Chem. Mater2006,18,4163-4170 4163

Defect Structure and Electrical Conductivity of the
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In this work, we report a systematic study of the oxygen nonstoichiometry, high-temperature thermo-
dynamics, and transport properties of the perovskite-related mixed condugteM&lk; (M = Co, Ni).
Thermogravimetry was used to determine the oxygen content chai@é¢ 48 a function of temperature
(T) and equilibrium oxygen partial pressum@X,) within the range 1x 10°° atm < pO, < 1 atm and
400°C =< T =< 1000°C. From the experimental values of the oxygen chemical potepiig), (ve deter-
mined both the partial molar enthalplyc{) and the partial molar entropgd,) for the composition range
5.9 < 6+6 < 6.6. Thermodynamic data were fitted using a straightforward defect model. The model
was deduced from the mass action law assuming oxygen-vacancy formation and involving different
fractions of localized and delocalized charge carriers in iron sites and the metal transitienOMdBd
band, respectively. Electrical resistivity measurements as a functip@.cdt constant temperature were
performed in the 650C < T < 1000°C temperature range for $5eCoQ;s and SgFeNiOs+s compounds.

The activation energy values for the electrical-transport process at constant oxygen content values were
obtained from the combination of electrical conductivity and thermogravimetry data. The electrical
conductivity data are discussed within the frame of large polaron behavior in agreement with the
thermodynamic data.

1. Introduction RuddlesdernPopper series having the general formula.Sr
Fe0sn+1. Phase crystal structure consistsroperovskite

Mixed-conductor oxides exhibiting both oxide-ion and layers SrFe@ alternated with SrO rock-salt layetsThe

electronic conduction are widely investigated because of their

potential utilization in electrochemical applications, such as n=2 TETk;er of thle Se”es’tﬁ'&oaﬁ’ has a crystal strt:jc-
electrodes in SOFC, oxygen separation membranes, andure with tetragonal symme ry (space groMgmmm) an
methane conversion reactér. tolerates a large oxygen nonstoichiometry that reaches a value

Early oxygen permeation and ionic conductivity stuéiies ~ ©f @ = 0 atT =1000°C andpO, = 1 x 107 atn? without

have shown that the perovskite phases k8xFer ,Co,0s structural transformation. The substitution of Fe by Co
exhibit high oxide-ion (0.01 S cnt?) and electryonic (I increases the electrical conductivity, extends the range of

1to 1 x 10° S cnr?) conductivities. The ionic conductivity ~— ©XYgen nonstoichiometry (5.5 6+4 =< 7),°and improves
in solid solution La ,SiFe,,Co,0s-s increases with the Sr the oxygen permeation fluxes across dense membranes,
and Co content because of the increment on the oxygenWhich is related to oxide-ion conductivity:** Recently, we
vacancy concentration, which improves the oxide-ion mobil- have reported the synthesis and physical properties of novel
ity in the lattice. However, large concentrations of oxygen compounds SFe-NiO7.1***The partial substitution of Ni
vacancies may induce structural transformations to orderedfor Fe improves the electrical conductivity at low tempera-
structures as a consequence of the electrostatic interactiongure* At high temperatures, it extends the range of oxygen
among oxygen defecfs. nonstoichiometry (5.5 6+0 < 7) and increases the oxygen
The search for new mixed-conductor oxides with a higher permeability without structural transformatida®in a simi-
structural stability than the perovskite phases leads to thelar way as that of samples with Co.
exploration of the mixed-conductor properties of the
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Thermogravimetric and electrical-transport measurements 0 F e 0ocats0ec | mimrAEOeER B |
of the equilibriumpO; as a function of temperature provide .y [o—s00°Cc—s—850°C / 4 h
essential data on the thermodynamic stability, defect struc- ) e t0 o o0C .,;//7 i
ture, and ionic- and electrical-transport mechanisms at the ) ;:::238:8:’1‘:}8‘5’83 "’ ]
working temperature of the electrochemical applications. 3 .—A—750°C—<>—1100
Although several studies were performed on the perovskite “4r Sr.Fe.O
phases with La and Sr in the A site and Fe and Co in the B S A :ﬂ.a —
site®716-24 this type of information is scarce for the ~ T _'__'IOOOLC s 7
RuddlesdenPopper phases. Shilova et?alreported the § -1 | —o—900°C -
high-temperature thermodynamic and transport properties for ~ ® 2L :3:3%:2 ]
solid solution Sg(Fe,Ti%Os+s. Recently, we proposed a Qs Moo ]
straightforward defect model assuming oxygen vacancies and % a4 [ —»—as0°c ]
localized charge carriers to explain the transport properties & (| ~°7*0C Sr,FeCoO,,;
and reproduce the thermodynamic data of parent compound A s e o
SrFe.0s:0.20 °r o 0]
In this work, we study the effects of the substitution of r & 500°C7]
Fe by Co or Ni in SfFe06+s on the thermodynamic and 2r : 2332'
electrical properties at high temperature. The dependence of 3r L]
the partial molar properties,, andho, on the oxygen content 4r Sr FeNIO . ?%’gc-_
is discussed in terms of a defect model involving localized Spopp ST Y e S
electronic states and delocalized electronic states within the 55 565758596061 62 63 64 65 6,6 6,7 68 69

frame of a rigid band model (RBM$:*° In addition, the
electrical conductivity data are discussed in terms of the pro-
posed defect model and the polaron theory.

Oxygen content, 6+5

Figure 1. Isotherms of logpO; vs 6+ for SEFeOs+s, SEFeC0Q+ s,
and SgFeNiGs: s at several temperatures.

2. Experimental Section oxygen sensofj provides a controlled ArO, atmosphere for the

The SEFeCoQ.s and SgFeNiOs., samples were synthesized thermobalance, witpO, values ranging from X 107®to 1 atm.
by an acetic-based gel route using Fe, Ni, and Co acetates and' he thermobalance allows for the determination of sample mass
SICQ; as raw material& The obtained gel was dried and decom- €hanges withint10 ug, i.e., for our samples of about 0.6 g of
posed at 450C for 30 min in air. An intermediate heat treatment  SBF&0e+s, changes in &0 were determined withie-0.0003. The

was performed at 950C for 12 h in air. Dense samples were equilibrium criterion for the thermodynamic measurements was
obtained by pressing the powders into pellets with a final heat “_constgnt _sample welg_ht with time, wlthmloﬂg”' This equilib-
treatment at 1300C under pure @for 20 h. The cooling rate to rium criterion was verified over a period of 24 h for the Idvand
room temperature was 1C/min. The presence of single-phase POz range of measurements. The oxygen content was determined
materials with thel4/mmmspace group was checked by powder PY in situ reduction in dry Hat 1000°C assuming SrO, Fe, and
XRD. The homogeneity of the samples was confirmed by SEM Co or Ni as final products. The equilibriupO, isotherms were
observations and EDS analysis. measured within thd and pO, ranges 400C < T < 1000 °C;

Isothermal measurements of the equilibrip®, vs oxygen 1107 f"‘tm_f PO, < 1 atm. )
content 66 were performed using highly sensitive thermogravi- DC reS|st|V|ty measurements at high temperatures and controlled
metric equipment consisting of a symmetrical thermobalance based POz were carried out by a standard four-probe method on a
on a Cahn 1000 electrobalance coupled to an electrochemical gagectangular sample with dimensions 1.5 mb mm x 20 mm.
blending system. This electrochemical system (zirconia pump and
3. Results and Discussion
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3.1. Thermodynamic Measurements and Partial Molar
Properties. The equilibriumpO, isotherms as a function of
oxygen content 66 for SrFeCoQ+s and SgFeNiOs+s are
displayed in Figure 1. In the same plot, we include for
comparison the data for thes68:0s; s compound taken from
ref 26.

The pO, isotherms were reproduced by either increasing
or decreasingO,. This fact indicates that thpO, values
are representative of thermodynamic equilibrium states of
the SgFeMQs4s (M = Fe, Co, Ni) materials.

The SgFeCoQ+s and SgFeNiG;+s compounds do not
show any phase transition within tfieand pO, range of
measurements in a manner similar to that found for
SrFe0s45.2°

(28) Caneiro, A.; Bonnat, M.; Fouletier, J. Appl. Electrochem1981,
11, 83.
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Figure 3. Partial molar entropyso,, as a function of the oxygen content

Figure 2. Oxygen chemical potential for §te0¢+s5, SFeCoQ;, and 6+ for SFeOsrs, SEFECOQ.s, and SgFeNiOs+s compounds.

SrFeNiGs+ at several temperatures, obtained from the thermogravimetry

data.
- Fe3t for 6+6 > 6.5. Even though the preferential oxidation

Although the isotherms for the $ie:0s15 material suggest ~ of Fe3t+ to Fe4t+ should be expected, in agreement with
the stabilization of the $Fe0s stoichiometric compound literature data for FeCo perovskite$? 3! the assumption
at high temperatures and Iq®@, values, those corresponding of Fe3+ necessarily implies the simultaneous presence of
to SEFeCoQ.s and SgFeNiOs.s do not indicate the stabili-  Ni3+/Ni4+ or Co3t+/Co4+ together with the Fe8/Fes+
zation of compounds with oxygen contert® ~ 6.00. The for 6+0 > 6.50. The variation in defect concentration as a
lower oxygen content values reached for compounds with function of the oxygen content is discussed in the next
Ni and Co with respect to that of pure Fe are related to a section.

higher stabilization of mixed-valences states €203+ The partial molar properties, andho, are related t@uo,
and Ni2+/Ni3+ with respect to those of FeZFe3t. through the equation

The replacement of Fe by Ni or Co ing68:0s, s increases
the oxygen nonstoichiometry range according to the series o, = ho2 - SozT 2
Fe < Co < Ni.

Form the equilibriumpO, values, the oxygen chemical and can be computed by the following expressions
potentialuo, can be computed by the following expression

Uo,
U (PT) = u&IP.T) = ug (T) + RTIN(PO,) (1) _ 3(7) @)
0., = )
whereyooz('D is the reference state at 1 atm (see ref B9), B(T) o
the gas constant, antthe temperature in K.
The uo,data vs 60 for SFe0s:s, SFeNiIGs;, and _ a(L‘oz) 4
SrFeCoQ, are plotted in Figure 2io, increases according S, T~ M |s )

to the series Fe< Co < Ni.

The shape ofio, around 6-6 = 6.00 for the S§Fe0s+s The s, andho, data for SsFeNiOs:» and SgFeCoQ.s are
sample is quite different from those of ;6eNiGs.s and shown in Figures 3 and 4. We also include the values for
SrFeCoQys. The rapid variation of thew, curvature for SrFe0s,s taken from ref 26.
the SeFe:0s+s as 6+6 approaches 6.00 suggests an ap-  The behavior of botfs,, andho, as a function of 66 is
preciable contribution of configurational entropy of the substantially different from that of §feOg+s reported in
localized charge carriers in the Fe crystallographic sites ref 26. For SgFe,0s+5, ho, increases slowly with 66, and
(Sen) 10 1o, due to the stabilization of gFe,Os with all Fe this behavior is associated with defect point interactions.
as Fe3-.26 On the contrary, the monotonic variation @f, ho, vs 6+0 for SrFeNiOs+s and SgFeCoQ,s decreases
around 6-0 ~ 6.00 for SgFeNiGs+s and SgFeCoQ+s rapidly as 60 decreases. A similar behavior was reported
materials would indicate a minor contribution €, This for (La,Sr)(Fe,Co)®@.s perovskites and is associated with
may be due to the presence of Re4ven for 66 < 6.00. the contribution toho, by the delocalized charge carriers
Similar arguments about the contributionsif, to uo, can created in the Co barid-?! In a similar way, we also assume
be used to understand the smooth dependengs,@round for SFeNiGs s and SgFeCoQ,s compounds that the vari-
6+0 ~ 6.50 for the SyFeNiOGss and SgFeCoQ.s com- ations inhg, with 6+4 are mainly related to the contribution
pounds. This behavior gfo,would suggest the existence of of delocalized charge carriers in the Ni and Co bands.

(29) IUPAC Commission on Thermodynamic®xygen: International (30) Evenrud, H.; Stglen, S. Therm. Anal. Calorim2002 69, 795.
Thermodynamics Tables of the Fluid St&tackwell Science: Oxford, (31) Bakken, E.; Norby, T.; Staglen, 8hys. Chem. Chem. Phyz00§ 8,
U.K., 1987; Vol. 9. 429.
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The variation insp, with 6+0 for SrFeNiGs+s and
SrFeCoQy; is also quite different from that of §¥e,0g+s.
The SgFe:0s+s compound exhibits localized charge carriers
and the increment o, as 6+-6 approaches 6.00 is related
to the formation of a compound with all Fe as Fe3The
replacement of Fe by Ni and Co ins68:0¢+s prevents the
formation of a compound with all Fe as Fe3at 6+6 =
6.00; this fact is evidenced in the behaviorsef vs 6+0
for both compounds.

3.2. Defect Model.n ref 26, we proposed a defect model
for the oxygen incorporation in §e0s+s considering only
localized charge carriers in the Fe site. It is worth mentioning

that the presence of localized charge carriers is a common

feature of the (La,Sr)FeQs perovskiteg520.21
The defect equation using the Kyer—Vink notation for

charge distributed in localized electronic states and double-

charged oxygen vacancies is expressed by

2V5+ 0, + 4Fé§e<—> ZCYC‘, + 4Fée., (5)
whereV{ represents double-charged oxygen vacancigs, O
is a regular oxygen site, and G-, denotes an Feg/
Fe4t in the Fe crystallographic sites.

A different situation corresponds to the presence of
delocalized charge carriers distributed in a partially filled
transition metal M3e¢-O2p band. This is the case for

(La,Sr)CoQ-; perovskites’ 19

The defect model equation for itinerant charge carriers is

2V3 + 0, + 2¢ < 208 (6)

where é indicates an itinerant electron in the Coe302p
conduction band.

The simultaneous presence of Fe and Co in the B site of

(La,Sr) perovskites would correspond to a situation inter-
mediate to those described by eq 5 and eq 6.

In particular, for LaeSl.4Co—yFg05-s compounds,
Lankhorst et al? proposed a defect model considering both
egs 5 and 6. A fractioff of the electrons involved in the
defect reaction is taken from the Co3@2p conduction
band, whereas the remaining fraction-1. electrons is dis-
tributed in the localized states of the iron sites.

Mogni et al.

The defect model reaction for this case can then be written
as

V5 + 0, +

41— f)Fe, + 4f g < 205 + 4(1 — f)Fe, (7)
The exchange reaction of charge carriers between the-€03d
O2p conduction band and localized iron states is described
by the equation
Fe.+ ¢ < Fd, (8)

In the present work, we assume for theF&NiOs;+s and
SrFeCoQy+s RuddlesderrPopper phases the same model
proposed by Lankhorst et al. for the d.¢d1p 4C0.-,F80s-4
perovskitel” Hence, the conduction bands forBeNiOs. s
and SgFeCoQ corresponds to those of Ni3®2p and
Co3d-02p, respectively.

To discuss the defect model for ;6eMGs.s, we
will use the same reference compound as that for
SrFe0s+6,2® SrLaFe0;. Thus, in the present work,
the reference compound for oxygen excess or deficiency
using the Kiger—Vink notation is expressed by
(St )2SE)(FEYMEN(O)s(VS), Where (Sr,) denotes a Sr
in the La site and M, is a M+3 (M = Ni, Co) ion in the Fe
lattice site.

The equilibrium reactions 7 and 8 lead to the following
equations for the chemical potentials

Uo, + 2(ﬂvg - ﬂoox) +
AL Ty, — g, )+ 4t =0 (9)
Heo . T He = He, (10)

If we assume the presence of point defects without interac-
tions randomly distributed in the iron and oxygen lattice sites,
we can define

[Ferd
Mre™ Hpe v~ Mpe . = M) + RTIn([FeFJ) (11)

%T) + RTI el
= n
MV(T) [ OX]

(&)

=ty (12)

o

— luoox

The chemical potential for the charge carrier in the conduc-
tion band can be expressed through the rigid band model
(RBM) formalism27-19

[e1—[e1°

_ 0
pe = ta(T) + 9EIM]

(13)

Whereyg(T) denotes the chemical potential of electrons
whend = 1 and [Sf] = 0, i.e., the chemical potential of
electrons in stoichiometric Srkisl,O, [€'], is the electron
occupancy, [g° is the electron occupancy for this standard
condition and corresponds to an average valereéoB the
transition metal M (M= Co, Ni), 9(E) is the density of



RuddlesderPopper Phases gFeMOs;s (M = Co, Ni) Chem. Mater., Vol. 18, No. 17, 2008167

states at the Fermi level for the standard compound and [M] oxygen lattice sit&®

is the concentration of the transition metal; in our case,

M] = 1. V5] + [0 =7or50r1 (16)
This is a straightforward approach for expressingT) , ) o

as function of the electron occupancy. In this model, the and the iron site balance is given by

M3d—02p conduction band does not change (rigid band) . X1 _

with the doping level [Sr] and the oxygen vacancy [Ferd + [Feed =1 (17)

concentrationYg]. The RBM neglects electron screening, Tpe electroneutrality condition is

electron correlations, exchange, and the entropy of electrons.

The band is considered to be very broad, and therefore 2[Vg] + [Ferd =n+[Sr.] (18)
electron localization does not take place with a null contribu-
tion of electrons to the configurational entropy. wheren = [€'] — [€]°.
The substitution of eqs H13 in eq 9, which is related to The equilibrium reaction in eq 8 must still be valid after
eq 2, results in the following relationships creation or removal of electrons, according to the defect
reaction 7. In equilibrium, the chemical potential of electrons
[e] —[e1° in both the conduction band and the electronic localized states
h 2hv 4y 9E) of Fe must be in agreement with eq 10, and the variation of
: the chemical potential of electrong«(anduee) with their
4(1—f)hl, = h, — 4f ( — 41— f)AR? (14) concentration must satisfy the following expression
(Ep)
o (e (19)
So,= 2% — 2R In% — 4 S — ea[e] 3[': J
@)
[Fe] 5 By differentiating eqs 11 and 13 and substituting into eq
41— fQ(SFe— RIn ) Sox — 2Rln4+6 - 19, we obtain a relationship betwedn and [F&] is
[Ferd 1= obtained
41— 1)a¢ - Rin - (15) [Ferd(1 — [Ferd)| ™
[Ferd fe={1+— o7 (20)
9(EART
ngerehox = 2h0 - 4h2, AR = hg, — hg, s = —2s, - The electroneutrality condition in eqs 18 and 20 gives a
4s,, and A_S. = %, — S are constants fo be deterrryned relation betweerf, [F€.], and n. These three magnitudes
from the fitting of theho, and so, experimental datas:,  depend on the oxygen content6. To establish a relation-
represents the difference in entropy between trtg(Be3+) ship of each magnitude with46), we assume thdt is a

and 3d (Fe4t) states due to differences in degeneraof functionf, = F(6+0) that can be approached with a Taylor
both magnetic states, which gives a valuesﬁgfz —-4.251] polynomial

mol~t K-1.7
The crystal structure of the = 2 RuddlesderPopper f.= F(6+0)|¢ + F'(6+0)|4(0) + F"(6+5)|652
phase has three different oxygen crystallographic sites labeled (21)

0O(1), O(2), and O(3). O(2) corresponds to the rock-salt layer,
and O(1) and O(3) are the apical and equatorial positions of By examination ofso, and ho, data in Figures 3 and 4, we
the MQ; octahedral, respectively. Neutron powder diffraction can see that the partial molar properties are dominated by
(NPD) measurements at room temperature on samples oflocalized charge carrier at+#® > 6 and by delocalized
SrFe0s+s° and SgFeCoQys'° with controlled oxygen  charge carrier at-66 < 6. Therefore, the boundary condi-
content in the range & ¢ < 1 indicate that the oxygen tions forf. are
vacancies are mainly located on the O(1) crystallographic

site. The situation varies when it is possible to remove

oxygen atoms from the crystalline structure beyond 6.0, as

happens for the $€0,06:4% and SgFeCoQ.s° com-

pounds. In this case, the analysis of the NPD measurements

indicated that for 66 < 6.00, the oxygen vacancies start to
be located in the O(3) crystallographic site in the equatorial
plane of the octahedra as well. The oxygen crystallographic
site balance for the gfeCoQ.s; and SgFeNiG;y+s com-
pounds depends on the different assumptions of the available
oxygen crystallographic sites. This balance is 7 for O(1),

0(2), and O(3), 5 for O(1 d O(3), and 1 f v O(1 and 15, considering thi, [Fe-], and n relationships dis-
(2), and O(3) or O(1) and O(3), an or only O(1) cussed before, leads to the determination of the parameters

0 0 ; e
(32) Viciu, L.; Zandbergen, H.; Xu, Q.; Huang, Q.; Lee, M.; Cava,JR. Sox Nox, AS', Ahy, an_dg(l_EF), shown in Table 1. The fl'_[tlng _
Solid State Chen2006 179, 501. results are plotted in Figures 3 and 4. For comparison, in

lim 7(6+0) = 0 (22)

lim_f(6+0) =1 (23)

S—»-_

From the relation offe with 6+, we obtained the [Re]

andn by replacingfe in eqs 18 and 20. The dependence of
n, [Fer], [Ferd, andfe as a function of 66 is shown in

|gure 5.

The fitting of ho, and so, experimental data with eqs 14
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Figure 5. Dependence ofi, [Fe.], [Fer, andfe as a function of 69, log(pOz, atm)
obtained from fitting ofho, and so, data with the defect model proposed  Figure 6. Isotherms of the electrical conductivity as a function of fidp
for SsFeCoQ+s and SgFeNiGs+s compounds. for SFe0e+s, SEBFECoQ+s, and SgFeNiOs+s compounds.
the same table, we show the parames&randh + 2h2, e A
obtained in ref 26 for SF&0e+s and thesy, hox, A, AR, 100
and g(Ef) value obtained by Lankhorst et al. for the ]
L& 6510.4C00s-5 and La ¢S.4Cp &€ 6035 compounds’ 19 80+
The fitting valuessy, hox, AS’, AR, andg(Es), displayed 2 6l
in Table 1 for both SFeNiGs4s and SgFeCoQ.s, are close _E ]
to those obtained by Lankhort et al. forde®r.4Co0s-s and S 404
Lag 6Sro.4Coy e 603-5.17 These values must be taken as only b
a rough estimation, because of the approximations used in 204
the model to describe a complex oxide system. od
3.3. Electrical Conductivity. The isotherms of electrical P

1 1 1 1 1 1
conductivity as a function of logQ,) for SFeCoQ, s and 36 57 58 39 60 61 62 63 64 65

SrsFeNiOs4s, within the range 500C < T < 1000°C and Oxygen content, 6+5
—5 < log(pO,) =< 0 are shown in Figure 6. The data for Figure 7. Electrical conductivityo as a function of 6-0 for SrsF&0g+s,
SrsF;zoeJra are i;cluded for Comparison ' SrFeCoQ;s, and SgFeNiOs;+s compounds at several temperatures.

The three compounds present a positive slope for the By combination of electrical _conductivity.and thermq—
log(o) vs logPOy) curves. This fact suggests that the nature gravimetric data, we can establish an e>_<per|mental relation
of charge carriers is p type. In the case ofF8¥0s.s, We betweeno and the oxygen nons_t0|ch|om_etry+6. for
attributed the transport properties to the presence of electronSF&0e+s, SEFeC0Q.s, and SgFeNiQs.,. This relation at
holes localized in the iron sites, [E£26 We found a slope different temperatures is shown in Figure 7. It can be seen
close to 1/4 for the limit of high temperatures and Ip@;. that _fqr a given oxygen content v_alue, the e_IectricaI con-
In this limit, o 0 [Fe.] O pO,¥4, because the concentration ductivity for the three compounds increaseslédacreases,
of the other defect species is approximately constant. showing a thermally activated behavior. The electrical con-

The electrical behavior for SFeCoQ.s and SsFeNiCs. ductivity increases according to the series F€€o < Ni.

materials is more complex than that 06E&0s., because In the SgFe:0s+5 cOmpound, we propose that the electrical

of the simultaneous presence of localized and itinerant chargecondlm'v'ty is associated with the presence of small polarons

carriers and the relation between them as we discussed abové.[Fe.FJ) with a mobility term given by
The presence of delocalized charge carriers in tfee810Q A [{ Ea) (24)
- 24
KT,

and SgFeNiGs+s materials should be responsible for the M?PZTFZGX
diminuation of the logg) vs log{O,) slope with respect to

those observed for $¥e:0s+s at the highpO, and low T We found that for [Fg] < 0.28,@% 0.015cmV1st?
limit (see Figure 6). with E;~ 0.2 eV andA ~ 4174 cni K32 V-1 g1,

Table 1. Fitting Values, Sox, hox, AS?, Ahi® and g(E) for SraFeNiOg+s, SrsFeCoOs+s (our data), SrsFe;Os+s (Mogni et al.28), Lag ¢Sro.4Co03-5,
and Lag eSro.4C0o.4F€9.603-5 (Lankhort et al.1?)

hox Ah? Sox As? 9(Er s/ hv0 + 2hed
(kJ/mol) (kJ/mol) J/mol K) (I molrtK-1 ((k3/mol)™1) (I mor1K-1) (kJ/mol)
SrF&0e+s —51 74
SFeNiGs+s —189+ 12 -11+7 70+ 3 —4.25 0.0206 —-35 73
SFeCoQ+s —188+ 37 11+ 29 775 —4.25 0.0105 -39 116
Lag 6S10.4C005-5 —281 —-25 86 —4.25 0.0153 —43 91

Lao.6Sro.4C00.4F€0.605-5 —314 —25 83 —4.25 0.0153 —41 107
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Assuming localized electronic states in the Fe sites for 0T T
SrgFeC_:oQH _and _SgF_eNiOBM and small polaron§ (SP) 0,35'_ O] o SrFeNiO,, |
associated with this site, we can calculate its contribution to I 5 o SrFeCoO
the total electrical conductivity by 030 | 3 o

025 | g
SP__ SP A SP 9 r § é 1
o =% e(m)/‘p (2%) & 020} § o i
o5 @ . Co i
wheree s the electron chargd, is Avogadro’s number, - PY Y %5
. . SP o7 0,10 | ® 09% -
Vuc. is the unit cell volume, and;” = [Fer ] is the small L é 0®ge
polaron concentration shown in Figure 5. From eq 25, we 0.05 .. ® i
. : LS : See00®d4,
can estimate a maximum contribution of the small polaron - 1
conductivity to the total conductivity of around 1 and 3 000 ]
Q~Icm ! for the SgFeCoQys and SgFeNiOs.s compounds, 58 59 6,0 6,1 6.2 6,3 6,4
respectively. This fact suggests that we can neglect the 6+5
contribution of smaI_I polaron conductivity due to Fe states Figure 8. Energy of LP formation,Ey, as a function of &0 for
to the total conductivity. SrFeCoQ+s and SgFeNiOs+s compounds.

In section 3.2, we discussed a defect model for
SrFeCoQ4s and SgFeNiOsys compounds using thée A value for the charge carrier mobility for the LP model
fraction of the delocalized charge carrier in the Ce®R2p can be roughly estimated from eq 26, usimgthe oxygen

or Ni3d—02p band, respectively. Keeping this fact in mind content, the activation energy, and the unit-cell volume
along with the observed higher values of electrical conduc- determined by XRD. Assuming for thve= 2 Ruddlesdef
tivity respect to that of SFe,0s+s, we analyze the contribu-  Popper compound the same electronic configuration as that
tion of delocalized charge carriers as large polaron (LP) type. Of perovskites at high temperatufésye can express the
In the LP type conductivity, the charge-carrier/phonon Ni3+ and Co3t electronic states as’¢! — t,°0*! and t°¢e*
interaction is weaker than that of SP and the charge carriers— t2>0**, respectivelyo* denotes a hybrid Me O2p orbital
move in a conduction band with a higher effective mass for the mixed-valence case where the number of electrons
because of the drag of their polarization cloud. The electrical is given by 1+ n (see 3.2) and the number of holeé,l)(for
conductivity thus presents a thermally activated behavior this conduction band by 2 (1 + n). In our case, the values
mainly due to the LP energy formatidh. In this frame, the of n as a function of the oxygen content are estimated from
charge carriers are not localized in the crystal lattice, and the defect model shown in Figure 5.
consequently, they do not contribute to the configurational From the energy of LP formations and the conductivity
entropy as it was deduced from the partial molar properties. data plotted in Figures 7 and 8, we obtain compound mobility
The electrical conductivity for electron holes in the frame values of 0.46> M;P > 0.10 cn? V! seg?! within the
of the large polarons (LP) theory is given by interval 6.00< 6+ < 6.3 for SEFeCoQ.+s and 0.31= ;"
> 0.21 cn? V! seg?! between 5.8< 6+ < 6.2 for
oP = yLP i LP — (xPYO i LP oy _E (26) SrFeCoQys. On the other hand, if we assume that the
% Ve H %o Ve Hp kT charge carriers are small polaron and revallgteith this
assumption from the slope of the led¢?) vs UT curves
wherex:P is the electron hole charge-carrier concentra- (not shown here), the mobility values for ;56eCoQ; s
tion contributing to the electrical conductivity as large compound are in the range 1.22 ﬂﬁp > 0.27 cnt V1
polarons; is the LP energy formation, ang” is the large ~ seg* within the interval 6.00< 6+6 < 6.3 and for
polaron mobility in the M3e-O2p conduction band given  SkFeNiOs:s 1.82> uﬁp > 0.68 cnt V- !seg!between 5.8

by < 6+0 < 6.2. The mobility values for large polarons are
generally on the order of410 cn? V1 s71, whereas those
uLP = B 27) for small polaron mobilities are betweenx110# and 1x
poql2 10! cn? V7! sl The estimated mobilities for both

SrFeCoQ+s and SgFeNiOss compounds in either the

whereB is a general constant. frame of large polaron or small polaron behavior are between

TheE; vs 6+0 data for the SFeCoQ.s and SgFeNiOs. these values. Consequently, it is difficult to infer the exact
compounds obtained from the slopes ofifi{?) vs 1/T data nature of the charge carriers solely from this estimation.
(not shown here) are displayed in Figure 8. Thevalues However, the high-temperature thermodynamic daggand
obtained for the SFeNiOs4s compound are lower than those ho,, also provide information on the nature of the charge
of SkFeCoQys, Which is in agreement with their higher carriers, as we discussed above. The charge-carrier delocal-
electrical conductivity. A rapid increase ifacan be observed  ization suggested by the dependencegfand ho, on the
as 6+06 decreases from 6.00. This behavior can be associatedb+0 data gives an additional insight for a charge-carrier
with a significant contribution for €6 < 6.00 of the oxygen ~ conduction mechanism of the large polaron type.
vacancies in the O(3) equatorial crystal %@ addition to
the expected oxygen vacancies in the O(1) %ife? (33) Goodenough, J. BRep. Prog. Phys2004 67, 1915.
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4. Conclusions of the complex defect and electronic structure of the
SFeMGs45 (M = Co, Ni) compounds.

The combination of the high-temperature thermodynamic
and conductivity data allows for the determination of the

all Fe as Fé-3. The partial substitution of Fe by Co or Ni . o .
. L . . . dependence of the electrical conductivity with the oxygen
prevents this stabilization by increasing the oxygen nonstoi- . .
content at several temperatures. The electrical conductivity

chiometry range. The oxygen-vacancy range is improved . . . .
with the SEFeOgrs < SEFECOQ.s < SHEENIOs:s Series. is thermally activated and, at fixed oxygen content, increases

< < N
For the starting material §¥e:0s.., the description of the with the SEFe0e+, < SrFeCoQ.s < SkFeNIQs., series.
X . o This is in agreement with the enhanced covalency ef
defect structure is easier than that off&MGOs+s (M= Co, . . . g .
. . . bonding from the left to the right in a transition metal series.
Ni) compounds because of the existence of a unique The estimated mobilities for §FeCoQ. s and SEFeNiOs
transition-metal species with two possible oxidation states, o o

Fe3+/Fe4t. For this reason, a straightforward defect model compounds are between the typlcal values for Iargg polaron
. . . ._and small polaron type behavior. The charge-carrier delo-
assuming localized charge carriers and oxygen vacancies

Sows for = gond fiing of e expermental resuts. 20T SO0 By e depenencaginone o
SrFeMGs+s (M = Co, Ni) presents a more-complicated 9 9 9

analysis because it has two different transition-metal species,Conducuon mechanism of the large polaron type.
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