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Abstract

The oxygen permeability of mixed-conducting SICa.Fe,_,Al,O5_; (x = 0-10; y = 0.3-05) ceramics at 850-100C, with an apparent
activation energy of 120-206 kJ/mol, is mainly limited by the bulk ionic conduction. When the membrane thickness is 1.0 mm, the oxygen
permeation fluxes undgO, gradient of 0.21/0.021 atm vary from73x 10~ °mols*cm=2 to 1.5 x 10" mols*cm2 at 950°C. The
maximum solubility of AF* cations in the perovskite lattice of SiE@AI, O3, is approximately 40%, whilst the brownmillerite-type

solid solution formation range in §r,Ca FesAlos05_s system corresponds #0> 0.75. The oxygen ionic conductivity of SrFgdased
perovskites decreases moderately on Al doping, but is 100—300 times higher than that of brownmillerites derived fre@l 8¢ .
Temperature-activated character and relatively low values of hole mobility in Skkg0;_s, estimated from the total conductivity and
Seebeck coefficient data, suggest a small-polaron mechanism of p-type electronic conduction under oxidising conditions. Reducing oxygen
partial pressure results in increasing ionic conductivity and in the transition from dominant p- to n-type electronic transport, followed by
decomposition. The loyO, stability limits of Sk_,Ca.Fe_,Al O3 ;5 seem essentially independent of composition, varying between that

of LaFeG_; and the Fe/Fe, O boundary. Thermal expansion coefficients of 9€a.Fe;_,Al,O3_s ceramics in air are % 10°K~! to

16 x 108K~1 at 100-650C and 12x 1076 K~! to 24 x 10°¢K~! at 650-950C. Doping of SrFe_,Al ,O;_s with aluminum decreases
thermal expansion due to decreasing oxygen nonstoichiometry variations.

© 2004 Elsevier Ltd. All rights reserved.

Keywords:Perovskites; Membranes; lonic conductivity; Electrical conductivity; Mixed conductor; (Sr,Ca)(Fg,Al)O

1. Introduction should possess oxygen permeation fluxes as high as pos-
sible, thermodynamic and dimensional stability in a wide
Oxide ceramics with mixed oxygen ionic and electronic range of oxygen partial pressure and temperature, thermo-
conductivity are of great interest for high-temperature elec- mechanical compatibility with other components of electro-
trochemical applications, such as electrodes of solid oxide chemical devices, and negligible reactivity with gas species
fuel cells (SOFCs) and dense ceramic membranes for oxygersuch as C@, SO, and water vapour.
separation and partial oxidation of light hydrocarbérs. Perovskite-type ferrites AFeQs (A-rare-earth and/or
The use of mixed-conducting membranes enables to de-alkaline-earth metal cation) exhibit a substantial level of
crease the costs of conversion of natural to synthesis gasghe oxygen transport, but have limited stability under large
due to the possibility to integrate oxygen separation, steamoxygen chemical potential gradients and high thermal
reforming and partial oxidation into one single step. Un- expansion:>® Moreover, the ferrite phases with high con-
der operation conditions, the ceramic membrane materialstent of alkaline-earth cations may easily interact with carbon
dioxide and sulphur oxides. To some extent, these reactions
mspondmg author. Tel¢ 351-234-370263: can be suppressed d(_acreas@r_]g A-site catiqn radius, which
fax: +351-234-425300. reduces thermodynamic stability of the reaction prodééts.
E-mail addresskharton@cv.ua.pt (V.V. Kharton). The size of A-site cations also affects transport properties

0955-2219/$% — see front matter © 2004 Elsevier Ltd. All rights reserved.
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of perovskite-related oxides, thus creating an important tool titration to determine oxygen nonstoichiometry. Experi-

in designing ceramics performanté=or example, in the  mental techniques and equipment, used for characterisation,

cobaltite system LgsSrp5-.Ca,Co0z_s maximum p-type were described elsewhere (Re$11,12,15-19%nd ref-

electronic and oxygen ionic conductivities were observed at erences cited). The XRD patterns were collected at room

x = 0.2 and 0.5, respectivel’, However, for Fe-containing  temperature using a Rigaku D/MAX-B diffractometer (Cu

materials based on AFeO; (A = Sr, Ca), decreasing A-site  Ka, 20 = 20-80, step 0.02, 1 s/step). Structural param-

cation size may promote formation of brownmillerite-like eters and the weight ratio of phases in nonsingle-phase

vacancy-ordered phases with a deteriorating influence onmaterials were refined from the XRD data using the Full-

the oxygen ionic transpott This makes it necessary to prof progran?® In all cases, the ceramic samples were

assess phase relationships and ionic conductivity versusgas-tight; the experimental densiffaple J) of single-phase

Sr:Ca concentration ratio in the perovskite-related systemsmaterials was higher than 95% of theoretical density cal-

important for practical applications. culated from XRD results. The oxygen ionic conductivity
The dimensional stability of AFef); ceramics under under oxidising conditions was estimated from the data on

oxygen chemical potential variations can be improved incor- total conductivity and oxygen permeability, as described

porating isovalent cations with a stable oxidation state, such elsewher&:1"19 Al data on oxygen permeation presented

as G&*, into the iron sublattic&1213 This type of doping in this work correspond to the membrane feed-side oxygen

suppresses oxygen nonstoichiometry changes and, as a repartial pressurepp) fixed at 0.21 atm (atmospheric air).

sult, decreases thermal and chemically induced expansion

of ferrite-based materials. At the same time, Ga doping is

associated with a number of specific disadvantages includ-3. Results and discussion

ing volatilisation of gallium oxide in reducing atmospheres,

possible interaction with catalysts such as Pt or Ni, and high 3.1. Phase relationships and crystal structure

costst In order to evaluate effects of Al doping as a possible

alternative to Ga substitution, the present work was focused XRD studies of SrFe ,Al,Os_s5 ceramics, equili-

on the study of transport properties of StEgAlI,O3_5 and brated with air, showed formation of a cubic perovskite

Sn_.CaFesAlps03-5 ceramics. The data on SrFeQ phase (space groupmBm). Whilst SrFg 7Alg303_s was

and CaFgsAlp5025,5, used in this work for comparison,  single-phaseRig. 1), minor impurity peaks were detected

were partly published elsewhetel? in the XRD pattern of SrRgsAlgsOs_s ceramics. The

phase impurities were identified as Sg8kh, Al,O3, and

2. Experimental

Fe, ,Al
The powders of Sr,CaFeysAlgs03 s (x = 0-10) SrFe, ;AL 3055

perovskite:

and SrFe_,Al,O3_s (y = 0.3-05) were prepared via the cquilibrated in air JL \ I
glycine-nitrate process (GNP), a self-combustion method us- — )
ing glycine as fuel and nitrates of the metal components as perovskite:

annealed at 800°C
p(0,) = 10" atm
— A

oxidant. In the course of synthesis, glycine was added in an
aqueous nitrate solution containing metal cations in the stoi-
chiometric proportion (molar glycine/nitrate ratio of 2). The
amount of glycine was calculated assuming that 8O,

and HO are the only gaseous products of reaction. The so-
lutions were heated on a hot plate until self-combustion. The

brownmillerite: ¥
. equilibrated in air
resultant powders having a foamed structure were annealed d u b o N

at 800°C for 2h to remove residual organic substances,
brownmillerite:

and then ball-milled. Gas-tight ceramics were pressed at annealed at 950°C V perovskite
200-250 MPa and sintered at 1200—135n air for 2-5 h. p(0,) = 10" atm 4 O Fe
v

J O R |

Cay Sty sFeq sAly 50, 515

—

Intensity, a.u.

After sintering and polishing, the samples were annealed in ML/\J\J\MM

air at 1000°C for 2-3 h and slowly furnace-cooled to achieve

equilibrium with air at low temperatures. 2;?1?;{:51?;?0 .
The materla_ls were charact_erlsed by X-ray_d|ffract|_on p(0,) = 10" atm o
(XRD), scanning electron microscopy combined with bt Aeteninpd

energy dispersive spectroscopy (SEM/EDS), standard picno- P ——
> . ) L 20 30 40 50 60

metric technique, dilatometry, determination of steady-state 20.°

oxygen permeation fluxes, measurements of the total con- ’

ductivity (4-probe DC) and Seebeck coefficient as a function rig. 1. xRD patterns of SrigAle30s_s and Ca7Sh3FesAlosOs s

of temperature and oxygen partial pressure, and coulometricceramics after treatments in various atmospheres.
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Table 1
Properties of Sr ,CaFe,_,Al,03_s ceramics
Composition Major phase Secondary phases Unit cell parameters (A) Density (g crA)
a b c
SrFe 7Alp303_5 P - 3.900(4) - - 4.88
SI’FQ)_5A| 0_503_5 P P, SI’A|204 and A|203 (<2%) 3906(9) - - 4.65
Ca3Sho.7FensAlo 5035 P SrALOy (<2%) 3.877(8) - - 4.23
Cay5Sih5Fen5Al 05035 B P (38%) 5.614(7) 14.865(4) 5.430(7) 3.86
Ca7SnsFepsAlps025+s B P (4%) 5.600(9) 14.783(9) 5.403(6) 3.67
CaFe@s5Alg50254s B - 5.566(9) 14.514(9) 5.349(1) 3.55
Thermal expansion coefficients Apparent activation energies
T (°C) a x 100 (K1) Process T (°C) Ea (kJ/mol)
SrFe 7Al 3035 100-650 15.4+ 0.1 Total conductivity 25-535 29.% 0.5
650-950 24.0+ 0.1 Oxygen permeatién  850-950 130+ 15
SrFe sAlg503_5 100-650 13.5£ 0.1 Total conductivity 25-515 312 0.6
650-950 19.14+ 0.2 Oxygen permeation 750-950 1206
CapsSrhsFens5Al0503 5 100-950 12.3H 0.02 Total conductivity 190-450 2538 0.6

450-1000 20.6t 0.3
Oxygen permeation 900-1000 1369

Ca.7ShsFes5Al050251s  100-950 9.04t 0.04 Total conductivity 25-260 272 04
260-975 23.5+ 0.3
Oxygen permeation 950-1000 201

CaFesAlg5025+s 100-600 16.3+ 0.2 Total conductivity 165-750 562 1.2
750-975 93.0t 6.6
Oxygen permeation 850-1000 28615

a “pP™ and “B” correspond to perovskite and brownmillerite phases, respectively.
b The oxygen permeation activation energies correspond tp@hegradient of 0.21/0.021 atm and the membrane thickness of 1.0 mm.

another cubic perovskite marked asi? Table 1 their to- brownmillerite (S.G. Ibm2). Atx = 0.3, the dominant
tal amount estimated from the Rietveld refinement results phase is perovskite, with traces of Syl (<2%). For
was less than 2 wt.%. Therefore, the maximum solubility of the ceramics withk = 0.5 and 0.7, the refined ratio be-
AlI3* cations in the iron sublattice of SrFeQ is close to tween perovskite and brownmillerite phases was 38:62 and
40-45%. This estimate is in agreement with the solid solu- 4:96%, respectively; CabgAlgs025 was single brown-
tion formation range in the system¢.¢Srp 2Fe; Al 503,3, millerite phase as expected. The concentration range in
where the perovskite phase exists atQy < 0.5°.?1 One Sn—.CaFepsAlps03-5 system, where the solid solution
should note that the solid solubility of gallium cations in with brownmillerite-type structure exists, can hence be es-
the lattice of strontium ferrite is lower than that of alu- timated as 0’5 < x < 1.00. The unit cell volume of the
minum. For comparison, maximum concentration ofGa  brownmillerite phases decreases with decreasing strontium
in Lag3Sm7Fe—,GaOs 5 perovskites corresponds to content Table 3, in agreement with radii of Ca and SF+
y~ 0.358 cations??

The lattice parameters of perovskite-type Sr(Fe,ADO
(Table 1) are larger than that of cubic SrFeQ, 3.86 A 3.2. Thermal expansion
(PDF card 34-0638). Moreover, despite the smaller ionic
radius of APt compared to F& and Fé*,22 the unit The average thermal expansion coefficients (TECs) of
cell volume of Sr(Fe,Al)@; increases with aluminum  Sr_,CaFe_,Al,O3_s ceramics, calculated from dilato-
concentration. Similar behaviour, earlier observed for metric data in air Fig. 2), decrease with Al and Ca ad-
Lag3Sr.7(Fe,Ga)Q@_s,° was attributed to a suppressed for- ditions. At temperatures below 65Q, the TECs vary in
mation of ordered microdomains due to gallium doping. the range ® x 10 6K~1 to 154 x 106K~ (Table J).
One alternative hypothesis may refer to decreasing overlapFor SrFe_,Al,Os_s, further heating results in increasing
of the electronic orbitals of iron and oxygen ions, resulting thermal expansion coefficients up t0.1% 106K~ to
from the incorporation of insulating At into the iron sub- 24.0 x 108K ~1. This tendency typical for perovskite-like
lattice. ferrites is associated with oxygen losses on hedfiig.18

The series Sr,CaFeysAlosOs_s is characterised The average oxidation state of iron cations decreases due
by co-existence of two phases, cubic perovskite andto increasing oxygen nonstoichiometry, whilst their size
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Fig. 2. Dilatometric curves of $r,CaFe—,Al,O3_; ceramics in air. 10YT, K

Fig. 3. Temperature dependence of the total conductivity of

. . ; o .. Sn_.CaFe._,Al,O3 ; ceramics in air. Data on §7FepgTio103 58

increases; this causes so-called “chemical” contribution ;e shown for comparison.

to the thermal expansiort:'® The incorporation of Al

having a stable oxidation state suppresses oxygen content : . -
g P Y9 ._electronic charge carriers and, thus, the total conductivity

variations and, thus, decreases apparent thermal expansiori

coefficients. Similar trend is characteristic of (La,Sr)(Fe,Ga) In air are all lower .W'th respect to pero_v_sklte—llke ferrifds.
: . The dependencies of total conductivity and Seebeck co-
O3_s, the average TECs of which decrease on gallium

doping2 efficient () on the oxygen partial pressurEigs. 4 and b

On the contrary to Srfie,Al, 054, the diatometric (TR At et Bt e reseure
curves of St_,CaFeysAlgs03_s (x = 0.5-0.7) ceramics 9 ’ ygen p

AR 0 ) is higher than 10°atm, the values of decrease with re-
with high content of brownmillerite phase are almost linear duUCinapOs. whereasy increases and has positive sian. On
within the studied temperature rangeid. 2), suggesting 9p%2, P an.

that no “brownmillerite — perovskite” transition occurs

on heating and the oxygen sublattice remains ordered. In- 0.8k (A)
deed, XRD analysis of samples quenched from 800<@50 l SrFe,.Al, 0, ;
showed no essential changes in the phase composition, in = 04l O 950°C
agreement with data on Cafz8Alo5025.5.1" Such a be- g ' & e
haviour might be advantageous for membrane applications, 2 ook ﬁ fftgl:g
although further studies are necessary in order to reveal ©
contributions of the constituent phases to total expansion of E? L0.4-
the ceramic materials.
-0.8F _1/4»
3.3. Total conductivity .
300 B) / /TV\\\\ :g@(\\,{sz
As for thermal expansion, the total conductivity)( I A / \AX‘AX;\

of Sn_,CaFe;_,Al,03_5 ceramics decreases when the v 150_’ ,’/A,’/ | %%
concentrations of aluminum and calcium incredasig, 3. = ol ! !
The series Srhe ,Al,03_s exhibits a transition to pseu- = b /?#‘
dometallic behaviour at temperatures above ®DGsimilar S 150 RS 4 40

15,16 Thi : -150 [y » P
to SrFeQ@_;s.m>~° This trend appears due to decreasing con- I @ié.‘f% o *f
centration of p-type electronic charge carriers, caused by 2300 __R/Mﬁgﬁ
increasing oxygen nonstoichiometry on heating. The addi- s
tions of alumina decrease the total concentration of B sites 20 -16 -12 -8 -4 0
participating in the electronic transport processes and also log p(0O,) (atm)

the concentration of electron holes localised on iron cations, _. . .
timated from the Seebeck coefficient data. The role of CaF|g. 4. Oxygen partial pressure dependence of the total conductivity and

es ; . - ) . - Seebeck coefficient of SrggAlg303_s. Solid lines correspond to the

doping relates mainly to the formation of brownmillerite, fiting results usingEq. (6) as regression model. Dashed lines are for

where the oxygen content, the concentration of p-type visual guidance only.
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Fig. 5. Oxygen pressure dependence of the total conductivity and Seebeck

coefficient of Ca7Sr 3FensAlgs03_s ceramics. Solid lines correspond
to the fitting results usindeg. (6) as regression model.

further reduction the conductivity reaches minimum and

Fig. 6. Oxygen pressure dependence of the total conductivity and oxygen
nonstoichiometry of Srkg/Alp303-5 at 950°C. Dashed and solid lines
correspond to the fitting results usirieg. (6) with fixed z = 4 and 6,
respectively.

type of electronic charge carriers is expected to dominate,
[Fe**] > [Fe?t] namely in oxidising atmospheres and
[Fe*] « [Fe?t] under strongly reducing conditions. As the
conductivity is proportional to the concentration of charge
carriers, their charge and mobility, one can obtain the classi-
cal power dependencies for partial p- and n-type electronic
conductivities.

op = oOp(0x)Y* 4

(5)

whereag anda,? are temperature-dependent constants. The

0w = 00p(O2) ™

starts to increase due to increasing n-type electronic trans-exponent;:1/4, corresponds to the situation when the varia-
port. Respectively, the Seebeck coefficient values becometions of oxygen vacancy concentration are small with respect
negative, pass through a minimum and then increase. Theto total § values, i.e. the chemical potential of oxygen ions

formation of electron holes can be describetfas

10, + Vo + 2Fet & 0% + 2Fé (1)
with the corresponding equilibrium constant
B [02-][Fe**]?
> [VollFe* 12p(0p) 12
[0*7]p? )

" [Vol(N — p— n)2p(0p) 172

whereN = [Fe*t] + [Fet] + [Fe*t], and Vo), p andn

are the concentrations of oxygen vacancies, p-typé*(Fe
and n-type (F&") electronic charge carriers, respectively.
Note that the vacancy concentratioNp], is equal to the
oxygen nonstoichiometn) multiplied by the volume con-
centration of perovskite formula units. The charge carrier
concentrations are interrelated via the iron disproportiona-
tion reaction and the crystal electroneutrality condition:

2Fet & Fét + Fett

_[FeMIFe] _ pn .
RS2 (N—p—n)?
1+n=p+2[Vo] (4)

When the oxygen partial pressure is far from @,
range corresponding to conductivity minimufid. 4), one

remains essentially constant under a gipéa range. If the
variations of oxygen ion chemical potential are significant,
this theoretical value achieves1/62425 Fig. 6 illustrates

the relationships between oxygen content and total conduc-
tivity, by the example of Srrg/Alg 303_5 phase at 950C.

It should be noted that additional processes, such as
defect association and/or local ordering, may affect thermo-
dynamic parameters and defect concentrations in ferrites. In
particular, the formation of vacancy-ordered microdomains
characteristic of SrFef) and CaFe@-based phases (see,
for example, Refl1land references cited) is expected to de-
crease the concentration of oxygen vacancies participating
in the oxygen exchange reactions. This may increase role of
minor nonstoichiometry variations in the oxygen-ion chem-
ical potential increment, thus shifting the slope of ¢og
versus logpO, dependencies down t©1/6. Therefore, as-
suming that the ionic conductivityo) in the pO, range
around minimum total conductivity is independent of the
oxygen pressure, the following simplified model can be used:

0 = 00 +09p(0)H" + 00p(0y) V2 (6)

Table 2lists selected regression parameters of this model;
the fitting results are shown iRigs. 4A and 5Aby solid
lines. In the case of SrheAlp303_s, the exponents for
p- and n-type electronic conductivities are close to 1/4 and
—1/6, respectively. To some extent, this asymmetry might
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Table 2
Regression parameters of the power dependencies of total cond@cémitySeebeck coefficiehbf SrFe 7Alg30s_s on the oxygen partial pressure
T (°C) Total conductivity Seebeck coefficient

pO, (atm) m z O, (atm) s pO2 (atm) s
950 3x 10717-0.3 34+ 0.1 57+ 038 5x 1074-0.3 4.3+ 0.2 3x 1071%-8 x 107%° 57+ 0.2
900 1x 1071803 3.5+ 0.1 5.1+ 0.6 6 x 105-0.3 49+ 0.2 6x 10020-1 x 10714 5.7+ 0.3
850 2x 1071°-0.3 3.6+ 0.1 49+ 0.8 6 x 10°°-0.3 5.3+ 0.2 6x 107203 x 10716 5.8+ 0.6

3 Model for total conductivity vs. oxygen pressure (atm)= 09p(02)" + 0o + 69 p(O2) 71+,
b Model for Seebeck coefficient vs. oxygen pressure (atmy: —(R/F)(1/s) In p(O2) + A.

be related to the fact that the oxygen pressure range studiedf hole concentration and total conductivity may be used to
in this work was limited by the atmospheric pressure and estimate hole mobility:

phase stability boundary at high and I@®,, correspond-

ingly. In addition, the range of moderately reducip@®: op = Cp (8)
was excluded from the consideration due to errors associ-
ated with stagnated diffusion processes in the gas pifase. 8.
As a_reSL_JIt, the studieaO, interval was sut_)s_tant_ially asym- in SrFe 7Alp30s_s follows Arrhenius-type dependence
metric with respect to the conductivity minimgig. 4. At oy temperature, indicative of a small-polaron conductivity
the same time, the slopes of linear parts of the dependenciesnechanism. Also, the absolute values of hole mobility,
a versus ImO; are close to-R/4F and—R/6F in oxidising 0.009-0.016 cAV-1s~! at 800-950C, are essentially
and reducing conditions, respectivelyaple 2. For an ideal lower than 0.1crV-1s-1, which can be considered as a
mixed conductor wherp ~ p021/4§1r12c;n N_p02_1/4’ these  characteristic criterion between the polaron and broad-band
values S?%Uld be equal teR/4F.~*<" This suggests that  onqyctors. On the other hand, the mobility activation en-
n~pOz~ /. under reducing conditions. In other words, the gy was found to progressively decrease with increasing
concentration of n-type electronic charge carriers seems af—po2 when the oxygen-ion and hole concentrations increase
fected by defect association and/or partial OXygen-vacancy (inset inFig. 7). This tendency is associated with increas-
ordering, decreasing the concentration of free vacancies paring oxidation state of Fe cations and lattice contraction,
ticipating in the oxygen exchange process at [, 18 leading to a greater overlap of iron and oxygen electron
The data shown irFig. 4 and Table 2correspond well 10 gppitals and, thus, to a stronger covalence of the Fe—O—Fe
a transition from disordered perovskite to partially ordered ponds and higher delocalisation of the electron charge car-
material, where the moderate nonstoichiometry variations viers. As a particular result, the adequacyEafs. (4) and

have a significant effect on the oxygen ion chemical poten- (7) for the description of nonstoichiometry-thermopower
tial as most oxygen vacancies are trapped.

The results of such estimations are showrfigs. 7 and
When the hole concentration is fixed, the hole mobility

3.4. Seebeck coefficient 14 M
- 28F
The fitting results usindeqg. (6) and the oxygen perme- § zj
ation data discussed below show that the total conductivity o & oyl
of SrFe) 7Alo.303_5 under oxidising conditions is predomi- _f{ﬁ 1.3k S S
nantly p-type electronic, with ionic contribution lower than > TN
1%. In this situation, the Seebeck coefficient for a hopping NM
conduction mechanism can be expresse#*3$: =
= 121 /N=0.171
R N-—-p q = g
a=—1|In + — @) =
F Bp RT on
2 0.157
whereg is a factor due to spin and orbital degenerd¢ys L1k | FeortesOss 0143
the concentration of sites participating in the hole transport ’ B-65 o020
. N=0.1 .
andqis the transported heat of holes. For Syi#&l 9 303_s .
the value oNis equal to the total concentration of Fe cations, 8.2 8.6 9.0 9.4
B is equal to 6/5, and can be neglected (Ref5 and refer- 104T, K

ences cited). Taking the electroneutrality condition into ac- o

count, one can calculate the hole concentration and oxygen™'9: 7- Temperature dependence of hole mobility in #0305,
toichiometry from the Seebeck coefficient data. Then estimated from the total conductivity and Seebeck coefficient data, at fixed

nons O_IC y et : » hole concentration. Inset shows mobility activation energy vs. relative

assumingr;, ~ o under oxidising atmospheres, the values concentration of electron holes.
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Fig. 8. Comparison of the experimental and calculated values of oxygen
content in SrFg7Alp303_5 at 950°C. The estimates of oxygen nonstoi-
chiometry are obtained from the Seebeck coefficient data Usqyy (4) -1.7
and (7) Closed triangles show experimental data on the nonstoichiometry
of SrFeQ_;. 2.0
L Il L Il L
. . . -20 -16 -12 -8
relationship becomes worskgig. 8). At oxygen pressures of log p(0,) (atm)

10-4-10"2 atm, the oxygen deficiency of Srg-gAlg303_s

estimated from the Seebeck coefficient is very close to Fig. 9. Oxygen partial pressure dependence of the total conductivity

experimental data measured by the coulometric titration of SrFe.7Alo303-s and Ca7Sih.sFensAlosOs-—s ceramics in reducing

technique. However, progressive hole delocalisation at atmq_spheres. Arrows ;hqw data points correspon‘di‘ng to the approximate
) . . . stability boundary. Solid lines correspond to the fitting results ugigg

pO2 > 10~ “atm causes increasing difference between the (6) as regression model.

experimental and calculatedl values. Another necessary

comment is that, similar to lggSr 7(Fe,Ga)Q@_s solid

solutions}? oxygen nonstoichiometry of SrgeAlg303_s

perovskite is significantly higher compared to undoped

from partially ordered perovskite into brownmillerite. In
the brownmillerite lattice, the occupation of two nonequiv-
alent B sites by the Fe and Al cations is not randdm.

SrFeQ-. The “perovskite— brownmillerite” transition may hence
. require cation diffusion, which is stagnated in dense ce-
3.5. Phase stability ramic materials at 800-90C. Despite stabilisation mech-
] anism, the XRD results show that the phase composition of
At oxygen partial pressure lower than¥3-10-20atm, Sr_.CaFer_,Al,Os_s ceramics sintered in aifféble 3

the conductivity starts to deviate from the power depen- jg kept until the segregation of metallic Fe in reducing
denceEq. (6) shown inFig. 9 by solid lines; further re-

duction leads to irreversible degradation of the electrical
properties. The oxygen pressure, at which the slope of e ¥ Ca,;Sry3Fe sAl 50, 5.5
logo versus logpO, curves starts to change, was consid- -4 O SrFe,;Al ;055

ered as the stability limit at a given temperaturég. 10 — Feyo50 - Fe
presents the stability boundary of SgFélg303_s and I A @ LaFeO,;

Ca 7SI 3Fey5Alp 5035 at reduced oxygen partial pres-
sures as estimated from the data on the total conductivity.
It should be mentioned that, although the tendency to form
brownmillerite-like phases with ordered oxygen sublattice
should increase on reduction when the oxygen nonstoi-
chiometry increases, no essential phase changes detectable
by XRD were observed in the ceramic samples annealed
at 800-950C in atmospheres with variougO,. As an 220
example,Fig. 1 presents XRD pattern of SrfeAlg303_s

annealed in flowing 10% $4-90% N> mixture with pO; ~ 10%T, K!

10__18 atm at 800C for 10h; apparently the ceramics re- iy 14 stapility limits of SrFg7Al030s_s and CasSiaFersAlosOs_s
mains single perovskite phase. Most likely, such a behaviour a5 estimated from the data on total conductivity. Literature data on
appears due to kinetic reasons preventing the transitionFe_;0% and LaFeQ_;?2° are shown for comparison.

—
=
T

log p(O,) (atm)

1

—

oo
T
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atmospheres occur&if. 1). The lowpO, stability bound- A=
aries of SrFg7Alp303_s and Ca7SrsFeysAlgs03_s & cL A
are very similar, being slightly higher than that of g I
LaFeQ_s.282° If compared to Fe/Fe, O boundary? the < T2
reduction of all perovskite-related phases occurs at lower 5 I S
pO2 values, as expected from thermodynamics. The stan- £ . o ©
dard enthalpy, which can be estimated from the slope of = 16
linear van't Hoff dependence, Iq; versus 1T, is similar ° L 7o StFe, Al 5055
for all Fe-containing oxidesHig. 10). r 950°C 900°C 850°C
80~ vV ©® ¢ 10mm
3.6. Oxygen permeation versus membrane thickness 80 VO © iomm
Selected examples, illustrating typical relationships Hg _8_2'_ g\v\'y'\vkmv\
between oxygen permeation fluxe$) (through dense (4 - o
Sr_,CaFe_,Al,03_5 ceramics and membrane thickness E _84-_ M
(d), are presented ifigs. 11 and 12The specific oxygen -
permeability,J(O,), was calculated §§>11.18 ot Q\Q\‘O\;}\‘\
o = 86 o
j=192 (E) 9) g l®
d Pl - _ [ T T B B
where p; and pp are the oxygen partial pressures at the 02 04 Io'6 (/)'8 1012
membrane permeate and feed sides, respectively(@g 09 P/P,

!S proportlonal tq xd by qefmlt'on’ the .SpeCIfIC permeabll- Fig. 12. Oxygen permeation fluxes (A) and specific oxygen permeability
ity should be thickness-independent if the overall oxygen (B) of SrFe7Alo30s_s perovskite ceramics as function of the oxygen
transport is predominantly limited by the bulk ionic conduc- partial pressure gradient.

tion. This situation indeed takes place, within the limits of . .
experimental uncertainty. Although the dataFigs. 11 and ~ (€Mperature and oxygen partial pressure, the observed vari-
12 might be indicative of a minor surface effect, which is ations ofJ(Oz) values are comparable to the experimental
reflected by a slight increase in tl#€0O,) values with in- error. As a result, the difference in ionic conductivity values,
creasingd® 118 and becomes more pronounced on reducing estlmateq fro.m the oxygen permeauo_n Qata for .the_ mem-
branes with different thickness, are statistically insignificant;
one example is shown iRig. 13 Note that negligible sur-

T T T T T T T T T T T T

. 92f @ face exchange limitations to oxygen transport are observed
N'E I for numerous ferrite phases with moderate level of the ionic
K . conductivity!®

n -9.6 *
© |

g I @ StFeO, 5(TC)
= -100F 03F |4 StFey;Al;305,5(TC)

g0 3 @ StFeg;Al);055(OP, d = 1.40 mm)
— L CaAl Fe..O < SrFe;Al)305.5(0P, d = 1.00 mm)

104l 057 ¥0.5-2.5+8 ~ o6-
950°C  900°C g
2106 - v ® 060mm 2

LI“ . (B) v O 1.00mm @

g » & -09F
G, -8 YA v o0
= v 2

o
g -1.2¢
= -nor
< ~—eCe o
—- O L

a0 -11.2 -1
2 1 s 1 s 1 s 1 s 1

I I I 1 1 1 8.2 8.6 9.0 9.4 9.8

02 04 06 08 10 1.2 14

104T, K!
log p,/p,

Fig. 13. Comparison of the oxygen ionic conductivity of SrkefQand
Fig. 11. Oxygen permeation fluxes (A) and specific oxygen permeability SrFe 7Alg303-_s, determined from the data on oxygen permeation (OP),
(B) of CaFesAlgs025+5 brownmillerite ceramics as function of the and calculated from thpO, dependencies of total conductivity (TC) by

oxygen partial pressure gradient. Eq. (6) as illustrated byig. 4.
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3.7. lonic transport

Fig. 13 compares the ionic conductivity of Si-gAlg3
O3_; in oxidising and reducing conditions, evaluated from
the oxygen permeation data and calculated frompBe
dependencies of total conductivity (TC) usifg. (6) as
regression model, respectively. As ford#5r7FeQs_s,%
SrFe 7Al0303_s exhibits a higher ionic conduction in
reducing atmospheres, whilst the activation energy is es-
sentially independent of the oxygen pressure. In agree-
ment with random walk theory for ionic transpdtt this
behaviour results from increasing oxygen vacancy con-
centration in the perovskite lattice, with the ion migration
enthalpy independent of oxygen chemical potential. One
should mention that such trend does not contradict to
the modelEq. (6) since at oxygen pressures lower than
10~%atm, when the ionic contribution to the total con-
ductivity becomes significant, the oxygen deficiency tends
to a plateau characteristic for p—n transitions in mixed
conductors Kig. 8). At the same time, the variations of
oxygen nonstoichiometry (5—-10%) are considerably lower
than the changes in ionic conductivity on reducipQy,
40-50% Fig. 13. This suggests that a significant part of
oxygen vacancies in SrgeAlg30s_s is blocked, presum-
ably in the ordered microdomaif$1® In case of undoped
SrFeQ@_;, the temperature dependence of ionic conductiv-
ity in reducing atmospheres is nonlinear due to a transi-
tion from vacancy-ordered brownmillerite into perovskite
modification on heating® No such transition is observed
for SrFe 7Alg303_s at temperatures above 800, and
the ionic conductivity of the latter follows an Arrhenius
trend.

Figs. 14 and 15resents a comparison of the oxygen
permeation fluxes through §r.Ca.Fe;_,Al,03_5 mem-
branes. For the materials where the level of ionic con-
duction is determined by disordered perovskite phases,
the apparent activation energieB;)Y vary in the narrow
range 120-136 kJ/molTéble 1. In the case of brown-
millerite phases where the oxygen sublattice is ordered,
completely or partially, theE; values are higher than
200kJ/mol. Respectively, the level of oxygen permeation
and ionic conduction in Sr(Fe,Albased ceramics is
10°-10° times higher than those in materials derived
from CaFe@sAlgs025+s. The structural aspects, which
may be responsible for such behaviour, were analysed
elsewherg&1’

Thus, although the substitution of Sr with Ca suppresses
thermal expansion and may be useful to increase stabil-
ity in CO,- and SQ-containing atmospheres, this type of
doping leads to a drastic decrease in ionic transport. The
brownmillerite-type mixed conductors, where the A sublat-
tice is occupied by calcium, are hence inappropriate for the
use in thick ceramic membranes due to relatively low oxy-
gen permeation. However, these materials may be advanta
geous for the applications in thin-film membranes, where
the performance is not limited by the ionic conduction and
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& -7.8F
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Fig. 14. Comparison of the oxygen permeation fluxes_SCa,
Fe_,Al,03_s membranes with fixed thickness at 980 Solid lines are
for visual guidance only.

the low thermal expansion is extremely important to provide
sufficient stability with respect to thermal cycling. For the
use in thick tubular membranes, the maximum performance
is expected for Srhe ,Al,03_5 (y = 0.30-0.40) heavily
doped with aluminum in order to decrease thermal and
chemically induced expansion down to possible minimum.
The oxygen permeability of Srke,Al,O3_s ceramics is
higher than that of Qfg7Fey.9Tio.103—s, another potentially
interesting membrane compositiéh.Studies of the cat-
alytic and thermochemical properties of StEgAl,O3_s

are now in progress.

-6.6
@ SrFe;Al ;0,5
7ok A SrFe Al 055
Q
{.-\ 7.8
5
‘n
'_6 -8.4r O Sty gFegoTig 055
E V Cay;Sry;Fe;sAl 5055
N
= -9.0r VW Cay 581 sFesAly 5055
%D \V\v\. CaFe, Al 50, 5.5
-9.6f d=1.00 mm
p, =0.021 atm
p,= 0.21 atm
-10.2F
7.5 8.0 8.5 9.0 9.5 10.0
10T, K

Fig. 15. Temperature dependence of the oxygen permeation fluxes through

Sn_,CaFe_,Al, 03 s membranes under fixed oxygen partial pressure
gradient. Data on $p7Fey oTio103_58 are shown for comparison.
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4, Conclusions

Dense Sy_,CaFe;_yAl,03_5 (x = 0-10; y = 0.3-05)

ceramics were prepared via glycine-nitrate process and 1

characterised by XRD, SEM/EDS, dilatometry, measure-
ments of total conductivity and Seebeck coefficient, and

determination of steady oxygen permeation fluxes. In the

systems SrFe ,Al,O3_s and Si_,Ca.FeysAlg503-s, the
solid solutions with perovskite- and brownmillerite-type
structures are formed at approximately= 0-0.40 and

x = 0.75-1.0, respectively. The average thermal expan-

sion coefficients calculated from dilatometric data are
9 x 105K~1 to 16 x 10°°K~! at 100-650C and
12x 10°°K~1 to 24x 108K ~1 at 650-950C in air. The
oxygen permeation through Sr,Ca.Fe;_,Al ,03_s mem-
branes at 850-100C is mainly determined by the bulk
ionic conduction. The partial ionic and p-type electronic
conductivities both decrease with increasing Al and Ca
concentrations. ReducingO, results in a transition from
the dominant p-type electronic transport, which occurs via
a small-polaron mechanism, to n-type conduction, whilst
the ionic conductivity increases.
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