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Abstract Cyclic voltammetry, chronoamperometry and
electro-chemical impedance have been used for the
analysis of the following medium temperature half-cells:
Ceo.855myg.1501.925| Lag 6Srg4C003.5, Cegs5Smg 1501 925
Prg.6519.4C003.5 and Ceg g5Smg 1501 925 Gdg ¢S19.4C003.
5. The influence of the atomic mass of the A-site cation
in the perovskite cathode on the oxygen reduction
kinetics has been discussed. The total polarisation
resistance, obtained from the Z”, Z’-plots, increases with
the rise of atomic mass of the cation in the A-site posi-
tion. Two different time constants have been obtained
for the oxygen electroreduction process, and the
replacement of La®* by Gd*" in the cathode material
decreases somewhat the surface catalytic activity, but the
noticeably higher low-frequency series resistance, i.e.
mainly diffusion-like mass transfer resistance, values
have been obtained. However, the mainly diffusion-
limited process at 7<773 K for Gdg ¢Sry 4C005_5 and the
kinetically mixed process (diffusion + charge transfer)
for Prg¢Srg4Co005.s and Lag¢Srg4Co0Os.s have been
established. At higher temperature (7 =993 K) and
more negative potentials, the O, reduction process is
limited mainly by the heterogeneous charge transfer
step.
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Introduction

In our previous works [1-5], the electroreduction kinetics
of O, at various cathodelelectrolyte interfaces, including
La0A65r0A4COO3_5, La0A6Sr0A4C01_yFeyO3_5 and 70 wt%
La0,6Sr0,4C003_5 + 30 wt% Ce().ng()'zol'g mixed cath-
odes, has been studied. The mixed cobaltite—electrolyte
cathode sintered at 77<1,323 K did not have so high
catalytic activity as the pure porous La;. Sr,CoOs;.s
cathode. Comparison of the data for CeygGdg,0;
Lao,GSr0_4CoO3_,; (CGO‘LSCO) and Ceo_gsm().zol.g‘
Lag Srg 4C005_5 (CSO|LSCO) half-cells demonstrate a
higher O, reduction activity for CSO|LSCO than for
CGOILSCO half-cell [1] and therefore the more detailed
studies at CSOjcathode interface are reasonable. The
influence of the chemical nature of the atoms positioned
into the perovskite A-site and substitution of the A-site
cations with cations in the 2+ oxidation state (activa-
tion) as well as the microstructure of the cathode and
anode are the open questions [1-35].

The very good ionic and electronic conductivities
have been obtained for Pr;Sr.CoOss (PSCO) and
Gd;_,Sr,Co0O5_5 (GSCO) perovskites [15, 24-27]; how-
ever, there are no systematic experimental data ob-
tained under cathodic polarisation during long
operation times as well as under conditions of repetitive
thermocycling. The maximum electrical conductivity p
for PSCO has been obtained at x=0.4 and introduction
of the Sr*™ cations into the A-site of the orthorhombic
perovskite lattice is compensated by oxidation of Co® "
to Co*" (holes) at x<0.15 and by the formation of the
oxygen vacancies even at room temperature when x>0.4
[24, 25]. According to Rossignol etal. [24]
Pr0,58r0,5COO3_5 and Gd0,5Sr0,5COO3_5 show the best
performance on the Ce;.,Gd,0,_; electrolyte, achieving
an area-specific resistance (ASR) between 0.1 and 0.2
Q cm? at 923 K. At 7<923 K, the values of ASR were
very high [24].

The main aim of this work was to synthesise
Pr0.6Sr0‘4CoO3_5 (PSCO) and Gdo_6Sr0_4CoO3_5 (GSCO)



cathode materials and to prepare the CeggsS-
my.1501.925/Lag 6819 4C003.5 (Sysl), CeggsSmg 1501 925
Pro¢Sr0.4C0035  (Sys2) and  CepgsSmyg 1501 925!
Gd 6519 4C005_5 (Sys3) half-cells and to investigate the
electrochemical characteristics of these half-cells at the
same experimental working conditions.

Experimental
Preparation of cathode materials and electrolytes

Commercially available powders of La,O3 (99.99%),
Pr¢O11 (99.99%), Gd>05(99.9%), SrCO;3 (99.9%) and
Co0304 (99.9%) have been used for the synthesis of the
LSCO, PSCO and GSCO powders, using the conven-
tional solid-state reaction technique [1-5, 8, 15, 20, 25—
27]. Powders with the stoichiometric compositions were
ball-milled in a zirconia mill container with zirconia
grinding balls in H,O for 8 h and after drying calcined at
1,473 K for 10 h to form a perovskite phase. The
perovskite (trigonal R-3c at 7=293 K) phase was cru-
shed and ball-milled for 3 h using the same system [1].
The X-ray diffraction (XRD) measurements indicate the
formation of the single-phase perovskite structure for
LSCO and PSCO. In agreement with the data of works
[20—24], it was established that the solubility of Sr** ions
in the lattice of GdCoQO5_s is lower than in LaCoQ5_5 or
PrCoOs_s, and the doping levels higher than 25% lead to
the segregation of second perovskite-like phase and
therefore Gdg ¢Sr9 4C005_5 is not a single-phase cathode
material. The CSO electrolyte was prepared from the
corresponding oxides CeO, (99.9%) and Sm,0O;
(99.99%), using conventional solid-state reaction tech-
nique discussed in detail in our previous papers [1-5, 28].

The cathode material synthesised and characterised
was mixed with an appropriate amount of organic bin-
der (ethyl cellulose) and solvent (turpentine oil) and
screen-printed on one side of the CGO electrolyte. The
working electrodes with surface area Sq=0.5 cm? were
fired at 1,323 K in air for 8 h and characterised by XRD
and SEM methods before application of the counter and
reference electrodes. A three-electrode assembly used
was analogous to that discussed in [1-5, 8]. The ac fre-
quency f was changed from 10 MHz to 0.01 Hz and the
ac voltage amplitude was 5 mV. The ohmic series
resistance R of the system (bulk electrolyte + contact
and Pt wire resistances) was determined from the
impedance data at very high frequency f> 5x10° Hz
(Z(®w — o0)=R.; o= 2 nf) at E=0V (vs. Pt|porous
Pt|O, reference electrode). The voltage range applied
between working and counter electrodes was not over
3...5 V for the extreme polarisations £=—1.0 V and at
lower temperature 7< 773 K used in this work. The very
good cyclability of the current density j versus potential
curves and a very small hysteresis between the cathodic
and anodic potential scans (discussed later) indicate that
the degradation of the electrolyte under cathodic po-
larisation is negligible. The very high frequency series
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resistance, independent of the cathodic potential ap-
plied, indicates the high stability of the electrolyte and
absence of electron migration effect in the cathode
material.

The electrode materials have been characterised using
XRD, SEM, gas adsorption (BET) (Fig. 1) and AFM
(Fig. 2) methods. Special big samples from the cathode,
prepared under the same experimental conditions as the
cathodes, have been used for the BET analysis. These
cathode materials are porous with specific surface areas
Sget 6.0, 6.5 and 10.5 m? g~' for PSCO (Sys2), GSCO
(Sys3) and LSCO (Sys 1), accordingly, and there are
transport pores (d< 1x10~® m) (in good agreement with
the electronmicroscopy data) as well as meso and sub-
micro pores with the mean diameter of d~1.8 nm
(Fig. 2) inside the cathode material. The size of the
particles varies from 0.5 to 2.5 um, and surface rough-
ness factor R equal to 1.45 and root mean square height
of the cathode surface R, equal to 334 nm have been
obtained from the AFM data (Fig. 2).

Before cyclic voltammetry and impedance measure-
ments, the chronoamperometry curves have been mea-
sured (discussed later). After current stabilisation (10—
30 s) followed by the potential step, the Z”, Z’ plots at
fixed potential have been measured.

Results and discussion
Experimental complex plane (Nyquist and Bode) plots

Figures 3 and 4 show some selected complex impedance
plane (Z”, Z’-) plots (so-called Nyquist plots) for Sys 2
and Sys 3, measured at different temperatures (773< 7T<
973 K) and electrode potentials E (vs. Pt|porous Pt|O,),
where Z” = (jo Cy)~! is the imaginary part and Z’ is the
real part of the complex impedance Z. The Z”, Z’- plots

0.003

0.0025 -

0.002 r

0.0015 r

0.001 r

Pore Volume / cm® g

0.0005 r

0 1 L [Nt N
1 10 100
Pore Diameter / A

Fig. 1 Incremental pore volume versus pore diameter plot for the
La()_GSr()_4COO3_§ cathode (SBET= 10.5 m gil)
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Fig. 2 AFM images of microstructure, height profiles and the value
of the root mean square height (R, for the GdyeSrg4Co0O;3.5
cathode

display a capacitive behaviour at ac f from 0.1 MHz to
0.01 Hz. In the region of f from 0.5 MHz to 5 kHz a
very well separable semicircle has been found for Sysl
and Sys2, corresponding to the conductivity process in
the bulk electrolyte (at /> 100 kHz) as well as to the
0% ion transport at the cathode| electrolyte phase
boundary (5 kHz<f<100 kHz) [1-5, 11, 12, 31, 32].
Comparison of the data for half-cells with CegsS-
my 1501955 and CengGdg,0; 9 electrolytes [1-5] shows
that the high-frequency part of the Z”, Z’-plots is mainly
influenced by the electrolyte|cathode phase boundary
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Fig. 3 Nyquist (Z”, Z’) plots for PrgeSrg4Co005.5 CepgsS-
myg 1501 925 half-cell at 773 K and at electrode potentials (noted in
figure) versus Pt| porous Pt| O, reference electrode. (Solid lines
fitting according to the circuit in Fig. 5b)
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Fig. 4 Nqu.lSt plOtS for Gd()»(,sro_4COO3_,s‘ Ceo_gssmo_lso]_gzs half-
cell at 7=773 K and at electrode potentials, noted in figure. (Solid
lines fitting according to the circuit in Fig. 5b)

characteristics [1-5, 8]; the lower specific conductivity o
ex for CGO electrolyte in comparison with CSO has been
calculated. The values of R., for LSCO|CSO interface
are lower than those for GSCO|CSO interface, which is
probably caused by the non-single-phase structure of
GSCO. The values of R, are independent of the
cathodic potential applied (from 0 to —1.0 V) as well as
of the sequence of measurements of the Z”, Z’-plots.
There is no change in R., compared before and after
recording the cyclic voltammetry and Nyquist plots.
Thus, under the experimental conditions used in this
work there is no remarkable degradation, i.e. reduction
of the electrolyte and generation of electronic charge
carriers into the electrolyte.

In the region from 5 kHz to 0.01 Hz, at least two arcs
(Figs. 3, 4), characterised with two time constants (1=
(2T fimax) " Where finay is the frequency of the maximum
in the Z”, Z’-plot), were observed at lower temperatures
(T<873 K). The medium-frequency arc 1 for LSCO and
GSCO is noticeably smaller (Fig. 4) but for PSCO| CSO
the medium frequency arc is wider than the low-fre-
quency arc 2 (Figs. 3, 4). The width of the arcl, corre-
sponding to the polarisation resistance of the medium-
frequency process (R, ), decreases with T, and the time
constant t; decreases with increasing 7" and describes the
ionisation of adsorbed O,q4, at the outer (more open)
cathode surface with interfacial adsorption/absorption
capacitance C; [1, 2]. R, depends on the cathode po-
tential, and the characteristic time constant t; for the arc
1 somewhat increases with the cathodic polarisation
(Fig. 4). Thus, the reaction zone moves from the more
open area toward the nanopores inside the cathode with
increasing the negative polarisation. The total polarisa-
tion resistance R, increases in the order Sysl <-
Sys2 <Sys3 at T=973 K. R,,; decreases with the rise of
temperature and negative electrode potential. The same
dependence is valid at given E with increasing 7. With
increasing 7 over 973 K and at higher negative poten-
tials the arc 1 for Sys 1 disappears.

The low-frequency arc 2 becomes more depressed
with increasing 7" and | E|, which can be explained by the



less pronounced adsorption and diffusion (i.e. mass
transfer) limited behaviour at higher temperatures and
negative potentials. Time constant for the arc 2 (1) is
independent of the electrolyte composition at fixed 7'
and FE [1-5] but depends on the specific surface area of
the cathode (chemical composition of the cathode). 1,
noticeably decreases with the increase of 7T at fixed E,
and with the negative polarisation at fixed 7.

The decrease in phase angle |4| with increasing tem-
perature and negative electrode potential indicates that
the “true” charge transfer process is the rate-determin-
ing step at <10 Hz (0 ~—2° at T>973 K and at
E< —0.2 V). The different absolute values of the relax-
ation frequency f,.x and dependences of |d| on log f for
Sysl, Sys 2 and Sys 3 indicate that the characteristic
relaxation time for the low-frequency process decreases
with increasing molar volume of the A-site cation, i.e.
with the specific surface area of the cathode.

Fitting of the Nyquist plots

The data in Figs.3 and 4, to a first approximation, can
be fitted by the equivalent circuit (solid lines—fitting,
points—experimental), presented in Fig. 5 and discussed
in our works [1-5]. The elements Ry, and Cgy, in Fig. 5
characterise the grain boundary processes at the cath-
ode| electrolyte interface and, in comparison with
LSCOICSO, the influence of Ry, and Cgy, on the char-
acteristics of the PSCO|CSO and GSCO|CSO interfaces
is not very well detectable. It is mainly caused by the
noticeably higher interface area between porous LSCO
cathode and electrolyte [1].

The medium as well as low-frequency arcs can be
fitted by the constant phase element CPE; and CPE,
(with Zcpg equal to A~' (jo)™®, where A4 is constant
and o is the fractional exponent) and charge transfer
resistances R; and R, connected in parallel, respec-
tively (circuit in Fig. 5a) (if o= 1 then A is equal to
the electrical double layer capacitance Cg4). The frac-
tional exponent o; >0.5 and very low values of R; for
arc 1 (Fig. 6a) indicate that the diffusion-like mass
transfer limited so-called ‘‘true” charge transfer pro-
cess is the rate-determining step at f>10 Hz and 7'<
823 K [36-42]. The values of C; (Fig. 6b) increase
with increasing T and E, thus the accumulation of
partially reduced oxygen species into the cathode
material takes place [1-5, 36-42]. R; has a maximum
at small negative potentials (Fig. 6a) and is higher for
GSCO cathodes than for PSCO and LSCO. For
LSCO, there is a very weak dependence of R; on E,
but the values of R; decrease exponentially with
increasing temperature.

The values of o, nearly equal to 0.5 for the arc 2
indicate that CPE, behaves as a Warburg- type diffu-
sional impedance Zw,2. Thus, the CPE, can be ex-
changed with the generalised finite Warburg element
(GFW) for a short circuit terminus model [41, 42] (cir-
cuit in Fig. 5b) expressed as
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a C, CPE, CPE,
Rex
Rgb R1 R2
b C, CPE, ¢C,z,
R =W
Rgb R1 R2

Fig. 5 Equivalent circuits used for fitting the complex impedance
plane plots (a). R., is the high-frequency series resistance (R.x —
Z'if © — oo); Cgp and Rgy, are the grain boundary capacitance and
resistance, respectively; CPE;, C; and R; are the high-frequency
constant phase element, capacitance and resistance, respectively;
CPE,, C, and R, are the low-frequency constant phase element,
capacitance and resistance, respectively; Zw is the Warburg-like
diffusion impedance

Rp tanh (jL?w/D)™
(o)™

(1)

ZGFw =

where Rp is the limiting diffusion resistance, L and D the
effective diffusion layer thickness and effective diffusion
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Fig. 6 Medium frequency resistance (a) and capacitance (b) versus
E plOtS for Lao_6Sr0_4CoO3_,; (1, 4), Gdo_(,sro_4COO3_5 (2, 5) and
Prg ¢Sr9.4C005.5 (3; 6) cathodes on the Ce(gsSmyg 1501925 electro-
lyte at 7=773 K (1-3) and T=873 K(4-6)
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coefficient, respectively, and o, a fractional exponent in
Zgrw [36-42].

The very small chi-square function values
y*<2x107%, relative residuals Z,o,” and Z,., [36, 37] and
weighted sum of squares A 2<0.020 for PSCO and
LSCO have been calculated, using the equivalent circuit
presented in Fig. 5b. Attempts to use the equivalent
circuit, where the Gerischer impedance was added into
the parallel circuit [12], did not give satisfactory fitting
results (error in the Gerischer impedance resistance was
very high) and therefore these data will not be discussed
in more detail in this article. Thus, the surface exchange
process seems not to be a rate-determining step for
LSCO, PSCO and GSCO.

According to the results of fitting, the arc 2 at lower
T and negative potentials characterises the kinetically
mixed, charge transfer (with corresponding resistance
R,, Fig. 7a) and diffusion-like limited oxygen reduction
processes. The diffusion resistance Rp (Fig. 7b) and R,
(Fig. 7a) at T<873 K decrease nearly exponentially
with rising negative potential, which can be explained by
the charge transfer process with the Arrhenius-like
activation mechanism. The dependences of Rp and so-
called frequency factor 7' (Fig. 7¢) on E indicate the very
complicated mass transfer process as the resistance of
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Fig. 7 Low-frequency charge transfer resistance R, (a) and
diffusion resistance Rp (b) versus electrode potential dependences
for La0.68r0‘4C003_5 (1, 4), Gd0.65r0‘4COO3_5 (2, 5) and
Pro.6Srg4C003.5 (3; 6) cathodes on the CejgsSmy 1501 925 electro-
lyte at T=773 K (1-3) and T=873 K(4-6). (Fitting according to
circuit in Fig. 5b)

the semi-infinite Fick-like diffusion process has to be
independent of E. The increase in oy with increasing 7'
indicates the deviation of the system from the adsorp-
tion-limited anomalous diffusion model [41-43] toward
the semi-infinite diffusion model (otw =0.5) [37-40] with
the decrease of the electroreduction process rate. The
decrease in the low-frequency capacitance C, with E is in
good agreement with this conclusion. It should be noted
that the surface diffusion, Knudsen-like and finite-length
diffusion as well as migration of charged oxygen species
are possible mass transfer mechanisms inside the porous
cathode [1-5, 43-45]. The low-frequency capacitance C,
(i.e. adsorption, absorption or pseudocapacitance,
caused by the charge transfer process of reduction) in-
creases with rising temperature at moderate E. At fixed
temperature and E>—0.15V the values of Rp are
noticeably higher than R,, indicating the mainly mass
transfer limited reaction mechanism. The values of Rp
and R, increase with the atom mass of the A-site cation,
i.e. with decreasing specific surface area of the cathode.

Activation energy and Tafel-like overpotential versus
current density plots

The capacitive parts of the Z”, Z’-plots (at <10 kHz)
were used to determine the total polarisation resistance of
oxygen reduction R, (taking into account the ohmic and
activation polarisations, as well as the mass transport
limitation characteristics of the oxygen reduction pro-
cess) from the difference between the intercepts of the very
low and high frequency parts of the spectra with the Z’-
axis of Nyquist plots. Including the arc 1 and arc 2, the
cathode polarisation resistance R, is less than 0.9, 1.2 and
1.3 Q cm? at T=973 K for Sysl, Sys2 and Sys 3, respec-
tively. Somewhat higher R, values have been obtained for
LSCO, PSCO and GSCOin the case of CGO electrolyte at
the same temperatures[1, 2]. On the other hand, the fitting
data can be used for obtaining the polarisation resistance
values for the medium-frequency process (arc 1), R, i,
and low-frequency process, R, at fixed E. R;,, R, and
R, have been used for the calculation of the cathode
reaction conductivity ¢ {, 6| and & , values. The nearly
linear dependences of logo (, logo ; and logo > on (7) ! at
fixed E have been used for the calculation of the values of
activation energy (Fig. 8). At E=—0.1 V, the values of
activation energy for total reduction process, A, have
been obtained as 0.75; 0.6 and 0.57 eV for Sysl, Sys2 and
Sys3, respectively, decreasing very slightly with the in-
crease of the negative potential of the cathode.

The dependences of current density (j) on potential
(Fig. 9a) and time (f) (chronoamperometry data,
Fig. 9b), when the cathode was stepped to the potentials
E=-0.1and —0.25 V with respect to a Pt| porous Pt| O,
reference electrode, indicate that the shape of the j, ¢-
curves depends on 7 and E as well as on the cathode
material studied. The missing hysteresis in the cyclic
voltammograms (Fig. 9a) indicates that there are no
irreversible processes in the cathode as well as in the
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Fig. 8 Total activation energy versus electrode potential plots for
Lag.¢S10.4C003.5 (1), Gdy.6S19.4C003.5 (2) and Prg ¢Sr9.4C003.5 (3)
cathodes on the CegsSmg 150 925 electrolyte

electrolyte material at high negative electrode potentials
(overpotentials) applied at low temperature. It should be
noted that there are only very small changes in the shape
of cyclic j, E curves obtained during tenth to hundred
cycles of potential. According to Fig. 9b, the value of j
increases at the first moment after potential step and
thereafter decreases with time at very short times
(1 <3 s) but j is practically independent of time at >3 s.
The decrease in j at short times can be explained by the
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Fig. 9 Cyclic voltammetry curves (at temperatures given in figure)
(a) and chronoamperometry data (b) for LageSrg4Co0Os.5 (1;
1),Gd.¢Sr9 4C005.5 (2; 2’) and Pry ¢Sro 4C005_5 (3; 3") cathodes on
the Ceg gsSmy 150,925 electrolyte at 7=773 K and potential steps A
(E) —=0.1 V (1-3) and —0.25 V (1"-3")
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not very low diffusion resistance (by slow diffusion of the
partially reduced oxygen species) for the composite
cathode material and by the measurable reduction
overpotential of the system. The independence of ;j at
longer times can be explained by the stabilisation of the
O, reduction layer thickness inside the porous cathode
material. At higher T the stable current density values
have been established at more short times. Thus, at
lower T and E, the oxygen reduction is probably limited
by the mass transfer step of the oxygen species to the
reaction zone and the interface reaction (at open outer
surface) does not contribute significantly to the overall
reaction. At higher 7 and | E|, the reaction is probably
less controlled by the rate of the mass transfer of the
partially reduced oxygen species. The increase in the
concentration of the oxygen vacancies with increasingly
negative potential will improve the mass transfer of the
“charged species”, leading to the increase of catalytic
activity [1-5, §].

These results are in good agreement with the values of
the transfer coefficient, obtained from the Tafel-like
n,log j-curves (Fig. 10), which are linear if || <0.4 V [1-
5]. At higher values of ||, the small deviation of log j,i-
plots from linearity has been established, which is caused
by the rise of the electronic conductivity of the CSO
electrolyte. Taking into account the probable irreversible
nature of this process, these extreme cathodic potentials
have not been studied systematically in this work. The
values of o, > 0.5 have been established for Sys 1, Sys 2
and Sys 3 at lower temperature (if the number of elec-
trons transferred at the limiting step, 7, has been taken
equal to 1). Thus, the O,y diffusion-like step seems to be
the rate-determining step for the electroreduction reac-
tion [1-5, 3640, 44, 45] in good agreement with the
impedance spectroscopy data. The values of the ex-
change current density j, [44, 45], obtained at fixed
temperatures, decrease in the order PSCO > GS-
CO>LSCO (Fig. 11). j, increases with T and there is
nearly linear dependence of In j, on 7. The constant a in
the Tafel equation (y=a+b logj) depends on the

nlVv

Fig. 10 Current density versus overpotential plots for
Pr0_65r0_4C003_5 (], 4), La0_65r0_4C003_5 (2, 5) and Gd0_65r0_4C003_
5(3) cathodes on the Ceg gsSmg 1501 gp5 electrolyteat 7=773 K (1-3)
and 7=873 K (4,5)
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Fig. 11 Exchange current density versus temperature dependences
(obtained from Fig. 10) for Prg ¢Srg4Co00O5.s (1), Lag ¢Srg4Co05.s
(2) and Gd0.65r0.4COO3_5 (3) cathodes on the Ceovgssm0.|5014925
electrolyte

cathode nature and the absolute values of |a| increase at
given temperature in the order LSCO< GSCO < PSCO.
Long-term stability has been tested at 7=973 K and
E=-0.3 V during 1500 hours for Sysl. It should be
noted that during the operation period at least 10 ther-
mocycles have been made. The ac impedance measure-
ments distinguished the electrolyte and cathode reaction
resistance values practically independent of the opera-
tion time of the half-cell and thermocycle number. The
results of fitting the Nyquist plots show that there are no
big changes in the equivalent circuit parameters with
time and these half-cells can be used for the future
operation-time tests going on in our laboratory.

Conclusions

Ce.355m0.1501 925/ Lag6Sr04C003.5, CepgsSmg 1501 925
Pry.6519.4C003.5 and Ceg g5Smg 1501 925 Gdg 6S19.4C003.
5 half-cells have been studied using electro-chemical
impedance, cyclic voltammetry and chronoamperometry
methods. Detailed analysis of the complex impedance
(Z”, Z") plots shows that the total polarisation resistance
increases with the rise of the atomic mass of the cation in
the A-site position and two different time constants have
been obtained for the cathode process, i.e. for oxygen
electroreduction. Various equivalent circuits have been
used for fitting the Nyquist (Z”, Z’-) plots. A better fit
has been established using a model, which was fitted by
equivalent circuit taking into account the charge transfer
process at grain boundaries (at high frequencies) and the
medium and low-frequency O, electroreduction process
at the cathode surface and inside the porous cathode
material. The low-frequency series resistance and diffu-
sion resistance increase in the order Lag¢Srg4CoOs.
s < PI‘OV6SI‘0V4COO3_5 < Gd0,68r0,4C003_5 with decrease in
the specific surface area. It was found that the replace-
ment of La*" by Gd®* in the cathode material decreases
somewhat the surface catalytic activity but noticeably
higher low-frequency series resistance (i.e. mainly diffu-
sion-like mass transfer resistance Rp) values have been

obtained. It was found that the mainly diffusion-limited
process at 7<773 K for Gdg ¢Sry4Co00;_s deviates to-
ward the kinetically mixed process (diffusion + charge
transfer) with increasing temperature. At 7> 993 K and
more negative potentials, the O, reduction is limited
mainly by the heterogeneous charge transfer step.
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