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1: Introduction: 

In order to encounter energy crisis in the future, several methods are being studied to come up with 

very efficient way to generate electrical power. One of such methods is the power generation through 

fuel cells. Fuel cell is the device just like the battery which converts chemical energy into electrical 

energy.  

1.1: Introduction to fuel cells and basic concepts: 

The fuel cell works on the same principle as the battery. The only difference is that the battery contains 

fuel in the electrolyte while the fuel is supplied externally to the electrodes in case of the fuel cell. The 

battery is discarded once the fuel is exhausted. Otherwise it is connected to the electricity supply for 

charging. The charging involves the reverse of the cell reaction.  

 

 

Fig1. General schematic of the intermediate temperature solid oxide fuel cell with Hydrogen and oxygen gasses 

being used as fuels.  

The Hydrogen gas is supplied at the anode compartment as a fuel where it undergoes the following 

anodic reaction: 

H2 (g)  2H+ +2e- 
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Therefore the anodic reaction results in the production of electrons and the protons (the hydrogen 

ions). The electrons travel across the external circuit and reach the cathode where they are consumed 

by the oxygen gas to produce oxygen anions.  The Oxygen gas is supplied at the cathode where it 

undergoes the following cathodic reaction: 

½ O2 (g) + 2e-
 O2-   

The oxygen anions travel across the electrolyte and reach the anode where they react with Hydrogen 

cations to produce water as indicated by the following overall reaction: 

2H+ + O2- 
 H2O 

The heat is also generated during the reaction which can be further used for some heating purpose. The 

production of water as a waste product is very useful for the environment since it is non-polluting waste 

unlike other combustion processes which involve production of toxic gases such as NO2, CO2 or CO 

gasses. Another advantage of fuel cell is that its efficiency is 50% or more. When we compare this with 

the efficiency of the internal combustion engines and the diesel engines, the efficiency of the fuel cell is 

much better since the efficiency of the internal combustion engines and the diesel engines are only 15 

to 20% and 30% respectively.   

A lot of research is being done on the fuel cells because of their high efficiency and power production in 

non-polluting fashion. In highly developed countries such as United States, the legislation wants to 

convert all the new vehicles into zero emission vehicles. The internal combustion vehicles do not meet 

such demand and therefore fuel cell is being considered as one of the alternatives. Work is not only 

being done for the fuel cells to be used in vehicles but also for the power generation for domestic uses 

as well as for the industries. Some micro fuel cells for electronic uses such as for laptops and the mobile 

phones have been developed.     

The reduction of oxygen is quite slow at low temperature such as the room temperature and therefore 

we need to provide Pt catalysis to the electrodes to increase the rate of reaction. This is only possible in 

case of the proton exchange membrane fuel cell (PEM). In this type of fuel cell, the Hydrogen ions 

produced at the anode travel across the electrolyte and reach the cathode and the water is produced at 

cathode instead of anode. By using the Pt catalyst, the fuel cell can even work at the room temperature. 

But this leaves us with the disadvantage of high cost with Platinum catalyst [1]. 

Other way to increase the reaction rate is to increase the operating temperature as in case of solid oxide 

fuel cells (SOFC). In case of SOFC, the oxygen anions produced at the cathode travel across the 

electrolyte and reach the anode where they react with Hydrogen ions to produce water. By providing 

high temperature such as 1000OC to the electrolyte such as Yttria stabilized Zircona, the energy of the 

oxygen anions increase which is enough to increase the diffusion rate of the anions to travel across the 

electrolyte oxygen vacancies. Increase in the temperature also increases the rate of the reactions at the 

electrodes. Such a high temperature leaves us with the disadvantages which are mentioned as follows 

[2]:    
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1. There can be undesirable chemical reactions between the electrolyte and electrodes or other 

components of the cells. Such reactions can lead to the production of secondary phases in 

between the electrolyte and the electrodes. These phases are insulating in nature and they can 

increase the fuel cell resistance and decrease the conductivity of the cathode as well. 

Consequently the fuel cell performance will be adversely affected. 

 

2. There can be differences in coefficient of thermal expansions (i.e. the TEC) between the 

electrolyte and the other fuel cell components such as the cathode. When the fuel cell is 

operated at the high temperature the differences in between the TECs of the electrolyte and the 

cathode can result in the internal stresses. Consequently there can be a mechanical failure of 

the fuel cell. The good contact between the electrolyte and the electrodes is also very 

important. Difference in the TECs of the cathode and the electrolyte can also reduce the contact 

between these fuel cell components and therefore increase the fuel cell resistance and 

consequently decrease the fuel cell performance.   

 

3.  It is not economical to provide high temperature to operate the fuel cell. 

Therefore it is very important to decrease the operating temperature. One way which is being studied 

nowadays is to replace the Yttria Stabilized Zirconia electrolyte with such an electrolyte which has higher 

oxygen ion conductivity within the intermediate temperature range. LSGM electrolyte is one of them 

which have resulted in the decrease in operating temperature range between 650 and 800OC [3]. LSGM 

(La1-xSrxGa1-yMgyO3) is  actually a perovskite based on LaGaO3, in which oxygen ion conductivity is 

increased by doping cations with lower oxidation states than the La+3 and Ga+3 ions. Sr+2 cation is doped 

into A site containing La+3 ion and Mg+2 cation is doped into Ga+3 sites. In order to maintain the charge 

neutrality new oxygen vacancies are generated and therefore the oxygen ion conductivity is increased to 

very high level [3].  

As far as the cathode material is concerned, its electronic conductivity should be dominant over ionic 

conductivity. Cathodes are usually made of the material which has a perovskite crystal structure. The 

details about the perovskite structure have been discussed in the next chapter. 

Our work is focused on the cathode material of the fuel cell. The reason for this is that there are several 

complexities which occur due to poor quality of the cathode material which can affect the fuel cell 

performance adversely. The most critical factor which affects the fuel cell performance is the fuel cell 

resistance. There are mainly three types of resistances which occur due to the poor quality of the 

cathode material and they are: 

1. Ohmic resistance (RΩ) 

2. Area specific resistance (ASR) 

3. Polarization resistance (Rp) 

 

1. Ohmic resistance: It is very obvious from the name that this kind of resistance is actually the 

resistance towards the flow of electrons within the cathode material which will slow down the 
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rate of consumption of electrons. This will be one of the sources of decreasing the rate of 

cathodic reaction and it can also decrease the efficiency by dissipating wasting lot of energy in 

the form of heat. This can be due to poor contact between the cathode powder particles. 

Another source which is responsible to increase the ohmic resistance is the presence of 

secondary phases inside the cathode material. These phases can form during the fuel cell 

operation if the cathode and electrolyte react with one another. These phases also form during 

the synthesis of cathode material due to improper chemical reaction between the species. They 

are insulating in nature and therefore cause hindrance for the flow of electrons within the 

cathode material.  

 

2. Area specific resistance(ASR): is another kind of fuel cell resistance which is due to lack of 

contact between the electrode and the electrolyte. One of the sources for this kind of resistance 

is the difference in coefficient of thermal expansion between the cathode and electrolyte. As a 

result the internal stresses can be formed in between these fuel cell components and therefore 

disturb their contact between each other.  Another source is poor particle morphology of these 

fuel cell components which result in bad contact area. Such kind of problems can be addressed 

by making a composite between the cathode and electrolyte material and therefore increase 

the region of triple phase boundary.  All of the half cell reactions which have been mentioned 

above take place at triple phase boundary. Triple phase boundary is the region where the fuel 

gas such as oxygen or Hydrogen, the boundaries of electrolyte and the cathode meet.  Another 

source of this problem is the secondary phases present in between the cathode and electrolyte 

phase boundary. These insulating phases can be formed either during the fuel cell operation due 

to poor chemical compatibility of the cathode and the electrolyte within intermediate 

temperature range or they can be formed during the synthesis of the cathode material due to 

improper chemical reactions between the species. They decrease the region of triple phase 

boundary and then rate of half cell reactions is highly affected.  

 

3. Polarziation resistance: is the type of resistance which resists polarization of the electrodes and 

therefore adversely affect the rate of half cell reactions.  

In order to understand exactly what polarization resistance is, we need to understand the concept of 

polarization. 

To be very brief, polarization is defined as the deviation of an electrochemical reaction from its 

equilibrium. When an electrochemical reaction is said to be in the state of equilibrium, the rate of 

reaction in the forward and backward direction is same and no net chemical reaction takes place (as 

shown in figure 2). The potential at which the equilibrium reaction occurs is known as equilibrium 

potential. When an electrode is said to be polarized, it means that the rate of reaction in one of the 

direction is greater than the other one. 
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Fig2. An electrochemical reaction of Oxygen at equilibrium 

There are two types of polarization (apart from sub division into activation and concentration 

polarization because here we are only interested in activation polarization), namely: 

1. Anodic polarization 

2. Cathodic polarization 

During the anodic polarization of Oxygen half cell reaction, the rate of reaction towards the production 

of oxygen gas and the electrons is much faster than the vice versa (as shown in figure 3). 

 

Fig3. An electrochemical reaction under anodic polarization 

Cathodic polarization can be described as the reaction in which the rate of consumption of electrons by 

the oxygen gas to produce oxygen anions is much faster than the vice versa case (as shown in figure 4). 
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Fig4. An electrochemical reaction under cathodic polarization 

 

When we are talking about the solid oxide fuel cell, oxygen supplied at the cathode should undergo the 

cathodic polarization. Greater the polarization, greater will be the rate of reaction and the fuel cell will 

work very efficiently (provided that the zone of concentration polarization is not reached). 

General schematic representation of polarization is shown in figure 5: 

 

Fig5. E-log I diagram schematically representing the deviation of electrode reaction from equilibrium. 

Now we can come to the concept of the terminology known as polarization resistance. In a very simple 

way we can say that the polarization resistance is the resistance from the electrode material to an 
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electrochemical reaction to undergo polarzation. Greater the polarization resistance, the 

electrochemical reaction (in our case cathodic reaction) will be more closer to the equilibrium potential 

and the rate of cathodic reaction will be slower. Consequently the fuel cell performance will be 

adversely affected.  This can be due to poor contact between the cathode powder particles. Another 

source of this problem is the secondary phases which are insulating in nature formed due to poor 

chemical compatibility between the fuel cell components or due to poor synthesis conditions of the 

cathode material. 

In case of all these three kinds of resistances, we can conclude that there is one common source for all 

of them and they are the secondary phases. In our research work we have tried to address this problem. 

But since our work is restricted to the synthesis of the cathode material powder, we only addressed the 

secondary phases formed during the sysnthesis of the powder due to poor chemical reaction between 

the species. 

 

1.2: General Information about the perovskites 

Mostly the cathode material is made of the perovskite crystal structure and therefore in this chapter 

some basic information about the perovskites has been discussed.  

The perovskite is a crystal structure which has a general formula of ABX3. Figure 6 shows a general 

schematic of the perovskite: 

 

Fig6. General schematic of the perovskite crystal structure. 
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Cation A is larger in size than the cation B. Anion X is usually known to be the Oxygen or Fluoride.  

Cations A can be found in the center of the perovskite. If we look very carefully at the schematic shown 

in figure 6, we can see that the cation A has a 12 fold coordination with oxygen anions while the cation B 

has 6 fold coordination with Oxygen anions. Each Oxygen anion is bound to two B cations.  A site cation 

is found to be surrounded by eight BO6 octahedras. BO6 octahedra is a structure having B cation in the 

center of the octahedron surrounded by the six oxygen anions.  

Figure 6 shows the schematic of a perfect cubic perovskite with the space group of Pm-3m. Cations A 

and B are usually found to be with the combination of +3 and +3 valencies or +2 and +4 valencies 

respectively. In fact the sum of the valencies of the A and the B site cations should be equal to 6 [27]. 

With the combination of A+3 and B+3, the structure is usually found to be orthorhombic with Pnma (or 

Pbnm) space group or rhombohedral with R-3c space group (which consists of the rotation of BO6 

octahedras as compared to the cubic structure) as shown in figure 7:  

 

Fig7. The schematic of the perovskite showing the tilting of the BO6 octahedras when the structure changes from 

cubic to orthorhombic. If there is further distortion the structure changes into rhombohedral. 

Whenever some other cation such as the one with the larger ionic radius as compared to the already 

present A site cation is doped into the A site, the lattice distortion (which is due to the non availability of 

the enough space in between the eight octahedras) will result in the tilting of the BO6 octahedras as 

shown in the figure 7(b). This will result in change of the perovskite from cubic to orthorhombic (with 

space group of Pnma or Pbnm). If the distortion is even more, the structure may become rhombohedral 

(with space group of R-3c).  

The stability of the perovskite is defined by the tolerance factor. But before coming towards the concept 

of tolerance factor, we must define what an ideal cubic perovskite is. The ideal perfect cubic perovskite 
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is the one in which there is no tilt in the BO6 octahedras (as mentioned before) and the ions are perfectly 

in contact with one another in such a way that there is no overlap between their electron clouds. From 

here the concept of tolerance factor comes out which was introduced in 1920s by Goldschmidt. 

In the ideal cubic perovskites, the B-O distance is equal to a/2 and the A-O distance is equal to a/(2)1/2  

where “a” stands for the cubic lattice parameter [25]. In the ideal perovskite the relationship between 

the ionic radii is given by: 

rA + rO= (2)1/2(rB +rO)  -----------------(1) 

 The deviation from the ideal cubic perovskte is given by the tollerence factor, t.  

t =  
     

         
  --------------------------- (2)  

This equation can only be applied at the room temperature. In case of ideal cubic perovskite, the t is 

equal to 1. The perovskite is also valid within the range of 0.75 ≤t ≤ 1. Such deviations from ideal cubic 

perovskite structure include orthorhombic, hexagonal, tetragonal, monoclinic and triclinic. For example 

MgTiO3 has the tollerence factor equal to 0.81 and its structure is ilmenite [26]. Generally speaking, if 

the tollerence factor is greater than 0.985, the structure does not contain the tilt of the octahedras. 

Even then there are several exceptional cases studied by researchers who reported some ferrites [31], 

cuprates [29], aluminates [28] and nickelates [30] to possess the tilts of their octahedras despite the fact 

that the tolerance factors are closer to 1. LaAlO3 is reported to have the tollerence factor equal to 1.02 

and it is reported to be rhombohedral [31]. The orthorhombic perovskite is much common deviation 

from ideal cubic perovskite as compared to the other four. Such deviations are only retained at room 

temperatures but at high temperature the perovskite becomes cubic [25]. 

While calculating the tolerance factors or the lattice parameters of the perovskites, it is very important 

to be careful while selecting the ionic radii of the A site and B site cations. We have already mentioned 

that A site cations possess 12 fold coordination with oxygen anions while B site cations possess 6 fold 

coordination with oxygen anions. Therefore while doing the calculations one must select the ionic radius 

of A site cations with 12 fold coordination and B site cations with 6 fold coordination. There are several 

people who mistakenly use the A site cation ionic radius with 6 fold coordination and came up with 

wrong conclusion. Such mistakes have been committed by several people such as Jiang et al [25] with 

cubic perovskites and Roberto et al [37] with orthorhombic perovskites. With increase in coordination 

number of cation, the ionic radius increase. Details about the ionic radii of different ions of different 

elements with different coordination number can be found in Shannon’s work [40].    

 

1.3: Related Cathodes studied before 

Lot of work has been done on different cathode materials. After synthesizing the cathode material, the 

people assembled the whole fuel cell and tested different important properties such as  
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1. Chemical compatibility between the cathode and electrolyte 

2. Electrical conductivity 

3. Fuel cell resistance (which include all sort of resistances discussed before) 

4. The fuel cell performace (i.e power output against current density) 

Most of the people have studied Cobalt at B site of the perovskite because it provides with very good 

electrical conductivity. Some people have also studied some other ions at B site such as Niobium and 

Molybdenum but they concluded that they are not very useful. Very few people have studied Iron at the 

B site. Most of them have doped iron into Cobalt at the B site in order to reduce the TEC.   

(1). La0.6Sr0.4CoO3 (LSC): 

This material has somehow good chemical compatibility with LSGM but still some amount of Co 

diffusion into LSGM can be observed at high temperature for long time [4, 6].  Therefore its long time 

stability is not good. Such kind of diffusion processes can be suppressed by the introduction of a 15-

20µm of buffer layer of Lanthanum doped Ceria (LDC) in between LSGM electrolyte and LSC cathode. 

But LDC buffer layer leaves with the disadvantage of decrease in fuel cell performance (from 

1190mW/cm2 to 585mW/cm2 at 750OC, i.e. more than half) due to the increase in the cell resistance [4].  

In order to suppress Co diffusion, another way is to make a composite cathode between LSC and LDC 

(i.e. the mixture of cathode and the buffer material). In this case, if the anode supported fuel cell is 

assembled and then tested, the maximum power density at 750oC decreases to 840mW/cm2 instead of 

585mW/cm2.  Although, pure LSC has better performance, it is more important to have a better 

chemical compatibility with the electrolyte with some compromise on the fuel cell performance [6]. 

Another way to avoid diffusion of Cobalt into the LSGM electrolyte is to dope the Co+3 ions into the 

Gallium sites of the LSGM. This will be discussed later in this chapter.    

With increase in Fe content, the electrical conductivity decreases and the thermodynamic stability 

increases [44]. The decrease in conductivity with increase in Fe content can be explained by decrease in 

the covelency of the Fe3+-- O2- bonds than Co3+ -- O2- bonds [44]. In other words, there is the decrease in 

the overlap between the Co3+/Fe3+ 3d and O2- 2p orbitals which is the result of slight larger Fe3+ than 

Co3+. This will decrease the electron delocalization and cause hindrance in electron hopping [45]. 

When LSC is mixed with LSGM to make a composite cathode, the cathode performance becomes even 

better than the single phase LSC. This can be due to the fact that when a composite cathode is formed 

by mixing the cathode and the electrolyte materials, the contact area between the cathode and the 

electrolyte is increased. In other words we can say that the triple phase boundary region has increased. 

The best possible composition is LSC with 30% of LSGM. This composite cathode has TEC values very 

close to those of pure LSGM electrolyte [5]. Despite this, the operating temperature must be controlled 

in order to avoid the formation of secondary phases or Cobalt diffusion as a result of interaction 

between the LSC and the LSGM mixture at the high temperature. This can result in increase in the cell 

resistance, the polarization resistance and specially the area specific resistance of the fuel cell. The 

secondary phases at the LSGM and LSC interface decrease their contact area and therefore increase the 

area specific resistance. This is because these secondary phases are usually insulating in nature.  
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(2). La0.8 Sr0.2Fe0.8 Co0.2O3-& (LSFC): 

LSFC has good chemical compatibility with LSGM but some amount of Cobalt diffuses into LSGM during 

sintering [8]. By using NiO-LDC anode, to test LSFC with LSGM electrolyte, it is a good practice to 

fabricate the anode supported fuel cell instead of electrolyte supported fuel cell [7]. The performance in 

the former case (power density =1350mW/cm2 at 750oC) is much better than the later one (Power 

density=200mW/cm2 at 750oC) since thin LSGM film can easily be deposited onto the surface of anode in 

the first case [7]. This leaves us with the advantage that the cell resistance with thin film electrolyte will 

be very low. With electrolyte supported fuel cell, it is obvious that it is not easy to minimize the 

thickness of the electrolyte film and therefore we should expect higher resistance.  

It is also useful to make a composite cathode between LSFC and LSGM. With 50% LSCF in the composite 

cathode, very good fuel cell performance has been observed (1090mW/cm2 at 750oC) with the 

electrolyte thickness of 0.5 mm [8]. If the same composite cathode, if the LSGM electrolyte thickness is 

increased to 14mm, the power density decreases to 790mW/cm2 at 750oC [9]. This decrease is obvious 

because greater the thickness of the electrolyte, greater will be overall cell resistance and the 

polarization resistance as stated before. Polarization resistance for LSGM-50%LSCF is 0.026 Ωcm2 with 

the electrolyte thickness of 0.5mm [8]. With the increased electrolyte thickness to 14mm, the 

polarization resistance increases to 0.35 Ωcm2 [9]. Adding LSGM into the LSCF to make the composite 

cathode does not improve the fuel cell performance, but it can buffer the larger TEC difference between 

the LSCF cathode and the LSGM electrolyte [9]. 

 

(3). La0.8 Sr0.04 Ca0.16 Co0.6 Fe0.4 O3-& (LSCCoF): 

LSCCoF is considered to be another suitable candidate material but up till now only the chemical 

compatibility has been studied. It has been found that LSCCoF has a very good chemical compatibility 

with LSGM when the LSCCoF and LSGM powders are mixed in 60:40wt% ratios [6].  The Cobalt diffusion 

into the electrolyte does not take place because considerable amount of iron and Calcium has been 

doped at the B site of the perovskite where only Cobalt was supposed to exist. It has been suggested to 

make use of this material in the form of composite cathode by adding some considerable weight 

percentage of LSGM [10]. 

 

(4). La0.83Sr0.17Ga0.83Mg0.17O2.83 --La0.8 Sr0.2MnO3 (LSGM-LSM composite): 

LSM-LSGM composites are other candidate materials for the cathode in LSGM based IT-SOFCs. LSM can 

react with LSGM electrolyte to give rise to the production of secondary phases at the 

cathode/electrolyte interface (i.e. the triple phase boundary) if used without mixing LSGM into it. Lower 

the amount of LSM in the LSM-LSGM composite, less chemical reactions are expected to occur [11, 12]. 

50wt% of LSM in LSGM is quite good.  Higher content of LSM increases the electrical conductivity when 
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added beyond 25wt% and this also decreases the activation energies due to LSM percolation. With 

50wt%, the electrical conductivity is 0.25 S/cm at 800oC [11].  

 

(5). Sm0.5Sr0.5CoO3-& (SSC): 

LSGM 5µm/SDC 400nm (where SDC stands for Samarium doped Ceria) bi-layer electrolyte can be 

deposited onto NiO (Fe3O4)-SDC anode by pulsed laser deposition. Then again by PLD method, the SSC 

cathode can be deposited onto LSGM-SDC/NiO-SDC couple [13]. Then this combination gives a very 

excellent fuel cell performance. At 800oC, maximum power density of about 3270 mW/cm2 can be 

observed [13]. Such a good performance is because of the dense thin electrolyte film deposited on the 

Ni-Fe-SDC anode substrate.  

SSC cathode applied has no appreciable role to enhance the performance as Zhang et al measured the 

maximum power density of 222 mW/cm2 at 800OC when LSGM electrolyte is used. It is clearly stated 

here as well that the dense LSGM electrolyte will be helpful to achieve better performance [14]. The 

electrical conductivity of the SSC cathode material is very much dependent upon the sintering 

temperature. If sintering temperature is equal to or less than 1100OC approximately, the electrical 

conductivity is not above 500 S/cm. But when it is sintered at 1200OC, the electrical conductivity goes 

beyond 1000 S/cm (within all temperature range) [14]. The average coefficient of thermal expansion is 

22.8 × 10-6 /K [14] which is quite larger than that of LSGM electrolyte (11.8 × 10-6/K [16]). In order to 

lower down the TEC, it will be useful to minimize this problem, it is better that SSC should be used as a 

composite with LSGM.  

When the iron is doped into the Cobalt sites (i.e. the B sites of the perovskite), the electrical conductivity 

decreases and further decreases with increase in the iron content which is not desirable but at the same 

time the TEC is observed to decrease considerably which is quite useful [15]. 

 

 (6). Sr0.7Ho0.3CoO3-& (SHCO) : 

This material can be easily fabricated with solid state reaction having a tetragonal pervoskite single 

phase [17]. Within the intermediate temperature range, high electrical conductivity with low 

polarization resistance has been observed [17].  When the temperature is increased, the electrical 

conductivity increases to 512 S/cm at 560OC but then starts to decrease and reaches 488 S/cm at 800OC. 

It comes up with good fuel cell performance such as the maximum power density at 750OC comes out to 

be 493 mW/cm2 [17].  There is the risk of Cobalt diffusion into LSGM since the Cobalt is present at the B 

site of the perovskite and the Cobalt diffuses very easily into the LSGM. One of the ways to avoid Cobalt 

diffusion is to dope Co cations into Gallium sites of the LSGM electrolyte [34,35]. This will decrease the 

Cobalt concentration gradient between the electrolyte and the cathode and hence the Cobalt diffusion 

can be avoided. 
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(7). Sr Fe1-xMoxO3-& (x=0)   pervoskite : 

This material has relatively lower values of electrical conductivity (63 S/cm with x=0.05 and 78 S/cm with 

x=0) as compared to many other cathode materials studied [20]. The polarization resistance also 

increases with increase in doped Mo content but TEC decreases (from 33.5 × 10-6 /K with x=0.05 to 18.9 

× 10-6 /K with x=0.25) [20]. But still the difference remains. To further lower the expansion coefficient, 

further increase in Mo content will adversely affect the electrical conductivity and increase the 

polarization resistance. 

 

(8). Ba Co0.7Fe0.2Nb0.1O3-& (BCFN):  

 BCFN cathode is considered to be an excellent candidate cathode material for LSGM based IT-SOFCs. It 

has a good fuel cell performance with LSGM electrolyte. When the Ni-GDC composite anode is used, the 

output power density comes out to be 770mW/cm2 with open circuit potential of 1.3 V at 750oC [21]. 

With the addition of Samarium Doped Ceria (i.e. SDC) into BCFN to make the composite cathode, the 

power density goes down. With 30% SDC i.e. BCFN-30SDC composite cathode material, the power 

density of 543.4mW/cm2 and OCV of 1.083V has been reported at 750oC [22].  The polarization 

resistance of BCFN cathode material with LSGM electrolyte is reported as 0.06 ohms cm2 at 750oC [21] 

but with addition of 30% SDC, its value decrease to 0.017 Ωcm2 [22]. The values of TEC also decrease 

with increase in SDC content of BCFN-SDC composite cathode material. With increase in temperature, 

the TEC of BCFN increases. This is because Increase in the temperature beyond 300OC results in decrease 

in the valences of Co and Fe ions. In order to maintain the charge neutrality, the oxygen loss from lattice 

takes place and the additional oxygen vacancies are formed [22].  The electrical conductivity of 12.1 

S/cm is reported for pure BCFN [21] but with addition of SDC, it is expected to decrease since the power 

density and OCV of BCFN decreases with addition of SDC.  

 

(9).: Ba0.5Sr0.5Co0.8Fe0.2O3−δ: BSCF x=0.5, y=0.2 

As another candidate cathode material, if BSCF is tested with LSGM, it has poor chemical compatibility 

above 1273K (i.e. 1000OC) and therefore it is safe to use the BSCF within the intermediate temperature 

range (i.e. 600 to 800OC). Its performance with LSGM and the area specific resistance (i.e. ASR) are quite 

well [24].  The TEC is 20.1 × 10-6 /K [23] i.e. much higher as compared to that of LSGM which is 

approximately 11.5 × 10 -6/K [16].  Such a large difference can lead to the development of thermal 

stresses between the cathode and the electrolyte and consequently the cell may not be mechanically 

stable any more. This problem can be solved by using the composite in between the BSCF and LSGM or 

any other suitable material which has lower TEC value. 
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1.4: Importance of replacement of Cobalt with Iron 

From all of the above literature survey it can be concluded that having Cobalt at the B site of the 

perovskite cathode is not a good idea. The main disadvantage of that is the Cobalt reduction from +3 to 

+2 takes place at relatively lower temperature and therefore the oxygen vacancies are formed due to 

the loss of oxygen from the lattice. This will cause considerable increase in the coefficient of thermal 

expansion within the intermediate temperature range and therefore the cathode will not be 

mechanically stable with respect to the LSGM electrolyte. It is very obvious that there will be the 

development of internal stresses which may cause the cracks to form and even some peel off of the 

cathode from the electrolyte surface can be expected. Therefore the Cobalt ions at the B site needs to 

be changed with some other cation such as iron which reduces at much higher temperature than the 

intermediate temperature range.  

Other disadvantage of the Cobalt is that it gets diffused into the electrolyte leaving behind the cation 

vacancies in the cathode lattice.  

The other thing is that the Cobalt is also a toxic element**.  Very high concentration of Cobalt can affect 

the human health very adversely. During the breathing process if too much Cobalt is inhaled, the person 

is quite vulnerable to lung diseases such as asthma and pneumonia. Such kinds of diseases are highly 

found with the people who work with Cobalt. Other health effects are mentioned as under:  

1. Vomiting and nausea 

2. Vision problems 

3. Heart problems 

4. Thyroid damage 

Once the disadvantages of Cobalt are in front of us, it would be a good idea to replace the Cobalt with 
some other element which has somehow similar properties. Iron is one of those elements and in our 
work; we have used Iron ions at the B site of our perovskites.  
 
As far as the A site cations are concerned very less work has been done with the rare earth elements. 
Having rare earth element cations at A site and iron ions at the B site would be very useful for the 
perovskites to be used for cathode material for intermediate temperature solid oxide fuel cells. 
 
 

 

 

** http://www.lenntech.com/periodic/elements/co.htm 
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1.5: Powder Synthesis by Co-Precipitation route: 

There are several synthesis routes to fabricate the cathode material to desired composition and the 

crystal structure.  

1. Solid state reaction 

2. Sol-gel 

3. EDTA Citrate method 

4. Co-precipitation                                                          

The solid state reaction for the fabrication of ceramic powders requires prolonged heat treatment at 

high temperatures. Furthermore, the solid state reaction results in very coarse sized powder particles 

which can be attributed to the slow diffusion of various cations. The coarse sized particles can also affect 

the catalytic activity of the electrode [32]. Carbonate co-precipitation can very easily provide us with the 

nano-sized powder particles with low degree of agglomeration [32].  Nano sized particles enhance the 

sinterability and the electrical conductivity due to the good contact area between the particles. 

Most the research work on the synthesis of the cathode material has been done with conventional solid 

state reaction such as those presented in the literature review. Some studies have been made with sol-

gel [43] and EDTA Citrate [41,42] method to improve the particle size. Our focus is to synthesize the 

material using co-precipitation method since very little study has been done on this method to 

synthesize the cathode material.  

To be very simple, co-precipitation involves the preparation of the precursor at low temperature such as 

75OC. For example if we want to prepare the composition of ABO3, a salt solution is prepared using the 

stoichiometric amount of the salts such as nitrate salts of the corresponding ions to form a specific 

compound. On the other hand the precipitant solution is prepared. The precipitant solution comprise 

the mixture of a precipitant such as Ammonium bi-carbonate and water. Both of the solutions are 

brought to 60 or 75OC and then one of them is dropped into the other one with some specific dropping 

speed. The precipitant helps the cations of the salts to get precipitated according to the required 

stoichiometry. The precipitation takes some time and therefore the solution is left for stirring for some 

time. This time is called the aging time and the temperature at which the aging is carried out is known as 

aging temperature. After aging the precursor is separated from the liquid using filtration or the 

centrifuge. Then it is kept for calcinations at high temperature such as 1000OC. 

The critical parameters of the co-precipitaion are: 

1. Aging temperature 

2. Dropping speed 

3. Aging time 

4. Relative molar ratio of the precipitant 

5. Calcination temperature 

6. Calciantion time 
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The aging temperature and the aging time ensure that the precipitation takes place properly. Aging 

temperature and the relative molar ratio of the precipitant are further responsible for the precipitation 

of all the cations to get precipitated at the same time. Otherwise the final powder will be just the 

mixture of several phases. If the dropping speed is increased, the precipitation will take place very 

quickly but at the same time the morphology of the powder will become very rough and irregular. This is 

not desirable if we want to use this powder for the fabrication of real cathode of the fuel cell because 

rough and irregular morphology will result in poor contact between the particles and therefore the 

electrical conductivity will be adversely affected. Calcination temperature and the time will affect the 

extent of the reaction. These two parameters also help to reduce the volatile secondary phases. High 

temperature provides high energy to the volatile phases and makes it easier for them to get evaporated. 

Large calcinations time will provide enough time to most of the volatile species which can react to form 

the secondary phases to get evaporated. Apart from this advantage, we are also left with the 

disadvantage that due to large calcinations time the size of the crystallites also increase which can result 

in decrease in the contact between them. Consequently the electrical conductivity will be adversely 

affected. 

While preparing the powder, the mode of co-precipitation and the degree of super-saturation (which is 

characterized by super-saturation ratio, R which is also known as the relative molar ratio) are very 

important since each mode and the relative molar ratio affect the calcinations and sintering 

temperatures [32].  

The three modes of co-precipitation are: 

1. Normal strike method:  It is the one in which the precipitant solution is dropped into the salt 

solution [32]. 

 

2. Reverse strike method: It is the one in which the salt solution is dropped into the aqueous 

solution of the precipitant [32]. 

 

3. Sonication-assisted co-precipitation: In this type of co-precipitation method, the co-

precipitation reaction is carried out with the help of ultrasound radiations [33]. 

 

 In case of LSCM (La0.75Sr0.25Cr0.5Mn0.5O3-&), the lowest calcinations temperature of 1000OC can be 

achieved with reverse strike method when R (the supersaturation ratio) is 7.5 and all components 

precipitates at the same time[32]. When the normal strike method is applied, the lowest calcinations 

temperature comes out to be 1200OC within the wide range of 4<R<12.5. This is because La and Cr 

precipitates at the initial stage while the Sr and Mn, precipitate later. When LSCM is synthesized with 

the solid state reaction, the calcinations temperature is 1400OC [32].  

The particle size of LSCM with solid state reaction is approximately 1.6 µm while with the reverse strike 

mode of precipitation; the particle size is in between 250 and 410 nm [32]. Due to small sized particles, 
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there is the risk of LSCM powder particles to get chemically reacted with LSGM [32]. Such sort of 

problems can be addressed by the introduction of thin buffer layer at some cost of power output.  

Fully crystallized LSM (La0.7Sr0.3MnO3) [33] powder with 24nm of particles size can be obtained at 900OC 

by using sonication-assisted co-precipitation route [33]. Since the annealing or calcinations temperature 

has significant effect on the particle size, 16nm particle size of LSM powders can be obtained when 

annealing is carried out at 600OC [33]. Therefore it can be stated that sonication-assisted co-

precipitation can help in lowering the annealing or calcinations to appreciably very low degree of 

temperature [33]. There is good homogeneous distribution of chemical composition in powders 

obtained by this method [33]. 

The particles of Samarium doped Ceria [34], can be 20-30nm with some agglomerates with 100nm of 

size when fabricated with co-precipitation route. Due to such a small particle size, the relative density 

and sinter ability of the SDC powder is enhanced and therefore the electrical conductivity is also greater 

than that of powder produced by the solid state reaction. This powder can easily be sintered at 1200OC 

to achieve good relative density but if it is sintered above 1300OC, oxygen loss results in the formation of 

oxygen vacancies which can result in appearance of pinholes at the grain boundaries [34].  

For BSCF (Ba0.2Sr0.8Co0.8Fe0.2O3) [35], the co-precipitation method also helps to reduce the processing 

temperature. It is much easier route to achieve the nano-structured BSCF powder with high level of 

purity. The calcinations temperature is around 1000OC. Beyond this temperature if annealing (or 

calcination) is carried out for some hours, all the oxalates and carbonates decompose to give desired 

perovskite BSCF. The average particle crystallite size comes out to be 50 to 90nm approximately [35].  

This process can also be called chemical grinding since the decomposition reaction will not only result in 

the desired perovskite but the particle size will also be very fine [35]. The electrical conductivity comes 

out to be two times higher than other processing routes. This can be attributed to the lower interfacial 

resistance and good contact between the finer particles with greater contact area with each other [35].  

1.6: Importance of Co-precipitation in this work 

If we look at the work done by other people, we can conclude that very few people have tried to come 

up with cathode materials of the IT-SOFC which have been synthesized via Co-precipitation technique. 

Although there are some complexities with this method such as to make sure that all the elements 

taking part in the formation of a solid chemical compond precipitate at the same time. May be this is the 

reason why most of the people use solid state conventional reaction to synthesize such material. Due to 

small particle size of the powder, we can produce high quality cathode material with this synthesis 

method. Therefore in this work we have restricted ourselves to bi-carbonate co-precipitation method. 
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2: Experimental Work 

First step of our experimental work was to synthesize the cathode material. Synthesis can be carried out 

using several synthesis methods.  Most of the research has been carried out on the cathode material 

synthesized using solid state conventional reaction as mentioned before.  

In case of solid state conventional reaction, the stichiometric amount of salts are mixed together and 

exposed to the high temeperature for long time which is usually equal to or more than 1300OC. The 

reaction is followed by calcination in between 1000OC to 1400OC for 1 hour, 2 hours or even more 

depending upon the composition of the powder being synthesized. These variables are usually used for 

the system such the perovskites we want to synthesize otherwise in sveral cases even higher 

temperature is required such as 2000OC [1].  This method ususally results in the powder with the large 

sized crystallites. Minimum size of 0.1µm can be achieved [1]. This requires higher input energy and 

therefore it would be more favourable to look for other methods which require low reaction 

temperature. One of such methods is bicarbonate co-precipitation method. The biggest advantage of 

this reaction is that it gives fine crystallites which can result in good contact area in between each others 

and hence good conductivity due to large surface area of the crystallites. 

The stichiometries of the powders to be prepared were kept the following: 

1. Sr0.25Re0.75FeO3: Re=Y,La,Ce,Pr,Nd,Eu,Gd,Sm,Gd,Dy,Tm,Lu 

2. Sr0.5Re0.5FeO3: Re=Y,La,Pr,Nd,Sm 

3. Sr0.75Re0.25FeO3: Re=Y,La,Pr,Nd,Sm 

 

The chemical composition was changed by change in the amount of Sr+2 cation. With increase in the 

amount of Sr+2 cation doped at the A site of the perovskite, the tolerance factor is expected to increase 

and approach unity. This will change the geometry of the unit cell from non-cubic to cubic. In more 

simpler words we can say that we changed the composition to investigate the geometry of the 

perovskite. This was done by using different rare earth cations at the A site. With change in rare earths 

with the same cheimcal composition did not bring any considerable change in the gemetry since the 

average ionic radii of the A site cations do not change to such a high extent.  

 

2.1: Synthesis of cathode material using bi-carbonate co-precipitation: 

In order to prepare the precursor, first of all the required stichiometric anounts of Nitrate salts were 

added into 30cm3 of water in one beaker. These salts include Re(NO3)3.6H2O, Fe(NO3)3.9H2O and 

Sr(NO3)2 anhydrous where Re stands for the rare earth element or Yttrium in one case. When solid 

powder salts were not available, 0.5 M solution of the Nitrates were prepared and then used instead. 

This is another advantage of the co-precipitation which is not with conventional solid state reaction. 
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By using the magnetic stirrer, the salts were properly dissloved in the water. The color of the solution 

became yellowish green (due to Fe+3 ions). Then to make sure that the Nitrate salts have been dissolved 

in equal proportion throughout the solution, the solution was heated to 75OC. As a result the solution 

turned into reddish brown color which is a sort of the indication, that the solution with same 

composition has been produced in all proportions.  

 The Ammonium bi-carbonate was used as a precpitant. The calculated amount of Ammonium bi-

carbonate precipitant was added into another beaker. Depending upon the solubility of the bi-carbonate 

(i.e. 59.2g of Ammonium bi-carbonate dissolves in 100cm3 of water at 60OC) the calculated ammount of 

water was used to dissolve the precipitant . By using the magnetic stirrer, the prepipitant was properly 

dissolved in the water and the solution was heated to 75OC on the heating plates of the magnetic stirrer. 

This was not just done in order to ensure the proper dissolution of the bi-carbonate into water, but  also 

because the aging temperature of the precipitation process was to be kept at 75OC. The precipitant 

dissociated in the water to give rise to the production of Ammonium ions, hydroxide ions and 

Carbondioxide gas  according to the following equation: 

NH4HCO3 NH4
+ + CO2 + OH-    (1) 

 Both of the solutions were stirred for atleast 10 to 15 minutes at 75OC. After this, the salt solution was 

dropped into the precipitant solution with the dropping speed of about 3 ml/min approximately using a 

peristaltic pump (as shown in figure 1). This is the reverse strike method as described before. Once the 

whole of the salt solution was dropped into the precpitant, the solution was stirred at 75OC for 3 hours 

(this process is called aging).  

The cations in the salts got precipitated according to the following equations: 

Sr+2+OH- 
Sr(OH)2    (2) 

Fe+3+OH-
Fe(OH)3                                                                       (3) 

R+3+OH-
R(OH)3     (4) 
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Fig1. Schematic representation of bi-carbonate co-precipitation synthesis route using reverse strike method 

In order to further make it easier for the reader to understand the whole process, a flow chart has been 

drawn in figure 2. 

 

 Fig2. A flow chart explaining the whole synthesis process 

Dropping speed= 3ml/min 

 T=75
O
C 

(NH4)HCO3 precipitant solution  

T=75
O

C   

Stoichiometric amounts 

1. Fe(NO3)3.9H2O  

  

2. Re(NO3)3.6H2O or 0.5 

Molar Re(NO3)3 solution 

 

3. Solid Sr(NO3)2 anhydrous 

or 0.5 Molar Sr(NO3)2 
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The minimum amount of Ammonium Bi-carbonater required is conidered as relaltive molar ratio of 1(i.e. 

R=1). When we say that we want to increase the relative molar ratio of the precipitant to 3, we mean 

that we should multiply the amount of bi-carbonate corresponding to R=1 with 3.  

In order to determine the minimum amount of the bi-carbonate required (i.e relative molar ratio =1), we 

used the equations 1, 2, 3, and 4 as mentioned above. 

Since, the ions will first precipitate as hydroxides, so we can observe from the equation number 1, that 

there is one to one ratio in between OH- ions and NH4HCO3. By calculating that how much moles of OH- 

ions are required to precipitate each cation according the stichiometric ratio of the compound to be 

made, we can easiliy calculate the minimum amount of Ammnium bi-carbonate required for the 

precipitation to take place. This is relative molar ratio of 1 (I.e R=1).  

After this whole process, the preciptate powder (i.e. the precursor) was seperated from the solution 

using centrifuge with the rotating speed of about 5800 rpm for atleast 3 minutes. Then the precursor 

was washed three times with deionized water and one time with proponol. Once the washing was 

completed, the precusor powder was placed in the oven at 70OC for 12 to 24 hours. When the powder 

was properly dried and easy to be handle, it was placed in the furnace for calcination at high 

temperatures for few hours. Normally the temperatures of about 1000OC, and 1100OC were used 

depending upon the percentage impurities. The heating rate was kept at 10OC/min.  Calcination times 

varies from 3, 10 or 24 hours depending upon the type of the sample and the percentage impurities. 

After calcination, the powders were furnace cooled. 

2.2: Characterization: 

The powders were characterized using X-ray diffraction with reflection mode. Starting and the ending 

angle were fixed to 20O and 90O respectively. In most of the cases 15mm slit was used but some times 

even 10mm slit was used when the powder was not enough. Scan time was not fixed. It varied from 11 

minutes to 30 minutes depending upon the time slot available to us. The voltage and current were fixed 

to 45 KV and 40 mA respectively. Cu Kα1 radiations were used for characterization.  Before carrying out 

the XRD, the powders were grinded properly to make them very fine. The agglomerates can sometimes 

give rise to very sharp small sized peaks which should not exist in real pattern and therefore we can 

come up with either wrong conclusions such as identifying such peaks as impurities or it may become 

difficult for us to differentiate them from actual peaks.  

In order to study the XRD data, the database from Xpert software was used. In order to further verify 

the crystal structure, the lattice parameters and the corresponding miller indices of the peaks, peak 

refinement was done using “Jana 2006” software.  

We used Scanning Electron Microscope to check the powder morphology which is a very important 

factor when making the cathode for the fuel cells, but XRD is the key characterization technique we used 

since we were only interested to study chemical composition and the crystal structures of the powders. 

The SEM was only done for the powder with composition of Sr0.25La0.75FeO3 in order to verify the powder 
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particle size which should be of nanometer scale. Our main purpose was not to assemble the whole fuel 

cell and study the fuel cell performance.  
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3: Results & Discussion: 

3.1:  Sr0.25 Re0.75 FeO3 

(a). Re=Ce:  

First of all we tried Cerium instead of any other rare earth.  The samples with Cerium were synthesized 

with different relative molar ratios starting from 1 to 5. But unfortunately we were not able to achieve 

the perovskite. The powder came out to be a mixture of Cerium oxide (CeO2), Iron oxide (Fe2O3, the 

hematite) and Strontium Iron oxide (SrFeO2.83). This could be due to the stable oxidation state of +4 with 

Cerium instead of +3. It has been mentioned in the chapter related to the basics about the perovskite 

that the sum of oxidation states of A and B site cation should be +6 so that it can balance with -6 

oxidation state of O3.  When we have Cerium, the valency of the A site is +3.5 and B site is +3 and 

therefore the sum of A and B site valencies is +6.5 and not +6.  

 

Fig 1:  XRD patterns of the five samples prepared by co-precipitation. The different peaks are represented as the 

following symbols;  CeO2   ,    Fe2O3  ,   SrFeO2.83  , Overlap between the peaks of CeO2 and SrFeO2.83 , 

 Overlap between the peaks of CeO2, Fe2O3 and SrFeO2.83 ,  Overlap between the peaks of CeO2 and Fe2O3  , 

Overlap between the peaks of Fe2O3 and SrFeO2.83 

 

 

 

 

Bragg’s Angle (2θ
O
) 

R=1 

R=2 

R=3 

R=4 

R=5 
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(b). Re=La:  

With Lanthanum as the rare earth element at the A site of the perovskite, initially, the relative molar 

ratio for the ammonium bicarbonate precipitant was kept at 2. With this relative molar ratio of the 

precipitant, it was noticed that although we were able to achieve the orthorhombic perovskite (having a 

apace group of Pbnm) but large amount of La2O3 was also found as a secondary phase. Its percentage is 

approximately 38.5%, which is quite a lot.  

 

 Fig 2. XRD pattern of the Sr0.25 La0.75 Fe O3, precursor calcined at 1000
O
C for 3 hours. Considerable amount of La2O3 

secondary peaks were observed which are marked in the figure with black dot.  

 

It is very important to get rid of such secondary phases and therefore, two remdies were found to be 

useful from the literature i.e. increase in the calcination temperature or increase the relative molar ratio 

of the precipitant. The second option was given preference because it was realized that there is a high 

possibility that the precipitation of the Lanthanum did not take place properly which resulted in the 

formation of large amount of Lanthanum oxide. This could be due to the reason that the amount of the 

precipitant was not enough. Therefore it was decided to increase the R value. 

The relative molar ratio (i.e. R value) was increased to 3, 4, and 5. Starting from R=3, no La2O3 phase was 

found and we were able to achieve pure orthorhombic perovskite as shown in the figure 3: 

 

 

Bragg’s Angle (2θ
O
) 

R=2 
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Fig 3. XRD patterns for the composition Sr0.25 La0.75 Fe O3 using relative molar ratio of the precipitant equal to 3,4 

and 5.  

In order to confirm the crystal structure, the lattice parameters of orthorhombic LaFeO3 perovskite were 

searched in the database of the “Xpert” software and using the lattice parameters of this perovskite, the 

peak refinement was carried out using the peak refinement software known as “Jana 2006”. The space 

group was found to be Pbnm with orthorhombic structure. In “Jana 2006”, you cannot refine the space 

group. You can just match your data with the expected space group.  

The lattice parameters were refined. The details about the lattice parameters will be discussed at the 

end of this chapter where the lattice parameters of all the samples with Sr0.25Re0.75FeO3 stichiometry, 

have been compared in table 1. 

Apart from the refinement of the lattice parameters, the miller indices were also determined during 

refinement. The corresponding miller indices have been mentioned above every peak. 

The SEM results reveal that we were quite successful in achieving nano-scale powders if co-precipitation 

method is used for the synthesis.   

 

 

Bragg’s Angle (2θ
O
) 

R=3 

molar 

R=4 

R=5 
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Fig4 SEM micrographs of Sr0.25La0.75FeO3 synthesized with relative molar ratio of (NH4)HCO3 precipitant equal to   

(a) 3 ,(b) 4 and (c) 5 respectively. The magnification of 20,000X was used.  

The particle size was measured from the micrographs shown in figure 4 and it came out to be 115.3 nm 

for R=3, 104.6 nm for R=4, and 109.7 nm for R=5. So we can conclude that the nano scale particle size 

can be easily achieved with Bi-carbonate co-precipitation with the parameters which have been 

discussed before. The difference of particle size of different samples with different values of R is not 

very much. The difference only exists because which measuring the powder particle size it was difficult 

to differentiate between individual particles and the agglomerates.  

The micrographs also reveal that there is no change in the morphology of the particles with change in R. 
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Once we were able to achieve pure orthorhombic perovskite with R=3,4 and 5 with La+3 as the A site 

cation, we fixed R=5 for the rest of the samples with Sr0.25 Re0.75 FeO3 stichiometry.  

With Pr, Nd and Sm, we were able to achieve pure perovskite with R=5 and the same calcination 

temperature of the precursor i.e. 1000OC for 3 hours. When the same parameters were used for other 

rare earths some considerable amount of impurities were observed.  The XRD patterns of pure 

orthorhombic perovskites with Pbnm space group for Pr, Nd and Sm, Gd, Dy have been shown in figures  

5, 6,7,8 and 9. 

(c). Re=Pr:  

 

Fig5. XRD pattern for Sr0.25 Pr0.75 Fe O3 which was achieved by using the relative molar ratio of 5. 

(d). Re=Nd: 

 

Fig6. XRD pattern fo pure Sr0.25 Nd0.75 FeO3 prepared using relative molar ratio of 5. 

Bragg’s Angle (2θ
O
) 

Bragg’s Angle (2θ
O
) 
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(e). Re=Sm:  

 

Fig7.  XRD pattern for pure Sr0.25 Sm0.75 FeO3 prepared using relative molar ratio of 5. 

(f). Re=Gd:  

 

Fig8. XRD pattern for pure Sr0.25 Gd0.75 FeO3 prepared using relative molar ratio of 5. 

 

Bragg’s Angle (2θO) 

Bragg’s Angle (2θO) 
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(g). Re=Dy:  

 

Fig9.  XRD pattern for pure Sr0.25 Dy0.75 FeO3 prepared using relative molar ratio of 5. 

All the above patterns show that they are pure orthorhombic perovskites with space group of Pbnm. 

Next sample was Yttrium, although it is not the rare earth but it has several properties very close to 

those of rare earths. For example its electronic structure is very much like Lanthanum. After Yttrium, we 

went towards heavier rare earths such as Europium, Thulium and Lutetium. With all of them except 

Lutetium, large amount of corresponding garnet was observed. Then the effect of calcinations 

temperature on the concentration of the garnet was checked. The percentage garnet was found to 

decrease considerably with increase in calcinations temperature from 1000OC to 1100OC. In case of 

Lutetium, SrFeO2.83 was observed and the increase in temperature did not bring any change on it. All this 

will be discussed in the following paragraphs. 

 

 

. 

 

 

 

 

Bragg’s Angle (2θO) 
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(h). Re=Y:  

 

Fig10.  XRD pattern for Sr0.25 Y0.75 FeO3 prepared using relative molar ratio of 5 showing corresponding miller 

indices of the peaks. With increase in calcinations temperature the percentage garnet decreased from 27.8% to 

1.12%. 

T=1100OC 

T=1000OC 

Bragg’s Angle (2θO) 
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The figure 10 shows that with Yttrium as a major A site cation of the perovskite, 27.8% of Y3Fe5O12 (i.e. 

the Yttrium Garnet) is observed when the calcinations temperature was kept at 1000OC. When the 

calcinations temperature was increased to 1100OC, the percentage garnet decreased to 1.12%. This 

could be because with increase in temperature, the reaction between the species became more 

effective in bringing up the right composition. 

(i). Re=Eu:  

When Europium was used as a major A site cation, there was considerable amount of garnet observed 

(as shown in figure 11) but its percentage was less as compared to the case with Yttrium. 13.8% of the 

Eu3Fe5O12 was observed in the XRD data. Before refinement of the peaks, it was expected that the 

impurity content is higher than 13.8%. But the peak refinement helped us to reach a good 

approximation to the percentage impurity. 

 

Fig11.  XRD pattern for Sr0.25 Eu0.75 FeO3 prepared using relative molar ratio of 5. Effect of increase in calcinations 

temperature. The percentage of the garnet decreases from 13.8% decreased to 0.65%. 

T=1100OC 

T=1000OC 

Bragg’s Angle (2θO) 
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When the calcinations temperature was increased to 1100OC, the percentage garnet decreased to 

0.65%. The space group is expected to be the same as the previous samples i.e. Pbnm. 

(j). Re=Tm:  

With Thulium as major part of the A site cation of the perovskite, 13.2% of Thulium garnet (Tm3Fe5O12) 

was observed which decreased to 0.46% when the calcinations temperature was increased from 1000OC 

to 1100OC. This is very obvious from the XRD data shown in figure 12. 

 

Fig12. XRD pattern for Sr0.25 Tm0.75 FeO3 prepared using relative molar ratio of 5 .Effect of increase in 

calcinations temperature. The percentage garnet decreased from 13.2% to 0.46%.   

 

T=1100OC 

T=1000OC 

Bragg’s Angle (2θO) 
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(k). Re=Lu:  

 

Fig13. XRD pattern for Sr0.25 Lu0.75 FeO3 prepared using relative molar ratio of 5 showing corresponding miller 

indices of the peaks. There is approximately 5.7% of SrFeO2.83 present as an impurity in both the temperatures. 

With Lutetium, 5.7% of impurity was observed from the XRD data when the calcination was carried out 

at 1000OC. The XRD data is shown in figure 13. This time, the secondary phase was not the garnet. The 

secondary phase consisted of only SrFeO2.83 which may have been formed due to the reason that some 

T=1100OC 

T=1000OC 

Bragg’s Angle (2θO) 
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amount of Strontium and the Lutetium may not have precipitated at the same time. When the 

temperature was increased there was no change in the percentage of SrFeO2.83. This is evident from 

figure 12. This is because the problem exists with the precipitation of the species which cannot be easily 

affected by the calcinations temperature. This problem should be addressed by increase in the relative 

molar ratio of the bi-carbonate precipitant. Temperature will not bring any positive effect. 

Comparison between calculated and observed lattice parameters with the Sr0.25Re0.75FeO3 : 

The formulas to calculate the values of lattice parameters were found in the literature [38].  The ionic 

radius for A site cations were found from Shannon’s work [40] in which he have prepared the list of the 

ionic radii with different coordination number. 

 
lattice constant   (a in Å)=4(Z1Z2Z3)

0.054 rav    ---------------------(3.1) 
 
lattice constant (b in Å)=4(Z1Z2Z3)

0.055 rav     ----------------------(3.2) 
 
lattice constant (c in Å)=6(Z1Z2Z3)

0.04 rav        ----------------------(3.3) 
 
 
Z1, Z2 and Z3 are the ionic charge on A, B and O3. In our case we have A+3 B+3 O3 type perovskite and 

therefore, the value of Z1Z2Z3 is 54 [38]. 

The values of the calculated and observed lattice constants have been shown in the table 1. The 
percentage error was also calculated for each one of them. 
 
One of the most important things to remember is that when we want to calculate the lattice parameters 
or the tolerance factors, we must use the ionic radius of A-site cation with coordination number equal to 
12 as we did in this work. This we already know from our previous knowledge about the perovskites. 
Unfortunately several authors have used the ionic radii of the A site cations with the coordination 
number of 6 [39, 25]. This mistake was highlighted by Moreiara et al [37].It is only B site cation in which 
we should use the ionic radius with coordination number of six. 
 
The ionic radii of all the rare earths (Yttrium is not the rare earth) we used in our system are mentioned 
with 12 fold coordination as follows: 
 

1. Yttrium (Y+3):---------------------------  1.2 Å 
2. Lanthanum (La+3):---------------------- 1.36 Å 
3. Praseodymium (Pr+3): -----------------1.3 Å 
4. Neodymium (Nd+3):------------------- 1.27 Å 
5. Samarium (Sm+3):---------------------- 1.24 Å 
6. Europium (Eu+3):----------------------- 1.23 Å 
7. Gadolinium (Gd+3):-------------------- 1.22 Å 
8. Dysprosium (Dy+3):-------------------- 1.2 Å 
9. Thulium (Tm+3):------------------------ 1.17 Å 
10. Lutetium (Lu+3):------------------------ 1.16 Å 
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Since Strontium ion (Sr+2) is also being doped at the A site of the perovskite, its ionic radius value should 

also be the one with 12 fold coordination and that is 1.44 Å. Iron (Fe+3) cation being at the B site 

possesses the ionic radius of 0.645 Å (This value is with high spin). Oxygen anion has the ionic radius of 

1.35 Å.  

All of these values are used to calculate the tolerance factors and the lattice parameters for all the 

compositions studied. 

The tollerence factor and comparison between the calculated and observed lattice parameters have 

been shown in table 1. Total 3.27 % of error has been observed. This means that the lattice parameters 

we observed are quite close to accurate results.  
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In the end, if we summarize our findings with Sr0.25Re0.75FeO3 composition, we can first very confidently 

say that we were able to achieve orthorhombic perovskite structure with Pbnm space group with all the 

rare earth elements. We successfully developed pure perovskites with R=5 when Re=La, Pr, Nd, Sm, Gd, 

Dy. But in case of Y (which is not the rare earth), Eu and Tm large amount of garnet was observed. In 

order to decrease the concentration of such impurities, we investigated the effect of increase in 

calcination temperature from 1000OC to 1100OC. The percentage of garnet decreased to very large 

extent in case of Y, Eu and Tm. This may be because the reaction kinetics between the reagents became 

very efficient. When the Lutetium was used as rare earth, SrFeO2.83 impurities were observed instead of 

garnet and no effect on percentage impurities was observed as a result of increase in calcination 

temperature.    

Lattice parameters were  found to be quite close to the calculated ones. Overall 3.27% of difference was 

found in between the calculated and observed peaks which is not very high and we can say that we 

were able to achieve the right structure with minor problem with the crystallinity in some samples.  

The particle size of Sr0.25La0.75FeO3 powder was measured using field emission SEM, and it came out to 

be in between 104.5 to 115 nm. Therefore, we are confident that with co-precipitation synthesis 

method, we can achieve small size powder particles.  

3.2: Sr0.5Re0.5FeO3  

Several samples were prepared with Sr0.5Re0.5 FeO3 stichiometry. These samples were produced to see 

that what is the effect of increase in the ionic radius at the A site of the perovskite.  The ionic radii of the 

rare earth elements are smaller than the Sr+2cation. With increase in the amount of Sr+2 cation at the A 

site of the perovskite, the combined average A site ionic radius should increase and therefore the 

tolerance factor should increase and therefore the structure should approach cubic symmetry.  

The tolerance factor explains the stability of the perovskite. When the value of the tolerance factor is 

close to unity e.g. SrTiO3, it is in the most stable state with a perfectly cubic structure. Tolerance factor 

equal to 1 means, that the structure is cubic with no overlap between the electrons cloud of the ions. If 

the tolerance factor is far away from the unity, then non-cubic structures such as rhombohedral, 

orthorhombic and ilmenite structures can be formed [37].  

In this part of the experiment, the samples with Sr0.5 Re0.5 FeO3 stoichiometry were synthesized. In other 

words the value of x was increased from 0.25 to 0.5 in the perovskite with the formula SrxRe1-x FeO3. The 

rare earth cations such as La+3, Pr+3, Nd+3 and Sm+3 were used. Apart from these, Y+3cation was also used 

which is not among the rare earths.  

In order to investigate the effects of calcination time, calcination temperature and the relative molar 

ratio of the precipitant, we restricted ourselves to Y+3 and La+3cations. The consequence of increase in 

these parameters is expected to decrease the amount of the secondary phases.  

 The lattice parameters revealed that the samples are perovskites with the symmetry which is quite 

close to the rhombohedral structure with the space group of R-3c. The rhombohedral structures are 
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usually reported for the perovskites which have the tolerance factor greater than 1 such as 1.02 in case 

of LaAlO3 [38]. The tolerance factors and the lattice parameters observed from the XRD data after 

refinement are shown in table 2: 

Table 2: The tollerence factors and the observed lattice parameters of the compounds with Sr0.5Re0.5 FeO3 

stoichiometry: (the α=β=90
O
 and γ=120

O
) 

No. Element  Ra Ra+Ro Rb+R0 t a (Å) B (Å) C (Å) 
Percent imp 
(oxides) 

1 Y+3 1.32 2.67 1.995 0.9464 5.5214 5.6426 13.4288 13.21 

2 La+3 1.4 2.75 1.995 0.9747 5.4755 5.4852 13.529 6.11 

3 Pr+3 1.37 2.72 1.995 0.9641 5.5135 5.5889 13.4779 13.72 

4 Nd+3 1.355 2.705 1.995 0.9588 5.5096 5.6067 13.4365 12.45% 

5 Sm+3 1.34 2.69 1.995 0.9534 5.4996 5.6028 13.3973 0.00% 

 

The α,β and γ are 90, 90 and 120 respectively. The “a” and “b” should be almost equal to one another 

but during the refinement, very little differences were observed. This means that the perovskite 

produced as a result is not very symmetrical. Another reason can be that the refinement was done with 

Jana 2006 software which is user friendly but not very professional. The better software such as Fulprof 

may give us some better results as it is quite professional with many functions but it requires a lot of 

time to get use to it. The details of all the XRD data of the samples listed in table 1 are shown in the 

figures 14, 15, 16, 17 and 18 respectively: 

 

Fig14. XRD pattern of Sr0.5 Y0.5 FeO3 synthesized with R=5 at 1000
O
C for 3 hours.  13.21% of Y2O3 secondary phase 

has been identified.  

Bragg’s angle (2θO) 
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Fig15. XRD pattern of Sr0.5 La0.5 FeO3 synthesized with R=5 at 1000
O
C for 3 hours. 6.11% of La2O3 secondary phase 

has been identified.  

 

 

Fig16. XRD pattern of Sr0.5Pr0.5 Fe O3 synthesized with R=5 and calcined at 1000
O
C for 3 hours. 13.72% of Pr2O3 

impurities have been observed. 

 

Bragg’s angle (2θO) 

Bragg’s angle (2θO) 
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Fig17. XRD pattern of Sr0.5Nd0.5 Fe O3 synthesized with R=5 and calcined at 1000
O
C for 3 hours. 12.45% of Nd2O3 

impurities have been observed. 

 

 

Fig18. XRD pattern of Sr0.5Sm0.5 Fe O3 synthesized with R=5 and calcined at 1000
O
C for 3 hours. No oxide or any 

other impurity was observed. 

Since the tolerance factors of the compounds in our case are above 0.9, it was expected that the 

structure would be cubic or orthorhombic. But during the refinement procedure, it was realized that the 

Bragg’s angle (2θO) 

Bragg’s angle (2θO) 
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structure is more like rhombohedral despite the fact that the tolerance factors are not greater than 1. 

The explaination for this is that the A site cations not only include the rare earths only but also Sr+2 ion 

which is greater in ionic radius as compared to the radii of the rare-earth cations. When Sr+2 ions will be 

doped at A site cations, the lattice distortion as a result would lead to increase the tilt angle of the BO6 

octahedras (i.e. from 0O to 5O along [111]c direction) [36]. This increase would result in the formation of 

rhombohedral structures with the space group of R-3c.  

Large amount of impurities have been observed in all the samples except with Samarium. All of these 

impurities were the oxides of each corresponding rare earth cation. Even in case of Yttrium (which is not 

a rare earth) 13.43% of oxide has been observed. With the stichiometry of Sr0.25Y0.75FeO3, the observed 

impurities were found to be the Yttrium garnet (Y3Fe5O12). 

Such impurities are usually formed because the cations which are supposed to be the part of perovskite 

do not precipitate at the same time. This problem can be addressed by increase in the value of the 

relative molar ratio of the bi-carbonate precipitant. In order to enhance the precipitation some more 

experiments have been conducted by restricting ourselves to Y+3 and La+3 cations. 

Experiments were divided into three phases with much higher values of relative molar ratio of the 

precipitant, calcinations temperature and calcinations time.  

The effect of calcinations time, calcination temperature and the relative molar ratio of the bi-carbonate 

precipitant were noted. With increase in these parameters, decrease in the percentage impurity was 

observed in general. In case of Sr0.5La0.5FeO3, the La2O3 impurities and in case of Sr0.5Y0.5FeO3, the Y2O3 

(Yttrium oxide) impurities were observed respectively.  Instead of showing all the XRD data in this 

chapter, they are showed in the appendix and their corresponding appendix numbers are mentioned in 

the table 3. Table 3 actually makes general comparison of the effect of R, calcinations temperatures and 

time respectively:   
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Table 3: The effect of R (relative molar ratio), the calcinations time and temperature on the percentage 

impurities:  

No. Element R Temp time 
Percentage 

impurity 
Appendix 

No. 

1 Y 5 1000 3 13.21 Appendix 1 

2 Y 5 1100 3 8.536 Appendix 2 

3 Y 5 1000 10 13.86 Appendix 3 

4 Y 5 1100 10 8.546 Appendix 4 

5 Y 5 1100 24 7.37 Appendix 5 

6 Y 10 1000 3 7.565 Appendix 6 

7 Y 10 1100 3 7.476 Appendix 7 

8 Y 10 1000 10 7.58 Appendix 8 

9 Y 10 1100 10 7.35 Appendix 9 

10 Y 10 1100 24 5.95 Appendix 10 

11 La 5 1000 3 6.11 Appendix 11 

12 La 5 1100 3 4.15 Appendix 12 

13 La 5 1000 10 1.98 Appendix 13 

14 La 5 1100 10 0 Appendix 14 

15 La 5 1100 24 0 Appendix 15 

16 La 10 1000 3 2.01 Appendix 16 

17 La 10 1100 3 0 Appendix 17 

18 La 10 1000 10 0 Appendix 18 

19 La 10 1100 10 0 Appendix 19 

20 La 10 1100 24 0 Appendix 20 

 

In case of Sr0.5Y0.5FeO3, the calcinations time is not very effective in decreasing the percentage impurity. 

This is because from the table 3, we can see for example that the Y samples with increase in calcinations 

time at fixed R and calcinations temperature, the percentage impurity remains more or less the same. 

The relative molar ratio of the precipitant is more effective than the calcinations temperature. This is 

because increase in relative molar ratio ensures the proper precipitation of the constituents and 

therefore the formation of secondary phases such as the oxides can be prevented.  

  In case of Sr0.5 La0.5 FeO3 both the time and the relative molar ratio of the bi-carbonate precipitant are 

almost equally effective in decreasing the percentage of the secondary phases. The effect of calcinations 

temperature is also quite considerable but the calcinations time seems to be most effective. This can be 

because with longer calcination time the species get enough time to react with each and come up with 

better final chemical composition.  

The effects of R, calcinations time and temperatures have been shown in the following figures shown as 

below: 
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3.21: Effect of relative molar ratio of the precipitant: 

(a). Re=Y:  

    Fig19. 

XRD data of Sr0.5Y0.5 FeO3 showing the effect of increase in the relative molar ratio of the bi-carbonate precipitant. 

The samples were calcined at 1000
O
C for 3 hours.  

This XRD data shown in figure 19 belongs to Sr0.5Y0.5FeO3 which was calcined at 1000OC for 3 hours. We 

can see very clearly that with increase in relative molar ratio from 5 to 10, some oxide peaks almost 

disappeared. At the same time the intensities of the rest of the impurity peaks also decreased which is 

the clear indication of decrease in the concentration of the secondary phase. The concentration of the 

secondary phase decrease from 13.21% to 7.56%. With increase in R to 15 and 20 the percentage oxide 

decreased to 5.887% approximately for both of these cases (XRD data mentioned as appendix number 

21 and 22 respectively). In order to bring the oxide impurities to zero, much larger amount of the 

precipitant is required which is not economical. 

R=5 

R=10 

Bragg’s angle (2θO) 
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(b). Re= La :  

 

Fig20. XRD data of Sr0.5La0.5 FeO3 showing the effect of increase in the relative molar ratio of the bi-carbonate 

precipitant. The samples were calcined at 1100
O
C for 3 hours. 

In case of Sr0.5 La0.5 FeO3 samples such as those which were calcined at 1100OC for 3 hours (as shown in 

figure 20), we can see very clearly that with increase in relative molar ratio from 5 to 10, all of the La2O3 

peaks almost disappeared. This indicates the effectiveness of increase in the relative molar ratio of the 

precipitant. With R=5 the percentage of the oxide impurities was approximately 4.15% which became 

almost nil with R=10. One thing more can be noticed that the XRD peaks with R=10 are even more 

smooth. 

 

 

R=5 

R=10 

Bragg’s angle (2θO) 
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3.22: Effect of Temperature: 

(a). Re= Y:  

 

Fig21. XRD data of Sr0.5Y0.5 FeO3 showing the effect of increase in the calcinations temperature of the precursor. 

The precursors were prepared at the relative molar ratio of about 5 and calcined for 3 hours. 

Figure 21 shows the effectiveness of decrease in the percentage of secondary from 13.21% at 1000OC to 

8.536% at 1100OC of calcinations temperature in case of Sr0.5Y0.5FeO3 . These samples were synthesized 

with R=5 and the calcinations time of 3 hours. With increase in calcinations temperature the volatile 

impurities evaporate at much faster rate which results in decrease in the percentage of secondary 

phase. 

 

T=1100OC 

T=1000OC 

Bragg’s angle (2θO) 
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(b). Re=La:  

 

Fig22. XRD data of Sr0.5La0.5 FeO3 showing the effect of increase in the calcinations temperature of the precursor. 

The precursors were prepared at the relative molar ratio of about 5 and calcined for 10 hours. 

 Figure 22 shows that in case of Sr0.5La0.5 FeO3 , when the calcinations temperature is increased from 

1000OC to 1100OC, the percentage impurity decreases from 1.98% to almost 0.0% with R=5 and 

calcinations time of 10 hours. 

 

 

T=1000OC 

 

T=1100OC 

 

Bragg’s angle (2θO) 
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3.33: Effect of Time: 

(a). Re= Y 

 

Fig23.  XRD data of Sr0.5Y0.5 FeO3 showing the effect of increase in the calcinations time of the precursor. The 

precursors were prepared at the relative molar ratio of about 10 and calcined 1100
O
C. 

With increase in calcinations time, the species which can form secondary phases get good time to get 

evaporated and consequently decrease in the percentage of the secondary phases is quite obvious. The 

examples from our experiments have been displayed in figures 23 (for Sr0.5Y0.5FeO3) and 24 (for Sr0.5 La0.5 

FeO3). In the first case, percentage impurities decrease from 7.35 to 5.95%. In the second case the effect 

is more positive i.e. the percentage impurities decrease from 4.15 to almost 0.0%. 

Time= 24 hours 

Time= 10 hours 

Bragg’s angle (2θO) 
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(b). Re= La:  

 

Fig24.  XRD data of Sr0.5Y0.5 FeO3 showing the effect of increase in the calcinations time of the precursor. The 

precursors were prepared at the relative molar ratio of about 5 and calcined 1100
O
C. 

With Sr0.5Re0.5FeO3 composition, the values of tollerence factor of the perovskites increase because the 

average ionic radii of the A site cations has increased due to increase in Sr+2 content. Although the 

values of tolerance factors are less than 1 but the crystal symmetry with all the powders came out to be 

rhombohedral with R-3c space group. This could be because of increase in the tilt angle of the BO6 

octahedras due to the lattice distortion as a result of increase in the amount of Sr2+ cation at the A site 

of the perovskite.  

In case of Yttrium, Y2O3 secondary phase was observed instead of Y3Fe5O12 unlike the situation in 

Sr0.25Y0.75FeO3. Surprisingly no impurity was observed with Sm.  In order to manipulate the percentage of 

Time = 24 hours 

Time = 3 hours 

Bragg’s angle (2θO) 
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such impurities, we restricted ourselves to Re=Y and La and then we investigated the effect of increase 

in calcination temperature, time and relative molar ratio of the precipiatant on the percentage 

impurities. With Lanthanium, these factors worked very well but in case of Yttrium, they were found to 

be relatively less effective.    

3.3:  Sr0.75Re0.25FeO3 

Now the value of x was increased to 0.75 in the formula SrxRe1-xFeO3. Since the ionic radius of Sr+2 cation 

is greater than the rare earth cations so the overall ionic radius at the A site of the perovskite should 

increase and therefore the tollerence factor should come more closer to 1. This time we should expect 

the cubic perovskites. Further explanation for this expectation is that this time the situation is totally 

opposite to the one with x=0.25. This is because when we say that x=0.25, we mean that we are doping 

large size cation (i.e. Sr+2cation) into the A site of the perovskite which already contains a small size 

cation (i.e. the rare earth cation). The space in between the eight BO6 octahedras is not enough to 

accommodate the large amount of large size Sr+2cations and therefore the lattice distortion will take 

place which will result in the increase of the tilt angle of the BO6 octahedras. When the x=0.75, the 

situation is totally opposite to the former case. Now we are doping small sized Re+3cation into the A site 

of the perovskite which already contains some large sized Sr+2 cation. This would cause no change in the 

tilt angle of the BO6 octahedras which is already close to 0O since no lattice distortion is expected to 

occur. 

This time, the relative molar ratio of the bi-carbonate was kept at 10 and the calcinations temperatures 

and times were fixed to 1100OC and 3 hours respectively. The Y+3, La+3, Pr+3, Nd+3 and Sm+3 cations were 

used as Re.   The XRD patterns revealed that this time we were able to achieve the cubic perovskites. 

The XRD patterns of the samples synthesized with Sr0.75Re0.25FeO3 are shown in the following figures 25, 

26, 27, 28 and 29:  

(a). Re=Y 

 

Fig25.  XRD pattern of Sr0.75 Y0.25 FeO3 prepared with relative molar ratio of bi-carbonate=10 and calcined at 1100
O
C 

for 3 hours. 3.23% of Y2O3 secondary phase was identified.  

Bragg’s Angle (2θO) 
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(b). Re=La 

 

Fig26.  XRD pattern of Sr0.75 La0.25 FeO3 prepared with relative molar ratio of bi-carbonate=10 and calcined at 

1100
O
C for 3 hours. 5.67% of La2O3 secondary phase was identified.  

The pattern of Sr0.75 La0.25 FeO3 shows that the unit cell is not very symmetrical when R is kept equal to 

10. This is evident from the values of lattice parameters a,b and c (which were confirmed during 

refinement)  a=3.96 Å, b=3.86 Å and c=3.87Å . La2O3 impurities were found to be 5.67% approximately. 

In order to make it more symmetrical and more pure, the effect of increasing the R value was 

investigated. R value was increased to R=20. The percentage of La2O3 decreased to 2.1% approximately 

and the crystal seemed to be more symmetrical since the lattice parameters came out to be a= 3.868 Å , 

b=3.876 Å and c= 3.8699 Å.  

Bragg’s Angle (2θO) 

R=10 

R=20 
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We can also judge directly by looking at the XRD pattern that whether our structure is symmetrical or 

not. In the cubic structure, the sum of the square of miller indices should always increase. But when we 

look at the XRD data of Sr0.75 La0.25 FeO3 with R=10, we can see some exceptional following peaks 

pattern: 

1. (011) comes before (101) 

2. (121) comes before (112)  

3. (022) comes before (220) 

So we can also say that the crystal structure is not very symmetrical. When R was increased to 20 we 

could realize that the situation is much better than the former case. It becomes relative more 

symmetrical but not perfect. Still some improvement was found with increase in R value. 

(c). Re=Pr 

 

Fig27.XRD pattern of Sr0.75 Pr0.25 FeO3 prepared with relative molar ratio of bi-carbonate=10 and calcined at 1100
O
C 

for 3 hours. 2.43% of Pr2O3 secondary phase was identified. Only one extra peak was clearly visible. 

 

 

 

 

 

Bragg’s Angle (2θO) 



51 
 

(d). Re=Nd 

 

Fig28. . XRD pattern of Sr0.75 Nd0.25 FeO3 prepared with relative molar ratio of bi-carbonate=10 and calcined at 

1100
O
C for 3 hours. 0.55% of Nd2O3 secondary phase was identified. Only one extra peak was clearly visible. 

(e). Re=Sm 

 

Fig29.  XRD pattern of Sr0.75 Sm0.25 FeO3 prepared with relative molar ratio of bi-carbonate=10 and calcined at 

1100
O
C for 3 hours. 5.68 % of Sm2O3 secondary phase was identified. Only one extra peak was clearly visible. 

Bragg’s Angle (2θO) 

Bragg’s Angle (2θO) 
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Using all the XRD data which have been mentioned in the above figures, the lattice parameters were 

refined using “Jana 2006”. There was very little differences in the values of a, b and c which means that 

the structures are obviously cubic. Therefore average of a, b and c were taken and mentioned in table 4 

as observed lattice parameter (with symbol a[Å] (obs) in Angstorms). The lattice parameters observed 

were compared with the calculated ones (with symbol a[Å] (calc) in Angstorms) . The comparison was 

made by determining the percentage error. The overall percentage error was found to be 2.52%: 

Table 4: Lattice parameters of the perovskites with Sr0.75 Re0.25 FeO3 determined during the peak refienemts. The 

average of lattice parameter values percentage impurities. All these powders were synthesized using R=10 

except with La (where R=20 was found to be more useful to get symmetrical geometry): 

No. Element  Ra Ra+Ro t 
a[Å] 
(calc)  

a[Å] 
(obs) 

Percent % 
error 

Percent 
imp 

(oxides) 

1 Y+3 1.38 2.73 0.9676 3.9551 3.8697 2.1595 3.23% 

2 La+3 1.42 2.77 0.9818 3.9712 3.8857 3.1606 6.67% 

3 Pr+3 1.405 2.755 0.9765 3.9652 3.8667 2.4835 2.43% 

4 Nd+3 1.3975 2.7475 0.9738 3.9622 3.8657 2.4344 0.55% 

5 Sm+3 1.39 2.74 0.9712 3.9591 3.8653 2.3701  5.68% 

       
2.5216 

 The calculations of the lattice parameters were carried out using the following formula:    

a = 2 β(Rb+Ro) + γt-δ [25,37] 

The value of (Rb+Ro) is fixed i.e. 1.995 Å since the B site cation and the X site anions are fixed in all 

cases. The values of β, γ and δ are 0.9109, 1.1359 and 0.7785 respectively [37]. 

During the calculations of the lattice parameters A site cations radii were selected with 12 fold 

coordination and B site cations radii were selected with 6 fold coordination.  

To be very brief, we can say that we were able to achieve cubic perovskite with Sr0.75Re0.25FeO3. This 

is because with this composition, the tolerance factor is much closer to 1 as compared to the previous 

two cases. Impurities were found to be oxides and we can get rid of them with increase in relative molar 

ratio of Ammonium bi-carbonate. The overall percentage difference in between the calculated and 

observed lattice parameters was found to be 2.52% which is not much. So we can claim that the crystal 

symmetry is quite accurate.   
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Conclusion 
 

With increased x for SrxRe1-xFeO3, the values of tolerance factor come closer to unity and therefore the 

symmetry of the perovskite approaches cubic structure. With x=0.25, 0.5 and 0.75, the symmetries of 

the perovskites were found to be orthorhombic, rhombohedral and cubic respectively. This is because 

with increase in x value we are actually playing with the ionic radii of the A site cations of the perovskite. 

Since Sr+2 cation is larger than the rare earth or Yttrium, with increase in its content at the A site, the 

overall average ionic radius of the A site cation increase which causes changes in the tilt angles of the 

BO6 octahedrons due to the lattice distortion. Therefore the symmetries of perovskite change.  

Another thing to be noticed is that with the composition of SrxY1-xFeO3, when x was kept equal to 0.25, 

the secondary phase identified was Yttrium garnet (i.e. Y3Fe5O12) and with x greater than 0.25 i.e. 0.5 

and 0.75 the secondary phase was identified as Yttrium oxide (Y2O3). This could be because of higher 

Yttrium content with composition of x=0.25 unlike with x>0.25.  

With increase in the calcinations temperature, time and the relative molar ratio of the bi-carbonate 

precipitant, the percentage of the secondary phases can be decreased, but this technique does not work 

appreciably with Sr0.5Y0.5FeO3. Increase in relative molar ratio from 10 to 20 resulted in a good change 

with Sr0.75La0.25FeO3 because higher R value resulted in better symmetry of the unit cell and decreased 

percentage impurity.   

Perovskite cannot be formed with Cerium as a rare earth and this is not possible at all. The reason 

behind this is that Cerium has a stable oxidation state of +4 which brings imbalance in between the 

oxidation states of cations and Oxygen anions. Therefore the chemical composition is highly disturbed. 

With La R=2, lot of La2O3 is found as an impurity in case of Sr0.25La0.75FeO3. With R=3 onwards pure 

orthorhombic perovskite phase can be obtained. When we fix R=5 with Re= Pr, Nd, Sm, Gd and Dy  pure 

orthorhombic perovskite phases can be obtained since this amount of precipitant is quite enough to 

make sure that all the elements precipitate at the same time. With Y, Eu, and Tm, large amount of 

corresponding garnet was observed. We were able to bring improvement by increase in the calcinations 

temperature to 1100OC. With Lu as a rare earth, SrFeO2.83 was observed as an impurity and increase in 

calcinations temperature to 1100OC did not bring any improvement. The lattice parameters determined 

after peak refinements had only overall 3.27% difference from the calculated lattice parameters. With 

the composition of Sr0.75Re0.25FeO3, such percentage error reduced to 2.52%. Therefore we can claim 

that our results are quite accurate to some extent. We were not able to carry out such comparison in 

case of Sr0.5Re0.5FeO3 composition since it has rhombohedral structure and we did not find any 

literature which provides us with a useful formula to calculate theoretical lattice parameters for this 

system. In this case we were able to achieve highly symmetrical and smooth peaks but considerable 

amount of secondary phases are still present. Unfortunately when the calcinations temperature is 

increased to more than 1300OC, they decompose and we are not able to recover any powder for 

characterization. In several cases the peaks seems to be very broad and this is because of the overlap 

between more than one peaks. Such peaks do not seem to be very symmetrical.     
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Appendix 

Appendix 1:      Sr0.5 Y0.5 Fe O3 

R=5, T=1000OC, t=3hrs: 

 

Appendix 2:      Sr0.5 Y0.5 Fe O3 

R=5, T=1100OC, t=3hrs: 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 



59 
 

Appendix 3:     Sr0.5 Y0.5 Fe O3 

R=5, T=1000OC, t=10 hrs 

 

Appendix 4:     Sr0.5 Y0.5 Fe O3 

R=5, T=1100OC, t=10 hrs 

 

 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 5:     Sr0.5 Y0.5 Fe O3 

 

R=5, T=1100OC, t=24hrs 

 

Appendix 6:     Sr0.5 Y0.5 Fe O3 

R=10, T=1000OC, t=3hrs: 

 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 7:    Sr0.5 Y0.5 Fe O3 

R=10, T=1100OC, t=3hrs: 

 

 

Appendix 8:     Sr0.5 Y0.5 Fe O3 

R=10, T=1000OC, t=10 hrs: 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 9:     Sr0.5 Y0.5 Fe O3 

R=10, T=1100OC, t=10 hrs: 

 

Appendix 10:     Sr0.5 Y0.5 Fe O3 

R=10, T=1000OC, t=24 hrs: 

 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 11:     Sr0.5 La0.5 Fe O3 

R=5, T=1000OC, t=3hrs 

 

Appendix 12:     Sr0.5 La0.5 Fe O3 

R=5, T=1100OC, t=3 hrs 

 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 13:     Sr0.5 La0.5 Fe O3 

R=5, T=1000OC, t=10 hrs 

 

 

Appendix 14:     Sr0.5 La0.5 Fe O3 

R=5, T=1100OC, t=10 hrs 

 

 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 15:     Sr0.5 La0.5 Fe O3 

R=5, T=1100OC, t=24 hrs 

 

Appendix 16:     Sr0.5 La0.5 Fe O3 

R=10, T=1000OC, t=3 hrs 

 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 17:     Sr0.5 La0.5 Fe O3 

R=10, T=1100OC, t=3hrs 

 

 

Appendix 18:     Sr0.5 La0.5 Fe O3 

R=10, T=1000OC, t=10 hrs 

 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 19:     Sr0.5 La0.5 Fe O3 

R=10, T=1100OC, t=10 hrs 

 

Appendix 20:     Sr0.5 La0.5 Fe O3 

R=10, T=1100OC, t=24 hrs 

 

 

                Bragg’s angle (2θO) 

                Bragg’s angle (2θO) 
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Appendix 21:     Sr0.5 Y0.5 Fe O3 

R=15, T=1100OC, t=3hrs 

 

 

Appendix 22:     Sr0.5 Y0.5 Fe O3 

R=20, T=1100OC, t=3hrs 
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