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ABSTRACT 
 
 Solid oxide fuel cells (SOFC) directly convert fuel into electricity hence it received a great deal 
of interest as alternative high performance and environmentally friendly power generation systems. The 
high operating temperature limits technological development of solid oxide fuel cell. Intermediate 
temperature solid oxide fuel cells (IT-SOFCs) overcome these limitations because of its intermediate 
operating temperature. Reducing the operating temperature, however, decreases the cathode kinetics 
resulting in the large interfacial polarization resistances. Perovskite and related oxides are extensively 
explored for applications in IT-SOFC electrodes. Recently, K2NiF4-type structure materials are 
investigated for cathode materials as they exhibit oxygen over-stoichiometry. 

 

Keywords: SOFC, IT-SOFC, Cathode, Perovskite Materials, MIEC, K2NiF4. 

________________ 
 

 

Introduction 

Fuel cells are the electrochemical power source, which directly convert fuel into electricity 
without the need for combustion. Hence, they received a great deal of interest as alternative high 
performance and environmentally friendly power generation systems. Low temperature fuel cells viz; 
polymer electrolyte membrane fuel cells (PEMFCs), alkali fuel cells (AFCs) and phosphoric acid fuel cells 
(PAFCs) are appropriate for small-scale applications, such as laptops, cellular phones, and automobiles. 
In contrast, high temperature fuel cells, such as molten carbonate fuel cells (MCFCs) and solid oxide fuel 
cells (SOFCs), are suitable for large-scale power plants and distributed power. In this regard the major 
advantages include relatively higher efficiencies, greater fuel flexibility, and the possibility of combined 
heat and power generation. Among several types of fuel cells, SOFCs are considered to be the most apt 
fuel cell for generating electricity in stationary applications due to their simplicity, fuel flexibility, high-
performance, solid-state material (easy to handle), and possibility for insitu hydrocarbon reforming [1-13]. 

Nowadays, however, the technological developments on solid oxide fuel cells (SOFC) are 
limited due to their high operating temperatures, typically around 800 – 1000 °C. In this temperature 
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range, low-cost interconnect materials are not useful, and long-term stability of the cell cannot be 
ensured as chemical reactions occur between electrodes and electrolyte [14]. In recent years, great 
efforts are directed to develop intermediate temperature SOFCs (IT-SOFCs) operating in the range 
500–800 °C. Lowering operating temperature can suppress degradation of components and extend 
the range of acceptable materials selection; this, also, improves cell durability and reduces the 
system cost. Reducing the operating temperature, however, decreases the electrode kinetics 
resulting in the large interfacial polarization resistances. This effect is most significant for the  oxygen 
reduction reaction (ORR) at the cathode [15]. The cathode, thus, must exhibit following properties 
[16]: 

• High electronic conductivity (preferably more than 100 S cm−1 under oxidizing atmosphere) 

• Thermal expansion coefficient (TEC)compatible with electrolyte 

• Chemical stability with the electrolyte and interconnect materials 

• Adequate porosity to allow gaseous oxygen to readily diffuse through the cathode to the 
cathode/electrolyte interface 

• Thermodynamically stable under an oxidizing atmosphere during fabrication and operation 

• High catalytic activity for the oxygen reduction reaction (ORR) 

• Low-cost.  

Development of Cathode Materials 

Tedmon et al. on the basis of extensive literature survey concluded that the cathode materials 
developed during 1960s for high temperature zirconia electrolyte fuel cells are still incompatible [17]. The 
high operating temperature of the of solid oxide fuel cells (SOFCs) invites the use of only noble metals or 
electronic conducting oxides as cathode materials. However, electrodes based on noble metals are 
rejected due to their high cost [17]. Although Ag exhibits many favorable characteristics, its relatively high 
vapor pressure even at 800°C,discarded this material due to the associated short lifetime predictions 
(<10.000h) [18].  

Composite cathodes comprising zirconia electrolyte powder and noble metal current collectors 
exhibited good performance but again are not considered to be economically viable solution. 
Investigations with a variety of mixed conducting oxides such as La0.9Sr0.1CoO3, PrCoO3 and 
Pr2CoO4shown promising results but the initial performance degraded rapidly due to the formation of 
interfacial reaction products such as SrZrO3 and La2Zr2O7. Also, they exhibited lack of good adherence 
due to mismatch in TEC of the perovskite cobaltites with stabilised zirconia. More promising results are 
obtained with cathodes based on UO2 solid solutions, but most commercial developers rejected these 
materials also due to their radioactivity [18].  

In the early 1970s, the porous composite La1-xSrxMnO3-yttria stabilised zirconia (LSM-YSZ) 
electrode prima fuci is established as the most appropriate cathode to use with zirconia electrolyte in fuel 
cells [18]. Another 20 years elapsed before the demonstration of negligible oxygen flux through LSM, and 
the YSZ component must be responsible for a major contribution of oxygen supply to the composite 
electrolyte component [18]. The development of cathodes for ceria-based electrolytes had not seriously 
addressed until the early 1990s, with the development of La1-xSrxCo1-yFeyO3-δ materials. Until the 
introduction of these electrodes most investigators had used Pt cathodes [18].  

As discussed earlier, the IT-SOFC are the promising fuel cells. The electrodes for IT-SOFC 
should have high electrical conductivities, adequate porosity for gas transport, good thermal and 
chemical compatibilities with the electrolyte for long-term stability. Performance is governed by the 
electronic resistivity of the electrode, overpotentials associated with charge-transfer at the electrode –
electrolyte gas-phase boundaries (TPB), the ionic resistance of the electrolyte, and rate of transport of 
gases through the porous electrodes [19]. 

Recently, a good number of oxides are projected as potential cathode for SOFC applications 
having improved electrochemical performance at relatively lower temperatures and resistant to 
degradation during operation [14, 20]. Practically, perovskite and related oxides are extensively explored 
for a range of applications including IT-SOFC/ SOFC electrodes and high temperature superconductors 
[20-26]. 
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Perovskite Cathode Materials 
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Fig. 1: (a) Unit cell of the ABO3perovskite structure [29] and (b) Schematic of cubic perovskite 
structure [16, 30] 

Perovskite materials are widely used as cathode in SOFCs [27]. The fundamentals of the 
perovskite structure are necessary for better design and optimization of the cathode materials. A 
perovskite-type oxide are of general formula ABO3, in which A and B are cations with a total charge of 
+6. The lower valence A cations (such as, La, Sr, Ca, and Pb, etc.) are large and coordinated to twelve 
oxygen anions. The B cations (such as, Ti, Cr, Ni, Fe, Co, and Zr, etc.) occupy the much smaller space 
and are coordinated to six oxygen anions. Full or partial substitution of A or B cations with cations of 
different valence is possible. When the overall valence of the A-site and B-site cations (n + m) adds up to 
less than six, introduces vacancies at the oxygen lattice sites to achieve charge neutrality [28, 29]. The 
typical crystal structure of the ABO3cubic perovskite is depicted in Figs.1(a) [29] and (b)[30]. Many 
perovskite structures are distorted and do not have cubic symmetry. Common distortions, in these 
materials, viz cation displacements within the octahedra and tilting of the octahedra are co-related to the 
properties of the A and B atoms. The degree of distortion in ABO3 perovskites can be determined 
according to the Goldschmidt tolerance factor (t): 

 



Dr. J. D. Punde: Cathode for Intermediate Temperature Solid Oxide Fuel Cell (IT-SOFC) 55 

 where  are the effective ionic radii of A, B, and O ions, respectively. In general, t 
is evaluated using pertinent Shannon's ionic radii [31].Nearly unity tolerance factor implies ideal cubic 
structure. Smaller A or bigger B cations leads to a decrease in tolerance factor causing cation 
displacement and tilting of corner sharing BO6 octahedra which results in orthorhombic symmetry [32].  
For most of the perovskite materials used as cathodes in SOFCs, the A-site cation are the mixture of rare 
and alkaline earths (La and Sr, Ca or Ba), while the B-site cation are the reducible transition metal such 
as Mn, Fe, Co, or Ni (or a mixture thereof). In most of the cases, a redox catalytic mechanism is, thus, 
generally is due to B-site cations [33]. The octahedral symmetry around the transition metal is invariably 
responsible for a metallic or semiconducting band structure at high temperatures, concurrently high 
electronic conduction. With a rational selection of A- and B-site cations, a large number of 
thermodynamically stable oxygen ion vacancies can be introduced at SOFC’s operating conditions. Such 
vacancies facilitated high bulk ionic oxygen transport [34]. 

The oxygen vacancies in can be created either by the partial 
substitution of A3+ by A2+ or due to the partial reduction of B3+ or B4+ to B2+ and B3+, respectively [35, 36]. 
Oxygen mobility through vacancies is the basis for oxide ion conductivity. In some compositions of 
perovskite-type oxides, the oxide ion conductivities are as high as those observed in solid electrolyte, 
e.g., the ionic conductivity ofSr0.9Ce0.1CoO3-δ reaches 0.133 S cm−1 at 800 °C in air [37-39]. The improved 
electrical conductivity and electrocatalytic performance in most cathode materials rely on doping of both 
the A- and B-sites. Over and above the electrical and the structural characteristics mentioned above, 
thermodynamic data are also essential for evaluating the long-term stability of perovskite cathode 
materials, and establish their compatibility with other components at SOFC operating temperatures. 
Yokokawa et al. discussed the thermodynamic stability of perovskite cathode materials in terms of the 
stabilization energies and the valence stabilities [40, 41]. Navrotsky et al determined the enthalpies of 
formation for the perovskite LaMO3 (M = Cr, Fe, Co, and Ni) at room temperature using high-temperature 
oxide melt solution calorimetry [42].They, subsequently, concluded that the relative thermodynamic 
stability of the perovskite LaMnO3 decreases in the order of Cr, Fe, Co, Ni. Tanasescu et al correlated the 
thermodynamic properties with the compositional variables of perovskite ABO3 (A = La, Sr; B = Mn, Fe, 
Co) based on the experiments towards coulometric titration coupled with EMF measurements [43-47]. 
The relative partial molar free energies, enthalpies, and entropies of oxygen dissolution represented the 
thermodynamical properties in the perovskite phase.  Excellent reviews on lanthanum manganite-based 
cathodes, other manganite cathodes, lanthanum cobaltite and ferrite cathodes, ferro-cobaltite cathodes, 
nickelate cathodes are published in near recent past [46, 48]. 

It is worth mentioning here that the conventional SOFC cathode, strontium-doped lanthanum 

manganite (LSM), is unsuitable for IT-SOFCs operating below 800 C. Jiang reviewed and updated the 
development, understanding, and achievements of the LSM-based cathodes for SOFCs[49]. Their 
structure, nonstoichiometric, defect model, and, in particular, the relation between the microstructure, 
their properties (electrical, thermal, mechanical, chemical, and interfacial), and electrochemical 
performance as well as long-term stability are critically reviewed. The poor electrochemical activity of 
LSM cathode is chiefly due to its negligible ionic conductivity; therefore, the electrochemical reaction is 
strictly limited to the TPB [50, 51]. In this regards Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) perovskite oxides are 
identified as one of the potential IT-SOFC cathode materials. Zhou et al reviewed the current research 
activities on BSCF-based cathodes for IT-SOFCs [52]. They emphasized on the understanding and 
optimization of BSCF-based materials. The issues raised by the BSCF cathode are also discussed and 
analyzed to provide some guidelines in the search for the new generation of cathode materials for IT-
SOFCs. Thus, now-a-day studies on development of a number of oxides materials for SOFC cathode 
applications are directed for improved performance at relatively lower temperatures and high resistance 
to degradation during operation [30].  An important class of candidate materials for the next generation 
SOFC cathodes belong to the perovskite related Ruddlesden-Popper (RP) series of layered oxides 
(formula An+1BnO3n+1). They exhibit good electrochemical, catalytic and electrical properties as well as 
thermal and mechanical stability. Chroneos et al published a comprehensive review article on RP series 
of layered oxides as cathode materials [30].A literature survey pertinent to the cathode materials having 
K2NiF4-type structure, first members of the RP series (for n = 1, A2BO4) and most relevant to the 
materials under present study, is given in next subsection.  

As discussed above up till now, most of the studies concerned with cathode materials for 
SOFCare devoted to perovskite type oxides. In near recent past, however, a new family of oxides with 
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general formulation A2MO4+yare investigated. The structure of K2NiF4-type exhibits some oxygen over-
stoichiometry. Preliminary results are promising in terms of oxygen diffusion and surface exchange 
coefficients.  

K2NiF4-type Structure Cathode Materials 

Ln2NiO4-based compounds exhibiting a K2NiF4-type structure are normally described as 
A2BO4+δ. According to the literature, there are four T, T’, T* and O, possible structures.  Amongst them, 
three tetragonal modifications differ in the transition metal coordination environment, i.e. from 4-fold to 6-
fold. Many of the layered cuprates compositions are previously investigated, in general, with respect to 
their electrical properties and, in particular, superconductivity at low temperatures.K2NiF4-type structure 
consists of the stacking of perovskite ABO3 layers alternating with rock salt AO layers along the c-
direction as shown schematically in Figs. 2 (a) and (b) [53].Such oxides are of great interest as an 

oxygen electrode material for applications in various electrochemical solid-state devices. A2BO4δ(B = Co, 
Ni and Cu) compounds exhibit high electronic conductivity. Also, possibility of forming solid solutions with 
mixed valence of the B-site provides good scope to tailor the physic-chemical properties. In addition, a 
high concentration of oxygen interstitials offers rapid oxygen transport through crystal, eventually a scope 
for developing a new type of MIEC cathode materials.  

Particularly, the La2MO4is considered for oxygen sensors, oxygen separation membranes and 
as cathodes for IT-SOFC [16, 54-65].Therefore, in the subsequent discussions, several performance 
determining factors of Ln2MO4 cathode materials are addressed. Particularly the chemical and thermal 
stability, the compatibility with traditional electrolytes, the electrical conductivity and the oxygen transport 
behavior, and the electrochemical properties. 
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Fig.2: (a) and (b)  K2NiF4type structure showing alternating AO and ABO3layers [16, 53]. 
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