resistance of the electrolyte and
the cathode and anode polarization, but is also dependent on the
OCV. The corresponding value of OCV for a mixed conducting

Fig. 14. (a) Average electronic transport number as a function of the oxygen
ig. 13. Impedance spectra at 800 ◦C for composite La2NiO4–20CSO placed
n the 20CSO electrolyte and 20CSO2Co electrolyte. For comparison it is also
epresented the spectra obtained for La2NiO4 over 20CSO2Co electrolyte.

s flowing, according to the following equation:

= OCV − IRs − IRp,cath − IRp,anod (2)

here OCV (open circuit voltage) is the voltage in the cell when
urrent is zero; Rs is the total ohmic resistance of the cell, which
s principally affected by the ionic resistance of the electrolyte;
nd Rp,cath and Rp,anod correspond to the interface polarization
f the cathode and the anode with the electrolyte, respectively.

20CSO electrolyte sintered at very high temperature
1600 ◦C) is affected by resistive grain boundaries [8], even at
ntermediate temperatures, and it could decrease the efficiency
f the system due to the increase in total resistance Rs (Eq.
2)). However, as it was mentioned, this problem is avoided
y the addition of small amounts of cobalt as sintering addi-
ive and calcining at low temperature. The analysis was then
xtended to the use of 20CSO2Co (Ts = 1150 ◦C) as electrolyte,
nd the performance with La2NiO4–20CSO cathode compos-
te was studied. Fig. 13 shows an example of the polarization
esistance at 800 ◦C for the systems La2NiO4–20CSO//20CSO,
a2NiO4–20CSO//20CSO2Co and La2NiO4//20CSO2Co. The
se of 20CSO2Co as electrolyte was previously confirmed
o increase the performance with La2NiO4 compared to the
obalt-free 20CSO electrolyte (Figs. 8 and 9). Now Fig. 13
eveals a very similar performance for 20CSO2Co elec-
rolyte (0.26 � cm2 at 800 ◦C) compared to 20CSO electrolyte
0.29 � cm2) when used with the composite cathode-material
a2NiO4–20CSO. In both cases the performance is better than

hose of the pure La2NiO4 with 20CSO2Co (0.41 � cm2) and
0CSO (1.00 � cm2) electrolytes. The results of ionic electrolyte
onductivity, previously reported, and electrode polarization
esistance suggest the use of 20CSO2Co electrolyte combined
ith the composite cathode La2NiO4–20CSO as the optimized

emi-cell for SOFC applications.
.5. Possible application in SOFC conditions

The use of the studied systems as cathode–electrolyte com-
onents of a SOFC is subordinated to the obtainment of high

p
p
c
s
o
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fficiencies, that is high values of power density, which is given
y the following equation:

= IE = IOCV − I2Rs − I2Rp,cath − I2Rp,anod (3)

sing Eq. (3) it is easy to obtain the maximum power density,
ndicated by the following equation:

max = OCV2

4(Rs + Rp,cath + Rp,anod)
(4)
artial pressure in the fuel side when the electrolyte is under an oxygen partial
ressure gradient: air/sample/pO2 and (b) open circuit voltage for the mixed
onducting electrolytes as a function of the oxygen partial presure in the fuel
ide. Straight line represents the open circuit voltage for an ideal ionic conductor
btained by the Nersnt equation.
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to account differences in cathode performance, and some differ-
ences in power density could be obtained by small differences
in the assumed values of anode polarization. The electrolyte-

Fig. 16. Theoretical maximun power density as a function of Sm-content in
60 D. Pérez-Coll et al. / Journal of

lectrolyte (OCVmixed) is given by the following equation:

CVmixed = OCVion(1 − te,av) (5)

here OCVion is the open circuit voltage for an ideal ionic con-
uctor and it is given by the Nersnt equation, and te,av is the
lectronic transport number of the electrolyte averaged to the
OFC conditions, that is when the surfaces of the electrolyte are
nder air and fuel conditions, respectively:

e,av = σe,av

σe,av + σi
(6)

here σe,av is the electronic conductivity averaged to the fuel
nd the air sides of the cell, and σi is the ionic conductivity of
he electrolyte, assumed constant along the SOFC conditions.

Eq. (5) indicates that changes in the mixed transport proper-
ies of the electrolytes affect the obtained value of open circuit
oltage, affecting the efficiency of the system.

Ion-blocking measurements were used to obtain indepen-
ent results of the electronic conductivity of the electrolyte,
hen the sample is under a gradient of oxygen partial pressure.
hese results where combined with the ionic conductivity from

mpedance spectroscopy in air, and we have extracted the cor-
esponding values of te,av under the assumption of no important
ependence of the ionic conductivity on the oxygen partial pres-
ure. Fig. 14(a) shows the average electronic transport number
t 800 ◦C as a function of the oxygen partial pressure in the fuel
ide (pO2) for 10CSO, 20CSO and 30CSO electrolytes submit-
ed to a gradient of oxygen partial pressure of air/sample/pO2.
he plot shows a significant increase in the electronic contri-
ution under reducing conditions, mainly in sample with low
m-content, that is 10CSO. The increase in the n-type elec-

ronic conductivity under reducing conditions for samples with
ower content of trivalent dopant was previously reported for Gd-
oped ceria [27] and it was attributed to the higher reducibility
f Ce4+/Ce3+ when the Gd-content was decreased. This spoils
he efficiency of the fuel cell due to the decrease in the open cir-
uit voltage as it is observed in Fig. 14(b). On the other hand the
ecrease in the working temperature increases the open circuit
oltage, given that the electronic transport number decreases,
owever the internal resistances of the cell increase consider-
bly. The addition of cobalt to the electrolyte powders produce
hanges in the mixed transport properties, affecting the open cir-
uit voltage under reducing conditions. Fig. 15 shows the open
ircuit voltage at 800 ◦C using H2 with 10%H2O as fuel, for
lectrolyte-samples doped with 2 mol%Co and for Co-free sam-
les. It is appreciable that the OCV is not strongly affected by
he addition of Co to the electrolyte, given that the electronic
ransport number is only slightly changed. Note that the ion-
locking technique could produce some experimental errors in
he determination of the electronic conductivity for very reduc-
ng conditions. However, the concordance between Co-doped
nd Co-free samples supports the final results.

The performance of the different systems when they are

sed in a SOFC configuration was analyzed by the maximum
ower density that the systems could produce. Theoretical max-
mum power density is only dependent on the OCV for the
sed electrolyte and the internal resistances of the cell, that is

1
a
R
a
s

e1–xSmxO2–δ with (closed squares) and without (open circles) 2 mol%Co-
ddition as sintering additive. It is also represented the open circuit voltage
or an ideal ionic conductor (dashed line).

hmic resistances (mainly in the electrolyte component), cath-
de polarization resistance and anode polarization resistance
Eq. (4)). Fig. 16 shows the theoretical maximum power density
f the La2NiO4/Ce1–xSmxO2–δ/anode systems obtained by the
onic–electronic electrolyte conductivities, by the area-specific
athode polarization and anode polarization resistances, using
i-20CSO as anode with 20CGO electrolyte extracted from

esults of Ref. [28]. Note that in the obtainment of the power
ensity we have assumed similar values of anode polarization
00 �m thickness Ce1–xSmxO2–δ electrolyte working with La2NiO4 as cathode
nd Ni-20CSO as anode, with anode polarization resistances extracted from
ef. [28]. Open symbols represent electrolytes without cobalt addition sintered
t 1600 ◦C and closed symbols represent electrolytes doped with 2 mol%Co and
intered at 1150 ◦C.
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Fig. 17. Theoretical maximun power density as a function of the Sm-content
in La2NiO4–Ce1–xSmxO2–δ cathode-composites and Ni-20CSO as anode [28],
placed on 20CSO and 20CSO2Co electrolytes sintered at 1600 and 1150 ◦C,
respectively, with 300 �m in thickness (squares). For comparison it is also
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Fig. 18. (a) Maximun electrolyte thickness to obtain a power density
of 200 mW cm−2 at 800 ◦C for different La2NiO4–Ce1–xSmxO2–δ cathode-
composites and Ni-CSO as anode [28] placed on 20CSO (open squares)
and 20CSO2Co (closed squares) electrolytes. Electrolyte thickness for pure
L
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t
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s
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b

epresented the power density of the cells formed by the pure La2NiO4 cath-
de and Ni-20CSO anode on 20CSO2Co (Ts = 1150 ◦C) and 20CSO (1600 ◦C)
lectrolytes (dashed lines).

embrane thickness was assumed to be 100 �m. For electrolytes
ithout cobalt addition the performance increases with the

ncrease in Sm-content, due to the lower values of cathode
olarization and the higher OCV. At 800 ◦C is observed an
nhancement from 87 mW cm−2 for 10CSO electrolyte to 196
nd 250 mW cm−2, for 20CSO and 30CSO, respectively. On
he other hand, the addition of cobalt and sintering at 1150 ◦C
ncreases considerably the performance of the cell, mainly due
o the important decrease in electrolyte and cathode polariza-
ion resistances. The use of these electrolytes could produce
erformances in the range of 300–400 mW cm−2.

The use of composites as cathode materials is an impor-
ant feature to improve the efficiency of the cell given the clear
ecrease in electrode polarization (Figs. 11 and 13). However,
he Sm-content in La2NiO4–Ce1–xSmxO2–δ composites placed
ver 20CSO electrolyte clearly affected the polarization resis-
ance (Fig. 12). Fig. 17 shows the theoretical maximum power
ensity at 800 ◦C as a function of Sm-content in the com-
osites for the cells La2NiO4–Ce1–xSmxO2–δ/20CSO/anode,
a2NiO4–20CSO/20CSO2Co/anode, La2NiO4/20CSO/anode
nd La2NiO4/20CSO2Co/anode with a typical Ni-20CSO anode
aterial [28] and an electrolyte thickness of 300 �m. The per-

ormance of 20CSO electrolyte was previously observed to be
ighly improved with the addition of 2 mol%Co and sintering at
ow temperature with the La2NiO4 cathode material (Fig. 16).
ow the performance is also improved with the use of com-
osites on the 20CSO electrolyte (Fig. 17), and the effect is
ore accentuated for La2NiO4–20CSO and La2NiO4–30CSO
athodes, due to their lower polarization resistances when work-
ng with 20CSO electrolyte (Fig. 12). On the other hand, the
se of 20CSO2Co as electrolyte does not considerably increase
he performance when the cathode is formed by the composite

c
p
a
2

a2NiO4 cathode with 20CSO and 20CSO2Co was also represented. (b) Max-
mun power density of the cells as a function of operating temperature for
lectrolyte thickness of 200 �m.

a2NiO4–20CSO given that the cathode polarization is practi-
ally non-affected (Fig. 13).

The enormous decrease in the cathode polarization with the
se of composites has important consequences, as the pos-
ibility to increase the electrolyte thickness which improves
he mechanical stability of the cell. The high electrode polar-
zation of pure La2NiO4 with 20CSO electrolyte sintered at
600 ◦C forces to decrease the electrolyte resistance to obtain a
onsiderable value of power density. For this reason it makes
ecessary to decrease the electrolyte thickness. Fig. 18(a)
hows the maximum electrolyte thickness for composites and
or pure La2NiO4 to obtain a maximum power density of
00 mW cm−2 at 800 ◦C. This value was deduced from Eq. (4)
y the knowledge of the ionic conductivity and the open cir-

uit voltage of the electrolyte, and the cathode and the anode
olarization. As it is observed, the use of La2NiO4–20CSO
nd La2NiO4–30CSO composites could allow to increase the
0CSO-electrolyte thickness in a factor of 8–10 compared to
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ure La2NiO4 cathode. Additionally, if one assumes a value
f maximum power density of 250 mW cm−2 and an elec-
rolyte thickness of 200 �m, the operating temperature could
e decreased from around 825 ◦C for the La2NiO4//20CSO sys-
em to around 760 ◦C for the La2NiO4–20CSO//20CSO system
Fig. 18(b)). It is also noticeable that the addition of 2 mol%Co
o the 20CSO electrolyte has no important effect on the effi-
iency of the system at temperatures below 825 ◦C when the
athode material is based on the composite La2NiO4–20CSO.
owever, the use of this electrolyte clearly increases the effi-

iency of the system when the cathode material is based on pure
a2NiO4.

. Conclusions

Ce1–xSmxO2–δ electrolyte-system (x = 0.1, 0.2, 0.3, 0.4)
as employed to analyze the electrode polarization with
a2NiO4 cathode material. The electrode performance was
learly affected by changes in the electrolyte properties, show-
ng an important enhancement in the interface polarization with
he increase in the Sm-content. Electrolytes were doped with
mol%Co to decrease the sintering temperature and the ionic

esistance, and this also resulted in an important decrease in
he electrode polarization. Electrolyte grain boundary properties
ere in concordance with the interface properties suggesting

hat the oxygen ion transference from the interface into the
lectrolyte dominates the electrode performance in the studied
aterials. The use of composites as cathodes enhanced con-

iderably the electrode polarization due to the increase of the
onic conductivity and the corresponding enlargement of the
urface reaction in the cathode. The electrolyte ionic–electronic
ransport properties under a pO2 gradient and the cathode polar-
zation in air, combined with the typical anode polarization in H2
llowed to obtain an estimation of the power density of the cell in
OFC conditions. The optimization of the properties of both the
athode and the electrolyte allowed to increase the performance
n more than a factor of two. Estimated values of power den-
ity of 400 mW cm−2 at 800 ◦C were obtained for a 20CSO2Co
lectrolyte with 300 �m in thickness, working with the cathode
omposite La2NiO4–20CSO.
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