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Abstract

Increasing Sr** concentration and the creation of A-site deficiency in La, . ,Sr,Co05 (x=0.3-0.7, y=0-0.05) increase
oxygen ionic conductivity, oxygen permeability of the dense ceramic membranes, and surface exchange limitations, in cor-
relation with the oxygen nonstoichiometry variations. Regression analysis of the experimental data on oxygen deficiency and
steady-state oxygen permeation fluxes demonstrated an important role of the defect association processes, namely, clustering
of the oxygen vacancies and Co**. The X-ray diffraction and Méssbauer spectroscopy studies of model >’Fe-doped composi-
tion, Lay ;51 7C0y 09> Feg 01035, confirmed that the ordering processes occur on reduction. In the case of Lay 5SrsCoO; 5
when oxygen transport limitations by bulk ionic conduction and surface exchange are comparable, the exchange limitations
are located essentially at the membrane permeate-side surface. Reducing p(O,) and temperature leads to greater surface
limitations. The chemically induced lattice expansion increases with increasing both x and y in Lal_x_ySrXCOO3_5, as well as
with increasing temperature. The apparent thermal expansion coefficients calculated from the dilatometric data in air vary

from (16-17) x 107 K=" at 300-950 K up to (28-31) x 107% K~! at 750-1370 K.

Introduction

Oxide materials based on lanthanum-strontium cobaltites
with ABO; perovskite-type structure, (La,Sr)CoO; 5, are
promising for numerous electrochemical and catalytic
applications, including dense ceramic membranes for gas
separation, air electrodes of intermediate-temperature solid
oxide fuel cells and electrolysis cells (SOFCs/SOECs), and
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catalytic afterburners. Moreover, over the past 5-7 years,
the La,_Sr ,CoOs 5 solid solutions with x ~ 0.4 have become
state-of-the-art air electrodes used in the commercial SOFC/
SOEC cells operating at temperatures < 1073 K [1-3]. These
phases possess a very high level of mixed oxygen-ionic and
electronic conductivity, fast surface oxygen exchange kinet-
ics, and high catalytic and electrocatalytic activity for vari-
ous oxidation—reduction processes ([4-20] and references
cited). The functional properties of cobaltites are governed
by the oxidation states of B-site cations, the delocalization
degree of electronic charge carriers, the level of oxygen defi-
ciency, the presence or absence of short- and long-range
ordering processes, and spin transitions of cobalt ions.

The gradual incorporation of Sr** cations into the lattice
of La;_Sr,CoO; 5 leads first to an increase in the oxidation
state of cobalt cations and then to the progressive forma-
tion of oxygen vacancies. Accordingly, the total electrical
conductivity, dominated in air by p-type electronic trans-
port, exhibits a maximum at x~0.3-0.4. The partial ionic
conductivity increases with strontium content up to x~0.7
and decreases on further doping due to the ordering pro-
cesses in the oxygen sublattice and phase separation [4,
10-12, 21]. The effect of A-site deficiency on the partial
conductivities is studied insufficiently. Considering essen-
tially itinerant nature of p-type electronic charge carriers and
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Fig. 1 SEM micrograph of polished and thermally etched La,, sSr, sC0O; 5
ceramics

non-idealities in the oxygen sublattice, the behavior of oxy-
gen nonstoichiometry and concentrations of mobile charge
carriers in (La,Sr)CoO;_s may obey neither simplified point-
defect nor rigid-band models, commonly used in the litera-
ture. The oxygen permeability of dense Lag ;Sr,,CoO5_s
membranes was reported to be controlled mainly by bulk
diffusion across the membrane in the range of thickness
0.57-2.15 mm at 1023-1373 K [13]. Preliminary data [14]
suggest that the oxygen permeation through 1.0-1.4-mm-
thick La,_,Sr,CoO;_ s membranes is affected by the surface
oxygen exchange kinetics at x> 0.5. However, revealing the
role and location of surface limitations requires additional
studies.

This work continuing our research on lanthanum-
strontium cobaltites [9, 14—16] is focused on the compre-
hensive characterization of La,_, ,Sr,CoO;s (x=0.3-0.7,
y=0-0.05), including the local structural features,

Table 1 Properties of the La,__ Sr,CoO;_5 ceramics in air
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Fig.2 Example of thermogravimetric data illustrating the determina-
tion of total oxygen content in La,, 551, sCoO;_s powder at 1223 K and
atmospheric oxygen pressure

thermomechanical properties, and oxygen ionic and elec-
tronic transport. A special attention is given to the analysis
of steady-state oxygen permeation fluxes through the dense
ceramic membranes. The equilibrium p(O,)-7-8 diagrams of
La, Sr,CoO; 5 (x=0.3-0.7) were analyzed previously [14]
by a model combining the rigid-band approach for delocal-
ized holes and the pair-cluster formation reaction involving
oxygen vacancies and Co?" cations, neglecting coulombic
repulsion between the positively charged vacancies. The
resultant relationships between the oxygen chemical poten-
tial and mobile vacancy concentration are used in this work
for numerical regression analysis of the steady-state oxygen
permeation through the cobaltite membranes.

Composition (space group) Unit cell parameters  Relative

Average linear thermal expansion
density,% coefficients

Activation energy for oxygen
permeability**

T,K TEC x 10%, K™ T,K E,, kJ/mol
Lag 10519 3C005 5 (S.G. R3c) a=5.4039(2) A 95 350-950 17.15+0.01 1123-1223 153+17
o=60.434(2)° 1070-1370 27.55+0.08
Lag 4557, 30C00; 5 (S.G. R§c) * a=5.4094(2) A 94 350-850 16.35+0.02 1073-1223 102+10
a=60.271(2)° 970-1170 28.71+0.04
Lag 55510 406C005 5 (S.G.Pm3m) *  a=3.844(3) A 99 350-850 16.46 +0.02 1123-1223 101 +41
970-1170 30.89+£0.09
Lag 5,5t 5,C00s 5 (S.G. R3c) a=5.4243(2) A 93 350-850 17.04+0.03 1123-1223 94.4+0.2
a=59.871(3)° 970-1370 31.17+0.06
Lay 305t 70C0O0s5.5 (S.G. Pm3m) a=3.836(4) A 93 300-750 19.6+0.5 1073-1223 69+9
750-1100 28.8+0.5

“Contained <2 wt% CoO

““Data refer to 1.0-mm-thick membrane under the oxygen partial pressure gradient of 0.021/0.21 atm
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Experimental

Experimental procedures used for the synthesis and process-
ing of La, ,Sr,Co0O; 5 (x=0.3, 0.5 and 0.7) were reported
elsewhere [14]. The A-site-deficient Lag o5, Sr,CoO; 5
(x=0.3, 0.4 and 0.5) and samples doped with 1 mol% >'Fe
isotope, La,_,St,Co goFe( 0;O03.5 (x=0.3, 0.5 and 0.7), for
the Mossbauer spectroscopy (MS) studies, were prepared
by the glycine-nitrate synthesis route in a similar way. The
dense gas-tight ceramics were sintered in air at 1520-1650 K
for 2 h. The density of ceramics was no less than 93% of
their theoretical density calculated from the X-ray diffrac-
tion (XRD) results (Table 1). Figure 1 presents a scanning
electron microscopy (SEM) image reflecting microstructure
typical for the sintered ceramics. The average grain size was
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Fig.3 X-ray diffraction patterns of powdered La,_, ,Sr,Co0O; ;5 ceram-
ics sintered in air

similar for all materials, varying in the range 2—10 pm. The
powdered samples used for XRD, thermogravimetric analy-
sis (TGA) and Mossbauer spectroscopy were obtained by
grinding of the sintered ceramics.

The samples for Mossbauer spectroscopy were either
annealed in air and then slowly cooled, or annealed in flowing
argon at 973-1223 K for 10 h and quenched in liquid nitrogen.
The Mossbauer spectra were collected at 290 and 4 K (with
the sample immersed in liquid He) on a conventional trans-
mission constant-acceleration spectrometer with a 37Co (Rh)
source as described elsewhere [22-25] and analyzed using
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Fig.4 X-ray diffraction patterns of powdered of La,_St,Co goFe ;055
slowly cooled down to room temperature in air or quenched after
annealing at 973-1223 K in flowing Ar, p(0))~107> atm
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Fig.5 Room-temperature Mossbauer spectra of La;_ Sr,Co ggFe 4,055
slowly cooled down to room temperature in air A and annealed at 973—
1223 K in flowing Ar, p(0,)~107> atm B. The solid lines show the fit-
ting results (see text)

MossWinn software [26]. The room-temperature spec-
tra were fitted to Lorentzian lines using a non-linear least-
squares method; the relative areas and widths of both peaks
in a quadrupole doublet were kept equal during refinement.
Distributions of magnetic splittings were fitted to the magneti-
cally split spectra collected at 4 K according to the histogram
method. The relative oxygen content in air was determined
by TGA on cooling from 1223 to 298 K with ramp rate of
2 K/min and dwells every 50 K at 923-1223 K. The total
oxygen content (3-8) was calculated from the sample weight
after reduction in 10%H,-90%N, gas mixture at 1223-1373 K
(Fig. 2). The dilatometric data were obtained in the conditions
of continuous heating in air (ramp rate 3 K/min). The total

@ Springer

electrical conductivity was measured in air by the 4-probe DC
method. The data on oxygen permeability were obtained at
1023-1223 K and the feed-side oxygen pressure (p,) fixed at
0.21 atm (air); the permeate-side oxygen pressure (p,) varied
from 0.008 to 0.2 atm. The equipment and procedures used
for materials characterization, were also detailed in previous
reports ([9, 14—16, 22-25] and references cited).

Results and discussion
Crystal structure and states of B-site cations

XRD analysis of A-site stoichiometric La; Sr CoO; s and
La,_,Sr,Co goFe( ;055 prepared in air showed the formation
of single perovskite-type phases with rhombohedral (x=0.3
and 0.5) or cubic (x=0.7) structure, while the A-site deficient
cobaltites contained small (<2 wt%) amounts of CoO impu-
rity phase (Figs. 3 and 4; Table 1). The Mossbauer spectra of
all the La, Sr,_ Coy goFe( 5;05.5 (x=0.3, 0.5 and 0.7) samples,
except La, 351 ,Coq goFe( ;05.5 annealed in argon, show a
single absorption peak at room temperature (Fig. 5) and a six-
line pattern at 4 K. In the case of samples equilibrated in air, a
comparison of the isomer shifts and magnetic hyperfine fields
(IS and By; Table 2) with the literature values for other (La,Sr)
(Co,Fe)O;_ s materials [27-31] shows that the average oxida-
tion state of iron cations is intermediate between 3+and 4+,
increasing with Sr content. The electronic state of Fe and Co
cations remains delocalized down to 4 K, although the mate-
rials are magnetically ordered at this temperature. Delocal-
ized electronic states in perovskite-type ferrites down to 4 K
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Fig.6 Total oxygen content in La;_ Sr,CoO; 5 measured by TGA in
air using the reference point at 1223 K
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Table 2 Parameters* estimated from the 4 K and 290 K Mdssbauer spectra of La, ,Sr,Cog goFe 7055 ceramics slowly cooled down to room

temperature in air and annealed at 973-1223 K in flowing Ar

Composition Equilibration conditions T,K Fe state IS, mm/s (QS/2¢), mm/s By, T I, %
Lag ;St03C00.90F€0 01055 T=290 K 4.1 Fe*t'* CN=6 0.34 -0.02 40.5 100
p(0y)=0.21 atm 290 0.25 0.13 - 100
Lag sSt05C00.90F€0 01055 4.1 Fe*t'* CN=6 0.22 0.01 35.0 100
290 0.15 0.12 - 100
Lag St 7C00.90F€0 01055 4.1 Fe*t* CN=6 0.17 0.01 31.5 100
290 0.09 0.16 - 100
Lag ;St03C00.60F€0 01055 T=973K 4.1 Fe*t'* CN=6 0.34 -0.02 40.5 100
p(0)=107° atm 290 0.26 0.13 - 100
Lag 55t 5C00.90F€0 01055 4.1 Fe*t* CN=6 0.22 -0.01 34.9 100
290 0.15 0.12 - 100

Lag 3519 ,C0q goFe( 01035 4.1 Fe’* CN=6 0.45 0.19 50.6 57

Fe** CN=5 0.41 0.06 46.2 43

Lag 5519 7C0q g9Fe0103.5 T=1223K 4.1 Fe’* CN=6 0.45 0.26 51.8 36

P(0,)~107 atm Fe*™* CN=5 0.40 -0.05 46.6 36

Fe’* CN=54 0.34 0.15 41.6 8
Fe*** CN =54 0.53 -0.19 49.3 20

“IS, B,y QS, ¢, and I are the isomer shift relative to metallic a-Fe at 295 K, magnetic hyperfine field, quadrupole splitting, quadrupole shift,
and relative area, respectively. For the 4.1 K spectra, the average IS and By values are given. The estimated standard deviations are <3% for
1,<0.2 T for By, and <0.02 mm/s for other parameters. CN is the oxygen-coordination number of Fe cations

have only been observed in the high-pressure (350-5000 atm)
oxygen-annealed samples of cubic La,;_ Sr FeO; (x=0.8-1.0)
with the oxygen content close to 3 [30, 31]. Usually in the
perovskite-derived oxides containing Fe**, charge dispro-
portionation 2Fe*t — Fe®* +Fe>* occurs on cooling and the
electronic states become localized [24, 25, 30, 32]; the tem-
perature of this disproportionation is higher than 4 K. How-
ever, in the Co-containing oxides with low content of anion
vacancies when the concentration of cobalt is high enough,
Fe** shows a delocalized electronic state down to 4 K, as in
the oxidized La 5351, 47Fe, 4Cop 05 [33]. The combination of
MS and TGA results (Fig. 6) suggests that in air up to 650 K,
the incorporation of strontium in La, Sr;_CoOj; ;s essentially
compensated by increasing oxidation state of B-site cations at
x<0.5, while the oxygen content is close to the stoichiometric,
and by increasing both Co oxidation state and oxygen defi-
ciency at higher temperatures and Sr concentrations.

The stability to reduction decreases on increasing Sr
content (Fig. 4). Thus, La, 351, ,Co ogFe ¢;05_5 transforms
from cubic to the tetragonal perovskite-type structure (space
group [4/mmm) similar to that reported in Refs. [34, 35]
after annealing in flowing Ar at p(Oz)zIO_5 atm and 973 K
and to the mixture of ordered tetragonal and disordered
perovskite phases after annealing in the same atmosphere
at 1223 K. La, ;51 3Coq goFe( ;055 retains the rhombohe-
dral perovskite structure in the entire range of these condi-
tions. In accordance with the XRD data, the oxygen content
variations in La, ,Sr CoOj; g at elevated temperatures also

increase with x (Fig. 6). For La, ;S 3Co, oFe 1,055 and
Lay 551 5Co, o9Fe( 0055, there is no difference between the
Mossbauer spectra of the samples annealed in air and in argon
atmosphere (Fig. 5) implying that partial reduction lowers
primarily the oxidation state of cobalt cations. In the case of
Lag 551 7Coy goFe( ;O35 annealed in Ar at 973 and 1223 K,
resulting in the 6 values close respectively to 0.37 and 0.48,
broad absorption peaks are observed at 290 K indicating that
the relaxation frequency of the direction of iron magnetic
moments is of the same order of magnitude as the recipro-
cal of the Mdssbauer time scale. This relaxation frequency
may be explained by the establishment of long-range Fe—Fe
or Fe-Co magnetic correlations above 290 K, while for all
the other samples, these interactions were only established
below room temperature. The Mossbauer spectra of reduced
Lag 351 7Coq goFe 1055 with 8 = 0.37 at 4 K were fitted to
two distributions of B,; with different IS (Table 2) correspond-
ing to hexa- and penta-coordinated Fe** [22, 23]. Note that the
signal of remaining FeO, tetrahedra might overlap with the sig-
nal of pyramids. The 4 K spectrum of Lay, 55r,, ,Coy ogFe( 91055
with 8 =~ 0.48 consists of six broad absorption peaks and can
only be analyzed with four sextets. Two main contributions
with equal areas are related again to the tetragonal phase, while
the remaining iron cations with the oxidation states equal to
and lower than 3+ are in the disordered oxygen-deficient
perovskite-related phase, in agreement with the XRD results.
Even in the absence of phase transitions, presumable forma-
tion of point-defect clusters or vacancy-ordered microdomains
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Fig.7 Dilatometric curves of the sintered La, . Sr,CoO;_ 5 ceramics
measured on continuous cooling in air

should have a significant influence on the thermomechanical
and transport properties of cobaltite materials.

Lattice expansion and total electrical conductivity
in air

Figure 7 presents the data on linear thermal expansion of
La; Sr,CoO;5 (x=0.3, 0.5 and 0.7) and A-site-deficient
Laj 95.,S1,C00; 5 (x=0.3 and 0.4) dense ceramics in air.
These results are given relative to the sample length at
room temperature (Ly). The average thermal expansion
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Fig.8 Temperature dependencies of the total electrical conductivity
of sintered La, . ,Sr,CoOj;_; ceramics in air

coefficients (TECs) are listed in Table 1. As for the other
perovskite-type cobaltites [9, 36, 37], the dilatometric curves
are characterized by a break at 750-1070 K with the dras-
tic increase in the TEC values from (16-17)x 107% K™ up
to (28-31) x 107% K~!. This phenomenon originates from
chemically induced expansion of the crystal lattice due to an
increase in the oxygen nonstoichiometry. Correspondingly,
the oxidation states of B-site cations decrease and their size
increases. In addition, increasing the oxygen deficiency
leads to a higher coulombic repulsion between positively
charged oxygen vacancies and holes, and also to an increase

Table 3 Summary of selected regression models for p(O,)-7-6 diagrams of La, ,Sr,CoO; 5

Model  Brief description General formulation Specific parameters
ioid- i ial: h _10%] =
Model 1 Rigid-band based on hoh? chemlcal potential; u(h) = ( ) 4 [h]- 0 [ho] _ [Sr ] N(@6) = [00] =3
electron-vacancy association f( ﬁh ))
Model 2 Rigid—band l?ased on hole chemical poteqtigl, with H EV\‘;) - (Ij?Tln 1)\'(5) RTl [Vo~Cos] N(S) = [02 ( -2 )”
site-exclusions; electron-vacancy association ( 0g)’ NG)—5 o 0
n=8§,10,>10
Model 3 Model 1 but based on (V — Co)" chemical potential, ' _ N = [Vo—Cog ] _ N ( _é )"
no V. near Co' # (Vo= Cop)) RTlnN(<VrCOB>)*<V~fC°B> N({V, = Cop)) = (1 3
n=>5
Model 4 Rigid-band based on hole chemical potential; Co self- .y _ (10 1 L S PV I Py N(§) = [02] =3
= + - [h| =S N o
ionization at §—0 uy = u(i) (#(ho)) <[] = [sry]
Model 5 Model 4 with site-exclusions ﬂ/ (Vu> RT]“ _ (s s \"
= a(h)a( Co(é)) N@©) = [0} (1—0—3>

“Kroger-Vink notation is used and all concentration-related terms are normalized to one formula unit

““u is the chemical potential consisting of concentration-dependent (') and concentration-independent (u°) parts, [ho] is the electron-hole con-
centration at zero J, g( y(ho)) is the electronic density of states at the Fermi level, [V{')’] is the concentration of mobile oxygen vacancies, 8 is the
total concentration of vacant oxygen sites measured by TGA and coulomenric titration [14], V() is the corresponding number of states, and # is
the number of sites in vacancy neighborhood excluded from ionic transport; for perovskites the minimal value for n is 8 (nearest neighbors), the
next value is 10 (2 additional sites from shared octahedra) and further depending on infill of coordination spheres
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in the anharmonicity of atomic vibrations [38]. All these
effects expand the crystal lattice. In agreement with the oxy-
gen content variations (Fig. 6), decreasing La content shifts
this break to lower temperatures and results in higher TECs.
The lattice expansion of La;_, ,Sr,CoO5 5 correlates with
the data on total electrical conductivity (Fig. 8), predomi-
nantly p-type electronic in air. A progressive increase in
the oxygen deficiency leads, in particular, to a lower con-
centration of electron holes and thus decreases the con-
ductivity when temperature increases. Below ~980 K
Lag 4551 30C00;_5 exhibits the maximum conductivity. In the
higher-temperature range, the ¢ values increase on lanthanum
content. Nevertheless, the level of electronic conduction is
nearly similar for all compositions with x < 0.7, being sig-
nificantly higher than that in La 351, ;C0O;_5 (Fig. 8) in the
entire temperature range. In the latter, the charge compensa-
tion mechanism via the oxygen vacancy formation on Sr**
doping starts to prevail. Another effect may be associated
with the ordering processes in the oxygen sublattice. Note
that the formation of vacancy-ordered microdomains would
be undetectable by XRD. These processes are, however, vis-
ible from the oxygen permeability results discussed below.

Modeling p(0,)-T-8 diagrams

The experimental data on the oxygen nonstoichiometry vari-
ations in La;_ Sr,CoO; 5 (x=0.3-0.7) vs. oxygen partial pres-
sure and temperature, determined by coulomenric titration, are
taken from Tsipis et al. [14]. These data were modeled taking
into account significant influence of the vacancy association
phenomena on the oxygen thermodynamics of (La,Sr)CoO; g,
which becomes critical on reduction. The models presuppos-
ing pair clusters are simplest from the statistical point of view
and thus provide minimum errors in the entire p(O,) range. A
brief formulation of selected statistical-thermodynamic mod-
els used to analyze the equilibrium p(O,)-7-8 diagrams is sum-
marized in Table 3. All these models included the contribution
of delocalized electron holes, described in the framework of
rigid-band approach. If the generation of p-type charge carri-
ers is significantly affected by intrinsic electronic disordering
when Co' exists predominantly in the form of any clusters
with oxygen vacancies, such as (V,, — Cog)’, the electron—hole
concentration at zero 6, [ho], is equal to Sr’ , (hereafter see defi-
nitions after Table 3). The expressions for the concentration-
dependent parts of the chemical potentials of vacancies and
(Vo — Cop) clusters are the same for Models 1 and 2. In the
simplest case when all oxygen sites are energetically equiva-
lent and vacancy interaction can be neglected (Model 1), the
number of states for oxygen vacancies N(J) is equal to the
number of oxygen sites. When the site-exclusion effects caused
by coulombic repulsion between the vacancies are significant
(Model 2), N(d) is determined by the probability of complete
occupation of n neighboring oxygen sites. If no vacancy can

be located in the first coordination sphere near a vacant site,
n=38. For Models 1 and 2, the Co’ ; species were considered as
polarons localized near oxygen vacancies, forming stable pair
clusters (V,, — Cog)'. In this case, the site-conservation and
electroneutrality conditions can be expressed as

s+ 0] =[0%] =3 and [(V, = Cop) |+ [Vi] =6 (1)

[+ [(Vo — Cog) | +2[V)] =54 )

whilst the electron—hole recombination processes should
correlate with the oxygen nonstoichiometry:
_ a(V;)
a(h')a((VO - CoB)')
(3)
where a is the thermodynamic activity and K is the equilib-
rium constant. Hereafter, the concentration of regular Cog
sites is considered constant. One modification of this for-
malism, referred to as Model 3, was similar to Model 1 but

Cop+V, 2 h +(Vy,—Cop) K,

g}- 200 |- La_Sr CoO, ]
%0
~— 150 1
%
*—g 100 -
= 50
4
T ot _
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=,
T Sor -
200 - = 1
O Model 1
= - = © Model 2
g 170F o Model 3 E .
=, : # Model 4
- & : m Model 5
S 140 .
E 110 - 4
80 a
0.3 I 0.5 I 0.7
X

Fig. 9 Parameters of the regression models for p(O,)-T-6 diagrams of
La,_,Sr,Co0O;5; 422, 420, and 348 points were included in the analy-
sis for x=0.3, 0.5, and 0.7, respectively
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presumed that clustering is governed by the cobalt sublattice
(Table 3). Here n=35 implies that no other vacancies may
form near (V,, — Cop) cluster. Finally, Models 4 and 5 were
based on Models 1 and 2, respectively, disregarding forma-
tion of the (V,, — Cog)" clusters but accounting for cobalt
disproportionation. This reaction shifts [ho] and leads to the
existence of free Co’:
Coy 2 h +Co'y K, = a(h)a(Co'p) 4)
with the concentration-dependent part of chemical potential
expressed as RTIn([Co’ 3]/[Cojs]). Inthis case, the (V,, — Cog)
formation might be considered as an additional process:

a(V:)a(Co
V' +Co'y 2 (Vy— Copy K; = —a(((;) (Co I;))
o— Cog
)

However, extension of the Models 4 and 5 with Eq. (5) leads
to degeneration of the least squares statistics; the results for
these extended models were hence omitted.

Parameters obtained from the regression analysis by Mod-
els 1-5 are compared in Fig. 9 and Table 4; the residuals scat-
ter is illustrated in Fig. S1 (Electronic Supplementary Mate-
rial). Model 1 was found to provide the best description of
the experimental data. Figure 10 presents the oxygen pressure
dependencies of the defect concentrations calculated using
this model. As expected, partial reduction lowers the con-
centration of electron holes and increases the concentration
of (V,, — Cog) clusters, whereas the number of free oxygen
vacancies, [V'], remains low with a tendency to pass through
a maximum or even decrease. The calculated concentrations
of mobile oxygen vacancies were used to analyze the oxygen
permeability of dense La,_,Sr . CoO;_ 5 ceramic membranes.

Table 4 Parameters* obtained from the analysis of p(O,)-7-6 diagrams of La, ,Sr,C00O;

i (AH - 3, ) (AS - 15 ) AH, g(u(n)) x 107 A6x10° Ry Nooinis
“ 270, * 270 kJXmol"] kj_l X mol
kI xmol™! ITxmol ! xK™!
Model 1
0.3 151.5+0.7 —-16.8+0.6 —53+0.5%* 422405 20.8+0.2(T> 898 K) 0.9995 422
19.8+0.1 (T=898 K)
18.7+0.1 (T=873 K)
0.5 103+1 -322+0.5 =11 1%* 38.9+0.2 - 0.9996 420
0.7 82.4+0.6 —-445+04 —61£2%* 33.8+0.3 - 0.9996 348
Model 2
0.3 155+1 -16.9+0.7 —-6.9+0.6%* 52+1 20.7+0.1 (T> 898 K) 0.9995 422
19.6+0.1 (T=898 K)
18.6+0.1 (T=873 K)
0.5 107.1+0.9 —29.0+0.6 —11.9+0.8%* 44.1+0.8 - 0.9994 420
0.7 85+1 —-37.1+04 —48 £3%* 42+1 - 0.9996 348
Model 3
0.3 145+2 —-12+1 0+ 1%* 57+3 20.2+0.2 (T>873 K) 0.9990 422
18.7+0.2 (T=873 K)
0.5 101 +1 —-19.3+0.7 -5.0+£0.8%* 44.8+0.3 - 0.9993 420
0.7 80+2 -30.3+0.6 —37£3%* 49+1 - 0.9993 348
Model 4
0.3 133+1 —-24+1 —35.5+0.8%** 79+5 20.1+0.3 (T>898 K) 0.9990 422
19.4+0.2 (T=898 K)
18.7+0.2 (T=873 K)
0.7 167+7 —-67+3 — 69 £ 2%* 196 +7 - 0.970 348
Model 5
0.3 179+1 —-24.7+0.5 —25.8+0.5%%%* 04+4 21.6+0.3 (T>898 K) 0.9993 422
20.6+0.3 (T=898 K)
19.4+0.3 (T=873 K)
0.7 194+3 —47+2 — 78+ 1% 148 +4 - 0.990 348

“AH,, and AS,, are the enthalpy and entropy of oxygen deintercalation, h% and 5?

o, are the enthalpy and entropy of gaseous molecular oxygen

(IUPAC), g( ﬂ(l’lo)) is the electronic density of states at the Fermi level, and AS is the parameter that may comprise systematic errors of TGA.

Errors are for 95% confidence. R,q; is the adjusted correlation coefficient, and N,

oints 18 the number of experimental points included in the analysis

“*AH; = AH is the enthalpy of electron-hole recombination process near oxygen vacancy according to Eq. (3)

@ Springer

AH; = AH, is the enthalpy of Coy disproportionation according to Eq. (4)
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Surface-limited oxygen permeability and ionic
conductivity

The steady-state oxygen permeation fluxes (j) through
the dense Lal_x_yerCoO3_5 ceramics generally increase
with increasing strontium content and oxygen deficiency
(Fig. 11), while the corresponding activation energies
decrease (Table 1). The role of surface oxygen exchange
kinetics evaluated from the oxygen flux dependencies on
membrane thickness (d) also increases with x and becomes
critical at x> 0.5. For instance, at x=0.3, the products
jXxd are essentially thickness-independent (Fig. 12), indi-
cating that the oxygen permeation is limited by the bulk
ionic transport. At x=0.5 both permeation fluxes and
Jj*d depend on the membrane thickness. The permeation
fluxes through 1.0- and 1.4 mm-thick Laj;Sr;,C00; 5
membranes are similar, suggesting the dominant role of
surface exchange limitations [14]. Therefore, the oxygen
transport processes were modeled by splitting the overall
oxygen chemical potential gradient into three parts cor-
responding to the membrane bulk (A ), permeate-side
(A, and feed-side (ApS™), as illustrated in Figs. 13
and 14. The basic formulations of selected models used for
nonlinear regression analysis are summarized in Table 5.
The bulk contribution determined by the partial ionic (o)
and electronic (o,) conductivities was calculated by solv-
ing the Wagner equation. Since the electronic conductivity

log (p(0,) [atm])

in lanthanum-strontium cobaltites is prevailing over
ionic, the ambipolar conductivity may be equated to o,
For the materials with x > 0.5 when the oxygen fluxes

T,K
1273 1223 1173 1123 1073 1023
T T T T T T T T T T T
-6.2 | b Lao.7osro.3ocoo3-s
o Lao.essrosocoos-a
641 . Lao.sssro.zaoCOO}&
N’.—“. 66 o Lao.sosro.socoo3-5
g ’ A Lao.zosro.7ocoo3-5
"o 68}
°
£
~ 10
g
12k
14+
76 | . | s 1 . 1 . 1
8.0 8.5 9.0 9.5 10.0

10Y7T[K"]

Fig. 11 Temperature dependencies of the oxygen permeation fluxes
through 1.0 mm-thick La,_ ,Sr,CoO;; membranes at fixed oxygen
partial pressure gradient. Solid lines are for visual guidance
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are surface-limited, the oxygen transfer across the mem-
brane/gas interfaces was simulated using phenomenologi-
cal expressions given in Table 5. These expressions were
selected on the basis of fitting results from a number of
alternative approaches, including the Butler-Volmer type
models and various kinetic and thermodynamic equations
[39, 40], and represent simplified solutions of the gen-
eral thermodynamic formulae, where the transport coef-
ficient R, may comprise concentration of species involved
in the rate-determining steps. The driving force in these
equations (Table 5) is expressed as Auf“rf /z. The best fit-
ting quality was obtained fixing z =2, which implies the
limiting role of oxygen vacancies and/or adsorbed atomic
species in the total oxygen transport through membrane
boundaries, in agreement with van Doorn et al. [6].

In the course of regression analysis of the oxygen per-
meation data of La; ,Sr,CoO;_5 (x=0.3-0.7), the set of
equations was solved numerically using the relationships
between [V(’)’], [0:], and p(0O,) defined from the analysis
of p(0,)-T- 6 diagrams (Table 4). For La;Sr;;C00;,
where under the studied conditions the oxygen permeation

76} -
80} -
84} -

'g -88 r -

X 7' l0mm d=1.4mm

9 921 m1223K 023K | -

3 e1173K olIBK

£ AlIZ3K  AlI23K

— Fittin,
g 68} g -
g

= g2t -
76} ]
80} -
845 -

0.2 I 04 I 0.6 I OI.8 I 1.0 I 1.2 I 14
log (p/p,)

Fig. 12 Products of steady-state oxygen permeation fluxes through
dense La; Sr,CoO;s (x=0.3 and 0.5) membranes and membrane
thickness (d) as a function of the oxygen partial pressure gradi-
ent. d=1.00+£0.02 and 1.40+0.02 mm. Solid lines show the fitting
results (see text)
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is limited by the bulk ionic transport, Ayi'"f = A,u;”rf =0.
The regression parameters calculated using selected models
are compared in Figs. 15 and 16 and Table 6. The results
of fitting to the best models shown in Fig. 12 as solid lines
are in a reasonable agreement with the experimental data.
For the bulk ionic transport, all considered models pro-
vided comparable and satisfactory fitting quality. The sim-
plest model neglecting the long-range ordering phenomena
and coulombic repulsion is suggested as most appropriate

(hereafter see definitions in the bottom caption of Table 5):
o, =U,[V,1[07] ©)

Further complications did not result in any essential improve-
ment of the fitting quality. In the case of La, ;Sr,,C0o0O;_s,
the models for oxygen fluxes across the membrane feed and
permeate sides, expressed respectively as

A”xurf
- _ 40 2
]—J26<1—exp< BT >> @)

A'usurf
j=0— ®)
2RT

gave the best fitting results. For La, sSr, sC00O; g the only
approach enabling to fit the data at all studied tempera-
tures was based on the assumption that the surface oxygen
exchange limitations occur exclusively at the membrane

P2~ P1<P>

021atm| VT~

T e— —

surf surf

)

gas
%

Fig. 13 Schematic drawing illustrating the fluxes of charge carriers
through the mixed-conducting membrane and the oxygen chemical
potentials at the membrane surfaces and in the gas phase



Journal of Solid State Electrochemistry (2021) 25:2777-2791

2787

0.288 -
La, Sr,,Co0,, H 00155
T=1153K
0286 0.0150 —
i =
0284} «——— T Joos
Feed side: j=/° & (1-exp(Au™™ 1
.| RSO NIERD)) [
Bulk: g=U, [O3][V;,]
07+ Permeate side: j=J10 (A,uj"'f/(zRZ)) §
Jeed-side
08}

surface drop B

log (p(O,) [atm])

-1.0F d=1.0mm 4

p,=0.072 atm permeate-side| |
SRS p,=021 atm surface drop i
-1.2 L 1

1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
X, cm

Fig. 14 Variations of oxygen nonstoichiometry and concentration
of mobile oxygen vacancies across the thickness of La, 551, ,C00; 5
membrane under the oxygen pressure gradient of 0.072/0.21 atm at
1153 K, and the corresponding oxygen pressure profile calculated
using the models S1, B1, and S3 with z=2 for the membrane feed
side, bulk and permeate side, respectively (see Table 5)

permeate side, as expressed by Eq. (8). At this side, the oxy-
gen chemical potential gradient is found lower compared
to that across the bulk (Fig. 17). The difference, however,
decreases on cooling as a result of increasing role of oxygen
exchange kinetics.

Figure 18 compares the oxygen partial pressure depend-
encies of calculated ionic conductivity of La;_, ,Sr,CoOs 5

08 L E, =136 kl/mol La,_Sr, CoO,, -
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Fig. 15 Temperature dependence of the constant involving oxygen
ion mobility calculated from the modeling results of oxygen perme-
ability data of La;_Sr,CoO; 5 at z=2, n=10 (see Tables 5 and 6)

(x=0.3 and 0.7) at 1023 and 1173 K. For La, ;Sr, ;C00; 5
where the & values are moderate, decreasing p(O,) results
in the formation of both free oxygen vacancies and

Table 5. Summary of selected Location General formulation Specific parameters Model
regression models for
oxygen permeability of the . Bulk P N, = [Ox]’ Ny = [V] B1
La,_,Sr,Co0O;_5 dense ceramic j=—4 0,0, du(Oz) 0 0
membranes 16F°d v = o,+0,
! — X —
lima >0, U(ff =04 0p= UoNoNV No - [0”]’ NV =9 B2
oo A% B3
N0=3(1—T‘> Ny =6, n=10
Boundary j_ w(1-exp (827)), ® =S () TCum) =822 s
f(cﬁm)=1,2=2 S2
J= mi»;‘;’ . R = I (cym) flem)=1,2=2 S3

* U, is the temperature-dependent constant involving oxygen ion mobility, Ny, is the number of neighbor-
ing occupied oxygen sites appropriate for a swap with unoccupied sites, Ny is the number of unoccupied
oxygen sites available for ion jumping, Au*7 is the drop of oxygen chemical potential across considered
border, R, is the limiting flux density, f(c;;,,) is the concentration-dependent configurational term in R, J,
is the temperature-dependent constant and z is the stoichiometric coefficient showing relationships between
the fluxes of molecular O, and species involved in the rate-determining step
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Fig. 16 Comparison of temperature dependencies of the parameters
of regression models for oxygen permeability of the La;  Sr,CoO; 5
(x=0.5 and 0.7) membranes at the feed- and permeate-side surfaces
using three different models for the bulk ionic transport; z=2, n=10
(see Tables 5 and 6)

(Vo — Cop) clusters (Eq. (3)). Consequently, on reduction
the ionic conductivity first increases, then passes through
a maximum and decreases when the generation of defect
associates becomes prevailing, in agreement with the [V(‘)‘]
variations (Fig. 10). These maxima shift to lower oxy-
gen pressures on cooling in agreement with the literature
data on La, 4Sry CoO5.5 [11, 12]. At higher x and & val-
ues in La;_ ,Sr,CoOs 5, the tendency of defect association
becomes more pronounced (Fig. 10). A break at 1073 K in
the Arrhenius plot of the oxygen permeation fluxes through
the Laj;Sr;,C00;_ 5 ceramics (Fig. 11) indicates the
oxygen-vacancy ordering processes [9] becoming finally
long-range at lower oxygen partial pressures as revealed by
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Fig. 17 Oxygen chemical potential gradients across the bulk and
permeate-side surface of 1.0 mm-thick La,, sSr, ;C0o0O; 5 membrane at
1123 and 1223 K plotted against the steady-state oxygen permeation
fluxes

the XRD and MS analyses. Correspondingly, the oxygen
ionic conductivity monotonically decreases on reduction in
the experimentally studied p(O,) range (Fig. 18).

0.6 Lal SrCOO36
L XX . "
L (=0 x=03
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E 06}
2
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24+
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Fig. 18 Oxygen partial pressure dependencies of the ionic conductiv-
ity in La;Sr 3C005_5 and La, ;Sr, ;CoO5 5 calculated from the fitting
results of the oxygen nonstoichiometry and permeability data at 1023
and 1173 K
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Conclusions

The incorporation of Sr** cations and creation of A-site defi-
ciency in La,_, ,Sr,CoOs g, resulting in higher oxygen nonsto-
ichiometry and tendency to defect association, increases the
lattice expansion, oxygen ionic conductivity, oxygen permea-
bility of the dense ceramic membranes, and surface exchange
limitations, while the stability to reduction and electronic
transport in air above 980 K both decrease. In contrast to
most ferrite materials, the Mossbauer spectroscopy analysis
of La,_,Sr,Coq 99> Fey 0,05 5 suggests that when the oxygen
content is close to stoichiometric, Fe** retains a delocalized
electronic state down to 4 K. At oxygen partial pressures
higher than 107> atm, no long-range ordering was observed
for the compositions with x=0.3-0.5, while the transition
into vacancy-ordered tetragonal phase was observed for
La 351, ,Cog goFe ;055 sample annealed at 1223 K in
argon atmosphere. Therefore, the p(O,)-7-6 diagrams were
adequately described by a statistical thermodynamic model
combining the rigid-band approach for delocalized holes and
the pair-cluster formation reaction involving oxygen vacan-
cies and Co”" cations. Any attempt to complicate this model
did not lead to better fitting results. The resultant relation-
ships between the oxygen chemical potential and mobile
vacancy concentration were used for numerical regression
analysis of the steady-state oxygen permeation through dense
La,_Sr,CoO; s membranes. The oxygen permeability of the
La, 3Sr; ,Co0O5_ s membranes is governed by surface exchange
limitations at both feed and permeate sides. The permeation
of La,, ;51 3C00; 5 is limited by the bulk ionic transport. For
La, 5Sr, s5Co0;_ 5 where the roles of both factors are signifi-
cant, the surface oxygen exchange limitations occurred at the
membrane permeate side only. Reducing both p(O,) and tem-
perature leads to greater surface limitations. The calculated
ionic conductivity is found proportional to the concentration
of mobile oxygen vacancies and occupied oxygen sites.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10008-021-05023-8.
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