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The substitution of scandium for iron in the Ruddlesd@opper SfFe,—S6O7—s (x = 0—0.3) system
increases tetragonal unit-cell volume and oxygen nonstoichiometry and decreases partial p- and n-type
electronic conductivities studied in the oxygen partial pressure range freri(2°to 0.7 atm at 973
1223 K. The solubility of St corresponds to approximatelyx 0.35. The relatively low, temperature-
activated hole mobility indicates a small-polaron mechanism of the electronic transport, as for undoped
SrFe,0;-s. The atomistic computer simulations showed that major contribution to the ionic conductivity
is provided by the oxygen sites surrounded by iron cations in the perovskite-type layeséefSr)O;—
structure, whereas stable Sc@rtahedra are essentially excluded from the oxygen diffusion processes.
Minimum migration energy, 0:91.4 eV, was found for nonlinear pathways formed by the apical O1
sites linking iron-oxygen polyhedra along theaxis and equatorial O3 positions in the perovskite-type
planes. The direct O3> O3 jumps are characterized with higher energetic barrie; 2.5 eV. Because
of the increasing concentration of vacant O3 sites induced by scandium doping, the apparent activation
energy for oxygefrionic transport decreases from about 2 eV, as observed for undoped strontium ferrite
at 1123-1223 K, down to 0.951.15 eV for SgFe«SGO7-s (X = 0.2—0.3). As a result, the partial
ionic conductivity of SgFe /St 307-s at temperatures below 1000 K becomes higher than that in

SI’3F62077(§.

1. Introduction

Oxide materials with oxygenionic and electronic trans-

port have promising applications in high-temperature elec-
trochemical devices, such as ceramic membranes for oxygen
separation and partial oxidation of hydrocarbons, electrodes
of solid oxide fuel cells (SOFCs), and sensbrs.An
attractive combination of properties important for these
applications, namely, a relatively high mixed conductivity,
moderate thermal and chemical expansion, and substantial
stability in reducing atmospheres, is known for the Ruddles-

den-Popper type strontium ferrite, $e0,-5.4° The
intergrowth structure of this compound (Figure 1) is built
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Figure 1. Crystal structure of SFe0;—;.

of perovskite-like (SrFe@.2). and rock-salt SrO layers, and
comprises three different anion positicifsAt low temper-
atures, oxygen vacancies are predominantly located in the
apical O1 sites (according to the site notation from ref 9).
In these conditions, the most likely mechanism of the anion
diffusion involves consecutive O3 O1— O3 jumps along

the octahedra edges; the limiting factor is related to low
concentration of the O3 vacancies available for anion transfer,
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governed by thermal fluctuatioﬁé_lncreasing temperature Table 1. Comparison of the Experimentat and Calculated Unit-Cell

promotes disordering in the oxygen sublattice afF810;-, Parameters of SeFe;07-5
leading to vacancy redistribution between the O1 and O3 composition lattice parameter experimental calcd difference (%)
sites? Consequently, the ion migration mechanism starts to  SkFe0; a 3.8526 3.8704 0.46
change above 1100 K, probably indicating an increasing role ¢ _ ¢ Zg-éggg zgggfg f-gg
. . . 3 6.5 . . .

of the O3-0O3 pathway-®® As oxygen diffusion in the c 20.1582 207135 268
RuddlesdenPopper (RP) lattice is essentially two-dimen-  SrFe0Os a 3.8940 3.9241 0.77

c 20.0396  20.7632 3.49

sional, the ionic conductivity of gFe0;-, is lower than
that of perovskite-type SrFeQ.® Nonetheless, these phases 2 The experimental values are taken from ref 4 dox 0 and 1.0, and
exhibit qualitatively similar behavior on doping, particularly oM ref 22 foro = 0.5.

because of the presence of similar structural elements in theand sintering in air at 1623 K for 10 h. The processing conditions
RuddlesderPopper (AB,O;) and perovskite (ABg) com- of undoped SFe,0;-, ceramics were reported in previous wotKs.
pounds. For instance, incorporation of*Tications in the Characterization of the materials included X-ray diffraction (XRD),
iron sublattice of SFe,0;_, was found to decrease oxygen pycnometry, and measurements of the oxygen content and total
deficiency and ionic conductichthe effects of cobalt and ~ conductivity (4-probe DC) as a function of the oxygen partial
nickel doping are opposit€ Analogous tendencies are well- pressure ar_ld temperature;ltg);gtlaglmental procedures and equipment
known for the perovskite-type ferrite systertis't. were described elsewheré.

. The static-lattice computer simulation studies based on the Born
The present work is focused on the study of oxygen ,qqe| for ionic solids were performed using the GULP softwa?e.

nonstoichiome_try and transport properties of SC'SPbStitUt‘:"dThe modeling procedures were similar to those used for defect
SrFe07-s. _Thls type of doping was ?XpeCted to Increase formation and migration processes in oxygen-deficient perovskite
oxygen deficiency, at least under oxidizing conditions when ferrites718For this method, the ion charges determining long-range

the average oxidation state of iron cations igF8507—s is Coulombic forces are considered equal to the formal oxidation states
higher than 357 Moreover, doping of perovskite-type  (e.g.,+3e for Fé®); the short-range interactions betweieand]
ferrites with stable trivalent cations, such a$'S&Ga", or ions are described by the Pauli repulsion and van der Vaals

AlI3*, leads usually to shifting redox equilibria toward lower dispersion models, expressed by the standard Bukingham
oxidation states of irof-17 The resultant increase in the Potential ¥;)
oxygen-vacancy concentration may have a positive influence

on the ionic conductivity. Another important factor is a strong Vi=A; EXp(_
preference of St cations to octahedral oxygen coordination,

which may further decrease the iron coordination numbers Wherer is the radius vector of a given ion, arg, pj, andC; are
and, thus, may promote vacancy redistribution between theparameters of the iefion |nteractlon§. The |nteratom|c potential
01 and O3 sites in the $ie,05_, lattice. To evaluate the parameters and the properties of ions were obtained from the

| f th hani to the ionic t tIiteraturé&ﬂand references cited therein; for4Fecations, these
reilevance o ese mechanisms 1o € lonic transpor parameters were taken from ref 17. The simulations of point defects,

processes in gFe,0;-, atomistic computer simulations Were  paseq on the MottLittleton approach, were carried out using a
performed. supercell consisting of 370 atoms. As the calculations are focused
on the differences in vacancy formation and migration energies in
2. Experimental Section various oxygen sites of nonstoichiometric strontium ferrite, the
overall compositions were selected asF&s0;, SFe0Oq5 and

SrF€-xS607-s (x = 0.1-0.4) were synthesized by solid-state g, o 5. |n the two latter cases, all oxygen vacancies were initially
reaction from the stoichiometric amounts of high-purity SECO 12004 in the O1 positions, in accordance with structural #ata;

Fe0s, and Se0s, which was previously annealed in air at 1173 K - oo qatic effects caused by placing one vacancy in the occupied
to remove adsorbates. The reaction was conducted in air in theoxygen sites were then calculated. The potential cutoff radius and
temperature range 1273573 K for 30-40 h with 4-5 intermedi- the region of most precise similations (so-called region 1) were
ate grindings. Ceramics with density higher than 90% of the ggjecteq as 12 and 10 A, respectively. The simulated lattice
theoretical value were obtained after pressing to-2800 MPa parameters of SFe,0s, SEFe0s s and SgFe:0s (Table 1) are all
in a good agreement with experimental val&&salthough the
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A Iron site under
consideration

Iron-oxygen polyhedron
used for migration
modelling

B 03y,
03y,

Figure 2. Point defect configuration near the central mewmtygen
octahedron used for modeling of the vacancy formation and migration
processes in gfFe,Sc)O;—s (A), and labeling of the corresponding oxygen
sites (B).
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Figure 3. Room-temperature unit-cell parameters, apparent activation
energy for the oxygen-ionic conductivityf|j, and activation energy for
n-type electronic conduction gi(0;) = 1 x 10716 atm (E) for the
SrFe_xSGO7-s series. The ionic conductivity activation energy of
SrFe0r7-s is given for the high-temperature range (see text).

For SEFe0s 5, the initial distribution of Fé&" cations and vacant
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Figure 4. The p(O;)—T—9 diagrams of SFe_xScO7-s under oxidizing

conditions, determined by the coulometric titration technique. Solid lines
are for visual guidance only.

vacancy formation and migration energies depend substantially on
surrounding defect configurations. Therefore, at the second stage
of simulations, location of all ions in the corresponding crystal-
lographic positions near Scwas fixed, thus preserving local point-
defect configurations; various oxygen sites with different neigh-
borhoods were then tested. Consequently, the same defect
configurations and oxygen sites were then examined for undoped
SrFe0s 5, With the central iron position occupied by ¥e The

local zone in the vicinity of this S¢/Fe** position is shown in
Figure 2A.

The energetic nonequivalence of oxygen sites with different
point-defect neighborhood, which significantly affects the vacancy-
formation energies, also leads to a significant difference of the
migration energiesHy) between crystallographically equivalent
sites in Sg(Fe,Sc)O;—s. In addition, an asymmetry of energetic
barriers for the ion jumps was often observed. This makes it
necessary to label atomic positions in order to distinguish particular
pathways. In the present work, the sites are labeled according to
the GULP indexingf for stoichiometric strontium ferrite. Figure
2B displays selected atomic indices for the central part of the
supercell, relevant to the modeling results summarized below.

3. Results and Discussion

3.1. Structure, Oxygen Nonstoichiometry, and Total
Conductivity: General Trends. XRD analysis showed that
the solubility of scandium in gFe, «ScO7-s System cor-
responds tox ~ 0.35. The powders and ceramics wkhk=
0.1-0.3 were single phase; their structure was identified as
tetragonal (S.G. I4hmn), as for undoped SFe0;—s.4923
For x = 0.4, several impurity peaks corresponding to SrO
and Sk(Fe,ScyOq0-, solid solution were observed in the
XRD patterns. The unit cell parameters ofR3%_S6O7—s
increase with scandium content (Figure 3), primarily due to
the larger size of S¢ compared to Fg’4*.2* One additional
factor contributing to the lattice expansion relates to increas-
ing oxygen deficiency on doping (Figure 4). The latter is

O1 sites was random. To assess effects of scandium doping, we

substituted one central Feion in the SgFe,0s5 supercell with
Sc*; the resultant overall composition in this case isF8for

(23) Mori, K.; Kamiyama, T.; Kobayashi, H.; Torii, S.; Izumi, F.; Asano,
H. J. Phys. Chem. Solids999 60, 1443.

SG 0065 Preliminary estimations demonstrated, however, that the (24) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.
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Figure 5. Oxygen nonstoichiometry variations ins6e,-xS6O7-s within
the studied(O,) range. The total conductivity variations in the vicinity of

electron-hole equilibrium points are shown for comparison. The solid lines \%/7/

plotted on the conductivity data points correspond to the fitting results (see

text). 2F
associated with decreasing oxidation state and thus increasing W
average radius of iron cations; similar tendencies are well-
known for SrFe@based perovskites substituted withPAl ) s s T 5
Ga*, and Sér.1417

log p(O,) (atm)

Figure 5 displays representative examples of the oxygen

content variations in §Fe.,SG0r, for the wholep(Os) ~_ Hgure & Oxygen partelpressure dependencies o e ot condciviy
range where the RP phases exist at 1223 K. Again, theSoIid Iir?es éhow Z‘i??ing results us%ng eq 2 as regressqign mgdelp.) .
observed trends are typical fors660;- and SrFe@based
solid solution$:51417.25Under oxidizing conditions, reducing 20t
p(O,) leads to extensive oxygen losses. The nonstoichiometry
changes tend to approach a minimum leveb at- 1, when

the average oxidation state of iron becomes &nd increase

on further reduction. The plateaulike behavior in moderately
reducing atmospheres corresponds to the so-called electron

--Ny=1
—Ny=5

1 K—])

AS, (J mol
2

hole equilibrium points, where the partial p-type and n-type 80 , . .
electronic conductivities are equal. This is reflected by the

characteristic minima in the total conductivity)(vs p(O.) 70k oo

isotherms, Figure 5. As the oxygen nonstoichiometry varia- i; "P%00040000 DOZO“
tions around these points are relatively small, the ionic E  00F  oogmoo000000°%
conductivity @) in these conditions is essentialfy(O.)- 2 e Sr.Fe, S¢.0,,
independent, whereas the concentrations of p- and n-type | -1or ,' O x=0
electronic charge carriers can be considered proportional to < 2 ;8;;

p(0,)Y4 andp(O,)~ 14, respectively:142526Consequently, the 130, ‘ . .

total conductivity variations can be approximated by the 61 62 63 64

classical modér-28 7-8
Figure 7. Partial molar entropy and enthalpy of oxygen, calculated from
0 _1ja 0 I the nonstoichiometry data. Dashed and solid lines correspond to the ideal
o=o0;t+ 0, °p(02) + Oy °p(02) 2 solution approximation, neglecting and accounting for the contribution of
O3 sites, respectively.

where 0(()1 and o} are the values of partial n- and p-type he oxygen chemical potential variations with respect to a

electronic conductivities at unit oxygen pressure. The fitting gtandard state in the gas phase

results using this model, shown by solid lines in Figure 6,

are in excellent agreement with experimental results; the Aug(d.T) =1RTIn p(0,) 3)

minor deviations originate from slight changes in the oxygen ’ 2

vacancy concentration and ion.ic conductivity on redyction. Within the studied nonstoichimetry rangau, was found
r:r'ﬁ.s c(ajfxgg?:en TSheOrmo?léin?JT(IaCZijCeerg(l%gI;Sa% l?l-ate to depend linearly on temperaturedat= const. This makes

9 €670 (FI9 it possible to calculate the partial molar enthalpyHe) and

entropy ASy) of oxygen in the RP phases

(25) Steinvik, S.; Norby, T.; Kofstad, P. Proceedings of the International
Conference on Electroceramics IMVaser, R., Ed.; Verlag der A D c
Augustinus Buchhandlung: Aachen, Germany, 1994; Vol. 2, p 691. A/“o(é’-r) - AHo(é) - TASO(‘S) (4)

(26) Mizusaki, J.Solid State lonicd992 52, 79. _ -

(27) _KOI;S_tad, PMNonlstomglon\;\;e_ltry, Ilefusu_Jn, andNEIecglc?(l Eoggwﬂv The results are presented in Figure 7. The partial oxygen
in Binary Metal OxidesWiley-Interscience, New York, 1972. enthalpy in SiFeScOr_s (x = 0—0.1) is essentially

(28) Chebotin, V. N.Physical Chemistry of Solid&Khimiya: Moscow, ) )
1982; references therein. independent of the vacancy concentrationdat< 0.85,
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Table 3. Calculated Energetic Effect for the Vacancy Formation in
Selected Oxygen Sites of gFe; 97500065 Lattice with Respect to

Table 2. Calculated Energetic Effect for the Oxygen-Vacancy
Formation in the O1 and O3 Sites with Respect to 02

AE (eV) StsFeOes
composition O1 site O3 site nearest B-site cations*
SI‘3F9207 —1.21 —1.19 oxygen site %Fel.97scb.0306.5 ST3FQO(5_5 AE (eV)
SKFe0gs -1.16 —0.96 Oli7s S&*(0), FE*(0) Fe* (0), Fé* (o) 0.19
SiFe.975G.0065 —-1.16 —1.00 0202 S@+(O) FéJr(O) 0.19
SrFe0s —2.56 0363 S&*(0), Fé*(0) Fe*(o), F¢*(0) 0.29
+ + + +
a2The data are averaged for six O3 positions marked in Figure 2B. 822; gg;gg; Eigg; Eg;gg)) EZLEE; 8;2
. . L . O3s67 Sc&(0), FE(p) Feé* (o), Fé*(p) 0.27
suggesting that the oxygen sites participating in the intercala- 033 Fe¥t (o), Fé*(o) Feé*(0), Fé*(0) 0.00
tion processes possess similar energetic parameters and, ©O3e4 Fe*(0), Fé7(0) Fett(0), Fe(0) —0.02

hence, the ideal solution approximation can be applied. As 2o and p correspond to octahedral and pyramidal coordination of the
the p-type electronic change carriers are localized on iron B-site cations prior to the oxygen-vacancy placement.
cationsS” the configurational entropy for oxygen incorpora-

: . o 2 : and ambient total pressure, the lattice of the RP strontium
tion reaction under oxidizing conditions is expressed as

ferrite is always oxygen-deficient. Because the large differ-

[V J[Fe*T? ence in vacancy-formation energies for the O2 and 01/03
A" =R1n o - - (5) positions (0.9-2.6 eV), the O2 site occupancy should be
[0 [Fe*]? close to ideal.

Table 3 lists the calculated vacancy-formation energy
increments AE) for various oxygen sites in §te; 97560065
with respect to identical positions in Fe0ss. When
comparing the Sc-substituted and undoped ferrite lattices,
one can conclude that the vacancy location nedt S
energetically unfavorable with respect to*Fethe corre-
sponding energy difference varies in the range 60.29
where N, is the number of oxygen sites involved in the eV. The vacancy formation energy in more distant oxygen
oxidation reaction per unit formula, and the last term sites, including the second coordination sphere, is essentially
corresponds to the standard state. When all oxygen vacanciesinaffected by scandium doping (&E values for the O3
occupy the O1 sited\o = 1; if the O1 and O3 positions  and O3, sites, Table 3). At a fixed nonstoichiometry, the
exhibit similar energetic affinity to vacancy locatiddg = resultant stabilization of SgOoctahedra should lead to
5. TheNo = 1 model provides a fairly adequate description increasing concentrations of occupied O1 and vacant O3
of the partial oxygen entropy variations in undopegF&O;-, positions. This effect seems responsible for increasing
(Figure 7). For SFe&«ScO7-s (x = 0.1-0.3), the partial  disorder in the O1/03 sites on doping, reflected by A8y
entropy changes @t < 0.85 can be described assuming that variations.
the O1 and O3 sites are both involved in the oxygen 3.3. Electronic Conduction.As for the parent strontium
intercalation processes, as illustrated by the solid lines in ferrite 37 the total conductivity of SFe-,SG6O;—s under
Figure 7. These results confirm that Sc-doping indeed oxidizing conditions is up to & 10?to 1 x 10° times higher
promotes disordering in the oxygen sublattice oF&1O;-; than that around the electrehole equilibrium points and
at moderate levels of oxygen deficiency. When the nonsto- decreases with reducimgO,), indicating that the electren
ichiometry increases, serious deviations from the ideal hole transport is predominant at high oxygen pressures
solution model are, however observed, probably because of(Figure 8). Because of the strong variations of the oxygen
a greater role of energetic nonequivalence between thecontent with temperature (Figure 4), the conductivity has
oxygen sites surrounded by iron and scandium cations and/pseudometallic character typical for perovskite-related
or progressive defect association. The former assumption isferrites® 7101218 Another relevant tendency refers to decreas-

where [\g] is the vacancy concentration. Taking into account
the electroneutrality condition for $te,xS6O7—s

5(20 — X)*
(No — 0)(2 — 20)°

A, (6)

A%zR%

supported by the fact that the partial oxygen enthalpy at
> 0.85 tends to substantially lower values whencreases
(Figure 7).

ing o values when St concentration increases. Figure 9
illustrates the relationships between the total conductivity
and oxygen content under oxidizing conditions. All these

These hypotheses were further validated by the static dependencies are nonlinear, displaying an increase of the hole
lattice simulations. Table 2 summarizes the calculated energymobility («,) on decreasing. Such behavior originates from
variations corresponding to the formation of one oxygen increasing concentration and covalency offee-Fe bonds
vacancy in the O1 and O3 sites of undoped and Sc-containingresponsible for the hole transport, when the oxygen content
SrFe07-s; the energy increments are given with respect to becomes higher and the lattice contracts. Obviously, doping
02 positions in the same lattices. In all cases, the energeticwith scandium has opposite effects.
affinity to vacancy location is maximum for the Ol sites, in ~ The hole mobility (Figure 10) was estimated from data
agreement with literature dat&:®>22The formation of O3 on the partial p-type electronic conductivity,f and oxygen
vacancies is also favorable, but the corresponding energetimonstoichiometry, taking into account the electroneutrality
effects are lower than those for O1 sites, except for oxygen- condition
stoichiometric SfFe0,;. However, the latter situation can
only be considered as hypothetical; at elevated temperatures

0p = €PNty = 26Nyit,(1 = ) (7)



Nonstoichiometry and lonic Conduditly of SiFe,_«SGO7-s Chem. Mater., Vol. 19, No. 16, 2008985

1.25F 0.020,
SriFe, 5S¢, 0.5 SryFe, 4S¢,,0;5
1.00f
075 0.016f
’ = 223K
o501 o 173K
' ¢ 1123K 0.012}
I o 1073K —_
g 0.25 e 1023K o
3) a - s . ‘ .
3 000 . ok z 61 62 63 64
N’
6 o075 Y = 223K
%D ' SryFe, ;8¢,3075 ) 0012 o 11;; K
2 ~ 0012} + 123K
0.50r =1 o 1073K
e 1023K
0251 0.008} > 913K
0.00f
ol - 0.004k ~ St;Fe, ;5¢;07.5
6.10 6.15 620 625 630 6.35

-5 -4 3 2 -1 0 7.8
log p(Oz) (atm) Figure 10. Hole mobility in SgFe,xS6O7—s as a function of the oxygen

Figure 8. Oxygen partial pressure dependencies of the total conductivity content. Solid lines are for visual guidance only.
of Sr(Fe,Sc)Or—s under oxidizing conditions. Solid lines are for visual

uidance only. r
g y 0 SryFe, Sc,0, 5
O x=0
15+ Sr;Fe, 4S¢y 055 ~ 1t W x=0.1
=) * x=03
%
10}
= a2
©
5t on
L2 3t
~~ G 1 1 n n
=) 6.1 62 63 6.4
o
~ 4+
@ 6r m 223K I T N SR RS B!
o o 1173K 0.80 085 090 095 1.00
s 1123K 3 -1
4t ¢ 1073 K 10 /T,K
e 1023K Figure 11. Temperature dependencies of the n-type electronic conductivity
s 973K of SFe—«S6O07—s at p(G) = 1 x 10716 atm.
2.
Sr,Fe, ;8¢,:05.4 A similar conclusion was drawn for the n-type electronic
0 conduction. As an example, Figure 11 compares the tem-

610 615 620 625 630 633 perature dependencies of partial n-type electronic conductivi-

Oxygen content (7-8) ties (o) of the SgFe,-,S6O;-s series ap(Oz) = 1 x 10716
Figure 9. Total conductivity of SiFe;-xS607-5 as function of the oxygen  atm), calculated subtracting the oxygen-ion and hole contribu-
deficiency. _ tions from total conductivity. The behavior in reducing
wherep is the number of electron holes per unit formula ¢conditions is similar to that observed in oxidizing atmo-
(the presence of n-type electronic charge carriers underspheres in that substitution of iron with scandium resuits in
oxidizing conditions is neglected), (cm) is the volume |oyer electronic transport. The activation energy for n-type
concentration of formula units calculated from the structural g|ectronic transportd;) exhibits a minor decrease when 5%
data, ande is the elementary charge. The temperature- s+ cations are incorporated in the iron sublattice, but
activated character of both hole mobility and conductivity pecomes essentially composition-independent on further
(Figures 9 and 10) pr_ovides unambiguous evidence of adoping, varying in the narrow range 2:48.54 eV atx =
small-polaron mechanism, as for undopedF&i07-.> 0.1-0.3 (Figure 3). Notice that for perovskite-related ferrite
Accordingly, theu, values are below the accepted threshold materials £, correlates often with the phase decomposition
of ~0.1 cnf V~* s7%, which is considered to separate small gnthalpy in reducing atmospheres, because these quantities
polaron and broadband conducti®®® Hence, scandium g1 poth determined by the iretoxygen bonding enerd.
additions appear to have no significant effect on the gpe may expect, therefore, that the Ip(®,) stability limits
mechanism of p-type electronic transport, but lower the of Sr.Fe, ,.SO;_s should be similar for all studied composi-

concentration and mobility of charge carriers, thereby tjons, although this hypothesis requires additional experi-
decreasing conductivity. mental verification.

- - i 3.4. lonic Transport. Figure 12 presents the temperature
(29) Goodenough, J. B.; Zhou, J.-S. llocalized to Itinerant Electronic

Transition in Peraskite Oxides Goodenough, J. B., Ed.; Springer- dependencies of oxygen ionic conductivity I&EB}XSQOF_(L
Verlag: Berlin, 2001; p 17 and references therein. calculated by eq 2. For undoped;BS&,0;-s, the Arrhenius
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-1.0 the O1 siteSand reflect stronger catieranion bonding for
L Sr,Fe, Sc,0,5 . .
sl O xo0 oxygen located in the O3 positions.

o) :zzg; The substitution of scandium for iron suppresses the
S Lol changes in anion diffusion mechanism on heating (Figure
@3_ 12). The apparent activation energy for ionic transport in
ED 25F SrFe_S607-s becomes essentially temperature-indepen-
= dent at 973-1223 K and decreases with scandium additions

3.01 down to 0.95 eV. Figure 3 compares the experimeHtal
. . . . L values for undoped strontium ferrite and Sc-substituted

080 085 090 095 1.00 materials; in the case of $e,0;_;, the activation energy is

10%T,K! given for the high-temperature range.

Figure 12. Oxygen ionic conductivity of $Fe&«ScO7-s under reducing The computer simulations showed that oxygen anions in

conditions. the first coordination sphere near3S@re almost excluded

plot displays a break at1120 K due to changing diffusion from the diffusion processes, at I(—;-ast_for the_ o1 positions
mechanism on heatirfg.In the low-temperature range, when (T@ble 4). The energy barrier for ion jumps involving O1
the ion migration occurs mainly via the 03 01 — O3 sites near S‘cf is 0.21-0.72 eV hlgh(_ar tha_n for the jumps
jumps and is limited by the vacancy concentration in O3 Near Fé" in the same defect configuration. For the O3
sites, the apparent activation energy for ionic transg@jt ( positions this difference is smaller, 0.68.22 eV (Table_ 5).

is approximately 1.3 eV. At high temperatures when H_owgver, Fhese values should be conS|d.ered orjly in com-
extensive disordering processes in the O3 sites start, thebination with the energetic effects associated with oxygen
activation energy increases up to 2.0 eV at 142323 K. vacancy location near Scwith respect to F& (0.18-0.27
These values are both in agreement with the calculated®V, Table 3). The incorporation of scandium into the
migration energiesH,,) in the undoped ferrite lattice, Tables ~SfF&Or-s structure hence leads to a lower concentration
4 and 5. Note that because the energetic barriers for ion©f mobile oxygen anions, bpt also increases the concentration
jumps between the energetically nonequivalent oxygen ©f vacant O3 and O1 sites surrounded by iron. These
positions surrounded by different cations are asymmetric, Vacancies, an_d the ZO'am(')ns dlstant' frqm Se, seem to
the migration energies for both direct and reverse jumps areProvide a major contribution to the ionic conductivity. At
presented. For the mechanism involving ©103 jumps, the same time, a dominant role in oxygen migration processes
the predictedEy, values vary in the range 0.90.43 eV, can still be expected for the O O3 — O1 pathways.
depending on the local environment of oxygen anions; the _Indeed, the apparent activation energies for ionic conduction
average migration energy is 1.2 eV. When migration occurs N SBF&-xS607-5 (x = 0.2-0.3), 0.95-1.15 eV, are close
exclusively via the O3 positions, the energetic barrier is €nough to the calculates, values for anion jumps via the
considerably higher, 1.542.18 eV (Table 5); the average ©1 and O3 sites surrounded by°*Feand Fé" cations in
Envalue is 1.8 eV. Notice that in the latter case, the apparentSimulated SiFe;0s s lattice (Table 4).

activation energy observed experimentally should also Finally, whatever the microscopic diffusion mechanisms,
comprise a contribution associated with different vacancy- the substitution of 15% iron cations with scandium makes it
formation enthalpies in the O3 and O1 sites. On the basis of possible to increase oxygen ionic conductivity of the RP type
the computer simulation results (Table 2), this contribution strontium ferrite at temperatures below 1000 K (Figure 12).
can be estimated as0.2 eV. These trends correlate with  Another positive effect is related to decreasing oxygen
shorter O3-Fe and O3-Sr bond distances with respect to nonstoichiometry variations (Figure 4), which should provide

Table 4. Calculated Oxygen-lon Migration Energies for the O}+03 Pathways in Sg(Fe,Sc)Os 5

initial ion position final ion position
composition oxygen site nearest B-site cations oxygen site nearest B-site catiofis, (eV) (direct/reverse jump direction)
SrFe0s 5 Olizs FéJr, Fet O3367 Fe”*, Feit 1.28/0.90
Oli73 Fet, Fet O3s63 Feit, Fett 1.30/1.20
Oli73 Fet, Fet O3s Fet, Fet 1.43/1.40
Oli73 Fet, Fet O3%67 Fet, Felt 1.10/1.13
Sr3Fe1.97550.006 5 Olizz SC’H, Fet 0367 SC’H, Feit 1.58/1.12
Oli73 Sct, Felt O3s63 Sct, Fett 1.64/1.44
Oli7z Sct, Fet O368 Sct, Fett 1.64/1.59
Olizs SEét, Fet 037 Sct, Fet 1.33/1.37

Table 5. Calculated Oxygen-lon Migration Energies for the O3-O3 Diffusion Pathways in Si(Fe,Sc}O¢ 5

initial ion position final ion position
composition oxygen site nearest B-site cations oxygen site nearest B-site catiofis, (eV) (direct/reverse jump direction)
SI’3FQO@,5 03367 Fé+, Fet 03'268 Fe”, Fett 1.83/2.18
O368 Fet, Fett O3s63 Feit, Fett 1.84/1.77
O3363 Fe3t, Fett 0367 Feit, Fet 1.54/1.67
SI’3FQ|“97SQ),0306,5 03867 S@+, Fet O&ea SC’H, Fett 1.95/2.36
O368 SSt, Fert 03363 S¢S+, Fert 2.00/1.85

O3363 St Fert O3%67 Sct, Fett 1.65/1.89
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a lower chemically induced expansion and thus improved from 1 x 107?°to 0.7 atm at 9731223 K. The relatively
thermomechanical stability of dense;@e,Sc)O;—s ceram- low, temperature-activated hole mobility indicates that the
ics. Taking into account that $te0;-s has superior electronic charge carriers are localized on iron cations. If
thermodynamic stability at low oxygen chemical potentials compared to undoped $56,07-5, no essential alterations in
in comparison with other mixed-conducting phases in the the electronic transport mechanisms are observed. At the
ternary Sr-Fe—0O systenf, these effects may be of interest same time, doping with scandium promotes oxygen-vacancy
for developments of novel membrane materials. On the otherdisordering in the perovskite-type layers og&e,Sc)O;—s
hand, further experimental work is necessary to evaluate thestructure because of the formation of stable Se@ahedra,
stability of SgFe,0;-based solid solutions in atmospheres confirmed by atomistic modeling. This leads to changing
with high partial pressures of carbon dioxide, water vapor occupancies of the apical O1 sites linking ireoxygen
and/or sulfur oxides. The relatively high strontium activity polyhedra along the-axis, and equatorial O3 positions in
in Sr(Fe,Sc)O;—s may lead to fast surface poisoning due the perovskite-type planes. The computer simulations showed
to interaction with these gases. Additional studies are alsothat ScQ@ octahedra are essentially excluded from the ionic
necessary to assess possible protonic contribution to the totatransport processes. A key contribution to oxygen ion
conductivity at intermediate temperatures, caused by waterdiffusion is expected for pathways involving the O1 and O3
intercalation into the rock-salt layers of ;68,0;-based sites surrounded by iron, which are characterized with
structure3® and hydration effects on the electronic transport. substantially lower migration energy if compared to direct
03— O3 jumps. Increasing concentration of vacant O3 sites,
4. Conclusions induced by St doping, results in a monotonous decrease
in the ionic transport activation energy, whereas the partial
ionic conductivity of SgFe, ;S 307-s becomes higher than
that of undoped SFe0;-;s at temperatures below 1000 K.

The solubility of scandium cations in the Ruddlesden
Popper type lattice of gFe—ScO7—s corresponds to ap-
proximately 16-18% of the iron site density. The incorpo-
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