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Abstract

Perovskite-type oxides with the general formula ABO; have been widely studied and
are utilized in a large range of applications due to their tremendous versatility. In
particular, the high stability of the perovskite structure compared to other crystal
arrangements and its ability, given the correct selection of A and B cations, to maintain
a large oxygen vacancy concentration makes it a good candidate as electrode in solid
oxide fuel cell (SOFC) applications. Utilizing this novel structure allows the engineer-
ing of advanced, effective electrolytes for such devices. This review details the
development of current state-of-the-art perovskite-type oxides for solid oxide fuel cell
(SOFC) applications.

Keywords: SOFC, Nanostructure

1. Introduction

The development of new energy technologies has become important with the present situation
of increasing energy demand, rising energy prices, and reinforcement of countermeasures for
global warming and its detrimental climatological, ecological, and sociological effects [1]. The
supplies of fossil fuels are constantly decreasing and some believe that we have reached the
peak for oil production. A reappearing problem in the energy field is the conversion from
available to usable form. This concerns the conversion of chemical energy in the form of fossil
resources and derivatives, such as hydrogen and alcohols, into electrical energy. It has become
increasingly important to reduce the losses associated with the applied conversion techniques
partly due to industrialization and technological progress. Traditional conversion to electrical
energy is by gas turbine, steam turbine, or reciprocating engine driving a generator, where the
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Carnot cycle sets a limit to the efficiency [2]. A fuel cell provides an alternative, whereby
electrical energy can be made available with small losses, and no Carnot limit [3]. The effluents
are in principle water, heat and CO, if the fuel is clean.

The energy situation has caused a push for sustainable energy technologies. Here, fuel cells
play an important role in the renewable energy sector because of their highly efficient energy
conversion and their especially high reliability. During the last decades, fuel cells have
attracted much attention because of their potential for producing electricity more efficiently
than conventional power generation like heat engines, which normally are limited by the
Carnot cycle. The discovery of the fuel cell is ascribed to Sir William Grove (1839), demon-
strating the reversibility of electrolytic water separation [4]. In 1899, Nernst contributed by
demonstrating that certain oxides attained remarkably high electrical conductivity by doping
with other oxides [5]. In the late twentieth century, the development accelerated and the
interest in fuel cell technology increased. Today, there are five different types of fuel cells, all
named after their electrolyte materials:

* Alkaline fuel cells (AFC)

* Polymer exchange membrane fuel cells (PEMFC)

Phosphoric acid fuel cells (PAFC)

Molten carbonate fuel cells (MCFC)

* Solid oxide fuel cells (SOFC)

Depending on the electrolyte, each fuel cell has certain characteristics such as operation
temperature, electric efficiency, and demands for fuel composition (Table 1).

Fuel Cell AFC PEMFC PAFC MCEFC SOFC

Electrolyte KOH Polymer H,PO, Li,CO4+K, CO; ZrO,+Y,0,
Charge carrier OH- H* H* CO,* o*

Fuel Pure H, Pure H, Co-free H, H,, CO, CH, H,, CO, CH,, NH,
Toper-(°C) 65%—-220 60%-130 150%-220 650 700%-1000
Electrical efficiency 45%—60% 40%—60%  35%—40% 45%—-60% 45%-60%

Table 1. Most important characteristics for different types of fuel cells

Low-temperature fuel cells (AFC, SPFC, and PAFC) have potential for the propulsion of cars,
where a short heating time is needed and the efficiency has to be compared with about 20%
for a combustion engine, whereas high-temperature fuel cells (MCFC and SOFC) are suitable
for continuous power and heat production, where the cell temperature can be maintained. The
high-temperature fuel cells have higher efficiency and are more tolerant to the choice of fuel
compared to the low-temperature fuel cells [3].
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2. What is a solid oxide fuel cell?

Solid oxide fuel cells (SOFC) are electrochemical devices which convert chemical energy
directly into electrical energy with high efficiency and low environmental impact and are
expected to become the emerging technology for stationary power production [6].

SOFCs are considered by many researchers to be the most suitable for generating electricity
from hydrocarbons because of their simplicity, efficiency, and ability to tolerate some degree
of impurities. There are many advantages of SOFC with respect to other fuel cells. Some of the
main advantages are [7]:

* The highest efficiencies of all fuel cells (50-60%)

* A potential long-life expectancy of more than 40,000-80,000 h
* Constructed from readily obtainable ceramic materials

* Few problems with electrolyte management

* High-grade waste heat is produced, for combined heat and power (CHP) applications
increasing overall efficiencies to over 80%, and

* Internal reforming of hydrocarbon fuels is possible

However, there are some drawbacks related to the choice of materials in relation to costs. There
are roughly two design types, tubular and flat plate. For the tubular cell, the material problems
are less, but fabrication costs are high, whereas for the flat plate design, fabrication costs are
less but more materials problems arise [8].

The operating principle of the solid oxide fuel cells is illustrated in Figure 1.

Anode

Electrical
Power

@ —

Figure 1. Sketch of solid oxide fuel cell operated on hydrogen and air.

SOFC:s consist of three layers of functional materials: the anode, the electrolyte and the cathode.
The anode is where the oxidation reaction takes place, and the cathode is where the reduction
takes place. The cathode is fed with air or oxygen while the anode is fed with fuel gas. At the
cathode, oxygen molecules are reduced to oxygenions (2O, (g) +2e” — O*). The oxygen ions
are conducted through the electrolyte to the anode. At the anode, oxygen ions oxidize the fuel
gas and forms water and carbon dioxide, while the resulting free electrons are transported via
the external circuit back to the cathode (H, (g) + O* — H,O (g) +2e).
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To limit cathode overpotential, the traditional SOFC with yttria-stabilized zirconia (YSZ)
electrolyte and strontium-doped lanthanum manganite (LSM) cathodes operate at relatively
high temperatures (800°C-1000°C). These high temperatures encourage cell degradation—
increasing cell, stack, and system maintenance. In addition, even higher temperatures are
required for fabrication, encouraging electrode—electrolyte reactions, often forming undesir-
able, insulating secondary phases and consequently increasing cell resistance. Lowering the
operating and fabrication temperature to 400°C-800°C could reduce both cell degradation and
manufacturing costs. Cells which operate in this temperature range are known as intermediate
temperature SOFCs (IT-SOFC). The advancement of this technology, limited by the high
temperatures required, can be overcome by reducing operating temperatures, thus increasing
theoretical efficiency. In order to operate efficiently at these reduced temperatures and to
develop the next generation of hydrogen-related energy devices, new materials are required
and the utilized processing routes must be optimized [6,9].

Among the new generation of materials, those with ABO;-type perovskite structures stand out
due to their great versatility. Through the correct choice of A and B site cations and the
introduction of dopants, it is possible to obtain a large variety of materials with a wide range
of properties and applications. This chapter will cover a selection of key materials developed
for use in SOFC devices, their advantages and disadvantages and the optimization strategies
published so far.

3. Evolution of perovskite-type structured materials as electrodes in SOFCs

The general formula unit of the perovskite is ABO,, where A is a larger cation with a coordi-
nation number of 12 and B is a smaller cation with a coordination number of 6 (Figure 2). The
large A cations can be rare earth, alkaline earth, alkali, and others [10] whereas the smaller B
site accommodates many transition metals. These elements are typically the source of elec-
tronic conductivity. Cations of a rather wide range of ionic radii and valence are able to enter
one or another site in the perovskite structure, exhibiting versatile physical and chemical
properties and, thus, high concentrations of oxide vacancies and high ionic conductivity may
be achieved [11]. This ability to hold a large content of oxygen vacancies makes them good
candidates as electrodes in SOFC applications.

w
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Figure 2. Atomic structure and oxygen transport in mixed conducting perovskites. On the left, the positions of the ions
in a cubic structure. On the right, corner-sharing BO, octahedra and oxygen vacancy migration path.
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The B cations are located in the corners of the cube and the A cation occupies the center. The
oxygen is placed at the centers of the twelve cube edges, giving corner-shared strings of BOj
octahedra. The A cation has the same size as the oxide ion, while the B cation is smaller.
Depending on the type of cations, it is possible to create oxygen vacancies in the structure.
These oxygen vacancies move along the structure giving rise to ionic conduction (Figure 2).

The composition and the microstructure of electrode materials greatly influence the perform-
ance of SOFCs. The high temperature and the reducing or oxidizing atmospheres limit the
choice of these materials.

3.1. Cathode materials

One of the major research efforts in SOFC technology is directed towards decreasing the cell
operating temperature. The best performance of the electrolyte, anode, and cathode materials
typically is seen at an operating temperature above 800°C. This makes the use of expensive
alloys as interconnectors and current collectors necessary. Decreasing the operating tempera-
ture would make it possible to use soft steel alloys with a remarkable decrease of the initial
cost of the device. It is necessary, however, to develop new materials which exhibit good
performance at lower temperatures in terms of conductivity, and chemical and mechanical
compatibility. The widely used materials also need to be optimized in order to minimize
technical problems at elevated temperatures. These problems are often associated with a
mismatch between the thermal expansion coefficients of the electrolyte and cathode or as a
consequence of oxygen loss from the cathode material.

The role of the cathode as the active site for the electrochemical reduction of oxygen is an
important parameter to take into account in the material’s design. SOFCs operate at high
temperatures for long periods of time and, therefore, some requirements must be fulfilled [12]:
(i) high electronic conductivity (0 >100 S cm™); (ii) a thermal expansion coefficient (TEC) match
with other SOFC components; (iii) chemical compatibility with the electrolyte and interconnect
materials; (iv) adequate porosity to allow mass transport of oxygen; (v) high thermal stability;
(vi) high catalytic activity for the oxygen reduction reaction (ORR); and (vii) low cost.

The cathodic reaction is quite complex and compromises a number of single steps such as
diffusion, adsorption, dissociation, ionization, and finally, incorporation of oxygen into the
electrolyte [13]. Oxygen molecules adsorb on the surface where they form partially reduced
ionic/atomic species. These electroactive species must be transported along surfaces, interfaces,
or inside the bulk of the electrode material to the electrolyte, where they are fully incorporated
as O™

The cathode materials can be classified into two groups: mainly, electronic conductors (with
poor ionic conduction) and mixed ionic-electronic conductors (MIECs). Depending on the type
of material, the conduction mechanism in the cathode will be different (Figure 3). In a poor
ionic conductor, adsorption, dissociation, and diffusion of oxygen between the gas phase,
electrode, and electrolyte [14] occurs through the triple phase boundary (TPB). In the MIECs,
the conduction mechanism also occurs through the double phase boundary (DPB) [15,16]. The
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mixed conducting nature of the oxide ensures that electrochemical reactions occur at the MIEC/
gas double phase boundary (DPB).

|Po1'0us electrode| Cb 0,
QD Cb O 0% Q)
-

N DPB e ¢
Figure 3. Schematic representation of conduction mechanisms (DPB: double phase boundary; TPB: triple phase boun-

dary).
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The deposition technique is also an important parameter which influences the electrochemical
behaviour. Conduction in porous electrodes occurs through the three-phase boundary (TPB),
whereas in MIECs, this also occurs through the DPB. In the case of dense electrodes, there is
no direct contact between the cathode, electrolyte, and gas (hence, no TPB conduction exists).
In this case, the oxygen reduction reaction occurs anywhere on the cathode surface, forming
oxide anions which diffuse into the bulk of the electrode material towards the electrolyte. The
material must present mixed ionic and electronic conduction [17].

La, ,Sr,MnO;; (LSM) and La, ,Sr,CoO;; (LSC) have been widely used as cathodes in SOFC.
LSM has high electronic conductivity due to the introduction of Sr** on the La* site which will
be charge-compensated by the Mn (Mn**-Mn*"), making it a good cathode at high temperatures
(1000°C). At intermediate temperatures (500°C-700°C), however, a large increase in the cell
overpotential (from <1 to 2000 ohm cm?) is observed, which hinders its use as a cathode [18].
One of the main limitations of LSM is its low ionic conductivity (~107 S/cm at 900°C), which
is related to the Mn charge compensation where oxygen vacancies are not generated. The ease
with which oxygen vacancies form is strongly influenced by the Sr content [19]. The influence
of the cation vacancy on the transport properties of these materials has led to a study of the
defects in these materials, such as LMO, and the effect of substitutions on the lanthanide site
[20]. DeSouza et al. found that in both rhombic and rhombohedral structures, nonstoichiom-
etry leads to the formation of vacancies on both cation positions, presenting a tendency toward
the formation of vacancies [21]. These details are essential in understanding the behaviour of
the materials and the degradation processes which can lead to the formation of insulating
phases affecting the cathode performance. To obtain better performance from dense or porous
LSM on YSZ electrolytes, a two-layer cathode is necessary—a 0.3 mm porous layer and in
between a dense film of YSZ (~1 um) [22]. This structure combines the best properties of both
types of cathode in a single process and with more favorable properties than when using only
the porous cathode.

Several authors have investigated other rare earths in the lanthanide position such as Pr, Sm,
or Nd in order to improve the performance of manganites and avoid problems associated with
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the formation of the pyrochlore-insulating phases at the LSM/YSZ interface [23]. By substitut-
ing La with Sm, new materials with lower energetic barriers for adsorption and diffusion of
oxygen species have been obtained [24]. In addition, they present excellent compatibility with
YSZ and electronic conductivity well above that required in a SOFC (100 S/cm) [25]. The most
promising electrode materials are Pry,Sry;sMnO;; and Nd,;5r,;;MnO; in terms of thermal
expansion coefficient, reactivity, and conductivity [26]. The study of the compatibility of (Ln,
Sr)MnO; s with electrolytes has been limited to YSZ due to its widespread use. The performance
of Nd,_,Sr,MnO; ; with gadolinia-doped ceria electrolyte (most suitable for use in IT-SOFC),
however, revealed no reaction between the components at the interface after prolonged high-
temperature treatments [27]. The same authors indicated that Pr,;Sr,;MnO;; shows very
promising properties with an electrical conductivity of 226 S/cm at 500°C [28]. Most studies
on manganites have focused on doping the lanthanide site with Sr. In terms of chemical
compatibility and electrical conductivity, however, the use of calcium as a dopant can offer
very promising results, as in the case of Pr,,Ca,;MnO;,; which does not react with the
electrolyte and has a maximum conductivity of 266 S/cm [29].

While looking for alternative materials to manganites, lanthanum cobaltites doped with
bivalent metals such as Ca or Sr emerged [30]. These materials exhibit high conductivity values
when 30% or 40% of Ca or Sr are added, respectively. In addition, the substitution of La by
other lanthanides such as Pr and Sm has also lead to promising results. Despite the good results
that these cobaltites exhibit, other drawbacks such as their high TECs and the appearance of
secondary phases, limit their application.

In order to use the beneficial properties of these cobaltites, these materials are doped with Fe.
Although, the addition of Fe promotes the decrease of the conductivity of the orthoferrites,
lower TEC values are also achieved. Among these cobalto-ferrites, the Ba,;5r,5Co,sFe;,0;
material stands out for SOFC cathode application. Shao et al. reported excellent performance
at intermediate temperatures, proving that the orthoferrites are an interesting alternative for
IT-SOFCs [30]. At the same time, the use of La,_,Sr,Fe; ,Co,O, has been widely investigated [31-
33]. These cobalt-based cathodes exhibit higher electrocatalytic performances than those of the
conventional LSM cathodes. Unfortunately, they have high TEC, high cost of cobalt, and easy
evaporation and reduction of cobalt [34,35].

Rare earth orthoferrites with perovskite-type structure are interesting materials for many
electronic applications because of their mixed conductivity [36,37]. A site—-doped rare earth
orthoferrite compounds have been studied as candidates to replace manganites and cobaltite
cathodes due to its high catalytic activity and mixed ionic and electronic conductivities at
reduced temperature (o total = 100 S/cm at 600°C-800°C) [35,38]. Lanthanum is a com-
mon element and key component of most SOFC, where several of its oxides provide the
necessary electronic conductivity and high catalytic activity for oxygen reduction and some,
in addition, combine ionic and electronic conductivity [39]. The choice of using Pr as the
rare earth element is due to its peculiarity to show 3+ and 4+ oxidation states, which might
induce interesting electrical properties [35]. Some of the Pr-doped orthoferrites display good
performance as cathode materials in high-temperature solid oxide fuel cells because of their
mixed, electronic and ionic, conductivity [40]. In particular, Pr,sSr,,Fe,sNi;,O; s presents
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low electrical resistivity and good oxygen ion conductivity [41]. Fe-based perovskite oxides
have also attracted much attention as possible alternatives to cobaltites due to their
interesting transport properties. When the Fe fraction is higher than 0.5, the materials exhibit
its highest electronic conductivity as observed for the LaNi,,Fe,sO; phase in which a
conductivity of 135 S/cm, at 800°C, was obtained [42,43]. Calcium is another effective dopant
for the A site, with low cost. For example, Pr,,Ca,.Fe,3Ni;,O; material exhibits an ASR
value of 0.09 ohm cm? at 850°C [35]. Taking into account the low ASR value and the
electrical conductivity of this cathode (at temperatures above 600°C, which is over 100 S/
cm), this material is a promising cathode for IT-SOFC applications. Pr;, M,MnO; (M = Ca,
Sr) have also been studied where Ca-doped PrMnO; phases exhibit better performance than
those doped with Sr. Ca-doped materials show higher electrical conductivity, lower cathodic
overpotential and more similar thermal expansion coefficient [44]. Moreover, calcium could
be a good candidate because of the similarity of its ionic radius with La* giving rise to
higher stability than that of strontium-substituted phases [45].

While a large number of studies concerning cathode materials report the presence of secondary
phases, they are often left unidentified [46] and are typically considered undesirable and
associated with insulating phases that give rise to low conductivity values and poor perform-
ance [47]. Conversely, actual research in SOFC cathodes is focused on the development of
composite materials, as the inherent requirements are so wide-ranging that no single material
is capable of fulfilling every aspect [48]. The creation of composite cathodes is a good way to
enhance the cathodic performance. They are composed of a solid electrolyte and an electronic
conducting electrocatalytic material as in the La,Ca,,Fe,sNi;,O;s/samarium-doped ceria
(SDC) symmetrical cells reported in a previous work [49]. The investigated composite cathodes
include Sm,;Sr,;CoO; (SSC)-Ce,sSm,,0,, (SDC), La,Sr,,Coy,Fe,sO; (LSCF)-SDC, LSCF-
Ce(5Gd,,0, (CGO), and Ba, 551, 5Co,,Fe, sO; (BSCF)-SDC, all of which exhibit low polarization
resistance at 600°C [50,51]. The electrochemical performance of these cathodes is generally
governed by triple phase boundary (ITPB) kinetics, mass transport, and ohmic drop. The
primary disadvantages of utilizing composite materials arise from the need for two independ-
ent materials; this increases both production complexity and the possibility of undesirable
phases forming through inter-reaction of the component phases. Recently, the La;.
.Ca,FeygNij,0; 5 (LCFN) system has been proposed and applied as a cathode featuring highly
competitive performance [48]. Contrary to expectations, the formation of perovskite brown-
millerite pseudo-composites resulted in a clear enhancement of the electrochemical perform-
ance and excellent thermomechanical compatibility with conventional electrolytes.
Furthermore, new insights are gained into material surface properties controlling oxygen
reduction processes.

The development of double perovskite materials such as GdBaCo,0Os,, [52], PrBaCo,0s,, [53],
SmBaCo,0s,; [54], or NdBaCo,0s.; [55] have also been investigated for IT-SOFCs. Their ORR
activity is higher than many single perovskites [56]. They present high thermal expansion
coefficients, however, which make them incompatible with the electrolytes developed so far.
Table 2 summarizes the most widely study cathode materials for SOFC.
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Composition TEC (K Resistivity Conductivity Diffusion Ref.

ASR T(°C) o (S/lem) T (°C) k' (cm/s) D’ (cm?/s) T (°C)

(Q cm?)
La,.Sr,MnO, 11.6xx10°  0.18 750 180 800 — 3x10° 800  [57,58]
La,,Sr,FeO, , 121x10° 0.1 800 125 800  1x10° 6x107 1000  [59-61]
La,Sr.Fe,sC0y,05 154 x10° 0.34 750 404 550 6x10° 3x10° 626 [62-65]
La,_Sr,Fe,sNiy,05 156x10°  0.16 700 435 800 — - = [66,67]
Lag.Cag.Fe,sNip,0;  11x10¢  0.10 800 260 600 — = = 6]
Lag Sty Fe sCup,05  14.6x10°  0.138 750 135 275 - [68]
Pr,S1,CopsFe, .05 19.6x10°  0.046 800 1040 300 - 94x10° 600  [69]
LaNi,Fe, O 11.4x10° 0.018 800 600 600 - 2 x107 950 [70,71]
Pr,Sr.Co,,Fe 505 14 x 10°° 0.454 600 2190 600 - - - [72,73]
Sty sS1:C00;s 4 228x10°  0.20 600 1000 850 6x10° 8.6x107 890  [74,75]
BaysSrysZng,FesOs s 165x10¢ 048 650 9.4 S — [76]
Bay 551, 5Co, sFey,0; 19.9x10° 0.15 600 30 600 - 73x10° - [77,78]
PrBaCo,0Os,; 20 x 10 0.11 600 2000 150 1x10° 1x10° 350 [56,79,80]
PrBaCoFeOs,, 21 x10°° 0.049 800 321 350 - - - [81]
NdBaCoFeOs,; 195x10°  0.062 800 172 350 - [81]
GdBaCo,0s,, 20.1x10° 0.15 750 512 500 2x10° 3x107 350 [82,83]
SmBaCo,0s. 16 x 10 0.098 750 815 500  --- - - [84]
SmBay 51, -Cu,Os,  14.1x10° 025 650 2777 485 [85]
YBaCo,0s,, 163x10° 0.1 700 315 325 - [86]

Table 2. The main properties of SOFC cathodes with both single and double perovskite structures

In recent years, advancements in cathode material properties have been made where a variety
of perovskite oxides with a wide range of properties have been investigated. There are still,
however, many chemistries to investigate which may yield superior performance in the future.

3.2. Anode materials

The requirements for a SOFC anode are quite similar to those for cathodes (changing the
oxidizing atmosphere by a reducing environment), including: (i) proper electronic conductiv-
ity; (ii) thermomechanical and chemical compatibility with the electrolyte and interconnect
materials; (iii) adequate porosity to allow gas transport to the reaction sites; and (iv) low cost.
High ionic and electronic conductivity over a wide pO, range and high surface oxygen
exchange kinetics and good catalytic properties for the anode reactions are also desirable
properties for a good anode material. Nickel-YSZ cermet has been widely used in the SOFC

597



598

Perovskite Materials - Synthesis, Characterisation, Properties, and Applications

anode. This material fulfills most requirements: Ni exhibits good catalytic activity for the
dissociation of hydrogen while remaining stable at operating conditions and YSZ provides
structural support for the Ni particles and inhibits their coarsening while matching the thermal
expansion properties of the rest of the cell components [87]. Areas where this anode compo-
sition is lacking, however, include poor redox stability, low sulphur and carbon deposition
tolerance when hydrocarbon fuels are used, and the tendency for nickel to agglomerate after
prolonged operation [88]. In the search for alternative anode materials that are capable of
withstanding sulphur contamination and carbon deposition, oxides with perovskite structure
have drawn considerable attention [87]. Several authors have studied anode materials based
on the perovskite structure as very promising alternatives [89,90]. Among the numerous
materials with perovskite structure, SrTiOs-type titanates have received a great deal of
attention due to their high stability under reducing atmospheres and high temperatures [91].
This material, however, suffers from poor electronic conductivity, but this can be overcome
through the introduction of appropriate dopants in the structure [92]. Marina et al. studied the
effect of La doping in SrTiO; with a clear effect seen from the substitution of the Sr and the
oxygen partial pressure on the total electrical conductivity with values as high as 500 S/cm at
500°C for the La,;5r,,TiO; phase [93]. Furthermore, doping with Sr in the A site and Nb in the
B site, it was possible to increase the conductivity to 10 S/cm; however, these materials
exhibited a poor ionic conductivity [94]. Ti has also been substituted by other cations such as
Al, Fe, Ga, Mg, Mn, or Sc, affecting significant changes on the redox properties of the material
and conductivities [95]. By adding multivalent cations such as Mn or Fe, reduction or oxidation
occurs in these cations in preference to or together with Ti, leading to a general decrease in the
presence of Ti (III), resulting in a decrease in conductivity [96]. The effect of Co has also been
analyzed, observing that after reduction with H,, the segregation of Co nanoparticles occurs
on the anode surface, which favors the oxidation of the fuel, thus reducing the resistance under
anodic polarization [97]. To improve the behaviour of titanates, various dopants have been
introduced on the A site (Y, La, Ce) [98,99]. The introduction of Ce* leads to decomposition
into a variety of phases due to its ready oxidation in air. Some Ce-rich phases migrate to the
grain boundaries, which result in an increase in the catalytic properties of up to an order of
magnitude [100]. It is particularly interesting to note the results obtained by Morales-Ruiz et
al., where (La,Sr)(Ti,M)O; (M = Ga, Mn) anodes exhibited comparable performance to those of
conventional Ni-YSZ anodes [101]. Recently, AMoO; perovskite types (A = Ca, Sr, and Ba),
containing Mo* ions have received interest for their potential use as anodes [102]. While these
materials have high electrical conductivities (10* S/cm) they also present problems associated
with the diffusion of oxide ions [102]. This limitation can be overcome by doping with other
metals such as Fe or Cr on the Mo site [103,104]. Co is another suitable dopant which also
creates oxygen vacancies, supplying sufficient ionic transport making a material with excellent
catalytic properties for the oxidation of hydrogen [105]. Another alternative is to create
composites with materials which have high ionic conductivity [106]. In this regard, the most
commonly used materials are Y,Zr,,,0, (YSZ), La,sSr,,Ga,sMg,,0; (LSGM), and
Gd,,Ce(,0, (GDC), which have been traditionally used as electrolytes, facilitating greater
thermal, mechanical, and chemical compatibility with the anode composite. From these
systems, a new material with the general formula Sr,Fe, ;Mo,;0, (SFMO) and perovskite-type
structure has been developed, which features suitable mixed ionic-electronic conductivity and
interesting catalytic activity [107]. It exhibits great stability when H,, fuel or natural gas is used
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and high tolerance to sulfides [108]. Recently, Sutirakun et al. developed a theoretical model
for analyzing the electrochemical oxidation of H, on the surface of this material [109]. One
strategy for optimizing the material is to increase either the Mo content or add a small amount
of active transition metal such as Ni in order to reduce the energy required for the formation
of vacancies on the surface of SFMO. The other family of materials which has been widely
studied are the chromites (LaCrO;). These materials initially developed as interconnectors for
SOFCs, which will be discussed later, because of their high stability in both oxidizing and
reducing atmospheres and low tendency to accumulate carbon [110]. Their low catalytic
activity, however, makes their use with some fuels such as methane impossible. To solve this
problem, the effect of different dopants on the properties of this material (Ca and Sr on the A
site and Mg, Mn, Fe, Co, and Ni in the B site) has been studied [111]. (La, Sr) (Cr, Fe)O; is the
best candidate due to its high redox stability, high conductivity, and electrochemical activity
[111]. In addition, this material works well as a catalyst for methane [112] and has a thermal
expansion coefficient very similar to YSZ and LSGM [113]. Fowler et al. have also studied these
materials, finding that the La, (Sr, ,Cr, ;Fe, (O s composition presents the best performance and
highest stability [114]. In recent years, a new generation of anode materials with the double
perovskite structure, such as Sr,MgMoO, (SMMO) [115], PrBaM,O; (M = Co, Mn) [116,117],
and La,SrTi;O,; [118] have been developed. These materials have very interesting properties
which permit the use of multiple fuels.

4. Perovskite oxides as electrolytes and interconnectors for SOFC

Electrolyte ceramic materials must meet the following requirements: high ionic conductivity
and low electronic conductivity; the charge carrier must either be from the oxidizer (O,) or fuel
(H,), i.e. O* or protons [119]. To date, SOFC electrolytes are, in most commercial cases, 8 mol
% yttria stabilized zirconia (8-YSZ) [120]. This material belongs to the group of fluorite-type
solid solutions and up to now is the O* ion conductor most used as electrolyte material for
SOFC due to its high ionic conductivity and thermomechanical stability. Doping ZrO, with
Y,0; has two main functions. First, to stabilize the cubic, fluorite phase, otherwise only stable
at elevated temperatures, and second, to compensate the insertion of the trivalent Y** ions by
oxygen vacancies in the zirconia lattice, giving rise to an enhancement of the oxygen ion
conductivity. Generally, yttria-doped zirconia with 8 mol% Y,O; exhibit an ionic conductivity
higher than 0.1 S/cm at 1000°C and an electrical conductivity lower than 10 S/cm [121].

An important aspect to be considered is the chemical stability of the candidate materials at cell
operation conditions, presenting high ionic conductivity (>0.1 S/cm) at intermediate temper-
atures and thermal expansion coefficients similar to the components of the cell [119]. The
decrease in operating temperature can lead to an increase in chemical stability and cell lifetime,
as well as a reduction in manufacturing costs; however, in the case of YSZ, cell performance
decreases at lower temperatures due to the thermally activated ionic conductivity [122].

In order to obtain materials with improved properties at temperatures below 800°C, two
families with perovskite type structure: gallates and cerates have been developed [123]. Most
studies focus on Sr-doped LaGaO,, but other dopants such as Ba have also been investigated
[124]. Phase segregation occurs when Ba is used due to its large size compared to Sr which
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forms a mixture of LaBaGa;O, and LaGaO; resulting in poor conductivities [125]. The ionic
conductivity of this material can be increased by introducing Mg in the perovskite B site due
to the introduction of compensating defects in the structure [126,127]. It has also been shown
that the presence of a stoichiometry deficient in Ga may result in an increase in the concen-
tration of oxygen vacancies [128]. In fact, this material is stable in CO-rich atmospheres, which
allows its use as an electrolyte in direct coal solid oxide fuel cells (DC-SOFCs) [129]. Another
strategy to increase the ionic conductivity of the material is through the production of
composites with doped ceria electrolytes [130]. Through this method, it has been possible to
optimize conduction through the grain boundaries, resulting in up to 10 times higher conduc-
tivity than ceria electrolytes at 500°C. In summary, the cells employing (La,Sr)(Ga,Mg)Os
electrolytes have high power densities at 800°C, which makes them excellent candidates for
IT-SOFC electrolytes [131,132].

The other family of materials with perovskite structures is based on BaZrO; and BaCeO,, which
traditionally have been developed as proton-conducting oxides, especially the cerates [133].
The production method, the temperatures employed in the process and the type and concen-
tration of the dopant will affect proton conduction in the material. The cerates allow the
introduction of precious metals such as Pd, which facilitates oxygen mobility, although the
best results were obtained by using metal nanoparticles and by decorating the surface of the
perovskite which acts as active catalysts [134]. Other dopants, both divalent and trivalent (Y,
Yb, Gd, Sm, Nd, and La) have been employed [135-137]. This makes it possible to design
materials resistant to reducing atmospheres with high conductivity and thermal and chemical
stability in IT-SOFC operating conditions, even at temperatures as low as 500°C.

SOFC interconnect material requirements are as follows: (i) electronic conductivity > 100 S/cm;
(ii) ionic transport number < 0.01 to avoid chemical shortcut permeation; (iii) gas tight; (iv)
tolerate both reducing (H,) and oxidizing (air/O,) atmospheres; (v) be compatible with anode
and cathode electrode materials (TEC and chemistry); and (vi) mechanical strength. LaCrO,
chromites are the most widely used SOFC interconnects and, doped with other elements, their
properties are shown to be improved [138]. The dopants most widely employed in the A site
of the perovskite are Sr, Mg, and Ca, with dissolution limits of 50% [139], 15% [140], and 50%
[141], respectively. Furthermore, the B site is also doped with Co or Fe, in order to limit the Cr
content as much as possible due to its volatility [142]. Doped lanthanum chromites seem ideal
materials for use as interconnects as they are highly stable in both oxidizing and reducing
atmospheres and, at SOFC operating temperatures, do not react with the other cell compo-
nents. Regarding thermal compatibility, through appropriate doping, it is possible to tailor the
thermal expansion coefficient to that of the other components of the cell. LaCrO; is a p-type
conductor that, upon divalent cation substitution on the La site, is seen to charge compensate
by a valence change in the Cr (Cr*-Cr*), accompanied by an increase in the electronic
conductivity of the material. The main problem associated with these compounds is their
sinterability, as at high temperatures and under high oxygen pressure, volatilization of
chromium oxide can occur. To avoid this, various strategies such as more reactive synthesis
methods at lower temperatures, the introduction of cationic vacancies, and new fabrication
techniques (including microwave sintering, freeze drying with EDTA, and more) have been
analyzed [143].
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5. Nanostructured perovskites for improving solid oxide fuel cells

Nowadays, the research in solid oxide fuel cells (SOFCs) is focused on lowering the operating
temperature below 800°C in order to overcome problems such as the ageing of the materials.
Concurrently, lowering the operating temperature has the detrimental consequences of
decreasing the rate of surface reactions and bulk diffusion in the cathode, giving rise to a
worsening of the cell performance. Surface exchange and ionic conduction must therefore be
improved to maximize the yield of the cathode reaction. This improvement can be carried out
not only by new material selection but also by the detailed control of the microstructure [144].
As stated before, a common strategy for improving the electrochemical performance of the
electrodes is the fabrication of composite materials, combining ionic and mixed ionic electronic
conducting materials, where the ionic conductor is homogeneously distributed [49]. Using
composites, the ionic conductivity across the electrode will be enhanced and, simultaneously,
a higher thermomechanical compatibility with the electrolyte can be achieved. The catalytic
activity of the material is associated with its microstructure, so if the latter is improved, the
active surface area will be increased, and a higher electrochemical durability will be obtained
[145]. A significant number of studies have also been conducted to increase active surface area
via microstructural control: the use of organic materials as pore formers, template materials
such as colloidal crystals, meshes, foams or microfibers, glassy carbon microspheres, or
membrane-based templates [146]. These methods look for higher catalytic activities for
electrode reactions and lower annealing temperatures due to the numerous active sites and
large surface areas. The same goal can be achieved using a new tool that has been developed
during the last two decades: nanotechnology [147].

Recently, nanotechnology has been shown to overturn many established theories in a wide
range of scientific fields, often with highly desirable properties [148]. This has naturally
resulted in a great deal of interest from both scientific and industrial communities in the
properties of nanostructured materials. This interest arises from new and unexpected behav-
iour when compared with bulk materials. Enhancements have been reported in electrical and
ionic conductivity, chemical reactivity, and other properties. The shift from bulk to nanoma-
terials is therefore a promising approach in the development of new advanced technologies
capable of achieving higher performance and low environmental impact.

Nanomaterials have typically been considered for low-temperature devices, as high temper-
atures could promote coarsening and therefore loss of the desired properties. This has
generally kept nanomaterials from application in solid oxide fuel cells (SOFCs), but constant
material advances have led to the decrease in their operational temperature. These so-called
intermediate temperature SOFCs (IT-SOFCs), operating at 500°C-850°C, allow new possibili-
ties for the use of nanomaterials.

The high surface area to volume ratio inherent in nanomaterials provides a large active area
for SOFC electrodes. Nanomaterials are defined as a range of materials where at least one
dimension is below 100 nm, resulting in nanostructures in zero- to three-dimensions. Nano-
particles, 0-D in nature, are well suited for use in composite electrodes, 1-D nanostructures,
including nanotubes and nanowires, are thought to operate as promising electrodes, and thin
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tilms, 2-D in nature are of interest for application in micro-SOFCs (u-SOFCs) and interlayers.
Although the electrical properties of these nanostructures have been analyzed as independent
0- or 1-dimensional structures, the 2- or 3-dimesional behavior is more frequently reported, as
it provides reliable results.

When working with SOFCs, there are two main approaches to develop nanomaterials with
improved properties: optimizing existing composites by transforming them to nanocompo-
sites and exploring novel nanostructured materials with high mixed ionic and electronic
conductivity. In order to fabricate nanocomposites, wet impregnation/infiltration has been
gaining increasing attention in recent years [149]. The infiltration process consists of placing a
drop of a metal salt solution, with the chemistry required to give rise to the MIEC electrode
material after decomposition, on top of a porous material (typically the ionic conductor) [150].

In parallel, MIEC nanostructured materials have also been developed in order to find further
optimization of current state-of-the-art electrode materials. This kind of material features one
dimension below 100 nm, giving rise to different structures such as nanoparticles, nanotubes,
nanofibers, etc. There are several techniques for obtaining these unique phase nanomaterials
with enhanced active areas and lower particle sizes with one of the most commonly used being
via templating. Only some examples utilizing this procedure will be shown, although a large
number of articles have been published on this topic. However, the excellent review by Ruiz-
Morales et al. is recommended for those interested in a more detailed description of this
method [146]. There are just a few materials able to act as templates because they must fulfill
requirements such as removability, compatibility with the process conditions, wettability with
the network forming precursor solution and a narrow particle size distribution to achieve
optimal packing. Some of the most interesting templates are the organic polymer spheres of
polycarbonate (PC), polystyrene (PS), and polymethyl methacrylate (PMMA) [151]. It has been
demonstrated that templated porosity is maintained and highly influences electrochemical
behavior, presenting an effective means of enhancing the triple phase boundary (TPB), and
thus improving cell performance [152]. Another interesting method to obtain economical
nanostructures is based on the use of carbon nanotubes (CNTs) as particle growth controller
templates [153,154]. The growth controller material must fulfill the following two character-
istics for the desired application: thermal stability and either an ease of removal or sufficient
electrical properties to form a composite material. This facile and economical route allows to
synthesize perovskite nanoparticles with grain sizes as small as 16 nm and surface areas of 151
m?/g, improving electrochemical performance of the electrode by approximately one order of
magnitude [153].

Of all possible nanostructures, nanotube-shaped materials seem to exhibit the most interesting
improvements to electrode performance [155]. Although inorganic nanowires have been
synthesized by several methods such as hydrothermal reaction [156], vapor transport [157],
and electrospinning [158], the complexity of perovskite nanotube synthesis has resulted in the
template-assisted synthesises becoming the most employed method. There are currently
several membranes with different properties which can be used as templates, with anodized
alumina (AAO) membranes being the most common [159]. The most important advantage of
these membranes is their thermal stability, which allows the control of the morphology at high
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temperatures. Their high cost and the problems associated with their anodization do, however,
limit their use. These membranes are classified in the literature as hard membranes while there
is another group of templates known as soft membranes, which are primarily polymeric in
nature. While not costly, they decompose between 200°C and 300°C, which means that the
morphology cannot be completely controlled at higher synthesis temperatures. There are
several types of polymeric membranes, with polycarbonates being the most commonly used
[160]. The use of the pore wetting technique with polycarbonate membranes as templates and
subsequent freeze-drying allows the fabrication of highly ordered three-dimensional nano-
structures [161]. The electrospinning technique has also been used for the production of MIEC
lanthanum strontium cobalt orthoferrite nanofibers [162]. This nanofiber-based cathode
architecture is highly stable at intermediate temperatures (600°C-800°C) and provides
continuous pathways for charge transport throughout the cathode.

Finally, there is a third generation of materials consisting of nanostructured nanocomposites.
An improvement in oxygen reduction reaction (ORR) activity was reported when LSM
nanoparticles were loaded on a porous YSZ framework [163-166]. Also, electrocatalytic
nanoparticles could be produced in oxide anodes for solid oxide fuel cell (SOFC) by an ex-
solution method, i.e., by incorporating metals into a perovskite oxide phase in air followed by
the reduction of the perovskite oxide [167]. The improvement in the performance of the cell
by using these nanocomposites lies in the extension of the TPB to the newly generated surfaces
[168]. Templates such as polycarbonate membranes have also been used for the production of
composite nanotubes with 20 nm wall thicknesses [169]. With this strategy, a clear decrease in
polarization resistance of the electrode is observed, giving rise to higher efficiencies at
temperatures as low as 700°C. Recently, an electrolyte-supported SOFC was fabricated with
all-nanocomposite components and operated below 600°C [170]. The highly active nanocom-
posite electrodes and easily sintered nanocomposite electrolyte allow an in situ low-temper-
ature sintering while preserving the microstructure and electrochemical performance stability
upon thermal cycling.

The performance of intermediate temperature SOFCs can be improved by engineering the
electrode architecture on the nanoscale. Lowering the temperature facilitates the use of
nanotechnology in synthesizing new nanostructured materials in which parameters such as
porosity, the distribution of generated pores, and surface area can be closely controlled. These
parameters have a significant influence on the performance of the materials used for energy
conversion and storage, which means that these methods are an important starting point for
the design and optimization of these types of energy devices.

6. Conclusions

The great versatility of the perovskite structure allows for different doping to obtain a variety
of properties, which is a key feature in the development of materials for solid oxide fuel cells
(SOFCs). This chapter not only briefly introduces the foundation and operation of SOFCs but
also shows the evolution of perovskite materials for device components. Among the electro-
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lytes, BaCeO;-based cerates exhibit the highest ionic conduction at intermediate temperatures
while chromites doped with Sr find potential as interconnector materials. By introducing Fe
in the Cr site, these chromites become interesting alternatives to the traditional NiO anode, in
addition to the new trend of double perovskite-type materials such as Sr,MgMoO,, which
present very promising results for anode application. It is in the area of SOFC cathodes in
which the most progress has been made. Initially, in the 1960s, doped manganese perovskites
(La;.,Sr,MnO,;—LSM) were used as cathodes, but the low ionic conduction forced the devel-
opment of new materials based on Co and/or Fe-containing perovskites. In addition, they have
mixed ionic-electronic conductivity, allowing the active electrode area to extend across the
surface. This leaves Ba, 5 Sr,5,Coy s Fe;,0; perovskite as the most promising cathode material,
although as in the case of anodes, double perovskites are also alternative materials with
interesting properties.

Finally, it is worth mentioning the importance of not only the material composition but also
its structure, morphology and porosity. It has been found that a higher catalytic electrode area
results in a significant improvement in the electrochemical system efficiency. Reducing
operating temperatures of the SOFC has allowed nanotechnology to become a useful tool for
the development of future generations of materials for IT-SOFCs.
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