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Oxygen reduction reaction in Pr2NiO4+δ/Ce0.9Gd0.1O1.95

and La0.6Sr0.4Co0.2Fe0.8O3−δ/La0.8Sr0.2Ga0.8Mg0.2O2.80 half cells:
an electrochemical study

Benoît Philippeau & Fabrice Mauvy & Clément Nicollet &
Sébastien Fourcade & Jean Claude Grenier

Ab s t r a c t The e l e c t r o c h em i c a l p r o p e r t i e s o f
La0.6Sr0.4Co0.2Fe0.8O3 δ and Pr2NiO4+δ electrodes screen-
printed on La0.8Sr0.2Ga0.8Mg0.2O2.8 and Ce0.9Gd0.1O1.95, re-
spectively, have been investigated by electrochemical imped-
ance spectroscopy (EIS). A study of the heat treatment of
La0.6Sr0.4Co0.2Fe0.8O3 δ material used as oxygen electrode
associated to La0.8Sr0.2Ga0.8Mg0.2O2.8 electrolyte was per-
formed. The La0.6Sr0.4Co0.2Fe0.8O3 δ porous electrode
sintered at 900 °C for 1 h in air exhibits the lowest cathodic
polarization resistance; i.e. RP=0.12 Ω cm2 at 600 °C. The
SEM images show that the La0.6Sr0.4Co0.2Fe0.8O3 δ electrode
structure is highly porous, facilitating the gas diffusion and
maximizing the number of active sites for the oxygen reduc-
tion reaction (ORR). Furthermore, it forms good contact with
the electrolyte after this heat treatment. In order to characterize
the oxygen electrode reaction of La0.6Sr0.4Co0.2Fe0.8O3 δ and
Pr2NiO4+δ, the electrochemical impedance spectroscopy (EIS)
measurements were performed at temperatures between 400
and 700 °C and at different oxygen partial pressures (pO2)
ranging in between 10 3 and 0.21 atm. Analysis of the imped-
ance data revealed that there are two different processes in-
volved in the cathode reaction. The first process in the
medium-frequency range is assigned to the oxygen surface
exchange reaction at the electrode/gas interface and possibly
to the ionic diffusion in the material for La0.6Sr0.4Co0.2Fe0.8O3

δ and to the dissociation of the adsorbed molecular oxygen
for Pr2NiO4+δ. The second one at low frequency is associated
to the gas phase diffusion for both cathodes. The exchange
current density, i0, allows evaluating the electrocatalytic ac-
tivity of the cathode materials. The La0.6Sr0.4Co0.2Fe0.8O3 δ/

La0.8Sr0.2Ga0.8Mg0.2O2.8 couple shows the largest i0 value,
reaching 432 mA cm 2 at 700 °C and suggesting a high
electrochemical activity for the O2 reduction reaction.

Keywords SOFC cathode . Praseodymium nickelate .

Lanthanum strontium ferro-cobaltite . AC impedance
spectroscopy . Oxygen electrode reaction . Exchange current
density

Introduction

Solid oxide fuel cells (SOFCs) are considered to be promising
energy conversion devices due to their high efficiency and low
pollution emissions. During the last decade, significant efforts
have been devoted to lower the SOFCs operating temperature
in order to decrease their overall cost and to increase their
lifetime, even though it is still controversial [1–4]. To reach
this goal, the use of new electrolytes with high ionic conduc-
tivity as well as the development of new cathode materials
with high electrocatalytic properties is required. Among the
electrolytes, gadolinium doped ceria Ce0.9Gd0.1O1.95 (CGO)
and strontium doped lanthanum gallate La1 xSrxGa1 yMgyO3

δ are considered as possible alternative materials to replace
the conventional yttria-stabilized zirconia (YSZ) [1, 5–9].
Concerning the cathode materials, it is now well established
that mixed electronic and ionic conducting oxides are the most
efficient compounds in terms of electrocatalytic properties, the
oxygen reduction reaction (ORR) indeed occurring all over
the surface of the particles constituting the electrode. For
instance, the perovskite-type oxides, La1 xSrxFe1 yCoyO3 δ

are considered as excellent cathode materials for intermediate
temperature SOFCs [10–12]. More recently, a new family of
oxides with K2NiF4-type structure, so-called Ruddlesden-
Popper phases, has been investigated with regards to their
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excellent mixed ionic and electronic conducting properties
and to their specific structural features. For instance, the
praseodymium nickelate Pr2NiO4+δ (PRN) that shows oxygen
overstoichiometry seems to exhibit the best cathode perfor-
mances [11–16].

In order to improve the cathode performance, it is important
to identify the processes involved in the oxygen reduction
reaction (ORR) mechanisms, which can be rate-limiting under
operating conditions [17]. Many studies have been concerned
with the La1 xSrxFe1 yCoyO3 δ-based cathodes deposited on
YSZ [18, 19] or CGO [20–23]. Different mechanisms have
been proposed, but the understanding of the oxygen reduction
reaction is still debated because of the influence of a large
number of parameters, such as chemical composition, electron-
ic and ionic conductivities, microstructural properties, operating
temperature, operating atmosphere and polarization conditions.

In a recent work, the electrochemical properties of various
cathode/electrolyte couples have been investigated [24]. On
the basis of polarization resistance values, the couples
Pr2NiO4+δ/Ce0.9Gd0.1O1.95 and La0.6Sr0.4Fe0.8Co0.2O3 δ/
La0.8Sr0.2Ga0.8Mg0.2O2.80 have been evidenced to exhibit the
lowest polarization resistances, RP, and to be suitable couples
for IT-SOFC applications. They are considered in this work
for further studies.

The electrochemical properties of La0.6Sr0.4Co0.2Fe0.8O3 δ

a nd P r 2N iO 4 + δ e l e c t r o d e s s c r e e n - p r i n t e d o n
La0.8Sr0.2Ga0.8Mg0.2O2.8 and Ce0.9Gd0.1O1.95 electrolytes, re-
spectively, are investigated. The electrochemical impedance
spectroscopy (EIS) is used at various temperatures and under
different oxygen partial pressures with the aim to better iden-
tify each contribution involved in the ORR. Indeed, provided
the characteristic frequencies of these contributions to be
different enough in the studied domain, this technique may
allow deconvoluting the elementary processes and possibly
identifying the rate-determining steps involved in the ORR.
Such a methodology has been previously used [25–27].

Experimental

Preparation of cell components

Commercial powders were used as starting materials to pre-
pare dense electrolyte ceramics and porous cathodes. The
phase purity and the particle size distribution were checked
by X-ray diffraction (XRD) and laser granulometry, respec-
tively. Their specifications have been given in ref. [24].

In order to obtain dense electrolyte pellets, CGO
( C e 0 . 9 G d 0 . 1 O 1 . 9 5 ) ( R h o d i a ) a n d L S G M
(La0.8Sr0.2Ga0.8Mg0.2O2.80) (Sigma Aldrich) powders were
isostatically pressed at 3000 bars, for 15 min, and sintered at
1400 °C for 6 h and 1450 °C for 20 h, respectively. The
surface of the pellets was then roughened with sandpaper

(grade 4000) to make it uniform and finally cleaned with
ethanol. The obtained pellets had a diameter of ~16 mm, a
thickness of ~1.5 mm and a density about 95 % of the
theoretical value.

Porous electrodes were made using the screen-printing
process. The LSFC (La0.6Sr0.4Co0.2Fe0.8O3 δ) and PRN
(Pr2NiO4+δ) (Marion Technologies) powders were mixed into
a solvent with a commercial dispersant (terpineol) and binder
(ethyl cellulose) to form inks. Depending on the used imped-
ance spectroscopy measurement configuration (2 or 3 elec-
trodes setup as shown in Fig. 1), working and auxiliary
electrodes were deposited either on the whole or on half of
the surface of both sides of the electrolyte pellets.

A specific sintering temperature was required in order to
obtain a good adherence between the cathode layer and the
electrolyte. The PRN/CGO couple was sintered at 1100 °C,
for 1 h, in air; this temperature had been previously optimized
on the basis of EIS measurements. Concerning, LSFC/LSGM
half cells, different heat treatments were performed in order to
select the best sintering condition on the basis of the measured
polarization resistance values.

Porosity, adherence and microstructure of the symmetrical
cells were determined by field emission scanning electron
microscopy (SEM) using a Jeol JSM 6330 F, equipped with
an EDS detector. From cross-section image of the cell, the
cathode layer thickness was measured as well as the porosity
calculated bymeans of image analysis using Image J software.

Electrochemical impedance spectroscopy measurements

In order to characterize the electrochemical properties of the
electrodes, the EIS measurements were performed either in
two-electrode configuration (under zero dc conditions,
Fig. 1a.) or in three-electrode configuration (under dc polari-
zation, Fig. 1b).

Two-electrode measurements:
Two-electrode impedance spectroscopy measure-

ments were carried out using a frequency response
analyser module Autolab FRA2 coupled with a
potentiostat/galvanostat PGSTAT 302 N, in the range of
0.01 Hz to 1 MHz with a 50 mV signal amplitude. These
measurements were performed on pellets with area A≈
2 cm2, under a controlled flowing gas mixture (O2/N2),
the oxygen partial pressure ranging from 0.21 down to
10 3 atm, in order to determine the polarization resistance
and to study the processes involved in the oxygen ex-
change reaction at equilibrium. The impedance data were
fitted using the Zview™ software (Scribner Associates).
Three-electrode measurements:

The three-electrode cell setup was used for determin-
ing the cathodic overpotential ηC, as a function of current
density i. In the schematic representation of Fig. 1b, the







negligible effect on the values of m, in agreement with most
previous authors:

– m=1 characterizes the diffusion of oxygen molecules
from the gas (O2 (g)) to the active reaction sites and their
adsorption at the electrode surface (O2,ads):

O2 gð Þ ⇔ O2;ads ð5Þ

– m=½ is related to the dissociation of the adsorbed mo-
lecular oxygen into atomic species (Oads) at the
electroactive sites of the mixed ionic electronic conductor
(MIEC) oxide:

O2;ads ⇔ 2 Oads ð6Þ

– m=¼ corresponds to the oxygen surface exchange reac-
tion, which occurs at the two-phase gas/electrode inter-
face; it involves the electronic transfer to the adsorbed
oxygen species with the subsequent incorporation of the
oxide anion into the available sites of the crystal lattice of
the electrode material according to the following reaction
step:

Oads þ 2 e þ VO
•• ⇔ OO

x ð7Þ

the oxygen vacancies being those of the MIEC oxides.

– m=0 characterizes the ionic transfer of O2 oxide ions
across the electrolyte-electrode interface:

O2
electrodeð Þ⇔O2

electrolyteð Þ ð8Þ

Fig. 3 SEM images of the cross
section of symmetrical cells
(LSFC/LSGM) sintered at
900 °C/1 h (a), 1000 °C/1 h (b),
1100 °C/1 h (c) and 1150 °C/1 h
(d) after electrochemical
measurements in air

Fig. 4 Impedance diagrams recorded at 600 °C under various oxygen partial pressures for LSFC/LSGM (a) and PRN/CGO (b) half cells





Electrochemical measurements under dc polarization

Under operating conditions, the dc polarization phe-
nomenon at the cathode is one of the major issues of
the fuel cells. In order to evaluate the performances of
LSFC/LSGM and PRN/CGO half cells for SOFC ap-
plications, a cathodic dc polarization was implemented.
The three-electrode configuration described in Fig.1b
was used, and the cathodic polarization was measured
from 500 up to 800 °C in air. The aim was to deter-
mine the cathodic overpotential as a function of the
current density through the cell under steady-state con-
ditions. The data are reported in Fig. 6 for different
temperatures. At a given current density, the respective
overpotentials of the LSFC and PRN cathodes decrease
with temperature, indicating that the ORR kinetics are
enhanced at high temperature. At each temperature, the
LSFC electrode shows the lowest overpotential, what-
ever the current density. For instance, with the aim to

compare our results with previously reported data, the
overpotential η of LSFC cathode is about 5 mV under
a current density of 200 mA cm 2 at 800 °C. This
value is lower (24 mV) than the one of the PRN
cathode and also much lower (27 mV) than the one
of La0.6Sr0.4Fe0.8Co0.2O3 δ on Ce0.8Sm0.2O1.9 [43],
45 mV for the La2NiO4+δ - La0.6Sr0.4Fe0.8Co0.2O3 δ

composite electrode on Ce0.8Sm0.2O1.9 electrolyte [34]
and 57 mV fo r La 0 . 6S r 0 . 4Fe 0 . 2Co 0 . 8O3 δ on
La0.9Sr0.1Ga0.8Mg0.2O3 δ [44]. Such a good perfor-
mance for the LSFC electrode reveals a high electro-
chemical activity of this compound for the O2 reduc-
tion reaction, which is consistent with its low polari-
zation resistance determined by EIS analysis.

Even if the shape of the i vs. η curves do not show a
pure exponential form, the Butler-Volmer equation has
been used in a empirical way to get electrode kinetics
data, as it is conventionally done. This information is
obtained through two parameters, the exchange current
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Fig. 6 Electrochemical behaviour of LSFC and PRN electrodes: cathodic polarization curves measured at 800 °C (a) and 600 °C (b) and Tafel curves
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density, i0, and the transfer coefficient α. When the
electron-transfer rate is fast and considering the range
of small overpotentials, the Butler-Volmer equation can
be expanded in power series. Thus, for small deviation
from equilibrium, the current is approximately linear vs.
η and the electrode behaves as an ohmic resistance,
namely the polarization resistance Rp. Thus, in the low
current density regime, the following relation can be
derived from the Butler-Volmer equation [45]:

i0 ¼ RT

nF
� 1

Rp
ð9Þ

where n is the number of electrons involved in the total
electrode reaction per O2 mole (n=4), F is the Faraday
constant, R is the gas constant and T is the absolute
temperature.

In that case, the exchange current density i0 values are
calculated from the Rp values (obtained from the fitting data
of ac impedance measurements) according to Eq. 9.

On the other hand, when the overpotential η is large
enough, i.e. | Fη/RT | >>1, one of the exponential terms (here,
the anodic one) is negligible compared with the other one. In
this case, the i0 values can be determined from the experimen-
tal i/η data obtained by linear sweep voltammetry (LSV)
measurements. The i0 values were determined from the y-
intercept of the log i vs. η plot and calculated by using
Eq. 10 [43]:

logi ¼ logi0 þ anF

2:3� RT
� η ð10Þ

where η is the cathodic polarization and α the charge transfer
usually assumed to be 0.5.

The i0 values calculated using AC and LSV measurements
show a good agreement within the limits of experimental
errors (Table 2) demonstrating the concordance of these very
different measurements. In addition, the fact that the measures
are carried out over 36 h, using very different polarization

values (50 mV ac and up to 1 V dc) means the cathode
materials are chemically stable during these experiments.

The i0 values increase with increasing the operating
temperature, indicating a thermally activated electrochemi-
cal reaction. Whatever the temperature, the LSFC cathode
exhibits the largest i0 values. These results suggest that the
kinetics of the oxygen reduction reaction of LSFC/LSGM
couple is faster than the one of PRN/CGO. At 700 °C, the
i0 value for LSFC reaches 432 mA cm 2, which is higher
than previously reported i0 values such as 182.3 mA cm 2

for Ba0.5Sr0.5Co0.8Fe0.2O3 δ/LSGM [46], 65 mA cm 2 for
LSFC/Sm0.2Ce0.8O2 δ [43], 126 mA cm 2 for the compos-
ite electrode LSFC/40 wt% CGO on YSZ electrolyte at
the same temperature [47].

A further investigation aimed to better identify the
kinetics regime of the ORR. According to the shape of
the curves reported in Fig. 6, gas diffusion limitation
has been considered. Indeed, the Tafel equation suggests
that the current increases exponentially with increasing
overpotential. However, there must be a point at which
the current becomes limited by mass transport rate and
log i vs. η curves begin to flatten out. The point at
which this happens depends on the efficiency of gas
supplying and the diffusion coefficients of electroactive
species but also on the electron-transfer rate. For slow
electron-transfer processes, the rate of transport is not a
problem. For faster processes, the Tafel plot approach
may be inadequa te because , wi th inc reas ing
overpotential, transport limitation sets in before Tafel
region is established.

The Butler-Volmer equation is a relation for current
density, i as a function of overpotential η, applicable
from η=0 to a value at which the influence of a limit-
ing diffusion control becomes significant. The concept
of limiting current density allows a simple derivation of
the relation between the steady-state concentration

Table 2 Exchange current density vs. temperature obtained by AC
Impedance and DC measurements

Electrode T(°C) i0 (mA cm 2)

AC DC

LSFC 800 522+/ 120 673+/ 40

700 318+/ 80 432+/ 15

600 164+/ 15 270+/ 17

500 46+/ 2 43+/ 7

PRN 800 370+/ 60 309+/ 10

700 230+/ 25 241+/ 5

600 102+/ 5 107+/ 8

500 38+/ 1 35+/ 3
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frequencies LF are quite constant over a large
overpotential range, which supposes the various process-
es to be unchanged in the considered overpotential
range.

The CLF values are about 1 to 10 F for both half cells and
characterize the gas diffusion process [26].

Concerning the MF capacitances, CMF, the values
are about 0.01–0.1 F for both LSFC/LSGM and PRN/
CGO half cells. As reported in the literature, these
contributions are assigned to the electrode process
[16, 22, 26].

Regarding the MF and LF resistances, it can be
observed for both LSFC/LSGM and PRN/CGO half
cells that RMF and RLF are nearly stable vs. the cathodic
overpotential whereas the RLF is increasing with η. The
MF resistance values are close for the two studied cells
indicating that is nearly identical. These contributions
have been attributed to the electrode reaction process.
Concerning the LF resistances assigned to gas diffusion,
this contribution is reduced in the small overpotential
range and becomes the most significant in the large
overpotential range. It can be deduced that the gas
diffusion process is not efficient enough when the cur-
rent density increases. This last contribution can be
reduced by increasing the gas flow and the oxygen
partial pressure of the gas supplying the electrode.
Two different regimes can be identified as (i) charge
transfer limitation near the equilibrium and (ii) mass
transfer limitation in the large overpotential range.

In addition, from a general viewpoint, the microstruc-
ture, the adherence and the reactivity between electrode
and electrolyte can drastically affect the number of
active sites for the oxygen reduction process. SEM
images of the LSFC and PRN electrodes have been
carried out after impedance measurements under dc
polarization in air. As shown in Fig. 12a, the LSFC
cathode which has the highest electrocatalytic activity,
shows grains with much smaller size (≈0.2 μm), about
four times, than PRN (≈0.8 μm) (Fig. 12b). An increase
of the grain size leads to decrease the specific surface
area of the electrode and, therefore, the number of
active sites. Then, it appears that the sintering of the

PRN electrode leads to increase the number of necks
and to decrease the specific surface area, which would
explain why the PRN cathode exhibits a smaller elec-
trochemical performance compared to LSFC cathode.

Conclusion

On the basis of previously reported results [26], two cathode/
electrolyte couples were selected for further electrochemical
studies: La0.6Sr0.4Co0.2Fe0.8O3 δ/La0.8Sr0.2Ga0.8Mg0.2O2.8

and Pr2NiO4+δ/Ce0.9Gd0.1O1.95. A preliminary study of the
La0 . 6Sr0 . 4Co0 . 2Fe0 . 8O3 δ e lec t rode s in ter ing on
La0.8Sr0.2Ga0.8Mg0.2O2.8 electrolyte showed that the lowest
polarization resistance (Rp=0.12Ω cm2 at 600 °C) is obtained
after sintering at 900 °C, for 1 h. The oxygen reduction
reaction for La0.6Sr0.4Co0.2Fe0.8O3 δ and Pr2NiO4+δ cathodes
was investigated using electrochemical impedance spectros-
copy in the temperature range (500<T<700 °C) under differ-
ent oxygen partial pressures (10 3<pO2<0.21 atm) as well as
at various polarizations η (0→~−0.5 V).

EIS measurements revealed that the polarization re-
sistance is composed of two contributions identified at
medium and low frequencies. On the basis of the tem-
perature and oxygen partial pressure dependences of the
polarization resistance, the medium-frequency contribu-
tion is assigned to oxygen reduction reaction, the limit-
ing step being dependent on the cathode material. For
La0.6Sr0.4Co0.2Fe0.8O3 δ, it is a mixed process involving
both the ionic transfer across the electrolyte-electrode
interface and the oxygen surface exchange reaction,
whereas for Pr2NiO4+δ, it is the dissociation of the
adsorbed molecular oxygen into atomic species. The
low-frequency contribution is associated to the gas
phase diffusion near and in the electrodes for both
materials.

The highest electrocatalytic activity with regards to the
o x y g e n r e d u c t i o n r e a c t i o n i s o b s e r v e d f o r
La0.6Sr0.4Co0.2Fe0.8O3 δ cathode/LSGM electrolyte, the ex-
change current density reaching 432 mA cm 2 at 700 °C.

Fig. 12 SEM images of the
cross section of symmetrical cells
after electrochemical
measurements under dc
polarization in air: a
LSFC/LSGM and b PRN/CGO
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