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2. ABBREVIATIONS AND SYMBOLS

CPE coefficient

activation energy, obtained from the diffusion resistance Rp vs.
temperature plots

atomic force microscopy

Brunauer, Emmett and Teller method
interfacial oxygen ion vacancy concentration
medium frequency capacitance

low frequency capacitance

grain boundary capacitance

Ce1xGdsO,5

high-frequency constant phase element
low- frequency constant phase element
CeiSm,O,_5

diffusion coefficient

electrode potential

working electrode potential

activation energy, obtained from Z”,Z’-plots
open-circuit potential

ac frequency

Faraday’ constant

fuel cell

generalized finite Warburg element
Gd],XSI'XCOOyg

current density

exchange current density

cathodic current density

effective diffusion layer thickness
Lal,xerC01,yFeyO3,5

La],xSI'XCOO3,5

La_Sr,MnOs_g

number of electrons transferred

oxygen pressure

Prl,xSI'XCOO3,5

universal gas constant

high-frequency charge transfer resistance
low- frequency charge transfer resistance
AFM surface roughness

diffusion resistance

total very high frequency series resistance
grain boundary resistance

low-frequency polarisation resistance
medium-frequency polarisation resistance
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Rins AFM root mean square height

R, total polarization resistance

SArM surface area of a material obtained by using AFM method
SBET specific surface area, obtained by the BET method
Sel surface area of electrode

SEM scanning electron microscopy

SOFC solid oxide fuel cell

T temperature

t time

TEC thermal expansion coefficient

TPB three-phase boundary

Tw GFW frequency parameter (Tyw=L’D ")

YSZ yttria stabilised zirconia

Zw Warburg-like diffusion impedance

a CPE fractional exponent

, transfer coefficient for the anode (oxidation) reaction
a transfer coefficient for cathode (reduction) reaction
Ay, GFW fractional exponent

Oe electronic conductivity

Oox oxygen ion conductivity

o phase angle

Tinax characteristic relation time

A? weighted sum of the squares

¥’ chi-square function

n overpotential

7 cathodic overpotential

w angular frequency (equal to 27f)
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3. INTRODUCTION

Fuel cells (FC) are the modern electrochemical devices that convert the
chemical energy of a fuel into the electric energy and heat energy with the very
high efficiency from 40 to 80% depending no the working temperature and fuel
used. FC single cell consists of the compact of porous cathode (where oxygen
reduction process occurs) and porous anode (where oxidation of fuel takes
place) and a compact homogenous electrolyte layer between cathode and anode.
In a typical fuel cell fuels in gaseous phase (typically hydrogen, methane,
methanol, ethanol etc) are continuously fed to the anode compartment and an
oxidant (typically oxygen from air or pure oxygen) is continuously fed to the
cathode compartment. The electrochemical redox reactions takes place at
porous structure of electrodes to produce an electric current and residual heat,
because the exothermic fuel oxidation reaction occurs. A clean water is final
product if hydrogen is used as fuel. It should be noted that the chemical energy
conversation efficiency increases with the rise of working temperature and for
solid oxide fuel cells (SOFCs) it is as high as 60+70%. Therefore the SOFCs are
very attractive systems taking into account that the various hydrogen containing
compounds (natural gas, various alkanes, diesel, gasoline, alcohols, esters, H,S,
NH;, wood gas etc) can be used as fuels.

Solid oxide fuel cells operating at intermediate temperatures (from 750 to
1000 K) have received considerable attention for use in the direct conversation
of chemical energy of a fuel into the electrical and heat energies because the
high-temperature corrosion problems are not so critical as for SOFCs operating
at 7> 1000K. Thus for construction of the intermediate temperature SOFCs less
expensive construction materials can be used.

In many papers the ceria based solid solutions (Ce;_,Gd,O, 5, Ce; xSm;O; 5)
have been pointed out as the most promising electrolytes for intermediate
temperature SOFCs, having noticeably higher oxygen ion conductivity, i.e. the
lower series resistance values at 7 < 973 K than yttria stabilised zirconia (YSZ)
based SOFCs. However, the electrochemical behaviour of interfaces between
porous LagSry4Co0; 5 (LSCO), PrgSry4Co00;35 (PSCO) or GdsSrp4C00; 5
(GSCO) and B-site substituted La,Sr,Co;Fe,O;5 (LSCFO), as well
as mixed with various electrolytes LSCO or LSCFO (for example
Lay ¢St 4C0¢,Feg 503 5 + CepoGdy 10, 5) is an open question. It should be noted
that the addition of Fe’" ions into the B-site of cathode (partial replacement of
Co’" with Fe’™ cations) as well as electrolyte into the single phase cathode
decreases the thermal expansion coefficient of the cathode. However, these
additions decrease the cathodic catalytic activity of oxygen electroreduction as
well and thus the detailed studies are inevitable to optimize the cathode
chemical composition.

The main aim of this work was to synthesize LagsSry,CoO;s,
Pry¢Sr04C005.5 and GdyeSrg4Co00s 5 cathode materials and to obtain the
electrochemical characteristics of the half-cells with various cathode and

11



electrolyte compositions to establish the nature of the limiting stages for oxygen
electroreduction in solid oxide fuel cells. As important part of the work the
operation time stability tests of various half-cells was made as the time stability
during the long operation times of the materials used are essential for
development of solid oxide fuel cells.
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4. LITERATURE OVERVIEW

4.1. Influence of the cathode and electrolyte
composition on the electrochemical characteristic
properties of half-cells for SOFCs

Lowering of the operating temperature to an intermediate temperature region of
750-1000 K is the main challenge in current SOFC research activities. Such a
reduction would greatly enhance the long-term performance stability, widen the
material selection, lessen the sealing problem and enables the use of low-cost
metallic interconnects [1-7]. However, it should be noted that the performance
of the intermediate temperature SOFCs strongly depends on the characteristics
of the cathode as well as on the properties of the cathode | electrolyte interface
since the total polarization resistance increases noticeably as temperature is
decreased [8-17]. More particularly, for higher efficiency of SOFCs
considerable improvements of the cathode material characteristics (catalytic
activity and porosity) are inevitable because of the large cathode polarization
resistance at these intermediate temperatures [2—6, 18-27].

La; xSr,CoO; 5 (LSCO) is an excellent perovskite material for fundamental
studies because it is reversibly reducible, has high rates of surface exchange and
diffusion of oxygen species (diffusion coefficient D= 4.9x10” cm® s in
compact Lag; Sro3C003 5 at T= 807 K). The interfacial oxygen ion vacancy
concentration ¢y is equal to 2x10* molecm™ and ¢, decreases slightly with
increasing temperature [18]. However, the thermal expansion coefficient (TEC)
is very high (TEC = 21.8x10° em K™ for compact Lag¢Sro4Co05 5 at T=
873 K) and thermal compatibility problems with ceria based electrolytes may
arise during thermocycling of the cells. The substitution of the Fe’* ions into the
B site of La; ,SryCo0O; s reduces the TEC values noticeably, but the catalytic
activity of La,, Sr,Co,_,Fe,O3 5 (LSCFO) is quite low [2-5,10,11]. Similarly to
La, «Sr,MnOs_5 (LSMO) (with electronic conductivity o, = 200...300 S cm’
[5]), LSCFO is a very good electronic conductor (o, =230 S cm ™', obtained for
Lag Sro4Co¢,Feps0;55 at 7= 900°C), having very high oxygen diffusion
coefficient and the oxygen ion conductivity oy is ~0.2Scm™ for
Lay ¢ Stp4Cog,Fep 3055 at T=900°C [5,10,11]. Thus, the oxide ion conductivity
in ferrites / cobaltites (La;_SryCo;_yFe,O3 ;) is even some orders of magnitude
higher than in manganites [3,4,10,11,28], and thus LSCFO is a very good mixed
conductor. The TEC value for Lagg Srg4Coo,FeqsO5s is 15.3x10° ecm K
[10,11] which is greater than TEC for CGO electrolyte (12.5x10° cm K ™).
Kostogloudis and Ftikos demonstrated that the A-site deficient Lags
2 Stp4Cog,Fe 5055 based perovskite oxides have somewhat lower TEC values
[10] than Lag¢ Srp4CogoFepsO;.5, but these materials have comparatively low
time stability.
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Lagg Sry2C003 5 and Lagyg Sro,MnQO;_s cathodes, prepared by laser ablation
method on a YSZ single crystal oxygen ionic conductor, have been studied by
Imanishi et al. [19]. The results of impedance spectroscopy show that the
dissociative adsorption of O, on LSCO and the charge transfer process i.e.
electroreduction of O, on LSMO are the rate-determining steps, respectively
[19]. The results of investigations for LSMO|YSZ (YSZ — yttria stabilized
zirconia Y,0;-Zr0,) interface demonstrate that the oxygen ion transfer across
the electrode | electrolyte interface is relatively fast and unlikely to be the rate
controlling stage [15]. Conventional LSMO electrodes modified by ion impre-
gnation method (i.e. with solution of Ce(3Gdy»(NO3),) demonstrated very good
activity for O, electroreduction and the polarization resistance decreased to
~0.72 Q cm’® as compared to 26.4 Q cm? for pure Lag7,Srp1sMnO;_5 [20-23],
however there is no results about the time stability of these materials in
literature .

Barnett et al. [21,22,25] studied the influence of porosity of LSMO on the
characteristics of the LSMO|YSZ interface. It was found that the cathodes with
23% and 40% total porosity show similar behavior at low current densities, but
after passing a critical current density, the cell voltage dropped rapidly for the
cell with lower cathode porosity, which was explained by the mass transport
limitations of oxidant in the porous cathode material [25]. The results obtained
by Ostergard et al. [26] show that, for the coarse-grained cathode
Lag gsSro.1sMnyOs_5 | YSZ, the total polarization resistance is lower than that for
fine-grained LSMO.

Optimization of the double-layered Lag ¢sSt1y3sMnO; | LSM+Y,0; stabilized
ZrO, (YSZ) cathode, applied on a thin YSZ layer, has been made by Haanappel
et al. [27]. The influence of the LSMO|Y SZ mass ratio of the cathode functional
layer, the grain size of LSMO powder for the cathode current collector layer,
thickness of the cathode functional layer and cathode current collector layer as
well as influence of calcinations temperature and durability of the YSZ powder,
used for preparation of the cathode functional layer, were analyzed in detail
[27]. The chemical degradation of the La; ,Sr,MnO;| Y,O; stabilized ZrO,
composite cathodes in the presence of current collector pastes (Bi containing Pt-
paste for example) was studied by Chervin et al. [29]. Bi containing Pt-paste
reacted with the composite cathode at 7> 800°C, which after various compli-
cated surface reactions led to formation of the phyroclore phase, La,Zr,0; at
Y,0; — ZrO, surface. Influence of the electrode polarization on the oxygen
nonstoichiometry on the LagoSry;MnOs.5 | YSZ interface has been studied by
Yasumoto et al. [24] at 873 < T< 1273 K. It was found that the oxygen
nonstoichiometry affects the cathode reactivity through the exchange current
density.

Ringuede and Fouletier [16] established that in air at moderate temperature
T'< 803 K the electrode reaction at Lag;Sro3CoOs 5 was controlled by the
oxygen diffusion rate through the dense LSCO layer according to the internal
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diffusion material model. The activation energy for diffusion process obtained
using Warburg diffusion impedance values was nearly 1.08 eV [15-18].

De Souza and Kilner [30] have shown that the activation energy is strongly
dependent upon the acceptor dopant level and position, varying from ca
Aq=3.1¢V for undoped LCO material to 44 ~ 1 eV for Lag 4SrycCoO;_5[15,30].
It should be noted that the low-frequency polarization resistance (R r) increased
when the oxygen pressure decreased. Although a noticeable increase of the
deviation of stoichiometry was measured by thermogravimetry and it was
assumed that the vacancy diffusion through the dense LSCO is rapid and the gas
phase polarization becomes limiting at low O, pressures [15]. Under higher

oxygen pressures ( Po,” 6x10~ bar) at T> 773 K the low-frequency polari-

zation resistance was proportional to pég's , indicating a dissociative adsorption

limiting step [15] in a good agreement with experimental data for 2 um thick
dense LSCO cathode [31].

The Anderson et al. results [32] demonstrated that the dissociative
adsorption at the LSCO surface is the rate-determining step at 7> 450°C. The
same conclusion has been made by Fukunaga et al. [33] for the dense LSCO
and dense LSCFO cathodes working effectively at 7> 800°C under high

oxygen partial pressure p,, . The changes in activation energy with temperature

for CGO | LSCFO interface in air (44 is equal to 1.56 and 0.86 eV at 7> 750
and T< 750°C respectively) have been calculated by Waller et al. [34].
According to Masuda et al. for dense Lag ¢Sr;4C00Os_ 5 cathode the values of 44 =

1.1 eV at lower Po, < 5107 bar and A4~ 1.5¢V at Po, 2 0.1 bar have been

established at 7> 500°C [35].
However, Adler et al. [9] have demonstrated that it is necessary to include

the gas-phase diffusion term into electroreduction model at lower Po, [7] and
the overall oxygen electroreduction reaction
0.50,+2e — 0"

can be simulated as a homogeneous chemical reaction occurring over the
internal surface area of the porous cathode material [9]. The adsorption of
neutral oxygen species by the mixed ionic conductor serves to convert
electronic current to ionic current over finite region of the electrode thickness
(0.5...10 um). This active region is described by the characteristic length,
related to the exchange and diffusion properties of the mixed conductor and the
surface exchange reaction is limited by O, dissociation step rather than
availability of electronic or ionic species (i.e. electron transfer step) [7]. This
model also predicts that gas phase diffusion becomes dominant at very low
oxygen partial pressures below 1% of O, in N, even at very small current
density value i.e. near the equilibrium conditions [7].
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The electrochemical properties of interfaces between porous
Lag ¢St 4Co00,Feg503.5 + CepoGdo 10,5 (so-called mixed cathode) and CGO
electrolyte at intermediate temperatures (500...700°C) has been investigated by
Dusastre and Kilner [4] using impedance spectroscopy. The optimum CGO
addition equal to 30% by weight to the LSCFO perovskite cathode resulted in
four times lower area specific resistivity, but the electrochemical properties of
these composites were found to be quite sensitive to the microstructure and
composition of the cathode [4]. It was found that the observed high performance
of the composite cathodes is consistent with the effective medium percolation
theory which predicts the ambipolar transport behavior of composite mixed
ionic-electronic conductors as a function of the volume fraction of each of the
randomly distributed constituent phases [4,5,36,37]. However, a slight
discrepancy between measurements and theory observed was explained by the
fact that the overall performance of a porous electrode is not only determined by
mixed conducting transport properties in the solid cathode phase but also by the
inherent catalytic property of the triple phase boundary (TPB) and by the
complicated mass transport of oxygen to the TPB [2—4,7].

Thus, there are actually three macroscopic pathways available for O,
reduction process to occur on porous cathode | solid electrolyte interface and
kinetics of this reaction is influenced by several factors [3,4,7,38-41]: (a) the
reaction of molecular oxygen with electrolyte (CGO) surface what can be
neglected at low temperature as the surface exchange coefficient is very low [4];
(b) dissociative adsorption of oxygen molecules followed by the surface
diffusion step toward the three-phase boundary (TPB); and (c) surface reduction
reaction followed by dissolution (adsorption/absorption) of charged oxygen
species inside the cathode and masstransfer of oxygen ions toward the cathode |
electrolyte boundary. It should be noted that all of these stages can be the rate-
determining steps depending on 7, po, and cathode polarization. However, the
concentration polarization of the cathode reaction, caused by the diffusion and
exchange of oxygen species to the electrode | electrolyte interface can be rate
determining process at lower 7 [4]. The solid state mass transfer of oxygen ions
includes normal bulk lattice diffusion together with contribution from the grain
boundary and dislocation core pathways depending on the level of bulk
diffusivity [3,4,7,9,28].

It should be noted that although there is an agreement about the possible
pathways, however, there remain uncertainty and disagreement about the rate-
controlling steps, explained by the difficulties in separating the relative effects
of microstructure and electrocatalytic activity [40,41]. The actual role of nano,
meso and macro pores in a porous electrode can be rather complicated as if
there is rapid transport of electronic and ionic species along the pore surfaces
due to surface diffusion, then an additional phase should be assigned to
represent the surface or interfacial layer in the composite cathode [4].

The experimental results presented in Refs. [2-32] show that the activation
energy of the electroreduction reaction is strongly influenced by the preparation
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method for the synthesis of cathode material used, i.e. by the microscopic/
macroscopic parameters of the electrode. However, for the future development
of SOFC, the time-stability tests during thousand of working hours and under
the conditions of thermocycling and cathodic polarisation are inevitable.

4.2. Oxygen electroreduction mechanism
at mixed conducting cathodes

The overall reaction of oxygen electroreduction to the first very simplified
approximation at the SOFC cathode can be expressed as

0.50,(g)+2e” + VS - O [4.2.1]

where O,(g), V¢ and O represent an oxygen molecule in a gas phase, oxygen

vacancy and an oxygen ion at a regular oxygen site, respectively [2,42]. If we,
to a first approximation, assume that the relationship between the current
density j and the overpotential 7 across the interface (7= E’-Eocy, where E’ is
the working electrode potential and Eqcy is the open-circuit potential), can be
described by the usual Butler — Volmer equation [42,43]

j = Jolexplet,nFn/RT)—exp(~ e ,nFn/RT)] [4.2.2]
where j, is the exchange current density, F is the Faraday's constant, R is the
universal gas constant, n is the number of electrons transferred, and 7 is the
absolute temperature, @, and ¢, are the transfer coefficients for the anode
(oxidation) and cathode (reduction) reactions, respectively. Thus the total
polarization resistance R, can be approximated as

RT 1 1
R = on)_RTy 1L [4.2.3]
0j nFla, +a.)j,
and the exchange current density at these conditions is given as
. _RT 1 1 (42.4]
T = a, +a, )R, o

At very high cathodic overpotentials (|7, >> 0; when totally irreversible
reduction of oxygen ocures) Eq. 4.2.2 simplifies to

=7 aanﬂ [4.2.5]
= —CXp| ——— L.
J=Jo p RT

and
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[4.2.6]

It should be noted that the Butler-Volmer equation can be used for the studies of
the electroreduction of oxygen under certain conditions, but this analysis gives
no information about the microscopic details of the reaction. For that reason,
various models have been developed [2,5,6,9,12—14,28,42,44-51]. According to
these models the electroreduction of O, at porous cathode (and porous Pt as
well) can take place only at the three-phase boundary (if 77 ~ 0) while both the
TPB and the surface of La; \SryMnOj; 5 can be active at the high overpotential
values [12,48,49]. There are still considerable discrepancies in the reaction
mechanism and rate determining steps for the O, reduction at various cathodes
(LSMO, LSCFO etc.) [13,42,48-51], and therefore more information is needed
for the detailed analysis of O, electroreduction at porous LSCO, PSCO and
GSCO cathodes under study in this work.

4.3. Fitting of impedance data

Experimental impedance data were mainly analyzed using the equivalent
circuits illustrated in Fig. 1, where R is the total very high frequency series
resistance of the system R. = Z(w—»); CPE,, R, CPE, and R, are the so-
called high-frequency and low- frequency constant phase element and charge
transfer resistance values, respectively; Zy is Warburg-like diffusion
impedance.

Usually constant phase element CPE is used in a model in place of a
ideal capacitor to compensate the energetic and crystallographic non-
homogeneity in the experimental system and can be expressed as

1

ZCPE :.—a [4.3.1]
A(jw)

where 4 is the CPE coefficient and « is the CPE fractional exponent. If o= 1

then A4 is equal to the electrical double layer capacitance, if = 0.5 then Zcpg =

Zw and if a =0, then Zcpg is equal to the resistance R [52—54].

Taking into account the masstransfer limited steps in complicated cathode
matrix in equivalent circuit b in Fig. 1 the low-frequency constant phase
element CPE, have been exchanged to the generalized finite Warburg element
(GFW) for a short circuit terminus model expressed as

_R, tanh|(ia)L2 / D)aw

T [4.3.2]

Z GFW
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where Rp is the limiting diffusion resistance, L is the effective diffusion layer
thickness, D is the effective diffusion coefficient of a particle and «, is a
fractional exponent [52,54—61].

C, CPE, CPE,

| NN N

R ' 11 l | Va4 | ' Va4 |
ex

(a) Rgb R1 R2

Figure 1. Equivalent circuits used for fitting the complex impedance plane plots. Ry is
the high-frequency series resistance (Rex = Z° if @ = ©); Cy, and Ry, are the grain
boundary capacitance and resistance; CPE; and R, are the high-frequency constant
phase element and resistance; CPE,, R, and C, are the low-frequency constant phase
element, resistance and capacitance, respectively; Zy is the Warburg-like diffusion
impedance.

There are two accurate ways to obtain an indication of how well the
modeling function reproduces the experimental data set: the chi-square function
(x*) and the weighted sum of the squares (A?) give a main general indication
about the quality of the fit and observing the parameter values and their relative
error estimates (in %). [52,62].
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5. EXPERIMENTAL

Commercially available powders of LayO; (99.99%), Pr¢O; (99.99%),
Gdy0; (99.9%), SrCO; (99.9 %) and Co304 (99.9 %) have been used for the
synthesis of the Lag.68r0,4C003,5 (LSCO), Pr0_68r0,4C003,5 (PSCO) and
Gdy ¢S104C005 5 (GSCO) powders, using the conventional solid state reaction
technique [2—6,57-61]. 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 1473 K for 10 h to form a perovskite phase. The
perovskite phase was crushed and ball-milled for 3 h using the same system.
Thereafter the second temperature treatment cycle was made [57-61].

The CesSm,0, 5 (CSO) and CepsGdy,0, 5 (CGO) electrolytes were
prepared from the corresponding oxides CeO, (99.9% Aldrich), Gd,0; (99.9%)
and Sm,0; (99.8%), using conventional solid state reaction technique [2—6,57—
61]. Powders with the stoichiometric compositions were ball-milled for 3 h and
calcined at 1473 K in air for 10 h. The formed electrolyte materials were
crushed and ball-milled in ethanol and thereafter two more temperature
treatment cycles were made.

After adding an organic binder, the electrolyte powders were pressed into
pellets with a diameter of 2 cm and thickness of 0.6 mm at the pressure p = 20
kN cm for 0.5 min and thereafter sintered at 1473 K for 10 h. The cathode
material synthesized was mixed with an appropriate amount of organic binder
(ethyl cellulose) and solvent (turpentine oil) and screen-printed onto one side of
the CGO electrolyte as a working electrode with the surface area S, = 0.5 cm?.
The working electrodes were fired at 1323 K in air for 8 h. In some cases, the
cathode material (LSCO) was activated by the Ag-nanoparticles, and for that the
cathode material was impregnated with the AgNO; aqueous solution, followed
by the decomposition and firing at 1073 K for 3 h. The mixed cathode materials
was prepared by mixing 70 wt% LSCO (or LSCFO) with 30 wt% CGO
powders before adding the organic binder and solvent. The following half-cells
were prepared for electrochemical measurements:

Sys 1: Lag 6S194C003_5 | Cep3Gdo20,5

Sys 2: Pr;.6S104C0035 | CeysGd20s-5

Sys 3: Gd0A6Sr0.4COO3_5 | CeoAngo,zoz_z;

Sys4:  LageSr4Co05_5 | CegssSmy 15025

Sys 5: Pr6S194C003_5 | Ceg.35Smy 150,25

Sys 6: Gdy.65194C00;35 | Ceg3sSmy 150,55

Sys 7: TOwt% Lao,GSr0_4CoO3ﬂs + 30wt% Ceo.ngo_QOQ,g | Ceo_ngo'QOZ,g

Sys 8: T0wt% Lao_gsr0_4C00_8Feo_203,5 + 30wt% Ceo‘ngo_QOQ,g; | Ceo_ngOQOzﬂs
Sys 9: Ag + La0,68r0,4COO3,5 | Ceo_ng04202,5
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Figure 3. Incremental pore Figure 4. AFM images of microstructure of the

volume vs. pore diameter plot La,Sro4Co0O; 5 cathode (a) and CesGdy,0, s

for the LagSr94Co0; 5 cathode electrolyte (b), the corresponding height profiles

(Sper=10.5mg™). and the values of the root mean square height (R
and surface roughness R = Sxpm/Secom-

The BET adsorption, X-ray diffraction and AFM methods have been used for
the analysis of materials prepared. The X-ray diffraction measurements (Fig. 2)
(Bragg-Brentano method) were made for all half-cells and usually ceria peaks,
forming a very strong and intensive background, are seen as well as few cathode
material peaks. Excluding the ceria peaks, we can see peaks, corresponding to
the perovskite phase of cathode materials used and also peaks of Pt because a Pt
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contact electrode was created and used to collect the current. No impurity peaks

Figure 5. SEM images of the Lag 4Sry4C00; 5 | CeysGdy,0,-s half-cell: (a) cathode, (b)
electrolyte, (c) cross-sectional view of the cathode and electrolyte and (d) Pt counter
electrode.

Using the N, gas adsorption measurement method the specific surface area,
pore size distribution, micropore volume and other gas phase characteristics
have been obtained using Gemini 2375 system (Micrometrics Inc.). The specific
surface area, obtained by the Brunauer, Emmett and Teller (BET) method,
demonstrates comparatively high values for cathode materials (from 5 to
20 m* g ). The nanopores with a medium pore size (15...18 A) prevail inside
cathode materials volume (Fig. 3). For the additional characterization of
materials, the atomic force microscopy (AFM) studies were made (Fig. 4). It
was found that there are no big pores inside the electrolyte. The surface
structure of the solid electrolytes seems to be comparatively homogeneous and
the very low values of Sggr ~ 0 have been obtained. The cathode materials (Fig.
4a) consists of aggregates consisting of spherical particles with a medium
diameter of 1...2 um and there are large pores (d ~ 2...10 um) between these
aggregates. It is reasonable because the cathode macro- and microstructure has
to allow oxygen to diffuse to the reaction sites at the three-phase boundary
(TPB) region. The surface profiles (Fig.4b), obtained using AFM method,
indicate that the surface of the electrolyte is comparatively flat compared with
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the cathode material surface. The same conclusion can be made taking into
account the so-called AFM surface roughness factor values (Rarpm = Sarm/Sgeom)
as well as the root mean square height values Rys (Sarm 1S the surface area of a
material obtained by using AFM method and Sgeom is the flat-gross section
surface area).

The surface of cathode, electrolyte and Pt counter electrode have been
investigated by SEM method. The very nice nanoporous cathode and Pt counter
electrode have been prepared on the practically compact electrolyte as can be
seen in Figure 5. The data for cathode | electrolyte interface show that there is
very good contact between the cathode and electrolyte and there is no
delamination between cathode and electrolyte layers. The electrolyte layer
appears to be almost fully dense expect for some isolated pores, but no cross-
layer pinholes or cracks are observed.

Quartz tube Pt CE
Pt RE

Porous Pt
Electrolyte Cathode

Figure 6. Experimental setup used for semicell studies.

A three-electrode assembly was used to study the electrochemical properties of
the electrodes. 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 1223 K for 2 h. The areas of the Pt counter and Luggin-like
reference electrodes were ~3 cm® and 0.04 cm’, respectively (Fig. 6). The
reference electrode (Pt | porous Pt | O,) has been created into the hole prepared
inside the solid electrolyte and the distance of the reference electrode to the
working electrode was less than 10* cm. The lateral surface of the Pt-wire (i.e.
the lateral surface of the reference electrode) has been isolated by Al,O;
capillary tube, introduced into the electrolyte pellet. The anode | electrolyte |
cathode assembly was placed into designed reactor and cathode, reference
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electrode and anode were exposed for air. Three Pt wires were connected to the
working, counter and reference electrodes and led to the potentiostat/galvanostat
(type 1287, Solartron), frequency response analyser (type 1260, Solartron). The
ac frequency f'was changed from 10 MHz to 0.01 Hz. The ac voltage amplitude
was 5 mV. The impedance spectra were recorded at 10 points per decade.
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6. RESULTS AND DISCUSSION

6.1. Nyquist plots

Comparison of impedance complex plane Z°°,Z” (Nyquist) plots (where 2’ is
imaginary and Z’ is real part of impedance) for systems investigated (Fig. 7)
indicates that the shape of impedance spectra noticeably depends on the
chemical composition of the cathode studied i.e. on the A site position cation
characteristics in the ABOj; perovskite structure. The influence of the electrolyte
composition on the shape of Z*’,Z’-plots is noticeably smaller. The lowest very
high frequency series resistance has been obtained for LSCO | CSO half cell
(Sys 4) and the lowest low frequency polarisation resistance (R,) values has
been obtained for LSCO | CGO (Sys 1) and LSCO | CSO (Sys 4) half cells. For
other half cells investigated R, values increase in the order: PSCO | CSO (Sys
5) < GSCO| CSO (Sys 6) < PSCO | CGO (Sys 2) < GSCO | CGO (Sys 3) <
70wt% LSCO + 30wt% CGO | CGO (Sys 7) < 70wt% LSCFO + 30wt% CGO |
CGO (Sys 8) <Ag+ LSCO | CGO (Sys 9).

-10
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8 L -+ 8ys 3
= Sys 4
-+ Sys 6
-6 63 Hz ~Sys7
50 Hz 0.3 Hz = Sys 8

Z"/Qcm?
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O & 1 -‘,._. 3 )

0 3 6 9 ) 12 15 18
Z'l Qcm

Figure 7. 2”°,Z° (Nyquist) plots at 7= 873 K for some systems investigated.

For systems with higher specific surface area (Sys 1, Sys 4, Sys 7 and Sys 8),
the total polarisation resistance at f< 20kHz can be divided into two
components: so-called medium-frequency polarisation resistance (Ryy; arc 1)
and low-frequency polarisation resistance (Rpr, arc 2). Systematic analysis of
the Nyquist plots shows that for the mixed cathodes (Sys 7 and Sys 8) the third
very well developed semicircle has been established in the region of high
frequencies (f> 20 kHz), corresponding to the mainly oxygen ion transfer
process at the mixed cathode | electrolyte grain boundary. (Ry, and Cgy, are the
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oxygen ion resistance and capacitance at the grain boundary.) For all systems
studied, the total polarisation resistance R, decreases with increasing 7 and |E].

The characteristic relation time 7y, (equal to (anmax)fl, where fi.x is the
frequency of the maximum in the Nyquist plot) obtained from the low fre-
quency part of the Z’*,Z’-plots depend noticeably on the chemical composition
of cathode studied. The values of 7.« are nearly independent of the electrolyte
composition if the same cathode material has been used. The noticeably lower
values of 7,.x have been obtained for Sys 8 and Sys 7 and 7,,x decreases with
rising the thermal fluctuation energy. Differently from the mixed cathodes (Sys
7 and Sys 8) the characteristic frequency for Sysl...Sys 6 is practically inde-
pendent of the cathode potential applied.
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Figure 8. Phase angle vs. frequency plots at 7= 773 K and AE =-0.1V.

The influence of the cathode material and 7 on the electrochemical
characteristics and reaction mechanism, prevailing for O, reduction, is very well
visible in the phase angle vs. logf plots. The data for Sys 3, Sys 7 and Sys 8 and
Sys 9 show that at T< 773 K there prevails mixed kinetics behaviour (slow
mass transfer (diffusion) and charge transfer steps) (|d ~ 30°) (Fig. 8) (it should
be noted that & = —90°, 6 = —45° and & = 0° indicate adsorption, diffusion and
charge transfer limited step mechanisms, respectively [52-54,58-61]). At
higher negative potentials and higher temperature the systems tend toward
purely charge transfer limited mechanism (|d< 5°) (Fig. 9). However, the shape
of o,logf plots shows that at £ < 20 kHz for systems with higher specific surface
area (Sys 1, Sys 4 and Sys 7) there are two very well separable processes with
different time constants. For other systems there seems to be only one (or two,
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but not clearly separable) mainly diffusion-limited charge transfer process at
T< 773 K. The noticeable dependence of 6 on AFE indicates the very
complicated mass transfer process (molecular diffusion, migration, surface
diffusion of adsorbed ions, diffusion of oxygen ions inside mixed conducting
cathode etc) of the charged oxygen species and O, in porous cathode for all
systems studied (Fig. 10).

Phase angle / deg
&% A

N
N
T
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Figure 9. Phase angle vs. frequency plots at 7= 973 K and AE =-0.1V.
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Figure 10. Phase angle vs. frequency plots for Sys 8 at 7= 873 K in the case of various
electrode polarizations AE (V) noted in figure.

6.2. Fitting of the complex impedance plane plots

The data in Nyquist plots, to a first approximation, can be simulated with the
chi-square function y’< 6x10™* and weighted sum of squares A’ < 0.1 by the
equivalent circuit (a) presented in Fig. 1. The very high frequency series
resistance R. is mainly determined by the electrolyte characteristics and
according to the results of simulations, R.x decreases with rising temperature
and in the order of systems Sys 9 > Sys 3 > Sys 8§ > Sys 7 > Sys 2 > Sys 1 > Sys
6 >Sys 5 > Sys 4 in the case of fixed temperature. Differently from the so-called
mixed cathodes (Sys 7, Sys 8 and Sys 9), for Sys 1, Sys 2, Sys 3, Sys 4, Sys 5
and Sys 6 there is no very well separable semicircles in the region of high
frequencies as the so-called grain boundary resistance Ry, has very low values.
Ry, and Cygy are detectable for Sys 7 and Sys 8 only as there is noticeably higher
interface area between porous mixed cathode and electrolyte and the values of
Ry, decreases with increasing temperature and slightly with increasing the
negative potential. The low values of Ry, indicate that the transfer of the
charged O ions at the grain boundary is relatively quick.

The medium as well as low frequency arcs can be fitted by the constant
phase element CPE; and CPE, and charge transfer resistances R; and R,
connected in parallel, respectively (Fig. 1a). The fractional exponent ¢; > 0.5,
very high C; and very low values of R; indicate that the so-called adsorption
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like and "true" charge transfer limited processes are the rate-determining steps
at f> 10 Hz and 7 < 823 K [52-54,58-61]. The values of C; (Fig. 11) increase
with increasing 7" and AF, thus, the accumulation of partially reduced oxygen
species into the cathode material takes place. At higher temperatures (7> 873
K) there are no very well separable semicircles in the region of medium
frequencies and the equivalent circuits in Fig. 1 can be simplified within the
frequency region from 0.01 to 10000 Hz and only the so-called low-frequency
circuit, i.e. the low frequency process has mixed kinetics behavior.
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0.02 r
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AE |V

C,/Fcm?

Figure 11. Medium frequency capacitance C; versus AE plots for Sys 4 (1; 4), Sys 6
(2;5)and Sys 5 (3; 6) at T="773 K (1-3) and T =873 K (4-6).

The fractal exponent values o, < 0.5 for CPE, (Fig. 1a) obtained for the low-
frequency arc in the case of systems investigated indicate that CPE, behaves as
a Warburg- type diffusion impedance. Thus, at low frequencies, the CPE, can
be exchanged to the generalized finite length Warburg element (GFW) for a
short circuit terminus model (Fig. 1b) [52—54,58—61]. The very small chi-square
function values 7> < 2x10* and weighted sum of squares A> < 0.03 have been
established [58-61]. The relative residuals obtained for this circuit are very low
and have a random distribution in the whole frequency region studied.
Therefore it seems that the low-frequency arc at 7 < 873 K characterizes the
kinetically mixed, charge transfer and mass transfer (diffusion-like) limited
adsorption processes (|d < 15°), taking into account the very high C, values
obtained. The values of aw < 0.5 indicate that there are deviations from the
classical semi-infinitive diffusion model toward the generalized finite length
Warburg diffusion model [56-61], i.e. toward the anomalous diffusion model
with the adsorption boundary condition [63—65]. The diffusion resistance Rp
(Fig. 12) and the low-frequency charge transfer resistance R, (Fig. 13) decrease
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with increasing temperature and |E| if AE <—0.2 V and in the order of systems
Sys 9> Sys 72> Sys8> Sys3> Sys2> Sys6> Sys5>Sys 12> Sys4. The
dependence of Rp on AFE, indicates the very complicated mass transfer process
as the resistance of the semi-infinite Fick-like diffusion process has to be
independent of AE. The surface diffusion, Knudsen-like and finite-length
diffusion as well as migration of charged oxygen species are possible. At fixed
temperature and AE > —0.2 V the values of Rp are noticeably higher than R,,
indicating the mainly mass transfer limited reaction mechanism. The noticeable
dependence of so called frequency parameter Ty (Tw = L*D ") on AE at AE < —
0.2V in the case of fixed T can be explained by reduction of the effective
reaction layer thickness with increasing the cathodic potential and temperature
if we assume that diffusion (masstransfer in reality) coefficient D is independent
of AE. At higher AE the additional transport mechanisms of oxygen ions
(surface diffusion/migration) are possible. At higher temperature (i.e. under
conditions of the very effective thermal activation) Ty is independent of AFE.
The low-frequency capacitance C, (i.e. adsorption, absorption capacitance or
pseudocapacitance of the reduction process) decreases with rising temperature
and increases in the reverse order as Rp (Fig. 14). The increase of C, with |AE|
at lower temperature (except Sys 9) 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 AE.
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Figure 12. Diffusion resistance Rp versus electrode potential dependences for Sys 4
(1;4),Sys 6 (2; 5) and Sys 5 (3; 6) at =773 K (1-3) and 7'= 873 K(4-6).

30



30

25 =1
-2
20 | 3
NE -4
G -5
G15 -6
10 +
5 -
0 ?// Il ‘Tf Il Il
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

AE |V
Figure 13. Low-frequency charge transfer resistance R, versus electrode potential
dependences for Sys 4 (1; 4), Sys 6 (2; 5) and Sys 5 (3; 6) at T= 773 K (1-3) and
T'=2873 K(4-6).
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Figure 14. Capacitance C, vs. AE-plots at 7= 873 K for Sys 1 (1), Sys 4 (2), Sys 7 (3),
Sys 8 (4) and Sys 9 (5)
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6.3. Activation energy, current relaxation plots
and transfer coefficient

The capacitive parts of the impedance spectra at f< 20 kHz were used to
determine the polarization resistance (R,) from the difference between the
intercepts of the very low and high frequency parts of the spectra with the Z'-
axis of Nyquist plots. Comparison of the data shows that the total polarization
resistance increases in the order Sys4 < Sys1< Sys5< Sys6 < Sys2<
Sys 3 < Sys 8 < Sys 7< Sys 9. Thus, noticeably higher R, values have been
obtained for Sys 9, which is caused by the very high mass transfer resistance
inside the nanopores [56—61]. The nonlinear shape of Arrhenius plots indicates
the change in the nature of the limiting process with increasing temperature.
The value of activation energy E, (Fig 15) for Sys 3, Sys 5, Sys 6 and Sys 7,
obtained from Z”,7Z’-plots, is in a reasonable agreement with the value of Ap,
obtained from the diffusion resistance Rp vs. temperature plots. Thus, the arc 2
for these systems at lower T characterizes mainly the mass transfer (i.e.
diffusion-like) limited process of the electrochemically active oxygen pieces.

2

1.6

E/V

Figure 15. Activation energy vs. electrode potential plots for half-cells, noted in figure.

Chronoamperometry curves obtained indicate that the shape of the j.t-curves
depends on T, AFE, as well as on the electrolyte and cathode compositions (Fig.
16). At small times (¢ < 2.0 s) |j.| increases with time. The stable |j.| values have
been established at 7< 773 K in the case of > 5.0 s, but at 7> 973 K at very
short charging times ¢ < 1 s. At lower temperatures (7'< 773 K) the cathodic
current density (i.e. the rate of cathodic reaction) is noticeably higher for Sys 4
than for other systems (j. increases in the order Sys 9 < Sys 8 < Sys 7 < Sys 3 <
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Sys 2 < Sys 1 < Sys 6 < Sys 5 < Sys4) [56-61]. The increase in the cathode
current density with time can be explained by extending the active reaction zone
from the open surface area to the porous surface of mixed conducting cathode.
The increase in concentration of the “charged oxygen” pieces with increasing
the negative cathode potential will improve the catalytic activity of the cathode
and the decrease in the values of E, is in a good agreement with experimental
results obtained. However, the fitting data of the Z”,Z’-plots show that the
oxygen reduction in Sys 9, Sys 7, Sys 8, Sys 6 and Sys 3 is mainly limited by
the mixed kinetics, i.e. charge transfer and diffusion-like steps, in the porous
cathode material when the higher cathodic potential is applied to the interface.
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Figure 16. Chronoamperometry data for Laj ¢Sry4C00;_5 (1; 17), ProsSry4Co0;5 (2; 2°)
and Gdy ¢Sty 4C00;_5 (3; 3”) cathodes on the Ce(3Gdy,0, 5 electrolyte at 7= 873 K (1—
3)and T=973 K (1’-3").

The Tafel-like overpotential 7,Inj.-curves have been calculated from the j.,z-
curves at ¢ > 10 s when the stable values of j. have been established at fixed AE
and 7. (AE values have been corrected by the ohmic potential drop AU = IR to
obtain 7). According to the calculations, the values of transfer coefficient, «,
higher than 0.5 for Sys 1, Sys 2, Sys 3, Sys 5, Sys 6, Sys 7 and Sys 8 indicate
the mixed kinetic mechanism, i.e. slow O, or O, diffusion, in addition to
slow electron transfer seems to be the rate-determining step [56—61]. The values
of o, for the systems studied increase slightly with rising temperature. The
exchange current density (jy), obtained from the Tafel plots (Fig. 17), increases
with temperature and in the order of systems Sys 9 < Sys 7 < Sys 8§ < Sys 3 <
Sys 6 < Sys 4< Sys 5 < Sys 1 < Sys 2.
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Figure 17. The exchange current density versus temperature plots for half-cells
investigated (noted in figure).

6.4. Influence of operation time on the electrochemical
characteristics of half-cells

The long-term stability has been tested at 7= 973 K and AE=-0.3 V for Sys 1
(4600 hours), Sys 2 (1200 hours), Sys 4 (1500 hours), Sys 7 (3000 hours) and
Sys 9 (4600 hours). It should be noted that during the operation period the
thermocycle has been made after every 100 working hours. According to the
experimental results at higher temperature (7'> 873 K), the shape of the Z*°,Z’-
plots is practically independent of operation time. At short working time (¢ <
200 h) the small decrease in R, has been observed (Fig. 18), but at > 300 h the
stabilization of the electrochemical parameters has been established. At lower
temperature (7’< 773 K), the small decrease of low-frequency polarization
resistance (R,) has been established at operation time from 200 to 1000 hours.

The values of high-frequency series resistance Z’(w—>o) = R for all
systems studied do not depend noticeably on the operation time (Fig. 19). Thus,
there is no delamination of the cathode layer from the electrolyte surface for
system studied. For Sys 7 there is a noticeable increase in R, at longer operation
times (#> 3000 h), which is caused by the increase of the charge transfer
resistance and by the degradation of the composite cathode. The time stability
of R, is somewhat lower for Sys 9, where the restructuring of the Ag clusters
takes probably place on the LSCO surface during the long-lasting O, reduction
process.

34



o
T

|

-1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500

Operation time / h

Figure 18. Dependences of log R, on operation time for Sys 1. The curves 14 are
obtained at 7= 773 K and curves 5-7 at 973 K at the electrode polarizations AE (V):
-0.1(1;5),-0.2 (2; 6), —0.3 (3; 7), and 0.5 (4).
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Figure 19. Dependences of R = Z’(w— o) on operation time for Sys 1 at
temperatures, noted in figure.



The results of fitting the Z’’,Z’-plots show that the diffusion resistance Rp, low-
frequency charge transfer resistance R,, adsorption capacitance C, and
fractional exponent of diffusion impedance ay are practically independent of
operation time if 7> 823 K. At T< 773 K, there is small increase of Rp and aw
for Sys 1, Sys 2 and Sys 4 at > 1000 hours, but more pronounced increase in
Rp for Sys 7, and Sys 9 has been established. The parallel charge transfer
resistance R, is practically independent of operation time if 7> 823 K, and only
at T< 773 K, R, very weakly increases with time.

At |AE|> 0.1V, the activation energy only very slightly changes with
operation time 1000 < t < 3000 h. The current density j. decreases somewhat
with operation time at lower polarizations, but this dependence is very small at
|AE| > 0.2 V. The transfer coefficient «. for oxygen reduction is practically
independent of the operation time. So, there are no changes in the reaction
mechanism of oxygen reduction during long operation times.
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7. SUMMARY

Electrochemical characteristics of various half-cells, based on samaria and
gadolinia doped ceria electrolytes and LagSry4C0035, ProsSry4CoO; 5 and
Gdy6Srg4Co05_5 cathodes as well as so called mixed cathodes 70 wt%
La0A6$r0A4COO3_5 + 30 wt% Ceo.ngoAzoz_g, 70 wt% L3,0,6SI'0.4C00.3F60_2O3_5 + 30
wt% CesGd,0, s and Ag + LageSrg4Co0; 5 have been obtained by electro-
chemical impedance, cyclic voltammetry and chronoamperometry methods.
X-ray diffraction, scanning electron microscopy, atomic force microscopy and
gas adsorption measurement methods have been used for comparative analysis
of physical properties of cathodes and electrolytes under study.

Detailed analysis of the complex impedance (Z°°,Z”) plots shows that the
total polarization resistance increases with the rise of atomic mass of the cation
in the A-site position of perovskite — like structure, as well with adding
electrolyte or metallic Ag into the cathode material structure. The phase angle
versus ac frequency plots indicate that at 7< 773 K the mixed kinetics behavior
prevails for most half-cells studied (slow mass transfer and charge transfer
limiting steps). At higher negative potentials and temperatures the systems tend
toward purely charge transfer limited oxygen electroreduction mechanism
(0= -5°). However, the noticeable dependence of & on AE indicates the very
complicated mass transfer process of the charged oxygen species in porous
cathode.

The various equivalent circuits have been used for fitting the Nyquist
(27,2-) plots. A better fit has been established using a model corresponding to
the equivalent circuit where the charge transfer process at grain boundaries (at
high frequencies) and the medium and low frequency O, electroreduction
process at the open cathode surface and inside the porous cathode material have
been taken account. The low-frequency series resistance and diffusion
resistance values increase in the order LageSry4Co00; 5 < PrgeSro4Co0; 5 <
Gdy ¢S194C005_5 < mixed cathodes, while Ag + La ¢Sty 4C00O; 5 cathode demon-
strates the highest low-frequency series resistance and diffusion resistance
values.

The kinetically mixed process (slow mass transport and electron transfer
stages) seems to take place for all systems studied. The values of activation
energy, decreasing with the increasingly negative cathode potential, and the
transfer coefficient ¢, > 0.5 indicate that in addition to the slow electron transfer
process (reduction of oxygen) the mass transfer process of electrochemically
active species in solid cathode material or at the internal porous cathode surface
can probably be the rate — determining steps in agreement with the fitting results
of the Nyquist plots.

The operation time stability test results show that electrochemical characte-
ristics for half-cells have a good stability during long operation times (thou-
sands of hours). More pronounced dependence of the -electrochemical
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characteristics on operation time is possible for the Ag+ LagsSry4CoO; 5 |
CepsGd,0, 5 half-cell, where the restructuring of the Ag clusters takes
probably place on the LSCO surface during the long-duration O, electro-
reduction process.
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9. SUMMARY IN ESTONIAN

Moningate tahkefaasireaktsiooni meetodil siinteesitud
keskmistel temperatuuridel tootava tahkeoksiidkiituselemendi
katoodimaterjalide elektrokeemiline karakteriseerimine

Kéesolevas t00s wuuriti perovskiitseid katoodimaterjalide LagSry4CoO; s,
Pro6Srp4C00;5 ja GdoeSrp4Co05;s ning niinimetatud segukatoodide 70%
La()_GSI'()ACOOg,g; + 30% Ceo‘ngo_QOZ,g, 70% L3.0.6SI'0.4C00.3FC()_203,5 + 30%
Ce5Gd,0; 5 ja Ag + LagSrg4Co0;_5 elektrokeemilist kditumist samaariumi ja
gadoliiniumiga dopeeritud tseeriumoksiid elektroliiiitidel impedantsspektros-
koopia, kronoamperomeetria ja tsiiklilise voltamperomeetria meetoditega.
Siinteesitud katoodi- ja elektroliiiitimaterjalide fiilisikaliste omaduste uurimiseks
kasutati rontgenstruktuuranaliitisi, elektronmikroskoopia, aatomjoumikros-
koopia ja gaasi adsorbtsiooni (Brunauer — Emmett — Teller) meetodeid ning
vorreldi saadud parameetreid (makro- ja mikropoorsus, kristallilisuse aste,
eripind, pooride keskmistatud jaotus jne) elektrokeemiliste andmetega.

Impedantsspektroskoopia andmete analiiiisimisel saadud tulemustest selgub,
et perovskiidi A-positsioonis oleva elemendi aatommassi kasvades polari-
satsiooniline takistus kasvab, samuti kasvab polarisatsiooniline takistus lisades
katoodi struktuuri elektroliiiidimaterjali vdi katoodi pinnale metallilise hdbeda
osakesi. Faasinurga sagedusest soltuvustest selgub, et madalamatel tempera-
tuuridel (7 < 773 K) on valdavalt tegemist segakineetiliste protsessidega (limi-
teerivaks on nii laenguiilekande kui ka massiiilekande protsessid), kuid
kdrgematel temperatuuridel ja elektroodi polarisatsioonidel viitavad faasinurga
suhteliselt viikesed negatiivsed véirtused (0= —5°) pohiliselt laenguiilekande
poolt limiteeritud protsessile. Faasinurga véirtuste oluline soltuvus elektroodi
polarisatsioonist madalamatel temperatuuridel viitab komplitseeritud laetud
hapniku osakeste massiiilekandeprotsessile poorses katoodis.

Nyquisti (£7,2’-) soltuvuste modelleerimiseks kasutati kahte erinevat ekvi-
valentskeemi. Parem kokkulangevus saadi ekvivalentskeemiga, kus kasutatakse
mudelit, mis votab arvesse laenguiilekande protsessi osakeste piirpindadel
(korgematel sagedustel) ja hapniku elektroredutseerumisprotsessi katoodi
piirpinnal ning poorse katoodimatejali sisemuses, mis leiab aset madalamatel ja
keskmistel sagedustel. Madalsageduslik jirjestikune takistus ja diffusiooniline
takistus  kasvavad  katoodimaterjalide  jdrjestuses  LagsSry4CoO; 5 <
Pr6S194C00;_5 < Gdg6S194C005_5 < segukatoodid, kusjuures suurimad madal-
sagedusliku laenguiilekande takistuse ja diffusioonilise takistuse véartused
tuvastati Ag + Lag ¢Sro4Co0;_s katoodimaterjali korral.

Aktivatsioonienergia vadrtuste vihenemine seoses negatiivse polarisatsiooni
suurenemisega ja laenguiilekande koefitsiendi véairtused o. > 0.5 viitavad
sellele, et lisaks laenguiilekande protsessile on limiteerivaks ka elektro-
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keemiliselt aktiivsete osakeste massiiilekande protsess, mis on heas kooskolas
Nyquisti kdverate modelleerimisest saadud andmetega.

Poolelementide elektrokeemiliste parameetrite ajalise soltuvuse andmed
nditavad, et erinevad parameetrid ei soltu ekspluatatsiooniajast voi soltuvad
suhteliselt vdhe. Monevorra halvem elektrokeemiliste parameetrite stabiilsus
tuvastati Ag-osakestega modifitseeritud katoodi korral, mis on ilmselt tingitud
Ag-osakeste iimberstruktureerumisest katoodi pinnal pikaajalisel kuumutamisel.
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