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Abstract One of the most important challenges with solid

oxide fuel cells (SOFC) is to find cathode materials with

high enough catalytic activity for the dissociation of the

molecular oxygen. Oxide mixed conductors with the

perovskite structure (ABO3) and high Co content in the B

site have been extensively studied to be used as cathode in

SOFC. This is the second part of a review of high temper-

ature properties of two mixed conductors systems. The first

part was focused on the n = 2 Sr3FeMO6?d (M = Fe, Co,

Ni) Rudlesdden Popper phases, while in this paper we dis-

cuss the thermodynamic and transport properties of the

perovskite solid solution Sr1-xLaxFe0.2Co0.8O3-d (0 B

x B 0.4) in the temperature range 773 B T B 1173 K. In

particular, the interest has been focused on the x = 0 sam-

ple, which exhibits large ionic conductivity values

(ri *1 S cm-1), but suffers a structural transformation

from cubic to orthorhombic symmetry because the ordering

of the oxygen vacancies when the oxygen partial pressure

decreases. Measurements of the oxygen chemical potential

(lO2
) as function of oxygen content and temperature, cou-

pled with high temperature X-ray diffraction data, permitted

us to broaden the knowledge of the T–d–p(O2) phase dia-

gram for the x = 0 sample. In addition, we have investigated

the effects of the La incorporation on the stability range of

the cubic phases of the Sr1-xLaxFe0.2Co0.8O3-d solid

solution.

Keywords Perovskites � Brownmillerite � Mixed

conductors � Phase diagrams

Introduction

Oxide mixed conductors exhibiting both electronic and

ionic conductivity have attracted much attention in the last

years due to their potential application in high temperature

electrochemical devices such as electrodes for solid oxide

fuel cells (SOFC), oxygen separation membranes, and

methane conversion reactors [1, 2].

Fuel cells (FC) are one of the most efficient systems to

produce electrical energy from hydrogen and hydrocarbons

[3]. These devices allow the direct conversion of chemical

energy (Gibbs free energy) into electrical energy from the

electrochemical oxidation of gases such as H2, CO, CH4,

C3H8, C4H10 etc. [4].

Between the different types of fuel cells, the SOFC are

extensively studied since they do not only require the use

of pure gases like H2, CO can also be used as fuel and its

efficiency can be improved using the heat (TDS) produced

in the oxidation reaction to generate steam (co-generation).

The efficiency of the SOFC in the co-generation form can

reach values as high as 70%. However, the high operation

temperatures of the SOFC (T [ 1173 K) require ceramic
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materials for the electrolyte, cathode, anode, and inter-

connection materials. One of the disadvantages of the

SOFC is the high cost of the interconnection material

(lanthanum chromites) and the present challenge is to

reduce the operation temperature in order to replace lan-

thanum chromites by less expensive materials such as

stainless steel. FC operating at temperatures below 973 K

are named intermediate temperature solid oxide fuel cells

(IT-SOFC). However, this lower operating temperature

requires new suitable materials for the electrolyte and

electrodes.

Cathodes for IT-SOFC are widely investigated since the

reduction of the molecular oxygen according to the whole

reaction 1/2O2 ? 2e ? O2- is the main process that limits

the efficiency of the IT-SOFC. It is worth mentioning that

under working conditions, the main potential loss is caused

by the overpotential at the cathode.

The state of the art of the SOFC uses lanthanum man-

ganites (La1-xSrxMnO3) as cathode materials. In this case,

the electrode reaction takes place at the triple phase

boundary (TPB), gas phase/electrolyte/electrode. The gas

phase provides the O2, the electrode the electrons and the

electrolyte the oxygen vacancies for O2- ions incorpora-

tion. Lanthanum manganites cannot be used for cathodes in

IT-SOFC since the reduction of the operation temperature

generates large overpotentials.

Mixed conductors (MIEC) are suitable materials for this

purpose, because the simultaneous presence of electronic

plus ionic conductivity enlarges the reaction zone beyond

the TPB with the consequent reduction of the cathode

overpotentials. Most of the mixed conductors pointed out

as candidates to be used as cathode in IT-SOFC are tran-

sition metal oxides with perovskite or perovskite related

crystal structures that exhibit oxygen non-stoichiometry.

The electronic conductivity of mixed conductors is

mainly related to the mixed valence of the transition metals

whereas the ionic conductivity is due to the presence of

mobile oxygen vacancies at high temperatures. Mixed

conductor oxides are among the group of materials in

which the oxygen content plays a fundamental role on their

specific properties. This review is complementary to a

previous one devoted to present another family of non-

stoichiometric oxides, the superconducting oxides [5].

In the case of oxide mixed conductors used as cathode

material, it seems evident that the cathode reaction should

be related to the defect structure of the transition metal

oxides. Besides, the high temperature properties of these

materials can be affected by structural transformations

occurring under the working conditions. For this reason, the

resolution of the phase diagram of SOFC materials results

very important in the understanding of these properties.

The thermal analysis involves powerful methods that

permit the evaluation of the defect structure [6–10] and

structural transformations [11, 12] of non-stoichiometric

oxides used in combination with data obtained from high

temperature XRD. Also it is possible to study, trough

thermal analysis, the thermodynamic properties and the

chemical stability of diverse systems [13, 14].

This Part II of this review devoted to oxide mixed

conductors is focused on the perovskite solid solution

Sr1-xLaxFe0.2Co0.8O3-d with 0 B x B 0.4. Thermogravi-

metric (TG) measurements along with the high temperature

X-ray diffraction (HT-XRD) permitted us to obtain a more

detailed phase diagram of SrFe0.2Co0.8O3-d compound.

This compound undergoes a phase transition from a dis-

ordered cubic to an ordered orthorhombic phase with the

consequence loss of oxygen conductor properties. How-

ever, the subsequence studies of Sr1-xLaxFe0.2Co0.8O3-d

system with 0 B x B 0.4 shown that the substitution of

Sr2? by La3? prevents this phase transition.

Experimental

Samples of the perovskite solid solution Sr1-xLaxFe0.2Co0.8

O3-d with 0 B x B 0.4 were prepared following the solid

state reaction method with stoichiometric quantities of

highly pure SrCO3, Fe2O3, Co3O4. The raw materials were

weighed and then ground in a ball mill for 1 h. The powder

was calcined at 1223 K in air for 12 h. The final treatment

for this compound was 1423 K for a period of 12 h with an

intermediate grinding.

The presence of single phase materials, with cubic

symmetry (S.G. Pm3m) for Sr1-xLaxFe0.2Co0.8O3-d was

checked by powder XRD. No evidence of secondary pha-

ses was detected. The homogeneity of the samples was

confirmed by SEM observations and EDS analysis.

Thermogravimetric measurements (TG) under con-

trolled p(O2) were performed using a highly sensitive

thermogravimetric equipment [15, 16] consisting of a

symmetrical thermobalance based on a Cahn 1000 elec-

trobalance coupled to an electrochemical gas blending

system. The electrochemical system is composed of an

electrochemical oxygen pump and an oxygen sensor. The

electrochemical pump provides Ar–O2 mixtures and the

oxygen sensor determines the p(O2). Mixtures of Ar–O2

with p(O2) within the range 10-5 \ p(O2) \ 1 atm. can be

easily prepared by only changing the electrical current

applied to the oxygen pump.

The thermobalance allows the determination of sample

mass changes within ±10 lg, i.e., for oxide samples of

about 0.6 g (Sr1-xLaxFe0.2Co0.8O3-d) changes on the

oxygen content within ±0.0003 can be detected.

The equilibrium criterion used for our measurements,

verified over a period of 24 h, was constant mass samples
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within 10 mg. A more detailed description of this ther-

mobalance can be found in Ref. [5]

After performing the TG measurements under controlled

p(O2), the absolute oxygen content of the samples was

determined in situ by reduction in dry H2 at 1273 K. SrO,

La2O3, and metallic Co and Fe were the final products

depending on the composition of the compound.

DC resistivity measurements at high temperature and

controlled p(O2) were carried out by a standard four-

probe method on rectangular samples with dimensions

1.5 mm 9 5 mm 9 20 mm.

For high temperature X-ray diffraction (HT-XRD) the

sample was spread on a resistively heated platinum ribbon

mounted in an Anton Paar HTK-10 camera coupled to the

diffractometer. The p(O2) within the camera was controlled

by means of flowing N2–O2 mixtures supplied by the

electrochemical system.

Results and discussion

The SrCoO3-d compound crystallizes in the R32 hexagonal

symmetry. The substitution of Co by Fe changes the hex-

agonal symmetry to cubic, which increases the oxygen

permeability to values as high as 10-6 mol cm-2 s-1 at

1173 K for SrCo0.8Fe0.2O3-d [17]. The cubic or pseudo-

cubic structure (C) of the SrCo0.8Fe0.2O3-d material [18] is

stable at the temperature range 550 \ T \ 1173 K for

p(O2) [ 0.209 atm., where it exhibits a wide range of

oxygen non-stoichiometry with 3-d ranging between 2.43

and 2.65 [19]. In Fig. 1a, the crystal structures of a cubic

the ABO3 is shown. On the other hand, the brownmillerite

phase (O) with orthorhombic symmetry (space group

Icmm) displays a narrow range of oxygen non-stoichiom-

etry around 2.5. The crystal structure of the brownmillerite

phase is related to that of the perovskite phase. While the

ABO3 perovskite phase consists of a three-dimensional

network of BO6 octahedra, the ABO2.5 brownmillerite

phase has a layer of BO6 octahedra alternating with a layer

of BO4 tetrahedra along the b-axis, as shown in Fig. 1b,

resulting in tetragonal or orthorhombic symmetry. How-

ever, the brownmillerite phase transforms to cubic phases

at high temperatures due to a thermal disordering of the

oxygen vacancies [20, 21]. This phase transformation

involves a significant volume change which is of critical

importance in methane conversion reactors as they can lead

to mechanical fracture.

SrFe0.2Co0.8O3-d perovskite

In Fig. 2, the TG measurements of the equilibrium p(O2)

are plotted as a function of the oxygen content at 823 and

1023 K for the SrFe0.2Co0.8O3-d compound (x = 0). The

isotherms were performed under reduction (decreasing

p(O2)) and subsequent oxidation (increasing p(O2)).

Both isotherms are qualitatively similar, despite the

presence of hysteresis in the 1023 K isotherm.

For the 1023 K isotherm, the starting point A was

obtained by annealing the sample in pure O2 at 1 atm.

during 24 h. The different parts of this isotherm are briefly

described as follows:

– Part A–B: Data points between A and B were obtained

under subsequent reduction of the sample. The oxygen

content of point B is 3 - d = 2.517 at p(O2) = 4.1 9

10-3 atm.

– Part B–C: Decreasing p(O2) slightly below point B, the

weight loss kinetic was appreciably slower than that of

the A–B part. The time to reach equilibrium for point C

was approximately 2 days.

a b

A

B
O

O

T

O

T

O

c
(a) (b)

Fig. 1 a Crystal structure of ABO3 (S.G. Pm-3m). b Crystal structure

of the brownmillerite phase A2B2O5 with Icmm crystal symmetry
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Fig. 2 log p(O2)/atm. versus 3 - d plots at 823 and 1023 K for

SrCo0.8Fe0.2O3-d. Closed and open symbols correspond to the

reduction and oxidation processes, respectively [22]
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– Parts C–D and D–E: The equilibrium data points

between points C and D (close symbols) were obtained

decreasing successively p(O2) and the data points

represented by open symbols between points D and E

increasing successively p(O2).

– Part E–F: After a slight increment in p(O2) beyond

point E, the sample began to oxidize slowly reaching

point F after 2 days.

– Part F–A: Points in part F–A were obtained increasing

p(O2). The value reached at 1 atm. agrees with the

starting point A. This fact indicates that no evaporation

of the sample at 1023 K took place despite the long

period required for the equilibrium p(O2) measure-

ments. On the other hand, the overlap between points of

part A-B and F–A indicates that these points represent

thermodynamic equilibrium states.

The 1023 K isotherm exhibits three well-differentiated

regions. Part A–B reveals the presence of a non-stoichi-

ometric phase with a wide range of oxygen contents. On

the contrary, part D–E indicates the presence of an almost

stoichiometric compound. Nearly constant p(O2) values for

parts B–C and E–F indicate the existence of a two-phase

field in agreement with the Gibbs’s rule. However, we

noted the presence of substantial hysteresis in the p(O2)

values within the two-phase field region.

In Fig. 2, the p(O2) isotherm obtained at 823 K is also

included. The shape of this isotherm is qualitatively similar

to that determined at 823 K. However, the hysteresis for

this isotherm is negligible.

The shape of these isotherms undoubtedly indicates the

nature of the phase diagram of the SrCo0.8Fe0.2O3-d

compound. The A–B part denotes the presence of the non-

stoichiometric cubic phase (C) while part D–E corresponds

to the stabilization of the brownmillerite Sr2Co1.6Fe0.4O5

phase with orthorhombic symmetry (O).

The isotherm parts B–C and E–F correspond to the

precipitation of the brownmillerite phase from the cubic

phase and the precipitation of the cubic phase from the

brownmillerite, respectively.

The cubic phase accepts a wide range of oxygen non-

stoichiometry by creation of oxygen vacancies randomly

distributed in the structure. These defects are responsible

for the presence of ionic conductivity, which in addition to

the electronic conductivity, make this material a mixed

conductor and therefore suitable for applications as cathode

materials in IT-SOFC [17–19].

The brownmillerite phase precipitates from the cubic

phase because of the ordering of oxygen vacancies along

the [101]p direction in alternating (010) perovskite planes

producing a
ffiffiffi

2
p

ap � 4ap �
ffiffiffi

2
p

ap supercell. The oxygen

ordering leads to a layer structure in which BO6 octahedra

alternate with BO4 tetrahedra along the c-axis [23].

The presence of hysteresis in non-stoichiometric oxides

has been extensively discussed in the literature. This

behavior is related to the existence of two phases with

close compositions and related structures, which is the

case for the cubic and the orthorhombic phase of the

SrFe0.2Co0.8O3-d material. Under theses conditions, it

may be possible to create coherent or semi-coherent

interfaces due to the presence of crystallographic planes

of low lattice mismatch. These interfaces are character-

istic by low interfacial energies despite their non-negli-

gible strain energy (DGS). The thermodynamic description

of the two-phase system (the cubic and the orthorhombic)

requires the incorporation of the DGS contribution. This

contribution to the total free energy of the system makes

the Gibbs’s rule system invalid, giving multivaluated

p(O2) values for the two-phase region [24–26].

The data shown in Fig. 2 indicate that the hysteresis

increases along with T. Therefore, this phenomenon is not

associated to any thermal activated process; otherwise the

trend of the hysteresis loop should be the opposite. We

believe that the dependence of hysteresis on T is due to the

fact that the compositional differences between both phases

(oxygen content) decrease with T and thereby increase the

possibility to form coherent or semi-coherent interfaces.

Despite the presence of hysteresis, it is possible to

determine with high accuracy the phase boundaries

between the C phase and the two phase field region

(C/C ? O) and the small oxygen stoichiometric range of

the O brownmillerite phase from the p(O2) isotherms.

In Fig. 3, all the p(O2) isotherms for T between 823 and

1223 K are plotted. For clarity, only the values obtained

under reduction conditions are included.

The p(O2) data clearly show that the p(O2) plateau,

indicative of the existence of a two phase-field region, is

absent for T [ 1023 K in agreement with literature [19].
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Fig. 3 log p(O2)/atm. versus 3 - d plots for SrCo0.8Fe0.2O3-d at

several temperatures (data corresponding to the reduction process)

[22]
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Therefore, at T [ 1023 K the cubic phase is stable in the

whole range of p(O2). From these p(O2) measurements

complemented with TG isobars (measurements under

constant p(O2)), the phase diagram for the SrFe0.2Co0.8O3-

d compound was built. A more detailed description of this

study can be found in Ref. [22].

In Fig. 4, the phase diagram (T versus oxygen content)

for SrFe0.2Co0.8O3-d obtained from our TG measurements

is shown. Literature data are also included in this figure.

The (C ? O)/C and the O/(C ? O) (d) phase bound-

aries, at the rich oxygen content side, were obtained from

isothermal measurements, while the (C ? O)/C and the C/

(C ? O) phase boundaries, at the poor oxygen content side

(j) were determined from isobaric measurements. In the

inset of this figure, a schematic diagram of the free energy

curves versus composition for the C and O phases is drawn.

The free energy curve of the cubic phase shows a broad

dependence on composition while that of the orthorhombic

phase displays a narrow range of oxygen non-stoichiome-

try. The common tangent between both free energy curves

defines the phase boundaries in the temperature versus

composition phase diagram.

From the equilibrium p(O2) data, the oxygen chemical

potential, lO2
; can be computed using the following

equation:

lO2
¼ loxide

O2
¼ lref

O2
þ RT ln p O2ð Þ=p O2ð ÞrefÞ ð1Þ

where R is the gas constant, p O2ð Þref¼ 1 atm and lref
O2

is the

oxygen chemical potential of the reference gas obtained

from thermodynamic tables [28].

From the lO2
data, the partial molar enthalpy hO2

and the

partial molar entropy sO2
can be determined by means of

the following relations:

sO2
¼ �

olO2

oT

�

�

�

�

d

ð2Þ

hO2
¼

o lO2
=T

� �

o 1=Tð Þ

�

�

�

�

d

ð3Þ

The values of sO2
and hO2

for the cubic phase are displayed

in Fig. 5.

Useful information can be extracted from the depen-

dence of both thermodynamic quantities on the oxygen

content. It can be observed that hO2
and sO2

decrease with

increasing oxygen content. The variation of sO2
with d is in

opposition with that observed for La1-xSrxCoO3-d [29, 30]

where sO2
increases with d. We attribute this difference in

the behavior of sO2
to the different oxygen non-stoichi-

ometry range analyzed for both compounds. The

La1-xSrxCoO3-d compound exhibits a smaller oxygen

vacancies concentration than SrFe0.2Co0.8O3-d. Therefore,

the behavior of sO2
for La1-xSrxCoO3-d can be explained

using the ideal solution model [29]. On the contrary, the high

concentration of oxygen vacancies of SrFe0.2Co0.8O3-d,

might lead to the formation of ordered regions such as

clusters or microdomains in the oxygen content range close

to 3 - d = 2.5 even well above the order transition tem-

perature (*1023 K) lessening the configurational entropy

respect to that of the ideal solution causing the observed

dependence of sO2
with d. The high hO2

values suggest a

strong interaction among defects for the SrFe0.2Co0.8O3-d

compound.

2.46 2.48
800

850

900

950

1000

1050

2.50 2.52 2.54
Oxygen content, 3–δ

Oxygen content, 3–δ

G
ib

bs
 f

re
e 

en
er

gy

C + O C + OO C

Te
m

pe
ra

tu
re

/K

2.56

isotherms
isobars

2.58 2.60

2.40

Gc
Go

2.45 2.50 2.55 2.60

2.62

Fig. 4 Phase diagram of SrCo0.8Fe0.2O3-d. Experimental data from

(closed circle) isothermal measurements, (closed square) isobaric

measurements, (open triangle) Ref. [19], and (open square) Ref. [27].

The inset shows the schematic free energy-composition curves for the

cubic and orthorhombic phases at a given T lower than 1023 K [22]
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Sr1-xLaxFe0.2Co0.8O3-d perovskite

Despite the fact that SrFe0.2Co0.8O3-d compound exhibits

the highest ionic conductivity of the (Sr,La)(Co,Fe)O3-d

system, this material tends to lose oxygen and decomposes

at high temperature (1173 K) under reduced environments

(N2, CH4). Furthermore, as we discussed in the previous

section, the high concentration of oxygen vacancies of

SrFe0.2Co0.8O3-d increases the electrostatic interaction

among oxygen defects and, thereby, the precipitation of the

oxygen ordered brownmillerite phase at T B 1023 K [20].

This phase transformation involves an appreciable volume

change that affects both the mechanical stability and the

ionic conductivity of SrFe0.2Co0.8O3-d [31], which repre-

sent serious drawbacks for using SrFe0.2Co0.8O3-d as

electrode material or membrane for oxygen separation

[20, 21]. On the other hand, the linear expansion coeffi-

cient of SrFe0.2Co0.8O3-d is much higher than that

of the electrolytes Ce0.9Gd0.1O1.95 (GGO) and La0.8Sr0.2-

Ga0.83Mg0.17O2.81 (LSGM) [31].

Although the partial substitution of Sr by La decreases

the oxygen permeation flux across a membrane of

SrFe0.2Co0.8O3-d, it also depresses the p(O2) values for the

crystal structure transformation as well as the linear

expansion coefficient. Thus, the equilibrium p(O2) mea-

surements result in an effective experimental technique to

analyze the effect of La doping on the O/T transition.

In Fig. 6, the equilibrium p(O2) data obtained at

T = 823 K for Sr1-xLaxFe0.2Co0.8O3-d with x = 0, 0.10,

0.20, and 0.40 are plotted. Similar to the data presented for

the SrFe0.2Co0.8O3-d perovskite, the presence of a plateau

for the x = 0 and 0.10 samples indicates the coexistence of

both the cubic and orthorhombic phases. In this figure

segments, A0–B0 and A1–B1 correspond to the cubic phase,

B0–C0 and B1–C1 to the coexistence of both phases, and

C0–D0 and C1–D1 represent the equilibrium p(O2) data of

the brownmillerite phase for the x = 0 and x = 0.10

samples, respectively.

The plateau is present around log p(O2) *- 0.8 and

log p(O2) *-2.8 for the x = 0 and 0.1 samples, respec-

tively. The increment of La content decreases the oxygen

non-stoichiometric range of the cubic phase and depresses

the equilibrium p(O2) of the plateau. The plateau is absent

for the x = 0.2 and 0.4 samples indicating that within this

range of p(O2) the cubic phase is the only stable phase.

These results are confirmed by HT-XRD measurement. In

Fig. 7 are shown some representative diffractogram

obtained by x = 0.1 and x = 0.4 samples under N2 atmo-

sphere. While the Sr0.9La0.1Co0.8Fe0.2O3-d compound

exhibits the brownmillerite formation between 673 and
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1113 K, the Sr0.6La0.4Co0.8Fe0.2O3-d presents a stable

cubic structure for the overall temperature range.

The effect of the La content on the stabilization of the

cubic phase can be understood by considering the charge

balance in the SrFe0.2Co0.8O3-d perovskite. In the brown-

millerite phase of composition Sr2Co1.6Fe0.4O5, the formal

valence of the Co and Fe cations is ?3. This valence gives

an oxygen content of 5 and therefore a vacancy concen-

tration of 1/6. Under these conditions, the free energy of

the system is minimized by ordering the oxygen vacancies.

The replacement of Sr by La modifies both the formal

valence of the transition metals and the oxygen content

values characteristic of the brownmillerite phase. The

oxygen content of the brownmillerite phase with x = 0.10

is *2.55 and, then the formal valence of Co is *2.62

(assuming all the Fe as ?3), which is below the ?3 oxi-

dation state of the Co ions in the x = 0 brownmillerite

phase. Therefore, the oxidation state of Co and the oxygen

vacancy concentration are modified as x increases and

consequently the cubic phase is stabilized. A detailed dis-

cussion about these results can be found in Ref. [32].

Conclusions

• Isotherms and isobars of equilibrium p(O2) were

determined by TG measurements for the SrCo0.8-

Fe0.2O3-d perovskite. The partial molar properties, sO2

and hO2
, for the cubic phase were computed from

experimental data of the oxygen chemical potential lO2
.

The dependence of both sO2
and hO2

with the oxygen

content ‘‘3 - d’’ is discussed in terms of defect inter-

actions and the provable presence of ordered domains

at T [ 1023 K. The T–(3 - d) phase diagram of the

SrCo0.8Fe0.2O3-d compound was reviewed and detailed

determined within the oxygen content (3 - d) ranging

from 2.46 to 2.6. While the brownmillerite phase sta-

bilizes at temperatures below 1073 K and exhibits a

narrow stability around 3 - d = 2.5, the cubic perov-

skite phase displays a broad range of oxygen non-

stoichiometry between 2.46 and 2.6. For T \ 1073 K,

the cubic phase is separated from the orthorhombic

phase by two phase regions at both sides of the ortho-

rhombic phase.

• Equilibrium p(O2) measurements as a function of

oxygen content ‘‘3 - d’’ at 823 K for the

Sr1-xLaxCo0.8Fe0.2O3-d are presented. The tendency

to form the brownmillerite phase decreases with

increasing La content, and the sample with x = 0.4

does not show any evidence of the formation of the

brownmillerite phase under the conditions of this

investigation.
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