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a b s t r a c t

The praseodymium nickelate oxide Pr2NiO4+ı, a mixed conducting oxide with the K2NiF4-type structure,
was evaluated as cathode for low temperature solid oxide fuel cells (T = 873 K). The electrochemical per-
formance of the cathode has been improved by optimization of the microstructure of the porous cathode
combined with the use of a ceria barrier layer in between the cathode and zirconia electrolyte. Both
low polarization and ohmic resistances were obtained using Pr2NiO4+ı-powders with a median parti-
cle size of 0.4 �m, and sintering the screen printed layer at a sintering temperature of about 1353 K for
olid oxide fuel cell (SOFC)
athode
raseodymium nickelate oxide
mpedance spectroscopy
ell performance test

1 h. These manufacturing conditions resulted in a cathode microstructure with well established con-
nections between the cathode particles and good adhesion of the cathode on the electrolyte. Full-sized
anode supported cells have been manufactured using the same process conditions for the Pr2NiO4+ı

cathode and tested. The best results were obtained when using a dense Ce0.8Gd0.2O1.9 (20CGO) barrier
layer. While a complete optimization of the cell preparation has not yet been achieved, the electrochem-
ical performances of anode supported cells with Pr2NiO4+ı are higher than those with the well known
state-of-the-art La Sr Fe0.8Co O (LSFC) material.
0.6 0.4

. Introduction

Rare-earth nickelates with the K2NiF4-type structure, namely
n2NiO4+ı (Ln = La, Nd, Pr) appear to be promising compounds
or applications as cathodes for low-temperature solid oxide fuel
ells (LT-SOFCs) as well as oxygen-separation membranes. During
he last decade several groups have focused their researches on
he development of such materials [1–4]. These materials exhibit

ixed electronic and ionic conductivity properties, which is highly
esirable for improving the oxygen reduction kinetics, the reaction
eing delocalized over the whole electrode surface [5].

Measurements of the electrical conductivity at high tempera-
ures were first performed by Boehm et al. [6] on sintered dense
eramics and Pr2NiO4+ı was found to exhibit the highest value
t 873 K (electronic conductivity, �e, about 120 S cm−1), which is
esirable for application as high performance SOFC cathode.
Large oxygen diffusivity values have been evidenced for
2MO4+ı-type oxides compared to the perovskite-type. This fea-

ure has been assigned to a significant diffusion of the additional
xygen ions mainly occurring in the A2O2 layers of the crystal

∗ Corresponding author. Tel.: +33 0 540002753; fax: +33 0 540002761.
E-mail address: bassat@icmcb-bordeaux.cnrs.fr (J.-M. Bassat).
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structure of these materials [7,8]. The ionic transport proper-
ties of these nickelates was completely characterized through the
measurements of the intrinsic bulk oxygen diffusion coefficient
(D*) and of the oxygen exchange coefficient at the surface of the
material (k) using O16/O18 isotopic exchange [9] or relaxation con-
ductivity. Among the different nickelate compositions Ln2NiO4+ı

(Ln = La, Nd, Pr), Pr2NiO4+ı exhibits the highest D* value at 873 K
(2.5 × 10−8 cm2 s−1) [6] and a k value around 5 × 10−7 cm2 s−1,
which is about the same order of magnitude as that measured for
Nd2NiO4+ı and La2NiO4+ı [6].

Furthermore, Pr2NiO4+ı shows the largest amount of interstitial
oxygen, reflected by the ı value (ı ∼ 0.22 at room temperature); this
value is correlated to the size of the rare-earth cation, Pr3+ having
the smallest ionic radius inducing large structural stresses that are
released by oxygen insertion [10].

Thermo-gravimetric analysis in air revealed a slight decrease of
interstitial oxygen ions (ı) for Pr2NiO4+ı. At increasing temperature,
the material is thermally stable up to at least 1273 K [6]. In addition,
a structural transition (from orthorhombic to tetragonal symmetry)

has been evidenced, at about 723 K [11–13]. This is characterized
by both a small oxygen loss and an order–disorder transition for the
interstitial oxygen atoms. A split-atom model for the apical oxygen
was proposed to simulate their strong anharmonic motion in the
Pr2O2+ı layers above 723 K and the interstitial oxygen atoms have

dx.doi.org/10.1016/j.jpowsour.2010.09.036
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:bassat@icmcb-bordeaux.cnrs.fr
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ig. 1. Arrhenius plots of Rpol for Ln2NiO4+ı (Ln = La, Nd and Pr) cathodes in sym-
etrical cells.

een found to be distributed between two sites. More recently, this
as been confirmed by modelling the diffusion path of oxide ions
hat showed the anisotropic thermal motions of the oxygen atom
n this layer, which explains the high oxygen permeability of this
xide [14].

Under oxygen atmosphere, Pr2NiO4+ı undergoes an oxidation
rocess at about 1073 K resulting in a reversible decomposition

nto Pr4Ni3O9 and PrO1.71 [15,16]; this has been also correlated to
somewhat easy mobility of the apical oxygen atoms in the struc-

ure [17]. However, it does not appear to be penalizing for the SOFC
pplication, because under cathodic polarization, the local oxygen
ressure is lower than atmospheric pressure [18].

Therefore, in general, on basis of these specific features,
r2NiO4+ı has gained a large interest as cathode material for SOFC
uring the last few years. This is illustrated in Fig. 1; the polarization
esistances Rpol of the Ln2NiO4+ı (Ln = La, Nd and Pr) compounds
btained from impedance spectroscopy measurements on sym-
etrical cells show that the smallest values are obtained for the

r phase.
Recently, two comparative sets of data on Nd and La nickelates

ave also been published by Lalanne et al. [19] and by Laberty et al.
20], respectively. Both studies were achieved for complete cells
t 1073 K. The first one, concerning a cell consisting of Ni/8YSZ
ermet, 8YSZ as electrolyte, neodymium nickelate Nd2NiO4+ı as
athode and La0.6Sr0.4CoO3−ı (LSC) as the current collector, evi-
enced a degradation of the performances with time caused by a
elamination of the cathode. This problem was avoided when using
ceria based interface between the nickelate and the electrolyte.

he second study of Laberty et al. showed a large improvement
f the maximum power when using a lanthanum nickelate/Sm-
oped ceria (SDC) composite instead of pure nickelate. Such recent
esults on nickelates agree with previous reports concerned with
ther cathode materials, i.e. an interface of doped ceria is gener-
lly used in the preparation of the SOFCs in order to diminish the
hermal expansion mismatch but mainly to prevent the reactivity
etween the zirconia electrolyte and the cathode. This has been
specially claimed for the LSFC-cathode [21–25]. With respect to
he nickelates, we evidenced that the poor electrochemical perfor-
ance of La2NiO4+ı that has been directly screen-printed on YSZ
lectrolyte, is due to the formation of the insulating pyrochlore-
ype oxide [26]. The addition of a ceria layer is beneficial as shown
n Fig. 1, the polarization resistance of the praseodymium nickelate
athode being lowered by the addition of a ceria interface layer.
ources 196 (2011) 1872–1879 1873

The aim of this paper is to report the improvement in elec-
trochemical performances of Pr2NiO4+ı cathodes at an operating
temperature of 873 K by designing an optimized microstructure,
which has been achieved by variation of three preparation param-
eters: (1) the ink composition; (2) the particle size of the starting
material; (3) the sintering temperature of the screen printed cath-
ode. Also, the influence of two different ceria interface layers has
been investigated. Finally, the cell performance of the full-sized
anode supported cells using Pr2NiO4+ı as cathode has been tested
and their performances are compared to the-state-of-the-art cell
consisting of LSFC as cathode.

2. Experimental

2.1. Synthesis and characterizations of Pr2NiO4+ı oxides and ceria
barrier layers: powders and inks

Commercial submicronic Pr2NiO4+ı oxide powders were syn-
thesized by Marion Technologies Company using the auto-ignition
route [27]. The powders as received were ball milled in order to
obtain different median particle sizes, the aim being to study the
influence of this parameter on the microstructure of the final elec-
trode. Three sizes were selected, i.e. 0.2, 0.4 and 0.7 �m. Dilatometry
measurements were performed on pressed pellets made of pow-
ders with sizes 0.4 and 0.7 �m, using a dilatometer (Netzsch
DIL402C), with the aim to determine the onset of sintering. Exper-
iments were performed under air, with a heating rate of 100 K h−1,
up to 1573 K.

Ceria powders, Ce0.8Gd0.2O1.9 (CGO, Rhodia) and Ce0.8Y0.2O2−ı

(YDC, Praxair) have been used for the ceria barrier layer develop-
ment. Screen print pastes have been prepared by mixing the ceria
powders into a dispersant aid and binder system using a Disper-
mat milling system. The screen print paste formulations have been
optimized for high green density ceria layers in order to diminish
the shrinkage during sintering which results in less cracking on the
layer and higher sintered densities. Optionally, a sintering aid in
the form of a cobalt nitrate salt was added to the screen printing
pastes, aiming for high density ceria layers at lower sintering tem-
perature. The Co-concentration is approximately 0.6 mol% of the
total amount of ceria in the screen print paste [28].

For the cathodes, three screen-print inks were prepared; one
in CNRS using the 0.4 �m powder with a mass percentage of 70%
added in a terpineol medium, two other ones at ECN using a home
made binder and the 0.2 and 0.7 �m powders, respectively, with a
mass percentage of about 40%.

2.2. Symmetrical cell tests

2.2.1. Symmetrical cell fabrication
The symmetrical cells were made starting from 3% yttria doped

zirconia (TZ3Y) electrolyte produced by ECN via a tape casting
process, leading to sintered electrolyte layers with a thickness of
90–100 �m and a diameter of 25 mm. YDC interface layers were
screen-printed on both sides of the electrolyte, and sintered at
1673 K for 1 h in air with a controlled heating rate of 100 K h−1,
resulting in ceria layer thicknesses of approximately 2–4 �m. Sub-
sequently, Pr2NiO4+ı ink was screen-printed on top of the YDC
interlayer and sintered at various temperatures, with heating rate
of 100 K h−1, in the temperature range of 1303–1503 K, for 1 h. The
aim is to study the influence of the sintering temperature on the
performance of the cathode materials. The resulted cathode layer

thickness is about 25–30 �m.

2.2.2. Microstructural characterizations
A scotch tape test using a Magic 3M-type (19 mm wide) was sys-

tematically performed to determine the adherence of the cathode.
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hen the adherence of the electrode was not sufficient, the cell
as rejected. Such a procedure is in agreement with the standard

ne as described in the literature [29].
After sintering, the microstructure, surface and cross section of

he symmetrical cells were observed by field emission Scanning
lectron Microscopy (SEM) using a JEOL JSM 6330F equipped with
n EDS detector of Thermo Noran. The porosity values after sinter-
ng were determined by two methods:

(i) The inter-granular porosity was calculated from image analysis
(using Image J software) of SEM photographs of the electrode.

ii) The total porosity was deduced from the density of the
electrode determined from geometric, measured weight and
theoretical density.

The difference between total density and inter-granular values
as assumed to be due to cracks or more generally to textural

mperfections (“T.I.” in the following) in the electrode.

.2.3. Electrical and electrochemical characterizations
First, electrical conductivity measurements were performed at

oom temperature using the four probes technique in order to
etermine the lateral resistance of the electrodes. Lower value of
esistance indicates better microstructure of cathode with respect
o improved particle-to-particle electrical connectivity.

Electrochemical measurements on the symmetrical cells were
arried out by impedance spectroscopy. Impedance diagrams were
ecorded from 1073 K down to 873 K, every 50 K, using a Solartron
260 frequency response analyzer (the applied frequencies were in
he range of 0.01 Hz to 1 MHz with signal amplitude of 10 mV). Au
rids (1024 mesh) were used as current collectors. The impedance
easurements were performed under OCV conditions with syn-

hetic 100 ml min−1 air (20% O2 and 80%N2). Curve fittings were
erformed using the Zview software.

The impedance diagrams could be decomposed, in the frequency
ange, into two main contributions: the first one being the intercept
f the response with the real axis at high frequency (HF), corre-
ponds to the ohmic part (Rohm) of the cell, the second one being
he sum of two arcs, the MF and LF contributions, corresponds to
he polarization resistance (Rpol) of the electrode. Both normalized
esistance values were calculated with respect to the surface of the
ymmetrical cells (active surface area = 3.8 cm2).

.3. Cathode integration in anode supported SOFC

In parallel, full-sized anode supported cells were manufactured
ith Pr2NiO4+ı as cathode and tested on their cell performance.

he obtained results were compared to the standard cells involving
he-state-of-the-art LSFC as cathode materials.

.3.1. Cell fabrication
The Pr2NiO4+ı cathodes in combination with the ceria bar-

ier layer were screen-printed on the squared-shaped 5 cm × 5 cm
node-supported half cells. These half cells consisted of a Ni/8YSZ
node-substrate (approximately 550 �m), a Ni/8YSZ anode func-
ional layer of 5–10 �m and a 3–5 �m thick 8YSZ electrolyte
ayer. A CGO or YDC layer was screen-printed on the half cells.
ubsequently, it has been sintered for 1 h at 1573 K and 1673 K,
espectively. Two different CGO inks were used: the first one was
standard composition while the second one contained additional
obalt oxide which is known as sintering aid for CGO from previ-

us reports of Kleinlogel and Gauckler [30] and Mai et al. [31]. The
r2NiO4+ı (powder with a median particle size of 0.4 �m) pastes
ere screen-printed on the anode supported half cells, followed

y sintering at 1373 K for 1 h. That resulted in a layer thickness of
a. 30 �m with active cell area about 10 cm2. The performances of
ources 196 (2011) 1872–1879

the mentioned cells were compared with the-state-of-the-art cell
using LSFC (Rhodia) as cathode materials. This LSFC have been sin-
tered at 1373 K for 1 h, resulting in a layer thickness of ca. 30–40 �m.

The compositions of the five single cells used in this study are
as follows:

Pr2NiO4+ı ASC//CGO (thick, 2.3 �m)//Pr2NiO4+ı

ASC//CGO (thin, 1.3 �m)//Pr2NiO4+ı

ASC//YDC (1.3 �m)//Pr2NiO4+ı

L0.6Sr0.4Fe0.8Co0.2O3−ı ASC//CGO(Co-ink)//LSFC

The post test analysis has been performed by SEM on cross
sections using a JEOL HSM-6330F field emissions type Scanning
Electron Microscope.

2.3.2. Impedance measurement on single cells
The cell performance was evaluated in a 5 cm × 5 cm cell housing

with corrugated ceramic channels for good gas distribution. Plat-
inum (Pt) meshes were used for current collection on both anode
and cathode sides. A weight of 2.5 kg was placed on top of the
cell housing in order to obtain better contact between the cur-
rent collector and the electrodes. The cell anodes were reduced
after heating in 5% H2 diluted in N2, at 1073 K. The anode side
was flushed with room temperature humidified hydrogen with a
flow rate of 500 ml min−1. On the cathode side, synthetic flowing
air (20% O2 and 80% N2) was supplied as oxidant with flow rates
of 400 ml min−1 and 1600 ml min−1, respectively. The current den-
sity and voltage values were recorded as a function of operating
temperatures, from 1073 K down to 873 K. The impedance mea-
surements were performed for all tested cells at a current density
of 0.4 A cm−2, using a Solartron Schlumberger frequency response
analyzer (FRA) model 1255 coupled with a Schlumberger Poten-
tiostat model 1287A. The applied frequencies were in the range
of 0.01 Hz to 1 MHz with signal amplitude of 10 mV. The obtained
Nyquist plots were fitted using the Zview2 fitting program. The con-
tributions of the ohmic and electrode resistances to the total cell
losses were determined from these data.

3. Results and performances

3.1. Symmetrical cell tests

The symmetrical cells consisted of a 20YDC layer between
YSZ and the nickelate cathode. The optimization of the cathode
microstructure was performed on such cell configuration by vari-
ation of particle size, ink composition and sintering temperatures.
The following paragraphs describe the effects of those parameters
on cathode microstructure and electrochemical performance.

3.1.1. Influence of particle size distribution and sintering
temperatures

It is well known that for LSFC-type cathodes the best elec-
trochemical performances are obtained using small and spherical
particles, with a narrow size distribution [32]. For this reason, first
experiments were carried out using inks made with the nickelate
powder having a particle size of 0.2 �m, the sintering temperature
ranging in between 1503 K and 1703 K. However, such experiments
were unsuccessful: whatever the sintering temperature, cracks
were observed on the surface of the samples, their size increas-
ing with temperature, from about 1 mm till the complete removing
of the layer at the highest temperatures. Using this powder with
such small particle size results in a large shrinkage of the cath-

ode layer leading to a detrimental mismatch between the YDC and
cathode layers. Correspondingly the textural imperfections num-
ber (“T.I.” percentage) calculated as described in paragraph 2.2.2,
was very high, from 14% to 36%. Such defects were not observed on
green samples. Moreover, the cathode layer can be removed easily
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ig. 2. Total porosity, inter-granular porosity and “T.I.” content measured for cath-
de materials on a symmetrical cell configuration, as a function of the sintering
emperatures for cathode materials with two particle sizes: 0.4 and 0.7 �m, respec-
ively.

rom the surface of the electrolyte by the scotch tape test; conse-
uently no electrochemical measurement could be performed on
uch symmetrical cells.

Then, sintering experiments were performed on samples made
sing powders with average particle sizes of 0.4 and 0.7 �m, respec-
ively, at a temperature range of 1703–1503 K. In Fig. 2, correlation
etween total and inter-granular porosities and the resulting “T.I.”
ontent is shown. For both powders, the lowest “T.I.” content is
btained at a sintering temperature around 1453 K, being about

% and 9% for the powders with average particles size of 0.4 and
.7 �m, respectively.

SEM images of sintered electrodes for both powders are shown
n Fig. 3a and b. The inter-granular microstructure analysis of
he cathodes evidences a progressive densification of the layer

ig. 3. (a) Change in the cathode microstructure as function of sintering temperatures fo
icrostructure as function of sintering temperatures for Pr2NiO4+ı powders with median
T  / K

Fig. 4. Dilatometry measurements for Pr2NiO4+ı powders with sizes 0.4 and 0.7 �m.

at increasing sintering temperature up to 1503 K. The forma-
tion of neck growth at sintering temperatures above 1353 K is
in agreement with the dilatometry measurements (Fig. 4). The
onset sintering temperatures are respectively 1378 K for the 0.4 �m
Pr2NiO4+ı powder and 1408 K for the 0.7 �m one. It slightly
increases with the particle size distribution of the powder. This
indicates that for optimum lateral conductivity in the cathode, the
sintering temperature should be higher than 1408 K. This has been
demonstrated by the lateral conductivity measurements at room
temperature for the cathodes sintered at varying temperatures. The
lateral conductivity increased with increasing sintering tempera-
tures.
3.1.2. Impedance measurements
Typical Nyquist plots obtained at T = 873 K for Pr2NiO4+ı with

average particle size of 0.4 �m are shown in Fig. 5. All data

r Pr2NiO4+ı powders with median particle size 0.4 �m; (b) change in the cathode
particle size 0.7 �m.
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Fig. 5. Typical impedance spectrum (T = 873 K) of a symmetrical cell with 20YDC
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demonstrates that the ohmic resistance of the cathode with sinter-
ing temperature higher than 1450 K, i.e. the cathodes with lowest
lateral resistance, follows the same Arrhenius behaviour as the
resistance of the TZ3Y-electrolyte, while the samples with lower
sintering temperature, i.e. the cathodes with higher lateral resis-

1.151.101.051.000.950.90

1

900950100010501100

 Ts = 1309 K
 Ts = 1351 K
 Ts = 1403 K
 Ts = 1454 K
 Ts = 1504 K
 Ref TZ3Y/Pt 

R
o

h
m
 (

o
h

m
.c

m
²)

 Temperature (K)
nterface layer and Pr2NiO4+ı cathode (particle size 0.4 �m) sintered at 1453 K.
hmic (Rohm) and electrode polarization (Rpol) resistances are given in ( cm2. The
orresponding equivalent circuit used for fitting Rpol is shown in the inset.

t medium and low frequencies corresponding to the electrode
ontribution were fitted on the basis of an equivalent circuit con-
tituted of two resistance − constant phase elements (R − CPE) in
arallel, associated in series. Referring to previous works [33], they
an be interpreted as follows: (i) the first semi-circle in the middle
requency regime (MF) is assigned to the transfer of O2− ions from
he electrode to the electrolyte on the basis of its small capacitance
nd (ii) the large depressed arc at low frequency (LF impedance)
haracterizes the oxygen adsorption/dissociation steps overlapped
ith diffusion processes.

The ohmic and polarization resistances of the investigated
r2NiO4+ı with average particle size of 0.4 �m as measured at
73 K are plotted in Fig. 6a, as a function of the sintering tem-
eratures. Both the obtained Rohm and Rpol values decrease with

ncreasing sintering temperatures. The lowest resistance values
an be observed at a sintering temperature of 1454 K. Similar
ehaviour of the resistance values as function of sintering tem-
erature has been obtained for the cathode material with average
article size of 0.7 �m. The dependency of the ohmic resistance
alue on the sintering temperature can be explained by the forma-
ion of better established particle-to-particle connectivity or better
eck growth between the cathode particles with increasing sinter-

ng temperature as also observed in SEM-pictures of the cathode
icrostructures (see Fig. 3b). Improved neck growth between the

athode particles results in better electronic lateral conductivity of
he cathode layer, which consequently results in lower contribution
f the cathode lateral resistance to the total ohmic losses. Fig. 6b
onfirms that the lateral resistance value, as measured by a four
oint method at room temperature, decreases with increasing sin-
ering temperature, resulting in the lowest lateral resistance values
t a sintering temperature equal or higher than 1453 K. Assuming
hat the observed trend between lateral resistance and sintering
emperature can be translated from room temperature to the actual
perating temperature of 873 K value, it is clear from Fig. 6a and b
hat both the lateral resistance and ohmic resistance follow largely
he same trend as a function of sintering temperature. This indi-
ates that the neck growth between the cathode particles is crucial
or obtaining a well-performing cathode.

A further indication of the importance of cathode microstructure

nd lateral resistance on the ohmic losses can be observed in Fig. 7.
his figure shows an Arrhenius plot of the ohmic resistance of the
ifferent cathode samples as a function of operating temperature.
or comparison this figure also includes the ohmic losses (Rohm)
Fig. 6. Ohmic and polarization resistances measured on a symmetrical cell using
Pr2NiO4+ı (0.4 �m) at 873 K: (a) the ohmic and polarization resistance as function
of the sintering temperatures; (b) the surface resistance of the cathode at room
temperature as function of the sintering temperatures.

measured for the tetragonal zirconia TZ3Y electrolyte (platinum
electrodes were deposited on each side and sintered at T = 1173 K),
which is being used in the measured symmetrical cells. This figure
1000/T (K-1)

Fig. 7. Rohm as function of operating temperatures for the Pr2NiO4+ı cathode with
size 0.4 �m sintered at various temperatures. Values measured for the electrolyte
TZ3Ywith Pt electrodes (sintered at 1173 K) are included for comparison.
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ig. 8. SEM image (cross section) of a single cell ASC//CGO (ink with Co
ddition)//Pr2NiO4+ı (0.4 �m).

ance values, do not follow Arrhenius behaviour but show severe
ending of the resistance curves at high operating temperatures. It

s noteworthy that the symmetrical cell involving Pr2NiO4+ı cath-
de sintered at 1454 K and 1504 K, i.e. the cathodes with the lowest
ateral resistance value, shows similar Rohm value as expected for
he TZ3Y-electrolyte, being 2.5 � cm2 at 873 K, suggesting that
o detectable contributions to Rohm originate from cathode lat-
ral resistance or both TZ3Y/YDC and YDC/cathode interfaces. The
ending of the ohmic resistance for the cathodes with lower sin-
ering temperature indicates that an additional resistance value
ith less temperature dependency than the TZ3Y electrolyte resis-

ance contributes to the overall ohmic losses. This less temperature
ependent additional resistance value might be assigned to the
ontribution of the lateral resistance of the cathodes to the ohmic
osses, as stated before in this chapter.

The behaviour of the polarization resistance as function of sin-
ering temperature follows the same trend as the ohmic resistance
see Fig. 6a). This phenomenon might be explained by the fact that
he observed poor lateral resistance values at low sintering tem-

erature will very likely result in poor current density distribution
ver the cathode–electrolyte interface resulting in inefficient use
f electro-catalytically active sites along the cathode–electrolyte
nterface resulting in higher polarization resistance values.
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ig. 9. J-V characteristics and power density of three tested single cells with
r2NiO4+ı (PRN) as cathode. Test conditions: operating temperature is 873 K; gas
omposition on the anode side: room temperature humidified H2 (500 ml min−1);
athode side: synthetic air with 400 ml min−1 O2 and 1600 ml min−1 N2.
Fig. 10. Total area specific resistance (Rtot), ohmic losses (Rohm) and electrode polar-
ization losses (Rpol) are given for each cell configuration and has been determined
by impedance measurement at 0.4 A cm−2 at 873 K.

At cathode sintering temperature higher than 1450 K, both
ohmic and polarization resistance values increase as shown in
Fig. 6a. Two causes might explain this behaviour. First, high sin-
tering temperature results in a further growth in particles size
that lower the active surface to volume ratio, leading to less triple
phase boundary points. As a consequence, reduction of catalytically
active site for the oxygen reduction reaction may occur. Second, at
such sintering temperatures, some reactivity between the cathode
and the barrier layer might occur, resulting in formation of a solid
state reaction zone with lower oxygen ionic conductivity. After
sintering at high temperature a reddish coloured phase between
the cathode and the electrolyte has been observed, indicating that
an additional reaction zone has been formed. The combination of
these two possible explanations result in both decreased oxygen
charge transfer and oxygen ionic conductivity over the ceria bar-
rier layer resulting in respectively higher polarization and ohmic
resistances.

To conclude, the electrochemical performance of the cath-
odes can be improved by optimizing the cathode processing
parameters, being ink composition, particle size and the sin-
tering temperature. The most promising Pr2NiO4+ı cathode has

been obtained for the one with average particle size of 0.4 mm
and sintered at 1454 K, showing ohmic losses, which can be
assigned completely to the TZ3Y-electrolyte, and optimum polar-
ization resistance value of 0.08 � cm2 at an operating temperature

Fig. 11. Cell voltage and power density as function of current density at 873 K with
humidified H2 (500 ml min−1) supplied to anode and synthetic air (400 ml min−1 O2

and 1600 ml min−1 N2) supplied to cathode; � SoA-LSCF; ASC-CGO (Co-doped,
1.3 �m)-PRN (Pr2NiO4+ı); the LSCF and PRN cathodes have been sintered at 1373 K
and 1403 K, respectively, for 1 h.
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ig. 12. Ohmic losses (Rohm) and electrode polarization losses (Rpol) are given for
ach cell configuration and has been determined by impedance measurement at
.4 A cm−2 at 873 K.

f 873 K. The resulted polarization resistance is comparable
o reported polarization resistance of LSC-cathode materials,
hich is well-known cathode material for low temperature SOFC

34–36].

.2. Cell tests

The cell performance of full-sized anode supported cell with
raseodymium nickelate as cathode in combination with ceria bar-
ier layer has been investigated. The cell compositions are described
n the experimental part. Three types of single cells were studied:
1) with YDC barrier layer (ca. 1.3 �m); (2) with CGO barrier layer
ithout additional sintering aid (ca. 2.3 �m); (3) with CGO barrier

ayer with sintering aid (ca. 1.3 �m).
SEM image of the cross section of a single cell is shown in Fig. 8.

t evidences a good quality of the interfaces on one hand, between
SZ and the doped ceria layer and, on the other hand, between the
eria layer and the porous electrodes.

Fig. 9 shows the J-V characteristics of these three cells at 873 K.
omparable cell performances have been observed for the cells
ith YDC barrier layer and CGO barrier layer without sinter-

ng aid, resulting in a maximum power output density less than
00 mW cm−2. The use of a relatively thin Co-doped CGO bar-
ier layer (1.3 �m) resulted in improved cell performance with

maximum powder output density of ca. 400 mW cm−2. The
mpedance measurement data shown in Fig. 10 indicates that the

ain improvement is due to the diminished ohmic resistance by
he implementation of the thin CGO layers. The ohmic resistance
as been reduced by 30%. Also, the additional sintering aid may
esult in the better densification of this CGO barrier layer that addi-
ional contributes to lower ohmic resistance values [28]. The use
f YDC resulted in higher ohmic resistance compared to CGO. That
s due to its lower ionic conductivity compared to CGO at 873 K
37].

For comparison, the reference cell with LSFC as cathode has been
ncluded in Fig. 11. This figure shows that a peak power density of
a. 400 mW cm−2 has been obtained for the cell with the optimized
r2NiO4+ı cathode combined with the thin CGO barrier layer, while
84 mW cm−2 was measured for the reference cell. Significantly

mproved cell performance has been obtained by the simultaneous
mplementation of a CGO barrier layer and praseodymium nicke-

ate cathode. The main improvement as shown in Fig. 12 is due to
he reduction of both Rohm and Rpol, in particular, the Rohm. These
erformances can be further improved when sintering the cathode
ccording to the optimized process described in part 2, which is
till in progress.
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4. Conclusion

In this work, the optimization of the microstructure of
praseodymium nickelate, Pr2NiO4+ı (PRN), aiming for high and
stable performance, has been carried out on a symmetrical cell
configuration with YDC as interface barrier layer. Three steps with
respect to the optimization of the microstructure have been exe-
cuted: (1) optimized the particle size distribution; (2) improved
cathode paste composition and (3) optimized the sintering temper-
ature. The optimum sintering temperature results in diminished
polarization and ohmic part that can be explained by the for-
mation of the neck growth in the cathode layer, leading to a
good electrical connectivity that results in efficient use of the
electrochemical active cathode barrier layer interface. With the
optimization developed here, both adhesion of the cathode on the
electrolyte and improvement of the cathode microstructure were
simultaneously achieved. However, it should be mentioned that
at higher sintering temperature solid state reaction between cath-
ode and interface layer might occur, resulting in formation of a
reaction zone with lower oxygen ionic conductivity. The Pr2NiO4+ı

powder with average particle size of 0.4 �m and sintered at 1403 K
has been determined to be the most performing cathode mate-
rial for SOFC operating at 873 K. A polarization resistance value of
0.08 � cm2 along with an ohmic resistance value of 2.5 � cm2 has
been obtained on a symmetrical cell configuration at 873 K. The
observed ohmic resistance is similar to the expected value of TZ3Y
electrolyte at 873 K, suggesting that the ohmic contribution of the
interfaces (TZ3Y/YDC and YDC/cathode) is negligible compared to
the ohmic resistance of TZ3Y electrolyte at the mentioned operating
temperature.

The choice of the applied ceria barrier layer is of importance
for the single anode supported cell performance at lower oper-
ating temperature. CGO layer shows to be a better barrier layer
compared to YDC, since its ionic conductivity is higher at an operat-
ing temperature of 873 K. Further, the addition of sintering aid and
reduced barrier layer thickness of CGO layer result in significantly
improved cell performance. The main improvement is due to the
further diminished ohmic contributions. The best cell performance
has been obtained for the cell combined with a thin screen-printed
Co-doped GCO layer with a maximum power output density of ca.
400 mW cm−2 at 873 K.
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