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Development of Perovskite/Fluorite based Materials for 

Oxygen Transport Membrane System 

 

Sapna Gupta, Ph.D. 

University of Connecticut, 2015 

 

Judicious selection of mixed ionic–electronic conducting (MIEC) perovskite oxide as 

oxygen transport membrane (OTM) offers the potential to enhance overall process economics 

and systems performance for a wide variety of industrial applications ranging from clean and 

efficient energy conversion (oxy-combustion) to selective gas separation (high purity oxygen 

production) and value added chemicals (syngas and liquid fuel) production with near-zero 

greenhouse gas emissions. 

Lanthanum chromite (perovskite) and aliovalent doped zirconia (fluorite) based 

composites have been considered as promising material of choice for use as electrochemically 

active components in oxygen transport membrane. Inter–cationic diffusion and formation of 

secondary compounds due to the interaction between the perovskite and fluorite, however, 

modifies the thermo-physical and electrochemical properties of such systems leading to the 

performance and structural degradation. The properties of the lanthanum chromite, required for 

optimum oxygen transport can be tuned and stabilized through selection of dopant's type and 

level. 

In this study, phase transformation, stability and thermal-electrical properties of un-doped 

lanthanum chromite (LaCrO3) have been evaluated. Furthermore, the role of various A (Sr) and 

B-site (Mn, Fe, Ni and Ti) dopants on the crystal structure, densification, electrical conductivity, 

thermal expansion, electrochemical performance and thermochemical stability of lanthanum 



chromite is investigated to enlighten ‘composition-structure-property-stability’ correlations and 

achieve OTM materials requirement. The effect of oxygen partial pressure and Cr: M (B-site 

dopants; e.g. Fe) ratio on the processing (sintering behavior), thermal-electrical properties and 

stability (surface, bulk and interfacial) of La1-xSrxCr1-yMyO3-δ (with and without fluorite phase) 

are studied in detail. Perovskite – fluorite interactions in the composite results in the secondary 

compound formation (e.g. SrZrO3) during exposure to reducing atmospheres. Mechanisms for 

the formation of the secondary compounds are established.  

This study demonstrates the stability of lanthanum chromite based materials increases 

with increase in Cr:M ratio. In contrast, densification and performance decreases with the 

increase in the ratio. Optimization of the required properties is accomplished by introducing 

variation in the doping type and level of A-site (alkaline earth metals; Sr) and B-site (transition 

metals; Mn, Fe, Ni and Ti) dopants. In summary, this thesis presents the research work 

performed on the fundamental understanding and development of the perovskite/fluorite based 

materials for oxygen transport membrane system. The materials stability and performance are 

also demonstrated utilizing real-world OTM fabrication and operating conditions. 
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CHAPTER 1: INTRODUCTION 

 

1.1. Motivation 

Oxygen transport membrane offers potential for applications in a wide variety of 

industrial processes ranging from high purity oxygen separation from air to oxy-

combustion of carbonaceous and hydrocarbon fuels as well as production of syngas for 

subsequent conversion to liquid fuels and hydrogen. Efficient and clean oxy-combustion 

of fossil fuels enables reduction of greenhouse gas emissions responsible for global 

climate change [1, 2]. In the oxy-fuel combustion process, oxygen is separated from air 

and exclusively used for the fuel combustion unlike conventional combustion process 

where air is used as an oxidant. Use of oxygen results in significant increase in the 

process efficiency resulting in decrease in fuel consumption, heat loss, reduction in the 

size of the flue gas and NOx emissions treatment. The replacement of air to oxygen in the 

natural-gas fired furnaces, for example, reduced the fuel consumption and NOx emissions 

from 15% to 50% and from 50% to 90% respectively [1]. The flue gas after oxy-

combustion predominantly consists of CO2 and steam. After condensation of steam 

through cooling, the available CO2 gas is easily captured, stored, and/or used for 

chemical production by well-established industrial technologies. Higher flame stability, 

better heat transfer characteristics, reduced gas volume and lower particulate emissions 

are other advantages of the oxy-fuel combustion process [2]. 

For oxy-combustion, it is to be noted that high purity oxygen makes a difference not 

only by reducing the harmful gas emissions (e.g. NOx and SOx) but also, it is important 
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for CO2 capture from the flue gas [3,4]. This is because, the CO2 purity level in the flue 

gas decreases with decrease in O2 purity level. Lower purity oxygen containing 

impurities (e.g. nitrogen) are amenable to forming NOx as a combustion product, and be 

present with others (SOx, Ar, N2 etc.) in the flue gas. Lower purity oxygen used in oxy-

combustion process is also considered detrimental to compression and liquefaction 

processes commonly used for the transportation of CO2. Large scale conventional 

transportation process for transporting CO2 includes the use of gas pipelines, ships and 

vessels. For such processes, it is required to compress CO2 to supercritical state (~ 80-150 

bars) for pipeline transport. On the other hand, CO2 needs to be liquefied (~ 6.5 bars and -

51°C) for ship transport [4]. It is often found difficult to compress as well as liquefy the 

CO2 gas stream if the impurities level is high (approximately greater than 4%) [4]. The 

impurities present in the post combustion CO2 gas stream as well as compressed gas 

stream can also cause corrosion when introduced into the pipeline [3,4]. The presence of 

inert constituents (e.g. N2, Ar, He etc.) in the gas stream is also required to be removed 

and controlled as it can also increase the critical pressure of CO2 in the pipeline [3]. Gas 

conditioning (a sub-system to remove impurities from CO2 gas stream) step is 

conventionally incorporated to purify CO2 along with CO2 compression and drying. The 

specific energy requirement for gas conditioning is 100-200 kWh/ton (t) captured CO2 (~ 

360-720 kJ/kgCO2). However, for approximately pure CO2 stream, the energy 

requirement for compression is significantly reduced to 90 kWh/t captured CO2 (~ 324 

kJ/kgCO2) [4]. 
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An oxygen transport membrane (OTM) is required to separate high-purity oxygen 

from air for oxy-combustion of fuel [5-13]. The high-purity oxygen also finds application 

in metallurgical (iron and steel plants), chemical, petrochemical, medical and paper 

industries, welding and cutting [14]. Fig. 1.1 shows a simplified process flow diagram 

depicting the use of an oxygen transport membrane (air separation unit) in an integrated 

gasification combined cycle (IGCC) [15]. 

 
 

Fig. 1.1. Simplified process flow diagram of an oxygen transport membrane integrated in 

IGCC (BFW: Boiler Feed Water) [15]. 

In the IGCC process, oxygen separated from air (air separation unit) reacts with 

coal particles or slurry to produce syngas at high temperature and pressure (~1000°C and 

~394.8 atm) [16]. The syngas undergoes a water-gas shift reaction (CO + H2O ↔ CO2 + 

H2) and further converts to hydrogen and carbon dioxide. In this process, after removal of 

Oxygen 

Transport 

Membrane
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the carbon dioxide, the hydrogen is used in a gas turbine to generate electricity. The hot 

exhaust gases are used to heat the water in the heat recovery steam generator (HRSG) for 

use in the steam turbine. Thus the IGCC process provides dual benefits: syngas 

production and power generation along with the carbon dioxide sequestration. In addition, 

the overall efficiency of the process is 45-50 %, which is significantly higher than the 

conventional gasification process (32-38%) [16]. 

Table 1.1 summarizes the advantages and disadvantages of the conventional and 

advanced oxygen separation techniques currently being developed [1, 14-21]. The two 

commercial methods currently used to separate oxygen from air are: 1) cryogenic and 2) 

pressure swing adsorption. In the cryogenic method, high purity oxygen (≥99%) is 

produced on a large industrial scale by fractional distillation of air at low temperature and 

pressure [17]. First, air is compressed between 4-10 atm and cooled to ambient 

temperature (30°C). It is then passed over the fixed bed of adsorbents (activated 

alumina/molecular sieve) to remove trace contaminants, i.e., water, carbon dioxide and 

hydrocarbons. The purified air is again cooled to its liquefaction temperature 

(approximately -185°C), after which distillation occurs and the products (nitrogen, 

oxygen, and argon) are obtained at low pressure column. Oxygen which has the highest 

boiling point (-182.8°C) among the components is obtained from the bottom of the low 

pressure column. A simplified schematic of the cryogenic method is shown in Fig. 1.2 

[18]. This method is energy intensive, less efficient, and more expensive than the 

pressure swing adsorption method. 
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Fig. 1.2. Flow diagram of cryogenic distillation process [18].
 

The pressure swing technique separates oxygen from air by selectively adsorbing 

nitrogen from compressed air at high pressure on active carbon or a zeolite [19]. The 

pressure is reduced after the separation to desorb the nitrogen. In Fig. 1.3, a schematic 

shows the pressure adsorption technique for air separation [19]. The process is 

discontinuous and suitable only for small-scale production when the oxygen purity (90-

95%) is not an end-use concern. 

 

Fig. 1.3. Flow diagram of pressure adsorption technique for air separation [19]. 
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Table 1.1. Advantages and disadvantages of various oxygen separation techniques [1, 14-

21]. 
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High-purity oxygen (≥ 99%) separation from air using a dense ceramic material, 

an oxygen transport membrane, is a relatively new and developing technology. In this 

method, oxygen from air transports through the ion conducting ceramic material as 

oxygen ions by either an electrical or chemical driving force. In comparison to the 

cryogenic and pressure swing methods, oxygen production by dense ceramic membranes 

has distinct advantages (Table 1.1): (i) ~ 40% lower cost of oxygen generation than 

existing technologies, (ii) the process is more efficient, (iii) there is lower power usage, 

and (iv) the method enables heat recovery when integrated with the power generation, 

and combustion units [14]. In addition, when integrated into power or gasification 

combined cycle, the oxygen gas stream need not to be heated to high temperature and 

pressurized, as is needed for the cryogenic technique. 

As mentioned above and Table 1.1, the ceramic membranes are more 

advantageous than other existing technologies for oxygen separation especially when 

integrated with combustion and/or gasification cycle for oxy-combustion and/or syngas 

production. Pressure swing adsorption technique choice is eliminated for oxy-combustion 

and/or syngas production not only because it provides low purity oxygen, but also, the 

technique is only suitable for small to medium scale plant (20-100 tons/day) [22]. In 

addition, it is a batch (discontinuous) process. The process is not appropriate for 

integration into the combustion and/or gasification cycle. On the other hand, even though 

cryogenic technique provides high purity oxygen at large scale (beyond 100-300 

tons/day), the process power consumption is high and the efficiency is low [22]. For oxy-

combustion and syngas production, the cryogenic cycle integration into power plant 
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requires large volume space, high installment capital cost ($310-500/kWe), large energy 

consumption (245-670 kWh/tO2), and drops down the total efficiency of the plant by 8-10% 

[20]. When compared to cryogenic technique, ceramic membranes requires less 

installment cost ($260-295/kWe), power consumption (100-655 kWh/tO2), and volume 

space on integration with power plants [20].  In addition, the process is single stage, and 

enables heat recovery. In other words, unlike cryogenic technique, it is a high 

temperature process and the permeated oxygen gas stream need not to be heated up and 

pressurized when integrated with gasification or power cycle. Overall, the ceramic 

membranes are beneficial (especially for oxy-combustion and syngas production) in 

terms of power consumption, volume space, heat recovery, installment cost, power 

production of the plant, and efficiency (Table 1.1). 

Ceramic oxygen transport membranes can be divided into two groups based on 

the driving force used for the oxygen separation process: 1) electrically driven membrane 

also known as passive membrane and 2) chemical potential/oxygen partial pressure-

driven membrane also known as active membrane. In passive membrane, the dense 

ceramic is predominantly an ionic conductor that transports oxygen ions under applied 

electrical potential. This process is economic and reliable for high purity oxygen 

production with precise control on produced oxygen volume [23]. An external electrical 

circuit and power source are required to transport electrons across the membrane to 

maintain charge neutrality and the membrane, therefore, is called electrically driven. The 

flux of electrons is required to maintain electro-neutrality according to Kröger-Vink 

notation: 
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  ( )     

                            (1) 

where   and   
   refers to electron and oxygen vacancy respectively. The symbol   and 

represents neutral and positive charge respectively. 

In the oxygen partial pressure-driven active membrane, the dense ceramic, 

employed for the separation of oxygen, is a mixed ionic-electronic conductor (MIEC). An 

oxygen partial pressure differential between an oxidizing (air at 0.21 atm) and reducing 

gas (fuel at 10
-22 

atm) exists across the membrane as a driving force for the oxygen 

separation. It allows oxygen ions transport from the high oxygen partial pressure side to 

the low oxygen partial pressure side; meanwhile, electrons move in the opposite direction 

within the membrane and complete the internal electric circuit. Therefore, no external 

circuit or electrical power is required for the electron conduction [23]. For the pressure-

driven MIEC based membrane, the driving force (electrochemical potential) for the 

transport of ion and electron species relates to the mass flux as shown in the general 

MIEC transport equation below [24]: 

  
    (   )    

  (   )

(   )
 

  ̃ (   )

  
         (2) 

where x is position, t is time, i is the species of charge carrier, zi is the number of charges 

carried by species i, e is the electron charge,   
    (   ) is the carrier mass flux,   (   ) 

is the electrical conductivity. The electrochemical potential,  ̃ (   ) is given by 

 ̃ (   )    (   )       (   )       (3) 

where   (   ) and  (   ) are chemical and electrical potential respectively. 
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The electrochemical potential is dependent on oxygen chemical potential (Eq. (4)) 

across the membrane and electrical potential (Eq. (5)), leading to the migration of oxygen 

ions from the air side (higher     

 ) to the fuel side (lower     
), and electrons to the 

opposite side [24]. At time, t = 0 under steady state condition: 

   
    

        
   

   
          (4) 

  ( )

  
     

   

  
  

        ( )

        ( )
      (5) 

where    
is the chemical potential of the oxygen,    

 is the chemical potential of pure 

oxygen,    is the Boltzmann constant, T is temperature, E is the electrical field,    
and 

   

 are oxygen partial pressure at the fuel side and air side, respectively,      represents 

ionic conductivity, and     is electronic conductivity. The length of the membrane is x = 

0 at the permeate side and x = L at the feed side. 

Fig. 1.4a and 4b show schematics of operation for the pressure and electrically 

driven oxygen transport membrane. The differences between the pressure-driven (active) 

and electrically driven (passive) membranes are tabulated in Table 1.2 [25-33]. Mixed 

ionic-electronic conductivity required for pressure-driven membrane can be found in 

either single phase mixed conducting perovskite oxide (cobaltite, ferrite) or dual phase 

composites consisting of ionic and electronic phase materials. In the case of dual phase 

membranes, the ionic phase transports oxygen while the electronic phase transports 

electron. However, oxygen ions cannot transport through the bulk membrane via purely 

electron conducting phase, resulting in decreased oxygen permeability and flux. For this 

reason, mixed ionic-electronic perovskite phase is preferred for oxygen ion migration 
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through the bulk membrane [34]. It is challenging to obtain high electronic as well as 

ionic conductivity in a single perovskite phase. The ionic conductivity of MIEC 

perovskite is generally found to be less than fluorite phase. For example, the ionic 

conductivity of LaCoO3-δ and La0.7Sr0.3Co0.7Cr0.3O3-δ perovskites are ~2×10
-4

 and ~10
-3

 S 

cm
-1

 at 1000°C in air, respectively, which is less than ~0.1 S cm
-1

 for most commonly 

used fluorite phase (Zr0.8Y0.2O2-δ) [35-36]. Therefore, it is preferable that mixed 

conducting perovskite is combined with fluorite phase to form a composite with 

relatively high ionic conductivity. Subsequently, the combination of perovskite and 

fluorite phase provides higher performance/oxygen flux in OTM when compared to 

single phase. For instance, the oxygen flux (    
) of Ce0.8Gd0.2O2-δ fluorite phase is 

~9.9×10
-10

 mol cm
-2 

sec
-1

 under oxygen partial gradient maintained by air at the feed side 

and Ar at the permeate side (air/Ar). However, when combined with MIEC 

La0.8Sr0.2Fe0.8Co0.2O3-δ perovskite in the ratio of 48:52 (wt. %), the    
increases to 

~6.3×10
-8

 mol cm
-2 

sec
-1

 (air/He) at 950°C [37]. Similarly, the    
for single phase 

La0.8Sr0.2Cr0.5Fe0.5O3-δ perovskite is ~2.5×10
-7

 mol cm
-2 

sec
-1

 and increases to ~2.6×10
-6

 

mol cm
-2 

sec
-1

 (air/CO) for La0.8Sr0.2Cr0.5Fe0.5O3-δ/Zr0.84Y0.16O1.92 composite at 950°C [31, 

38]. The oxygen flux performance of different single phase perovskite as well as dual 

phase with fluorite is summarized later in the oxygen flux section. For dual phase 

membranes, it is to be noted that there is a challenge of compatibility, structural and 

chemical stability (e.g. thermal expansion match, interfacial reaction) as discussed in 

subsequent sections. 
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Table 1.2. Differences between active and passive oxygen transport membrane [25-33]. 

 

 
Active Passive 

Advantages 

 

• No external voltage/power source and 

electrodes required 

• Need mixed ionic-electronic conductor 

materials 

• Control on amount of oxygen produced 

via supply of external voltage 

• External voltage/power source and 

electrodes required 

Materials 

example 

(La0.75Sr0.25)0.95Cr0.6Fe0.4O3-δ, 

(La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ, 

La0.4Ca0.6Co0.2Fe0.8O3−δ, LaFe0.8Ni0.2O3−δ, 

Zr0.84Y0.16O1.92 + La0.8Sr0.2Cr0.5Fe0.5O3-δ, 

and Gd0.2Sr0.8FeO3-δ + Ce0.8Gd0.2O1.9 

(ZrO2)0.8(Y2O3)0.20, Bi1.5Y0.3Sm0.2O3 and 

Gd0.2Ce0.6 Pr0.2O2−δ 

Phase Mixed ionic-electronic phase Ionic phase 

Driving 

force 
Oxygen partial pressure gradient Electric potential 

 

The exchange of oxygen between the membrane surface and gas phase takes place 

in several steps for the reduction and transport of oxygen: adsorption and dissociation of 

oxygen molecules, oxygen transport via oxygen vacancies across the membrane, and 

desorption and association of oxygen ions [39-41]. This is explained in detail later in the 

oxygen flux section. MIEC’s eliminate the necessity for an electrode. To enhance the 

oxygen surface exchange and improve the overall oxygen flux, however, a porous surface 

exchange (air side) and intermediate layer (fuel side) is integrated in the active membrane 

[39-40,42]. 
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Fig. 1.4. Schematic of the working principle of oxygen transport membrane (OTM): (a) 

Partial pressure driven/Active (Mixed ionic electronic conductor), (b) Electrically 

driven/Passive (Ionic conductor). 

 

1.2. Materials for oxygen transport membrane 

MIEC’s are considered for use as oxygen transport membranes (OTM) as well as 

the intermediate and surface exchange layer for separating oxygen from air [43-45]. A 

MIEC based OTM (Fig. 1.4a) device operates at ~1000°C and oxygen partial pressure of 

~0.21-10
-22 

atm for oxy-combustion of fuel [46]. MIECs are also used as electrodes in 

other solid state devices (e.g. solid oxide fuel/electrolyzer cells) under exposure at 650-

1000°C and ~0.21-10
-22

 atm    
[47]. 

To obtain high purity oxygen through oxygen permeation, the OTM should be 

dense (≥94%) to avoid contaminants and the mixing of air and fuel. OTM should be 

resilient to the aggressive operating environment (~1000°C and ~0.21-10
-22

 atm) for more 
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than 40,000 h and also cost effective [48]. The key requirements for oxygen transport 

membrane are summarized in Table 1.3 [43-48]. 

Generally, electronic and/or MIEC perovskite oxides are used as electronic and 

fluorite oxides as ionic phase constituents for OTM. Dual phase composites consisting of 

MIEC perovskites and fluorite phases are recognized to promote higher oxygen flux. 

Y/Sc doped ZrO2, and Gd/Sm doped CeO2 or ZrO2-CeO2 system doped with Y, Sc, Gd, 

and/ or Sm are commonly used as ionic phase [34, 49]. ABO3, Ruddlesden-Popper 

(K2NiF4/An+1BnO3n+1 structure), and ordered double perovskites (AA´Co2O5+x, A = RE, Y 

and A´= Ba, Sr) have been investigated as MIEC phases [39-40]. The structural and 

thermo-chemical stability of the A
3+

B
3+

O3 are superior to the other types of perovskites 

and have been studied for OTM application [43,52-54]. 

 

 

Table 1.3. Materials’ key requirement for active OTM [43-48]. 

________________________________________________________________________ 

 Dense (≥94%) membrane 

 High mixed ionic-electronic conductivity 

 High stability in a wide range of    
~ 0.21-10

-22 
atm at the OTM operating 

temperature (~1000°C) 

 High electro-catalytic activity (low polarization resistance) 

 High oxygen flux (≥ 10
-6

 mol s
-1

 cm
-2

) 

 Thermal expansion coefficient of 9.5-12.0 × 10
-6 

°C
−1 

similar to those of the 

adjacent materials 

 High mechanical strength including interfacial strength to withstand the 

differential partial pressure, handling, vibration during transportation and 

operation 

 Excellent thermal cycling resistance 

 Excellent chemical resistance to withstand both oxidizing and reducing 

atmosphere at ~1000°C 

 Resistance to aging of materials (long-term (≥40,000 h) materials stability in 

aggressive operating condition) 
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Structure: no change in crystal symmetry and minimal chemical 

expansion to minimize change in lattice volume 

 

Microstructure: no change in microstructure (grain growth, secondary 

phase formation, surface segregation; pore growth and densification for 

adjacent intermediate and surface exchange layers and electrodes) 

 

Chemical: no solid-solid and solid-gas interaction to change the chemical 

formula by formation of new compounds, precipitation of oxides, 

reduction of oxides into metallic form, evaporation of materials 

 

Mechanical: Acceptable creep rate: ~10
-10 

s
-1

 yielding a tolerable strain of 

~1% per year) 

__________________________________________________________________ 

 

 

ABO3 Perovskite 

An ideal ABO3 perovskite is cubic, where A and B are two cations bonded with 

oxygen anions. The ionic radii of B cation (rB) is smaller than A cation (rA). B cation has 

6-fold coordination, whereas A cation has 12-fold coordination with oxygen ions as 

shown in Fig. 1.5. The stability of a perovskite structure is defined by the Goldschmidt 

tolerance factor, which is used to measure the degree of distortion of a perovskite from 

ideal cubic lattice, t as [55]: 

t = 
       

√ (     )
                                                                                     (6) 

where rA, rB and rO are ionic radii of the respective ions. The perovskite structure is stable 

for 0.77≤t≤1.00 [56]. 
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Fig. 1.5. Ideal perovskite structure of ABO3. 

The thermo-physical properties such as thermal expansion and electrical 

conductivity of ABO3 perovskites depend on the structure and the ionicity difference (Δfi ) 

between A-O and B-O bonds. Lattice distortion from the cubic symmetry (t=1) is 

associated with a high degree of anisotropy in oxygen sites, and an increase in lattice 

distortion decreases the ionic conductivity. In other words, ionic conductivity improves 

with higher structural symmetry as observed for LaCoO3. The migration energy of 

oxygen ions depends on the critical radius of the saddle point for oxygen migration, 

electrostatic bonding energy, and Jahn-Teller effect, which represents a geometric 

distortion of a non-linear molecular system (e.g., octahedral complexes) to reduce its 

symmetry and energy. Higher the value of the saddle point radius, lower is the oxygen 

migration energy [57-59]. The ionic conductivity and thermal expansion coefficient 

increases with a lower ionicity difference (Δfi ) between A-O and B-O bonds [60-63]. For 

instance, thermal expansion and the oxygen ionic conductivity of La1-xSrxFe1-yCoyO3-δ 

perovskite increases with decrease in Δfi [61]. Because, the oxygen ion become unstable 

when the difference in the ionicity is small and results into the increase in the oxygen ion 
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mobility. The ionic conductivity dependence on the Jahn-Teller effect has yet to be 

understood. The ionic and electronic conductivity of ABO3 can also be tuned by 

introduction of dopants at A and B-site. For example, when divalent acceptor ion is 

partially substituted at trivalent A-site, the charge compensation for electro-neutrality is 

occurred either by an increase in the valence state of the B-site ion (electronic 

compensation) and/or oxygen vacancies formation (ionic compensation) [56]. If doped 

with transition metals, the increase in the valence state of B-site cation results into an 

increase in B
4+

/B
3+

 redox couples which act as hopping sites for electronic conduction 

and increases the conductivity. On the other hand, the ionic conductivity increases if the 

charge balance is compensated by creation of oxygen vacancies. 

Lanthanide series element (La) as A-site cation and transition metals (Cr, Fe, Mn, 

Ni and Co) as B-site cation in ABO3 perovskite have been investigated [64-67]. These 

perovskite can be categorized as chromite, ferrite, manganite, nickelate, and cobaltite. 

The stability of the undoped perovskite at 1000°C is in the increasing order of LaCrO3-δ 

(10
-22

 atm) > LaFeO3-δ (10
-17 

atm) > LaMnO3-δ (10
-15

 atm) > LaCoO3-δ (10
-7

 atm) > 

LaNiO3-δ (10
-0.6

 atm) [66], where δ represents oxygen deficiency. 

Major advantages and disadvantages of the perovskites are outlined in Table 1.4 

[69-76]. It is clear from the table that lanthanum ferrite, manganite and nickelate are not 

stable in a wide range of    
(0.21-10

-22 
atm) at ~1000°C, which is one of the key 

requirements for OTM. As mentioned in the Table 1.4, even though ferrites provide high 

mixed ionic (~0.05 S cm
-1

 at 900°C) - electronic (~100 S cm
-1 

at 1000°C) conductivity as 

well as higher activity for oxygen reduction, high thermal expansion coefficient 
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(23.8×10
-6 

K
-1

 for T > 600°C) and its decomposition into La2O3 and Fe metal in reducing 

atmosphere (≤ 10
-17 

atm) at 1000ºC, eliminates this choice for OTM. Similarly, cobaltites 

are not suitable for OTM due to high thermal expansion coefficient (20×10
-6 

K
−1

) and its 

decomposition into La2CoO4 and CoO at lower    
(< 10

-7 
atm) and OTM operating 

temperature (~1000°C). Likewise, manganites provide high electrical conductivity (83 S 

cm
-1

 at 800°C) but also, decompose into La2O3 and MnO in reducing atmosphere (≤ 10
-15 

atm) at 1000°C. Furthermore, nickelates are not stable and decomposes into La2NiO4 and 

NiO below 10
-0.6

 atm at 1000°C. Poor stability of various perovskites (ferrites, cobaltites, 

manganites) prohibits their application in the emerging power generation system and 

related device (OTM). On the other hand, chromites are stable under OTM operating 

conditions (~1000°C and ~0.21-10
-22 

atm.), while the required thermo-physical properties 

can be achieved by using suitable dopants. Lanthanum chromite-based materials are also 

considered for solid oxide fuel cell interconnects because of superior stability and good 

electrical conductivity [77-83]. This suggests that chromite is the best choice of material 

for OTM from stability point of view, the subject of this review paper. In this review 

article, we have a) critically analyzed and examined the pertinent information on 

lanthanum chromite based perovskites in terms of chemistry, structure, and properties 

required for OTM systems, b) correlated the ‘chemistry-structure-property-stability’ 

relationships, and c) suggested approaches for tuning the desired properties and reliability. 

Further, challenges and future research directions are discussed. 
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Table 1.4. Advantages and disadvantages of various perovskite oxides [56-63]. 

 

 

1.3. Fabrication 

The fabrication techniques for the OTM, still an infant technology, are not widely 

published and remain mostly trade secret or industry specific information. As with other 

solid state electrochemical devices (solid oxide fuel cells and electrolyzers), there are 

planar and tubular configurations for OTM as shown in Fig. 1.6 [15, 84-87]. Different 

fabrication technologies are discussed in brief based on the literature for SOFCs. 
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(a) 

 

 
 

(b) 

 

Fig. 1.6. Oxygen transport membrane configuration: (a) Planar (single and multiple 

module) [84], (b) Tubular (with cross-section). 

One Membrane in Module

Multiple Module in Stack
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1.3.1. Fabrication Techniques 

For both planar and tubular configurations, the porous electrodes used in passive 

OTM, porous surface exchange and intermediate layers used in active OTM, and dense 

oxygen separation layers are coated on a 0.5-4.0 mm thick porous substrate. Porous 

substrates, which also provide mechanical strength and the gas flow path, are generally 

prepared by conventional ceramic routes such as pressing (planar type), slip casting 

(planar and tubular type), and extrusion (tubular type) followed by respective drying and 

sintering/co-firing [85]. Subsequent layers (5-50 µm thick) are coated on the porous 

substrate by various techniques: screen printing; tape casting; wet chemical methods such 

as slip casting, spraying, and sol-gel coating; plasma spraying; and gas phase deposition 

such as physical vapor deposition (PVD) and chemical vapor deposition (CVD) [85-95]. 

All of these techniques have inherent advantages and disadvantages. Screen printing and 

tape casting offer low cost, ease in controlling the coating thickness, and suitability for 

porous and dense microstructures through suitable thermal treatment (drying, binder 

removal, and sintering steps) [87, 97]. These techniques are limited to simple planar 

configuration and cannot be applied for complex shaped substrates such as tubular 

configurations. Other techniques are applicable for both planar and tubular configurations. 

Wet chemical methods are economical but require critical thermal treatments to develop 

crack free microstructures, which are difficult to control. Plasma spraying, PVD, and 

CVD techniques are not economical, but the desired microstructures can theoretically be 

achieved through control of the choice of solid targets (for PVD), solid or liquid 

precursors for plasma spray, and liquid precursor for CVD; plasma/gas phase deposition 
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rate by instrumentation, chamber atmosphere, and substrate temperature without any 

sintering step. The distinct advantages of the plasma spraying, PVD, and CVD are 

threefold. Plasma spraying and PVD are in-sight controlled. For all three methods, in 

contrast with wet processing methods, multiple layers can be deposited in a few hours. 

The grain size and orientation can be tuned by optimization of instrumental parameters. It 

is known that smaller the grain size, higher is the catalytic activity for oxygen reduction 

and flux in OTM. Small grain size (nm), the size and distribution of open pores, and the 

material’s stability can be maintained during processing and fabrication due to the 

absence of the high temperature sintering step [81, 88-91, 93-94]. However, the grains 

grow and the microstructure changes due to active grain growth kinetics during long-term 

exposure at high temperature and reduced atmosphere. In reality, the deposited layers are 

co-fired at higher temperature (1200-1500°C) to achieve strong interfacial bonding and to 

maintain material stability at the relatively low operating temperature (~1000°C). 

A brief introduction on the deposition techniques that could be used for planar 

and tubular OTM and their principles are summarized below followed by the advantages 

and disadvantages outlined in Table 1.5 [87-92, 98]. However, detailed information about 

the individual techniques and the corresponding figures are mentioned elsewhere in the 

cited references. 

 

1.3.1.1. Wet chemical methods 

Slip casting: A slurry consisting of submicron sized powders, a liquid medium (ethanol, 

isopropanol etc.), organic binders, and additives are prepared to meet the prescribed flow-

ability, suspension stability, and sedimentation requirements. When poured on a porous 



  

23 

 

substrate, the slurry migrates through the porous support and a smooth and homogenous 

powder layer is formed on the surface. The layer is then dried, and subsequently sintered. 

A schematic of a vacuum slip casting method is shown in Fig. 1.7 [87]. 

 
 

Fig. 1.7. Schematic of vacuum slip casting for tubular configuration [Reprinted from 

reference 87 with permission].
 

 

Slurry spraying: A liquid suspension of powders is sprayed on a substrate using a spray 

gun. The coated layer is then dried and sintered. This technique can be used for complex 

shapes, but the thickness at the edges of a component is difficult to control. A schematic 

of the spraying method is illustrated in Fig. 1.8 [87]. 



  

24 

 

 
 

Fig. 1.8. Positions of spray gun and components to be coated: a) horizontal/horizontal, b) 

horizontal/vertical, both with tubular design and c) vertical/horizontal with planar design 

[Reprinted from reference 87 with permission]. 

 

Sol-gel deposition: In this method, a substrate is dipped into a stable suspension (sol) and 

then dried. The required coating thickness is generally obtained through multiple dipping 

and drying sequences. After obtaining the required thickness, the coating is sintered to 

develop the desired microstructure. This method is suitable for porous microstructures. A 

schematic is shown in Fig. 1.9 [87]. 
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Fig. 1.9. Sol-gel dip coating technique [Reprinted from reference 87 with permission]. 

 

1.3.1.2. Plasma spraying technique 

In plasma spray technique, plasma created by high voltage (DC power, RF 

induction) electrodes melt particles which travel (100-1200 m/s velocity) through the 

plasma jet and deposits on the substrate via rapid solidification [87-89, 99]. Plasma jet 

temperatures vary between 6727-19727°C. A schematic of a plasma spray apparatus is 

shown in Fig. 1.10 [88]. The powders can be deposited on the substrate at atmospheric 

pressure in the case of the atmospheric plasma spray (APS) method; under vacuum (10
-2

 - 

10
-3

 atm) condition in the case of the vacuum plasma spray (VPS) method, and at low 

pressure (<10
-3

 atm) in the case of the low pressure plasma spray method. 
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Fig. 1.10. Schematics of DC and RF plasma spraying apparatus [Reprinted from 

reference 88 with permission].
 

 

1.3.1.3. Physical vapor deposition (PVD) 

In the physical vapor deposition (PVD) technique, atoms from a solid target are 

transported via gas phase and deposited on a substrate [87-88, 91]. Three common 

methods are used for the evaporation of solid targets: electron beam evaporation (EB-

PVD), where electric energy is converted into heat at the sample surface; sputtering 

process, where material is removed from a target (cathode) using positively charged ions 

of a noble gas (argon); and pulsed laser ablation, in which high laser intensity is used to 

evaporate the material from the target surface. The schematics of the different PVD 

techniques are shown in Fig. 1.11 [91]. 
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Table 1.5. Advantages and disadvantages of various fabrication techniques [87-92, 98]. 
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(a) (b)

(c)

          Table 1.5. (Continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.11. Schematics of physical vapor deposition techniques: (a) Electron beam (EB) 

PVD, (b) Sputtering, and (c) Laser ablation [Reprinted from reference 91 with 

permission]. 
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1.3.1.4. Chemical vapor deposition (CVD) 

In chemical vapor deposition, a precursor (generally metal halides and metal-

organic compounds with low vaporization temperature and high vapor pressure) is heated 

/decomposed to form active gas phase/species. The gaseous species transports into the 

reaction chamber and reacts to form the compounds on a substrate. Unlike PVD, 

chemical reactions and diffusion occur in CVD [98]. MOCVD refers to the CVD 

technique when metal- organic precursors are used for the deposition. Electrochemical 

vapor deposition (EVD) is another mode of CVD used to deposit dense ion or electron-

conducting oxide films on a porous substrate. EVD uses oxygen ion transport through an 

oxygen ion permeable membrane to enable the chemical reactions and subsequent 

deposition and growth of the oxides. The schematics of CVD and EVD techniques are 

shown in Fig. 1.12 [98]. 

 

 
(a) 
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Stage 1: Pore closure via CVD 

      ( )    ( )     ( )      ( ) 

Stage 2: Scale growth via EVD 

   ( )       ( )      

     ( )         ( )     ( )     

 

(b) 

 

Fig. 1.12. Schematics of (a) CVD, and (b) EVD techniques [Reprinted from reference 98 

with permission]. 

 

1.4. Lanthanum chromite (LaCrO3) based perovskites for OTM 

Despite having good electrical conductivity (0.6-1.0 S/cm at 1000°C) and 

superior chemical stability in a wide    
range (0.21-10

-22 
atm) at high temperature 

(~1000°C), undoped LaCrO3 is not suitable for OTM due to lack of ionic conduction and 

densification. To densify and obtain the desired thermal and electrical properties, dopants 

are introduced at A-site as well as B-site of lanthanum chromite. Sr and Ca are used as A-

site dopants while transition metals (Mn, Co, Fe, Ni, Ti, Cu, and Al) are considered for 
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B-site dopants. A-site dopants are generally acceptor type and enhance densification as 

well as electrical conductivity. B-site dopants are introduced to maintain thermal and 

crystal structure stability, and to further increase the electrical conductivity (induce 

oxygen vacancy for ionic conduction). Below are some general defect reactions (Kröger-

Vink notation) that can occur when LaCrO3 is doped at A-site with alkaline earth metals 

(A = Sr, Ca) and/or transition metals (M = Mn, Co, Fe, Ni, Ti, Cu, and Al) at B-site. 

These reactions modify the thermal-electrical-mechanical properties and stability of 

LaCrO3 based materials as explained later in the individual sections. 

1) When alkaline earth metal (A=Sr, Ca) is partially doped at A-site and/or B-site, 

and the material is exposed to oxidizing atmosphere: 

    
      

 
 
    

      
                                                              (7) 

where     
  refers to La

3+
 on La

3+
 sites,     

  refers to Cr
3+

 on Cr
3+

 sites,    
  is single 

negatively ( ) charged; A
2+

 is substituted on the La
3+

 site and     
  represent      on Cr

3+
 

site. The symbols   and · represents neutral and positive charges, respectively. When A
2+ 

partially substitutes La
3+

 at A-site, a single negative charge is induced and compensated 

by the            transition. 

2) When alkaline earth metal (A=Sr, Ca) is partially doped at A-site and/or B-site, 

and the material is exposed to reducing atmosphere: 
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where    
  is single negatively ( ) charged;  2+

 is substituted on the La
3+

 site,     
  refers 

to La
3+

 on La
3+

 sites,     
  refers to Cr

3+
 on Cr

3+
 sites,     

  represent      on Cr
3+

 site 

and   
   represent oxygen vacancy. The symbols   and · represents neutral and positive 

charges, respectively. When  2+
 is partially substituted at A-site and an induced negative 

charge on A is then compensated by the formation of oxygen vacancies. On the other side, 

     reduces to     and oxygen vacancies formation occur for charge compensation. 

3) When transition metal (M= Mn, Co, Fe, Ni, Ti, Cu, and Al) is partially doped at 

B-site and/or at A-site, and the material is exposed to oxidizing atmosphere: 

 

 
     

    M  
    

   M 
      (10) 

 

where M 
  refers to M

3+
 on M

3+
 sites, M 

  refers to M
4+

 on M
3+

 sites, and   
   refers to 

oxygen vacancy with two positive charges. Transition metals (e.g. Mn and Co) can exist 

in M
3+

 and M
4+

 valence state in oxidizing atmosphere, and the charge compensation 

occurs by oxygen vacancy. In addition, when A
2+ 

partially substitutes La
3+

 at A-site, a 

single negative charge is induced and compensated by the M    M   transition. The 

cation site vacancy formation can also occur for charge compensation of M
4+

 on M
3+

 site 

with an extra positive charge as shown below: 

 M 
   M 

     
                     (11) 

 

where M 
 , M 

  and   
    denotes M

3+
 on M

3+
 site leading to neutral (×) charge, M

4+
 on 

M
3+

 site with an extra positive (·) charge, and Mn
3+

 cation vacancy with three negative (´) 

charges respectively. 
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4) When transition metal (M= Mn, Co, Fe, Ni, Ti, Cu, and Al) is partially doped 

at B-site and/or alkaline earth metal (A) at A-site, and the material is exposed to 

oxidizing atmosphere: 

 

 
     

    M  
    

   M 
      (12) 

 

 
     

    M 
    

   M 
      (13) 

 

where M 
  refers to M

3+
 on M

3+
 sites, M 

  refers to M
4+

 on M
3+

 sites, M 
  refers to M

2+
 on 

M
3+

 sites, and   
   refers to oxygen vacancy with two positive charges. In reducing 

atmosphere, the oxygen vacancies formation occur for charge compensation when 

M  → M   and M  → M  . 

  While introduction of dopants successfully tailor the desired thermal expansion 

and electrical conductivity behavior, the mechanical integrity and thermochemical 

stability are compromised due to oxygen non-stoichiometry and resultant defect 

chemistry. The lattice volume of lanthanum chromite based perovskite increases during 

heating and decreases during cooling due to generation of oxygen vacancies by dopants 

(Eq. (8), (10) and (13)) and reduced oxygen partial pressure (    
), resulting in, 

respectively, compressive and tensile stress during thermal cycling. The OTM is also 

exposed to a stress gradient due to variation in lattice volume originating from the 

(   
) gradient. The type and level of dopants and oxygen non-stoichiometry on the 

mechanical properties of lanthanum chromite have been correlated in this review article. 

  The thermochemical stability of lanthanum chromite based perovskite is 

discussed from three aspects: bulk chemical stability, interface stability, and surface 
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segregation. The bulk stability mainly depends on the decomposition and/or formation of 

secondary phases in the doped lanthanum chromite. Interface stability depends on the 

interaction between lanthanum chromite and adjacent materials such as zirconia and ceria. 

Surface segregation is predominant for A-site dopants and dominated by defect chemistry. 

It is to note that oxygen flux determines the performance of OTM materials. The oxygen 

flux in a single phase, dense lanthanum chromite perovskite depends on the tolerance 

factor, ionic conductivity, oxygen non-stoichiometry, and defect chemistry introduced by 

dopants. 

     The effect of type and level of different A-site and B-site dopants on lanthanum 

chromite densification and properties has been critically analyzed in this review article in 

the individual sections below. The discussed properties include thermal expansion, 

electrical conductivity, mechanical property, thermochemical stability (bulk, interface, 

and surface) and oxygen flux. Apart from chemistry and structure, the effect of dopant 

induced oxygen non-stoichiometry and defect chemistry on each properties have also 

been evaluated. 

 

 1.4.1. Crystal structure and phase transition 

LaCrO3 is orthorhombic at room temperature and has three temperature dependent 

polymorphs: magnetic phase transition from an anti-ferromagnetic to a paramagnetic 

state at ~15 °C [99-101],
 
orthorhombic to rhombohedral transformation at ~ 260°C [100-

102], and rhombohedral to cubic structure at ≥1200°C [103-104]. The orthorhombic to 

rhombohedral phase transition (~ 260°C) leads to compression of the lattice with a 

volume contraction of ~0.138%
 
arising from the deformation and shrinkage of the 



  

35 

 

[CrO6]
6-

 octahedral [101]. The change in lattice volume can generate internal stress, 

contributing to mechanical failure during thermal cycling (start up and shut down). 

Dopants in LaCrO3 shift the phase transition temperature. Sr and Ca- dopants 

decrease the magnetic transition temperature due to a reduction in magnetic ordering 

arising from the change in lattice structure corresponding to the      (  )         (  ) 

transition for charge compensation (Eq. (14)) [102-106].
 
For example, magnetic transition 

temperature decreases by ~10°C for both La0.9Sr0.1CrO3 and La0.9Ca0.1CrO3 on doping 

[102-106]. When Sr
2+ 

(or Ca
2+

)
 
partially substitutes La

3+
 at A-site, a single negative 

charge is induced and compensated by the            transition as shown below: 

    
      

 
  
     

      
               (14) 

where     
  is single negatively ( ) charged; Sr

2+
 is substituted on the La

3+
 site and     

  

represent      on chromium site. The symbols   and · represent neutral and positive 

charges, respectively. 

 The charge neutrality in Sr or Ca-doped LaCrO3 can also be maintained by the 

creation of oxygen vacancies (Eq. (15)) which are pronounced in reducing atmosphere. 

Oxygen vacancies are also considered to produce larger deformations in the lattice and 

lower the magnetic ordering of Cr
3+

 to a greater extent. The magnetic transition 

temperature of La1-x(Sr/Ca)xCrO3-δ with oxygen deficiencies further decreases by ~10°C 

for x=0.1 [105-106]. 

     
     

  
  
      

    
   

 

 
                           (15) 
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where     
  is single negatively ( ) charged; Sr

2+
 is substituted on the La

3+
 site and   

   

represent oxygen vacancy. The symbols   and · represents neutral and positive charges, 

respectively. Similar to Eq. (14), Sr
2+

 is partially substituted at A-site and an induced 

negative charge on Sr is compensated by the formation of oxygen vacancies in reducing 

gas atmosphere. 

The orthorhombic to rhombohedral phase transition temperature (~ 260°C) of 

alkaline earth metal- doped LaCrO3 is found to be dependent on the average ionic radius 

(rA) of the A-site. The average ionic radius for La1-x(Sr/Ca)xCrO3 can be calculated by 

using Shannon’s effective ionic radii in below equation [107]: 

   (   )                    (16) 

where       is the ionic radius of alkaline earth metal ions (Sr/Ca). 

 The average ionic radius of La0.9Sr0.1CrO3 is 0.1368 nm and the rhombohedral 

phase transition temperature is ~42°C. For La0.9Ca0.1CrO3, the average ionic radii is 

0.1342 nm and the transition temperature is ~307°C due to the smaller ionic radii of Ca
2+

 

(0.134nm) compared to Sr
2+

 (0.144 nm). The transition temperature shifts below room 

temperature (-173°C) for La1-xSrxCrO3 (x≥0.2) [105]. Smaller the average ionic radius, 

higher is the transition temperature of alkaline earth doped LaCrO3 as shown in Fig. 1.13. 

Substitution of La
3+

 with Ca
2+

/Sr
2+

 alkaline earth ions changes oxidation state of 

chromium ion (Cr
3+
→Cr

4+
 ) to maintain charge neutrality, leading to rearrangement of 

constituent ions in the crystal structure of La1-x(Ca/Sr)xCrO3 with decreasing (Cr
4+

/Cr
3+

) 
 
  

O
2-

 and O
2-
   O

2-
 ionic distances [105-106]. The ionic distances decrease and [CrO6]

-6
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octahedral units shrink with increase in the Ca/Sr-content; leading towards the 

orthorhombic to rhombohedral phase transformation [105]. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.13. Orthorhombic to rhombohedral phase transition temperature versus A-site 

average ionic radii (rA) for La1-x(Sr/Ca)xCrO3 (Reproduced from reference 105 with 

permission). 

 In addition to A-site dopants, the B-site dopants can also effect the phase 

transformation of LaCrO3. However, the knowledge of B-site dopants effects on the 

phase transformation and transition temperatures is limited in the literature as mentioned 

here. For La(Cr,Ni)O3 or LaCrO3-LaNiO3 system, it is noticed that the LaCrO3 

orthorhombic structure is maintained up to 60% Cr is replaced by Ni. However, the 

structure changes to rhombohedral with further increase in Ni content [108]. This is 

probably due to the formation of oxygen vacancies into the lattice of LaCrO3 for the 

compensation of Ni
2+

. With increase in nickel content, oxygen vacancies increases and 



  

38 

 

reaches a saturation point where the perovskite structure does not allow any more oxygen 

defects formation. This stage is reached at a 40 mole percent (m/o) of LaNiO3 content. 

On further doping, Ni
3+

 formation occurs for charge compensation with linear decrease in 

the lattice parameter and rhombohedral phase formation [108]. 

 In case of A and B-site simultaneously doped La0.75Sr0.25Cr0.5Mn0.5O3, the 

existence of cubic phase is observed like undoped LaCrO3 at high temperature (≥1000ºC). 

Using high-temperature neutron diffraction, it is identified that La0.75Sr0.25Cr0.5Mn0.5O3 

exists in rhombohedral (  ̅ ) phase up to 400°C [109]. However, the main peak splitting 

corresponding to rhombohedral phase decreases at ≥ 500°C and become insignificant 

when the temperature approaches 1000°C. The peak splitting disappearance with increase 

in temperature corresponds to less distortion of the lattice and a higher symmetry phase 

i.e. cubic (    ̅ ) formation. This indicates co-existence of cubic phase with 

rhombohedral. The fraction of cubic phase is calculated as 85.5% at 1000°C using 

Rietveld analysis and the transition of   ̅  →    ̅  is tend to complete at 1100°C 

[109]. The reason for the phase transformation is not known. However, it could be due to 

the possible existence of different valence state of Mn (+2, +3 and +4). This leads to form 

oxygen vacancies for the charge compensation (Eq. (12) and (13)), and may result into 

less distortion of the lattice at higher temperature. 

Distortion of the perovskite lattice and change in crystal structure from lower to 

higher symmetry or vice-versa can also be explained using tolerance factor. The tolerance 

factor of perovskite determines their symmetry and approaches one for ideal cubic 

symmetry. The tolerance factor of LaCrO3 is <1 (t = 0.968, according to Eq. (6)). The use 
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of alkaline earth metals as the A-site dopant tend to increase the tolerance factor and 

symmetry of LaCrO3 [57-58, 82]. The B-site dopants (transition metal) also tune the 

tolerance factor but are used mainly to tailor redox properties [110-111]. This 

corresponds to the change in average ionic radii of the A-site and B-site on doping. 

Initially, the average A-site ionic radius (rA) for undoped LaCrO3 is 0.136 nm. On 

substitution, it increases to 0.1368 nm for La0.9Sr0.1CrO3 based on Shannon’s ionic radii 

formula. As the rA increases, the tolerance factor will also increase according to the Eq. 

(6). For instance, tolerance factor of La0.9Sr0.1CrO3 increased to 0.981 from 0.968 on 

doping LaCrO3. Subsequently, the lower symmetry orthorhombic phase transforms to 

higher symmetry rhombohedral structure at lower temperature i.e. ~42ºC rather than 

~260ºC [105]. On the other hand, the phase transformation increases to ~307°C from 

~260ºC for La0.9Ca0.1CrO3 [105]. This is because, the tolerance factor of LaCrO3 

decreases to 0.962 from 0.968 when partially substituted with Ca. The tolerance factor of 

LaCrO3 can be further improved by doping with transition metals (M = Mn, Ni, Al etc.) 

at the B-site of La0.9Sr0.1Cr0.9M0.1O3 as shown in Fig. 1.14 [112]. However, the symmetry 

is reduced when doping with Mg, Ti and Fe. The reason is not well understood. This 

might be due to a large distortion of the [CrO6]
6-

 octahedral in perovskite structure 

resulting in a lower tolerance factor, depending on their ionic radii and valence state of 

dopants. 
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Fig. 1.14. Tolerance factor (t) of La0.9Sr0.1Cr0.9M0.1O3 (M = Mg, Al, Ti, Mn, Fe, Co, Ni)]. 

The broken line corresponds to La0.9Sr0.1CrO3 tolerance factor [Reprinted from reference 

[112 with permission]. 

 

1.4.2. Sintering 

 A dense, pore and crack free OTM is required for oxygen ion and electron 

transport through the bulk, prevention of air/fuel gas mixing, and leakage. Sintering is a 

process by which densification occurs at high temperature by atomic level mass transport. 

An OTM fabricated by any abovementioned techniques requires sintering step. 

The relative density of LaCrO3 sintered at 1450°C-1600°C in air is ~50% with a 

porous microstructure (Fig. 1.15a) [113-115]. The poor sinterability of LaCrO3 is due to 

volatilization of chromium species (CrO3, CrO2, CrO) among which CrO3 is the 

predominant vapor species above 1000
o
C [116-118]. The chromium species evaporated 
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from the bulk condenses at irregular contact points (grain boundaries) of higher surface 

energy and deposit as Cr2O3 at the inter-particle necks as shown in the SEM micrograph 

in Fig. 1.15b. As a result, further atomic diffusion (driving force for densification) 

impedes and the inter-particle neck grows leading to porous microstructure [113]. The 

mechanism of CrO3↑ formation and Cr2O3 deposition is given in the following reaction 

[118]: 

      Cr2O3 +3/2 O2 ↔ 2CrO3↑                         (17) 

Few approaches have been considered to improve the densification of LaCrO3: 

reduced sintering atmosphere, liquid phase sintering, and addition of various A-site and 

B-site dopants. In reducing atmosphere, the vapor pressure of CrO3 decreases 

significantly. For example, it decreases from ~10
-6

 to 10
-17

 atm when     
 decreases from 

~1 to 10
-15

 atm (calculated using HSC Chemistry 6.0). Subsequently, Cr2O3 deposition at 

the inter-particle necks is inhibited resulting in higher densification [119]. 

In case of liquid phase sintering, a secondary phase of lower melting point assists 

in further densification of LaCrO3 [118]. The liquid phase wets the solid particles/grains, 

disintegrates and dissolves the particles due to capillary force, and enhances the mass 

transfer through the liquid phase; resulting in higher densification [121]. 

 

1.4.2.1. Role of dopants 

Addition of A-site and B-site dopants are used to enhance densification. Most 

commonly used A-site dopants are calcium and strontium. Many researchers have 

investigated the densification mechanism of LaCrO3 by alkaline earth metals (Ca, Sr) 

substitution at A-site [114-115, 122-125]. It is observed that A-site dopants enhances 
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LaCrO3 sintering by the formation of liquid phase (CaCrO4/SrCrO4) which dissolves 

back into the lattice with increase in temperature. Further enhancement on densification 

of LaCrO3 can be achieved by B-site doping with transition metals (Mn, Ni, Co and Fe) 

[124-125]. Transition metals assist densification by cation vacancies formation which 

facilitates mass transport (Eq. (11)) or lowering the melting temperature of liquid phases 

facilitating liquid phase sintering. Detailed information is provided on the effect of A and 

B-site dopants on densification of LaCrO3 in individual sub-sections below. 

 

 

 

 

 

 

 

 

                                                                    (a) 

 

 
 

(b) 

 

Fig. 1.15. Microstructures of LaCrO3 sintered at 1450°C in air for 10 h: (a) lower 

magnification to show the porosity, (b) higher magnification with Cr2O3 deposition at 

inter-particle neck [113]. 
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1.4.2.1.1. A-site dopants 

Mori et al. [114] have shown the effect of alkaline earth metals (Ca, Sr) 

substitution on LaCrO3 densification. It has been observed that the liquid phase CaCrO4 

starts to form at ~1000°C for Ca-doping in La1-xCaxCrO3 (0 ≤ x ≤ 0.3). The liquid phase 

wets the solid particles and enhances the densification. At high temperature (1230-

1330°C), the CaCrO4 phase re-dissolves into the chromite matrix according to the below 

reaction: 

                      (      )                          (   )   (18) 

where AE stands for alkaline earth metals i.e. Sr or Ca.  

 

The density increases with increase in dopant concentration (0 ≤ x ≤ 0.3) at 

1600°C in air. The highest density of ~68% is achieved for x = 0.3 in La1-xCaxCrO3 

sintered at 1600°C in air for 20 h [114]. To further improve the density, both A-site 

excess and A-site deficient La0.7CaxCrO3 (0.25 ≤ x ≤ 0.35) are studied [124]. The A-site 

deficient (x = 0.28, 0.29) Ca-doped lanthanum chromite provides <60% density even at 

1550°C. Formation of transient liquid phase (CaCrO4) leads to the partial densification 

(<60%) of the material between 850 and 1100°C for A-site deficient La0.7CaxCrO3 (0.25 

≤ x ≤ 0.30). The A-site excess (x = 0.31, 0.32) Ca-doped LaCrO3 shows >90% at 1400°C. 

For A-site excess La0.7CaxCrO3 (0.30 < x < 0.35), another phase namely Ca3(CrO4)2 

forms at 1090°C in addition to CaCrO4. Melting of Ca3(CrO4)2 at ≤1253°C helps in 

further densification (>90%) of the material by liquid phase sintering. Both the secondary 

phases re-dissolve into the chromite after densification as temperature increases. Fig. 1.16 

shows the SEM micrograph for (La0.6Ca0.4)1.02CrO3 (>95% dense) heated to 1350°C (2h) 
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and air quenched to room temperature (RT) [128]. A comparative plot of A-site deficient, 

stoichiometric and A-site excess Ca-doped LaCrO3 in Fig. 1.17 shows variation in 

density with calcium content (x) at ~1600°C [114-115, 123]. The variation in results is 

mostly due to the varying composition with different Ca-content. The density increases 

with increase in x due to the formation of lower melting phases: CaCrO4 for A-site 

deficient and both CaCrO4 and Ca3(CrO4)2 for A-site excess La0.7CaxCrO3 (0.25 ≤ x ≤ 

0.35). Consequently, A-site excess doped LaCrO3 has higher density. 

 
 

Fig. 1.16. SE- micrograph for (La0.6Ca0.4)1.02CrO3 heated to 1350°C (2h) and air 

quenched to RT [Reprinted from reference 128 with permission]. 

 

Fig. 1.17. Relative density of A-site (Sr,Ca) doped LaCrO3 vs x in La1-x(Sr/Ca)xCrO3 at 

1600°C [114-115, 123]. 
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Similarly, the partial substitution of La by Sr in the material (La1-xSrxCrO3) 

enhances densification due to the formation of SrCrO4 phase (melting point ~1256°C) 

[114, 122]. For x = 0.3 in La1-xSrxCrO3, the density is ~ 65% at 1600°C [114].
 
Simner et 

al. [122] have provided the sintering mechanism for (La0.7Sr0.3)xCrO3 (0.95 ≤ x ≤1.05) in 

air between 1100-1700°C. A-site deficient (x<1) (La0.7Sr0.3)xCrO3 shows formation of 

only one lower melting phase i.e. SrCrO4 at 1250°C while both phase SrCrO4 and 

Sr2.67(CrO4)2 phases form for A-site excess (x>1) (La0.7Sr0.3)xCrO3.  The highest density 

(>80%) was observed by (La0.7Sr0.3)xCrO3 (x = 1.01) at 1400°C. Fig. 1.17 shows the 

density increase in LaCrO3 with doped Sr-content at 1600°C. Ding et al. [128] have also 

shown similar results for La0.85(AE)0.15CrO3 (AE = Ca, Sr) densification. 

The effect of simultaneous Sr and Ca doping on the LaCrO3 sintering further 

increases the density [130]. For example, the density of La0.75Ca0.25CrO3, La0.75Sr0.25CrO3, 

and La0.75Ca0.10Sr0.15CrO3 sintered at 1400°C for 24 h in air are 70%, 73%, and 84%, 

respectively. The possible reason is the formation of different liquid phases (SrCrO4, 

Sr2.67(CrO4)2, CaCrO4, Ca3(CrO4)2) at different temperatures enhancing the mass 

transport and subsequent densification. 

 

1.4.2.1.2. A and B-site dopants 

Another possibility of improving densification is the transition metals substitution 

at B-site of Sr-doped LaCrO3 [124,127, 129]. It has been suggested that the secondary 

phases with variable melting temperature form due to reaction of transition metals with 

SrCrO4 [126].
 
These liquids have higher wettability and lower viscosity which facilitate 

liquid phase sintering. The B-site doping can also lead to the formation of cation 
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vacancies (Eq. (11)) which can increase atomic diffusion and subsequent densification. In 

addition, the transition metal (B-site) dopants can increase the densification due to the 

higher diffusion coefficient of the transition metals. 

Recently, it is notified that calcination temperature of Sr (A-site) and Fe (B-site) 

doped lanthanum chromite plays an important role on the densification of La0.8Sr0.2Cr1-

xFexO3-δ (x = 0.1-0.5) [120].
 
The amount of SrCrO4 increases with decrease in calcination 

temperature. Higher amount of SrCrO4 was detected when the calcination temperature 

decreased from 1200ºC to 900ºC. This is due to low solubility of SrCrO4 at lower 

temperatures. Therefore, higher densities (84-97%) of sintered (1400°C) La0.8Sr0.2Cr1-

xFexO3-δ (x = 0.1-0.5) were obtained when calcined below 1200ºC due to the presence of 

higher amount of liquid phase. The density of La0.8Sr0.2Cr1-xFexO3-δ increases with 

increase in Fe-dopant level. For instance, the density increases from ~84% (x = 0.1) to 

~97 (x = 0.5). On the other hand, the amount of SrCrO4 decreased with increase in Fe-

doping level from 5.8 mol % (x = 0.1) to 2.7 mol % (x = 0.5) in the calcined samples at 

1000ºC [120]. The reason for the variation in the amount of SrCrO4 with increase in Fe-

doping level is not provided. However, it could be due to the higher amount of Fe doping 

stabilizes the perovskite phase at lower temperature and therefore, suppresses the ex-

solution of SrCrO4. 

Simner [126] and Ding et al. [129] have provided detailed experimental analysis 

on sinterability of transition metal doped La0.85Sr0.15Cr1-xMxO3 (M = transition metal). 

The density comparison of various transition metal doped La0.85Sr0.15Cr1-xMxO3 (M=Ni, 

Co and Cu) is shown in Fig. 1.18 [126, 129]. The density increases with increase in 
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temperature (1300-1650°C). Nickel, cobalt, and copper have significant effect on the 

densification [126, 129, 131]. The trend shows nickel substitution provides the highest 

density. It is postulated that the transition metal decreases the formation melting 

temperature of liquid phases in La0.85Sr0.15Cr1-xMxO3 and enhance densification although 

no evidence is available [132]. 

Koc et al. [133] have shown the increased densification of La0.9Sr0.1Cr1-xMnxO3 

when Cr is partially substituted with Mn as shown in the micrograph (Fig. 1.19). The 

increase in density from ~78% for x = 0.5 to ~95% for x = 0.7 at 1475°C is suggested due 

to the presence of higher Mn
4+

 ions resulting in more cation site vacancies facilitating 

mass transport [133]. The defect reaction for the formation of cation site vacancies on 

Mn
3+

 to Mn
4+

 transition can be written as: 

 

 M   
   M   

      
                 (19) 

 

where M   
 , M   

  and    
    denotes Mn

3+
 on Mn

3+
 site leading to neutral (×) charge, 

Mn
4+

 on Mn
3+

 site with an extra positive (·) charge, and Mn
3+

 cation vacancy with three 

negative (´) charges respectively. 
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Fig. 1.18. Relative density of A-site (Sr) and B-site (Ni, Co and Ni) doped LaCrO3 vs 

temperature and x in La0.85Sr0.15Cr1-xMxO3 (M=Co, Cu, Ni) [126, 129]. 

 

 
 

Fig. 1.19. SE-micrograph of La0.9Sr0.1Cr0.3Mn0.7O3 sintered at 1475°C for 48h [Reprinted 

from reference 133 with permission]. 

 

1.4.3. Oxygen non-stoichiometry 

 Undoped lanthanum chromite is a stoichiometric oxide at least upto 1000°C and 

0.21-10
-20

 atm     
range [134-135].

 
On tailoring LaCrO3 composition by dopants, 

deviation of oxygen content is often observed to maintain the charge neutrality in the 

crystal structure and thermodynamic equilibrium [47, 136-137]. The deviation of oxygen 

content, δ, is known as oxygen non-stoichiometry. For example, 20 mol% Ca doping 

creates 1.2 mol% oxygen vacancies (Eq. (8)) [99]. Increment in oxygen deficiency with 

reducing    
 is due to generation of higher oxygen vacancies. However, only reducing 

atmosphere is not responsible to induce detectable oxygen vacancies in doped LaCrO3 
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[111,134]. This may be attributed to the bonding and packing structure of doped LaCrO3 

[137]. 

 The stability of the material tends to decrease with increase in δ due to the lattice 

expansion and stress generation in presence of the oxygen vacancies. This may lead to 

failure of the membrane when the vacancies are present in excess. Dissociation of the 

chromite based materials is also possible due to large variance in δ [138]. 

 

1.4.3.1. A-site dopants 

 Fig. 1.20a shows the effect of type and amount of dopants, and    
 on oxygen 

non-stoichiometry while Fig. 1.20b shows the temperature effect [138-142]. A general 

trend is followed. The amount of oxygen non-stoichiometry increases with dopant 

concentration, temperature and     
. On partial substitution of lanthanum (La

3+
) with 

alkaline earth metals (Sr
2+

/Ca
2+

) to form La1-xSrxCrO3-δ, a loss of positive charge is 

compensated by Cr
3+
→ Cr

4+
 (Eq. (14)) in oxidizing atmosphere. However, the Cr

4+
 

reduces to Cr
3+

 in reducing atmosphere and the charge compensation is occurred by the 

formation of oxygen vacancy (Eq. (9)). 

 With increase in dopant (Sr and Ca) concentration, oxygen vacancies 

concentration also increases to maintain the charge electro-neutrality in reducing 

atmosphere. The oxygen non-stoichiometry (δ) deviation increases further with increase 

in temperature and decrease in    
as shown in Fig. 1.20b [140]. Oxygen vacancies 

(oxygen non-stoichiometry) promote oxygen ion conduction. Therefore, the increase in 

oxygen vacancies corresponds to increase in oxygen ion conductivity of Ca/Sr doped 
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LaCrO3 with decrease in    
. For instance, the ionic conductivity of La0.9Ca0.1Cr1.03O3-δ 

increases from 1.59×10
-6

 to 3.53×10
-5

 S cm
-1

 when    
 decrease from 0.21 to 10

-15
 atm at 

1015°C, respectively. Similarly, Sr-doped La0.87Sr0.13Cr1.03O3-δ oxygen ion conductivity 

increases from 4.01×10
-6

 S cm
-1

 at    
~ 0.21 atm to 1.95×10

-5
 S cm

-1
 at    

~ 10
-15

 atm 

and 1015°C. 

 It is to note that the type of commonly used A-site dopants i.e. Sr and Ca has no 

distinct effect on oxygen non-stoichiometry (Fig. 1.20a) and a saturation value in oxygen 

stoichiometry is observed at half of the substituents, i.e., x/2. Also, there is no significant 

difference in the oxygen ionic conductivity of Sr/Ca doped LaCrO3 at different    
. This 

means the defect reaction kinetics is same for both the dopants [140]. 

                

1.4.3.2. B-site dopants 

 For B site dopants, no specific relation between oxygen non-stoichiometry with 

type and concentration can be drawn because of limited information [138]. Unlike A-site 

dopants, the oxygen non-stoichiometry varies differently depending on the type of B-

dopants. At 800°C and    
<10

-10
 atm, the amount of oxygen nonstoichiometry increases 

in the order of Ni>Co>Mg>Fe>Ti for 10 mol% B-site doping [138]. No significant 

variation in oxygen non-stoichiometry is observed for LaCr0.9Ti0.1O3-δ perovskite at 

800°C in the wide range of    
(~10

-5
-10

-20
 atm) [138]. This is associated with no change 

in the valence state of titanium
 
in the perovskite. Fig. 1.20c shows the deviation in δ for 

B-site doped LaCr0.9M0.1O3-δ (M = Fe, Ni and Co) at 1000°C in the    
 range of ~10

-5
-10

-

20
 atm. Comparatively, less deviation in δ is observed for Fe than Ni and Co-doping. 
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However, the oxygen stoichiometry for Ni and Co dopants is comparable as shown in Fig. 

1.20c. The possible reason is the existence of different oxidation state of B-site dopants. 

For instance, cobalt exists in mixed valence state i.e. Co
2+

/Co
3+

 [138]. On the other hand, 

the reduction of Co
3+
→Co

2+
 also leads to the formation of oxygen vacancies for the 

charge balance in reducing gas atmosphere. 

Point defects including oxygen vacancies in oxides may interact with lattice ions 

and other defects by columbic attraction with negative ions/cation vacancy resulting in 

the formation of localized defect cluster, repulsion between similarly charged 

ions/defects, and localized change in energy bandwidth [136, 137, 143, 144]. Interaction 

of oxygen vacancy with lattice is proven for doped LaCrO3 but the type and extent of 

interaction has not been understood [139]. The interaction of defects among themselves 

and lattice depends on dopant type and level. The interaction is stronger for B-site 

dopants than A-site dopants [138-139, 141]. This suggests that the defect reaction 

kinetics for B-site doping is more complex than A-site doping. 

 

1.4.3.3. A-site and B-site dopants 

 No specific trend is observed for type and concentration for simultaneous A and 

B-site doped LaCrO3 [141, 145, 146-148]. For example, oxygen non-stoichiometry 

increases with increase in Al doping for 10 mol% Ca-doped LaCrO3 but decreases with 

increasing Ti doping in 30 mol% Sr doped LaCrO3 [141, 145]. Al exists only in Al
3+

 state. 

Subsequently, Al will create oxygen vacancies by substituting Cr
4+

 ions in doped LaCrO3, 

resulting in increasing oxygen non-stoichiometry with Al content for La0.9Ca0.1Cr1-

yAlyO3-δ [145]. On the other hand, Ti may exist in Ti
3+

 and Ti
4+

 valance states [148]. 
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Depending on Cr
4+

 amount in LaCrO3, there will be a redox reaction involving Ti and Cr 

valance change compensating the charge balance associated with partial molar free 

energy, sufficient to reduce significant oxygen vacancies [137, 148]. Fig. 1.20d shows the 

change in oxygen non-stoichiometry for simultaneously doped La0.7Sr0.3Cr1-xTixO3-δ (x = 

0.1-0.3) and compared with only A-site doped La0.7Sr0.3CrO3-δ at 1000°C in the     range 

of 0.21 – 10
-20

 atm. It is observed that the simultaneously Sr (A-site) and Ti (B-site) 

doped La0.7Sr0.3Cr1-xTixO3-δ (x = 0.1-0.3) shows less deviation from oxygen stoichiometry 

when compared to Sr-doped La0.7Sr0.3CrO3-δ. This is associated with the existence of Ti
4+

 

acting as donor dopant which can compensates for the loss of the positive charge for Sr
2+

 

rather than oxygen vacancy formation in reducing gas atmosphere [143]. With increase in 

Ti doping, the deviation goes further down (Fig. 1.20d) due to increase in Ti
4+

 and donor 

dopant. 

 Fig. 1.20e shows the comparison of oxygen non-stoichiometry of 

La0.75Sr0.3Cr0.7Ti0.3O3-δ, La0.75Sr0.25Cr0.5Mn0.5O3-δ, and La0.75Sr0.25Cr0.5Fe0.5O3-δ as a 

function of     
(~1-10

-25
 atm) at 1000ºC [141]. It is observed that Sr and Ti 

simultaneously doped La0.75Sr0.3Cr0.7Ti0.3O3-δ does not show any significant deviation 

from oxygen stoichiometry when compared to La0.75Sr0.25Cr0.5Mn0.5O3-δ and 

La0.75Sr0.25Cr0.5Fe0.5O3-δ. This is because Mn and Fe can exist in different valence state of 

4+, 3+ and 2+. Due to the change in valence state of Mn/Fe, the charge compensation 

occurs by oxygen vacancies formation in the LSCM/LSCF perovskite lattice, resulting in 

larger deviation from oxygen stoichiometry. For instance, this is shown in Eq. (20) and 

(21) for LSCF perovskite [141]. 
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                                                                                                                                     (20) 

 

                                                                                                                                     (21) 

where     
  refers to Fe

3+
 on Fe

3+
 sites,     

  refers to Fe
4+

 on Fe
3+

 sites,     
  refers to 

Fe
2+

 on Fe
3+

 sites, and   
   refers to oxygen vacancy with two positive charges. 
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Fig. 1.20. Oxygen non-stoichiometry of La1-xAxCr1-yByO3-δ: a) A-site (Sr/Ca) doping; b) 

variation with temperature, c) B-site doping (Fe/Ni/Co), and d) Simultaneous A (Sr) and 

B-site (Ti) doping e) Simultaneous A (Sr) and B-site (Ti/Mn/Fe) at 1000°C [138-142]. 

 

According to the above oxygen non-stoichiometry discussion, it would be 

beneficial to dope lanthanum chromite based material with Sr and Ti dopants at A-site 

and B-site respectively for higher redox stability of OTM. On the other hand, it is known 

that oxygen ion conductivity increases with increase in oxygen vacancies or decrease in 

   
. For example, (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ ionic conductivity increases from 

3.1×10
-5

 to 2.2×10
-4

 when    
 decrease from 0.21 to 10

-15
 atm at 950°C, respectively. 

[149] The corresponding transference number (the fraction of the total current carried by 

a given ion (O
2-

) in OTM,      
    

        
) also increases from 8.9×10

-7 
to 5.6×10

-5
 S cm

-1 

with increase in oxygen ion conductivity, respectively. The oxygen vacancies also 

increase with increase in dopant level. For instance, the ionic conductivity of 

(La0.75Sr0.25)0.95Cr1-xFexO3-δ is 0.056 S cm
-1

 (x = 0.3, δ = 0.16) and 0.079 S cm
-1

 (x = 0.4, δ 

= 0.19) at 950ºC and     
~10

-17
 atm [33]. Similarly, the transference number increases 

from 0.04 to 0.15, respectively. With increase in Fe-doping level, the ionic conductivity 

increases due to increase in oxygen vacancy concentration. It is noted that higher ionic 

conductivity and transference number is obtained for Fe-doping. This could be due to the 

variation in the disproportion of valence state of Mn/Fe and oxygen vacancies formation.  

This suggests that Fe doping at B-site would be more beneficial over Mn-doping 

to induce mixed ionic-electronic conductivity in lanthanum chromite based materials. 
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However, Ti-doping would be suitable from redox stability point of view. From author’s 

perspective, it is suggested to use co-doping of transition metal (e.g. Fe) at B-site with Ti 

to obtain mixed conductivity and redox stability at the same time. However, an in-depth 

study is required to understand the co-doping effect and optimize doping level. 

Microscopic level change in crystal lattice due to oxygen non-stoichiometry significantly 

affects LaCrO3 properties such as thermal expansion, electronic and ionic conductivity, 

catalytic property for oxygen reduction, and thermo-mechanical and thermochemical 

stability [33, 111, 134, 136-137, 142, 146-152]. The effect of oxygen non-stoichiometry 

on LaCrO3 properties will be discussed in subsequent sections. 

 

1.4.4. Thermal expansion 

LaCrO3-based perovskites are in contact with fluorite phases such as YSZ (yttria-

stabilized zirconia), ScSZ (scandia stabilized zirconia) or GDC (gadolinium doped 

cerium oxide) in dual phase composite OTM and adjacent component layers 

(intermediate and surface exchange layers) consisting of perovskite-fluorite composites 

[153-154]. Thermal expansion mismatch between LaCrO3-based perovskites and the 

adjacent materials can lead to thermal stress (σ) according to the equation [155] below: 

  
 

   
  (    )                (22) 

where,    is the Young modulus and   is the Poisson ratio of the LaCrO3 based 

perovskites,    is the difference in thermal expansion coefficient (TEC) between LaCrO3 

based perovskite and the adjacent material, T is the operating temperature and    is the 

stress free temperature. The fabrication temperature is generally considered as    which  
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can be the operating temperature if the stress is relaxed due to material deformation. If T 

<   , compressive and tensile stress will be developed, respectively, for positive and 

negative value of   . Cracks and warpage may develop at the interfaces of adjacent 

materials and components due to thermal stress, leading to gas leakage and mechanical 

failure during operation and thermal cycling during start up and shut down. The tolerable 

TEC difference is ~1.0 ×10
-6 

°C
-1

 [156-157]. The fluorite phase considered for OTM is 

either YSZ or GDC or ScSZ. The thermal expansion coefficient (TEC) of 8YSZ (8 mol % 

yttria doped zirconia) is ~10.3×10
-6

 °C
-1

 up to 1000°C under both oxidizing and reducing 

atmosphere [112, 158]. The TEC of GDC20 (20 mol % gadolinium doped ceria) and 

8ScSZ (8 mol % scandia doped zirconia) are ~12.9×10
-6

 °C
-1

 and 11.9×10
-6

 °C
-1

 in the 

temperature range of 50-900°C and 370-1000°C, respectively [159-160]. However, in 

GDC, Ce
4+

 reduces to Ce
3+

, and the charge compensation occurs by the formation of 

oxygen vacancies as shown in the below redox reaction: 

     
    

   
 

 
  ( )    

         
                      (23) 

where     
  refers to Ce

4+
 on Ce

4+
 site,     

  refers to Ce
3+

 on Ce
4+

 site, and   
   refers to 

oxygen vacancy with two positive charges. 

It indicates that GDC is not very stable in reducing atmosphere due to the oxygen 

vacancies formation leading to significant increase in lattice expansion. This generates 

micro-cracks as well as pin holes on the surface and at the fracture of GDC electrolyte. 

[161] Yttria-stabilized zirconia (YSZ) is one of the most common oxygen ion conductive 

and stable material which can be used as a fluorite phase in oxygen separation membrane 

and the other layers [42, 162-163]. 



  

58 

 

For the above reason, the lanthanum chromite based membranes are expected to 

have similar thermal expansion coefficient (TEC) as fluorite phase (YSZ). However, the 

average TEC of LaCrO3 was measured in the range of 8.1-8.6×10
-6

 °C
-1

 in both air and 

H2 atmosphere in the temperature range of 50-1000°C [99, 112, 134, 162]. The thermal 

expansion coefficient of LaCrO3 is 4.6 ×10
-6

 °C
-1

 and 9.4 ×10
-6

 °C
-1

 in the temperature 

range of ~40-275°C and ~290-1050°C respectively [165]. Recently, the change in TEC 

due to high temperature cubic phase formation at ~1300°C is reported as 9.8×10
-6

 °C
-1

 in 

the temperature range of 1100-1395°C [113]. 

Under OTM operating conditions, the TEC of lanthanum chromite based material 

can be influenced by three factors: change in valence state and ionic radius of dopant, 

oxygen nonstoichiometry or oxygen loss, and decrease in elastic modulus or interatomic 

bond strength [112]. The variation in valence state of cation-dopant changes the ionic 

radii of the cation and increases/decreases the lattice dimension [166]. Oxygen 

nonstoichiometry or oxygen loss introduces oxygen vacancies into the lattice, resulting in 

the lattice expansion [166]. Dopants in LaCrO3 can result into deformation of chromium-

oxygen polyhedral and weakens the Cr-O covalent bond linkages. The decrease in inter-

atomic bond strength or elastic modulus could increase the probability of the lattice to 

expand more on increasing the temperature and lead to higher thermal expansion. The 

TEC of doped-LaCrO3 depends on the type and level of dopants. Therefore, dopant type 

and their concentration are needed to control the TEC and stability of the membrane 

material under the OTM operation conditions. 
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1.4.4.1. A-site dopants 

Alkaline earth metals, Ca (0.134 nm) and Sr (0.144 nm) have comparable ionic 

radii to La
3+

 ion (0.136 nm) [167]. When LaCrO3 is doped at A-site by divalent alkaline 

earth metals (Ca, Sr), the La
3+

 ions are substituted by Ca
2+

/Sr
2+

. To maintain the 

electroneutrality, the decrease in positive charge is compensated by a change in valence 

state of chromium from Cr
3+

 to Cr
4+

 (Eq. (14)), resulting in the lattice contraction due to 

change in ionic radii (            ). In reducing atmosphere, the charge is compensated 

by the formation of oxygen vacancies (Eq. (15)) resulting into an increase in thermal 

expansion. This can also be due to increase in cation-cation repulsion as in-between 

bridging oxygen ion is removed (oxygen vacancy formation) [168]. Fig. 1.21 shows the 

TEC of La1−x(Sr/Ca)xCrO3 with various dopant concentrations (x = 0.1-0.3) and YSZ in 

air and H2 atmosphere in the temperature range of 50-1000°C [112, 129, 134, 169]. The 

TEC of both Sr and Ca doped LaCrO3 increases with increase in dopant concentration. 

This is explained by the increase of the thermal expansion coefficient of O
2-
–O

2-
 and Cr

3-

–O
2-

 distances using molecular dynamics calculation [103]. However, the TEC variation 

for La1−xCaxCrO3 is significantly larger than La1−xSrxCrO3. According to Fig. 1.21, 

La1−xSrxCrO3 (x ~ 0.1) appears to be a promising candidate with comparable TEC as YSZ 

(~10.3×10
-6

 °C
-1

) in both air and H2 atmosphere. It is noted that there is a variation in the 

thermal expansion coefficient of same composition reported by different authors. The 

reason for the variation is not known. Sr-doped LaCrO3 is more preferred than Ca due to 

comparable TEC with YSZ [132]. 
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Fig. 1.21. Thermal expansion coefficient of La1-x(Sr/Ca)xCrO3 in air and H2 with 8YSZ 

[112,129,134,169] 
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Transition metals (Mn, Ni, Fe, Co, Al and Ti) as B-site dopant also tune the TEC of 

LaCrO3 based perovskites [112, 169-171]. The mechanism for change in the thermal 

expansion of La1-xSrxCrO3 doped with transition metal can be explained by varying 

average ionic radius of B-site dopants [112, 132]. Mori et al. [112] have illustrated the 

same by plotting the subtracted TEC of La0.9Sr0.1Cr1-xMxO3 (x = 0.05 ; M = Mg, Al, Ti, 

Mn, Fe, Co, Ni) from La0.9Sr0.1CrO3 in the temperature range of 50-1000°C versus ionic 

radii of B-site dopant in air and H2 atmosphere as shown in Fig. 1.22a and b, respectively. 

The increment in TEC is the most for cobalt dopant. At low temperature, cobalt ions exist 

in 3+ valence state with low spin and ionic radius of 0.068 nm. With increasing 
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0.075 nm. Further increase in temperature transforms the pair of low and high spin cobalt 

with 3+ valance state to low spin cobalt with 2+ (r = 0.079 nm) and 4+ (r = 0.067 nm) 

valence state [112, 172-173]. This shows that the increase in the TEC is related to the 

change in valence state of B-site dopant, ionic radii and/or spin [172]. Similarly, the 

higher TEC of Mn-doped La0.9Sr0.1Cr1-xMnxO3 is due to the change in valence state 

between Mn
4+ 

(0.067 nm), Mn
3+

 (high-spin, 0.078 nm), and Mn
2+

 ions (low-spin, 0.081 

nm) leading to the increase in average ionic radii of B-site cation at high temperature 

[112]. Lower thermal expansion of La0.85Sr0.15Cr0.95Ni0.05O3 is observed when Cr is 

substituted by Ni due to increase in inter-atomic bond strength [132, 172]. Fig. 1.23 

shows the deviation in thermal expansion coefficient of La1-ySryCr1-xMxO3 (y = 0.05 or 

0.1 and x = 0.05; M = Mg, Al, Ti, Mn, Fe, Co, Ni) with 8YSZ in air and H2 gas [112, 129, 

171]. 

It has been observed that the A-site deficiency can significantly reduce the 

volume expansion [149]. Tao et al. [149]
 
have measured the average thermal expansion 

coefficient (TEC) of (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ (LSCM) to be               in air, 

close to YSZ (              ) in the temperature range of 60-950°C. Another study 

on (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ composition has shown linear TEC of ~12.7  

          and ~11.7            in oxidizing (    
         ) and reducing 

atmosphere (   
= 5       -           ) respectively in the temperature range of 

650-950°C [32]. The average thermal expansion coefficient of La0.75Sr0.25Cr0.5Mn0.5O3 is 

reported to be 11.4            in air between 30 and 900°C [174], which is higher than 

the TEC (              ) reported by Tao et al. [149]. The TEC of 
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La0.75Sr0.25Cr0.5Mn0.5O3 is reduced to 10.3×10
-6

 °C
-1

 with the addition of YSZ phase 

forming LSCM (50%)/YSZ (50%) composite. This results into TEC match of the 

composite with YSZ [174]. However, an addition of Sm-doped ceria (Ce0.8Sm0.2O1.9-SDC) 

fluorite phase to LSCM does not significantly change the TEC when compared to LSCM. 

The TEC’s of LSCM – xSDC (x = 10-50 wt. %) range from 11.7×10
-6

 °C
-1 

- 11.5×10
-

6
 °C

-1 
and similar to LSCM (11.6×10

-6
 °C

-1
) in the temperature range of RT-800ºC [175]. 

(La0.75Sr0.25)0.95Cr1-xFexO3-δ (x = 0.3-0.4) has been considered to be one of the 

promising material for fuel side electrode [33, 120], and can be used as OTM. This is 

because; it provides the combination of high electrochemical activity and good chemical 

compatibility with electrolyte. It is reported that the average TEC’s of (La0.75Sr0.25)0.95Cr1-

xFexO3-δ (0.3-0.4) are almost independent of x, and lies in between 11.1-11.3×10
-6

 °C
-1 

in 

air and 10.3-10.5×10
-6

 °C
-1

 in CO-CO2 (    
~10

-12
 atm at 1097ºC) gas atmosphere in the 

temperature range of 27ºC-1097ºC. The TEC is slightly lower in the reducing gas 

atmosphere. However, it is still thermally compatible with the most commonly used solid 

electrolyte i.e. YSZ [33]. Under similar conditions, it is observed that the chemical strain 

(due to oxygen partial pressure gradient) of (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ is 3-5 times 

lower than (La0.75Sr0.25)0.95Cr1-xFexO3-δ [33, 174]. This corresponds to higher thermo-

mechanical stability of LSCM as needed for oxygen transport membrane and its 

intermediate layer (fuel oxidation layer). 
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(a) (b)

 

Fig. 1.22. a) Subtracted TEC of La0.9Sr0.1Cr1-xMxO3 (x = 0.05; M = Mg, Al, Ti, Mn, Fe, 

Co, Ni) with La0.9Sr0.1CrO3 versus ionic radii of B-site dopant in air and b) H2 

atmosphere. The subtracted zero TEC values correspond to the broken line [Reprinted 

from reference 112 with permission].  

  

Fig. 1.23. Comparison of thermal expansion coefficient of A-site (Sr) and B-site (M = 

Mg, Al, Ti, Mn, Fe, Co, Ni, Cu) doped LaCrO3 with (----) 8YSZ in air and H2 (~50-

1000°C) [112, 129, 171]. 
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1.4.5. Electrical conductivity 

Oxygen transport membrane (OTM) simultaneously requires electronic and ionic 

conductive species in the material in case of active OTM where voltage or flow of 

electron is not externally supplied. LaCrO3 is a p-type electronic conductor and conducts 

holes by small polaron hopping mechanism [176-177] and has a conductivity of 0.6-1.0 

Scm
-1

 at 1000°C in air [134, 176-177]. The absence of long range order due to the 

distorted structure of a material leads to localization of charge carrier (hole). The strong 

interaction between the carrier and phonon results into small polaron formation which 

move further by activated hopping [134, 178]. Introduction of dopants increases 

electronic conductivity and induces ionic conductivity in the LaCrO3 by tailoring the 

defect chemistry as well as crystal structure and chemical bonding [135, 179-180]. In 

addition to the dopants, oxygen partial pressure (    
) also varies the electrical 

conductivity of LaCrO3 based materials. At lower     
, the electrical conductivity 

decreases due to the reduction in the charge carriers responsible for p-type conduction as 

the charge compensation on doping occurs by the formation of oxygen vacancies. 

However, the formation of oxygen vacancies will enhance the oxygen transport and ionic 

conductivity. 

 

1.4.5.1. A-site dopants 

When La
3+

 (0.136 nm) ions in LaCrO3 is substituted by Sr
2+

 (0.144 nm) and Ca
2+

 

(0.134 nm) at A-site, the single negative charge on Sr (    
 ) is compensated by a 

           transition (Eq. (14)) giving rise to the formation of small polaron. As a 
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result, the conductivity of LaCrO3 increases (≤ 35% Sr) due to the polaron hopping 

between Cr
3+

 and Cr
4+

 ions [177, 181-182].
 
The expression for electrical conductivity of 

alkaline earth metal doped LaCrO3 can be written as [134, 183]:
 

   
 

 

    

     
                 ( 

 

   
)      (24) 

where σ, T, e, kB, a, τo,               and E are the electrical conductivity, absolute 

temperature, elementary electric charge, Boltzmann constant, distance traversed in a hop, 

average free time, Cr
3+

 mole fraction, Cr
4+

 mole fraction and activation energy/hopping 

energy of small polaron respectively. 

There is another postulation for the increase in conductivity of LaCrO3 when 

doped with Ca/Sr at A-site. According to the electronic band structure of La1−xMxCrO3−x/2 

(M=Ba, Sr and Ca) based on ab initio calculations, the charge carriers adjacent to the top 

of valence band increases with decrease in band gap for Ba, Sr and Ca doping [167]. The 

A-site dopants (Ba, Sr and Ca) shift the conduction band of LaCrO3 down by 0.08, 0.13, 

and 0.14 eV, respectively. Accordingly, the energy band gap between top of the valence 

band and bottom of the conduction band of LaCrO3 decreases from 0.95 to 0.87, 0.82, 

and 0.81 eV respectively (Fig. 1.24) [167]. The difference in the electronic band structure 

and electrical conductivity of A-site doped LaCrO3 is due to the difference in the ionic 

radii of La
3+

 and Ca
2+

/Sr
2+

/Ba
2+

. A larger ionic radius of A-site dopant distorts the 

perovskite lattice, and results into scattering of the charge carriers [167]. This is why Ba 

(      = 0.161nm) is not an appropriate dopant for LaCrO3 because it has larger radii 

(18.4%) than La (      = 0.136nm). In addition, BaCr2O4 secondary phase formation in 

case of (La0.70Ba0.30)CrO3 eliminates Ba as the choice of dopant [181]. 
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The electrical conductivity variation with temperature and concentration of 

alkaline earth metal dopants (Sr, Ca) are shown in Fig. 1.25a (air) and b (H2 atmosphere) 

[134, 167, 182-184]. The conductivity increases with increase in temperature and dopant 

concentration. Predominantly, LaCrO3 shows lower conductivity on Sr-doping than Ca in 

air. This might be due to the smaller lattice parameter of LaCrO3 on Ca-doping than Sr 

[177]. However, La1−xSrxCrO3 results into higher conductivity in reducing atmosphere 

(H2 gas) depending on the dopant concentration. It has been observed that the 

conductivity of La1−xSrxCrO3 increases up to x ≤ 0.35 and then starts to decrease in air. 

This may be due to the formation of oxygen vacancies for charge compensation of Sr
2+

 

rather than Cr
3+
→ Cr

4+
 transition when x ≥ 0.35 [182]. The conductivity of La1−xCaxCrO3 

(x = 0.2, 0.5) also decreases with higher dopant concentration [183]. 

In addition to dopants, oxygen vacancies also form in reducing atmosphere 

(low    
) to maintain charge neutrality due to change in Cr

4+
 to Cr

3+
 valance state (Eq. 

(9)). The ionic conductivity increases due to the formation of oxygen vacancies. Apart 

from dopant level, the oxygen defect concentration depends on oxygen partial pressure 

(   
) and temperature (Fig. 1.20), resulting into change in conductivity [184]. 

 

 

Fig. 1.24. Electronic band structure of LaCrO3 and La1−xMxCrO3−x/2 (M=Ba, Ca and Sr). 
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(a) 

 

 
 

(b) 

 

Fig. 1.25. Electrical conductivity of A-site (Sr, Ca) doped LaCrO3 as a function of 

temperature with various dopant levels: (a) air, (b) H2 atmosphere [134, 167, 182-184]. 
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1.4.5.2. A and B-site dopants 

La1−xSrxCrO3 is doped with transition metals (e.g., Ni, Co, Cu, Mn, Ti) to enhance 

the conductivity along with other properties. Nickel is most stable in its +2 valence state 

and increases the number of Cr
4+

 ions when doped in La1−xSrxCrO3 to maintain 

electroneutrality, contributing to p-type conduction [129, 172]. Similarly, cobalt doped 

La1−xSrxCrO3 shows higher conductivity due to the increase in Co
2+

 ions with temperature 

and conversion of Cr
3+

 to Cr
4+

 for the charge compensation. Copper can exist 

simultaneously in +2 and +3 valence state. However, Cu
2+

 contributes towards the 

increase in charge carriers and electrical conductivity [172]. 

La1−xCaxCrO3 doped with transition metals (Ni, Fe, and Mn) has also been 

investigated [185]. Iron exists in +3 valence state in La1−xCaxCr1-xFexO3 (x = 1/4, 1/3) 

[186]. Therefore, the increase in the valence state of chromium ions and the generation of 

holes for the conduction is mostly due to Ca substitution on La-site. Similarly, the 

electrical conductivity varies with Cr
4+

 ions on manganese doping [172, 185, 187-188]. 

However, the charge compensation for Ca-doping in La0.9Ca0.1Cr0.5Mn0.5O3 is done by 

Cr
3+
→Cr

4+
 and partly by Mn

3+
→Mn

4+
 [185]. This is due to slightly less ionization energy 

of the 3d electron of the Cr
3+

(48.6 eV for 3d
3
) than Mn

3+
 (50.6 eV for 3d

4
) unlike Fe

3+
 

(53.7 eV for 3d
5
) [185]. In case of Fe and Mn doped La1−xCaxCrO3, it is considered that 

the further change in conductivity is due to the dopants effect on band structure [172].The 

higher valence Cr
4+

 ions and the electrical conductivity of the compound 

La0.9Ca0.1Cr0.5M0.5O3 (M = Ni, Fe and Mn) increases in the order of La0.9Ca0.1Cr0.5Ni0.5O3 

(23.3 S cm
-1

) > La0.9Ca0.1Cr0.5Fe0.5O3 (3.0 S cm
-1

) > La0.9Ca0.1Cr0.5Mn0.5O3 (2.2 S cm
-1

) at 
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727ºC [185]. Fig. 1.26 also shows the change in electrical conductivity of different 

compositions with varying dopant level and increase in temperature in air (and 

La0.75Ca0.25Cr0.5Mn0.5O3 in 5%H2-Ar atmosphere) [33, 129, 131, 134, 189]. In case of 

nickel dopant, the conductivity increases with concentration from x = 0.1 to x = 0.5. The 

highest conductivity (72.8 S cm
-1

) is observed for La0.9Sr0.1Cr0.5Ni0.5O3 at 800°C. Above 

x = 0.5, the conductivity starts to decrease from 72.8 (x = 0.5) to 69.2 (x = 0.6) S cm
-1 

due 

to the formation of secondary phases (Sr2CrO4, (La01.4Sr0.6)NiO4, (La01.6Sr0.4)NiO4) [131]. 

Composition with ~50% Co, Ni and Cu doping are not stable under fuel 

atmosphere since the dopants tend to reduce into metal [188]. It is known that the FeO 

and MnO are stable in fuel atmosphere. However, FeO reduces to metal at 1000°C and 

    
~ 10

-15
 atm (calculated using HSC Chemistry 6.0). MnO is more stable when 

compared to FeO [188]. In addition, the possibility of the presence of lower coordination 

Mn
3+

 (five-fold) unlike Cr
3+

 (six-fold) may improve the oxygen–ion migration
 
by 

inducing oxygen vacancies for oxygen transport. Thus, manganese doping can provide 

the mixed ionic-electronic conductivity in La0.9Sr0.1Cr1-xMnxO3 depending on its 

concentration [188]. The conductivity of La0.9Sr0.1Cr1-xMnxO3 increases with increase in 

temperature and Mn content up to x≤0.5 as shown in Fig. 1.26. 

(La, Sr)(Cr, Mn)O3-δ and (La, Sr)(Cr, Fe)O3-δ perovskite based materials are 

promising candidates for OTM [32, 33, 120, 149-150, 175, 188-192]. Because, these 

materials can provide the mixed ionic-electronic conductivity, high electrochemical 

activity, in both reducing and oxidizing conditions. In addition, these materials are 

compatible with other components of the electrochemical system. Tao et al. [149] have 
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measured the total conductivity of La0.75Sr0.25Cr0.5Mn0.5O3-δ as 38.6 and 1.49 S cm
-1 

at 

900°C in air and 5%H2-Ar respectively. Recently, Kharton et al. [32] have reported a 

similar perovskite oxide, (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ a promising material for SOFC 

anode which can also be used for OTM. The material exhibits the p-type electronic 

conductivity of 20–35 S cm
-1 

in oxidizing and moderately reducing atmosphere (> 10
-12

 

atm) in the temperature range of 750-1000°C. The ionic conductivity of 

(La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ is ~ 3×10
-5

 S cm
-1

 at 950ºC and ~0.01 atm. There is no 

significant change in the electronic and ionic conductivity of (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-

δ in the     
 ranging from 0.01-10

-12
 atm. However, the ionic conductivity increases 

(~3.5×10
-4

 S cm
-1

 at ~10
-14

 atm) significantly with further decrease in     
 (< 10

-12
 atm) 

[32]. On the other hand, the electronic conductivity decreases down to 1.3 S cm
-1

. This is 

due to significant oxygen release and increase in the oxygen vacancy concentration below 

oxygen partial pressure of ~10
-12

 atm [32]. 

Electrical conductivity of La0.8Sr0.2Cr0.5Fe0.5O3-δ is 21.9 S cm
-1

 in oxidizing (air) 

and 6.4 S cm
-1

 in reducing (5%H2-Ar) gas atmosphere at 800ºC [120]. The conductivity 

decreases in reducing gas atmosphere due to reduction in the valence state of Cr
4+

 to Cr
3+

 

(Eq. (9)) and Fe
4+

/Fe
3+

 to Fe
2+

 (Eq. (12) and Eq. (13)), resulting in charge carrier 

reduction by oxygen vacancies formation for charge compensation. For instance, the 

conductivity of (La0.75Sr0.25)0.95Cr0.7Fe0.3O3-δ decreases from ~31.6 S cm
-1

 to ~2 Scm
-1

 

when     
 decreases from 0.21 to ~10

-18
 atm at 900ºC [33]. Under similar conditions 

(850ºC and 10
-18

 atm), the conductivity of (La0.75Sr0.25)0.95Cr0.7Fe0.3O3-δ (1.8 S cm
-1

) and 

(La0.75Sr0.25)0.95Cr0.6Fe0.4O3-δ (0.7 S cm
-1

) are lower than (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ 
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(2.3 S cm
-1

) [33]. This is probably due to the variation in the disproportion of valence 

state of Mn/Fe and oxygen vacancies formation. Higher conductivity of doped lanthanum 

chromite material is preferred in both oxidizing and reducing gas atmosphere for OTM. 

Therefore, (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ would be preferred for use in OTM. It is also 

noticed that Ni-doping (23.3 S cm
-1

) at B-site of Ca-doped lanthanum chromite provides 

highest conductivity when compared to Mn (2.2 S cm
-1

) and Fe (3.0 S cm
-1

) doped 

La0.9Ca0.1Cr0.5M0.5O3 (M = Ni, Fe and Mn) at 727ºC in oxidizing atmosphere [185]. 

However, the conductivity of Ni doped lanthanum chromite is not provided in the 

literature and needs further investigation in reducing atmosphere to be considered for 

OTM application. 

 

Fig. 1.26. Electrical conductivity of A-site (Sr) and B-site (Ni, Mn, Co, Fe) doped 

LaCrO3 as a function of temperature with various dopant levels [33, 129, 131, 134, 189]. 
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La0.9Sr0.1Cr0.6Mn0.4O3 [118]

La0.75Sr0.25Cr0.5Mn0.5O3 [172]

La0.9Sr0.1Cr0.4Mn0.6O3 [118]

La0.85Sr0.15Cr0.95Co0.05O3 [114]

La0.75Sr0.25Cr0.5Mn0.5O3 (5%H2-Ar) [172]

LSCF64

La0.85Sr0.15Cr0.95Ni0.05O3 [129]
La0.9Sr0.1Cr0.8Ni0.2O3 [131]
La0.9Sr0.1Cr0.6Ni0.4O3 [131]
La0.9Sr0.1Cr0.5Ni0.5O3 [131]
La0.9Sr0.1Cr0.4Ni0.6O3 [131]
La0.9Sr0.1Cr0.8Mn0.2O3 [134]
La0.9Sr0.1Cr0.6Mn0.4O3 [134]
La0.75Sr0.25Cr0.5Mn0.5O3 [189]
La0.9Sr0.1Cr0.4Mn0.6O3 [134]
La0.85Sr0.15Cr0.95Co0.05O3 [129]
La0.75Sr0.25Cr0.5Mn0.5O3 (5%H2-Ar) [189]
(La0.75Sr0.25)0.95Cr0.6Fe0.4O3 [33]
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1.4.6. Mechanical behavior 

Mechanical integrity of the OTM is required at high temperature under 

simultaneous exposure to both oxidizing and reducing atmospheres to prevent cracking, 

warpage and mechanical failure. Materials used in oxygen transport membrane may be 

subjected to mechanical and thermal stresses during fabrication or system in operation. 

Strength of the materials is dependent on materials composition, dopant level, 

temperature, and    
 gradient. 

The mechanical properties (elastic modulus, fracture toughness, fracture strength, 

and Weibull modulus) of doped lanthanum chromite tend to vary with different dopant 

type and level at OTM operating conditions (1000°C and 0.21-10
-22 

atm) as shown in 

Table 1.6 [110, 155, 193-197]. It is observed that the flexure strength of the material 

increases with increase in the level of A-site dopants (Sr and Ca) due to enhanced 

densification [110, 193].
 
For example, La0.85Ca0.15CrO3 (~ 87% dense) and La0.8Ca0.2CrO3 

(~95%) have flexural strength of 61 ± 11.5 and 96 ± 14.4 MPa respectively at 25°C and 

0.21atm [193]. Also, the flexure strength of La0.9Sr0.1CrO3 (~80 MPa) is lower than 

La0.8Sr0.2CrO3 (~105MPa) at 600°C in air (0.21atm) [110]. 

Sr/Ca doped LaCrO3 are further doped with transition metals (Al, Cu, Co and Fe) at 

B-site to improve the flexure strength, mean fracture strength, and fracture toughness by 

minimizing the internal stresses due to the existing oxygen deficiency [194].
 

 For 

La0.8Ca0.2Cr0.9M0.1O3-dM Al, Cu, Co, Fe systemthe mechanical properties are found to 

be affected with the type of B-site dopants. The flexure and mean fracture strength of 

La0.8Ca0.2Cr0.9M0.1O3-dincreases in the order of La0.8Ca0.2Cr0.9Cu0.1O3-
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dLa0.8Ca0.2Cr0.9Co0.1O3-dLa0.8Ca0.2Cr0.9Fe0.1O3-d La0.8Ca0.2Cr0.9Al0.1O3-dThe reliability 

of a material is determined by Weibull modulus. Fu et al. [194] have found that the Weibull 

modulus and reliability of La0.8Ca0.2Cr0.9M0.1O3-dM Al, Cu, Co, Feincreases in the order 

of Cu>Fe>Al>Co. Most of the mechanical properties mentioned in the Table 1.6 cannot be 

compared either due to the varying dopant level or different set of conditions applied while 

measuring the properties. It suggests the need of consistent data on mechanical properties of 

lanthanum chromite based materials under identical conditions. Although the reasons for the 

change in mechanical properties with different dopants and their level are not clear, the 

possible reasons could be the difference in structure and microstructure (grain, pore size and 

their distribution, inter-atomic bond strength, lattice distortion, and oxygen non-

stoichiometry) of the investigated doped LaCrO3. The partial substitution of A-site dopant 

changes the valence state of Cr
3+

 to Cr
4+

 (Eq. (14)) which has smaller ionic radii. In addition, 

the transition metals (M = Fe, Co and Mn) can exist in more than one valence state (M
2+

, M
3+

 

and M
4+

) depending on temperature and oxygen partial pressure. This may lead to change in 

lattice structure which might induce stress/strain in the membrane due to change in the inter-

atomic bond length. It has been studied that the strength and hardness of these materials 

varies with the amount of porosity [102, 108, 198]. The relation between porosity (p), elastic 

modulus (E), shear modulus (G) and Poisson’s ratio ( ) is given below [195]: 

 

     
(    )

(     )
,      

(    )

(     )
 and       

           

         
     (25) 

where          and    
       

     
.   ,    and    are elastic modulus, Poisson’s 

ratio and shear modulus at zero porosity respectively. 



  

74 

 

According to the above relation, the elastic and shear modulus decreases with 

increase in porosity. This corresponds to the decrease in strength of the material. For 

example, a dense                (99% dense) has a bending strength of 150 MPa 

whereas        (83% dense) and                (90% dense) have lower strength of 53 

MPa and 76 MPa, respectively [198]. 

             

           Table 1.6. Mechanical properties of various doped lanthanum chromite materials 

            [110, 155, 193-197]. 

  

The existence of partial pressure gradient across the membrane is another major factor 

affecting the mechanical properties of doped LaCrO3 material. At constant temperature, 

formation of oxygen vacancy increases with reducing atmosphere (Fig. 1.20) and cause 

the lattice expansion. Reducing atmosphere also changes valence state of B-site cations 
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(Eq. (12) and (13)) resulting in the relaxation of the lattice by cation repulsion around 

oxygen vacancy and change in lattice volume [150]. The strain due to the change in 

lattice volume is known as chemically induced strain, εc [195]. 

 Exposure to high oxygen partial pressure gradient further induces residual stress 

due to εc gradient across the OTM. For doped lanthanum chromite, the typical strain was 

observed to be 0.2-0.4% when oxygen partial pressure was reduced from 0.21 atm to 10
-

18
 atm at 1000°C [111]. In reducing gas atmosphere, the Sr/Ca doping at A-site of 

LaCrO3 leads to the formation of oxygen vacancies for charge compensation as shown in 

Eq. (15). However, in oxidizing atmosphere, the Cr
3+

 converts to Cr
4+

 (Eq. (14)). For 

instance, La0.7Ca0.3CrO3-δ exhibits the δ =0.019 and 0.26 mole fraction of Cr
4+

 at 25°C in 

air while in reducing atmosphere (   
= 10

-18 
atm) at 1000°C, the δ increases to 0.12 and 

Cr
4+

 mole fraction reduces to 0.06 [111]. For La0.7Ca0.3Cr0.9Ti0.1O3-δ system, ∆δ, the 

difference in oxygen stoichiometry in air and reducing atmosphere (   
=10

-18 
atm) is 

0.073, the minimal among the available reports [111]. Therefore, Ti doping can be 

considered to minimize the strain induced due to the oxygen partial pressure gradient 

[111]. The variation in the oxygen vacancy formation or non-stoichiometry with the 

change in    
can generate strain in the membrane due to expansion and contraction of 

lattice volume, respectively, in low and high    
can contribute to the mechanical failure. 

The expression below shows the relation between biaxial strain, elastic modulus, 

Poisson’s ratio, deviation in oxygen non-stoichiometry and thickness of the membrane 

for a stack of N layers [199]. 
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∑
    

    

 
   

∫    

 
(

 

  
)  (    )                             (26) 

where  ,   ,   and   are the biaxial strain, Young’s modulus, Poisson’s ratio and 

thickness of a component j in the stack.   (
 

  
) is the function which refers to the linear 

expansion of a volume element at position y resulting from local deviation in 

stoichiometry (δ). In case j =N, it is only one component i.e. membrane. In case of 

composite or dual phase membrane, j ≠ N and can be referred to the second phase, the 

equation provides that the difference in elastic modulus and Poisson’s ratio of two phases 

or component can generate bi-axial strain at the interface. This can affect interfacial 

strength of the membrane. 

In a dual phase OTM and/or an OTM in contact with intermediate and surface 

exchange layers, the difference in sintering behavior of different phases and layers during 

fabrication can lead to the formation of pores and cracks at the interface. This is due to 

difference in the linear shrinkage of two phases or layers during sintering. The 

differential shrinkage between the two different phases or components can generate stress, 

and form micro-cracks at the interface. For example, difference in sintering behavior 

causes formation of crack at the interface between YSZ and Ca-doped LaCrO3 during co-

firing at 1200-1500°C in air [200]. The cracks at the interface can grow and propagate 

through the interface and the porous adjacent layers, leading to mechanical failure during 

operation [201-202]. As discussed in section 1.4.2, thermal stress (Eq. (22) can be 

developed at the interfaces between the membrane and the adjacent layers (intermediate 
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and surface exchange) as well as between the perovskite and fluorite phases due to 

difference in their TEC. In addition, the temperature gradient due to inhomogeneous 

temperature distribution as well as thermal cycling during start-up and shut-down of the 

device can also generate stress according to Eq. (22). The thermal stress can also lead to 

pore and crack formation, origin of mechanical failure [144]. Therefore, an optimization 

of level and type of A and B-site dopants is needed to match shrinkage/TEC of one 

phase/layer to the other. This will minimize the stress in the bulk/interface, and increase 

the lifetime of OTM system. However, the available literature does not provide an in-

depth study on mechanical behavior of bulk as well as interface of A and/or B-site doped 

lanthanum chromite based materials. 

 

1.4.7. Oxygen flux/permeation 

Oxygen permeation through a mixed ionic-electronic conductor involves three 

steps as shown in Fig. 1.27: surface exchange reaction at gas-solid interface I (higher    
 

side), diffusion through membrane, and surface exchange reaction at solid-gas interface II 

(lower    
side) [203-204]. 

 

Fig. 1.27. Oxygen transport steps during oxygen permeation through a dense MIEC [204]. 
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The following steps are involved at the different region as shown in Fig. 1.28: 

Interface I:   a) Oxygen adsorption (Oads):   ( )                       (27) 

         b) Oxygen incorporation (Oinc): 
 

 
     

          
              (28) 

                     c) Charge transfer/ionization:                             (29)

 Membrane: d) Lattice and grain boundary diffusion of Oinc due to chemical potential 

gradient of oxygen (   

     

  ) 

                      e) Oxygen transport through oxygen vacancy (  
  ) 

Interface II: f) Desorption of oxygen:                  (30) 

                    g) Association of oxygen:                
              (31) 

                    h) Gas diffusion of associated oxygen molecules 

Oxygen permeation through membrane is mainly dependent on surface/interfacial 

exchange on either side of the membrane and bulk diffusion within the membrane as 

shown in Fig. 1.27 and 1.28. Lc is a characteristic thickness value at which the oxygen 

flux is controlled by surface exchange kinetics as well as bulk diffusion [41]. The 

thickness of the membrane can be reduced to enhance the oxygen flux until it becomes 

less than Lc. The value for Lc can be determined by the ratio of the oxygen self-diffusivity 

and surface exchange coefficient. The oxygen flux of the membrane cannot be further 

improved by decreasing the thickness below Lc. However, the oxygen flux can 

significantly be increased by depositing a porous MIEC layer (surface exchange and 

intermediate) on the membrane which would enhance the surface kinetics and oxygen 

exchange at the interface [40-41, 43, 205]. 
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Fig. 1.28. Schematic of different steps involved in surface exchange for oxygen reduction 

and its diffusion in OTM. 

 

The oxygen flux across the membrane can be written as (Wagner equation) [41]: 

   
   

  

     
∫

       

        

     
  

     
         

                             (32) 

where    
corresponds to oxygen flux through unit area,     and      are materials 

electronic and ionic conductivity respectively, R refers to ideal gas constant, T is absolute 

temperature, L is the membrane thickness, F refers to Faraday’s constant,    

  is feed 

oxygen partial pressure and    

   is permeate side oxygen partial pressure. Depending on 

membrane thickness, operating temperature and oxygen partial pressure gradient, the 

limiting step is determined. Surface exchange reaction is dominant for oxygen transport 

for thin membrane but diffusion dominates for thicker membrane [41, 203]. Oxygen ions 

transports through the bulk of the perovskite lattice via oxygen vacancies once it is 

adsorbed on the surface (Fig. 1.28). Oxygen permeation flux increases with increase in 
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differential    
 (oxygen chemical potential gradient) and temperature because of decrease 

in oxygen ion migration energy [41, 203-204]. It is to note that, closed pores may be 

present in a dense membrane as a processing defect and the bulk diffusion path involves 

two more steps: distorted pathway and molecular gas diffusion through the pores as 

shown in Fig. 1.29 [206]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.29. Schematic of bulk diffusion path for OTM with closed pores [206]. 

 

As described in introduction section, undoped lanthanum chromite is 

predominantly electronic conductor and requires ionic conductivity or oxygen flux for the 

transport of oxygen ion in OTM. Doping of A-site (alkaline earth metals) and B-site 

(transition metals) is proposed to be useful for improving oxygen ionic conductivity via 

formation of oxygen vacancies. However, limited information is available for doped 

lanthanum chromites. Calcium doped lanthanum chromite has been investigated to a 

considerable extent [207-212].
 
Oxygen transport occurs predominately through diffusion 

of oxygen vacancies. Although cationic defects and anti-Frenkel defects are present in 
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calcium doped lanthanum chromite, their role on oxygen transport is negligible but yet to 

be confirmed [211]. At high    
 (≥ 1atm) oxygen diffusion through grain boundaries 

affects oxygen permeation because of calcium enriched phase at grain boundaries [212].  

The effect of calcium content on normalized oxygen flux for La1-xCaxCrO3-δ  at 

1000°C in the     
 range of 0.21-10

-11
 atm is shown in Fig. 1.30. Oxygen permeation 

increases with increase in oxygen vacancy concentration either by increase in calcium 

concentration or lowering    
 (Fig. 1.30) [211-212]. La0.8Sr0.2CrO3 (1.3 mm thick) 

provides oxygen flux of 2×10
-7

 mol s
-1 

cm
-2 
at 850ºC and Δ   

= 0.2 atm. Oxygen 

permeation is also dominated by oxygen vacancy diffusion in 

(La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ [32]. The oxygen flux for (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ is 

determined as 1.3×10
-9

 mol s
-1 

cm
-2

 at 1000°C and 10
-14

 atm with the membrane thickness 

of 1mm. However, the oxygen permeation flux for (La0.75Sr0.25)0.95Cr1-xFexO3-δ (x = 0.3-

0.4) is higher than (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ due to higher oxygen vacancy 

concentration [33]. At 950ºC and ~10
-18

 atm, the oxygen flux for 

(La0.75Sr0.25)0.95Cr0.7Fe0.3O3-δ and (La0.75Sr0.25)0.95Cr0.6Fe0.4O3-δ (1mm thick) are ~10
-7.4

 and 

~10
-6.8

 mol s
-1 

cm
-2

 respectively. The reason for increase in oxygen flux with increase in 

Fe doping level is due to higher oxygen vacancy concentration resulting into weakening 

of the metal-oxygen bonds [33] and higher mobility of oxygen ions. 
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Fig. 1.30. Effect of calcium content on normalized permeation flux (JL), (○, Δ) 

                  , (□)                 , T = 1000°C (Reproduced from reference 212 

with permission). 

Fig. 1.31 shows the performance (oxygen permeation flux) of different single 

phase perovskites (chromites, cobaltites, manganites, and ferrites) based oxygen transport 

membrane as a function of temperature (700-1000°C) [32-33, 38, 213-219]. 

Predominantly, the compositions are doped with alkaline earth metals at A-site (Sr, Ca) 

and transition metals at B-site (Cr, Fe, Co, Mn, Al), which induces oxygen vacancies on 

partial substitution (Eq. (8), (12) and (13)). As shown in Fig. 1.31, it is difficult to 

compare the oxygen flux reported in literature due to the following reasons: a) the doping 

level varies from composition to composition, b) the oxygen flux measurements have 

been carried out under varying oxygen partial gradient; air is used as feed gas and 

different reducing gases (He/N2/H2/CO/CH4) are used at the permeate side, c) the 
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membrane design (e.g. shape, thickness), and d) the fabrication conditions (e.g. sintering 

temperature and    
) of the membrane varies from literature to literature for the same 

composition. Considering the above mentioned varying parameters, it is hard to visualize 

a specific trend. However, there are few general conclusions that can be made based on 

the available performance data as shown in Fig. 1.31. 

 

Fig. 1.31. Oxygen flux of various perovskite phase OTM (lanthanum 

chromites/manganites/ferrites/cobaltites) as a function of temperature (700-1000°C) [32-

33, 38, 213-219]. 

The oxygen flux increases with increase in temperature due to increase in oxygen 

vacancies and faster kinetics. Also, as expected from Eq. 32, the flux increases with 

decrease in thickness for the same composition and operation conditions. For instance, 

the oxygen flux of (La0.75Sr0.25)0.95Cr0.6Fe0.4O3-δ (LSCrF64) membrane increases from 
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~2.1×10
-7 

mol cm
-2 

sec
-1 

(d = 1 mm) to ~3.4×10
-7 

mol cm
-2 

sec
-1

 (d = 0.5 mm) at 950°C 

under air/H2-N2 gradient [33]. Furthermore, the flux increases with increase in dopant 

level due to increase in oxygen vacancies. For (La0.75Sr0.25)0.95Cr1-xFexO3-δ, the flux raised 

from ~9.9×10
-8 

mol cm
-2 

sec
-1 

(x = 0.3) to 2.1×10
-7 

mol cm
-2 

sec
-1

 (x = 0.4) at 950°C [33]. 

The flux also varies depending on the shape of the membrane. Generally, it is indicated 

from Fig. 1.31 that the compositions heavily doped with Co and Fe (cobaltites and 

ferrites) provides higher flux than Cr (chromites). This is because, Co and Fe exists in 

different valence state (+2/+3/+4), and induces higher oxygen vacancies (Eq. (12) and 

(13)) when oxygen partial pressure gradient is applied. However, as discussed before (in 

the introduction section, Table 1.4), the structural stability of the perovskite decreases 

when heavily doped with Co and Fe transition metals due to the change in valence state. 

Therefore, chromites are preferred. 

To further enhance the performance/oxygen flux of lanthanum chromite as well as 

other materials based OTM, fluorite phase (ionic conductor) is added to the perovskite. 

Fig. 1.32 shows the performance of different dual phase (perovskite-fluorite) membrane 

in the temperature range of 600-1000°C [31, 37, 220-225]. Similar to single phase 

membranes, it is difficult to compare and observe a specific trend in the available 

performance data of dual phase membranes. In addition, there are two more varying 

parameter in case of dual phase membrane i.e. fluorite phase composition and the 

perovskite to fluorite ratio. The ionic conductivity, stability as well as the interaction of 

the perovskite phase varies depending on the fluorite phase composition and the ratio of 

perovskite to fluorite phase. On the other hand, in general, similar to single phase 
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Fig. 1.32. Oxygen flux of various dual phase (perovskite-fluorite) OTM (lanthanum 

chromites/manganites/ferrites/cobaltites and YSZ/CGO/CSO) as a function of 

temperature (600-1000°C) [30, 36, 219-224]. 

 

perovskites (Fig. 1.31), the oxygen flux of dual phase membranes increase with increase 

in the temperature as well as doping level, and decrease in the membrane thickness as 

shown in the Fig. 1.32. Overall, lanthanum chromite based dual phase membrane (e.g. 

Ce0.8Sm0.2O2-δ/La0.7Ca0.3Cr0.4O3-δ and Zr0.84Y0.16O1.92/La0.8Sr0.2Cr0.5Fe0.5O3-δ) shows 

higher performance than cobaltites, ferrites and manganites based membrane. This is 

probably due to less interaction of the chromites with fluorite phase, otherwise which can 

result into insulating secondary phase formation (e.g. SrZrO3) and lower oxygen 

flux/performance. For instance, La0.6Sr0.4Co0.2Fe0.8O3-δ interacts with 8YSZ to form 

SrZrO3 at the interface in addition to CoFe2O4 and Co3O4 [226]. From Figs. 1.31 and 1.32, 



  

86 

 

it is also observed that the hollow fiber membrane (e.g. LSF and YSZ/LSCrM55) 

provides higher flux than disk shaped (planar) membrane because of higher surface 

area/volume ratios [221]. This is also due to the achieved lower wall thickness (0.1-

0.4mm) in the hollow membrane design. 

 

1.4.8. Chemical Stability 

LaCrO3–based perovskites should be stable in OTM operating conditions (   
~ 1-

10
-20

 atm, T = 850-1000°C) for ≥ 40,000 h [227]. The stability of these oxides can be 

classified into three types namely bulk stability, surface/interface segregation, and 

interfacial stability. 

 

1.4.8.1. Bulk stability 

Although undoped LaCrO3 is stable at OTM fabrication and operation 

temperature, it decomposes into vapor species depending on temperature and atmosphere 

[228-231]. Computational evaluation shows that LaCrO3 vaporization starts in the 

temperature range of 1200-1400°C depending on the atmosphere: 1300°C in H2 

atmosphere and 1400°C in O2 as well as CO atmosphere [229]. The weight loss due to 

vaporization increases from 8.0×10
-4 

% in O2 to 0.03% in CO, and 0.09% in H2 

atmospheres at 1800°C [229]. The evolved vapor species are CrO3, CrO2, CrO, LaO, and 

O in O2; Cr, CrO2, CrO, and LaO in CO; and Cr, CrO2, CrOH, and LaO in H2 atmosphere 

[229]. Among these species, CrO3 is predominant in air and O2 atmospheres whereas Cr 

is predominant in CO and H2 atmospheres. The computational evaluation for LaCrO3 

vaporization is also in agreement with that of experimental results [230].
 
Doped LaCrO3, 
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in reality, is used as OTM which is exposed to gas atmospheres (   
~ 0.21-10

-22
 atm) 

containing H2, CO2, CO, N2, H2O, S, and O2. Bulk stability of the doped materials varies 

depending on type and level of dopants as well as temperature and oxygen partial 

pressure as discussed below. 

 

1.4.8.1.1. A-site dopants 

Lanthanum chromite is doped at A-site with alkaline earth metals (Sr and Ca). 

The stability of A-site doped LaCrO3 depends on the solid solubility limit of the dopants 

[116, 232-235]. The solid solubility of dopants (Sr and Ca) in La1-x(Sr/Ca)xCrO3 depends 

on temperature and atmosphere as shown in Fig. 1.33 along with dotted phase boundaries 

obtained from thermodynamic calculations. For example, the solid solubility limit for Sr 

is ~10 mol% at 1000°C in air and increases with reducing     
(Fig. 1.33a). Above the 

solid solution limit, SrCrO4 along with several unknown phases appear as shown in Fig. 

1.33a [232]. While SrCrO4 is common secondary phase, the remaining depends on the 

composition of the doped LaCrO3 [122]. For example, Cr2O3 is found for A-site deficient, 

and Sr2.67(CrO4)2 and La2O3 are found for A-site excess (La0.7Sr0.3)xCrO3 (0.95≤x≤1.05) 

at 1000°C in air [122]. La2CrO6 phase is also found at <1000°C [122]. Thermodynamic 

assessment suggests the possible evolution of La16Cr7O44 phase in air [232]. 

The solid solubility limit for Ca is ~30 mol% at 1000°C in air and increases with 

reducing    
 as shown in Fig. 1.33b [201]. Although, the figure shows that the solubility 

of Ca increases in lower    
, one report in contrast shows that it decreases to ~20 mol% 

in 10
-9

 atm    
 at 1600°C [234]. The secondary phases in Ca-doped LaCrO3 are CaCrO4, 
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La2CrO6, Ca3(CrO4)2 and Ca10(CrO4)7 [235]. It is to be noted that solid solubility limit of 

La1-xCaxCrO3 (30 mol %) is higher than La1-xSrxCrO3 (10 mol %) at 1000°C in air. 

However, CaCrO4 decomposes into Ca3(CrO4)2 and liquid phase at ~1070°C. On the 

other hand, SrCrO4 is more refractory than CaCrO4 and decomposes at ~1250°C. 

Therefore, if La1-x(Sr/Ca)xCrO3 is placed outside the single phase conditions (Fig. 1.33a 

and b), the second phase will precipitate faster in case of Ca-doped when compared to Sr-

doped LaCrO3 at the operating temperature of OTM (1000°C) [232, 235]. 

Apart from solid solubility limit, the reducing gas atmospheres also affect the 

chemical stability. In humidified H2 atmosphere, the Sr(OH)2, Ca(OH)2, Cr(OH)2, and 

LaH2 may form while SrCO3, CaCO3, and Cr2O3 phases can form in CO and CO2 

containing atmospheres even at 800°C [116, 236]. Among these, hydroxyl compounds 

are volatile in the order of Cr(OH)2>Ca(OH)2>Sr(OH)2 [116]. This means Sr-doped 

LaCrO3 is more chemically stable than that of Ca-doped LaCrO3. The melting point of the 

CaCrO4 secondary phase decreases from ~1000°C in air to 850°C in CO2 atmosphere to 

640°C in ~3%H2O containing 10% H2 in N2 atmosphere [122, 237]. Similarly, it is 

expected that the melting point of SrCrO4 secondary phase also reduces to lower 

temperatures in reducing atmospheres. The appearance of liquid phase at lower 

temperature accelerates the precipitation of secondary phases. 
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Fig. 1.33. Solid solubility limit of A-site (Sr, Ca) dopants in LaCrO3 with PO2 and 

temperature: a) Sr-dopant level, (b) Ca-dopant level [Reproduced from references 

231,234 with permission]. 
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1.4.8.1.2. A and B-site dopants 

The information on the chemical stability of B-site doped LaCrO3 is limited. 

Thermodynamic calculation shows that metallic phases appear as secondary phase due to 

the decomposition of the B-site doped LaCrO3 [116]. For instance, Fe-doped lanthanum 

chromites decompose to Fe metal and the LaCrO3 phase at 850°C and an oxygen partial 

pressure of 1.3×10
-23

 atm. At 850°C, the    
for B-site doped LaCrO3 decomposition to 

metal oxide and LaCrO3 phase is calculated as 1.6×10
-14

 atm for Mg, 1.9×10
-14

 atm for 

Co, and 6.3×10
-24

 atm for Mn doping [113]. La0.25Sr0.75Cr0.5Mn0.5O3-δ decomposes to 

(LaSr)2MnO4 and MnO in reducing atmosphere (~10
-20 

atm) at 900°C [141]. This is due 

to higher amount of oxygen vacancies formation for the charge balance of Mn
4+
→Mn

3+
 

and Mn
3+
→Mn

2+
 in reducing gas atmosphere. Similarly, La0.25Sr0.75Cr0.5Fe0.5O3-δ 

decomposes to (LaSr)2FeO4 and Fe due to the reduction of Fe
4+
→Fe

3+
 and Fe

3+
→Fe

2+
 

under same conditions [141]. Precipitation of Ni has been observed in the grain 

boundaries of La0.8Ca0.2Cr0.9Ni0.1O3 composition after annealing at 900°C in ~3% H2O 

containing 10% H2 (   
~ 5.0×10

-16
 atm) [237]. Carbon deposition in the form of 5-20 nm 

film or soot has been observed for A0.15La0.85Cr0.9B0.1O3 (A = Sr, Ca and B = Mn, Fe, Co, 

and Ni) samples treated in CH4 containing gas atmosphere at 900°C [238]. 

 

1.4.8.2. Surface Segregation 

Despite LaCrO3 is stable in reducing atmosphere at ≤1000°C [228-229], surface 

segregation is often observed for doped LaCrO3 [239-242].
 
 The segregated phases are 

generally Sr or Ca enriched for A-site doped as well as simultaneous A- and B-site doped 
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LaCrO3, and transition metal enriched for B-site dopants. For example, Sr-enriched 

segregation has been observed at the surface of La0.75Sr0.25Cr0.5Mn0.5O3-δ annealed at 

   
 ~ 10

-3 
atm for 10 h even at 600°C [241]. Sr-segregation concentration at the surface 

decreases with lowering    
 as evident by its absence in cathodic polarization of -2.5V 

and reappearance after subsequent anodic polarization of +2.0V in an in-situ XPS study 

during electrochemical investigation [241]. However, Sr and Ca segregation at surface is 

also observed in reducing atmospheres containing H2, CH4, and CO/CO2. Co segregation 

has been reported for LaCr0.9Co0.1O3
 
annealed at 1000°C and ~10

-16 
atm for one night 

[241]. 

One of the driving forces for surface segregation is electric potential gradient 

induced kinetic de-mixing of cations as evident from the electrochemical studies [239, 

241]. The driving forces for surface segregation without electrical potential gradient 

[241-242] may be the difference between the enthalpies of defect formation at the surface 

and in the bulk, and the chemisorption of gaseous species from the gas atmospheres, as 

observed in SrTiO3 and La0.7Sr0.3MnO3 [243-244]. This is supported by the observations 

of surface segregation in the doped LaCrO3 even though the dopants concentrations are 

within solubility limits [242]. 

 

1.4.8.3. Interface Stability 

Interface stability may be defined as the compatibility of LaCrO3 perovskites with 

adjacent materials such as YSZ in dual phase composite OTM and perovskites/fluorites at 

surface exchange and intermediate layers. Undoped LaCrO3 is compatible with YSZ but 
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doped LaCrO3 reacts with YSZ during OTM fabrication and operation, resulting in 

electrically insulating zirconate phase’s formation (e.g. SrZrO3, CrZrO3) [245]. It is 

shown that CaCrO4 or other Ca-containing secondary phase needs to be precipitated from 

Ca-doped LaCrO3 to form calcium zirconate (CaZrO3). Ca from the secondary phase 

such as CaCrO4 diffuses and reacts with YSZ resulting in CaZrO3 phase at the interface 

[245]. CaZrO3 phase formation will be favored in reducing atmosphere because the 

melting point of CaCrO4 decreases in reducing atmosphere and the liquid phase enhances 

the Ca diffusion into the YSZ [245]. In corollary, the SrCrO4 may need to be precipitated 

from Sr-doped LaCrO3 prior to the formation of SrZrO3. Since the melting point of 

SrCrO4 is higher than that of CaCrO4, Sr-doped LaCrO3 is preferred for interface stability. 

Also, the formation of zirconate phases can be avoided by limiting the level of dopants to 

the lower end of solubility limit to inhibit CaCrO4 or SrCrO4 phase formation. It is noted 

that the lanthanum zirconate (La2Zr2O7) phase formation, like in lanthanum 

manganite/YSZ interaction [246-248], is not favorable because the existence of La2O3 

precipitates to interact with YSZ to form La2Zr2O7 is unlikely, consistent with the 

experimental observation [116, 245]. 

 

1.5. Challenges 

 The challenges for the OTM development and commercial deployment are 

predominantly associated with fabrication, long term reliable operation and robust 

systems integration. Materials degradation arising from gas-solid and solid-solid 

interactions needs to be minimized. Basic scientific understanding of transport kinetics 
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and standardized method for oxygen flux/permeation evaluation also remain largely 

unknown. Above challenges are discussed below: 

 

Fabrication cost: Fabrication of a flaw (crack and pore) free dense membrane is difficult 

due to poor sinterability of LaCrO3 based perovskites (section 1.4.2). A-site excess and 

simultaneous A and B-site doping increases the density of LaCrO3 if sintered at high 

temperature (1350-1600°C, Fig. 1.17 and 1.18). The fabrication temperature can be 

reduced to certain extent if sintered in controlled reducing    
 and/or high dopant level (x 

≥ 0.3). With increased dopant level and reduced    
, the structural and chemical stability 

may be compromised as discussed in section 1.4.8. Difference in sintering behavior of the 

perovskite and fluorite phases can generate cracks at the interface of these phases. The 

flaws in the microstructure (bulk and interfaces) propagate and result into mechanical 

failure. Film deposition techniques have been applied (plasma spray, physical vapor 

deposition (sputtering and laser ablation), and electrochemical chemical vapor 

deposition) to avoid the high temperature sintering for obtaining dense LaCrO3 based 

perovskites. Even though density can be achieved with controlled microstructure for the 

bulk membrane, high temperature (≥1300°C) annealing is required for strong interface. 

The installation, operation, and maintenance costs are very high for these deposition 

techniques compared to the conventional ceramic processing techniques such as wet 

chemical method. However, the parameters for the conventional techniques (wet 

chemical method) to deposit LaCrO3 based perovskite are yet to be optimized. 
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Materials degradation: The OTM operating conditions (temperature, time, and 

atmosphere) also degrade the stability of materials due to reaction kinetics and solid-gas 

interaction as discussed in section 1.4.8. The perovskite phases can also react with the 

fluorite phase in dual phase membrane and form new compounds. The electrical 

conductivities of the secondary compounds are different than the bulk and affect the 

electrochemical activity for oxygen flux. Further, the bulk membrane may form 

interfacial compounds due to interaction between the membrane and the intermediate and 

surface exchange layers. The difference between the thermal expansion behavior of the 

primary and secondary compounds can lead to crack and pore formation. In addition, the 

porous microstructure of the intermediate and surface exchange layer can change due to 

atomic diffusion and grain growth. The gradient in    
 across the OTM as well as 

thermal cycling can also lead to mechanical failure. The lattice volume change can be 

mitigated by suitable B-site dopants to decrease the amount of oxygen vacancy. 

 The components of OTM devices are connected to other components (ceramic, 

metallic or alloy) in a balance of plant by sealants. The sealants for high temperature 

application are alumino-silicate based materials (glass and ceramic pastes). Silica 

evaporation from glass based sealants during operation can degrade not only sealant 

performance for preventing gas leakage but also the catalytic activity of the device due to 

deposition of silica vapor species at the electrochemically active areas (triple phase 

boundary) [156, 249]. 
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Lack of fundamental understanding of transport kinetics and standardized method for 

oxygen flux/permeation evaluation: Electronic and ionic transport as well as the surface 

exchange kinetics depend on the defect chemistry and defect interactions. The transport 

and surface exchange kinetics are not much investigated despite the total electrical 

conductivity for lanthanum chromite based perovskites have been studied. The 

transference number for the doped lanthanum chromites need to be determined to 

effectively model defect chemistry and its correlation with the electrochemical activity. 

The desirable transference number is not known. 

 Different research groups use different methods to determine the oxygen flux and 

report as normalized value without detailing the experimental procedure and sample 

dimensions. As a result, the literature report cannot be compared for same composition 

for further improvement in materials development. Also, the information about oxygen 

flux is limited in literature. In most cases, the oxygen flux is determined by maintaining 

   
 gradient. In practice, the OTM will be exposed to the reducing atmospheres 

containing CO, CH4, H2, S, N, and other elements depending on the gas composition. The 

electrochemical behavior and oxygen flux not necessarily be same for all the gas 

compositions. It will depend on the redox behavior and microstructure of the OTM 

materials – a subject of further research. 

 

Integration with a gasification or power generation system: To integrate in a gasification 

or power generation system, the OTM needs to be joined with the corresponding 

(ceramics and/or metal) components in the system. High temperature 

ceramic/glass/brazing seals are used at the joints with or without applied pressure. The 
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joining points are generally prone to mechanical failure because of high pressure (as high 

as ~400 atm), interfacial compounds due to interaction between the components, and 

generation of pores and cracks at the joining. The material development for joining the 

components as well the compatibility with the adjacent components needs to be studied. 

 

1.6. Summary 

 The status of the lanthanum chromite based perovskites as mixed and ionic 

electronic conductor, for application in the active oxygen transport membrane, to separate 

oxygen from air has been reviewed. The tailoring of the required properties such as 

density, thermal expansion behavior, electrical conductivity, oxygen permeation, and 

thermo-chemo-mechano stability by tailoring the composition using dopants has been 

reviewed and discussed. Table 1.7 summarizes the properties of A and/or B-site doped 

lanthanum chromites. 

 The density of undoped lanthanum chromite is less than 60%. The poor 

sinterability is attributed to the evaporation of CrO3 specie and its deposition as Cr2O3 at 

the inter-particle necks of LaCrO3 during sintering process. A-site (Sr, Ca) and B-site 

dopants (Ni, Co, Cu, Mn, Fe) enhance densification of lanthanum chromite. More than 94% 

density can be obtained in Ca doped A-site excess as well in simultaneous A and B-site 

doped lanthanum chromite as shown in Table 1.7. Iron and nickel as the B-site dopant 

shows highest densification. However, it is dependent on dopant level and sintering 

temperature. Density increases with increasing doping level and sintering temperature. 



  

97 

 

Table 1.7. Summary - Properties of A and/or B-site doped lanthanum chromite materials [32-33, 38, 110, 112-115, 120, 123, 

126, 128-131, 134, 139-142, 149, 183-185, 193-194]. 

Composition 

Relative 

Density 

(%) 

Oxygen- 

Nonstoichiometry 

(Δδ)  

(T= 1000 °C  

PO2 ~ 0.21-10
-15

 

atm) 

Thermal 

Expansion  

(×10
-6

 °C
-1

) 

Electrical 

Conductivity  

(S cm
-1

) 

Mechanical 

Property 

(Flexure 

Strength - 

MPa) 

Oxygen

-Flux  

(mol 

cm
-2

 

sec
-1

) 

LaCrO3 
~50 

(T~1450°C) 
- 

9.4 (air) 

(T=290-1050°C) 

0.2-0.35 (air), 0.003-

0.05 (H2) 

(T~500-800°C) 

- - 

A-site (Ca) doped LaCrO3 
 

 

La0.9Ca0.1CrO3-δ - ~0.0112 
9 (air) 

(T=50-1000°C) 

9.4-12.0 (air), 0.7-2.7 

(H2) 

(T~500-1000°C) 

- - 

La0.7Ca0.28CrO3 
<60 

(T~1550°C) 
- 

  
- - 

La0.7Ca0.3CrO3-δ 
~68 

(T=1600°C) 
~0.07 

9.7 (air) 

(T=50-1000°C) 

30.2-37.1 (air), 2.2-4.3 

(H2) 

(T~500-850°C) 

~220 (T= 

1400°C) 
- 

La0.7Ca0.32CrO3 
>90 

(T=1400°C) 
- - - - - 
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(La0.6Ca0.4)1.02CrO3 
>95 

(T=1350°C) 
- - - - - 

A-site (Sr) doped LaCrO3  

La0.9Sr0.1CrO3-δ - ~0.0114 
10.7 (air) 

(T=50-1000°C) 

7.3-8.5 (air), 0.4-2.1 

(H2) 

(T~500-800°C) 

~80 (T= 

600°C) 
- 

(La0.85Sr0.15)0.95CrO3 
~58 

(T=1600°C 
- - - - - 

La0.7Sr0.3CrO3-δ 
~65 

(T=1400°C) 
~0.082 

11.1 (air) 

(T=50-1000°C) 

37.2-39.8 (air), 3.9-4.8 

(H2) 

(T~500-800°C) 

~98 (T= 

1400°C) 
- 

(La0.85Sr0.15)1.02CrO3 
>90 

(T=1600°C) 
- - - - - 

A-site (Sr,Ca) doped LaCrO3 
 

 

La0.75Ca0.10Sr0.15CrO3 
~84 

(T=1400°C) 
- - - - - 

A-site (Ca/Sr) and B-site (Fe) 

doped LaCrO3  

La0.9Ca0.1Cr0.5Fe0.5O3 
57.6 

(T=1250°C) 
- - 

3.0 (air) 

(T~727°C) 
- - 

La0.8Ca0.2Cr0.9Fe0.1O3-δ - - - - 
~154.3 (T= 

25°C) 
- 

La0.9Sr0.1Cr0.95Fe0.05O3 - - 
9.2 (air), 10.2 (H2) 

(T=50-1000°C) 
- - - 

La0.8Sr0.2Cr0.9Fe0.1O3-δ 
~84 

(T=1400°C) 
- - - - - 
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La0.75Sr0.25Cr0.7Fe0.3O3-δ - ~0.1266 
  

- - 

(La0.75Sr0.25)0.95Cr0.7Fe0.3O3-δ 
95.2 

(T=1700°C) 
- 

11.3 (air), 10.3 

(CO/CO2) 

(T=27-1097°C) 

~31.6 (air), ~2.0 (10
-18 

atm) 

(T~900°C) 

- 

~1.0E-7 

(T=950°C, 

disk, d= 

1mm, 

air/H2-N2) 

(La0.75Sr0.25)0.95Cr0.6Fe0.4O3-δ - - 

11.1 (air), 10.5 

(CO/CO2) 

(T=27-1097°C)- 

- - 

~1.5E-7 

(T=900°C, 

disk, 

d=1mm,  

air/H2-N2) 

La0.8Sr0.2Cr0.5Fe0.5O3-δ 
~97 

(T=1400°C) 
- - 

~21.9 (air), ~6.4 (5%H2-

Ar) 

(T=800°C) 

- 

~1.2E-7 

(T=950°C, 

disk, 

d=1mm,  

air/CO) 

A -site (Ca/Sr) and B-site 

(Mn) doped LaCrO3 

 

 

La0.9Ca0.1Cr0.5Mn0.5O3 
54.4 

(T=1250°C) 
- - 

2.2 (air) 

 (T~727°C) 
- - 

La0.9Sr0.1Cr0.95Mn0.05O3 - - 
10.2 (air), 11.2 (H2) 

(T=50-1000°C) 
- - - 

La0.9Sr0.1Cr0.5Mn0.5O3 
~78 

(T=1475°C) 
- - - - - 

La0.75Sr0.25Cr0.5Mn0.5O3-δ 
>94 

(T=1600°C) 
~0.1468 - 

~38.6 (air), ~1.49 

(5%H2-Ar)  

(T=900°C) 

- - 
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(La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ 
~94 

(T=1600°C) 
- 

12.7 (air), 11.7 

(CO/CO2) 

(T=650-950°C) 

20-35 (0.21-10
-12

 atm) 

(T~750-1000°C) 
- 

~8.9E-10 

(T=950°C, 

disk, 

d=1mm,  

~0.2/E-

15) 

La0.9Sr0.1Cr0.3Mn0.7O3 
~95 

(T=1475°C) 
- - - - - 

A -site (Ca/Sr) and B-site (Ni) 

doped LaCrO3  

La0.9Ca0.1Cr0.5Ni0.5O3 
53.6 

(T=1250°C) 
- - 

23.3 (air) 

(T~727°C) 
- - 

La0.9Sr0.1Cr0.95Ni0.05O3 - - 
9.4 (air), 10.1 (H2) 

(T=50-1000°C) 
- - - 

La0.9Sr0.1Cr0.5Ni0.5O3 - - - 
72.8 (air) 

(T~800°C) 
- - 

La0.85Sr0.15Cr0.95Ni0.05O3 
~96.4 

(T=1450°C) 
- 

10.3 (air) 

(T~50-1000°C) 
- - - 

A -site (Ca/Sr) and B-site (Co) 

doped LaCrO3  

La0.8Ca0.2Cr0.9Co0.1O3-δ - - - 
 

~170.5 (T= 

25°C) 
- 

La0.85Sr0.15Cr0.95Co0.05O3 
~91  

(T=1450°C) 
- 

 

11.4 (air) 

(T~50-1000°C) 

 

0.1-0.7 (air) 

(T~100-860°C) 
- - 

La0.9Sr0.1Cr0.95Co0.05O3 - - 
10.4 (air), 11.5 (H2) 

(T=50-1000°C) 
- - - 
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A -site (Ca/Sr) and B-site (Cu) 

doped LaCrO3  

La0.8Ca0.2Cr0.9Cu0.1O3-δ - - - - 
~356.9 (T= 

25°C) 
- 

La0.85Sr0.15Cr0.95Cu0.05O3 
~94.5 

(T=1450°C) 
- 

 

10.6 (air) 

(T~50-1000°C) 

 

- - - 

A -site (Ca/Sr) and B-site (Ti) 

doped LaCrO3  

La0.9Sr0.1Cr0.95Ti0.05O3 - - 
9.0 (air), 9.3 (H2) 

(T=50-1000°C) 
- - - 

La0.7Sr0.3Cr0.9Ti0.1O3-δ - ~0.048 - - - - 

La0.7Sr0.3Cr0.7Ti0.3O3-δ - ~0.005 - - - - 
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La0.8Sr0.2Cr0.5Fe0.5O3-δ and La0.85Sr0.15Cr0.95Ni0.05O3 are the best two compositions (Table 

1.7) among doped LaCrO3. But, the required sintering temperature is above 1350°C. 

Undoped lanthanum chromite changes room temperature orthorhombic to rhombohedral 

structure at ~260°C with a volume change. Strontium dopant (10 mol%) decreases the 

polymorphic transition temperature to ~42°C, eliminating the stress due to the change in 

lattice during thermal cycling. Calcium dopant (10 mol %) increases the polymorphic 

transition temperature to 307°C. 

 The thermal expansion coefficient (TEC) of the lanthanum chromite can be tuned 

virtually by maintaining the level of any dopant. For example, <20 mol% Sr/Ca doping 

and 5 mol% Ni/Mn/Fe doping is suitable to obtain TEC similar to 8YSZ (~10.3×10
-6 

°C
-

1
). The dopants also induce chemical expansion because of the presence of oxygen 

vacancy and different valance states of B-site cations. From Table 1.7, 

La0.9Sr0.1Cr0.95M0.05O3 (Ni, Fe, Mn) composition shows TEC within the tolerable 

difference limit (±1.0×10
-6 

°C
-1

) of fluorite phase (e.g. 8YSZ) in air and H2 atmosphere 

(50-1000°C). 

Undoped lanthanum chromite shows only electronic conduction. Ionic 

conductivity is induced in doped lanthanum chromites due to creation of oxygen 

vacancies. The dopants also increase the total (ionic and electronic) conductivity due to 

polaron hopping. The electrical conductivity value is varied for A-site dopants (strontium 

and calcium) depending on the dopant type and level. However, there is no significant 

variation. Nickel doping in the B-site shows the highest conductivity among others. 

However, Mn and Fe doping can induce mixed ionic-electronic conductivity. The role of 
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dopants on the electrochemical activity for oxygen permeation cannot be concluded due 

to limited knowledge. It is identified that La0.9Sr0.1Cr0.5Ni0.5O3 composition shows the 

highest electrical conductivity as shown in Table 1.7. 

Undoped lanthanum chromite is the most stable at the extreme OTM operating 

conditions. For the doped lanthanum chromite, strontium doping is more stable than 

calcium doping. Surface segregation is generally observed for ≥20 mol% dopant levels. 

Therefore, strontium is preferred A-site dopant at less than 20 mol% level. The stability 

for the B-site doping is not studied well. The solubility of the B-site dopants in the 

lanthanum chromite decreases in reducing atmosphere and tend to reduce to metallic 

form. Considering the positive role on the thermo-physical properties of the lanthanum 

chromite, B-site dopants can be used at lower level (≤30 mol %). However, cobalt doping 

should be avoided because it undesirably increases the TEC attributed to the change in 

valance state. 

 

1.7. Overall objective and scope 

Lanthanum chromite based perovskites have been considered as a promising 

candidate for OTM system. This is mainly due to its high thermo-chemical and redox 

stability at high temperature (>1000°C) in a wide range of oxygen partial pressure (0.21-

10
-22

 atm). Despite having good electronic conductivity 0.6-1.0 S/cm at 1000°C and 

superior chemical stability in a wide temperature and PO2 range, undoped LaCrO3 is not 

suitable for OTM due to lack of ionic conduction and densification. To densify and 

obtain the desired thermal and electrical properties, dopants are introduced at A-site as 

well as B-site of lanthanum chromite. Sr and Ca are used as A-site dopants while 
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transition metals (Mn, Fe, Co, Ni and Ti) are considered for B-site dopants. A-site 

dopants are generally acceptor type and induce oxygen vacancy for ionic conduction. B-

site dopants are introduced to maintain thermal and crystal structure stability, and to 

further increase the electrical conductivity and performance. To enhance the oxygen 

surface exchange and improve the overall oxygen flux, however, fluorite phase 

(YSZ/ScSZ) is added to the perovskites. 

Based on the literature review, limited data exists on perovskite/fluorite based 

materials optimization and development for the oxygen transport membrane system. The 

literature search also shows lack of information pertaining to the interaction of perovskite 

and fluorite phases under oxidizing as well as reducing gas atmosphere required for long-

term stable operation of the OTM device. Fundamental research needs to be conducted in 

the areas of the doping (type and level) effects on materials structure, phase 

transformation, properties, processing, electrochemical activity and stability (thermal, 

structure, chemical, microstructural and interfacial), in particular, for doped lanthanum 

chromites and/or mixed with fluorite phase, to fully exploit the material for active OTM 

application. 

From the above discussions, it can be suggested that strontium as A-site dopant 

and transition metals (Mn, Ni and Fe) as B-site dopants can be considered for 

compositional design to achieve all the required properties simultaneously. From the 

thermo-mechanical stability point of view, titanium as B-site dopant can be considered 

because of reduced chemical expansion. In addition, Ti-based La0.7Sr0.3Cr0.7Ti0.3O3-δ 

composition provides least oxygen-nonstoichiometry (δ) at 1000°C and    
~1-10

-15 
atm 
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(Table 1.7). Overall, La1-xSrxCr1-y-zMyTizO3 (M = Ni, Fe, Mn; x≤0.2, y, z≤0.3) 

composition would be the best perovskite composition for OTM. For higher oxygen flux 

and performance, it is suggested to combine perovskite phase with fluorite phase (e.g. 

8YSZ and 10ScSZ) to obtain higher ionic conductivity. 

Due to the lack of information in literature (Chapter 1) and the above mentioned 

need/importance of perovskite/fluorite based materials development under simulating 

OTM fabrication (1400°C, ~ 0.21-10
-10

 atm) and operating (1000°C, ~ 0.21 – 10
-16

 atm) 

conditions, the objective of this research includes: (a) investigation of the structural, 

thermal, chemical, microstructural and interfacial stability of perovskites and perovskite–

fluorite composites with varying Cr: M ratio, (b) develop understanding on the behavior 

of A and B-site doped single phase perovskites as well as their composites with 

YSZ/ScSZ/ScCeSZ under OTM processing and operating conditions, (c) relative stability 

and interactions of YSZ and ScSZ in perovskite under oxidizing and reducing atmosphere 

and (d) develop interaction/degradation mechanisms. Experimental approach considers 

examination of: 

Chapter 2. Phase transformation, electrical conductivity and thermal expansion of 

lanthanum chromite 

Chapter 3.  Electrochemical determination of Gibbs energy of formation of lanthanum 

chromite using a composition-graded bielectrolyte 

Chapter 4. Thermodynamic properties of LaCrO4, La2CrO6, and La2Cr3O12, and 

subsolidus phase relations in the system lanthanum-chromium-oxygen 
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Chapter 5. Manganese doped lanthanum-strontium chromite fuel electrode for solid 

oxide fuel cell and oxygen transport membrane systems 

Chapter 6. Processing and electrochemical performance of manganese-doped 

lanthanum-strontium chromite in oxidizing and reducing atmospheres 

Chapter 7. A new stable nickel and titanium co-doped lanthanum strontium chromite for 

high temperature electrochemical devices 

Chapter 8. A comparative study on manganese-doped lanthanum-strontium chromite 

mixed with 8YSZ and 10ScSZ in oxidizing and reducing atmospheres 

Chapter 9. Processing, interfacial stability and electrochemical performance of iron 

soped lanthanum strontium chromite in oxidizing and reducing atmosphere 

Chapter 10. Effect of chromium: iron ratio and oxygen partial pressure on processing 

and stability of iron doped lanthanum strontium chromite 

Chapter 11. Effect of chromium: iron ratio and oxygen partial pressure on processing 

and stability of iron doped lanthanum strontium chromite and scandia stablized zirconia 

Chapter 12. Performance and post-test characterization of OTM system in experimental 

coal gasifier 
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CHAPTER 2: PHASE TRANSFORMATION, ELECTRICAL CONDUCTIVITY AND 

THERMAL EXPANSION OF LANTHANUM CHROMITE 

 

2.1. Abstract 

This paper addresses discrepancies pertaining to structural, thermal and electrical properties 

of lanthanum chromite. Experimental evidence is provided to support the hypothesis for poor 

densification in air as well as reduction in electrical conductivity in reducing atmosphere. 

Sintering condition for the synthesis of LaCrO3 was optimized to 1450°C and 10h. Thermo-

analytical (Differential scanning calorimetry - DSC) and high temperature X-ray diffraction 

(HT-XRD) studies show that orthorhombic lanthanum chromite transforms into 

rhombohedral structure at ~260°C and cubic structure above 1000°C. Co-existence of the 

structural phases and the variation in each polymorph with temperature in both air and 3%H2-

Ar atmosphere is reported. Presence and absence of Cr-rich phase at inter-particle neck are 

observed in oxidizing and reducing atmospheres respectively. The thermal expansion co-

efficient was calculated to be 10.8±0.2 ×10
-6

/°C in the temperature range of RT-1400°C. 

Electrical conductivity of lanthanum chromite was found to be 0.11 S/cm in air. A decrease 

in electrical conductivity (0.02 S/cm at 800°C) of LaCrO3 , as observed in reducing 

atmosphere (3%H2-Ar), corresponds to lattice volume change as indicated by peak shift in 

HT-XRD results. 

 

2.2. Introduction 

Lanthanum chromite (LaCrO3) based perovskite oxides have been proposed for use as 

electrode materials in magnetohydrodynamic (MHD) power generators [1], oxygen sensors 

[2], and heating element in high temperature furnaces [3]. They have also been considered as 
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electrodes and interconnect materials in solid oxide fuel cells [4], and as oxygen transport 

membrane for air separation and oxy-fuel combustion with negligible greenhouse gas 

emission [5]. The diverse application of LaCrO3 is attributed to its high melting point of 

~2510⁰C [6], good electrical conductivity of ~0.1 S/cm at 800⁰C [7] and stability in both 

oxidizing (
2OP = 0.21 atm) and reducing atmospheres (

2OP = 10
-22

 atm) at 1000°C [8]. 

Optimization of the required properties, for specific applications, can be accomplished by 

doping of LaCrO3 by alkaline earth metals (Sr, Ca) at A-site and transition metals at B-site 

(Mn, Ni, Fe, Co) [9]. 

Discrepancies in the structure and properties of undoped lanthanum chromite have 

been reported in the literature. Koehler et al. [10] have reported the anti-ferromagnetic to 

paramagnetic transition temperature for lanthanum chromite to be 47°C which is in 

disagreement with that of 14°C [11] and 27°C [12]. Various characterization methods used in 

these studies may be the reason of the variation in magnetic transition temperature [10-13]. 

LaCrO3 has orthorhombic crystal structure at room temperature and rhombohedral at ~ 260 

°C [11, 13, 14]. On the other hand, Oikawa et al. [15] reports the coexistence of 

orthorhombic and rhombohedral phase at the same transition temperature. It is also reported 

that the LaCrO3 transforms to cubic structure at ≥1600°C [16-18]. In contrast, Momin et al. 

[19] found the cubic transition to be at 1027°C. The relative density of LaCrO3 was reported 

to be ~50% at 1600°C [20, 21] and ~64 % at 1700°C when sintered in air [22]. It was 

proposed that the formation of CrO3 volatile specie above 1000°C [23] and its condensation 

as Cr2O3 at the interparticle necks [24] during sintering results in the lower density of 

LaCrO3. These studies, however, do not provide the evidence of Cr2O3 deposition in the 

microstructure. The volume expansion coefficient was reported to be 19.7 × 10
-6

 (25-267°C), 
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20.2 × 10
-6 

(277-1007°C), and 82.4 × 10
-6

/°C (1027-1327°C), for the orthorhombic, 

hexagonal (rhombohedral) and cubic phases, respectively [19]. The same is obtained as 22.8 

× 10
-6

/°C (22-260°C) and 28.4 × 10
-6

/
 

°C (260-740°C) for the orthorhombic and 

rhombohedral phases, respectively.[15] The thermal expansion coefficient of LaCrO3 was 

measured to be 7.7 × 10
-6

/°C, and 7.3 × 10
-6 

/⁰C, in the temperature range of -173-247°C and 

257-867°C respectively, [25] in disagreement with the values of 4.6 × 10
-6 

/°C in 40-274°C 

temperature range and 9.4 × 10
-6 

/°C in 290-1052°C [18]. Electrical conductivity of LaCrO3 

is reported to be 0.1 S/cm at 800°C [7]. Ong et al. [26] found the conductivity as high as 0.34 

S/cm at same temperature. These discrepancies can be attributed to the (a) sintering 

temperature and time as it can change the density of LaCrO3, (b) La: Cr ratio due to 

evaporation and condensation of chromium vapor species and, (c) the amount of porosity that 

can affect the electrical conductivity. The different property measurement techniques can 

also result in discrepancy. Furthermore, experimental techniques involving the equilibration 

time for attaining uniform temperature and controlled environment can also affect the various 

property values. 

Considering the above reasons for the causes of variation in the physical properties of 

LaCrO3, this paper further investigates the structural changes and properties of LaCrO3 using 

in-operando and in-situ characterization techniques. The possible reasons for the 

discrepancies in the reported literature are addressed by comparing the results of this study. 

Although the physical properties change with exposed atmosphere, the corresponding change 

in structure is not found in public domain as per author’s knowledge. Accordingly, the 

change in structure and its relation to the electrical property has also been investigated with 

respect to exposed atmospheres. 
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2.3. Experimental  

2.3.1. LaCrO3 synthesis 

LaCrO3 was synthesized using lanthanum oxide (La2O3, 99.95%, Alfa Aesar, USA) 

and chromium oxide (Cr2O3, 99.9%, Sigma-Aldrich, USA) powders by solid state reaction 

technique. La2O3 and Cr2O3 powders were mixed using wet-ball milling in ethanol for 24h. 

After drying in air, the mixed powders were uniaxially pressed into cylindrical pellets at 287 

MPa. Several sintering experiments were conducted in 1300-1650⁰C for period ranging from 

5-24 h for the optimization of LaCrO3 stoichiometry. X-ray diffraction (BRUKER-D8 

ADVANCE, Bruker AXS Inc. Madison, WI) and energy dispersive spectroscopy (EDS) 

attached to scanning electron microscope (FEI - ESEM Quanta 250, Hillsboro, OH) 

techniques were used to identify the single phase LaCrO3 and La: Cr ratio of the sintered 

samples to optimize sintering condition. An optimized sintering condition of 1450°C with 10 

h dwell time was selected. The overall stoichiometry (La: Cr ratio = 1:1) was also confirmed 

by inductively coupled plasma (ICP) mass spectroscopy. 

2.3.2. Characterization 

The phase transition temperatures of LaCrO3 were determined using differential 

scanning calorimeters (DSC; DSCQ100-TA for -80-350°C temperature range and STDQ600-

TA for 100-1500°C range; TA Instruments, OH, USA) with 20°C/min heating rate. The same 

amount of LaCrO3 powder (~10 mg) was used for both the DSC studies. The heat of 

transformation required for each phase transition was calculated using TA Instruments 

Universal Analysis 2000 software. 
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High temperature XRD (HT-XRD) studies of LaCrO3 powder were performed in RT-

1200
o
C temperature range both in air and reducing gas atmosphere (3%H2-Ar) to identify the 

change in crystal structure with temperature and exposed atmospheres. The heating and 

cooling rate of 5°C/min was used during the experiment with the holding time of 48 h at 

1200°C and 1 h at remaining temperatures. The scan step was 0.02° using CuKα radiation (λ = 

1.5406 Å). The amount of different polymorphs of LaCrO3 was calculated semi-

quantitatively using ratio of intensity sum of the corresponding phase to that of all the phases. 

A cylindrical bar (0.56cm × 0.33cm × 0.17cm) was cut from the sintered pellet to 

evaluate the thermal expansion coefficient (TEC) of the LaCrO3 using dilatometer 

(NETZSCH - DIL 402 PC, NETZSCH Instruments, and Burlington, USA). The TEC 

measurement was carried out in the temperature range of RT-1400
o
C in air with a heating 

rate of 3°C/min. Prior to the actual measurement; the dilatometer was calibrated using 

alumina (Al2O3) standard. 

A thin cylindrical bar (0.56cm × 0.33cm × 0.17cm) was cut from the sintered pellet to 

determine the electrical conductivity of LaCrO3 using standard four-probe DC technique in 

100-1000°C in air and reducing gas atmosphere (3%H2-Ar). The heating and cooling rates 

were 3°C/min. At least 30 minutes was elapsed to stabilize the temperature before collecting 

the data. Also, minimum of 4 days was provided at 950°C for the equilibration of 3% H2-Ar 

gas atmosphere. The reliability of the experiment was initially confirmed by measuring the 

conductivity of well-studied YSZ. 
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Microstructure was investigated for sintered LaCrO3 by scanning electron 

microscope. The sample used for electrical conductivity measurement was also studied to 

identify the effect of reducing atmosphere on the microstructure. 

2.4. Results and Discussion 

2.4.1. Phase transition and Crystal structure 

The DSC profiles obtained for sintered LaCrO3 to identify the phase transition 

temperatures are shown in Fig. 2.1. Fig. 2.1a shows two endotherms at ~15°C and at ~260°C 

while Fig. 2.1b shows endotherms at ~260°C and ~1300°C corresponding to structural phase 

transition. The endotherm at ~15°C corresponds to a magnetic order-disorder transition of 

LaCrO3 [11] because of changes in the spin orientation of Cr
3+

 ions [27] leading from anti-

ferromagnetic to paramagnetic state. The endotherms at ~260°C and ~ 1300°C correspond to 

the change in crystal structure and will be discussed in the subsequent paragraph. The 

measured heat of transformation required for the magnetic transition and the polymorphic 

transformations are 0.635J/g at~15°C, 1.768J/g at ~260°C, and 728.2J/g at ~ 1300°C. The 

above transformations were observed at the same temperature during the subsequent cycles. 

This suggests the reproducibility and reversibility of the magnetic and structural transition. 

The magnetic transformation temperature is in agreement with those determined using 

thermo-analytical techniques [11,13] but in disagreement with 47°C [10] and 27°C [12] 

determined using static magnetic susceptibility and neutron diffraction technique 

respectively. 

HT-XRD patterns of the LaCrO3 at different temperatures (RT-1200°C) in air are 

shown in Fig. 2.2a. The change in the crystal structure at 260°C and 1000°C is observed 
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(corresponding XRD patterns are shown for brevity). From the XRD pattern, LaCrO3 is 

determined to be 

 

Fig. 2.1. DSC profiles of LaCrO3: a) in -80°C to330°C range and b) in 100°C to1500°C 

 

orthorhombic (JCPDS – 01-070-2694) at room temperature. The orthorhombic (O) structure 

changes to rhombohedral (JCPDS – 00-033-0702) at 260°C. This transition is marked by the 

disappearances of certain peaks (as indicated by asterisk in Fig. 2.2a) as well as peak splitting 

indicative of appearance of new polymorph in Fig. 2.2b. For example, the peak 

corresponding to 2θ→32.5° splits at 260°C as shown in Fig. 2.2b, corresponding to 

rhombohedral (R) polymorph. It is also found that the LaCrO3 coexists in both orthorhombic 

(~51%) and rhombohedral structure (~49%) at 260°C. With increase in temperature the 

splitted peaks start to combine at ~1000°C as shown in Fig 2.2b. Further merging of peaks at 

1200°C (selected for brevity) indicates that the LaCrO3 partially transforms into cubic (C) 

polymorph (JCPDS – 01-074-1961, Fig. 2.2b). The co-existence of orthorhombic (C) 

(~23%), rhombohedral (R) (~58%) and cubic (C) phase (~19%) was found at 1200⁰C. With 

the temperature increase, the higher amount of cubic and rhombohedral polymorphs compare 
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to orthorhombic structure suggest that the orthorhombic polymorph is transforming into 

rhombohedral and cubic structure. 

 

 

Fig. 2.2. (a) In-situ XRD patterns for undoped LaCrO3 at RT, 260°C, 1000°C and 1200°C in 

air, (b) Magnified image of the HT-XRD for LaCrO3 at RT, 260°C, 1000°C and 1200°C for 

2 = 32-33° 

 

20 30 40 50 60 70 80 90 100 110 120 130

R
e

la
ti

v
e

 I
n

te
n

s
it

y

2(°)

RT

260°C

1000°C

1200°C

* * *** *** *

(a)

32 32.5 33

R
e
la

ti
v
e
 I

n
te

n
s
it

y

2(°)

RT

260°C

1000°C

1200°C

(b)



  

132 

 

 Similar XRD patterns features are observed in reducing gas atmosphere (3%H2-Ar) as 

shown in Fig. 2.3a and b. The peak intensity, however, decreases in comparison with those in 

air as shown in Fig. 2.3b. Also, a slight peak shifting to the left is observed in reducing 

atmosphere. For instance, the peak corresponding to (042) plane at 58.13° appears at 58.09° 

 

 

 

Fig. 2.3 (a) Comparison of HT-XRD patterns at RT and 1200°C in air and in reducing 

atmosphere (3% H2-Ar) showing intensity variation. (b) Magnified image of the HT-XRD for 
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LaCrO3 at RT, 260°C, 1000°C and 1200°C for 2 = 32-33° in reducing atmosphere (3% H2-

Ar). 

in reducing atmosphere as shown in Fig. 2.4 with the dotted lines. This suggests the increase 

in unit cell volume for the sample treated in 3%H2-Ar and the values are given in Table 2.1. 

The change in lattice volume has not been calculated for the high temperatures due to limited 

accuracy in calculated phase quantity. The existence of Cr
4+

 ions in undoped LaCrO3 is 

considered due to the inherent structural defects [28]. The change in lattice parameter is 

considered to be due to the change in valence state of Cr
4+

 to Cr
3+

 in reducing atmosphere 

which has bigger ionic radii ( 3Cr
r > 4Cr

r ). The calculated phase fraction of polymorphs 

(orthorhombic, rhombohedral and cubic) phase at different temperature in air and reducing 

atmosphere is shown in Fig. 2.5. Similar to air, the orthorhombic polymorph transforms into 

rhombohedral and cubic structure in reducing atmosphere. 

 

Fig. 2.4. Comparison of HT-XRD patterns showing peak shifting in reducing atmosphere 

(3% H2-Ar) at RT. 
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 The polymorphic transition temperatures obtained from HT-XRD are consistent with 

those found in DSC profiles (Fig. 2.1). The change in crystal structure corresponding to the 

endotherm at 1300°C was not determined due to the experimental limitation. The HT-XRD 

result confirms that the cubic transition initiates at ~1000°C and continues to 1200°C in 

agreement with Momin et al. [19] and Malghe et al. [29] but in disagreement with the 

transformation temperature ≥1600°C [16, 17, 18]. The DSC-endotherm at 1300°C is 

suggested to correspond to polymorphic transition to the cubic structure. The reversibility of 

the phase transition has also been confirmed by superimposing the XRD patterns during 

heating and cooling cycles (The patterns are not shown for brevity). 

 

Fig. 2.5. Phase fraction (orthorhombic, rhombohedral and cubic) in the temperature range of 

RT-1200°C. 
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Table 2.1. Lattice parameters and unit cell volume of LaCrO3 at room temperature in air and 

reducing atmosphere. 

Composition 

(LaCrO3) 

a (Å) b (Å) c (Å) Volume (Å
3
) 

Air 5.489±0.002 7.762±0.004 5.515±0.004 234.993±0.152 

3%H2-Ar 5.489±0.002 7.7676±0.003 5.5169±0.003 235.222±0.120 

 

2.4.2. Thermal expansion 

 The thermal expansion of LaCrO3, obtained from dilatometer, is shown in Fig. 2.6. A 

discontinuity at ~260°C is observed in the thermal expansion profile because of 

transformation from orthorhombic to rhombohedral structure, consistent with the DSC and 

HT-XRD results and in agreement with Sakai et al. [11] and Hayashi et al. [13]. Deviation 

from continuity in the thermal expansion curve, observed at ~ 1350°C, is consistent with 

DSC endotherm suggesting further change in crystal structure. It was found that the thermal 

expansion coefficients are 8.2±0.1/°C, 11.4±0.2/°C, and 7.3±1.4×10
-6

/°C in the temperature 

range of RT-300°C, 300-1200°C and 1200-1400°C, respectively. The thermal expansion 

coefficient value is in close agreement with 7.7 × 10
-6 

/°C in the temperature range of -173-

247°C [25]. A small variation can be attributed to the different temperature ranges considered 

in calculation. The results are in disagreement with 4.6×10
-6 

/°C in 40-274⁰C temperature 

range. 
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Fig. 2.6. Thermal expansion of LaCrO3 from RT-1400⁰C in air. 

 

2.4.3. Electrical conductivity 

The measured electrical conductivity is 0.11 S/cm
 
at 800°C in agreement with 0.1 

S/cm [7]. However, it decreases to 0.02 S/cm in Ar-3%H2 atmosphere. This is considered to 

be due to the change in valence state of Cr
4+

 to Cr
3+

 during exposure to reducing gas 

atmosphere leading to reduction in the charge carrier concentration. This is also supported by 

an increase in lattice parameter in reducing atmosphere (Table 2.1). Fig. 2.7 shows the linear 

relationship between log σT and 1/T for electrical conductivity of LaCrO3 in the temperature 

range of 100-1000°C in air and reducing gas (Ar-3%H2) atmosphere. Reproducible results 

were obtained during both heating and cooling cycles. With increase in temperature, the 

conductivity increases due to increase in the lower thermal activated barrier. The above 

observation is consistent with the conductivity reported by Ruangvittayanon et al. [7] but in 

disagreement with Ong et al. [26]. The inset in the conductivity plot (Fig. 2.7) shows 

previously undocumented information related to the deviation from continuity at ~260°C 
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corresponding to the orthorhombic to rhombohedral transition of LaCrO3. The activation 

energy was calculated to be 0.12eV and 0.34eV in air and reducing atmosphere (3%H2-Ar). 

 

Fig. 2.7. Electrical conductivity of LaCrO3 100-1000°C in air and 3% H2-Ar. 

 

2.4.4. Density and Microstructure 

The relative density of sintered LaCrO3 pellet is ~52% in agreement with Mori et al. 

[21]. SEM images of the sintered LaCrO3 show the porous microstructure (Fig. 2.9a). The 

grain size varies from 1.5 to 4.5µm with an average of 1.7 µm. 

The observed lower density is attributed to chromium evaporation (CrO3) as it is 

known to occur above 1000°C [23]. The vapor species of chromium evaporate from the bulk 

grains and condenses onto irregular contact (between grain boundaries) due to the surface 

energetics. As a result, the vapor species deposit as Cr2O3 at the particle necks and the neck 

growth continues without the mass-transport of the material from the bulk of the grains [30-

32]. The Cr2O3 evaporation and condensation reactions are shown below [23]: 

Cr2O3 + 3/2 O2 → 2CrO3↑ (evaporation)                                                                   (1) 
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2CrO3↑ → Cr2O3 + 3/2 O2 (condensation)                                                                (2) 

The chromia (Cr2O3) layer at the inter-particle neck inhibits further densification [30- 

32]. Based on EDS analysis, the deposition of chromium oxide is evident (La: Cr = 1 near the 

bulk surface, and La: Cr < 1 near the neck area) from the chromium enriched phase in the 

microstructures shown in Fig. 2.9b and c. After the electrical conductivity measurement in 

reducing gas atmosphere (Ar-3%H2), microstructural analysis of the treated sample are 

shown in Figure 2.9d and e. The extensive surface rearrangement (compared to air) may 

attribute to the intensity decreases in the corresponding XRD pattern (Fig. 2.4) [33]. The 

samples also did not show the formation of chromium enriched phases. 

This study provides experimental evidence to support the hypothesis for reduced 

densification in air and decreased electrical conductivity in reducing atmosphere for undoped 

LaCrO3. Presence of chromium oxide in the microstructure (Fig. 2.8b and c) validates 

chromium oxide evaporation-condensation attributing to poor densification of LaCrO3. Peak 

shift in the XRD pattern of LaCrO3 in 3%H2-Ar atmosphere confirms the change in the 

valence state of Cr
4+

 to Cr
3+ 

resulting in lower electrical conductivity. HT-XRD patterns 

confirm the orthorhombic transformation to rhombohedral polymorph at ~ 260°C and to 

cubic polymorph at ~1000°C. Consistency of phase transformation temperatures has been 

confirmed by different complimentary techniques (DSC, Dilatometer, HT-XRD, and 

electrical conductivity). 
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Fig. 2.8. SEM images of LaCrO3: a) lower magnification–air, b) and c) higher 

magnifications–air, d) lower magnification–3% H2-Ar, e) higher magnification–3% H2-Ar. 

 

2.5. Conclusions 
 

LaCrO3 has been synthesized and its structure and properties have been investigated 

in oxidizing (air) and reducing (3%H2-Ar) atmospheres. Transition from orthorhombic to 

rhombohedral structure at 260°C has been confirmed by HT-XRD, DSC, dilatometer, and 4-

probe DC conductivity studies. HT-XRD shows the coexistence of orthorhombic and 

rhombohedral phases at 260°C along with transformation to cubic phase above 1000°C. This 

study suggests that the disagreement in magnetic and polymorphic transition temperatures, as 

reported in literature, arises due to the use of different characterization techniques. Decrease 

in electrical conductivity in reducing atmosphere is corroborated to reduction of chromium 

ions in lanthanum chromite as supported by increase in lattice volume. 
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CHAPTER 3: ELECTROCHEMICAL DETERMINATION OF GIBBS ENERGY OF 

FORMATION OF LaCrO3 USING A COMPOSITION-GRADED BIELECTROLYTE 

 

3.1. Abstract 

 Presented are new measurements of the standard Gibbs free energy of formation of 

rhombohedral LaCrO3 from component oxides La2O3 and Cr2O3 in the temperature range 

from 875 to 1175 K, using a bielectrolyte solid state cell incorporating single crystal CaF2 

and composition-graded solid electrolyte (LaF3)y(CaF2)1-y(y=0 to 0.32). The results can be 

represented analytically as 
o

f(ox)G (2270) / J mol
–1 

= 72329 + 4.932 (T / K). The 

measurements were undertaken to resolve serious discrepancies in the data reported in the 

literature. A critical analysis of previous electrochemical measurements indicates several 

deficiencies that have been rectified in this study. The enthalpy of formation obtained in this 

study is consistent with calorimetric data. The standard enthalpy of formation of 

orthorhombic LaCrO3 from elements at 298.15 K computed from the results of this study is

 
o

15.298fH / kJ mol
–1

 = – 1536.2 (7). The standard entropy of orthorhombic LaCrO3 at 

298.15 K is estimated as 99.0 (4.5) J mol
–1

K
–1

. 

 

3.2. Introduction 

Solid-oxide fuel cells (SOFC) and oxygen transport membranes (OTM) are examples 

of key emerging solid-state electrochemical technologies for efficient utilization of 

conventional fossil fuels, carbon capture and reuse, and syngas production. The technologies 

also find applications in oxygen generation, life support system, and resource utilization as 

applicable to deep space missions. The component materials for high temperature systems 
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largely vary from advanced doped mixed ionic and electronic conducting perovskites as 

electrodes to ionic conducting oxides with fluorite structure as electrolytes and electronically 

conducting perovskites as interconnects and bi-polar separators. Although the electrical and 

electrochemical performance of these materials remains acceptable under short term test 

conditions, long term structural and chemical stability has remained an issue. 

Lanthanum chromite (LaCrO3) based perovskites have been considered as a 

promising candidate material for electrodes as well as interconnects for high temperature 

solid oxide fuel cells [1] and oxygen transport membranes [2]. This is mainly because of its 

high melting point (2773 K) [3], electrical conductivity and thermo-physical stability in both 

oxidizing (   
         ) and reducing (   

         ) atmospheres at high temperature 

[1, 4, 5]. Optimization of the required properties can be achieved by doping of pure LaCrO3 

by alkaline earth metals (Sr, Ca, Mg) at A-site and transition metals (Mn, Ni, Fe, Co) at B-

site [6]. Physical, chemical and thermal properties of LaCrO3 has been investigated and 

reported by several researchers over many years [1, 4, 7-9]. However, thermodynamic 

properties of LaCrO3 are still not very well understood and there is a serious lack of 

consistency in the data reported literature [10-15]. Accurate thermodynamic properties of 

LaCrO3 along with other physical and chemical properties is therefore of technical interest 

and importance for the design of LaCrO3-based materials possessing desirable 

electrochemical properties. 

Adiabatic calorimetry was used by Korobeinikova et al. [16] to measure the heat 

capacity (CP) of LaCrO3 in the temperature range from 340 to 900 K. Differential scanning 

calorimetry was used for CP determination by Hofer et al.
 
[17] (480–610 K) and Satoh et al. 

[18] (77–280 K). Laser flash calorimetry was used by Sakai et al.
 
[19]

 
(100–1000 K) for CP 
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measurement. Sakai and Stolen [20] reported the heat capacity of LaCrO3 in the temperature 

range from 298.15 to 1000 K using adiabatic shield calorimetry. The measured heat capacity 

exhibits anomalies corresponding to the magnetic order-disorder transition from 

antiferromagnetic state at ~288 K and structural phase transition at ~538 K. Values reported 

by Korobeinikova et al. [16] are considerably higher and those of Sakai et al. [19] 

significantly lower than the data reported by other investigators. The data of Sakai and Stolen 

[20] appear to be the most reliable. Unfortunately, none of the heat capacity measurements 

extent to sufficiently low temperature for an accurate evaluation of standard entropy at 

298.15 K. Cheng et al.
 
[15]

 
has measured the enthalpy of formation of LaCrO3 by drop 

solution calorimetry using molten lead borate as solvent. 

Chen et al. [10] used a solid state cell based on MgO-stabilized ZrO2 to determine the 

Gibbs free energy formation of LaCrO3 at 1273 K. The solid electrolyte (MgO)ZrO2 exhibits 

significant electronic conductivity at the low oxygen chemical potential associated with the 

working electrode consisting of Cr+LaCrO3+La2O3. Electronic conductivity gives rise to 

electrochemical oxygen permeability, transporting oxygen from the reference electrode 

(Cr+Cr2O3) at higher potential to the working electrode at lower oxygen potential. The 

oxygen flux through the electrolyte causes polarization of both electrodes and lowers EMF. 

Consequently, the Gibbs free energy of formation of LaCrO3 derived from the measurement 

is expected to be significantly less negative than the true value. A better solid electrolyte for 

the cell would have been Y2O3-doped ThO2. 

Measurement of the standard Gibbs free energy of formation for LaCrO3 was the 

endeavor of Azad et al. [11], Chen et al. [12] and Dudek et al. [13], who used a solid state 

cell based on CaF2 as the electrolyte operated in an oxygen containing gas atmosphere. Azad 
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et al. [11], and Chen et al. [12] used pure oxygen gas at ambient pressure, whereas Dudek et 

al. [13] used dry argon gas in which oxygen partial pressure was 8 10
-4

 atm. The cell used  

can be represented as; 

( )                  |     |                            ( )   (I) 

The temperature ranges of electromotive force (EMF) measurement and the results 

obtained by the three groups of investigators are summarized in Table 3.1. Unfortunately; the 

phases present at the reference and/or the working electrode are not thermodynamically 

stable under the operating conditions. At the reference electrode, La2O3 and LaF3 would have 

reacted to form non-stoichiometric oxyfluoride LaO1-xF1+2x [21-23]. Below ~1007 K, LaCrO3 

could have been oxidized to LaCrO4 in pure oxygen. Further, there is significant solubility of 

LaF3 in CaF2. Diffusion of La
3+

 ions into CaF2 may have affected the EMF of the solid state 

cell. 

Peck et al. [14] determined the Gibbs energy of formation of LaCrO3 using Knudsen-

cell mass-spectrometry in the temperature range from 1887 to 2333 K. As indicated in Table 

3.1, their results are in gross conflict with the data from the solid-state electrochemical cells. 

Surface depletion of the volatile component is a cause for concern in the measurement of the 

vapor pressure over solid materials. Peck et al. [14] used a large orifice with a diameter of 0.3 

mm. Because of the discordant results on Gibbs energy of formation of LaCrO3 documented 

above and summarized in Table 3.1, new measurements were undertaken to resolve the 

conflicts. 

 

Table 3.1. Comparison of the reported values for the standard Gibbs free energy formation of 

LaCrO3. 
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Gibbs free energy of formation for LaCrO3 Temperature range References 

       (      )
 (      )                 1273 K Chen et al. [10] 

       (      )
 (    )                      (   ) 

       (      )
                     (at 855 K) 

 

855  1073 K 

 

Azad et al. [11] 

      (      )
                       (   ) 

      (      )
                    (at 855 K) 

 

700  885 K 

 

Chen et al. [12] 

      (      )
 (    )                 1273 K Dudek et al. [13] 

      (      )
 (      )                      (   ) 1887  2333 K Peck et al. [14] 

 

A solid state electrochemical technique was chosen because of its higher inherent 

accuracy. The cell was redesigned to avoid problems encountered with cell I used earlier. 

The reference electrode was changed from a mixture of La2O3 and LaF3 to a mixture of CaO 

and CaF2 in the new design to avoid the formation of oxyfluoride. The oxygen partial 

pressure in the gas phase over the electrodes was reduced by using an Ar+O2 gas mixture to 

avoid the oxidation of LaCrO3 to LaCrO4. A bielectrolyte combination consisting a single 

crystal pellet CaF2 coupled to a polycrystalline composition-graded pellet of (LaF3)y(CaF2)(1-

y) was used to minimize the diffusive flux of La
3+

 ions from LaF3 in the working electrode 

into the solid electrolyte. The new cell can be represented as: 

y=0                         y=0.32 

Au, O2
)01.0(

2
OP , CaO + CaF2 || CaF2 || (LaF3)y(CaF2)(1-y) || LaCrO3 + Cr2O3 
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+ LaF3, O2
)01.0(

2
OP , Au     (II) 

 

with the right-hand electrode positive. To prevent grain boundary diffusion of CaO from the 

CaO + CaF2 reference into the solid electrolyte, a single crystal of CaF2 is placed adjacent to 

it. Composition graded solid electrolyte (LaF3)y(CaF2)(1-y) is placed in contact with CaF2 

single crystal such that y = 0 at the contact surface. The value of y = 0.32 at the other 

extremity of the graded electrolyte in contact with the measuring electrode containing pure 

LaF3 as one of the components. This composition corresponds closely to the saturation 

solubility of LaF3 in CaF2. A similar arrangement was used earlier [24] for measurement of 

the Gibbs energy of formation of LaGaO3. 

 

2.6. Experimental  

2.6.1. Materials 

Optical-grade single crystals of CaF2, obtained from Harshaw Chemical Company, 

were in the form of disks 1.5 cm in diameter and 0.2 cm thick. Ultra-pure anhydrous powders 

of CaF2, LaF3, CaO, La2O3 and Cr2O3 were supplied by Johnson Matthey Ltd. Moisture and 

other volatile impurities were removed from the powders by heating to 1273 K in dry inert 

gas. To prepare LaCrO3, stoichiometric amounts of La2O3 and Cr2O3 were first ball-milled, 

then pelletized at 150 MPa and subsequently reacted at 1673 K for ~ 40ks. To ensure 

completeness of the reaction, the pellet was reground, repelletized and reacted again at the 

same temperature for a similar period. Powder X-ray diffraction (XRD) confirmed the 

formation of green colored LaCrO3. At room temperature, LaCrO3 has an orthorhombic unit 

cell (space group Pnma) with a = 0.5511, b = 0.7758 and c = 0.5479 nm. Above 540 (±10) 
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K, structure changes to rhombohedral (space group R3c), with lattice parameters a = 0.5561 

and c = 1.3567 nm in the hexagonal setting. 

The fluoride phase in equilibrium with LaCrO3 and Cr2O3 could be either LaF3 or 

LaO1-xF1+2x. For the correct design of the solid state cell, it is important to know the 

equilibrium fluoride phase. The oxyfluoride LaOF was prepared by solid state reaction. 

Mixed in equimolar ratio were fine powders of La2O3 and LaF3. The homogenized mixture 

was compressed into pellets and reacted in a pre-purified argon gas atmosphere first at 1275 

K for 36 ks and subsequently at 1475 K for 18 ks to complete the reaction, 

1
/3 LaF3 + 

1
/3 Ln2O3LaOF        (1) 

The high purity Ar gas (99.999 %) used in the experiments was further purified by 

passing through anhydrous Mg(ClO4)2 and over P2O5 to remove moisture, and then through 

Cu turnings at 750 K and Ti granules at 1150 K to remove residual oxygen. After heat 

treatment, the pellets were pulverized. The formation of LaOF was confirmed by XRD. The 

oxyfluoride has cubic structure at high temperature and rhombohedral or tetragonal structure 

at low temperature depending on composition. Rapid quenching into chilled mercury retained 

the high-temperature form of LaOF. The lattice parameter of the cubic phase at room 

temperature is a = 0.5765 nm. The lattice parameters of the rhombohedral LaOF (space 

group   ̅ ) with two formulae units per unit cell are a = 0.7133 nm and  = 33.0
o
. In 

separate experiments, LaOF and LaF3 were equilibrated at different temperatures with an 

equimolar mixture of LaCrO3 and Cr2O3 for periods up to ~120 ks. The fluoride phase in 

equilibrium with LaCrO3 and Cr2O3 was identified by XRD as LaF3 in the temperature range 

from 875 to 1175 K. LaF3 crystallized in tysonite-type structure, space group   ̅  , with 
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lattice parameters a = 0.7186 nm and c = 0.7351 nm. EDS was unable to detect any 

appreciable solid solubility of Cr2O3 in LaCrO3. 

Although ideally a composition-graded solid electrolyte (LaF3)y(CaF2)(1-y) with linear 

variation in composition (y) is advantageous, in practice it is difficult to prepare such a 

structure. In the current study, pellets were prepared in which the composition was varied in 

steps of 8 mol. %. Homogeneous solid solutions of CaF2 containing 8, 16, 24, 28 and 32 mol % 

LaF3 were first prepared by solid state diffusion. Well-mixed fine powders (d < 1mm) of 

CaF2 and LaF3 in the required proportions was pelletized and heat-treated at 1475 K for ~400 

ks under pre-purified Ar gas to synthesize homogeneous solid solutions. Prepared by 

repeated consolidation of layers, each having a uniform composition, was the functionally 

graded solid electrolyte. A measured quantity of CaF2 powder was pressed in a steel die at 

150 MPa, solid solution having the next composition (8 mol. %. LaF3) was then placed over 

it and consolidated again at the same pressure. The procedure was repeated with successive 

compositions of the solid solution until the graded structure visualized in Fig. 3.1 was 

obtained for use in cell II. After final compaction at 200 MPa, the composite pellet was 

sintered under pre-purified Ar gas at 1375 K for ~300 ks. A glove box was used for 

processing of the solids containing lanthanum oxide to prevent contamination by moisture or 

carbon dioxide. 
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Fig. 3.1. Profile of composition-graded solid electrolyte, (LaF3)y(CaF2)1-y with y varying 

from 0 to 0.32 in the steps of 0.08. 

Argon-oxygen gas mixture containing 1% oxygen was used to provide gas 

atmosphere around the electrodes. The high purity mixture, obtained from a commercial 

source, was completely dehydrated before use in the solid state cell by passing it through 

towers containing silica gel and anhydrous magnesium perchlorate, and finally over boats 

containing anhydrous phosphorus pentoxide. 

2.6.2. Procedure 

Prepared by heating a compacted equimolar mixture of CaO and CaF2 under dry 

Ar+O2 mixture at 1273 K was the reference electrode of cell II. The working electrode was 

prepared in a similar way using an equimolar mixture of Cr2O3 + LaCrO3 + LaF3. Mixing of 

the fluoride and oxide phases at the electrodes was required to generate the equilibrium 

fluorine potential at each electrode under the oxygen-containing gas phase. The mean particle 

sizes of the powders used for the preparation of the electrodes were in the range from 2 to 9 

mm. 
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Shown in Fig. 3.1 is a line sketch of the apparatus used in this study. The contraption 

is basically the same as that used earlier for the measurement of the Gibbs energy of 

formation of LaGaO3 [24]. On either side of the bielectrolyte assembly were spring-loaded 

the electrode pellets, with thin gold gauze placed between the electrolyte and each electrode. 

Gold wires attached to the gold gauze were connected to a digital voltmeter with high-

impedance (10
16 
). The reference electrode was placed in contact with single crystal CaF2. 

In contact with the composition-graded electrolyte was placed the working electrode. A rigid 

system consisting of a closed-end alumina tube and an alumina rod attached to a water-

cooled brass cap was used to hold the pellets together. Good contact between pellets was 

ensured by springs attached to the brass cap that applied a small compressive force. Gold 

foils, inserted between the electrode pellets and the alumina rod and tube, prevented contact 

between them. The cell assembly was mounted inside a vertical outer alumina tube; the ends 

of the tube were closed with water-cooled brass caps. Then the tube was evacuated, leak-

tested and refilled with dry Ar+O2 gas mixture. The alumina tube enclosing the cell was 

suspended in a vertical resistance furnace such that the electrodes were in the constant-

temperature zone (1 K). A Kanthal shield was placed between the alumina tube and the 

furnace. The shield was earthed to avoid induced EMF on cell leads from furnace winding. 

The cell was operated under dry Ar+O2 gas mixture at ambient pressure, flowing at 2.5 mL s
–

1
. A mass flow controller was used to set the flow rate. A trace of water vapor in the gas were 

found produce tiny specks of CaO on the surface of CaF2, rendering it either translucent or 

opaque. Moisture degradation also affected the composition-graded electrolyte. 

The reversible EMF of cell II was measured in the temperature range from 875 to 

1175 K. The temperature of the cell was measured by a Pt/Pt-13%Rh thermocouple 
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Fig. 3.2. Schematic diagram of the apparatus used for the EMF measurement. 

 

calibrated against the melting point of gold. Temperatures recorded in this study are based on 

the ITS-90 scale. The time taken to attain constant EMF varied from ~30 ks at 875 K to 10 

ks at 1175 K. The electrochemical reversibility of the cell was checked by microcoulometric 

titration in both directions. A small direct current of ~15mA is passed through the cell for 

~0.6 ks using an external potential source. The EMF was then monitored as a function of 

time. The EMF was found to return gradually to the steady value before each titration. 

Infinitesimally displaced from equilibrium were the chemical potentials at each electrode 

during each titration. Return of the EMF to the same value after successive displacements in 

opposite directions confirmed the attainment of equilibrium at each electrode. Moderate 

change in the flow rate of Ar+O2 mixture through the cell in the range from 1.5 to 4.5 mL s
–1

 

did not affect the EMF. The EMF was reproducible on cycling temperature confirming 
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thermal reversibility of the cell. After each run, the cell was cooled and the electrode pellets 

were examined by XRD and energy dispersive X-ray spectroscopy (EDS). The phase 

composition of the electrodes was not altered during EMF measurements. 

 

2.7. Results and Discussion 

 

2.7.1. Interpretation of the EMF of the Solid State Cell 

The cubic fluoride solid solution LayCa1-yF2+y has excess fluoride ions in interstitial sites 

as in solution of YF3 in CaF2 [25]
 
resulting in enhanced ionic conductivity relative to pure 

CaF2. Since the transport number of fluoride ions is greater than 0.99 in pure CaF2 and 

LayCa1-yF2+y [26-27] under the experimental conditions used in this study, the EMF of a 

solid-state cell (E) incorporating these electrolytes is given by; 

FE =
'

F2
m –

''

F2
m         (2) 

where  = 2 is the number of electrons associated with the electrode reactions, and F = 

96485.3 C mol
–1

 is the Faraday constant. The chemical potentials of fluorine at the two 

electrodes are represented bymF2

' and mF2

'' , with '

2Fm >mF2

'' . It has been demonstrated in an 

earlier study [28] that the EMF of a cell incorporating the composition-graded solid 

electrolyte LayCa1-yF2-y obeys the Nernst equation. Both experiment and theoretical analysis 

show that the chemical potentials of the neutral form of the mobile species at the electrodes 

determine the EMF of a cell that incorporates a composition-graded electrolyte, when there is 

only one mobile ion with transport number close to unity [29-33]. Measurable diffusion 

potential is not generated by the concentration gradient of relatively immobile ions. 
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2.7.2. Gibbs Energy of Formation of LaCrO3 

Plotted in Fig. 3.3 is the reversible EMF of cell II, which shows a small increase with 

temperature. The equation obtained from linear least-squares regression analysis is: 

E (1.03) / mV = 545.15 + 7.42x10
–3

(T / K)                 (3) 

The uncertainty limit represents two times the standard deviation. At the working electrode 

on the right-hand side of cell II, the electrochemical reaction can be written as: 

2
/3 LaF3 + 

1
/3 Cr2O3 + 

1
/2 O2 + 2 e

–  
 

2
/3 LaCrO3 + 2 F

–
              (4) 

At the reference electrode on the left-hand side of the cell, the corresponding reaction is: 

CaO + 2 F
 –  
  CaF2 + 

1
/2 O2 + 2 e

 –
                             (5) 

Since the gas atmosphere is the same over both electrodes, oxygen partial pressures are equal 

on both sides of the cell. The EMF of cell II is then related to the standard Gibbs energy 

change for the virtual cell reaction; 

2
/3 LaF3 + 

1
/3 Cr2O3 + CaO  

2
/3 LaCrO3 + CaF2    (6) 


o

)6(G (200) / J mol
–1

 = – 2FE 

= – 105198 – 1.432 (T / K)                                                                (7) 

For the exchange reaction, 

CaF2 + 
1
/3 La2O3   CaO + 

2
/3 LaF3                             (8) 

the standard Gibbs energy change, computed from data in the thermodynamic compilation of 

Knacke et al. [34], can be represented by the equation, 


o

)8(G (1500) / J mol
–1

 = 56979 + 4.72 (T / K)                    (9) 

in the temperature range from 850 to 1200 K. The reaction that represents the formation of 

rhombohedral LaCrO3 from Cr2O3 and La2O3 with corundum and A-rare earth structures, 

respectively, can be obtained by combining reactions (6) and (8): 
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1
/2 La2O3 (A-rare earth) + 

1
/2 Cr2O3 (corundum)  LaCrO3 (rhombohedral)     (10) 

 o

)10(G (2270)  / J mol
–1

 = 72329 + 4.932 (T / K)       (11) 

in the temperature range from 875 to 1175 K. Lack of precision in the thermodynamic data 

for oxides and fluorides of calcium and lanthanum reported in the literature [34] is the main 

cause for the relatively large uncertainty limit  associated with reaction (11). As more precise 

data for these compounds become available, accuracy of data for LaCrO3 from the EMF 

measurements reported here will be enhanced. 

 

Fig 3.3. Variation of the EMF of cell-II as a function of temperature. 

 

The standard Gibbs energy of formation of LaCrO3 obtained in this study is compared 

with the value reported by earlier investigators [10-14]
 
in Fig. 3.4. The values obtained in this 

study are markedly more negative than the data from earlier electrochemical measurements 

[10-13]. Chen et al. [10] used (MgO)ZrO2 as the solid electrolyte to measure the oxygen 

chemical potential of a three-phase electrode consisting of Cr+LaCrO3+La2O3 relative to 

Cr+Cr2O3 as the reference at 1273 K. As indicated in the introduction solid electrolyte 
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(MgO)ZrO2 exhibits significant electronic conductivity at the low oxygen chemical potential 

associated 

 

Fig. 3.4. Standard Gibbs free energy of formation of LaCrO3 as a function of temperature: 

comparison of the results obtained in this study with data reported in the literature. 

 

with the working electrode. Hence it is not surprising that Gibbs energy of formation derived 

from their measurement is significantly less negative than other data. Azad et al. [11], Chen 

et al. [12] and Dudek et al. [13] used solid-state cells based on CaF2 as the electrolyte. Their 

reference electrodes were made from a mixture of LaF3 and La2O3 in approximately equal 

mass ratio. At high temperature, this would have resulted in a single-phase nonstoichiometric 

oxyfluoride LaO1-xF1+2x characterized by x = 0.182 (or X
3LaF = 0.625), in which activity of 

La2O3 would have been substantially less than unity. The cell EMF is related to the ratio of 

fluorine partial pressures, which in turn is related to the ratio of activities of La2O3 at the two 

electrodes. Because of the formation of the oxyfluoride, their measured EMF would have 
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been considerably reduced resulting in a less negative value for the Gibbs energy of 

formation of LaCrO3. The difference between the results of Azad et al. [11] and Chen et al. 

[12], who used almost identical electrochemical cells, is a cause of concern. Chen et al. [12] 

attribute the large difference to the possible formation of LaOF at the reference electrode 

(La2O3 + LaF3) used by Azad et al. [11]. Azad et al. [11] prepared their electrodes in air. 

Chen et al. [12] have suggested that LaF3 reacted with moisture present in air to form LaOF. 

Since their own electrodes were prepared in static oxygen atmosphere, they argued that their 

reference electrode is free of LaOF. In fact, LaOF can form both by hydrolysis of LaF3 and 

by solid-state reaction between La2O3 and LaF3. Both Azad et al. [11] and Chen et al. [12] 

did not examine their electrodes carefully after EMF measurements. It is likely that both 

measurements were affected by the formation of the oxyfluoride phase. A more plausible 

reason for the difference in their results is related to size of particles of LaCrO3 used in the 

two studies. Chen et al. [12] synthesized nano-size LaCrO3 powder using a sol-gel route, 

whereas Azad et al. [11] prepared micron-size LaCrO3 by solid-state reaction. Because of the 

surface energy contribution, the Gibbs energy of nano-size LaCrO3 would be much higher 

than that of the corresponding micron-size material, as shown for example by studies on the 

Gibbs energy of formation of MgAl2O4 as a function of particle size [35]. The size effect is 

probably the main reason for the difference in the Gibbs energy of formation of LaCrO3 

obtained by Azad et al. [11] and Chen et al. [12] using almost identical cells. 

At temperatures below ~1007 K, LaCrO3 can be oxidized to LaCrO4 in the presence 

of oxygen gas at ambient pressure. The instability of LaCrO3 would have biased the EMF 

measurements of Azad et al. [11] (8551073 K), Chen et al. [12] (700885 K). Azad et al. 

[11] have reported, but not explained, rapid decrease in EMF at temperatures beyond 1073 K, 
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which may have been caused by the slow decomposition of LaCrO4 formed at lower 

temperatures. Devoid of this complication is the measurement of Dudek et al. [13] at 1273 K. 

Further, there is significant solubility of LaF3 in CaF2 which may affect the EMF of 

cells based on pure CaF2. With the formation of oxyfluoride at the reference electrode, the 

activity of LaF3 at this electrode would be reduced. The unbalanced diffusive flux of La
3+ 

ions into CaF2 electrolyte from the two electrodes can affect the EMF. It can therefore be 

concluded that the similar cells used by Azad et al. [11], Chen et al. [12] and Dudek et al. [13] 

were ill-designed for the measurement of the Gibbs energy of formation of LaCrO3. The data 

obtained from these studies are unreliable. 

The Gibbs energy of formation of LaCrO3 obtained from Knudsen-cell mass-

spectrometric measurements of Peck et al. [14] are more negative than the results of this 

study extrapolated. This indicates the possibility of surface depletion of the volatile 

component Cr2O3 at their sample surface. Because of the low value of diffusion coefficient in 

solids, flux of chromium to the sample surface may not be rapid enough to match the rate of 

vaporization from the surface. The large orifice diameter (0.3 mm) of the Knudsen cell used 

by Peck et al. [14] argues against the attainment of solid–vapor equilibrium inside the cell. 

LaCrO3 is reported to exhibit small cation nonstoichiometry at high temperatures. The 

maximum excess Cr in LaCrO3 is reported as 0.38 at % in air at 1773 K [36]. At the same 

temperature, Ilieve et al. [37] claim to have prepared single phase samples containing 0.76 

and 1.28 at % excess Cr in pure oxygen. The measurements of Chen et al. [10]
 
and Peck et al. 

[14] relate to Cr-deficient LaCrO3 saturated in La2O3, while all other thermodynamic 

measurements [11-13] including this study are conducted on Cr-rich LaCrO3 saturated in 
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Cr2O3. However, the narrow non-stoichiometric range cannot explain the large differences in 

the integral molar properties of LaCrO3. 

 

2.7.3. Oxygen Potential for the decomposition of LaCrO3 

 

When the oxygen potential over LaCrO3 is reduced sufficiently, the compound will 

decompose according to the reaction; 

2 LaCrO3   La2O3 + 2 Cr + 
3
/2 O2       (12) 

The standard free energy change for this reaction can be obtained by combining results 

obtained in this study for LaCrO3 with the free energy formation of Cr2O3 (
o

fG (± 900) / J 

mol
–1

 = –115940 + 250.35(T / K) [38].
 
The oxygen potential for the decomposition according 

to the reaction (12) is given by; 

2Om (±3100) / J mol
–1

 = RT ln    
=  840400 + 173.48(T / K) 

The stability domain of LaCrO3 as a function of log    
 and reciprocal of temperature is 

shown in Fig. 3.5. 

 

2.7.4. Enthalpy and Entropy of Formation of LaCrO3 

The enthalpy of formation of rhombohedral LaCrO3 from La2O3 and Cr2O3 at an 

average temperature of 1025 K is given by the temperature-independent term on the right-

hand side of Eq. (11): 
o

f(ox)H / kJ mol
–1 

= – 72.33 (3.3). The corresponding value from the 

EMF study of Azad et al. [11] is –22.2 (5) kJ mol
–1 

and Chen et al. [12] is –47.4(6) kJ 

mol
–1

. Using heat capacity data of Sakai and Stolen [20] for LaCrO3, Ziemniak et al. [39] for 

Cr2O3 and Knacke et al. [34] for La2O3, the enthalpy of formation of orthorhombic LaCrO3 

from oxides at 298.15 K is –73.15 (3.5) kJ mol
–1

. The small enthalpy and entropy of phase 
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transition of LaCrO3 is incorporated in the thermal data of Sakai and Stolen [20] used in the 

assessment. The enthalpy of formation from oxides at 298.15 K is in reasonable agreement 

with the calorimetric value of –70.06 (2.79) kJ mol
–1

 at 298.15 K reported by Cheng et al. 

[15]. The standard enthalpy of formation of orthorhombic LaCrO3 from the elements at 

298.15 K computed from the results of this study using data for Cr2O3 (  
o

15.298fH / kJ mol
–1 

= 

 1131.21) from Ziemniak et al. [39]
 
and La2O3 (  

o

15.298fH / kJ mol
–1 

=  1794.94) from 

Knacke et al. [34] is  
o

15.298fH / kJ mol
–1

 = – 1536.2(6). 

The entropy of formation of rhombohedral LaCrO3 from oxides at 1025 K is related 

to the temperature-dependent term in Eq. (11); 
o

f(ox)S / J mol
–1

K
–1

 = – 4.93 (±3.4). Using heat 

capacity data for reactants and products, [20, 34, 39] the corresponding value for 

orthorhombic LaCrO3 at 298.15 K is: 
o

f(ox)S / J mol
–1 

K
–1

 = – 5.81 (±3.4). The small negative 

entropy of formation from component oxides is consistent with the negative volume change 

(
o

f(ox)V / mL mol
–1

 = 3.74) for the formation reaction at room temperature. From the entropy 

of formation, the standard entropy of orthorhombic LaCrO3 at 298.15 K, can be estimated as 

99.0 (4.5) J mol
–1

K
–1

. Standard entropies of Cr2O3 (
o

15.298S / J mol
–1

K
–1

 = 82.3) from 

Ziemniak et al. [39] and La2O3 (
o

15.298S / J mol
–1

K
–1

 = 127.32) at 298.15 K from Knacke et al. 

[34] were used for this estimation. An accurate measurement of the heat capacity of LaCrO3 

at very low temperatures would be beneficial for an independent assessment of its entropy. 
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Fig. 3.5. The stability domain of LaCrO3 as a function of log    
 and reciprocal of absolute 

temperature. 

 

2.8. Conclusion 

 An advanced version of the solid-state cell incorporating a single crystal CaF2 and 

composition-graded (LaF3)y(CaF2)1-y as electrolytes was used for the determination of the 

standard Gibbs free energy of formation of rhombohedral LaCrO3 from component oxides in 

the temperature range from 875 to 1175 K. The cell was designed to overcome the faults in 

earlier electrochemical measurements. The results obtained in this study,
o

f(ox)G (2270) / J 

mol
–1 

= 72329 + 4.932 (T / K), are consistent with the calorimetric enthalpy of formation 

from component oxides and bridge the large gap between divergent electrochemical and 

mass-spectrometric measurements reported in the literature. For formation of orthorhombic 

LaCrO3 from the elements at 298.15 K, the standard enthalpy change computed from the 

results of this study is  
o

15.298fH / kJ mol
–1

 = – 1536.2(7). The standard entropy of 

orthorhombic LaCrO3 at 298.15 K is obtained as 99.0 (4.5) J mol
–1

 K
–1

. Results obtained in 
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this study supersede earlier data and permit more accurate characterization of interface 

reactions and vapor transport in solid oxide fuel cells and oxygen transport membranes using 

either pure or doped LaCrO3. 
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CHAPTER 4: THERMODYNAMIC PROPERTIES OF LaCrO4, La2CrO6 AND 

La2Cr3O12, AND SUB-SOLIDUS PHASE RELATIONS IN THE SYSTEM LaCrO 

4.1. Abstract 

In the system La–Cr–O, there are three ternary oxides (LaCrO4, La2Cr3O12 and 

La2CrO6) that contain Cr in higher valence states V or VI. On heating LaCrO4 decomposes to 

LaCrO3, La2Cr3O12 to a mixture of LaCrO4 and Cr2O3, and La2CrO6 to LaCrO3 and La2O3 

with loss of oxygen. The oxygen potentials corresponding to these decomposition reactions 

are determined as a function of temperature using solid-state cells incorporating yttria-

stabilized zirconia as the electrolyte. Measurements are made from T = 840 K to the 

decomposition temperature of the ternary oxides in pure oxygen. The standard Gibbs free 

energies of formation of the three ternary oxides are derived from the electromotive force 

(EMF) of the three cells. The standard enthalpy of formation and standard entropy of the 

three ternary oxides at 298.15 K are estimated. Sub-solidus phase relations in the system La–

Cr–O are computed from thermodynamic data and displayed as isotherm sections at several 

temperature intervals. The decomposition temperatures in air are Td = 880 K for La2Cr3O12, 

Td = 936 K for LaCrO4 and Td = 1056 K for La2CrO6. 

 

4.2. Introduction 

Magnetohydrodynamic (MHD) power generators [1], oxygen sensors [2], and heating 

elements in high temperature furnaces [3] are few applications where lanthanum chromite 

(LaCrO3) based perovskite oxides have been proposed for use. High-temperature solid-state 

electrochemical devices such as solid-oxide fuel cells (SOFC) [4] and oxygen transport 

membranes (OTM) [5] are emerging advanced technologies for clean and efficient energy. A 
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material with good electrical conductivity and stable in both oxidizing and reducing 

atmospheres at high temperature is required for these applications. Lanthanum chromite 

(LaCrO3) based materials meet these requirements in the oxygen partial pressure (   
) range 

from (0.21 to 10
22

) atm at T = 1273 K [6]. At lower temperatures and high oxygen partial 

pressures, chromites can be oxidized to chromates. This study explores thermodynamic 

stability domain of lanthanum chromite with respect to oxidation. 

LaCrO4 forms as an intermediate phase during the growth of LaCrO3 thin films on 

yttria-stablized zirconia (YSZ) and stainless steel substrates using spray pyrolysis [7] and RF 

magnetron sputtering [8] techniques. During synthesis of LaCrO3 from La2O3 and Cr2(CO3)3 

in air at T = 1073 K, both LaCrO4 and La2CrO6 containing Cr in higher valence states are 

formed as secondary phases. There is a third stable lanthanum chromate, La2Cr3O12, reported 

in the literature [9-10]. Since thermodynamic data on these compounds are not available from 

any source, their standard Gibbs energies of formation have been determined as a function of 

temperature using a solid-state electrochemical cells incorporating Y2O3-stabilized ZrO2 as 

the solid electrolyte. 

 

4.3. Experimental 

4.3.1. Materials 

LaCrO4 was prepared by pyrolysis of La(CH3COO)(CrO4).2H2O precursor in air at T 

= 873 K for (~4) ks, following the procedure outlined by Furusaki et al. [11]. The precursor 

was obtained by heat treatment in air at T = 673 K of the residue obtained by evaporation of 

an equimolar solution of lanthanum acetate (La(CH3COO)3.1.5H2O)  and chromium trioxide 

(CrO3). The evaporation was done at T ≈ 350 K using a rotary evaporator. The formation of 

the dark green LaCrO4 by combustion of the acetate moiety in the precursor was confirmed 
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by X-ray diffraction (XRD). It had a monazite-type monoclinic structure, space group P21/n. 

The lattice parameters calculated from the XRD pattern were a = 0.7041 nm, b = 0.7241 nm, 

c = 0.6705 nm and β = 104.95
o
. The CrO4

3
 tetrahedra in LaCrO4 have C1 symmetry with 

different CrO bond lengths. The orthochromate is one of the few stable oxides containing 

Cr(V) ion having d
1
 electronic configuration. The valence state of Cr has been characterized 

by Raman spectroscopy [12] and X-ray photoelectron spectroscopy [13]. The electron 

binding energies (EB) and and Auger parameters (α) of Cr(V) and La(III) indicate that the 

CrO bond in CrO4 tetrahedra have a strong covalent character, with electron transfer from 

oxygen to Cr(V); LaO bond in LaCrO4 is more ionic than in LaCrO3.  LaCrO4 is an n-type 

semiconductor with activation energy of (~18) kJ mol
1

, conforming to a band model [14].
 

It was difficult to prepare single phase La2CrO6, although a mixture containing 

La2CrO6 and La2O3 can be readily obtained by heating a mixture of La2O3 and Cr2O3 in the 

molar ratio 3:1 in pure dry oxygen gas at T = 1073 K. The XRD pattern of La2CrO6, obtained 

by subtracting the known pattern of La2O3 from that of the mixture, can be indexed on a 

orthorhombic unit cell with lattice parameters a = 0.4397 nm, b = 0.4235 nm, c = 1.375 nm.  

La2CrO6 decomposes to a mixture of La2O3 and LaCrO3 when heated in air above T = 1073 

K. 

Lanthanum chromate heptahydrate (La2Cr3O12.7H2O) was prepared from a solution 

containing dissolved La2O3 and H2CrO4 in the appropriate ratio in a Teflon-lined autoclave 

heated to T ≈ 435 K and then cooled very slowly. The heptahydrate crystals were filtered out 

and washed in acetone. Thermogravimetric analysis (TGA) indicated the loss of water in two 

main steps during heating. Five molecules of H2O were lost between (325 and 400) K and the 

remaining two between (425 and 650) K in air. Anhydrous crystalline La2Cr3O12 was 
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prepared by isothermal annealing at T = 750 K in pure oxygen. Residual moisture in high 

purity oxygen gas used in this study was removed by passing the gas through a tower packed 

with anhydrous magnesium perchlorate and then over anhydrous phosphorus pentoxide. In 

air La2Cr3O12 decomposes to Cr2O3 and LaCrO4 when heated above T = 923 K. 

 

4.3.2. Solid-state electrochemical measurements 

The reversible EMF of the following cells was measured as a function of temperature: 

Pt, LaCrO4+LaCrO3 / (Y2O3) ZrO2 / O2 (0.1 MPa), RuO2, Pt       (I) 

Pt, La2Cr3O12+LaCrO4+Cr2O3 / (Y2O3) ZrO2 / O2 (0.1 MPa), RuO2, Pt      (II) 

Pt, La2CrO6+LaCrO3+La2O3 / (Y2O3) ZrO2 / O2 (0.1 MPa), RuO2, Pt      (III) 

According to the convention used here, the right-hand side electrodes are positive. Yttria-

stabilized zirconia, (Y2O3) ZrO2, used as the solid electrolyte, was in the form of a closed-end 

tube separating reference and working electrode compartments. A leak test was performed on 

the (Y2O3) ZrO2 tube before use to ensure the absence of physical permeability. The 

apparatus used for the measurements and the procedure employed are similar to those 

described elsewhere [15-16]. Hence, only a brief description and essential points are given 

here. 

Pure oxygen gas at a pressure p = 0.1 MPa, used as the reference electrode, was 

passed inside the (Y2O3) ZrO2 tube over a RuO2 electrode. At low temperatures, RuO2 is a 

better catalyst than Pt for the conversion of oxygen molecules to oxygen ions. The RuO2 

electrode was made by inserting few drops of aqueous solution of RuCl3 inside (Y2O3) ZrO2 

tube and drying the solution to get a deposit of RuCl3 against inside flat surface of the tube. 

This procedure was repeated thrice. The tube was then heated at (~1100) K for (0.3) ks. By 

this treatment, an adherent porous film of RuO2 was formed. A Pt mesh, spot welded to a Pt 
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wire, was placed over the RuO2 electrode and pressed down by an alumina tube. The top end 

of (Y2O3) ZrO2 tube was closed tightly with the brass cap with O-ring seals. The working 

electrode, consisting of a mixture of oxides, was compacted in a (Y2O3) ZrO2 crucible. The 

crucible was placed in an outer quartz tube closed at one end and provided with a side arm. 

The top end of the quartz tube was tapered into cone shape. The (Y2O3) ZrO2 tube was 

inserted through the cone and pressed down against the working electrode mixture with a Pt 

wire inserted between them. The gap between the quartz cone and (Y2O3) ZrO2 tube was 

closed with De Khotinsky cement, with the Pt lead passing through it. The quartz tube was 

then evacuated through the side arm and flame sealed under vacuum. During measurements 

at high temperature, equilibrium oxygen potential was established inside the quartz tube by 

decomposition of an oxide phase present at the working electrode. An excess of the phase 

that decomposed was taken at the working electrode. For example, in cell I the molar ratio of 

LaCrO4 to LaCrO3 was 1.5:1. In cell II, the ratio of La2Cr3O12 LaCrO4:Cr2O3 was 1.5:1:1, 

and in cell III the ratio of  La2CrO6:LaCrO3:La2O3 was 1.5:1:1. 

Using microcoulometric titration in each direction, the reversibility of the EMF was 

confirmed. The EMF was stable for periods in excess of (~40) ks at constant temperature. 

Essentially the same EMF was generated when the cell temperature was approached from 

higher and lower values. The measured EMF was independent of oxygen gas flow rate at the 

reference electrode in the range from (0.8 to 3.6) ml·s
-1

. After cooling, the electrodes were 

inspected using optical and scanning electron microscope and XRD. On the examination, no 

extraneous side reactions were detected. However, a small change in the relative 

concentrations of the oxide phases was observed, consistent with the expected partial 
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decomposition of one phase to establish equilibrium oxygen partial pressure inside the 

evacuated quartz tube. 

 

4.4. Results and Discussion 

 

4.4.1. Electromotive force of Solid-State Cell 

The reversible EMF of cells I, II and III is plotted as a function of temperature in Fig. 

4.1 and are shown in Table 4.1. The EMF decreases linearly with temperature. The decrease 

results from the increasing oxygen partial pressure at the working electrode with temperature, 

while the oxygen pressure at the reference electrode remains constant. The linear least-

squares regression analysis gives the following expressions for EMF: 

EI  0.92 / (mV) = 444.27 + 0.4409
 
(T/K)         (1) 

EII  1.02 / (mV) = 418.30 + 0.4415
 
(T/K)         (2) 

EIII  1.16 / (mV) = 499.98 + 0.4397 (T/K)         (3) 

The quoted uncertainty limit corresponds to twice the standard deviation (2σ) obtained from 

regression analysis. The cell I was operated on the temperature range (8401020) K, cell II in 

the range (840960) K and cell III in the range (8401140) K. The cells register zero EMF 

when the oxygen partial pressure at both electrodes became equal. The high temperature limit 

for each cell was indicated when the cell registered small negative value of EMF, signaling a 

pressure above atmospheric at the working electrode. The low temperature limit for EMF 

measurements was set by sluggish cell response. 
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Fig. 4.1. Temperature dependence of the reversible EMF of solid-state cells:  –●– (blue 

online), cells I; –▲– (red online), cell II; and –■– (black online), cell III. 

Table 4.1. Values of the each Cell EMF as a function of temperature along with uncertainty 

estimates obtained from the least-squares regression analysis 

T (K) E1 (mV) EII (mV) EIII (mV) 

840 73.2 (±3) 46.7 (±4) 129.6 (±4) 

860 65.2 (±3) 38.9 (±4) 122.2 (±4) 

880 55.7 (±3) 29.3 (±4) 112.6 (±4) 

900 47.5 (±3) 20.6 (±4) 104.7 (±4) 

920 38.4 (±3) 12.3 (±4) 95.1 (±4) 

940 29.9 (±3) 3.0 (±4) 87.2 (±4) 

960 20.6 (±3) -5.4 (±4) 77.3 (±4) 

980 12.3 (±3) - 70.0 (±4) 

1000 3.2 (±3) - 59.5 (±4) 

1020 -5.3 (±3) - 51.5 (±4) 

1040 - - 42.9 (±4) 

1060 - - 33.5 (±4) 

1080 - - 24.9 (±4) 

1100 - - 16.9 (±4) 

1120 - - 7.2 (±4) 

1140 - - -1.2 (±4) 
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4.4.2. Gibbs Energy of Formation of LaCrO4, La2Cr3O12 and La2CrO6 

The oxygen chemical potential determining reaction at the working electrode of cell I 

is, 

         ⁄                   (4) 

The standard Gibbs free energy change for this reaction and the associated oxygen chemical 

potential can be calculated from the EMF using the Nernst equation: 

   ( )
       (       )                   

              (  ⁄ )  (5) 

Generally, three condensed phases are required to define oxygen potential in a ternary system 

at constant temperature. However, in this case, two phases are sufficient because their 

compositions are related. The La to Cr ratio in the two compounds is the same. This 

composition constraint reduces one degree of freedom. The oxygen potential defined by the 

equilibrium between the LaCrO3 and LaCrO4 will prevail in the adjoining three phase fields 

containing these two phases [17]. 

The enthalpy of oxidation of LaCrO3 to LaCrO4 at the average experimental 

temperature Tav = 930 K is (–85.73 ± 0.77) kJ·mol
–1

. Recently, the standard Gibbs energy of 

formation of LaCrO3 from component oxides La2O3 and Cr2O3 has been determined in the 

temperature range (875 to 1175) K using a bi-electrolyte solid state cell [18]. For the reaction,                    

  ⁄         ⁄                     (6) 

  ( )
   2270  (       )               (  ⁄ )      (7) 

Combining equations (4) and (6), formation of LaCrO4 from stable binary oxides Cr2O3, 

La2O3 and O2 gas can be written as:                                                                                          

  ⁄         ⁄         ⁄                (8) 

  ( )
       (       )                 (   )     (9) 
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The oxygen potential at the working electrode of cell II is determined by the reaction, 

          ⁄         ⁄                   (10) 

for which standard Gibbs free energy change can be computed from the EMF; 

   (  )
      (       )                  

                  (  ⁄ ) (11) 

Combining equations (8) and (10), the free energy of formation of La2Cr3O12 from stable 

binary oxides (Cr2O3 and La2O3) and O2 gas can be calculated. For the reaction, 

        ⁄         ⁄                   (12) 

  (  )
       (       )                  (   )     (13) 

The oxygen potential defining reaction at the working electrode for cell III is; 

         ⁄         ⁄                  (14) 

and the standard Gibbs free energy change for this reaction is computed as: 

   (  )
      (       )                  

                (  ⁄ ) (15) 

Combining equations (6) and (14), the free energy formation for La2CrO6 from stable binary 

oxides (Cr2O3, La2O3) and O2 gas can be written as: 

        ⁄         ⁄                  (16) 

   
       (       )                  (   )      (17) 

The oxygen chemical potentials corresponding to reactions (4), (10) and (14), derived 

from the EMF of the three cells, are plotted as a function of temperature in Fig. 4.2. Also 

shown is the oxygen chemical potential for the three-phase field (LaCrO4 + La2Cr3O12 + 

La2CrO6). The lines have similar positive slope. Also plotted is oxygen chemical potential for 

fixed values of oxygen partial pressure (         
), which have either zero or negative slope. 

Intersection of these two sets of lines defines the equilibrium decomposition temperature at 

the defined oxygen partial pressures. The decomposition temperatures of the three ternary 
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oxides at different oxygen partial pressures are listed in Table 4.2. The decomposition 

temperature of LaCrO4 in air obtained in this study (Td = 936 K) compares with the value of 

Td = 953 ±10 K reported by Carter et al. [19] using DTA and TGA. Carter et al. [19] studied 

the decomposition on heating and did not determine the temperature for formation of LaCrO4 

on cooling. During the decomposition of LaCrO4 to LaCrO3, oxygen coordination around La 

atoms change from (9 to 12) and around Cr atoms from tetrahedral to octahedral. The major 

structural rearrangement during decomposition is probably linked to high activation energy 

and slow kinetics. Thus, the decomposition temperature reported by Carter et al. [19] may 

not be considered as the equilibrium decomposition temperature. 

 

Table 4.2. Decomposition temperature of the ternary oxides LaCrO4, La2Cr3O12 and La2CrO6 

at different partial pressures of oxygen 

 

Oxygen partial 

pressure 

   
 (atm) 

Decomposition 

temperature of 

LaCrO4 (K) 

Decomposition 

temperature of 

La2Cr3O12 (K) 

Decomposition 

temperature of 

La2CrO6 (K) 

1 1007 (±3) 947 (±3) 1137 (±4) 

0.21 936 (±3) 880 (±3) 1056 (±4) 

10
-2

 822 (±3) 773 (±3) 927 (±4) 

10
-4

 695 (±3) 653 (±3) 7834) 

 

4.4.3. Thermodynamic properties of LaCrO4, La2Cr3O12 and La2CrO6 at 298.15 K 

There is no heat capacity data available for the ternary oxides LaCrO4, La2Cr3O12 and 

La2CrO6 reported in the literature. Therefore, thermodynamic properties of these compounds 
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at T = 298.15 K cannot be rigorously derived from the current measurements. However, 

following the suggestion of Kubaschewski and Alcock [20] the change in heat capacity (ΔCP) 

for reactions involving a gas phase such as, 

                           (   )         (18) 

can be approximated as: 

    (     -   - )                    (19) 

The constant value for ΔCP may be used in the absence of heat capacity data on reactants and 

products to estimate properties at T = 298.15 K 

The enthalpy of formation of LaCrO4 from binary oxides Cr2O3 and La2O3 and O2 gas 

according to reaction (8) at the mean temperature T = 930 K can be obtained from the results 

of this study:    ( ) 
 ± 3.4 / (kJ·mol

–1
) =    158.06 .The corresponding value at T = 298.15 K 

can be estimated as  162.025 ± 3.6 kJ·mol
1

 using the ΔCP approximation. Using enthalpy 

of formation of Cr2O3 (  
o

15.298fH / (kJ·mol
–1

)
 
=    1131.21) from Ziemniak et al. [21] and 

La2O3 (  
o

15.298fH / (kJ·mol
–1
) =    1794.94) from Knacke et al. [22], the standard enthalpy of 

formation of LaCrO4 from the elements at T = 298.15 K can be calculated as 
o

(298.15) fH ± 6 

(kJ·mol
–1
) =    1625.1. The entropy change for reaction (8) at T = 930 K is    ( )

  ± 3.4 / 

(J·mol
1

·K
1

) = – 90.028; the corresponding value at T = 298.15 K can be computed as – 

97.17 ± 3.5 / (J·mol
1

·K
1

) using the ΔCP approximation. Using standard entropies of Cr2O3 

(
o

15.298S / (J·mol
-1

·K
-1

)
 
=   82.3) from Ziemniak et al. [21] and La2O3 (

o

15.298S (J·mol
1

·K
1

)
 
=    

127.32) and O2 (
o

15.298S / (J·mol
1

·K
1

)
 
=    205.15) from Knacke et al. [22], the standard 

entropy of LaCrO4 at T = 298.15 K can be estimated as 
o

15.298S  ± 4.2 / (J·mol
-1

·K
-1

)
  
=  110.2. 
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Using an analogous procedure, from the enthalpy of formation of La2Cr3O12 

according to reaction (12) at the mean temperature T = 900 K (   (  )
  ± 6.9 / (kJ·mol

–1
) =     

517.92) its standard enthalpy of formation from elements can be evaluated as 
o

(298.15) fH ± 

14.2 / (kJ·mol
–1

) 
 
=    4026.7 and. From the entropy change at T = 900 K,    (  )

  ± 6.8 / 

(J·mol
1

·K
1

)
 
=    393.1), the standard entropy at T = 298.15 K can be estimated as 

o

15.298S ± 8.8 

/ (J·mol
1

·K
1

)
  
= 288.1. 

Similarly, using the enthalpy of formation of La2CrO6, according to reaction (16) at 

the mean temperature T = 990 K, the standard enthalpy of formation from elements at T = 

298.15 K can be appraised as 
o

(298.15) fH  
± 6.9 / (kJ·mol

–1
) =    2684.1 and. The standard 

entropy at T = 298.15 K can be assessed as 
o

15.298S  
± 4.0 / (J·mol

1
·K

1
)
 
= 178.8. 

 

Fig. 4.2. Oxygen chemical potentials corresponding to the decomposition reactions of ternary 

oxides as a function of temperature: –■– (black online), LaCrO4; –●– (red online), 

La2Cr3O12; and –▲– (green online), La2CrO6. Also shown is oxygen potential for the 
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oxidation of LaCrO4 to a mixture of La2CrO6 and La2Cr3O12: –◄– (blue online).  The 

variation of oxygen potential as a function of temperature for constant values of oxygen 

partial pressure is also plotted: ···· (   
= 1 atm),             (   

= 0.21 atm),        ·    (   
= 10

–2
 

atm) and               (   
= 10

–4
 atm). 

 

4.4.4. Sub-solidus phase relation in system LaCrO 

Using thermodynamic data for ternary oxides – results of this study on three oxides 

(LaCrO4, La2Cr3O12 and La2CrO6) with Cr in higher valence state, and our previous study on 

LaCrO3 – sub-solidus phase relations for the system LaCrO are computed at different 

temperatures using free energy minimization procedure. The results are shown in Fig. 4.3 and 

4.5 to 4.8. Below T = 947 K, all the four ternary oxides are stable. As shown in Fig. 4.3, for T 

< 622 K only the two ternary oxides (La2Cr3O12 and La2CrO6) containing hexavalent Cr is in 

equilibrium with pure O2 at ambient pressure; LaCrO4 does not coexist with O2. This can be 

demonstrated by plotting the Gibbs energy change or oxygen chemical potential for the 

reaction: 

                                     (20) 

as a function of temperature. As seen from Fig. 4.2, the standard Gibbs free change for the 

reaction is negative below T = 622 K. Thus, the phase mixture of La2Cr3O12 and La2CrO6 is 

more stable than LaCrO4 in equilibrium with pure oxygen at 0.1 MPa. Eight three-phase 

fields involving solids are present below T = 622 K; La+Cr+La2O3, Cr+La2O3+LaCrO3, 

Cr+LaCrO3+Cr2O3, La2O3+LaCrO3+La2CrO6, LaCrO3+Cr2O3+LaCrO4, 

LaCrO3+LaCrO4+La2CrO6, La2CrO6+LaCrO4+La2Cr3O12 and LaCrO4+Cr2O3+La2Cr3O12. 

The validity of the tie line connecting LaCrO3 and La2CrO6 in Fig. 4.3 can be tested by 

considering the exchange reaction: 
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                                   (21) 

The standard Gibbs free change for the reaction is plotted in Fig. 4.4 as a function of 

temperature. The negative Gibbs free energy confirms the tie line connecting LaCrO3 and 

La2CrO6 is energetically favored compared to the line connecting La2O3 and LaCrO4. 

Similarly the validity of tie line linking LaCrO4 and Cr2O3 shown in Fig. 4.3 can be tested by 

examining the free energy change associated with the exchange reaction: 

                                      (22) 

The standard free change for the reaction plotted in Fig. 4.4 indicates that La2Cr3O12 is in 

equilibrium with LaCrO3. There are no intermetallic compounds in the binary system La–Cr. 

[23] Cr is almost insoluble in solid La and the solid solubility of La in Cr is negligible at sub-

solidus temperatures. 

 

Fig. 4.3. Sub-solidus phase relations of the system La–Cr–O for temperatures below T = 622 

K. 

At temperatures above T = 622 K, LaCrO4 also exists in equilibrium with O2. Thus, 

three ternary oxides, LaCrO4, La2Cr3O12 and La2CrO6, can coexist with pure oxygen as 

demonstrated in Fig. 4.5. The upper temperature limit for phase relations displayed in Fig. 
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4.5 is set by the decomposition of La2Cr3O12. Above T = 947 K, La2Cr3O12 decomposes to a 

mixture of LaCrO4 and Cr2O3 in pure oxygen and the phase relations in the temperature 

range from (947 to 1007) K are as shown in Fig. 4.6. LaCrO4 decomposes to LaCrO3 at T = 

 

Fig. 4.4. Plot of the standard Gibbs energy change for exchange reactions involving oxide 

phases as a function of temperature for identifying tie lines: –●– (green online), reaction 

(21); and –■– (red online), reaction (22). 

 

Fig. 4.5. Sub-solidus phase relations of the system La–Cr–O for temperature range from (622 

to 947) K. 
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1007 K and phase relations in the temperature range (1137 < T (K) < 1007) are as shown in 

Fig. 4.7. Furthermore, at T = 1137 K, La2CrO6 decomposes to LaCrO3 and La2O3 and the 

phase relations are shown in Fig. 4.8 for temperatures higher than T = 1137 K. La melts at T 

= 1193 K and there is a eutectic at T = 1124 K, where a liquid containing 3.44 at % Cr in 

equilibrium with solids La and Cr [23]. This will introduce additional phase fields involving 

liquid alloys and La2O3. The saturation solubility of Cr in the liquid at T = 1200 K (xCr = 

0.042) and 1600 K (xCr = 0.11) are identified in Fig. 4.8 and the boundary of the two phase 

field involving liquid alloy and La2O3 are shown by the dotted lines. 

 

Fig. 4.6. Sub-solidus phase relations of the system La–Cr–O in the temperature range from 

(947 to 1007) K. 
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Fig. 4.7. Sub-solidus phase relations of the system La–Cr–O for temperature range from 

(1007 to 1137) K. 

 

Fig. 4.8. Phase relations of the system La–Cr–O for temperature above T = 1137 K. 
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4.5. Conclusion 

Three solid-state electrochemical cells based on (Y2O3) ZrO2 as the solid electrolyte 

were designed to measure the standard Gibbs free energy of formation of LaCrO4, La2Cr3O12 

and La2CrO6, containing Cr in higher valence states of V and VI. For the formation of ternary 

oxides from their component binary oxides (Cr2O3, La2O3) and O2 gas, the derived Gibbs 

energies of formation in the temperature range from T = 840 K to the decomposition 

temperature in pure oxygen gas can be represented by the equations, 

LaCrO4:   (  )
       (       )                 (   ) 

La2Cr3O12:   (  )
       (       )                  (   ) 

La2CrO6:   (  )
       (       )                  (   ). 

Thermodynamic properties of these compounds at T = 298.15 K are estimated using an 

approximate value for ΔCP. The standard enthalpy of formation from elements at T = 298.15 

K for LaCrO4, La2Cr3O12 and La2CrO6 are –1625.1 (±6), –4026.7 (±14.2) and –2684.1 (± 6.9) 

kJ·mol
–1

 respectively. The standard entropy of LaCrO4, La2Cr3O12 and La2CrO6 at 298.15 K 

are 110.2 (±4.2), 288.1 (±8.8) and 178.82 (±4.0) kJ·mol
–1

·K
–1

, respectively. Using the 

thermodynamic data for ternary oxides, sub-solidus phase relations in the system La–Cr–O 

are computed in different temperature intervals. 
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CHAPTER 5: MANGANESE DOPED LANTHANUM-STRONTIUM CHROMITE 

FUEL ELECTRODE FOR SOLID OXIDE FUEL CELL AND OXYGEN 

TRANSPORT MEMBRANE SYSTEMS 

 
 

5.1. Abstract 

 

 (La0.75Sr0.25)0.95Cr0.7Mn0.3O3 (LSCM) mixed with 8YSZ has promising attributes to 

function as fuel electrode and electrolyte membrane in high temperature electrochemical 

devices including solid oxide fuel cell as well as oxygen transport membrane systems. In this 

study, electrochemical performance of the symmetrical cells of the configuration 

LSCM/8YSZ//8YSZ//LSCM/8YSZ is investigated under simulating device operating 

conditions. Role of temperature (850-950°C) and bias (0-0.8V) is evaluated on the 

electrochemical impedance of the symmetrical cells in oxidizing (air) and reducing 

atmosphere (Ar-3%H2-3%H2O). Higher performance is obtained in oxidizing when 

compared to reducing atmosphere. Bulk, surface and the electrode/electrolyte interfaces are 

examined during post-test characterization of the tested cells. No electrode delamination as 

well as no interface layer or compound formation is identified in the bulk and/or interface in 

both oxidizing and reducing atmosphere. 

 

5.2. Introduction 

 

 Increasing energy demand and the drive for reducing the global environmental 

issues such as global warming and harmful gas emissions (NOx and SOx) calls for clean, 

sustainable and efficient advanced technologies. Solid oxide fuel cells (SOFC) and oxygen 

transport membrane (OTM) systems are the potential alternate clean energy solutions for 

conversion of chemical energy into electricity and heat as well efficient fuel combustion with 
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almost no emissions (1-6). OTM system is also beneficial for syngas production, which can 

be further processed to obtain liquid fuel for transportation using Fischer–Tropsch process 

[1]. However, there are few challenges in the stable performance of these systems due to 

instability of their material exposed to fuel atmosphere. 

 Ni-YSZ is considered as the state of art material for fuel side electrode due to its high 

electro-catalytic activity and mixed electronic and ionic conductivity [5-6]. However, carbon 

formation and large volume change during redox cycling are the major challenges of this fuel 

electrode (7). Currently, A and B-site doped lanthanum chromite based perovskites are being 

investigated as they are stable in fuel atmosphere at high temperatures [8-9]. Manganese 

doped lanthanum-strontium chromite is considered as one of the promising fuel electrode as 

it provides the combination of high electrical conductivity and electrochemical activity as 

well as good thermal expansion match with the state of the art electrolyte (8YSZ) [1-4, 10-

15]. The electrode polarization resistance for La0.75Sr0.25Cr0.5Mn0.5O3-δ is demonstrated as 0.2 

Ω cm
2
 when exposed to 97%H2-3%H2O at 900°C, similar to Ni/YSZ cermets (16). The 

conductivity of La0.75Sr0.25Cr0.5Mn0.5O3 is found to be 38 S cm
–1 

at 900°C which does not 

change for oxygen partial pressure (PO2) above 10
–10

 atm [15]. In addition, the thermal 

expansion coefficient (TEC) of La0.75Sr0.25Cr0.5Mn0.5O3 is measured as 9.3×10
–6

 K
–1

 in the 

temperature range of 65-955°C, comparable to 8YSZ (10.3×10
–6

 K
–1

). However, 

La0.75Sr0.25Cr0.5Mn0.5O3-δ with higher Mn-doping level tends to destabilize when exposed to 

reducing atmosphere. For instance, (La,Sr)2MnO4 and MnO secondary phases are identified 

for La0.75Sr0.25Cr0.5Mn0.5O3-δ at 900°C and 10
-20

 atm [17]. 

  In this study, therefore, we evaluate the electrochemical performance of LSCM with 

lower Mn concentration and when mixed with 8YSZ in order to improve the oxygen ions 
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conduction. The testing is performed in oxidizing (air) as well as reducing atmosphere (Ar-

3%H2-3%H2O) in the device operating temperature range i.e. 850-950°C. The effect of bias 

variation is also studied on the electrochemical behavior and stability of the composite. 

 

5.3. Experimental 
 

 

5.3.1. LSCM and 8YSZ composite based symmetric cell fabrication 

      LSCM powder was arranged from Praxair Inc. Afterwards, the LSCM powder was 

mixed with 8YSZ in the 50: 50 weight ratios and LSCM/8YSZ paste was prepared utilizing 

ink vehicle (Fuel Cell Materials). LSCM/8YSZ working and counter electrode with the 

thickness of ~20 µm and diameter ~10 mm were screen-printed on both sides of 8YSZ 

electrolyte (thickness ~200 µm; Fuel Cell Materials). The electrode layers were dried and 

sintered at ~1200°C with the heating rate of 3°C/min for 2 h in air. Platinum paste (Electro-

Science Laboratories Inc.) was utilized to attach platinum screen current collector and 

platinum wires to each electrode layer. Curing of the platinum paste was obtained at ~900°C 

for 1 h in air atmosphere. Subsequently, LSCM/8YSZ//8YSZ//LSCM/8YSZ symmetric cells 

were installed in a tubular alumina reaction chamber in the furnace. Multi-channel 

potentiostat (VMP2, Bio-Logic) were used for electrochemical cell measurement. 

 

5.3.2. Electrochemical testing 

    Symmetrical cells of configuration LSCM/8YSZ//8YSZ//LSCM/8YSZ were heated 

in the temperature range of 850-950°C and exposed to oxidizing (air) and reducing gas (Ar-

3%H2-3%H2O) atmosphere with a flow rate of 300 sccm. Bias varying from 0-0.8 V was 

applied using the potentiostat. Electrochemical impedance was measured in the frequency 

range of 100 mHz - 200 kHz utilizing a 10 mV alternating current. Experiments were 
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repeated to ensure reproducibility. Post-test characterization of the tested symmetrical cells 

was conducted using the SEM-EDS. 

 

5.4. Results and Discussion 
 

 

5.4.1. Electrochemical measurements and post-test observations 

 Measurements at different temperatures (850°C, 900°C and 950°C), bias (0 V, 0.3 V, 

0.5 V and 0.8V) and varying gas compositions (air and Ar-3%H2-3%H2O) were performed in 

order to evaluate the different electrochemical behavior and stability of the LSCM/8YSZ 

composite based symmetrical cells. Fig. 5.1 and 5.2 shows nyquist plots of impedance 

spectra obtained from the symmetrical cell (LSCM/8YSZ//8YSZ//LSCM/8YSZ) testing in 

the temperature range of 850-950°C with bias varying from 0-0.8V in oxidizing (air) and 

reducing atmosphere (Ar-3%H2-3%H2O) respectively. High frequency intercept represents 

ohmic resistance, while non-ohmic contributions are represented by the semicircle diameter 

[18]. In reducing atmosphere, two semicircles are observed and correspond to the ion transfer 

through the microstructure and/or electrochemical kinetics of the electrode material (high 

frequency) and charge transfer at the interface (low frequency) [19-20]. However, the two 

electrode arcs get merged in oxidizing atmosphere [19].  From the impedance spectra’s in Fig. 

5.1 and 5.2, it is identified that the performance increases with increase in temperature and 

bias. Similar trend is obtained in oxidizing as well as reducing atmosphere as shown in Fig. 

5.1 and 5.2. However, higher performance is achieved for the cell tested in air when 

compared to Ar-3%H2-3%H2O. Fig. 5.3 shows non-ohmic resistance of the symmetrical cell 

of configuration LSCM/8YSZ//8YSZ//LSCM/8YSZ as a function of temperature (850-950°C) 

with varying bias (0-0.8V). The non-ohmic resistance increases with increase in temperature 

and bias in oxidizing and reducing atmosphere. 
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Fig. 5.4 shows the comparison of non-ohmic resistance of the tested cells in the temperature 

range of 850-950°C at 0 V and 0.5 V. In oxidizing atmosphere, lower resistance is measured 

when compared to reducing atmosphere. It increases from ~7.9 to 9.5 Ω.cm
2 

when gas is 

switched from air to Ar-3%H2-3%H2O respectively under no bias (0 V) at 950°C. Under the 

constant bias of 0.5 V and 950°C, the resistance increases from ~5.6 (air) to 7.8 Ω.cm
2
 (Ar-

3%H2-3%H2O). The trend in resistance changes for 0.3 V and 0.8 V is similar to those 

observed at 0 V and 0.5 V. The plots are omitted for brevity. The difference in the non-ohmic 

resistance corresponds to the electrode kinetics that gets affected by the variation in oxygen 

partial pressure and/or H2 adsorption/desorption on the surface when gas atmosphere is 

changed from to air and Ar-3%H2-3%H2O [20]. 

After the electrochemical testing on the LSCM/8YSZ based symmetrical cells, the 

tested cells were first visually examined to confirm on the electrode integrity with the 8YSZ 

electrolyte. No delamination of the electrode layers was identified on the examination. 

Subsequently, the tested symmetrical tested cells were characterized to understand the 

degradation behavior in oxidizing and reducing atmosphere. No interface layer or compound 

formation is identified during the surface/interface/bulk analysis of the tested cells using 

SEM-EDS. This is shown in Fig. 5.5. No microstructural changes are observed in the air as 

well as Ar-3%H2-3%H2O tested symmetrical cells as shown in Fig. 5.5. This corresponds to 

the stability of LSCM/8YSZ composite in oxidizing and reducing atmosphere required for 

OTM and SOFC systems. 
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Fig. 5.1. Nyquist plots of impedance spectra acquired from symmetrical cell testing of 

configuration LSCM/8YSZ//8YSZ//LSCM/8YSZ in oxidizing atmosphere (air): (a) 850°C, 

(b) 900°C and (c) 950°C. 
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Fig. 5.2. Nyquist plots of impedance spectra acquired from symmetrical cell testing of 

configuration LSCM/8YSZ//8YSZ//LSCM/8YSZ in reducing atmosphere (Ar-3%H2-

3%H2O): (a) 850°C, (b) 900°C and (c) 950°C. 

 

 

Fig. 5.3. Non-ohmic resistance of symmetrical cell of configuration 

LSCM/8YSZ//8YSZ//LSCM/8YSZ: (a) Air and (b) Ar-3%H2-3%H2O. 
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Fig. 5.4. Comparison of non-ohmic resistance of symmetrical cell of configuration 

LSCM/8YSZ//8YSZ//LSCM/8YSZ at 950°C under constant bias of 0 V and 0.5 V in air and 

Ar-3%H2-3%H2O. 

 

 

Fig. 5.5. SEM micrographs of post-tested symmetrical cells of configuration 

LSCM/8YSZ//8YSZ//LSCM/8YSZ: (a) Electrode/electrolyte interface, (b) Anode side 

electrode surface in air and (c) Anode side electrode surface in Ar-3%H2-3%H2O. 
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5.5. Conclusions 

 

LSCM/8YSZ composite based symmetrical cells of the configuration 

LSCM/8YSZ//8YSZ/LSCM/8YSZ are synthesized in air atmosphere at ~1200°C. 

Electrochemical performance of the cells has been measured in the operating temperature 

range of 850-950°C and the bias varying from 0 V to 0.5 V in oxidizing and reducing 

atmosphere. Higher performance is achieved in air when compared to Ar-3%H2-3%H2O. 

Using, SEM-EDS, no interface reaction between the electrode and electrolyte is identified in 

the post-tested cells. In addition, no secondary phase formation is observed at the surface as 

well as in the bulk. 
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CHAPTER 6: PROCESSING AND ELECTROCHEMICAL PERFORMANCE OF 

MANGANESE-DOPED LANTHANUM-STRONTIUM CHROMITE IN OXIDIZING 

AND REDUCING ATMOSPHERES 

 

6.1. Abstract 

 

This study reports the role of oxygen partial pressure (PO2) on the microstructural 

changes and compound formation during the exposure of (La0.75Sr0.25)0.95Cr0.7Mn0.3O3 

(LSCM73) to 1400°C to emulate oxygen transport membrane device fabrication. Results of 

electrochemical testing of LSCM73+8YSZ//8YSZ//LSCM73+8YSZ symmetrical cells, is 

also reported at 950°C with time for 80h in oxidizing (air) and reducing atmospheres (Ar-

3%H2-3%H2O). Our results from elevated temperature exposure studies show a decrease in 

the density during exposure to reducing atmospheres due to the absence of liquid phase 

assisted sintering and inability to form SrCrO4. Formation of rhombohedral structure and 

MnCr2O4 spinel phase is evident in air whereas Mn3O4 phase formation occurs along with 

lattice transformation to cubic structure at lower PO2. Our experimental results are in 

agreement with LSCM73 phase diagram constructed using Thermo-Calc. Stable 

electrochemical performance is obtained in air and in reducing atmosphere, non- ohmic 

resistance increases with time which is attributed to Sr-segregation on LSCM73 surface and 

interaction between LSCM/8YSZ. No delamination of the electrode layer is observed in both 

oxidizing and reducing atmosphere. 

 

6.2. Introduction 

 

            The world energy council projects primary energy demand to increase dramatically 

in the future as population grows and developing nations elevate their living standards. 
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Finding an effective and timely solution to the emerging global climate change and related 

environmental issues are universally recognized as the major challenge of this decade. High 

temperature (≥650°C) solid-state electrochemical devices such as oxygen transport 

membrane (OTM) enables clean and efficient utilization of fossil fuels via oxy-combustion 

[1-2].  The technology can be adapted globally to enhance energy efficiency, reduce carbon 

foot print and extend the fuel reserve for future [1-4]. OTM system is also advantageous for 

tonnage oxygen production and syngas production which can be further processed for 

hydrogen production via water gas shift reaction [3]. The syngas can also be converted into 

liquid fuels for transportation via Fischer-Tropsch process [5]. 

Oxygen transport membrane system consist of three layers i.e. air electrode 

(surface exchange layer), oxygen transport membrane and fuel electrode (intermediate 

layer) [6]. Oxygen molecules from air dissociate into oxygen ions at the air electrode, 

migrate through the membrane, and recombine with the electron to form oxygen molecule 

on the fuel side [7]. The driving force for the selective oxygen transport is the existence of 

oxygen partial pressure gradient. Air and fuel electrodes are used to enhance surface 

exchange kinetics and improve the oxygen flux performance of OTM system [7]. Wide 

spread implementation of the aforesaid, however, remains critically limited by the current 

unfavorable economics, unproven reliability and lack of longevity. 

Chemical/structural/redox stability and high ionic as well as electronic 

conductivity have been identified as one of the key requirements for oxygen transport 

membrane and fuel electrode [8-9]. 
 
Ni-YSZ is conventionally used as the fuel electrode for 

SOFC due to its excellent electro-catalytic activity, electronic and ionic conductivity and 

thermal expansion match with the electrolyte. However, carbon deposition, volume change 
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during redox cycling and susceptibility to sulphur poisoning are the limitations of Ni-YSZ 

[10]. To overcome the limitations of Ni-YSZ, mixed ionic and electronic conducting 

perovskites with/without fluorite phase are being considered as an alternative SOFC anode 

and membrane/fuel electrode for OTM device [11-12]. This paper focuses on materials 

development for oxygen transport membrane (OTM) system. However, the results can also 

be utilized for the development of SOFC fuel electrode. 

Lanthanum chromite based perovskites have been studied extensively as an 

oxygen transport membrane and fuel electrode [13-26]. This is due to its high chemical and 

structural stability at high temperatures in oxidizing as well as reducing atmospheres. 

Lanthanum chromite is commonly doped with alkaline earth metal at A-site and transition 

metal at B-site for improving its electrical conductivity, electrochemical performance, 

thermal expansion coefficient and densification. The dopants, on the other hand, have also 

been found to deteriorate the structural and thermo-chemical stability of these materials 

specifically in reducing atmosphere (≤ 10
-10

 atm). A review article is recently published on 

the effect of A and B-site dopants on the structure-thermal-electrical-mechanical properties 

of lanthanum chromite based materials for oxygen transport membrane by Gupta et al. [16]. 

La0.75Sr0.25Cr1-xMnxO3 (LSCMx) is being investigated for fuel side electrode and 

oxygen transport membrane (OTM) as it provides the combination of high electrochemical 

activity, high electrical conductivity and good thermal expansion match with 8YSZ [16-19, 

25-30]. 
 
LSCMx is also identified as promising fuel electrode for direct utilization of 

hydrocarbon fuels [27]. The electrode polarization resistance for La0.75Sr0.25Cr0.5Mn0.5O3-δ 

(LSCM55) is 0.2 Ω cm
2
 at 900°C in 97%H2-3%H2O, comparable to Ni/YSZ cermets [30].  

The conductivity of La0.75Sr0.25Cr0.5Mn0.5O3 is 38 S cm
–1 

at 900°C and remains same for 
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PO2 values above 10
–10

 atm [29-30]. However, further lowering of PO2 to ~10
–21

 atm, the 

conductivity decreases to 1.5 S cm
–1 

[29-30]. The thermal expansion coefficient (TEC) of 

LSCM55 is 9.3×10
–6

 K
–1

 in air in the temperature range of 64-956°C. The TEC is 

comparable to 8YSZ (10.3×10
–6

 K
–1

), a most commonly used oxygen ion conducting 

fluorite phase [31]. 

 For lanthanum chromite based materials, density increases with decreasing oxygen 

partial pressure [32-33]. Because, the vapor pressure of CrO3 significantly decreases in 

reducing atmospheres. Subsequently, Cr2O3 deposition at the inter-particle necks is inhibited 

resulting in higher densification [32-33]. The sintering behavior of A-site doped lanthanum 

chromite based materials is well known in the literature [16]. 

As mentioned above, these materials are further doped at B-site to improve the 

structural-thermal-electrical properties as required for OTM system. However, the sintering 

behavior of simultaneously A-site and B-site doped LaCrO3 is not investigated in the 

literature. In this study, we report the sintering and electrochemical behavior of manganese-

doped lanthanum-strontium chromite, which is one of the most promising candidates for 

oxygen transport membrane and fuel electrode. However, LSCMx with higher Mn-doping 

level destabilizes in reducing atmosphere. For example, (La,Sr)2MnO4 and MnO secondary 

phases have been detected for LSCM55 when exposed to 900°C and 10
-20

 atm [34]. 

Formation of Mn-Cr-O spinel (MnCr2O4) has also been indicated in LSCM55 [35]. In 

reducing atmosphere, the spinel phase reduces to MnO [35-36]. The results exhibit that 

LSCMx with high Mn doping level (LSCM55) is not stable in reducing atmosphere [16, 

35-36]. Furthermore, it is identified in the recently published review article that B-site (e.g. 

Mn) doping level is good to be restricted (≤30 mol.%) from stability point of view [16]. 
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However, in the reported literature, LSCMx is not investigated with higher Cr: Mn ratio or 

lower Mn doping level under OTM processing and operating conditions. Therefore, a 

composition with lower concentration of Mn i.e. (La0.75Sr0.25)0.95Cr0.7Mn0.3O3-δ (LSCM73) 

is chosen for this study. A-site deficient composition is chosen for this study to avoid the 

Sr-segregation which is likely to occur in lanthanum strontium manganite/chromite based 

materials [16, 37]. Furthermore, A-site deficiency is found to be beneficial to avoid the 

interaction of lanthanum strontium manganite/chromite based materials with stabilized 

zirconia fluorite phase to form insulating phase such as La2Zr2O7 and SrZrO3 [16, 38]. 

Sintering behavior and microstructure analysis of LSCM73 is examined under simulating 

OTM fabrication conditions (~1400°C and PO2 ~ 0.21-10
-10

 atm). On the other hand, 

electrochemical impedance measurement is performed at lower temperature under 

simulating anodic OTM operation conditions (~950°C and ~10
-17

 atm). 

 

6.3. Experimental  

6.3.1. (La0.75Sr0.25)0.95Cr0.7Mn0.3O3-δ synthesis 

LSCM73 powder was obtained from Praxair Inc. The particle size distribution of the 

powder was D50 = 1.34μm. The powder was uniaxially pressed into cylindrical pellets. 

Subsequently, LSCM73 powder was also mixed with 0.5%SrCrO4 to understand the effect of 

SrCrO4 on densification and validate our results and hypothesis. The pellets were bisque fired 

at 1100°C for 4h and then, sintered in air, N2 (~10
-5 

atm) and Ar-3%H2-3%H2O (~10
-10 

atm) 

atmosphere at 1400°C with 10h dwell time. Samples were cooled in the flowing gas 

environment to ensure the maintenance of the oxygen pressure during cooling. 
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6.3.2. Characterization 

Density of all the samples was measured using Archimedes principle. The 

microstructural analysis was conducted using scanning electron microscope (FEI - ESEM 

Quanta 250, Hillsboro, OH). Energy dispersive spectroscopy (EDS) attached to the SEM was 

used for elemental compositional analysis. 

X-ray diffraction (BRUKER-D8 ADVANCE, Bruker AXS Inc. Madison, WI) 

technique was used to determine the crystal structure of LSCM73 and secondary compounds, 

if any, sintered in different gas atmospheres. The scan step was 0.02° using CuKα radiation (λ 

= 1.5406 Å). 

6.3.3. Symmetric cell fabrication 

LSCM73 is predominantly electronic conductor, and therefore mixed with 8YSZ for 

ionic conduction in 50:50 weight ratios for the fabrication of symmetrical cell and testing. 

LSCM73+8YSZ paste was prepared using ink vehicle (Fuel Cell Materials). LSCM73+8YSZ 

working and counter electrodes (thickness: ~20 µm, diameter: 10 mm) were screen-printed 

on both sides of 200 μm thick (ZrO2)0.92(Y2O3)0.08(YSZ) electrolyte (Fuel Cell Materials). 

After drying at room temperature, the electrodes were sintered at 1200°C (heating rate of 

3°C/min) for 2 h in air. Lower sintering temperature (1200°C) was chosen for fabrication of 

the cell to obtain porous electrode layer as well as to avoid secondary phase’s formation that 

were observed at 1400°C. No secondary phases are identified in the as-sintered symmetrical 

cells. Platinum screen current collector (Alfa Aesar, 50 mesh) and platinum wires (Alfa 

Aesar, 0.25 mm) were attached to each electrode using platinum paste (Electro-Science 

Laboratories Inc.). The platinum paste was cured in air at 900°C for 1 h (3°C/min). The 

electrochemical active area of the cell electrode was calculated to be 0.8 cm
2
. As-assembled 
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symmetric cells of configuration LSCM73+8YSZ //8YSZ//LSCM73+8YSZ were installed in 

a tubular alumina reaction chamber placed in the constant temperature zone of a furnace. The 

leads from a multi-channel potentiostat (VMP2, Bio-Logic) were attached to the assembled 

symmetric cell. 

 

6.3.4. Electrochemical testing 

The symmetrical cells were heated to 950°C (3°C/min) in flowing air and Ar-3%H2-

3%H2O with flow rate maintained at 300sccm. 3% water vapor was introduced in the Ar-

3%H2 gas stream through a water bubbler at room temperature. Using the potentiostat, a pre-

determined constant bias of 0.5V was applied for 80 h. The impedance was measured (at four 

hour intervals) in the frequency range from 100 mHz to 200 kHz using a 10 mV alternating 

current. To ensure reproducibility, experiments were repeated several times at the imposed 

voltage condition. Post-test characterization of the symmetrical cells was performed using 

SEM-EDS (FEI - ESEM Quanta 250). 

 

6.4. Results and Discussion 

 

6.4.1. Crystal Structure 

 

Fig. 6.1 shows the XRD pattern of LSCM73 bisque-fired at 1100°C in air and 

sintered at 1400°C in air, N2, and Ar-3%H2-3%H2O atmosphere. Extra peaks 

corresponding to the SrCrO4 (JCPDS 073-1082) are identified in the bisque-fired sample in 

agreement with SrO-Cr2O3-La2O3 phase diagram [39]. The width of the peaks appears to 

increase likely due to the diminution of the perovskite grain size with decreasing in the PO2 

as is indicated in the next section 6.4.2. The crystal structure for LSCM73 is rhombohedral 

(JCPDS 75-9872). However, the peaks splitting corresponding to the rhombohedral phase 

decreases with decrease in PO2. And, it almost disappears in case of the samples sintered in 
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Ar-3%H2-3%H2O attributing to less distortion of the lattice and higher symmetry phase 

formation. The possible higher symmetry phase is cubic (JCPDS 074-1961) after 

rhombohedral [36]. This is consistent with the co-existence of cubic and rhombohedral 

phase for LSCM73 when sintered in N2. But, in Ar-3%H2-3%H2O, predominantly cubic 

phase is identified corresponding to disappearance of the peaks splitting and phase 

transformation to the higher symmetry phase. In future, a detailed study will be 

investigated for in-depth understanding of the phase transformation as a function of PO2. 

 

Fig. 6.1. XRD pattern of LSCM73 bisque-fired (1100°C) in air and sintered (1400°C) in air, 

N2 and Ar-3%H2-3%H2O. 

In case of air and N2 atmosphere, new peaks are identified as Mn-Cr-O spinel phase 

(marked by blue five pointed star) i.e. MnCr2O4 (JCPDS 075-1614) as shown in Fig. 6.1. 

The peaks disappearance corresponding to MnCr2O4 is observed for the samples sintered in 

Ar-3%H2-3%H2O atmosphere. However, presence of new peaks (marked by green four 

pointed star) is observed for the samples sintered in lower oxygen partial pressure (N2 and 

Ar-3%H2-3%H2O). The peaks are identified as Mn3O4 (JCPDS 086-2337) in reducing gas 
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atmospheres [36, 40]. Co-existence of MnCr2O4 and Mn3O4 is observed for the samples 

sintered in N2 (~10
-5

 atm) atmosphere. However, in Ar-3%H2-3%H2O atmosphere, only 

Mn3O4 peaks are identified. 

 

6.4.2. Sintering behavior and Microstructural Analysis 

 

 Fig. 6.2 shows the density of LSCM73 as a function of oxygen partial pressure 

(PO2) sintered at 1400°C for 10h. The density of bisque fired sample is ~48% which 

increases to ~68% for air sintered sample. However, it decreases to ~56% with decrease in 

PO2 for the sample sintered in Ar-3%H2-3%H2O. Also, the average grain size decreases 

from 3.0μm (air) to 1.2μm (N2) to 0.6μm (Ar-3%H2-3%H2O) with decrease in PO2. Fig. 6.3 

shows the polished surface SEM microstructures of the samples sintered in air, N2 (~10
-5 

atm) and Ar-3%H2-3%H2O (~10
-10 

atm) gas atmosphere. In oxidizing atmosphere (air), 

secondary phases have been observed predominantly at grain boundaries as marked in Fig. 

6.3a. Elemental analysis reveals that the secondary phases mainly consist of Mn and Cr 

with small amount of La and Sr as shown in Table 6.1. Fig. 6.4 shows the elemental 

mapping of air sintered sample with enriched Mn and Cr phases. These phases are 

MnCr2O4 spinel as confirmed from XRD. The spinel formation decreases with decrease in 

PO2. However, a new Mn-rich phase is observed in the samples sintered in reducing 

atmosphere, and it increases with decreasing oxygen partial pressure as shown in Fig 6.3b 

and c. This is also observed in the elemental mapping (Fig. 6.5) of LSCM73 sintered in Ar-

3%H2-3%H2O. Table 6.2 shows the SEM-EDS elemental analysis of Mn-rich phase and 

bulk. The phase is identified as Mn3O4 using XRD in Fig 6.1. 

It is known that densification of Sr-doped LaCrO3 is assisted by liquid phase 

(SrCrO4) sintering [41]. 
 
The reaction (1) is favored at an oxygen partial pressure of 0.21 atm. 
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SrO (s) + 1/2Cr2O3 (s) + 3/4O2 ↔ SrCrO4 (s)                  (1) 

 

Gibb’s free energy formation for SrCrO4 are −158 and −50 kJ mol
−1

 at PO2 ~ 0.21 

and 10
-5

 atm (900°C) respectively. With decreasing oxygen partial pressure, the Gibb’s free 

energy for the formation of SrCrO4 increases, and becomes positive at 900°C for the partial 

pressures less than 10
−7.2

 atm. For example, the free energy for SrCrO4 formation is +75 kJ 

mol
−1

 at ~10
−10

 atm 900°C [42]. In addition, according to SrO-Cr2O3-La2O3 system, SrCrO4 

phase is unstable at low oxygen partial pressure (~10
-9 

atm) at 1600°C [39]. 

 

Fig. 6.2. Relative density of sintered LSCM73 in air (0.21 atm), N2 (10
-5

 atm) and Ar-3%H2-

3%H2O (10
-10

 atm). 

 

Fig. 6.3. Polished surface SEM micrographs of sintered LSCM73 in a) air, b) N2, c) Ar-

3%H2-3%H2O, and d) air (with 0.5% SrCrO4). 

 

 

Polished surface SEM micrographs of sintered LSCM73 in a) air, b) N2, c) Ar-3%H2-3%H2O, and d) air (with 0.5% SrCrO4).
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Fig. 6.4. Elemental mapping of polished surface SEM micrographs of sintered LSCM73 in 

air. 

 

Fig. 6.5. Elemental mapping of polished surface SEM micrographs of sintered LSCM73 in 

Ar-3%H2-3%H2O atmosphere. 

 

In case of A-site doped La0.7Sr0.3CrO3, SrCrO4 phase exolution occurs at ~800°C and 

melts at 1256°C [43]. The SrCrO4 liquid phase re-dissolves into the perovskite at high 

temperature and assists densification. Similarly, in case of A and B-site doped LSCM73, the 

SrCrO4, which is present in the bisque fired sample liquefies and re-dissolves into the lattice 

at high temperature resulting in higher densification. Higher grain growth is also achieved for 

the samples sintered in air due to the liquid phase assisted sintering. However, the grain 

growth and density decrease on lowering PO2. Lower densification with decreasing oxygen 

partial pressure is associated with decreasing SrCrO4 and subsequent liquid phase sintering. 

To validate our hypothesis, 0.5% of SrCrO4 is added to LSCM73 and sintered in air under 
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same conditions. The results show higher densification for LSCM73+0.5%SrCrO4 when 

compared to LSCM73 sintered sample as shown in Fig. 6.2. The SEM micrograph of the 

sintered LSCM73+0.5%SrCrO4 sample is shown in Fig. 6.3d. Highest density (~73%) is 

achieved for LSCM73 when mixed with 0.5% SrCrO4 and sintered in air. This corresponds to 

the higher amount of liquid phase formation [44]. 

On the other hand, chromium evaporation is likely to occur for lanthanum chromite 

based materials in the form of CrO3 and it condenses as Cr2O3 (Eq. 2) at the grain boundaries 

(irregular contacts) due to the surface energetics [13]. 

4CrO3 → 2Cr2O3 +3O2       (2) 

Manganese is soluble in Cr2O3 up to a limit of 1.6% of the cation sites at 1000°C 

[45]. Manganese tends to diffuse and react with Cr2O3 to form MnCr2O4 (Eq. 3), 

preferentially at the grain boundaries of LSCM73 as shown in Fig. 6.4a and d. 

Thermodynamically, the spinel phase formation is favorable at 1400°C with the Gibbs free 

energy of formation for MnCr2O4 to be -40.1kJ/mol [46]. 

MnO + Cr2O3 → MnCr2O4       (3) 

The formation of spinel phase is also in agreement with Mn-Cr-O phase diagram [36].
 

According to the phase diagram, the cubic spinel phase forms at 1400°C in air. With decrease 

in PO2, the Cr-evaporation and condensation with the formation of Cr2O3 decreases. 

Subsequently, the formation of MnCr2O4 also decreases with decrease in oxygen partial 

pressure. This is in agreement with our observation in the SEM micrographs of LSCM73 in 

air (Fig. 6.3a), N2 (Fig. 6.3b) and Ar-3%H2-3%H2O (Fig. 6.3c). On the other hand, Mn3O4 

phase is observed in the samples sintered in N2 (~10
-5 

atm) and Ar-3%H2-3%H2O (~10
-10 

atm) gas atmosphere. However, the formation of Mn3O4 increases with decrease in PO2. In 
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the literature, it is given that MnCr2O4 dissociates into MnO in reducing gas atmosphere [35-

36]. However, no experimental or theoretical evidence is provided. Furthermore, if the spinel 

 

 Table 6.1. SEM-EDS elemental analysis of LSCM73 sintered in air. 

 

 

Table 6.2. SEM-EDS elemental analysis of LSCM73 sintered in Ar-3%H2-3%H2O. 

 

phase dissociates into MnO and Cr2O3 in reducing atmosphere, the appearance of Cr2O3 

should be detected like MnO using XRD or SEM. The presence of Cr2O3 is not identified in 

the literature as well as in our study. The formation of MnCr2O4 is dependent on Cr2O3 (Eq. 

3). According to our study, in reducing atmosphere, we propose that Mn diffuses into the 

condensed Cr2O3 until it is consumed to form MnCr2O4. Afterwards, Mn diffuses at the outer 

surface and exits in the lattice as MnO. During cooling, the temperature and PO2 decreases to 

the region where MnO is not stable and it forms Mn3O4 in agreement with our XRD results 

[40]. 

Element La (at. %) Sr (at. %) Cr (at. %) Mn (at. %) 

Area 1 (Mn-Cr-spinel) 8.1±1.0 2.7±4.3 51.6±1.1 37.6±4.6 

Area 2 (Bulk) 37.8±0.1 16.4±0.4 31.7±0.2 13.7±0.3 

Element La (at. %) Sr (at. %) Cr (at. %) Mn (at. %) 

 

Area 1 (Mn-oxide) 10.2±3.0 5.6±4.3 11.4±2.3 70.8±3.9 

 

Area 2 (Bulk) 35.4±0.9 16.4±2.2 32.9±0.4 15.3±0.3 
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The exolution of MnO phase in LSCM73 in reducing gas atmosphere can also be 

explained based on the oxygen exchange defect reactions. It is known that Mn can exist in 

three valence states i.e. Mn
2+

/Mn
3+

/Mn
4+

 in LSCM [34]. Due to the existence of 

disproportionate Mn valence state, oxygen vacancies exist in the lattice of LSCM73 for the 

charge compensation. At lower PO2, the transition of Mn
4+
→Mn

3+
 and Mn

3+
→Mn

2+
 results 

in higher amount of oxygen vacancies formation for charge neutrality. The oxygen exchange 

between LSCM73 and gas phase can be represented as shown below [34]: 

 

 
     

    M   
    

   M   
        (4) 

 

 
     

    M   
    

   M   
        (5) 

where M   
  refers to Mn

3+
 on Mn

3+
 sites, M   

  refers to Mn
4+

 on Mn
3+

 sites, M   
  refers 

to Mn
2+

 on Mn
3+

 sites, and   
   refers to oxygen vacancy with two positive charges. 

We postulate that LSCM73 perovskite lattice structure destabilizes due to the existence of 

higher amount of oxygen vacancies and Mn
2+

 (0.830 Å) with higher ionic radii than Mn
3+

 

(0.645Å). Therefore, in reducing atmosphere, Mn
2+

 does not retain in the         
   

perovskite lattice of LSCM73 and exolve as MnO. Oishi et al. [34] have reported similar 

exolution of MnO from LSCM55 lattice when exposed to PO2 ~ 10
-20

 atm at 900°C. 
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Fig. 6.6. Schematic of sintering steps for LSCM73 sintered in air, N2 and Ar-3%H2-

3%H2O. 

 

 Mechanism and the sintering behavior of LSCM73 in air, N2 and Ar-3%H2-3%H2O 

gas atmosphere are shown in Fig. 6.6. In step 1, the starting material is same for the three 

cases i.e. bisque fired (at 1100°C) LSCM73 with the existence of SrCrO4 (indicated by 

yellow color). In step 2, the SrCrO4 melts (indicated by yellow color) at ~1256°C in case of 

air and N2 atmosphere. However, due to the positive Gibbs free energy of formation in 

reducing atmosphere, SrCrO4 is unstable for the samples sintered in Ar-3%H2-3%H2O (~10
-

10 
atm). It is hypothesized that the SrCrO4 would dissociate into SrO and Cr2O3 and dissolve 

back into the lattice when heating up to the sintering temperature. During Step 3, the 

evaporated CrO3 condenses and deposits in the form of Cr2O3 (indicated by green color), 

preferentially at the grain boundaries due to higher surface energy. And, Mn diffuses at the 

outer surface and reacts with Cr2O3 to form MnCr2O4 spinel (indicated by red color). 

However, as explained above, the CrO3 evaporation and condensation as Cr2O3 decreases 
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(step 3) in reducing atmosphere. Therefore, the availability of Cr2O3 to react with Mn to form 

MnCr2O4 decreases with decrease in PO2. Consequently, Mn diffuses at the outer surface and 

exists as Mn3O4 in the lattice. As a result, both MnCr2O4 and Mn3O4 exist for the sample 

sintered in N2 atmosphere as shown in the step 4. In Ar-3%H2-3%H2O atmosphere with least 

PO2 (~ 10
-10

 atm) among the three cases, there is no MnCr2O4 formation due to the absence 

of Cr2O3 (step 3) and therefore, Mn comes out as Mn3O4 (indicated by orange color) in step 

4. 

 

6.4.3. Thermodynamic Calculations 

To support our experimental results and hypothesis on the sintering behavior of 

LSCM73, we performed thermodynamic calculations using the CALculation of PHAse 

Diagram (CALPHAD). The CALPHAD approach was pioneered by Kaufman [47] to model 

complex phase equilibria in multicomponent systems. Its theoretical basis is thermodynamic 

description of individual phases. The thermodynamic database was developed using Thermo-

Calc [48]. Thermo-Calc is a program developed by KTH Royal Institute of Technology in 

the 1970s. For over 40 years, Thermo-Calc has been at the forefront of scientific software 

and databases for calculations involving computational thermodynamics [47, 49]. 

The customized thermodynamic database for La-Sr-Cr-Mn-O-H-S system was 

adopted in the current investigations, which is able to simulate the phase equilibria of 

perovskite at various gas conditions including the gas species like H2O, O2, SO2, H2S, etc. It 

is a combined database with the La-Sr-Cr-Mn-O database [46, 50-51] and SSUB database 

[52]. It has the Gibbs energy description of all the phases we are interested in the current 

work, including the perovskite and spinel phases. It is expanded by adding Cr on the basis of 
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the La-Sr-Mn-O thermodynamic database, which was initially developed to consider the Cr 

poisoning effect to LSM. 

In the current work, the phase stabilities of LSCM73 were examined at different 

oxygen partial pressures at 1400°C in comparison with the experimental observations. 

According to our thermodynamic calculations and Fig. 6.7, LSCM73 will form spinel in air, 

with the decrease of the oxygen partial pressure, phases like MnO and SrO will form. The 

theoretical predictions are in agreement with our experimental results at 1400°C. Spinel 

phase co-exists with perovskite phase in air (0.21 atm). However, at lower PO2 (~10
-5

 atm), 

three phase co-exists as shown in our experimental observations i.e. perovskite, spinel and 

MnO. With further decrease in PO2, only MnO phase co-exists with perovskite as shown in 

Fig. 6.7 which is also in agreement with our experimental results. As mentioned in the 

previous section, during cooling, it is to be noted that the temperature and PO2 reduces to the 

region where MnO is not stable and it forms Mn3O4 [40]. This is in agreement with our XRD 

results. 

 

Fig. 6.7. Relationship between the phase stabilities of LSCM73 at 1400°C and oxygen partial 

pressure. 
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6.4.4. Electrochemical measurements and post-test observations 

 

Fig. 6.8a and b shows electrochemical performance of the symmetrical cell 

(LSCM73+8YSZ//8YSZ//LSCM73+8YSZ) at 950°C and 0.5 V in air and Ar-3%H2-3%H2O 

respectively. Ohmic resistance is represented by high frequency intercept, while the 

semicircle diameter represents sum of the non-ohmic contributions [53]. In case of reducing 

atmosphere (Ar-3%H2-3%H2O), two semicircles are observed corresponding to the charge 

(ion) transfer at the electrolyte/electrode interface and electrochemical kinetics involved with 

electrode material (e.g. adsorption and/or diffusion processes to/from the interface) [54-55]. 

However, the two electrode arcs merged in oxidizing atmosphere (air) [41]. Fig. 6.9 shows 

comparison plot of ohmic and non-ohmic resistances as a function of time for the cell tested 

at 0.5 V in air and Ar-3%H2-3%H2O. In case of oxidizing atmosphere, ohmic and non-ohmic 

resistances increase with time, but there is no significant variation observed especially after 

20h as shown in Fig 6.8a and 6.9. This corresponds to higher stability of LSCM73 in 

oxidizing atmosphere. On the other hand, in reducing atmosphere, the ohmic resistance 

almost stabilizes with increase in time as shown in Fig. 6.9. However, non-ohmic resistance 

continuously increases with time. The non-ohmic resistance for the tested cell is ~12.0 Ω.cm
2
 

(0h) and increases to ~24.9 Ω.cm
2
 (80h) in Ar-3%H2-3%H2O at 950°C when bias of 0.5V is 

applied. Resistance of the tested cell increases when exposed to reducing gas atmosphere as 

shown in Fig. 6.9. 

Symmetrical cells (LSCM73+8YSZ//8YSZ//LSCM73+8YSZ) before and after testing 

are analyzed. No changes are identified with the naked eye. In addition, no delamination of 

the porous electrode layers is observed after manual removal of Pt mesh along with Pt wires. 

Bulk electrode and electrode/electrolyte interfaces are examined for microstructural changes 
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Fig. 6.8. Nyquist plots of impedance spectra obtained from the symmetrical cell of 

configuration LSCM73+8YSZ//8YSZ//LSCM73+8YSZ tested at 950°C with 0.5 V from 0 to 

80 h: a) in air, and b) in Ar-3%H2-3%H2O. For clarity, only five spectra are shown. 

 

and reaction products formation. Fig. 6.10a shows the interface of LSCM73+8YSZ (anode) 

and 8YSZ (electrolyte). There is no interface layer or compound formation observed at the 

interface in air. Furthermore, when compared to as-sintered cell (Fig. 6.10b), no changes are 

identified in the microstructure of the tested cell in air (Fig. 6.10c). However, in Ar-3%H2-

3%H2O, surface morphology of LSCM73 phase is significantly modified as shown in Fig. 

6.10d. Nano-size particles segregation is observed on the anode surface of the tested cell as 

shown in Fig. 6.10d. Surface compositional analysis is performed using SEM-EDS at ~20 

different points. It is observed that the average Sr: La ratio is higher for the symmetrical cell 
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Fig. 6.9. Comparison plots of resistance (ohmic and non-ohmic) changes with time (80h) for 

the symmetrical cell of configuration LSCM73+8YSZ//8YSZ//LSCM73+8YSZ tested at 0.5 

V in air and Ar-3%H2-3%H2O. 

 

 

 

 

 

Fig. 6.11. SEM micrographs of the symmetrical cell of configuration 

LSCM73+8YSZ//8YSZ//LSCM73+8YSZ (anode surface): a) LSCM73+8YSZ and 8YSZ  

interface b) as-sintered in air, c) tested in air, and d) tested in Ar-3%H2-3%H2O. 

 

tested in Ar-3%H2-3%H2O (Sr: La ~ 0.65±0.05) when compared to those tested air (Sr: La ~ 

0.44±0.05) which matches with as-sintered cell (Sr: La ~ 0.43±0.04). This corresponds to the 

Sr-segregation in case of the cell tested in reducing atmosphere. Sr enrichment on lanthanum 

strontium manganite surface is reported earlier after heat treatment (1000°C) in nitrogen 
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atmosphere (humid) at low partial pressure of oxygen [56]. Hu et al. [50] have observed 

similar surface morphological changes attributing to Sr-segregation in (La0.8Sr0.2)0.98MnO3 

(LSM) after electrochemical cell testing in air (with 50% water vapor) at 850°C for 100h. 

Consequently, the resistance of the LSM based symmetrical cells increased [57]. Similarly, it 

is postulated that the SrO segregation on LSCM73 surface results in the increase of resistance 

with time when tested in Ar-3%H2-3%H2O. Figure 6.11a and b shows electrode-electrolyte 

interface after removable of LSCM73 layer from the cells tested in air and Ar-3%H2-3%H2O 

respectively. Ridges and lip formations along with the reaction zone (indicated by yellow 

circles) are observed at the contact of LSCM/8YSZ and attributes to an interaction between 

electrode and electrolyte in Ar-3%H2-3%H2O unlike air. Similar interactions are reported 

between LSM/8YSZ by Keane [58] and Li et al. [59] resulting into an increase in the 

polarization resistance under the applied bias. However, less interaction is identified in this 

study for LSCM-8YSZ system when compared to LSM-8YSZ. 

 

Fig. 6.12. SEM micrograph of the anode-side electrolyte interface after testing and removing 

LSCM73 layer: a) air and b) Ar-3%H2-3%H2O. 
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6.5. Conclusions 

 

(La0.75Sr0.25)0.95Cr0.7Mn0.3O3 (LSCM73) experiences enhanced densification in air 

during sintering at 1400°C when compared to reducing atmosphere. Spinel phase formation 

(MnCr2O4) has been observed when sintered in air (0.21 atm) and N2 (~10
-5

 atm) whereas 

Mn3O4 phase formation is observed at lower oxygen partial pressure (~10
-5

 and ~10
-10

 atm). 

Thermodynamic calculations as well as construction of phase diagram, developed using 

Thermo-Calc software, supports experimental observations. The crystal structure of the 

sintered LSCM73 shows rhombohedral lattice structure in air and its transformation to cubic 

in reducing atmosphere. Stable and superior performance of the symmetric cell of 

configuration LSCM73+8YSZ//8YSZ//LSCM73+8YSZ, during electrochemical testing at 

950°C, is attributed to surface and interface stability and lack of Sr segregation 

in oxidizing atmospheres when compared to exposure to reducing atmospheres. 
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CHAPTER 7: A NEW STABLE NICKEL AND TITANIUM CO-DOPED 

LANTHANUM STRONTIUM CHROMITE FOR HIGH TEMPERATURE 

ELECTROCHEMICAL DEVICES 

 

7.1. Abstract 

 Effects of nickel and titanium co-doping of the chromite perovskite La0.85Sr0.15Cr1-

2yNiyTiyO3-δ (0.05≤y ≤0.3) on the electrical conductivity, chemical stability, microstructure, 

density, thermal expansion and electrochemical performance have been investigated for high 

temperature electrochemical devices. Density and the electrical conductivity increased with 

nickel concentration. Sr-segregation on the surface of La0.85Sr0.15Cr1-2yNiyTiyO3-δ has been 

observed for y ≥ 0.2 and associated with reduction in the electrical conductivity. For y = 0.1, 

La0.85Sr0.15Cr1-2yNiyTiyO3-δ showed the highest electrical conductivity in air and reducing 

atmosphere (PO2 ~10
-24

 atm). The conductivity of La0.85Sr0.15Cr1-2yNiyTiyO3-δ (y = 0.1) in 

reducing atmosphere (3.58 S cm
-1

 at 950°C) also remains higher than the most widely 

investigated compositions such as (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ (2.81 S cm
-1

) and 

(La0.75Sr0.25)0.95Cr0.7Fe0.3O3-δ (1.41 S cm
-1

). Smaller deviation in the oxygen stoichiometry is 

similarly observed for La0.85Sr0.15Cr0.8 Ni0.1Ti0.1O3-δ (δ = 0.011) when compared to 

La0.75Sr0.25CrO3-δ (δ = 0.091), La0.75Sr0.25Cr0.5Mn0.5O3-δ (δ = 0.175) and 

La0.75Sr0.25Cr0.5Fe0.5O3-δ (δ = 0.148) at 1000°C and ~10
-24 

atm. Thermal expansion coefficient 

(TEC) of La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3-δ (11.3±0.14    10
-6

/°C) matches closely with 8YSZ 

(10.9±0.17    10
-6

/°C). Highest electrochemical performance is obtained for our new 

composition La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3-δ when mixed with 8YSZ in both oxidizing and 

reducing atmosphere, in comparison with (La0.75Sr0.25)0.95Cr0.7Mn0.3O3-δ and 
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(La0.8Sr0.2)0.95Cr0.7Fe0.3O3-δ. No degradation is identified in the post-tested LSCNT0.1 based 

symmetrical cells. 

 

7.2. Introduction 

High temperature (≥650°C) solid-state electrochemical systems such as oxygen 

transport membrane (OTM), solid-oxide fuel cells (SOFC) and solid oxide electrolysis cells 

(SOEC) for power generation and clean combustion respectively are a select few 

technologies which can be adapted in near term to enhance the chemical to electrical 

energy conversion efficiency, reduce carbon foot print and extend the fuel reserve for 

future energy security and environmental sustainability [1-2]. Although progress in the 

OTM, SOFC and SOEC technologies along with technical challenges have been reported 

[1-5], development of stable materials along with performance improvement remains topic 

of research interest [6-8].
 

Chemical/structural/redox stability and high electrical conductivity/performance 

have been identified as key requirements for OTM, SOEC and SOFC electrode [3]. To 

improve the surface exchange kinetics and performance of oxygen transport membrane, 

porous air and fuel electrodes are also utilized for OTM system [9]. Perovskites and/or 

perovskite-fluorite composites are currently being developed for OTM system [8-16]. 

However, thermal-chemical-structural stability, high thermal expansion coefficient, lower 

conductivity and electrochemical performance in reducing atmosphere are challenges with 

the current existing materials [8-16]. For instance, lanthanum cobaltite (LaCoO3-δ) obtain 

high thermal expansion coefficient (20×10
-6

 K
-1

) and decomposes into La2CoO4 and CoO 

at 1000°C and oxygen partial pressure of <10
-7

 atm [8]. Similarly, lanthanum ferrite 

(LaFeO3-δ) provides high thermal expansion coefficient (23.8×10
-6

 K
-1

) for T > 600°C and 
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decomposes into La2O3 and Fe metal at 1000°C and in reducing atmosphere (<10
-17

 atm) 

[8]
8
. 

LSM-YSZ is the state of the art material for SOFC cathode and SOEC anode [17-

20]. However, LSM-YSZ tends to degrade with time under SOFC/SOEC operating 

conditions. Furthermore, delamination of the LSM based electrodes has been identified 

after testing [17-19]. Cation migration, interfacial reaction and porosity formation at the 

interface of LSM and 8YSZ phase are some of the major challenges with the current state 

of the art material [17-18]. Insulating interfacial reaction compounds such as lanthanum 

and/or strontium zirconate formation results in lower cell performance [17-19].  On the 

other hand, Ni-YSZ is conventionally used as the SOFC anode and SOEC cathode due to 

its high electro-catalytic activity, electronic and ionic conductivity. However, carbon 

deposition, stability, volume change during redox cycling and susceptibility to sulphur 

poisoning are the limitations of Ni-YSZ [6-7]. 

To overcome the limitations of the above mentioned materials such as LaCoO3-δ, 

LaFeO3-δ, LSM-YSZ and Ni-YSZ, lanthanum chromite-based perovskites have been 

considered as a promising candidate for SOFC/SOEC electrode [21-22], interconnect [23] 

and also OTM [5,8]. Lanthanum chromite based materials have also been proposed for use 

as electrode materials in magnetohydrodynamic (MHD) power generators, oxygen sensors 

and heating element in high temperature furnaces [24-25]. The potential of various 

lanthanum chromite based materials as OTM is demonstrated in detail in the recently 

published review article by Gupta et al. [8]. This is mainly due to its high thermo-chemical 

stability at high temperature (>1000°C) in a wide range of oxygen partial pressure (0.21-10
-

22
 atm) [26]. For instance, (La,Sr)(Cr,Mn)O3-δ (LSCM) and (La,Sr)(Cr,Fe)O3-δ (LSCF) have 
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been extensively investigated for OTM and air/fuel side electrode as it provides the 

combination of high electrochemical activity, good chemical compatibility with adjacent 

materials and structural stability [7, 27-33]. However, the properties (conductivity, thermal 

expansion coefficient and stability) of these materials degrade in reducing atmosphere. This 

is considered to be due to change in the valence state or disproportional existence of 

transition metal (M = Mn/Fe) into M
2+

/M
3+

/M
4+

 at B-site, and charge compensation via 

oxygen vacancy formation. These materials also destabilize in reducing atmosphere. For 

example, (La,Sr)2MnO4 and MnO secondary phases in (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ and 

(La,Sr)2FeO4 in (La0.75Sr0.25)0.95Cr0.5 Fe0.5O3-δ have been detected at 900°C and ~10
-20

 atm 

[34]. 

   The abovementioned description leaves the research community with a need of new 

improved material for high temperature electrochemical devices. Therefore, this study 

focuses on the development of new improved lanthanum chromite based material that can be 

utilized for various applications ranging from oxygen transport membrane system (as 

electrolyte and/or electrode) for oxy-combustion or syngas production to solid-oxide 

fuel/electrolysis cells (as interconnect and/or electrode) for clean and efficient power 

generation. Based on a literature review [8], among the transition metal dopants, Ti enhances 

the stability of lanthanum chromite based materials due to smaller change in its valence state 

and/or deviation from oxygen stoichiometry in reducing atmosphere [34-36]. Ni doping 

increases the electrical conductivity because of increase in Cr
4+

 ions to maintain charge 

neutrality [37-38]. It also increases the density of lanthanum chromite, a requirement for 

OTM and SOFC interconnect application [38-39]. The importance of Ni and Ti co-doping at 

the B-site of lanthanum strontium chromite is also listed in our recently published review 
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article [8]. To exploit the advantages of Ni and Ti doping, we have investigated the role of 

simultaneous Ni and Ti doping on the electrical, structural, thermal and electrochemical 

properties of La0.85Sr0.15Cr1-2yNiyTiyO3-δ (y = 0.05, 0.1, 0.2 and 0.3) in oxidizing and reducing 

atmosphere as well as compared our results with the most investigated lanthanum chromite 

based compositions i.e. LSCM and LSCF. 

 

7.3. Experimental 

7.3.1. Material Synthesis 

 La0.85Sr0.15Cr0.9Ti0.1O3-δ (LSCT0.1), La0.85Sr0.15Cr0.9Ni0.05Ti0.05O3-δ (LSCNT0.05), 

La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3-δ (LSCNT0.1), La0.85Sr0.15Cr0.6Ni0.2Ti0.2O3-δ (LSCNT0.2), and 

La0.85Sr0.15Cr0.4Ni0.3Ti0.3O3-δ (LSCNT0.3) were synthesized by solid state reaction technique 

using lanthanum oxide (La2O3, 99.95%, Alfa Aesar, USA), chromium oxide (Cr2O3, 99.9%, 

Sigma-Aldrich, USA), strontium oxide (SrO, 99.5%, Alfa Aesar, USA), titanium oxide (TiO2, 

99.99%, Sigma-Aldrich, USA ) and/or nickel oxide (NiO, 99.99%, Sigma-Aldrich, USA) 

powders. La2O3, Cr2O3, SrO, TiO2 and/or NiO powders were mixed using wet-ball milling in 

ethanol for 48h followed by drying in air. The mixed powders were uniaxiallly pressed into 

cylindrical pellets. The pellets were sintered at 1450°C for 24h with a heating and cooling 

rate of 3°C/min. 

 

7.3.2. Characterization 

 X-ray diffraction (BRUKER-D8 ADVANCE, Bruker AXS Inc. Madison, WI) 

technique was used to confirm the formation of single compound and to determine the crystal 

structure of La0.85Sr0.15Cr1-2yNiyTiyO3-δ (LSCNTy) (0.05 ≤ y ≤ 0.3). The scan step was 0.02° 

using CuKα radiation (λ = 1.5406 Å). 
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Density of all the sintered samples LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) were 

measured using Archimedes principle. The microstructural analysis was conducted using 

scanning electron microscope (FEI - ESEM Quanta 250, Hillsboro, OH). Energy dispersive 

spectroscopy (EDS) attached to the SEM was used for elemental analysis. 

X-ray photoelectron spectroscopy (XPS) was used for surface analysis of LSCNT0.3 

to confirm the Sr-segregation on the surface. The measurements were performed using a 

monochromated Al Kα x-ray source, which provides enhanced resolution (Kratos, AXIS 165, 

and U.K.). All spectra were referenced to the C 1s binding energy at 284.6 eV. Pass energies 

of 160 eV and 20 eV were used for survey and high resolution spectra, respectively. Angle-

resolved XPS (ARXPS) was performed at 0° and 60°. CasaXPS 2.3.15 software was used for 

spectra analysis. 

A rectangular bar (0.56cm × 0.33cm × 0.17cm) was cut from the sintered pellet to 

measure the thermal expansion coefficient (TEC) of the LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 

0.3) samples using dilatometer (NETZSCH - DIL 402 PC, NETZSCH Instruments, and 

Burlington, USA). The TEC measurement was carried out in the temperature range of 200-

1300°C in air with a heating rate of 3°C/min. Similarly, the TEC of 

(La0.75Sr0.25)0.95Cr0.7Mn0.3O3-δ (LSCM73) and (La0.8Sr0.2)0.95Cr0.7Fe0.3O3-δ (LSCF73) 

compositions were also measured for comparison.  The dilatometer was calibrated using 

alumina (Al2O3) standard prior to the actual measurement. 

Electrical conductivity of the LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) bar samples 

(configuration similar to that of the TEC measurement) were measured using standard four-

probe DC technique in the temperature range of 500-950°C in air and reducing (Ar-3%H2) 

gas atmosphere. The equilibrium oxygen partial pressure were calculated based on Ar-3%H2 
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gas mixture containing 1ppm H2O (impurity level in the certified gas mixture) or 3%H2O 

(RT humidification) The heating and cooling rates were 3°C/min. At least 30 minutes was 

elapsed to stabilize the temperature before collecting the data. In addition, for the 

equilibration of Ar-3%H2 gas atmosphere, minimum of 2 days was provided at 950°C. By 

measuring the conductivity of well-studied YSZ, the reliability of the experiment was 

initially confirmed. 

Thermogravimetric analysis (TGA, Perkin Elmer, CT, and USA) was performed on 

selected samples to determine the oxygen non-stoichiometry (δ) at 1000°C in oxidizing 

(PO2~0.21 atm) and reducing gas atmosphere (PO2~10
-24

 atm). 

 

7.3.3. Symmetric cell fabrication 

Among all the studied compositions, highest electrical conductivity is obtained for 

LSCNT0.1 in addition to the good thermal expansion match with 8YSZ. Therefore, 

LSCNT0.1 composition is chosen for symmetrical cell testing. However, it is predominantly 

electronic conductor and therefore mixed with 8YSZ for ionic conduction in the weight ratio 

of 50:50 for the cell fabrication and testing. 25 mm diameter symmetric button cells 

(LSCNT0.1+8YSZ//8YSZ//LSCNT0.1+8YSZ) consisting of 200 μm thick 

(ZrO2)0.92(Y2O3)0.08(YSZ) electrolyte (Fuel Cell Materials) and 25 μm thick 

LSCNT0.1+8YSZ electrode were fabricated for electrochemical testing. Concentric circular 

electrodes were applied on both sides of the electrolyte disc by screen printing technique 

using 105 mesh screen. Electrodes were subsequently sintered in air for 2 h in the 

temperature range of 1200-1300°C. The electrochemical active area of the cell electrode was 

calculated to be 0.8 cm
2
. Platinum screen current collector (Alfa Aesar, 50 mesh) with 

platinum wires (Alfa Aesar, 0.25 mm) were attached to each electrode using platinum contact 
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paste (Electro-Science Laboratories Inc.). Sintering of the current collector was performed in 

air for 1 h at 900°C. Likewise, LSCM73 and LSCF73 composition based symmetric cells 

were fabricated for performance comparison with LSCNT0.1. The symmetrical cell 

configurations corresponding to LSCM73 and LSCF73 were 

LSCM73+8YSZ//8YSZ//LSCM73+8YSZ and LSCF73+8YSZ//8YSZ//LSCF73+8YSZ 

respectively. A 25 mm diameter alumina tube was used to support the symmetric cell 

assembly, and the leads from a multi-channel potentiostat (VMP2, Bio-Logic) were attached 

to the assembled button cell. A type K (chromelealumel) thermocouple was placed within 5 

mm of the cell to monitor the operating temperature. 

 

7.3.4. Electrochemical testing 

  The cells were heated to 950°C at 3°C/min in flowing air and Ar-3%H2-3%H2O with 

flow rate maintained at 300sccm. Using the potentiostat, a pre-determined constant voltage of 

0.5V was applied for 80 h and the impedance measurement was performed at two-hour 

intervals using a 10 mV alternating current in the frequency range from 100 mHz to 200 kHz. 

Experiments were repeated several times at the imposed voltage condition to ensure 

reproducibility. Post-test microstructural analysis of the symmetrical cells was performed 

using SEM-EDS. 

 

7.4. Results and Discussion 

7.4.1. Crystal structure 

 Fig. 7.1 shows the XRD patterns of the sintered samples. It is to be noted that no 

secondary phase has been detected for the studied compositions. The crystal structure of un-

doped LaCrO3 is orthorhombic (JCPDS – 01-070-2694) and in agreement with reported 

literature [24-25, 40]. However, in case of LSC0.15 (La0.85Sr0.15CrO3), the small peaks 
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corresponding (e.g. ~33.1° and 41.5°) to orthorhombic phase disappear and major peaks (e.g. 

~32.3° and 40.1°) get split as shown in Fig. 7.1. XRD pattern of LSC0.15 matches with 

rhombohedral structure (JCPDS – 00-033-0702). It is known that Sr-doping at A-site 

stabilizes the rhombohedral structure of LaCrO3 at room temperature [41].
 

 

Fig. 7.1. XRD patterns (2θ = 20–90°) of sintered LaCrO3, LSC0.15, LSCT0.1, LSCNT0.05, 

LSCNT0.1, LSCNT0.2 and LSCNT0.3. 

On Ti-doping at B-site (LSCT0.1), new peaks start to appear which matches with 

the orthorhombic phase peaks in un-doped LaCrO3 as indicated by asterisk in Fig. 7.1. This 

corresponds to the existence of orthorhombic structure along with the rhombohedral phase 

in Ti-doped sample, LSCT0.1. The results are in agreement with La1-xSrxCr1-xTixO3 (0 < x 

≤ 0.2) compositions reported by Mori et al. [42]. The intensity and the appearance of new 

Bragg’s planes (asterisk marks) corresponding to the orthorhombic phase increases with 

increase in the dopant concentration. This indicates that both orthorhombic and 
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rhombohedral phases exist for LSCNTy (0.05 ≤ y ≤ 0.3) samples. The existence of 

orthorhombic phase for Ni-doped LaCrO3 and La1-xSrxCrO3 has also been reported earlier 

[39-40, 43]. In addition to the new peaks appearance, the peak splitting corresponding to 

rhombohedral phase starts to disappear with higher dopant level. No peak splitting has been 

observed for y>0.05 except the appearance of few shoulder peaks aside of the major peaks 

(e.g. ~58.2° and 68.6°) which starts to disappear with the dopant level increase. This is 

shown in Fig. 7.1 and 7.2. Small shift in the peaks (e.g. ~58.2° and 68.6°) are also observed 

as the amount of dopant increases (shown by dashed lines in Fig. 7.2), suggesting an 

increase in lattice volume. An increase in the B-site cation ionic radii of a perovskite 

decreases tolerance factor due to octahedral (BO6) tilting and results into lower symmetry 

crystal structure (orthorhombic) [44]. The increase in orthorhombic phase and the lattice 

volume with higher doping level is associated with larger ionic radii of Ni
2+

 (0.690 Å) 

when compared to Cr
3+

 (0.615 Å) and Ti
4+ 

(0.605 Å). 

 

Fig. 7.2. Peaks shift in the XRD patterns (2θ = 50–80°) of sintered LSCNT0.05, LSCNT0.1, 

LSCNT0.2 and LSCNT0.3. 
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7.4.2. Density and Microstructural Analysis 

 The relative density of LSCT0.1 is very low as shown in Fig. 7.3. On partial 

substitution of Ni at B-site with titanium, the densification of LSCNTy (0.05 ≤ y ≤ 0.3) is 

enhanced. The density of the LSCNTy increases with Ni-dopant concentration as shown in 

Fig. 7.3. Highest relative density of ~66.8% (±1.3) is obtained for the composition of 

LSCNT0.3. 

 

Fig. 7.3. Relative density of the sintered LSCT0.1, LSCNT 0.05, LSCNT0.1, LSCNT0.2 and 

LSCNT0.3. 

 

 

 

 

 

 

 

(a) (b) (c) 
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Fig. 7.4. SEM micrograph of a) LSCT0.1, b) LSCNT0.05, c) LSCNT0.1, d) LSCNT0.2, and 

e) LSCNT0.3. 

 Fig. 7.4 shows the micrographs of the sintered samples. The porous microstructure 

supports the low density of the samples (Fig. 7.3). The average grain sizes of LSCT0.1, 

LSCNT0.05, LSCNT0.1, LSCNT0.2, and LSCNT0.3 are ~1.7μm, 1.8μm, 3.2μm, 3.5μm, and 

4.4μm, respectively. It is indicated that the grain size increases with increase in Ni-dopant 

concentration and density. Appearance of small white spots is observed only for LSCNT0.2, 

and LSCNT0.3. EDS spot analysis at ~ 20 points suggests that the white spots are enriched 

with strontium (10.8±0.3 at. %) compared to the bulk grains (5.4±0.2 at. %). 

 XPS analysis confirms the enrichment of strontium at the surface for LSCNT0.3 

sample. Angle resolved measurement is performed as higher take-off angle is more sensitive 

to the surface. Fig. 7.5 shows the XPS spectra (0° and 60°) with Sr 3d doublet separation of 

1.7eV. The Sr 3d photoelectron spectrum corresponds to the perovskite lattice (bulk) at lower 

binding energy (132±0.1eV for 3d5/2 and 133.7±0.1eV for 3d3/2) and surface at higher 

binding energy (133.7±0.1eV for 3d5/2 and 135.4±0.1eV for 3d3/2). The binding energy 

matches closely with the literature [45-46]. Sr-segregation (SrO) at the surface contributes to 

the surface spectrum with higher binding energy [45-47].
 
The Srsurface/Srlattice ratio varies from 

(d) (e) 
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0.19 to 0.25 as the XPS angle changes from 0° to 60. In addition, higher Sr/La ratio (0.27) 

than the actual prepared composition (0.18) further supports Sr-segregation at the surface. 

 

Fig. 7.5. Angle resolved X-ray Sr 3d photoelectron spectra of LSCNT0.3. 

 

It is known that the surface composition and structure depends on the transition metal 

doping concentration [48]. Also, the surface free energies changes based on different dopants 

as well as their ionic radii. The surface segregation occurs to reduce the free energy of the 

system. The lattice strain induced by higher doping level and larger cation (nickel) size 

promotes the surface segregation for LSCNTy (y≥0.2) [49-50]. 

 

7.4.3. Electrical conductivity 

 The electrical conductivities of the studied compositions have been plotted with 

respect to temperature in log σT vs. 1/T plots in Fig. 7.6 and 7.7. Fig. 7.6 shows the 

conductivity in air while Fig. 7.7 shows the conductivity in reducing atmosphere (PO2~10
-24
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atm). Reproducible results were obtained during both heating and cooling cycles. With 

increase in temperature, the conductivity increases due to lower thermal activation barrier. 

Electrical conductivity values of the sintered LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) samples 

at 900°C in air and reducing atmosphere (PO2~10
-24

 atm) are given in Table 7.1. Since the 

samples are porous, the conductivities (σcorr) for the corresponding dense samples have also 

been calculated (Table 7.1) using general effective media model which is described 

somewhere else [51].
 

The conductivity increases with introduction of nickel dopant at B-site of LSCT0.1 

followed by decrease with further increase in dopant concentration (y≥0.2). However, the 

conductivities decrease in Ar-3%H2 atmosphere for all the compositions when compared to 

air. However, highest conductivity has been obtained for LSCNT0.1 both in air and reducing 

atmosphere among the studied compositions. 

In oxidizing atmosphere, oxygen loss has not been detected in the samples from TGA 

conducted in air at 1000°C. This implies that change in the valence state of Cr
3+

 to Cr
4+

 leads 

to the charge balance required for Sr
2+

 substitution on La
3+

 site as it does in case of La1-

xSrxCrO3-δ [52] along with Ti
4+

. On nickel doping, higher number of Cr
4+

 formation occurs 

due to the further charge balance required for the substitution of Ni
2+

 on Cr
3+

 site [8, 37]. For 

the nickel doped samples (LSCNTy), therefore, the conductivity increases due to the increase 

in the Cr
4+

 formation required for the charge neutrality resulting in large number of charge 

carriers for conduction [37].
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Fig. 7.6. Electrical conductivity of LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) in the temperature 

range of 500–950°C in air. 

 

For high concentration of dopants (y≥0.2), the Sr-segregation at the surface increases 

the band gap for electronic conduction. Consequently, the electrical conductivity decreases 

[53]. Furthermore, the physical properties of transition metal doped perovskites are 

dependent on the dopant amount, structure and surface segregation [48].
 
The electrical 

conductivity of the perovskites varies with change in charge carrier concentration as well as 

doping level [54]. A heavy doping (~25%) induces strain and distortion into the lattice of the 

doped perovskites [54]. Heavy doping also promotes lower symmetry in the lattice structure 

(orthorhombic) as shown in Fig. 7.1. This is associated with the distortion of octahedra (BO6) 

which enhances scattering of charge carriers and decreases electrical conductivity [44]. 

Therefore, in case of LSCNT0.2 and LSCNT0.3, the higher dopant concentration (≥20 mol%) 

may also result into the decrease in conductivity. 
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Fig. 7.7. Electrical conductivity of LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) in the temperature 

range of 500–950°C in PO2~10
-24 

atm. 

 

Table 7.1. Electrical conductivity (σ) of LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) at 900°C in 

air and (PO2~10
-24

 atm). 

Composition σ (air) 

(S cm
-1

) 

σcorr (air) 

(S cm
-1

) 

σ (~10
-24

atm) 

(S cm
-1

) 

σcorr (~10
-24

atm) 

(S cm
-1

) 

La0.85Sr0.15Cr0.9Ti0.1O3 1.12 7.45 0.24 1.55 

La0.85Sr0.15Cr0.9Ni0.05Ti0.05O3 2.22 12.3 0.16 0.84 

La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3 4.21 16.5 0.48 1.84 

La0.85Sr0.15Cr0.6Ni0.2Ti0.2O3 1.49 3.94 0.02 0.05 

La0.85Sr0.15Cr0.4Ni0.3Ti0.3O3 1.18 2.27 0.01 0.02 

* σcorr refers to porosity corrected conductivity values. 
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In reducing atmosphere (PO2~10
-24

 atm), oxygen vacancy is generated as confirmed 

by the oxygen loss (δ) detection for the samples from the TGA conducted at 1000°C. The δ 

values for La0.85Sr0.15Cr1-2yNiyTiyO3-δ are 0.009, 0.011, and 0.015, respectively, for LSCT0.1, 

LSCNT0.1 and LSCNT0.3. It is reported that the valence state of Ti
4+

 does not change and 

stable in H2 atmosphere [42]. Our results also indicate no change in the valence state of 

titanium cation from Ti 2p XPS spectra analysis with a binding energy of 457.6±0.1eV for 

2p3/2 and 463.4±0.1eV for 2p1/2 which corresponds to Ti
4+

 valence state [55-57]. 
 
This implies 

that charge neutrality required for substituting Sr
2+

 on La
3+ 

and Ni
2+

 on Cr
3+

 site is 

maintained predominantly by the oxygen vacancies formation in the reducing gas atmosphere 

[8]. Subsequently, the charge carriers for conduction decreases with oxygen vacancies 

formation. The cationic defects can also form defect clusters with the oxygen vacancies (  
  ) 

by electrostatic force. Formation of oxygen vacancies also induces tensile strain in the lattice. 

Combined effect of defect cluster and lattice strain increases the electronic band gap [49-50]. 

Subsequently, the conductivity decreases in the reducing atmosphere. 

As discussed in the introduction, higher conductivity and stability are two important 

factors for OTM and SOEC/SOFC electrode/interconnect which usually tend to degrade in 

reducing atmosphere. In the literature, the lanthanum chromite based materials with various 

dopants (Mn, Fe, Co and Ti) at B-site have been investigated widely to overcome the 

challenge. On comparison with some of the promising lanthanum chromite based materials 

with 92-99% relative density [22, 32]; (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ (2.81 S cm
-1

), 

(La0.75Sr0.25)0.95Mn0.5Cr0.1Ti0.4O3-δ (1.58 S cm
-1

), (La0.75Sr0.25)0.95Mn0.5Ti0.5O3-δ (1.51 S cm
-1

), 

(La0.75Sr0.25)0.95Cr0.7Fe0.3O3-δ (1.41 S cm
-1

), and (La0.75Sr0.25)0.95Cr0.6Fe0.4O3-δ (0.54 S cm
-1

), 

the conductivity of Ni and Ti co-doped La0.85Sr0.15Cr0.8 Ni0.1Ti0.1O3-δ (3.58 S cm
-1

) is highest 
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at 950°C in reducing atmosphere (~10
-16 

atm) as shown in Table 7.2. Also, the deviation from 

oxygen stoichiometry (1000°C and ~10
-24 

atm) for La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3-δ (0.011) is less 

than La0.75Sr0.25CrO3-δ (0.091), La0.75Sr0.25Cr0.5 Mn0.5O3-δ (0.175) and La0.75Sr0.25Cr0.5Fe0.5O3-δ 

(0.148) [34]. This corresponds to the higher stability of LSCNT0.1 in reducing gas 

atmosphere required for the above mentioned applications. 

 

Table 7.2. Comparison of electrical conductivity (σ) of various doped lanthanum chromite 

based perovskites at 950°C and 10
-16 

atm. 

Composition σ (S cm
-1

)  References 

La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3 ~3.58  This work 

(La0.75Sr0.25)0.95Cr0.5Mn0.5O3-δ 

 

~2.81  [7] 

(La0.75Sr0.25)0.95Mn0.5Cr0.1Ti0.4O3-δ 

 

~1.58  [7] 

La0.75Sr0.25Cr0.5Mn0.5O3-δ* 

 

~1.60  [13, 15, 17, 19] 

(La0.75Sr0.25)0.95Mn0.5Ti0.5O3-δ 

 

~1.51  [7] 

(La0.75Sr0.25)0.95Cr0.7Fe0.3O3-δ 

 

~1.41  [18] 

 

(La0.75Sr0.25)0.95Cr0.6Fe0.4O3-δ 

 

~0.54  [18] 

* The measurement is taken at 900°C and ~10
-21

 atm. 

 

7.4.4. Thermal expansion coefficient 

 Thermal expansions of LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) have been measured 

in the temperature range of 200–1300°C as shown in Fig. 7.8. Yttrium-stabilized zirconia 

(8YSZ) is one of the most common oxygen ion conductive materials which are used as a 

fluorite phase for ionic conduction in SOFC and OTM [58]. The thermal expansion 
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behaviour of 8YSZ has also been included in the Fig. 7.8 and Table 7.3 for comparison. The 

thermal expansion coefficient (TEC) of LSCT0.1 is 13.1±0.18   10
-6

/°C which is higher than 

the TEC of 8YSZ (10.9±0.17   10
-6

/°C). However, the thermal expansion coefficient of 

LSCNT0.1 matches closely with 8YSZ (10.9±0.17   10
-6

/°C). 

 

Fig. 7.8. Thermal expansions of LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) in the temperature 

range of 200–1300°C in air. 

 

Fig. 7.8 shows that co-doping of Ni-dopant at B-site results in lowering the thermal 

expansion close to 8YSZ. This could be due to the increase in the interatomic bond strength 

on Ni-doping [59]. Table 7.3 provides the TEC value of all A-site (Sr) and B-site (Ni/Ti) co-

doped lanthanum chromite samples. The thermal expansion coefficient of LSCNT0.05 is 
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Table 7.3. Thermal expansion coefficient of 8YSZ, LSCT0.1 and LSCNTy (0.05 ≤ y ≤ 0.3) 

in the temperature range of 200-1300°C in air. 

Composition Thermal Expansion Coefficient (  10
-6

/°C) 

8YSZ 10.9±0.17 

La0.85Sr0.15Cr0.9Ti0.1O3 13.1±0.18 

La0.85Sr0.15Cr0.9Ni0.05Ti0.05O3 9.9±0.21 

La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3 11.3±0.14 

La0.85Sr0.15Cr0.6Ni0.2Ti0.2O3 11.5±0.21 

La0.85Sr0.15Cr0.4Ni0.3Ti0.3O3 12.1±0.25 

 

Table 7.4. Comparison of thermal expansion coefficient of 8YSZ, LSCNT0.1, LSCM73 and 

LSCF73 in the temperature range of 200-1300°C in air. 

Composition Thermal Expansion Coefficient (  10
-6

/°C) 

8YSZ 10.9±0.17 

LSCNT0.1 11.3±0.14 

LSCM73 11.8±0.12 

LSCF73 11.7±0.11 

 

9.9(±0.21)   10
-6

/°C which increases with increase in Ni-doping level for LSCNTy (0.1 ≤ y 

≤ 0.3). The reason is attributed to increase in the lattice volume due to the high ionic radii of 

Ni
2+

 (0.690 Å) when compared to Cr
3+

 (0.615 Å) and Ti
4+ 

(0.605 Å), in agreement with XRD 

results. Table 7.4 shows the TEC comparison of the best composition of this study i.e. 

LSCNT0.1 with the most studied compositions (LSCF73 and LSCM73) in the literature and 

8YSZ. The closest thermal expansion match of 8YSZ is found with LSCNT0.1 when 

compared to LSCF73 and LSCM73. 
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7.4.5. Electrochemical measurements and post-test characterization 

Fig. 7.9a and b shows typical impedance spectra exhibited by the symmetrical cell of 

configuration LSCNT0.1+8YSZ//8YSZ//LSCNT0.1+8YSZ at 950°C and 0.5 V in air and Ar-

3%H2-3%H2O respectively. The semicircle in the impedance plane represents the 

contributions from electrolyte resistance (ohmic), oxygen surface exchange and migration 

through the microstructure, as well as gas-phase oxygen transport. The high frequency 

intercept represents ohmic resistance, while the sum of non-ohmic contributions is 

represented by the semicircle diameter [60]. In case of reducing atmosphere (Ar-3%H2-

3%H2O), two semicircles are observed corresponding to the ion transfer through the 

microstructure (high frequency) and charge transfer at the interface (low frequency) [61]. 

However, the two electrode arcs are merged in oxidizing atmosphere (air) [61]. Fig 7.10a and 

b shows ohmic and non-ohmic resistances as a function of time for the cells tested at 950°C 

under the bias of 0.5 V in air and Ar-3%H2-3%H2O respectively. In case of oxidizing 

atmosphere, the resistance change is mostly due to increase in ohmic resistance as shown in 

Figs. 7.9a and 7.10a. There is no significant change observed in the non-ohmic resistance of 

the tested cell in air. The non-ohmic resistance increases from ~0.20 Ω.cm
2
 (0 h) to ~0.26 

Ω.cm
2
 (80 h) in air at 950°C. As shown in Figs. 7.9a and 7.10a, the LSCNT0.1+8YSZ 

composite demonstrates low polarization resistance and stable performance in air atmosphere 

as required for OTM/SOFC/SOEC air electrode. Furthermore, no interfacial reaction 

resulting in lanthanum/strontium zirconate formation is identified in case of 

LSCNT0.1+8YSZ composite unlike LSM/8YSZ [17-18]. 
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Fig. 7.9. Nyquist plots of impedance spectra obtained from the symmetrical cell of 

configuration LSCNT0.1+8YSZ//8YSZ//LSCNT0.1+8YSZ tested at 950°C with 0.5 V from 

0 to 80 h: a) in air, and b) in Ar-3%H2-3%H2O. For clarity, only five spectra are shown. 

 

In reducing atmosphere, there is no significant change observed in the ohmic 

resistance for 80h. The non-ohmic resistance for the tested cell is ~3.9 Ω.cm
2
 (0 h), and 

increased to ~6.6 Ω.cm
2
 (80 h) in Ar-3%H2-3%H2O at 950°C. Fig. 7.11a (air) and b (Ar-
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3%H2-3%H2O) shows non-ohmic resistance comparison of new LSCNT0.1 composition 

based symmetrical cell (LSCNT0.1+8YSZ//8YSZ//LSCNT0.1+8YSZ) with extensively 

investigated LSCM based symmetrical cell (LSCM73+8YSZ//8YSZ //LSCM73+8YSZ) and 

LSCF based symmetrical cell (LSCF73+8YSZ//8YSZ //LSCF73+8YSZ) under the same 

electrochemical testing conditions (0.5V and 950°C) for 80h. The non-ohmic resistance of 

LSCM73 based cell increases from ~7.1 Ω.cm
2
 to ~12.1 Ω.cm

2
 in air and ~11.9 Ω.cm

2
 to 

~24.9 Ω.cm
2
 in Ar-3%H2-3%H2O. On the other hand, the non-ohmic resistance of LSCF73 

based composition increases from ~2.4 Ω.cm
2
 to ~4.5 Ω.cm

2
 and ~3.3 Ω.cm

2
 to ~9.7 Ω.cm

2
 

in air and Ar-3%H2-3%H2O respectively. However, the non-ohmic resistance of LSCNT0.1 

based cell increased only from ~0.20 Ω.cm
2
 to ~0.26 Ω.cm

2
 and ~3.9 Ω.cm

2
 to ~6.6 Ω.cm

2
 in 

air and Ar-3%H2-3%H2O respectively. Resistance of the tested cell increases with decrease 

in PO2 or when exposed to reducing gas atmosphere. However, highest performance and 

significantly lower resistance is obtained for LSCNT0.1 based composition cell when 

compared to LSCM73 and LSCF73 in both oxidizing and reducing gas atmosphere. This is 

shown in Fig. 7.11. This corresponds to higher stability of LSCNT0.1 based symmetrical cell. 
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Fig. 7.10. Plots of resistance (ohmic and non-ohmic) changes with time for the symmetrical 

cell of configuration LSCNT0.1+8YSZ//8YSZ//LSCNT0.1+8YSZ tested at 0.5 V: a) in air, 

and b) Ar-3%H2-3%H2O. 

 

After completion of the electrochemical tests, microstructures of the tested 

symmetrical cells were examined to understand the degradation behavior of the tested cells 

as shown in Fig. 7.12. When compared to as-sintered cell (Fig. 7.12a), there is no significant 

change observed in the microstructure of tested LSCNT0.1 based symmetrical cells both in 

air and Ar-3%H2-3%H2O as shown in Figs. 7.12b and c respectively. Similarly, when 

compared to as-sintered cell (Figs. 7.12d and g), no microstructural changes are observed in 

case of the LSCF73 and LSCM73 based symmetrical cells when tested in air as shown in 

Figs. 7.12e and h respectively. However, surface morphology of LSCF phase is modified in 

case of the LSCF73 based cell tested in Ar-3%H2-3%H2O (Fig. 7.12f). This probably 

contributes to the cell performance degradation with time in reducing atmosphere. Similarly, 

LSCM surface modification is identified in case of the LSCM73 based symmetrical cell 

tested in reducing gas atmosphere. Segregation of nano-particles is observed on the LSCM 
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phase of the anode surface of the tested cell as shown in Fig. 7.12i. At ~20 different points, 

surface elemental analysis is performed using SEM-EDS. The average Sr: La ratio is found 

to be higher for the symmetrical cell tested in Ar-3%H2-3%H2O (Sr: La ~ 0.65±0.05) than 

those tested in air (Sr: La ~ 0.44±0.05) which is comparable with the as-sintered cell (Sr: La 

~ 0.43±0.04). This corresponds to the Sr-segregation in case of the cell tested in reducing 

atmosphere. Similar surface morphological changes corresponding to Sr-segregation are 

observed for (La0.8Sr0.2)0.98MnO3 (LSM) after electrochemical cell testing with the exposure 

of 50% water vapor in air at 850°C for 100h [19]. Therefore, likewise LSM, it is possible that 

Sr-segregation on LSCM73 surface results in degradation of the cell and higher resistance. 

However, in case of LSCNT0.1 based symmetrical cells, no surface modification and/or 

interfacial reaction are identified corresponding to its higher stability and performance when 

compared to LSCF73 and LSCM73. 

 

 

 

 

 

 

 

 

Fig. 7.11. Comparison plots of non-ohmic resistance changes with time for the symmetrical 

cell of configurations: LSCNT0.1+8YSZ//8YSZ//LSCNT0.1+8YSZ, 

LSCF73+8YSZ//8YSZ//LSCF73+8YSZ and LSCM73+8YSZ//8YSZ//LSCM73+8YSZ 

tested at 0.5 V: a) in air, and b) Ar-3%H2-3%H2O. 

 

(a) (b) 
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Fig. 7.12. SEM micrographs of the tested symmetrical cell (anode surface): 

LSCNT0.1+8YSZ//8YSZ//LSCNT0.1+8YSZ - a) as-sintered, b) in air, c) in Ar-3%H2-

3%H2O; LSCF73+8YSZ//8YSZ//LSCF73+8YSZ - d) as-sintered, e) in air, and f) in Ar-

3%H2-3%H2O; LSCM73+8YSZ//8YSZ//LSCM73+8YSZ - g) as-sintered, h) in air, and i) in 

Ar-3%H2-3%H2O. 

 

7.5. Conclusion 
 

Ni and Ti co-doped La0.85Sr0.15Cr1-2yNiyTiyO3-δ (0.05 ≤ y ≤ 0.3) perovskites have been 

synthesized. The electrical conductivity of LSCNT0.1 is highest among the compositions 

studied as well as when compared to LSCF and LSCM based compositions. Sr-segregation 

decreases the electrical conductivity in air for y≥0.2 while oxygen vacancy formation and 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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association of defects/defect clustering and lattice strain decreases the conductivity in 

reducing atmosphere. The thermal expansion coefficient of LSCNT0.1 closely matches with 

8YSZ. Using electrochemical testing, it is shown that La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3-δ based 

symmetrical cells obtain higher and stable performance when compared to widely 

investigated (La0.75Sr0.25)0.95Cr0.7Mn0.3O3-δ and (La0.8Sr0.2)0.95Cr0.7Fe0.3O3-δ compositions. 

Unlike LSCM73 and LSCF73, no degradation has been observed for LSCNT0.1 based 

symmetrical cells during the post-test characterization of the cells. Higher electrochemical 

performance and stability of a newly co-doped lanthanum strontium chromite based 

composition (LSCNT0.1 + 8YSZ) are demonstrated in both oxidizing and reducing 

atmosphere for high temperature electrochemical devices. 
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CHAPTER 8: A COMPARATIVE STUDY ON MANGANESE-DOPED 

LANTHANUM-STRONTIUM CHROMITE MIXED WITH 8YSZ AND 10ScSZ IN 

OXIDIZING AND REDUCING ATMOSPHERES 

 

8.1. Abstract 

This paper reports a comparative study of LSCM perovskite mixed with 8YSZ and 

10ScSZ for the application of oxygen transport membrane system. Role of oxidizing and 

reducing atmosphere is also reported on processing and electrochemical performance of the 

composites. Higher density is obtained when LSCM is mixed with 10ScSZ when compared 

to 8YSZ in oxidizing as well as reducing atmosphere. Both LSCM/8YSZ and LSCM/10ScSZ 

show higher density in Ar-3%H2-3%H2O atmosphere than air.  An interaction between 

LSCM and 8YSZ/10ScSZ and SrZrO3 formation is identified in both the cases in reducing 

atmosphere. MnCr2O4 formation is found only in LSCM/8YSZ composite in Ar-3%H2-

3%H2O. On comparison with LSCM/8YSZ//8YSZ/LSCM/8YSZ, low polarization resistance 

and higher performance is obtained for the symmetrical cell of configuration 

LSCM/10ScSZ//8YSZ/LSCM/10ScSZ. Unlike LSCM/8YSZ composite, no significant 

changes are identified in the polarization resistance of LSCM/10ScSZ cell for 80h. Post-test 

characterization show Sr-segregation on the surface of LSCM in case of LSCM/8YSZ cell; 

attributing to its significant performance degradation in reducing atmosphere. 



  

253 

 

8.2. Introduction 

 

Perovskite-fluorite based oxygen transport membranes (OTM) are currently 

being developed for wide range of industrial applications including syngas production 

which can be further processed to liquid fuel for transportation [1-4]. OTM’s also finds 

application in the power plants for clean and efficient energy production via oxy-

combustion with minimal gas emissions [1-5]. The membranes can also easily be 

incorporated in the integrated gasification combined cycle (IGCC) and coal gasification 

fuel cell (CGFC) systems for efficient power generation along with CO2 capture [1-5]. 

During the operation of oxygen transport membrane, one side of OTM is 

exposed to air and the other side to fuel (e.g. H2, CO, CH4) [1, 6]. Due to the oxygen partial 

difference across the membrane, oxygen selectively permeates through the membrane and 

gets separated on the fuel side as required for the above mentioned applications. 

(Ln,A)(B)O3-δ (Ln = rare earth metals, A = Sr, Ca and B = transition metals) based single-

phase perovskites are widely investigated due to high oxygen flux performance [1, 3, 6-8]. 

However, long-term thermal and chemical stability of these perovskites are still a challenge 

for stable operation of OTM [1, 9]. On the other hand, perovskite-fluorite based dual phase 

composites are currently being investigating for dual benefit i.e. high performance and 

stability under OTM operating conditions [1-7, 10]. It is found that the performance and 

stability of the composites are higher when compared to single-phase perovskite oxides [1, 

9]. 

Due to high stability at high temperature (≥1000°C) in a wide range of oxygen 

partial pressure (1-10
-24 

atm), lanthanum chromite based materials are considered to be a 

promising material for OTM [1-4, 8, 10]. When mixed with fluorite phase, high oxygen 
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flux performance can be obtained as required for OTM [1, 9]. A review article on 

lanthanum chromite based materials for oxygen transport membrane is published recently 

by the authors [1]. 

In this study, the authors have chosen strontium and manganese co-doped 

(La0.75Sr0.25)0.95Cr0.7Mn0.3O3 (LSCM) as OTM for investigation as it can provide high 

performance and stability when mixed with fluorite phase based on the literature review [1, 

11-13]. 8YSZ and 10ScSZ are two commonly reported stable fluorite materials [1, 14-16]. 

Most of the literature reports result on LSCM and 8YSZ [1, 17-18]. 10ScSZ provides 

higher ionic conductivity than 8YSZ which could be beneficial for OTM performance [19]. 

It is important to find the right combination of perovskite and fluorite phases to get the 

maximum performance and stability under OTM operating conditions. Therefore, in this 

study, the authors investigate a comparative study on LSCM processing (under OTM 

fabricating conditions), performance (under OTM operating conditions) and stability when 

combined with 8YSZ and 10ScSZ and exposed to oxidizing and reducing gas atmosphere. 

 

8.3. Experimental Procedure 

8.3.1. (La0.75Sr0.25)0.95Cr0.7Mn0.3O3-δ and 8YSZ/10ScSZ synthesis 

 

LSCM powder was received from Praxair Inc. The powder was mixed with 

8YSZ/10ScSZ in the weight ratio of 50: 50. Mixed powders were then uniaxially pressed into 

cylindrical pellets and subsequently sintered in oxidizing (air) and reducing (Ar-3%H2-

3%H2O) atmosphere at 1400°C with 10h dwell time. To ensure the maintenance of the 

oxygen pressure during cooling, samples were cooled in the flowing gas environment. 
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8.3.2. Characterization 

Using Archimedes principle, density of LSCM/8YSZ and LSCM/10ScSZ 

samples was measured. Scanning electron (FEI - ESEM Quanta 250) and transmission 

electron (FEI Tecnai T12 S/TEM) microscopes were utilized for microstructural analysis of 

the sintered and tested samples. Elemental profile analysis of the samples was conducted 

using Energy dispersive spectroscopy (EDS) attached to the SEM as well as TEM. Focused 

ion beam (FEI Strata 400S DUALBEAM FIB) technique was used to prepare samples for 

TEM microstructural analysis. 

X-ray diffraction (BRUKER-D8 ADVANCE, Bruker AXS Inc.) technique was 

utilized to determine the crystal structure of LSCM composite with 8YSZ/10ScSZ and 

secondary compounds, if any when exposed to oxidizing and reducing gas atmosphere. The 

scan step used for X-ray diffraction was 0.02° using CuKα radiation (λ = 1.5406 Å). High 

temperature X-ray diffraction of LSCM/8YSZ and LSCM/10ScSZ was conducted in the 

temperature range of 30-1200°C in oxidizing (air) and reducing atmosphere (Ar-3%H2-

3%H2O) in order to further understand the structural changes, compound formation, stability  

and  interaction between LSCM and 8YSZ/10ScSZ. Minimum of 1 hour dwell time was 

provided at each temperature for equilibration. 

 

8.3.3. Symmetric cell fabrication 

LSCM/8YSZ and LSCM/10ScSZ paste was prepared using ink vehicle (Fuel Cell 

Materials). As working and counter electrodes (thickness: ~20 µm, diameter: 10 mm), LSCM 

and 8YSZ/10ScSZ were screen-printed on both sides of (ZrO2)0.92(Y2O3)0.08(YSZ) electrolyte 

(200 μm thick, Fuel Cell Materials). The electrodes were then dried at room temperature and 

subsequently sintered at 1200°C (heating rate of 3°C/min) for 2 h in air. The electrochemical 
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active area of the cell electrode was 0.8 cm
2
. Platinum screen current collector (Alfa Aesar, 

50 mesh) and platinum wires (Alfa Aesar, 0.25 mm) were attached to both electrodes using 

platinum paste (Electro-Science Laboratories Inc.). Curing of platinum paste was obtained in 

air at 900°C with 1 h (3°C/min) dwell time. As-assembled LSCM/8YSZ//8YSZ//LSCM/ 

8YSZ and LSCM/10ScSZ//8YSZ//LSCM/10ScSZ symmetric cells were then installed in a 

tubular alumina chamber and placed in the constant temperature zone of a furnace. Multi-

channel potentiostat (VMP2, Bio-Logic) leads were attached to the assembled symmetric cell 

for electrochemical impedance measurement. 

 

8.3.4. Electrochemical testing 

LSCM/8YSZ and LSCM/10ScSZ based symmetrical cells were heated up to 950°C 

(3°C/min) in air and Ar-3%H2 (humidified at room temperature) with flow rate of 300sccm. 

The cells were tested for 80 h under the constant bias of 0.5V. The impedance measurement 

was performed (at two hour intervals) in the frequency range starting from 100 mHz to 200 

kHz using a 10 mV alternating current. Experiments were repeated a couple of times under 

same condition to ensure reproducibility. Post-test characterizations of the samples were 

performed using SEM-EDS (FEI - ESEM Quanta 250). 

 

8.4. Results and Discussion: 

8.4.1. Crystal Structure 

Fig. 8.1 and Fig. 8.2 shows the XRD pattern of LSCM composite with 8YSZ and 

10ScSZ sintered in oxidizing (air ~ 0.21atm) and reducing atmosphere (Ar-3%H2-3%H2O 

~10
-10 

atm) at 1400°C. Crystal structure of LSCM is rhombohedral (JCPDS 75-9872) in air. 

However, in both cases (LSCM/8YSZ and LSCM/10ScSZ), it is noted that the peaks 

splitting corresponding to rhombohedral phase disappears for the samples sintered in Ar-
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3%H2-3%H2O as shown in Fig. 8.1 (inserted plot). This corresponds to phase 

transformation to higher symmetry cubic phase (JCPDS 074-1961) [10, 20]. Furthermore, 

it indicates that cubic phase becomes dominant in Ar-3%H2-3%H2O atmosphere as the 

peak splitting corresponding to rhombohedral phase almost disappears. Extra peaks 

corresponding to the strontium zirconate (SrZrO3) (JCPDS-01-074-1297) are identified in 

Ar-3%H2-3%H2O sintered samples unlike air. Fig. 8.2 shows XRD pattern comparison of 

LSCM composite with 8YSZ and 10ScSZ when processed in Ar-3%H2-3%H2O 

atmosphere at 1400°C. Peak intensity of SrZrO3 is higher in case of LSCM/8YSZ 

composite when compared to LSCM/10ScSZ under same conditions. This corresponds to 

higher amount of SrZrO3 formation when LSCM is mixed with 8YSZ when compared to 

10ScSZ. 
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Fig. 8.1. XRD pattern of LSCM and 8YSZ/10ScSZ composites when exposed to air and 

Ar-3%H2-3%H2O at 1400°C for 10h: a) LSCM + 8YSZ and b) LSCM + 10ScSZ 

 

Fig. 8.2. XRD comparison plot of LSCM when mixed with 8YSZ and 10ScSZ in Ar-

3%H2-3%H2O at 1400°C for 10h. 
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8.4.2. Sintering behavior and Microstructural Analysis 

Table 8.1 shows relative density of LSCM/8YSZ and LSCM/10ScSZ sintered in 

oxidizing (air) and reducing atmosphere (Ar-3%H2-3%H2O) at 1400°C for 10h. Higher 

density of LSCM/8YSZ composite is obtained in Ar-3%H2-3%H2O (74.8±1.3%) 

atmosphere when compared to air (59±2.2%). On the other hand, LSCM/10ScSZ 

composite density increases from 78.1±1.5% to 88.2±0.9% when gas atmosphere is 

switched from oxidizing (air) to reducing (Ar-3%H2-3%H2O) respectively. In both cases, it 

is noted that higher density is obtained when the composites are processed in Ar-3%H2-

3%H2O atmosphere. On comparison with LSCM/8YSZ composite, LSCM/10ScSZ 

achieves higher density in oxidizing as well as reducing atmosphere. Fig. 8.3 shows the 

SEM microstructures of LSCM composite with 8YSZ and 10ScSZ, sintered in air and Ar-

3%H2-3%H2O gas atmosphere. No secondary phases have been identified in oxidizing as 

well as reducing atmosphere using SEM. However, SrZrO3 secondary phase formation is 

detected using XRD technique for the samples sintered in Ar-3%H2-3%H2O. 

To confirm on the secondary phase formation, TEM microstructural analysis is 

conducted on LSCM/8YSZ and LSCM/10ScSZ samples sintered in air as well as Ar-

3%H2-3%H2O atmosphere as shown in Fig. 8.4. The sample preparation for TEM analysis 

is performed using FIB as shown in the insert of Fig. 8.4a. It is clear that the dense 

microstructure is obtained for LSCM when mixed with 10ScSZ than 8YSZ. No secondary 

phase is identified in the samples sintered in air atmosphere. On the other hand, as expected 

from XRD analysis, secondary phases are identified in both the composites in reducing gas 

atmosphere (Fig. 8.4c and d). TEM elemental analysis reveals that the secondary phase 

predominantly consists of Sr and Zr corresponding to SrZrO3 formation as shown in Table 
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8.1 (LSCM/8YSZ) and Table 8.2 (LSCM/10ScSZ). However, a second new phase is 

identified only in Ar-3%H2-3%H2O sintered LSCM/8YSZ composite as shown in the TEM 

micrograph (Fig. 8.4c). The secondary phase is enriched in Mn and Cr as shown in the 

Table 8.1. This corresponds to MnCr2O4 spinel formation attributing to Mn: Cr :: 1: 2. The 

phase is not identified in the XRD. This is probably because; the phase is present in small 

amount and outside the XRD detection limit. 

Fig. 8.5 shows the TEM elemental mapping of FIB-cross-section of sintered 

LSCM/8YSZ in Ar-3%H2-3%H2O. It is clearly identified that one of the secondary phase is 

enriched in Sr and Zr and other in Mn and Cr. However, TEM elemental mapping of 

LSCM/10ScSZ indicates only one secondary phase formation enriched in Sr and Zr as 

shown in Fig. 8.6. 

Table 8.1. Relative density of LSCM/8YSZ and LSCM/10ScSZ sintered at 1400°C for 10h. 

 

 

 

 

Relative density (%)

Material Air Ar-3%H2-3%H2O

LSCM+8YSZ 59±2.2 74.8±1.3

LSCM+10ScSZ 78.1±1.5 88.2±0.9
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Fig. 8.3. SEM micrographs of LSCM and 8YSZ/10ScSZ composite sintered at 1400°C for 

10h in air a) LSCM/8YSZ, b) LSCM/10ScSZ; in Ar-3%H2-3%H2O c) LSCM/8YSZ and d) 

LSCM/10ScSZ. 

 

Fig. 8.4. TEM micrographs of LSCM and 8YSZ/10ScSZ composite sintered at 1400°C for 

10h in air a) LSCM/8YSZ, b) LSCM/10ScSZ ; in Ar-3%H2-3%H2O  c) LSCM/8YSZ and d) 

LSCM/10ScSZ. 
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Table 8.1. STEM-EDS elemental analysis of LSCM/8YSZ sintered in Ar-3%H2-3%H2O. 

Element La Sr Cr Mn Y Zr 

LSCM (at. %) 42.1 9.8 35.6 10.6 0 1.1 

YSZ (at. %) 0 1.6 0.3 3.5 14.1 80.5 

Sr-Zr rich phase (at. %) 3.5 38 4.8 0 0.4 53.3 

Mn-Zr rich phase (at. %) 0 0 65.4 32.6 0.2 1.8 

 

 

Table 8.2. STEM-EDS elemental analysis of LSCM/10ScSZ sintered in Ar-3%H2-3%H2O. 

 

Element La Sr Cr Mn Sc Zr 

LSCM (at. %) 41.5 9.7 36.7 10.7 0 1.3 

ScSZ (at. %) 0.1 0 0.1 1.1 12.9 85.7 

Sr-Zr rich phase (at. %) 12.7 40.8 6.9 0.4 1.4 37.7 

 

 

Fig. 8.5. Elemental mapping of FIB cross-section of sintered LSCM/8YSZ in Ar-3%H2-

3%H2O. 
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Fig. 8.6. Elemental mapping of FIB cross-section of sintered LSCM/10ScSZ in Ar-3%H2-

3%H2O atmosphere. 

 

8.4.3. Electrochemical measurements and post-test characterization 

Fig. 8.7a and b shows comparison plot of non-ohmic resistances of symmetrical cells 

of configuration LSCM/8YSZ//8YSZ//LSCM/8YSZ and LSCM/10ScSZ//8YSZ//LSCM/ 

10ScSZ as a function of time (80h) at 950°C in air and Ar-3%H2-3%H2O respectively. For 

both cases, higher resistance is obtained in reducing gas atmosphere. However, 

LSCM/10ScSZ//8YSZ//LSCM/10ScSZ symmetrical cell obtain lower resistance when 

compared to LSCM/8YSZ//8YSZ//LSCM/8YSZ in air as well as Ar-3%H2-3%H2O. This 

corresponds to higher stability of LSCM/10ScSZ based symmetrical cells on comparison 

with LSCM/8YSZ. In oxidizing atmosphere (air), the non-ohmic resistances increases with 

time but there is no significant variation observed specially after 30h as shown in Fig. 8.7. 

On the other hand, in reducing atmosphere, the non-ohmic resistance of LSCM/10ScSZ 

based symmetrical cells also does not vary significantly with increase in time as shown in Fig. 

8.7b. However, non-ohmic resistance for LSCM/8YSZ based cell increases continuously 

with time (Fig. 8.7b). This corresponds to lower stability and degradation in the LSCM/8YSZ 

cell when compared to LSCM/10ScSZ in Ar-3%H2-3%H2O atmosphere. The non-ohmic 
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resistance for the LSCM/8YSZ based tested cell is ~12.0 Ω.cm
2
 (0 h), and increased to ~24.9 

Ω.cm
2
 (80 h) in Ar-3%H2-3%H2O at 950°C under the constant bias of 0.5V. On the other 

hand, the resistance varied from ~3.4 (0 h) to 5.9 (80 h) for LSCM/10ScSZ based cell under 

same testing conditions. This indicates LSCM/10ScSZ based composition provides higher 

performance corresponding to its higher stability. 

Microstructure analysis of the tested symmetrical cells was performed after 

completion of the electrochemical tests to understand the degradation of the tested 

symmetrical cells. Fig. 8.8a and d shows the interface of LSCM/8YSZ, and LSCM/10ScSZ 

composite with 8YSZ (electrolyte) respectively. There is no interface layer or compound 

formation observed at the interface in air and Ar-3%H2-3%H2O. Furthermore, no 

microstructural changes are identified in the cells tested in air as shown in Fig. 8.8b and e 

respectively. For LSCM/10ScSZ, no significant changes are observed in the microstructure 

(Fig. 8.8f) of the tested cell in reducing atmosphere (Ar-3%H2-3%H2O). However, surface 

morphology of LSCM phase is significantly modified for LSCM/8YSZ tested cell in Ar-

3%H2-3%H2O as shown in Fig. 8.8c. Nano-size particles segregation is observed on the 

anode surface of the tested cell as shown in Fig. 8.8c. Boxun et al. [20] have observed similar 

surface morphological changes attributing to Sr-segregation in (La0.8Sr0.2)0.98MnO3 (LSM) 

after electrochemical cell testing in air (with 50% water vapor) at 850°C for 100h. Similarly, 

it is suggested that the SrO segregation on LSCM surface results in the degradation of the 

LSCM/8YSZ tested cell corresponding to higher resistance unlike LSCM/10ScSZ. 
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Fig. 8.7. Comparison plots of resistance (non-ohmic) changes with time for 

LSCM/8YSZ//8YSZ//LSCM/8YSZ and LSCM/10ScSZ//8YSZ//LSCM/10ScSZ cell tested at 

0.5 V: a) in air, and b) Ar-3%H2-3%H2O. 

 

Fig. 8.8. SEM micrographs of the tested symmetrical cell of 

LSCM/8YSZ//8YSZ//LSCM/8YSZ (anode surface): a) LSCM+8YSZ and 8YSZ interface, b) 

in air, c) in Ar-3%H2-3%H2O; LSCM/10ScSZ//8YSZ//LSCM/10ScSZ: d) LSCM/10ScSZ 

and 8YSZ interface, e) in air, and e) Ar-3%H2-3%H2O. 
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8.4. Conclusion 

   LSCM/8YSZ and LSCM/10ScSZ has been synthezied in oxidizing and reducing 

atmosphere (Ar-3%H2-3%H2O) at 1400°C. Results of this study and comparison of 

LSCM/8YSZ and LSCM/10ScSZ composites are listed in Table 8.3. 

 

Table 8.3. Summary and comparison of LSCM/8YSZ and LSCM/10ScSZ composites. 

 

LSCM/8YSZ LSCM/10ScSZ 

Lower relative density (%) Higher relative density (%) 

Air 59±2.2 Air 78.1±1.5 

Ar-3%H2-3%H2O 74.8±1.3 Ar-3%H2-3%H2O 88.2±0.9 

Secondary Phases (More) Secondary Phases (Less) 

Air No Air No 

Ar-3%H2-3%H2O SrZrO3 and MnCr2O4 Ar-3%H2-3%H2O SrZrO3 

Mn diffusion into YSZ (Higher) Mn diffusion into ScSZ (Lower) 

Air No Air No 

Ar-3%H2-3%H2O ~ 3.5 at. % Ar-3%H2-3%H2O ~ 1 at. % 

Polarization resistance (Higher) Polarization resistance (Lower) 

Air ~ 7.1 Ω.cm
2
 Air ~ 0.8 Ω.cm

2
 

Ar-3%H2-3%H2O ~ 12.0 Ω.cm
2
 Ar-3%H2-3%H2O ~ 3.4 Ω.cm

2
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CHAPTER 9:  PROCESSING AND ELECTROCHEMICAL PERFORMANCE OF 

IRON DOPED LANTHANUM STRONTIUM CHROMITE IN OXIDIZING AND 

REDUCING ATMOSPHERE 

 

9.1. Abstract 

Processing of (La0.8Sr0.2)0.95Cr0.7Fe0.3O3 (LSCF) is investigated under oxygen 

transport membrane device fabrication conditions at 1400°C and oxygen partial pressure 

(PO2) varying from 0.21 – 10
-10

 atm. Formation of Fe enriched phase is identified in the 

samples exposed to reducing atmosphere and the amount of the phase increases with 

decrease in PO2. LSCF dissociates and forms FeOx when exposed to Ar-3%H2-3%H2O at 

1400°C. The compound formations are identified using XRD and SEM-EDS elemental point 

analysis and mapping profile. Electrochemical impedance spectroscopy measurement on the 

symmetrical cell of configuration LSCF+8YSZ//8YSZ//LSCF+8YSZ shows high 

polarization resistance in oxidizing atmosphere when compared to reducing atmosphere 

under OTM operating conditions (T ~ 950°C and PO2 ~ 0.21- 10
-16

 atm). No degradation and 

microstructural changes are identified in the samples exposed to air for 80h.  Surface of 

LSCF phase is significantly modified after EIS measurement in Ar-3%H2-3%H2O 

atmosphere for 80h. Higher stability and electrochemical performance of LSCF is obtained in 

air than Ar-3%H2-3%H2O. Post characterization results show no electrode layer delamination 

and interface layer formation in the bulk and/or interface in both oxidizing and reducing 

atmosphere. 
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9.2. Introduction 

Oxygen transport membrane (OTM) technology is being currently developed for 

utilization of fossil fuels/hydrocarbons with CO2 capture and no gas emissions [1-6]. 

Efficient and clean oxy-combustion of fossil fuels/hydrocarbon allows minimization in 

greenhouse gas emissions resulting in global climate change [7-8]. The technology is also 

useful for syngas production which can be further processed via water shift gas reaction to 

generate hydrogen as a fuel [9]. Using Fisher-Tropsch process, the syngas can also be 

utilized to generate liquid fuel for transportation. Furthermore, oxygen transport membrane 

system is beneficial for the industries where high purity oxygen is utilized for better 

production such as petrochemical, medical, paper industries, and metallurgical (iron/steel 

plants) and welding/cutting [10]. 

Oxygen transport membrane consists of three layers i.e. air electrode layer, 

membrane and fuel electrode layer. Oxygen exchange between the membrane surface and 

gas phase consists of several steps that are involved in the process of the oxygen separation 

through the membrane: adsorption and dissociation of oxygen molecules at the air 

electrode, oxygen transport through oxygen vacancies across the membrane, and desorption 

and association of oxygen ions at the fuel electrode [11-12]. The driving force for the 

oxygen separation is oxygen partial pressure (PO2) gradient. Therefore, it is important that 

the materials of the OTM system (membrane and fuel electrode) are stable in a wide range 

of PO2 at the operating temperature (~950°C) [1]. 

Lanthanum chromite based perovskites are currently being investigated as 

materials for membrane and fuel electrode for oxygen transport membrane due to its high 

structural and chemical stability at high temperatures in both oxidizing and reducing 
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atmospheres [1,13-15]. Lanthanum chromites are commonly doped at A-site with alkaline 

earth metal and at B-site with transition metal to enhance its sintering capability, electrical 

conductivity and electrochemical performance [15-18]. However, the dopants tend to 

deteriorate the structural and thermo-chemical stability of lanthanum chromite based 

materials specifically in lower PO2 (≤ 10
-10

 atm) [19-21]. To overcome this barrier, the 

materials are further doped at B-site with transition metals to maintain the stability and 

further improve the electrochemical properties [22-26]. 

(La,Sr)(Cr,Fe)3-δ (LSCF) is being investigated as mixed ionic electronic conductor 

(MIEC) membrane and fuel side electrode for oxygen transport membrane (OTM) system [1, 

25-28]. Pena-Martinez [29] and Haag et al. [30] reported that acceptor-substituted LaCrO3-δ 

with Fe-doping enhances electrode performance in SOFC and other electrochemical devices. 

For instance, Fe-containing La0.75Sr0.25Cr0.5Fe0.5O3−δ (LSCF55) showed lower polarization 

resistance when compared to La0.75Sr0.25Cr0.5Mn0.5O3−δ (LSCM) [29]. Lee et al. [31] reported 

the ionic conductivity of (La0.75Sr0.25)0.95Cr1−xFexO3-δ to be higher than the acceptor-doped 

lanthanum chromites and (La,Sr)(Cr,Mn)3-δ (LSCM) [32]. However, most of the literature 

exists on LSCF55 with 50 mol% Fe [27, 29, 33]. He et al. [27] have examined stability and 

oxygen transport property of LSCF55. Under air/CO gradient (air was fed at one side of the 

sample, while CO was led over the other side to react with the oxygen permeated from the air 

side), an oxygen permeation flux of 2.5 × 10
−7 

mol cm
−2

 s
−1

 was measured at 950°C and the 

oxygen ionic conductivity was estimated to be ~0.01 S/cm at 950°C. The authors also 

reported that LSCF55 partially decomposed into metallic iron and some unknown phases 

when exposed to pure H2 gas atmosphere for 30h at 950°C. Based on thermodynamic 

calculations, Fang et al. [33] reported the decomposition oxygen partial pressure of LSCF55 
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to be 6.3 × 10
−28

 atm. According to the literature search, it is identified that LSCF55 is not 

very stable under reducing atmosphere. Furthermore, only limited literature exists on (LSCF) 

based perovskites and composites. The literature search also shows lack of information 

pertaining to the interaction of perovskite (LSCF) and fluorite (e.g. 8YSZ) phases under 

oxidizing as well as reducing gas atmosphere required for the operation of OTM device. 

 

Due to the reported lower stability of higher Fe-containing LSCF perovskites, this 

study is focused on identifying the processing behavior, structural-chemical stability and 

electrochemical performance of LSCF perovskite/composites with lower concentration of Fe 

(30 mol%) in reducing gas atmosphere. The results are obtained under simulating OTM 

fabrication (1400°C, ~ 0.21-10
-6

 atm) and operating (~950°C, ~ 0.21 – 10
-18

 atm) conditions. 

 

9.3. Experimental  

9.3.1. (La0.8Sr0.2)0.95Cr0.7Fe0.3O3-δ synthesis 

LSCF73 powder was obtained from Praxair Inc. and then uniaxiallly pressed into 

pellets as well as bisque fired at 1100°C (2h) in air atmosphere. The pellets were sintered at 

1400°C in three different gas atmosphere i.e. air (0.21 atm), N2 (~10
-5 

atm) and Ar-3%H2-

3%H2O (~10
-10 

atm). 

 

9.3.2. Characterization 

Archimedes principle was utilized for density measurement of all LSCF73 sintered 

samples. The microstructural and elemental analysis was performed using scanning electron 

microscope (FEI - ESEM Quanta 250, Hillsboro, OH) with energy dispersive spectroscopy 

(EDS). Crystal structure and compound formation of LSCF73 were identified using X-ray 
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diffraction (BRUKER-D8 ADVANCE, Bruker AXS Inc. Madison, WI) technique with scan 

step of 0.02° using CuKα radiation (λ = 1.5406 Å). 

 

9.3.3. Symmetric cell fabrication 

To enhance the ionic conduction, a mixture of LSCF73 with commonly used ionic 

conductor (8YSZ) was prepared in the weight ratio of 50:50 for electrochemical testing.  

LSCF73/8YSZ ink was prepared using Fuel ink vehicle (Fuel Cell Materials). Symmetrical 

cells were then prepared by screen printing LSCF73/8YSZ on both sides of 

(ZrO2)0.92(Y2O3)0.08 (YSZ) electrolytes (200 μm thick Fuel Cell Materials) as working and 

counter electrodes (thickness: ~20 µm, diameter: 10 mm). The electrode layers on both sides 

were dried and subsequently, the cell was sintered at 1200°C (heating rate of 3°C/min) for 2h 

in air. Lower sintering temperature (1200°C) was chosen for the cell fabrication to obtain 

porous electrode layer and also to avoid secondary phase’s formation observed at 1400°C. 

As-sintered symmetrical cells do not show any indication of secondary phases. Platinum 

screen current collector (Alfa Aesar, 50 mesh) and wires (Alfa Aesar, 0.25 mm) were then 

attached to each electrode. The electrochemical active area of the cell electrode was 0.8 cm
2
. 

 

9.3.4. Electrochemical testing 

Symmetrical cells were heated to 950°C (3°C/min) and tested in two different gas 

atmospheres i.e. air and Ar-3%H2-3%H2O. The electrochemical measurement was done 

using potentiostat under constant bias of 0.5V for 80 h. Every two hour of interval, the 

electrochemical impedance was measured in the frequency range of 100 mHz - 200 kHz 

using alternating current of 10 mV. The measurement was repeated on different cells to 

ensure repeatability under similar conditions. After testing, the symmetrical cells were then 

characterized using SEM-EDS (FEI - ESEM Quanta 250). 
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9.4.    Results and Discussion: 

9.4.1. Crystal structure 

The crystal structure and phase evolution of LSCF73 is investigated in air, N2 and Ar-

3%H2-3%H2O atmosphere as shown in Fig. 9.1. LSCF73 samples sintered in air at 1400°C 

show rhombohedral structure. However, the peak splitting corresponding to rhombohedral 

structure disappears in lower PO2 sintered samples (N2 and Ar-3%H2-3%H2O). This 

attributes to a phase transformation from lower (rhombohedral; JCPDS 75-9872) in oxidizing 

atmosphere to higher symmetry phase (cubic; JCPDS 074-1961) in reducing atmosphere [14]. 

No secondary phases are identified for the samples sintered in air at 1400°C. However, the 

XRD patterns corresponding to N2 and Ar-3%H2-3%H2O sintered samples shows new peaks 

(indicated by asterisk) when compared to air. The new peaks are identified and correspond to 

secondary phase (FeOx) formation and/or FeO. (Fex.Cr2-x)O3. This provides us with the 

important information that LSCF73 is not stable and decomposes to form FeOx and FeO. 

(Fex.Cr2-x)O3 if fabricated under reducing gas atmosphere (Ar-3%H2-3%H2O). Oxidizing 

atmosphere (air) is an appropriate condition to be utilized for fabrication of OTM when 

membrane or electrode layer is made of LSCF based materials. 

 

Fig. 9.1. XRD pattern of LSCF73 sintered at 1400°C in air, N2 and Ar-3%H2-3%H2O. 
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9.4.2. Sintering behavior and microstructural analysis 

Table 9.1 shows the relative density of LSCF73 sintered in air, N2 and Ar-3%H2-

3%H2O at 1400°C for 10h. The density increases with decrease in PO2. Highest density is 

achieved in reducing gas atmosphere (Ar-3%H2-3%H2O). 

Table 9.1.  Relative density of LSCF73 sintered at 1400°C. 

Relative density (%) 

Air 65.6±2.0 

N2 74.9±1.4 

Ar-3%H2-3%H2O 96.3±1.2 

 

Fig. 9.2 shows scanning electron micrographs (SEM) of LSCF73 samples sintered in 

air, N2 and Ar-3%H2-3%H2O atmosphere at 1400°C. Microstructural and elemental analysis 

of air sintered samples does not show any compound formation as shown in Fig 9.2a. 

However, in N2 and Ar-3%H2-3%H2O atmosphere, significant changes in the microstructure 

are identified when compared to air. Reduced gas atmosphere resulted in significant smaller 

grains size corresponding to the lower stability of LSCF73 microstructure in lower oxygen 

partial pressure atmosphere (≤ 10
-6

 atm) at 1400°C. 

 

Fig. 9.2. SEM micrographs of sintered LSCF73: (a) air, (b) N2 and (c) Ar-3%H2-3%H2O at 

1400°C (10h). 
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Furthermore, FeOx secondary phase formation is identified in the LSCF samples 

sintered in Ar-3%H2-3%H2O atmosphere in agreement with our XRD results. This 

corresponds to the decomposition of LSCF perovskite into FeOx in reducing gas atmosphere. 

The secondary phase is evolved in the form of layered structure. SEM-EDS analysis shows 

the phase is predominantly Fe and O-rich (Fig. 9.3a and c). Small and large size grains are 

observed indicating inhomogeneity in the microstructure as shown in Fig 9.3b. In addition, 

EDS semi-quantitative results show composition variation with respect to different grain size 

(Fig 9.3b). SEM-EDS elemental mapping profile is also investigated to further analyze the 

elemental distribution. Fig 9.4 shows the distribution of each element in the LSCF73 

composition. It is clearly identified that La (red), Sr (green), Cr (yellow) and oxygen (cyan) 

are all present in the region 1 (mentioned in Fig 9.4), and Fe (margenta) is not observed in 

the area 1. On the other side, only Fe and O are present in the region 2 as shown in Fig. 9.4. 

This supports our EDS semi-quantitative elemental analysis and XRD results. Furthermore, 

LSCF samples are polished for the bulk microstructural analysis using SEM-EDS. This is 

shown in Fig 9.5. Interestingly, a small amount of new Fe and Cr enriched phase is identified 

in the LSCF sample processed in N2 atmosphere. In addition to Fe enriched phase (La – 

1.4±0.1%, Sr – 0.5±0.1%, Cr – 3.1±0.1% and Fe – 95.5±0.3%), the Fe and Cr enriched phase 

(La – 1.4±0.2%, Sr – 1.1±0.1%, Cr – 50.8±2.1% and Fe – 47.9±1.8%) is also identified in the 

sample exposed to Ar-3%H2-3%H2O atmosphere. Our XRD results identify the phase as FeO. 

(Fex.Cr2-x)O3 compound (Fig. 9.1). 

 It is also reported in the literature that Fe containing lanthanum chromite based 

materials tend to reduce into Fe metal and LaCrO3 phase when exposed to reducing 

atmosphere [34]. For instance, at 850°C, the Fe substituted lanthanum chromite would 
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decompose to Fe metal and LaCrO3 at PO2~10
-23

 atm [34]. In addition, LSCF55 partially 

decomposed into metallic iron and some unknown phases when exposed to pure H2 gas 

atmosphere for 30h at 950°C [35]. However, our results indicate formation of FeOx/FeO. 

(Fex.Cr2-x)O3 secondary phase. This is due to the exposure to less reducing gas atmosphere 

(PO2~10
-10

 atm). We postulate that LSCF73 perovskite lattice structure destabilizes in lower 

oxygen partial pressure due to reduction in the valence state of Fe
4+
→Fe

3+
 and Fe

3+
→Fe

2+
 

resulting in oxygen vacancies formation required for charge compensation. Furthermore, an 

ionic radius of Fe
2+

 (0.78Å) is greater than Fe
3+

 (0.645Å). Consequently, in reducing 

atmosphere, Fe
2+

 does not retain in the         
   lattice of LSCF73 and exolve as FeOx. 

The reason for the formation of Fe and Cr enriched phase (FeO. (Fex.Cr2-x)O3) is not clear. 

However, like LSCM73, it is possible due to Cr reaction with FeOx. 

 

Fig. 9.3. SEM micrographs and elemental analysis of LSCF73 sintered at 1400°C (10h) in reducing 

gas atmosphere (Ar-3%H2-3%H2O). 
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Fig. 9.4. SEM mapping micrograph of LSCF73 sintered at 1400°C (10h) in reducing gas 

atmosphere (Ar-3%H2-3%H2O). 

 

 

Fig. 9.5. SEM micrographs of polished LSCF73 sintered at 1400°C (10h): (a) air, (b) N2 and 

(c) Ar-3%H2-3%H2O at 1400°C (10h). 
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frequency [37]. Unlike reducing atmosphere, the two semicircles are merged in oxidizing 

atmosphere [38]. Comparisons of non-ohmic resistances are shown in Fig. 9.7. Under 

oxidizing atmosphere, the symmetrical cells show a small increment in the non-ohmic 

resistance as the time changes from 0 (1.6 Ω.cm
2
) to 80h (2.8 Ω.cm

2
) with a time interval of 

2h (only five spectra are shown for clarity) as shown in Fig. 9.6. On the other hand, in 

reducing atmosphere, non-ohmic resistance increases rather significantly with increase in 

time as indicated in Fig. 9.7. The non-ohmic resistance for the tested cell increases from ~3.8 

Ω.cm
2
 (0h) to ~6.9 Ω.cm

2
 (80h) when exposed to Ar-3%H2-3%H2O at 950°C under the 

applied bias of 0.5V. 

Fig. 9.8 shows an image of LSCF73+8YSZ//8YSZ//LSCF73+8YSZ symmetrical 

cells before and after electrochemical measurement. Electrode layer adheres well to the 

8YSZ substrate even after testing for 80h in oxidizing and reducing gas atmosphere. Post-test 

characterization is conducted on the symmetrical cells after testing. No interface layer 

formation is identified at the interface of LSCF73/8YSZ and 8YSZ (Fig. 9.9a). 

Microstructural analysis of the air tested cells (Fig. 9.9c) shows no modification in the 

bulk/surface of LSCF73/8YSZ when compared to as-sintered cell (Fig. 9.9b). On the other 

hand, in reducing atmosphere, the cell shows a significant modification in the microstructure 

of LSCF73/8YSZ (Fig. 9.9d). LSCF surface is modified when compared to the as-sintered 

sample. This corresponds to the lower performance of the cell in Ar-3%H2-3%H2O 

atmosphere than air. 
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Fig. 9.6. Nyquist plots of impedance spectra obtained from symmetrical cell 

(LSCF73+8YSZ//8YSZ//LSCF73+8YSZ) tested at 950°C with 0.5 V from 0 to 80 h: a) in 

air, and b) in Ar-3%H2-3%H2O. 
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Fig. 9.7. Comparison plots of non ohmic resistance changes with time for the cell 

(LSCF73+8YSZ//8YSZ//LSCF73+8YSZ) tested at 0.5 V in air and Ar-3%H2-3%H2O. 

 

Fig. 9.8. Symmetrical cell (LSCF73+8YSZ//8YSZ//LSCF73+8YSZ): Left - before testing 

and Right - after testing (Pt mesh along with Pt wires are manually removed) at 950°C with 

applied bias of 0.5 V for 80h. 
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Fig. 9.9. SEM micrographs of the symmetrical cell of 

LSCF73+8YSZ//8YSZ//LSCF73+8YSZ (anode surface): a) LSCF+8YSZ and 8YSZ  

interface b) as-sintered in air, c) tested in air, and d) tested in Ar-3%H2-3%H2O. 

9.5. Conclusion 

(La0.8Sr0.2)0.95Cr0.7Fe0.3O3 (LSCF73) synthesis is conducted in three different gas 

atmospheres (air, N2, Ar-3%H2-3%H2O) with varying PO2 at 1400°C. It is found that the 

stability of LSCF73 perovskite structure decreases with decrease in PO2. LSCF phase 

separation and FeOx/FeO. (Fex.Cr2-x)O3 formation is identified in the samples sintered in Ar-

3%H2-3%H2O corresponding to the lower stability in reducing gas atmosphere. High 

electrochemical performance of symmetrical cells of configuration 

LSCF73+8YSZ//8YSZ//LSCF73+8YSZ is obtained in oxidizing when compared to reducing 

atmosphere at 950°C for 80h. Microstructural analysis of the post-tested cells shows no 

changes in the air tested cells. Surface modification of LSCF phase is identified in the Ar-

3%H2-3%H2O tested cells resulting in the lower performance. Electrode layer adheres well to 

the substrate even after testing for 80h. After electrochemical testing, no compound 

formation including SrZrO3 is found in the bulk and/or at the interface LSCF/8YSZ in both 

oxidizing and reducing atmosphere. 
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CHAPTER 10: EFFECT OF CHROMIUM: IRON RATIO AND OXYGEN PARTIAL 

PRESSURE ON PROCESSING AND STABILITY OF IRON DOPED LANTHANUM 

STRONTIUM CHROMITE 

 

10.1. Abstract: 

This study reports the co-effect of Cr: Fe (7:3, 8:2 and 9:1) ratio and oxygen partial 

pressure (PO2) on processing, structural and chemical stability of doped (La0.8Sr0.2)0.95Cr1-

xFexO3 (LSCF, x ~ 0.1-0.3) for the application of oxygen transport membrane (OTM) system. 

Relative density decreases with increase in Cr: Fe ratio and PO2. Highest density of 96.3 

(±0.5) % is achieved for LSCF with Cr: Fe ratio equals to 7:3 at 1400°C and PO2~10
-10 

atm. 

LSCF (7:3) dissociates into FeOx and FeO. (Fex.Cr2-x)O3 in reducing gas atmosphere (Ar-

3%H2-3%H2O). LSCF perovskite stability increases with increase in Cr: Fe ratio in reducing 

gas atmosphere. LSCF (9:1) perovskite does not show any secondary phase formation with 

decrease in PO2 unlike LSCF (7:3 and 8:2). 

 

10.2. Introduction 

 

Transition metals doped lanthanum strontium chromites have been investigated 

for applications varying from oxygen transport membrane (OTM) system, 

electrodes/interconnect in solid oxide fuel and electrolysis cell (SOFC and SOEC) and 

oxidation catalysts [1-5]. Fe-doped (La,Sr)(Cr,Fe)O3-δ (LSCF) are found to be promising 

candidate for the above mentioned application due to good electrochemical and catalytic 

properties for hydrocarbon oxidation as well as thermal expansion match with adjacent 

materials (e.g. 8YSZ) [1-4, 6]. 
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Most of the literature focuses on the electrochemical performance and properties 

measurement of LSCF based materials. He et al. [7] reported oxygen permeation flux of 

La0.8Sr0.2Cr0.5Fe0.5O3-δ (LSCF55) as 2.5 × 10
−7

 mol cm
−2

 s
−1 

at 950 °C under air/CO 

gradient. Oxygen ion conductivity of ~0.01 S/cm was extracted using the oxygen flux data 

at 950 °C. The electrical conductivity of LSCF is measured ~21.9 S/cm in oxidizing (air) 

and 6.4 S/cm in reducing (5%H2-Ar) gas atmosphere at 800°C [8]. Furthermore, 

conductivity of (La0.75Sr0.25)0.95Cr0.7Fe0.3O3-δ changes from ~31.6 to ~2 S/cm when oxygen 

partial pressure varies from 0.21 to ~10
-18

 atm at 900°C [9]. The effect of iron doping level 

on thermo-mechanical, transport and anodic properties of (La0.75Sr0.25)0.95Cr1−xFexO3−δ (x = 

0.3–0.4) have been investigated by Lu et al. [9]. The ionic conductivity of the perovskite 

varies in the range of 0.05-0.08 S cm
−1

 at 950°C under air/H2-H2O-N2 gradient (PO2~10
-17 

atm). Oxygen ion conductivity increases with increase in the value of x due to increase in 

oxygen deficiency. On the other hand, it is found that the electronic transport decreases 

with increase in iron concentration. This is due to a decrease in the hole concentration and 

mobility with iron additions. The total conductivity of LSCF decreases from 1.41 to 0.54 

S/cm when x increases from 0.3 to 0.4 at 950°C and PO2~10
-17

 atm. However, ionic 

conductivity increases from 0.056 to 0.079 S/cm respectively under same conditions [9]. 

It is found that LSCF with higher doping level (Cr: Fe ~ 5:5) is not stable and 

tend to decompose into metallic iron/iron oxide in reducing atmosphere [6, 10]. For 

instance, decomposition of LSCF55 is identified at 950°C when exposed to pure H2 

atmosphere for 30h [10]. The chemical-structural stability of LSCF perovskites is 

important for the above mentioned applications under operating conditions. At the same 

time, it is critical to understand the behavior of LSCF under processing conditions as it 
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influences the chemical-structural stability and electrochemical properties/performance of 

the perovskite oxide. 

In this study, the effect of Cr: Fe ratio (7:3, 8:2 and 9:1) on the 

processing/sintering behavior of (La0.75Sr0.25)0.95Cr1−x FexO3−δ (LSCF) is investigated in the 

PO2 ranging from 0.21-10
-10

 atm at 1400°C. Higher Cr: Fe ratios are chosen in this study 

due to the reported lower stability of LSCF with higher Fe-doping level such as LSCF55. 

Processing behavior of LSCF perovskites with lower concentration of iron (30-10 mol %) 

is also not reported in the literature. Furthermore, in this study, LSCF based materials with 

varying Cr: Fe ratios are exposed to the operating conditions of high temperature 

electrochemical devices (e.g. OTM) to understand the stability and degradation behavior of 

the LSCF perovskites. 

 

10.3. Experimental  

10.3.1. (La0.8Sr0.2)0.95Cr1-xFexO3-δ (x ~ 0.3-0.1) synthesis 

(La0.8Sr0.2)0.95Cr0.7Fe0.3O3-δ (LSCF73), (La0.8Sr0.2)0.95Cr0.8Fe0.2O3-δ (LSCF82) and 

(La0.8Sr0.2)0.95Cr0.9Fe0.1O3-δ (LSCF91) bisque fired (1100°C and 2h) pellets were received 

from Praxair Inc. The bisque fired samples were then sintered in air (0.21 atm), N2 (~10
-6 

atm) 

and Ar-3%H2-3%H2O (~10
-10 

atm) at 1400°C with holding time of 10h. The pellets that were 

sintered in air atmosphere were also exposed to the operating temperature (1000°C) in 

reducing gas atmosphere i.e. 5%H2-CO2 (PO2~10
-12 

atm) for 500h. 

 

10.3.2. Characterization 

Density of the LSCF perovskites with varying Cr: Fe ratio was measured according to 

the Archimedes principle. Microstructural changes and compound formations are identified 
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using scanning electron microscope (FEI - ESEM Quanta 250, Hillsboro, OH). 

Compositional analysis was conducted using energy dispersive spectroscopy (EDS) attached 

to the SEM. X-ray (BRUKER-D8 ADVANCE, Bruker AXS Inc. Madison, WI) diffraction 

was utilized for analyzing the changes related to crystal structure of LSCF and identifying 

secondary phase compounds. The scan step of 0.02° and CuKα radiation (λ = 1.5406 Å) were 

used during the experiment. 

 

10.4. Results and Discussion 

10.4.1. After exposure to the processing conditions 

10.4.1.1. Crystal structure 

Fig. 10.1 shows XRD comparison of (La0.8Sr0.2)0.95Cr0.7Fe0.3O3 (LSCF73) after 

exposure to three different processing conditions (PO2 ~ 0.21, 10
-6

 and 10
-10

 atm) at 1400°C. 

Rhombohedral crystal structure (JCPDS 75-9872) is identified for the air sintered samples at 

1400°C. No secondary phase peaks are observed corresponding to the formation of LSCF 

single phase. However, extra peaks corresponding to FeOx (JCPDS 079-0416) and/or FeO. 

(FexCr2-x)O3 (JCPDS 075-3312) starts to appear with decrease in PO2 (~10
-6

 atm). A 

significant increase in the secondary phase peaks intensity is identified for the samples 

sintered in further lower PO2 (~10
-10 

atm). This corresponds to the fact that stability of 

LSCF73 perovskite decreases with decrease in PO2. Disappearance of peaks splitting 

corresponding to rhombohedral phase is also observed for the samples sintered in reducing 

atmosphere. This attributes to change in crystal structure with decrease in PO2. As per the 

literature review, phase transformation from lower symmetry rhombohedral structure to 
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higher symmetry cubic structure (JCPDS 074-196) is postulated with decrease in oxygen 

partial pressure [6, 11-12]. 

XRD comparison of (La0.8Sr0.2)0.95Cr0.8Fe0.2O3 (LSCF82) with varying PO2 (~0.21-10
-

10
 atm) is shown in Fig. 10.2. Similar to LSCF73, single phase LSCF82 is obtained in air 

atmosphere. Unlike LSCF73, no secondary phase peaks are identified when exposed to 

PO2~10
-6

 atm. However, peak corresponding to FeO. (FexCr2-x)O3 are identified in further 

reducing atmosphere (PO2~10
-10

 atm). Likewise LSCF73, changes in the LSCF82 crystal 

structure are identified that corresponds to phase transformation from rhombohedral to cubic 

with decrease in PO2. 

Fig. 10.3 shows crystal structure and compound formation of LSCF with Cr: Fe ~ 9:1. 

In contrast with LSCF82 and LSCF91, no secondary phase peaks are identified for 

(La0.8Sr0.2)0.95Cr0.9Fe0.1O3 (LSCF91). Furthermore, peak splitting corresponding to the 

rhombohedral structure is not observed in any of the cases for LSCF91. Cubic structure 

(JCPDS 074-196) is obtained for all three cases (PO2 ~ 0.21, 10
-6

 and 10
-10

 atm). There is no 

phase transformation from rhombohedral to cubic structure with change in PO2, which could 

otherwise result into stress generation in the material during processing and operation. This 

corresponds to the highest stability of LSCF91 when compared to LSCF73 and LSCF82 in 

reducing gas atmosphere as required for high temperature electrochemical devices. 

XRD comparison of reducing gas atmosphere (PO2~10
-10 

atm) sintered LSCF73, 

LSCF82 and LSCF91 is shown in Fig. 10.4. It is clear that FeOx peaks are only observed for 

LSCF73. FeO. (FexCr2-x)O3 peaks are observed for both LSCF73 and LSCF82. However, a 

significant increase in the intensity of the phase peaks is identified for LSCF73 when 

compared to LSCF82. No extra peaks corresponding to the secondary phase formation are 
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observed for LSCF91. This provides us with the important information on the stability of 

LSCF based materials at lower PO2. The stability of LSCF increases with increase in Cr: Fe 

ratio in reducing atmosphere and LSCF91 is most stable among the studied compositions. 

 

Fig. 10.1. XRD pattern of LSCF73 sintered at 1400°C in air, N2 and Ar-3%H2-3%H2O. 

 

Fig. 10.2. XRD pattern of LSCF82 sintered at 1400°C in air, N2 and Ar-3%H2-3%H2O. 
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Fig. 10.3. XRD pattern of LSCF91 sintered at 1400°C in air, N2 and Ar-3%H2-3%H2O. 

 

Fig. 10.4. Comparison of XRD pattern of LSCF73/82/91 and 10Sc1CeSZ sintered at 

1400°C in Ar-3%H2-3%H2O. 
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10.4.1.2. Sintering behavior and microstructural analysis 

 

Table 10.1 shows a trend in between relative densities of LSCF with varying Cr: Fe 

ratio (7:3, 8:2 and 9:1) and PO2 (0.21, 10
-6

 and 10
-10

 atm). The density of LSCF increases 

with increase in Fe doping level and decrease in Cr: Fe ratio. For example, LSCF91 relative 

density is 51.7% (±2.4) which increases up to 74.9% (±1.5) for LSCF73 in N2 atmosphere at 

1400°C.  Similarly, the density also increases with decrease in PO2. For instance, the relative 

density of LSCF82 increases from 53.1% (±2.9) to 95.6% (±0.8) when PO2 decreases from 

0.21 to 10
-10

 atm. Similar trend is obtained for LSCF73 and LSCF91. 

SEM micrographs of LSCF with varying Cr: Fe ratio and PO2 are shown in Fig. 10.5. 

In agreement with the relative density measurement, denser microstructure is obtained for 

LSCF73 when compared to LSCF82 and LSCF91 under the same conditions. This again 

indicates that Fe-doping level increases the density of LSCF perovskites. Moreover, the 

microstructural density also increases with decrease in PO2. In case of LSCF73, no secondary 

phase is identified when sintered in air. However, secondary phases enriched in Cr and Fe 

(indicated by red arrow) is identified in the samples sintered in N2 (~10
-6

 atm) as well as Ar-

3%H2-3%H2O (~10
-10

 atm) using SEM-EDS (Table 10.2). The amount of secondary phase 

increases with decrease in PO2 as shown in the Fig. 10.5b and c. Furthermore, another phase 

predominantly enriched in Fe (Fig. 10.5c) is found in the LSCF73 sample when processed in 

Ar-3%H2-3%H2O at lower PO2. This attributes to dissociation of LSCF73 into FeOx and FeO. 

(FexCr2-x)O3 in reducing atmosphere. Elemental analysis of LSCF73 bulk and Fe and/or Cr 

enriched secondary phases is shown in Table 10.2. Fig. 10.6 shows the elemental mapping 

(La - Blue, Sr – Green, Cr - Yellow and Fe - Purple) of reducing atmosphere sintered 
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LSCF73. SEM elemental mapping of LSCF73 clearly exhibits the phases that are enriched in 

Fe and/or Cr indicated by white arrow. The phases are identified using XRD. 

In case of LSCF82, likewise LSCF73, no secondary phases are found in air 

atmosphere. However, unlike LSCF73, LSCF82 does not show any compound formation in 

N2 atmosphere. When processed in Ar-3%H2-3%H2O reducing atmosphere, LSCF82 also 

starts to show secondary phases enriched in Fe and Cr corresponding to FeO. (FexCr2-x)O3. 

The phases are indicated by red arrow in Fig. 10.5f. Fe and Cr enriched phases are observed 

using SEM-EDS in LSCF82 sample and shown in Table 10.3. Fig. 10.7 shows the elemental 

mapping of LSCF82 processed in Ar-3%H2-3%H2O.  Phases enriched in Fe and Cr are also 

spotted (indicated by white arrow) in the elemental mapping image of LSCF82. However, the 

phases enriched only in Fe are not found in case of LSCF82 unlike LSCF73. This indicates 

that LSCF82 is more stable than LSCF73 in reducing atmosphere. 

 

Fig. 10.5g, h and i shows SEM micrographs of LSCF91after possessing in air, N2 and Ar-

3%H2-3%H2O gas atmosphere respectively. In contrast with LSCF73 and LSCF82, no secondary 

phases associated with FeOx and/or FeO. (FexCr2-x)O3 are identified in reducing atmosphere. No Fe 

and/or Cr enriched phases are observed in the LSCF91 elemental analysis using SEM-EDS as shown 

in Table 10.4. Moreover, elemental mapping of LSCF91 does not show any indication of Fe and/or 

Cr rich phases in contrast with LSCF73 and LSCF82 as shown in Fig. 10.8. This confirms on the 

highest stability of LSCF91 among all the studied compositions. In reducing atmosphere, therefore, 

the observed stability trend is LSCF91>LSCF82>LSCF73. The stability increases with increase in 

Cr: Fe ratio and decrease in Fe-doping level. 
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Table 10.1. Relative density of LSCF73/82/91 and 10Sc1CeSZ sintered at 1400°C. 

Material Air N2 Ar-3%H2-3%H2O 

LSCF73 65.6±2.1 74.9±1.5 96.3±0.5 

LSCF82 53.1±2.9 57.2±2.8 95.6±0.8 

LSCF91 49.0±2.6 51.7±2.4 58.2±1.7 

 

Table 10.2. SEM-EDS elemental analysis of LSCF73 sintered in Ar-3%H2-3%H2O at 

1400°C. 

Element La (at. %) Sr (at. %) Cr (at. %) Fe (at. %) 

Bulk (White) 42.1±1.0 12.5±4.3 34.4±1.1 11.0±4.6 

Fe-rich (Gray) 1.4±0.1 0.5±0.1 3.1±0.1 95.5±0.3 

Fe and Cr rich (Black) 1.4±0.2 1.1±0.1 50.8±2.1 47.9±1.8 

 

Table 10.3. SEM-EDS elemental analysis of LSCF82 sintered in Ar-3%H2-3%H2O at 

1400°C. 

Element La (at. %) Sr (at. %) Cr (at. %) Fe (at. %) 

Bulk (Gray) 39.6±2.0 14.3±1.3 37.2±1.5 8.8±1.1 

Fe and Cr rich (Black) 15.9±1.0 5.2±0.5 50.7±2.1 28.2±1.3 

 

Table 10.4. SEM-EDS elemental analysis of LSCF91 sintered in Ar-3%H2-3%H2O at 1400°C. 

Element La (at. %) Sr (at. %) Cr (at. %) Fe (at. %) 

Bulk (Gray) 39.1±3.1 17.1±2.7 38.7±2.5 5.1±1.4 
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Fig. 10.5. SEM micrographs of sintered LSCF and 10Sc1CeSZ composite with varying Cr: 

Fe ratio and PO2: (a) 7:3, air (b) 7:3, N2, (c) 7:3, Ar-3%H2-3%H2O, (d) 8:2, air, (e) 8:2, N2, (f) 

8:2, Ar-3%H2-3%H2O, (f) 9:1, air, (g) 9:1, N2 and (i) 9:1, Ar-3%H2-3%H2O. 

 

 

 

Fig. 10.6. SEM elemental mapping of LSCF73 after processing in PO2~10
-10

 atm at 1400°C 

for 10h. 
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Fig. 10.7. SEM elemental mapping of LSCF82 after processing in oxygen partial pressure of 

PO2~10
-10

 atm at 1400°C for 10h. 

 

 

Fig. 10.8. SEM elemental mapping of LSCF91 after processing in PO2~10
-10

 atm at 1400°C 

for 10h. 

 

10.4.2. After exposure to the OTM operating conditions: 

10.4.2.1. Crystal Structure 

LSCF73, LSCF82 and LSCF91 perovskites with varying Cr: Fe ratio are exposed to 

OTM operating conditions (1000°C, PO2 ~ 10
-12

 atm) after processing in air atmosphere. 
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XRD comparison results of the exposed LSCF with varying Cr: Fe ratio (7:3, 8:2 and 9:1) are 

shown in Fig. 10.9. Peaks corresponding to the formation of FeO. (FexCr2-x)O3 (indicated by 

green asterisk) are identified in case of LSCF73 perovskite with highest Fe-doping level. 

Unlike LSCF73, no peaks attributing to secondary compounds are observed for LSCF82 and 

LSCF91 as shown in Fig. 10.9.  In consistent with the above mentioned processing results, 

the OTM operating condition exposure results also exhibit the less stability and phase 

separation of LSCF73 when compared to LSCF82 and LSCF91. The results also indicate that 

the stability of LSCF based materials are dependent on Cr: Fe ratio and increases with 

increase in Cr: Fe ratio. 

 

Fig. 10.9. Comparison of XRD pattern of LSCF73/82/91 perovskites after sintering in air and 

exposed to PO2 ~10
-12

 atm for 500h at 1000°C. 

 

10.4.2.2. Microstructure analysis 

SEM micrographs of LSCF73, LSCF82 and LSCF91 are shown in Fig. 10.10a, b and 

c respectively, after exposure to lower PO2 at ~1000°C. In agreement with the XRD results 

20 30 40 50 60 70 80 90

R
e

la
ti

ve
 In

te
n

si
ty

2Ѳ

LSCF73

LSCF82

LSCF91

FeO.(FexCr2-x)O3



  

299 

 

of LSCF73 perovskite, phases enriched in Fe and Cr are identified during microstructural 

analysis. This is shown in Fig. 10.10a. However, unlike processing condition results, no Fe 

enriched phases are observed in case of LSCF73 after exposure to the same atmosphere. 

Similarly, on the other hand, LSCF82 does not show the phases enriched in Fe and Cr. This 

is in contrast with the processing results. It is to be noted that the processing temperature 

(~1400°C) is much higher than operating temperature (~1000°C). It is hypothesized that the 

large difference in temperature is resulting into the variance under the same reducing 

atmosphere. This is due to faster kinetics occurrence at higher temperature. In case of 

LSCF91 composition with highest Cr: Fe:: 9:1 ratio, the results obtained after exposure to the 

reducing atmosphere are similar to the one achieved under processing conditions. No 

secondary phases are observed in both OTM processing and operating conditions. This 

indicates towards the higher stability of LSCF91 when compared to higher Fe-doping level 

containing LSCF82 and LSCF73. 

 

 

Fig. 10.10. SEM micrographs of sintered LSCF73/82/91 after exposure to PO2~10
-12

 atm at 

1000°C: (a) LSCF73, (b) LSCF82 and (c) LSCF91. 
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10.4.5. Defect chemistry and mechanism hypothesis for FeOx and FeO. (FexCr2-x)O3 

formation in reducing atmosphere: 

 

In case of LSCF, Cr can exist in either Cr
3+

 and/or Cr
4+

 valence state. Similarly, Fe 

can exist in Fe
4+

/Fe
3+/

Fe
2+

 valence state depending on the exposure conditions. As a result, 

LSCF defects equilibrium includes    
  ,     

 ,  
 ,     

 ,     
 ,     

 ,     
 ,     

  where    
   

represents oxygen vacancies with two positive charges,     
  indicates Fe

4+
 ions on Fe

3+
 sites 

with one positive charge,      
  represents Fe

3+
 on Fe

3+
 sites with neutral charge,     

  

indicates Fe
2+
 on Fe

3+
 sites with one negative charge,     

  represents Cr
3+
 on Cr

3+
 sites with 

neutral charge,     
  indicates Cr

4+
 on Cr

3+
 sites and     

  represents Sr
2+
 on La

3+
 sites with 

one negative charge. 

In oxidizing atmosphere with higher PO2, LSCF with Cr: Fe ratio equals 7:3 i.e. 

(La0.8Sr0.2)0.95Cr0.7Fe0.3O3-δ can be written in the Kröger notation form as: 

 (    
 )   (    

 )         (    
 )     (    

 )  [(    
 )     (    

 ) ]   
       

      

When Sr
2+
 is substituted on the La

3+
 site, the charge on     

  would either be balanced by 

Cr
3+
→ Cr

4+
 and/or Fe

3+
 → Fe

4+
. There are two possibilities for charge balance as mentioned 

below: 
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The reaction between defects and oxygen gas in LSCF can be expressed as: 
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where K is the equilibrium constant,    
 ,      

 ,    
   and      

  are activity of   
 ,     

 ,    
   

and     
  respectively. 

The condition of charge neutrality in oxidizing atmosphere can be written as: 

     
        

        
       

            (5) 

If      
   = x,      

   = y and    
    = δ, then we obtain a relation; 

x+y+2δ = 0.19            (6) 

In case of reducing atmosphere, Cr
4+
→Cr

3+
 and Fe

4+
/Fe

3+
 →Fe

2+
 and Kröger notation of 

(La0.8Sr0.2)0.95Cr0.7Fe0.3O3-δ can be written as: 

 

Defect reactions for charge compensation in LSCF at lower PO
2
would include: 
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where K is equilibrium constant and a corresponds to activity of respective defect mentioned 

in the subscript. 

The above mentioned relation tells that defect concentrations of      
 ] and [  

  ] will increase 

with decrease in    
. 

In general, the reaction between LSCF defects and oxygen gas can be expressed as [13]: 
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The condition of charge neutrality can be written as: 

 

 

 

 

Consider, 

Using above equations, the general relation between δ and    
is shown below: 

 

 

 

As mentioned above, in reducing atmosphere, Fe
4+
→Fe

3+
 and Fe

3+
→Fe

2+
. The charge 

is compensated by oxygen vacancies formation. However, Fe
3+

 transforms partially to Fe
2+

 at 

1400°C and PO2~10
-10 

atm. Fe
2+

 doesn’t retain in the A
3+

B
3+

O3 perovskite lattice and 

therefore, it comes out of the lattice and form oxide layer (FeOx) in case of LSCF73. The 

ionic radius of Fe
2+

 (Fe
2+

 = 0.78 Å) is also greater than Cr
3+

 (Cr
3+

 = 0.615Å) and Fe
3+

 (Fe
3+

 = 

0.645Å ). After, Fe (B-site) exolution as FeOx, there should be a presence of A-site enriched 

phase for mass balance. Since, we have not observed any separate lanthanum (A-site) rich 

phase, it is understood that the lattice is now lanthanum enriched. Locally, presence of FeO. 

(FexCr2-x)O3 phase is also identified. However, the reason for its formation is not very clear. 

It could be due to Cr reaction with FeOx. 
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In case of LSCF82, no FeOx phase is identified. However, uniform distribution of 

FeO. (FexCr2-x)O3 phase is observed. In this case, it is postulated that limited FeOx exolved 

and all of it reacted with Cr to form FeO. (FexCr2-x)O3 to keep the mass balance. Unlike, 

LSCF73 and LSCF82, no secondary phase formation are identified corresponding to higher 

stability of LSCF91 perovskite. Reaction process for LSCF with varying Cr: Fe ratio can be 

represented as: 

LSCF73 + FeOx + FeO. (FexCr2-x)O3 -----> LSCF82 + FeO. (FexCr2-x)O3 ----> LSCF91 

A schematic of LSCF73 perovskite lattice structure with change in PO2 can be shown 

as below in Fig. 10.10: 

Fig. 10.10. A schematic of LSCF perovskite lattice structure in three different gas 

atmosphere (Air, N2, Ar-3%H2-3%H2O) condition. 

The above schematic shows that the defects/oxygen vacancies increase with decrease 

PO2. Subsequently, stability decreases with decrease in PO2. Similarly, Fig. 10.11 shows a 

schematic of LSCF perovskite lattice structure with varying Cr: Fe ratio in reducing 

atmosphere. Defects/oxygen vacancies decrease with increase in Cr: Fe ratio. And, stability 

increases with increase in Cr: Fe ratio. 

 

 

  

 

 

 

 

Air  N2 
Ar-3%H2-3%H2O 

 + FeO
x
 + FeO. (Fe

x
Cr

2-x
)O

3
   



  

304 

 

 

Fig. 10.11. A schematic of change in LSCF perovskite lattice structure with varying Cr: Fe 

ratio (7:3, 8:2 and 9:1). 

Overall, it is to be noted that chromium: iron ratio is the only known difference in 

LSCF73, LSCF82 and LSCF91 composition. This indicates that variation in Cr: Fe ratio 

results in stability variation in theses perovskites. Stability tends to decrease with increase in 

Fe doping level. Furthermore, LSCF with higher doping level dissociates into FeOx and/or 

FeO. (FexCr2-x)O3 in reducing atmosphere. A co-relation exists between Cr: Fe ratio, FeOx 

and FeO. (FexCr2-x)O3 secondary phases formation. With decrease in Fe content, formation of 

Fe and/or Cr rich phases decreases. This shows that the doping amount of Fe has significant 

role on the stability of LSCF based membrane/fuel electrode of the OTM system. To 

minimize the secondary phase’s formation, therefore, it is suggested to decrease the Fe-

content in the LSCF perovskite and utilize LSCF91 based composition. 

 

10.5. Conclusion 

Stability of LSCF perovskite decreases with decrease in PO
2
 and Cr: Fe ratio. 

Compound formations as well as localized enrichment of cations within the perovskite phase 

are observed during exposure to reducing atmospheres. FeOx secondary phases have been 

observed during sintering of LSCF73 in Ar-3%H2-3%H2O at 1400°C. However, FeO. 
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(FexCr2-x)O3 secondary phase is observed at lower PO2 in both LSCF73 and LSCF82. Under 

OTM operational conditions, LSCF73 tends to destabilize. LSCF91 perovskite does not show 

any of the second phase formation (FeO
x
 and FeO. (Fe

x
Cr

2-x
)O

3
) with decrease in PO

2
 unlike 

LSCF73 and LSCF82. Hypothesis for the formation of FeOx and FeO. (FexCr2-x)O3 in LSCF 

is proposed based on experimental observations, thermodynamic stability and defect 

chemistry. 
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CHAPTER 11: EFFECT OF CHROMIUM: IRON RATIO AND OXYGEN PARTIAL 

PRESSURE ON THE SINTERING BEHAVIOR AND STABILITY OF IRON DOPED 

LANTHANUM STRONTIUM CHROMITE AND SCANDIA STABILIZED 

ZIRCONIA 

 

11.1. Abstract: 

This study reports the effect of chromium- iron ratio on processing, structural and 

interfacial stability of doped (La0.8Sr0.2)0.95Cr1-xFexO3 (LSCF, x ~ 0.1-0.3) and 10Sc1CeSZ 

composite in oxidizing and reducing atmosphere for the application of oxygen transport 

membrane (OTM) system. Role of oxygen partial pressure (PO2) on the microstructural 

changes and bulk/interfacial stability of LSCF with 10Sc1CeSZ is also reported under OTM 

fabrication conditions (1400°C, PO2 ~ 0.21 – 10
-10

 atm.) and operating conditions (1000°C, 

PO2 ~ 10
-12

 atm). We observe an increase in density with decrease in Cr: Fe ratio and PO2. 

On the contrary, bulk and interfacial stability corresponding to the interaction between LSCF 

and 10Sc1CeSZ increases with increase in Cr: Fe ratio and PO2. Under processing 

conditions, formation of SrZrO3 and FeO. (FexCr2-x)O3 are identified only for the samples 

sintered in reducing atmosphere (PO2 ~ 10
-10

 atm). The amount of the two secondary phases 

decreases with increase in Cr: Fe ratio. SrZrO3 formation is also observed in LSCF 

composite with x=0.3 and x=0.2 after long term exposure (500h) under simulating operating 

conditions (PO2 ~ 10
-12

 atm). No SrZrO3 phase are identified in LSCF with x=0.1. Increase in 

Fe-doping level enhances the interaction between LSCF and 10Sc1CeSZ and suppresses the 

stability of the composite. 



  

308 

 

11.2. Introduction 

 

Dense ceramic materials with high mixed ionic-electronic conductivity (MIEC) 

have shown promising potential for economic, clean and efficient oxygen separation from air 

[1-2]. Applications range from small-scale oxygen pumps which can be utilized in medical 

industries to large scale oxygen production system for coal gasification/combustion in power 

plants [3-7]. MIEC materials also find application in chemical processing which includes the 

partial oxidation of hydrocarbons [1-2, 8]. For example, oxygen transport membrane 

prepared with MIEC materials can be used to convert natural gas to value-added chemicals 

such as syngas which can be further processed for hydrogen production and liquid fuels [2, 9-

10]. 

An overview of MIEC materials for use in oxygen separation devices like OTMs 

and technology development was recently published [2]. Lanthanum chromite doped at A-

site with strontium and B-site with iron (La Sr)(Cr, Fe)3-δ (LSCF) is currently being 

investigated  for use in membranes and fuel side electrodes for use in oxygen transport 

membrane (OTM) systems [2, 11-12]. It is reported that Fe-doping improves electrode 

performance in solid state electrochemical devices (e.g. SOFC) [13-14]. Lower polarization 

resistance is obtained for iron doped La0.75Sr0.25Cr0.5Fe0.5O3−δ (LSCF55) than Mn-doped 

La0.75Sr0.25Cr0.5Mn0.5O3−δ (LSCM55) [13]. Furthermore, ionic conductivity of (La Sr)(Cr, 

Fe)3-δ (LSCF) is found to be higher than acceptor-doped lanthanum chromites and (La Sr)(Cr, 

Mn)3-δ (LSCM) [15-16]. However, the authors have noted that most of the literature exists on 

LSCF55 [11, 13, 17]. An oxygen permeation flux and oxygen ionic conductivity of 2.5 × 

10
−7 

mol cm
−2

 s
−1

 and ~0.01 S/cm were found at 950 °C under air/CO gradient [11]. On the 

other hand, it is reported that LSCF55 is not stable and partially decomposes into metallic 
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iron along with some unknown phases when exposed to pure H2 atmosphere at 950°C (30h). 

Fang et al. [17] have calculated the decomposition oxygen partial pressure of LSCF55 as 6.3 

× 10
−28

 atm. Addition of a fluorite phase is required to achieve the higher ionic conduction 

and oxygen flux performance required for oxygen separation devices such as OTMs [2]. For 

instance, single phase La0.8Sr0.2Cr0.5Fe0.5O3-d perovskite exhibited an oxygen flux of ~2.5×10
-

7
 mol cm

-2
s

-1
 and La0.8Sr0.2Cr0.5Fe0.5O3-d/Zr0.84Y0.16O1.92 composite exhibited a higher oxygen 

flux of JO2~2.6×10
-6

 mol cm
-2

 s
-1

 under an air/CO gradient at 950°C [18-19]. 

It is observed that LSCF55 perovskite cannot withstand a reducing atmosphere for an 

extended time under high temperatures and low oxygen partial pressure operating conditions. 

Limited data exists on LSCF based perovskites and composites. Furthermore, degradation 

and stability (structural, thermal and microstructural) of LSCF based materials with higher Cr: 

Fe ratio are not reported in literature under fabrication conditions (1400°C, ~ 0.21-10
-6

 atm) 

required for oxygen separation devices like OTMs and operating conditions (1000°C, ~ 10
-12

 

atm). Due to the reported lower stability of higher Fe-containing LSCF perovskites, this 

study examines the effect of lower Fe doping level on processing and stability of LSCF based 

materials in reducing gas atmosphere for the application to the OTM system. It is important 

to understand the interaction between LSCF perovskite and 10Sc1CeSZ fluorite under OTM 

processing and operating conditions which have not been reported upon in the literature [2]. 

This study, therefore, also focuses on the role of Cr: Fe ratio and oxygen partial pressure on 

the stability (thermal, structural and microstructural) and processing of LSCF composites 

with 10Sc1CeSZ under OTM fabrication and operating conditions. 
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11.3. Experimental  

11.3.1. (La0.8Sr0.2)0.95Cr1-xFexO3-δ (x ~ 0.3-0.1) and 10Sc1CeSZ synthesis 

(La0.8Sr0.2)0.95Cr0.7Fe0.3O3-δ (LSCF73), (La0.8Sr0.2)0.95Cr0.8Fe0.2O3-δ (LSCF82) and 

(La0.8Sr0.2)0.95Cr0.9Fe0.1O3-δ (LSCF91) mixed with 10Sc1CeSZ in the volume percent ratio of 

60: 40 were bisque fired (1100°C, 2h) and pressed into pellets. The pellets were then sintered 

in air (0.21 atm), N2 (~10
-5 

atm) and Ar-3%H2-3%H2O (~10
-10 

atm) at 1400°C for 10h. The 

air sintered pellets were subsequently exposed to OTM operating conditions i.e. 5%H2-CO2 

(~10
-12 

atm) atmosphere for 500h. For interfacial study, pellets of 10Sc1CeSZ fluorite were 

made and then calcined at 1100°C for 2h.  LSCF73 composition ink was prepared using Fuel 

Cell Materials ink vehicle. The ink was then screen printed onto the 10Sc1CeSZ disk shape 

pellet and dried at 125°C for 2h. The LSCF73/10Sc1CeSZ system was also sintered at 

1400°C for 10h in oxidizing (air) and reducing (Ar-3%H2-3%H2O) atmosphere. 

 

11.3.2. Characterization 

Density of sintered LSCF73, LSCF82 and LSCF91 composites with 10Sc1CeSZ were 

measured using Archimedes principle. Microstructural changes, elemental analysis and 

second phase formation of the sintered and exposed samples were analyzed using scanning 

electron microscope (SEM) (FEI - ESEM Quanta 250, Hillsboro, OH) with energy dispersive 

spectroscopy (EDS). Focused Ion Beam (FEI Strata 400S DUALBEAM FIB) was used for 

the sample preparation of LSCF73+10Sc1CeSZ for transmission electron microscopy (TEM) 

analysis. Elemental compositional analysis was further conducted using energy dispersive 

spectroscopy (EDS) attached to the TEM. Crystal structure and bulk/interfacial compound 

formation of the sintered and exposed samples were analyzed using X-ray (BRUKER-D8 
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ADVANCE, Bruker AXS Inc. Madison, WI) diffraction technique with scan step of 0.02° 

and CuKα radiation (λ = 1.5406 Å). 

 

11.4. Results and Discussion 

11.4.1. After exposure to the OTM processing conditions 

11.4.1.1. Crystal structure 

Crystal structure and compound formation of sintered (La0.8Sr0.2)0.95Cr0.7Fe0.3O3 

(LSCF73), (La0.8Sr0.2)0.95Cr0.8Fe0.2O3 (LSCF82) and (La0.8Sr0.2)0.95Cr0.9Fe0.1O3 (LSCF91) 

composites with 10Sc1CeSZ are analyzed and compared. Fig. 11.1 shows XRD comparison 

of LSCF73/10Sc1CeSZ sintered in air, N2 and Ar-3%H2-3%H2O. LSCF exhibits a 

rhombohedral crystal structure. Unlike air and N2 atmosphere, formation of SrZrO3 

corresponding to the interaction between LSCF73 and 10Sc1CeSZ is identified in Ar-3%H2-

3%H2O atmosphere. In addition, peaks attributed to the FeO. (FexCr2-x)O3 phase is observed 

in the LSCF73/10Sc1CeSZ composite as shown in Fig. 11.1. Similar results are obtained for 

the LSCF82/10Sc1CeSZ and LSCF91/10Sc1CeSZ composite as shown in Fig. 11.2 and 11.3 

respectively. In air and N2 atmospheres, no secondary phase peaks are observed. However, in 

Ar-3%H2-3%H2O, SrZrO3 peaks are observed in both cases. FeO. (FexCr2-x)O3 phase peaks 

are also identified in the LSCF82/10Sc1CeSZ composite in addition to SrZrO3. 

Comparison of LSCF based composites with varying Cr: Fe ratio or Fe doping level 

is shown in Fig. 11.4. Strontium zirconate (SrZrO3, JCPDS-01-074-1297) formation is 

identified in all three LSCF73, LSCF82 and LSCF91 composites. However, the peak 

intensity decreases with decrease in Fe doping level corresponding to the zirconate formation 

decrease with a decrease in Fe concentration. However, extra peaks corresponding to FeO. 
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(FexCr2-x)O3 are identified in LSCF73 and LSCF82 composites when processed in Ar-3%H2-

3%H2O atmosphere as shown in Fig. 11.4. 

The above mentioned results show that the stability of LSCF composite increases 

with increase in Cr: Fe ratio and LSCF91/10Sc1CeSZ composite is most stable among all the 

studied compositions under OTM processing conditions. Our results also demonstrate that 

oxidizing atmospheres (air and N2) are suitable for OTM materials processing. 

 

Fig. 11.1. XRD pattern of LSCF73/10Sc1CeSZ sintered at 1400°C in air, N2 and Ar-3%H2-

3%H2O. 

 

Fig. 11.2. XRD pattern of LSCF82/10Sc1CeSZ sintered at 1400°C in air, N2 and Ar-3%H2-

3%H2O. 
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Fig. 11.3. XRD pattern of LSCF91/10Sc1CeSZ sintered at 1400°C in air, N2 and Ar-3%H2-

3%H2O. 

 

Fig. 11.4. Comparison of XRD pattern of LSCF73/82/91 and 10Sc1CeSZ sintered at 1400°C 

in Ar-3%H2-3%H2O. 

 

11.4.1.2. Sintering behavior and microstructural analysis 

 

Relative density of LSCF/10Sc1CeSZ composite increases with decrease in Cr: Fe 

ratio (7:3, 8:2 and 9:1) and oxygen partial pressure as shown in Table 11.1. For instance, 

density of LSCF composite is 53.9% (±2.1) for Cr: Fe :: 9: 1 and increases up to 72.5 % 

(±2.0) with decrease in Cr: Fe ratio to 7: 3. The highest density is achieved for 

LSCF73/10Sc1CeSZ composite. This is probably because Fe acts as a sintering aid in LSCF 
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and therefore, the density decreases with a decrease in the Fe-doping level. Similar to Cr: Fe 

ratio, density of these composites increases with decrease in oxygen partial pressure. For 

example, LSCF82 composite exhibits 62.2 % (±1.5) density in air (0.21 atm) atmosphere 

which increases up to 84.8% (±1.3) with decrease in PO2 (10
-10

 atm). In oxidizing 

atmosphere, densification of lanthanum chromite based materials is inhibited due to CrO3 

evaporation and condensation as Cr2O3 [2-3]. However, the CrO3 (evaporation)/Cr2O3 

(condensation) decreases with a decrease in PO2 and therefore, the density increases with a 

decrease in oxygen partial pressure. 

 

Fig. 11.5. SEM micrographs of sintered LSCF and 10Sc1CeSZ composite with varying Cr: 

Fe ratio and PO2: (a) 7:3, air (b) 7:3, N2, (c) 7:3, Ar-3%H2-3%H2O, (d) 8:2, air, (e) 8:2, N2, (f) 

8:2, Ar-3%H2-3%H2O, (g) 9:1, air, (h) 9:1, N2 and (i) 9:1, Ar-3%H2-3%H2O. 
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Fig. 11.5 shows a comparison of scanning electron micrographs of sintered 

LSCF73/82/91 and 10Sc1CeSZ composites with varying Cr: Fe ratio in air, N2 and Ar-

3%H2-3%H2O atmosphere. The highest density microstructure is obtained for LSCF with the 

highest Fe doping level (30 mol. %). Table 11.2 shows the SEM-EDS analysis of 

LSCF73/10Sc1CeSZ processed in Ar-3%H2-3%H2O. Area 1 and 2 are marked in Fig. 11.5c 

and f. Sr and Zr enriched phases corresponding to SrZrO3 secondary phase formation are 

observed in LSCF73/82 and 10Sc1CeSZ composites (Fig. 11.5c and f, Table 11.2) in 

reducing atmosphere in agreement with the XRD results. Furthermore, Fe-Cr enriched phases 

corresponding to FeO. (FexCr2-x)O3 formation is also observed in case of LSCF73 and 

LSCF82 composites in Ar-3%H2-3%H2O as shown in Fig. 11.5c/f and Table 11.2. Similar to 

SrZrO3 formation, Fe and Cr enriched phase formation also decreases with decrease in Fe 

doping level. 

 

Table 11.2. Relative density of LSCF73/82/91 and 10Sc1CeSZ sintered at 1400°C. 

Material Air N2 Ar-3%H2-3%H2O 

LSCF73+10Sc1CeSZ 72.5±2.0 73.7±1.7 91.9±0.8 

LSCF82+10Sc1CeSZ 62.2±1.5 64.8±1.4 84.8±1.3 

LSCF91+10Sc1CeSZ 53.9±2.1 56.1±2.2 62.5±1.8 

 
 

SEM micrographs of LSCF/10Sc1CeSZ also show higher densification with decrease 

in PO2.  Fig. 11.5a, d and g show SEM micrographs of LSCF73/82/91 and 10Sc1CeSZ 

composites sintered in air respectively. Higher density is obtained for Ar-3%H2-3%H2O 

sintered samples (Fig. 11.5c, f and i) when compared to air. No SrZrO3 and/or FeO. (FexCr2-

x)O3 secondary phases are identified in all three cases (Cr: Fe – 7:3, 8:2, and 9:1) in air 
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atmosphere unlike Ar-3%H2-3%H2O reducing gas sintered samples. This indicates that the 

Cr: Fe does not significantly affect the materials stability in air under processing conditions. 

 

Table 11.2. SEM-EDS analysis of LSCF73/10Sc1CeSZ processed in Ar-3%H2-3%H2O. 

Element (at. %) La Sr Cr Fe Zr Sc Ce 

Area 1 (Sr/Zr rich) 7±2.9 35±3.1 9.5±2.8 3.3±1.5 40.1±3.8 3±2.1 2.2±1.1 

Area 2 (Fe/Cr rich) 1.3±0.5 1.2±0.3 43.8±2.5 41.3±1.9 8.5±2.3 3.5±1.8 0.5±0.1 

 

11.4.2. After exposure to the OTM operating conditions 

11.4.2.1. Crystal Structure 

Considering the above mentioned optimized processing conditions, air atmosphere is 

chosen for LSCF composite sintering. To further understand the stability as well as 

degradation of  LSCF/10Sc1CeSZ composite under OTM operating conditions, all three 

compostions with varying Cr: Fe ratio (7:3, 8:2 and 9:1) are sintered in air atmosphere and 

then exposed to reducing atmosphere at lower temperature. Air sintered LSCF73/82/91 and 

10Sc1CeSZ composites are exposed to simulating OTM operating conditions (1000°C, PO2 ~ 

10
-12

 atm). Fig. 11.6 shows comparison of all three composites with varying Cr: Fe ratio (7:3, 

8:2 and 9:1) after exposure to PO2 ~ 10
-12

 atm at 1000°C for 500h. Three major peaks 

corresponding to strontium zirconate formation (JCPDS-01-074-1297) are identified in case 

of LSCF73 and LSCF82 composites. However, the peaks intensity decreases with an increase 

in Cr: Fe ratio. No SrZrO3 secondary phase peaks corresponding to the interaction between 

LSCF perovskite and 10Sc1CeSZ fluorite phase are identified in the case of the 

LSCF91/10Sc1CeSZ composite. The LSCF91 composite exhibited the highest stability under 

OTM operating conditions. 
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Fig. 11.6. XRD pattern comparison of LSCF73/82/91 and 10Sc1CeSZ composites after 

processing in air and exposure to PO2 ~10
-12

 atm for 500h at 1000°C. 

 

11.4.2.2. Microstructure analysis 

Fig. 11.7 shows scanning electron micrographs of LSCF73/82/91 and 10Sc1CeSZ 

composites after exposure to PO2~10
-12

 atm for 500h. The LSCF73/10Sc1CeSZ sample 

showed changes in surface morphology (Fig. 11.7a and d) and localized compound (SrZrO3) 

formation as shown in Fig. 11.7a. It is identified that the surface morphology of 10Sc1CeSZ 

changes only in the case of LSCF73 and LSCF82 composites when compared to LSCF91 

composite. Similar surface modification of fluorite phase (8YSZ) is reported due to Mn 

diffusion from LSM into 8YSZ [20]. The authors also hypothesize that changes in the surface 

morphology of 10Sc1CeSZ is due to Fe diffusion into 10Sc1CeSZ. To confirm the Fe 

diffusion into the 10Sc1CeSZ phase, TEM-EDS spot analysis was conducted on the focused 

ion beam cross-sectioned LSCF73/10Sc1CeSZ sample. 5-7 at. % of Fe is identified in 

10Sc1CeSZ corresponding to Fe diffusion from the perovskite phase to fluorite phase. 

Furthermore, the SrZrO3 phase is observed only in the LSCF73 and LSCF82 composites. The 

amount of SrZrO3 decreases with an increase in Cr: Fe level. Porosity formation is also 

30 40 50 60

LSCF73/10Sc1CeSZ

LSCF91/10Sc1CeSZ

LSCF82/10Sc1CeSZ
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identified on the surface of 10Sc1CeSZ for the LSCF73 composite as shown in Fig. 11.7d. 

No significant changes are identified in the LSCF91 composite even after 500h exposure to 

reducing atmosphere (PO2~10
-12

 atm) as shown in Fig. 11.7c and f. This corresponds to the 

higher stability of LSCF91 composite under OTM operating conditions. Overall, the stability 

of LSCF composites increases with increase in Cr: Fe ratio in reducing atmosphere. 

 

Fig. 11.7. SEM micrographs of sintered LSCF73/82/91 and 10Sc1CeSZ composites after 

exposure to PO2~10
-12

 atm at 1000°C: (a, d) LSCF73/10Sc1CeSZ, (b, e) 

LSCF82/10Sc1CeSZ and (c, f) LSCF91/10Sc1CeSZ. 

Fig. 11.8a and b shows elemental mapping of the exposed LSCF73/10Sc1CeSZ 

composite. The overlay elemental map show Sr and Zr enriched phases corresponding to 

SrZrO3 formation. Unlike LSCF73/10Sc1CeSZ, LSCF91 composite elemental mapping (Fig. 

11.8c and d) does not show any indication of the enriched phase after 500h exposure to 

PO2~10
-12

 atm. The elemental mapping results again confirm on the stability of 

LSCF91/10Sc1CeSZ under OTM operating conditions. 
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Fig. 11.8. SEM-EDS elemental mapping of LSCF73/10Sc1CeSZ (a, b) and 

LSCF91/10Sc1CeSZ (c, d) after exposure to PO2~10
-12

 atm for 500h. 

 

11.4.3. Interfacial stability 

The above mentioned results show that the LSCF73 composite is the most unstable 

and prone to form interfacial compounds. Therefore, the LSCF73 composite is chosen to 

further understand the interfacial stability and compound formation at the interface of 

LSCF/10Sc1CeSZ. Single phase LSCF73 was screen-printed on a 10Sc1CeSZ disk and 

processed under accelerated conditions (1400°C and PO2~10
-10

 atm) and air. Fig. 11.9 shows 

the SEM micrographs of LSCF73 screen printed on 10Sc1CeSZ disk and sintered in air (Fig. 

11.9a) and Ar-3%H2-3%H2O (Fig. 11.9b). No compound formation is identified in the bulk 

or LSCF73/10Sc1CeSZ interface when processed in oxidizing atmosphere. However, a 

uniform and dense layer with a thickness of ~1.7µm is found at the interface of LSCF73 and 

10Sc1CeSZ attributed to an interaction between LSCF73 and 10Sc1CeSZ in a reducing 

atmosphere. Using SEM-EDS, it is identified that the layer is enriched in Sr and Zr as shown 
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in Fig. 11.10. Elemental mapping showed Sr and Zr enrichment at the interface of LSCF73 

and 10Sc1CeSZ corresponding to SrZrO3 layer formation in Ar-3%H2-3%H2O (Fig. 11.9e) 

atmosphere, but not in air (Fig. 11.9b). A line profile of LSCF73/10Sc1CeSZ system shows 

two zones (LSCF73 and 10Sc1CeSZ) when exposed to air. However, three zones (LSCF73, 

SrZrO3 and 10Sc1CeSZ) are identified in a reducing gas atmosphere. Interaction of LSCF73 

and 10Sc1CeSZ results in to the intermediate zone of SrZrO3 phase as shown in Fig. 11.10f. 

 

Fig. 11.9. SEM micrograph of LSCF73 screen printed on 10Sc1CeSZ and sintered in: (a) air and (b) 

Ar-3%H2-3%H2O. 

 

The electrical conductivity of SrZrO3 phase is ~10
-3

 and 10
-6

 S cm
-1

 at 1000°C in 

oxidizing (1 atm.) and reducing atmosphere (10
-16

 atm.) respectively [21]. This is 

significantly lower than the conductivity of 10ScSZ which is 0.3 S cm
-1

 at 1000°C [22]. Due 

to the formation of the insulating phase at the LSCF73 and 10Sc1CeSZ interface, fast 

degradation and lower performance is expected for oxygen separation devices incorporating 

this composite. The phase would act as a barrier to the ion conduction and greatly increase 

the overall cell resistance, causing low performance and durability. The thermal expansion 

coefficient of SrZrO3 (2.6 × 10
-5

 K
-1

) is lower than 10ScSZ (10.3 × 10
-6

 K
-1

) [23]. This can 

generate stress and small cracks over time leading to failure. 
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Fig. 11.10. SEM-EDS elemental mapping and line profiles of LSCF73 screen printed on 

10Sc1CeSZ and sintered in air and Ar-3%H2-3%H2O: (a, d) secondary electron image, (b, e) 

elemental mapping, (c, f) elemental line profiles. 

 

11.4.4. Mechanism hypothesis for SrZrO3 and FeO. (FexCr2-x)O3 formation in reducing 

atmosphere 

Cr: Fe ratio is playing a significant role in the formation of SrZrO3 formation and its 

amount variation in LSCF73/82/91 composite. The higher the Fe doping levels in the LSCF 

perovskite, the higher the SrZrO3 formation. Iron tends to reduce its valence state from 

Fe
4+
→Fe

3+
 (Eq. (1)) and Fe

3+
→Fe

2+
 (Eq. (2)) in reducing atmospheres and the charge is 

compensated by oxygen vacancies as shown below: 
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where     
  refers to Fe

3+
 on Fe

3+
 sites,     

  refers to Fe
4+

 on Fe
3+

 sites,     
  refers to Fe

2+
 

on Fe
3+

 sites, and   
   refers to oxygen vacancy with two positive charges. 

The higher the Fe concentration, the higher the oxygen non-stoichiometry or oxygen 

vacancies formation in the LSCF lattice corresponding to less stability of the material. The 

interaction between the perovskite and fluorite resulting in the formation of La2Zr2O7 and/or 

SrZrO3 is documented in the literature for lanthanum strontium manganite (LSM)/8YSZ 

composite. The reported mechanism suggests that interaction between perovskite/fluorite 

phases proceeds by the unidirectional diffusion of manganese into YSZ. After Mn diffuses 

from the B-site into YSZ, LSM perovskite gets enriched on the A-site resulting into La/Sr 

interaction with Zr at the interface of LSM/8YSZ and the formation of La2Zr2O7 and/or 

SrZrO3 [24-25]. 

A similar mechanism for SrZrO3 formation is proposed in LSCF/10Sc1CeSZ 

composites. The diffusion coefficient of Fe in YSZ is 10
-23

 m
2
/s at 800°C [15]. Likewise for 

the LSM/8YSZ system, Fe diffuses into 10Sc1CeSZ and the perovskite lattice is then 

enriched on the A-site and therefore, Sr from the A-site reacts with Zr resulting in the 

formation of SrZrO3 (SZO). Concurrently, the Cr and Fe components at the B-site, now in 

excess within the LSCF perovskite lattice, react to form FeO. (FexCr2-x)O3 to keep the mass 

balance. Similar SrZrO3 and Co/Fe containing compound formations are reported for the 

LSCoF/10GDC/8YSZ system [26]. With an increase in the Cr: Fe ratio, the Fe diffusion into 

the 10Sc1CeSZ lattice decreases and therefore, the perovskite A-site enrichment due to B-

site cation or Fe diffusion into the Zr phase also decreases. Consequently, the formation of 

SrZrO3 and FeO. (FexCr2-x)O3 also decreases with a decrease in Fe content. 
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Fig. 11.11. Schematic of reaction steps for the formation of SrZrO3 and FeO. (FexCr2-x)O3 in 

reducing atmosphere. 

Fig. 11.11 shows a schematic of mechanistic steps for SrZrO3 and FeO. (FexCr2-x)O3 

formation in reducing atmosphere. Step 1 shows an initial stage of all three 

LSCF/10Sc1CeSZ composites with varying Cr: Fe ratio heating to reaction temperature. 

Diffusion assisted changes occur in step 2. In the case of LSCF73/10Sc1CeSZ and 

LSCF82/10Sc1CeSZ, Fe diffuses from the LSCF lattice to 10Sc1CeSZ. Fe diffusion 

decreases with a decrease in Fe-doping level. Due to low Fe concentration, no Fe-diffusion 

occurs in LSCF91/10Sc1CeSZ under OTM operating conditions. In step 3, LSCF perovskite 

lattice is A-site enriched after the Fe-diffusion. Subsequently, in step 4, Sr from the A-site 

reacts with Zr to form SrZrO3 at the interface of LSCF/10Sc1CeSZ and Cr/Fe react to form 

FeO. (FexCr2-x)O3 to maintain a mass balance. No reactions compounds are formed in the 

case of the LSCF91 composite. It is to be noted that LSCF91/10Sc1CeSZ remains the same 

during the process attributed to its higher stability in reducing atmosphere. 
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A co-relation exists between Cr: Fe ratio, SrZrO3 and FeO. (FexCr2-x)O3 secondary 

phase formation. With a decrease in Fe content, SrZrO3 formation decreases suggesting that 

the doping amount of Fe will play a significant role on the stability of LSCF based 

membrane/fuel electrodes. To minimize the secondary phase formation, a decrease in the Fe-

content in the LSCF perovskite and utilization of LSCF91 based composites are suggested 

for ceramic oxygen separation devices such as OTMs. 

 

11.5. Conclusion 

 The effect of Cr: Fe ratio on processing and bulk/interface stability has been studied 

under OTM processing (1400°C and PO2~0.21-10
-10 

atm) and operating conditions 

(1000°C and PO2~10
-12 

atm). The highest stability is obtained for LSCF91 composite in 

both OTM processing and operating conditions. The density of LSCF/10Sc1CeSZ 

composite increases with decreasing Cr: Fe ratio and PO2. The highest measured 

densification was achieved with the LSCF73/10Sc1CeSZ composite in reducing 

atmosphere (Ar-3%H2-3%H2O). SrZrO3 and FeO. (FexCr2-x)O3 formation is identified in 

the samples sintered in reducing atmosphere and increases with decreasing Cr: Fe ratio and 

PO2. After exposure to OTM operating conditions (1000°C and PO2~10
-12

 atm) for 500h, 

LSCF73 and LSCF82 composites show SrZrO3 formation. No secondary phase formation 

including SrZrO3 and FeO. (FexCr2-x)O3 are identified in LSCF91 composite with Cr: Fe:: 9: 

1. 
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CHAPTER 12:  PERFORMANCE AND POST-TEST CHARACTERIZATION OF 

OTM SYSTEM IN EXPERIMENTAL COAL GASIFIER 

 

12.1. Abstract 

An early design of oxygen transport membranes (OTM) developed and fabricated by 

Praxair have been tested at 850-900°C in an experimental coal gasifier using a blend of 

Illinois and Powder River Basin (PRB) coals. Oxygen flux was measured and found to be 

stable over approximately 80 hours of gasifier operation. Study of interactions between the 

OTM and coal ash and gas phase impurities indicated that the OTM components remain 

chemically and structurally stable against coal ash and do not show any indication of solid or 

liquid (slagging) compound formation. The structure of the active fuel oxidation layer in the 

OTM exposed to the coal gas also remained stable and no interactions between the 

consecutive layers (porous support/fuel oxidation layer/gas separation layer/oxygen 

incorporation layer) were identified in the tested OTM system. 

 

12.2. Introduction 

 

High temperature ceramic oxide based oxygen transport membranes (OTM) offer 

flexibility of operation ranging from clean coal combustion and efficient power generation to 

syngas production for a variety of industrial applications [1-10]. Selective separation of 

oxygen from an oxidizing gas stream is achieved through the transport of oxygen ions 

through dense ceramic membranes under an imposed oxygen chemical potential gradient or 

an applied electrical potential. An overview of the oxygen transport membrane technology 

and its applications in the above-mentioned industrial processes, including power generation 
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with near-zero greenhouse gas emissions, has been recently published in a review article by 

Gupta et al. [11]. 

Challenges in terms of efficiency and gas phase pollutants such as SOx, NOx, and 

PM’s in conventional coal-based power generation have been well documented in the 

literature [9-11]. Approaches for improving power plant efficiency along with reduction in 

greenhouse gas emissions have also been studied and reported [12-15]. In a retrofit situation 

using oxy-fuel combustion [16], pure oxygen would replace air required for combustion, and 

the oxygen would be supplied nominally via a cryogenic air separation unit (ASU). The 

above power plant configuration, however, imposes a significant energy penalty due to 

parasitic power requirements of the cryogenic ASU [11].
 
An oxygen transport membrane 

system, on the other hand, provides high purity gaseous oxygen for efficient and clean 

combustion of fossil fuels in integrated gasification combined cycle (IGCC) systems or coal 

fired oxy-fuel combustion boilers and allows for the development of cost-effective system 

configurations amenable for the capture and sequestration of CO2 [16-18]. In comparison to 

the cryogenic and pressure swing processes, the distinct advantages of the oxygen production 

by dense ceramic membranes are that they can be integrated into a process cycle or unit 

operation leading to capital cost savings and reduced operating costs for power cycles with 

CO2 capture and compression [14]. 

The Advanced Power Cycle (APC) has been developed by Praxair to incorporate 

ceramic oxygen transport membranes (OTM) into coal-fired power plants in order to 

facilitate carbon dioxide capture, depicted in Fig. 12.1. The process includes coal being 

reacted in an oxygen-blown gasifier to generate synthesis gas. A cyclone or a candle filter 

removes fines from the synthesis gas, before the synthesis gas is fed to an OTM partial 
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oxidation reactor (OTM POx). In the POx unit, the reaction between oxygen generated by the 

OTM tubes and synthesis gas provides heat, increasing the temperature of the synthesis gas. 

Power is then recovered by expanding the hot synthesis gas. After expansion, the synthesis 

gas is fed to the OTM boiler. 

 

Fig. 12.1. Process for integration of OTM into power generation cycle with CO2 Capture. 

 

In the OTM boiler, synthesis gas reacts with oxygen produced from the OTM tubes. 

The exiting flue gas consists of ~ 45% H2O, 52% CO2, with a balance of N2, SO2, and O2 is 

fed to a convective section of the boiler for further steam generation and boiler feed water 

preheating. The flue gas exiting the FGD scrubber consists mainly of CO2 (>95%) and is 

compressed in a multistage compressor to >2000 psia for transport to the sequestration site. 

OTM technology within the OTM Boiler and the OTM POx units in the Advanced 

Power Cycle utilizes the large gradient in oxygen partial pressure between the fuel and air 

side to drive and transport oxygen through the membrane. In its simplest form, a mixed 

conducting ceramic perovskite–fluorite dense composite film serves as the oxygen transport 

membrane when exposed to an oxygen gradient established between anodic (fuel) and the 



  

330 

 

cathodic (oxidant) atmospheres. A schematic of a mixed ionic-electronic (MIEC) based 

oxygen ceramic membrane is shown in Fig. 12.2. Significant research over the last decade 

has resulted in the identification, selection, testing and optimization of several A and B site 

doped perovskites (electronic/ionic conductors) and doped zirconia (ionic conductor) for 

devices operating at ~1000°C [11-27]. Mechanistic understanding of the OTM system and 

the behavior of various perovskite–fluorite materials under OTM operating conditions can be 

found in the recently published article by the authors [11]. Although some results have been 

reported for select membrane and electrode configurations [28-32], the performance data is 

only captured by maintaining an oxygen partial pressure gradient using air at the feed side 

and reducing gas (e.g. H2 and CO) at the permeate side. OTM system performance in a real 

coal gas atmosphere with post-test characterization has not previously been reported in the 

literature. 

 

Fig. 12.2. Schematic of the operation of a mixed ionic-electronic conducting (MIEC) oxide 

based oxygen transport membrane. 
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This study provides the performance of fluorite – perovskite dual phase composite based 

OTM tubes tested in a gasified coal blend, which consisted of a high-sulfur bituminous 

Illinois coal and a sub-bituminous low-sulfur North Antelope Powder River Basin (PRB) 

coal. Post-test characterization of the tubes is performed to understand the materials 

degradation resulting from solid–solid interactions and solid–gas interactions during the 

exposure to the gasifier environment and electrochemical operation. The approach for the 

evaluation of the component structure (bulk, interface and surface) along with identification 

of the chemical composition and development of mechanistic understanding utilizes 

analytical tools and techniques such as FESEM, EDS, XRD, and DSC. 

 

12.3. Experimental 

12.3.1. OTM device materials 

A tubular OTM device consisting of three layers (oxygen incorporation layer, gas 

separation layer and fuel oxidation layer) is fabricated and supported on porous 

Zr0.942Y0.058O1.971 for mechanical strength. The air-side porous oxygen incorporation layer is 

made of 50 vol% (La0.8Sr0.2)0.98MnO3-δ perovskite and 50 vol% Zr0.802Sc0.18Y0.018O1.901 

(10Sc1YSZ) fluorite. The dense separation layer consisted of nominally 40 vol% 

(La0.825Sr0.175)0.94Cr0.72Mn0.26V0.02O3-δ and 60 vol% 10Sc1YSZ. The fuel-side porous fuel 

oxidation layer is comprised of nominally 60 vol% (La0.825Sr0.175)0.96Cr0.76Fe0.225V0.015O3-δ 

and 40 vol% 10Sc1YSZ. The thickness of the three layers is in the range of 20 to 30µm. The 

details on the materials chosen and fabrication of the OTM device is mentioned elsewhere 

[33-34]. 
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12.3.2. Coal-based OTM Gasifier 

An OTM reactor, shown in Fig. 12.3, was constructed at the University of Utah to test 

the performance of OTM tubes in a coal-derived syngas fuel [35-36]. A Hot Oxygen Burner 

(HOB), developed by Praxair, was used to generate the syngas. The HOB is a compact, high-

intensity gasifier designed to generate activated carbon from coal. A scaled-down version 

was designed and fabricated by Praxair and sent to the University of Utah to attach to the 

OTM reactor. The HOB uses a very lean, hot oxygen/natural gas flame to gasify the coal at 

high temperatures and high heating rates. The products are a highly reactive coal char and a 

syngas fuel. The char particles were rejected at the outlet of the gasifier using a particle 

impact plate, and the syngas was then directed up into the OTM reactor, as shown in Fig. 

12.3. In this configuration, the OTM tube avoided direct contact with the largest of the char 

and residual ash mineral particles in the coal. Only the very fine particulates remained 

entrained and entered the main OTM reactor chamber. Additionally, the fuel gas that 

interacted with the OTM tubes possessed a high concentration of active fuel species. 

The OTM reactor consisted of three sections, as shown in Fig. 12.3. Section 1 (Fig. 

12.3a) contained the hot oxygen burner (HOB) for production of syngas, as well as the 

particle impact plate to reject the largest of the coal and ash particles. Section 2 (Fig. 12.3b) 

housed the OTM tubes and was designed to provide sufficient contact with coal volatiles and 

gasification products. Section 3 (Fig. 12.3c) was the exhaust section, which also contained a 

natural gas torch that served as an afterburner for any unreacted fuel. The reactor and the 

OTM tubes were first preheated to the target operating temperature for the OTM tubes, using 

electrical heating panels that were located between the refractory and insboard insulation, 

and supplemented by some heat input from the torch afterburner. Included on the right side 
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of the reactor were sampling ports (Fig. 12.3b). These ports were used to sample synthesis 

gas before and after interaction with an OTM tube, when the OTM was positioned in the 

middle port. The ports were also used for extractive sampling of entrained solids. 

 

 

Fig. 12.3. Schematic showing: a) Section 1, b) Section 2 and c) Section 3 of the OTM Coal 

Gas Reactor at the University of Utah [36]. 

 

12.3.3. Oxygen Flux Measurement 

OTM tubes (Fig. 12.4), were tested in the synthesis gas derived from a coal blend 

comprised of a high-sulfur bituminous Illinois coal and a sub-bituminous low sulfur North 

Antelope Powder River Basin (PRB) coal. The Illinois coal was blended at 50 wt % to 50 wt % 

with the PRB. The analysis of each coal is given in Table 12.1. The OTM reactor was 
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operated in the temperature range of 850-950°C for 80 h. Gas chromatography (Varian Micro 

GC) was used for the identification of major species in the synthesis gas. Fuel produced from 

combustion of the coal blends in the HOB was analyzed by ALS Environmental. 

The oxygen transport rate, or oxygen flux, across the OTM membrane was calculated 

using the following equation: 

    
                   

 
         (1) 

Where JO2 is the oxygen flux, Fin is the inlet air flow rate, Fout is the outlet air flow rate, xO2in 

is the mole fraction of oxygen in the inlet air, xO2out is the mole fraction of oxygen in the 

outlet air and A is the active area. 

 

 

Fig. 12.4. Schematic of oxygen transport membrane tube. 

 

Table 12.1. Analysis of Coals used in testing campaigns with Praxair OTM tubes (wt. %). 

 

Coal 

Type 

LOD 

(105°C) 

Ash 

(705°C) 
C H N S 

O 

(By diff.) 

Volatile 

Matter 

Fixed 

Carbon 

HHV 

(BTU/lb) 

Illinois 9.65 7.99 64.67 5.59 1.12 3.98 16.65 36.78 45.58 11598 

PRB 23.69 4.94 53.72 6.22 0.78 0.23 34.11 33.36 38.01 9078 
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12.3.4. Post-test Characterization 

OTM tubes tested while using the Illinois/PRB coal blend in the experimental coal 

gasifier were analyzed for surface, interface and bulk structure, as well as chemistry 

interactions between the OTM and surface ash deposits and electrochemically active cell 

components. Ash deposits were removed from the OTM using scotch tape, and samples were 

examined using a scanning electron microscope (FEI - ESEM Quanta 250, Hillsboro, OH). 

Energy dispersive spectroscopy (EDS) attached to the SEM was used for elemental 

compositional analysis. The porous support tube surface and selected fractured samples 

obtained from the OTM units were also analyzed for microstructure, chemistry, and 

elemental distribution using SEM-EDS. 

X-ray diffraction (BRUKER-D8 ADVANCE, Bruker AXS Inc. Madison, WI) was 

used to identify the ash deposit and secondary compounds. The scan step was 0.02° using 

CuKα radiation (λ = 1.5406 Å). 

Differential scanning calorimeter (DSC; DSCQ100-TA) analysis was conducted on 

the ash deposit to understand its melting characteristics. The DSC experiment was conducted 

in air with ~ 10 mg of powder in the temperature range of 600-1200°C at a 20°C/min heating 

rate. 

 

12.4. Results and discussion 

12.4.1. Oxygen Flux and Gas Chromatography Analysis 

During operation, a single OTM tube was typically positioned in the middle port or 

top port of the OTM section (Section 2). The gradient in oxygen partial pressure facilitated 

oxygen transport from the air side to the fuel side of the OTM tube. The exterior of the OTM 

tube was exposed to the coal-derived syngas produced in the HOB section (Section 1), and 
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the syngas had a very low oxygen partial pressure. Air was fed continuously through a lance 

tube into the OTM tube annulus, and oxygen-depleted air was continuously removed from 

OTM tube. An oxygen analyzer was used to measure the fraction of oxygen in the oxygen-

depleted air. Mass flow meters were used to measure the flow rate of fresh air into the OTM 

tube, and the flow rate of oxygen depleted air out of the OTM tube. The oxygen transport 

rate, or oxygen flux, across the OTM membrane was calculated using Eq. (1). 

During a short test campaign performed on OTM tubes in syngas derived from the 

blended Illinois/PRB coal, no discernible performance degradation was observed. 

Performance consistency over time is illustrated in Fig. 12.5 for various operating 

temperatures. After performance testing of OTM tubes in coal-derived syngas environments, 

buildup of loose and fixed ash on the outside of the OTM tube i.e. the porous substrate 

surface, was observed. Repeated tests were performed to determine if the loose ash 

negatively affected the tube performance through the introduction of additional mass 

transport resistance. The loose ash was removed from the surface of the OTM tube through 

an air blower after the OTM had been cooled down. It can be seen in Fig. 12.6 that the O2 

flux measurements with and without the loose ash are consistent over a range of operating 

temperatures. This result suggests that the collection of loose ash on the outside surface did 

not add a significant resistance to the transport of H2 and CO to the OTM active layers. 



  

337 

 

 

Fig. 12.5. OTM performance as a function of operating time in syngas derived from an 

Illinois/PRB coal blend. 

In actual operation, both ash and char may be present in contact with the OTM tubes 

depending on the system configuration and extent of coal gas clean-up employed. The flow 

of char and ash into the OTM zone of the reactor was measured using an isokinetic sampling 

probe at two different points in the reactor during one of the tests. The sampled solids flow 

was between 2.15 and 2.56 g/s. Gas chromatography results collected with a Varian Micro 

GC provided compositional information for major species in the synthesis gas produced, and 

these results are shown in Table 12.2. The fuels produced from combustion of the coal blends 

in the HOB were also sampled and collected in Tedlar bags, and those samples were 

analyzed by ALS Environmental for concentrations of CH4, C2H4, C2H6, H2S, COS, CS2, 

NH3, HCN, and Cl. The results of these analyses are presented in Table 12.3. 
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Fig. 12.6. OTM performance in Illinois/PRB coal derived synthesis gas with and without 

accumulated ash. 

Table 12.2. Fuel compositional analysis (dry vol. %) 
 

 H2 N2 CO CH4 CO2 

Illinois/PRB 

Blend 
20 ± 1.6 0.93 ± 0.62 34.84 ± 3.41 0.86 ±0.08 42.42 ± 5.54 

 

Table 12.3. Trace species analysis of synthesis gas (ppm). 

Coal Blend CH4 C2H4 C2H6 H2S COS CS2 NH3 HCN Cl 

Illinois/PRB 5600 1400 88 0.052 340 29 2.3 <0.063 <0.11 

 

12.4.2. OTM device after testing: Macroscopic observations 

 

Significant buildup of loose ash on the porous substrate, which is the outside of the 

OTM tube used in this configuration, was observed after the completion of the testing 

campaigns. The post-test OTM tubes were disassembled and the tubular section was removed 

from the fixture. The surface exposed to coal gas showed ash deposit formation as shown in 
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Fig. 12.7a. The ash deposit was loose and separated easily from the porous support tube as 

shown in Fig. 12.7b. 

 

Fig. 12.7. OTM device after test: a) with ash accumulation and b) after ash removal. 

 

12.4.3. Post-test Characterization 

 

10.4.3.1. Ash Deposit – Morphology and elemental analysis 

 

The porous support tube surface was analyzed by SEM and EDS techniques to 

examine the possibility of interaction, molten compound formation and surface pore closure. 

Surface analysis and the morphology of the ash deposit are shown in Fig. 12.8a, b and c. 

Powder agglomerates consisting of smooth and powdery ash are observed. The ash particles 

deposit at the pore surfaces, however, remain loose as shown in Fig. 12.8d, e and f. There is 

no indication of surface compounds or molten phase formations at the support tube surface. It 

is postulated that the molten phase present in the ash deposit formed via vaporization in the 

gasifier at elevated temperatures, and was then carried in the gas stream where it condensed 

in cooler regions and deposited on the OTM surface. SEM-EDS elemental analysis identifies 

the ash chemistry as shown in Fig. 12.8c and f. 
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Fig. 12.8. Ash deposited on the OTM: (a) and (b) powdery deposit, (c) smooth deposit, (d), 

(e) and (f) localized ash deposit formed on the porous channel. Smooth deposits indicate 

formation of molten phase. 

 

XRD patterns of the ash deposit are compared with standard JCPDS files for the 

identification of compounds. Complex silicates containing alkali, alkaline earth and transition 

metals are identified as possible compounds, as shown in Fig. 12.9. A literature search was 

subsequently carried out to understand the melting behavior of the silicates. It was postulated, 

based on the melting point, that the ash deposit on the OTM surface will not form liquid 

compounds under the experimental conditions (surface temperature ~ 1000°C). A 

complementary DSC analysis on the ash deposit was also performed in air to understand the 

melting characteristics. Our observations indicated endotherms (indicative of melting) above 

1000°C, as shown in Fig. 12.10. This result confirms that the ash deposit will not adhere to 

the OTM surface in liquid form, as the melting point of the ash constituents are above the 

OTM operating temperature. 



  

341 

 

 

Fig. 12.9. XRD pattern obtained from the ash deposit. Chemistry and melting points are also 

shown. 

 

Fig. 12.10. DSC analysis on the ash deposit. 

 

12.4.3.2. OTM tube cross-section: Microstructural analysis 

Fig. 12.11 shows micrographs of the tested OTM tube cross-section. The oxygen 

incorporation layer, dense gas separation layer, fuel oxidation layer and porous support layer 

interfaces remain stable, as shown in Fig. 12.11. An interface reaction layer is not identified. 



  

342 

 

Smooth interfaces and lack of inter-diffusion is observed at the oxygen incorporation and 

fuel oxidation layer interfaces. No interaction between OTM active layers and coal ash is 

identified, as shown in Fig. 12.11. SEM-EDS analysis of each active layer and the interface 

between them does not indicate any secondary phase formation in the bulk as well as at the 

interface, as shown in Fig. 12.11b and d. Such microstructural features can be attributed to (a) 

thermochemical stability of the compounds under the exposure conditions and (b) short 

reaction times. No evidence of sulfur is detected in the fuel oxidation layer as shown in the 

active layer elemental analysis (Fig. 12.11d). 

 

Fig. 12.11. Micrographs of OTM tube cross-section: (a) with all layers (oxygen incorporation 

layer, gas separation layer, fuel oxidation layer and porous support layer), (b) interface of 

oxygen incorporation layer and gas separation layer, (c) interface of gas separation layer and 

fuel oxidation layer, and (d) interface of fuel oxidation layer and porous support layer. 
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12.5. Conclusions 

OTM tubes were tested in a reaction chamber coupled to a coal gasifier, and oxygen 

flux was measured over the temperature range of 850-900°C. Short-term stability of OTM 

operation in a high-sulfur atmosphere, and robustness of the material when exposed to direct 

coal ash contamination was demonstrated. Ash deposits did not form detectable reaction 

products when in contact with OTM tubes. Molten ash constituents, observed on the OTM 

surface, were most likely formed by mineral vaporization at the elevated temperatures in the 

gasifier zone, followed by condensation in cooler regions of the reactor. Porosity was 

maintained in the oxygen incorporation layer. No interfacial compound formation was 

observed between the separation and activation layers. 
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CHAPTER 13: CONCLUSIONS AND FUTURE WORK 

Mixed ionic electronic conducting (MIEC) perovskite oxides have the potential to 

enhance electrochemical/catalytic activity for a variety of applications: clean energy 

conversion, chemical processes, gas separation, and high purity oxygen production for 

healthcare and coal combustion along with syngas production with near-zero greenhouse 

emission. Superior thermo-chemical stability in aggressive environments (800-1000°C, 0.21-

10
-20

 atm), along with mixed ionic electronic transport properties, drives the intense research 

and development efforts for doped lanthanum chromite perovskite as an oxygen transport 

membrane (OTM) for oxy-combustion of fuels. New materials for oxygen transport 

membrane have been developed and evaluated under OTM fabricating and operating 

conditions. This study: a) critically analyzed and examined the pertinent information on 

lanthanum chromite based perovskites in terms of chemistry, structure, and properties 

required for OTM systems, b) correlated the ‘chemistry-structure-property-stability’ 

relationships, and c) suggested approaches for tuning the desired properties and reliability. 

Thermo-physical properties required for oxygen transport can be tuned by modifying 

the crystal structure, chemical bonding, and transport phenomena through tailoring dopants’ 

type and level. This doctoral research work has investigated various important relationships 

between the dopant type and level along with structural-chemical stability and performance. 

The driving force for oxygen transport membrane system is oxygen partial gradient. 

Therefore, the materials stability and degradation has also been studied under varying PO2 

and temperature. Furthermore, performance stability has been evaluated using 

electrochemical tests with a variety of materials with different dopants, operating 

temperatures, atmospheres, and voltages. In order to simulate long-term (thousands of hours) 
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testing in a shorter time period, voltages up to 0.5 V above OCV were applied for up to 100 h. 

Investigation of air and fuel electrode degradation was conducted using symmetric cells in 

order to simplify the test setup by eliminating seal requirements. When compared to Mn-

doped LSCM73, higher performance is obtained for Fe-doped LSCF73 in oxidizing and 

reducing atmosphere at the OTM operating temperature. 

LSCM/LSCF (with and without 8YSZ/10ScSZ/10Sc1CeSZ fluorite phase) based 

materials are also investigated under OTM processing and operating conditions. LSCF 

perovskites are also studied with varying Cr: Fe ratio. It is found that the stability of the 

perovskite increases with increase in Cr: Fe ratio. Secondary phase (FeOx and FeO. (Fex.Cr2-

x)O3) formations are identified in LSCF73 samples corresponding to the lower stability of 

LSCF with higher Fe content. LSCF perovskite stability decreases with decrease in PO2 and 

Cr: Fe ratio. Compound formation as well as localized enrichment of cations within the 

perovskite phase is observed during the exposure to varying PO2 atmospheres. Highest 

stability is obtained for LSCF91 with Cr: Fe:: 9: 1. Mechanisms for the formation of FeOx 

and FeO. (FexCr2-x)O3 are proposed based on experimental observations, thermodynamic 

stability and defect chemistry. In case of LSCM/LSCF composite with 8YSZ/10Sc1CeSZ, 

interaction between LSCF perovskite phase and fluorite phase is identified attributing to the 

formation of SrZrO3 in reducing atmosphere. The electrical conductivity of SrZrO3 is 10
-4
–

10
-5

 S cm
-1

 at 1000°C respectively. This is significantly lower than the conductivity of YSZ 

which is 0.185 S cm
-1

 at 1000°C. This would result into fast degradation due to the formation 

of insulating phases at LSCF/LSCM and YSZ/ScSZ interfaces. These phases act as a barrier 

to the ion conduction and greatly increase the overall cell resistance, causing low 

performance and durability. The thermal expansion coefficient of SrZrO3 is 6.8 × 10
-6 

K
-1
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(1123-1443K) also lower than 10.3 × 10
-6

 K
-1

 for 8YSZ. This can generate stress and small 

cracks in OTM with time leading to failure. However, the interaction decreases with increase 

in Cr: Fe ratio. No secondary compound formation is identified in case of LSCF91 based 

materials. 

Long term exposure test on LSCF/10Sc1CeSZ based materials are also conducted in 

reducing atmosphere under this research work. Exposure of pre-sintered LSCF+10Sc1CeSZ 

samples (1400°C, 10h) to simulated fuel gas (5%H2-balance CO2) exposure conditions at 

1000C for 500 h show morphological changes and reaction products formation. Key findings 

include: a) Formation of SrZrO3 (SZ) is observed in LSCF73/10Sc1CeSZ and 

LSCF82/10Sc1CeSZ samples when exposed to 5%H2-CO2 gas atmosphere at 1000°C for 

500h. Amount of SrZrO3 increases with increase in Fe doping level in LSCF, b) Surface 

morphology of 10Sc1CeSZ changes in case of exposed LSCF73/10Sc1CeSZ and 

LSCF82/10Sc1CeSZ samples when compared to LSCF91/10Sc1CeSZ and c) SrZrO3 phase 

and the surface morphology changes have not been observed for LSCF91/10Sc1CeSZ when 

exposed to 5%H2-CO2 gas atmosphere at 1000°C for 500h. Mechanism for the formation of 

SrZrO3 along with the relationship between Fe doping level and PO2 has been developed in 

this study. 

To avoid the secondary compounds formation and simultaneously improve on density, 

stability and performance, a new class of B-site co-doped materials (La0.85Sr0.15Cr1-

2yNiyTiyO3; y ~ 0.05, 0.1, 0.2 and 0.3) is developed based on the materials optimization 

review. Smallest deviation in the oxygen stoichiometry is observed for 

La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3-δ (δ ~ 0.011), even on comparison with LSCF and LSCM based 

materials. The density of this class of materials increases with increase in Ni concentration. 
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Thermal expansion of La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3 and La0.85Sr0.15Cr0.6Ni0.2Ti0.2O3 matches 

closely with 8YSZ. Among all the studied compositions, highest electrical conductivity and 

electrochemical performance is obtained for La0.85Sr0.15Cr0.8Ni0.1Ti0.1O3 in oxidizing and 

reducing atmosphere. 

In collaboration with Praxair, perovskite/fluorite based OTM tubes are also developed 

and tested in real-world conditions. OTM devices were tested with fuel generated from a coal 

gasifier. Ash deposits on the OTM device were observed. However, the flux performance is 

not affected by the ash deposition and consistent results are obtained for up to 80h. Post-test 

examination of the OTM devices showed no evidence of reaction with ash deposits and 

poisoning of the constituent with gas phase contaminants (e.g. Sulfur compounds). Oxygen 

incorporation layer and gas separation layer and other interfaces remained stable. Stability of 

OTM operation in a high sulfur atmosphere, and robustness of the material set to coal ash 

contamination is demonstrated. 

Oxygen flux performance of OTM is also dependent on ionic conductivity of the 

materials used. LSCM/LSCF/LSCNT based materials obtain very low ionic conductivity. 

Therefore, the perovskites are mixed with fluorite phase which is predominantly ionic 

conductor. However, SrZrO3 formation tends to occur at the perovskite (LSCF73)/fluorite 

(10Sc1CeSZ) interface when exposed to fuel atmosphere for longtime up to 500h. In future, 

therefore, a study focused on the effect of various dopants to enhance the ionic conductivity 

of the materials along with stability would be beneficial. Furthermore, this study has 

demonstrated the long-term stability of LSCF91 based materials under OTM processing and 

operating conditions. However, co-processing of LSCF91 based materials along with other 

constituents (when deposited) of OTM is a challenge. Different methodology/techniques or 
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change in current processing parameters (e.g. temperature and pressure) for the deposition of 

LSCF91 based materials are need to be investigated in future to minimize the above 

mentioned issue while maintaining stability. 

A-site deficiency is found to be beneficial to avoid Sr-segregation and minimize 

SrZrO3 formation. However, additional study could be performed focused on the effect of A-

site deficiency to provide a better understanding of its behavior and effect on the structure-

property-performance-stability of OTM materials. Furthermore, there are several steps 

involved in the oxygen transport through the membrane. These steps include oxygen 

dissociation and adsorption at the air (feed) side and oxygen desorption and association at the 

fuel (permeate) side. Surface exchange of oxygen at the air and fuel side seems to play an 

important role in the performance of OTM device. Therefore, materials development from 

the perspective of improvement in surface exchange properties of the materials would be 

beneficial for further enhancement in the membrane flux performance. But the materials 

structure and composition would still need optimization in order to provide acceptable 

performance and stability. 

This Ph.D. dissertation work is focused on the development and characterization of 

advanced ionically, electronically and mixed conducting perovskite/fluorite ceramic oxides 

for oxygen transport membrane system. The research work is also applicable to other high 

temperature electro-chemical systems that can serve as platform for solid state power devices 

(solid-oxide fuel and electrolysis cells; SOFC and SOEC), efficient combustion and life 

support applications. 
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