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Abstract: Five A-site deficient (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ perovskites (s = 0.01, 0.05, 

0.10, 0.15 and 0.20) were synthesized using the glycine-nitrate process. The 

perovskites were characterized with powder XRD, dilatometry, 4-point DC 

conductivity measurements and electrochemical impedance spectroscopy using cone-

shaped electrodes on a Ce0.9Gd0.1O1.95 electrolyte. XRD revealed that only the 

compounds with s equal to 0.01 and 0.05 were of single phase. The other compounds 

contained an additional phase in the form of a Co-Fe spinel. The thermal expansion 

coefficient decreased systematically with an increase in s. The total conductivity 

followed the small polaron hopping process below a certain characteristic 

temperature. The total conductivity decreased with increasing s. It was likewise 

shown that the polarization resistance found a minimum for the compound with s 

equal to 0.05, with a total area specific resistance more than three times lower than the 

weakly A-site deficient (Pr0.6Sr0.4)0.99Fe0.8Co0.2O3-δ
 perovskite. 

 

Introduction: The solid oxide fuel cell (SOFC) is a high temperature generator of 

heat and electricity. One major obstacle that must be overcome if the SOFC is to be 
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commercialized is a lowering of the operation temperature [1]. To make this possible 

new electrode materials are needed. On the cathode side it is known that Co or Fe-Co 

based electrodes has the highest activity towards the reduction of oxygen in a SOFC 

[2], even though examples of other systems with an equal electrochemical activity are 

known [3]. In this sense two compositions have been extensively investigated in the 

literature, Sm0.5Sr0.5CoO3-δ and La0.6Sr0.4Fe0.8Co0.2O3-δ [4-9]. An ASR of 0.18 Ωcm2 at 

600oC has been reached by a composite of Sm0.5Sr0.5CoO3-δ and CGO [4]. This is still 

not a high enough performance at 600oC and new and better electrode materials must 

be developed. Recently even better/lower ASR values have been obtained on a 

Ba0.5Sr0.5Fe0.2Co0.8O3-δ based cathode [10]. An ASR of less than 0.1 Ωcm2 at 600oC 

was obtained. However, electrodes made with this compound are not stable over time 

[11, 12]. A few studies of A-site deficient Fe-Co based perovskites have been 

reported in the literature [13-15]. It was shown that the conductivity depends on the 

A-site stoichiometry [13]. Likewise it was shown that the thermal expansion 

coefficient (TEC) decreases when the A-site stoichiometry is lowered. From powder 

XRD it was concluded that the A-site deficient perovskites were rhombohedral and of 

single phase [13]. Results of the electrochemistry of A-site deficient (La0.6Sr0.4)1-

sFe0.8Co0.2O3-δ were reported in [15]. It was shown that the activity was strongly 

dependent on s. These A-site deficient perovskites were consisting of two cubic 

perovskite phases and a spinel phase [15]. The strongly A-site deficient perovskite 

(La0.6Sr0.4)0.9Fe0.8Co0.2O3-δ has been investigated as porous composite electrodes with 

CGO10 with relative good results to follow, as an ASR value of 0.19 Ωcm2 was 

obtained on a CGO10 electrolyte at 600oC [14]. This is better than the ASR value 

obtained on the stoichiometric La0.6Sr0.4Fe0.8Co0.2O3-δ perovskite [9]. Even though the 
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perovskite was strongly A-site deficient the perovskite was not stable together with 

YSZ. 

In this study a series of A-site deficient (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ perovskites (s equal 

to 0.01, 0.05, 0.10, 0.15 and 0.20) are synthesized and investigated as SOFC cathodes 

by the use of electrochemical impedance spectroscopy (EIS) and cone-shaped 

electrodes. The use of cone-shaped electrodes is very convenient when studying 

SOFC electrodes [15-19]. The contact area of the cone-shaped electrode can be 

determined using Newman’s formula [20]: 

 

(1) *4
1
σsRr = , 

 

Where Rs is the intercept at the real axis at high frequency and σ* is the specific 

conductivity of the electrolyte. r is the radius of the contact between the cone-shaped 

electrode and the electrolyte, from which the contact area can be calculated. It should 

be noted that the polarization resistance on cone-shaped is much higher than the 

polarization resistance on porous planar electrodes.  

Fe-Co based cathodes with Pr are of particular interest as they perform better than Fe-

Co based cathodes with other A-site cations [21]. 

 

Experimental: Synthesis of the (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ perovskites was done 

using the glycine-nitrate route [22]. In short aqueous solutions of the metal-nitrates 

were mixed in the appropriate ratio in a beaker. Glycine was then added. The 

solutions were then heated on a hot plate until they ignited. The resulting powders 

were transferred to alumina crucibles and calcined at 1100oC/12 h in air in a box 

furnace. As metal-nitrates the following starting compounds was used Pr(NO3)3 (Alfa 
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Aesar, 99.9 %), Sr(NO3)2 (Alfa Aesar, 99 %), Fe(NO3)3 (Alfa Aesar, 98 %) and 

Co(NO3)2 (Alfa Aesar, 99.8 %). To evaluate the phase purity of the calcined powders 

powder XRD using a Stoe theta-theta diffractometer equipped with Cukα radiation 

was performed. The diffractograms were recorded between 2θ: 20 −80ο.  Bars for the 

dilatometry and conductivity measurements and cylinders for fabrication of the cone-

shaped electrodes were made as follows: The powders were pressed in appropriate 

dies (bars and cylinders) and sintered at 1250oC /12 h in a box furnace in air. The bars 

were then machined into bars with the dimensions 4*4*18 mm3 and the cylinders into 

cone-shaped electrodes. The cone-shaped electrodes had a base of 7.5 mm and sides 

with an angle of 45o. The density of the bars was determined with the Archimedes 

method. The Ce0.9Gd0.1O1.95 (CGO10) pellet used for the electrochemical 

measurements was made as follows: CGO10 powder (Rhodia) was mixed with stearic 

acid and glycerine in a ball mill with EtOH. After drying the powder was pressed to a 

disc in an appropriate die and sintered at 1500oC/2 h in air in a box furnace. The 

stearic acid was added as a lubricant and glycerine as a binder. The dilatometry 

measurements were performed by the use of a Netzh 402 dilatometer in the 

temperature range 30 to 1000oC with heating and cooling ramps of 2oC/min. The bars 

were kept at 1000oC for 2 h before cooling down. The 4 point DC-conductivity 

measurements were also performed in air, using a Keithley micro-ohmmeter together 

with a PC controlling the ohmmeter and the furnace temperature. An in-house PC-

Linux program was used for the collection of the data (temperature and resistance). 

The samples were heated and cooled with a ramp of 5oC/min. The temperature range 

spanned was 50oC to 1000oC. At every 50oC the samples  were kept at temperature for 

2 h. The resistance was measured every fifth minute. The characterizations of the 

cone-shaped electrodes were done in a set-up described in [23]. Electrochemical 
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impedance spectroscopy (EIS) was used to characterize the cone-shaped electrodes. 

The EIS was measured in the range 1 MHz to 0.05 Hz with five points measured at 

each decade. An amplitude of 36 mV was used throughout. An amplitude of 36 mV 

was needed in order to obtain data of a sufficient quality. The measurements were 

done at 800, 700 and 600oC in the given order. The cones were equilibrated at 

temperature for 24 h before the measurements. 24 hours were sufficient for 

equilibration. The measurements were done in air. For the EIS measurements a 

Solartron 1260 in stand alone mode was used. The EIS data were treated in the PC-

DOS program ‘equivcrt’ by B.A. Boukamp [24]. In general three (RQ) components 

were used in the fitting. Q is a constant phase element, with the admittance: 

 

(2) Y* = Y0(jω/ω0)n 

  

Where Y0 is an admittance, ω the angular frequency, j the imaginary unit and n is the 

frequency exponent.  

 

Results: A result from the powder XRD can be found in Figure 1. From powder XRD 

it is found that only the samples with s equal to 0.01 and 0.05 are of single phase. The 

other samples contain an additional phase in the form of a Co-Fe based spinel phase. 

Determined from XRD the amount of the spinel phase were increasing with 

increasing s. The maximum amount of foreign phase were around 10 % for s = 0.2. 

The unit cell parameters can be found in Table 1. The unit cell parameters show an 

irregular change with s. The peaks are rather broad. This is probably due to an 

inhomogeneous distribution of the cations.  
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For the sintered bars a density in excess of 92 % of the theoretical density was 

obtained. 

The results of the dilatometry measurements can be found in Table 2. It is observed 

that the thermal expansion coefficient (TEC) decreases with decreasing stoichiometry 

on the A-site. 

The conductivity of the samples is also dependent on the A-site stoichiometry. The 

conductivity as a function of temperature is plotted in figure 2. The conductivity is 

highest for the compound with s=0.01 at all temperatures. For all the samples an 

increase in conductivity with an increase in temperature, until a certain temperature 

where after the conductivity decreases, are observed. The maximum in conductivity is 

found for the compound with s=0.01 and it gives a value of 402 Scm-1 at 520oC. 

An example of EIS spectrum can be seen in Figure 3, together with the result of the 

fitting. The spectrum consists of three arcs. The variation of the total area specific 

resistance (ASR) with s at a temperature of 600oC can be found in Figure 4. It is seen 

that the total ASR finds a minimum for the compound with s equal to 0.05, with an 

ASR of 1.72 Ωcm2 at 600oC. The total ASR values at the three measured temperatures 

can be found in Table 3. The contribution to the total ASR of the individual arcs at 

600oC can be found in Table 4, together with the n-values. The n-values are the 

frequency exponent given in equation (2). 

 

Discussion: The A-site deficient (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ perovskites differ from 

the A-site deficient (La0.6Sr0.4)1-sFe0.8Co0.2O3-δ perovskites [15]. In the case of A-site 

deficient lanthanum based perovskites two perovskite phases are present along with a 

Fe-Co based spinel phase. The two perovskites phases in the A-site deficient 

lanthanum based perovskites are two phases with different amounts of La, Sr, Fe and 
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Co. In the case of praseodymium based perovskites only one perovskite phase is 

present along with a Co-Fe based spinel phase.  

The variation of the TEC with s is systematic, as the TEC decreases almost linearly 

with increasing A-site deficiency. This is probably due to impurities with a spinel 

phase, and that cobalt is lost from the perovskite phase [16] (Fe-based perovskites 

have a much lower TEC than Fe-Co based perovskites [17]). The change in TEC 

could also be due to a change in the point defect concentrations. The TEC values 

found for the A-site deficient Pr-based perovskites are higher than the TEC for CGO 

electrolytes [25]. However, composite electrodes made by the A-site deficient 

perovskites and CGO might be of use as cathodes on a CGO electrolyte. 

The electronic conductivity of the compounds change from a metallic to a semi 

conductor like behavior when the temperature is lowered, that is the electronic 

conductivity increases until a certain temperature is reached where after the electronic 

conductivity decreases. The conductivity behavior as a function of temperature below 

a certain characteristic temperature indicates that the conductivity is due to the small 

polaron hopping mechanism [26] with the following relationship:  

 

(3) )/exp()/( kTEkTA a
v −=σ , 

 

where A is a material constant, k is Boltzmann’s constant and Ea is the activation 

energy. The exponent v is 1 for adiabatic small polaron hopping process and 3/2 for 

non adiabatic small polaron hopping process. The equation with v equal to 3/2 fits the 

measured data the best, in contrast to what has been observed by Tai et al. [27, 28] but 

in agreement with [15] for similar materials. The activation energy, Ea, of the total 

conductivity, below the temperature of maximum conductivity, is around 0.1 eV for 
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all the compounds. The decrease of the total conductivity above a certain 

characteristic temperature can be explained as follows. When the temperature is 

increased the perovskites loses oxygen. When oxygen vacancies are crested in the 

perovskite structure, a de-coupling of the overlap between the d-orbitales of the 

transition metal and the p-orbitales of oxygen is the result. This can explain the 

lowered conductivity at high temperature [27, 28]. It should be noted that not only 

does the oxygen vacancies hinder the polaron hopping; it also alters the other defect 

concentrations which leads to a lowering of the concentration of charge carriers. This 

is the main effect. The calculated temperature of maximum conductivity is also higher 

than the observed temperature of maximum conductivity. The calculated temperature 

can be found using the equation: 

 

(4) maxkTEa = , 

 

The calculated temperature of maximum conductivity is around 1150 K for all the 

compounds, compared to the observed temperature of maximum conductivity of 

approximately 800 K. This is also an indication of that the oxygen stoichiometry is 

lowered upon heating of the perovskites. The conductivity behavior found in this 

study is almost the same as found in literature [13, 15]. 

The variation of the total conductivity with s can be understood as follows. When s is 

increased cobalt is lost from the perovskite phase as observed for A-site deficient 

lanthanum based perovskites [15] and confirmed by XRD. Fe-Co based perovskites 

has a higher conductivity than Fe based perovskites [29]. This will therefore lower the 

conductivity. Also the presents of a spinel will lower the conductivity as Co-Fe based 

spinels have a much lower conductivity than Fe-Co based perovskites [30].  
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It can be of use to discuss how the oxide ionic conductivity changes as a function of s. 

In the literature is has been shown that a lowered A-site occupancy greatly influence 

the oxygen stoichiometry, oxygen ion vacancy- and cation vacancy concentrations for 

manganite based perovskites [31]. However no literature data on the defect chemistry 

of A-site deficient Fe-Co based perovskites has been given. However, in principle a 

lowered A-site occupancy can lead to the creation of both oxide ion vacancies and 

cation vacancies in the perovskite structure, but this has never been observed for 

perovskites, and also the powder XRD data suggest that excess Fe-Co is expelled 

from the perovskite structure when s is increased. If, however, both anion and cation 

vacancies are created in the perovskite structure this will probably lower the oxide 

ionic conductivity due to attraction between cation and anion vacancies.  

The magnitude of the ASR is very high on cone-shaped electrodes compared to 

porous composite electrodes of the same materials. This is partly due to the fact that 

the cone-shaped electrodes not are composite electrodes, and partly due to the 

interface between the electrode-electrolyte, which not is optimized in the case of the 

cone-shaped electrodes. The geometrical configuration of the cone-shaped electrode 

limits the number of contact points at the electrode/electrolyte interface. Also the 

cone-shaped electrode is dense and therefore has a low surface area.  

The interpretation of the EIS data can be done accordingly to the mechanism 

suggested by Siebert et al. [32] and confirmed by [32]2. In this mechanism the high 

frequency arc is due to exchange of oxide ions at the electrode-electrolyte interface. 

The equivalent capacity of this arc can be calculated using the equation [34]:  

 

(2) Cω = R(1-n)/n nY /1
0 , 

                                                 
2 We are well aware of other mechanisms suggested in the literature, but this mechanism fit the data the 
best. 
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The magnitude of the equivalent capacity of this arc is between 0.5 to 1 μFcm-2 for all 

the compounds, suggesting that this arc is due to a double layer effect [35]. The n-

values are all close to 0.9 for all the compounds which again indicates that it is the 

same type of reaction that occurs on the all compounds. The medium frequency arc is 

normally attributed to diffusion of oxide anions through the bulk of the electrode [32]. 

This arc finds its minimum for the compound with s equal to 0.05, indicating that this 

compound has the highest oxide ionic conductivity. The magnitude of the low 

frequency arc is also dependent on s, the magnitude being smallest for the compound 

with s equal to 0.05. The low frequency arc is due to a slow redox reaction at the 

surface of the electrode [32]. One possible explanation for this behavior could be a 

lowering of the surface segregation of A-site cations, increasing the amount of the 

catalytic active species Fe and Co in the surface of the electrode material. That the 

magnitude of the low frequency arc increases with a further decrease in s, is perhaps 

due to loss of cobalt from the perovskite phase. The equivalent capacity of this arc can 

be calculated as for the high frequency arc using equation (2). The values are given in 

Table 5. They all fall in the range for a chemical capacitance as depicted in [33]. 

Furthermore it seems like the magnitude of the three arcs is coupled, they all decrease 

or increase in the same manner with a change in s. This parameter could be either the 

oxide ionic conductivity or the surface segregation of praseodymium, or perhaps both. 

The electrochemical behavior of the A-site deficient Pr-based perovskites is markedly 

different from the behavior of the A-site deficient La-based perovskites. The effect of 

A-site deficiency is much less pronounced for the Pr-based perovskites than for the 

La-based perovskites [8]. This could be due to less surface segregation for the 

praseodymium-based perovskites than for the Lanthanum-based perovskites. 
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Praseodymium perhaps fits better in the perovskite structure than lanthanum, lowering 

the importance of A-site deficiency. It could also be due to the ability of 

praseodymium to change oxidation state. It could be that praseodymium has some 

catalytic activity in it self towards the reduction of oxygen. This has been shown for 

other systems [36]. 

 

Conclusion: The TEC decreases almost linearly with s, probably due to the loss of 

cobalt from the perovskite phase. The total conductivity decreases as a function of 

increasing s. The effect of A-site sub-stoichiometry on the activity of praseodymium-

based perovskites towards the reduction of oxygen is reflected in a lowered ASR for 

the compound with s equal to 0.05. This is thought to be due to a lowering of the 

surface segregation of praseodymium. 
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Table captions. 

 

Table 1. Unit cell parameters of A-site deficient (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ perovskites 

measured with powder XRD in air at room temperature. 

 

Table 2. TEC values of A-site deficient (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ perovskites in air 

form 100 to 900oC 

 

Table 3. Total ASR values for A-site deficient (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ at three 

different temperatures in air measured with EIS. The values are given in Ωcm2. 

 

Table 4. Contributions to the total ASR of the individual arcs for A-site deficient 

(Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ measured at 600oC in air with EIS. The values are given in 

Ωcm2. 

 

Table 5. Chemical capacitances of A-site deficient (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ at 600oC 

in air measured with EIS. 
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Table 1. 

s 0.01 0.05 0.10 0.15 0.20 
A / Å 7.717(10) 7.723 (22) 7.723 (6) 7.82 (8) 7.711 (9) 
B / Å 5.500 (8) 5.47 (3) 5.545 (4) 5.455 (14) 5.550 (5) 
C / Å 5.448 (5) 5.529 (8) 5.484 (5) 5.50 (3) 5.504 (8) 

 

Table 2. 

s 0.01 0.05 0.10 0.15 0.20 
TEC / 10-6 K-1 18.67 0.2 18.23 0.3 17.70 0.3 17.35 0.2 16.94 0.2 
 

Table 3. 

s 0.01 0.05 0.10 0.15 0.20 
600oC 5.53 1.72 4.37 7.42 9.69 
700oC 0.64 0.20 0.61 0.97 0.95 
800oC 0.11 0.05 0.07 0.15 0.17 
 

Table 4. 

s 0.01 0.05 0.10 0.15 0.20 
600oC ASR n ASR n ASR n ASR n ASR n 
High 1.18 0.90 0.58 0.88 0.78 0.87 1.53 0.90 1.95 0.89 

Medium 1.65 0.32 0.50 0.42 0.90 0.41 1.75 0.33 2.02 0.31 
Low 2.70 0.78 0.64 0.98 2.69 0.64 4.14 0.66 5.72 0.67 

 

Table 5. 

s 0.01 0.05 0.10 0.15 0.20 
Cω(low) / Fcm-2 0.089 0.15 0.16 0.042 0.20 
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Figure captions. 

 

Figure 1. XRD powder pattern of the compound (Pr0.6Sr0.4)0.95Fe0.8Co0.2O3-δ recorded 

in air at room temperature. 

 

 

Figure 2. Total conductivities as a function temperature for the A-site deficient 

(Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ perovskites. The conductivity drops with increasing s. The 

conductivities have been corrected using the Bruggeman asymmetric model [37]. 

 

Figure 3. EIS of the compound (Pr0.6Sr0.4)0.90Fe0.8Co0.2O3-δ at 600oC in air. Circles are 

measured data. Solid line is fitted data. Characteristic frequencies are marked on the 

figure.  

 

Figure 4. Total ASR values as a function of s, measured in air at 600oC with EIS. The 

uncertainties on the contact areas are around 10 to 15%.
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Figure 2. 
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Figure 3. 
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Figure 4.  

s in (Pr0.6Sr0.4)1-sFe0.8Co0.2O3-δ

0.00 0.05 0.10 0.15 0.20 0.25

A
S

R
 / 

Ω
cm

2

0

2

4

6

8

10

12

 


