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Abstract This is the first part of a review devoted to

present the physicochemical properties of non-stoichiom-

etric oxides that exhibit simultaneously ionic and electronic

conductivity. Oxides mixed conductors are candidates to be

used in electrochemical applications such as oxygen sep-

aration membranes, Solid Oxide Fuel Cells (SOFC) and

Solid Oxide Electrolysis Cell (SOEC). In the present arti-

cle, divide in two parts, we review the thermodynamic and

transport properties of mixed conductors systems. In Part I

is presented the layered mixed conductors Sr3FeMO6?d

(M = Fe, Co, Ni) belonging to the n = 2 member of the

Ruddlesden–Popper series An?1BnO3n?1, while in Part II

we discuss results obtained for the Sr1-xLaxFe0.2Co0.8O3-d

perovskites. These perovskite related intergrowth oxides,

Sr3FeMO6?d, intercalate rock-salt layers in the perovskite

structure decreasing the tendency of structural transfor-

mation at high temperature. The defect structure of these

materials has been determined by thermodynamic

measurements of the oxygen chemical potential (lO2) as a

function of oxygen content and temperature. The knowl-

edge of the defect structure has shown to be essential to

analyze electrical resistivity measurements and neutron

powder diffraction data at high temperature to propose

mechanisms for the electronic and ionic transport.

Keywords Mixed conductors � Ruddlesden Popper

phases � Defect structure � Thermodynamical properties �
Neutron diffraction

Introduction

The no-stoichiometry in oxides can be related to the presence

of cationic or anionic defects through the formation of in-

terstitials or vacancies in the crystal structure. These point

defects in the lattice modify the transport and magnetic

properties of these oxides making them suitable for tech-

nological applications. The current study is the first part of a

review devoted to those non-stoichiometric oxides whose

defect structure allows the presence of ionic and electronic

conductivity, simultaneously. In a previous review, we

presented another family of non-stoichiometric oxides and

their relation with the superconducting properties [1].

The mixed conductivity is an attractive property for high

temperature electrochemical devices such as Solid Oxide

Fuel Cell (SOFC) [2], Solid Oxide Electrolysis Cell (SOEC)

or oxygen separation membranes [3]. Mixed conductivity

gives the possibility of having the electrons needed for the

charge transfer process and the ions for mass transfer process

in the same material.

The increasing energetic demand and the poor utilization

of natural resources have stimulated the search of innovative

solutions either producing new fuels or using them
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efficiently. In this context, the main idea of using H2 as an

energy vector has received much attention due to its high

energy/mass relationship. However, there are still funda-

mental problems to solve. One of them is the efficient pro-

duction of high purity hydrogen. In this sense, the collection

of H2 through High Temperature Steam Electrolysis (HTSE)

and not by hydrocarbons reforming is presented as a possible

alternative due to that the emission of both, pollutants such as

NOx and greenhouse gases like CO2, will be prevented [4].

The HTSE has the advantage of a process free of CO and that

the reaction is favored thermodynamically and kinetically

with respect to the electrolysis at room temperature [5].

Recent studies showed that H2 can be obtained using the

technology of the SOEC at competitive prices [6].

Another approach to the problem of the poor use of

natural resources is to use conventional fuels such as nat-

ural gas or methane in devices capable of increasing the

fuel/energy conversion efficiency. The fuel cells are pre-

sented as an attractive alternative because they can achieve

high efficiencies, while the theoretical values are close to

100%, the efficiencies achieved in actual devices are higher

than 50% and values up to 70% in the case of using co-

generation gas turbines were reported [7]. These efficien-

cies are significantly better than those of heat engines,

whose performance range between 20 and 30%. Other

advantages of the fuel cells are the possibility of built up by

modular assemblage, the absence of noise and pollutant

emission levels orders of magnitude lower than those of

conventional power generators. Basically, fuel cells are

electrochemical devices that convert chemical energy

stored in a fuel directly into electrical power. Among the

various types of fuel cells, the Polymer Electrolyte Mem-

brane fuel cell (PEM) using a polymer as electrolyte and

operating temperatures near 353 K, and the SOFC, with

solid oxide electrolytes and operating temperatures above

973 K have attracted a lot of interest. The main advantage

of the SOFC is its greater flexibility from the fuel point of

view, since it can produce electrical energy either from

hydrogen or hydrocarbons [8, 9]. The high operating

temperature of the SOFC eliminates the use of precious

metals as electrodes, but poses severe challenges for the

construction of durable devices.

The SOEC basically can be thought as a SOFC, working

in reverse mode [5]. Therefore, many materials currently

studied as potential candidates for SOFC cathode can also

be used as anodes in the SOEC.

While the solid oxide cell are efficient systems for

energy conversion and production of H2, the oxygen sep-

aration membranes are oxides ceramics with selectivity for

the oxygen diffusion allowing the control of oxygen partial

pressure in reactivity chambers for selective oxidation of

hydrocarbons [3]. Particularly, mixed conductors with high

oxide-ion conductivity can be used as oxygen separation

membranes without the use of electrodes and external

circuit required for a traditional ceramic oxygen pump.

Materials selection for these high temperature electro-

chemical devices involves an iterative design process that

eventually becomes specific to the technical requirements

and economic considerations. By one hand, in SOCs the

critical parameters to the efficiency and operation are the

voltages loss associated to ohmic drop in electrolyte and

overpotentials on electrodes. By other hand, in oxygen sep-

aration membranes the critical issue is the stability of the

ceramic membranes in both oxidant and reducing atmo-

spheres. Besides, long term stability is required for both

electrochemical devices due to the high working tempera-

ture. Therefore, thermodynamic and structural stability,

along with chemical compatibility and zero thermal stress

should be assured for the materials.

Most of the mixed conductors to be used as potential

candidates for oxygen electrodes of intermediate temper-

ature SOCs and oxygen separation membranes are transi-

tion metal oxides with perovskite or perovskite-related

crystal structures exhibiting 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.

It seems evident that the electrode reaction in oxygen

electrodes and the oxygen transport in ceramic membranes

should be related to the defect structure of the transition

metal oxides.

The thermal analysis involves powerful techniques

allowing the evaluation of the defect structure [10–14] and

structural transformations [15, 16] 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 [17, 18].

In this article, divide in two articles; we revise the ther-

modynamic, transport properties and structural stability of

two mixed conductors systems for SOCs oxygen electrodes

and oxygen separation membranes. We studied the nature of

the defect structure by means of thermogravimetric (TG)

and electrical resistivity measurements under atmospheres

with controlled oxygen partial pressure (pO2). Also, we

analyzed the phase stabilities combining TG with high

temperature X-Ray and Neutron diffraction. Part I is focused

on the n = 2 Sr3FeMO6?d (M = Fe, Co, Ni) Ruddlesden–

Popper phases, while in Part II is discussed the results

obtained for the solid solution Sr1-xLaxFe0.2Co0.8O3-d

perovskite with 0 B x B 0.4. We will show that accurate

thermogravimetric measurements under controlled p(O2)

allow the determination of the partial molar properties: the

oxygen chemical potential lO2; the partial molar entropy

sO2
; and the partial molar enthalpy hO2

. These
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thermodynamic properties provide useful information not

only of the lattice defects but also of the electronic defects.

In the case of the R–P phases, the defect structure deter-

mined from thermodynamic measurements was confirmed

by electrical resistivity measurements and neutron powder

diffraction data.

Experimental

Samples of the n = 2 R–P compounds Sr3Fe2O6?d,

Sr3FeCoO6?d, Sr3FeNiO6?d were synthesized by an acetic-

based gel route.

For the Sr3Fe2O6?d, Sr3FeCoO6?d, Sr3FeNiO6?d com-

pounds, stoichiometric quantities Fe, Ni, and Co acetates and

SrCO3 were dissolved in acetic acid and refluxed for 2 h. The

solution was then heated in a hot plate to form a dark red

transparent gel. This gel was dried and decomposed at 723 K

for 30 min in air. An intermediate heat treatment was per-

formed at 1223 K for 12 h in air. Dense samples were

obtained by pressing the powders into pellets with a final heat

treatment at 1573 K under pure O2 for 20 h.

The presence of single phase materials, with tetragonal

symmetry (S.G. I4/mmm) for Sr3FeMO6?d was checked by

powder XRD. No evidence of secondary phases was detected

for both materials. The homogeneity of the samples was

confirmed by SEM observations and EDS analysis.

Themogavimetric measurements (TG) under controlled

p(O2) were performed using a highly sensitive thermo-

gravimetric equipment [19, 20] consisting of a symmetrical

thermobalance based on a Cahn 1000 electrobalance coupled

to an electrochemical gas blending system. The electro-

chemical system is composed of an electrochemical oxygen

pump and an oxygen sensor. The electrochemical pump

provides Ar–O2 mixtures and the oxygen sensor determine

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 of Sr3(FeM)O6?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

within 10 mg. A more detailed description of this ther-

mobalance can be found in [1].

After performing the TG measurements under controlled

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

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

and metallic Co, Fe, or Ni 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.

Neutron powder diffraction patterns were recorded at

the Institute Laue-Langevin, Grenoble-France, on the D2B

powder diffractometer at T = 293, 573, 773, 973, and

1173 K. Data were collected using the wavelength

k = 1.594 Å, in the angular range 10� B 2h B 140� with

steps of 0.05�. At room temperature, the samples were

handled under flowing He and placed in a vanadium can.

For NPD measurements at T C 573 K, the samples were

placed in a quartz tube open at the top in contact with air.

Results and discussion

In Fig. 1 the crystal structures of the n = 2 R–P phases

Sr3(Fe,M)O6?d (M = Fe, Co, Ni) is shown. The crystal

structure of the n = 2 R–P phases (A3B2O7) consists of an

ordered sequence of two perovskite layers ABO3 alternat-

ing with rock-salt layer AO along the c-axis [21, 22].

Sr3FeMO6?d (M = Fe, Co, Ni) Thermodynamic

properties

The n = 2 R–P phases Sr3FeMO6?d (M = Fe, Co, Ni) are

candidates for high temperature electrochemical applica-

tions since the presence of mixed conductivity has been

reported for some compositions [23–25]. These materials

present better themodynamic stability than cobaltites with

perovskite structure and do not exhibit any phase transition

within the working temperature and p(O2) ranges used for

Rock salt layer

Rock salt layer

O(1)

O(3)

O(2)

Sr

M
O

Perovskite layer

Fig. 1 Crystal structure of the n = 2 Sr3FeMO6?d (M = Fe, Co, Ni)

Ruddlesden–Popper phase (S.G. I4/mmm)
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electrochemical applications. In Fig. 2 the isotherms of the

equilibrium p(O2) as a function of the oxygen content for

the Sr3FeMO6?d (M = Fe, Co, Ni) compounds at several

temperatures are plotted. These compounds display a wide

range of oxygen non-stoichiometry and the isotherms do

not present any plateau characteristic of a phase transition,

within the range of measurements.

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

the

oxygen chemical potential of the reference gas obtained

from themodynamic 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 R–P phases are displayed in

Figs. 3, 4, 5, and 6 and the result are discussed in next sections.

Sr3Fe2O6?d

At high temperatures and low values of p(O2) the oxygen

content of the Sr3Fe2O6?d compound tends to the value

6.00 indicating the stabilization of Sr3Fe2O6 with all Fe as

3?. In Figs. 3 and 4, the sO2
and hO2

values, respectively, as

a function of oxygen content ‘‘6?d’’ for Sr3Fe2O6?d are

shown. These values were determined using Eqs. 2 and 3.

Both thermodynamic quantities were fitted in the frame of

the regular solution model with defect models considering

either localized charge carriers in the Fe sites [29–33] or

itinerant carriers [34–36].

The defect equation in the Kröger–Vink notation for

localized charge carrier is the following:
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1023 K

1073 K
1123 K
1173 K
1223 K
1273 K
1323 K
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Fig. 2 Isotherms of log p(O2) vs. oxygen content ‘‘6?d’’ for

Sr3Fe2O6?d, Sr3FeCoO6?d and Sr3FeNiO6?d at several temperatures

[26, 27]
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V��O þ
1

2
O2 þ 2Fex

Fe $ Ox
O þ 2Fe�Fe ð4Þ

where V��O represents double charged oxygen vacancies,

Ox
O is a double charged oxygen ion (O2-) in the crystal

lattice sites O(1), O(2), and O(3). Finally, Fex
Fe and Fe�Fe

denote the cations Fe3? and Fe4?, respectively, in the Fe

crystallographic sites.

For itinerant carriers the defect equation is:

V��O þ
1

2
O2 þ 2e0 $ Ox

O ð5Þ

where e
0

represents an electron in the conduction band.

The partial molar properties sO2
and hO2

can be calcu-

lated from defect Eqs. 4 and 5 considering ideal mixing

entropy, the crystal site balance and the charge neutrality

condition. For localized charge carriers the expression for

sO2
is:

sO2
¼ �2s0

V � 4s0
Fe � 2R ln

ðnþ dÞd2

ð1� dÞ ð6Þ

where s0
V and s0

Fe are constants corresponding to the stan-

dard entropy of the oxygen and electronic defects and n is a

parameter that takes different values depending on the

oxygen crystal sites involved in the computation of the

mixing entropy. Thus, n equals 0 for O(1), 4 for O(1) and

O(3) and 6 for O(1), O(2) and O(3).

In this model both, the oxygen defects and the localized

charge carriers, contribute to the partial molar entropy;

contrary to the case of the defect Eq. 5 where only the

oxygen defects contribute to sO2
:

In Fig. 3 the experimental data for sO2
and the fitting

with different defect models are shown.

A great difference in the fitting for models considering

localized or itinerant charge carriers can be observed. It is

clear from this fitting that the sO2
data strongly suggest the

presence of localized charge carriers in the Fe sites for the

Sr3Fe2O6?d compound. The fitting of sO2
is also improved

considering the presence of vacancies not only in the O(1)

site but also in the O(3) and O(2) sites. The fitting does not

differentiate between oxygen vacancies in the O(1) and

O(3), and O(1), O(2), and O(3) crystal sites.

The expression for hO2
considering the defect Eq. 4 is:

hO2
¼ �2h0

V � 4h0
Fe þ 2ad; with a ¼ RT ln

cOx
O
c2

Fe Fe
�

cV
O
��c2

Fe Fe
x

ð7Þ

where h0
V and ch0

Fe are the standard molar enthalpy of oxygen

and electronic defects, respectively. cOx
O
; c2

Fe Fe
� ; cV

O
��c

2
Fe Fe

x are

the activity coefficients of Ox
O, Fe�Fe, V��O , and Fex

Fe,

respectively.

The experimental data for hO2
plotted in Fig. 4 show a

slightly linear dependence of hO2
on 6?d. This fact indi-

cates the presence of defect interactions in the Sr3Fe2O6?d

compound and therefore a deviation of hO2
from the ideal

solution model.

From the linear fitting of the experimental data shown in

Fig. 4, we have obtained the value of the parameter a = 17

(2) kJ 9 mol-2, which is related to the defect interactions

through the values of the activity coefficients ci. This value

is one order of magnitude lower than those obtained by

Osuma et al. for the La1-xCaxCrO3-d perovskite [32]

indicating weaker defect interactions for Sr3Fe2O6?d.

The good fitting of the sO2
data, considering a random

distribution of point defects and the low values of the

s O
2
/J
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Fig. 5 sO2
vs. oxygen content ‘‘6?d’’ for Sr3FeCoO6?d and

Sr3FeNiO6?d. The lines represent the fitting of the data with a defect

model involving localized and itinerant charge carriers. The sO2
data

for Sr3FeCoO6?d have been included for comparison [27]
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Fig. 6 hO2
vs. oxygen content ‘‘6?d’’ for Sr3FeCoO6?d,

Sr3FeNiO6?d. The lines represent the fitting of the data with a defect

model involving localized and itinerant charge carriers. The hO2
data

for Sr3FeCoO6?d have been included for comparison [27]
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parameter ‘‘a’’, suggest that the defect interactions are

weak enough to prevent defect association (clusters) or

ordering [37]. This behavior differs from that observed for

SrFe0.2Co0.8O3-d where the high hO2
values suggest a

strong interaction among defects. A detailed discussion

about these results can be found in ref [26].

Sr3FeNiO6?d and Sr3FeCoO6?d

In Figs. 5 and 6, sO2
and hO2

data as a function of oxygen

content ‘‘6?d’’ for Sr3FeNiO6?d and Sr3FeCoO6?d are

plotted. For comparison, the data of Sr3Fe2O6?d are inclu-

ded. The behavior of both sO2
and hO2

for Sr3FeNiO6?d and

Sr3FeCoO6?d differs qualitatively from those obtained for

Sr3Fe2O6?d suggesting a different defect structure.

In particular the slight dependence of sO2
with 6?d for

Sr3FeNiO6?d and Sr3FeCoO6?d, similar to that plotted in

Fig. 3 for itinerant charge carriers, strongly suggests the

presence of delocalized electronic defects.

It is well known that the presence of localized charge

carriers is a common feature of the (La,Sr)FeO3-d per-

ovskites [29–31]. The situation is completely different for

(La,Sr)CoO3-d perovskites, where the delocalized charge

carriers are distributed in a partial filled Co(3d)–O(2p)

band [35, 36]. Therefore, similarly to that proposed by

Lankhorst et al. [35] for the La0.6Sr0.4Co1-yFeyO3-d

perovskite, we have considered for Sr3FeNiO6?d and

Sr3FeCoO6?d a defect model linking Eqs. 4 and 5. A

fraction fe of the electrons involved in the defect reaction is

taken from the M(3d)–O(2p) (M = Ni, Co) conduction

band, whereas the remaining 1 - fe fraction of electrons is

distributed in the localized states of the iron sites.

The defect reaction for this model:

2V��O þ O2 þ 4ð1� feÞFex
Fe þ 4fee0 $ 2Ox

O þ 4ð1� feÞFe�Fe

ð8Þ

The model considers an equilibrium exchange reaction of

charge carriers between the M(3d)–O(2p) (M = Co, Ni)

conduction band and localized iron states:

Fe�Fe þ 2e0 $ Fex
Fe ð9Þ

Taking into account the low value of the interaction

parameter ‘‘a’’ determined for the Sr3Fe2O6?d. compound,

it is plausible to considerer that in the Ni and Co

substituted compounds the defects (V��O , Ox
O, and Fex

Fe,

Fe�Fe) are randomly distributed in the oxygen and iron

lattice sites and the interaction between defects can be

neglected. Besides, the chemical potential of the charge

carriers in the conduction band mainly contributes to hO2

and can be expressed using the rigid band model

formalism [35, 36]:

le0 ¼ l0
e0 ðTÞ þ

e0½ � � e0½ �0

gðEFÞ M½ � ð10Þ

where l0
e0 ðTÞ denotes the chemical potential of the standard

state (d = 1), [e0] is the electron occupancy, [e0]0 is the

electron occupancy for the standard state, g(EF) is the

density of states at the Fermi level for the standard com-

pound and, [M] is the concentration of the transition metal

(Co or Ni); which is equal to 1 in this case.

Therefore, expressions for sO2
and hO2

can be obtained by

replacing the chemical potentials in the equilibrium reac-

tions (4) and (5), and considering the oxygen crystallo-

graphic site balance, the iron sites balance, the charge

neutrality condition and the equilibrium and boundary con-

ditions. From the fitting of experimental data of sO2
and hO2

with these expressions, it is possible to evaluate the fraction

of localized and delocalized charge carriers as a function of

oxygen content. A detailed description of this model used to

fit the sO2
and hO2

data can be found in Ref [27].

In Figs. 5 and 6 the results of this fitting are presented. It

is worth mentioning that a simple model considering

localized charge carriers in the Fe sites in addition to

itinerant charge carriers in a rigid M(3d)–O(2p) band,

allows a realistic fitting of both thermodynamic quantities.

The presence of delocalized charge carriers releases the

singularity found in sO2
as 6?d approaches to 6.00 for

Sr3Fe2O6?d. The rapid variation of hO2
observed at lower

oxygen content for both Sr3FeNiO6?d and Sr3FeCoO6?d

compounds is mainly related to the contribution of the

chemical potential of the delocalized charge carriers in the

Ni and Co bands.
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Fig. 7 Isotherms of the electrical conductivity as a function of

log p(O2) for Sr3Fe2O6?d, Sr3FeCoO6?d, and Sr3FeNiO6?d

compounds [27]

602 A. Caneiro et al.

123



Sr3FeMO6?d (M = Fe, Co, Ni) electrical conductivity

In Fig. 7 isotherms of the electrical conductivity as a

function of p(O2) for Sr3Fe2O6?d, Sr3FeCoO6?d, and

Sr3FeNiO6?d in a log–log plot are presented. The electrical

conductivity increases according to the series Fe \ Co \
Ni. The three compounds present a positive slope of log r
vs. log p(O2). This fact suggests the presence of p type

charge carriers. The log r vs. log p(O2) slope is close to �
for Sr3Fe2O6?d at high temperatures and low p(O2). In this

limit r a [Fe�Fe] a p(O2)1/4. The slopes log r vs. log p(O2)

for Sr3FeCoO6?d and Sr3FeNiO6?d are lower than �. The

presence of itinerant charge carriers in addition to localized

ones in both Sr3FeCoO6?d and Sr3FeNiO6?d compounds

should be the responsible of this behavior.

Valuable information on the mechanism involved in the

electrical conductivity can be extracted from the depen-

dence of the electrical conductivity as a function of the

oxygen content or charge carrier concentration. In order to

obtain these data it is necessary to combine the log r vs.

log p(O2) data shown in Fig. 7 with log p(O2) vs. oxygen

content data shown in Fig. 2.

In Fig. 8 the electrical conductivity ‘‘r’’ vs. oxygen

content ‘‘6?d’’ at different temperatures for the

Sr3FeMO6?d (M = Fe, Co, Ni) compounds are plotted. For

the three compounds r is thermally activated and increases

with the series Sr3Fe2O6?d\Sr3FeCoO6?d\ Sr3FeNiO6?d

at a fixed oxygen content value. This trend is in agreement

with the enhanced covalence of the M–O bonding from the

left to the right in the transition metal series.

The electrical conductivity is given by:

rp ¼ Xp

� �

elp ð11Þ

where [Xp] is the p-carriers concentration, e the electron

charge, and l the mobility of the charge carrier.

Therefore, the thermal activated behavior of the elec-

trical conductivity could be associated to any of the fol-

lowing mechanisms: (a) small polaron conductivity

mechanism (l increase with T), (b) semiconductor or large

polaron behavior (Xp increases with T) [38–41].

For the Sr3Fe2O6?d compound, lp can be easily esti-

mated from Eq. 11 since the holes are localized at the Fe

crystal sites as Fe�Fe, and therefore the charge carriers

concentration is given by Xp

� �

¼ 2�2d
Vc:u:

where Vc.u. is the

volume of the unit cell. Thus, lp varies between 0.015 and

0.03 cm2 V-1 s-1 for 6.1 \ 6?d\ 6.5. These low

mobility values are typically found in those material where

the mechanism for electrical conductivity is dominated by

small polarons. In the small polaron model the charge

carriers have a strong interaction with the lattice and they

are localized on the crystal sites (Fe in this case). Conse-

quently, the charge carriers jump through the lattice with a

thermal activated mobility.

If the small polaron model is assumed in the case of

substituted compounds, the estimated mobility values are in

the range of 1.12 C lp
LP C 0.27 cm2 V-1 seg-1 within the

interval 6.00 \ ‘‘6?d’’ \ 6.3 for Sr3FeCoO6?d and

1.82 C lp
LP C 0.68 cm2 V-1 seg-1 between 5.8 \ ‘‘6?d’’

\ 6.2 for Sr3FeNiO6?d. These mobility values are higher

than the typical ones of the small polaron model which are

generally between 10-4 and 10-1 cm2 V-1 s-1.

In this case, the electrical conductivity behavior could be

understood considering the large polaron model where the

charge-carrier/phonon interaction is weaker than that of

small polaron. In addition, the charge carriers move in a

conduction band with a large effective mass due to the drag

of their polarization cloud. Thus, the electrical conductivity

presents a thermally activated behavior mainly due to the

large polaron energy formation Ef. In this frame, the charge

carriers are not localized in the crystal lattice and conse-

quently they do not contribute to the configurational entropy

in agreement with that deduced above from the partial

molar properties. Besides, the mobility values for large

polarons are generally within the range 1–10 cm2 V-1 s-1.

Considering this large polaron model it is possible to

recalculate the mobility values taking into account the

defect model discussed before for the Co and Ni substituted

compound.

In this case, the concentration of the delocalized charge

carriers could be estimated by the computation of the defect

concentration using the defect model and the Ef values

obtained from the conductivity data. On the other hand, the

contribution of localized charge in the Fe sites to the total

120
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Fig. 8 Electrical conductivity r as a function of 6?d for Sr3Fe2O6?d,

Sr3FeCoO6?d, and Sr3FeNiO6?d compounds at several temperatures

[27]. The arrow indicates how T increases
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electrical conductivity has been neglected. Thus, for the

delocalized charge carriers in the Sr3FeCoO6?d compound,

mobility values of 0.46 C lp
LP C 0.10 cm2 V-1 seg-1 within

the interval 6.00\ ‘‘6?d’’ \ 6.3 and for Sr3FeNiO6?d

0.31 C lp
LP C 0.21 cm2 V-1 seg-1 between 5.8 \ ‘‘6?d’’

\ 6.2 are obtained.

These estimated mobility values for both the

Sr3FeCoO6?d, and Sr3FeNiO6?d compounds can be

assigned either to a large or small polaron behavior. Con-

sequently, it is difficult to infer the nature of the charge

carriers solely from this estimation. However, the high

temperature thermodynamic data, sO2
and hO2

, also provide

information on the nature of the charge carriers as we

discussed above. The charge carrier delocalisation sug-

gested by the dependence of sO2
and hO2

on ‘‘6?d’’ data

gives an additional insight for a charge carrier conduction

mechanism of the Large Polaron type. A detailed discus-

sion about these results can be found in [26] and [27].

Sr3FeMO6?d (M: Fe, Co, Ni) neutron powder

diffraction

In metal oxides, the X-ray scattering is dominated by the

presence of the heavy atoms with large number of elec-

trons. Therefore, it is very difficult to determine the

occupancy factor of the oxygen crystal sites from the

refinement of the crystal structure using XRD data. One

way to solve this problem is to carry out Neutron Powder

Diffraction (NPD) experiments.

Moreover, the use of in situ high resolution NPD allows

an accurate determination of the oxygen occupancy factors

at different temperatures. This information is undoubtedly

essential to corroborate the oxygen defect structure

deduced from the thermogravimetric measurements.

In Fig. 9 the oxygen occupancy of the O(1) (0,0,0) and

O(3) (0,1/2,z) crystal sites for Sr3Fe2O6?d, Sr3FeCoO6?d,

and Sr3FeNiO6?d determined from the crystal structure

refinement using high temperature NPD data are shown.

The O(2) crystal site is considered fully occupied at all
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Fig. 10 Variation of the total oxygen content of the Sr3FeMO6?d

(M = Fe, Co, Ni) samples with temperature obtained from NPD data

(open symbols) [42]. The solid symbols in the temperature range

673 B T B 1173 K correspond to the oxygen content values obtained

from thermogravimetric measurements of the equilibrium p(O2) at

0.209 atm [26, 27]. The oxygen content values at T = 293 K (solid
symbols) were obtained by reducing the samples in dry H2. Previously

to the reduction process the samples were cooled in flowing O2 with

the same cooling rate used for the samples utilized during NPD

measurements
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temperatures. It can be seen that the oxygen occupancy is

practically 100% at room temperature for the O(3) site,

while is appreciably lower for the O(1) site. Therefore, the

accommodation of oxygen non-stoichiometry at room

temperature for the three compounds mainly occurs by the

creation of oxygen vacancies at the O(1) site. However, the

refinements of the crystal structures at high temperature

indicate the presence of a non-negligible concentration

of oxygen vacancies in the O(3) (8g,0,1/2,z) site in the

(Fe/M)O2 planes of the perovskite layers even when the

total oxygen content is above 6.00.

Previous analysis of neutron powder diffraction data on

Sr3(Fe,Co)2O6?d samples, quenched from high temperature

to control the oxygen content between 6 and 7, located the

oxygen vacancies only on the O(1) crystal site [22, 43]. At

the same time, oxygen vacancies on the O(3) crystal site

have also been reported for Sr3FeCoO7-y with y = 1.55

and 1.118 and Sr3Co2O5?z with z = 0.91, 0.64, and 0.38

[42–45]. These results were obtained from NPD data

recorded at room temperature on samples with controlled

oxygen content below 6.00 [43–45]. Instead, our results

indicate that the crystal structure of the R–P phases

Sr3FeMO6?d (M = Fe, Co, Ni) contains oxygen vacancies

on the O(3) sites when the total oxygen content is also

higher than 6.00, which supports the defect model proposed

for Sr3Fe2O6?d to reproduce thermodynamic data [26].

Furthermore, these results are in agreement with the oxide

ion diffusion mechanism proposed for Sr3Fe2-xTixO6?d

(0 B x B 2) [46] and Sr3Fe2-xScxO6?d (x = 0.2 and 0.3)

[47] involving oxygen jumps from the filled O(3) crystal

site to an empty O(1) position.

From the oxygen occupancy factors at the O(1) and O(3)

site the oxygen content for the three compounds were

determined. In Fig. 10, a comparison between the values of

oxygen content determined by thermogravimetry with

those obtained by NPD is presented. It can be noted that the

agreement between both techniques is quite acceptable.

Conclusions

The thermodynamic properties lO2
, sO2

and hO2
are shown

for the n = 2 Sr3(FeM)O6?d (M: Fe, Co, Ni) Ruddlesden–

Popper phase. The defect structure for Sr3Fe2O6?d,

Sr3FeCoO6?d, and Sr3FeNiO6?d is evaluated through the

dependence of both sO2
and hO2

with the oxygen content

‘‘6?d’’. The behavior of sO2
and hO2

with ‘‘6?d’’ suggests

the presence of localized holes carriers for Sr3Fe2O6?d

and itinerant charge carriers for Sr3FeCoO6?d and

Sr3FeNiO6?d. The sO2
vs. oxygen content ‘‘6?d’’ data for

Sr3Fe2O6?d strongly indicates the presence of oxygen

vacancies in the O(3) crystallographic site in addition to

those of the O(1) site.

For Sr3FeCoO6?d and Sr3FeNiO6?d, a fraction fe of the

electrons involved in the defect reaction is taken from the

M(3d)-O(2p) (M = Ni, Co) conduction band, whereas

the remaining 1 - fe fraction of electrons is distributed in

the localized states of the iron sites.

Electrical conductivity data for Sr3Fe2O6?d, Sr3Fe-

CoO6?d, and Sr3FeNiO6?d as a function of pO2 and oxygen

content ‘‘6?d’’ support the defect structure inferred from

thermodynamic data.

NPD data confirm the presence of oxygen vacancies in

the O(3) site in agreement with that suggested from sO2
vs.

‘‘6?d’’.
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nández Gómez P, Alejos O, Montero O, Iñiguez JI. Defect con-
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