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Abstract. One of major goals in the development of solid oxide fuel cells
and its reversible mode, solid oxide electrolyzer cells, is related to
a decrease of the operating temperature, down to the intermediate range
(600-800 °C) or even lower temperatures. However, this reduction causes
an increase of the polarization resistance, especially for the air electrode,
which results in a significant decline of the efficiency of the device.
Therefore, it is essential to obtain new, thermally and chemically stable
materials with the high ionic-electronic conductivity and good catalytic
activity for the oxygen reduction reaction working in the decreased
temperature range. At the same time, environmental and economic aspects
have to be considered in the development of the new compounds.
Promising cobalt-free electrode materials can be Cu-based oxides with the
perovskite and perovskite-related structures.

1 Introduction

In the last two decades, a growth of variable renewable energy sources in the total energy
mix can be seen markedly. Due to the constantly increasing energy consumption and global
consensus about climate changes, most of the governments implemented environmental
regulations and put more efforts in the development of new, eco-friendly technologies.
Moreover, the large-scale implementation of modern energy solutions in order to minimize
the harmful impact on the environment have been undertaken [1,2]. Hydrogen is considered
as one of the most promising energy carriers and as a fuel of the future, because of its
abundance (although not as pure H»), a high energy value and the zero-carbon emission
combustion. Therefore, economically and technologically developed European countries,
USA, Japan, as well as other developing countries like China, allocate considerable funds
for the research on the hydrogen and others so-called clean energy technologies [3,4]. The
greatest chance for a wide commercialization of the hydrogen-based technologies is
associated with fuel cell technology, especially, solid oxide fuel cells (SOFC) and its
reversible mode, solid oxide electrolyzer cells (SOEC), in which all parts (anode,
electrolyte and cathode) are made of ceramic components [5].
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In this work we discuss issues related to the development of the air electrode materials
for SOFCs and SOECs, including a brief introduction of the technology, its possible
importance in the energy grids, as well as a description of requirements for the successful
air electrode, which have to be fulfilled. Furthermore, a short review of the proposed Cu-
based electrode materials (a cathode for SOFC and an anode for SOEC) is presented.

2 SOFC and SOEC technology

In relation to the energy production (both, electricity and heat), SOFC technology has
gained a lot of attention due to its quite simple operation rules, based on the following
steps: 1) oxidation of the fuel at the anode’s side, 2) migration of the electric charge
(electrons) through the external circuit, 3) migration of the equivalent amount of oxygen
ions through electrolyte and 4) the oxygen reduction occurring at the cathode’s side, as
presented in Fig. 1. The high efficiency of the whole process, up to approx. 70% or more in
cogeneration systems with heat recovery, stems from a fact that the fuel cell converts the
chemical energy of a fuel and an oxidant directly into the electrical energy, which is not
limited by the Carnot efficiency [6].
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Fig. 1. Scheme of SOFC mode (a) and SOEC mode (b) with major electrodes reactions [5].

A substantial advantage of SOFCs over the other types of the fuel cells is associated
with their fuel flexibility, allowing to use fuels other than expensive hydrogen (also
hydrogen infrastructure is still undeveloped). Besides, the pure hydrogen, CHs4, CO, jet fuel,
methanol, other “dry” hydrocarbons and coal syngas could be used as the fuel [6-8].
Moreover, relatively high operating temperature allows for the internal reforming of the
fuel at the anode side, which can be fed with cheap and available conventional fuels like
coal, gasoline, ammonia or biomass [9—11]. Apart from the mentioned advantages, SOFCs
are quiet, scalable and generally speaking, environmentally friendly [12,13].

As shown in the Fig.1, when the current and H,O are applied to the cell, the reversible
reactions can take place (SOEC mode) and as a result, we can obtain high-purity hydrogen
at the cathode side and oxygen at the anode (air electrode) side. In order to satisfy the
increasing demand for hydrogen production, SOEC technology is rapidly developing.
Hydrogen production via high-temperature steam electrolysis has attracted great interest in
the last years. It can offer higher efficiency, and as a consequence, more favorable
thermodynamic and electrochemical kinetic conditions, e.g. operation at temperatures
above 600 °C needs less electrical energy as compared to the conventional low-temperature
water electrolysis in proton exchange membrane electrolyzes [14]. Reversible solid oxide
cells (rSOCs) may ensure stable energy supply from the renewable energy sources-based
plants, becoming the energy storage system. Depending on the needs, rSOC stack can
produce electricity working as a fuel cell when the energy demand is high. In the case of
excess of the energy production, the device can work in SOEC mode and produce hydrogen
for later usage, ergo store energy in a form chemical energy of the produced fuel [15,16].
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Alongside the backup role of the rSOC in the energy grid, SOFCs and SOECs can be
applied in various systems: fuel-to-power (SOFC mode), power-to-fuel (SOEC) and others.
SOFC stacks play important role in the distributed power generation, as a backup system
for private, as well as public sector (schools, hospitals, military) and in the micro co-
generation (combined heat and power, CHP; combined cooling and power, CCP) for
residential customers [17,18]. Moreover, stacks can be used in the transport sector (electric
buses or cars) instead of the batteries [19]. Recently, an idea of implementation of SOFC
systems into big-scale energy plants with gas turbines or/and heat recovery systems has
gained attention [20]. Other applications of rSOC are associated with the chemical sector,
in which hydrogen can be used inter alia in ammonia or syngas production (CO, can be
provided from the conventional power plant), as well as in the steel plants [6,16,21].

3 Air electrode requirements

The main trend in SOFC and SOEC development is related to the decrease of the
operating temperature below 800 °C into the so-called intermediate temperature (IT) range
(600-800 °C) and even to lower temperatures, in order to eliminate obstacles like the high
cost of components, long start-up time, short lifetime, etc., which are consequences of the
high operating temperature. Unfortunately, the efficiency of the cells with the commonly
used materials deteriorates at lower temperatures, due to the worsened transport properties
and lowered catalytic activity. Lowering of the ohmic losses by a decrease of the electrolyte
thickness, the development of novel compounds with enhanced properties and transfer to
nano-sized materials have been proposed to maintain high efficiency at decreased
temperatures [22,23]. The polarization of the air electrode is the main source of the cell’s
performance degradation, and because of that intensive research on the new, highly-
efficient SOFC cathode (SOEC anode) materials are currently undertaken [24].

The model air electrode has to meet many requirements, such as a proper porosity to
provide a large contact area between the electrode material and gas atmosphere, and a good
thermal and mechanical match with others components. Moreover, it should be thermally
and chemically stable at operating and preparation temperatures, as well as ought to be
inexpensive, easily fabricated and environmentally friendly [23,25,26]. Crucial properties
of the air electrode are catalytic activity vs. oxygen reduction reaction, ORR, (or oxidation
in the SOEC mode), and the high mixed ion-electronic conductivity. ORR is a multistep
process, in which each of the steps can be limiting, causing deterioration of the cell’s
performance [23,27]. Oxygen ions migration from the surface to the electrode/electrolyte
phase boundary takes place efficiently throughout the entire volume of the electrode only if
the electrode material possesses mixed, ionic-electronic type of the conductivity. If the
cathode material is a purely electronic conductor, the reaction occurs only at the gas-
electrolyte-electrode border (three-phase boundary, TPB) lowering efficiency of the entire
process. As mentioned before, an appropriate porosity of the electrode is needed for the
effective gas diffusion [27-29]. In the vicinity of the electrode/electrolyte interface, the
porosity should disappear to ensure suitable mechanical properties of the interface and
improved charge transfer. Good chemical and thermal stability between the electrolyte and
the electrode material is required. Typically TECs (thermal expansion coefficient) are in the
range of 10-15-10° K-!in order to avoid excessive stresses [30].

4 Review of air electrodes materials

Due to good transport and catalytic properties, originating mainly from the flexibility of
cobalt coordination and various redox reactions, cobalt-based oxides with the perovskite
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structure (with ABOs.; formula) or derived structures are widely used as the air electrode
materials. A lot of different compositions from e.g. Ln;.«(Ca,Sr,Ba)«Coi.,Fe,0s3.5 group and
Ln,.«(Ca,Sr,Ba)xCo2.yMO¢.5 (Ln: lanthanides, M: 3d metals) double perovskites have been
investigated. Very promising results in simultaneously both, SOFC and SOEC operation
modes, were obtained for SrCo;.xMoxOs.5 group, showing low polarization resistance on the
order of 0.08-0.13 Q cm 2 at 750 °C, and also for LaggSro2CoosNip203.5, which exhibits
good catalytic activity and high electrical conductivity in the wide temperature range [31—
34]. Tested so far only in SOFC setup, ordered double perovskites, like GdBaCo0,0s:s,
PrBaCo;0Os+5 or similar Mn-doped oxides, show desired transport properties and
conductivity (few hundreds of S cm™), as well as high values of the oxygen ion diffusion
coefficient, with reported power densities output exceeding 1 W cm? at 800 °C [35-37]. In
Fig. 2, area specific resistance (ASR) values are presented as a function of the temperature
for different Co-based compositions with perovskite and perovskite-related structures [38].

3r m] > o |'NN0-Nd203»Schomposite| LSM - Laossro ZMIIO
© NBCM LSC - La Sr,CoO, ;
< |[osm ¢ © 5 9| LSCF-La, Sr, Co, Fe,O,,
g 2|0 LSC ) > O LSF - La, Sr, ,FeO, ,
g’ ZII:ZI(?:F X ’ o © LSCN - La, Sr, Co, Ni 0, ;
E > LSeN | 3 © Q @ SSC-Sm,Sr, .CoO,,

& 0 ssC o ©| BSCF - Ba, Sr, Co,,Fe, O
< umser |0 8 o NNO-NdXiO. e
osvo|o & B % g o ?1 SFMO - 81 Fe, :Mo, O,

P e o o | NBCM-NdBaCo, Mn, °0,..[35]
0 600 700 900 1000

Temperature (°C)
Fig. 2. Comparison of the ASR of selected air electrode as a function of the temperature [38].

Besides Co-based materials, LaMnOs.; and LaFeOjs-related oxides (abbreviated
commonly as LSM, LSF, LSCF, etc.) doped in both sublattices, were deeply investigated.
The introduced doping stabilizes the cubic structure and enhances the electrochemical
performance of the cathode materials (the electronic component of conductivity c. =~ 10-
250 S-cm! at 800 °C and ionic ;= 10#-107 S-cm™! at 800-1000 °C for the Mn-containing
oxides [39]. The established degradation rate in SOFC mode after running more than 19000
h for LSM was 0.5% per 1000 h, but in the SOEC mode was close to 20% [40,41]. Very
promising results have been reported for LSF and BSCF air electrodes for rSOC. LSCF is
more stable and its degradation rate in the case of SOFC is between 0.6-1.4% per 1000 h
and for SOEC stack is 5.6% per 1000 h after 4000 h of operation [42—44]. Recently, Lopez-
Robledo et al. presented performance of the LSCF-Ce9Gdy 1025 composite in the
reversible mode, for which they obtained the highest current densities 0.845 A cm?2 at 1.3 V
(800 °C) for microtubular electrolyzer [45]. BSCF, commonly applied in the SOFC stacks,
shows low polarization resistance, but its stability in the SOEC conditions is significantly
lower compared to the LSC and LSCF [38].

Another group of materials analyzed as potential rSOC air electrode comprises
LnyNiOuss-based oxides, which demonstrate good electrical conductivity with a promising
value of ionic component (c;= 102 S-cm™ in 500-700 °C) and acceptable (in comparison to
the conventional cathode materials) electronic conductivity (ce = 10-100 S-cm™ at 300-800
°C) [39]. Moreover, Ruddlesden-Popper (RP) nickelates present long-term stability and
compatibility with commonly used electrolytes [46—48]. Especially good properties in both,
SOFC and SOEC mode, shows PraNiOg+s-Ceo.0Gdo.1O25 composite, for which no changes
after 100 h in fuel cell mode were noticed and the current density was -780 mA cm™ at 1.3
V at 800 °C [46-48].
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Recently, in the literature, a transfer from the microscale to the nanoscale materials,
including nanosized fibers, shell structures or thin films, can be noticed. It allows to
enhance the performance of the well-studied materials (mostly Co-based) in the lowered
range of the operating temperatures [49—52]. Nanofiber structures, due to the possibility of
fabrication of highly porous electrode layers with continuous pathways for charge
collection, enable to reduce the polarization resistance even by one order of magnitude, as
reported for BSCF at 550 °C, and almost double power density at 650 °C of SOFC with
LSFC cathode [53,54]. Excellent results, with power density around 2 W cm at 550 °C
(pure H, as fuel), were showed for SOFC consisting of nanocomposite functional anode
layers, thin Ce9Gdy.102-5 (CGO) electrolyte, and core/shell fiber-structured BSFC-CGO
composite. Furthermore, the tested cell presented low voltage degradation around 0.1 mV
after 250 h of operation under high current density (1 A cm™) [54].

5 Cu-based oxides as the potential air electrodes

As presented in the section 4, current research on the air electrode for rSOC is mainly
focused on the Co-containing systems and optimization of their nano- or microstructure.
However, electrodes with Co are characterized by high TEC values (mismatching with
typical electrolytes) and as a result, insufficient thermomechanical stability is observed
[48]. Moreover, due to toxicity and the high cost of cobalt, research on Co-free air electrode
materials is of interest and importance.

Copper-based materials seem to be an interesting alternative, due to the lower costs and
high abundance of Cu. Besides, in the literature, there are some reports about Cu-doping
enhancing the catalytic activity of SOFC/SOEC electrode materials [55,56]. Copper oxides
have gained attention in the ‘80s when Bednorz and Miiller announced high-temperature
superconductivity in a new group of materials (Ba-La-Cu-O system), for which they
received Nobel Price [57]. Many research groups have started the examination of
LaCuOs.5-based perovskites and layered La,CuOs-based oxides, mainly in terms of their
conductivity, superconductivity and interesting magnetic properties [58-63]. However,
until now, studies concerning the application of the cuprates as the air electrodes for SOFCs
or SOEC:s are still limited.

5.1 LaCuO;s-based SOFC cathodes with perovskite structure

Due to the extremely high (exceeding 10* S cm™), metallic-type electrical conductivity,
LaCuOs oxide seems to be a very promising air electrode candidate. However, the fully
stoichiometric LaCuOs, in which all copper cations possess +3 oxidation state, can be only
obtained under very high oxygen partial pressure (order of GPa) and crystalizes in the
rhombohedral symmetry. Unfortunately, this materials is not stable at the ambient pressure
and decomposes to CuO and La,CuQO4 [63,64]. Nevertheless, LaCuQO3.; may exhibit high
oxygen nonstoichiometry (0 < § < 0.5) in a wide range of the oxygen partial pressures,
resulting in a presence of various concentrations of Cu™? and Cu® ions. Interestingly,
copper cations might be present in the octahedral coordination, the pyramid with a square
base or the square-planar coordination [65,66].

It is known that perovskite structure, as well as large oxygen nonstoichiometry, enable
transport of oxygen ions via vacancy mechanism, in which oxygen anions hop between
vacancies in the anionic sublattice. The ion conduction is possible in all dimensions and its
effectiveness generally increases with the increasing vacancy concentration [67].
Obviously, the mentioned extremely high total electrical conductivity is a result of the
dominant electronic contribution, which can be associated with hybridization of 3d orbitals
originating from copper and 2p orbitals of oxygen anions in CuOs octahedra. As
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a consequence, 2p-orbitals may effectively overlap with 3d-orbitals of transition metal (B,
i.e. Cu) and enable the effective charge transport via double exchange mechanism (B-O-B)
[68,69]. A significant influence on the transport properties of the perovskite oxides have
both, the degree of filling and the difference of energy between anti-bonding ey(c°*) and
t2¢(m°*) orbitals. The transfer integral I,.q is proportional to the cosine of the B-O-B angle,
and therefore, the most favorable situation occurs when crystal symmetry is cubic (linear
bond) [68,69].

The investigations of the perovskite-type cuprates in order to apply them as the air
electrode are limited, especially in the SOEC mode, but published so far for the SOFC
configuration present very promising results. For example, Yu et al. reported good chemical
compatibility of the tetragonal La;.xSriCuO,s5 towards yttria-stabilized zirconia (8YSZ)
and its high conductivity exceeding around 900 S cm™ at 600 °C. Furthermore, measured
cathodic polarization of Lag7Sro3CuO,44s is satisfying (3.8 mV with an applied current
density equal to 100 mA cm? at 850 °C) and lower than for the standard Sr-doped LaMnOs
[70,71]. For the following configuration of the lab-scale SOFC: Ni-SDC/SDC/LSCu (where
SDC - Smy.15Ceo8501.925 and LSCu is Lag7Sro3CuOs.5) the highest measured power output
was 0.12 W cm? at 800 °C [72]. In order to decrease polarization resistance and evade
influence of TEC mismatch between Sr-doped LaCuOs.s and electrolyte on the cell
properties, SDC-LSCu composite cathode was also proposed. For the composition of 25
wt.% of SDC and 75 wt.% of LSCu it was possible to reduce polarization two times,
comparing to the pure SDC. By using gradually changed composition of the cathode layer
(SDC/0.50LSCu-0.50SDC/0.75LSCu-0.25SDC/LSCu) the measured polarization resistance
was decreased down to 0.094 Q ¢cm? at 800 °C (from 0.234 Q cm™ for LSCu single layer)
[70,72-74]. Moreover, in the literature, there are available reports on the ordered
LasBaCusOi3+5, Lag4Sri ¢CusOaross and LasBaCu; xCoxO13+5 as candidate cathode materials
for SOFCs, in which characterization of the crystal structure, stability versus commonly
used IT-SOFC electrolytes and electrochemical performance can be found [75,76].

5.2 Layered Ln,CuOu:5 as the possible air electrode

According to the literature data, the Ln,CuOs-type materials, with stable +2 oxidation
state of Cu ions, exhibit high thermal stability, as well as low values of TEC. In addition,
most of the compounds from the Ln,CuOs group are thermomechanically compatible with
commercially used ceria-based electrolytes (CeosGdo 2019 - CGO20) even up to 1000 °C
[77]. LnaCuOszs oxides with smaller Ln belong to the mentioned Ruddlesden-Popper series,
while La,CuQasss is characterized by somewhat different placement of the oxygen anions.
The so-called T, T* and T’ phases are well-described in the papers. Generally, the structure
of A,BOuss allows for a great oxygen nonstoichiometry (+6) flexibility. Excessive oxygen
can be incorporated in a rather rare form of the interstitial species, providing an attractive
alternative to the vacancy transport mechanism present in perovskites. This characteristic
may be also present in the cuprates. Transport of the interstitial ions, characterized by a low
activation energy, can only take place in the rock-salt-ordered layers. Due to structural
constraints, both, electronic and ionic transport are of the 2-dimensional type. Electronic
transport occurs predominantly in the perovskite-like layers, containing usually transition
metal cations, and is also based on B-O-B interactions [67,78,79].

Layered La>CuOsss possesses semi-metallic-like electrical conductivity and low TEC
value (~12-14-10° K™) [80]. Often, for different cuprates, the activated type of conductivity
is observed, and with a suitable level of Sr**doping at A-site, the conductivity can be highly
enhanced, e.g. for LaySrxCuQOass values exceeding 100 S cm™ can be obtained [80-83].
Literature reports on the layered, Cu-based oxides applied as the air electrode for SOFC
(SOEC) are more numerous, but still remarkably limited in relation to the Co- and Ni-based
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compounds. As reported, very promising electrochemical properties, including chemical
and thermal stability with CGO shows pure and doped Pr,CuOs. The CGO-supported
SOFC with ProCuQjy (as the cathode material) was able to deliver 0.1 W cm™ power density
at 800 °C. For Pri.9sCeo0sCuQO4 oxide in the configuration of Ni-10Sc1CeSZ/10Sc1YSZ/
CGO/Pr; 95Ce005CuQs, the cell delivered 0.15 W cm™ at the same temperature [80,84].
Interesting electrochemical performance, SOFC output 0.16 W ¢cm at 800 °C with LSGM
(lanthanum gallate doped with strontium and magnesium) as electrolyte, was reported for
Sr-doped La,CuOs [82]. Moreover, Kolchina et al., as well as Li et al. presented its long-
term chemical stability with CGO electrolyte and one of the lowest for cuprates ASR values
(0.16 Q cm?) and the lowest cathodic overpotential equal 100 mV at the current density of
150 mA cm™ at 700 °C [85,86]. Similarly to the perovskite cuprates, so far no data on the
layered Ln,CuQOs:; tested in the SOEC mode are available.

5.3 A-site substituted LaCuO;.; as a possible air electrode material

Partial substitution in the La-site by e.g. Sr>" or Ba?" cations enhances thermal and
chemical stability of LaCuQj;_; with high values of concentration of the oxygen vacancies
maintained. The introduction of barium in the La-lattice causes crystallization of the
Lag sBag.CuO;.5 (LasBaCusO1s.5, LBC) material in the tetragonal structure with P4/m space
group (Fig. 3a), consisting of quadrangular CuOs pyramids connected with the CuOsg
octahedra, which is stable up to 900 °C [76]. Introduction to the structure of Sr** ions in
Lag.75Sr0.25Cu0s.5 (LazSrCusO12-5, LSC) changes space group to P4/mbm, with the additional
square planar coordination of Cu ions present (Fig. 3b).
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Fig. 3. Visualization of the tetragonal crystal structure of La4sBaCusOis.5 (a) and LazSrCusO12-5 (b).

By substitution of lanthanum ions with Sr or Ba, it was possible to obtain single phase
materials by relatively simple sol-gel method combined with annealing at the ambient
pressure of oxygen (air flow) in 900-1000 °C temperature range. Used in this work
techniques and equipment details are analogous to the ones reported in work [82].

Both analyzed compounds exhibit metallic type conductivity, exceeding hundreds of S
cm’!' from room temperature to ca. 800-900 °C, which might be related to the presence of
mixed +2/+3 charge states of Cu cations. Also, a small variation of the oxygen
nonstoichiometry can be noticed at elevated temperatures, associated with the appearance
of the ionic conductivity. LasBaCusOis.s and LazSrCuyOi2-5 fulfill requirements regarding
transport properties for rSOC air electrode. The stability with commonly used LSGM
electrolyte was also tested. As shown in Fig. 4, unfortunately, the analyzed materials after
short (24 h) annealing at 1000 °C react with LSGM electrolyte, and additional phases
(La,CuOs-type, LaSrGazO7) can be detected. However, both compounds are stable in the
same conditions in relation to Lao2CeosO25 (lanthanum doped ceria, LDC), which
commonly used as a buffer layer. Consequently, in order to avoid the reaction of the air
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electrode with LSGM electrolyte, the LDC buffer was utilized in the construction of the
laboratory-scale cells. As the anode, NiO-LDC composite was used (reduced to Ni-LDC
during operation), which also was separated with LDC buffer from LSGM electrolyte in
order to minimize possible reactivity.
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Fig. 4. XRD diffractograms of mixtures (1:1 wt. ratio) of a) LBC-LSGM and LBC-LDC;
b) LSC-LSGM and LSC-LDC

The electrochemical impedance spectroscopy (EIS) data were recorded in 600-900 °C
range for the constructed full cells, in which respectively LSC and LBC layers were printed
on the LDC buffer. The cells were supplied with wet (3 vol.% H»O) hydrogen (Fig. 5a). In
the whole studied range, apart from the ohmic resistance, typical two semi-arcs were
observed in the Nyquist plot. As can be seen, the recorded polarization of the full cells in
800-900 °C range was relatively low. The power densities (Fig. 5b) at the 900 °C exceeded
ca. 0.36 W cm for LSC and ca. 0.5 W cm™ for LBC, which are one of the best reported so
far values for cells with Cu-based cathodes [87]. The results are comparable with analogous
lab-scale SOFCs with layered La; sSrosCuOs.5 (LSC) cathode, as presented in [82].
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Fig. 5. Performance of lab scale full cells with LSC and LBC as the cathode: a) impedance spectra, b)
voltage and power density dependence on the current density [87].

6 Summary

Crucial for the SOFCs (and SOECs) development are air electrode materials efficiently
working in the lowered temperature range, which require their high catalytic activity and
high mixed ionic-electronic conductivity. As shown in the paper, different solutions are
currently investigated and mostly compounds based on Co-containing perovskites are
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considered. Nevertheless, to avoid usage of toxic and expensive cobalt, Cu-based oxides
with perovskite and perovskite-related structure appear as an interesting alternative.
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