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Abstract: The main aspects of the cathode materials
morphology for Intermediate Temperature Solid Oxide Fuel
Cells (IT SOFC) are considered in this paper. The approaches
for estimation of their basic properties, e.g. oxygen mobility
and surface reactivity, are described and the results
of different techniques (e.g. weight and conductivity
relaxation, oxygen isotope exchange) application for studies
of powders and dense ceramic materials are compared.
The Ruddlesden-Popper type phases (e.g. Pr,NiO,) provide
enhanced oxygen mobility due to cooperative mechanism
of oxygen interstitial migration. For perovskites, the oxygen
mobility is increased by doping, which generates oxygen
vacancies or decreases metal-oxygen bond strength. Non-
additive increasing of the oxygen diffusion coefficients
found that for perovskite-fluorite nanocomposites, it can be
explained by the fast oxygen migration along perovskite-
fluorite interfaces. Functionally graded nanocomposite
cathodes provide the highest power density, the lowest
area specific polarization resistance, and the best stability
to degradation caused by the surface layer carbonization/
hydroxylation, thus being the most promising for thin film
IT SOFC design.
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1 Introduction

In a solid oxide fuel cell (SOFC), the basic function of
cathodes is the reduction of O, molecules into O* ions
and their transport to the electrolyte [1]. The efficient
performance of the cathodes, especially for SOFC
operating in the intermediate temperature (IT) range,
could be provided only by meeting the requirements of
high electronic and ionic conductivity, high catalytic
activity in dissociation of O, molecules, and chemical
stability in air and thermochemical compatibility with
electrolyte [2,3]. For the practical applications, cathodes
should be manufactured from relatively inexpensive
materials using simple procedures. The YSZ-supported
LSM or LSM/YSZ composites are the state-of-the-art
cathode materials for high-temperature SOFCs [1-3]. For
IT SOFC, cathodes comprised of complex perovskite-like
oxides (e.g. with Co, Ni, Cu, Mn, and Fe cations in the
B sublattice ) need additional efforts for their practical
application. This is due to a variety of solid electrolytes,
their interaction with cathode materials, and long-term
degradation because of Cr poisoning or accumulation of
carbonates in the surface layers [4-11]. The mixed ionic-
electronic conducting nanocomposites comprised of
perovskites and electrolytes are considered as the most
promising cathode materials for IT SOFC due to better
matching of the thermal expansion coefficients (TECs),
improved microstructure and stability, high surface
reactivity, and enhanced oxygen mobility [12-20]. However,
their tailor-made microstructural and morphological
design needs innovative solutions due to the interaction
between perovskite and electrolyte domains. This design
should be based on elucidation of atomic-scale factors
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controlling kinetics of elementary steps of oxygen
activation on the surface sites, incorporation of oxygen
atoms into the lattice, and migration. For nanocrystalline/
nanocomposite oxide materials, these problems are still
in question despite application of numerous advanced
techniques [2138], as well as theoretical methods [39-41]
for characterization of the surface reactivity and bulk
oxygen diffusion. Uncertainty in data analysis is caused
by variation of the surface structure and composition
of the complex oxide materials as a function of their
sintering temperature, anisotropy of the oxygen diffusion,
and appearance of channels of fast oxygen migration
along grain boundaries [42-48]. This uncertainty is
complicated by the fact that known models of the cathode
performance are usually based on the assumption of
uniform surface and only one-channel of oxygen diffusion
in the bulk [3,49-51].

The main aspects of these problems are reviewed
with a special attention to the effect of the cathode
materials composition and microstructure (especially for
perovskite-fluorite interfaces) on the surface reactivity
and lattice oxygen mobility.

2 Basic Types of Cathode Materials
and Their Functional Properties

2.1 Perovskites and Perovskite-like
Structures

2.1.1 Perovskites

Perovskites comprise a large class of complex oxides.
Perovskitestructurehasanideal formula ABO,and consists
of large-size 12-coordinated cations at the A-site and
small-size 6-coordinated cations at the B-site. Perovskite
compounds with different combinations of cations in
the A and B sites, e.g., I-V, II-IV or III-III and their more
complex combinations are known. A remarkable feature
of perovskites is a possibility of cationic substitutions
in both A and B-sites over a wide concentration range.
Among perovskites, the most studied systems as cathode
materials are based on manganites, ferrites, nickelates,
and cobaltites of lanthanides (e.g. A = La, Pr, and Sm) with
a variety of substitution in A and B sublattices [1-3]. In the
SOFC operation temperature range of 600-800°C, these
oxides possess a high total conductivity (10-1000 S cm™?)
of either metallic or semiconductor type [19,51]. The
highest conductivity is found for La, Sr CoO,, (LSC) or
SrCoO, [51]. However, some Pr-containing perovskites
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such as PrNi  Co, 0, are reported to demonstrate specific
conductivity exceeding 1000 S cm?® at 1000 K [19]. The
conductivity of manganites is metallic and lower compared
to cobaltites, and conductivity decreases as you dope with
Co and Ni. The conduction mechanism changes from a
metallic type to a localized hopping of charge carriers
between the Mn*" and Mn* sites causing the conductivity
(oT) to increase with temperature [51].

During the oxygen molecules activation, the activity
of surface sites characterized by the specific rate of
oxygen heteroexchange (k_) is comparable for different
ABO, perovskites with a variation within two orders of
magnitude (~10%-10° cm s* at 700°C), and increases
with decreasing Me-O bond strength [14-18]. As a result,
cobaltites usually demonstrate a higher specific surface
reactivity due to a lower Me-O bond strength [18]. For the
same perovskite composition, the specific rate of oxygen
heteroexchange depends on the route of synthesis and the
calcination temperature causing a variation of the surface
composition, formation of different phases, and changes
in the structure and morphology [18]. On the contrary, the
range of oxygen mobility, characterized by the oxygen
self-diffusion coefficient (D*), is very broad changing
within 9 orders of magnitude at 1000 K (e.g. ~10¢ cm?
s' for PrBaCo,0,  [45], ~10® cm’ s* for La Sr .CoO,,

275+8
La,Sr,Co, Fe O, La Sr Co Ni O, [353738], and

0873
~10* cm?s™ for La, Sr, MnO, [30]).

In general, the oxygen diffusion in a cubic perovskite
structure occurs by hopping of oxygen anions into the
neighboring oxygen vacancies along a curved path with
a saddle point configuration corresponding to the oxygen
anion pass through a triangle comprised of one B and two A
cations [39]. For La_Sr, MnO, (LSM), a low oxygen mobility
is explained by the defect structure of manganites favoring
cation vacancies at the oxygen excess typical for these
perovskites in contact with air [18,51]. As a cathode material,
LSM mainly operates via surface path, including dissociation
of O, molecules at surface sites and migration of oxygen
atoms to La ,Sr ,MnO, - Zr Y, O, (LSM/YSZ) interface
followed by oxide ions incorporation into the surface YSZ
vacancies [3]. At a moderate to high cathodic overpotentials,
LSM becomes sufficiently reduced and opens up a parallel
bulk transport path near the three-phase boundary like the
perovskite mixed ionic-electronic conductors.

In lanthanides based on cobaltites and nickelates,
substitution of Ln* for Sr** increases oxygen self-diffusion
coefficients due to formation of oxygen vacancies as
required by the charge balance. The correlation between
the thermal expansion and the oxide ion transport in
mixed conducting perovskite-type oxides, such as SrCoO,
possessing the highest oxygen mobility, makes them
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chemically instable and incompatible with majority of
electrolytes [e.g. Zr .Y O, (YSZ), Ce YO, (GDC), and
Zr, Sc 0, (ScSZ)]. Hence, materials with the intermediate
oxygen mobility (e.g. LSF, LSCF, and LFN) are often used
[51-53]. However, due to a high reactivity with doped
zirconia electrolytes, these perovskites are usually used in
combination with doped ceria (e.g. GDC and SDC) either
as a main electrolyte or as a buffer layer between the

electrolyte and the cathode [51].

2.1.2 Ruddlesden-Popper phases

The Ruddlesden-Popper (R-P) phases with a general
composition AO(ABO,), form layered structures by
stacking n layers with a perovskite structure and AO layer
with a NaCl structure. Mainly, nickelates of La, Pr, and
Nd, with a partial substitution of Ln for Sr and Ni for Co,
Cu, and Fe, were studied as cathode materials [9,10,51]. In
the intermediate temperature range, their total specific
conductivity (of semiconductor or metallic type) varies
between 10 and 100 S cm?, which is sufficient for the
SOFC cathode applications [1,51]. The thermal expansion
coefficient of La,NiO, is 12.4 x 10 K* [9], which matches
that of Sm-doped ceria (SDC). Oxygen mobility in these
systems is provided by interstitial oxide ions located
in the A0, layers, so it is highly anisotropic [40,41,46].
Incorporation of oxygen into interstitial positions strongly
distorts BO, octahedra, and their pronounced relaxation
accompanies oxide ion diffusion along the sinusoidal
pathway involving both regular and interstitial positions.
It proceeds via the promotion of an apical oxygen ion
into the adjacent interstitial site leaving a vacant site in
one of the NiO, octahedra. This vacant site is then filled
by a second neighbouring interstitial oxygen [41]. As
the result, the oxygen diffusion coefficients are usually
higher for R-P phases in comparison to perovskites,
with oxygen self-diffusion coefficient up to 107 cm? s at
1000 K and chemical diffusion coefficient up to 10 cm? s?
[32-33,46]. The rate of the surface reaction is also high due
to the structure specificity [40] with the surface chemical
exchange coefficient (k, ) up to 10° cm s at 1000 K
for sintered ceramic samples [47]. The most active sites
for O, dissociation are located at rough faces with more
disordered atomic structure, which are formed during
high-temperature sintering. Partial substitution of Ni
for Co only slightly affects the oxygen diffusion, while
significantly increasing the values of k, [33]. Additional
advantage of R-P phases is in their high oxygen mobility
in absence of alkaline earth cations. For PrNiO, ,, the
best SOFC performance with YSZ electrolyte was obtained
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when using a GDC barrier layer [10]. This was explained by
a two orders of magnitude higher area specific resistance
(ASR) of PrNiO, ,cathode layer on YSZ electrolyte due to a
chemical interaction of R-P Pr,NiO,  , phase with YSZ [54].

4+ 8

2.2 Composites

The composites of perovskites or R-P type oxides with
electrolytes are attractive as cathode materials for SOFCs
because they provide a higher area of the Triple Phase
Boundary (TPB), increased oxide ion conductivity and
enhanced rate of surface reactions [1220]. As a result,
the area-specific polarization resistance of cathodes is
decreased. In the case of porous GDC interlayer between
YSZ and perovskite, the composites can be formed due to
incorporation of perovskite particles into the pores of GDC
layer [18]. While the LSM-YSZ or LSM-ScCeSZ composites are
the most studied [1,2,14,18,51], numerous studies were carried
out with LSGM-LSM [20], LSCF-GDC [13, 18, 25], LSFN-GDC
[15,1718], PrNi, ,Co,,0,-Ce ,Sm .0, [19] and other systems.

The important problem of the composite cathode
materials is in controlling their microstructure due to
its strong effect on the performance [13] and interaction
between perovskite and electrolyte domains, which
results in redistribution of cations [14-18]. This interaction
leading to formation of new phases, deterioration of
transport properties, and decrease in surface reactivity [51]
was demonstrated for LSFN-ScCeSZ composite sintered
at excessively high temperatures [55]. The traditional
approaches such as mixing and ball milling of commercial
perovskite and fluorite powders [25] could hardly provide
reliable control of the microstructure. Advanced methods
of nanocomposite synthesis such as spray pyrolysis of the
mixed nitrate solutions [56], one-pot polymeric precursor
(Pechini) route [57], ultrasonic dispersion of the mixture
of nanocrystalline powders in organic solvents with
addition of surfactants [14-18], and mechanical activation
[58] capable of providing uniform spatial distribution of
domains of both phases in nanocomposites are apparently
attractive for tailor-made design of nanocomposites with a
required microstructure.

2.3 Characterization of the oxygen diffusion
and surface reactivity

2.3.1 Definitions

The ionic conductivity (c) and diffusion coefficient (D) are
correlated via the Nernst-Einstein equation
D=7 ok, T
= 2,
qC 6y
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where k, is Boltzmann constant, g and C are ionic
charge and concentration respectively, and fis correlation
factor (~1). The diffusion coefficient is defined by ionic
mobility mechanism and may be expressed in terms of
ion hopping. It is evident that the presence of oxygen
vacancies is necessary for the oxygen diffusion. The
oxygen surface reactivity expressed by the exchange
coefficient (k) is another important Kkinetic parameter
characterizing the rate of oxygen transport from the gas
phase into complex metal oxides. It is a measure of the
rate of the neutral oxygen flux (J,) crossing the surface of
the oxide.

For oxygen diffusion under the gradient of its
chemical potential (m), the chemical diffusion coefficient
(D, is used instead of D*. A relation between the oxygen
isotope diffusion parameters and the chemical diffusion
parameters is given by the equation D, =g D*/H,, where
H, is the Haven ratio (~1) [28], and g — thermodynamic
factor. The thermodynamic factor can be obtained from
TGA measurements of nonstoichiometry 6 as a function of
oxygen partial pressure Do, [23-25,28]

10lnp,

}/:_2 Olno Q)

2.3.2 Experimental Techniques for Investigation of the
Transport Properties and Surface Reactivity

For dense ceramics, parameters characterizing
their transport properties (e.g. electronic and ionic
conductivity, oxygen tracer diffusion, and chemical
diffusion) and surface reactivity can be studied by
several methods, such as impedance spectroscopy [45],
coulometric titration [23], 0 tracer profile analysis by
secondary ion mass spectrometry (SIMS) [48], 80/*0
isotope exchange kinetics by gas-phase analysis of the
isotope composition [58], or the change in weight of an
oxide during the isotope exchange with a microbalance
[38]. Impedance spectroscopy includes conductivity
measurements in an active current with varying frequency
and separating the real and imaginary parts of complex
electrical impedance, which allows distinction between
various types of conductivity, including ionic conductivity
[45]. Coulometric titration in the potentiostatic mode is
performed by step-wise electromotive force change and
monitoring the current decay, while potentiostatic step
involves changing the oxygen partial pressure inside the
cell with the chemical diffusion allowing the adaption
of the oxygen stoichiometry to the oxygen partial
pressure [23]. Relaxation methodsinvolving measurements
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of conductivity or mass change after a sudden change of
pO, are also known [26,28,36]. For powder samples, the
oxygen isotope heteroexchange with mass-spectroscopic
control of the isotope gas-phase in static or flow modes
is a well-established technique allowing estimation of
the main parameters of the surface reaction steps and
surface/bulk oxygen diffusion [14,18,49].

2.3.2.1 Electrical conductivity relaxation (ECR) and
weight relaxation methods.
ECR method is rather simple, it does not require
expensive equipment and it provides high precision in
the determination of the oxygen chemical diffusion and
surface exchange coefficients in mixed ionic-electronic
conductors. When a mixed ionic-electronic conductor (i.e.
La, Sr BO, ) is subjected to an oxygen chemical potential
gradient, a chemical diffusion of oxygen ions lowers
the gradient (or the diffusion of oxygen vacancies in the
opposite direction) and a redistribution of electronic
carriers takes place. The defect concentration gradient
can be determined by ambipolar diffusion of V_* and
e’ (in parallel direction) or h* (in counter direction for a
p-type regime). The effect of the surface reaction should
be considered as the boundary condition for obtaining a
solution to the Fick’s second law:
dCh = DchemACh >
dt €)

where C, is hole concentration, D,  is chemical
diffusion coefficient, A is Laplace operator. Then, an
analytical solution may be obtained in the approximation
that the surface reaction kinetics is linear with respect to
the oxygen concentration at the surface.

2.3.2.2 Oxygen isotope exchange

For dense ceramics, such technique as secondary ion
mass spectrometry (SIMS) depth profiling is applied.
The sample with a natural oxygen isotope composition
is first kept at the operation temperature under contact
with oxygen enriched with the O isotope for a fixed
time. For powder samples, the mass-spectroscopic (MS)
analysis of the gas phase during isotope exchange is used
for characterization of both the surface reaction and the
oxygen diffusion in the bulk. In the analysis of O, isotopic
composition three routes of exchange must be taken into
account [48]: redistribution between the molecules of the
gas phase and the isotopic heteroexchange between the
gas phase and the surface oxygen atoms of a solid oxide
(0)g:
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ISC)2 + 16()2 — 2 180160 (I)
1802 + (160)s = 180160 + (180)S (II)
B0, + 2 (0), = 0, + 2 (*0), (1)

The distribution of molecules '*0®0,. (i = 0, 1, 2),
characterized by their molar fractions (xl.), is determined
by two independent isotope composition variables,
since x, + x, + x, = 1. The ®0 fraction of the oxygen gas,
a = 0.5x, + x,, is usually selected as the first variable,
while the second independent variable can be chosen as
a fraction of any of the oxygen molecules, i.e. **0 *O (x,).
With these variables, the redistribution of the isotopes in
the system is described by isotope-kinetic equations [48].
For a complete description of the isotope redistribution,
the differential equations reflecting the isotope transfer
in the solid phase should be added to the system. In
the case of equivalent exchangeable oxygen atoms (N),
the time dependence of the gas phase isotopic fraction,
a(t), is well described by an exponential function. The
complete system of equations can be used to estimate the
self-diffusion coefficient for oxygen in the bulk of the solid
oxide. For this purpose, a numerical analysis of the time
dependence of the isotope variables, which corresponds
to the solution of the inverse problem of the system of
equations, was carried out through the minimization of
the objective functional [18,59].

Temperature programmed isotopic  exchange
experiments (TPIEs) also allow a semi-quantitative
characterisation of the oxygen mobility. Thus, the depth of
the isotope penetration from the gas phase into the oxide
in the course of TPIE can be characterized by the value
N, determined by the isotope balance equation in the
closed system. This quantity varying from O to the total
number of exchangeable atoms is used as the measure of
the number of exchanged oxygen atoms in the solid oxide
phase [18,48].

2.3.3 Powder Sample Analysis

Oxygen isotope exchange is the main technique, which
can be applied to powder samples [14-18]. Typical results
for temperature dependences of specific rates of oxygen
heteroexchange for different perovskites are given in
Figs. 1 and 2. In general, the specific rates of exchange are
comparable for manganites, nickelates, and cobaltites,
which is explained by rather close bonding energy of Me-O
terminal oxygen species (~60-80 kcal mol?) for transition
metal cations on the surfaces of perovskite domains. In
agreement with the data for dense samples [32], Pr, NiO,
demonstrates a high rate of the surface reaction, which
can be explained by the positive role of the Pr**/Pr* redox
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pairs. The perovskite-fluorite nanocomposites also provide
a comparable rate of the isotope exchange increasing with
the temperature of sintering (Figs. 3 and 4) [59]. According
to the detailed studies of the surface composition and
real/defect structure of these nanocomposites [14-18], this
effect is explained by migration of transition metal cations
on the surface of electrolyte domains creating new active
sites [18]. A powder sample screening can be performed
by measuring the oxygen mobility by the dynamic extent
of exchange. In agreement with the results for the dense
materials, this parameter varies in a broad range and has
a tendency to increase with the sintering temperature for
perovskites, GDC, and perovskite-GDC nanocomposite
(Figs. 5 and 6).

For LSFN-GDC nanocomposite sintered at temperatures
up to 1200°C, the oxygen mobility is non-additively increased
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Figure 1. Typical temperature dependencies of specific rates of oxygen
heteroexchange for perovskite-like mixed oxides.
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Figure 2. Specific rate of the oxygen heteroexchange at 650°C and
4 Torr O, versus samples composition and sintering temperature.



62 —— V.A.Sadykovetal.

5
~ 175
< \ 1100
7
N
£ 17.01
&' — %0 ™
L ]
& 16.5-
p . 700 .
16-0 T T T T
1.0 11 1.2 13 14

1000/, [K™1]

Figure 3. Typical temperature dependencies of specific rates of
oxygen heteroexchange for LSFN ,-GDC nanocomposites sintered at
700-1100°C.
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Figure 4. Typical temperature dependencies of specific rates of
oxygen heteroexchange for perovskites and nanocomposites:
La, ,Bi, ,MnO, sintered at 700°C (1), La, ,Bi ,MnO, (50 wt. %) -
Bi,,Y,,Sm, 0, sintered at 700°C (2) and 800°C (3), La, ,Bi ,MnO,
(30 wt. %) - Bi, Y, ,.Sm, ,0, sintered at 700°C (4) and 800°C (5),
La, ,Bi,,MnO, (70 wt. %) - Bi .Y, ,Sm,0, sintered at 700°C (6) and

15103
800°C (7) [59].

in the intermediate-temperature range of SOFC operation
~700°C (Fig. 6). For both perovskites and perovskite-fluorite
composites the increase of oxygen mobility with sintering
temperature is explained by the increase of the length of the
domain boundaries, which play the role of channels for fast
oxygen diffusion [14-18]. Dynamic extent of exchange was
shown to be extremely high for LSM-ScCeSZ nanocomposites
significantly exceeding the values for LSM [17,18].

A detailed characterization of oxygen mobility in
perovskites and perovskite-fluorite nanocomposites was
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Figure 5. Dynamic degree of the oxygen heteroexchange at
650°C and 4 Torr O, versus samples composition and sintering
temperature.
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Figure 6. Effect of sintering temperature (700-1200°C) on dynamics
of the oxygen heteroexchange at 4 Torr O, in the temperature-pro-
grammed mode on LSFN, GDC and LSFN-GDC nanocomposite.

achieved by fitting the plots of steady-state isotope transients
(steady state isotopic transient kinetic analysis (SSITKA)
method) [14]. The experimental data for GDC, perovskites,
and Ruddlesden-Popper oxides are fitted by a simple model
of a uniform oxygen diffusion in the bulk, considering that
all oxygen in the bulk can be exchanged (Fig. 7).

For GDC-LSFN_, nanocomposite, a satisfactory
description was obtained only with a more complex
model suggesting very fast oxygen exchange between the
surface and perovskite-fluorite interfaces in the bulk of
the composite particles (Fig. 8) [14]. This mobile oxygen
can be rapidly exchanged with GDC domains and slower
— with LSFN domains. As the rate-limiting step, the bulk
oxygen diffusion can be considered only for perovskite
phase domains, while for the GDC domains the rate of
exchange is controlled by the surface reaction. Hence,
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for GDC only the lower limits of the oxygen self-diffusion
coefficients can be estimated (Table 1). In this case, the
low-limit oxygen exchange diffusion coefficients are
provided (Table 2). The parameters of the oxygen diffusion
estimated in regard to the typical size of perovskite and
fluorite domains and the amount of the mobile oxygen
atoms located at the perovskite-fluorite interfaces are
given in Table 1. The activation energy of the oxygen self-
diffusion along the perovskite-fluorite interfaces is ~110 k]
mol?, which is close to that in GDC [2].

The low-limit values of average oxygen self-diffusion
coefficients for perovskite-like oxides estimated by SSITKA
are compared in Table 2. In agreement with the published
data [36], for R-P type oxides the average D* values are
higher than those for perovskites. Though these values
are lower than the values reported for dense ceramics
estimated by SIMS [36], the trend of increasing D* with
sintering temperature is in agreement with variation of
the dynamic extent of the exchange. This suggests that the
domain boundaries in perovskites are the paths for the
fast oxygen diffusion [60].

1.0 ] P
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

mole fractions

1000 1500 2000 2500

t, [s]

0 500

Figure 7. Typical variation of o and x, at the reactor exit after switch
1% 0, in He > 1% *#0, in He at 700°C for Pr,NiO, sample sintered
at 1100°C. Points — experiment, lines - fitting using model with
uniform lattice oxygen.
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2.3.4 Dense ceramics

For dense perovskites and perovskite-fluorite composites,
numerous studies on oxygen mobility and surface
reactivity obtained by various techniques have been
published. In a classical work on oxygen diffusion in
LaCoO, single crystal [29], Ishigaki et al. demonstrated an
agreement between the results obtained by SIMS Isotopic
Exchange Depth Profile (IEDP) method and the gas-phase
analysis of the oxygen isotope composition.

For dense polycrystalline ceramics, comparative data
are difficult to obtain due to strong impact of the surface
layer composition affected by pretreatment, gas phase
impurities, segregation of the components, formation
of surface scales, and interdiffusion [21-28]. For thin
(~3000 A) dense layers of La,NiO, made by pulsed laser
deposition, application of the electrical conductivity
relaxation technique revealed existence of two regions
with different exchange rates that correspond to two
different microstructures [61]. The estimated k , .values
differ by up to two orders of magnitude, while being at
least 3 orders of magnitude lower than the values found
for the dense ceramic samples. In any case, Co- and

0,

R2

[Og]

D

mobile

bulk_fast bulk_slow

_ [Omohile] —_—

[Obulk] fast [Obulk] slow

Figure 8. A heterogeneous model of oxygen exchange with GDC-
LSFN, , nanocomposite.

Table 1. The surface oxygen exchange constant k__(by R? mechanism) and coefficients of oxygen self-diffusion in the fluorite phase D,,

perovskite phase D, and along interfaces D,

interface

for LSFN-GDC nanocomposite.

T’ kex’ DF DP’ Dinterfa(e’
[°C] [cm s?] [cm2s?] [cm?2s?] [cm2s?]
600°C 1.4x 108 26 x101 2x10 >21x10%
700°C 3.6 x 10 230x 10 9x 10 25x108
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Table 2. Characteristics of oxygen mobility and reactivity for powdered oxides by SSITKA.

Oxide/T sintering, [°C] axchange? k.. D¥,

[°C] [cm s?] [cm?s?]
LaMnO, /1100 [59] 900 >2.1x107 4 %1012
La, ,St,,Mn0,_,/1100 [59] 900 >3.9x 107 9 x 1012
La, ,Sr,,MnO,_, /1100 [59] 800 >.6 x 107 5 x 1013
La,,St, Fe0, , /1100 [59] 800 9.1x10*® 5x 107
La, ,Sr, ,Fe, Ni .0, /700 700 >6x 10
La, ,St, FeO, , [59] 800 9.1x10*® 5x 10
Pr,NiO, /1100 800 1.3x10°¢ >8x 101
Pr,NiO, /1100 600 2.7 x 107 >2x1071°
Pr,NiO, /900 600 2.7 x 107 >2x10"
Pr,NiO, /700 600 6.7 x 10°* >6x 101
LaZNiOA/1100 800 2.3 x107 >1x1071°
La,Cu0,/1000 800 3.4x10% >2x10"
La, ,Bi, ,St,,Mn0,/900 800 1.2x10° >1.3 x 1070
La, Bi, ,Sr, ,Fe, ,Co,,0,/900 800 1.5 x 10 >3.0x 107

Ni-containing perovskites demonstrate a higher lattice
oxygen mobility as compared to manganites (Table 3),
which agrees with the data for the powder samples. For
LFN perovskites with a high Ni content [62], the oxygen
chemical diffusion coefficients are ~10¢ cm? s* in the
temperature range of 650-850°C, which is promising for
practical applications, especially in regard to their high
stability and the ability of LFN to withstand presence of
CO,. The oxygen chemical exchange coefficients for LFN
could strongly vary in dependence upon the mode of
temperature, or oxygen partial pressure variation (jump
up or jump down [62]) due to change of the surface layer
oxygen stoichiometry, but they remainsufficiently high
(Table 3). The chemical diffusion coefficients are higher for
R-P phases than for perovskites (Table 3), demonstrating
high efficiency of the cooperative route of oxygen diffusion
via interstitials [40,41]. Partial substitution of Ni by Co
in La,NiO, increases k, but has small effect on D, .
(Table 3) [33]. Among different Ln cations, Pr provides
the highest oxygen mobility for the same composition,
and Nd has the lowest [32]. Partial substitution of Ni by
Fe or Cu in LaNiO, results in decreasing both D, and
k.. [32], which agrees with the oxygen heteroexchange
data for powders in static reactor (Figs. 2 and 5) and the
conductivity relaxation data for La,Cu0O, (Table 3).
Determining k, ~and D, ~ values depends on
the relation of domain size and characteristic size
Lceew =D, |k,..- If the domain size is lower than L,
surface exchange is limiting and diffusion coefficient is
hard to determine. In the other case, diffusion is limiting.

The same is also attributed to oxygen self-diffusion and
surface exchange.

For layered perovskites such as GdBaCo,0, [31], SIMS
isotope exchange depth profiling (IEDP) demonstrates
high oxygen mobility, which is only slightly lower than
that for layered nickelates and agrees with the conductivity
relaxation studies for BaSrCoFeO (BSCF) [7]. It is explained
by a cooperative movement of oxide ions similar to that in
R-P phases [45]. For composites, the SIMS studies reveal
that an average oxygen self-diffusion coefficient increases
as compared with perovskites [25]. The surface exchange
coefficient is close to that in perovskites [25], which means
that its non-additive increase is due to much lower activity
of surface sites of electrolytes in activation of oxygen
molecules [18]. For LSFC-GDC composites (30% GDC),
comparative studies for dense ceramic pellets (SIMS and
weight relaxation) and powders prepared by crushing
and milling (oxygen isotope exchange in a static reactor)
were carried out (Fig. 9) [18]. The values of the oxygen self-
diffusion coefficient (D*) estimated by different methods
(e.g. IEDP-SIMS [25], from fitting the exchange curves in a
static reactor [18], or from the values of D, _estimated by
the weight relaxation method) and taking the same value
for the thermodynamic factor for LSCF-GDC composite as
for LSCF (~10?) [27], are shown in Fig. 10. In general, all
data are grouped along the line with the activation energy
of ~150 k] mol", similar to that of LSCF [27, 28].

For LSFN-GDC perovskite—fluorite nanocomposite
studied both as a powder and dense ceramics [14-16],
the oxygen chemical diffusion coefficient increases with
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Table 3. Characteristics of oxygen diffusion for dense ceramics
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Materials T, [K]/ logD*, logD,, .. logk_, logk, .
pO,, [kPa] [cm?s?] [cm?s?] [cm s] [cm s?]

La,NiO, [26] 1223/21 -6.4 -4.6 -4.9 -3.1

La,Cu0, [26] 1223/21 -6.7 -4 5 -2.4

Pr,NiO, [32] 1000 -7 -6.2

Nd,Nio, [32] 1000 7.3 -5.8

Nd, ,Ca,,NiO,,, [32] 1000 -8 -6.5

La,Ni,,.Cu, ,.0,., [32] 1000 7.5 -5.8

La, ,Sr,,NiO, , [32] 1000 -9 7.2

GBCO/CGO [31] 1000 -8.7 -5.9

20% 0.4LSC+GDC [63] 1000 -7 -6.5

50PNO+50GDC 1000/0.16 -3.7 -3.2

LaFe,,Ni, 0, 1000/0.16 -6.3

50LaFe, ,Ni,,0,+50GDC 973 5 -3.5

La, Sr,,C00, , [34] 1000/0.1 7 -4.5

La,Sr, Fe,Co,,0,.[27] 1073/0.1 -7.2 -5.2 -6.5 -4.5

LSM [30] 1000 -15 -8.5

La,NiO, [33] 1000 7.4 -6.5

La,Ni,,Co, 0, [33] 1000 -7.2 -5.7

LSC[30] 1000 -10 -6.5

LaNi, Fe, 0, [61] 923-1123 -6 -3.8--4.8

Bi, ,Sr, ;Fe0, , [11] 1000 -3.5 -2.5

La,,Sr, Fe0,  [11] 1000 -4.9 -3.8

*Variation of k

chem

jump-one mode at a constant oxygen pressure [62].

the fraction of GDC by up to 1-1.5 orders of magnitude
depending on the oxygen partial pressure (Figs. 11 and 12).
The effect of the GDC addition is more pronounced at lower
oxygen partial pressures, which suggests that fast oxygen
migration along perovskite-fluorite interfaces is favoured
by a partial reduction of GDC surface sites generating
Ce* cations, and, hence, creating oxygen vacancies and
increasing electronic conductivity. Higher values of k,
and D, were obtained for LFN- GDC nanocomposites at
higher temperatures (Fig. 13), while at lower temperatures
(~ 700°C) the oxygen mobility is higher in LSFN-GDC
nanocomposites [16,17]. Among other composites,
the promising levels of oxygen mobility and reactivity
were demonstrated for such systems as LSC/CGO [63],
PrNi, Co ,0,/Ce,Sm ,0,, [19], LSM/YSZ [44], LSM/GDC

0473 02719
[13], La, Sr,,NiO,,,/Ce, ,Sm, 0, , BSCF/GDC [64].

02719

2.4 Performance

Themostimportant characteristics of the cathode materials
performance are the maximum power density and the cell
polarization resistance. In the case of the anode-supported
SOFCs fed by wet H, and air, the performance of different

within an order of magnitude in two series of transient experiments with either decreasing or increasing temperature ina

-5.6

-6.01

powder

logk_, [cm/s]

dense

10 11 12 13 14 15 1.6
1000/T, [K

Figure 9. Comparison between coefficients of oxygen exchange in
LSFC-GDC composite estimated for powders and dense material.

cathode materials can be compared. The composites of
LSM with doped zirconia or ceria (Table 4; Fig. 14) provide
a higher power density than LSM alone [65-67]. In this
case the microstructure of the cathode layers and the
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Figure 10. Comparison of oxygen self-diffusion coefficients for the
pellet of LSFC-GDC composite estimated by SIMS [119] (squares),
weight relaxation (circles) and isotope exchange in a static reactor
(triangles) [64].

-4.8
A

— -5.0] LSFNi, 5 +GDC
N A
5 521 7
5 v A
o 4 LSFNi, ,+GDC
3 ,

-5.61 LSFNig; 7

0.80 0.85 0.90 0.95

1000/T, [K-"]

Figure 11. Temperature dependence of chemical diffusion coefficient
estimated by weight relaxation method for dense pellets of compo-
sites and perovskites sintered at 1330°C.

nature/thickness of the electrolyte should be also taken
into account [68]. Moreover, functionally graded cathode
LSM/LSM+ScCeSZ on a thin layer of ScCeSZ electrolyte [65]
provides even higher power density than LSCF perovskite
well-known for its high lattice oxygen mobility and surface
exchange rate [10]. Hence, the concept of a nanocomposite
cathode material seems to be promising for design of thin
film SOFCs operating at intermediate temperatures. Since
at 750°C the power density of a cell with a LSCF cathode is
high (Table 4) [69], it can be assumed that a lower power
density for the cell with LSCF cathode at 600°C is due
to segregation of Sr in the surface layer, thus blocking
the surface sites [6]. Formation of carbonates cannot be
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Figure 12. The effect of the fluorite phase content and oxygen partial
pressureon D, andk, for nanocomposites (100-x)% LSFN - x%
GDC at 700°C estimated by conductivity relaxation method.
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Figure 13. Oxygen chemical diffusion coefficient D, and chemical

chem
exchange constant k,vs. GDC content estimated by the weight

relaxation method at 1050°C for LFN — CGO composite sintered at
1200°C.

excluded as well. Another type of perovskite cathode
containing alkaline-earth cations — BSCF demonstrated
a high power density (up to ~1 kWt cm?) at 600°C [8].
When BSCF-GDC composite is used along with a thin LSM
interlayer between cathode and GDC electrolyte [70], the
stability and power density of BSCF cathode at 600°C is
improved (Table 4). Similarly, high and stable performance
at 600°C was provided by functionally graded composite
cathode 30% Co,0, + 70% Sm,Sr ,CoO,-, / 70% SDC
+ 30% Sm,Sr, CoO,-, [71] (Table 4). This suggests that
composite cathodes possess high oxygen mobility and
surface reactivity and also a higher resistance to poisoning
by surface carbonates. The La ,,Co, Ni, O, ;- Ce ,Gd O

0.6 ~3-3 0.171.95
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Table 4. Max power density of single button-size SOFC with different cathodes.

Cell/[Reference] T,°C Power density,
mW cm??
LSM (5mm)/YSZ (20mm)/Ni-YSZ [64] 850 120
LSM (~50mm)/ScCeSZ (~5mm)/Ni-YSZ [68] 800 450
LSM/LSM+ScCeSZ (~20mm)/ScCeSZ (~5mm)/Ni-YSZ [65] 800 1250
600 300
LSM+YSZ (~50mm)/ YSZ (10mm)/Ni-YSZ (2mm) [65] 800 800
LSM (50mm)/ YSZ (30mm)/Ni-YSZ (1mm) [66] 700 50
LSM+YSZ (~50mm)/ YSZ (30mm)/Ni-YSZ (1mm) 700 200
LSM+SDC (~50mm)/ YSZ (30mm)/Ni-YSZ (1mm) 700 400
600 200
PerIOA /1.3mm GDC/ 3-5mm 8YSZ/NiYSZ [10] 600 400
LSCF/1.3mm GDC// 3-5mm 8YSZ/NiYSZ [10] 600 184
La, Sr,,Co, ,Fe 0. (13 mm)/SDC(4 mm)/ YSZ (6mm)/ Ni-YSZ (50/50 vol%) [67] 750 1000
Ba,,Sr,.Co, Fe 0, (~20 mm)/ Sm . Ce .0, (~20 mm)/Ni+Sm Ce O, (~700 mm) [8] 600
Pure O, 900
0, +1%C0, 650
Ba,,Sr, ,Co, ,Fe, ,0, . — 30%GDC/LSM/GDC (20 mm)/Ni-GDC [69] 600 1000
30%C0,0,+70%Sm, ,Sr,,Co0, (100 mm) /70%SDC+30%SSC (30 mm)/ SDC (25 mm)/Ni-GDC [70] 600 1080
La,,,Co, Ni; O, - Ce  Gd .0, /GDC/ScYSZ/Ni-ScYSZ[71] 750 1200
PrNi, ,Co, 0, +50% Ce, ,Sm, ,0,/ SDC (10 mm) /Ni+SDC [19] 700 1090
La,NiO,/ SDC (200 mm) /Ni+ SDC [9] 800 150
LazNiOA +SDC (2:1)/ SDC (200 mm) /Ni+SCeO [9] 800 450
50 BizRu207: 50 ESB/ESB (5 mm)/GDC (10 mm)/Ni-GDC [73] 650 2000
Bi, ,ST, ;Fe0, . /SDC (2 mm)/YSZ (6 mm)/ YSZ/Ni (50/50 vol%) [11] 750 1100

Figure 14. Potential and power density vs. current density curves for
cell with a thin layer of YSZ electrolyte supported by MO CVD and
functionally graded LSM/LSM+ScCeSZ cathode [65].

[72] and PrNi Co, 0, + 50% Ce ,Sm ,0, composites [19]
without alkaline-earth cations provide high power density
at 700°C and should be also resistant to formation of
surface carbonate layers. Nanocomposite of R-P La,NiO,
phase with SDC electrolyte [9] provides a higher power
density than La,NiO, alone due to decreased polarization
resistance. Relatively low power density obtained in

this work for the cells with La,NiO, (despite high oxygen

mobility and surface reactivity) is explained by a thick
SDC electrolyte layer, and high ohmic resistance of the
cell. Application of Bi-containing electrolytes could cause
some additional problems due to BiO, volatility during
sintering. In this respect, a high power density provided
by Bi Sr, FeO, , cathode supported on binary thin film
electrolyte SDC/YSZ [21] should be considered (Table 4).

3 Conclusions

A reasonable agreement between the results obtained
by different techniques focused on oxygen mobility and
surface reactivity (e.g. oxygen isotope exchange, and
weight and conductivity relaxation) for several selected
systems has been demonstrated. The morphology of
the surface and the bulk of the cathode materials based
on perovskite-like phases and their nanocomposites
with fluorite-like electrolytes (doped ceria or zirconia)
play a significant role in comparison to their chemical
composition and lattice arrangement in controlling the
oxygen mobility and surface reactivity. In nanocomposites,
an enhanced oxygen mobility along perovskite — fluorite
interfaces and generation of new active sites for oxygen
exchange on the surface of the electrolyte domains due to
migration of transition metal cations makes these systems
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attractive for design of IT SOFC cathodes. Nanocomposites
of doped ceria with mixed nickelate-cobaltites or ferrites
of Pr (without alkaline-earth metal cations) possess high
stability to degradation caused by CO, and H,0 in air,
thus being promising for SOFC operation at decreased
(600-700°C) temperatures.
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List of Symbols

D . - chemical diffusion coefficient

chem

D* - oxygen self-diffusion coefficient
k, - chemical exchange constant

chem

k- oxygen surface exchange constant

ex

R - specific rate of oxygen heteroexchange
X, —1%0"0 (or C'*0™0) molecules fraction
x, 180, (or C**0,) molecules fraction

X, — dynamic extent of exchange

o — 80 atoms fraction

o — overall electrical conductivity

o, — ionic conductivity
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