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Abstract The analysis of the medium temperature
half-cell Ce0.8Gd0.2O1.9|70 wt% La0.6Sr0.4CoO3-d

(LSCO) + 30 wt % Ce0.8Gd0.2O1.9 (CGO) has been
made by electrochemical impedance, cyclic voltammetry
and chronoamperometry. The shape of complex
impedance plots depends on temperature and cathodic
polarisation of the electrode. Nyquist (Z¢¢, Z¢-) plots
were fitted by equivalent circuit taking into account the
electrolyte properties (at very high frequencies), charge
transfer process at grain boundaries (at high frequen-
cies), and medium and low frequency O2 reduction
process at the cathode surface and inside the porous
cathode material. Two different time constants have
been obtained for the cathode process, i.e. for electro-
reduction of oxygen. It was found that the addition of
CGO into the cathode material (LSCO) only somewhat
decreases the surface catalytic activity but the noticeably
higher low-frequency resistance (i.e. mainly diffusion-
like mass transfer resistance RD) values at lower tem-
peratures have been calculated. It was found that the
mainly bulk diffusion-limited process at T £ 773 K
deviates toward the kinetically mixed process (diffu-
sion + charge transfer) with increasing temperature.

Keywords Solid oxide fuel cell Æ Ce0.8Gd0.2O1.9 Æ
Mixed cathode Æ La0.6Sr0.4CoO3-d + Ce0.8Gd0.2O1.9

Introduction

Cobaltite perovskites are known to have very high cat-
alytic activity toward oxygen reduction, high oxygen
self-diffusion coefficients and high electrical conductivity
values [1–14]. It should be noted that the high absorp-

tion or adsorption and faradaic charge transfer capaci-
tancies, semi-infinite or finite length diffusion behaviour
in the region of moderate ac frequency f [15–17], linear
shape of cyclic voltammograms at moderate overpo-
tential [18, 19] and strong correlation between electrode
kinetics and bulk diffusion as well as surface exchange
properties indicate the diffusion-like or mixed kinetic
mechanism of the overall oxygen reduction reaction [20–
26]. One possible method to increase the catalytic
activity of the cathode is to enlarge the so-called three-
phase boundary (TPB) length by adding the electrolyte
powder (CGO) into the cathode material before fabri-
cation of the cathodes on the solid electrolyte [27, 28].
Addition of the electrolyte into the cathode material has
to decrease the thermal expansion coefficient of La1-
xSrxCoO3-d(LSCO) and therefore to decrease the ther-
mal compatibility problem of the LSCO cathode and
electrolyte materials [15, 18, 26]. In designing of the
cathodes for 500�C operation temperature an immediate
problem arises because the diffusion process in the typ-
ical mixed conductors such as La0.6Sr0.4Co1-yFeyO3-d

(LSCFO) and La1-xSrxMnO3 (LSMO) has relatively
high activation energies and bulk oxygen diffusion is
reduced at lower temperatures [1, 12, 18, 20, 27, 28]. As
Ce0.9Gd0.1O1.95 and Ce0.8Gd0.2O1.9 have higher oxygen
diffusion rate in the solid phase than LSCFO at lower
temperatures it becomes necessary to use composite
cathodes [17, 18, 20, 25, 26]. As noted by Steele [22], as
the volume fraction of CGO reaches the percolation
threshold the cathode reaction series resistance is sig-
nificantly reduced and will attain the target value of
0.2 Wcm2 for LSCFO + CGO|CGO interface at 600�C.
It should be noted that high concentration of the
vacancies and the mobility of lattice oxygen in the mixed
conductors make it possible to extend the reaction zone
from the TPB into the whole surface of the mixed con-
ductor, whereas only the TPB is the reaction zone in a
pure electronic conductor [15, 20, 22, 28]. It was found
that the dominating contribution to the overall reaction
(i.e. into the low frequency ac impedance) is described by
two processes: (1) a Gerischer impedance in the fre-
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quency range of around 1 Hz (so-called surface ex-
change process), (2) and a slower process described by a
resistor in parallel to a constant phase element (RLF/
CPELF, i.e. to the faradaic charge transfer reaction,
where the LF subscript stands for the very low frequency
contribution) [15]. The total conductivity of LSCFO in
air is predominantly p-type electronic and the total
estimated apparent activation energy for the total con-
ductivity is 12.2±0.2 kJ mol�1 [27] or 13.5 kJ mol�1

[23].
It was found that the oxygen fluxes increase with

decrease of thickness of x% La0.8Sr0.2Co0.2Fe0.8O3-

d + (1-x)% Ce0.8Gd0.2O1.9 membrane, but the specific
oxygen permeability values are independent of thickness
within the limits of experimental error. Such behaviour
is in agreement with the integral form of Wagner law
and unambiguously indicates that the oxygen transport
is limited by the bulk ambipolar conductivity. Thus, the
oxygen ionic transport in LSCFO + CGO composites
might occur not only in the CGO phase, but also
through the LSCFO phase [27]. X-ray diffraction (XRD)
data for LSCFO|CGO and LSCFO + CGO|CGO
composites confirmed the coexistence of two phases [27]
with the perovskite and fluorite type structures, respec-
tively. The expansion of CGO lattice is probably caused
by incorporation of lanthanum and strontium cations,
diffusing from LSCFO grains into the fluorite type
(CGO) lattice [29]. Diffusion of gadolinium (or cerium)
cations from CGO into the LSCFO phase is less prob-
able because the thermodynamic stability of Gd-con-
taining perovskites is lower than that of La-containing
perovskite phases [30]. The smaller unit cell parameters
of the perovskite phase in the composites with respect to
pure LSCFO indicate a formation of A-site cation
vacancies. Based on TEM data it was found that the
interaction between LSCFO and CGO solid solution
may result not only in the dissolution of lanthanum and
strontium cations in the fluorite type lattice, but also
formation of SrCeO3-based isolating phases at the grain
boundaries, not characterised by EDS method [27].

The oxygen exchange process from the gas phase into
the Ce0.8Gd0.2O1.9 electrolyte can be divided into a
number of possible steps, including adsorption, dissoci-
ation and reduction of oxygen molecules (or atoms) and
incorporation (absorption) of oxygen ions into the oxide
bulk [1–20]. Each of these steps can determine the
overall rate constant k*/cm s�1 of oxygen surface ex-
change, i.e. can be a rate-limiting step. Manning et al.
[31] suggested that the surface exchange process into the
CGO could be simplified into two possible rate-limiting
steps: a molecular dissociation step and the incorpora-
tion of oxygen into the CGO bulk. At T‡700�C the
dissociation of O2 is a slow step in relation to the bulk
incorporation (absorption) step. It was established that
the oxygen exchange reaction on the CGO surface is
limited by the availability of the electronic species for
charge transfer. Therefore it seems that the concentra-
tion of free electrons limits the kinetics of the surface
exchange process [32] and therefore the surface exchange

rate can be improved by adding the electronic conductor
phase (for example Co3O4-d) into CGO or applying high
cathodic polarisation [33].

The main aim of this work was to synthesise the
70 wt% LSCO + 30 wt% CGO cathode material and
to obtain the electrochemical characteristics during long
operation times, i.e. under the conditions of the repeti-
tive thermocycling and long-lasting cathodic polarisa-
tion.

Experimental

Preparation of cathode materials and electrolytes

The LSCO powder was prepared by the conventional
solid state reaction technique [20, 25, 34–37] from
commercially available powders of La2O3 (99.99%),
SrCO3 (99.9%), Co3O4 (99.9%). Powders with the
stoichiometric compositions were ball-milled in a zirco-
nia mill container with zirconia grinding balls in H2O for
3 h and after drying calcined at 1,473 K for 10 h to form
a perovskite phase. The perovskite (trigonal R-3c at
T=293 K) phase was crushed and ball-milled for 3 h
using the same ZrO2 system. The XRD measurements
indicate the formation of the single phase perovskite
structure. The CGO electrolyte was prepared from the
corresponding oxides CeO2 (99.9%) and Gd2O3

(99.9%), using conventional solid-state reaction tech-
nique [14, 22]. Powders with the stoichiometric compo-
sitions were ball-milled for 3 h and calcined at 1,473 K
in air for 10 h. The formed electrolyte material (cubic
Fm-3m structure at T=293 K, established by XRD
method) was crushed and ball-milled in ethanol and,
after adding an organic binder, were pressed into pellets
with a diameter of 2 cm and thickness of 0.6 mm at the
pressure p=20 kN cm�2 for 0.5 min and sintered at
1,473 K for 10 h [35–37].

The mixed cathode material was prepared by mixing
70 wt% LSCO + 30 wt% CGO powders (synthesised
and characterised before) with an appropriate amount
of organic binder (ethyl cellulose) and solvent (turpen-
tine oil), was screen-printed on one side of the CGO
electrolyte as a working electrode with the surface area
Sel=0.5 cm2. The working electrodes 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 (Fig. 1)
was used to study the electrochemical properties of the
cathodes. The Pt counter and reference electrodes were
prepared by screen-printing the Pt-paste (Engelhard) on
the other side of the electrolyte, followed by sintering at
1,223 K for 2 h. The reference electrode (Pt|porous
Pt|O2) has been created into the hole prepared inside the
solid electrolyte and the distance of the reference elec-
trode to the working electrode was less than 10�2 cm.
The lateral surface of the Pt-wire (i.e. the lateral surface
of the reference electrode) has been isolated by quartz
capillary tube, introduced into the electrolyte pellet
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(Fig. 1). The areas of the Pt counter and Luggin-like
reference electrodes were 3 cm2 and 0.04 cm2, respec-
tively. The anode|electrolyte|cathode assembly was
placed into the designed reactor and the cathode, ref-
erence electrode and anode were exposed to air. Three Pt
wires were connected to the working, counter and ref-
erence electrodes and led to the cables of the potentio-
stat/galvanostat (type 1287, Solartron), frequency
response analyser (type 1260, Solartron). The ac fre-
quency f was changed from 10 MHz to 0.01 Hz. The ac
voltage amplitude was 5 mV. The impedance spectra
were recorded at ten points per decade. The ohmic series
resistance Rex of the system (bulk electrolyte + contact
and Pt wire resistances) was determined from the
impedance data at very high frequency f ‡5·105 Hz
(Z(x fi ¥)=Rex; x=2p f) at DE=0 V (vs. Pt|porous
Pt|O2 reference electrode). The voltage range applied
between the working and counter electrodes was not
over 4 V for the extreme temperatures and polarisations
(DE=�1.0 V) used in this work.

The electrode materials have been characterised using
XRD (Fig. 2), gas adsorption (BET) (Fig. 3) and AFM

(Fig. 4) methods. These cathode materials are porous
with the specific surface area SBET‡20 m2 g�1 and there
are transport pores (d<1·10�6 m) as well as micro- and
nano-pores with the mean diameter 1.8 nm (Fig. 3) in-
side the 70 wt% LSCO + 30 wt% CGO cathode
material. Special big samples from 70%LSCO
+ 30%CGO, prepared under the same experimental
conditions as the cathodes, have been used for the BET
analysis. The size of particles varies from 0.5 lm to
2.5 lm, and the surface roughness factor R equal to 1.35
and the root mean square height of the cathode surface
Rmsequal to 312 nm have been obtained from the AFM
data (Fig. 4). The results of the electron microscopy
studies demonstrate high porosity of the cathode, which
is in a good agreement with STM and BET data.

Results and discussion

Experimental complex plane (Nyquist and Bode) plots

Figures 5a and 6a show the complex impedance plane
(Z¢¢, Z¢-) plots for 70%LSCO + 30%CGO at dif-
ferent temperatures and electrode potentials DE (vs.
Pt|porous Pt|O2), where Z¢¢=(jx Cs)

�1 is the imagi-
nary part and Z¢ is the real part of the complex
impedance. For comparison, the Z¢¢, Z¢-data for
La0.6Sr0.4CoO3-d|CGO half-cell are given in Fig. 5b.
The Z¢¢, Z¢-plots (Fig. 5a) display an inductive tail at

Fig. 2 X-ray diffraction data for porous Pt|70 wt%La0.6Sr0.4CoO3 d
+ 30 wt% Ce0.8Gd0.2O1.9|Ce0.8Gd0.2O1.9 interface, prepared
according to explanations given in the text

Fig. 3 Incremental pore volume versus pore diameter plot for the
70 wt% La0.6Sr0.4CoO3 d + 30 wt% Ce0.8Gd0.2O1.9 cathode

Fig. 1 Experimental setup used for semicell studies. Notation has
been given in the figure
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very high frequencies f>4 MHz and higher tempera-
tures (not shown in figures) and a capacitive behav-
iour at frequency from 4 MHz to 0.01 Hz. The
presence of the inductive tail at f>4 MHz can be
ascribed to the inductance of the measurement leads.
In the region from 1 MHz to 5 kHz the two very well

Fig. 4 AFM images of
microstructure, corresponding
height profiles and the values of
the root mean square height
(Rms) and surface roughness
R=SAFM/Sgeom for the 70 wt%
La0.6Sr0.4CoO3 d + 30 wt%
Ce0.8Gd0.2O1.9 cathode

Fig. 5 Nyquist (Z¢¢, Z¢-) plots (at electrode polarisation DE=0) (a)
and phase angle versus frequency plots at DE=�0.2 V (c) for
70 wt% La0.6Sr0.4CoO3 d + 30 wt% Ce0.8Gd0.2O1.9|Ce0.8Gd0.2O1.9

half-cell and Z¢¢, Z¢-plots for La0.6Sr0.4CoO3 d| Ce0.8Gd0.2O1.9

interface at DE=�0.2 V (b) at various temperatures T (K) noted in
figure. (Solid lines: fitting according to circuit b in Fig. 7a)
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separable semicircles have been found, corresponding
to the conductivity process in the bulk electrolyte (at
f>100 kHz) as well as to the O2� ion transport at the
cathode|electrolyte phase boundary (5 kHz<f<
100 kHz). Usually the very high frequency semicircle is
not fully developed, which is caused by very high
relaxation frequency for the bulk conductivity process.
These semi-circles do not correspond to the real elec-
trochemical reduction processes [14, 17, 18, 35–37].
Comparison with the data for pure LSCO|CGO half-
cell shows that the high-frequency part of the Z¢¢,
Z¢-plots is mainly influenced by addition of CGO into
LSCO i.e. by the more developed porous structure and
TPB length, as for LSCO|CGO the high-frequency
semicircles are very small compared with 70%LSCO
+ 30%CGO|system. In the region from 5 kHz to
0.01 Hz, at least two arcs (Fig. 5a), characterised by
two time constants [s=(2p fmax)

�1 where fmax is the
frequency of the maximum in the Z¢¢, Z¢-plot], were
observed at lower temperatures (T<873 K). The
medium-frequency arc (arc 1) is noticeably smaller
than the low-frequency arc (arc 2). The shape of the
medium-frequency arc 1 depends on T (i.e. the width
of the arc1 corresponding to the polarisation resis-
tance of the medium-frequency process, decreases with
T), and the time constant s1 decreases with increasing
T and describes the ionisation of adsorbed Oads at the
outer cathode surface with interfacial adsorption/
absorption capacitance C1. The width of the arc 1
depends on the cathode potential and the time con-

stant of the arc 1 decreases somewhat with the
cathodic polarisation (Fig. 6a). The decrease in the
phase angle |d| with increasing temperature (Fig. 5c) at
T>823 K and with the rise of negative electrode po-
tential (Fig. 6b) indicates that the ‘‘true’’ charge
transfer process is the rate-determining step at
f>10 Hz (d��2� at T‡873 K and at DE £ �0.2 V).
The so-called medium frequency arc 1 disappears with
increasing T over 973 K.

The shape of the low-frequency arc 2 depends
noticeably on T and DE (Figs. 5a, 6a), and this arc 2
becomes more depressed with increasing T and |DE|,
which can be explained by the less pronounced diffusion
(i.e. mass transfer) limited behaviour at higher temper-
atures and negative potentials. The low-frequency arc 2
characterises the exchange reaction of oxygen from the
gas phase into the nanopores of the porous cathode (i.e.
electroreduction of Oads to Oads

� ) and the slow diffusion
of Oads

� to the reaction zone inside the solid cathode
material or at the surface of the nanopores. The time
constant values for the arc 2 (s2) are independent of the
electrolyte composition at fixed T and DE, and cha-
racterise mainly the properties and process in the
70%LSCO + 30%CGO system [35–37]. s2 noticeably
decreases with the increase of T at fixed DE, and with the
negative polarisation at fixed T. Comparison of the
values of s1 and s2 for Sys1 with those for pure LSCO
cathode [37] (Fig. 5b) shows that s1 and s2 and the so-
called polarisation resistance increase with addition of
CGO into the LSCO cathode material.

Fig. 6 Nyquist (Z¢¢, Z¢-) plots
(a) and phase angle versus
frequency plots (b) for Sys1 at
T=873 K in the case of various
electrode polarisations DE (V)
noted in figure
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Fitting of the Nyquist plots

The data in Figs.5a and 6a, to a first approximation, can
be simulated by the equivalent circuit (solid lines–fitting,
points–experimental), presented in Fig. 7a. For fitting
the Z¢¢, Z¢-plots, the Zview 2.7 software has been used
[38, 39]. The elements Rgb and Cgb in Fig. 7a characte-
rise the grain boundary processes for the cathode|elec-
trolyte phase boundary and, in comparison with

Fig. 7 a Equivalent circuits used for fitting the complex impedance
plane plots. Rex is the high-frequency series resistance (Rex fi Z¢ if
x fi ¥); Cgb and Rgb are the grain boundary capacitance and
resistance; CPE1 and R1 are the high-frequency constant phase
element and resistance; CPE2, R2 and C2 are the low-frequency
constant phase element, resistance and capacitance; ZW is the
Warburg-like diffusion impedance; ZG is Gerischer impedance.
Relative residual Z¢¢res; Z¢res) versus frequency plots (b–e) for
70 wt% LSCO + 30 wt% CGO|CGO interface at T=773 K and
DE=�0.1 V (b, c) and at T=873 K and DE=�0.2 V (d, e) in the
case of circuit a (c, e) and circuit b (b, d) in Fig. 7a
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LSCO|CGO interface, the influence of Rgb and Cgb on
the characteristics of the 70% LSCO + 30%
CGO|CGO interface is very well detectable. It is mainly
caused by the noticeably higher interface area between
porous mixed cathode and electrolyte. The medium
frequency as well as low frequency arcs can be fitted by
the constant phase element CPE and charge transfer
resistance connected in parallel (circuit a in Fig. 7a). The
CPE impedance ZCPE is equal to A�1 (j x)� a, where A is
constant and a is the fractional exponent. If a=1, then A
is equal to electrical double layer capacitance. The
fractional exponent a1>0.5 and very low values of R1

for the medium frequency arc 1 (R1>8 Wcm2 at
T=773 K) indicate that the diffusion-like limited so-
called ‘‘true’’ charge transfer process is the rate-deter-
mining step at f>10 Hz and T<823 K. (It should be
noted that if a=1.0, a=0.5 and a=0, then CPE can be
replaced by capacitor, infinite Warburg diffusional
impedance and inverse charge transfer resistance,
respectively, corresponding to the so-called capacitive,
diffusion and charge transfer processes, respectively [38–
42].) The fractal exponent values a2 �0.5 for the low-
frequency arc 2 indicate that CPE2 behaves as a War-
burg-type diffusional impedance ZW. Thus, the CPE2

can be exchanged to the generalised finite Warburg
element (GFW) for a short circuit terminus model (cir-
cuit b in Fig. 7a) expressed as

ZGFW ¼
RDtanh jL2x=Dð ÞaWb c

jL2x=Dð ÞaW ð1Þ

where RD is the limiting diffusion resistance, L is the
effective diffusion layer thickness, D is the effective dif-
fusion coefficient of a particle and aw is a fractional
exponent in ZGFW [35–45]. If aW=0.5 then the low-
frequency process (f<10 Hz) can be fitted by the clas-
sical Randles equivalent circuit [39–42]. The very small
chi-square function values v2<2·10�4 and weighted
sum of squares D 2<0.020 have been established, using
the equivalent circuit b presented in Fig. 7a. The relative
residuals Z¢res and Z¢¢res [38, 39] obtained are somewhat
lower (especially Z¢res in the case of circuit b (Figs. 7b, d)
compared with the circuit a (Figs. 7c, e), the residuals
have random distribution and therefore the circuit b can
be used for fitting the experimental Nyquist plots. The
attempts to use the equivalent circuit c (given in Fig. 7a),
where the Gerischer impedance was added into the
parallel circuit [6], did not give satisfactory fitting results
and the error in Gerischer impedance resistance was very
high and therefore these data will not be discussed in
more detail in this paper. Thus, the surface exchange
process seems not to be a rate-determining step for the
70%LSCO + 30%CGO|CDO interface. According to
the results of fitting, the arc 2 at low temperature and
negative potentials characterises the kinetically mixed,
charge transfer (with corresponding resistance R2,
Fig. 8a) and diffusion-like limited oxygen reduction
processes (d £ �25� at DE=0). According to the fitting
data, the diffusion resistance RD (Fig. 8b) and R2

(Fig. 8a) decrease nearly exponentially with rising the
negative potential, which can be explained by the charge
transfer process with the Arrhenius-like activation
mechanism [13, 14, 18, 20]. The dependence of RD on
DE, indicates the very complicated mass transfer process
as the resistance of the semi-infinite Fick-like diffusion
process has to be independent of DE. The surface dif-
fusion, Knudsen-like and finite-length diffusion as well
as migration of charged oxygen species are possible [46].
The low-frequency capacitance C2 (i.e. adsorption,
absorption or pseudocapacitance of the reduction pro-
cess (C2 has the values from 200 lFcm2 to
40,000 lFcm2) decreases with rising temperature, except
at very negative DE and T>973 K, where C2 does not
depend on DE. The increase of C2 with |DE| at lower
temperature can be explained by accumulation
(adsorption or absorption) of the negatively charged
oxygen anions into the porous cathode material as well
as by increase of the pseudocapacitance of the oxygen
reduction reaction at moderate temperature and DE.

The values of aW £ 0.5 (Fig. 8c) indicate that there
are deviations from the classical semi-infinitive diffusion
model toward the generalised finite length Warburg
diffusion model i.e. toward the anomalous diffusion
model with the adsorption boundary condition [43–45].
The dependence of the so-called frequency factor TW

(TW=L2D�1) on DE and T (Fig. 8d) indicates the
quicker reduction of the reaction layer thickness with the
rise of negative polarisation at lower T than at higher
temperature. At fixed T, the values of TW decrease
noticeably with the rise of |DE|.

The medium frequency charge transfer resistance R1

decreases with increasing temperature as well as |DE|.
The medium-frequency CPE constant A1 is maximal at
lower temperature (Fig. 8e) and at moderate negative
electrode potentials (DE��0.2...0.3 V). Constant A1

decreases with rising temperature.

Activation energy and Tafel-like overpotential versus
current density plots

The capacitive parts of the impedance spectra (Z¢¢, Z¢-
plots at f<10 kHz) were used to determine the total
polarisation resistance of oxygen reduction (Rp) from
the difference between the intercepts of the very low and
high frequency parts of the spectra with the Z¢-axis of
Nyquist plots. Rp allows the quantification of the total
potential loss of the overall cathodic (reduction) pro-
cesses, taking into account the ohmic and activation
polarisations, as well as the mass transport limitation
characteristics for oxygen reduction process. Including
the medium frequency arc 1 and low-frequency arc 2, the
cathode polarisation resistance Rp is less than 2 Wcm2 at
T=973 K, and about 90 Wcm2 at T=773 K. Somewhat
smaller Rp values have been obtained for pure
LSCO|CGO half-cell at the same temperatures [35–37].
On the other hand, the fitting data can be used for
obtaining the polarisation resistance values for the
medium-frequency process (arc 1), Rp1, and low-fre-

680



quency process, Rp2, at fixed DE. The Rp, Rp1 and Rp2

have been used for the calculation of the cathode reac-
tion conductivity rt, r1 and r2 values. The linear de-
pendences of logrt on (T)�1 (the so-called Arrhenius
plots) as well as the Arrhenius plots for arc 1 (r1) and arc
2 (r2) at fixed DE have been used for the calculation of
the values of activation energy (Fig.9). At DE=0 V,
At=1.5; A1=1.3; and A2=1.8 eV (where At, A1 and A2

are the activation energies of the total polarisation and
high-frequency and low-frequency processes, respec-
tively), decreasing with the increase of the negative po-
larisation of LSCO + CGO.

The dependences of cathodic current density (j) on
time (t) (chronoamperometry data, Fig. 10), when the
cathode (working) electrode was stepped to the poten-
tials DE=�0.05, �0,1, �0.2, �0.3, �0.5, and �1.0 V
(with respect to a Pt|porous Pt|O2 reference electrode),
indicate that the shape of the j, t-curves depends on T
and DE. j increases with time at very short times (t<5 s)
but j is practically independent of time at t‡5 s. The
increase in j with short times can be explained by the not
very low series resistance values for the composite
cathode material, by the measurable reduction overpo-
tential of the system, as well as by slow diffusion of the
partially reduced oxygen species. At higher temperatures
the stable current density values have been established at
more short times. Thus, at lower T and DE, the oxygen
reduction is probably limited by the mass transfer step of
the oxygen species to the reaction zone and the 70%
LSCO + 30% CGO|CGO gas interface reaction does
not contribute significantly to the overall reaction. At

Fig. 8 Low-frequency charge transfer resistance R2 (a), diffusion
resistance RD (b), fractional exponent aW (c) and so-called
frequency factor TW (d) of the generalised finite-length diffusion
impedance, and medium frequency constant A1 (e) versus electrode
polarisation dependences for the 70 wt% La0.6Sr0.4CoO3

d + 30 wt% Ce0.8Gd0.2O1.9|Ce0.8Gd0.2O1.9 half-cell, obtained
using the fitting circuit b in Fig. 7a
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higher temperatures and higher negative potentials, the
reaction is probably less controlled by the rate of
transfer of the partially reduced oxygen species. The
increase in concentration of the oxygen vacancies will
improve the diffusion of the ‘‘charged species’’, leading
to the increase of catalytic activity. These results are in
agreement with the values of the transfer coefficient,
obtained from the Tafel-like g, log j-curves (presented in
Fig. 11, calculated from the j, t-curves at t>10 s, where
the stable values of j have been established at fixed DE
(the values of DE have been corrected by the ohmic
potential drop) to obtain the values of overpotential g).
According to these calculations, ac nearly equal to 1.0
has been established at lower temperature. Thus, the
Oads diffusion-like step seems to be the rate determining
step for the electroreduction reaction [17, 46–48] in
agreement with the impedance spectroscopy data. The
values of the exchange current density j0 [47], obtained at
fixed temperatures, increase with T and there is nearly
linear dependence of ln j0 on T (Fig. 12), indicating the
Arrhenius-like activation process (except at very high
temperatures where the j0, T-plot deviates from linear-
ity).

The long-term stability has been tested at T=973 K
and DE=�0.3 V during 3000 hours for the 70%LSCO

+ 30%CGO|CGO system. It should be noted that
during the operation period at least 35 thermocycles
have been made. The ac impedance measurements
(Fig. 13) distinguished the electrolyte and cathode
reaction resistance values practically independent of
operation time of the half-cell and thermocycle number.
The results of fitting the Nyquist plots show that there
are no big changes during 1000 hours in the equivalent
circuit parameters and only a small decrease in RD, R2

and C2 values, as well as R1 and C1 values has been
established. However, the small increase of Rgb has been
found after t>1000 hours, indicating that the weak
degradation of grain boundary is possible. According to
the experimental results obtained, the 70 wt% LSCO
+ 30 wt% CGO|CGO half-cells can be used for the
future operation-time tests going on in our laboratory.

Conclusions

The kinetically mixed process (slow mass transport and
electron transfer stages) takes place at the Ce0.8G-
d0.2O1.9|70 wt% La0.6Sr0.4CoO3-d + 30 wt % Ce0.8G-
d0.2O1.9 semi-cell in air at 773 £ T £ 1,073 K. The values
of activation energy, decreasing with the increasingly
negative polarisation, and of the charge transfer coeffi-
cient ac�1.0 at T £ 773 K indicate that the mass transfer

Fig. 11 Overpotential versus current density plots for the 70 wt%
La0.6Sr0.4CoO3 d + 30 wt% Ce0.8Gd0.2O1.9|Ce0.8Gd0.2O1.9 half-cell
at temperatures, noted in figure

Fig. 9 Activation energy of the low-frequency process (1) and total
activation energy (2) versus electrode polarisation plots for the
70 wt% La0.6Sr0.4CoO3 d + 30 wt% Ce0.8Gd0.2O1.9|Ce0.8Gd0.2O1.9

half-cell, obtained from the fitting data according to the circuit b
(Fig. 7a)

Fig. 10 Chronoamperometry data for the 70 wt% La0.6Sr0.4CoO3 d
+ 30 wt% Ce0.8Gd0.2O1.9|Ce0.8Gd0.2O1.9 half-cell at temperature
873 K and electrode polarisations (V), noted in figure

Fig. 12 Exchange current density versus temperature dependences,
obtained from Fig. 11
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limited process of the negatively charged oxygen species
inside porous solid cathode material is the rate-deter-
mining step in agreement with the fitting results of the
Nyquist plots. The values of diffusion resistance and
charge transfer resistance for the 70 wt% LSCO
+ 30 wt% CGO|CGO interface decrease with the rise
of temperature and cathodic polarisation. The notice-
able dependence of the diffusion resistance as well as
phase angle on cathodic polarisation at fixed tempera-
ture indicates the complicated mass transfer process
mechanism of the oxygen species.
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