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Research and development of solid oxide fuel cells (SOFCs) and solid  Resistance emmm————mmb  Resistance emmm——mim
oxide electrolysis cells (SOECs) are currently of paramount importance in Power Power el
terms of realizing hydrogen energy and carbon emission reduction > ) =
programs, which many countries have committed to. Although, there are
many outstanding results in the fabrication and characterization of SOFCs
and SOECs with promising oxygen-ionic and proton-conducting
electrolytes, conventional zirconia electrolytes are still widely used not
only in a lab-scale setup, but also in the form of enlarged cells and stacks,
with the experimental operation of the latter during 10000—100000 h. To
ensure good performance stability and microstructural integrity of such
multilayer cells, a special attention should be paid to the chemical activity
of functional materials toward their interaction with each other, especially
in long-term focus. The literature analysis has shown that many undesirable
processes occur in SOFCs and SOECs with the classical pairs of zirconia
electrolytes and strontium-containing electrodes, including element
segregation and interdiffusion, insulating phase formation, microscopic
defect appearance, and delamination. Some of these processes can be
efficiently eliminated by using so-called interlayers designed from doped  Resistance elmms=————=m  Resistance emmm==t——m
ceria materials. Due to their numerous beneficial functions, such interlayers Power emsmlo Power ems
have several synonymous names: blocking, barrier, buffer, or protecting

layers. Herein, we review the recent progress and achievements in the fundamental and applied research on ceria interlayers and their
impact on chemistry and electrochemistry of solid oxide cells based on classical zirconia electrolytes as well as promising oxygen-
ionic and proton-conducting analogs.

The bibliography includes 405 references.
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1. Introduction

Solid oxide fuel cells (SOFCs) and electrolysis cells (SOECs)
offer a promising basis for environmentally friendly and efficient
energy conversion, addressing important challenges set in global
programs on hydrogen energy and carbon emission reduction.!—3
More specifically, in addition to conventional SOFCs and SOECs
operating on hydrogen-based compounds (electricity generation
from H, or hydrogen production via water electrolysis), carbon-
involved processes can also be realized in such devices: co-
electrolysis of CO, and H,0,°-8 direct electrolysis of CO,,’~!!
operation on CH, and other chemicals,!?~ !4 operation on CO and
H,,"3~17 and etc. Moreover, the efficiency of SOFCs and SOECs
can be increased in case of hybrid power systems that is of
paramount importance for various human needs.!8-22

Conventional SOFCs and SOECs wuse zirconia-based
electrolytes, of which yttria-stabilized zirconia (Y'SZ) and scandia-
stabilized zirconia (SSZ or ScSZ) are the most widely used
materials.?>~25 Despite of their excellent mechanical properties,
acceptable values of ionic conductivity of ScSZ, and especially
YSZ, can only be achieved at high temperatures, usually above
700 °C. As aresult, the corresponding SOFCs and SOECs require
relatively high operating temperatures. However, under such
severe conditions, solid oxide electrochemical cells suffer from a
rapid degradation associated with various aspects, 203! including
coarsening of electrode particles, depletion of functional materials
by certain elements, chemical interaction between adjusting layers.
The latter is a serious issue due to cationic interdiffusion caused by
chemical heterogeneity of different materials being in contact with
cach other. Two rational approaches have typically been used to
address this issue: (1) lowering the operating temperatures by
replacing ZrO,-based materials with more conductive electrolyte
analogs; (2) introducing a barrier layer (or interlayer) to prevent
intense chemical reactivity. While the first approach has been
widely discussed in the literature,32=37 the second one has not
received comparable attention in recent review articles.

To fill this gap, the present work overviews the fundamentals
of the use of interlayers, their current progress and prospects for
further research related to solid state ionics, high-temperature
electrochemistry, and energy conversion technologies.

2. Chemical compatibility issues
2.1. Possible mechanisms and chemistry of the
classical YSZ/LSM-containing electrochemical cells

It is rational to start a discussion of chemical compatibility by
considering the classic pair of functional materials (YSZ and

LSM, where LSM = La,_,Sr,MnO;_j). For this pair, chemical
interaction is possible at elevated temperatures. This can occur
with the formation of La,Zr,0; (LZ) pyrochlore and SrZrO,
(SZ) perovskite compounds, the appearance of which is
associated with a certain cationic deficiency of both LSM and
YSZ origin phases.38-40

One of the first detailed analyses of the chemical compatibility
of YSZ and LSM was provided by Roosmalen and Cordfunke in
1992.4! The authors analyzed the phase nature of LSM and YSZ
mixtures as a function of the variable parameters of the strontium
content in LSM (x =0, 0.3, 0.4, and 0.6) and the yttrium content
in YSZ (i.e., (ZrO,),_,(Y,03),, where y =0.03 or 0.08). The
pre-synthesized powders were mixed and calcined at various
temperatures (~840 to 1480 °C) and holding times (from 110 to
596 h) for further characterization by scanning electron
microscopy (SEM) or X-ray diffraction (XRD). According to
the results obtained, the phase compositions of the calcined
YSZ/LSM mixtures were revealed (Fig. 1 a). The manganite
composition was shown to have a greater effect on the phase
relationship of the calcined mixtures than the YSZ composition:

(1) in the case of a low Sr content (when the chemical activity
of lanthanum in LSM is high), a LZ phase was formed at
temperatures of 900 °C and above;

(2) when the Sr content in LSM was high, the formation of a
SZ impurity as a result of the following chemical reaction:

SrOLSM + ZrOZ Ysz — > SrZrO3

took place. In this case, SZ was detected when calcined at
temperatures from 1000 to 1480 °C, while LZ was also formed
at very high temperatures.

Considering the YSZ composition, 8YSZ was found to be
more chemically stable than 3YSZ, as the diffusion layer
thickness (DFL) between LSM and YSZ pellets was generally
lower in the former case (Fig. 1b).

By analyzing the DFL as a function of temperature and
holding time, the authors estimated the kinetic parameters of the
interaction. According to the results, the formation ofa 1 um LZ
layer between 8YSZ and LSM (with x = 0) required ~82 kh of
operation at 1000 °C. About 37 kh of operation at the same
temperature was required to form 1 um of SZ between 8YSZ
and LSM with x = 0.5.

The results of work*! were further confirmed by the data of
Wiik et al3® in 1999. They prepared similar mixtures of LSM
and YSZ and analyzed the phase evaluation after calcination
depending on the variable parameter of the strontium content of
the manganite (x =0, 0.3, 0.4, and 0.6). The pre-synthesized
powders were mixed in a 1:1 weight ratio, ball milled for 24 h,
pressed and, finally, sintered at 1200 or 1350 °C with different
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Figure 1. Interaction features of YSZ and LSM couples: (a) the detected impurities phases after calcination of 3YSZ/LSM and 8YSZ/LSM
mixtures. Adapted from Ref. 41, Copyright Elsevier B.V., Inc., 1992; (b) thickness of diffusion layer between YSZ and LSM phases after their
co-calcination at various temperatures for 596 h. Adapted from Ref. 41, Copyright Elsevier B.V., Inc., 1992; (¢) qualitative XRD analysis of
powder (YSZ/LSM) mixtures fired in air at 1200 or 1350 °C for 120 h. Adapted from Ref. 38, Copyright John Wiley & Sons, Inc., 1999; (d) rel-
ative intensity of impurity phases depending on the LSM composition and calcination regimes. Adapted from Ref. 38, Copyright John Wiley &
Sons, Inc., 1999; (e) estimated phase diagram of LSM and ZrO, . Reproduced from Ref. 41, Copyright Elsevier B.V., Inc., 1992; (f) mechanism
of the LZ impurity phase nucleation and growth depending on the defectness of Laj g5Sty ;sMn,O5. 5. Adapted from Ref. 51, Copyright Elsevier
Science B.V., 1998; (g) representation of chemical and morphological changes at the YSZ/LSM interface under electrolysis mode. Adapted
from Ref. 52, Copyright Elsevier Ltd., 2012.

holding times (from 1 to 120h) followed by XRD containing 30 mol.% of strontium is an optimal choice for the
characterization. As shown in Fig. 1 ¢,d, the lowest amount of  studied pairs, in agreement with the previous report (Fig. 1¢),*!
impurity phases was found at the medium La/Sr content ratio, ~ in which thermodynamic calculations were performed to
indicating a key role of the A-site cation activity in LSM phases. evaluate the phase stability of LSM and YSZ. The second
Considering these results, the authors concluded that LSM important conclusion of this work is based on the fact that the
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LSM phases become A-site deficient after their calcination with
YSZ. This suggests an effective way of reducing the activity of
lanthanum and strontium in LSM and suppressing the interaction
between LSM and YSZ.

The A-site deficiency effect in LSM was experimentally
verified by Stochniol et al.*?> They prepared two series of
manganites, La;_,SrMnO;_s and Lagjg¢;_,Sr,MnO;_5; (x=0,
0.1,0.2, 0.3, and 0.4), and evaluated their chemical activity with
YSZ electrolyte at ~1200 °C for 400 h. Their results indicate
that there is no visible chemical interaction between YSZ and
Lajos_,Sr,MnO;_s; with 0.2 < x < 0.4, while the strictly
stoichiometric manganites with x=0.2 and 0.4 result in the
appearance of impurity phases after their long-term calcination
with YSZ. Numerous reports then have confirmed the reactivity
of LSM and YSZ pais.*3-50

One of the key works in the last century was performed by
Mitterdorfer and Gauckler.’! They used a number of
complementary techniques (high resolution transmission
electron microscopy, electrochemical impedance spectroscopy,
and atomic force microscopy) to characterize the interface
between 9.5YSZ and La4sSt)1sMn,Os3.5 (v = 0.95, 0.92, and
1.02). It was found that the defect chemistry of LSM considerably
affected the nucleation and growth mechanism of the LZ phase
(Fig. 1/). In particular, the LZ layer began to form near the triple
phase boundary (TPB) at relatively low temperatures and
holding times in the case of Mn-deficiency (y = 0.95), when the
chemical activity of the A-site cations of LSM was rather high.
An increased activity of lanthanum and a trace amount of La,05
were responsible for the immediate appearance of LZ, which
grew in the in-plane direction from TPB to form a dense impurity
layer, limited by bulk diffusion of zirconium ions through the
LZ layer. For the slightly deficient LSM (y =0.98), the LZ
phase appeared as isolated islands at TPB, whose growth in the
interface region was limited by surface diffusion of zirconium
ions. Finally, for the Mn-excess composition (y = 1.02), delayed
nucleation and growth of LZ occurred at TPB. The authors
explain this fact by the limited surface diffusion of Zr*"- and
Y3*-ions towards TPB, where Mn-doped YSZ solid solutions
initially appear without the formation of impurity phases; when
the chemical activity of manganese decreases to the Mn-
stoichiometric or slightly deficient state, the chemical activity of
lanthanum ions becomes sufficient for the formation of the LZ
phase, which, however, forms near TBP and creates the so-
called LZ ring covering the entire TPB region. Therefore, the
formation of LZ can be effectively suppressed by reducing the
sintering temperatures (down to 1100 °C) and by using the Mn-
excess (or A-site deficient) LSM compositions.

It should be noted that the interaction of YSZ and LSM leads
not only to the appearance of impurity phases, but also to layer
delamination under real operating conditions.>? For example, in
the SOEC mode (Fig. 1 g), oxygen ions arrive at the anode via
grain boundary transport through the YSZ electrolyte. In the
TPB region, the oxygen ions are oxidized to atomic or molecular
oxygen. In the oxygen excess conditions, accelerating reactions
begin to occur as shown in the following simplified reactions:
0'=0

2

— La;_ MnO;, 5+ %La22r207

LaMnO3+5+er02+< +3ZZ>02_’ )

LaMnO; + ZrO, + 0.250, —> 0.5La,Zr,0; + MnO,  (2)

Due to these reactions, the grain boundaries develop pores,
while LZ and MnO,-based phases accumulate at the interface
until they completely cover the corresponding interface, causing

its weakening due to mechanical stress. The experimentally
observed ohmic and polarization drops of solid oxide
electrochemical cells®233 occur for a number of reasons: an
increase in the porosity of the electrolyte grain boundaries, the
appearance of low conductive impurity phases, the discrepancy
between the thermal expansion coefficients (TEC) of the original
and newly formed phases.

At the end of this section, several approaches can be
formulated as a solution to suppress the formation of the
undesirable  impurity  phases between YSZ  and
La(l,x),ySryMnO3,[)~:

(1) material science approaches are based on reducing the
chemical activity of La*"-ions. This can be achieved by the
partial replacement of La3"-ions with Sr2" ones to a rational
degree (typically, up to y = 0.3) and/or the creation of a slight
A-site cation deficiency (x < 0.1);

(2) technological approaches are based on the creation of
well-adhered LSM-containing electrodes over the electrolyte
surface at as low sintering temperatures as possible.

2.2. Other cases of chemical compatibility issues
of zirconia electrolytes and electrode materials

Beyond the classic YSZ and LSM examples, similar
incompatibility issues take place at elevated temperatures for
zirconia-based electrolytes and other potential electrode
materials.

One of the first studies using Mn-free electrodes was reported
by Uchida et al.>* They tested Lay ¢Sty 4CoO5_; (LSC) as an
electrode for the 8YSZ electrolyte. A SDC interlayer was
successfully used (SDC is the samarium-doped ceria,
CegSm,,0,_;5) to suppress the formation of La,Zr,0; and
SrZrO; phases, appearing at lower sintering temperatures
(~1000 °C) than that of YSZ and LSM pair.>> Such a tactic
allowed to obtain the low polarization values of the LSC
electrode (below 0.25 ©Q ¢cm? at 800 °C and below 0.10 Q cm? at
900 °C), although no comparison with SDC-free electrochemical
cells was made. The following works confirm the advantageous
function of the SDC layer for similar systems.’¢~38

Simmer et al.’% used (La,Sr)FeOs-containing electrode
materials (LSF) and found that no impurity phases were detected
in the calcined LSF/YSZ mixtures at 1000 °C. However, a
detailed analysis of the XRD patterns revealed a significant
dissolution of zirconium ions in the LSF perovskite. This
resulted in a significant decrease in its electrical conductivity,
which was expected to cause a deterioration in the LSF
electrochemical activity.”® Next, they constructed several single
SOFCs with the SDC interlayer and provided cathode
optimization.®® As a result, about 1 W cm2 was achieved at
750 °C for the best single cell.

One of the most promising electrode systems for SOFC/
SOEC applications, Ba,Sr;_,Co;_,Fe,0;_5 (BSCF),0!%4 is
also characterized by low chemical stability towards YSZ.
Although, the BSCF materials do not contain lanthanides
(leading to the Ln,Zr,0, formation), they are composed of
two types of alkaline earth elements. It was found that a
short-term treatment of YSZ and BSCF (x = 0.5, y=0.8) at
900 °C for 5 h resulted in the complete destruction of the
BSCF perovskite phase with the simultaneous formation of
SrCoO;, SrZrO;, and BaZrO; impurities.®> Since the
chemical reaction between BSCF and ceria takes place at
higher co-firing temperatures, a ceria interlayer can also be
introduced to suppress cation interdiffusion between
YSZ and BSCF. The GDC-containing SOFCs



M.V.Erpalov, A.P.Tarutin, N.A.Danilov, D.A.Osinkin, D.A.Medvedev
Russ. Chem. Rev., 2023, 92 (10) RCR5097

5 of 34

(GDC = CeOAngOQOz,a or Ceo_ngOJOz,{;) based on the
BSCEF electrode and the YSZ or ScSZ electrolytes have been
further fabricated and successfully tested.®6:67

Similar to the reports cited, protective ceria interlayers have
been introduced between zirconia-based -electrolytes and
various exemplary electrodes: Lag Sty 4CogFeo 505 5,98
SmBaOASSI'OASCOzOS_'_(;,ég GdBaC0205+(5,70 LazNiO4+(5,71
St,Fe; sMog 505,72 LaFe, gCog Nip,05_5,"
Lay sSr; sMnO,.s,”* and etc.; these are the first works, where
the listed electrodes and ceria layers have been used together for
the zirconia-based electrochemical cells.

2.3. Detrimental properties of La,Zr,0- and
SrZrO; impurity phases

As can be seen from Sections 2.1 and 2.2, during high-
temperature calcination of Zr- and (La,Sr)-containing phases,
two common impurities (LZ and SZ) can be formed at the TPB
or interface regions due to their higher thermodynamical stability
than that of the origin compounds. As a rule, the formed
impurities are characterized by an insufficient defect disordering
resulting in their low oxygen-ionic conductivity compared to
zirconia doped electrolytes.

In several early works, it is reported that the total (oxygen-
ionic) conductivity of La,Zr,0, is about 2.0x10*S cm™' at
1000 °C,7 3.8x 107 S cm™! at 1000 °C,7 and 4.2x10* S cm™!
at 800 °C;77 these values being by 50—-400 times lower than
those of YSZ electrolytes. According to the same reports, the
ionic conductivity of SrZrO; is by ~200—500 times lower than
that of YSZ; however, no clear experimental data have been
presented.

A thorough analysis of the literature data allows the
determination of the ionic conductivity boundaries of both LZ
and SZ over a wide temperature range (Fig. 2a,b).”7-% As can
be seen, their conductivity varies considerably, which can be
explained by the different densities of ceramics and the
uncontrolled impurities introduced during the preparation of the
powders and ceramics. Nevertheless, the conductivity values are
obviously lower than those of zirconia-based ceramics. This is
one of the main reasons, why the formation of such impurity
phases is undesirable during the SOFC/SOEC operation. In
more detail, the appearance of LZ and SZ phases at TPB and
interface regions will not only cause a considerable increase in
ohmic resistance due to hindering oxygen transport, but also in
polarization resistance, since the latter is a sign of the processes
of oxygen reduction reaction (ORR) or oxygen evolution
reaction and also depends on the activity of oxygen ions at TPB/
interface.

Considering the possible effects of a LZ or SZ reaction layer
on the electrochemical parameters (ohmic-type resistance and
SOFC performance), a simplified model can be developed,
(Fig. 2¢). Taking into account specific starting (model)
parameters, it can be seen that the formation of a continuous and
dense insulating phase on the electrolyte/electrode can
considerably deteriorate the SOFC performance (by several
times) due to a substantial increase in the ohmic-type resistance,
even if the polarization resistance remains the same. It should be
reminded that, according to the kinetic computation, a 1 um-
thick LZ phase can be formed during 50—80 kh of long-term
SOFC operation if the electrolyte/electrode interface is not
adjusted. Actually, the degradation processes may be deeper due
to the effect of other factors, including current/power supply (for
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Figure 2. Transport properties of La,Zr,0, and SrZrO; impurity phases and their effect on the performance of solid oxide electrochemical
cells: (@) ionic conductivity of pure (non-doped) La,Zr,0;, / — Ref. 79, 2 — Ref. 80, 3 — Ref. 77, 4 — Ref. 81, 5 — Ref. 78; (b) ionic con-
ductivity of pure (non-doped) SrZrOs, / — Ref. 82, 2 — Ref. 83, 3 — Ref. 84. Here, symbol * indicates the conductivity of YSZ according to
Ref. 78; (c) volt-ampere and power density characteristics of a modeling SOFC depending on the LZ reaction layer thickness (/); (d) maximum
power density and ohmic resistance characteristics of a modeling SOFC depending on the LZ reaction layer thickness (/).
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example, see Fig. 1 g or Refs 85, 86), electrode coarsening,370

cation surface segregation,”!~%* or poisoning.”>~°® These are
outside the scope of this review and wil not be discussed in
detail.

Along with the transport properties of the LZ and SZ
materials, there are other issues that can lead to possible
degradation of the electrolyte/electrode interface and the
electrochemical performance of SOFCs or SOECs. One of
them is a thermomechanical feature of newly formed zirconate
phases.

It is well known that the TEC values of zirconia electrolytes
and LSM electrodes are in the ranges of (9.5-11.0)x 106 K"!
(see Refs 99, 100) and (10—-13)x 1070 K-! (see Refs 100, 101),
respectively. At the same time, these values vary slightly over a
wide temperature range of 25—1200 °C. On the contrary, the LZ
and SZ phases differ from YSZ and LSM in terms of their TECs
(Fig. 3a,b).12-107 For example, LZ with a pyrochlore-type
structure has lower and temperature-dependent TECs ranging
from 7x 1076 to 8 x 107 K- at low temperatures (up to 300 °C)
and from 8x 1076 to 9x 1070 K" at higher ones (see Fig. 3a).
The TEC values of SZ with a perovskite-type structure are a
function of temperature as well; however, the magnitude of TEC
variation is higher (from 8x107° to 11x10°K™! within
20—1200 °C) due to a series of phase transitions associated with
a change in the symmetry of the perovskite structure (see
Fig. 3b). The YSZ/LSM interface can be subject to failure,!08
including the appearance of cracks, pores or the delamination of
layers (Fig.3c¢), as a result of the thermomechanical stress
caused by the appearance of these new phases. The loss of both
good adhesion and strong interlayer contact redound to a
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Figure 3. Thermal expansion behavior of YSZ, La,Zr,0;, and
SrZrO; materials: (a) temperature dependences of thermal ex-
pansion coefficients, / — Ref. 102, 2 — Ref. 103, 3 — Ref. 104,
4 — Ref. 105, 5 — Ref. 107; (b) Temperature dependence of molar
volume for SrZrO;. Reproduced from Ref. 103, Copyright The Ce-
ramic Society of Japan, 2017; (¢) The YSZ/LSM interface after elec-
trochemical operation. Reproduced from Ref. 108, Copyright Spring-
er Science +Business Media, LLC, Inc., 2011.

Before
i “Ni-vsz? YSz|Lsm+ iilsM
2 Ysz i

21
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‘23

Figure 4. Defects at the YSZ/LSM interface during SOFC or SOEC
operation: (a) before and after anodic polarization at 0.5 A cm™ at
800 °C for 48 h. Reproduced from Ref. 109, Copyright Elsevier Ltd.,
2011; (b) after electrolysis operation at 1.5 A cm™ at 800 °C for
~300 h. Reproduced from Ref. 110, Copyright Elsevier B.V., 2013;
(c¢) before and after SOEC operation. Reproduced from Ref. 111,
Copyright Elsevier B.V., 2015.

catastrophic increase in the contribution to the ohmic resistances
and irreversible degradation of electrochemical devices.

In addition to the mentioned detrimental effects of impurity
phases, the loss of mechanical and electrical contact between
YSZ and LSM layers can occur due to their TEC mismatch, as
shown in numerous reports; Fig. 4 represents the experimental
results of some of these reports.!-111

2.4. Problems of chemical incompatibility
with LaGaQOs-based electrolytes

Materials based on lanthanum gallate (LaGaO3) co-doped with
strontium and magnesium, ie., (La,Sr)(Ga,Mg)O; or
La,_,Sr,Ga;_,Mg,O;_; (labeled as LSGM), belong to a class of
highly oxygen-conducting solid-state electrolytes.!!>!13 The
oxygen-ionic conductivity of LSGM is comparable to that of
ceria-based electrolytes. However, unlike doped CeO,, LSGM
is an oxygen-ionic conductor over a wide oxygen partial pressure
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range and does not exhibit meaningful p- and n-type electronic
conductivities under real experimental conditions. This allows
the LSGM materials to be considered as promising electrolyte
materials for solid oxide electrochemical devices, power
generation, gas conversion, and etc. Contrary to the most solid-
state oxide electrolytes, LSGM could be used as a supporting
layer in electrochemical cells (so-called symmetric cells,
Refs 114, 115) as well as a thin film electrolyte in combination
with a conventional supporting nickel-ceramic anode.

One of the first papers demonstrating the application of
LSGM in a SOFC with a nickel-based anode was published by
Feng et al. in 1996.'1¢ In this study, two different composite
anodes, Ni—-CeO, and Ni-LSGM, were investigated in contact
with a LSGM electrolyte. The sintering temperature of both
anodes was 1130 °C. No barrier layers were introduced between
the anode and the LSGM electrolyte. When investigating cells
with Ni—CeO, anode, a high anode overpotential, several times
higher than that of the (La,Sr)CoO; cathode, was detected. In
studies of the cell with Ni-LSGM anode, the authors found a
poor performance and a high degradation rate of SOFC output
performance.

Later, it has been found that nickel oxide can interact with
LSGM electrolytes at reduced temperatures (1125 °C) to form a
LaNiO; phase.!'” In a fuel gas atmosphere (in particular,
hydrogen), LaNiOj; is transformed into La,O5 and nickel. This
leads to the formation of defects at the Ni-based anode/LSGM
interface, a reason for blocking the ionic transport by La,Os
particles. This effect occurs because La,05 is a stoichiometric
oxide with no structural or defect disordering. Nickel has also
been found to diffuse into the electrolyte, when the LSGM
electrolyte is co-sintered with the supporting Ni-based anode at
high temperatures.'!® This diffusion into the LSGM bulk is
estimated to be around 5 pm depth at 1350 °C. No nickel
diffusion has been detected at 1250 °C (Fig. 5a). However, the
latter investigations have shown that the nickel diffusion into
LSGM can also occur at even lower temperatures (Fig. 5b,
Ref. 119). Therefore, it is evident that the use of interlayers in
SOFCs is necessary for the effective application of Ni-based
anodes in contact with the LSGM electrolyte.

The compatibility of the LSGM electrolyte with conventional
oxygen electrode materials based on manganites, cobaltites, and
nickelites depends mainly on the sintering temperature of the
electrode. The compatibility of the LSGM electrolyte with many
different electrode materials has been demonstrated in a number
of publications (Table 1, Refs 120—143). As can be seen, at
reduced temperatures (typically below 1150 °C), LSGM is

Table 1. Oxygen electrode materials and sintering conditions for
which their good compatibility with LSGM electrolyte without
interlayers was confirmed.

Sintering temperature,°C

Electrode composition (time, h) Ref.
Smy 551 5C00;_5 900 (1/6) 120
Sty 9Bag 1Cog 9sRug 05035 1100 (12) 121
BaCog,Fey,Tay 1055 950 (10) 122
PrBaCo; 3Gaj,0¢_5 1000 (1) 123
Lag 4Sr) 6C0g.0Sby 105_5 1150 (6) 124
LaNig ¢Fe 403_s 1000 (2) 125
SrCoqgFeq 1Nby 105 _5 950 (10) 126
NdBaCo,;Fe,3Cuy;305_5 950 (10) 127
PrBaCo,04_s—PrBaCoTaOg¢_ 1000 (10) 128
Sr,Ti gCog,FeOq_s 950 (10) 129
Pr,_,LaNijgsCuq 1Al 0504+ 1000 (5) 130
Lag ¢Sty 4Feg 0S¢y 105 5 950 (4) 131
PrBa(Fe( 3Sc(5),05-5 900 (5) 132
Sr,NiMoOg_ 5 1000 (20) 133
La,Sr,_FeOy. s 900 (2) 134
St,Nij 7sMg( »sM0O¢_s 1100 (20) 135
Lag ¢Srg 4Feq oNip ;055 1000 (2) 136
Lag gSry,MnO;_; 800 (2) 137
Sr,Fe; sMog s04_s 1200 (24) 138
PrBaMn, sFe( 505, 5 1100 (4) 139
Sr,TiMoOg_ 1000 (10) 140
Lag ¢Sty 4MnOy. 5 900 (2) 141
(Pro.4),Sro,4Cog 2Feg 7Nbg 1055 1200 (2) 142
Pry sBag sFeO;_; 1000 (n/a) 143

compatible with most modern oxygen electrodes, including
highly active double cobaltite based ones. At high temperatures,
the LSGM electrolyte actively interacts with the oxygen
electrodes. In particular, LSGM is shown to interact with the
Lag 65S193MnO; 5, Lag;8r93C00; 5, Lag5Sr93Fe0s5 5,
Lay ¢sS1)3NiO;5_s5, and Lag ¢St 4Cog,Fegs0;5_s at 1300°C. 14
There are also a few studies showing the interaction of LSGM
with electrodes at reduced temperatures, e.g. with GdBaCo,05.
at temperatures above 900 °C,'*> with Nd,NiO,, s at 1000 °C
for 5 h,'4¢ with Pr, ,Ca,NiO,, sat 900 °C for 10 h (x = 0, 0.5)!47
and at 1200 °C for 1 h (x =0, 0.3).148

In general, the incompatibility of LSGM with electrodes at
high temperatures is not due to the chemical interaction between
the electrolyte and the electrodes, but to diffusion reasons,

b c
Ce_II degradation with 10-1 Lag §Sro 2Gap sMdo 203
diffusion of Ni-ions T

E 1072
3]

) .l » 1073
>
£ 107 \\La1.543f0.46G3307.27

Parry o - = _5 N\
lN| diffusion-reaction (0) S 10 \
2 10 ~~_ LagSr; ,Gaz0
8 , \\\aos 12638306 9
! 0—8 L Lnaera?'o7 L L

08 10 12 14 16 18
1000 7-1, K™

Figure 5. Chemical compatibility issues of La, _,Sr,Ga;_,Mg,O;_; electrolytes: () SEM image of LSGM/Ni-SDC cell cross-section and nickel
distribution profile for electrode sintering at 1250 and 1350 °C. Reproduced from Ref. 118, Copyright Elsevier Science S.A., 1999; (b) sketch of
nickel diffusion from anode in LSGM electrolyte reproduced on the basis of elemental analysis. Reproduced from Ref. 119, Copyright Elsevier
Ltd, 2020; (c) comparison of total conductivities of La,_,Sr,Ga;0,. s (Ref. 150) and La, ¢Sr,,Gay Mg ,05_s (Ref. 151) materials.
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usually lanthanum diffusion. This results in the formation of
various magnesium-free phases, such as Sr;La;Oq, SrLaGa;05,
and SrLaGaQ,.'!* The formation of such phases can also be
caused by gallium evaporation during the manufacture of dense
or gas-tight electrolytes.'* The magnesium-free phases
mentioned above are oxygen stoichiometric, which means that
they have low oxygen-ionic conductivities. For example, the
conductivity of SrLaGa305 is about seven orders of magnitude
lower than that of LSGM (Fig. 5S¢, Ref. 150). The appearance of
such phases leads to a dramatic increase in the resistance of the
electrode/electrolyte interface, which degrades the performance
of solid oxide electrochemical cells. It should be noted that there
are several non-stoichiometric magnesium-free phases with
conductivity lower than or equal to that of LSGM, such as
La; 54519 46Ga307,7 (Fig. 5¢, Ref. 151). In summary, when
using nickel-ceramic anodes with LSGM electrolyte, it is
necessary to apply interlayers similar to those proposed for the
ZrO,-based electrolytes. In the case of electrode materials
sintered at low sintering temperatures, the use of interlayers is
not necessary.

3. CeO,-based interlayers

3.1. Short details on ceria materials

Ceria (Ce0O,) doped with various acceptor dopants belongs to
the oxygen-conducting fluorite-type materials, whose
conductivity at 600—900 °C exceeds that of the zirconia-based
electrolytes at least by ~1 order of magnitude (Fig. 6a).!32-154
This property potentially allows the application of CeO,-based
oxides as electrolytes for low- and intermediate-temperature
SOFCs.155-157 However, the electrochemical cells with such an
electrolyte suffer from internal short-circuit effects due to the
easy Ce*"-to-Ce*" transition in the fuel environment.!5%159 The
latter reduces the efficiency of SOFCs at elevated temperatures
and prohibits the use of ceria electrolytes for SOECs. Various
material science and technological approaches have been used
to mitigate the undesirable electronic leakage through the ceria
electrolytes. Nevertheless, these approaches are effective for
lab-scale cells and have not yet found real application in large-
scale or commercial prototypes.

Despite of the aforementioned drawbacks, the CeO,-based
materials can be used as effective functional layers for SOFCs
and SOECs due to their higher chemical compatibility
(compared to zirconia-based electrolytes) with almost all

potential electrode materials used, see Section 2.2. This can be
explained by the fact that large Ce*" cations exhibit a less
acidic character compared to Zr*' cations, implying a higher
chemical compatibility of Ce-based oxides with phases
containing basic cations such as Ca?', Sr?*, Ba?', and large
lanthanides.'®® In addition, doped CeO, materials, exhibiting
average TECs of (10—14)x 109 K-! (Fig. 6 b, Refs 161 —164),
allow to rationally smooth out the TEC mismatch between
YSZ and electrode (especially, non-manganite) materials. The
latter usually exhibit TECs above 13 x 10~° K-'; the readers are
referred to recent review works to learn in detail about the
thermal  expansion behavior of various electrode
materials. 165173

The following sections highlight the various aspects regarding
to the application of CeO,-based functional layers for solid
oxide electrochemical cells. Due to the different functionalities
of such layers, they may be reffered to in the literature as
interlayers, barrier layers, blocking layers, protective layers, or
buffer layers; in the present work, all these terms are considered
as synonyms. As can be seen from Fig. 6¢, the CeO,-based
layers are widely used in research & development of SOFC and
SOEC technologies.

3.2. Early practice of using bi-layered electrolytes

The first studies elaborating a bi-layer electrolyte configuration
for SOFC applications were published in the late 90s of the last
century.!7#=177 In these works, doped ceria was used as the main
operating electrolyte, while doped zirconia was used as an
additional layer at the electrolyte/anode interface. The
introduction of YSZ or ScSZ had been proposed to suppress the
n-type electronic conductivity of CeO,-based electrolytes,
occuring under reducing conditions, see Section 3.1. As a result,
the additional functional layer could sufficiently improve SOFC
performance, including starting values of open circuit voltages
and even power density characteristics, by blocking the internal
electron current through the electrolyte.!’”® However, this
improvement was observed at quite low thicknesses of the
blocking layer due to its lower ionic conductivity compared to
that of doped CeO,. Moreover, the bi-layer cells should be
fabricated at as low temperatures as possible due to strong
cations interdiffusion between ceria/zirconia pairs.'” In an
attempt to overcome these problems, the latest research direction
in the development of SOFCs with the CeO,-based electrolytes
is to use other electron blocking layers.!38:15% 180,181
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Figure 6. General data on CeO,-based materials: (¢) comparison of different oxygen-conducting electrolytes in terms of their ionic conduc-
tivity. Adapted from Ref. 152, Copyright The Royal Society of Chemistry, 2008; (b) thermal expansion behavior of Ce,gLn,,0,_; ceramics.
Reproduced from Ref. 161, Copyright Elsevier Ltd., 2011; (c¢) scopus analysis of the application of ceria functional layers in SOFCs/SOECs

(accessed on July 20, 2023).
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3.3. Ceria protecting layers for zirconia-based
electrochemical cells

Uchida et al.**3¢ were among the first to propose the use of a
SDC buffer layer for electrochemical cells of LSC|SDC|YSZ|Pt.
Such cells were prepared in different ways by varying the
sintering temperatures of the formation of the SDC layer (400
and 1100 °C) and the LSC electrode (1050 and 1150 °C). The
electrochemical characterization of these cells was performed in
an oxygen pump mode, using pure oxygen and air as the gases
supplied to the opposite electrode sides. The cell consisting of
the SDC layer sintered at 400 °C had the highest overpotentials,
reaching more than 200 mV at 800 °C with a current density of
0.5 Acm2. On the contrary, the cell with SDC sintered at
1150 °C showed ~2 times lower overpotentials (at higher current
densities), which was attributed to the improved chemical
compatibility between YSZ and LSC. These results have been
confirmed in a number of other similar works; for example, see
reports. 868,182,183

Duan et al.% evaluated the effect of the GDC interlayer on
the electrochemical performance of SOFCs designed as
Ni-YSZ|YSZBSCF. Here, a 15 pm-thick YSZ electrolyte was
formed onto a NiO/YSZ substrate by the tape-casting method
and co-firing at 1400 °C, while a 1 pm-thick GDC was coated
onto the YSZ electrolyte followed by its sintering at different
temperatures, 1100, 1200, 1300, and 1400 °C for 1h. The
different sintering temperatures of the GDC layer were not
chosen by chance. The authors sought to test a possible
interaction between GDC and YSZ. According to the XRD
analysis, the cationic cross diffusion was observed even at
1200 °C, although the main phases remained free of any
impurities. However, the higher temperatures were more
dramatic due to the complete dissolution of the GDC phase in
the YSZ layer followed by the formation of (Zr,Ce)O, solid
solutions. The latter was suggested to be undesirable due to its
lower ionic conductivity compared to those of GDC and even
YSZ. The verification of this assumption was carried out in the
SOFC performance analysis. More precisely, the cell without
buffer layer showed a maximum power density of 440 mW c¢cm2
at 800 °C; the SOFC performance was as high as 830, 1150,
1450, and 1360 mW c¢cm2, when the GDC layer was sintered at
1100, 1200, 1300, and 1400 °C, respectively. Several
conclusions can be drawn from these experimental results. First,
the formation of impurity phases at the YSZ/BSCF interface is
more severe than the potential reactivity of YSZ and GDC, at
least for short-term SOFC testing. Second, the SOFC
performance was found to decrease at very high sintering
temperature of GDC, 1400 °C. However, full reactivity of YSZ
and GDC was observed under these conditions. Therefore, the
authors proposed an optimal sintering temperature of 1250 °C.

More recently, Kim ez al.'8* have provided a comprehensive
analysis of SOFC performance, using the same reference system,
Ni-YSZ|YSZ (20 um)[BSCF. When such a cell was fabricated
without a buffer layer, amaximum power density of 810 mW m2
was achieved at 800 °C for 2 h of operation, however, this
parameter decreased down to 630 mW cm? after the next 50 h.
The dramatic performance deterioration was attributed to strong
incompatibility of functional materials, since the calcined YSZ
and BSCF mixture completely decomposed during their joint
calcination at 800 °C for 50 h: different impurity phases (such as
pure zirconia, strontium zirconate, and barium zirconate) were
formed. The optimized SOFC design with a 1 pm-thick GDC
layer showed a high power density of 1.2 W cm™2 at 800 °C,
confirming that the formation of impurity phases can be
efficiently eliminated by the dense GDC interlayer.

It should be noted that the recently discussed work of Duan
et al.% raised an important issue in terms of the microstructural
quality of the ceria interlayers used and its effect on the chemical
compatibility, although no detailed links between these
properties were presented. More recently, in 2010, Lu et al.'$
analyzed the electrochemical parameters of SOFCs,
Ni-YSZ|YSZ (8 um)|SDC (3 um)|[LSCF|LSC (where
LSCF = La,_,Sr,Co;_,Fe,0;_5), depending on the porosity of
SDC. To achieve this goal, the authors used two techniques to
prepare the desired thin films: screen printing for the porous
state and laser deposition for the dense state (Fig. 7a). It was
established that the microstructural state of SDC affects the
SOFC performance at all other parameters being equal. In more
detail, the maximum power densities increased considerably
when the dense SDC was used instead of the porous one: 400 vs.
260 mW cm2 at 600 °C and 1200 vs. 680 mW cm2 at 700 °C.
This improvement was mainly attributed to the decreased
ohmic-type component of resistance, while the polarization
resistances were virtually the same, except very low testing
temperatures. The result of this work allows a very important
conclusion to be drawn: porous interlayers generate high ohmic
losses due to the absence of continuous contact at the zirconia/
ceria interface. This has been confirmed in more recent studies
for different SOFC designs.!86-190

Another issue is that the porous ceria interlayers have a low
ability to inhibit cations interdiffusion between functional
layers.!?1-192 As a result, low conductive impurity phases often
form at the corresponding interface (Fig. 75). This undesirable
effect is due to two independent chemical features.

First, the diffusion of various cations (including Sr?* from
Sr-containing electrodes and Zr*" from zirconia electrolytes)
along the grain boundaries of the CeO,-based materials is by
several orders of magnitude faster than that through the bulk
(grains).!?3-1% As a result, SrZrO; can form in interlayers with
a high grain boundary density, either at the interfaces or even in
the bulk region, as clearly shown in Fig. 7¢.17 On the other
hand, the dense interlayers with reduced or free grain boundaries
show no evidence of SrZrO; formation.

Second, strontium diffusion through a gas phase is possible
even when there is no direct contact between zirconia-based
electrolytes and strontium-containing electrodes.!”8-202 This
process is proposed to be observed under humid atmospheres, in
which the formation of a highly volatile Sr(OH), compound
takes place followed by its diffusion from the electrode to the
interlayer/electrolyte interface via a gas phase in the interlayer
pores and channels or along the grain boundaries of the interlayer
(Fig. 7d).

3.4. Ceria protecting layers for gallate-based
electrochemical cells

As shown in Section 2.4, the presence of a barrier layer is
necessary when using nickel-ceramic anodes in contact with
LSGM-based electrolytes. The application of zirconia-based
barrier layers has proven to be ineffective in improving the
compatibility of nickel-ceramic anodes with LSGM. For
example, when using a ScSZ barrier layer between the supporting
nickel cermet and the LSGM electrolyte, the formation of the
LZ phase in the buffer layer has been detected at a sintering
temperature of 1450 °C as a product of the interaction between
ScSZ and LSGM. This results in a tremendous increase in the
ohmic resistance of the cell (Fig. 8a, Ref. 203).

Typically, interlayers based on ceria doped with lanthanum
or samarium, or gadolinium are used to prevent interaction and
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Figure 7. Ceria interlayers and their effects on the properties of SOFCs and SOECs: (a) cross-sections of two SOFCs with screen-printed SDC
(the left photo) and laser-deposited SDC (the right photo) and their electrochemical parameters. Reproduced from Ref. 185, Copyright Elsevier
B.V., 2009; (b) cross-sections and element distribution maps for two SOECs tested at 1.3 V and 750 °C for 50 h depending on the state of the
GDC layer. Reproduced from Ref. 192, Copyright Elsevier B.V., 2021; (¢) microstructure and element distribution maps in poly- and single
crystalline GDC layer after 300 h of operation for the LSCF|GDC|YSZ|Pt cell under open circuit voltage mode. Reproduced from Ref. 197,
Copyright The Electrochemical Society, 2018; (d) experimental setup for the verification of Sr-containing gas phase diffusion and experimental
data for the YSZ surface threated at 1000 °C for 200 h. Reproduced from Ref. 198, Copyright The American Ceramic Society, 2018.
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diffusion at the nickel/LSGM interface. In addition, the doped
ceria-based interlayers contribute in increasing the SOFC
performance by reducing the polarization resistance of cermet
electrodes. This is due to the fact that the complex oxides of
CeOz—La203 (LDC), CCOZ—szo:; (SDC), and CeOZ—Gd203
(GDC) partially lose oxygen in reducing atmospheres and
become mixed ionic-electronic conductors. Pikalova et al.!6*
have shown that the conductivity of these oxides in a wet
hydrogen atmosphere is about one order of magnitude higher
than that in air (Fig. 8 »). The appearance of mixed conductivity

results in the expansion of the electrochemical reaction zone
from TPB to the surface of the protective layer (Fig.8c,
Ref. 204); this is a reason for the observed improvements in the
electrode performance. As shown in Fig. 8 b, the nature of the
dopant cation has a weak effect on the conductivity of doped
ceria in both oxidizing and reducing atmospheres. Therefore,
given the small thickness of the barrier layer, from the point of
view of unfavorable increasing the ohmic resistance of the
electrochemical cell, it makes no difference which cation dopant
for ceria is used in the barrier layer. However, there are
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Figure 8. Chemical, microstructural and electrochemical features of LSGM-based SOFCs: () SEM image of cross-section LSGM/NiO—-GDC
and LSGM/ScSZ/NiO—-GDC anode supported cells and ohmic resistance of these cells with and without ScSZ barrier layer. Reproduced from
Ref. 203, Copyright Elsevier B.V., 2006; (b) temperature dependencies of total conductivity of Ce,gL.n,,0,_s used as buffer layers (Ln = La,
Sm, Gd). Reproduced from Ref. 164, Copyright Elsevier B.V., 2008; (c) sketch of the extension of the electrode reaction area onto the surface
of the barrier layer. Reproduced from Ref. 204, Copyright Elsevier B.V., 2022; (d) BSE image and the corresponding EDS line map across the
AB direction on the cross-section of LSGM/LDC/Ni-GDC after stability test at 650 °C for 400 h. Reproduced from Ref. 208, Copyright Elsevier
Ltd., 2018; (e) voltage and power density vs. current density for cells with and without barrier layer. Reproduced from Ref. 210, Copyright
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significant differences in the choice of dopant cation for the
barrier layer in terms of preventing the processes of interaction
and diffusion.

As shown by Huang et al.,?% lanthanum, as part of the
LSGM phase, exhibited high mobility and diffusion rates. For
this reason, and due to the lanthanum chemical gradient, the
SDC barrier layer proved to be ineffective. On the contrary,
the LDC barrier layer (Ceg¢Lag40,_5) demonstrated its high
efficiency, primarily by virtue of the reduced lanthanum
chemical gradient between LSGM and LDC. These results
were later refuted by Eba er al.2® A mixture of LSGM and
LDC (1/1 wt/wt) was calcined at 1100 °C for 10 h. After this
treatment, LaSrGa;0; and LaSrGaO, impurity phases were
detected in the mixture. More detailed studies on the
compatibility of the LSGM electrolyte and LDC were carried
out by Kumar et al.?%7 They found that the formation of
impurity phases was mainly dependent on the ratio of cations
in both LSGM and LDC. Only for one mixture composed of
Lag ¢Sty ;Gay Mg ,05_s5 and Ce ¢Lay40,_;5 impurity phases

were not detected. According to the results of Wang et al.,?%8
no impurity phases were detected in the LSGM/LDC mixture
after its calcination at 1400 °C for 10 h. In addition, no
diffusion of nickel from the anode into the LDC barrier layer
was found after 400 h operation of a SOFC at 650 °C
(Fig. 8d).

Xu et al?% confirmed that the formation of impurity
phases in the SDC/LSGM mixture depends on the ratio of the
components. After annealing at 1400 °C for 10 h, no impurity
phases were detected in the SDC/LSGM mixture with SDC
fraction of 80 and 90 wt.%. The formation of the LaSrGa;0,
phase was revealed at a SDC fraction of 55 wt.%. Similarly,
the behavior of the LSGM electrolyte in contact with the SDC
barrier layer was investigated by Morales et al>'® They
observed the formation of LaSrGa;0; and LaSrGaO, phases
at a calcination temperature of 1400 °C for 5 h. Despite this
fact, the SOFC with the SDC interlayer demonstrated power
density values twice as high as those of a similar cell without
SDC (Fig. 8 ¢). The diffusion of lanthanum through the GDC

Table 2. The compatibility of LSGM electrolytes and ceria-doped oxides.

Electrolyte/barrier layer Sintering conditions Comments Ref.
Lag ¢Sty 1Gay sMg,,05_5/Ceq 55Lag 45055 1400 °C, 3 h No impurity phases 212
Lag ¢Sty 1Gay sMg,,05_5/Ceg ¢Lag 40, s 1400 °C, 4 h Nickel diffusion detected 213
Lag ¢Sty ;Gay sMg,,05_5/Ceq ¢Lag 40, s 1350°C,5h Traces of nickel in the electrolyte 214
Lay ¢St ,Gaj g3Mg 1705_5/Ce gSm 2,0, 5 1450 °C, 10 h LaSrGa;0; impurity 205
Lag gS1y,Gag g3Mgj 1705 _5/Ceg 65Lag 35055 1350 °C,5h LaSrGaO, impurity 205
Lay St ,Gagy g3sMgj 1705_5/Ceg Lag 4055 1350°C, 5 h No impurity phases 205
Lag Sty ,Gag g3sMgj 1705 _5/Ceqg ¢Lag 40,5 1350°C,5h LaSrGaO,4 and LaSrGa;0; impurities 207
Lag Sty ,Gay gsMgj 1503 _5/Ceg Lag 4055 1350 °C, 5 h LaSrGaO,4 and LaSrGa;0; impurities 207
Lag Sty ,GaggMgg 10;5_5/Ceg gLag 40, 5 1350°C,5h LaSrGaO, and LaSrGa;0; impurities 207
Lag g5ty 15Gag gsMgo 1503_5/Ceg Lag 40,5 1350°C, 5 h LaSrGaO, and LaSrGa;0; impurities 207
Lag ¢Sty ;Gay sMg,,05_5/Ceq ¢Lag 40,5 1350°C,5h No impurity phases 207
Lag Sty 1 Gag gsMgj 1505 _5/Ceg Lag 40,5 1350 °C, 5 h LaSrGa;0; impurity 207
Lag Sty ,Gagy g3sMgj 1705_5/Cey sLay s0,_5 1350°C,5h LaSrGaO, impurity 207
Lay Sty ,Gay gsMgj 1505_5/Cey sLay s0,_5 1350 °C, 5 h LaSrGaO, impurity 207
Lag ¢Sr;,Gay oMgg 105_5/Cej sLag sO,_s 1350°C,5h LaSrGaO,4 and LaSrGa;0, impurities 207
Lag g5Stg 15Gag ssMgo 1503_5/Ceg sLag 5O, 1350 °C,5h LaSrGaO, impurity 207
Lag ¢Sty ;Gag gMg,,0;_5/Ceq sLag sO,_5 1350°C,5h LaSrGaO, impurity 207
Laj ¢Sty 1 Gay gsMgp 1505_5/Ceg sLay s0,_5 1350°C, 5 h LaSrGaO, impurity 207
Lag oSty Gay sMgg,05_5/Ceg gLag 40, s 1400 °C, 4 h Traces of nickel in LDC and LSGM 215
Lag ¢Sty ;Gay sMgj,05_5/CeysSm(,0,_s 1400 °C, 5 h Traces of lanthanum and nickel in SDC along with 210
LaSrGaO, and LaSrGa;0; impurities
LSGM (composition is not specified)/Ce( ¢Gdy ;0,5 1450°C,2-10h LaSrGa;0; impurity, lanthanum diffusion in GDC 211
Lag ¢St ,Gaj g3Mgj 1703_5/Ceg gLag 40, 5 1300 °C, No nickel diffusion detected after 30 days of 216
1h+1350°C,0.5h  testing
Lag ¢Sty Gay sMg,,05_5/Ce(gsSmg 15055 1400 °C, 10 h No impurity phases 209
(wt. ratio 1/9)
Lag Sty 1Gay gMgp-,05_s/Cej gsSmg 15055 1400 °C, 10 h No impurity phases 209
(wt. ratio 1/4)
Lag ¢Sty ;Gay gMgp-,05_s/Ceg g5Smg 15055 1400 °C, 10 h LaSrGa;0; impurity 209
(wt. ratio 1/1)
Lag Sty ,Gag gMgy,0;_s5/Ceg gLag 4055 1100 °C, 10 h LaSrGaO, impurity 206
Lag ¢Sy ,Gay sMgy,05_5/Cej sLag sO,_s 1100 °C, 10 h LaSrGaO, impurity 206
Lag ¢Sty ,Gay sMg,,05_5/Cej sLag 40, 5 1100 °C, 10 h LaSrGaO, and LaSrGa;0 impurities 206
La Sty ,Gay gMg,,0;_5/Ceg 7Lag 30,5 1100 °C, 10 h LaSrGa;0; impurity 206
La Sty ,Gag gMgy,0;_5/Ceg sLag,0,_5 1100 °C, 10 h LaSrGa;0; impurity 206
Lag oSty Gay sMgg,05_5/Ceg gLag 40, s 1200 °C, 2 h Nickel diffusion in LDC layer 119
Lag ¢Sry,Gay sMgj,05_5/CeysSm(,0,_s 1350 °C, 4 h LaSrGa;0; impurity 217
1400 °C, 4 h LaSrGa;0; impurity 217
1450 °C, 4 h LaSrGa;0; impurity 217




M.V.Erpalov, A.P.Tarutin, N.A.Danilov, D.A.Osinkin, D.A.Medvedev

Russ. Chem. Rev., 2023, 92 (10) RCR5097 13 of 34
Table 3. Examples of the use of ceria-based barrier layers in electrochemical cells with LSGM supported electrolyte.

Electrolyte/barrier layer/electrode Sintering conditions of barrier layer/electrode Ref.
Lay Sty ,Gag g3Mgp 1703_5/Ceq sLag 40,_5/SrTig 3Fey ,0;5_s 1350 °C,4 h/1150°C, 3 h 218
Lay Sty 1Gag gMgj,03_5/GDC/Pry ¢St 4Feq sNig ,03_5 1300 °C, 3 h/1100 °C, 3 h 219
Lag ¢Sty 1Gay sMg(,05_5/Ce sSm,0,_s/Sr,TiFe; Mo,Oq4_s 1300 °C, 1 h/950 °C, 2 h 220
Lag ¢Sty 1Gag gMg,,03_5/SDC/(Lag ¢St 4)1.xCog 2Feq sNbg 203 5 1300 °C, 1 h/950 °C, 5 h 221
Lag §Sry,Gag gMg(,03_5/GDC/Sr,MgMoOg_s 1200 °C,2h/1100°C, 1 h 222
Lay ggSt 1,Gag goMgg 1303_5/Ceg gSm ,0,_5/Lag 7515 3C0g oFeq 103_5 1300 °C, 1 h/1250 °C, 2 h 133
Lay gsSt 1Gag 5:Mg 1303 5/Ceg sSmg ,0,_5/La; sCag sNij_Fe Oy 1300 °C, 1 h/1100 °C 223
Lag Sty ,Gag Mg ,03_s5/CeygGdy,0,_s/La; _ Sr.Fey 7Nig305_s 1100 °C, 1 h/1100°C, 1 h 224
Lag ¢Sty 1Gay sMgj,05_5/SDC/A,FeMoOg_; (A = Ca, Sr, Ba) 1300 °C, 1 h/1150°C, 1 h 225
Lay Sty ,Gay gMgy,05_5/Ceg gLag 40,_s/Lag 3Sry Fe; _.Cr,05_5 1350 °C,4 h/1100 °C, 2 h 226
Lag ¢Sty Gay sMg,,05_5/Ce gLag 40,_s5/Pry sBag 4Cag MnO;_5 Not specified/950 °C, 4 h 227
LSGM/SDC/La 5S1, sFeq oMoy 103_s 1300 °C, 1 h/1100 °C, 2 h 228
Lag ¢Sty ;Gag gMg,,05_5/Ce sSmy ,0,_5/Lag ¢St 4Coq ,Fey Moy 1055 Not specified/not specified 229
LSGM/Ce ¢Lag 40, 5/StMoy9Coq 1055 1300 °C, 1 h/1100 °C, 1 h 230
La0 g3Sry 17Gag sMg ,05_s5/Ceg sLag 40,_s/StMo;_ Cr,O;_s 1300 °C, 1 h/1100°C, 1 h 231
Lag Sty ,Gag g3Mgp 1703_5/Ceg Lag 40,_5/StMo; _,Ga,05_s 1300 °C, 1 h/1050 °C, 1 h 232
Lay §Sry,Gag gMgj,03_s/LDC/GDC — StMoO; 1200 °C,2h/1200 °C, 2 h 233
Lag gSry,Gay sMgj,05_5/Cey sSmy ,0,_5/Sr,Mgg 3Nip 7M0oOg_s 1300 °C, 1 h/1300 °C, 2 h 234
Lag ¢Sty 1Gag gMg(,05_5/CepgSm,0, o/GdBaFe,Os.. 5 1300 °C, 1 h/950 °C, 5 h 235
LSGM/Cey¢Lag 40, _s/LaSr,Fe;,CrOqg_s 1400 °C, 4 h/1200 °C, 3 h 236

interlayer was shown by Lee et al.?!! The authors found that
the depth of the diffusion layer increased with time. At
1450 °C, lanthanum diffused through almost the entire barrier
layer in ~10 h (Fig. 8 /). The authors also observed cracking
at the LSGM/GDC interface, which can be explained by the
TEC mismatch between the origin and impurity phases (see
Fig. 81).

Table 2 summarizes the compatibility of LSGM
electrolytes and ceria-doped oxides. As can be seen, the
results are often ambiguous and even contradictory. It can
definitely be stated that all ceria-based barrier layers are
effective in preventing the interaction of the nickel-ceramic
anode with the LSGM electrolyte. Most researchers are
inclined to believe that the most promising composition from
the viewpoint of preventing the lanthanum diffusion is
CegsLag 4O,_s5. Moreover, the effectiveness of the barrier
layer towards forming the impurity phases seems to depend
on the concentration of all cations in the LSGM and doped
ceria.

As shown in Section 2.4, the LSGM derived electrolytes have
good compatibility with the most complex oxide electrode
materials at reduced sintering temperatures. However, in some
cases, LSGM can interact with electrode materials, even at low
temperatures. For example dos Santos-Gomez et al.'3® have
reported that LSGM can react with Sr,NiMoOg4_; even at
1000 °C to form LaSrGaO, and LaSrGa;0; phases. Therefore,
in some cases, especially if electrodes contain nickel, the use of
barrier layers is necessary to achieve good chemical compatibility
in the electrolyte/electrode pairs.

The process of manufacturing interlayers on the LSGM
electrolytes is simpler than on the supporting cermet electrodes.
The reason is that the interlayer is formed on a dense sintered
LSGM electrolyte rather than on a porous nickel-ceramic
support. In addition, the sintered protective layer does not
require electrolyte coating and sintering at high temperatures,
reducing the probability of cation diffusion from the contacting
layers. Table 3 presents some selected data reagarding the
fabricated electrochemical cells with the LSGM supported
electrolytes and ceria-based barrier layers.

3.5. Ceria protecting layers for protonic ceramic
electrochemical cells

Proton-conducting oxide materials (PCOMs) represent a
promising class of electrolytes for various electrochemical
applications, including SOFCs, SOECs, pumps, and
sensors.?37-238-240 Their ionic conductivities are governed by the
ability of oxygen vacancies to dissociatively absorb water,
producing protons with a higher mobility compared to that of
conventional oxygen vacancies as charge carriers for oxygen-
conducting electrolytes. Due to this fact, acceptable ionic
conductivity of PCOMs can be achieved at reduced temperatures
(450-650 °C, Refs 241-243), resulting in very high
performance of solid oxide electrochemical cells. Despite active
research in this field, no large-scale PCOM-based SOFCs/
SOECs have been fabricated and tested in long-term operation
until now. Such limitations come from a number of unresolved
problems related to various material science and technological
aspects.>*24 Among them, the rational selection of suitable
electrode materials is a matter of continuous search and
discussion,246-251

While the problems of thermomechanical compatibility of
PCOM/electrode pairs have been thoroughly discussed in recent
works,109:249.237.239,252 the chemical compatibility issue is a
bottleneck, particularly due to the lack of long-term experiments
mentioned above.

From a general perspective, cation interdiffusion could occur
between proton-conducting materials and electrode systems at
elevated temperatures. Table 4 lists possible phases that could
potentially appear at the corresponding interface. Apart from the
impurity phases formed by cross-diffusion of cations from
different functional materials, CeO, and ZrO, impurity particles
might precipitate at the electrolyte/electrode interface as a result
of the barium chemical gradient between functional materials
and its diffusion from the electrolyte to the electrode followed
by partial dissolution in the perovskite structure.234236.257
Finally, it should be mentioned that several works?3>-238 report
the cations cross-diffusion between the Ba(Ce,Zr)Os/
Ba(Co,Fe)O; perovskite pairs without any formation of impurity
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Table 4. Possible impurity phases formed at the interface region
between doped Ba(Ce,Zr)O; electrolytes and electrode systems.

Electrode Impurity phase(s) Ref.
Ln-containing phases, including  Ln,Zr,05, Ln,Ce,0, 253
LaMO; (M = Mn, Fe, Co),

Ln,NiO,4. s and their derivatives

Ca-containing electrodes CaZrO; -
Sr-containing perovskites, SrCoOs3, SrZrO4 254
including LSC, LSF, and BSCF

and their derivatives

Ba-based perovskites, BaCoOs3, BaFeOs, SrCoO5 255

including BSCF, LnBa,C00s. g,
BaCoy 4Fe) 421,05 5
and their derivatives

phases. This is due to the high flexibility of the perovskite
structures, which allows the dissolution of a certain portion of
cations without any sign of decomposition. All these chemical
compatibility problems can be partially eliminated by using
reduced sintering temperatures (typically below 1100 °C) during
the electrode preparation. However, the impurity phases listed in
Table4 can form even under long-term operation of
electrochemical cells at reduced temperatures. Therefore, the
utilization of CeO,-based barrier layers is a possible approach to
improve the stability and integrity of the electrolyte/electrode
interfaces as well.

The literature analysis provided shows that the CeO,
interlayer has only recently been used by the O’Hayre
group.?3?-262 As shown in Fig. 9a, the insertion of a GDC layer

BaCoy 4Feq 471y 1Y( 10;_s clectrode has been found to improve
the long-term stability of a developed protonic ceramic fuel cell
(PCFC, this term is used for SOFCs composed of proton-
conducting electrolytes) stack. In addition, the performance of
such a stack has been also significantly improved in terms of
reducing the polarization resistances (Fig.9b). This is
presumably due to the mitigation of the deleterious accumulation
of excess charged adsorbate species on the active electrode
surface during electrode polarization, although the root cause of
this degradation mechanism remains an active area of
investigation.

3.6. Limitations of CeO,-based protecting layers

The use of doped ceria interlayers for electrochemical cells
based on oxygen-ionic or proton-conducting electrolytes is an
efficient approach to suppress possible interactions between
different functional materials. As shown in Section 3.3, such
interlayers are suggested to be designed in a dense form, which
enables the fast ionic exchange across the electrolyte/interlayer
interface due to its good adhesion, extended electrochemically
active sites, and lower probability of impurity phase formation.
However, the densification of ceria materials is a matter of
active research.?93-267 [n more detail, the conventional sintering
temperatures above 1400 °C are required to produce dense bulk
ceria materials. However, such high temperatures are not
suitable for the fabrication of multilayer electrochemical cells
because of the high affinity of the ZrO, and CeO, fluorite phases
and, correspondingly, possible dissolution of guest ions in their
own structures (i.e., zirconium in ceria and cerium in zirconia).

between a BaCey4Zry4Y(;Ybo 05;_5 electrolyte and a  The cationic stoichiometry deviations of strictly designed
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Figure 9. Effect of the CeO,-based interlayer on the performance of protonic ceramic stacks: (a) long-term stability and degradation rates of
protonic ceramic fuel cell stack depending on temperature and type of fuel; () distribution of relaxation time functions (y-Int) depending on
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electrolyte and interlayer compositions result in a dramatic
decrease of their oxygen-ionic conductivity; more importantly,
this effect can be equivalent to the formation of insulating
impurity phases. In this regard, the lowest possible sintering
temperatures are required to produce the interlayers free of
defects and grain boundaries.

Tsoga et al?%%29 were among the first to conduct a
comprehensive study of the interaction between YSZ and GDC
phases and its effect on the electrochemical properties. The
authors studied diffusion processes between zirconia and ceria
materials in the pellet and thin film forms; the sintering was
performed between 1200 and 1500 °C with different holding
times. The experimental data obtained were analyzed by
SEM+EDX analysis. It was found that the interdiffusion process
in YSZ|GDC takes place already at 1200 °C; this process is
accompanied by the formation of a reaction zone (whose ionic
conductivity is by ~1 -2 orders of magnitude lower than that of
the parent phases, Fig. 10a, Refs 268—271) and the appearance

of microstructural defects (pores) in the YSZ layer near its
contact with GDC according to the Kirkendall effect. The
appearance of pores was explained by a higher diffusion of
Gd**-ions in the YSZ phase than that of Ce*"-ions. However, no
relationship between the thickness of the reaction layer and
sintering conditions was observed.

Chou et al?” examined the chemistry of the YSZ|GDC
interface by scanning transmission electron microscopy (STEM)
and EDX spectroscopy. They found that the sintering of the
GDC layer onto the YSZ electrolyte at 1300 °C for 2 h resulted
in the appearance of a wide (~600 nm) reaction layer (Fig. 105)
as aresult of intense cation cross-diffusion. It can be clearly seen
that the gadolinium diffusion in YSZ is much higher than that of
cerium diffusion, which is in agreement with the previous
reports.

Wang et al.?” utilized secondary ion mass spectrometry
(SIMS) to investigate the depth profiles of all cations existed in
the GDC and YSZ phases. According to their results (Fig. 10¢),
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Figure 10. Interaction features between zirconia and ceria func-
tional materials: (a) ionic conductivities of the Zr—Ce—Y —Gd
reaction layer and YSZ and GDC phases. Reproduced from Ref.
268, Copyright Trans Tech Publications Ltd., 1999 and from
Ref. 271, Copyright Elsevier B.V., 2019; (b)) STEM+EDX
analyses of the YSZ|GDC interface formed during sintering
at 1300 °C for 2 h and subsequent calcination at 1100 °C for
2 h. Reproduced from Ref. 272 upon 4.0 CC BY-NC-ND li-
cense; (¢) SIMS depth profiles of the I0GDC|8YSZ before (the
left panel) and after (the right panel) pre-annealing at 1300 °C
for 5 h. Reproduced from Ref. 273, Copyright Elsevier B.V.,
2014. (d) Segmented SEM images of the GDC layer and its
interfaces with the LSCF cathode and YSZ electrolyte depend-
ing on the GDC sintering temperature. Reproduced from Ref.
274, Copyright Elsevier B.V., 2017. ID is interdiffusion zone.
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a ~2.5 um reaction layer was formed between the GDC layer
formed onto a YSZ substrate and then sintered at 1300 °C for
5 h. Analysis of the depth profiles revealed that both cerium and
gadolinium ions exhibited a limited interdiffusion in YSZ, while
yttrium and, especially, zirconium diffusion profiles were
deeper in GDC, probably due to its high defectness.

It is evident that the thickness of the reaction layer depends
on sintering temperature and holding time. If the previous works
report unclear relationships between these parameters, the study
by Wankmiiller et al?’* discovers more details. To provide
precise phase analysis, the authors used a correlative tomography
technique, which made it possible to obtain interesting results.
As shown in Fig. 10d, the interdiffusion layer was formed even
at 1100 °C and expanded in width with increasing sintering
temperature; in addition, the SZ layer was also formed through
the strontium diffusion from the LSCF electrode through the
pores and grain boundaries of GDC. However, if the formation
of the SZ phase can be inhibited by using denser interlayer
structures (Section 3.3), it is technologically difficult to eliminate
the interdiffusion layer. To address this issue, many physical-
and chemical-assisted techniques have been used: atomic laser
deposition,2”> physical vapor deposition,2’® pulsed vapor
deposition,2”7  magnetron  sputtering,2’® radio frequency
sputtering,?’® spray pyrolysis,?8° aerosol deposition,?8!
infiltration process,?$? wet-etching and thin film deposition,?33
chemical solution deposition and electrostatic spray
deposition,?8* electrodeposition,?® inkjet printing infiltration,?8¢
infiltration of porous frameworks,!®¥ precursor-driven facile
densification,?” sintering additive-assisted densification,238
spin-coating,?%° and efc. Despite this variety of techniques and
many promising results related to the dense interlayer fabrication,
considerable attention should be paid to simplicity, reliability,
reproducibility,  precursor/equipment/process  cost, and
scalability of the proposed techniques.

3.7. Variations in utilizing CeO,-based layer
compositions

It is clear from the previous sections that the SDC and GDC
interlayers have been widely used to solve chemical compatibility
problems for various solid oxide electrochemical cells. However,
other interlayer compositions can also be utilized successfully.
Somekawa et al.?®° experimented with two compositions,
YDC (CeygY(,0,_s) and LDC (Ceg gLaj,0,_s), along with the
conventionally used one, GDC. From a chemical viewpoint,
YDC and LDC are actually more convenient than GDC because
of the more uniform chemical potential distribution profile of
yttrium in a YSZ|YDC|LSM system or lanthanum in a
LSM|LDC|YSZ(ScSZ) system. The authors prepared three
samples, YSZ|GDC, YSZ|YDC, and YSZ|LDC and sintered
them at 1500 °C for 10 h. Then, the SEM/EDX analyses were
performed to find out the most promising interlayer composition.
According to the experimental results, it was found that LDC is
unsuitable for characterizing bi-layer pairs (without LSM) due
to the strong lanthanum localization at the interface, which is a
prerequisite for the formation of the low conductive LZ phase.
Comparing the remaining pairs, the authors found that cerium
diffusion in the YSZ electrolyte was lower in YSZ|YDC than in
YSZ|GDC. In addition, two SOFCs with these interlayers were
fabricated and tested at 800 °C; their results also showed that the
lower ohmic voltage drops and overpotentials were achieved in
the case of the YDC interlayer (122 and 73 mV against 168 and
129 mV for GDC, respectively). The next work of Somekawa
et al?' showed that the CeygY(,0,_ s composition was the

most optimal of variants of the Ce;_,Y,O,_s system
(0.05 < x < 0.25) in terms of the lowest diffusion of cerium into
the YSZ electrolyte and the highest ionic conductivity.

Sumi et al.?*? conducted a comprehensive research comparing
GDC and LDC interlayers. The replacement of GDC by LDC
composition was of a dual nature. On one side, the ionic
conductivity of the sintered YSZ|LDC mixture was found to be
higher than that of the YSZ|GDC mixture. On the other side,
they exhibited the formation of La,Zr,0; at the corresponding
interface with much lower conductivity than that of Gd,Zr,05,
which was also observed experimentally for the YSZ|GDC
mixture. As a result, the power densities of single SOFCs with
YSZ electrolyte and Lag ¢Sry4Cog,Fey305_s electrode were
comparable for both interlayers (25010 mW ¢cm at 600 °C
and 700+30 mW cm 2 at 700 °C).

Tb-doped CeO, (Ce( gTby,0,_5, TDC) has been proposed as
a mixed ionic electronic conductor (MIEC) in a buffer form for
a YSZ|Nd,NiO,,; system.?®> To confirm the advantageous
function of the TDC, three YSZ|Nd,NiO, s cells with Pt counter
electrodes were prepared: without buffer layer, with GDC and
with TDC. The polarization resistances of these cells at 850 °C
were 2.63, 1.02, and 0.27 Q cm?, respectively, confirming that
the ORR process was dramatically improved due to the
additional path of oxygen diffusion and exchange through the
developed buffer layer. Unfortunately, no solid conclusion can
be drawn regarding the terbium ions on the interfusion chemistry,
since the buffer layer was prepared at the low sintering
temperature (900 °C).

Flura et al?** proposed another MIEC representative,
Ceg 7Pro30,_5 (PDC), for electrochemical cells composed of
3YSZ and La,NiO4,5 (LN). First of all, they compared
symmetrical cells, Pt|3YSZ|Pt, without any interlayer, with the
conventional GDCinterlayer, and with PDC. The electrochemical
impedance spectroscopy (EIS) analysis revealed that the overall
resistances of these cells at 800 °C were 0.55, 0.40, and
0.32 Q cm?, respectively, in good agreement with the results of
the previously mentioned work. Then, the comparative analysis
was carried out for LN|3YSZ|LN—based symmetrical cells,
where the GDC and PDC interlayers were sintered at 1300 °C
for 3 h. For these cells, the overall polarization resistance for the
former case was also higher than that for the latter (0.88 vs.
0.64 Q cm? at 600 °C). In addition, the type of the interlayer
affected the impedance spectra shape. While the GDC-based
cell exhibited spectra that could be described by the pronounced
Gerischer element, the PDC cell did not have such an element.
A detailed analysis of the electrochemical data allowed the
authors to conclude that the PDC interlayer is more suitable than
the GDC. This can be explained by the fact that the pyrochlore
based phases can be formed in all cases: Gd,Zr,0; (GZ) in the
case of the GDC interlayer and (Ce,Pr),Zr,05 (PZ) in the case of
the PDC interlayer. However, due to the transition oxidation
state behavior of praseodymium, the mixed ionic-electronic
conductivity of PZ is considerably higher than that of GZ, which
does not introduce any additional resistance to ohmic and
electrode processes.

Recently, Wang et al.>>> have proposed another Pr-containing
barrier layer with a Ce(gPry;Gdy;0,_s5 (PGDC) composition.
There are several reasons, why co-doping could be better than
GDC or PDC mono-doping. First, PGDC exhibits a higher ionic
and electronic conductivity than GDC,?°¢-2%8 which contributes
to better performance towards ORR. Second, the high
concentration of praseodymium in ceria leads to the appearance
of undesirable chemical expansion effects at temperatures above
400—600 °C.29-302 Therefore, tailoring the appropriate Pr-
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content is a rational way to design promising barrier layers. The
authors fabricated two single SOFCs with a design of Ni-
YSZ|YSZ|A|LSCF-A, where the composition A (A =GDC or
PGDC) was used as both barrier layer and electrode part. In turn,
the barrier layer was fabricated by screen-printing followed by
sintering at 1200 °C for 2 h. It was confirmed that the maximal
power density was higher for the PGDC layer (690 vs.
500 mW c¢cm2 at 750 °C) due to a decrease in the polarization
resistance (0.300 vs. 0.368 Q cm? at the same temperature). The
better performance of the PGDC derivative, Ce gPry ;Smg ;0,_;,
was experimentally confirmed not only for the YSZ-based
electrochemical cells, but also for SDC-based ones.30

Yang et al.3% evaluated the functions of a new buffer layer,
Ce g5Smy 475Ndg 750, _5 (SMDC), compared to the conventional
ones (GDC and SDC), when characterizing single SOFCs with a
symmetrical configuration of PSFBL|YSZ|BL|PSF, where
PSF = Pry ¢Sro 4FeO;_s5, BL = buffer layer. Here, one of three
BL was formed onto the YSZ electrolyte (before the electrode
formation) by spin-coating method. First, the symmetrical cells
were characterized in non-separated gas spaces, when both
electrodes are in contact with the same atmosphere (air or
hydrogen). The SMDC-based cell had the best electrochemical
performance in air: the overall polarization resistances were
1.45,0.46,and 0.19 Q cm? at 700, 750, and 800 °C, respectively;
these were lower compared to the GDC-based cell (2.73, 0.62,
and 027 Qcm?) and the SDC-based cell (2.57, 0.57,
0.21 Q cm?), respectively. The electrochemical performance of
the SMDC-based cell in hydrogen was slightly inferior to that of
the SDC-based cell: 1.11 vs. 1.00 Q cm? at 700 °C and 0.34 vs.
0.33 Q cm? at 800 °C. When the same cells where characterised
in the gas-separated space mode (i.e., in the fuel cell mode), the
highest maximum power densities were also achieved for the
SMDC-based cells: 72, 132,212, and 318 mW cm™2 at 650, 700,
750, and 800 °C, respectively. Although various electrochemical
sets confirm the better performance of SMDC than GDC or
SDC, no clear explanation for these results has been presented.

Wu et al.3% used two types of buffer layers (SDC and GDC)
and provided an in-depth comparison of their electrochemical
properties for symmetrical and single fuel cells. The EIS analysis
of the symmetrical cells with a configuration of
LSC—-SDC|BL|YSZ|BL|LSC-SDC showed that the polarization
resistances for BL = SDC were lower than those for BL = GDC:
0.27 vs. 0.48 Q cm? at 600 °C, 0.06 vs. 0.10 Q cm? at 700 °C,
and 0.02 vs. 0.03Qcm? at 800°C. The electrochemical
measurements carried out for the Ni-YSZ|YSZBLILSC-SDC
cells confirm the better performance for SDC: 280 vs.
230 mW cm2 at 600 °C and 990 vs. 820 mW cm2 at 700 °C.
The authors explained these findings by a higher electronic
conductivity of SDC (according to X-ray photoelectron
spectroscopy, the molar concentration of Ce**-ions in SDC was
equal to ~35% against ~27% for GDC). This explanation seems
to be speculative, since both SDC and GDC are purely oxygen-
ionic conductors under oxidizing conditions.

Breakthrough results have recently been reported by Yu
et al.3% The authors used an ultrathin (250 nm) SMDC interlayer
in a solid oxide cell of Ni—ScSZ|ScSZ (3 um)[SMDC|PBSCEF-
GDC, which was tested in both fuel cell and electrolysis cell
modes (where PBSCF = PrBa, 5Sr 5Co; sFe( 505 5). This layer
was formed onto the ScSZ electrolyte by the spin-coating
process from a special gelatin-based solution. The application of
optimized technological approaches enabled the authors to
obtain remarkable performance at 750 °C, including a maximum
power density of 3.36 W cm™2 for the fuel cell mode and a
current density of 2.1 A cm™2 under thermoneutral conditions for

the electrolysis cell mode. The detailed EIS analysis showed that
the gelatin-derived SNDC interlayer not only reduced the ohmic
resistance by facilitating oxygen conduction in the bulk, but also
reduced the electrode resistance by providing more active sites
at the interlayer/electrode interface.

4. SOFCs and SOECs with ceria protecting
layers

4.1. Achievements for zirconia-based cells

As shown in the previous sections, the chemical compatibility
problems for various types of SOFCs and SOECs can be
successfully eliminated by introducing CeO,-based thin films
into multilayer structures. According to the analysis of literature
data (see Fig. 6¢), there are more than 460 research articles
dealing with such a tactic; most of these studies are devoted to
ZrOy-based SOFCs and SOECs. When examining the
experimental data of specific studies, one can see many
outstanding results in the performance of solid oxide
electrochemical cells caused by a targeted adjustment of various
(chemical, technological, experimental) factors. However, the
number of such factors is so large that a comparative analysis
becomes very difficult. Nevertheless, by considering a large set
of experimental data, it is possible to reveal regularities linking
some initial parameters with the output characteristics of such
complicated objects as SOFCs and SOECs. To provide up-to-
date information, we have analyzed recent experimental results
on the use of the CeO, interlayers in ZrO,-based SOFCs. These
data (published within a period of 2015—2023) are presented in
Table 5 and visualized by means of Fig. 11 and 12.

Table 5 shows that some individual SOFC representatives
can exhibit very high power density values exceeding 1 W cm™2
at 700 °C and 2 W cm2 at 800 °C. As mentioned above, this
performance can be represented as a complex impact of
numerous factors, including the compositional and
microstructural differences of the anode, cathode, electrolyte,
and interlayer materials. Since the latter (i.e., the ZrO,-based
electrolytes and CeQO,-based interlayers) are common to all the
SOFCs considered, it is reasonable to examine their effects on
the electrochemical parameters.

Figure 11 represents various relationships between the
thickness of thin films and some electrochemical parameters.
First of all, it is interesting to analyze the behavior of the ohmic
resistance (Fig. 11a) because of its close relationship with the
thickness of the electrolyte:

Rym="1- 3)

ohm ™

where R,p,, is the ohmic resistance, h is the thickness of the
electrolyte, o is the conductivity of the electrolyte.

Considering that the conductivity is constant for the same
electrolyte composition and measurement conditions, the R,
values should increase with increasing electrolyte thickness.
According to Fig. 11 a, such a trend is indeed observed (indicated
by an arrow). However, it should be noted that the introduced
CeO,-based films can also contribute to the ohmic component of
resistance, especially for thick and porous interlayers. When
plotting the Ry, = f(Minieriayer) dependencies, no regularities are
observed (Fig. 115): there is a low data density or a large scatter
of the data. This comes from the fact that the R, values are
almost completely regulated by the ohmic resistance of the
electrolyte due to the thickness and conductivity differences
between doped zirconia and ceria materials. It seems that the
ohmic resistance of the interlayers is rather low (compared to



Table 5. Performance of SOFCs based on zirconia electrolytes and ceria interlayers. Visualization of these data is presented in Fig. 11 and 12.

Electrol?/tc:a Interlayer® . Cathod .. Anode substrate composition Rypm» Q cm? R,, Q cm? Prax> W cm2 ety
Compo- Thickness, ¢ ogition  LiCk- athode composition (oxidized)? 700°°C 750 °C 800°C 700 °C 750 °C 800 °C 700 °C 750 °C 800°C
sition pm ness, um
16YSZ — Porous GDC 4 LSC2F8/ LSC2F8-GDC NiO-16YSZ — 0.12 — — 0.42 - — 0.53 — 307 2023
8YSZ 20 Porous GDC 19 LSC8F2-GDC NiO-3YSZ-8YSZ/NiO-8YSZ 0.41 0.27  0.20 1.06 0.62 0.38 0.30 0.47 0.68 308 2023
ScCeSZ 5 Dense GDC 2 LSC NiO-8YSZ/NiO-ScCeSZ 0.17 - — 0.57 - - 1.24 — — 309 2023
8YSZ 10 Porous GDC 2.08 LSC-SDC NiO-3YSZ/NiO-8YSZ 0.23 0.13 - 1.09 1.07 - 0.81 1.14 - 305 2023
8YSZ 10 Porous SDC 1.83 LSC-SDC NiO-3YSZ/NiO-8YSZ 0.16 0.10 — 0.72 0.69 — 099 1.42 — 305 2023
\(SZ 5 Porous GDC 5 LSC2F8-GDC/LSC2F8 NiO-YSZ 0.21 0.15 0.10 0.66 0.55 044 0.64 097 1.37 310 2023
8YSZ 8 GDC 0.2 LSC2F8-GDC NiO-8YSZ - 0.16 — — 0.54 - — 0.35 — 311 2023
YSZ 10 Dense GDC 1 LSC2F8 NiO-YSZ 0.28 0.21 0.17 0.65 041 0.31 040 0.58 0.73 312 2023
ScSZ 3 Dense SNDC 0.25 PBSCF-GDC NiO-YSZ/NiO-ScSZ - 0.06 - - 0.31 - 270  3.34 - 306 2022
ScSZ 3 Porous SNDC 5 PBSCF-GDC NiO-YSZ/NiO-ScSZ - 0.18 - - 0.46 - - 1.51 - 306 2022
YSzZ 3 Dense GDC 2.8 LSC-GDC NiO-YSZ 0.1 - 0.06 0.78 - 1.66 0.79 1.04 1.32 313 2022
8YSZ 20 Porous SDC 5 SDC-LSF/LSF/ NiO-8YSZ - 0.42 0.35 - 0.74 0.59 - 0.17 0.22 314 2022

LSF-LNF/LNF
16YSZ 500 Porous GDC 8 PM PM/GDC — — 234 — — 11.9 — — 0.01 315 2022
YSZ 20 Porous 10 LSC2F8 NiO-YSZ 0.23 0.18 0.15 041 034 0.26 0.62 093 1.19 316 2022
GDC-LSC2F8
8YSZ 20 Dense GDC 1 LSC2F8 NiO-3YSZ/NiO-8YSZ 0.30 0.19 0.14 1.38  0.89 0.70 0.18 0.29 041 276 2022
NiSZ 3 Porous SNDC 3 PSF PSF/SNDC - - - - 0.24 0.14 0.14 023 0.35 304 2022
YSZ 7 Porous SNDC 4 LSCF-SNDC NiO-YSZ - 0.11 - - 0.36 - 1.13  1.54 - 317 2021
MSZ 22 Porous SDC 0.4 LSC2F8-SDC NiO-YSZ - 0.47 - - 2.71 - - 0.21 - 318 2021
YSZ 22 Porous SDC 1.9 LSC2F8-SDC NiO-YSZ — 0.42 — — 1.95 - — 0.65 — 318 2021
INSVZ 22 Porous SDC 1.3 LSC2F8-SDC NiO-YSZ — 0.42 — — 1.00 — — 0.72 — 318 2021
YSZ 22 Porous SDC 1.7 LSC2F8-SDC NiO-YSZ - 0.36 — — 0.90 - - 1.00 — 318 2021
MSZ 22 Porous SDC 2.0 LSC2F8-SDC NiO-YSZ - 0.37 - - 1.62 - - 0.80 - 318 2021
YSZ 22 Porous GDC 0.3 LSC2F8-GDC NiO-YSZ - 0.41 - — 2.41 - - 0.45 - 318 2021
\(SZ 22 Porous GDC 1.0 LSC2F8-GDC NiO-YSZ — 0.35 — — 1.32 — — 0.72 — 318 2021
YSZ 22 Porousit GDC 1.3 LSC2F8-GDC NiO-YSZ - 0.39 — — 1.93 - — 0.77 — 318 2021
YSZ 22 Porous GDC 1.6 LSC2F8-GDC NiO-YSZ — 0.40 - — 1.28 — — 0.80 - 318 2021
YSZ 22 Porous GDC 1.8 LSC2F8-GDC NiO-YSZ - 0.43 - — 1.09 - 0.69 - 318 2021
MSZ - Dense GDC 0.98 LSCS8F2 NiO-YSZ 0.44 0.33 0.28 0.72 0.51 0.40 035 0.52 0.78 319 2021
8YSZ 7.5 Porous GDC 7 LSC2F8 NiO-8YSZ 0.23 0.14  0.09 274 1.50 0.76 0.15 023 0.36 320 2021
ScCeSZ 7.5 Porous GDC 7 LSC2F8 NiO-ScCeSZ 0.63 049 027 136 048 0.20 021 033 047 320 2021
8YSZ 5 Porous GDC 3 LSCSFS/YDC*COXO), NiO-8YSZ - - - — - - 0.39 — 0.69 286 2021
MSZ 8 Dense GDC 0.3 LSC2F8 NiO-YSZ - 0.07 - - 0.63 - — 1.21 - 321 2021
YSZ 8 Porous GDC 2 LSC2F8 NiO-YSZ - 0.17 - — 0.83 - - 0.73 — 321 2021
\(SZ - Porous GDC 8 LSCF-GDC NiO-YSZ - 0.19 - - 0.80 - — 1.08 - 322 2021
8YSZ 10 Porous GDS 1 LSC2F8 NiO-8YSZ 0.25 — - 0.33 - - 0.68 — - 292 2021
8YSZ 10 Porous LDC 1 LSC2F8 NiO-8YSZ 0.23 — — 0.31 — — 0.73 — — 292 2021
ScCeSZ 5.63 Dense GDC2 1.94  LSC2F8-GDC2 NiO-YSZ/NiO-ScCeSZ 0.25 - - 0.55 - - 0.80 - - 323 2021
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Table 5 (continued).

Electrolyte? Interlayer® Ropms Q cm? R, Qcm? Ppaxs W cm2
.. Anode substrate

Compo- Thickness, o oition  Lhick- (Cathode composttion® omposition (oxidized)? 700 o 750 C 800°C 700 °C 750 °C 800°C 700 °C 750°C 800°C o o
sition  pm ness, pm

YSz 15 Porous GDC2 10 LSC2F8 NiO-YSZ - - - — T oe4 - = 34200
YSZ 380 Porous GDC2 5 BSCFM BSCFM/GDC2 156 094 061 038 019 013 016 027 042 325 2020
YSz 10 Dense GDC2 0.3 LSC2F8 NiO-YSZ - 014 - ~ 015 - ~ 073 - 326 2020
YSZ 10 Dense GDC2 0.7 LSC2F8 NiO-YSZ ~ 009 - 011 - ~ 099  — 326 2020
Ysz 10 Dense GDC2 15 LSC2F8 NiO-YSZ -~ o010 - ~ o1 - ~ 081 - 326 2020
YSz 10 Porous GDC2 5 LSC2F8 NiO-YSZ - o017 - ~ o014 - ~ 080 - 326 2020
YSz 10 Dense GDC 6 LSCF-GDC NiO-YSZ - - .~ _ 052 075 099 327 2020
YSzZ - Dense GDC 0.27 LSC2F8-GDC/LSC2F8  NiO-YSZ - - - — — 151 278 2020
YSzZ - Dense GDC 0.57 LSC2F8-GDC/LSC2F8  NiO-YSZ - - - . ~ — 155 278 2020
YSZ - Dense GDC 1.09 LSC2F8-GDC/LSC2F8  NiO-YSZ - - - ~ — 197 278 2020
8YSZ 260 Porous GDC 5 LSFC LSFC/GDC 201 121 074 074 040 029 011 020 035 328 2020
8YSZ 350 GDC 5 LN NiO—La,0, 154 091 067 226 117 061 007 012 024 329 2020
YSz 2.5 Porous GDC 15 LSC2F8 NiO-YSZ - 016 - ~ 018 - ~ 141 - 330 2019
YSZ 15 Dense GDC 10 LSC2F8 NiO-YSZ -~ 030 - - 070 - ~ 051 - 288 2019
Ysz 25 Porous GDC 1.5 LSCF NiO-YSZ 024 019 017 027 018 012 096 141 178 331 2019
YSZ 8.5 Porous GDC 3 SSC-GDC NiO-YSZ - - ~ — 077 092 - 3322009
YSz 10 Porous GDC 5 LFCN NiO-YSZ 026 022 - 077 062 - 053 064 - 73 2019
ScSzZ 6.5 Porous GDC 3 LSCF-GDC NiO-YSZNiO-ScSZ 071 055 - 171 LI13 - 035 051 — 333 2019
YSz 5.79 Porous GDC 412 LSC2F8-GDC NiO-YSZ 02 - - 059 - - 08 - - 3342019
YSZ 4 Porous GDC 5 LSC2F8-GDC NiO-YSZ 063 038 028 110 061 048 019 032 052 282 2019
YSzZ 4 Dense GDC 5 LSC2F8-GDC NiO-YSZ - ~ 030 - - 157 - - 053 282 2019
YSzZ 4 Dense GDC ) LSCF-GDC NiO-YSZ - - ~ _— _ 08 106 121 335 2018
YSz - Porous GDC2 2 LSC2F8 NiO-YSZ - o011 - ~ 188 - ~ 125~ 336 2018
8YSZ - Dense GDC 0.2 LSCF NiO-8YSZ - — - ~ — 104 337 2018
8YSZ 20 Porous GDC 4 LSC2F8-GDC/LSC2F8  NiO-8YSZ 0.6 036 023 033 022 015 039 064 078 338 2018
YSzZ 6.3 Porous GDC 3.7 STFC NiO-YSZ - - ~ —  — 123 162 20 339 2018
ScCeSZ 12 Porous GDC 16 BSCFZ NiO-ScCeSZ 015 - - 020 - - 078 — 116 340 2017
YSz 20 Porous GDC 10 LSC2FS8 NiO-YSZ 068 037 024 125 063 044 021 039 062 341 2017
YSZ 400 Dense SDC 3 NC-SDC NC-SDC/SDC 162 111 083 177 090 057 008 013 020 342 2017
16YSZ 45 Dense GDC2 0.4 LSF NiO-16YSZ - ~ 014 - - 046 - - 034 280 2017
16YSZ 45 Dense GDC2 0.8 LSF NiO-16YSZ - - 017 - - 027 - - 049 280 2017
YSzZ 6 Dense SDC 3 LSC2F8 NiO-YSZ 012 - - 013 - - 120 - - 200 2017
YSz 10 Porous SDC 0.4 BSCF-SDC NiO-YSZ - ~ 036 - - 092 - - 039 343 2016
YSz 10 Porous SDC 0.8 BSCF-SDC NiO-YSZ - 033 - - 084 - - 048 343 2016
YSzZ 10 Porous SDC 1.1 BSCF-SDC NiO-YSZ - 035 - - 049 - - 095 343 2016
YSZ 10 Porous SDC 15 BSCF-SDC NiO-YSZ - 035 - - 047 - - 110 343 2016
YSz 10 Porous SDC 1.9 BSCF-SDC NiO-YSZ - ~ 035 - - 051 - - 08 343 2016
YSz 10 Porous SDC )] BSCF-SDC NiO-YSZ - 036 - - 100 - - 085 343 2016
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Table 5 (continued).

Electrolyte? Interlayer® Rypms Q cm? R, Qcm? Paxs W cm2
.. Anode substrate

Compo- - Thickness, Composition L ick- (Cathode compostion™  ¢omposition (oxidized)® 700 ¢ 750 °C §00°C 700 °C 750 °C 800 °C  700°C 750°C 800°C T o
sition pm ness, pm

YSZ 5 Porous GDC 1 LSCF-GDC NiO-YSZ 0.15 - - 0.25 - - 0.91 - - 344 2016
8YSZ 400 GDC2 2 LSF LSF/GDC 1.08 0.77 0.64 0.46 023 0.12 0.17 0.25 0.39 345 2016
MSZ 10 Dense GDC 0.35 LSC2F8 NiO-YSZ 0.14 - - - - - 1.33 - - 346 2016
YSZ 10 Dense GDC/ 0.35/ LSC2F8 NiO-YSZ 0.23 - - - - - 1.44 - - 346 2016

Porous GDC 0.15

MS% 4.5 Dense GDC2 0.8 LNF NiO-YSZ - - 1.75 - - 0.46 - - 0.72 347 2016
8YSZ — Dense GDC 1.59  LSCF-GDC/LSCF NiO-8YSZ - 0.22 — - 0.30 — - 0.92 — 188 2016
8YSZ - Porous GDC 1.49  LSCF-GDC/LSCF NiO-8YSZ - 0.31 - - 0.37 - - 0.60 - 188 2016
8YSZ 20 Dense GDC 0.3 LSM NiO-8YSZ 0.25 0.20 0.15 540 340 196 0.20 0.28 0.38 348 2016
YiSZ 10 Porous SDC 3 BSCF-SDC NiO-YSZ - 0.35 - - 0.42 - 1.06 1.58 1.92 349 2016
16YSZ 23.6+4.2 Porous GDC 3 LSC2F8-GDC/LSC2F8 NiO-16YSZ 0.66 0.47  0.28 1.22  0.64 049 0.27 045 0.68 350 2015
8YSZ 10 Porous SDC 2 LSCF-GDC NiO-3YSZ - - - - - - - 0.82 091 351 2015
8YSZ 7.6 Dense SDC 3 SSC-SDC NiO-8YSZ 0.16 0.15 0.14 0.46 0.17 0.10 0.71 0.83 0.90 352 2015
8YSZ 6.5 Porous SDC 4.5 SSC-SDC NiO-8YSZ 0.20 0.20 0.19 0.30 0.15 0.08 0.51 0.63 0.66 352 2015
8YSZ 10 Porous GDC2 5.5 LSC2F8 NiO-8YSZ - — - - — - 0.52 082 1.14 353 2015
8YSZ - Porous GDC2 5 BSFA-GDC2 NiO-8YSZ - - - - - - 1.21 1.56 1.96 354 2015
8YSZ 10 Porous SDC 50 LSC2F8 NiO-8YSZ - - 85.8 - - 3.0 - - 0.08 355 2015
YSZ 50 Porous GDC 10 BBCN NiO-YSZ 0.08 0.06 - 0.28 0.16 - 0.8 1.23 - 356 2015
YSZ - Porous SDC 20 LSCM-SDC/LSCM LSCM/LSCM-SDC - - 1.26 - - 0.65 - - 0.07 357 2015
MSZ 18 Porous SDC 3 PSFC NiO-YSZ - - - - - - 0.68 - - 358 2015
YSZ 8 Porous GDC 4 LN-GDC/LN-LSC/LSC NiO-YSZ 0.26 0.16 0.12 0.70 0.44 033 0.60 1.14 1.69 359 2015
8YSZ 5 Porous GDC 1 BSCF NiO-8YSZ 0.20 — — 0.26 — — 1.07 — — 360 2015
16YSZ 9.9 Dense GDC 2.4 LSCF-GDC/LSCF NiO-16YSZ — — 0.08 — — 0.14 — — 1.48 361 2015
8YSZ 3 Porous GDC 3 LSC2F8-GDC NiO-YSZ-BCZYYDb - - — - - 0.13 - - 1.7 362 2015
ScCeSZ 300 Porous GDC 2 LSC2F8-GDC NiO-GDC — — — - — — — - 0.51 363 2015
MS% 275 SDC 10 LCFC LCFC/GDC - - 1.07 - - 1.05 - - 0.14 364 2015
YSZ 5 Porous SDC 12 BSCF NiO-YSZ — 0.24 — — 0.28 — - 0.82 - 365 2015

316YSZ =Y 16Z198402_s, 8YSZ =Y 08210 9205_5, ScCeSZ = Sc;y 10Ce.01Z13902_s, YSZ is a yttria-stabilized zirconia (the exact composition is not specified), ScSZ is a scandia-stabilized zirconia (the
exact composition is not specified), and 10ScSZ = Sc Zr90,_s. ® GDC = Gd,;Ce( 90, 5, SNDC = Smy 475Ndy 475Ce( 55055 SDC = Sm,Ce( 30, s, LDC = Lag ;Ce 90,5, GDC2 = Gdy,Cey 50,
¢ LSC2F8 = Lao‘6sr0.4C00.2Feo'8037(;, LSC8F2 = Lao‘6sr0‘4C00.8F60.2037(;, LSC= LaO'GSI'OACOO}i& PBSCF = PrBaO.SSrO.SCOLSFeO‘SOS +05 LSF = La0.6Sr0.4FeO3,(5, LNF = LaNiO.GFe()AO:;i(g,
PM =PrsMo30y6.45  PSF =PrSr4FeO;_5, LSCF=La,Sr;_,CoFe;_,O;_5 (the exact composition is not specified), LSCSFS=Laj4Sr4CopsFegs03_5, YDC=CeygYe 0,05,
BSCFM = Bay 5Sr, 5Co, ,Fe; ;Mo 1055, LSFC = LaSr;Fe,Co0yy_5, LN =La,NiO4,,, SSC = Sm 5Sr; sC00;_s, LFCN = LaFe( 3Cog (Nij ;O5_, STFC = SrTi, 3Fe( 63C00 07035,
BSCFZ = Bay 5Srq sCog sFeg.1Zn9 103 5 NC=Nij;C0930, BSCF =Bay sSrsC0gsFe205 5 LSM = (LagsSr92)9MnO;.5, BSFA =Bay sSrysFeqg1Alg 0003 5 BBCN = BaBij 0sCogsNby 1503 5
LSCM = La0_75Sr0_25Cr0_5Mn0_503_,5, PSFC = Pro_SSro_SFeo_gCuO_203_(5, LCFC = La0_3cao_7Feo_7Cr0_303_(5. d 3YSZ = Y0_03Zr0_g702_(§, BCZYYb = BaZr0_1C60_7Y0_1Yb0_103_(5.

€30 0T

ASPIAPIN'Y'( ‘UBUISQ'Y ' ‘AO[IUB('Y N ‘UBNIRL d'V ‘Ao[ediq A’ N

L60SMDN (01) T6 “€TOT “12y “wiay) "ssny



M.V.Erpalov, A.P.Tarutin, N.A.Danilov, D.A.Osinkin, D.A.Medvedev

Russ. Chem. Rev., 2023, 92 (10) RCR5097 21 of 34
a b c
05} - -
€ ' ' :f ' v
0+ - o o ¢ a e -
é °o P 8 'i a §oi o © §o o° 'ﬁ
o $0%a o of o O o ©
£05F il of '&%-ggs;o; . %
o » 0330 [ 2800 °C L 8¢ RS 3.-0030 e @
5 -10r °© .-oi ) 750 °C B oo°.o feoa ° i Oe'. N /
o A ] ° o = °
- -15 I I I ° I I 1 1 1 1 I I I I I I
e f
. I g L= s I g
X 80 . 8] R . . ¢,
€ B0+ £ Y R i
° go% ° g ° ° X °
% 40r ‘bféol ¢ P " %ag o B ‘. r -g%, ». 8
< 20 Q'Egp‘ég‘)& o 0?2.89% ¢ ° '52363/
E oty d R oo
Q:o 0 ] , 8 L L L ° 5 L L L , s, 8, L L L
g h i
T - §% \ -
S HICH 2, a8%3 Ry
S 30k ) CRE R l %%-. o8 @ B TR
S OOO‘?E%;@?& ’ 2 ’%%' aggg;l §° O: O-)ii§§§<§o': ¢ o
P N O S R R L R |
otk 3 R R ot 43
T 20PN e R . = I - e
g 15 I 1 I I I I I I I I I I I I I I
0 05 10 15 20 25 30 O 0.5 1.0 1.5 20 0 05 1.0 15 20 25 30

IOg(heIectrontey pm)

IOQ(hinterlayen um)

Iog(helectrolyte + hinterlayery um)
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Figure 12. Performance of SOFCs based on zirconia electrolytes depending on microstructural state of ceria interlayers and materials thick-

ness. These data were taken from Table 5 at 750 °C.

that of zirconia), although the data density becomes narrow for
a relationship of Rohm :f(helectrolym+ hinterlayer) (See Flg 11)
compared to that for Ry, = f(Zingeriayer)- The latter indicates that
the ohmic resistance of the interlayer is not completely
negligible.

Figures 11d—fshow the ohmic resistance contribution to the
total SOFC resistance in the same manner as before. Again, for
the above reasons, no clear relationships can be seen for the
hjperiayer-dependent  massive. On the contrary, the ohmic
resistance contribution naturally increases with increasing
thickness of either the electrolyte or the electrolyte/interlayer.
This behavior is associated with the fact that at high temperatures
and high electrolyte thickness the polarization values (and,
correspondingly, polarization resistance contributions) become
quite low due to the good electrochemical activity of the
electrodes used.

Finally, the power densities of the considered SOFCs
(Fig. 11g—i) decrease with increasing thickness of the

electrolyte and interlayer films; this outlines the need to develop
thin-film technologies that are low-cost, scalable, reproducible,
and reliable.

It is also interesting to compare the SOFC performance
depending on the microstructural state of the doped ceria
interlayers (see Fig. 12). Unfortunately, there are no clear
correlations between these parameters due to a small data set
and possible biases related to other factors.

We should point out that the data presented were obtained for
laboratory-scale SOFCs, which are typically characterized by a
small active electrode area. Moreover, such cells are usually
tested for a short period of time, when the chemical interaction
processes (if they exist) are difficult to detect. Another case is
the long-term testing of SOFC prototypes (stacks) that gives
more objective information on the ongoing high-temperature
chemical and electrochemical processes. Therefore, the readers
are referred to Section 4.3, where the relevant information is
briefly presented.
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4.2. Achievements for gallate-based cells

The performance of advanced SOFCs and SOECs is highly
dependent on the thickness of the thin electrolyte layer between
the anode and cathode. This is due to the fact that the development
of electrode materials is well advanced and the polarization
resistance values of some electrodes are less than 0.01 Q cm? at
650 °C.32 In state-of-the-art SOFCs, electrolyte thicknesses can
reach several hundred nanometers, enabling the achievement of
power densities as high as 2.5 W cm™ at 650 °C and even
higher.??

In the case of the LSGM-based SOFCs, two major research
directions can be distinguished: (1) studies aimed at reducing
the thickness of thin film LSGM electrolytes for electrochemical
cells with supporting nickel-ceramic anodes, (2) research on
new electrode materials for symmetrical cells with the LSGM
supporting electrolytes.

Let us first discuss the achievements in the development of
cells with a supporting nickel-ceramic anode. The current record
value of the power performance of SOFCs with the LSGM
electrolyte was obtained by Ishihara et al. (Fig. 13a).3% They
fabricated a SOFC with a supporting anode NiO(Fe,05)-SDC,
on which a bilayer LSGM (5 pm)/SDC (400 nm) electrolyte was
deposited by pulsed laser deposition (PLD) method; the cathode
was made of Sm 5Sr; sC0oO;_; (SSC). The electrochemical test
showed a SOFC power density of more than 3.3 W cm? at
700 °C. Ju et al 37 investigated a similar cell with a Fe,0;—NiO
supporting anode with a bilayer electrolyte of LSGM (6 um)/
SDC (500 nm) deposited by the PLD method and the same SSC
cathode (Fig. 13b). The power density obtained was about
1.8 Wcem 2 at 700 °C. A similar SOFC was fabricated by the
same group of authors, but with smaller electrolyte thicknesses
LSGM (5 um)/SDC (400 nm); the SOFC yielded more than
2 W cm2 at 700 °C.38 It is also worth mentioning a number of
other studies reporting the high power densities (see Table 6). It

should also be noted that the number of studies dedicated to
SOFCs with the LSGM thin film electrolytes is much less
compared to studies of SOFCs with the ZrO,-based electrolyte,
showing a continuous decline in research in this area in recent
years. On the other hand, the number of studies on SOFCs with
the supporting LSGM electrolyte has increased in recent years.
This is due to good achievements in the development of
electrochemical cells with a symmetrical configuration, i.e.,
with identical cathode and anode electrodes.* 114 115,374-376

The best results to date in achieving high performance of
SOFCs with a LSGM supporting electrolyte belong to Ma
et al?’7 They investigated a cell with a 200 pm thick
LajgSr,GaggMg,,03_s  supporting  electrolyte  with
symmetrical BagsSrysMog Fey9O3_s electrodes. No barrier
layers were used for the cell. At 800 °C, a power density of
2.28 W cm2 was obtained, which is an impressive result even
for anode supported SOFCs. The next SOFC power density
record was achieved by Hwang et al.''® An electrochemical cell
with a 200 pm-thick supporting Lag ¢Sty 1GaggMgy-,05_5
electrolyte and a Ceq¢La40,_s barrier layer (20 um thick) on
the Ni—Fe-based anode side, and SSC as the cathode (Fig. 13¢)
was fabricated and investigated. A power density of 2.2 W ¢cm2
was obtained at 900 °C. Looking further into the SOFC
performance, there is a wide gap in the power density values. As
a result, several studies report the achievement of around
1 W ¢cm2 at 800 °C. Have a look at some of these studies.

Zhang et al37® investigated a symmetrical electrochemical
cell with a 250 um-thick supporting Lag oSty GaysMgy,05_5
electrolyte and (PrBa)gos(FeposW 05)205.5 electrodes. No
barrier layers were used. A power density of 1.02 W cm™
at 800°C was obtained. Choietal??” investigated
PrBaj gCay,Mn,05. 5 as electrodes for a symmetrical SOFC.
Lag oSty 1Gay sMgp,0;5_5 250 um thick with a Cejglag 40, s
barrier layer was chosen as the supporting electrolyte. In
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Figure 13. Performance and microstructural features of LSGM-based SOFCs: (a) power density and voltage dependencies for a high per-
formance fuel cell with LSGM film electrolyte. Reproduced from Ref. 366, Copyright Elsevier Ltd., 2010; () SEM image of deposed LSGM
electrolyte at a thickness of about 6 um. Reproduced from Ref. 367, Copyright Elsevier B.V., 2010; (¢) sketch of electrochemical cell with a
thick supporting LSGM electrolyte, a LDC barrier layer, a Ni—Fe-based anode side, and a SSC cathode. Reproduced from Ref. 119, Copyright
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Table 6. High-performance SOFCs with supporting nickel-ceramic anodes and LSGM thin-film electrolytes.

. . . Pax>s W cm2
Supporting anode Electrolyte/barrier layer (thicknesses) Cathode (T.°C) Ref.

NiO(Fe,0;) —-SDC Bilayer electrolyte

Smo.SSro.SCOOF(; 33 (700 OC) 366

Lay ¢Sty 1Gay gMg,0;_5—CeygSm ,0,_s/not used

(5-0.4 um/not used)

Smy 58t sC00; 1.8(700°C) 367

2 (700 °C) 368

Sm0.55r0'5C003,§

Lag St 4C0q gFep 2055
LaO.GSrO.4COO3,§

123 (800°C) 213
1.315 (800 °C) 369

Fe,0;-NiO Bilayer electrolyte
Lag ¢St 1 Gag gMgg ,05 5-Ceq gSmg ,0,_s/not used
(6—0.5 um/not used)
Fe,0;-NiO Bilayer electrolyte
Lag ¢Srg 1Gag sMgp 203 5—Ceg gSmy,0, s/not
used (5—0.4 pm/not used)
NiO-SDC Lay Sty ;Gay Mg, ,05_s/LDC (11/12 um)
NiO-GDC Lag ¢Sty ;Gay sMg,,05_5/LDC (100/25 um)
NiO-GDC Lag oSty Gay gMg(,03_5/LDC (75/25 pm)

NiO-SDC/Cey Mny sFe 0, 5 Lag oSty GaggMgy .05 5/ LDC(Co) (50/5 pm)

NiO-LDC La ¢St 1GaggMg,03 s/ LDC (9/7—10 pm)

NiO-LDC Lag ¢St ,Gaj g3Mg 170;5_s/LDC (200/~25 pm)

NiO-GDC Lay ¢St ,Gay sMg,,05_s/not used (~50/not used) La Sty 4Cog,Fe)05 s
NiO-SDC Lag §Sro,Gay sMg(,0;_5/SDC (1.47/4.14 pm)

NiO-SDC Lag Sty ;Gag gMg;,03_s /LDC (14/14—-20 pm)

Ni /La 75519 55Crg sMng 50535

Lao_gsrg_zGao_gMg()»zO}/LDC (45/2 Hm)

La0.93r0.1C003,5

Smy 581 5C00;_5
Lag St 4Fe 3C00203_5

SrCog sFen,0;_5

1.1 (800 °C) 212
1.2 (700 °C) 370
1.12(750°C) 215
1.4 (800 °C) 216
1 (750 °C) 371
Lag ¢St 4CogFe) 3055 1.08 (800 °C) 217
Lag Sty 4Cog gFe,03_5 1.06 (800 °C) 372
LSGM-Lay 5gSr 4Coq-Feq 303 s 1.45(800°C) 373

addition, 15 wt.% of Co—Fe catalyst was introduced into the
electrodes. The SOFC exhibited a power density of 1.1 W cm2
at 800 °C. Another SOFC with a LaggSry,GaysMgy,05_5
supporting electrolyte (300 pm) and symmetrical Sr,FeMoOg_s
electrodes was investigated by Rath er al37° After the
introduction of the Co—Ni—Mo catalyst (0.1:5:1 molar ratio)
into the electrodes, the SOFC showed a power density of
1.07 W cm2 at 800 °C. The high efficiency of BaFe ¢Zr; ;O _;
electrodes as part of a symmetrical fuel cell with a
Laj oSty 1Gag sMgp,03_s supporting electrolyte was
demonstrated by He et al.38 The power density was about
1.1 Wcem?2 at 800°C. Bian et al33! demonstrated high
performances, long-term stability (within 1000h), and
sustainability to redox cycles (Fig. 13d) of a SOFC with a
La gSry,Gag g3Mgj 1703_5 (300 pm) supporting electrolyte
(without  barrier layers) and LajsSrysFeyoNby O3 5
symmetrical electrodes. The maximum power density was
1 Wem?2 at 850 °C. Ding et al3%? studied a SOFC with a
La ¢Srj 1Gag sMgj ,05_s supporting electrolyte and symmetrical
(PrBa)g o5(Feg oMoy 1),05. 5 electrodes and demonstrated redox
cycling resistance and high long-term stability. The power
density was 1.05Wcm= at 800 °C. Power densities of
1.13 W cm2 at 900 °C were obtained by Zhang et al.3% for a
SOFC with a supporting La, ¢Sr,,Ga, gMg,,05_5 electrolyte
(265 um) and symmetrical Prj4,Sr)cCogoFey7Nby 105 5
electrodes. The authors note the formation of fine cobalt particles
(produced by exsolution) at the fuel electrode after the test,
while no cobalt particles are formed on the oxygen electrode
(Fig. 13e). Also, due to the exsolution of iron and nickel
particles on the surface of the fuel electrode, a power density of
1.3 W c¢cm™2 was obtained at 850 °C for an electrochemical
cell ~with a  SrposTipsFeg3Nipg03_5 anode, a
La 6Sry 4Cog,Fe(3s0;_s—SDC oxygen electrode, a LSGM
supporting electrolyte (300 um), and a Ce,4Laj4O,_s barrier
layer (3 um).3%* It is important to note that in the vast majority of
studies of SOFCs with LSGM supporting electrolyte, the power
values obtained are in the range 0f 0.5—1.0 W cm 2. The detailed

characterizations of these examples can be found in the previous
reviews. 4 114.115,374-376

4.3. Long-term testing experience

Long-term SOFC/SOEC operation is a convenient way to
evaluate the effects of various (chemical, technological) factors
and the success of the approaches used to tailor the composition
and design of electrochemical devices. Many reasons of
degradation processes become clear due to long high-temperature
treatment of multilayer cells.

In 2013, Tietz et al’® presented a report aimed at the
characterization of a SOEC, Ni-8YSZ|8YSZ
(10 um)|GDC|LSCF, during ~9000h of operation at a
temperature of ~780 °C and a current density of 1 A cm™2. In
this configuration, the 5 pm-thick GDC interlayer between
8YSZ and LSCF was introduced as a porous layer. This cell
exhibited a voltage increase of 40 m kh~!, which was equivalent
to an overall voltage degradation rate of 3.8% kh~!. Compared to
the origin cell, considerable chemical and microstructure
changes were observed in the long-term tested cell (Fig. 14 a).
These include the appearance of (1) a fracture along the grain
boundaries of the electrolyte, (2) horizontally organized pores in
the electrolyte along the YSZ/GDC interface and (3) SrZrO;
impurity phase in the YSZ/GDC interface. All these changes
indicate the strong cationic cross-diffusion: zirconium and
yttrium from the electrolyte and strontium from the anode
through the grain boundaries of the GDC layer. The processes
that occurred caused the observed long-term degradation due to
the loss of mechanical stability and contact area in the electrolyte
and the formation of the low-conductive phase at the interface.
It should be noted that the fabricated cell consisted of a porous
GDC layer, which could be a reason for the intense cation
interdiffusion observed.

Finaldi et al.3%¢ fabricated a 6-cell solid oxide cell stack and
tested it for more than 10 kh in the electrolysis mode under
different experimental conditions. This stack showed an average
voltage degradation of 4% kh~! for the first 2000 h, which then
decreased down to 0.5% kh~! at 3500—5000 h. The stack had
several incidents, so its operation was limited to 7000 h. A post-
test analysis revealed a variety of causes responsible for the
stack degradation, including Ni depletion of the functional
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Figure 14. Properties of SOFCs and SOECs during long-term characteriza-
tion: (@) microstructural changes for Ni-8YSZ|8YSZ (10 um)|GDC|LSCF after
its operation in electrolysis mode at 9000 h. Reproduced from Ref. 385, Copy-
right Elsevier B.V., 2012; (b) diffusion processes taking place during different
steps of cell manufacturing, from sintering of the GDC barrier layer to sintering
of the cathode, involved in the process of SrZrO; formation. Reproduced from
Ref. 387, Copyright Elsevier B.V., 2017; (c) 2D element mappings of main
cations for three types of cells. Reproduced from Ref. 388, Copyright Elsevier
B.V.,2022; (d) Reaction and interaction pathways related to Mn-ion diffusion.
Reproduced from Ref. 389, Copyright Elsevier B.V., 2017.

cathode as well as silicon, chromium, and sulfur poisoning.
Other causes were related to the YSZ|SDC interface. First, as in
previous reports, the intensive cavity formation occurred along
the YSZ grains in the vicinity of the SDC layer. Second, a
~1 pum-thick and dense reaction layer was formed between YSZ
and SDC. Third, an accumulation of strontium in the form of SZ
was found in this reaction layer. It is clear that all the electrolyte-
and interface-related processes affect degradation due to
mechanical loss or insulating phase formation. These phenomena
have also been confirmed for the fuel cell regime, see the work
of Morales et al.3¥7 The authors fabricated a SOFC stack and
tested it during 3000 h of operation. A detailed analysis of the
YSZ|GDC interface made it possible to identify the pathways of
cation interdiffusion, as depicted in Fig. 146. In summary,
several stages were revealed. At the first stage of interlayer

sintering, cation cross-diffusion along grain boundaries took
place. At the second stage of electrode sintering, the diffusion of
Sr2* through the gas phase and grain boundaries began to
predominate, resulting in the rapid formation of the SZ phase in
the regions with enhanced zirconium concentration.

Bernadet et al3®® reported the outstanding results in
improving the performance of a large-area (80 cm?) SOFC by
using a dense GDC layer prepared by PLD. The performance
and microstructural features of the cell were compared with an
analog, in which the GDC layer was fabricated by the screen-
printing (SP) technique followed by its sintering at 1300 °C in
contrast to 1150 °C for the PLD-based GDC. Two cells were
tested in different SOFC modes, varying the temperature from
720 °C (0—-2 kh) to 755 °C (2.6—10.2 kh) and then down to
720 °C (10.2—17.0 kh). The performance of the SOFC with the
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PLD-formed GDC was better than that of the SP-based GDC
throughout all three periods. To understand the observed
differences, the cells were thoroughly characterized in terms of
microstructural and chemical changes. Figure 14¢ shows an
example of the cross-sectional chemistry for three types of cells:
the SP-GDC cell before long-term testing, the SP-GDC cell after
long-term testing, and the PLD-GDC cell after long-term testing.
It was found that undesirable processes (strong cation
interdiffusion, SrZrO; formation, partial LSFC composition
destabilization, YSZ-GDC reaction layer formation) took place
already during the fabrication process, ie., before the
electrochemical operation. After such an operation, these
processes were more intense. In addition, prolonged cracks were
observed as a result of the void coalescence, which was likely
due to the Kirkendall effect. On the contrary, the formation of
the dense GDC interlayer perfectly blocked the cation
interdiffusion between the electrolyte and the cathode preventing
the formation of secondary phases such as SrZrO; and the
destabilization of the cathode. Moreover, no fracture was also
observed, indicating the excellent barrier properties of the dense
ceria layer against a number of undesirable processes.

Although cation interdiffusion in the zirconia/ceria interface
and strontium diffusion from the Sr-containing phase have been
reported in previous works, diffusion of other cations can occur
during long-term operation. A prime example of this is the
report by Menzler et al.3%° The authors performed a post-analysis
of a SOFC stack operated at 700 °C and 0.5 A cm™ during
~30 kh. This analysis revealed the formation of a foreign phase
containing porous zirconium, yttrium, and manganese. The
foreign phase grew within the electrolyte and at the electrolyte/
anode interface. Oxidation of the manganese by the oxygen
remainingin the pores of the electrolyte creates thermomechanical
stresses due to solid precipitates, leading to electrolyte cracking
or cathode/barrier/electrolyte delamination from the anode
support structure. Manganese, probably originating from the
contact layer and its interaction within the electrolyte, was
assumed to be the source of the secondary phase formation
(Fig. 14d). However, if the cells utilize the LSM-derived
cathode, the Mn-related degradation effects can be deeper.

To conclude this section, we should point out the essential
research activity on the design and characterization of SOFC/
SOEC stacks; currently there are several important reports
demonstrating stack performance for more than 30 000 h.390-395
These reports have shown that, apart from the effects of the ceria
interlayer, there are other chemical compatibility issues in terms
of the effects of interconnects, coatings, glass sealants on the
efficiency and performance of SOFCs and SOECs. It is evident
that some importantaspects ofthe chemistry and electrochemistry
of full-component stacks have yet to be clarified.

5. Concluding remarks

As can be seen from the present review, SOFCs and SOECs are
promising electrochemical systems capable of effectively
converting the chemical energy of fuels into electricity and vice
versa. According to the literature analysis, the direct
characterization of SOFCs and SOECs spans several thousand
hours, which is a prerequisite for their rapid commercialization
in the near future. To fulfill excellent long-term performance of
solid oxide electrochemical devices, some chemical
compatibility issues need to be resolved. Considering the
historical aspect of these issues, the conventional zirconia
electrolytes (YSZ, ScSZ) and Sr-containing electrodes (LSM,
LSC, LSF, and efc.) have been widely applied. However, their

joint operation at high temperatures results in the appearance of
impurity phases (such as La,Zr,0; and SrZrO;) at the electrolyte/
electrode interface. Since such impurities are inherently poor
ionic conductors, they degrade SOFC/SOEC efficiency and
performance and contribute to cell failure due to
thermomechanical stress (Fig. 154). The use of so-called
interlayers made of ceria (doped CeO,) is a key technological
solution to overcome the active interaction of the mentioned
functional materials. However, if such interlayers are fabricated
in a porous form, SrZrO; accumulation at the electrolyte/
interlayer interface is still possible (Fig. 155) due to the high
Sr2*-diffusion from the electrode to the electrolyte, through the
interface surface, grain boundaries, and even pores. In addition,
discontinuous contacts between the electrolyte and the interlayer
are a source of high ohmic losses due to the limited number of
oxygen-conducting sites at this interface. Such problems are
suppressed in case of using dense interlayers with a reduced
number of grain boundaries (Fig. 15 ¢). In detail, the experimental
results have shown that in such cases there is no visible formation
of impurity phases. The next breakthrough is related to a
decrease in the thickness of the interlayers while maintaining
their dense state. In this case, the fabricated SOFCs and SOECs
are characterized by excellent performance parameters not only
in the short-term but also in the long-term perspective (Fig. 15d).
However, convenient, scalable, and low-cost manufacturing
methods should be used to produce such high-quality interlayers.

Discussing the chemical composition of interlayers, Sm-
doped ceria (SDC) and Gd-doped ceria (GDC) have been widely
applied for electrochemical cells based on different electrolyte
systems: classical zirconia electrolytes (YSZ, ScSZ) as well as
alternative oxygen-ionic (co-doped LaGaO;) and proton-
conducting (doped Ba(Ce,Zr)O3) electrolytes. The provided

a b
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High ohmic resistance:
impurity phases

High ohmic resistance:
impurity phases and pores

Thin dense
Low ohmic resistance
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high thickness of buffer layer

Figure 15. Designing SOFC/SOEC interfaces to improve perfor-
mance and inhibit degradation: (a) Interaction between convenient
zirconia electrolytes and Sr-containing electrodes; processes taking
place in electrochemical cells with (b) porous interlayers, (¢) dense
interlayers, and () thin dense interlayers.




26 of 34

M.V.Erpalov, A.P.Tarutin, N.A.Danilov, D.A.Osinkin, D.A.Medvedev
Russ. Chem. Rev., 2023, 92 (10) RCR5097

analysis of the literature data shows that the choice of SDC or
GDC for each specific case is mainly intuitive, since the
advantage of one composition over another has not been reliably
confirmed. Nevertheless, in some cases the interlayer
compositions can play an important role in inhibiting the
interdiffusion processes and undesired phase formation.
Detailing, La-doped ceria (LDC) seems to be an optimal choice
for electrolyte/electrode pairs where both phases contain

lanthanum (for example, LSGM|La,NiOy 4,
LSGM|La(Ni,Fe)O;, LSGM]|(La,Sr)TiOs); Y-doped ceria
(YDC) might be used for Y-containing electrolyte/electrode
pairs (for example, YSZ|(Y,Sr)TiO;, YSZ|YBaCo,Os.,;,

YSZ|YBa(Co,Fe);07.5). Such a choice of LDC or YDC can be
explained by minimizing the cationic differences in the
electrolyte/interlayer/electrode system. Apart from chemical
affinity, some researchers propose Pr-containing interlayers,
which exhibit electronic conductivity along with the conventional
oxygen-ionic one. The latter is able to improve the ORR kinetics
by extending the electrochemically active sites over the entire
interlayer surface.

Along with ceria-based interlayers, Bi,O3-based analogs
have been reported to suppress interfacial reactions in zirconia-
based SOFCs.39%-397 However, the real application of bismuth-
based oxides is limited by several issues,3?8~400 including high
evaporation of Bi-containing phases, the difficulty in preparing
dense interlayers at reduced sintering temperatures and easy
Bi,0; reduction under reducing atmospheres.

To be more objective, we should point out that several closely
related reviews have been recently published.*0'=495 According
to the authors’ opinion, these works together with the present
review synergistically cover all important aspects in the
chemistry and electrochemistry of interface phenomena
occurring in solid oxide electrochemical cells.

In conclusion, the ceria interlayers are found to be a promising
approach to eliminate various chemical interaction problems for
SOFCs and SOECs based on various oxygen-ionic and proton-
conducting electrolytes.
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6. List of abbreviations

Abbreviations

DFL — diffusion layer thickness,
ORR — oxygen reduction reaction,
PCOMs — proton-conducting oxide material,
PLD — pulsed laser deposition,

SEM — scanning electron microscopy,
SOEC — solid oxide electrolysis cell,
SOFC — solid oxide fuel cell,

TPB — triple phase boundary,

TEC — thermal expansion coefficient,
XRD — X-ray diffraction.

Composition designations

BSCF — barium-strontium
Ba,Sr,_,Co;_Fe,0;_4,

GDC — gadolinium-doped ceria, Ce;_,Gd,O,_ 5 (x=0.1 or
0.2),

cobaltite-ferrites,

LDC — lanthanum-doped ceria, Ce;_,La,0,_s,
LSC — lanthanum-strontium cobaltite, La; _,Sr,CoO5_;,

LSCF — lanthanum-strontium cobaltite-ferrites,
La,Sr,_.Co;_,Fe,03_;
LSGM — Mg-doped lanthanum-strontium gallates,

Lal—xsrxGal—yngO3—Js

LSM — lanthanum-strontium manganite, La;_,Sr,MnO;_;,

LSF — lanthanum-strontium ferrite, La;_ Sr,FeOs_;,

LZ — La,Zr,0,

ScSZ — scandia-stabilized zirconia,

SDC — samarium-doped ceria, Ce;_,Sm,0,_5 (x=0.1 or
0.2),

SZ — SrZrO;,

YSZ — yttria-stabilized zirconia.
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