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Influence of alkaline-earth metal substitution
on structure, electrical conductivity and oxygen
transport properties of perovskite-type oxides
La0_6A0_4Fe03_5 (A = Ca, Sr and Ba)¥

Jia Song, €22 De Ning® and Henny J. M. Bouwmeester () *

Structural evolution, electrical conductivity, oxygen nonstoichiometry and oxygen transport properties of
perovskite-type oxides LaggAp4FeO=_s (A = Ca, Sr, and Ba) were investigated. Lag¢Cap4FeO=_; (LCF64)
and LageSro4FeOs_s (LSF64) show a phase transformation in air at elevated temperature, ie., from
orthorhombic (Pnma) to rhombohedral (R3c) and from rhombohedral to cubic (Pm3m), respectively,
while Lag ¢Bag 4FeOs_; (LBF64) remains cubic over the entire temperature range from room temperature
to 1000 °C. The different phase behaviour of the solids is interpreted to reflect the decreased tendency
for octahedral tilting with increasing alkaline-earth-metal dopant ion radius. The electrical conductivity
of LSF64 is 191 S cm™ in air at 800 °C, decreasing to a value of 114 S cm™ at a pO, of 0.01 atm, and
found over this pO, range roughly twice as high as those of LCF64 and LBF64. Failure to describe the
data of electrical conductivity using Holstein's small polaron theory is briefly discussed. Chemical
diffusion coefficients and surface exchange coefficients of the materials in the range 650-900 °C were
extracted from data of electrical conductivity relaxation. Data of oxygen nonstoichiometry was used to
calculate the vacancy diffusion coefficients from the measured chemical diffusion coefficients. The
calculated migration enthalpies are found to decrease in the order LCF64 (1.08 + 0.04 eV) > LSF64
(0.95 + 0.01 eV) > LBF64 (0.81 + 0.01 eV). The estimated ionic conductivities of the materials, at
900 °C, are within a factor of 1.4.

Oxygen migration in these materials occurs by the vacancy
mechanism. A-site substitution by divalent alkaline-earth metal

In the global effort to develop efficient alternatives to fossil fuel
combustion for energy generation, solid oxide fuel cells (SOFCs) have
attracted extensive attention due to their high energy conversion
efficiency, wide fuel options, and low pollutant emission." To over-
come performance degradation, researchers endeavour to lower the
operating temperature. A key challenge thereby is to improve the
performance of the cathode.

Mixed ionic-electronic conductivity is claimed essential to the
cathode to achieve high performance.” To date, mixed conducting
acceptor-doped ABOj-type perovskite-structured oxides like
Lag 6STo.4C00 2Feo s03_s (LSCF6428),>* La,_,Sr,FeO;_ s> and
Lag 6S1.4C00;_s (LSC64)° are being investigated intensively for
use as cathode in intermediate-temperature SOFCs (IT-SOFCs).” ™
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ions thereby serves to create oxygen vacancies and, thus, to
enhance ionic conductivity.*'*>"?

A few studies have attempted to address the influence of
alkaline-earth metal substitution on oxygen transport of (Co,Fe)-
based perovskite-type oxides. Teraoka et al.'* first reported the
oxygen permeation rate of Lay A 4C0p gFey,03_s to decrease in
the order of the dopant Ba > Ca > Sr at 900 °C. A similar sequence
was confirmed in a subsequent study on Lag 4A¢ 6C0g2Feo 035 by
Tsai et al.'® Stevenson et al,'® on the other hand, found the oxygen
flux for this series to decrease in the order Sr > Ba > Ca, similar to
that observed for Lag,Aq sC0p2Feqs0;5_s."” Oxygen fluxes and ionic
conductivities of several mixed-conducting perovskite oxides
reported by different research groups are compiled in Table 1.

As far as thermal and reduction stability is concerned, cobalt-free
materials offer better opportunities to develop stable electrodes,
irrespective of the relatively high costs of cobalt. Among the alkaline-
earth metals, ab initio calculations predict that strontium
and calcium would have the lowest solution energies in
LaFeO;."® Bidrawn et al.'® reported the oxygen permeation rate
of Lag gA.,FeO;_s between 650 °C and 800 °C to decrease in the
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Table 1 Oxygen fluxes and ionic conductivities of La;_,ACo;_,Fe,Oz_;
(A =Ca, Sr, Ba; x = 0.2, 04, 06, 0.8; y = 0, 0.2, 0.8) reported in the
open literature

Jo, (T(C))

Thickness (cm® cm Cion
Materials (cm) min~") (Sem™) Ref.
Lag 6Cap.4C0p sF€0 2055 0.2 1.80 (900 °C) — 14
Lay.¢Sr.4Cog sFer 05 5 0.2 0.62 (900 °C)
Lag 6Bag 4C00.sFe0 055 0.2 2.11 (900 °C) —
Lag 4Cao ¢COp sFe0 5055 0.055 0.19 (900 °C) — 15
Lag 4ST ¢C005F€0 5055 0.055 0.11 (900 °C) —
Lao.4Bag ¢Cog2Fep 505 5 0.055 0.72 (900 °C) —
Lag 4Cao 6COo 2F€0 5055 0.2 0.07 (900 °C) 0.03 (900 °C) 16
Lag 4ST0.6C002Fe0. 5055 0.2 0.55 (900 °C) 0.40 (900 °C)
Lag_4Bag ¢Cog2Fep g03_5 0.2 0.45 (900 °C) 0.33 (900 °C)
Lay ,Cag sC0pFeqs0;5_5 0.1 0.12 (950 °C) — 17
Lag 55T §C002Fe0 5055 0.2 0.81 (950 °C)
Lay ,Bag gCoy.Fep 05 5 0.2 0.40 (950 °C) —
La, sCag ,FeOs 5 0.3 — 0.0008 (800 °C) 19
Lag gSTo,Fe0;_s 0.3 — 0.0045 (800 °C)

Lag gBag ,FeO;_; 0.3 — 0.0019 (800 °C)

order Sr > Ba > Ca. To the best of our knowledge, no other
studies have been conducted on the role of the dopant on
oxygen transport of La; A, FeO;_s. In this study, the influence
of the nature of the alkaline-earth metal dopant (Ca, Sr, and Ba)
on electrical conductivity and oxygen transport of Lag A 4FeOs_;
was investigated by means of electrical conductivity relaxation
(ECR). To enable comparison materials with the same alkaline-
earth metal dopant concentration were prepared. A dopant
concentration of 40 mol% was chosen as Price et al.*® reported
formation of secondary phases in samples La; ,Ca,FeO;_s with
higher calcium substitution levels. Crystal structure and oxygen
non-stoichiometry of the materials were investigated by high-
temperature X-ray diffraction (HT-XRD) and thermogravimetric
analysis (TGA).

Experimental
Sample preparation

Powders of Lay 6pA0.40F€03_; (A = Ca, Sr, and Ba) were prepared
via a modified Pechini method as described elsewhere.”" Stoi-
chiometric amounts of La(NOj;);-6H,O (Alfa Aesar, 99.9%),
Ca(NOs),-4H,0 (Sigma-Aldrich, 99%), Sr(NO3), (Sigma-Aldrich,
>99%), Ba(NO3), (Sigma-Aldrich, >99%), and Fe(NO3);-9H,O
(Sigma-Aldrich, >98%) were dissolved in water followed by the
addition of C;oH;¢N,0s (EDTA, Sigma-Aldrich, >99%) and
CeHgO- (citric acid, Alfa Aesar, >99.5%) as chelating agents.
The pH of the solution was adjusted to 7 using concentrated
NH,OH (Sigma-Aldrich, 30% w/v). After evaporation of the
water, the foam-like gel reached self-ignition at around 350 °C.
The obtained raw ashes were calcined at 900 °C for 5 h, using
heating/cooling rates of 5 °C min~". Powders were pelletized by
uniaxial pressing at 25 MPa followed by isostatic pressing at
400 MPa for 2 min. Subsequently, the pellets were sintered at
1100-1150 °C for 5 h in air with a heating/cooling rate of
2 °C min~". The relative density of the pellets was above 94%
of their theoretical value as measured by Archimedes’ method.
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X-ray diffraction

Calcined powders were studied by room-temperature X-ray
diffraction (XRD, D2 PHASER, Bruker) with Cu-Ka; radiation
(/. = 1.54060 A). Data were collected in the step-scan mode over
the 20 range 20-90° with a step size of 0.01° and a counting time
of 8 s. The thermal evolution of the structure was investigated
using high-temperature X-ray diffraction (HT-XRD, D8 Advance,
Bruker) in air in the range 600-1000 °C with 25 °C intervals. The
sample was heated to the desired temperature with a heating
rate of 25 °C min~*, followed by a dwell of 5 min to ensure
equilibration. XRD patterns were recorded in the 20 range of
20-90° with a step size of 0.015° and a counting time of 1.3 s.
The FullProf software package was used for Rietveld refinements
of the patterns.**

Oxygen nonstoichiometry

The oxygen nonstoichiometry of Lag ¢0A¢.40FeO5_s (A = Ca, Sr,
and Ba) was determined by thermogravimetric analysis (TGA,
Netsch STA F3 Jupiter). Data were collected upon cooling from
900 °C to 650 °C, with intervals of 25 °C and a dwell time of
60 min at each temperature before the start of the measurements.
The measurements were conducted in oxygen-nitrogen mixtures
containing 4.5%, 10%, 21%, 42% or 90% of O,, which values
correspond to those of the gas streams used in the electrical
conductivity relaxation experiments (see below). Prior to data
collection, the powder was heated under 4.5% O, to 900 °C, with
a heating rate of 20 °C min~" and a dwell time of at least 2.5 h,
to remove impurities like adsorbed water and CO,. The dwell
time after a pO, step at each measurement temperature was
10 min. Following prior studies on La;_,Sr,FeO;_s (0 < x < 0.6),
all compositions were considered to be stochiometric (6 = 0) at a pO,
of 0.21 atm below 150 °C.

Electrical conductivity relaxation

Samples for ECR measurements were prepared by grinding and
cutting the obtained dense pellets to planar sheet-shaped
samples with approximate dimensions 12 x 5 x 0.5 mm®.
The sample surface was polished using diamond polishing
discs (JZ Primo, Xinhui China) down to 0.5 pm. A four-probe
DC method was used to collect data of electrical conductivity.
Two gold wires (Alfa Aesar, 99.999%, ¢ = 0.25 mm) were
wrapped around both ends of the sample for current supply.
Two additional gold wires were wrapped 1 mm remote from the
current electrodes to act as voltage probes. To ensure good
contact between the gold wires and the sample, sulphur-free
gold paste (home-made) was applied on the sample surface
directly underneath the gold wires. Finally, the sample was
annealed at 950 °C in air for 1 h to sinter the gold paste and
thermally cure the polished sample surface.

The sample was mounted on a holder and placed in an
alumina sample containment chamber (or reactor). Two gas
streams, each of which with a flow rate of 280 ml min™* and
with a different pO,, were created by mixing dried oxygen and
nitrogen in the desired ratios using Brooks GF040 mass flow
controllers. A pneumatically operated four-way valve was used
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to instantaneously switch between both gas streams so that one
of them was fed through the reactor. Data of the transient
electrical conductivity was collected following oxidation and
reduction step changes in pO, between 0.10 and 0.21 atm.
Measurements were conducted following stepwise cooling from
900 °C to 650 °C with intervals of 25 °C, heating and cooling rates
of 10 °C min~" and a dwell time of 60 min at each temperature
before data acquisition.

The transient conductivity after each pO, step change was
normalized according to eqn (1) and fitted to eqn (2)-(4) to
obtain the chemical diffusion coefficient D.,.m and the surface
exchange coefficient kchem.

a(t) — oo
) =—~+— " 1
g(1) p—— 1)
g(Z) -1 H = 2Li2 Tim,i
i=y.zm=1 ﬂm,i2 (ﬁmiz +L7+ Li) Tmi =T 2
2
g L
X (e Tm,i — (e Tf))
Tm,i
b?
Ty = —— 3
m,i Dchemﬁm,iz ( )
— bl —_ o
Li - L— - ﬁm,i tan ﬁm,i (4)
c

In these equations, g(¢) is the normalized conductivity, o, and
0. are the conductivities o(f) at time ¢t = 0 and ¢ = oo,
respectively, t¢ is the flush time, 2b; is the sample dimension
along coordinate i, whilst f3,,, ; are the non-zero roots of eqn (4).
Lc = Dchem/kenem s the critical thickness below which oxygen
surface exchange prevails over bulk oxygen diffusion in determining
the rate of re-equilibration after a pO, step change. The flush
time 7 was calculated from

Vi Tstp
= 5
0. T, (5)

Tt

which equation assumes perfect mixing of the gas in the sample
containment chamber. In eqn (5), V; is the corresponding
volume, 0, the gas flow rate through the chamber, T, the
temperature inside the chamber, and Tspp the temperature at
standard conditions. The small chamber volume (2.58 cm®) and
the high gas flow rate (280 ml min~") used ensured a flush time
between 0.13 s at 900 °C and 0.16 s at 650 °C. Curve fitting of the
normalized transient conductivity was performed using a non-
linear least-squares program based on the Levenberg-Marquardt
algorithm. More detailed descriptions of the ECR technique and
the model used for data fitting are given elsewhere.>**

Results and discussion
Crystal structure and phase transitions

Fig. 1 shows the room temperature XRD patterns of LCF64,
LSF64 and LBF64 recorded in air. The corresponding structural
parameters and reliability factors from Rietveld refinements are
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Fig.1 Measured (red symbols) and calculated (black line) of room
temperature XRD powder patterns of LCF64, LSF64 and LBF64. Bragg
peaks and the residual plots are given under the patterns.

Table 2 Space group, lattice parameters and reliability factors obtained
from the Rietveld refinements of room temperature XRD diffractograms of
LCF64, LSF64 and LBF64. The lattice parameters for the rhombohedral
(R3c) structure of LSF64 are listed in hexagonal settings. The numbers in
parentheses denote standard deviations in units of the least significant
digits

LCF64 LSF64 LBF64
Space group Pnma R3¢ Pm3m
alA 5.5138(1) 5.5226(1) 3.93652(2)
b/A 7.7574(1) 5.5226(1) 3.93652(2)
c/A 5.4896(1) 13.4462(3) 3.93652(2)
VIA® 234.8064(2) 355.1558(2) 61.0014(1)
Rupl% 5.49 7.55 6.03
Raragg!% 1.79 1.01 1.042

g 4.78 2.55 3.545

listed in Table 2. No impurity peaks are found in the patterns,
suggesting that all three compositions are single phase. The
pattern obtained for LCF64 could be fitted with an orthorhombic
structure (space group Pnma) with cell parameters a = 5.4962(2) A,
b = 7.7658(2) A and ¢ = 5.5018(2) A, which is in excellent
agreement with a = 5.4941 A, b = 7.7736 A and ¢ = 5.5083 A
reported by Hung et al.*® LSF64 adopts a rhombohedral structure
(space group R3c) with cell parameters a = 5.5228(1) A and ¢ =
13.4471(3) A (hexagonal representation), in good agreement with
a = 5.5272(2) A and ¢ = 13.4408(4) A reported by Yang et al.*’
LBF64 appears to be cubic (space group Pm3m) with a =
3.93652(2) A, matching precisely the value a = 3.93652(9) A found
for Lay sBag sFeO;_s reported by Ecija et al.*®

HT-XRD patterns of LCF64, LSF64 and LBF64 are shown in
Fig. S1 (ESIt). Pseudo-cubic lattice parameters obtained from

This journal is © the Owner Societies 2020
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Fig. 2 Lattice parameters for (a) LCF64, (b) LSF64, (c) LBF64 as a function of temperature from Rietveld refinements of HT-XRD patterns recorded in air.
Pseudo-cubic cell parameters are given for the orthorhombic (Pnma) structures, calculated using a = amho/\/i b = bortno/2 and ¢ = gmho/\/i_ For the

cubic (Pm3m) and rhombohedral (R3c) structures a = b = c.

Rietveld refinements of these are shown in Fig. 2. Price et al.>°
verified the occurrence of a phase transition sequence in LCF64,
ie., from orthorhombic (space group Pnma) to rhombohedral
(space group R3¢) at 602 °C to cubic (space group Pm3m) at about
1100 °C, on the basis of data of differential scanning calorimetry
(DSC) and HT-XRD. Our study confirms that LCF64 remains
orthorhombic until ~600 °C, consistent with the results obtained
by Price et al>® However, our refinements yield a mixture of
orthorhombic and rhombohedral phases above ~625 °C, ie.,
from 3.89% rhombohedral at 625 °C to 15.79% at 700 °C,
transforming into a pure rhombohedral phase above 725 °C.
The rhombohedral angle decreases from 60.29° at 625 °C to
60.09° at 1000 °C, suggesting that at a slightly higher temperature
the cubic phase is formed. Fig. 2b shows the occurrence of a
rhombohedral-to-cubic phase transition in LSF64 at around
850 °C, which is in agreement with previous results obtained by
Fossdal et al.>® LBF64 adopts a cubic structure (space group Pm3m)
throughout the measured temperature range, as shown in Fig. 2c.
The temperature dependences of the Fe-O-Fe angles and Fe-O
bond lengths obtained from the Rietveld refinements are plotted
in Fig. S2 (ESIY).

The crystal symmetry of the room-temperature structure is
found to decrease in the order LBF64, LSF64 and LCF64, i.e.,
from cubic to rhombohedral to orthorhombic, respectively,
following the decrease in the magnitude of the radii of the
alkaline-earth-metal dopant ions: Ba*" (XII) = 1.61 A > Sr*" (XII) =
1.44 A > Ca®" (XII) = 1.34 A, where the number between brackets
designates the coordination number. Ionic radii were taken from
Shannon.*® The observed lowering in symmetry is believed to
result from cooperative tilting of BOg octahedra, which is the
most commonly observed distortion in perovskite structures.
The tendency for distortion of the ABO; perovskite structure
is generally rationalized by the Goldschmidt tolerance factor
t=(ra+ ro)/\/i(rB +r0),>! where rs, 15 and rq are the ionic
radii of the involved ions. The ideal cubic structure is formed
for ¢t = 1, when the A and O°~ ions are matching in size to form
cubic close-packed layers, while the B cations fit into the interstices
formed by the O* ions to give an array of corner-shared BOg
octahedra. For ¢t < 1, the BOg octahedra cooperatively tilt to

This journal is © the Owner Societies 2020

accommodate the mismatch, thereby forming less symmetric
rhombohedral or orthorhombic structures.>*** The orthorhombic
Pnma structure, in Glazer's notation®® denoted by a"a'¢', as
adopted by LCF64 is one of the most common perovskite struc-
tures with a three-tilt system.**® Upon decreasing the size of the
earth-alkaline cation, the out-of-phase rotation (—) along the [001]
direction of the pseudo-cubic cell changes to an in-phase rotation
(=) for LSF64, expressed in Glazer’s notation by a a ¢~ (space
group R3c), and to the no-tilt system aa’a’ (space group Pm3m) for
LBF64. Note from Fig. 2a and b that similar structural changes are
induced in LCF64 and LSF64 upon increasing temperature.

Oxygen stoichiometry

The oxygen stoichiometry (3 — ) in LCF64, LSF64 and LBF64
as a function of oxygen partial pressure and temperature was
investigated by thermogravimetry. A typical measurement
scheme is shown in Fig. S3 (ESIt). Corresponding data obtained
at different temperatures is shown in Fig. 3. For completeness,
plots of log(d) vs. log(pO,) at different temperatures for each of
the compositions are given in Fig. S4 (ESIT). As can be inferred
from the data of Fig. 3, the oxygen content in the experimental
range of temperature and oxygen partial pressure tends to
increase in the order LBF64 < LSF64 < LCF64. Good agreement
was obtained between the results of this study for LSF64 and
corresponding data measured at 800 °C and 900 °C by Kuhn et al.*”
as demonstrated in Fig. S5 (ESIt). To the best of our knowledge, no
data of oxygen stoichiometry has been reported for LCF64 and
LBF64. Kharton et al.®® measured the pO, dependence of the
oxygen contents of LagsSrysFeO;_s; and LagsBaysFeO;_s, at
950 °C, yielding trends similar to those found in Fig. 3.

Electrical conductivity

Fig. 4a and Fig. S6éa (ESIt) show that over the entire experi-
mental range of temperature and oxygen partial pressure, the
electrical conductivity of LSF64 is roughly twice as high as those
of LBF64 and LCF64. At 800 °C, the conductivity of LSF64 in air is
191 S cm™ ', to be compared with values of 91 S ecm™ ' and 93 Scm™*
measured under these conditions for LCF64 and LBF64, respectively.
Excellent agreement is found between the results for LSF64 from this

Phys. Chem. Chem. Phys., 2020, 22, 11984-11995 | 11987
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Fig. 4 Arrhenius plots of the (a) electrical conductivity, (b) defect concentration [Fe'Fe] and (c) mobility of electron—holes, at pO, = 0.21 atm, for LCF64,
LSF64 and LBF64. The dashed lines through the data points are drawn to guide the eye. The horizontal line in Fig. 4b represents the [Fe,':e} concentration
when electronic compensation is predominant, noting that all three materials have the same concentration of the alkaline-earth dopant (cf. egn (7)).

study and data reported by Segaard et al.,*® as demonstrated
in Fig. 4a.

The electrical conductivity in La; ,A,FeO;_ ;s (A = Ca, Sr, Ba)
and related perovskite oxides is commonly interpreted on the
basis of hopping of small polarons.”®***** Under oxidizing
atmospheres, the conductivity can be expressed as,”**?

(6)

o =L e,

Vi
where p and py, are the concentration (mole fraction) and mobility of
electron holes, respectively, V;, is the unit cell volume, and e is the
electronic charge. Both parameters p and , are considered to be
thermally activated. The partial substitution of lanthanum in
La; ,AJFeO;_s (A = Ca, Sr, Ba) by divalent alkaline-earth ions is

11988 | Phys. Chem. Chem. Phys., 2020, 22, 11984-11995

charge compensated by the formation of electron holes and/or
oxygen vacancies, the limiting cases being referred to as electronic
and ionic compensation, respectively. Assuming oxygen vacancies to
be doubly ionized, the reduced charge neutrality condition can be
written as, in Kréger-Vink notation,**

[AL] =2[V5] + [Fer] @)

where [Fef,| = p represents the concentration of p-type charge
carriers. Eqn (7) lacks n-type charge carriers, Fel.,, arising as a result

of the charge disproportionation reaction,
N /
Fey, = Fep, + Fep,

(8)

and which become dominant under reducing atmospheres. In the
case of structural A- and B-site deficiency, also vacancies V{, and
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V. need to be taken into account. Using eqn (7) and data of oxygen
stoichiometry (Fig. 3), the concentration of Fe}, in phases LCF64,
LSF64 and LBF64 may be calculated. Corresponding data are shown
in Fig. 4b and Fig. Seb (ESIt), from which figures it can be inferred
that under the conditions covered by the experiments electronic
compensation dominates over ionic compensation. The lowest
electron-hole concentration is found in LBF64, indicating that in
this material the relative contribution of the ionic compensation
mechanism is higher than those in LCF64 and LSF64. In all three
phases, the concentration [Fe;c} is found to decrease and, hence,
ionic compensation appears to become more dominant, with
increasing temperature and decreasing oxygen partial pressure.
Electrical mobilities of the electron holes calculated using
eqn (6) plotted as a function of inverse temperature and log(pO,)
are presented in Fig. 4c and Fig. Séc (ESIt), respectively. Below,
we have analysed the inverse temperature dependence of the
electron-hole mobility in terms of Holstein’s generalized small
polaron model (in which the initial and final states are treated
on equal footing), considering both adiabatic and non-adiabatic
hopping.*®™*® In the adiabatic case,’® the charge carrier is able
to hop to an adjacent vacant site, once an energy coincidence
occurs. The corresponding mobility of electron holes is given by

1
. 1\ 3ed’y, D)
[F Fe])i kBTO X 2

Mh:(l—

where a is the hopping distance, v, is the frequency of optical
phonons, W, is the polaron binding energy, J is the kinetic
energy of the polaron, and kg is the Boltzmann constant. The
factor of 3/2 takes into account the fact that the polaron moves
in a three-dimensional lattice.”® The factor of (1 — [Fep,|) takes
into account the site-blocking effect, the probability that the adja-
cent site to which the polaron hops may already be occupied.*® In
the non-adiabatic case,*® the polaron misses coincidence events as it
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moves too slowly, lowering the net hopping rate. In this case, the
mobility of electron holes is given by

21

Wk T

2
3 ea’ mJ < (10)

1/2 %WP
[Fet.] )EkTTT ) exp

Hh:(l— —m

where £ is the Planck constant. In the adiabatic regime, the plot of
In{u,7/(1 — [Fet.])} vs. 1000/ should give a straight line with

activation energy E, = W, — J; in the non-adiabatic regime, the

2
plot of In{y;, 73> /(1 — [Fe}.]) } vs. 1000/T should give a straight

. . . 1
line with activation energy £, = EWP'

Corresponding plots are shown in Fig. 5. The plots obtained
for LCF64 and LSF64 exhibit a double slope behaviour. At lower
temperatures the curves for both materials can be interpreted
in a way as characteristic for small polaron conduction (ie.,
small polarons have a thermally activated mobility), but at
higher temperatures the curves show a negative slope. For
LBF64, the apparent activation energy of the mobility is esti-
mated at a value of 0.039 + 0.002 eV in the non-adiabatic case,
while it tends to nearly zero in the adiabatic case. Our results are
consistent with those obtained in a study by Patrakeev et al.*®
who found an activation energy for the carrier mobility in
La,_,Sr,FeO;_s of about 0.4 eV and 0.2 eV for x = 1.0 and
x = 0.7, respectively, while tending to values near to zero in the
oxides with x < 0.5. The low activation energies that may be
inferred from the data in Fig. 6a and b may be compared with
the approximate values 0.04-0.14 eV derived from In{cT} versus
1000/T plots for La,gSry,Co;_,Fe,0; 5 (0 < y < 1).°° It is
obvious from the above analysis that other factors need to be
considered to account for the observations.

Inspection of the data in Fig. 4 and 5 suggests that the
electrical mobility is correlated with the electron hole concen-
tration in phases LCF64, LSF64 and LBF64. The observed trend

L=z
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Fig. 5 Plots of (a) In{y, T/(1 — [Fef,]) } vs. 1000/T (adiabatic case) and (b) In{u, T*? /(1 — [Fe},]) } vs. 1000/T (non-adiabatic case), at pO, = 0.21 atm.

The dotted lines are drawn to guide the eye.
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Fig. 6 Mobility of electron—holes, at 800 °C and 900 °C, as a function of
oxygen content for LCF64, LSF64 and LBF64.

deduced is that the electrical mobility is suppressed with
decreasing the electron hole concentration, [Fe;e}, which is
contrary to what is expected from the site-blocking term,
(1 — [Fet]), in eqn (9) and (10). In view of eqn (7), the electron
hole concentration on its turn is correlated with the concen-
tration of oxygen vacancies. Fig. 6 shows that the hopping
mobility decreases with increasing the oxygen nonstoichio-
metry of phases LCF64, LSF64 and LBF64. Similar observations
have been reported for La,_,Sr,FeO;_;5 (0.1 < x < 1).*’ Noting
that the direct overlap between neighbouring Fe 3d orbitals in
the La, ¢Ao.4FeO;z_s (A = Ca, Sr, and Ba) perovskite structure is
negligible, the polaron hopping between two adjacent Fe cations
is brought about by the overlapping O 2p orbitals of the bridging
oxygen ion, which is known as the Zener double-exchange
mechanism.>" Disruption of the Fe*"~O-Fe®" migration pathways
due to the presence of oxygen vacancies thus may affect the
hopping mobility. The probability that an oxygen vacancy blocks
the migration pathway scales with (1 — d/3). The corresponding
values for this parameter for each of the materials under the
given experimental conditions are, however, too close to unity to
have a significant impact on the effective hopping mobility.
Electrostatic interactions between the electron holes and oxygen
vacancies or formation of delocalized states may further affect the
hopping mobility. X-ray absorption spectroscopy and density
functional theory studies indicate that the electron holes in
La; ,Sr,FeO;_;and La; ,Ca,FeO;_; have mixed Fe 3d and O 2p
band character and, hence, are delocalized at least to some
extent.”'>® This would comply with the observed low-to-zero
activation energies of the carrier mobility in phases LCF64,
LSF64 and LBF64 (c¢f Fig. 5). This argument is, however, in
contrast with results from angle-resolved photo emission
spectroscopy, suggesting a strong localisation of the electron
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holes in Lag ¢Sto 4Fe0;_5.°° Clearly, more research is warranted
to clarify the nature of the charge carriers in La;_,AFeO;_s
(A = Ca, Sr, Ba).

Electrical conductivity relaxation

Chemical diffusion and surface exchange coefficients. In
this study, the ECR method was used for evaluation of the
oxygen transport properties of LCF64, LSF64 and LBF64. Typical
fits to the normalized conductivity relaxation curves following
oxidation and reduction step changes in pO, are shown in Fig. 7.
In general, the curves from oxidation and reduction runs may
slightly differ due to the pO, dependence of oxygen transport.
This asymmetry will be influenced by the mean pO, and the
magnitude of the pO, step size. Curve fitting allows simultaneous
determination of the chemical diffusion coefficient D¢per, and the
surface exchange coefficient kchem provided that fitting is sensitive
to both parameters. If the smallest dimension of the sample is
much lower than the ratio Denem/Kchem, the fitting will be insensitive
to Dchem- Conversely, if the sample dimensions are much lower than
Dechem/kehem, curve fitting will be insensitive to kepem. Accordingly,
one may define a Biot number (Bi),

L

Bi=— %
Dchem / kchem

a1

where [, is the half thickness of the sample. The Biot number
compares the relative rates of oxygen diffusion and surface
exchange to the relaxation process. If Bi > 30, then the relaxation
is said to predominantly controlled by diffusion; if Bi < 0.03, then
the relaxation is said to predominantly controlled by surface
exchange.” In the intermediate region, 0.03 < Bi < 30, both
diffusion and surface exchange determine the relaxation. The
bounds are linked to the accuracy of curve fitting, i.e., only in
the mixed controlled region both Dcpem and kehem can be most
reliably assessed. A plot of the Biot number against temperature
obtained from fitting data of ECR measurements of LCF64,
LSF64 and LBF64 is shown in Fig. 8. Note from eqn (11) that the
Biot number can only be calculated if both D.pem and kenem are

1.0
7. 700°C
0.8+ pO,: 0.10 <> 0.21 atm

o
% 0.6
v
=

)
S 04l
g Kpen/M5* D/

! 1.08 £0.01 x10®° 3.79 % 0.01 x10*°
0.2+ f o Red 7.79+0.04x10° 3.66+0.01x10™°
0.0

. . . . .
0 200 400 600 800

Time (s)

Fig. 7 Normalized conductivity curves obtained for LCF64 following step
changes in pO, between 0.1 and 0.21 atm at 700 °C. The solid lines show
the least-square fits to eqn (2)-(4).
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obtained from curve fitting. Dcpem and kcpem may exhibit differ-
ent pO, dependencies. Therefore, in addition to varying the
sample dimension /,, the measurements can be performed at
different oxygen partial pressure to improve the sensitivity of
fitting to either Dcpem OF Kchem-

Arrhenius plots of Dcpem and kepem Of LCF64, LSF64 and
LBF64 derived from the data of ECR measurements are shown
in Fig. 9. The corresponding apparent activation energies are
listed in Table S2 (ESIf). The D.pem values of the different
materials show remarkable agreement with an average activa-
tion energy close to 93 k] mol . It is further noted from Fig. 9d
that the values obtained for LSF64 are in good agreement with
previously reported results.***° The values of keem Of the
different materials are found to be within similar range above
850 °C. Below this temperature, however, a different activation
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Fig. 9 Arrhenius plots of the (a and b) surface exchange coefficient, kchem, and (c and d) chemical diffusion coefficient, Dcpem, for LCF64, LSF64 and
LBF64. For clarity, data from oxidation (Ox) and reduction (red) runs are given in separate plots. Error bars are within the symbols. The dashed lines are

from linear fitting of the data.
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energy for kchem is apparent for LCF64 when compared with
those found for LSF64 and LBF64 for which behaviour we lack a
definite explanation (c¢f. Table S2, ESIt). In general, the surface
exchange rate on oxide surfaces may be highly influenced by,
e.g., surface enrichment due to segregation, surface impurities
and grain size. No attempt was made in this study to relate the
elemental surface composition and morphology to the observed
surface exchange rates exhibited by the samples.

Oxygen self-diffusion and vacancy-diffusion coefficients. The
oxygen self-diffusion coefficients, D, and oxygen vacancy-diffusion
coefficients, D, for phases LCF64, LSF64 and LBF64 were evaluated
from the measured values of Dpenm, using the relationships Depem =
70Ds = 1Dy,2* where yo and 7, are the thermodynamic factors,
defined as

1 9In(pOy) 3 -0 Oln(p0O,)

. — . 12

707 Hin(eo) 2 8(3-0) (12)
C19(pOy) 5 IOy 5

Ny o) | 2 @0 3-0° (13)

Herein, ¢, and ¢, are the concentrations of oxygen ions and
vacancies in the lattice. The thermodynamic factors can be derived
from corresponding data of the oxygen non-stoichiometry (Fig. 3)
and are given for the different phases in Fig. S7 (ESIT). Arrhenius
plots of the calculated values of Ds and D, for the different
materials are shown in Fig. 10, while the activation energies
extracted from these are listed in Table S3 (ESIt) and Table 3,
respectively.

Fig. 10a shows that over the temperature range 650-900 °C
almost similar values of Dy are observed for LCF64 and LSF64.
Slightly higher values are found for LBF64; the difference is a
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Table 3 Migration enthalpies (AH,,) of LCF64, LSF64 and LBF64 extracted

from data of ECR experiments, following pO, step changes 0.21 — 0.1 atm
(Red) and 0.1 - 0.21 atm (Ox)

Red Ox
Materials AH,, (eV) AH,, (eV)
LCF64 1.11 £+ 0.03 1.05 + 0.03
LSF64 0.94 + 0.01 0.96 + 0.01
LBF64 0.80 £ 0.01 0.82 £+ 0.01

factor of about 3 at 650 °C, which has reduced to a factor 1.2
at 900 °C due to a slightly lower activation energy of 106 +
1 kJ mol ™" compared with values of 138 + 2 k] mol " and 146 +
1 k] mol " observed for LCF64 and LSF64, respectively. Also
shown in in this figure are values of D for other compositions in
the series for La, _,Sr,FeO;_; from literature,””®' demonstrating
the expected increase of Dg with increasing the alkaline-earth
metal dopant concentration and the consistency with the results
from this study. Calculated ionic conductivities of phases LCF64,
LSF64, and LBF64, using the Nernst-Einstein equation are given
in Fig. 11. As the total concentration of oxygen ions remains virtually
constant, the trend in ionic conductivity among the different
materials is the same as that observed for D (cf Fig. 9a). Fig. 10b
shows that the values of D, of phases LCF64, LSF64 and LBF64 in
the experimental temperature range are very similar, which further
indicates that the higher ionic conductivities and self-diffusion
coefficients observed for LBF64 relative to corresponding values
for LCF64 and LSF64 at similar conditions are mainly due to the
higher concentration oxygen vacancies in the former material. The
observed trend among the ionic conductivities of LCF64, LSF64 and
LBF64 differs from that previously reported for Lay gAg ,FeOs_s

(b) T(°C)
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Fig. 10 Arrhenius plots of the (a) self-diffusion coefficient, Ds, and (b) vacancy-diffusion coefficient, D,, at pO, = 0.142 atm, for LCF64, LSF64 and LBF64.
The specified pO, corresponds to the logarithmic average of the initial and final values of the pO, step change during ECR experiments. For clarity, only
data of oxidations runs are shown in both figures. Error bars are within the symbols. The drawn lines are from linear fitting of the data. Also shown in (a) are
values of D; for Lag oSro1FeOs_; (LSF91) and Lag 75Srg 25FeOs_; (LSF7525), at pO, = 0.65 atm,®C calculated from data of isotopic exchange depth profiling
(IEDP), and for Lag 5Sro sFeOs_s (LSF55) and SrFeOs_s (SF), at pO, = 0.05 atm, from data of ECR.*
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Fig. 11 Arrhenius plots of the ionic conductivity of LCF64, LSF64 and LBF64, at
pO, = 0.142 atm. The specified pO, corresponds to the logarithmic average of
the initial and final values of the pO, step change during ECR experiments. Lines
are drawn to guide the eye. Data taken from literature are shown for
comparison:  LagsSrosFeOs_s (LSF55),°®  LagsBagsFeOs s (LBF55),%®
Lao.gCao oFeOs_s (LCF82 (a)),'® Lag gSro 2FeOs_s (LSF82),*° Lag gBag oFeOs_5
(LBF82),* Lag gCag2FeOs_s (LCF82 (b)),%® Lag 9Cag1FeOs_s (LCF91).5%

(A = Ca, Sr, Ba) by Bidrawn et al."® (see Fig. 11). Estimating the
ionic conductivity from data of oxygen permeation measurements
performed in the range 650-800 °C, these authors showed that
Lay ¢St ,FeO;_s (LSF82) exhibits the highest ionic conductivities,
followed by LaygBag,FeOs; s (LBF82) and La,gCag,FeOs s
(LCF82). The different trend may - at least at first glance — be
due to a different alkaline-earth metal dopant concentration used
in the study by Bidrawn et al.'® However, estimates of the ionic
conductivity from data of oxygen permeation may be erroneous in
case of — and ignoring - partial rate limitations by the surface
exchange reactions.®” There is some evidence for the latter when
the comparison of ionic conductivities in Fig. 11 is extended to
include data for LayoCag1FeO;_s (LCF91) and La,gCagFeOs s
(LCF82) as derived from data of ECR experiments by Berger
et al.®*®* Clearly, more work is required to resolve the apparent
discrepancies between the results of different studies.

The type of alkaline-earth metal ion within the experimental
temperature range appears to have little impact on the oxygen
vacancy mobility. The calculated average migration enthalpies,
however, show a clear trend, decreasing in the order LCF
(1.08 + 0.04 eV) > LSF64 (0.95 + 0.01 eV) > LBF64 (0.81 +
0.01 eV) (¢f Table 3). Oxygen migration in the perovskite
structure is known to occur via an energetic saddle point
defined as the triangle formed by one B site cation and two A
site cations between two adjacent OA,B, octahedra.®® From a
purely ionic point of view, the observed lowering in migration
enthalpy in the series is expected from the trend in polariz-
ability, opa2r > tger > tcqer,’® and on the basis of the size of the
involved alkaline-earth metal ions, rg,2+(1.61 A) > rgpe+(1.44 A) >
Tcaz(1.34 A), which will be of influence to the open space in the
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critical triangle. The quoted radii are taken from Shannon’s
compilation.®® It is, however, likely that also other factors govern
the migration barrier. Recent calculations on the formation and
migration of oxygen vacancies in the series of (La,Sr)(Co,Fe)O;_;
and (Ba,Sr)(Co,Fe)O;_s perovskites based on density functional
theory suggest that it is the charge transfer from the migrating
ion to the transition metal ion in the transition state and the local
cation configuration in the critical triangle (containing, e.g., 0, 1
or 2 Sr** ions) that would determine the energetic barrier.®”*®

Conclusions

It is demonstrated in this study that LCF64 and LSF64 adopt
slightly-distorted perovskite structures at room temperature to
become ideal cubic (space group Pm3m) at elevated temperatures.
LBF64 adopts a cubic perovskite structure from room temperature
up to 1000 °C. The different phase behaviour observed for the
three compositions is suggested to be linked to the decreased
tendency for tilting of the FeOg4 octahedra with increasing radius of
the alkaline-earth-metal dopant ion.

Among the series LCF64, LSF64 and LBF64, the highest
electrical conductivities in the temperature range 650-900 °C
are found for LSF64. In air at 800 °C, the electrical conductivity
of LSF64 is 191 S cm ™, decreasing to a value of 114 Scm ™' at a
PO, of 0.01 atm, and found over the entire pO, range roughly
twice as high as those of LCF64 and LBF64. Unlike commonly
suggested in literature, the temperature dependences of the
electrical conductivities of the doped ferrite perovskite compositions
could not be described by Holstein’s small polaron theory. It is
suggested that partial delocalization due to Fe 3d-O 2p hybri-
disation may change the nature of electronic conduction in
these materials. Further research is required to elucidate this
hypothesis.

A most important finding of our work is that the ionic
conductivities of LCF64 and LSF64 as derived from data
of electrical conductivity relaxation experiments in the tem-
perature range 650-900 °C are high and fairly close to each
other. The ionic conductivity of LCF64 at 650 °C is 1.2 X
107* S em ™! while at 900 °C it is 44.6 x 107* S cm™?, being a
factor 3.6 and 1.44, respectively, lower than that for LBF64
showing the highest conductivity in this study. Noting that in
general Ca-substituted materials are less vulnerable towards
carbonation upon exposure to CO, as compared to substitution
by Sr or Ba, this observation renders LCF64 a very promising
cathode for use in IT-SOFCs.
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