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Oxygen reduction reaction in Pr,NiQOy4.5/Cey0Gdj.101.95
and Lag ¢Sr 4Co2Fe) 803-5/LaggSro2GagsMgo.20;.50 half cells:

an electrochemical study

Benoit Philippeau - Fabrice Mauvy + Clément Nicollet -
Sébastien Fourcade - Jean Claude Grenier

Abstract The electrochemical properties of
Lag ¢St 4Cog2Feq 303 s and ProNiOy4.s5 electrodes screen-
printed on LaO.gsTO.zGaO.gMgolzozlg and Ceolng0_101.95, Ie-
spectively, have been investigated by electrochemical imped-
ance spectroscopy (EIS). A study of the heat treatment of
La ¢Srp.4Cog 2Fep sO3 s material used as oxygen electrode
associated to Lag gSrg,Gag Mg 0, ¢ electrolyte was per-
formed. The Lag ¢Srg.4Co0g2Fey 303 s porous electrode
sintered at 900 °C for 1 h in air exhibits the lowest cathodic
polarization resistance; i.e. Rp=0.12 Q cm? at 600 °C. The
SEM images show that the Lag ¢Sty 4Cog2Fep 305 s 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 Lag ¢St 4Cog »Feg gO3 5 and
Pr,NiOy4., the electrochemical impedance spectroscopy (EIS)
measurements were performed at temperatures between 400
and 700 °C and at different oxygen partial pressures (pO,)
ranging in between 10  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 Lag ¢Sty 4Cog -Feg sO3

s and to the dissociation of the adsorbed molecular oxygen
for Pr,NiOy4. 5. The second one at low frequency is associated
to the gas phase diffusion for both cathodes. The exchange
current density, iy, allows evaluating the electrocatalytic ac-
tivity of the cathode materials. The Lag ¢Sty 4Cog,Fe O3 s
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Lag gSry,Gag Mgy ,0, g couple shows the largest iy value,
reaching 432 mA cm * at 700 °C and suggesting a high
electrochemical activity for the O, reduction reaction.
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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 CeyoGdj 10195 (CGO)
and strontium doped lanthanum gallate La; ,Sr,Ga; (Mg Os

s 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, La; ,SrFe; Co,O5 5
are considered as excellent cathode materials for intermediate
temperature SOFCs [10—12]. More recently, a new family of
oxides with K,NiF,-type structure, so-called Ruddlesden-
Popper phases, has been investigated with regards to their



excellent mixed ionic and electronic conducting properties
and to their specific structural features. For instance, the
praseodymium nickelate Pr,NiO4.5 (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 La; SriFe; yCoyO3 s-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
PryNiOy4.5/Ceg 9Gdg 101 95 and Lag 6Srg 4Feg 3C0g 203 s/
Lag gSry ,Gag Mgy 20, g0 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 Lag Srg 4Cog-Feq 303 5
and Pr,NiOy4.5 electrodes screen-printed on
Lag §Srg2Gag gMgo 20, 5 and Ce9Gdy, 10, g5 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
(C60A9Gd0.101.95) (RhOdla) and LSGM
(Lag.gSrp,Gag sMgp20,.50) (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 (Lag Srg 4Cog,Feq 303 5) and PRN
(Pr;NiO4.5) (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 by means 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 cm?, under a controlled flowing gas mixture (O»/N,),
the oxygen partial pressure ranging from 0.21 down to
10 ? 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 7, as a function of current
density i. In the schematic representation of Fig. 1b, the



Fig. 1 Schematic representation (a)
of the two configurations used for
the EIS measurements: a two
electrode configuration and b
three electrode setup

reference electrode is made of Pt paste deposited on the
same side of the working electrode at the edge of the
pellet (with 4=1 cm?). The distance between the working
and reference electrodes must be at least three times over
the thickness of the electrolyte to avoid as much as
possible measurement artefacts due to the influence of
the current lines through the electrolyte and the reference
electrode [28]. The polarization curves were obtained by
voltamperometry measurements. For each point, a con-
stant polarization voltage Evwyg was applied between the
working and the reference electrodes and the resulting
current / between the working and the counter electrodes
was recorded after steady state was achieved.
Measurements were carried out step by step from zero
dc voltage up to the highest polarization of Ewgr=—1V,
then back to zero dc voltage, in order to check the
reversibility. Then, the overpotential of the cathode work-
ing electrode 7 was calculated according to the follow-
ing equation:

Ne = EWR_RS X I (l)

The ohmic drop Rg*i was deduced from the imped-
ance diagram recorded with the 3-electrode setup at each
investigated voltage step, the series resistance Rg value
being obtained at the intercept of the Z’ real axis at high
frequencies.

Results and discussion

Electrochemical measurements under zero dc current
conditions

Study of the sintering temperature of LSFC on LSGM
electrolyte

With regards to the optimization of the sintering temperature
achieved for the PRN/CGO couple [29], the best sintering
conditions were also investigated for the LSFC cathode on
LSGM electrolyte. Typical Nyquist plots recorded at 600 °C
in air for LSFC/LSGM/LSFC symmetrical cells sintered at
different temperatures for 1 h are given in Fig. 2. For more
clarity, the value of the high-frequency resistance attributed to

(b)

Working
Electrode

Counter
electrode

the LSGM electrolyte ohmic drop (Rs) was subtracted in the
impedance diagram.

From the Nyquist plots, it can be observed that there are at
least two semi-circles at low sintering temperatures (900 and
1000 °C), which tend to merge into one arc for higher
sintering temperatures (1100 and 1150 °C).

Impedance data were fitted using an equivalent circuit
constituted of one resistance Rg and two R-CPE elements in
parallel associated in series as shown in Fig. 2b. In the equiv-
alent circuit, Rg is an ohmic resistance of the cell and CPE isa
constant phase element. The impedance of CPE can be
expressed [30] as:

Zcpe = Yolaf (l] o7 2)

where Y is the module of the CPE element, w is the angular
frequency and p is a fitting parameter between 0 and 1 related
to the depression angle of the semi-circle (p=1 corresponds to
the pure capacitance) The value of the equivalent capacitance,
Ceq is deduced from the relationship [30]:
Cog =R x v¢ (3)

Other equivalent circuit models, involving either Gerischer
or Warburg elements such as those used by Grunbaum et al.
[22] and Jammik etal. [31], were no longer considered in this
study because they led to divergent fits.

The polarization resistance was calculated using the rela-
tion R,=Rejectrode * A/2; Rejectmoae 15 the difference between
low and high-frequency intercepts of the impedance diagrams
with the real axis (Rejectrode=Rmr+Rir) and 4, the surface area
of each symmetrical electrode (4~2 cm?). The values of these
resistances are given in Table 1. It appears that the sintering
temperature has a significant effect on the electrode perfor-
mances, R, becoming larger when the sintering temperature
increases. The LSFC/LSGM sample sintered at 900 °C ex-
hibits the lowest R,, values, 0.07 2 cm?,0.12  cm” at 700 and
600 °C, respectively; these values are in the range of required
targets for the development of commercial cells [32]. On the
other hand, the polarization resistance is lower than the ones
previously reported at 700 °C for half cells such as
Lag 53Sr0.4Cog 2Feg 303 s/Balng 3Tig 705 85 (R,~0.20 €2 sz),
Lag 6Sr.4Cog2Feg 303 5/Ceq sSmg 205 5 (Rp=0-85 Q sz),
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Fig. 2 a Typical impedance diagrams of LSFC sintered at various
temperatures for 1 h on LSGM pellet and measured at 600 °C in air; b
the equivalent circuit used for fitting AC impedance measurements

Lay 6S19.4C00 2Fep 03 §/Ce.9Gdy 10 5 (R,~0.20 2 sz)
[33-35]. This result could be explained by the fact that the
low sintering temperature is beneficial for improving the
interface. The LSGM decomposition that would lead to the
formation of gallates, e.g. LaSrGa;07 and Sr;Ga,05 [36] at
the interface LSFC/LSGM, having a very low conductivity,
does not occur after 1 h at 900 °C, as confirmed by XRD
experiments.

Then, the change in the microstructure of LSFC electrodes
was studied in order to explain the effects of the sintering
temperature on the R, values. Figure 3 shows SEM images
corresponding to the LSFC/LSGM interfaces after sintering at
different temperatures for 1 h. It can be seen that increasing the
sintering temperature leads to particle agglomeration, which
decreases the electrode porosity and the number of active sites
for the ORR, resulting in the increase of R;,. The porosity is
estimated to be about 30 % for 900 °C/1 h against about 15 %
for 1150 °C/1 h (Fig. 3d). However, all SEM images show
good bonding, continuous contact at the interfaces and no
delamination between electrode and electrolyte. The

thicknesses of porous layers were estimated, from these ob-
servations, to be approximately 20 um.

In the following study, the LSFC cathodes were sintered at
900 °C for 1 h, which was considered as the best sintering
condition.

Study of the oxygen reduction reaction (ORR) mechanism
at the cathode

In order to understand the various processes involved in the
oxygen reduction reaction, a study of the influence of the
oxygen partial pressure on the electrode impedance was per-
formed at various operating temperatures (500, 600 and
700 °C). Typical impedance diagrams of the LSFC/LSGM
and PRN/CGO symmetrical cells recorded at 600 °C in dif-
ferent gas atmospheres are given in Fig. 4a and b, respectively.

The value of the high-frequency resistance (R;) assigned to
the electrolyte was again subtracted from the total impedance.
As expected, for a given temperature, this series resistance
(R;) does not significantly vary over the whole studied oxygen
partial pressure range, which confirms the electrolytes to be
stable under these given experimental conditions.

The best fitting of the impedance diagrams was found
using two semi-circles, at middle (MF) and low frequency
(LF), for all temperatures, either for LSFC or PRN electrodes.
This result would suggest that the ORR involved into the
LSFC and PRN electrodes can be decomposed at least into
two different steps for the electrode reaction. In order to clarify
this process, the experimental data were fitted using the equiv-
alent circuit shown in Fig. 2b.

According to previous reported modelling, it is now well
known that the various steps of the oxygen reduction reaction
lead to different relationships between the polarization resis-
tance and the oxygen partial pressure [37, 38].

Indeed, in steady-state conditions, the polarization resis-
tance of each process (Ryr and Ry r) depends on the oxygen
partial pressure according to the following relation:

R, = Rpo X (pOy) ™ 4)

where the m value characterizes the nature of the step involved
in the electrode reactions. The variation of the oxygen stoi-
chiometry was considered to be small enough for having a

Table 1 Values of the

polarization resistances measured Symmetrical cell Sintering temperature (°C/h) Polarization resistance R, (Q.cm?)

at 600 700 °C for the LSFC

electrode materials sintered on 600 °C 700 °C

LSGM electrolyte at different

temperatures LSFC/LSGM 900 °C/1 h 0.12 0.07
1000 °C/1 h 0.14 0.07
1100 °C/1 h 030 0.08

1150 °C/1 h 037 0.08




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 (¢) and 1150 °C/1 h
(d) after electrochemical
measurements in air

S, 888

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

m=1 characterizes the diffusion of oxygen molecules
from the gas (O, (g)) to the active reaction sites and their
adsorption at the electrode surface (O, 44s):
0:2(2) < 02445 (5)
m=" is related to the dissociation of the adsorbed mo-
lecular oxygen into atomic species (O,qs) at the

electroactive sites of the mixed ionic electronic conductor
(MIEC) oxide:

(6)
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m="Y4 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:

Ous+ 2e + V" o 0o" (7)

the oxygen vacancies being those of the MIEC oxides.

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

2
0 (electrode) = 02 (electrolyte) ( 8 )
= 0.21atm '
164 ¢ 0.10 atm 05
4 0.03 atm 04l i .
141+ 0.01 atm E . .
3 3_0‘3 v e \1
421 ¥ 5.0" atm < e LN
- 10-3 atm N-Dl ;v'A‘ Lt aaat . _’1
-10 01 \;/1 /0 ] 4 L
8- 00 =3 2 A
. * H0 03 2954Rs e ':2) 08 1l0
-6 *x * /*
*
4 o * -2
*
] }*,****/-1 PRN/CGO
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Z'- R, (Q. cm?)

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



The variations of the polarization resistances of each con-
tribution (Ryr and Ry g) with pO, at 500, 600 and 700 °C are
shown in Fig. 5a and b. Each contribution (Ryr and Ry ¢) and
its dependences on oxygen partial pressure will be discussed
separately in the following sections.

—  Medium-frequency impedance (10°—10° Hz)

The medium-frequency contribution was analysed
with a R/CPE element. This equivalent sub-circuit
was chosen with regards to the general features of
the Nyquist plots. Although it has no real phenom-
enological character as a Warburg or a Gerischer
element, it allows describing the complex response
of an electrochemical system and determining the
relaxation frequencies and the associated equivalent
capacitances of each contribution. Figure 5a shows
the pO, dependence of Ry at various temperatures.
Such a methodology has been previously used as
observed in previous works [22, 23, 39]

For LSFC compound, Ryr decreases with tem-
perature but is not significantly affected by the
variation of the oxygen partial pressure. The power
coefficient m is in the range of 0.10-0.04, which
suggests, the rate-determining step could be as-
sumed to be a mixed process involving both the
ionic transfer across the electrolyte-electrode inter-
face (m=0) and the oxygen surface exchange reac-
tion (m=Y). The equivalent capacitance values,
Cpr=0.05-0.1 F cm 2, are steady with temperature
and nearly independent on pO,; such values are in
the range given by Adler et al. (10 *t0 10 F cm ?)
relative to both phenomena [20]. One should note
that the thermal dependence of Ry has an average
activation energy value of 1.2+/—0.1 eV, which is
between those found for the surface exchange

] N=p
10°4 > * jgﬁ
3 n=0.05
] . n= 062
. -

£
o
X

10°Je 700°C & 700°C

im 600°C|LSFC/LSGM PRN/CGO |= 600°C

,1® s00°C @ 500°C

10 30 25 20 45 40 05
log (pO, /atm)

coefficient, k*, E,=1.09 eV, and for oxygen self-
diffusion coefficient, D*, E,=1.9 eV, reported for
Lag 6Sro.aFep §C00 205 5 [40].

Conceming the PRN compound, Ry also de-
creases with temperature and is dependent on the
oxygen partial pressure with a value of m close to
2. This dependence suggests that the dissociation of
the adsorbed molecular oxygen into atomic species
(Eq. 6) might be considered as the rate-determining
step for this sample [41]. The capacitance values
Cwmr associated to this contribution are in the range
0.03-0.08 F cm 2, close to those observed by Pang
et al. [42].

Low-frequency impedance (10°-10 * Hz)

The variation of the Ry ¢ polarization resistances as a
function of pO,, at different temperatures, for both LSFC
and PRN cathodes is shown in Fig. 5b. The n values of
the slopes, around 1, together with the capacitance values
Cpr~0.8-4 F cm 2, suggest that the rate-determining step
is the diffusion process of O, molecules above and inside
the porous microstructure of the electrode (Eq. 5).
Furthermore, the low average activation energy values,
0.3+/-0.1 eV for LSFC and 0.2+/—0.1 eV for PRN,
means a thermally nearly non-activated process, which
confirms that this phenomenon is not involved in the
electrode reaction kinetics. These values are in agreement
with those reported by Kournoutis et al. [39] for
Lay §Sry,Coq ,Feq 305 5 deposited on Cey gGdy,0, 5 in-
terlayer and using ZrO, (8 % mol Y,0;) electrolyte. This
conclusion is also supported by the fact that the low-
frequency resistance Rir seems to be independent on
the electrode composition at least for electrodes
having the same thickness and similar microstruc-
tures and by the fact that the Ryr increases with
decreasing pO,.

10'
10°4
107 . .
e 700°C s 70B°C
= 600°C|| SFC/LSGM PRN/CGO |# 600°C
e 500°C ® 500°C
107 . . . . .
-3.0 -25 -2.0 -1.5 -1.0 -0.5
log (pO, /atm)

Fig. 5 Oxygen partial pressure dependences of Ry (a) and Ry g (b) for LSFC and PRN cathodes at different temperatures
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measured at 800 °C (c¢) and 600 °C (d)

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 n of LSFC cathode is about 5 mV under
a current density of 200 mA cm ? 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 LageSrg.4Fe3C00203 5 on CeggSmg,0;9 [43],
45 mV for the LazNiO4+5 - L30'6sr0'4FCO'8C00.203 5
composite electrode on CeqgSm(,0; 9 electrolyte [34]
and 57 mV for Lay ¢Srg 4Feg2Co0g 303 5 on
LagoSrg.1GagsMgg .05 s [44]. Such a good perfor-
mance for the LSFC electrode reveals a high electro-
chemical activity of this compound for the O, reduc-
tion reaction, which is consistent with its low polari-
zation resistance determined by EIS analysis.

Even if the shape of the i vs.  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



density, iy, and the transfer coefficient . 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.
n and the electrode behaves as an ohmic resistance,
namely the polarization resistance R,. Thus, in the low
current density regime, the following relation can be
derived from the Butler-Volmer equation [45]:
_RT 1

iy = WF X R, )
where n is the number of electrons involved in the total
electrode reaction per O, mole (n=4), F is the Faraday
constant, R is the gas constant and 7 is the absolute
temperature.

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

On the other hand, when the overpotential 7 is large
enough, i.e. | Fn/RT | >>1, one of the exponential terms (here,
the anodic one) is negligible compared with the other one. In
this case, the iy values can be determined from the experimen-
tal i/n data obtained by linear sweep voltammetry (LSV)
measurements. The i, values were determined from the y-
intercept of the log 7 vs. n plot and calculated by using
Eq. 10 [43]:

ankF

23xRT ! (10)

logi = logiy +
where 7 is the cathodic polarization and « the charge transfer
usually assumed to be 0.5.

The iy 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

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

Electrode T(°C) i (MA cm %)
AC DC

LSFC 800 522+ 120 673+ 40
700 318+ 80 4324/ 15
600 164+/ 15 270+/ 17
500 46+ 2 43+/ 7

PRN 800 370+ 60 309+ 10
700 230+ 25 2414/ 5
600 102+ 5 107+ 8
500 38+ 1 35+/ 3

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

The i, values increase with increasing the operating
temperature, indicating a thermally activated electrochemi-
cal reaction. Whatever the temperature, the LSFC cathode
exhibits the largest iy 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
ip value for LSFC reaches 432 mA cm 2, which is higher
than previously reported i, values such as 182.3 mA cm >
for Bag sty sCog sFeg-05 #LSGM [46], 65 mA cm 2 for
LSFC/Smy>Ceo 30> 5 [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. n 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 inadequate because, with increasing
overpotential, transport limitation sets in before Tafel
region is established.

The Butler-Volmer equation is a relation for current
density, 7 as a function of overpotential 7, applicable
from =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
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Fig. 7 Variation of log (i/(1 i/ir)) as a function of the cathodic
overpotential
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Fig. 8 EIS diagrams of LSFC/LSGM half cell for various cathodic
overpotentials, under air, at 600 °C

overpotential 7. and the current density 7 if the reaction
is such that other forms of overpotential are negligible.
Starting from the expression of the overpotential 7., vs.
the concentration (overpotential 7.=R7/4 FxIn(C(x=0)/
C°), a relation between the overpotential and the limit-
ing current density can be established: 7.=R7/4 FxIn(1-
iliy) [48].

In order to suppress the oxygen diffusion contribu-
tion, log (i/(1-i/ir)) vs. n graphs have been plotted in
Fig. 7, the limiting current i; being determined by
extrapolation of the i vs.  plot at large overpotentials.
According to these plots and especially to the values
of the slope, it can be noticed that a good agreement
with the theoretical Tafel slopes (4 F/RT) is obtained
for both LSFC/LSGM and PRN/CGO half cells at 7=
800 °C. This observation leads to suggest a mixed
regime for the ORR. At large overpotentials, the
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Fig. 9 EIS diagrams of PrN/CGO half cell vs. cathodic overpotential
under air at 600 °C
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Fig. 10 MF and LF capacitances vs. cathodic overpotential for
LSFC/LSGM and PrN/CGO half cells, at 600 °C, under air

ORR limiting step can be assigned to the gas diffusion
process whereas at small overpotentials, it is the
electron-transfer process. At 600 °C, the electrode be-
haviour seems to be different as the log (i/(1-i/iy)) vs.
71 begins to flatten out for both LSFC/LSGM and PRN/
CGO half cells, which suggests that the Tafel approach
cannot be used.

The EIS diagrams recorded at 600 °C and for differ-
ent overpotential values are reported in Figs. 8 and 9
for LSFC/LSGM and PRN/CGO half cells, respectively.
Impedance data have been fitted using an equivalent
circuit constituted of 1 resistance Rs and 2 R CPE
elements in parallel associated in series. The cathodic
overpotential dependences of the calculated capacitive
and resistive effects are reported in Figs. 10 and 11. It
clearly appears that the values of the capacitive effects
associated to the medium frequencies MF and low
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Fig. 11 MF and LF resistances vs. cathodic overpotential for
LSFC/LSGM and PrN/CGO half cells, at 600 °C, under air



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

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

Concerning the MF capacitances, Cy, 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 Ry;r and Ry are nearly stable vs. the cathodic
overpotential whereas the Rpr is increasing with 7. 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 um), about
four times, than PRN (=0.8 pm) (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

ICMCB-CNRS

ICMCB-CNRY

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: LaO.6sr0.4C00_2F60.803 g/Lao_gsr().zGa()_8Mg0.202_8
and PryNiO4.5/Ceo9Gdy 101 95. A preliminary study of the
Lag ¢Srg.4Co0g.2Fey 305 5 electrode sintering on
Lag gSry,Gay Mg, ,0, g electrolyte showed that the lowest
polarization resistance (R,=0.12 €2 cm? at 600 °C) is obtained
after sintering at 900 °C, for 1 h. The oxygen reduction
reaction for Lag ¢Srp 4Cog,Feq 05 5 and ProNiO4.5 cathodes
was investigated using electrochemical impedance spectros-
copy in the temperature range (500<T<700 °C) under differ-
ent oxygen partial pressures (10 3<p0,<0.21 atm) as well as
at various polarizations n (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
Lag ¢St 4Co¢2Feq 503 4, it is a mixed process involving
both the ionic transfer across the electrolyte-electrode
interface and the oxygen surface exchange reaction,
whereas for Pr,NiOy.s, 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
oxygen reduction reaction is observed for
Lag ¢St 4Cog 2Feq 05 5 cathode/LSGM electrolyte, the ex-
change current density reaching 432 mA cm  at 700 °C.
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