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Abstract Continuing previous reviews on mixed-conducting
electrodes for intermediate-temperature solid oxide fuel cells
(IT SOFCs), this work presents a short overview of novel
cathode and anode materials, their electrochemical perfor-
mance in contact with oxygen anion- and proton-conducting
solid electrolytes, and specific features determining possible
applications. Priority was given mainly to recent research
reports published during the last 2—5 years. Particular
emphasis is focused on the relevant methodological aspects,
potential limitations and drawbacks, and factors affecting
electrode polarization and durability. Typical ranges of the
polarization resistances, overpotentials, power densities in the
cells with various current collectors, and the electrode
materials total conductivity and thermal expansion are
compared. The electrode compositions appraised in single-
chamber and micro-SOFCs, hydrocarbon- and carbon-fueled
cells, high-temperature electrolyzers, and other solid-
electrolyte appliances are briefly covered in light of their
similarity to the common SOFC materials discussed in the
previous parts.
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Introduction

The progress in the field of solid-state electrochemical
devices operating at elevated temperatures, such as solid
oxide fuel cells (SOFCs), steam and carbon dioxide
electrolyzers, oxygen and hydrogen pumps, and a variety
of ceramic reactors, sensors, and analytical appliances,
requires continuous search for novel electrode and solid-
electrolyte materials with advanced properties, optimization
of their fabrication and processing technologies, and efforts
to deeper understand the electrochemical reaction mecha-
nisms [1-8]. In particular, the problems associated with
relatively high costs of SOFCs and their degradation can be
partially solved by decreasing the operation temperatures
down to so-called intermediate-temperature (IT) range,
770-1070 K, which makes it possible to use less expensive
components, to decrease the role of chemical interaction
and thermomechanical incompatibility of the fuel cell stack
materials, to facilitate miniaturization, and to improve
efficiency of the kilowatt-scale generators [4-10]. On the
other hand, lowering the operation temperature leads also to
a greater role of electrode polarization which may become
critical for the overall performance. This tendency, the
approaches to improve electrode properties in the IT range,
and the major limitations originating from technological
and materials science-related factors all are quite similar for
the SOFC-based power generators and other electrochem-
ical devices based on oxygen ion- or proton-conducting
solid electrolytes. The present work is centered on the
comparative analysis of electrochemical behavior, conduc-
tivity, stability, and thermal expansion of the electrode
materials recently reported as promising for the fuel cells
and electrolyzers. Relevant methodological aspects, poten-
tial limitations and drawbacks, and performance of the
electrochemical cells are also briefly covered. As for the
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previous parts [7, 8], no attempt for a complete overview of
all novel compositions, microstructural designs and device
configurations, or for a thorough analysis of the micro-
scopic reaction mechanisms was made in this brief review.
Furthermore, since priority is given to novel results, in
some cases the scarce and preliminary information avail-
able in the recent literature may lead to a need for
additional investigations and validation employing comple-
mentary experimental methods. The references were select-
ed in order to show typical relationships between properties
of various electrode materials and systems reported during
the last 2—5 years and, in general, to reflect state-of-the-art
in this attractive field.

Novel cathode materials: selected compositions
and trends

Up to now, the highest level of electrochemical activity
under the SOFC cathodic conditions is known for cobalt-
containing oxide phases with ABO; perovskite structure
and their derivatives. With respect to other compositional
families, porous cathodes made of perovskite-related
cobaltites exhibit minimum overpotentials (1) and area-
specific polarization resistances (R,); representative values
are compared in Tables 1 and 2 and Figs. 1, 2, 3, and 4.
Consequently, despite the poor thermomechanical compat-
ibility with other cell materials due to very high thermal and
chemical expansion, perovskite-type cobaltites are being
widely appraised for the IT SOFC cathodes [11, 12, 37, 40—
45]. In addition to the fabrication of composite cathodes
containing solid-electrolyte components, the standard
approaches to suppress thermal and chemical expansivity
include an extensive substitution of cobalt and A-site
doping which enable, in particular, to decrease oxygen
nonstoichiometry variations in the cobaltite lattice. These
strategies lead often to lower electronic and ionic conduc-
tivities, whereas the polarization resistance may increase or
exhibit a minimum at moderate doping levels.

As an example, porous Smy sSrysCoO;_5 cathode in
contact with CeygSmg,0,-5 (CSO20) electrolyte was
reported to undergo fast degradation both on thermal cycling
and during isothermal operation [40]. The partial substitution
of cerium for cobalt in Sm;_,Sr,CoO;_s was shown to
slightly suppress the lattice expansion, to decrease total
conductivity, and to improve cathode performance; however,
the cerium solubility limit is low, <5 mol% [37]. The highest
electrochemical performance of single SOFCs, fabricated
with Ry Sry4Co;_Fe,O5_5 (R=La, Nd; x=0, 0.5) perov-
skite cathodes, Cey9Gdy10,-5 (CGO10) interlayer, thin
8 mol% yttria-stabilized zirconia (8YSZ) electrolyte, and
Ni-8YSZ anodes via tape casting, co-firing, and screen
printing, was achieved for Lag¢Srg4CoO5_5 providing a
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maximum power density (Pmax) of ~550 mW cm > at
1073 K [41]. The substitution of Nd for La and Fe for Co in
Ry 6S19.4Co;—Fe, 055, improving the materials compatibil-
ity, results in a worse fuel cell performance. Notice that the
negative effect of iron incorporation is much more pro-
nounced in comparison with A-site doping [41]. Moreover,
the thermal and chemical expansion of iron-substituted
cobaltites remains high [8].

For SrCo;_,Sb,O5_s5 cathodes applied onto CeygNdg,
0,_s (CNO20) electrolyte, the composition with x=0.05 was
found to exhibit the highest conductivity and the lowest
polarization resistance, varying from 0.009 to 0.23 Qcm? at
873-1173 K [11]. The stabilization of tetragonal (x=0.05—
0.15) or cubic (x=0.2) perovskite-like structures suppresses
abrupt changes in the lattice expansion at elevated temper-
atures, characteristic of the parent strontium cobaltite due to
phase transitions associated with thermal disorder and
oxygen stoichiometry variations [11]. The apparent thermal
expansion coefficient (TEC) tends, however, to increase with
x, reaching 29.3x10 ¢ K ™! at 673-1273 K and x=0.15 [11].
Similar effects were found in the SrCo;_,Nb,O5_s system
considered for potential cathode applications in lanthanum
gallate-based cells [42]. For the tetragonal double perovskite
Sr,Co;_,Fe,NbOs. 5, the total conductivity and cathode
performance decrease with increasing x [12]. Doping of
SrCoO;_s with iron stabilizes the perovskite structure, but
does not reduce the lattice expansivity down to the level
appropriate for electrode applications in the fuel cells with
common solid electrolytes, such as YSZ, gadolinia- or
samaria-doped ceria (CGO/CSO), and strontium- and
magnesium-codoped lanthanum gallate (LSGM) [7, 8]. Sr
(Co,Fe)O3_s and its analogs exhibit also extensive oxygen
vacancy ordering processes on cooling and on modest
reduction, finally resulting in the formation of
brownmillerite-type phases with significantly lower ionic
and electronic conduction. As partial substitution of Ba for
Sr suppresses vacancy ordering and lowers the oxygen
content variations, a significant attention is drawn to the (Ba,
Sr)(Co,Fe)Os_5 system, particularly Bag 5SrgsCoq gFe
O;_5 (BSCF) [13, 43, 44, 46-49]. On the other hand, the
problems of interaction between the cathode material and
CO, and/or water vapor, which become very important in
the IT range, increase on barium incorporation [46].
Furthermore, the cubic BSCF perovskite was demonstrated
to gradually decompose into a perovskite phase mixture on
cooling in air below 1173 K [47-49], making the use of
BSCF questionable. The apparent TEC of Bag 5Sry5Coq_,
Fe,O3_5 (x=0.2-0.8) contributed by chemical expansivity
achieves 29.8x107® K' at 298-1273 K and p(0,)=
107> atm, depending on sample prehistory [49]. This may
be responsible for the minimum polarization resistance
observed at rather low (1173 K) sintering temperature of
such electrodes applied onto CGO10 electrolyte [44].
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Table 1 Properties of selected cobaltite- and ferrite-based cathode materials in air

Composition o0 K (S/cm) Average TEC Polarization resistance at 1073 K Reference
T (K) ax10° (K™ Electrolyte R, (Q cm?)
SrCo0.95Sbg.0503—5 178 673-1273 19.35 CNO20 0.02 [11]
Sr,Cog.oFep 1 NbOg—s 5.7 CGO10 0.34% [12]
Lag 5Srp 5Cog gFep 2055 LSGM(10 20) 0.23 [13]
PrBay 5Sry 5C0,05. 5 1173 CGO10 0.05 [14]
SmBay 5S19.5C0,05.+ 5 973 21.9 CGO10 0.02 [14]
1173 229 8YSZ 1.35

8YSZ/CGO10 interlayer 0.01
Smyg 5Sry sCo0;_5 LSGM(10 20) 0.18 [13]
Smy 5Srg 5Cog gFep 03— LSGM(10 20) 0.26 [13]
GdBag 551 5C0,05..5 1173 CGO10 0.05 [14]
Ba,CoMog sNbg 5065 1.2 873-1173 18.7 CS020 0.05% [15]

LSGM(10 20) 0.04 [13]
Bay ,S1p§C004. 5 CGO10 0.3 [16]
YBaCo407.5 74 750-1273 7.61 LSGM(9.8 20) 0.08 [17, 18]
YBaCos,Fe) 0745 750-1273 10 LSGM(9.8 20) 0.11 [17]
YBaCo3Zn07., 5 19 293-1273 7.43 CGO20 0.05 [19, 20]

CGO20 0.26 [21]
TbBaCo3Zn07 5 298-1173 9.45 CGO020 0.07 [21]
Ca3C0409_5 1093 10 CGO10 0.68* [22]
Srg9Ko.1FeO;_5 26 LSGM(20 17) 0.2° [23]
(La gSrq.2)0.05Fe0 sNig. 2035 CGO10 0.5 [24]
o197 K s the total conductivity at 1073 K. ¢ is the linear TEC averaged in the given temperature range

8YSZ 8 mol% Y203-StabiliZCd ZI'Oz (Zr0_85Y0_1501_93), CGO10 Ceo_ngo_lol_gs, CGO20 CCQ_ngo_zol_g, CS020 Ceo_gsmo_zol_g, CNO20
Ce.gNd201.9, LSGM(10 20) Lag oSro.1Gao sMgo 2035, LSGM(20 17) Lag gSt92Gag 83Mgo.1703 -5, LSGM(9.8 20) (Lag.9Sto.1)0.08Gao sMgo 2035

# Extrapolated

® Estimated from the polarization curve

If compared to the disordered perovskite analogs,
substantially lower TECs are characteristic of the layered
cobaltites where the state of Co cations is often more stable
(Table 1). While the A,+;B,03,+; Ruddlesden—Popper
(RP)-type phases containing cobalt in the B sublattice
suffer from an insufficient thermodynamic stability under
the SOFC cathode fabrication and operation conditions, a
substantially high mixed conductivity and fast oxygen
exchange kinetics are known also for other layered
cobaltites, such as the double perovskites A,CoBOs. 4
(A = Sr, Ba; B = Nb, Mo) and RBaCo,05. 5 (R = Pr, Gd,
Y), and heavily doped YBaCo407.5 [8, 12, 14-21, 38, 50—
55]. Typical electrochemical properties of these materials
are illustrated in Figs. 1, 2, 3, 4, and 5 and in Table 1. In
particular, the B-site cation-ordered double perovskite
Ba,CoMo( sNby 505, 5 has a considerably lower total
conductivity (o) compared to BSCF but exhibits a similar
electrochemical activity, a better structural stability due to
the presence of higher-valence cations in the B sublattice,
and a reduced reactivity with CSO20 [15]. The electrode

layers of the A-site cation-ordered PrBaCo,0Os.5 applied
onto CSO20 electrolyte showed an area-specific resistance
of 0.4 Q cm? at 873 K in air [50]. Fast surface exchange
and substantially high oxygen diffusivity in the IT range
were reported for GdBaCo,0s., leading to an excellent
cathode performance [38] (Fig. 3). Analogously, the
polarization resistance of SmBag 5Sry sC0,05. 4 electrodes
sintered on CGO10 substrates at 1273 K was as low as
0.092 Q cm” at 973 K [14] (Fig. 5). On the contrary,
Ba, »Srg §C004.+5 with K,NiF,-type structure [16] shows a
worse performance compared to the perovskite-type cobal-
tites in contact with ceria-based electrolytes. Similar trends
are known for the RP-type nickelate families where the
electronic conductivity and electrochemical activity both
tend to decrease with increasing concentration of the A-site
cations, forming rock-salt like (AO), layers in the crystal
lattice [8]. For nickelate and cuprate systems, the com-
pounds with K,NiF4-type structure are often considered for
the cathode applications as their thermodynamic stability is
maximum compared to other ternary compounds such as
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Table 2 Properties of selected Ni-, Cu-, and Mn-containing cathode materials in air

Composition o0 K (S/cm) Average TEC Polarization resistance Reference
T (K) ax10° (K™ Electrolyte R)% (Q em?)
La;NiOys s 59 548-1173 13.8 LSGM(10 20) 2.0 [25, 26]
76.4 400-1290 13.6 [27, 28]
LazNi,O7_ 52% 548-1173 13.7 LSGM(10 20) 1.5 [25, 26]
LayNizO -5 86 548-1173 13.5 LSGM(10 20) 0.9 [25, 26]
LSAO 2.2 [28]
LayNiy 9Cug 101045 LSAO 1.6 [28]
La3 95S19,0sNi2CoO01 - LSAO 2.7 [28]
LayNig9Cog 10426 LSGM(10 20) 0.6 [25]
LayNig gCug 20444 64.6 400-1240 13.3 LSGM(9.8 20) 0.62 [29, 30]
323-1273 13.9 LSGM(10 20) 2.8 [31]
8YSZ 6.1 [31]
LSAO 1.54 [30]
La,Nig sCug 50445 31.9 300-900 134 LSGM(9.8 20) 1.6 [28]
900-1370 14.5 LSAO 2.2
LayCuOy. s 6.3 323-1273 10.6 LSGM(10 20) 5.3 [31]
ProNig sCug 20445 167.9 300-1030 13.2 LSGM(9.8 20) 0.29 [27]
1030-1150 17.5
1210-1280 12.9
La; 9Smg NiOys s 82 LSGM(20 20) 3.1 [25]
Lag 95S19.05sNiOy4. s CGO10 0.65 [32]
LaSr,Mn; gNig 407_5 22.2 300-900 12.5 LSAO 24 [28]
900-1370 14.4
Gdg 6Cag4Mng oNig ;O3 137.7 550-900 10.8 LSAO 20 [28]
900-1370 12.1
Sro.7Ceg.3Mng oCro 1035 296.8 550-950 12.0 LSAO 10.2 [28]
950-1370 15.1
SrMng Nbg 4035 18.9 300-800 11.3 LSAO 31 [28]
800-1200 12.3

LSGM(ZO 20) Lag.gsFO.zGaO.gMg0.2037,5, LSAO LamSiSAlOzé.s

#Porous samples

perovskite; the situation in the cobaltite systems is opposite.
This factor, in combination with relatively high concentra-
tion of alkaline earth metal cations, leads usually to a fast
interaction of K,NiF,-type cobaltites, such as Ba;,Sryg.
Co00y4+5, with carbon dioxide and water vapor present in
atmospheric air. Regardless of the structural and thermo-
dynamic factors, the fabrication of composite cathodes
comprising cobaltite and solid-electrolyte components
enables to lower thermomechanical strains, to enlarge the
electrochemical reaction zone, and thus to improve elec-
trode performance (Fig. 6).

The results discussed above make it necessary to add
several comments regarding methodological aspects of the
cathode tests. First of all, the measurements of cathodic
polarization resistance are usually performed in model cells
where the geometric electrode-surface area is 0.5-10 cm?
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and precise determination of low R, values (<0.01-
0.05 Q cm?) is often difficult. In fact, the integral
polarization resistance in these conditions becomes compa-
rable to the resistances of current collectors, leads, and
electrical contacts, leading to the necessity to decrease
electrode area. For porous electrode layers, this possibility
is, however, limited due to rising role of the boundary
conditions and current distribution inhomogeneities; dense
microelectrodes provide an excellent tool to study electro-
chemical reaction mechanisms, but their behavior may
substantially differ from that of the porous cathodes (e.g.,
[58]). Second, in many literature reports on the novel
electrode materials, their appraisal is based on total
conductivity data and electrochemical performance ob-
served in various model cells. A number of critical aspects,
such as thermodynamic stability under the potential
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Fig. 1 Comparison of the cathodic overpotentials of various half-cells
with porous mixed-conducting electrodes at 1073 K (leff) and 973 K
(right) in air [11, 12, 16-18, 23, 27-30, 33-36]. Zirconia-based
electrolytes are 8YSZ (8 mol% Y,O;3-stabilized ZrO,) or SSZ (Sc,05-
stabilized ZrO,). Ceria-based electrolytes include CGO10
(Ce0.9Gdp.101.95), CGO20 (Cep.5Gdp.20;.9), CSO10

application conditions and lattice expansivity, become thus
excluded from consideration. For example, the apparent
TECs of the A-site cation-ordered cobaltites with double
perovskite structure are still high, limiting their compatibil-
ity with common solid electrolytes [18]; the cobaltites with
other layered structures possess often a lower stability
compared to their perovskite-type analogs and undergo
various phase transitions on thermal and redox cycling [8,
17, 18, 51, 53, 54]. Another source of possible degradation
phenomena may appear when the cations that form highly
volatile oxides at intermediate temperatures in oxidizing
atmospheres (e.g., Sb, Mo, V, Bi, or K) are present in the
cathode. Appraisal of such materials requires, at least, long-
term stability tests under the operation conditions. Also, the
use of X-ray diffraction (XRD) analysis of the powder
mixtures after heat treatments, without other complementa-
ry techniques, is often insufficient for any conclusion
regarding negligible interaction of the components, such
as perovskite cobaltites and doped ceria in the composite
cathodes, when no new phases can be formed but cation
interdiffusion between the phases may be significant. The
interfacial and transport properties of ceria-based solid

(Cep.oSmy 101 95), and CNO20 (Ce(gNdy,0;9). The composition of
Sr- and Mg-codoped lanthanum gallate (LSGM) is (Lag.9Sro.1)0.9s-
Gay gMg203-5 or Lag gSrg2Gagg3sMgp.1703-5; 4-6-um-thick
samaria-doped ceria interlayer between the Lag 9Prg,1Srg26Cag 34-
FeO;_; electrode and solid-electrolyte membrane was used in [33]

electrolytes and mixed-conducting composites are very
sensitive to local inhomogeneities, which may even appear
in thin surface layers of ceria grains due to the incorpora-
tion of tri- and divalent cations from the perovskite phase
[59, 60]. In such cases, electron microscopy and diffraction
studies in combination with thermodynamic analysis are
often desirable.

Oxide materials derived from recently discovered RBa-
Co407 (R = lanthanide or Y), whose crystal structure
consists of closely packed alternating triangular and
Kagomé layers of corner-sharing Co tetrahedra, attract a
growing interest due to their unusual oxygen sorption and
transport properties [17-21, 53, 54]. Porous YBaCo40;-
based cathodes exhibit very high electrochemical activity in
contact with doped LaGaO; and ceria solid electrolytes at
873-1073 K (Figs. 1, 2, 3, 4, and 6). However, at
atmospheric oxygen pressure, YBaCo4O7-based com-
pounds appear thermodynamically stable only above
approximately 1123-1173 K and metastable at lower
temperatures. A slow oxygen uptake at 1000-1200 K
causes complete decomposition of YBaCo40O7,5 into a
mixture of perovskite-like phases and binary oxides when

@ Springer
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Fig. 2 Composition dependencies of the total electrical conductivity
of YBa(Co;-,Zn,)407+5 [19] and La,Ni;_,Cu,O4.5 [28, 29, 31] (a)
and cathodic polarization resistance of YBa(Co;-,Zn,)4O07.5—
Ce3Gdp,019 (50-50 wt.%) composite electrodes applied onto
CegGdp,019 [19] and La,Ni;_,Cu,Oy4.4 in contact with LSGM
[28, 29, 31] (b)

the average cobalt oxidation state approaches 3+; the
decomposition is accompanied by a conductivity jump
and dramatic volume contraction presenting a serious
drawback for electrochemical applications. In the RBa(Co,
M)40745 (R =Y, Er, Tb, Ca, In, and M = Zn, Fe, Al) series,
several compositions such as YBaCo,_,Zn, 075 (1<x<2)
were found stable at the SOFC operation temperatures and
thermomechanically compatible with the electrolyte materi-
als [19-21]. Although the substitution of Zn** for Co®"**
decreases electronic conductivity and cathode performance
(Figs. 2 and 3), YBaCo3ZnO,.s and composite YBa-
C03Zn07,5~CGO20 (50-50 wt.%) cathodes under open-
circuit conditions exhibit low R, values, comparable to
those of the materials derived from perovskite-type cobal-
tites, whereas the cathodic overpotentials seem rather high
[19, 20]. The electrochemical activity of porous RBa-
Co03Zn07. 5 electrodes increases in the sequence Er < Y <
Tb ([21]; Figs. 3 and 4). While wide practical use of the
terbium-containing electrodes may hardly be expected due
to economic reasons, the latter trend indicates a possibility
to improve performance of RBa(Co,M)405. 4 electrodes by
partial substitution of R**. The misfit compound Ca;Coy
Oy_s5, where the crystal structure is built of alternating
CdI2-type and rock-salt slabs, also shows moderate
expansion and was proposed as a promising cathode
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Fig. 3 Temperature dependencies of the area-specific polarization
resistance of cobalt-containing cathodes in contact with ceria- and
LSGM-based solid electrolytes in air [11, 12, 14, 15, 17-19, 21, 22,
25, 37-39]

material [22]. The performance of porous Ca;Co40q_s
electrodes is similar to that of layered nickelates (Figs. 3
and 7) and can be improved by CGO10 additions. In the
case of Ca3;C0409_5 and RBa(Co,Zn)407. s, further assess-
ment of thermal stability and possible interaction with the
gaseous species present in air are, however, necessary.

As for the cobaltite-based materials, perovskite-type
ferrites exhibit very high thermal and chemical expansion
limiting their electrode applications. In the case of
RosAEysFeO;_s (R = La—Sm; AE = Sr, Ba) perovskites,
increasing the difference between R** and AE*" cation radii
increases oxygen deficiency and lowers ionic and electronic
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Fig. 4 Comparison of the polarization resistances vs. radius of A-site
cations (R*") for ferrite- and cobaltite-based cathodes in contact with
gadolinia-doped ceria (CGO) [14, 21, 39] and nickelate-based
cathodes in contact with (Lag 9Srg 1)0.08GagsMgo-03-5 [27, 29]. CN
coordination number of R**

conductivities, whereas the role of surface exchange
kinetics in the oxygen permeation processes tends to
decrease on Ba®" doping and on decreasing R*" size in
R 5Srg sFeOs_s series [62]. In correlation with this behav-
ior, the incorporation of Ba®" reduces polarization resis-
tance of Ry ss—,Ba,Srg4FeqsCo0,03_5 (R = La, Pr, Sm)
electrodes in contact with ceria-based electrolyte [39]; the

0.0f Ba, Sr

1.2770.8

Co0, , [16] 134
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R YBaCo,ZnO, [20] |
08} v e
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-1.6}F+

T=973K
-2.0F electrolyte: ( Ce,Gd)OZ_8
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(Ce,Gd)O” content, wt.%

Fig. 6 Polarization resistances of CGO-containing composite cath-
odes in contact with Cey9Gdy10;95 (CGO10) [14, 16] and
Ce5Gdp»019 (CGO20) [20] solid electrolytes at 973 K and TECs
of SmBay 5Sry 5C0,05.s—CGO10 composite ceramics [14], in air

best performance observed for x=0.145 and R = Pr is close
to the level of undoped cobaltites (Figs. 3 and 4). The total
conductivity and cathode performance of rhombohedral
RosAEqsFeOs;_5 (R = La and/or Pr; AE = Sr, Ca or/and
Ba) was reported to increase with average A-site cation
radius [63]. Very interesting results [33] were obtained on
the mixed solid solutions R;_,AE FeOs;_s5 (R = La, Pr, Nd;
AE = Ca, Sr), synthesized fixing the average A-site cation
radius and cation size mismatch in order to isolate the effect
of divalent dopant concentration from the steric effects. The
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Fig. 5 Comparison of the area-specific polarization resistances of cobaltite [14] and ferrite-cobaltite cathodes [56, 57], deposited onto solid-
electrolyte surface and sintered at various temperatures. 10SSZ-1Al corresponds to 89 mol% ZrO,—10 mol% Sc,03—1 mol% Al,O3
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Fig. 7 Temperature dependencies of the polarization resistance of
porous [25-31, 61] and cone-shaped [32] nickelate cathodes in contact
with various solid electrolytes in air

maximum total conductivity, predominantly p-type elec-
tronic in air, was found for Lag 19Pr( 3119 26Cag 24FeO5_¢
ceramics, whereas minimum cathodic overpotentials in
contact with scandia-stabilized zirconia (SSZ) and CSO
were observed for Lag 19Prg»;Srg26Cag 34FeO5_5 [33], thus
indicating correlations with the oxygen vacancy ordering
processes rather than with electronic transport. For
LagsAEq,FeO5_5 (AE = Ca, Sr, Ba), the highest ionic
conductivity and lowest polarization resistance of the
composite cathodes calcined at 1373 K were found for
Lag gSrg,FeO3_4 [64]. Quite low overpotentials (Fig. 1) and
high power densities (Table 3) were observed in the model
cells with LaoAgsroizGaOA%MgoA17037(5 (LSGM(20 17)) solid
electrolyte and porous electrodes of Co-free Srg oKg 1FeOs_4
perovskite [23]. The effects of potassium doping on the
phase stability and interaction with the electrolyte mem-
branes and also potential volatilization and hydration
phenomena require, however, a careful evaluation. It should
also be mentioned that, as for cobaltite-based materials,
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improved thermomechanical properties can be expected for
the layered ferrite phases where, again, increasing concen-
tration of the A-site cations may raise stability problems. As
a particular example, at 973 K, the LaSrFeO,.s porous
electrode layers sintered onto CSO10 at 1273 K show an
open-circuit polarization resistance of 3.95 Q cm® and
cathodic overpotential of —57 mV at the current density of
—55 mA cm > [34]. These values are close to other materials
with K,NiF4-type structure (Table 2; Fig. 1).

The incorporation of Ni*"”*" and Cu®" cations in the
cobaltite- and ferrite-based perovskites is often used as a
suitable strategy to optimize their properties, in particular
thermal expansion, total conductivity, and sinterability.
Note that effects of these dopants on the electronic and
ionic transport depend on the concentration of other
acceptor-type substituents in the perovskite lattice; the
perovskite phase stability tends to decrease on doping [8,
90-94]. For comparison, the polarization resistance of
(Lag.6S10.4)0.99C00.9Nig 103-5 and (Lag.gSr9.2)0.99C00 5-
Nig,03_¢ electrodes in contact with CGO10 electrolyte is
approximately 0.1 Q cm® at 973 K in air [91]. The
introduction of Sr** in perovskite-type La,_,SrFe; -
Ni,O3_s increases the oxygen deficiency and ionic
transport at elevated temperatures but leads to a lower
stability as reflected by narrowing the solid solution domain
at 1373 K down to x=0.25 at y=0.10 and x=0.12 at y=
0.20 in air [92]. The average TECs of La,,Sr,Fe;_Ni,O3_;
(x=0.1-0.4, y=0.1-0.2) vary in the ranges (12.4—13.4)x
10° K" at 700-1150 K and (14.2-18.0)x10°° K" at
1150-1370 K, rising with strontium and nickel content.
These additives increase total conductivity, whereas the
substitution of nickel for iron has a weak negative effect on
the ionic conduction, suggesting the defect cluster formation
involving oxygen vacancies and Ni** [92]. Perovskite-type
(La;-,Sry).Fe; M,03 5 (x=0.2-0.8; y=0.2—0.4; z=
0.8-1.1; M = Ni, Cu) were proposed as alternative SOFC
cathode materials [24, 95, 96]. However, the initial
performance and long-term stability of (Lag gSry»)g.95Feo s
Nig,05_5 are both inferior with respect to (La,Sr)(Fe,Co)
O3_s cathodes [24]. For (LaggSp»)oosFe;—xMO3_s, the
substitution level is limited by the dopant solubility, close to
20 mol% Ni or Cu. Doping with copper and decreasing z in
(La;-,Sry).Fe; \M,O3_5 lower the melting point and,
consequently, the sintering temperature [95, 96]. These
factors make it possible to suppress interaction with solid-
electrolyte ceramics, but may also promote microstructural
instability of the porous electrodes at the SOFC operation
temperatures. As for many other perovskite electrodes [8],
the A-site cation deficiency in (La; ,Sr,).Fe; MOz s is
favorable to decrease thermal expansion and reactivity with
8YSZ. The Ni-substituted materials exhibit the highest
conductivity in these compositional families but possess
also a higher reactivity with YSZ if compared to the parent
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ferrites, a result of reduced thermodynamic stability of the
doped perovskite phases; no indication of chemical reaction
or cation interdiffusion between (Lag gSrg 2)o.95F€0 8Nig 2035
and gadolinia-doped ceria (CGO) was revealed by XRD
[96, 97]. At the same time, despite the lower electrical
conductivity, LaggSrg,FeO3;_s was reported to provide a
higher electrode performance than La;Sry3FeqgNip,03-5
and LaNiygFey403_5 applied onto YSZ with CSO20
interlayer [98]. The effect of A-site cation nonstoichiometry
on the electrochemical activity of La;_jFe4NigsO3_s was
investigated using model cone-shaped electrodes and
CGOI10 electrolyte [98]; increasing A results in a separation
of NiO, inhibiting the oxygen reduction reaction.

The main advantages of RP-type nickelates (R,Sr),;
Ni,,O3,+1 (R = La, Pr, Nd) whose structure is built of n
perovskite-like layers alternating with one rock-salt sheet
are moderate TECs and very low chemical expansivity in
combination with substantially high mixed conductivity [8,
9, 25-27, 29, 31, 32, 61, 99-102]. The electrochemical
behavior of these materials is illustrated in Figs. 1, 2, 4, and
7; Table 2 lists the values of TECs, total conductivity, and
polarization resistance for selected compositions. Increasing
n leads usually to higher ionic and electronic conduction
[25-27]. These effects are associated with increasing
concentration of Ni—O-Ni bonds responsible for the
electronic transport, progressive delocalization of the p-
type electronic charge carriers, higher dimensionality of the
electron and ion transfer, and increasing vacancy migration
contribution to the oxygen ion diffusivity. Note that, except
for oxygen hyperstoichiometric La,NiO4. s and its analogs
where anion diffusion is essentially dominated by the
interstitial migration, most RP nickelates are oxygen-
deficient at elevated temperatures [103, 104]. As a
particular consequence, the electrochemical activity of La,, .,
Ni,O3,+1-5 cathodes becomes substantially higher when
n increases from 1 to 3 [25, 26]. Analogous trends are
known for praseodymium nickelate electrodes where
PryNizOq9_5 is formed due to oxidative decomposition of
undoped [61] or Cu-doped [27] Pr,NiO4.s phase with
K,NiFy-like structure. Modest A-site deficiency was found
to decrease the polarization resistance of Nd;_,NiOy.s
porous layers in contact with 8YSZ solid electrolyte [61].
An opposite trend was, however, reported in [99] where
LasNi,O;_5 cathode was found to show higher over-
potentials than La,NiOy4.s in contact with CSO20-2 mol%
Co-doped ceramics. When discussing this behavior, one
should note that the relatively high concentration of A-site
cations in the RP phases compared to their perovskite-type
analogs may substantially influence topotactic reactions and
cation interdiffusion with solid-electrolyte membranes, as for
the other factors including the Gibbs free energy of
formation of the electrode material phase or the presence of
high-diffusivity additives. As an example, the reaction

between La,Ni;_,Cu,O4+5 (x=0-1) and 8YSZ yielding
insulating La,Zr,O; pyrochlore is observed at rather
low temperatures, such as 1173 K [31]. The interaction
becomes more pronounced with increasing x, leading to
cathode performance deterioration [31]. Consequently, the
layered nickelate-cuprate electrodes should preferably be
used in contact with other solid electrolytes (Fig. 7a) when
no blocking layers are formed at the electrode/electrolyte
interface, and/or in combination with protective interlayers.

The factors related to the electrode—electrolyte interac-
tion and interdiffusion processes become crucial in the case
of silicate-based solid electrolytes, such as apatite-type La;o—,
(Si04)60,.5 and their derivatives. These electrolytes possess
a substantially high oxygen ionic conductivity, moderate
thermal expansion, low electronic conduction in a wide
range of oxygen chemical potentials, and low costs, thus
making it possible to consider them for potential use in
SOFCs and other electrochemical devices [105-107]. The
performance of mixed-conducting cathodes in contact with
silicate ceramics is, however, worse in comparison with
other solid electrolytes; the high polarization resistance
originates primarily from the surface diffusion of silica,
partially blocking the electrochemical reaction zone, without
formation of secondary phases detectable by XRD [28, 30].
From the thermodynamic point of view, silica spreading may
be promoted when moisture is present in air supplied into the
cathode chamber. These processes explain very poor
performance of Lag;5Srp,5MnggCog,05_s-based cathode
layers co-sintered with LagSrSigO, 5 electrolyte at 1673 K,
when no diffusion of the electrode components into the
apatite membrane was detected [108]. The electrochemical
behavior of a large series of porous cathodes, including
Lag gSr9.2Fe.8C00.203-5-Ce.8Gdp.201.9 (CGO20),
L30.7SI‘Q_3MHO37§*CG020, SrMn0.6Nb0.4O3,5,
Srg.7Ce.3Mng oCrg.103-5, Gdg.sCag 4Mng oNig 1035,
LazNil_XCU.xO4+5 ()CZO.Z*O.S), LazNio_gcuO'204+rAg,
LaSr,Mn; gNig 407_5, LagNiz_,Cu,Oq9-5 (x=0-0.1), and
Las 9581y 0sNi,C00;o_s5, was studied at 873-1073 K in
contact with La;SisAlO,¢ 5 electrolyte [28, 30]. While the
level of ionic conductivity in the latter apatite-type phase is
higher than that of YSZ in the intermediate-temperature
range [107], in all cases the polarization resistances and
overpotentials of nickelate-based cathodes are substantially
higher than those of similar layers applied onto LSGM.
Examples are presented in Figs. 1, 7a, and 8 and in Table 2.
As compared to the intergrowth nickelate materials, the
polarization of manganite-based electrodes is high (Fig. 8),
in correlation with the lower values of oxygen ionic and
electronic conductivities [28]. The performance of mixed-
conducting cathodes applied onto La;(SisAlOy5 can be
improved by reducing the temperature used for electrode
sintering [30]. Qualitatively similar results were obtained
for LaggSrooMnOs.s, Lag 7Sro3FeOs-5, LagSro.4Cop .-
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Fig. 8 Cathodic polarization curves of Fe-, Cr-, and Mn-containing
electrode layers in contact with apatite-type La;oSisAlO,5 solid
electrolyte [28, 30]. The data on (Lag75Sr925)0.95Cr9sMngsO3_s
applied onto (Lag 9Srq 1)0.08Gag sMgp 2055 electrolyte [109] are shown
for comparison. Pt mesh current collectors were used in all cases

Feg 3035, and Lag ¢Sry 4Coq gFep,05-_s cathodes in con-
tact with La;(Sis sAlg 504675 solid electrolyte [110]. Since
processing of dense silicate ceramics usually requires very
high temperatures, a number of attempts were made to
optimize the fabrication conditions of apatite-based electro-
chemical cells. In the case of tape casting and co-sintering of
Lageri6026.5 electrolyte and Laol75Sr0.25Mn0.8C00.203,5
cathode at 1673 K, no cation diffusion was detected by
energy-dispersive spectroscopy [111]; at the same time, silica
spreading and electrode poisoning may still be expected to
play an important role. The anode-supported single SOFCs
were fabricated by atmospheric DC plasma spraying of
Lag 7(Sis 7Mgo 3)O026.3 films onto Ni-Lag 7(Sis ;Mg 3)O26.3
substrates, followed by heat treatments in a reducing
atmosphere [112]; the cell with LaggSrg4Fe)gC00205-5
cathode showed power densities of 22-80 mW/cm® at
873—-1073 K with 50% H,—50% Ar fuel. As for the silicate
solid electrolytes, significant limitations associated with the
cell materials interaction can be envisaged when using
Bi,03-containing electrodes, although the exceptionally high
ionic conductivity and fast surface exchange of bismuth
oxide-based materials are advantageous for the electrochem-
ical reaction kinetics [113]. As an example, at 973 K, the
area-specific polarization resistance of undoped, 5 mol% Ca-
and 5 mol% Sr-doped Bi,Ru,O; pyrochlore electrodes in
contact with ceria-based electrolyte was 1.45, 1.24, and
1.41 Q cm?, respectively [114]. Additions of 20 mol% erbia-
stabilized 8-Bi,O3 (31-44 wt.%) further reduce the electrode
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resistance down to 0.08-0.11 © cm? [114]. Due to high
reactivity and high thermal expansion of Bi,O3-containing
materials, the latter family of electrode compositions
seems more promising for the electrochemical cells based
on doped Bi4V,0;; (BIMEVOX) solid electrolytes [113,
115].

Cermet and oxide SOFC anodes

The major approaches in the developments of SOFC anode
materials include an optimization of cermet compositions and
microstructures, involving graded electrode layers and nano-
structured components, and a search for novel oxide phases
with high electrochemical activity, a sufficient electronic
conductivity and improved tolerance to various poisoning
phenomena, and stable in a wide range of oxygen chemical
potentials [5, 7, 8, 10, 116—118]. Continuous attention is
therefore drawn to the cermets containing Ni and ceria-based
components. The use of ceria is often necessary to suppress
carbon deposition and to promote hydrocarbon oxidation; in
addition, reduced CeO,_s-based solid solutions exhibit
mixed oxygen ionic and n-type electronic conductivity that
can be moderately enhanced by acceptor-type doping [115].
At the same time, ceria-based anodes without any metallic
component display quite a poor performance, even when
current collectors of Au ink and Pt paste are used [13, 69].
The electrochemical activity of Ni—Ceg gTip->0,_5 (60 wt.%
NiO) was found higher compared to Ni—CeO,_s5 cermet
anode in 10% CHy-containing fuel, a result of higher
conductivity of the doped ceria [119]. A Ni-Cu—CeO,_s
(14-16-70 vol.%) anode sintered at a reduced temperature,
1173 K, onto CGO10 electrolyte displayed R,,<0.1 2 cm? at
873 K in wet 50% H, [120]. The incorporation of redox-
stable components with moderate thermal expansion, such as
YSZ, is often desirable to reduce the role of dimensional
instabilities caused by the local p(O,) variations and minor
TEC mismatch (e.g., [8, 28] and references cited). Taking
into account the durability issues related to carbon deposition
and sulfur poisoning, numerous efforts are centered on
decreasing nickel content in the cermets and on the use of
other transition metals and alloys. Representative examples
are given in Figs. 9 and 10 and in Table 3. The anode
assemblies consisting of one Ni—-CGO10 functional layer
and a Ni—LagoMng gNig,05_5 contact layer were proposed
to reduce nickel content [125]. The redox tolerance appraisal
at 1123 K showed that the driving force for the anode
performance degradation is nickel agglomeration, occurring
if even Ni content is below the percolation threshold.
Although nickel should be reduced under anodic conditions
and should segregate from LayoMny gNig,0O3-_s, the perov-
skite structure was kept after 100 redox cycles using 50%
H,O-H, [125]. Quantum mechanical calculations employing
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density functional theory to calculate the stability of surface-
adsorbed hydrogen atoms, oxygen atoms, and hydroxyl
radicals for a variety of metals (Mn, Fe, Co, Ni, Cu, Ru, Rh,
Pd, Ag, Pt, Au) showed that the anode electrochemical
activity should be highest for Ni that has an intermediate
oxygen adsorption energy [126]. The activity was found to
decrease when oxygen binding energy increases (Ru, Co, Fe,
Mn) and decreases (Rh, Pd, Pt, Au), without correlations with
the stability of surface-adsorbed hydrogen [126]. The copper-
based anodes in combination with ceria catalysts, which may
be of interest for hydrocarbon-fueled SOFCs due to low
catalytic activity of Cu toward the C—C bond formation,
exhibit a poor electrochemical performance and undergo fast
degradation [8, 118, 127, 128].

The changes in electronic structures of supported
catalysts, induced by the formation of surface alloys, were
measured and analyzed in light of the chemical activities
and catalytic performance in accordance with the d-band
model [129]. One particular conclusion was that the
antibonding adsorbate—Ni states for Sn/Ni catalysts are
populated to a higher degree than the antibonding states for
monometallic Ni, decreasing the strength of the interaction
between adsorbates (O, C, OH, CO, CH,) and Ni sites on
the Sn/Ni substrate. The catalytic behavior of Cu and
bimetallic CuNi composites with CeO,-based oxides (20—
80 and 40-60 wt.%) for direct oxidation of dry methane at
temperatures up to 1173 K was analyzed by temperature-
programmed reduction and oxidation and X-ray photoelec-
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Fig. 9 Anodic overpotentials of LagSrg4VO5;-sYSZ composite
[121] and various Ni- [122] and Ni,,Co-containing [123] cermet
electrodes with current collectors made of Pt-mesh [122] and Pt-Rh
mesh embedded in the electrode layer [123], in H,-containing
atmospheres. Experimental conditions are given above the legends
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Fig. 10 Anodic overpotentials of (Ni,Fe}-LSGM [124], (Ni,Fe)-CSO
[67], and (Co,Fe)}-CSO [68] cermet electrodes at 1073 K, compared to a
Nig¢Fe alloy-containing anode at 973 K [65]. The latter three anodes
were deposited onto Cej gSm,0, -5 (CSO20) interlayer [65, 67, 68]. The
current collectors were made of Pt mesh [67, 68] and Au mesh [68]. H,
humidified under ambient conditions (~3% H,O) was used in all cases

tron spectroscopy (XPS) [130]; the catalytic activity
appears to depend not only on the presence of nickel but
also on the nature of substituents in ceria (e.g., Gd or Tb).

Despite some drawbacks associated, in particular, with
oxidation under high current densities, systematic attempts
are made to introduce metallic Co and Fe in the cermets
[65-69, 123, 124, 131, 132]. For example, composite
anodes containing YSZ and bimetallic Ni;_,Co, and Ni;_
«Cu, were tested in H,, CH,, and H,S—CH, gas mixtures
[123]. Copper additions were shown to increase metal
particle size and to lower SOFC performance, while the use
of cobalt has an opposite effect. In both cases, the
performance tends to quickly degrade in dry CH, due to
carbon deposition and anode delamination from YSZ solid
electrolyte [123]. On the other hand, Ni, ,,Co—YSZ (70 wt.%
oxide) cermets demonstrated a higher activity in 10%
H,S-CH, than in H, due to the formation of a sulfidated
alloy (Ni-Co-S). Figure 10 and Table 3 present selected
results illustrating the performance of Ni—Fe alloys proposed
for the anode layers [65], anode supports [66], or cermet
components [67, 131]. The maximum power density of an
anode-supported single cell, using humidified H, fuel
and comprising a Ni—Fe alloy produced by reduction of
10 wt.% Fe,05-coated NiO, was reported to decrease after
one thermal cycle from 1790 to 1620 mW cm 2 at 973 K
[116]. A composite Nig ssFe-MgO-LSGM(10 20) (87.2-2.5—
10 wt.%) anode was reported to exhibit a sufficient stability
under CH,4 atmosphere at 973 K, a high tolerance against
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carbon deposition, and lower overpotentials compared to
MgO-free Nig ssFe—LSGM (90-10 wt.%) cermet, particularly
due to an increased basicity and surface activity [131].
Compared to other compositions of the Ni—Fe alloys, the best
performance was reported for Nij g;Fe—~CS020 (5050 wt.%)
cermet; under open-circuit conditions, the area-specific
polarization resistance was 0.105 Q cm” at 1073 K [67].
The Ni—Fe—-LaggSrg,GaggMgg 15C00.0503-5 composites
were also considered for the SOFC anode applications
[122], although cobalt is likely to segregate from the
lanthanum gallate phase under anodic conditions when partial
decomposition of the perovskite solid solution may occur.
The progress achieved in the field of oxide ceramic
anodes is also substantially driven by the problems
associated with carbon deposition and sulfur poisoning.
Due to the oxide phase stability requirements, the choice of
parent oxide systems for the ceramic anodes is essentially
limited to titanates, chromites, molybdates, and vanadates;

as for the SOFC cathodes, a maximum attention is focused
on the perovskite-related compounds. Important examples
and typical properties are compared in Tables 3, 4, and 5
and Figs. 9, 11, 12, 13, 14a, 15a, and 16. It should be
separately mentioned that pre-reduction of many oxide
anode materials, primarily titanates, has often a very
positive impact on the final anode performance (e.g.,
[70]). The electrochemical activity depends therefore on
the porous layer prehistory in combination with other
performance-determining factors [8]; in many cases, this
leads to contradictive results and experimental artifacts.
Irrespective of these factors, a relatively good sulfur
tolerance in 1040 ppm H,S—humidified H, was reported
for the anode formed of SrjggY ¢ 0sTiO3-5~8YSZ porous
backbone infiltrated with ceria and Ru (particle sizes of 30—
200 nm) [71]. While copper additions were shown to
improve the performance of LasSrgTi;;Mng 5GagsO37.5-5—
YSZ anodes [138], the total conductivity and catalytic

Table 4 Total electrical conductivity and thermal expansion of selected anode materials under oxidizing and reducing conditions

Composition Total conductivity Average TEC Reference
T (K) Atmosphere or p (S/em) T (K) Atmosphere or p a x 10°
(05) (atm) (0,) (atm) K™
Lag»Srg 7 TiO5_5 1173 5% H, 25% 300-1273  0.21 8.6 [70]
300-1273 5% H, 9.5
Lag 4Srg ¢Tip.4Mng 055 1083 0.21 22.6 303-1373  0.21 11.9 [72]
10°'® 1.5
LaCry sMng 505_5 1073 100% H, 3.7 [133]
La0_85r042Cr045Mn04503,,; 1073 100% H2 1.3
(Lag.75510.25)0.95Cro.sMng 503 -5 337-708 0.21 8.9 [80]
793-1229 0.21 10.1
(La0‘75Sr0A25)0‘95Cr0A5M1‘10A503,5 1173 0.21 30.6 373-923 0.21 10.8 [134]
108 22 923-1223  0.21 12.7
1223-1523  0.21 14.1
923-1223  6x107* 12.5
923-1223  5x1072'-3x107" 11.7
La0_75Sr0_25Cr0_5Mn0.5O3,J 1173 1072] 1.5 434-1173 0.21 13.7 [80, 135]
La0_7SSr0_25Cr0,5Mn0,503_(rSYSZ 564-1173 0.21 12.2 [135]
(50-50 wt.%)
Sr,MgMoOg -5 1073 0.21 3x1073 [89]
5% H, 0.8
5% H, 4.3 382-633 0.21 11.7 [87, 88]
107'8 8.5 691-1074  0.21 12.7
Sty 4Lag sMgMoOg-_ 5 1073 5% H, 5.0 [89]
Sr,MnMoOg_ 1073 10718 5.7
10720 7.9
CaVysMog 04— 973— 0.21 1075- 473-1173  0.21 10 [136]
1173 1074
CaV,5sMog 503_5 1123 1078 320 473-1173  10% H, 13
1123 1072 445

« is the linear TEC averaged in the given temperature range

# Pre-reduced sample
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Table 5 Total polarization resistance at 1073 K and activation energy for the area-specific electrode conductivity of various anode layers under

open-circuit conditions in H,-containing atmospheres

Composition Current collector  Electrolyte R,ll073K (Q em®)  Activation energy Reference
T (K) E, (kJ/mol)
S1.88Y 0.0sT1I03_5-8YSZ (50-50 wt.%) Pt mesh + paste 8YSZ 2.6 [71]
Modified with CeOy_s 1.3
Ru 0.8
C602,5+Ru 0.5
Lag 4Sto ¢ Tip 4Mng O3 58YSZ Au paste 8YSZ 0.5° 10031129 [72]
(65-35 vol.%)
Sr094T109Nb01037r8YSZ (50*50 Wt%) Pt paste 8YSZ 16.3 [137]
LaCry sMng 5055 Pt mesh YSZ 33 [133]
LaO_SSr0_2Cr0_5Mn0_5O3_5 Pt mesh YSZ 8.6
(La0‘75Sr0A25)O‘95Cr0A5M1‘10‘5O3,5 Pt wire LSGM(98 20) 35.6 [109]
Modified with Ni 5.1
Ni + CeO,_; 48
(La0'75Sr0,25)0'95Cr0,5Mn0,503,5 Pt mesh LSGM(98 20) 2.8 973-1073 66 [1 09]
Modified with CeO,5 1.3 973-1073 87
La0v7SSr0v25Cr0.5Mn0.503,5 Au mesh + paste LSGM(IO 20) 0.16 [77]
Lag 75819 »5Crg sMng sO5_5 Au mesh + paste 8YSZ 0.6 [80]
La0_75Sr0_25Cr0>5Mn0>5O3,,; Pt paSte LSGM(IO 20) 0.3 973-1073 45 [13]
La0_75Sr0_25Cr0_5FeO_5O3,g Pt paste LSGM(IO 20) 1.6 973-1073 66 [13]
La0_75Sr0_25Cr0_5A10_5O3,5 Pt paste LSGM(IO 20) 0.4 973-1073 62 [13]
PI'()_7C3.0_3CI'05M1’10_503_5 Pt paste 8YSZ 32 1073-1223 130 [84]
La0_7SSr0_25Cr0,5Mn0,503,(rYSZ - YSZ 1.3 [81]
(50-50 wt.%)
Modified with Pd 0.9
Lag 75810 25Cro sMng sO5_4~YSZ Pt ink 8YSZ 7.5° 1123-1223 105 [138]
(50-50 Wt.%)
Lag 75519 25Crg sMng sO5-_5~CSO15 Pt paste LSGM(10 20) 0.4 973-1073 62 [13]
(75-25 wt.%)
Cqua0_75Sr0_25Cr0_5Mn0_503,rYSZ (10* Pt ink 8YSZ 4.4 973-1223 110 [138]
50-40 wt.%)
LaCry sMng s05_;~CGO (50-50 wt.%) Pt mesh Ysz 021 [133]
Lao_gerA2Cr0A5MnQA5O37()‘~CGO Pt mesh YSZ 0.74
(50-50 wt.%)
LaSr,Fe,CrOqy_s—CGO10 (50-50 wt.%) sputtered
Au grid LSGM(10 20) 03 [86]
Sr,MgMoOg_s Pt paste LSGM(20 20) 0.9 848-1173 77 [139]
Sr,MgMoOg_s~LSGM(20 20) Pt paste LSGM(20 20) 0.8 [139]
(50-50 wt.%)
Sro;MgMoOg— s~CGO20 (50-50 wt.%) Pt paste LSGM(20 20) 0.7 [139]

# Extrapolated

activity of pure titanates are, however, quite low, limiting
their applicability. For instance, at 1123 K in 97% H,—3%
H,O gas mixture, the polarization resistance of porous
S1(.94Tig.9oNbg 10;—8YSZ (50-50 wt.%) layer in contact
with 8YSZ electrolyte and Pt-paste current collector was
16.3  cm?, increasing on further redox cycling [137]. The
role of Pt/electrode interface in the latter case was assumed
negligible based on the comparison with literature data on
Pt electrodes. Notice that effects of metal-containing paste

current collectors in the electrochemical measurements can
only be neglected when no surface spreading and/or metal
penetration to the electrochemical reaction zone may occur;
if microstructural alterations during long-term operation are
significant, such assumptions require careful validation.
For the Lag4SrgeTi;— . Mn,O5_5 (x=0-0.6) series, the
composition with x=0.6 possesses the highest conductivity
([138] and Table 4). This composition exhibits also a
moderate TEC, chemical expansion of 0.5% on redox
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cycling, and a substantial electrochemical activity with Au-
paste current collector under humidified H,, though the
performance in methane becomes much worse (Table 3). A
similar combination of properties is known for another
perovskite family, La; ,Sr,Cr; ,Mn,Os 5 (x=0-0.3; y<
0.5), which shows a relatively good electrode performance
in combination with metal current collectors under reducing
conditions (Figs. 11, 12, 14, and 15; Table 5), a sufficient
dimensional stability and sulfur tolerance [74-84, 109,
133-135, 140-144]. With respect to titanate-based compo-
sitions, the main disadvantages of (La,Sr)(Cr,Mn)O;_;
relate to chromium oxide volatilization at elevated temper-
atures and phase separation under ambient conditions when
Cr®" species may be formed, as typical for the perovskite-
type chromites [90]. On the other hand, many titanates tend
to hydration in the IT range. The cermets containing
Lag.75S19.25Cr9. sMng 505 _5 (LSCM) and copper were found
to exhibit lower polarization resistances than Cu—CeO, in
5% H, and to have a better adhesion to YSZ [128]. Since
additions of Pd to the dense LSCM film led only to a small
decrease of the anodic polarization resistance in Hj-
containing atmospheres, the oxygen ionic conduction was
suggested as an electrochemical reaction rate-determining

factor [143]. The ionic transport in LSCM is indeed low,
although the oxygen vacancy concentration and ionic
conductivity both increase under reducing conditions
[109]. Consequently, CeO,- and ZrO,-based additives and
interlayers decrease the electrode polarization [76, 79-82,
109, 133, 134, 138, 140, 141, 143]. An optimum
composition of the LSCM—-CGO composite anodes was
identified for the component ratio of 33:67 wt.% [140]. For
the majority of chromite- and titanate-based anodes, critical
limitations are, however, associated with electronic trans-
port and catalytic activity. As an example, the total
conductivity of LSCM varies in the range 2040 S/cm
under oxidizing and moderately reducing conditions and
decreases down to 1-5 S/cm on reduction [78, 80, 109]. In
the case of model cells, the limiting effects of in-plane
resistance and, often, electron transfer in the vicinity of the
electrochemical reaction zone can be avoided using specific
current collectors, including pastes of Pt, Au, or Ag [74, 75,
77, 79, 80, 82, 84, 137, 138]. Analogously, sputtering of
even small amounts of Pt over the Cu-LSCM layer
improved the anode performance [76]. Any wide use of
noble metals in the power generators and other electro-
chemical devices is impossible due to economic reasons,
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Fig. 11 Comparison on the area-specific polarization resistances of
various cermet and oxide anodes in contact with LSGM and YSZ

electrolytes [13, 72, 84, 109, 121, 128, 135, 138, 139]. The
measurements were performed in diluted H, atmospheres, except for
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Fig. 12 Polarization curves of (La,Sr);_,Crg sMng sO5_5[75-77, 109,
140, 141] and Sr,(Mg,M)MoOg¢_;s [23, 87, 88] based anodes, as-
prepared and surface-modified with CeO,_s5 or Cu, in contact with
various solid electrolytes with or without ceria-based interlayers. The
measurements were performed in hydrogen atmospheres, except for
[109] where wet 10% H, was used. LSCM, LSCM 0.95, and CLO are
Lag.75510.25Cr9.sMng 5035, (Lao.75810.25)0.95Cr0.sMng 5035, and
lanthanum-substituted ceria, respectively. The current collector types
are indicated in parentheses for selected cells. In the case of Sry(Mg,
M)MoOg- 5 anodes, Pt mesh with a small amount of Pt paste was used
as a current collector

whereas the current collectors made of stainless steels or
LaCrOs;-based ceramics possess considerably higher con-
tact and/or bulk resistances. These factors make it necessary
to use LSCM and its analogs in combination with metal
additives, such as Ni or Cu [75, 76, 79, 83, 109, 128, 138].
At the same time, the relatively low catalytic activity of
LSCM [144] also leads to the necessity of metal or oxide
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Fig. 13 Comparison of the area-specific polarization resistances of
various composite anodes applied onto YSZ electrolyte [135, 138,
140] and LSGM with (Ce,La)O,_; interlayer [75]. The current
collector types are indicated in parentheses

catalyst additives in the LSCM-based anodes, especially
when operating in hydrocarbon fuels. For example, the
additions of 0.5-9 wt.% Pd, Rh, Ni, Fe, or ceria enable to
substantially reduce polarization of (Lag 75Sr925)1-2
Cro.sMng s03_s anodes applied onto YSZ and LSGM in
H,- and CHy-containing atmospheres [79, 82, 109]. Surface
deposition of Pd nanoparticles enhances the electrocatalytic
activity of porous LSCM-based layers in methane and
ethanol, with a minor effect in H, [75, 81, 143]. The
incorporation of Ni has a higher positive impact on the
anode performance with respect to ceria-based phases [79,
109].

If compared to Lag;5Srg25CrgsMngsOz_5, Sr-free
LaCrg sMng 5O3.5 was reported to have better properties,
namely a higher thermochemical stability, electronic con-
ductivity, and anode performance in humidified H, [133].
For Lag7AE(;CrgsMng s05_s, the highest electrochemical
activity was claimed for AE = Ca, whereas the barium
solubility limit is below 30 mol% [141]. Moderate doping
of LSCM with cerium improves the anode performance
without an essential influence on the total conductivity. At
1173 K, La0,65Ceo_1Sr0_25Cr0_5Mn0.503,5|8YSZ anode dis-
played polarization resistances of 0.2 and 1.6 Q cm” in
humidified H, and CHy4, respectively [145].

The polarization resistance of Lag gSrg,Cri— Ru,O3_s—
CGO10 (50-50 wt.%) composite anodes with x=0-0.25,
applied onto LSGM(10 20), was shown to decrease during
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Fig. 14 Total electrical conductivity of dense ceramics and area-
specific polarization resistance of porous anodes of Pry;Cag3Cr;_,
Mn,Os_gs, at 1123 K in humidified 5% H,—Ar [84] (a) and the
conductivity of Lag;AEq;CrgsMngs03_s ceramics and polarization
resistance of porous Lag;AE( 3Crg sMng 503 s—YSZ composite cath-
odes at 1073 K in air [141] (b)

the initial period of SOFC operation before reaching a
minimum [73]. The rate of these changes and the electrode
performance both increase with increasing x, a result of
higher density of Ru surface nanoparticles observed by
transmission electron microscopy (TEM). The measured
initial surface coverage by Ru nanoparticles was consistent
with a model where ruthenium supply to the surface is
limited by the Ru bulk out-diffusion, but the coverage
saturation requires longer times [73]. Another alternative
anode composition, Lag 75Srg,5Crg sFeqs05_5, was
reported to be active for CHy4 reforming and total oxidation,
depending on the oxygen nonstoichiometry level [146]. At
1123 K, its polarization resistances in contact with 8YSZ
electrolyte and Au mesh fixed with a small amount of Au
paste were 1.79 and 1.15 Q cm?® in wet 5% H, and wet
100% H,, respectively [146]. The R, values of
Lay 75S19.,5CrosFeq sO03_5 anodes, applied onto LSGM
and coated with Pt paste, are found higher compared to
LSCM [13]. The LaSr,Fe,CrOq_s perovskite that belongs
to the same compositional family appears stable under the
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Fig. 15 Current-overpotential dependencies of (Lag75S10.25)0.95Cro.sMng s03-
based anodes in humidified 10% H,-90% N, atmosphere (a) and
(Lag.75S10.25)0.95Cro.sMng sO3-based cathodes in air (b), illustrating
the effect of current collector configuration [109]. All data
correspond to (Lag oSt 1)0.08GagsMgp03-s solid electrolyte and
1073 K [109]. Inset shows the configurations of Pt current collectors

SOFC anode conditions up to approximately 1073 K [86].
The performance of LaSr,Fe,CrOg_ s—CGO10 (5050 wt.%)
composite anode was slightly better in the cells with LSGM
(10 20) electrolyte in comparison to CGO10, under
humidified H2 at 1073 K [86] Lao_gsro'zsC()'zMno_gO3_5,
showing higher electrical conductivity and electrocatalytic
activity than LSCM under both anodic and cathodic
conditions, was also reported to have a sufficient chemical
and structural stability due to the backbone effect of Sc** in
the perovskite lattice [85]. In all these cases, however,
thorough experimental appraisal of the long-term stability
and possible surface-segregation phenomena in highly
reducing atmospheres is necessary.

The double Sr;Mg;- .M MoOg_s (M = Mn, Cr) per-
ovskites were proposed [87, 88] as the anode candidate
materials that meet the requirements for long-term stability
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Fig. 16 Maximum power density of model SOFCs with Sr,MgMoOg-
based anodes [87-89, 139]. The inset shows polarization resistances
of Lag 75Sr95Crg sMng 503-5~YSZ and Sr,MgMoOg_; layers as a
function of anode sintering temperature [135, 139]. YSZ [135] and
LSGM [87-89, 139] electrolytes were used with (Ce,La)O,_s
interlayer [87-89]; the current collector type is indicated in italic

with a tolerance to sulfur and display a superior electro-
chemical performance in H, and CH, (Figs. 11, 12, and 16;
Tables 3 and 5). After introducing 5 and 50 ppm H,S in Hy,
approximately 1% and 16% power output degradation was
observed for the cells with Sr,MgMoOg_s (SMM) anode
and Pt mesh with a small amount of Pt paste as a current
collector [87, 88]. The TECs of SMM ceramics vary in the
range 11.7-12.7 in air at 380-1070 K (Table 4). The
incorporation of La*" into St,_,La,MgMoOg¢_; up to x=0.8
improves performance of the cells using hydrocarbon fuels,
especially in the presence of water vapor [89]. Above
1073-1273 K, Sr,MgMoOg¢_s was found to chemically
interact with CGO, LSGM, and YSZ, thus making it
necessary to introduce buffer layers between the anode
and solid electrolyte [89, 139]. Also, reduction above
1173 K results in decomposition of Sr,MgMoQOg_s into a
mixture of n=2 Ruddlesden—Popper phase with a signifi-
cantly higher Mo/Mg cation ratio, MgO, and Mo; the
reduced material was intergrown with the perovskite matrix
[147]. XPS and XRD analyses of Sr,MgMoOg-_5 powders
annealed in air and diluted CH, atmospheres show that the
surface is mainly formed by SrMoO, scheelite and metal
carbonates [139]. Another Mo-containing perovskite,
CaVy5sMo( 5sO3_5, exhibits total conductivity over
520 S cm™ ' under reducing conditions (10% H,-90% N,)
at 300-1170 K and was thus proposed for SOFC anodes,
though heating in air above 773 K leads to transition of the
orthorhombic perovskite into the tetragonal scheelite phase

[136]. This transformation is reversible on further reduc-
tion. The TECs of both oxidized and reduced phases are
rather similar, 10 and 13x10°® K™, respectively (Table 4).
In the La;_,Sr,VO5;_5 (x=0.2-0.5) series, the perovskite
phases also exist under reducing conditions only [121].
These vanadates were found chemically compatible with
YSZ, at least up to 1573 K [121]. At 1173 K,
Lag ¢Srg4VO3_5-YSZ (50-50 wt.%) composite anodes
showed the polarization resistances of 0.85 and
1.38 Q cm? and overpotentials of 130 and 200 mV at
current densities of 200 mA/cm? in pure H, and wet CH,,
respectively (Fig. 9).

The recent literature data briefly considered in this
section indicate that, in fact, there is no exact boundary
between the cermet and oxide ceramic anode materials. For
most oxide compositions, an introduction of metallic
component(s) is still necessary, either as additives in the
electrode bulk or as additional layers applied onto the
surface of anode ceramic matrix in order to provide
adequate current collection and to improve catalytic
activity. Moreover, as for the cermet electrodes, most oxide
anodes known up to now exhibit a reasonable performance
only in combination with solid-electrolyte additives or
buffer layers, preferably made of doped ceria. The high-
conductivity perovskite vanadates and molybdates (e.g.,
[121, 136, 148]) are unstable in oxidizing environments and
may partially decompose when the anodic current density is
high; serious drawbacks may also originate from the
volatilization and surface diffusion phenomena, as for the
Mo- and V-containing cathodes. Experimental assessment
of these materials should include time dependencies of
overpotentials and/or power density in combination with
complementary techniques such as XPS and TEM.

Alternative cell concepts: single-chamber, micro-,
and symmetrical SOFCs

A comprehensive overview on the developments of single-
chamber solid oxide fuel cells (SC-SOFCs) can be found in
[149, 150]. In this concept, a mixture of fuel and oxidant is
supplied to the anode and cathode, which are placed in one
gas chamber and are catalytically active for the oxidation
and reduction processes, respectively. Key advantages of
this approach are associated with easier fabrication and
miniaturization compared to the conventional SOFC con-
figurations. However, while the electrolyte membrane
quality becomes less important and porous membranes
may even be beneficial for SC-SOFCs [151], there appear
stringent requirements to the reaction selectivities provided
by the electrode materials and to safety of using mixed
gases in one chamber. The existing electrode materials
provide rather poor cell efficiency and low fuel utilization,

@ Springer



1026

J Solid State Electrochem (2011) 15:1007-1040

typically <10% [149, 150, 152]. Nevertheless, most reports
available in the literature are focused on attempts to adapt
conventional SOFC electrode materials to the SC design
(Table 6). Notice also that, apart from the microstructural
effects discussed below, the performance of SC-SOFCs
depends strongly on the gas molar ratio and flow rate (see
Fig. 17, Table 6, and references therein). In addition, the
catalytic oxidation reactions may result in substantial heating
of the electrodes, temperature variations along the cell, and
deviations from the initial fuel-air composition [149, 150,
153, 160, 161]. For instance, due to the temperature shift, the
Ni—YSZ|8YSZ|Lag gSrg,MnO5.s—YSZ cells exhibit a better
performance when small cathodes are located at the inlet, at
the CH,4/O, ratio equal to 1:1 [153]. The Ru—CeO,_;Ni—
CSOICSO15 (20 um)BSCF-CSO cells with Ag-paste and
Ag-BSCEF current collectors show Py, values of 247 mW/
cm? at C3Hg/O,=4:9 when the temperature is maintained at
853 K without external heating [121].

The SC-SOFC cathodes are not only supposed to be active
for oxygen reduction but should also be inert for any reaction
with fuels. The major material-related trends remain, in
general, similar to those for the conventional SOFC cathodes
exposed to air [149, 150]. The catalytic activity of layered
Lag gSrg ,MnO5.s8YSZ/Lag gSry -MnO5.s cathodes sin-
tered at 1373 K increases on heating and decreases when
higher sintering temperatures are used [162]. Above 973 K,

the conversion of oxygen species may exceed 30%.
However, the half-cells achieve a better performance at
873 K than at 973 K since the catalytic combustion
processes become more complex [162]. Despite the prob-
lems originating from excessive sintering, interaction with
solid electrolyte, and a significant activity for fuel oxidation,
Smy 5S1ry sCo03_s cathodes possess a lower resistance and
enable higher power outputs than Lag Sty 4C005_5, LaNig 6.
Fep403_5, or lanthanum strontium manganite (LSM) in
methane—air gas mixtures [163]. Highest performance of the
CSO-based cells with Ry 7Srg3FeqsCop-,03-5 (R = La, Pr,
Gd) cathodes in CHy—air was achieved for R = Pr [152]. At
the same time, LSFC exhibits, again, a considerable activity
toward electrochemical oxidation of CH, [164]. BSCF
cathodes were reported to have an exceptionally high activity
for electrochemical reduction of oxygen and a sufficiently
low activity for methane oxidation [165]. The power density
generated by the anode-supported Ni-CSO (60—40 wt.%)|
CSO15 (20 um)BSCF-CSO (70-30 wt.%) cell with Ag
current collectors was as high as 760 mW/cm?® at the
nominal furnace temperature of 923 K (cell temperature
~1060 K) when methane, oxygen, and helium flow rates
were 87, 80, and 320 ml/min, respectively [165].

The SC-SOFC anodes should be catalytically active and
selective for only partial oxidation of fuel and electrochem-
ical oxidation of the produced synthesis gas, a mixture of

Table 6 Selected examples of the maximum power density in various planar SC-SOFCs operating in hydrocarbon—air gas mixtures, reported in

2008-2009
Cathode/current collector Electrolyte/ Anode/current collector CHy/O, T Proax Reference
thickness ratio (K)b (mW cm %)

Electrolyte-supported cells

Lag gSrgoMnO;.5—-8YSZ (50— 8YSZ/0.5 mm Ni—-8YSZ (45 wt.% NiO)Ni/Au 1:1 973 114 [153]
50 wt.%)|LSM/Au mesh mesh

Lag gSrp,MnOs. s/Au mesh 8YSZ/0.4 mm Ni—CS020/Ni mesh 4:5% 973 12 [154]

Lag 7Srg 3Fep §C0203-s/Ag CS017/0.3 mm Ni—CSO17 (60 wt.% NiO)/Pt paint ~ 2:1 873 49 [152]
paint

Pro.7Sr0.3Fe.8C00203-5/Ag 2:1 873 65

Gdy.7S19.3Fe0.8C00203-5/Ag 2:1 873 46

AgO-Lag 5Sr9 sCo03_5-~CGO20  CGO20-2 wt.% Co/  Ni-CGO20 (90-10 wt.%)/the same  9:10 1013 280 [155]
(10-80-10 wt.%)/the same ink 0.2 mm ink

Smyg 5Sr sCoO;_s/porous Au CSO17/0.4 mm Ni—Pd-CSO17 (63 wt.% NiO, 2:1 873 97 [156]
film 7 wt.% PdO)/porous Pt film

(Lag §Sr9.2)0.0sMn03..5-8YSZ 8YSZ/0.2 mm, gap  Ni-8YSZ (55 wt.% NiO, width 2:1 973 10.5¢ [157]
(70-30 wt.%), width 93 size 0.25 mm 93 um)/Au mesh + paste
pm/Au mesh + paste

Anode-supported cells

Lag 7Sty 3MnO;_s impregnated 8YSZ/8 pm Ni-8YSZ (50 wt.% NiO)/Ag paste 3:2 1123 416 [158]
with CSO20/Ag paste

Bag 5Srp sCop sFep 203-5-CSO20  CS020/20-30 pm Ni—CS0O20/Ag paste 1:1 873 570 [159]

(70-30 wt.%)/Ag paste

# Y HC(CH4+C,Hg+C3Hg+C4H o, 1000 ppm each):0,, Ar balance

® The furnace temperature is given. The real cell temperature is usually higher due to exothermic partial oxidation of the fuel (see text)

€ Cell with one pair of coplanar electrodes
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Fig. 17 Maximum power density of the electrolyte-supported planar
single-chamber cells at 973 K as a function of hydrocarbon to oxygen
ratio [153, 154]. In all cases, the total gas flow rate was kept constant.
Au meshes [153] and Ni and Au meshes [154] were used as current
collectors

CO and H, The optimum theoretical situation, when the
direct electrochemical total oxidation of hydrocarbons
occurs at the SC-SOFC anode, was never achieved in
practice to a detectable extent. Although carbon deposition
is suppressed in fuel-air mixtures, the use of Ni-containing
composites may still be problematic due to redox instability
of the anode layers and a tendency to form nickel oxide and
even volatile hydroxide; these processes decrease the anode
conductivity and catalytic activity and cause microstructural
degradation [150, 166]. At temperatures higher than 823 K,
the Ni—Cey9Zry10,_5 catalysts can promote methane
conversion up to 90%, with H, and CO as the main
products and negligible carbon formation. Additions of Ru
catalyst into the Ni-CSO anode improve the cell perfor-
mance under C4Hp—air at 473-573 K due to favoring
hydrogen formation; the use of Pd has an opposite effect
[161]. Nevertheless, the incorporation of Pd in the Ni-
containing composites has often a positive impact on the
anode performance and Ni reducibility ([150, 167] and
references cited). Analogously, Ni-Pd—CSO composites
were proposed as the anodes for IT SC-SOFC operating
under CHy—air mixtures [156]. The power densities in the
cells with CSO electrolyte and Smg sSrg sCoO3_s cathode
were found comparable to those of conventional SOFCs
comprising similar materials, though porous Pt and Au
films were employed as anode and cathode current
collectors, respectively [156]. Notice that the use of metal
grids resulted in a lower performance [156]. Reduced NiO—
(Lag.75S10.25)0.9Crp sMng 5035 anode layers were tested in
[168]. The Ni-CSO20 anodes appear substantially active in
CH,, C,Hg, C3Hg, and C4H;o containing atmospheres

[154]. Pre-reduction of the anode before cathode deposition
was reported to be more effective than in situ reduction in
methane—air gas mixtures [159].

The choice of solid-electrolyte composition for the SC-
SOFCs is usually limited to zirconia- and ceria-based
materials, although LSGM, BaLaln,Os 5, BaCe Y2055,
SrCe(.95Ybg 0503_s, and CaZr 9lng ;O5_s were also tested
in the electrolyte-supported cells [163, 168-171]. The
performance of model SC-SOFCs based on YSZ, CSO,
and LSGM electrolytes compared in [163, 172] was found
maximum for LSGM at 873-1073 K and for CSO at 623—
723 K, with a Ni—CSO anode and Smg sSrysCoO;5_5
cathode. If considering the electrolyte membrane micro-
structure, one interesting approach is based on the use of
porous solid electrolyte, allowing the reaction gases to
pass consecutively through the cathode, electrolyte, and
anode [173]. The possibility to fabricate a cell stack
based on this design has recently been demonstrated
[150, 151].

Due to complex catalytic and mass transfer phenomena,
the importance of composition, microstructure, and geom-
etry of SC-SOFCs current collectors becomes even greater
than for the dual-chamber cells. Quite often, Ag current
collectors are used both for the single model cells and for
SC-SOFC stacks [151, 158-160, 165, 174]. In order to
assess the Ag current collector stability, micro-tubular Ni—
YSZ|YSZ|LSM cells with Ag-paste and current-collecting
wires for both electrodes were prepared and tested in CHy—
air at 1023 K and an operating voltage of 0.5 V [175]. The
results reveal a progressively increasing porosity in the Ag
wires with time, leading finally to rupture, due to the
formation of silver oxide as well as volatilization and
partial melting. Such degradation processes may also be
contributed by the cell overheating, as predicted by 2-D
axisymmetric numerical modeling [176]. On the other
hand, use of small silver additives in the cathode layers
is advantageous [155], as for the dual-chamber arrange-
ment. Pt possesses a substantial catalytic activity in the
methane—air mixtures, whereas Au is considered essen-
tially inert but interacts with Ni to form eutectic above
1073 K [150]. Integrated Pt-mesh current collectors were
embedded into the electrode layers of the Ni—CGO20|
CGO10|Smg 5Srg 5C003_5 cells, which showed a high
open-circuit voltage (OCV) and a power density of
468 mW/cm? at 873 K in CHy—air [177]. In the case of
microelectrodes, providing an appropriate current collec-
tion is associated with serious challenges [150, 178].

The micro-SOFC (u-SOFC) concept implies not only the
small overall size and higher energy density but also wide
use of the microfabrication technologies including those
employed in microelectronics [177]. Downscaling of the
SC-SOFCs with coplanar electrodes located at the same
side of solid-electrolyte membrane is considered feasible
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and relatively easy. The efficiency and fuel utilization in
this case are, however, lower than for the symmetric cells
[150]. The Ni—-8YSZ or Ni-CGO10 anodes and
(Lag.8S10.2)0.0sMnO3.5~8YSZ or (Lag ¢Sro.4)0.995F€0 5-
Coy,05_s cathodes applied onto 8YSZ substrate via
direct-write microfabrication were evaluated for single-
chamber micro-SOFCs with coplanar interdigitated (comb-
like) electrode configuration [179]. At 973 K in CHy—air
mixture, the best cell performance was obtained for Ni—
YSZ and LSM-YSZ electrode pair, regardless of the
chemical interaction between the cathode and anode during
sintering. The issues related to preferable shapes, to the
geometries and electrochemical properties of electrodes,
and to the electrolyte thickness are analyzed in [180]. One
should separately note that the performance of the cells
with coplanar microelectrodes is significantly dependent of
the electrode width having both lower and upper limits
[157]. Below the lower limit, neither a stable difference in
the oxygen chemical potentials nor OCV can be estab-
lished; exceeding the higher limit leads to an excessively
high resistance. For an interelectrode gap of 250 pm, an
optimum electrode width was suggested to lie between 550
and 850 pum [157].

The feasibility of using micro-hotplates, a technology
platform initially developed in the field of sensors, was
demonstrated for the example of Lag ¢St 4Cog,FeqsO05—5
thin-film cathodes deposited by spray pyrolysis [181].
Post-deposition annealing steps in an external furnace and
use of integrated heater of the micro-hotplate showed that,
despite bending, these micro-hotplates are suitable for a
maximum operation temperature of 1073 K and long-term
operation at 973 K. Thin-film p-SOFCs were fabricated
with Pt anode and Lag ¢St 4Cog gFeg 03— cathode using
sputtering, lithography, and etching [182]. An alternative
dual-chamber cell design with 20-um-thick solid electro-
lyte sintered onto the ring of the same material was
proposed [183, 184]; at 873 K in wet H,, the cells
with reduced NiO-CGO20 (40-60 wt.%) anode,
Smy 5Sry sCoO5_s cathode, and Pt-paste current collectors
show P,... values of 270 and 290 mW/cm? when using
CGO20 and LSGM(10 20) electrolytes, respectively.
Another configuration for the coplanar cell was fabricated
by applying the Ni-8YSZ and Lag ;Srg3MnO5_5 electro-
des, impregnated with CSO20, in two parallel grooves on
YSZ substrate in order to extend a conductive channel of
the ionic transport and to form a gas separator between the
electrodes, thus providing lower ohmic resistance and
higher OCV [174]. The functional layers of nanocrystal-
line Lag ¢Srg4CoggFe03-5 and doped zirconia with
thicknesses of 50-300 nm were formed using photoli-
thography, radiofrequency sputtering, lift-off process, and
photon-assisted synthesis for potential use in p-SOFCs
[185-187].

@ Springer

The fuel utilization is improved in the micro-tubular
(MT) SC-SOFCs, where gas intermixing between the
electrodes is avoided and the gases pass a longer distance
over the electrode surface. The 2-D distributed finite
element model of a MT hollow-fiber SOFCs was used in
combination with TPB lengths measured by focused ion
beam-SEM technique to predict the effects of anode
microstructure on the distribution of current density and
anode activation polarization [188]. As for the planar cells,
substantially high thermal gradients were revealed theoret-
ically and experimentally along the micro-tubes, which may
even cause damages of the cell components at the gas inlet
where the temperature rise is higher [176, 189]. The anode-
supported, mixed-reactant MT-SOFC with YSZ electrolyte,
Ni—-YSZ anode, LSM cathode, and silver ink applied to
enhance electrical conductivity of both electrodes and
catalytic activity of the cathode was prepared and tested
[190]; at 1023 K, the OCV of 1.05 V and P.x=122 mW/
cm? were achieved at CH,/air ratio of 1:4.76. However, the
performance degradation rate was as high as 0.05% per
24 h, and current density fluctuations due to redox cycles
over the nickel surface were observed [190]. The prepara-
tion conditions were adjusted to obtain dense thin-film
CGO10/Zry g9Sc.1Ceg.010,—5 electrolyte double layers by
dip-coating in aqueous suspensions on a porous micro-
tubular Nd; 95NiOy4+s cathode substrate, prepared by cold-
isostatic pressing and sintering [191]. The mechanical
strength critical for the MT-SOFCs was studied by the
example of anode-supported cells consisting of Ni-CGO20
anode, CGO20 electrolyte, and Lag gSry,CoggFeg403-s5—
CGO20 cathode, fabricated via extrusion and co-firing
[192].

With very rare exceptions, the electrochemical properties
of individual electrodes (e.g., polarization resistances and
overpotentials) are not assessed in the reports on SC- and
micro-SOFCs due to the obvious experimental and meth-
odological problems associated with location and fabrica-
tion of the reference electrodes, use of non-equilibrium gas
mixtures and porous electrolyte membranes, and limitations
to the cell geometry and operation conditions. Instead, the
measurements of cell voltage and power output are
commonly employed in combination with the outlet gas
mixture analysis, giving some information on the
electrode selectivities. The electrochemical activity of
(Lap gSr92)0.0sMnO3.5—~YSZ composite cathodes for the
oxygen reduction reaction in air, evaluated by the standard
three-electrode method, was compared for the planar and
Ni—YSZ anode-supported closed MT arrangements, with
YSZ electrolyte [193]. While the impedance spectra display
some differences, the total polarization resistances and
overpotential values appear similar. Increasing the MT cell
sintering temperature from 1373 to 1423 K was found to
improve the cathode performance [193]. Anode-supported
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hollow-fiber SOFC with 12-um-thick 8YSZ electrolyte,
Ni—YSZ anode, (LagSrg2)9.9sMn0O5.5—YSZ cathode, and
Ag wires/paste current collectors, fabricated by the phase
inversion and vacuum assisted coating techniques, was
reported to provide a maximum power density of 377 mW/
ecm? at 1073 K using humidified H, as a fuel and air as an
oxidant [194]. The MT-SOFC with (Lag gSrp.2)0.97MnO3.45—
CGO (70-30 wt.%) cathode supports fabricated by extru-
sion, CGO10/10SSZ bilayer electrolyte, reduced NiO-CGO
(50-50 wt.%) anode, and Ag current collectors shows a
power density of 352 mW/cm? at 1023 K, with humidified
H, and O, [195]. A honeycomb design suitable for compact
SOFC modules with high volumetric power densities due to
a large electrode-surface area was proposed in [196]. The
cathode-supported SOFC prepared via extrusion of an LSM
honeycomb monolith and a slurry-injection method for
channel surface coating of the electrolyte/anode bi-layers
exhibits power densities of approximately 1200 mW/cm?
at 873 K with flowing humidified H, fuel and O, oxidant.
Various concepts of micro-SOFCs are reviewed in [178,
197, 198].

Finally, despite the lower electronic conductivity and
poorer electrochemical activity compared to other cathode
materials under oxidizing conditions (cf. Tables 1, 2, 4, and
7), the perovskite-type solid solutions derived by Mn
doping into chromite and titanate matrixes stable in a wide
p(O,) range attract a growing interest for potential use in
the so-called symmetrical SOFCs where the cathode and
anode are made of the same or similar compositions [13,
84, 85, 109, 110, 141]. The advantages of this “symmet-
rical” concept include (a) reducing the number of steps for
the SOFC fabrication, (b) lower costs, and (c) a possibility
to reverse the configuration. The latter regime may be
important, in particular, for removing carbon and sulfur
deposited at the anode surface. The cathodic overpotentials
of porous R;_ AE,Cr;—,Mn,O3_; electrodes in air are,
however, relatively high, in correlation with their transport
properties (Figs. 8, 14b, and 15b). In order to illustrate the
limiting effects of electronic conductivity, Fig. 15 compares
the anodic and cathodic polarization curves of LSCM-based
electrodes, observed in the cells with two configurations of
Pt current collector shown in the inset [109]. The overall
overpotentials are substantially higher when Pt wire is used,
although the maximum distance between any point of
LSCM-based electrode and Pt was approximately 1.5 mm
[109]. This confirms an increasing role of the in-plane
resistance and current-constriction effects when the elec-
tronic conductivity of the electrode material is lower than
50 S/em [7, 8]. For PryNiggCug,04+5 cathode having the
total conductivity of 168 S/cm at 1073 K [27], these
limitations can be neglected (Table &). Analogously, the
electrochemical activity of Lag,AEq3CrysMngsO5_5 (AE =
Ca, Sr, Ba) cathodes decreases in the sequence Ca > Sr > Ba,

in correlation with their electrical conductivity in air [141]
(Fig. 14b). The performance of Pry;Cag 3Cr; - ,Mn, 05 5 (=
0.2-0.8), where increasing manganese concentration leads to
a higher conductivity and to lower anode and cathode
polarization resistances [84], is also insufficient for use
without highly conducting additives or extra layers. At
1223 K, the symmetrical SOFC with 0.37-mm-thick 8YSZ
electrolyte, Prq-Cag3CrgsMng403_s electrodes, and current
collectors formed by deposition of Pt ink shows power
densities of 250 and 160 mW cm 2 in humidified H, and
CH, fuels, respectively (Table 3). Since perovskite-type
Lag gSrp,Mng gScy,05-5 has a higher conductivity than
LSCM both in oxidizing and reducing atmospheres, the
P.x values of a symmetric electrolyte-supported cell with
Lag gSrp,Mng gScy 055 layers and 0.3-mm-thick scandia-
stabilized zirconia electrolyte were 310 and 130 mW cm 2 at
1173 K in H, and CHy, correspondingly [85]. These
examples illustrate one important problem arising on the
use of symmetrical SOFC electrodes in the reversible
configurations. Namely, the moderate level of electronic
transport in known oxide materials stable under both
oxidizing and reducing conditions, such as LSCM, makes
it necessary to incorporate current-collecting layers and/or
electrode components. For the conventional configuration,
this problem can be solved applying pastes and/or meshes of
transition metals (e.g., Ni or its alloys) in the anode
compartment and pastes of highly conductive oxides (e.g.,
doped cobaltite perovskites or RP-type nickelates) for the
cathode. These components become all unstable in the
reverse regime when the redox stability, high conductivity,
and low contract resistance may only be provided by noble
metals.

Hydrocarbon-fueled and direct-carbon SOFCs

The direct electrochemical oxidation of dry hydrocarbons
on the surface of oxide mixed conductors is quite slow
[199], but may often be promoted at high current densities
[83]. As a rule, operation of the cells fueled by methane and
higher hydrocarbons occurs via the anodic electrochemical
oxidation of gaseous products formed on either reforming
(external or internal) or cracking (on metallic catalysts or in
the gas phase) [7, 199]. As nickel is catalytically active
toward both these processes, large amounts of steam or
CO, are necessary to avoid the carbon deposition onto Ni-
containing cermets; alternatively, components with high
catalytic activity to the carbon oxidation, such as ceria-
based compounds, should be incorporated in the anode
layers. At the same time, the endothermic nature of
catalytic reforming may cause local thermomechanical
stresses and cell failure [199, 200]. Information on the
microscopic mechanisms of hydrocarbon oxidation in
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Table 7 Total polarization resistance at 1073 K and apparent activation energy for the area-specific electrode conductivity of (Lag 75Sr025)1—x
Cro.sMg.505_s-based electrodes in contact with LSGM, under open-circuit conditions in air

Composition Current collector R,IIOBK (2 cm?) T (K) E, (kJ/mol) Reference

(Lag.75S10.25)0.95Cro sMng sO3 s Pt wire 24.1 873-1073 27 [109]

Ag—(Lag 75510.25)0.95Cr9.sMng 5035 (10-90 wt.%) Pt wire 223

Ag—(Lag 75510.25)0.95Cro. sMng s05_s, PrOy-infiltrated Pt wire 8.2

(Lag.75510.25)0.95Cro.sMng 503 -5 Pt mesh 13.5

Lag 75Sr9.25Crg sMng 5055 Pt paste 17.6 873-923 47 [13]
923-1073 137

Lag 75Sr9.25Crg sFeq s03-5 Pt paste 34.8 873-973 14 [13]
973-1073 98

Lag 75S19.25Cr 5sAly s03_5 Pt paste 1.4 873-923 118 [13]
923-1073 185

SOFCs is still very scarce due to serious experimental
limitations, namely the presence of several parallel pro-
cesses that are current and overpotential dependent, involve
solid surfaces and electrode—electrolyte interface, and occur
with gas volume and temperature changes affecting
multicomponent diffusion in the porous media. The
relevant experiments require also to focus a special
attention on the gas tightness of solid-electrolyte mem-
branes and sealing, since air leakages into the fuel chamber
suppress carbon formation [199, 200]. The use of oxygen-
permeable sealants, such as silver [201], and electrolytes
with significant electronic transport [115] is often inappro-
priate for this purpose.

Whatever the microscopic mechanisms, a variety of
approaches are being tested to overcome problems arising
due to carbon deposition in the hydrocarbon-fueled SOFCs
(e.g., [202-207] and references cited). For example, porous
disks of CGO-impregnated FeCr were appraised as a gas
diffusion layer of methane-fueled cells [203]. At 1073 K
and ambient pressure, the major reaction in this layer was
CO,-reforming of CH,4 and subsequent oxidation of carbon
monoxide at the Ni-YSZ anode; rather surprisingly, H,
conversion was reported negligible [203]. An internal
reforming layer of Cu;3;Mn; ;04 spinel, where highly
dispersed nano-Cu particles are formed after in situ
reduction by CH,, was shown to improve stability of Ni—
CSO anode-supported cells, with P=311 mW/ecm? at
973 K [204] The NifYSZ\Pt|8YSZ|La0.SSr0'2MnO3i,; cell,
with 1-mm-thick electrolyte and 0.1 wt.% Ir-impregnated
CeO, catalyst layer coated over the anode, was operated
both under the gradual internal reforming conditions and
using pure dry methane at 1173 K, yielding a current
density of about 0.1 A/em? at 0.6 V during 120 h [205]. In
spite of a minor deterioration in the performance, no carbon
deposition was observed [205]. Analogously, the incorpo-
ration of Rh-alumina catalyst and porous zirconia-based
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barrier layers made it possible to improve the performance
stability of CHy-fueled Ni-YSZ (50-50 wt.%) anodes [200,
201].

The methane conversion over LSFC-YSZ anodes was
found to occur via CH, cracking and electrochemical
oxidation of hydrogen and carbon [164]. In the case of
Cu-Lag 75S10.25Cr9.sMng sO5_s-8YSZ layers exposed to
CH4 and C4H,(, hydrocarbon cracking dominates under
the conditions close to open circuit [141]. The prevailing
electrode reaction mechanism changes to the total electro-
chemical oxidation on increasing current density when
oxygen content in LSCM increases, as suggested by the
measurements of the cell OCV, carbon deposition rates, and
catalytic behavior of LSCM [141]. A relatively poor cell
performance (Table 3) was assigned to the ohmic losses at
the anode. Various anodes including Ni-SSZ and Ni-CGO
cermets, CGO, and LajgsSrg1sMnO;_s—CGO composite
were employed for rechargeable cells where the solid
carbon is supplied by thermal decomposition of hydrocar-
bon fuel [67, 207]. In principle, these cells could also be
classified as direct-carbon (DC) SOFCs as their operation is
based on the electrochemical oxidation of carbon deposits.

Table 8 Comparison of cathodic overpotentials for porous Ag—
(Lag.75510.25)0.95Cr0.sMng sO3-5 (10-90 wt.%) and Pr;NiggCug 2045
electrodes in contact with LSGM(9.8 20) and different current collector
configurations and total conductivity of dense oxide ceramics in air, at
1073 K [27, 109]

Composition o (S/em) 7 (mV) at i=

—30 mA cm 2

Pt wire Pt mesh
(La0_75Sr0_25)0,95Cr0_5Mn0_5O3,5 250 7669 7254
Peri0,8Cu0_204+5 167.9 —11 -10
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The DCSOFC is one type of solid oxide fuel cells
utilizing solid carbon, which is directly fed into the anode
compartment. During the last years, a variety of DCSOFCs
with different solid carbonaceous fuels were tested [208—
213]. The choice of anode material and cell configuration is
determined by methods for delivering solid fuel to the
electrochemical reaction zone [208, 211]; Table 9 lists
several examples. In simplest arrangements, the powdered
fuel may be applied or pressed onto the solid-electrolyte
surface, thus serving also as an anode [209, 210].
Amorphous carbon materials provide usually higher power
densities as compared to crystalline graphite [210]. The
cells based on fluidized-bed (FB) configuration were
suggested [211-214] to exploit different gasification
approaches; their comparison can be found in [212]. Note
that carbon gasified into carbon monoxide by re-circulating
carbon dioxide, without steam, can be used for the SOFC
arrangement coupled to a Boudouard-type FB dry gasifier
[211, 214]. Another concept [215] is based on a merged
SOFC and molten carbonate fuel cell technology with the
anodes comprising molten alkaline metal carbonates and/or
oxides (e.g., eutectic mixtures of K,COj3, Li,COj3, and/or
Na,CO3), which facilitate oxygen transport from the solid
oxide electrolyte to the surface of solid fuel [208, 215-
220]. The slurries of carbon particles provide electronic
transport in the molten carbonate-containing anodes, thus
acting as both an anode component and a fuel. The direct
oxidation and Boudouard conversion both contribute to the
overall reaction [219]. Implementation of this approach
requires, however, periodic replacements of the cell
components due to their degradation [216, 217]. In
particular, YSZ electrolyte was found stable in molten Na/

K carbonate mixture at 1123 K at least for 24 h, but lithium
zirconate is formed in Li/K carbonate at 973 K; ceria seems
quite stable in both cases [217]. A carbon—air semi-fuel
cell/battery concept was demonstrated [217-220] employ-
ing Ni mesh or porous Ni—-YSZ anode layers, YSZ
electrolyte, and Pt-paste or porous LSM-YSZ cathodes;
the co-sintered tape-casted cells were immersed in K,CO3+
Li,CO; (38-62 mol.%) melt with a dispersed super S
carbon or pyrolyzed MDF. Irrespective of the model cell
configuration, the most significant technological challenges
are related to pre-treatment and continuous feeding of the
solid carbon fuels, cell stacking, and scaling up of
DCSOFCs. The stability problems of solid-electrolyte
membranes, including their mechanical and thermal shock
behavior, optimum thickness, and effects of minor physical
leakages, also need to be carefully addressed. From the
methodological point of view, serious efforts are necessary
to identify the anodic reaction mechanisms in DCSOFCs.
In addition to the problems associated with elaboration of
appropriate reference electrodes and local variations of the
oxygen chemical potential, these mechanisms may be
substantially altered in the presence of moisture, sulfur,
and chloride impurities characteristic of raw coal.

Lastly, the liquid tin anode SOFCs with Sn/SnO, melt as
an anode, YSZ electrolyte, and lanthanum strontium
manganite (LSM) cathode were found suitable for a
continuous operation using JP-8 fuel, with prospects to
utilize coal and other fuels [221-223]. In the case of JP-
8 that contains ~1400 ppm sulfur, the cell stack achieved a
power density of 120 mW/cm? and fuel utilization higher
than 40% [222]. In addition, such an anode stores energy,
enabling the cell to deliver power if the fuel flow is

Table 9 Performance of various DC-SOFCs with planar or tubular zirconia-based electrolyte

Cathode Electrolyte/thickness Anode Fuel T(K) P Reference
(mW cm?)
Lag g4Sr9.16MnO3  (Zr03)0.90(HfO5)0.02(Y203)00s/  Carbon black Carbon black 1275 50 [209]
0.12 mm 1073 10
Pt or Pt-YSZ PSZ%/1.3 mm Pt or Pt-YSZ Synthetic carbon 1173 1 [213]
bed fluidized
by He
LSM YSZ/0.2 mm Ni—ceria 1173 22 [213]
LSM YSZ/10 pm Ni-YSZ Activated carbon 1178 220 [212]
bed
Perovskite YSZ/8-10 pm Ni-YSZ Coal bed 1123 450 [214]
fluidized by
CO,
LSM YSZ/0.3-0.8 mm Fuel (~40 vol.%) in Raw coal 1223 110 [215]
molten mixture of Biomass 1223 70
K2C03 +Li2CO3 +N32CO3 1173 40
Tar 1173 80

? Partially stabilized zirconia
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interrupted. At the same time, anodic polarization may
induce problems due to the formation of SnO,, which has a
poor solubility in liquid tin and partially blocks the solid-
electrolyte surface [221, 224, 225]. When molten Bi was
used, the anode polarization resistance remains low,
<0.25 Q cm? at 973 K, until essentially all bismuth metal
is oxidized to Bi,O; [225]. The volatilization of bismuth
oxide and its corrosion activity at elevated temperatures
may, however, limit application of the Bi-based anodes.

Electrodes for high-temperature fuel cells
with proton-conducting electrolytes: selected remarks

Use of high-temperature (870-1070 K) proton conductors
as alternative solid-electrolyte materials in the fuel cells is
expected to provide important improvements, primarily a
simplified water management as steam forms at the cathode
side [226]. Enhanced sulfur and coking tolerance was
reported for BaCeg7Zry1Yo,-.YbO5_5 exhibiting a fast
diffusion of both protons and oxygen-ion vacancies [227].
Among the main issues limiting practical applications of
the high-temperature proton conductors (PCs), one may
note a non-negligible electronic conduction in certain
ranges of the oxygen and hydrogen chemical potentials
and a limited chemical stability in CO,- and SO,-containing
atmospheres. The latter problem is typical for the compo-
sitions with high barium content, despite their high protonic
conductivity. In this respect, the recently discovered proton
conductors based on rare-earth orthoniobates RNbO,4 [226,
228, 229] may be advantageous compared to the well-
known cerate and zirconate perovskites. Since the electrode
performance depends on the transport mechanisms in solid
electrolytes and other their properties [7], the electrochem-
ical behavior of similar electrodes may differ in the cases
when oxygen anion and proton conductors are used.
Systematic studies are hence necessary to examine already
known electrode materials in contact with the proton-
conducting electrolytes, at least for the most promising
compositions and microstructural engineering approaches.
The main methodological aspects of the electrode polariza-
tion analysis in the PC-based cells are similar to those well-
established for the oxygen anion conductors. Experimental
limitations may appear under the external conditions when
electron transference numbers are significant, as typical for
many proton-conducting phases in oxidizing and highly
reducing atmospheres with low partial pressures of water
vapor or hydrogen (e.g., [230, 231]); due to short-circuiting
of the working and reference electrodes, the electronic
transport may lead to underestimated overpotentials and
should be taken into account. The presence of two
migrating ionic species, protons and oxygen anions,
requires a precise control of both p(H,O) and p(O,) or p
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(H,) at the electrodes since the polarization depends, in
general, on the fluxes of each ionic charge carrier. On the
other hand, advanced experimental techniques for the
analysis of microscopic mechanisms become available due
to the possibility to use D, and D,O in combination with
various spectroscopic methods. Selected data on the
performance of oxide, metal, and cermet electrodes in
contact with proton-conducting solid electrolytes are pre-
sented in Fig. 18 and Table 10.

The double perovskite Ba,Cag 79Nbg g6 Tag.5506—5 proton
conductor was reported to be stable against chemical
reaction with Lag gSrg,MnOs_5 and Smg sSrysCoO5_s at
1073-1273 K [232]. The polarization resistance of these
and Pt electrodes in wet gas mixtures is lower than that in
atmospheric air, with minimum values for LSM. The
overall performance is, however, much worse than that for

5
electrolyte: Ba,Ca,  Nb  Ta O, . electrolyte:
I ' ' ' BaCe Y. O
L ® La St MnO, o 09 .0A1 35
* Smo.ssro,scoo3-6 * L2121\11()4+5
r o * Pr2N104+§
T / . © NdNiO,
n . .
3 - ® LaStNiO,
oL - O NdSiNiO,
n
1 -
- electrolyte: BaCe Y, O,
5 oF = LaO.SSrolenOM
E A La, Sr, Fe, Loy 054
< 1k wet air + La, Sr, Fe, Nij 0,
%: A Bao.ssro,scooxpeo.zo}zs
o0 L
S 05F
Ni - BaCe Y, O, ;
(55-45 vol%) [234]
0.0
05k
Ni - BaCe) Y, O, ;
(45-55 vol%) [235]
-1.0F
electrolyte: BaCe Y O,
Juel: wet 5-10 % H,
_15 1 1 1 1 L 1 L 1 L 1 L 1 L 1

9 10 11 12 13 14 15 16 17 18
107, K"

Fig. 18 Temperature dependencies of the area-specific polarization
resistances of various oxide cathodes [232, 233] and cermet anodes
[234, 235] in the electrochemical cells with proton-conducting solid
electrolytes and Pt-mesh [233, 235] or Pt-disk [234] current collectors.
The gases supplied to the electrodes were humidified under ambient
conditions (~3% H,0), except for the data on Ba,Cag-9Nbg g6-
Tag 5506-s-based cells [232] where ambient air was used
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Table 10 Total polarization resistance at 973 K and activation energy for the area-specific electrode conductivity of metal and oxide electrodes in
contact with proton-conducting solid electrolytes under open-circuit conditions

Electrode composition Current Electrolyte Atmosphere R?,BK Activation energy Reference
collector (€2 em?)
T (K) E, (kl/
mol)

Pt Pt wire BaZCa0,79Nb0A66Ta0,55O6,5 Air 78 873-1073 84 [232]
LaoigsroAzMn03i5 Pt wire BaZCa0‘79Nb0A66Ta0‘55O6,‘; Air 186.5 873-1073 120
Lag gStgoMnOs..5 Pt mesh BaCe9Y(.103-5 Wet air 57¢ 730-960 127 [233]
Smy 5S1.5C005—_5 Pt wire Ba,Cag79Nbg 6 Tags506-5  Air 682.5 873-1073 126 [232]
LaO.(,Sr0<4FeO‘gCoo,zO3,5 Pt mesh BaC60.9Y0.1037(5 Wet air 1? 670-980 120 [233]
L30.65T044F6048Ni042037(5 Pt mesh BaCCO.9Y0.|O37a‘ Wet air 1? 720-890 142
BaQSSI'()»SCO().gFe().QOj,f(; Pt mesh BaCeo_gY0.103,5 Wet air 0.8 670-950 67
La2NiO4+{; Pt mesh Baceo_9Y0_1037(5 Wet air 38 690-910 104
PeriO4+g,‘ Pt mesh BaCeO_9Y0_103,,,~ Wet air 0.4* 670-1010 91
NdoNiOy- s Pt mesh BaCey9Y( 1035 Wet air 6" 670-960 109
LaSrNiOy4- 5 Pt mesh BaCe0Y(.103-5 Wet air 0.9? 840-1010 174
NdSiNiO,_ Pt mesh BaCe oY 1055 Wet air 0.8% 780-950 155
Pt SrCe.95Ybg 05035 Wet H, 0.4-1* 520-1080  58-84 [236]
Ni—BaCe9Y( 1035 Pt disk BaCe9Y.103-4 Wet 5% 0.6 773-973 31 [234]

(5545 vol.%) H,
Ni—BaCe oY 1055 Pt mesh BaCe0Y(.103-5 Wet 10% 0.04* 590-780 57 [235]

(45-55 vol.%) H, 780-923 25

# Extrapolated or interpolated

the cells with oxygen ionic conductors; this fact was
explained by a limiting role of protonic transport at the
electrolyte and electrode interfaces and/or water effusion
through micropores [232]. Cobalt diffusion from the
electrodes into the electrolyte surface layers may have a
positive impact on both electronic and protonic conductiv-
ities [237]. However, 10 mol% Co doping of
BaCeq 571y 4(Y,Yb)g 1-+C0,05_;5 lowers its chemical stabil-

ity in H,O/H, and CO,. In the series comprising
Lag gStgoMnOsz.s, Lag¢StosFegsC00203-5, Lag¢Sro.4-
Feg sNig,03-5, Bag 581 5Coq sFep,03-5, RoNiO415 (R =
La, Nd, Pr), and RStNiO4_s (R = La, Nd) cathodes in
contact with BaCe(9Y(103-5 (BCY10) electrolyte in 3%
H,0-air atmosphere, BSCF and Pr,NiO,. s were identified
as most promising, regardless of the lower total conductiv-
ity compared to Lag ¢Srg4FeqsMg205-s and LaSrNiO4—4

Table 11 Performance of various single planar PC-SOFCs fueled by wet H,

Cathode Electrolyte/thickness (pum) Anode T Prax Reference
(K)  (mW cm?)
PeriO4+g,‘ BaCeO_9Y0_103,5/40 Ni*BaCC()_gYo_IO37(§ (45 vol.% Nl) 923 130° [235]
La0_6Sr0_4Feo_8C00,203,r BaCeO_7Zr0_I(Y,Yb)0_203,(;/10 Ni*BaCC()jZI‘Q_1(Y,Yb)0_203,(§ 923 660 [227]
BaCeOJZrQI(Y,Yb)0,203,5 (65 wt.% Nlo)
PrBa0_5Sr0_5C0205+,,~ BaCeO_7Zr0_1Y0_203,(;/20 Ni*BaCe()_7ZI‘0_1Y0_2037§ 973 520 [239]
(60 Wt.% NiO)
SmBaO_SSr0_5COZO5+,; BaCeO_5Zr0_3Y0_IGZn0_04O3,5/17 NifBaCeo_5Zr0_3Y0_16Zn0_0403,5 973 306 [240]
(60 Wt.% NiO)
Bayg 5510 5Co0.sFe0 2035 Bay(Ing Tip.2)205.2-«(OH)2./35 Ni—Bay(Ing s Tig 2)20s.2 773 22° [242]

(50 wt.% Ni)

# Pt-mesh current collectors

® Au-mesh current collectors
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Fig. 19 Current—voltage curves of various Ni—YSZ cermet electrode-
supported [248, 252, 253], electrolyte-supported [250, 251, 258, 261],
and a porous ferritic steel-supported [262] SOFCs/SOECs. LSM and
LSFC are Lag gSrg,MnO;.45 and Lag ¢St 4Fep gCog,05-5 or unspec-

ified. BSCF is Bag 5Sry5CoggFep,03-5. The indicated gas mixtures

Table 12 Comparison of the electrolysis currents at 1.3 V and hydrogen production rates in single SOECs

were supplied onto the SOEC cathode/SOFC anode, whereas the
oxygen electrodes were operated in air or pure O,. Pt mesh [248, 250,
251, 262], Pt wires and paste [253], Au paste and mesh [261], and Pt
and Au pastes [258] were used as current collectors

Anode Electrolyte/ Cathode Cathode TEK) i H, production ~ Reference
thickness (pum) atmosphere (Aem?)  (mlem?h™)
LSM YSz Ni-YSZ 70% H,O— 1073 1.06 [248]
14% Ho—
N>
LSM-YSZ YSZ/30 Ni-YSZ (60 wt.% NiO) 54% H,0— 1123 0.46 100 [253]
23% Ho—
N>
BSCF, CGO10 YSZ/30 Ni-YSZ (60 wt.% NiO) 54% H,0— 1123 0.61 135
interlayer 23% Ho—
N>
LSFC-CGO020, Zro.815¢18Ce0.0105-5/10 Ni—Zry 1S¢18Ce0.0102-5 60% H,O— 923 0.57 [263]
CGO20 4% Hy—Ar
interlayer
LSFC Zro.815¢18Ce0.0102-4/155 Ni-YSZ 70% H,O— 1073 0.35 [250]
6% Ho—Ar
1123 0.68
LSFC YSZ/40 Ni-YSZ (50 wt.% NiO) 30% H,O— 1073 0.77 [262]
H,
Nd,NiOy. s 3YSZ/90 Ni-CGO 37% H,O— 1073 0.64 [251]
35% Hy— 1123 0.87
Ar
Lag 4Bag sCo0;_5 LSGM(10 20)/500 Ni-Fe (90-10 wt.%), 25% H,0— 1073 0.31 [257]
Ni—CS020 N,
(10-90 wt.%) interlayer
SryFe; sMog sO6-—5 LSGM(10 20) SryFe; sMog 5065 60% H,0O— 1173 0.85 380 [258]
H,
LSM YSZ/250 (Lag.75S10.55)0.95Cro.sMng 5035 3% H,O— 1193 0.15 [261]
-CGO 4% Hy—Ar

LSM Lag gSrg>MnO5 .5 or unknown, LSFC Lag ¢St 4Fey gCo(,03_5 or unknown
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[233]. No chemical interaction between these materials
and BCY10 was observed at 923 K in humidified air
during 3 weeks [233]. The electrochemical activity of
Smo.sSr045C0037(;—BaCe0,gSmoA20375, BSCF-BaCeo_g
Smg,05_5, PrBaCuFeOs.;, SmBaCuFeOs,.;, SmBaCu
Co0s. 5, BaCejsFeys03_5 and BaCe sBig 5055 cathodes
applied onto BaCe(gSm(,0;5-5 and BaCey7Zry1Y 2055
solid electrolytes was also evaluated ([238] and references
cited), although possible influence of Ag-paste current
collectors should be additionally examined in the present
case.

Apart from the other requirements to the PC-SOFC anode
materials, these should exhibit mixed protonic and electronic
conductivity [226]. As hydrogen dissolves in metallic Ni,
nickel-based cermets are often employed for the anodes.
Typical examples include Ni-BCY10 [234, 235] and Ni-Ba
(Ce,Zr)y5(Y,M)0203-5 (M = Yb, Zn) [227, 239, 240]. The
cermet anode made of Ni and nanocrystalline BCY10 was
found to possess a relatively low polarization resistance in
contact with BCY 10 electrolyte under wet 5% H,, ~1 € cm?
at 873 K (Fig. 18) [234]. Notice, however, that this
composition is stable in diluted H,, while severe degradation
occurs after exposure to CO, at 973 K. No chemical reaction
between Lagg95Cag gosNbO4—s and nickel substrate was
detected by XPS of in situ reduced samples [241]. The
electrode morphology issues are discussed in [236] by the
example of Pt layers.

In most cases, the anode-supported PC-SOFC config-
urations are selected [235, 239-242] as the anodic
polarization is usually lower than cathodic, whereas
moderate levels of the solid-electrolyte conductivity make
it necessary to use thin electrolyte layers. Typical perform-
ances of single PC-SOFCs are compared in Table 11. The
cells with thin-film Lag 995Sr9.09sNbO4_s electrolyte,
cathodes made of CaTigoFey05-5, LaNiOy.s and
LayNizO;9-s, and Ni—Lag 995519 90sNbO4_ 5 cermet anodes
were produced by a versatile process combining tape
casting, spin coating, and screen printing [229]. While
formation of La;NbO, and La(Nb,Ni)O; secondary phases
is possible at the La,NiOy4. 5/Lag 995510 00sNbO4_ s interface,
the CaTi0.9F60.1037§ and La4Ni301Oerao_ggssro_oosNbO475
cathodes showed a good adhesion and negligible interfa-
cial reaction with the electrolyte. An interesting hybrid
system of two different SOFCs, one being based on the
oxygen ionic conductor and another with proton-
conducting electrolyte, was proposed in [236]. Due to
internal reforming of CH,4, the former cell can produce
electrical power and an exhaust gas containing H, and CO
that can be used for the PC cell operation. The remaining
CO reacts further with H,O via the water gas-shift reaction
to produce extra hydrogen in the PC-SOFC, thus reducing
carbon deposition and improving the overall system
efficiency [243].

High-temperature electrolyzers and electrochemical
reactors

As for SOFCs, perovskite-related materials and Ni-based
cermets are widely employed for the electrodes of other
electrochemical systems, such as solid oxide electrolysis cells
(SOECs) [244-247]. Moreover, the high-temperature steam
electrolysis (HTSE) for hydrogen production is often per-
formed by reversing the operation regime of SOFCs made of
conventional materials, including Ni cermets [248-253]. The
overall electrolysis reaction rate was suggested to be limited
by nickel oxidation and steam diffusion in the H,/H,O
electrode, at least at moderate levels of the absolute humidity
(<70 vol.%) [248, 254]. As an example, the electrochemical
behavior of the cermet electrode composed of NiO-CuO—
YSZ-CeO, (50-5-40-5 wt.%) impregnated with ceria was
studied in contact with YSZ electrode in various atmospheres
[255]; increasing steam partial pressure was found to increase
hydrogen formation rate and, as a rule, to lower the total
electrode polarization. Near the equilibrium potential, gas
diffusion limitations of the electrode reaction are indicated by
a low-frequency signal in the impedance spectra [255].
Appraising of LaGaO3-based electrolytes for steam electrol-
ysis [256-258] showed, in particular, relatively low cathodic
overpotentials of metallic Ni. At 873 K, iron additions in the
cathode enable to increase H, formation rate, which is the
highest at the Ni to Fe weight ratio of 9:1 and reaches
180 pmol cm ? min™" for the electrolyte thickness of 0.2 mm
[256]. These tests did not indicate degradation of the
lanthanum gallate membranes, which could be expected
owing to the reduction of Ga* cations at electrode—electrolyte
interface in highly reducing environments [259]. On the
other hand, no degradation was also reported in the
symmetrical SOEC with LSGM(10 20) solid electrolyte
and perovskite-type Sr,Fe; sMogsOg—s electrodes [258],
although the oxygen chemical potentials under SOEC
cathodic conditions are low with respect to the stability
limits of perovskite-related ferrite phases [260]. In terms
of the cathode stability, the chromite- and titanate-based
materials discussed above seem more reliable. For in-
stance, the properties of (Lag 75Sr9.25)0.95Cro.sMng sO3_s
and its composites with YSZ or CGO made it possible to
suggest these materials as alternative cathode composi-
tions for YSZ-based SOECs operated under low hydrogen
partial pressures [261]. The optimization strategies of the
SOEC electrodes are similar to those for SOFCs, briefly
discussed above and in the previous parts of this review.
Some specific features result from a greater role of
concentration polarization in the case of SOEC cathodes,
different kinetics of oxygen reduction, and evolution
processes on perovskite-related mixed conductors where
the relative roles of oxygen diffusivity and ion transfer
through the electrolyte/electrode interface tend often to
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increase under anodic conditions with respect to the electrode-
surface exchange and pronounced microstructural degrada-
tion phenomena such as electrode delamination in SOECs.

Porous L30A6SI‘0.4FCOA8COO.2O37(5 and LaOAgSro.zMnO37(§—
YSZ (50-50 vol.%) with optimized microstructures were
tested as reversible electrodes for oxygen reduction in the
SOFC mode and oxygen evolution in the SOEC regime in the
model cells with Zrgg;Scq 15Ce0.010,-5 electrolyte and Ni—
8YSZ counter electrodes exposed to 70% H,O0—6% H,—24%
N, gas mixture [250]. At 1123 K, the cell with LSFC
electrode was reported to be apparently reversible (total
polarization resistance of 0.73 € cm?), whereas the activation
polarization becomes significant at lower temperatures [250].
In spite of the thermomechanical limitations discussed above,
the performance of LSFC and BSCF anodes in the electrolysis
cells is generally higher than that of lanthanum-strontium
manganites or LSM—YSZ composites [250, 253, 254], as for
SOFCs. Several examples are presented in Fig. 19 and
Table 12. For comparison, at an applied voltage of 1.4 V,
the hydrogen production rate in Ni—YSZ|YSZ|BSCF cell is
approximately three times higher than that of Ni-YSZ|YSZ]
LSM [254]. BSCF undergoes, however, very fast degradation
under the operating conditions [253]; 3 mol.% yttria-stabilized
zirconia (3YSZ) electrolyte-supported cell with Ni-CGO and
Nd,NiO4- 5 electrodes was operated reversibly in the SOFC/
SOEC modes and showed much higher current densities than
those of similar cells with LSM oxygen electrode [251]. The
polarization resistances in the latter case were slightly lower
for the steam electrolysis processes [251]. An opposite
behavior was observed for the cells with LSM, LSFC, and
BSCF oxygen electrodes in [250, 253, 254, 262], probably
reflecting the relevance of ion diffusion mechanism and
dominating ionic charge carriers that contribute to the
interfacial exchange processes.

The metal-supported SOECs consisting of a porous steel
support, LagSrg,Cag,CrO;_s diffusion barrier layer, Ni—
YSZ hydrogen electrode, YSZ electrolyte, and LSFC oxygen
electrode were tested for the HTSE process during over
2000 h [262]. Long-term testing with a steam content of 43%
at 1073 K and a current density of —0.3 A/cm’ revealed
degradation rates of 2.1-3.9% per 1000 h, increasing with
time. The polarization resistance tends to increase faster
during the electrolysis operation if compared to the fuel cell
regime [262]. The time degradation in the SOEC performance
was proven to be essentially caused by impurities absorbed at
the cathode; cleaning of the inlet gases enables to improve
long-term durability [252, 263]. A micro-tubular SOEC
consisting of Lag ¢St 4Fe C00,03-5~CGO20 air electrode,
CGO20 buffer layer, Zrgg;ScigCen 010,25 electrolyte, and
supporting Ni—Zry g1Sc15Ce 01025 steam electrode was also
produced and tested [264].

The SOECs for CO, electrolysis or co-electrolysis of CO,
and H,O can be used to recycle carbon dioxide into

@ Springer

sustainable hydrocarbon fuels [252, 263]. The mechanisms
of electrode reactions and degradation in such cells were
studied by transforming the impedance data to the distribu-
tion of relaxation times [252]. The degradation of perovskite-
type oxygen (positive) electrodes is related to Cr migration
from other stack components and to electrode delamination
[265]; the latter mechanism was assessed in [266]. The
inhibiting role of chromium migration and poisoning is
similar to that in SOFCs and makes it necessary to minimize
use of Cr-containing materials in the electrochemical cells.
This factor might give an argument in favor of titanate-based
electrode materials with respect to LSCM; however, numer-
ous other factors such as hydration in wet atmospheres
should also be taken into account.

Serious efforts are continuously centered on the exper-
imental assessment and modeling of various SOEC-based
systems (e.g., [245-247, 267-269] and references cited).
The SOEC performing at elevated pressures necessary for
the catalyst operation was proposed to simplify the system
[267]. A 16-cm® planar Ni-YSZ|YSZ|LSM-YSZ cell
where the electrolyte membrane was as thin as 10 pum
was tested at 0.4—10 atm [267]. The SOFC performance
increased with total pressure by >50%, achieving the power
densities of ~955 mW/cm? at 1023 K using 80% H,—20%
H,O as the fuel; the pressure effect on the SOEC
performance was found weaker, regardless of a pronounced
decrease in the electrode polarization resistances. Another
important example refers to the spontaneous electrochem-
ical production of hydrogen and cogeneration of electric
power, achieved in the (H,O, H,) Pt|YSZ|Pt (C, CO, CO,)
cells with carbon bed loaded onto the anode [269].

The SOFC-based electrochemical reactors can also be used
for syngas production via the partial oxidation of methane and
other hydrocarbon fuels [201, 203]. As an example, the
anode-supported Ni-YSZ (50-50 wt.%)|8YSZ (12 um)|
Lag gSrg,MnO3_s cells were operated using CH, fuel in
the regime when oxygen ion fluxes through electrolyte
membrane are close to the molar CH, flow rates, i.e., the
CH4/O ratio corresponds to the electrochemical partial
oxidation [201]. A 88% CHy conversion to syngas and a
power density of 936 mW/ecm® were initially achieved.
Although the conversion decreases during the first 3040 h
due to Ni nanoparticle sintering and resultant lowering of the
anode reforming activity, this can be partly suppressed by the
incorporation of Rh/Al,O5 catalyst [201]. The SOFC-based
devices with catalytically active electrodes are also consid-
ered feasible for NO removal from industrial flue gases and
power cogeneration [270]. For this goal, the model cells
were made of Ni-CGO10 (37.5-62.5 wt.%) anode, YSZ
electrolyte, and Lag sgSrg4FepgCog,03-5~CGO10 (67—
33 wt.%) composite cathodes with small (1.34 wt.%)
additions of V,Os, used in commercial catalysts for selective
catalytic reduction processes, or Cu effective for the direct
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electrochemical NO reduction. The NO reduction occurs
over the cathode with or without the presence of oxygen;
P 1s higher for Cu catalyst and increases with O,
concentration [270]. A proton-conducting cell comprising a
thick porous BCY15 anode substrate impregnated with Pt
catalyst for dehydrogenation of ethane to ethylene, dense 30-
um-thick BCY15 film and Pt cathode, showed a 90.5%
selectivity to ethylene at 36.7% ethane conversion and
216 mW/cm? power density at 973 K [271]; the conversion
and the reaction selectivity both increase with current
density. The possibility to use Ni—-CSO20|8YSZ|
Lag gSry,MnO;.5 SC-SOFCs with gas mixtures containing
parts per million level amounts of CHy4, C,Hg, CsHg, C4H;,
and O,, as the power generators for exhaust energy recovery,
was demonstrated in [154]. Among other applications, one
may note catalytic methane sensors [171] based on the SC-
SOFC design with high-temperature proton-conducting
SrCe 95Ybg ¢505-_5 or CaZry¢lng 1055 and electrodes hav-
ing different catalytic activities for dry reforming of CHy.
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