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Abstract. Decrease of the operation temperature is considered as one of the
most important targets in development of Solid Oxide Fuel Cells (SOFC),
as it leads to considerable extension of their long-term operation and makes
construction and utilization of the SOFC generators cost-effective.
Relatively high value of the activation energy of the oxygen reduction
reaction (ORR) occurring at the cathode, and consequently, large cathodic
polarization resistance at lower temperatures is a major obstacle hindering
usage of SOFCs at decreased temperatures. In this work possibility of
application of manganese-doped cobalt-based cation-ordered perovskites as
candidate cathode materials in the intermediate temperature (IT, ca. 600-800
°C) range is discussed. The considered oxide materials, depending on
chemical composition, i.e. choice of Re element and Mn-doping level
exhibit high values of mixed ionic-electronic conductivity, as well as good
catalytic activity toward the oxygen reduction and moderate thermal
expansion. Cathode layers manufactured on a basis of selected ReBaCoa-
xMnxOs+5 oxides show low polarisation resistance.

1 Introduction

A major challenge facing today our planet is the observed climate change, which while not
unambiguously, is considered to be interrelated with the anthropogenic emission of the
greenhouse gases, such as carbon dioxide [1, 2]. This issue can be largely mitigated by
development and implementation of the so-called clean energy sources, among which very
promising ones are fuel cells [3—5]. Those devices are able to convert chemical energy of the
fuels (such as hydrogen, syngas, but also hydrocarbons) and an oxidizer directly into
electrical energy and heat, without need for the direct combustion, which is an intermediate
step, indispensable in conventional thermomechanical methods of the electrical energy
generation. As a result, fuel cells exhibit high conversion efficiency, especially in hybrid
solutions, in which the waste heat is utilized. Their other advantages include short start-up
time, zero emission if fuelled with hydrogen, easiness of modular scale-up and low failure
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rates, due to a lack of moving, mechanical elements [6-8]. So far, numerous cell types,
differing in a type of the applied electrolyte, have been designed. Among them, one of the
most promising ones are Solid Oxide Fuel Cells (SOFC), showing wide fuel flexibility,
exhibiting high energy conversion efficiency, and consequently, suitable for the broadest
range of applications. Unfortunately, their very high operating temperature (typically, in 800-
1000 °C range) may lead to a fast degradation, and therefore, current development of the
SOFC technology is focused on new compounds (especially, anode and cathode materials,
solid electrolytes), which are able to work effectively at the intermediate temperatures (ca.
600-800 °C). However, the target goal is to achieve good performance at even lower
temperature range (ca. 400-600 °C) [9-13]. Presently, this seems to be the hardest in the case
of cathode materials, due to high values of the activation energy of ORR, with associated
substantial slowdown of ionic transport processes at decreased temperatures [12]. The overall
effect is observed in a form of a high total polarisation resistance of the cathode, exceeding
the commonly considered limit of 0.15 Q cm?.

In this work we discuss selected issues concerning design of new cathode materials from
ReBaCo,.<Mn,Os:;5 (Re: rare earth element) system, having layered perovskite-type structure,
which are suitable for manufacturing SOFC cathodes operating at lowered temperatures.

2 Decrease of the operation temperature as a crucial goal in
development of SOFCs

As can be seen in Fig. 1, a typical Solid Oxide Fuel Cell is built with three basic elements:
a cathode (where oxygen reduction occurs), an anode (where fuel oxidation occurs) and a
dense and thin solid electrolyte, which is located between them and allows only for the ions
(typically, oxygen anions) to be transferred from the cathode to the anode. Obviously, in
SOFC stacks, design of interconnects and gas supply/removal systems is of a great

importance.
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Fig. 1 Schematics of construction and operation of Solid Oxide Fuel Cell.

During last several decades, so-called YSZ (yttria stabilized zirconia, typically 8YSZ i.e.
Zr084Y0.1601.92) has been the most commonly used electrolyte in SOFC technology, mostly
due to its exceptional thermal stability and very good mechanical properties combined with
rational price and acceptable, pure ionic conductivity. However, efficient operation of YSZ
requires high temperatures, greatly exceeding 800 °C, unless very thin electrolyte layers are
utilized [14]. Since lowering of the working temperature of SOFCs brings significant
technical and economic benefits, such as reduction of the start-up time, increase of reliability,
reduction of heat losses and also possibility of usage of cheaper, steel-based interconnects,
research on novel electrolyte materials, which are able to efficiently operate at lowered
temperatures has been extensively carried out [15-18]. Among proposed new compounds,
Gd-doped ceria (GDC, Cei.xGdcO»-5) and lanthanum gallate-based perovskites (LSGM, La,.
SryGaiyMg,03.) are of a special interest, because of their very high ionic conductivity. In
the anode-supported design with largely decreased electrolyte thickness, as well as with
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usage of the improved electrode materials having tailored chemical composition and/or
composite structure, it was already possible to reduce operating temperature of SOFCs down
to ca. 800 °C range, maintaining high efficiently [12]. Recently, new reports have been
presented in leading scientific journals about viability of further decrease of the operating
temperature below ca. 600-650 °C, to the low temperature (LT) range [19-22]. It is
anticipated that in such LT-SOFC designs lifetime of the cells can extend beyond 10 years,
wider choice of electrode materials (including nanostructured designs), interconnects and
seals will be available for usage, as well as reduced production and exploitation costs and
easier balance of such SOFC-based generators will be very advantageous. Another important
reason stems from the predicted increase of efficiency, e.g. if SOFC is using CO as a fuel,
the theoretical efficiency increases from ca. 60% at 900 °C to ca. 80% at 350 °C [23].
Obviously, LT-SOFCs require highly-conductive electrolytes and thin, near to the submicron
thickness, electrolyte layers to reduce the ohmic losses. Moreover, new electrode materials,
especially for the cathode, need to be developed in order to reduce the polarization resistance
[24]. It is generally assumed that for such the application, state-of-the-art solutions are
needed. For example, modification of the bulk properties of the compounds, e.g. Co-based
perovskite oxides, via chemical doping is conducted with untypical elements like Nb or Ta
[22]. Alternatively, a combined approach dedicated to optimization of the bulk (lattice
structure, electronic  structure, concentration of defect species, etc.) and
surface/microstructure (catalytically-active surfaces, exsoluted metallic nanoparticles,
spatially-oriented morphology, etc.) is applied and showed to be successful [21,24-28].

3 Perovskite-type cathode materials: selected issues regarding
structure and transport properties

Considering numerous and strict requirements regarding transport, electrocatalytic and
thermomechanical properties, which need to be fulfilled by the successful air electrode
(cathode) material, simple perovskites (with ABOs.; formula, e.g. La;«SrxCoi.yFey0s.5) and
cation-ordered, layered perovskite-based oxides (AA’B»Os:5, €.g. GdBaCo,.«FeOs5) are
undoubtedly among the best candidates, and in fact, are being the most studied ones
[5,7,29,30]. In the considered materials the electronic structure of BOs octahedra governs the
charge transport properties in the bulk, while deviation from the oxygen stoichiometry,
realized through presence of the oxygen vacancies, lowers the coordination number of B-site
cations and enables ionic conduction. At the same time, surface-exposed sites with lowered
oxygen coordination are considered as being responsible for the electrocatalytic activity of
the compounds toward the ORR [27,31].

Compositional flexibility is one among the most important features of the perovskite-type
materials, as through an appropriate doping strategy at A-, B- and even O-sites, modification
of the structural and transport properties can be done [32]. In the case of substitution in cation
sublattices, A- and B-site cation-ordered compounds are known. Such an ordering can be a
result of a significant difference between ionic radii and/or oxidation state of ions present and
the respective sites. For the 1:1 ratio, i.e. AA’B2Os:5 or A,BB’Os.s, the arrangement of ions
can be generally realized as one of three different types: the rock salt-like, columnar and
layered [33]. Considering ReBaM,Os.5 (Re: rare earth element; M: transition metal) layered
compounds, the present layered-type arrangement of smaller Re*" and larger Ba®" cations is
mainly caused by a large difference of their ionic radii. The crystal structure of such materials
consist of BOs octahedra, between which layers containing barium or Re element are located
alternately (Fig. 2a) [33]. It should be also mentioned that layered A-site ordering is often
found in combination with a presence of anion vacancies, which helps to stabilize such the
structure. Their concentration can reach high values, even close to 1 per formula unit, and
therefore the common notation is in fact ReBaM,Os:5s (not ReBaM»0Os.5). Such high
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concentration of the oxygen vacancies and a fact that they are located almost exclusively
between Re layers where oxygen bonding strength is reduced, leads to formation of a fast
ion-conducting planes, enhancing significantly ionic component of the conductivity [33].
Consequently, the compounds are of a great interest considering possible application as
cathode materials in SOFCs. In both, simple ABO;; and layered AA’B,Os:5 perovskites,
transport of electronic charge carries occurs through double-exchange (Zener) mechanism.
Essential for this process is interaction of the 3d orbitals originating from the transition metal
with the 2p orbitals of the oxygen, which can be simply described as a “jump” of the electron
occurring through the metal-oxygen-metal path (Fig. 2b). The effectiveness of the whole
process depends not only on degree of structural deviation (from cubic symmetry) and filling
of the 3d states, but even more, on the oxygen content, as appearance of the oxygen vacancies
interrupts metal-oxygen-metal paths. Therefore, the considered Zener-type mechanism is the
most effective when compounds are fully oxidized, distortions in their structure are limited
and present in the structure 3d metals exhibit mixed oxidation state [34,35].

b)
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Fig. 2 a) Crystal structure of layered-type ReBaM:0s:+s oxide; b) scheme of a linear metal-oxygen-
metal bond with possible Mn**-O-Mn*" double exchange.

Simultaneously, oxygen concentration has the opposite effect on the ionic component of
the conductivity, as relatively high oxygen nonstoichiometry causes increase of the
effectiveness of ionic transport occurring through the vacancy-type mechanism. This process
is particularly efficient in strongly oxygen-deficient layered-type perovskites, due to the
mentioned appearance of the fast ion-conducting planes within the Re-related layers. To
conclude, it can be stated that controlling of the oxygen content allows to obtain materials
with desired/controlled ionic and electronic components of conductivity [34]. Among all
double-perovskite oxides, cobaltites exhibits the highest values of total conductivity, with ¢
(predominantly electronic component) exceeding in many cases 1000 S cm™ at room
temperature. Such good transport properties results from highly-effective electron transfer
occurring through the mentioned Zener mechanism [11,36]. It is generally known that
substitution of cobalt with different 3d metals (such as iron or manganese) has generally
negative impact on the total conductivity [35,37]. This behaviour can be explained taking the
considered ReBaCo,.xMnyOs+5 group of materials as an example. Firstly, it must be
emphasized that excellent electron transport in undoped cobaltites results from presence of
Co*"/Co®" pairs and high mobility of the unpaired electron which can easily migrate between
tae levels of Co** and Co*". This occurs with a high level of delocalization of the electrons,
resulting in a metallic-like behaviour. Introduction of Mn into ReBaCo,..MnyOs+5 structure
causes charge transfer reaction to occur, as more stable manganese adopts +4 oxidation state
and eliminates Co*”**. Since average oxidation state of 3d metals is typically higher than 3
in considered materials, Mn**, Co®" and Co?* ions are present and further oxygen content loss
leads to a decrease of concentration of Co®" cations [18]. It is known that the polaron energy
at the sites occupied by Mn*" is lower than those occupied by Co*', and consequently, the
effectiveness of the charge transfer in ReBaCo,.xMn,Os.s for the Mn*"/Mn** pair is
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significantly smaller that for the Co*"/Co’" couple, but still it is larger than for the Mn*/Co**
pair. Consequently, Mn-substitution into Co positions results in a decreased value of the
electronic component of conductivity, whereas this negative influence is the most significant
when Co:Mn ratio is equal to 1:1, as in this case the relative share of the worst conducting
species (i.e. Mn*"/Co") is the highest. Moreover, introduction of Mn causes change of the
conduction mechanism from a metallic-like, manifested by high values of the conductivity
which decreases with increasing temperature, to the thermally activated behaviour, with the
activation energy increasing with the Mn content [18,38]. Introduction of manganese into
ReBaCo,xMn,Os+s oxides has another profound consequence, as the greater stability of its
higher oxidation states (resulting from stronger Mn-O bonds) causes significantly lowered
oxygen release at elevated temperatures in comparison with parent cobaltites. As a result, the
associated formation of the oxygen vacancies affects less significantly electronic
conductivity of Mn-doped materials [39,40]. Impact of Re cations on the total conductivity
of the compounds is also visible. It is known that decreasing Re** size causes general decrease
of o, which directly results from lowered oxygen content leading to the mentioned disruption
of the metal-oxygen-metal paths [35,36]. As presented for ReBaCo,.«<Mn«Os+s group, in the
case of other dopants, e.g. Fe, Ni, Cu, similar reasoning can be given regarding transport
properties of the doped materials [13,41,42].

The mentioned compositional flexibility of perovskite-type oxides allows also to adjust
parameters influencing electrocatalytic activity of the material toward the oxygen reduction
reaction. As it was mentioned, sites with lowered oxygen coordination (e.g. BOs, Fig. 3a) are
present at the surface of the perovskite oxide. Such sites are particularly important for the
ORR, since during the first step of the reaction oxygen molecules are adsorbed at the active
sites (available at the surface of the cathode material). In this case, the crucial parameter is
related to the filling of (surface) e, states (Fig. 3b). Depending on the available electrons,
oxygen molecules may form bonds with the surface [27,43].

a) b)

Cri*(d)  Mn*(dY)  Fe¥ (d) Co**(d%  Ni¥*(d)

U T
|

Fig. 3 a) Surface-exposed BOs pyramid with enhanced catalytic activity; b) filling of the eg states in 3d
metals (central atom in perovskite structure) for BOs configuration. Based on [27].

As shown experimentally, filling of the e, states governs ORR activity in electrochemical
aqueous oxygen reduction reaction, with the highest catalytic activity for the filling of e,
states close to 1 [27]. Similar behaviour may be expected at high temperatures (working
cathode material in SOFCs). As can be seen in Fig. 3b, among basic 3d metals, the optimal
filling of e, states (= 1) is present for Co**, Mn** and Ni**,

Currently, cobalt-based oxides are undoubtedly considered as the most promising cathode
materials among all perovskite-type compounds, due to their high electrocatalytic activity
toward ORR and mixed ionic-electronic conductivity with the enhanced ionic component
associated with high concentration of the oxygen vacancies, which all together lead to
improved electrochemical performance in the IT range [13,15,44]. However, their practical
application in SOFC technology is somewhat limited, due to the high thermal expansion
coefficient (TEC), incompatible with the ones observed for the commonly used electrolyte
materials. The mismatch in thermal expansion between components of the cell can result in
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additional thermal stresses during the SOFC generator heating up and cooling down
operations. Generally, the high TECs of cobalt-based oxides are mainly related to both, the
oxygen loss and the associated reduction of smaller Co** (0.53 A in the 6-fold coordination)
to larger Co* (0.545 A), as well as to the possible spin transitions of Co®" [45-49]. As shown
in the literature, this problem can be alleviated by substitution of Co with other 3d metals,
such as copper, iron, but also, the discussed in this paper manganese [3,35,39,45]. While such
the strategy is suitable to obtain efficient ReBaCo,.xMxOs:s cathodes operating at the
intermediate temperatures, it is unfortunately insufficient if operation at the LT range is
considered.

In order to obtain low values of the cathodic polarization resistance at temperatures below
600-650 °C, less typical doping approach of cobalt-based perovskites is conducted, with
selected 4d and 5d elements (such as Nb, Mo, Ta and W) being involved. Those dopants give
a unique combination of a relatively large ionic radius (stabilizing perovskite structure by
adjustment of the so-called tolerance factor f), high charge state (affecting electronic
structure, e, filling and the oxygen content, and therefore, mixed ionic-electronic transport
properties and catalytic activity), as well as electronegativity (influencing metal-oxygen
bonds strength, which also modifies catalytic activity). As shown in the literature such the
strategy combined with microstructural modification (i.e. nanoscale leading to increased
specific surface area) allows to design materials with high Co content, working effectively
even below 500 °C [22].

4 Overview of ReBaCo,.Mn,Os5.5 as candidate cathode materials

ReBaCo,xMnOs+5 phase diagram has been studied relatively well with reported data on
synthesis conditions of single-phase materials for different Co:Mn ratio and various Re**
introduced (Fig. 4) [18,35,39,40]. Considered oxides were also evaluated in terms of their
important physicochemical properties, such as crystal structure, oxygen content, thermal
expansion and electrical conductivity. Moreover, possibility of their application as candidate
cathode materials (chemical stability toward typical solid electrolytes; cathodic polarization
resistance in a wide temperature range) has been evaluated.
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Fig. 4 Known phase diagram (blue and red lines) of cation-ordered ReBaCoz.xMnxOs+s system.

Presence of the layered arrangement (or lack of it) in those materials depends on synthesis
conditions (such as atmosphere and sintering temperature), as well as on the chemical
composition (Re** radii and Mn:Co ratio) [18,35,39,40,45]. It is known that both, large Re*"
cations and high Mn concentration promote disordering of Re-Ba cations, with formation of
cubic-like simple perovskite. On the contrary, Co-rich materials with introduced smaller Re**
possess layered arrangement of Re-Ba (P4/mmm aristotype or related symmetry). To
facilitate formation of the layered structure, the initial synthesis can be conducted in low pO-
atmosphere (e.g. Ar), with final step related to the oxidation (e.g. in air) of the initially formed
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ReBaCo,.«\Mn,Os.;. This approach was found to be effective especially for Mn-rich samples
[35, 50]. Interested reader can find description of the structural properties of ReBaCoMnOs-5
in [50] and ReBaCo; sMngsOsss in [35]. Of importance, regardless of the adopted crystal
structure, significant decrease of the thermal expansion coefficient with Mn incorporation in
ReBaCo,xMnOs+5 was observed, with relationship being monotonically, but non-linearly
dependent on the increasing Mn content. In Tab. 1 exemplary TEC values for basic undoped
cobaltites, as well as for oxides substituted with different Mn ratio are presented. The
observed decrease of TEC results from the reduced oxygen content change at elevated
temperatures for Mn-doped materials (stronger Mn-O bonds) and vanishing of the spin-
related thermal expansion (decreased amount of Co). Interestingly, the positive impact of the
Mn presence on the thermal expansion diminishes if smaller Re** cations (such as Gd*") are
introduced [35].

Tab. 1 Values of thermal expansion coefficient (10 K" calculated in 300-800 °C (300-900 °C for
Gd-containing oxides) range for selected ReBaCo2xMnxOs+5 oxides.

Re*" ReBaC020s+5 ReBaCo1.5Mno.s0s+5 ReBaCoMnOs:s ReBaCoo.sMn1.505+5
Pr 26.6 [40] 21.0 [40] 16.6 [40] -

Nd 24.8[39] 21.0 [39] 18.4 [39] 13.9[39]

Sm 23.1[35] 20.5 [35] 19.4 this work ;

Gd 20.7 [35] 19.5 [35] 18.8 this work :

The mentioned stronger Mn-O bonds result also in the increased oxygen content in Mn-
doped samples at room temperature. For example, in Nd-containing materials the respective
values increase from 5.7 for NdBaCo0,0s-5 to 5.83 for NdBaCoi sMng.sOs+5 and to 5.94 for
NdBaCoMnO:s+5[35]. Similar behaviour was observed for all the studied ReBaCo02.xMnxOs-s,
also regarding the overall equilibrium values at high temperatures. Choice of Re** has also
profound effect on the oxygen content, with higher values observed for larger rare earth
cations. Unfortunately, substitution of cobalt with manganese causes rather considerable
deterioration of the transport characteristics of ReBaCo,xMnxOs+s. The cause of such
behaviour, as explained above, is associated with change of concentration of the charge
carriers, but also with change of the oxygen content in the compounds at high temperatures.
Nevertheless, for materials with moderate Mn content, maximal values of total electrical
conductivity still is high and exceeds 100 S cm™ (ie. 220 S cm™ at 400 °C for
PrBaCoi sMng sOs5 [35], 200 S cm™ at 400 °C for NdBaCoi sMngsOsqs [39], 200 S cm™ at
700 °C for GdBaCo;4Mng¢Os+5 [18]). Further increase of manganese content leads to the
decrease of maximum o value to range from few to less than 50 S cm™ when Mn content
equal 1 or 1.5 (i.e. 45 S cm™ at 700 °C for PrBaCoMnOs; [this work], 20 S cm™ at 700 °C
for NdBaCoMnOs.s [this work], 25 S cm™ at 1200 °C for GdBaCoMnOs.5 [18], 20 S cm™! at
1200 °C for GdBaCOo,gMIl1,205+§ [18]).

From the application point of view, cathodic polarization resistance (R}) is one of the
most important parameters describing the manufactured cathode. It is widely accepted that at
a given temperature effective operation of the cathode requires that R, value does not exceed
0.15 Q cm? [51]. In Tab. 2, cathodic polarization resistances are gathered, which were
registered at different temperatures for selected ReBaCo,«MnyOs:5-based cathodes (pure
compound or composite-type) prepared with screen-printing method. Moreover, exemplary
EIS data recorded with electrochemical spectroscopy impedance technique in 800-900 °C
temperature range (Fig. 5a) for composite NdBaCoMnOs.5-LSGM (60:40 wt. %) cathode,
as well as its relation between polarization resistance and temperature in Arrhenius plot
(Fig. 5b), are presented.
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Tab. 2 Cathodic polarization resistance (Rp) recorded for ReBaCo.xMnxOs+s-based cathodes.
Measurements conducted on electrolyte-supported symmetric cells.

Chemical composition of the cathode Rp Temperature Ref.
[Q en’] [°C]
GdBaCo020s+s5 0.070 700 [5]
GdBaCoi.sMno.50s+5 0,040/ 0.551 850 /700 this
work
NdBaCo1.5sMno.50s+s 0.070/0.384 850/700 [35]
- 1 . o .
NdBaCoMnOs+5-LSGM composite (60:40 wt. %) 0083 /0.171 850/ 800 V:]I(l)lrsk
GdBaCo1.sMno.205+5-CGO composite (70:30 wt. %) 0.075 650 [18]
GdBaCo1.4Mno.605+5-CGO composite (70:30 wt. %) 0.082 650 [18]
a) b)
0.2 900 800 700 600 T[°C]
NdBaCoMnOs,; - LSGM (60:40 wt.%) 8 ' ' ! '
composite cathode sintered at 1100 °C 10k NdBaCoMnO,, - LSGM composite cathode
e o data o : sintered at 1100 °C .2
800°C: © data fit 05k /O’/ -
rg 0.0 - o
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Fig. 5 a) EIS data of the polarization resistance and b) polarization resistance as a function of
temperature for the symmetric cell with composite NdBaCoMnOs+s-LSGM (60:40 wt. %) cathode.

Mn substitution into parent ReBaCo0,0s+5 causes an increase of the cathodic polarization
resistance, however, with significantly reduced value of TEC such doping may be still
beneficial. As shown in Tab. 1, two strategies of cathode designing are favourable,
introduction of bigger Re*" or preparation of composite electrodes (sintered mixture of
cathode and electrolyte powders). In the first case, i.e. for moderate Mn content (0.5 mol)
complete substitution of smaller Gd*" with bigger Nd** leads to significant decrease of R,
and consequently such cathode can effectively work in the vicinity of 800 °C [35].
Simultaneously, preparation of a composite cathodes leads to further, significant decrease of
the polarization resistance and in such a case even small Re** (i.e. Gd*") can be applied.
Proper selection of both cathode’s and electrolyte’s chemical composition, as well as
optimization of theirs weight ratio may lead to obtaining electrodes working effectively even
at temperature as low as 650 °C. Further decreasing of the working temperature is considered
as possible, but only if anode-supported construction with a thin layer of the electrolyte is
implemented, while at the same time, microstructure of the cathode material is also
significantly modified e.g. through usage of nanoscale materials (such as nanofibers). In this
aspect, one of the leading methods is electrospinning, which allows to obtain electrode layers
with interconnected needle-like microstructure, greatly enhancing catalytic activity at lower
temperatures [52-54].

7 Summary

Nowadays, development of Solid Oxide Fuel Cells is focused on decreasing of their
working temperature, which is expected to significantly extend their lifetime, increase the
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efficiency and decrease costs of the main components. Progress in achieving of this goal is
hindered mostly by poor catalytic activity of the cathode materials. In this work, we discussed
an overview of ReBaCo,.xMnxOs:s-based candidate cathode materials regarding their
application at lowered temperatures. It is shown that proper doping strategy (amount of Mn,
choice of Re**) may positively impact thermomechanical properties, and while some
deterioration of the transport properties occurs, it is possible to prepare pure or composite-
type ReBaCo,..MnyOs.s-based cathode layers exhibiting relatively low polarization
resistance. The so far presented efforts allowed to design and manufacture effectively
working ReBaCo,.<MnyOs:s cathode materials at high and intermediate temperatures.
However, it seems that designing of the cathode, which can exhibit desired level of activity
at lower temperatures, must be accompanied also by suitable microstructural modifications.
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