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FABRICATION AND MECHANICAL CHARACTERIZATION OF
BA1−XLAXFE1−Y NBY O3−(0≤ X AND Y ≤ 0.1) MIEC PEROVSKITES

La clase de compuestos que tienen una estructura de red cúbica o estructura cristalina
ABX3 se denominan perovskitas y la estructura se conoce como estructura de perovskita. Las
características electroquímicas y eléctricas del óxido de perovskita pueden alterarse con la
selección adecuada de los elementos del sitio A y del sitio B (o combinaciones de elementos) y,
finalmente, hacerlos más adecuados como materiales de componentes de SOFC y membranas
de separación de gases. El óxido de ferrita de bario (BaFeO3−δ), un óxido de perovskita
de membrana de electrodo rico en hierro, se utiliza ampliamente en las SOFC debido a
la rápida cinética de intercambio superficial y a su elevada actividad electrocatalítica. En
condiciones severas, presenta una buena estabilidad térmica y química y se ha utilizado
ampliamente en muchas aplicaciones. Las capacidades de estas membranas de perovskita
integradas aún no se han desarrollado del todo, aunque existen múltiples ventajas asociadas
a estas membranas como el bajo coste de la energía en comparación con la producción de
oxígeno convencional. En el caso del óxido de ferrita de bario BaFeO3−δ (BFO), que suele
existir como un compuesto multifásico, existe un desajuste de radio iónico entre el Ba y
el Fe. Recientemente se están llevando a cabo muchas investigaciones para estabilizar la
estructura de la red cúbica, centrándose en los efectos del dopaje del sitio B con elementos
metálicos altamente cargados como el lantano (La) y el niobio (Nb) y en la optimización de
las estrategias de dopaje. La mayor parte de los trabajos se centran en el rendimiento de los
nuevos materiales desarrollados y en sus propiedades de conducción, por lo que la bibliografía
asociada a las propiedades mecánicas y a la caracterización basada en ellas es limitada, lo
que define completamente el objetivo del trabajo. En este trabajo, BaFeO3−δ dopado con
La en el sitio A y Nb en el sitio B utilizando el método sol-gel para la síntesis de polvos.
La estructura cristalina de los materiales preparados se estudió mediante XRD, que mostró
que el dopaje del BFO con La estabiliza la estructura cúbica y el dopaje con Nb estabiliza
la estructura tetragonal. El efecto del dopaje con La y Nb sobre la microdureza y las curvas
de tensión-deformación se analizaron mediante ensayos mecánicos cíclicos.

i



RESUMEN DE LA TESIS PARA
AL GRADO DE MÁSTER EN
INGENIERO MECÁNICO CIENCIA
POR: ZALAVADIYA SAGARKUMAR ANILBHAI
FECHA: 2022
PROFESOR GUÍA: ALI AKBARI-FAKHRABADI

FABRICATION AND MECHANICAL CHARACTERIZATION OF
BA1−XLAXFE1−Y NBY O3−(0≤ X AND Y ≤ 0.1) MIEC PEROVSKITES

The class of compounds having a cubic lattice structure or ABX3 crystal structure are
called perovskites and the structure is known as perovskite structure. The electrochemical
and electrical characteristics of the perovskite oxide can be altered with the appropriate se-
lection of A-site and B-site elements (or element combinations) and eventually making them
more suitable as SOFC components materials and gas separation membranes. Barium fer-
rite oxide (BaFeO3−δ), a perovskite oxide of iron-rich electrode membrane is widely used in
SOFCs due to fast surface exchange kinetics and its high electrocatalytic activity. Under
severe conditions, it exhibits good thermal and chemical stability and has been widely used
in many applications.

The capabilities of these integrated perovskite membranes are not fully developed yet, even
though there are multiple advantages associated with these membranes like low cost of energy
when compared to the conventional oxygen production. In the case of barium ferrite oxide
BaFeO3−δ (BFO) which usually exists as a multi phase compound, there is an ionic radius
mismatch between Ba and Fe. Recently many investigations are happening to stabilize the
cubic lattice structure focusing on the effects of B-site doping with Ferro active highly charged
metal elements like Lanthanum (La) and Niobium (Nb) and on the optimisation of doping
strategies. Most of the work emphasises on the performance of newly developed materials
and its conduction properties, and hence there are only limited literature’s associated with
mechanical properties and characterization based on its which completely defines the purpose
of the work. In in this work, BaFeO3−δ doped with La in A site and Nb in B site using sol-gel
method for synthesis of powders. The crystal structure of prepared materials were studied by
XRD, which showed that doping BFO with La stablise cubic structure and doping with Nb
stablise tetragonal structure. The effect La and Nb doping on microhardness, stress-strain
curves were analysed by cyclic mechanical testing.
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Chapter 1

Introduction

Perovskites are a family of chemicals with a cubic lattice structure or an ABX crystal struc-
ture, where A and B are two distinct cations, and X is an anion that has a significantly
different size. The rising attention on perovskites oxides has curtailed from their catalytic
and electronic transport properties. [1][2] The doping in ABO3 perovskites is found to be an
effective strategy to augment its chemical stability [3] Doping of the A or B site of perovskite
oxide highly influences the crystal structure which can be tailored from the hexagonal, or-
thorhombic, or rhombohedral phase to the cubic phase.[4] Doping in perovskites structures
is modifiable which allows the catalytic properties to be optimized for sensor applications.
[5] Perovskite oxides ABO3 plays an important role in developing and providing sustainable
energy through clean and efficient energy conversion from chemical to electrical energy, and
membrane-based oxy-fuel combustion technology.[6] Apart from these, perovskites oxides also
find application in photocatalysis owing to their electronic structure[7][8]

Figure 1.1: a) Unit cell of a cubic ABO3 perovskite structure and b) frame-
work of an ABO3 perovskite structure where corner-shared oxygen octahe-
dral extending in three dimensions)[9]

Perovskites with the general formula ABO3 is constructed on the corner of the octahedron
with shared layers and A cations located amidst these layers with a 12 fold site. Depending
on the nature of the B site cation, these materials may demonstrate excellent magnetic or
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electrical properties with potential oxygen vacancies. [8] [10] The main characteristics of
ABO3 perovskite are the corner shared octahedron assists in oxygen and electron transfer,
and the larger A-site atoms in the perovskite structure stabilize it. Diverse categories of
elements comprise the A- and B-site of ABO3 perovskite owing to their requirements for the
ionic radius. A-site cation has a larger size (1.10 - 1.80 Å) while B-site cation being medium
in size (0.62 - 1.00 Å) on which the A-site cation is bounded by 12 oxygen anions and the
B-site cation is enclosed by 6 oxygen anions. Alkaline earth, alkaline, and lanthanide ions
in twelve-fold coordination constitute A-site cation, whereas B-site is primarily composed of
transition metal ions in six-fold coordination with oxygen ions. [11] [12] [2] In addition to
the A and B-site cation radius, the perovskite structure must have electrical neutrality, the
sum of the charges of the A and B-site cations must correlate to the total charges of oxygen
anions. Within the perovskite, partial substitution of A and B-site cations is thus feasible
by doping with different cations of varied ionic radius and valency. Because of the perovskite
structure’s resilience to changes in its compositional ions, non-stoichiometry in perovskites
is quite prevalent, resulting from either cation deficit in the A or B-site, anion deficiency,
or anion excess [10][12]. Because of the stability of the BO3, A-site cations can be lost in
the cation deficit scenario without causing the perovskite structure to collapse. In contrast,
because of the significant variation in the structure formation and petite size of the B cations
in perovskites, B-site cation vacancies are not energetically favoured. [1] [8].

The ideal and simple perovskite structure can be observed as a cubic close-packed structure
in which the oxygen and the A-site cations are stacked along the cubic [111] direction in a
cubic close-packing arrangement. The consequent octahedral holes are engaged by B-site
cations [11]. The cubic phase has immense oxygen vacancy creation energy relative to the
hexagonal phase [13]. In cubic structure, the vacancies are dispersed arbitrarily in the lattice
which elevates the transport properties, making the cubic structure the most favourable [14].
The stability of cubic perovskite oxide is elucidated based on the tolerance factor given the
symbol ‘t’ which is defined by Liang et al 2013 [15]. If the tolerance factor is greater than
1 the perovskite oxide is found to be stable, the range is in the order of 0.75 < t < 1.0
[2]. In a comparison of the two substitution sites, B-site substitution leads to rearrangement
and restructuring throughout the crystal lattice which can lead to the formation of oxygen
vacancy proportional to the substitution on A-site [16]. Since the B-site cations are the
foremost accountable for the electrocatalytic activity of perovskite oxides. Hence, in order
to refrain from the electrochemical properties, a suitable option of B-site ions is essential [17]
[18] [19]. If the valence state is static for B-site ions, then the oxygen vacancies maintain
electrical neutrality. It should be acclaimed that in certain circumstances the concentration
of oxygen vacancy is not invariably proportional to the ionic conductivity [20]. Although the
catalytic activity of perovskite oxides is directly connected to the B-site cation, modifying
the A-site cation may result in a change of valence state and redox characteristics of the B-
site cations vary the oxides catalytic activity [21]. The perovskite-type oxides, with general
formula AB3, which are similar to the structure CaTi3, act as a catalyst for hydrocarbon
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oxidation owing to their thermal stability, and high activity. It is normally produced by
ceramic methods which require high temperature and synthesize materials with surface area
lower than 5m2g−1 [22], which restricts its applications to a certain level. The application
of perovskites in catalysis requires solids with an intense porous network. Voorhoeve et
al (1976). has prepared a sequence of 20 perovskite oxides by ceramic method, in which
the surface area is smaller than 1m2g−1. Though it is easy to prepare, this method of
preparation is considered as not attractive. The main disadvantage is the acquired solids
have lack homogeneity, which is caused due to the unfinished reaction between the varied
precursors [23]. High-temperature solid-state methods are gaining attention in the synthesis
of perovskite phases with morphologies such as thin films and single crystals. The merits of
these materials are their application in the current industry such as catalysts, fuel cells and
optical devices [24]. Several perovskite oxide compounds synthesized by solid-state reaction
shows polycrystalline structure. The obtained perovskite oxide materials by this synthesis
method show weak chemical homogeneity, particle agglomeration and coarse particle sizes[6].

1.1. Perovskites Preparation Methods
Molten Salt Synthesis (MSS) is the simplest, flexible and cost-efficient technique to prepare
perovskite oxide powders with uniform compositions, perfect structure and high purity [24].
Recently, Pb –based perovskite relaxors, Ba-based dielectric oxides, perovskite nanoparticles
are produced by MSS methods [25] [26] [27]. Mechanical milling methods were also used to
synthesize perovskite oxide nanoparticles such as BT, PT, PZ, and BST [28] [29]. Perovskite
manganite Pr0.7Ca0.3MnO3 nanopowders were prepared by ball milling method with the stan-
dard crystallite size of 29 nm [30]. When compared to the traditional ball–milling techniques,
the Vibro-milling procedure has various merits such as finer particles, low cost, simple equip-
ment, narrow size distribution, and pilot-scale manufacturing of nano powders[31]. Even
though mechanical milling methods can produce nano particles at room temperature, it’s
not applicable in large scale industries owing to the long processing time and its small batch
sizes. Moreover, this intensive process creates critical impurities from the milling media. To
overcome these issues and produce homogeneous and stoichiometric perovskite oxide powders,
wet chemical methods such as sol-gel process [32], hydrothermal synthesis [33], microwave-
hydrothermal synthesis [34], and microemulsion synthesis [35] have been developed. The
sol-gel process is a wet-chemical technique to prepare several perovskite oxides. Here, the sol
has dissolved metal-organic, metal alkoxide and metal inorganic salts which are followed by
gel formation, calcination and sintering at high temperature. The perovskite oxides produced
by the sol-gel process robustly depend on the initial precursor, pH and temperature. In the
sol-gel process, the reacting species are homogenized at the atomic level, so diffusion distance
is significantly reduced when compared to the solid-state reaction. As a result, the product
could be obtained at a very low temperature. For example, multicomponent perovskite oxide
nanopowders have been produced by the sol-gel process through meticulous stoichiometry
[36] [37] [38]. Modified sol-gel methods such as the Pechini method, polymer complex solu-
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tion and glycol-gel reaction have been developed to obtain the BFO nanoparticles. Flaschen
(1955) first proposed an alkoxide hydroxide sol–precipitation method, that is majorly used
to synthesize crystalline perovskite oxide nanopowders at lower temperatures and additional
calcination is not mandatory at high temperatures. In this technique, hydrolysis and conden-
sation are considered key inputs for crystal growth. By using this method, BT nanopowders
could be produced at a lower temperature in the range of 80–100 oC by applying alkaline
solution as an initial material [39] [40]. A hydrothermal method is also called the autoclave
method and low-cost process, in which the preferred phases can be obtained when heating an
aqueous insoluble salt suspension in an autoclave at modest temperature and pressure [41]
[42]. This is method gives constant end products and restricts the impure phase’s formation
which is mainly used to synthesize perovskite nanoparticles. The low-temperature solution
combustion method is a proficient technique in chemical synthesis due to its less consumption
of energy [43] [44]. This is integrated by heating the salt solution using citric acid, urea, and
glycine [45] [46]. This technique has been used to produce perovskite oxide nanoparticles
with a high surface area and plays a vital part in catalytic applications. Qi et al (2003) fabri-
cated LaFeO3 with a particle size around 30 nm using Fe(NO3)3·9H2O and La(NO3)3·6H2O
as precursors and citric acid as combustion fuel at room temperature. The prepared LaFeO3

has high coercivity, which indicates its capability to produce permanent magnets [47]. In
the past decade, the microwave synthesis method has gained attention due to its significant
properties such as retention time, environmentally friendly nature and energy efficiency [48]
[49] [50]. This technique is integrated with other methods such as combustion, sol-gel, and
hydrothermal to enhance its productivity [51]. Maggio Paul Pechini in 1967, first proposed
the Pechini method, which is mainly related to the production of lead and alkaline-earth
titanates and niobates [48] [52]. In this process, the formation of the complex between the
metal ion and chelators takes place before it is dissolved in ethylene glycol, which is followed
by heating, to synthesize polyester. This method has been considered as an alternative to
the sol-gel method, also it is optimal for high purity perovskite oxides production [53].

1.2. Doping of ABO3 Perovskites
ABO3 perovskites can be doped with various A site and B site metal elements to form a fer-
roactive compound that improves their electrical and oxygen reduction reaction (ORR) activ-
ity and oxygen ionic conductivity [54]. This makes a useful mixed ionic electronic conductor
(MIEC) that conducts both ions and electronic charge carriers (electrons and holes). An im-
portant function of ABO3 perovskite oxides are as an electrode or an electrolyte component
in solid oxide fuel cells (SOFCs), as oxygen separation membranes, and for membrane-based
reactors [55] [56]. Electrodes manufactured from MIEC materials are used in state-of-the-art
electrolysis cells (SOECs) and SOFCs [57] [58]. Alkaline earth (AE)-doped LaCrO3 oxides
are majorly used ceramic interconnects for high temperature owing to their tremendous elec-
trical conductivity [59], high densification and chemical solidity in oxidation and reduction
environment[60][61]. Pure LaCrO3 is a p-type conductor that has less electrical conductivity,
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but doping of Sr, Mg and Ca improve its electrical conductivity[62]. By doping in the A/B
sites of ABO3 perovskite oxides, enhances the ionic and electrical conductivity but also adjust
the catalytic activity. Various studies have investigated the development of perovskite oxy-
gen permeation materials by doping methodology, and various positive results were obtained
[63] [55].

1.3. Applications of Perovskites
Perovskites find application in oxygen separators, solid oxide fuel cells, and membrane reac-
tors which may be due to their ability to yield numerous perovskites oxide compositions and
structures with hybrid properties [64]. A low-cost oxygen generation technique, according
to energy scenario studies, might enable future technologists the production of clean energy
on a techno-economic level. The potential of integrated perovskite membranes is not yet
completely resolved, although it lowers energy costs compared to the conventional oxygen
generation methods [65] [66]. Even though MIEC perovskites may be a viable option for
membrane-based oxy-fuel plants, further improvements in membrane material and fabrica-
tion, process design, and external factors such as CO2 penalties and energy legislation need
to be explored to make this a promising technology in the near future [6] [14]. At present,
photocatalytic HER is probably the best option concerned with sustainable energy. In the
past decades, low cost, efficient and stable photocatalysts have gained popularity towards
energy conversion. Perovskite type oxides are majorly studied by researchers for the produc-
tion of H2 through solar energy conversion due to their tunable structure and diversity of
properties [67]. Moreover, computer simulation has been used to study the electronic struc-
ture and catalytic mechanism process. Fu et al (2012) reported that the amalgamation of
TiO2 and SrTiO3 has altered the material electronic structure by creating vacancy (O, Sr),
which boost the photovoltaic behaviour of SrTiO3 for HER [68]. Chen et al (2012) evalu-
ated the metal-doped SrTiO3 photocatalytic activity by the DFT method and the results
indicated that Rh-doped SrTiO3 has shown the energy states near to the valence band level,
which causes a reduction in the bandgap. This indicated that HER performance is amplified
owing to the enhanced light absorption capability [7]. For photocatalytic HER, the niobate-
based perovskites are widely studied [69]. Various single niobate-based perovskite oxides
(ANbO3), such as NaNbO3, KNbO3 [70] [71] and AgNbO3 [72], have visible performance
in HER in the presence of methanol as sacrificial agents. Moreover, pristine single niobate-
based perovskite oxides cannot make H2 generation effectively owing to their limitation such
as broad bandgap, inadequate visible light absorption and less efficient charge separation.
In addition, these materials have been modified through doping and loading methods to im-
prove their photocatalytic HER activity [73] [74]. Among the various influencing factors,
photo catalysts surface morphology has gained attention owing to its photocatalytic reac-
tion on the surface. NaNbO3 nanowires showed the utmost photocatalytic activity due to
their crystallinity, surface-to-volume ratio, and anisotropic aspect [75]. Li et al (2008) have
revealed that NaNbO3 particle size is a significant factor than the surface morphology [76].
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Zhou et al (2011) have stated that the porous K4Nb6O17 microsphere has a porous struc-
ture and high surface area which shows significant activity for HER with an evolution rate
of 30,000 µmolg-1h- 1 in the methanol existence which acts as a sacrificial agent[77]. In
a membrane reactor for POM, oxygen separation membrane prepared by mixed oxide-ion
and electron conductor (MIEC) is considered as the key elements of the entire reactor, and
its materials are comprehensively studied in research. For some ceramic oxygen permeation
membranes, the application of mixed ionic and electronic conductors (MIECs) is considered
a suitable contender. In the past decade, several MIEC materials have been developed, and
their structure and properties were studied comprehensively. Among the materials stud-
ied, the oxygen-deficient perovskite-type oxides are represented as favourable materials for
oxygen permeation membrane owing to the high concentration of oxygen vacancy and ionic
migrating paths of isotropic oxygen. The A-site cations are generally lanthanides or alka-
line earth metal elements such as Ba, Sr, La, Pr etc., and the B-site cations are usually
transitioning metal elements such as Co, Fe, Mn, Cu, Cr and Ce [78] [79] [80] [81]. During
the oxygen permeation, most of the perovskite-type materials are altered at A- site or B- site.

Among the various perovskite-type oxygen permeable materials, cobalt-based perovskites
have gaining increased observation owing to the high permeability of oxygen and tremendous
surface oxygen exchange kinetics. The application of cobalt-rich materials is challenging
owing to their expensive and toxic nature. Moreover, the phase decomposition of Co-based
perovskite membranes, included with reduction of cobalt ions at high temperatures with de-
creased atmospheric conditions, leads to weakening of membrane structure and deterioration
of the oxygen permeability [80] [70] [82]. The instability of cobalt-based perovskite materials
prevents their practical applications. So the researchers have modified these materials by
replacing cobalt with few high valency anti reduction metal ions such as Mo, Nb, Zr and Ta.
Moreover, this method is not able to resolve the structural instability completely [83] [84]
[85]. Hence, the cobalt-free materials have gained attention and numerous materials have
been studied such as Ba–Ce–Gd–O [86], Y–Ba–Cu–O [87] and La–Sr–Fe–Ga–O [88]. The
main demerit of these materials is their limitation to structural stability, large scale produc-
tion and obtaining homogeneous materials. On contrary, the oxygen separation membrane
is composed of few elements and having exceptional structural stability and high oxygen
permeability. Cobalt–ferrite, Sr (Co, Fe) O3−1 (SCF) transport properties increases at a high
temperature around 1000 ℃, however, the pattern of brown millerite causes structural insta-
bility at the temperature around 700-900℃[14] [89]. To conquer this, the partial replacement
of Sr (2+) with various cations, like La (3+) and Ba (2+) is majorly studied under continuous
improvement [14][90] [91].

The existence of Lanthanum creates a charge imbalance [90] [91], which is remunerated
by the formation of oxygen vacancies; the rhombohedral structure of (La, Sr) (Co, Fe) O3−1

(LSCF) compounds at room temperature are converted into the preferred cubic structure
at the temperature range 700-850 ℃. Further, the partial replacement of Sr with Ba cre-
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ates cubic (Ba, Sr)(Co, Fe)O3−1 (BSCF) compounds, with enhanced permeation properties.
Various permeation study results [55] [92] [93] [94] [95] [96] showed that, among the two men-
tioned materials, the best compositions identified are La0.6Sr0.4Co0.2Fe0.8O3−1 (LSCF6428)
and Ba0.5Sr0.5Co0.8Fe0.2O3−1 (BSCF5582), which have adequate structural stability while
heating/cooling among the ambient and operating temperature.

To obtain better ORR activity or ionic conductivity at lower temperatures, a broad range
of perovskite-type oxides have been created, which is necessary for enhanced SOFC per-
formance that displays excellent dependability and stability [97]. Both the performance of
prospective perovskite materials and the manufacturing techniques for these materials have
scope for improvement. Process intensification is one of the benefits that may be derived
from the perovskite membrane reactor technology. The membrane’s capacity to withstand
high temperatures and pressures is the key to its effectiveness [6] [66]. As a new field, the use
of Perovskites in oxygen separation, solid oxide fuel cells, and membrane reactors encounter a
variety of challenges. Perovskite materials require further study and development in material
science and engineering before their application can be widely presented [98].

1.4. Perovskites in SOFC
SOFCs has paramount environmental credits owing to their greater efficiency as a source for
the generation of electricity which gains more attention in recent times [99][100]. Substantial
research attempts have been made to curtail the working temperature of SOFCs, employing
fabricating advanced electrolyte materials, new cathode materials with greater ionic con-
ductivity and catalytic activity to overcome the polarisation losses [101] [102]. In a typical
SOFC process, the electrochemical reduction of molecular oxygen occurs over the cathode
to oxygen ions, the incorporation of the as-formed oxygen ions into the electrolyte bulk, the
diffusion towards the anode at the electrode-electrolyte interface, and the reaction of oxygen
ions with fuel over the anode surface ensure to produce electric power and heat. The power
yield of SOFCs is evaluated by the electrode polarization resistance and ohmic resistance of
the electrolyte. The meagre activity of cathode for the ORR has been the foremost hindrance
to acquiring the high-power density of SOFCs at reduced temperatures. The extensive ap-
plication of SOFCs technology, thus strongly depends on the fabrication of highly efficient
electrode materials for ORR and high oxygen reduction reactivity. [6][103] [104].

Perovskite oxides (ABO3) functions as an energy source that is environmentally active by
converting chemical energy into clean and efficient electrical energy. The oxy-fuel combustion
using membranes as an electrode or electrolyte in technologies such as the use of oxygen in
solid oxide fuel cells (SOFCs), membrane separation and membrane-based reactors are few
examples [105] [106]. Lanthanum cobaltite-based perovskites have been extensively studied
as possible SOFC cathodes with ceria-doped electrolytes. xSrxCoO3−d (LSC) perovskites
exhibit good oxygen-ionic conductivity and ultrahigh electronic conductivity of about 1000 S
cm-1, but poor phase stability [107]. To overcome the stability problem, thermal expansion
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and cost of cobalt, a partial substitution of cobalt ion with iron has been found to be effective
in terms of phase stability [108] [109] [110].

Significant attempts have been made to alter the phase stability and electrochemical ac-
tivity of LSC by substituting different rare earth metals for La [111] [112] [113]. Takeda et al.
revealed that the substitution of La with Gd, resulting in the production of Gd1−xSrxCoO3−d

oxides, had a detrimental impact on electrode performance [114]. Doping of various ele-
ments has resulted in a variety of properties intended for a particular application. As per
experimental pieces of evidence, the iron cation is more resistant in a reducing environment,
additionally, Fe with flexible oxidation and the spin state subsidizes to high catalytic activity
[115] and Fe4+/Fe3+ ratio promotes the electrical conductivity [116]. BaFeO33−d (BFO) is
one of the most electrochemically active iron-based cathodes. A pure BFO, on the other
hand, exists as a combination of phase structures. Different dopants have been introduced
to BFO to stabilise the cubic phase at lower temperatures such as Ca, La, Y in the A-site,
or Ln, Ce, Zr, Ni, Cu in the B-site [117] [6].

Perovskites are also used in membrane reactors based on oxygen transfer membrane
(OTMs). They have drawn a lot of interest since they combine separation and chemical
processes in a single unit [6] [118]. A few advantages of using OTMs based perovskites in
reactions include (1) no necessity to separate the nitrogen from the air; (2) eradicating cer-
tain products through the membrane to increase conversion; and (3) the gradual usage of
oxygen reduces contact with partially oxidised products [6] [119] [120]. The foremost pur-
pose of perovskite in OTM includes; refining the selectivity of distributor category membrane
reactors and upgrading the conversion in the extractor category of the membrane. The prop-
erties which enrich the performance of OTM are high ionic and electronic conductivity with
a steady structure [6].

Electrolysis cells of the highest technological level (SOECs) so-called solid oxide fuel cells
(SOFCs) use electrodes built of MIEC materials. If mixed properties i.e. ionic and elec-
tronic conducting properties are anticipated, this could be accomplished by stimulating metal
cation with a lesser valence in A-site and incorporating transition metal ions in the B-site
respectively[2]. SOFC produce power by electrochemically oxidising a fuel. Fuel cells are
classified depending on their electrolyte material, and SOFCs often use a solid oxide or ce-
ramic electrolyte for characterization [6] [105].

As the perovskite structure (ABO3) allows for a wide range of compositional changes,
there is a lot of potential for generating new useful materials. To improve their suitability as
SOFC components and gas separation membranes, perovskite oxide can have its electrochem-
ical and electrical properties adjusted by selecting the appropriate A-site and B-site elements
(or element combinations) [18] [19]. Practically the cathode of SOFC must be porous to
improve the transport of gas and deliver greater active sites for ORR. Since it is difficult

8



to explore the properties of porous cathode materials as stated by Chen et al 2012, in such
complications thin-film electrodes should be used [7].

A perovskite oxide of an iron-rich electrode membrane, barium ferrite oxide (BaFeO3) is
widely used in SOFCs due to its high electrocatalytic activity and fast surface exchange ki-
netics. It has a high thermal and chemical stability and is broadly employed in a wide range
of applications [121] [122] [123]. Ferrite based perovskites LaFeO3, SrFeO3 and SmFeO3 are
commonly used as anodes in SOFC. But the lack of chemical stability and poor electrical
conductivity has made the researchers focus on doping with other metal ions. Thus, metal
cations with a higher oxidation state can elevate the stability and the valency of Fe in the
perovskites [83] [124]. Newly iron-based perovskite oxides Ba1−xLaFeO3−δ with a minor re-
placement of Ba2+ with La3+ stabilizes the oxygen vacancy disoriented structure of perovskite
and improving its oxygen permeability as well [125] [97] [126]. Significant attention has lately
been devoted to the study and to create solid oxide materials capable of conducting oxygen
ions into their crystal lattice [127].

MIECs can transport oxygen over a potential gradient when employed as membranes in
two separate atmospheres with varying oxygen potentials. The use of perovskite-based oxy-
gen separation membrane technology can be integrated with power-generating cycles that
collect carbon dioxide (CO2) via oxy-fuel combustion [6] [128]. MIEC perovskite exhibits
triple phase boundaries (TPBs), the interfacial contact area amongst electrons, oxygen ions
and oxygen gases. Hence TBP is the region where the electrode reactions occur, hence larger
TPB leads to more active sites and superior performance. This type of perovskite reveals
explicit reaction and faster transport properties than the conventional perovskite oxides [134,
135]. The first MIEC cathode material with TPB used was Sm1−xSrxCoO3−δ which has good
chemical compatibility as well as higher electronic conductivity leading to greater electrocat-
alytic activity. Similar to the perovskites phase transition occurs from cubic to tetragonal
phase, subsequently decreasing the electrocatalytic activity [111] [112] [129]. Hence certain
modifications are required for the MIEC cathode materials to sustain the impeccable elec-
trocatalytic activity [130] [4].

To overcome the issues, owing to the incorporation of Co, Fe as perovskites cations as well
as to utilize the merits of these ions in MIEC materials, partial substitution of the perovskites
B-site cation with five valence cation was reported [131] [132]. As discussed in the earlier
part of the introduction, a tolerance factor greater than one is found to be stable which can
be achieved by doping a larger radius cation as a partial substitute for Fe cations [2] [133].
One such cation is Nb+5 which can increase the stability of the cubic phase and permeability
of oxygen relative to the perovskites that contain exclusively Co or Fe as cations[134]. Nb
also plays a crucial role in sensing applications as reported by Akhtar et al 1997. When Nb+5

ions were doped in the perovskites containing Fe sites substantial change in the structure of
the Fe environment takes place [135].
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1.5. B site doping of BaFeO3

B site defines most of the critical properties of the perovskite materials, and the stability can
be enhanced by doping transition elements at the B site [136]. Doping high valency cation
at the B site improves the stability of the Perovskites and as well as its structural stability.
This also elevates the electrical conducting ability of BaFeO3 Perovskites. The Fe ions in the
B site possessing variable oxidation and spin state develops higher catalytic activity. B site
doping with transition metals such as Mn, Fe, Co, Ni, Ca, Mg and Nb have been studied
by many researchers. The synchronised occurrence of Co and Fe cations at the B site assist
to obtain desirable functional properties [137] [138]. Gao et al reported that doping high
valency Nb+5 ions at the B site improves the structure and properties of the material to a
greater extent. It was also reiterated that doping Nb5+ cations not only enhance the sta-
bility of the cathode materials for SOFC applications but also improves its ORR activity[139].

Apart from A site doping, B site doping generates higher oxygen diffusion kinetics than
A site. The work by Zhang et al suggested that rare earth element Pr doping at the B site
augments the electrochemical property owing to the higher oxygen vacancies [140]. The use
of Pr as a dopant is unique as it exhibits 3+ and 4+ oxidation states similar to Fe in the B site
of the parent oxide, which bring about fascinating electrical properties [141]. It was reported
that B site doping of BeFeO3 may have a lower electrical conductivity but the oxygen bulk
diffusion kinetics is faster which is instigated from its lattice expansion. When the quantity
of oxygen vacancies is similar on the A and B sites, the B site dopant is more supportive
for overall diffusion kinetics and ORR performance. A site doped BeFeO3 was found to ex-
hibit higher electrical conductivity than B site doped cathode materials since B site dopants
incorporated is redox inactive compared to iron [142]. Consequently, Fe improves the ionic
conductivity and phase stability of the cathode active material which increases the power
density of SOFC [143]. A single dopant at the A or B site stabilizes the cubic structure with
enriched stability. The dopants for the A site are smaller than the parent Ba2+ and B site
dopant are larger than the parent Fe3+ and Fe4+ ions [144].

In terms of oxygen vacancies, neither of the dopants from the A or B site was found to
be beneficial over the other in increasing the oxygen vacancies as illustrated by [145]. After
doping A site, lattice size is reduced compared to the parent perovskite material leading to
volume shrinkage for transport of ions. This may be considered as the possible reason for
faster oxygen diffusion kinetics [143]. The electrical and mechanical properties highly depend
upon the microstructural properties. Extreme hardness and boosted ionic conductivity can
be achieved for perovskites without any impurity phase [15].
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1.6. Mechanical Properties
Elastic constants are used to find out crystal response to external forces described by the
elastic modulus, Young’s modulus, shear modulus and Poisson’s ratio. This has a vital role in
assessing various properties such as stability, hardness, stiffness, kind of bonds and material
ductility [146] [147]. The mechanical properties allow a practically precise structural analysis
of SOFC stacks, which in turn emphasizes the requirement of mechanical characterization.
The instrumentation indentation method permits the assessment of the effects of composition
and microstructure of LSGM on the hardness at micro- and nanometric length scales. From
these results it is inferred, that by defining the LSGM hardness in film/substrate at room tem-
perature, one can conclude the ionic conductivity within the studied temperature range [143].

Young’s and Shear modulus mainly depend on the porosity. SOFC ceramic materials
strength is not a built-in property that acts as stress concentrators but mainly depends on
the manufacturing process defects. Creep occurs if the material is consistently loaded at a
temperature near half of its melting point. Based on the mechanism, continuous deformation
is categorized into three groups such as diffusion, viscous and dislocation creep. The mate-
rial creep actions may vary when it undergoes tensile and compressive stress [148]. Creep
parameter extraction from bend tests data is considered complex, due to the stress gradient
in the sample [149][150]. The elastic modulus of La0.9Sr0.1Ga0.8Mg0.2O3−δ (LSGM1020) and
La0.8Sr0.2Ga0.8Mg0.2O3−δ compositions are around 175-195 GPa.

Pathak et al. [2009] evaluated the elastic modulus for the pure and dense (5% porosity)
LSGM2020, and attained similar values by two different methods such as resonance tech-
nique (175± 4 GPa), and 4-point bending test (176 GPa). The shear modulus for LSGM2020
composition was about 70 GPa which is evaluated by torsional resonance frequency [151].
Baskaran et al (1999) estimated hardness and indentation resistance at room temperature for
various compositions of lanthanum gallate doped with Ba (LBGM1020), Ca (LCGM1020), Sr
(LSGM1020, LSGM2015, LSGM2020), and un-doped. The hardness for LSGM compositions
lies between 7-8.2 GPa and the indentation resistance was about around 0.9–1.1 MPa

√
m

[152]. The perovskite-structured materials permeability is greatly dependent on microstruc-
ture, especially grain sizes. It has been reported that the Ba0.5Sr0.5Fe0.8Zn0.2O3−δ membranes
permeation rate increases with increasing grain sizes [153]. On the other hand, the perme-
ation rate of SrCo0.8Fe0.2O3−δ decreases with increasing grain size [154]. In BSCF, it has
been observed that the oxygen permeation flux increased with an increase in grin size [155].
While membrane sintering, the oxygen permeation can be improved by an increase of dwell
time. The massive variation in grain size distribution among surface and fracture surfaces
leads to the sandwich –effect. Here the difference in size should be unbiased, which results
in oxygen permeation decline.

Wang et al (2016) investigated the microstructural evolution and mechanical properties
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of Ba0.5Sr0.5(Co0.8Fe0.2)1−XNiXO3−δ with X=0, 2, 4, 6, 8, 15, 20, and 25 mol%. Hardness
and Young’s modulus increase with increasing the content of Ni doping from 0 to 8 mol%,
because of the lattice distortion strain caused by the solute Ni2+ and the precipitation of the
secondary-phase NiO. It has been observed that doping also can influence ceramic materials
grain aspect ratio. Nonetheless, the grain aspect ratios of BSCF doped with various content
of Ni are about 1.8 which is similar to the pure BSCF [156]. Recently, many studies have
been focused on substituting rare earth metal ions (e.g. Zr, Bi, La and Gd) to transform the
microstructure of BSCF based materials, and to improve the performances [157] [158]. To
eradicate the spin transition of the Co3+ effect, the focus has been on the partial substitution
of B site cations (Fe and Co). Kharton et al (1999) and Wei et al (2010) reported that
Ni doping has been established to advance the various properties of perovskite-structured
materials such as LaFeO3-δ and GdBaCo0.2O5+δ [159] [160].

Yang et al (2012), has studied the establishment of nanoindentation on nanoscale mechan-
ical properties of BKCZY oxides. The results showed that the grain size is closely related to
the concentration of K doping. The BKCZY oxides have a hardness between 5.2±0.1 - 9.3±0.2
GPa and Young’s modulus is between 138.5±3.6 - 179.2±2.3 GPa [157]. Chou et al (2000)
examined the mechanical properties of a mixed-conducting perovskite La1−XSrxCo0.2Fe0.8O3

(x5 0.2–0.8). Young’s and Shear modulus, hardness, nano indentation, fracture toughness,
and biaxial flexure strength were determined. The increase in strontium content increases
the average grain size from 1.9mm for LSCF-8228 to 21.9 mm for LSCF-2828. It has been
observed that Young’s and Shear modulus was 152–188 GPa, and 57–75 GPa respectively.
Also, the Biaxial flexure strength was about 160 MPa for lesser strontium content (0.2 and
0.4). Moreover, the results indicated that LSCF materials with less strontium content have
adequate mechanical properties, which make them capable materials for several applications
[161].
One of the most widely used AB3 perovskite oxides is BaFeO3, it exists as a hexagonal
structure with lattice parameters a = 0.568 and c = 1.386 nm respectively [162] [163] [164].
When developed as thin films, BaFeO3 behaves as a pseudo-cubic perovskite oxide where
a = 0.412 nm [165] [166]. Depending on the temperature and pressure conditions BaFeO3

can be oxygen-deficient, which influences its magnetic properties. An increase in the oxy-
gen deficiencies deteriorates its ferromagnetism as reported by Mori 1970 [166]. The reason
for the increase is ascertained from the change in the valence state of Fe ions, where Fe4+

decreases consequently increasing Fe3+ ions. Which is corroborated by an increase in the
lattice spacing of the material with decreasing oxygen vacancies [167] [166] [164]. Reports
suggest that BaFeO3 show transition from antiferromagnetic to ferromagnetic around 160
K. Additional transition occurs around 250 K from ferromagnetic to the paramagnetic state
[167]. The ferromagnetism behaviour occurs utilizing superexchange energy interaction of
Fe3+-O2-Fe3+ linkage [168] [169]. Depending on the preparation method and conditions,
BaFeO3-δ can exhibit multiple phases such as monoclinic, triclinic, cubic, orthorhombic and
hexagonal structures [170] [162] [166] [164]. The doping of various metal ions in the A and
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B sites stabilizes the cubic structure of BaFeO3-δ [18].
La2NiO4+δ (LNO) is another widely used promising MIEC electrode material for SOFC
but suffers from slow ORR kinetics [65]. To tune the properties necessary for electrode
applications, Kolchugin et al in 2016 suggested the doping of Sr2+ or Ba2+ to produce ad-
ditional electron holes and hence its conductivity [171]. La1.8Sr0.2NiOO4+δ (LSNO) and
La1.8Ba0.2NiOO4+δ (LBNO) are prepared by Akbari et al in 2016 and subjected to XRD and
mechanical studies [172]. When phase separation of the prepared LSNO and LBNO was ob-
served, the dopant distributions within the material is integrated with the method involved,
sintering profile and annealing conditions [169]. Upon doping LNO with Sr2+ and Ba2+, the
elastic modulus remains unaffected for Sr2+ and in the case of Ba2+ higher value of elastic
modulus was reported. Similarly, the microhardness of LBNO was higher than LNO as well
as LSNO at analogous temperature. On the other hand, the fracture toughness of Sr2+ doped
LNO was higher than Ba2+ doped LNO and even the parent LNO [173]. The decrease is
owing to the bigger average grain size at elevated temperature which is also reiterated by
Chen et al in 2012 [7].
The effect of substitution of Fe in La0.6Sr0.4M0.1Fe0.903−δ (LSMF) perovskite nanostructures
by doping Co (LSCF), Ni (LSNF) and Cu (LSCuF) at the B site and its mechanical properties
were studied by Akbari et al in 2017 [172]. The XRD pattern of the calcined material dis-
closes the mixture of rhombohedral and orthorhombic phases in addition to the presence of a
secondary phase (MFe2O4). Among the materials synthesized, LSNF shows improved hard-
ness, low fracture toughness and ferroelastic behaviour. LSCF illustrated a higher fracture
toughness than the other dopants which may be due to the phase transition from ferroelastic
to paraelastic [174].
Ferroelasticity, where the material exhibits a non-linear behaviour and hysteresis in strain
curve with perovskite oxides such as LaMO3 (M = Co, Fe, Al etc) [175]. Araki et al in 2016
demonstrated that the ferroelastic mechanical characteristics can be evaluated using spher-
ical indentation by experimentally determining indentation stress versus strain curve. The
indentation test also known as the impression test provides constant stress and constant load
which simplifies the theoretical analysis. Akabari et al in 2018 investigated the mechanical
characteristics of LaCaO3 perovskite using the impression technique. The impression creep
which ensues during the loading and unloading at the end of each cycle did not disturb the
creeping trend observed [176]. Impression creeps of the prepared LaCaO3 increase with the
varying rate at different applied loads and attains saturation owing to the part affected fer-
roelastic domains [177]. The coercive stress for the deformation of ferroelastic material can
be determined by sensing a deflection on a stress-displacement curve at the time of loading.
Hence it can be concluded that the impression method is a feasible alternative to a compres-
sion test in unfolding ferroelastic creep [173].

For the perovskite applications in SOFCs, all the components integrated should have the
ability to sustain the mechanical stress during the operation of SOFC [178]. Anticipated
mechanical properties are vital to avoid failures such as fractures, cracks and delamination.
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Most research focuses on the electrical properties, electrochemical properties, different syn-
thesis strategies, structural defects, non-stoichiometry etc [179]. But, mechanical properties
also play a vital role in tailoring the appropriate properties of perovskite oxides for SOFC
applications. Hence the current work focuses on the development of cathode active material
with appropriate mechanical properties its characterization and application in SOFC.
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Chapter 2

Literature Review

Solid oxide fuel cells (SOFCs) convert chemical energy directly into electrical energy based
on the electrochemical principles and are considered as a growing technology for static power
production with minimal impacts on the environment. The three active components in SOFC
are the anode, cathode and the electrolyte. One of the major drawbacks in SOFCs is that
the conventional LSM cathodes operates at high temperature and the cell assembly also
requires higher temperature[180]. At lower temperature degradation of the electrochemical
cell occurs, which declines the electrochemical performance and overall efficiency of the fuel
cells. This could be overcome by developing new materials which could operate at reduced
temperature without compromising its efficiency [181].
Multivalent B site dopants are selected based on their capability for a better redox reac-
tions during the operation of SOFCs. This features leads to the formation of disorder which
augments the hopping mechanism, where the lower charged cations transform to higher posi-
tively charged cations. This process continues until variable oxidation state material exists in
ABO3 perovskites [182] [183]. In the search for hybrid material with versatile properties and
flexibility, ABO3 type perovskites comes into play. Since, different dopants can be synergized
in the A and B site which has the possibility to develop several electrode materials for its
use in SOFC with wide range of properties tunable for differing applications [6].
This chapter will focus on the electrode materials developed based on ABO3 perovskite oxide
for SOFCs application, their merits, demerits and characteristics of the developed material
in enhancing the SOFCs performance.

2.1. BaFeO3−δ based cathode for SOFCs
One of the most outstanding electrochemically active iron based perovskites oxide cathode
material is BaFeO3−δ (BFO) [184]. BFO shows chemical and thermal stability along with
enhanced electrocatalytic activity, fast surface exchange kinetics, owing to the presence of Fe
ions which can exhibit multiple valency demonstrating stronger resistance [16] [79]. When
BaFeO3−δ was used as a single cell cathode power density of 870 mWcm−2 obtained at 7000
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◦C, indicating its high catalytic activity [184]. But BaFeO3−δ exists as a multiphase oxide
because of the mismatch in the ionic radius of Ba and Fe. It is known that the cubic lat-
tice structure leads to better performance for the designated applications of perovskite type
oxides [6]. To obtain the cubic lattice structure various cations like La, Sm, Zr, Nb, Sn etc
are doped into the BaFeO3−δ. Dong et. al in 2016 prepared Sn doped BaFe0.95Sn0.05O3−δ

as a cathode material for intermediate SOFCs. The developed material has superior ORR
kinetics, electrocatalytic activity and good stability [185].
For instance, Liu et al in 2018 fabricated SOFC cathode material BaM0.05Fe0.95O3−δ (M =
Ti, Zr, Ce) to operate at intermediate temperature. When Ti was used as dopant, the ma-
terial has complex phase which varies with temperature. Zr as dopant shows cubic phase
above 400◦C whereas, Ce displays the cubic perovskite structure up to 10000◦C. The three
dopants used in this case has the same valence state of 4+, Ce4+ forms the stable cubic
structure due to the smaller length between Ce-O and Ba-O bonds. The power density for
BaCe0.05Fe0.95O3−δ was 482 mWcm−2 at 750◦C and has conductivity of 5-9 S cm−1 [186].
A systematic investigation on dopants on A and B site of the parent BaFeO3−δ was evaluated
as a cathode material for SOFCs. For A-site, dopants like La3+, Sm3+, Gd3+ and for B-site
dopants such as Zr4+ and Ce4+ were chosen as partial substituents respectively. Substitution
of 5 mol % was selected for this study since, substitution less than 5 % can’t stabilize the cu-
bic phase. On the other hand, substitution higher than 5 % reduces the oxygen vacancy with
decrease in the lattice energy of the material. When electrical conductivity was compared
among the dopants at A and B site, BFO with A-site doping elucidate increased conductivity
than the dopants in B-site [187].

Oxygen vacancies can be generated by doping aliovalent cations resulting in elevated oxy-
gen ion conductivity of the materials. An electrochemical reaction for the absorbed oxygen
molecules should be converted into anions and allowed to permit through the electrolyte
material and the cathode [Ranlov 1995] [188]. Ba0.95La0.05FeO3−δ and BaFe0.95Zr0.05FeO3−δ

with higher oxygen vacancies performs better in comparison to the other dopants used.
When considering the oxygen vacancy as well as the mobility of oxygen ions, B-site doping is
more supportive for the ORR operation as well as for the diffusion kinetics [145]. Ba doped
La1−xBaxCo0.2Fe0.8O3−δ investigated by Gedziorowski et al stated that with increase in the
amount of Ba, oxygen non-stoichiometry increases with declined distortion in the perovskite
structure. The high conductivity observed in the prepared material with x = 0.4 is still not
adequate for SOFC application. In conclusion, the electrode material with Ba as dopant
have low conductivity than Sr doped materials [189].
A symmetrical arrangement of SOFC with cathode and anode being the same material has
been put forward and inspected by several researchers [190]. Symmetrical SOFCs is bene-
ficial over the conventional SOFC since, the former excludes formation of coke and sulphur
poisoning and also its cost effective. Many perovskites oxides of the type ABO3 have been
used for symmetrical cell fabrication like La0.75Sr0.25Cr0.5Mn0.5O3−δ, La0.5Sr0.5Cr0.5Ti0.5O3−δ

[191], La0.4Sr0.6Cr0.2Fe0.7Nb0.1O3−δ [192] and so on. Double perovskite oxide LaSrMnCoO5+δ
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with cubic structure shows an average CTE value of 15.8 x 10-6 K−1 in the temperature range
of 30-1000◦C and electrical conductivity of 111-140 Scm−1 [193]. The coefficient of thermal
expansion (CTE) value reported is higher compared to the standard electrolytes such as yt-
tria stabilized zirconia (YSZ), Sm0.2Ce0.8O1.9 (SDC), La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM) [194]
[195] [196].
A symmetrical cell with BaFe0.9Zr0.1O3−δ (BFZ) was synthesized, fabricated along with
LSGM supported symmetrical SOFC and its performance was analysed. A highest power
density of 1097 mWcm−2 was achieved at 800◦C which is due to the low polarisation resistance
of 0.105 Ω cm2. Any electrode material developed should be operating in redox environment
and redox stability plays a pivot role in determining its characteristics. The developed BFZ
has a remarkable redox stability [197]. Interestingly, Gou et al in 2021 fabricated a cathode
material for SOFC application by doping Pr at the B-site of BaFeO3−δ perovskite oxide [198].
This novel cathode material developed could overcome the CO2 poisoning that affects the
robustness of SOFCs and also satisfies the demand for good electrochemical activity [199]
[200]. This was also reaffirmed by Zhang et al 2020 and Chen et al 2017, that Pr doping
improves the cubic phase stability and ORR kinetics which augments the electrochemical
property [140] [200]. BaFe0.95Pr0.05O3−δ was used as a cathode in SOFC which revealed a
lower impedance of 0.061 Ω cm2 and power density of 798.7 mW cm−2 at 7500◦C. The thermo
gravimetric analysis (TGA) performed on the prepared cathode material signposts the ex-
istence of oxygen vacancies at high temperatures. The CTE value for Pr3+ based materials
are near similar with La based materials owing to the similar electronegativity value of Pr3+

and La3+ [201].

Tin doped PrBaFe2O5+δ was developed as an anode material for SOFCs by [202]. Double
perovskites of the type AA’BB2O5+δ has been employed as cathode materials in SOFCs with
A site containing element in lanthanide series and Ba or Sr as A’site with first row tran-
sition element as the B-site cation [17] [203]. Karen in 2004 developed double perovskites
of the type LnBaFe2O5+δ as anode material which was stable chemically and thermally at
temperature around 1000◦C. This was further developed by Dong et al (2017) to improve
the catalytic activity and conductivity [202]. PrBaFe2−xO5+δ was synthesized by combustion
method and used as an anode for SOFC applications. The XRD analysis suggested that
the as synthesized PrBaFe2−xO5+δ anode material shows change of phase from tetragonal
to cubic phase upon heating. The electrochemical activity of the developed material was
comparatively better than the ceramic anodes used so far [202].
Reversible solid oxide cells (RSOC) are gaining attention in recent times and considered as
a promising energy conversion device. RSOC has dual behaviour which can utilize fuel from
electricity and electricity from fuel. In the development of high performance air electrode for
RSOCs, the commonly used LSM is not employed, instead highly conductive MIEC electrode
materials were used [204]. Dong in 2020 reported a next generation air electrode for RSOC
application by doping Nd to the conventional BF0.1Ba0.95Nd0.03FeO3−δ was prepared and in-
situ X-ray diffraction analysis was performed to analyse the effect of partial substitution of
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Nd3+ into BFO matrix. High electrical conductivity of about 24.31 Scm−1 was obtained for
Ba0.97Nd0.03FeO3−δ oxide as air electrode which also demonstrates largest oxygen deficiency
enhancing the electrocatalytic activity.
A bifunctional catalyst for unitized regenerative fuel cells (URFCs) and SOFCs was inves-
tigated for alkaline earth metals doped bismuth iron oxides. Based on the simplification of
system design, integration of two operations into a single device as in this case URFCs along
with SOFCs are under consideration [205] [206]. Among the alkaline earth metals used for
doping into the A-site, Bi0.6Ca0.4FeO3−δ (BCFO) shows superior OER and ORR activity.
The BET surface area of BCFO electrode material was determined to be 9.4 m2g−1 with an
exchange current density of 5.17 x 10-8 mA cm−2 respectively. Bi3+(1.17 Å) and Ca2+ (1.14
Å) with a very small difference in the ionic radii tends to decline the crystallite size which is
found to upgrade ORR and OER activities. The fabricated BCFO electrode material shows
a fast electron transport property which was also reaffirmed from electrochemical impedance
spectroscopy (EIS) [207].

2.2. Lanthanum doping of BaFeO3−δ

Traditional electrode material used for high-temperature SOFCs is La0.8Sr0.2MnO3(LSM),
which has a lattice structure similar to perovskite-type and deliver pure electronic conduc-
tivity in the range of 150–250 S cm−1 [208]. LSM meritoriously increases the electron-hole
concentration as well as the electronic conductivity of the material. The use of LSM is lim-
ited owing to its insignificant ORR which occurs at TPBs, to overcome this, use of MIEC
oxides were suggested. Chou et al 2000 investigated the effect of Sr doping on the mechanical
properties of La1−xSrxCo0.2Fe0.8O3 (LSCF) where (x = 0.2 – 0.8). The material with lower
content of Sr i.e., x = 0.2 exhibits a higher toughness of 1.5 MPa(m)1/2 and microhardness
was found to decline slightly by increasing the Sr content [161]. However, the problem in
accordance with the use of LSCF is the degradation of its performance by segregation of Sr
species form the perovskites [209] [210] [201]. Segregation also takes place in Sr containing
LSM based cathode materials used for high temperature SOFC applications [211] [212] [213].
This occurs due to the larger difference in radius between the dopant Sr2+ in comparison to
La3+ [214].
Chen et al in 2020 developed La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) perovskite cathode material
for advanced SOFCs operating at low temperature. Making use of the ionic conductivity and
electrocatalytic activity, new functional materials can be developed [215]. LSCF has never
been employed as an electrolyte due to its high electronic conductivity of 300 Scm−1 at 750◦C.
Based on these observations Chen et al developed the novel and first application of LSFC
material as functional electrolyte combining with sodium carbonate. The cell fabricated
based on LSCF with Na2CO3 electrolyte can have desired performance for intermediate or
low temperature SOFCs. The composite electrolyte LSCF/Na2CO3 delivers ionic transport
pathways to improve ionic conductivity, the so called composite effect [216] [217]. The cell
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was operated for 1.5 h at 550◦C at current density of 64 mAcm−2, the cell delivered a steady
voltage of 0.73 V representing its durability. This study provides a novel perspective for the
design of potential electrolytes for advanced low temperature solid oxide fuel cell applications
[215].
Many iron based oxides were developed as an electrode material for SOFC applications such
as La1−xSrxFeO3−δ [218], Ba1−xSrxZn1−yFeyO3−δ [155], Bi1−xSrxFeO3−δ [219] [219] as an al-
ternative to Co based electrode materials. Misra et al 2017 worked on the oxygen sensing
ability of SrZr1−xFexO3−δ material which discloses semiconducting behaviour at higher tem-
peratures. The electrical conductivity of the synthesized material was in the range of 10-9.5
to 10-8.0 Scm−1. The substitution of Fe in the place of Zr from SrZrO3 is desirable due to the
similar ionic radii of Fe (0.645 Å) and Zr (0.72 Å) respectively. Increasing iron concentration
leads to lattice parameters reduction which increases the conductivity values. But these iron
based electrodes for SOFC applications reveal lower performance at intermediate tempera-
ture. Recently, Ba0.95La0.05FeO3−δ (BLF) was employed as a proton conducting electrode in
SOFCs revealing a good performance [220].

Dong et al in 2012 synthesized Co free Ba0.95La0.05FeO3−δ by sol gel process and its elec-
trochemical performance was evaluated [54]. It was inferred that doping of La3+ into the
perovskite structure changes the spin and oxidation state of Fe ions in the B-site. Hence the
size of B-site cation equals with Ba2+ of the perovskites in the A-site. The high temperature
in situ XRD analysis revealed that the developed BLF perovskites retained its lattice struc-
ture indicative of its thermodynamic stability. One essential criteria for a fuel cell cathode
material is to have operational stability [221], the BLF electrode shows stability for around
1200 h of time period with a minor fluctuation. But, no phase transition and performance
degradation [222] was observed, when it is investigated using symmetric cell test. In conclu-
sion, the exceptional electrocatalytic activity and high stability of the developed BLF makes
it a promising material as cathode for intermediate SOFC applications.
Mixed ionic electronic perovskite cathode LaNi1−xCoxO3−δ for intermediate SOFC was syn-
thesized as cathode material by Irshad et al. LiNiO3−δ although was one of the widely used
cathode material, its instability at higher temperature lead to the partial substitution of the
Ni ions with Co at the B-site [223] [224]. The effect of cobalt doping was evaluated based on
their properties such as size, morphology, electrical conductivity etc. Cobalt based materials
are also used in double perovskite oxides as a cathode since, they exhibit high electrocat-
alytic activity along with suitable electronic and ionic conductivity. Based on the studies
it was also inferred that cobalt based materials have higher conductivity than cobalt free
materials [225]. Lim et al 2019 also studied the impact of Co doping to LiNiO3−δ cathodes
and observed an increase in catalytic activity, electronic and ionic conductivity [226]. The
substitution of Co ions at the B site in perovskite oxide changes the symmetry of perovskites
which is substantiated from XRD studies. Increasing the concentration of Co increases the
oxygen vacancies and Co concentration of 0.6 was found to be optimum which reveals a
maximum conductivity of 1.2 x 103 Scm−1. It can be concluded that LaNi1−xCoxO3−δ with
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x=0.6 has power density of 0.45 Wcm−2 compared to the other concentration (x = 0.4, 0.8)
[227].
La doped SrTiO3 was developed as a sensing agent for hydrogen sensing in SOFCs to mea-
sure in the temperature range of 600-800◦C. La is doped on the A-site of the cubic SrTiO3

perovskites oxide and undoped SrTiO3 was examined in this study. 30 % of La was found to
show better sensing ability at higher temperature of 700◦C, high doping of La uplifts the cre-
ation of free carriers in the material [228]. Oxygen vacancies are created at high temperature
by means of exchange of oxygen with the atmosphere which improves the free carriers in the
material, ideal for sensing applications [229]. Kim et al in 2014 developed a stable cathode
material La0.5Ba0.5Sr0.5Co0.8Fe0.2O3−δ (LBSCF) for intermediate SOFCs [230]. MIECs are
used in SOFC to overcome the electrocatalytic disputes and cathode materials were devel-
oped with excellent ORR activity. The undoped BSCF has structural instabilities which
leads to phase transition from cubic phase to a mixture of cubic and hexagonal perovskites
phase [80] [231].
La doping can reduce the tolerance factor (tf) in BSCF and also develops a stable cubic
perovskite phase [232]. The tolerance factor of LBSCF was calculated based on the substitu-
tion of La3+ ions into the A-site and was within the range of 1.014-1.033 indicating minimal
distortion in the cubic phase symmetry than the undoped BSCF [230]. Apart from oxygen
vacancies, ionic conductivity also depends upon geometric factors, where highly symmetrical
perovskites have better ionic conductivity [188]. Jung and Edward in 2011 pointed out that
on operating for long term, the structure of BSFC changes from the cubic phase to hexago-
nal phase. The electrical conductivity and power density for LBSCF is 900 Scm−1 and 0.81
W cm−2 respectively for 100 h reiterating good electrochemical activity and stability upon
doping with La3+ ions [230].

2.3. Niobium doping of BaFeO3−δ

Highly charged cations such as Nb5+ and Ta5+ being ferroactive cations [233] when doped
into the perovskite oxides was observed to enhance the chemical stability, supresses the phase
transition along with increase in the oxygen conductivity [234]. When compared to the Fe
4+/3+ ions, it is difficult to reduce Nb5+ ions [235]. Apart from the generation of oxygen
vacancies by Nb5+ ions in the lattice, the smaller electronegativity of Nb5+ improves the
whole conductivity, hence improving its electrochemical performance [165]. Researchers have
employed these type of cations for the fabrication of oxygen permeable membranes, but its
application in the field of electrodes is limited [236] [237].
Belenkaya et al (2015) developed SrCo0.8−xFe0.2MxO3−δ (M = Nb, Ta) by partial isomorphic
substitution of Co with the ferroactive cations. The phase transformation and the partial
isomorphous substitution of Co was carried out by in situ XRD studies in isostoichiometric
mode to exclude any modification in oxygen stoichiometry upon increase in temperature.
The authors stated for the first time that the phase transition implicates the establishment
of brownmillerite-tetragonal phase as an intermediate. The size depends on the concentration
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Table 2.1: Electronic conductivity, Ionic conductivity and CTE values of
La based perovskite materials

Cathode Material Electronic conductivity (S cm−1)
Ionic conductivity

(S cm−1)

Temper

-ature (◦C)

CTE

(10-6K−1)

Reference

La0.8Sr0.2MnO3−δ 150 - 250 1000 - 800 [36, 37]
La0.72Sr0.18MnO3 34-56 800 [69]
La0.7Sr0.3MnO3 240 800 11.7 [70, 71]
LaSrMnCoO5+δ 111-140 1000 15.8 [17]
La1−xSrxCoO3−δ 1867 800 18-20 [72]
La0.8Sr0.2FeO3 90 700 12.2 [73]
La0.6Sr0.4FeO3 129 5.6 x 10−3 800 16.3 [71]
La0.6Sr0.4CoO3 1600 0.22 800 20.5 [74, 75]

La1−xSrxCoFeO3 87-1050 0.058-8 x 10−3 14.8-21.4 [76]
La0.6Sr0.4Co0.2Fe0.8O3 302 8 x 10 −3 800 [74]

La0.6Sr0.4Co0.2Fe0.8O3−δ 302 8 x 10 −3 800 [77]

Pr0.8Sr0.2Co0.2Fe0.8O3 76 - 950
1.5-4.4 x

10 −5

800 12.8-21.3 [74]

La0.6Sr0.4Co0.2Fe0.8O3−δ 300 0.02-0.2
(for 10 %)

750 [47]

of the dopant and textural change from lamellar to tweed [238].
Cascos et al in 2014 [239] developed Nb doped SrCo1−xNbxO3−δ as a cathode material for
SOFC applications at high temperature. The incorporation of Nb5+ was studied from neutron
powder diffraction data, since neutrons are profound to the presence of oxygen vacancies. The
thermal expansion of the developed perovskite oxide measurement between the temperature
range of 400 to 850◦C was 26.8 x 10−6K−1 under air atmosphere. This is significantly higher
than the conventional SOFC electrolyte used in combination with LSGM as electrode (12.5 x
10−6K−1). The electrical conductivity increases to 50 S cm−1 at 850◦C which is higher com-
pared to the other derivatives such as Ba0.5SrCo0.8Fe0.2O3−δ [4] [240] and SrCo0.8Fe0.2O3−δ

[197]. The incorporation of Nb5+ at Co position circumvents the formation of competent
hexagonal phase in the perovskites.
SrMn0.875Nb0.125O3−δ(SMN) and SrCo0.875Nb (SCN) materials are prepared as a novel oxy-
gen intercalated electrode materials for supercapacitor application. The formation of high
pressure novel 6H phase was obtained for the Nb substituted SMN for the first time. SCN
gives a specific capacitance of 894 mF cm−2 in an aqueous electrolyte, higher than the SMN
electrode material. The capacity retention of SMN and SCN material in combination with
activated carbon electrode after 10000 cycles is 46.81 and 82.33 µWh cm−2 respectively. The
dominating performance of SCN electrode material is owing to its porosity, shorter B-O bond
length and increased oxygen content [241] [89]. Porosity affects the mechanical properties as
it offers mechanical support to the electrolyte layer. In the case of SOFCs cathodes around
30-40 % porosity is required, since porosity can lower the mechanical as well as electrical
properties [198] [200].
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Yao et al in 2019 prepared Nb and W co-doped SrFeO3−δ for intermediate temperature SOFC
electrode. The co-doping resulted in an electrode material SrNb0.1W0.1Fe0.8O3−δ with a supe-
rior oxygen vacancy leading to an improved electrochemical performance and raised thermal
expansion coefficient. Based on the thermogravimetric analysis, higher weight loss occurs in
the synthesized electrode material than the individually doped electrodes. This illustrates
the formation of more oxygen vacancies, advantageous as a cathode material for SOFC ap-
plications [242].
Partial substitution of Fe from SrFeO3−δ perovskite oxide with Nb to form SrNb0.05FevO0.095

which is used as cathode for SOFCs[243]. Iron based perovskite oxides are gaining interest
among the researchers owing to the redox behaviour and low price of iron [244]. Mossbauer
spectral analysis revealed the higher amount of Fe3+ and lower amount of Fe4+ with in-
creasing Nb5+, this substantiates the lattice volume expansion. Further to explore the ORR
activity of the fabricated cathode material, electrochemical impedance spectroscopy (EIS)
was employed. It is correlated from EIS that superior non-stoichiometry leads to exceptional
ORR activity. The electrical conductivity studies shown that by increasing doping of Nb5+,
the conductivity declined owing to the blocking effect of Nb5+. It can be concluded that op-
timization of electrical conductivity is required for further enhancement of the fuel cells [243].
Cobalt free cathode material was prepared by doping 10 mol% of Nb5+ to obtain BaFe0.9Nb0.1O3−δ

(BFNb) operating at intermediate temperature for SOFC application by Wang et al 2021.
When the sintering temperature was elevated, the cubic phase was decreased which may be
due to the existence of impurity (BaFe2O4) at 1100◦C. The doped material exhibits several
pathways for the transport of oxygen ion which arises because of the disordered oxygen va-
cancies [245] [246]. The long term stability of the developed BFNb was tested by operating
single cell at 700◦C for 30 h time, which showed no downturn of the current density. It
was also indicated by the authors that the developed BaFe0.9Nb0.1O3−δ although with its
low conductivity, it still accomplishes the demand for conductivity as an electrode in SOFC
applications [247].
Nb and Pd co-doped La0.57Sr0.38Co0.19Fe0.665Nb0.095Pd0.05O3−δ was developed as a stable cath-
ode material along with YSZ electrolyte for SOFC application. The purpose of Nb doping
is to improve the chemical stability and Pd leads to an enhanced electrochemical activity.
From XRD analysis pure perovskite phase was obtained and 31.8 % of Sr content was doped
in the developed material as affirmed by XPS analysis. The co-doping of Nb and Pd pro-
motes the chemical compatibility between the electrode and the electrolyte. The cell with
La0.57Sr0.38Co0.19Fe0.665Nb0.095Pd0.05O3−δ as cathode demonstrates excellent stability for 175
h under the study conditions[248]. The suppression of Sr2+ segregation can be elucidated
based on the lattice expansion and loss of oxygen vacancies due to the doping of Nb5+ [249]
[250]. The addition of Nb5+ ions provide more space for the larger Sr2+ ion which decreases
the surface segregation of Sr and reduces the valence state of B site cation [225] [251].
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2.4. Mechanical Properties of perovskites based ox-
ides

Rached et al (2017) [252] focused on the stability of magnetic phase, mechanical, electrical
and optical properties of double perovskite oxides Pb2FeMO6 by applying the ab-initio plane-
wave technique. They evaluated elastic constants and relevant mechanical properties such
as bulk modulus, shear and Young’s modulus, Poisson’s ratio and Debye temperature. The
results indicated that the observed compounds are constant at high temperature. LaFeO3

contains orthorhombic crystal structure having three valent iron and anti-ferromagnetic insu-
lator at room temperature [253] [254]. Sr replacement instead of LA enhances the electronic
and oxygen ionic conductivity. Hence La1−xSrxFeO3−δ compound is widely used in gas sen-
sors, electrodes, oxygen permeable membrane, oxidation catalysts and solid oxide fuel cells
[255] [256]. In high temperature electrochemical devices, ceramic components mechanical
properties are considered as significant parameter to estimate the steadfastness. The vari-
ation in component thermal expansion coefficients or component chemical expansion in an
oxygen gradient initiate the tensile stresses which leads to device malfunction. [257] [258].
The orthorhombic perovskites at room temperature have four-point bending strength in the
range of 100–140 MPa [259] [260], while the fracture toughness is in the range 2.0–2.8 MPa
m1/2 [261] [262]. Moreover, the bend strength and fracture toughness remains constant or
increase with temperature. For rhombohedral and cubic perovskites, the four- point bending
strength was observed in the range 100–160 MPa [118,119] at room temperature. The frac-
ture toughness of rhombohedral and cubic perovskites remains lesser at room temperature
when compared to the orthorhombic compounds and usually decline or tends to be constant
with rising temperature [261][262][263].
While applying stress, monolithic ceramics shows elastic behaviour and generally it is fragile
in nature. Few ceramics have non-elastic behaviour called ferroelastic by equivalence with
the stress–strain relationship with polarization of a ferroelectric material in an electric field
and the magnetization of a ferromagnetic material in magnetic fields [264]. The both rhom-
bohedral and orthorhombic perovskites have exhibited Ferroelastic behaviour. Fossdal et al
(2015)[265] have investigated the LaFeO3 mechanical properties as a function of tempera-
ture, and related these properties with structural properties. The mechanical properties in
this paper are described based on the ferroelasticity. The results showed that the highest
fracture toughness attained is about 3.1 ± 0.3 MPa m1/2, at 800 ◦C temperature. At the
room temperature obtained fracture strength rises from 202 ± 18 MPa to 235 ± 38 MPa
at 800 ◦C owing to the fracture toughness raise among these temperatures. The potential
mechanical properties of LaFeO3 are considered as a suitable material in devices with high
temperature.
Okamura et al. [266] described the elastic modulus showed inconsistent behaviour at the
temperature range from 473 to 1173K. Initially, it decreased hastily in the temperature from
473 to 873K, subsequently increased in the temperature from 873 to 1173K, and decreased
over again. The shear modulus showed similar deeds like elastic modulus, however the Pois-
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son’s ratio, showed notable changes in the temperature 873K. These changes are ascribed to
the LSGM bulk structural changes in the transitional temperature range. Moreover, high
internal friction values were examined in the temperature from 473K to 773K.
Baskaran et al [1999] [152] and Stevenson et al [1998] [267] measured the LSGM1020 fracture
toughness between the densities 95 and 98% by using notched beam analysis, and they ob-
tained ∼ 2.0–2.2 MPa

√
m at room temperature, and declining to ∼ 1.0 MPa

√
m at 1000◦C.

The authors also assessed the indentation resistance by using Vickers indentation method,
and attained the value around 0.9–1.1 MPa

√
m at room temperature. The indentation re-

sistance for other LSGM materials with different chemical composition, are 1.63 MPa
√

m
for (La0.9Sr0.1)0.9Ga0.8Mg 0.2O3−δ and 1.28 MPa

√
m for (La0.9Sr0.1)0.9Ga0.8Mg0.2O3−δ [268].

Khandy et al 2018 [269] investigated the electronic structure, mechanical stability, magnetic
and thermal properties of BaCfO3 perovskite by density functional theory calculations, us-
ing full potential linearized augmented plane wave method. The mechanical stability of the
material has been determined by calculating elastic constants, in addition to the anticipated
mechanical properties such as Young modulus (Y), Bulk modulus (B), the Shear modulus
(G) and the Poisson ratio (υ). The B/G experimental data and Cauchy pressure for the
current material reveals its elastic nature. The experimental values of B and G are 114.00
GPa and 50.28 GPa at ambient conditions and the poison’s ratio was 0 < υ < 0.5. This
lower poison ratio value implies a superior plastic performance which suggests that material
is elastic in nature [269].
Huang et al (2011) [270] assessed the elastic and fracture toughness of La2NiO4+δ by using
4-points bending tests as a function of temperature (from room temperature (RT) up to
900◦C). Both parameters are increased to some extent when the temperature rises from RT
to 700◦C. Moreover, at higher temperature, the elastic modulus decreases whereas the frac-
ture stress increases. In addition to this, resonance method is used to assess elastic modulus
and dense specimen’s internal friction. The sturdy change of both parameters between the
room temperature and 100◦C are considered for an orthorhombic tetragonal phase transi-
tion. The orthorhombic-tetragonal transition takes place between RT and 150◦C, and the
tetragonal structure is maintained from 150 to 800◦C [129]. There is no phase transition at
higher temperature. It has been observed that the coefficient of thermal expansion values is
stable from RT to 1000◦C.
Chen et al (2015) [178] reported the mechanical properties of dense La2NiO4+δ membranes.
They have focused more on grain size and the anisotropic nature of La2NiO4+δ crystal struc-
ture, which directs to the intensification of residual stresses or micro-cracking. The bi-axial
fracture strength of the sintered materials increased from ∼ 108 to ∼ 155 MPa which decline
the average grain size of the membranes from 9.6 to 4.2m. The hardness and fracture tough-
ness, calculated by using Vickers indentation method, also declined with increasing grain size.
The maximum hardness was around ∼ 958 MPa which was observed before the decrease in
hardness with increasing grain size. The predicted fracture toughness, reached a maximum
of 3.2 ± 0.4 MPa m0.5, which also decrease with increasing grain size. The crystallographic
anisotropy developed in the ceramics during cooling gives rise to residual stresses, which is
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proposed as the main reason for the detected decrease in hardness, fracture strength and
fracture toughness with increasing grain size.

Orlovskaya et al [271], studied the thermal and mechanical properties of LaCoO3 and
La0.8Ca0.2CoO3 perovskites and crack growth of La0.8Ca0.2CoO3. The mechanical perfor-
mance of two cobaltites have been assessed based on the ferroelastic hysteresis properties
such as non-symmetry in bending of both stress and strain distributions, non-linear deforma-
tion upon applied load from the arbitrary low stresses, and ferroelastic toughening. Values of
Young’s moduli of LaCoO3 and La0.8Ca0.2CoO3 analysed by impulse excitation technique as
well as a secant modulus in 0–9 MPa stress range examined from stress–strain deformation
curves in bending and uniaxial compression depicts similarity. It is observed that LaCoO3

and La0.8Ca0.2CoO3 have E modulus in the range 70–76 GPa and 114–141 GPa respectively
at room temperature. The storage modulus (dynamic young modulus) showed considerable
softening in the temperature range 150–400◦C for both cobaltite’s.

Lipinska et al. [272] have investigated the mechanical properties of porous
Ba0.5Sr0.5Co0.8Fe0.2O3−δ using depth-sensitive micro-indentation and ring-on-ring biaxial bend-
ing tests. Indentation tests have been carried out to assess the hardness and fracture tough-
ness. The fracture toughness of dense and porous Ba0.5Sr0.5Co0.8Fe0.2O3−δ materials is ob-
served to be the same. The hardness with a load of 10 N is around 0.87±0.03 GPa at room
temperature, which is less than the value reported by Wang et al [273] owing to the upper
indentation load. Chou et al [161] have evaluated the effect of Sr-doping on the mechani-
cal properties of La1−xSrxCo0.2Fe0.8O3 (x=0.2-0.8) and the materials has been synthesized
by combustion synthesis technique. The material with lesser Sr content (x=2) have lower
toughness around 1.0-1.1 MPa(m)1/2. Moreover, the microhardness also identified with an
indentation load 2kg and rise in Sr composition declines the microhardness slightly.
Sammes et al. investigated the mechanical properties of La0.8Sr0.2Ga1−xMgxO3−δ (x=0.1-0.2)
and their results suggested that synthesis technique have an effect on strength and fracture
toughness of the material. The Mg content increase cause reduction in the fracture tough-
ness. Hassan et al [274] studied the high temperature SOFC compounds inorder to verify
their mechanical and thermal properties. Ba, Ca niobate as an electrolyte is used, SrCeO3

and SrZrO3 stabilised with 5% Yb used as the cathode materials and a cermet of 50:50 wt%
Ba, Ca niobate and Ni as the anode respectively. The Vickers hardness fracture toughness
of the cathode materials (SrZrO3 stabilised with 5% Yb) is 4.6 GPa and 1.54 MPa(m)1/2,
respectively. The results concluded that all the studied materials can be a potential cathode
material for its use in SOFCs.

2.5. Perovskite Applications in Membrane
In the oxygen separation membrane scenario, the mixed ionic-electronic conducting (MIEC)
perovskite has been used as ionic transport membrane to produce oxygen, which is compet-
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Table 2.2: Fracture toughness and hardness of different perovskite oxides

Material
Fracture toughness

(MPa (m)1/2)

Hardness

(GPa)
References

Ba0.5Sr0.5Co0.8Fe0.2O3−δ - 0.87±0.03 [132]
La0.58Sr0.4Co0.2Fe0.8O3−δCe0.8Gd0.2O2 1.2-1.8 8.1-9.8 [137]
La0.8Sr0.2Co0.2Fe0.8O3 1.5 6.8 [136]
La0.6Sr0.4Co0.2Fe0.8O3−δ 0.54-0.99 0.69-5.76 [138]
Pb2FeMoO6 - 4.83 [100]
Pb2FeReO6 - 5.13 [100]
Pb2FeWO6 - 2.96 [100]
La0.9Ba0.1Ga0.8Mg0.2O3−δ 0.76 ± 0.07 8.4 ± 0.2 [117]
La0.9Ca0.1Ga0.8Mg0.2O3−δ 0.68 ± 0.14 8.6 ± 0.2 [117]
La0.8Sr0.2Ga0.9Mg0.1O3−δ 1.00 ± 0.06 8.2 ± 0.2 [117]
La0.8Sr0.2Ga0.85Mg0.15O3−δ 1.11 ± 0.10 7.8 ± 0.4 [117]
La0.8Sr0.2Ga0.8Mg0.1O3−δ 1.22 ± 0.06 - [139]
SrCeO3+5% Yb 2.08 - [136]
SrZrO3+5% Yb 1.54 4.6 [136]

itive in the means of energy and capital consumption when compared to the conventional
cryogenic distillation [140]. Perovskite oxides which contain transition metal cations in the
B-sites shows mixed ionic-electronic conductivity and consequently, high oxygen reduction
activity. This property facilitates the formation of better triple phase boundaries (the in-
terfaces between oxygen ion, oxygen gas and electron), where the oxygen reduction reaction
takes place at the pure ionic/ electronic conductor. As membrane within the membrane
reactor, perovskite permits both separation and catalytic processes in single step [141]. The
perovskite-based oxygen separation membrane technology proposes advantages for integra-
tion in power generation cycles with carbon dioxide (CO2) capture by oxy-fuel combustion
[275].
Teraoka et al [276] described the high electrical conductivity and oxygen permeability of
La1−xSrxCo1−yFeyO3−δ series MIEC perovskite oxides, which gained increasing interests from
the scientific communities. The other work reported the substitution of A and B site ions in
La1−xSrxCo1−yFeyO3−δ in mixed conducting oxide [144] and concluded that the oxygen per-
meation performance is enhanced in the order of <Sr< Ca < Ba (with Sr in A site replaced
by Na, Ca, and Ba) and La <Pr<Nd< Sm <Gd (with La in A site substituted by Pr, Nd,
Sm, and Gd). However, Fe, Cr, and Mn doping into B-site has negative outcome on oxygen
permeation flux. This result entails that the fractional substitution of A and B site cations
can drastically influence the performance of oxygen permeation owing to their composition
and phase structure change.
Perovskite kind SrCo0.8Fe0.2O3−δ exhibited tremendous oxygen permeability [145-147], the
fluxes has attained 2.82 mL cm−2 min−1 at 850◦C under the air/helium environment [277].
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On the other hand, the cubic structure of SrCo0.8Fe0.2O3−δ oxide has been sustained at high
temperature (>790 ◦C) and high oxygen partial pressure (>0.1 atm). The temperature re-
duced below 790◦C encourages the phase transformation owing to the formation of mixed
oxygen vacancy disordering and ordering. The limited stability of SrCo0.8Fe0.2O3−δ used for
membrane reactors was also stated. Pei et al [146] determined the long term stability of
SrCo0.8Fe0.2O3−δ membrane in the tubular membrane reactor, and observed that there are
two factors which cause the membrane stability degradation and membrane cracking. They
are the surface tension force from the gradient difference across the two sides of the membrane
and the thermal expansion coefficient disparity owing to the membrane material decomposi-
tion in which one side is opened to the reducing atmosphere.
The fractional substitution of other metal ions into SrCo0.8Fe0.2O3−δ membrane, causes the
enhancement of material stability. Prado et al [278] studied the doping effect of La3+ on
the phase structure of La1−xSrxCo0.8Fe0.2O3−δ membrane and established that the compound
could sustain consistent perovskite structure under pure nitrogen atmosphere with the La3+

doping amount at 0.4 mol fraction. Moreover, shao et al [279] has developed mixed conduct-
ing Ba0.5Sr 0.5Co0.8Fe0.2O3−δ (BSCF) perovskite oxide with better oxygen permeability and
structure stability by utilizing Ba2+ to partially replace Sr2+ in the A-site. It has exhibited
that the doping of Ba2+ into A-site restricted the B-site ions oxidation at high temperature
and reducing atmosphere. Other method engages the metal ion utilization with fixed valence
state such as Ga3+, Ti4+, and Zr4+ to replace cobalt ions at B-site to enhance the material
stability at the intensive operating conditions.
Tong et al [280] synthesized perovskite type BaZr0.2Co0.4Fe0.4O3−δ which exhibited the consis-
tent oxygen permeation fluxes over the long time about 2200 h at 850◦C. The results entailed
that amalgamation of tetravalent metal ions and oxygen ions has enhanced the stability of
the material, however, the doping of tetravalent metal ions (Ti4+ and Zr4+) into B-site leads
to decline in the performance of oxygen permeation. Kharton et al [281][151] recognized this
decline to the coulombic force among B-site ions and oxygen ions which also elucidates that
the A3+ B3+O3 has enhanced ion conductivity than A2+ B4+O3.

Zhu et al [282] synthesized novel cobalt-free BaCe1−yFeyO3−δ based on BaCeO3 oxide by
using Fe to partly replace Ce into the B-site. The doping of Ba2+ with large ionic radius
at A-site decreases the energy of metal-oxygen bond and enhances the crystal lattice free
volume. In addition, it carries the tolerance factor closer to 1. In the ionic radius size view,
the perfect structure of La(Sr)Ga (Mg)O3 solid oxide leads to constructive oxygen ion con-
ductivity of 0.08 S cm−1 at 800 ◦C. The fractional doping of transition metal elements such
as Fe and Ni on the B-site of La(Sr)Ga(Mg)O3 enhanced the material electronic conductivity.
Mg to substitute Fe in La1−xSrxGa1−yFeyO3 which improves the oxygen permeation fluxes
significantly. The study results suggested that Mg doping plays a crucial role in decrease
the bond energy between metal ions and oxygen ions towards increasing the oxygen vacancy
concentration.
Kharton et al. [281] developed a dual-phase membrane which consists of fluorite-type ionic
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conducting (IC) oxide (i.e., Ce0.8Gd0.2O2−δ (GDC)) for oxygen ionic transport and perovskite-
type electronic conducting (EC) oxide (i.e. La0.7Sr0.3MnO3−δ (LSM)) for electronic transport.
The oxygen surface-exchange reaction is usually projected to be restricted at the triple phase
boundary (TPB). Thus, the performance of oxygen permeation has been enhanced by sub-
stitution of pure EC oxide with a perovskite-type MIEC oxide (LCSF) for oxygen ionic and
electronic transport. The prologue of ionic transport to the EC phase enlarges the oxygen
surface- exchange reaction ahead of TPBs and preferably more in MIEC surface. [283].
Fang et al [284] synthesized a dual- phase membrane, by means of ionic conducting fluorite-
type MIEC oxide (i.e., Ce0.85Gd0.1Cu0.02O2−δ (CGCO)) and an electronic conducting perovskite-
type MIEC oxide (i.e., La0.6Ca0.4FeO3−δ (LCF)). This approach causes concurrent oxygen
ionic and electronic transport in MIEC phases, which broaden the oxygen surface exchange
reaction to the overall dual-phase membrane surface, the surface-exchange reaction rate in-
creases as well as bulk diffusion for oxygen permeation. The maximum oxygen permeation
flux was around 0.70 mL cm−2 min−1 which is attained with a 0.5 mm thick membrane at
950◦C by using pure CO2 as the sweep gas. In addition, the membrane has outstanding
stability in CO2 presence at lesser temperature level for longer duration.
Lu et al [2016] [285] developed Fe-based perovskite MIEC with BaFe1-xGdxO3−δ (0.025
≤ x ≤ 0.20) compositions to apply for oxygen permeation membrane. Trivial Gd doping
(x=0.025) stabilize the cubic structure of BaFe1−xGdxO3−δ perovskite. The Gd replace-
ment of BaFe1−xGdxO3−δ perovskite enhances the structural and chemical permanence in
atmosphere containing CO2 and H2O and decreases the thermal expansion coefficient. The
BaFe0.975Gd0.025O3−δ membrane shows quick oxygen surface exchange kinetics and high bulk
diffusion coefficient. This attains a high oxygen permeation flux of 1.37 mL cm−2 min−1 for
1 mm thick membrane at 950◦C under Air/He oxygen gradient, maintained consistent at
900◦C for 100 h. The findings of this study are anticipated to present guidelines for the high
performance MIEC material design.

2.6. Miscellaneous applications
Single perovskites are considered as a group of cost-effective catalysts with high activity [286]
[142] and are greatly tunable in their chemical compositions. This permits the perovskites
in wide variety of energy and environment-oriented catalytic applications such as high and
low temperature electrochemical redox reactions, photo(electro) chemical conversions, and
advanced oxidation process. Though single perovskites continue to succeed, it has been iden-
tified that it shows inadequate activity and unsatisfactory stability. At the same time, double
perovskites are established to express as a promising alternative, which exhibits comparable
and higher catalytic performance. The double perovskite structure can have many impera-
tive benefits to the physicochemical properties, affecting activity, stability, and efficiency in
related applications.
Sengodan et al [287] found the use of A-site layered double perovskite PrBaMn2O5+δ (PBMO),
which has been grown in situ from the single perovskite Pr0.5Ba0.5Mn2O5+δ in fuel conditions,
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as an anode for SOFCs. The layered structure of PBMO encourages the valency of Mn cations
(Mn4+/ Mn3+/ Mn2+), which facilitate superior electrical conductivity, greater oxygen va-
cancy level, and better fuel oxidation activity compared with LSCM. PBMO is chemically
stable while operation because of its A-site ordering configuration.
The layered double perovskite LnBaCo2O5+δ series (Ln = lanthanides or Y) have been stud-
ied as high-performance oxygen electrodes for SOFCs before it is being used as fuel elec-
trodes [288]. Even though single perovskite Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) exhibits notable
ORR activity with low area-specific resistance (ASR) of 0.05–0.07 Ω cm2 at 600◦C [162], it
is not considered for commercial use owing to its unsteady structure at typical operating
temperature and unsuited thermal expansion with other cell components [240]. Particu-
larly, PrBaCo2O5+δ (PBC) shows an ASR of 0.15–0.40 Ω cm2 at 600◦C [289] [290], which
is comparable to BSCF. B-site cation ordering in double perovskites have been considered
as cathode materials for SOFCs [77][291]. For instance, Ba2Bi0.1Sc0.2Co1.7O6−δ (BBSC) also
possesses a same ASR of 0.22 Ω cm2 at 600◦C [292] . A number of double perovskites (ex:
Sr2Fe1.5Mo0.5O6−δ (SFM)) maintain high conductivity and stability under reducing and ox-
idizing atmosphere, hence it is used as cathode catalyst in symmetric SOFCs. Recently,
double perovskites such as SFM and PBMO is considered to serve as cathode and/or anode
to catalyse the electrolysis of water and/or carbon dioxide in high-temperature solid oxide
electrolysis cells (SOECs) [293] [294].
BaBiO3 has been applied for a variety of photochemical processes such as volatile organic
compound decomposition, dye contaminant degradation and carbon dioxide conversion []
[295] [31] due to its appropriate band-edge positions. Replacement of Nb for Bi leads to the
pattern of a phase-pure Ba2Bi1.4Nb0.6O6 double perovskite with low bandgap around 1.6 eV.
Recent studies have exposed its prospective as both photoanode and photocathode in photo
electrochemical (PEC) water splitting, which shows analogous photocurrent density of 0.2
mA cm−2 at 1.23 and 0 V versus the reversible hydrogen electrode when used in a PEC
device individually [296] [297].
Perovskite oxides are considered as capable catalysts in a variety of catalytic reactions, ow-
ing to their low cost, high electrochemical stability, high electronic/ionic conductivity, and
the outstanding structured capability to control a broad variety of doping and substituting
elements. Moreover, Perovskite oxides exhibits better electron and ion conductivity, which
gives some oxygen vacancies to augment the oxygen ion transfer [298]. In addition, these
have been applied as bifunctional catalysts owing to its notable specific catalytic activity
towards ORR and OER in alkaline solutions [299]. Example: LaMnO3 shows high catalytic
activitybecause of defective cation-deficient lattice and the presence of manganese in two
oxidation states (Mn3p/Mn4p), that leads to moderately stable and constant oxygen excess
[300]. Employing graphene for perovskite sample, improves the electrochemical performance
of the perovskite catalyst.

Jung et al described that perovskites based on Co/Fe shows outstanding ORR and OER
activity [301]. Also some studies stated that the thermal stability of perovskites with Co3+

29



in the B-site is lesser compared with Mn3+ [184]. The alteration of B-site atom (ex: Mn
and Co) tunes the oxygen adsorption energy on the catalysts surface, and consequently
change the catalytic activity. Zhao et al 2018 [302] synthesized Co doped La0.4Sr0.6MnO3

nanoparticles by sol-gel method and investigated their catalysis effect. These composites
exhibit better catalytic activity and lower potential gap when it is tested in rechargeable
lithium-air batteries. When these samples are tested as catalysts for Li-air batteries at a
current density of 100 mA g−1, the discharge capacities for La0.4Sr0.6CoxMn1−xO3 (x= 0.4)
catalysts was 7227 mAh g−1, respectively. In addition, the cell using La0.4Sr0.6Co0.4Mn0.6O3

as catalyst with capacity limitation of 1000 mAh g−1shows good cycling stability up to 46
cycles. The upgraded electrochemical performance recommends that suitable doping of Co
in place of Mn site of La0.4Sr0.6MnO3 could be a promising path to advance the catalytic
activity.
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Chapter 3

Methodology

3.1. Materials
The study involves fabrication of three different sample listed in Table 3 and characterising
their properties involves to analyse how the doping had an impact over the material. As
discussed in the literature study, the methods and techniques to fabricate the sample material
by sol-gel, sintering and densification are elaborated here. Then it followed by the discussion
of testing methods and settings for the test that would be followed during the test are
discussed.

Table 3.1: Materials components and their terminology

Sample Material
BFO BaFeO3−d

BLFO Ba0.95La0.05FeO3−d

BFNbO BaFe0.9Nb0.1O3−d

3.2. Sol-Gel Method
Sol-gel is a wet chemical method to produce a solid compound from small molecules through
chemical reactions in a liquid phase. It is commonly used to fabricate metal oxides. Sol is
the particles in a liquid phase and gel is the three dimensional continuous network contains
a liquid phase.

3.2.1. Principle

The sol-gel method involves chemical process, initially the raw materials will be dispersed
in a solvent, and hydrolysis reaction performed to create an active monomer. Then sol is
formed by polymerizing the active monomer, and a gel contains a spatial structure network
is formed. After ageing, drying, heat treatment, sintering and densification of the particles,
the final structure is produced in required form. By using sol-gel method, the samples for the
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material shown in Table 3.1 would be fabricated. And the fabrication is to produce powdered
form of the sample and perform calcination to produce the material in solid disc form.

3.2.2. Fabrication of BFO

The table 4 shows the amount of precursor that would be added to the sol for BFO. At first,
precise amount of metal nitrates using balance and two 50 ml beakers, are taken and added
magnet bar to each beaker. Then, 30 ml distilled water would be added to each beaker.
Using a magnetic stirrer, the metal nitrates are dissolved in distilled water. The, Mixing
dissolved metal nitrates in one 100ml baker and removing small magnets and added a bigger
magnet to the 100 ml baker. Now, citric acid is added to the solution. At last, Ethylene
glycol will be added in drops using syringe to the solution. Raising magnetic stirrer to 80oC
and keep it for gel formation.

Table 3.2: List of Precursor and Quantity for BFO

Precursor Molar ratio mw(g/mol) Quantity used (g)
Ba(NO3)2 1 261.33 4.3555
Fe(NO3)3.9H2O 1 404.00 6.7333
Citric acid (C6H8O7) 1.39 192.12 3.2021
Ethylene Glycol (C2H6O2) 62.0678 1.601029167

3.2.3. Fabrication of La-doped-BFO

The table 5 shows the amount of precursor that would be added to the sol for BLFO. Initially,
the same steps were followed for the BLFO sample preparation. But prior to the addition
of citric solution to the mixture, measured quantity of lanthanum nitrate will be added to
the mixture. Then the addition of citric acid and ethylene glycol were followed. Also, the
magnetic stirrer temperature would be raised to 80oC and keep it for gel formation.

Table 3.3: List of Precursor and Quantity for BLFO

Precursor Molar ratio mw(g/mol) Quantity used (g)
Ba(NO3)2 0.95 261.33 4.9653
Fe(NO3)3.9H2O 1 404.00 8.0799
La(NO3)3.6H2O 0.05 433.01 0.4330
Citric acid (C6H8O7) 1.4 192.12 5.4440
Ethylene Glycol (C2H6O2) 62.0678 1.921235

3.2.4. Fabrication of Nb-doped-BFO

The table 6 shows the amount of precursor that would be added to the sol for BLFO. Initially,
the same steps were followed for the BFNbO sample preparation. But prior to the addition
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of citric solution to the mixture, measured quantity of Niobium ammonium oxalate will be
added to the mixture. Then the addition of citric acid and ethylene glycol were followed.
Also, the magnetic stirrer temperature would be raised to 80oC and keep it for gel formation.

Table 3.4: List of Precursor and Quantity for BFNbO

Precursor Molar ratio mw(g/mol) Quantity used (g)
Ba(NO3)2 1 261.33 3.7333
Fe(NO3)3.9H2O 0.9 404.00 5.1942
C4H4NNbO9.xH2O 0.1 302.98 0.4328
Citric acid (C6H8O7) 1.3 192.12 3.5575
Ethylene Glycol (C2H6O2) 62.0678 1.7787

Figure 3.1: (a) Dissolving metal nitrites in distilled water and (b) Dried gel

The liquid phase removal through a drying process, which is usually associated with shrink-
age and densification. The distribution of porosity in the gel affects the solvent removal rate.
The figure (a) (b) shows the dissolving nitrites in distilled water and dried gel. Afterwards, a
thermal treatment, is often required in order to support the polycondensation and therefore
it could improve the mechanical properties and structural stability of the component through
sintering and densification.

3.3. Calcination and Sintering
The heat treatment for the three samples are scheduled for different calcination and sintering
temperature and formulated in the table 3.5. For all three different samples, obtained dried
gel is grinded and placed in an oven (fig. 3.2(a)) for drying at 300◦C which is same for
all three samples. Then the powder is placed in a furnace for calcination (fig. 3.2(b)) and
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Table 3.5: A heat treatment plan for calcination and sintering

Drying Temp

(◦C)

Drying time

(h)

Calcination Temp

(◦C)

Calcination holding time

(h)

Powder Code

Sintering Temp.

(◦C)

Sint. Hold Time

(h)

Disc code

P1-BFO 300 24 600 2 BFO-600C-1300-2h 1300 15 BFO-600-2-1300-15

P1-BFO 300 24 700 5 BFO-700C-1300-5h 1300 10 BFO-700-5-1300-24

1300 24 BFO-700-5-1300-24

P2-BFO 300 24

800 5 BFO-800C-1300-5h 1300 5 BFO-800-5-1300-5

900 5 BFO-900C-1300-5h 1300 24 BFO-900-5-1300-24

1000 5 BFO-1000C-5h 1300 24 BFO-1000-5-24

P3-BLFO 300 24 700 5 BFO-700C-5h 1300 15 BFO-700-5-15

900 5 BLFO-900C-5h 1300 24 BLFO-900-5-24

P4-BFNbO 300 24 1000 5 BFNbO-1000C-5h - - -

the temperature for calcination is depends on the sample mixture. After the completion of
calcination, the calcined powder (fig. 3.2(c)) are cooled under 30◦C and collected in capsules.
The final sintered disc shape material is produced as shown in (fig. 3.2(d)).

3.4. XRD (X-RAY DIFFRACTION)
X-Ray diffraction is a non-destructive technique to examine the crystallographic structure
of given material. It can also be used to view the chemical composition, crystalline size,
orientation. XRD is commonly used to examine the crystalline materials but non-crystalline
material also have been examined in several studies.

3.4.1. Principle

When the given material is subjected to a fine beam of X-rays, based on the atomic structure
of the material, the ray gets diffracted at specific angles with altered intensity and producing
diffracted patterns. The observed intensity and the diffracted pattern then used to analyse
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Figure 3.2: (a) Drying in oven, (b) Calcination in heat treatment furnace,
(c) Calcined powder and (d) Disc shaped Sintered sample

the material.

Figure 3.3: Stages of XRD

The above figure 4 described the stages of XRD. The working of XRD comprises of three
stages namely, Production, Collimation and Detection. In production stage, there will be X-
ray produced by a given source. There are different sources available to produce X-rays such
as Synchrotron, X-ray tube. The second stage Collimation involves mechanisms to produce
thin beam of X-rays. Detecting the given sample will be the final stage in XRD. There will be
a detector placed to measure the diffraction angles of give sample. Using the interpretation
of the diffraction pattern and Brigg’s law, various properties and characteristics of materials
can be analysed, such as comparing the observed the diffracted pattern and intensity of x-ray
with pre-recorded database consists of diffraction pattern and intensity of x-ray for different
materials, to find the arrangement of atoms in a crystalline structure using the peak position
and intensity information is To determine crystallite size and strain, the diffracted peaks
widths is used.

3.4.2. XRD experiments

Crystalline nature and phase purity were examined using powder X-ray diffraction (XRD)
technique using Bruker D8 X-ray diffractometer with Cu Kα. For the fabricated samples,
the 2θ step size was 0.02°with the integration time of 1s per step, over the scan range 2θ

from 20°to 80°. Then, by Scherrer´s equation (1) crystallite sizes are calculated,

τ = Kλ

βcosθ

Where,
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τ = crystalline size.
K = dimensionless shape factor.
λ= wavelength of X-ray.
β = the line broadening at half the maximum intensity and denoted as 2θ in some cases.
θ = Bragg’s angle.

3.5. Thermogravimetric Analysis / Differential Ther-
mal Analysis

The combination of thermogravimetric analysis/ differential thermal analysis is a common
method to efficiently measure and analyse the given sample for thermal properties in a single
apparatus. Thermogravimetry is used to measure the mass change in given sample and to
detect factors that affects the mass change in given sample such as decomposition, oxidation,
evaporation and the effects arises due to change in temperature. The Differential thermal
analysis is used to determine the melting, sublimation, glass transitions, and crystallization
by interpreting the resultant DTA graph for the given sample.

3.6. Scanning Electron Microscope (SEM)
The scanning electron microscope is an electron microscope that commonly used to examine
a specimen which might be organic or inorganic by scanning it. The light microscopes have
wavelength limitation which paved the way to develop SEM.

3.6.1. Principle

The scanning electron microscope uses elctron gun to project a beam of electrons which trig-
gers the emission of primary and secondary scattered electrons. Electrons at higher enery
level are primiarily ascattered electron and electrons scattered at lower engery lever are sec-
ondary scattered electrons. These secondary scattered electrons emitted from the specimen
produce signals that gives information about the specimen. The Fig 5 shows the schematic
diagram of SEM, gives us the working nature of SEM. An electron used to produce beam
of electrons moves at high speed and on hitting the specimen, the electrons are divided into
primary and secondary scattered electrons, the secondary scattered electrons which are at
low energy level is them able to produce signals which contains information about surface of
the specimen. The secondary electrons enters a detector and strikes a scintillator. Then, a
signal is sent to cathode ray tube in the form of electric current converted by photomultiplier
by using the light flashes emitted by the electrons. The produced image by the CRT can be
viewed and recorded.
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Figure 3.4: Schematic diagram of SEM

3.6.2. Applications

The scanning electron microscope is commonly used to examine the sample collected from
living beings such as leaf, human blood and inorganic materials surface and provide details
that are complex for light microscope. For the fabricated sample, SEM is used to analyse
the morphology, particle size and distribution. The results would be recorded as image for
further discussion.

3.7. Mechanical Testing

3.7.1. Sample Preparation

In order to perform mechanical tests, the samples were produced in the form of bars and
discs by uniaxial pressing at 90MPa and sintering. The powders were mixed with 5wt% PVA
binder and uniaxially pressed. The organic additives in the samples were burnt by heating
the sample at a rate of 60◦C/h and held at different temperature range (1250 to 1400◦C),
and soaked 5 times for 15 hr to determine the suitable condition for densification.

3.7.2. Uniaxial Compression Test

For compression test, the sample is grinded and polished for the bar shape at the dimension
of 10 x 5 x 5 mm. In machine setup, the polished sample bar was placed between two alumina
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rods with 10 mm diameter and the load was gradually increased from 5 N to a 300 N, 600 N
and 900 N cyclic loads. Fig 3.5 shows the uniaxial compression test setup for the samples.

Figure 3.5: Experimental setup for compression test

Digital image correlation (DIC) technique is an optical method that employs image reg-
istration techniques which measures the changes in images, which can be used to calculate
strains, and full-field displacements. A speckle pattern of high contrast would be applied on
the sample surface and recorded by cameras continuously from initial load to final fracture.
The software in DIC would identify the characteristic features appear on the pattern and
tracks it from initial load to final fracture. The Fig. 6 shows, the specimen was applied with
speckle pattern by matte paint. A facet size of 25 pixels was selected with an experimental
resolution of the acquired images of 54 pixels per millimetre.

Figure 3.6: (a) Sample specimen before applying speckle pattern
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Figure 3.7: (b) Specimen with speckle pattern by matte paint

3.7.3. Micro hardness test

Micro hardness test is testing of hardness for given material by applying small loads. Vickers
hardness test method was used here to measure the hardness of the sample which would be
in disc form. For any material subjected to micro hardness test, it is evident to follow these:

• At diagonal and low lengths hardness increases significantly for all types of loads.

• When the load is less, the pronounced effect can be more.

• In a vertical position, large hardness differences seen in small measurements.

For Vickers hardness test, the indent size is obtained by measuring the two square indent
diagonals. About 15 indentations for 15 seconds dwelling time per load were performed. The
indented surface is measured under SEM for the direct measurements of crack and indentation
fracture toughness (KIC) was calculated.
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Chapter 4

Results And Discussion

4.1. Structural Characterisation
This chapter discuss the results from XRD, SEM, compression and hardness tests conducted
on the fabricated BFO, BLFO and BFNbO samples. XRD tests were conducted to determine
the crystal structure of the materials, SEM is to examine the porosity, morphological and
topography on the surface of the samples and indention marks and possible cracks for micro
hardness and fracture toughness measurements. The compression tests are to evaluate the
mechanical properties of the materials, and Hardness test is conducted for measuring the
hardness of the samples.

Figure 4.1: XRD Patterns of BFO powders calcined at Various Tempera-
tures for 5 hours.

From the figure 9, it can be observed, with increasing calcination temperature the extra
peaks that are belong to the impurities and the secondary phases are reduced, the structure
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of powder calcined at 1000◦C has hexagonal crystal structure as shown in the table 8.

Table 4.1: Crystal structure of BFO

BaFeO2.75

Crystal system Hexagonal

Space group P63/mmc

Space group number 194

It can be observed that there are peak formation to BFO at different temperatures. The
peak position of BFO was invariant but only the intensity of peak due to increase in the The
XRD analysis of the 700◦C, 800◦C, 900◦C and 1000◦C calcined powders reveals the complete
transformation of BFO.

Figure 4.2: XRD Patterns of BLFO powders calcined at Various Tempera-
ture for 5 hours.

Figure 10 shows the XRD pattrns of BLFO powders calciend at 900 and 1000oC for 5
hours. The structure of BLFO is cubic with details represented in table 9, which means that
doping BFO with La stablized cubic structure of BFO to room temperature.
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Table 4.2: Crystal structure of BLFO

Ba0.95La0.05FeO3

Crystal system Cubic

Space group Pm-3m

Space group number 221

The X-ray diffraction patterns of the BFNbO powders calcined at 1000◦C temperature
are shown in the figure 11. From the different patterns of XRD. The structure of BFNbO is
more close to Tetragonal with details represented in table 10.

Figure 4.3: XRD Patterns of BFNbO powders calcined at Various 1000 oC
for 5 hours.
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Table 4.3: Crystal structure of BFNbO

BaFe0.95Nb0.1O3

Crystal system Tetragonal

Space group P4bm

Space group number 100

4.2. SEM Results

4.2.1. SEM results for BFO

The fractured surface of fabricated bar samples of BFO is examined under SEM and several
images were taken at different scales. The images were captured at 15kV accelerating voltage.
Fig 12 shows the SEM results for the sample at 330x and 980x.

Figure 4.4: SEM images of BFO captured at (a) 330x at 200 µm (b) 980x
at 80 µm by BSD

As it can be seen the porosity is visible for the BFO. The size of the captured images were
scaled at 200µm for fig 12 (a) and 80µm fig 12 (b). At this scale, the surface of the sample
are seen for morphology and other information. In order to understand more the next set
of images were taken at (a) 680x at 100 µm and (b) 2900x at 20 µm. The images produced
from Back scattered Detector at different resolutions shows information about the surface of
the given BFO fabricated sample yet in order to understand the topographical information
on the surface of the sample SED based images were also taken.
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Figure 4.5: SEM images of BFO captured at (a) 680x at 100 µm (b) 2900x
at 20 µm by BSD

A set of images were taken at fig 13 (a) 680x at 100 µm and fig 13 (b) 2900x at 20 µm
at an accelerated voltage of 15kV. The dwells on the surface can be clearly seen in image
captured by SED. There are some cracks observed for the sintered sample at the surface of the
material. Also, samples shows high amount of porosity which shows its poor densification.

Figure 4.6: SEM images of BFO captured at (a) 1450x µm at 50 (b) 2900x
at 92.6 µm by SED

The topological features like dwells, rises on the surface of the material can be seeen clearly
on the surface from the captured images fig 14 (a)(b).
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Figure 4.7: SEM images of BLFO captured at (a) 20x µm at 12.1mm (b)
330x at 811 µm by SED

A set of images were taken at fig 15 (a) sample that was scanned and fig 15 (b) 330x at
811 0 µm at an accelerated voltage of 15kV. The dwells on the surface can be clearly seen in
image captured by SED.

Figure 4.8: SEM images of BLFO captured at (a) 780x at 344 µm (b) 1900x
at 141 µm by BSD

The SEM images for BLFO sample is shown in fig 16 (a) 780x at 344 µm and Fig 16 (b)
1900x at 141 µm by BSD at an accelerated voltage of 15kV.
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Figure 4.9: SEM images of BLFO captured at (a) 1900x at141 µm (b)
1900x at 141 µm by BSD

The Fig. 17 (a) (b) shows the porous nature on the surface of the examined BLFO
sample, which means that doping with La did not help BFO densification.

Figure 4.10: SEM images of BLFO captured at (a) 1950x at 138 µm (b)
1950x at 138 µm by BSD

The Fig. 18(a) (b) shows the surface of the examined BLFO sample.
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4.2.2. SEM results for BFNbO:

Figure 4.11: SEM images of BFNbO captured at (a) 1450x µm at 50 (b)
2900x at 92.6 µm by SED

The SEM images for BFNbO sample is shown in fig 19 (a) 1450x µm at 50 and (b) 2900x at
92.6 µm by SED at an accelerated voltage of 15kV. The Fig. 19 (a) (b) shows the porous
nature on the surface of the examined BFNbO sample. The sintering and the densification
reduced the porosity nature of the material as the structure was rigidly constructed. The
relative density of BFO, BLFO and BFNbO samples are compsarable around 70 percent of
theoretical density of BFO.

Figure 4.12: SEM images of BFNbO captured at (a) 1450x µm at 50 (b)
2900x at 92.6 µm by SED
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Figure 4.13: SEM images of BFNbO captured at (a) 1450x µm at 50 (b)
2900x at 92.6 µm by SED

The Fig. 21 (a) (b) shows the porous nature on the surface of the examined BFNbO
sample.
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4.3. Compression Tests
The BFO bar samples were loaded in three cycles, and the corresponding deformations were
captured by DIC technique using Istra software. The Fig 4.12. to 4.16 shows the load-
deformation curves for BFO, BLFO and BFNbO bar samples are recorded by universal test
machine just as reference.

Figure 4.14: Strain vs Force for BFO

Figure 4.15: Strain vs Force for BFO
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Figure 4.16: Strain vs Force for BFO

Figure 4.17: Comparison of axial and lateral stress-strain curves of BFO,
BLFO, BFNbO samples tested at room temperature.
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As it can be observed from the Fig. 25, BFO samples show non- linear elastic behaviour
as its structure is hexagonal and no symmetric. However, by being doped with La or Nb its
structure maintained its symmetry to room temperature, so its elastic behaviour is closer to
linear behaviour. Also, it can be seen that samples doped with La and Nb are fractured at
lower loads that may be attributed to lower strength, which need more investigation.
The mechanical properties of the proposed perovskite oxide are expected to be achieved
by stabilizing the cubic lattice structure by B-site doping with ferro active metal elements
like Niobium (Nb) and Lanthanum (La) The effect of B-site doping on the morphological,
physicochemical and mechanical properties was analysed Mechanical and from the fig 25
it can be observed that the doped materials could not able to perform as the non-doped
materials however, they could reflect the original properties closely. This shows that the
mechanical properties are not affected much in the doped materials.

4.3.1. Microhardness Test

4.3.1.1. Effect of La and Nb doping on Micro Hardness and fracture toughness
of BFO

Figure 4.18: SEM images of indented BFO captured at (a) 1650x at 163
µm (b) 2150x at 30 µm by BSD
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Figure 4.19: SEM images of indented BLFO captured at (a) 1650x at 163
µm (b) 2150x at 30 µm by BSD

Figure 4.20: SEM images of indented BFNbO captured at (a) 1650x at 163
µm (b) 2150x at 30 µm by BSD

Figs. 26-28 show the indentation marks observed on the BFO, BLFo and BFNbO samples,
respectively. It is observed that, cracks have been observed near the indentation marks and
inter-granularly transmit through neighbouring grains, which can be used to determine the
fracture toughness. Many equations with some conditions and limitations have been proposed
for measuring indentation fracture toughness as reviewed by Ponton and Rawlings [188] [303]

KIC = 0.0089( E

0.927Hv

)2/5 P

a
√

l
c = a + l (4.1)

Where, P is the applied load, Hv is the Vickers hardness, E is the elastic modulus of the
material measured by bending test, a and c are diagonal and crack length generated by the
indentation. In order to compare, the equation (2) proposed by was used to analyse the
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fracture.

KIC = 0.0089( E

0.927Hv

)1/2 P

c3/2 (4.2)

The Micro hardness indention done by the Vickers hardness machine and the produced
dwells and falls are inspected under SEM for hardness measurements. The figues shows
different indention points recorded on the surface to test the hardnesss.

Table 4.4: Micro-hardness measurements for BFO, BLFO and BFNbO

Applied load (N) Hardness (GPa)
KIC(MPa.m0.5)

Niihara´s eq.

KIC (MPa.m0.5)

Anistis´s eq.

BFO 7.45±1.4 0.64±0.14 0.3±0.13

BLFO 26.44±13.9 1.34±0.74 0.83±0.65

BFNbO 16.6±8.8 0.26±0.12 0.69±0.03

From the table 11, the hardness and fracture toughness of sintered BFO, BLFO and
BFNbO samples were calculated using the Niihara and Anitis method based on the equation
(1) and (2).

As it can be seen, the hardness and fracture toughness of thee materials which are com-
pared based on the Niihara and Anistis’s methods and there is a significant difference can be
seen for the hardness between the three materials. Although, the individual doping showed
lower strength than the undoped material. However, standard deviation of microhardness ob-
tained for BLFO and BFNbO samples arwe high which can be due to using few indentations
and it needs more investigation. As it can be seen in SEM micrographs and by calculated
fracture toughness, it seems that doping BFO with La can improve its fracture toughness.
In summary, The XRD tests showed the crytal structure of the fabricated samples. And
the SEM results showed how the porosity changed for the doping material. The hardness of
the doped and non doped material showed some difference based on the Niihara and Anistis
method. However, the stress stain analysis showed the linear behaviour of the materials.
Depending on the application, the suitable material should be analysed, and the doping vari-
ance could affect further. Thus, the morphological and material characteristics were obtained
from XRD, SEM, and mechanical tests. [304] [305].
In summary, The XRD tests showed the crytal structure of the fabricated samples. And
the SEM results showed how the porosity changed for the doping material. The hardness of
the doped and non doped material showed some difference based on the Niihara and Anistis
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method. However, the stress stain analysis showed the linear behaviour of the materials.
Depending on the application, the suitable material should be analysed, and the doping
varaience could affect further. Thus, the morphological and meaterial charactistics were
obtained from XRD, SEM, and mechanical tests.

54



Chapter 5

Conclusion

The study focused on characterizing the synthesized BFO, BLFO, and BFNbO and analyzed
it by several techniques. Answering research question one, the mechanical characteristics and
structure of doped BaFeO was analyzed using the XRD, Compression and hardness tests, and
for research question 2, the effect of La and Nb doping was observed in the SEM and Hard-
ness tests. Initially, the samples were fabricated using sol-gel and later sintered at different
temperatures appropriately, and samples were prepared for testing. At first, characterize the
cubic structure and porosity nature of the material. The samples are observed using XRD
and SEM techniques. From XRD results, it came to know that BFO2.73 has a hexagonal
crystal system and the XRD patterns showed the presence of impurities through the peaks.
And observing BLFO powder, the XRD patterns showed the presence of impurities through
the peaks and had a cubic crystal system. For the BFNbO powder, the XRD patterns showed
the presence of impurities through the peaks and had a tetragonal crystal system. The SEM
results showed the variations of porosity nature among the BFO, BLFO and BFNbO. The
doping on the material impacted the porosity nature of the material.

The fabricated materials showed a non-linear elastic behaviour by the stress-strain rela-
tionship developed to form the compression test. The Lanthanum (La) and Niobium (Nb)
doping on the material have less significant effects on the mechanical property of the doped
materials than the original material. However, the doped materials are fractures at lower
loads due to the lower strength, which might need further investigation. For the hardness
test, the fabricated materials are subjected to Vicker’s hardness test. The material is ob-
served under SEM for measurements and analyzed using Niihara and Anitis method. These
two methods are followed to evaluate the measured hardness, and comparing among the
fabricated materials at different loads showed us the hardness varied to the different loads.
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