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bstract

erovskites in the system La0.2Sr0.8Fe1−xTixO3−δ exhibit high stability at severe reducing conditions and high temperatures. Here we report the
rocessing and oxygen transport properties of two compositions: La0.2Sr0.8Fe1−xTixO3−δ (x = 0.2, 0.4). Single-phase powders were synthesized
y spray pyrolysis (SP) and solid state reaction (SSR). The resulting average particle sizes (BET) ranged from 140 nm (SP) to 1090 nm (SSR).
amples were prepared by CIP and pressureless sintered between 1200 and 1250 ◦C for 8–12 h. Sintered densities ranged from 97 (SSR) to 99%

SP) and grain size was less than 1.5 �m. The average TEC varied in the range (13.8–14.6) × 10−6 K−1 at 300–600 ◦C and (21.3–28.9) × 10−6 K−1

t 600–800 ◦C. Surface exchange coefficients (kchem) and bulk diffusion coefficients (Dchem) in terms of temperature and pO2 were assessed by the
ethod of electrical conductivity relaxation. A simple defect model was applied to explain electrical conductivity and bulk diffusion behaviour.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

The development of cost-effective dense ceramic membrane-
ased reactors for production of syn-gas (H2–CO) from natural
as is of considerable interest. This technology leans itself to
he development of oxides with sufficient mixed conductivity
ionic and electronic) and sufficient stability at severe reduc-
ng conditions even at high temperatures. These oxides may be
ynthesized in a number of different ways, e.g., wet chemical
reparation such as sol–gel processes, glycine nitrite combustion
eaction1–3 and spray pyrolysis method.4–9 Solid state reaction
s another well-established way of producing ceramics.10–13

lectrical conductivity and oxygen transport properties have
een studied for a number of highly stable perovskites, such
s, e.g., La1−xSrxFe1−yTiyO3−δ ceramics.4,5,14–18 Tsipis et al.17

easured the total conductivity in air by 4-probe DC and
-electrode AC method connected to a frequency response ana-
yzer.
The total conductivity was oxygen-ionic and n-type elec-
ronic in the oxygen partial pressure range (pO2 ) 10−14 to
0−10 atm. Substitution of Fe and La by Sr and Ti decreased
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xygen permeability and partial ionic and electronic conduc-
ivities, but also suppressed unfavourable thermal expansion.
he thermal expansion behaviour was studied by dilatometry
howing the tendency of a decreasing thermal expansion coef-
cient (TEC) with increasing Ti-substitution on B-site. Kaus et
l.5 and Yoo et al.11 performed conductivity relaxation mea-
urements by a four-point method technique in flow of air
nd CO/CO2 mixtures. The total conductivity was measured
t 727 ◦C and oxygen partial pressure 10−16 atm. They reported
xygen ionic conductivities based on electrical conductivity-
nd oxygen flux measurements. The highest electrical conduc-
ivities were obtained in samples with the highest Fe-content
La0.5Sr0.5Fe0.8Ti0.2O3−δ) corresponding to 52 S/cm. Chemical
xpansion and oxygen flux could be explained by a simple defect
odel. Park et al.4,18 measured the electrical conductivity by
C and DC four-point method at temperatures between 20 and
00 ◦C and pO2 between 5 × 10−5 atm and 1 atm. TG-analysis
howed that oxygen loss was initiated at approx. 220 ◦C coincid-
ng with a decrease in conductivity. Fagg et al.14–16 performed
he total conductivity measurement by four-point electrode AC

ethod using a frequency response analyzer. The experiments

ere performed at controlled humidity and atmosphere. They

eported data showing the decreasing tendency of ionic and p-
ype conductivities with La addition as well as with increasing
he A-site deficiency, while the effect of increasing Fe cation

mailto:bartonickova@fme.vutbr.cz
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.037
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Table 1 compares the particle size of calcined and milled
powders determined by BET and by laser diffraction. The corre-
sponding microstructure is given in Fig. 2(a)–(d). It can be seen
that particle size calculated from BET corresponds quite well
06 E. Bartonickova et al. / Journal of the E

oncentration was opposite. At reducing conditions the n-type
onductivity was studied and found to increase with A-site La-
ubstitution. The influence of substitution of La with Sr on
hermal expansion behaviour was studied and the reported data
howed the increase of TEC values with increasing Sr-doping.

The goal of our work was to prepare high density bulk mate-
ials with two different compositions (La0.2Sr0.8Fe1−xTixO3−δ,
here x = 0.2 and 0.4), based on ceramic powders synthesized
y two different methods, namely solid state reaction and spray
yrolysis, respectively. The thermal and chemical expansion
ehaviour and oxygen transport properties of both compositions
re also investigated both in terms of temperature and oxygen
artial pressure.

. Experimental procedure

.1. Powder synthesis

Perovskites in the system La0.2Sr0.8Fe1−xTixO3−δ (x = 0.2,
.4; designated in the further text as LSFT20 and LSFT40, resp.)
ere synthesized by two methods, namely solid state reaction

SSR) and spray pyrolysis (SP), respectively. The carbonates
nd oxides were used as starting materials for the SSR method.
he suspensions of stoichiometric ratios of starting materials in

sopropanol were planetary ball-milled (zirconia balls/0.5 cm)
or 12 h and then the high temperature solid state reaction in air
t 1100 ◦C for 30 h was performed. Products of these syntheses
re marked as LSFT20 SSR and LSFT40 SSR in the following
ext. Spray pyrolysis was performed from stoichiometric aque-
us solutions of nitrates and alkoxides of each cation. Details
f spray pyrolysis procedure are given elsewhere.4–9 The as-
ynthesized precursors were calcined at 900 ◦C for 2 h then ball
illed in ethanol for 12 h and dried. Products of these syntheses

re marked as LSFT20 SP and LSFT40 SP.

.2. Ceramic shaping and sintering

The bar-shaped green bodies of LSFT20 were prepared
y unaxial pressing (2 kN) followed by cold isostatic press-
ng (CIP – 200 MPa). The prepared bodies were sintered
n air at 1200 ◦C for 8–12 h and slowly cooled in order
o achieve equilibrium with air on cooling. The sintered
ars were cut, grinded and polished to final dimensions of
pproximately 4.0 mm × 5.0 mm × 21.0 mm. The pellet-shaped
reen bodies of LSFT40 were prepared by cold isostatic
ressing (CIP – 300 MPa) and grinded to dimensions of
pproximately 5.0 mm × 5.0 mm × 25.0 mm before sintering.
hose as-prepared bodies were sintered at 1250 ◦C for 10 h
nd slowly cooled in order to achieve equilibrium with air
n cooling and polished to final dimensions approximately
.0 mm × 4.0 mm × 21.0 mm.

.3. Ceramic characterization
The phase composition was determined by X-ray diffraction
nalysis, KCo wavelength (X’pert, Philips, Netherlands). The
orphology of powder products was studied by scanning elec-
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ron microscopy (SEM XL 30, Philips, Netherlands and Hitachi
-3500, Japan). The specific surface area (SSABET) was deter-
ined by the BET method (Chembet Quantachrome, USA) and

ize of agglomerates was measured by means of laser diffraction
nalysis (Horiba LA 950, Japan). The final density of ceramic
odies was measured by means of Archimedes method with
istilled water as liquid media. Theoretical (crystallographic)
ensity of individual materials was calculated with the help of
attice parameters determined by Rietveld analysis. The pore
ize distribution was measured by mercury porosimetry (Pas-
al 440 Porotec, Germany). The thermal expansion behaviour
as studied by dilatometry on sintered bodies in air at a heating

ate of 2 K/min (NETZCH DIL 402C, Germany). Coefficient
f thermal expansion (TEC) was calculated from dilatomet-
ic curves of sintered samples.19 The electrical conductivity
elaxation technique was used to assess the total conductiv-
ty and the oxygen transport properties (Dchem and kchem).5,11

he electrical behaviour and transport properties were studied
t temperatures between 800 and 1050 ◦C and oxygen par-
ial pressures ranging from 0.2 to 0.02 atm in O2/N2 mixtures.
he total conductivity was measured by a four-point method
y monitoring the voltage drop across a well-defined sample
imension.

. Results and discussion

.1. Powders characterization

XRD analysis showed that single-phase powders of
a0.2Sr0.8Fe0.8Ti0.2O3−δ (LSFT20) and La0.2Sr0.8Fe0.6Ti0.4

3−δ (LSFT40) were prepared by both synthesis methods – solid
tate reaction and spray pyrolysis and (see Fig. 1). The lattice
ymmetry is cubic and space group is Pm3m.
ig. 1. XRD patterns of prepared ceramics powders via two methods in two
ompositions (LSFT20, 40 SP – calcined at 900 ◦C for 2 h; LSFT20, 40 SSR –
alcined at 1100 ◦C for 30 h).
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Table 1
Specific surface areas and particle size of prepared powders.

Sample BET (m2/g) Particle size calc.
from BET (�m)

Particle size
LD (�m)

LSFT20 SP 4.12 0.22 1.32
LSFT40 SP 7.78 0.14 4.40
L
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Fig. 3. Pore size distribution measured by mercury porosimetry.

Table 2
Sintering conditions, theoretical densities and final densities of sintered bodies.

Sample Sintering (◦C/h) ρtheor (g cm−3) ρ (g cm−3) ρrel (% t.d.)

LSFT20 SP 1200/10 5.51 5.43 98.52
L
L
L

c

SFT20 SSR 1.00 1.09 1.45
SFT40 SSR 3.04 0.36 1.31

ith size of primary particles while values measured by laser
iffraction with agglomerate sizes. Particle sizes were in the
ange of 140–360 nm, only LSFT20 SSR powder had particle
ize slightly higher than 1 �m.

Raw powders prepared by spray pyrolysis were typically hol-
ow spherically shaped agglomerates (Fig. 2(c) and (d)) with a
rimary particle size between 140 and 220 nm (Table 1). The
arge particle size observed by laser diffraction (Table 1) prob-
bly reflects the average agglomerate size.

.2. Shaping and sintering of ceramic bodies

Green bodies were made from the powders by cold isostatic
ressing. Fig. 3 shows the pore size distribution in LSFT40 green
odies as measured by mercury porosimetry. It can be seen that
ores in green bodies were several times smaller than primary
articles (2 times for LSFT40 SSR, 2.5 times for LSFT40 SP,
nd even 3.5 times for milled LSFT40 SP) which is an indicator

f good sintering behaviour.20 The small size of pores indicates
hat agglomerates are soft and were destroyed during pressing.

As can be seen from Table 2 we were able to sinter all samples
o a final density higher than 96.7% of the theoretical density,

s

d
s

Fig. 2. (a)–(d) SEM micrographs of milled and ca
SFT40 SP 1200/10 5.58 5.52 98.82
SFT20 SSR 1200/10 5.52 5.34 96.73
SFT40 SSR 1250/10 5.58 5.42 97.87

orresponding to closed porosity stage and thus qualifying all

amples for characterization of oxygen transport properties.

Both compositions based on spray pyrolysed powders obtain
ensities close to 99%. This high density is basically due to the
mall primary particle size resulting from spray pyrolysis (140

lcined LSFT prepared by different method.
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Table 3
Calculated TEC values in different temperature regions.

Temperature range (◦C) LSFT20 SP
(×10−6 K−1)

LSFT40 SP
(×10−6 K−1)

1
3
6
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ig. 4. Dimensional changes of LSFT20 SP sample as measured by dilatometry
n cooling. The different cooling rates are given in the figure.

nd 220 nm, respectively, Table 1). Samples based on powders
repared by solid state reaction (SSR) give moderately lower
ensity, due to the larger primary particle size (Table 1). The
owest final densities were obtained for LSFT20 SSR powder,
onsistent with the large particle size (1.09 �m). The dimen-
ional changes of the sintered samples on cooling were measured
y dilatometry, the results are given in Fig. 4 for LSFT20-SP
ooled at two different cooling rates. Discrete steps in the dilata-
ion curves are due to crack formation caused by tensile stresses
uilding up during cooling (chemical expansion). It can be seen
hat slower cooling rate means less cracking, probably due to
ample being closer to equilibrium and thus lower oxygen con-
entration gradient across sample. The cooling rates successfully
sed in this work to obtain crack free sintered bodies ranged from
to 15 ◦C/h.
The dilatometric curves of sintered LSFT 20 SP and
SFT40 SP samples are given in Fig. 5. Based on data in
ig. 5 thermal expansion coefficients were calculated for both
ompositions and the values are given in Table 3. Below
00 ◦C both compositions have similar TEC (13.5 × 10−6 K−1).

ig. 5. Dilatometry curves for sintered samples of LSFT20 SP and LSFT40 SP.
ata are obtained on heating and applied cooling rate is 5 ◦C/h.

m
(
h
i

F

00–300 13.52 13.53
00–600 13.79 16.45
00–800 28.86 21.34

he effect of Ti-substitution was evident at higher tempera-
ures: while LSFT40 showed a gradual and continuous increase
n TEC, LSFT20 showed an almost temperature independent
EC below 600 ◦C with a significant increase above 600 ◦C

28.9 × 10−6 K−1 between 600 and 800 ◦C). The lower TEC
alue for LSFT40 at temperatures between 600 and 800 ◦C can
e attributed to a lower population of oxygen vacancies due to the
igher content of Ti4+ at B-site in the perovskite lattice (also cf.
q. (2) and the discussion in the next section). This behaviour is

n accordance with published data for similar compositions such
s La0.3Sr0.7Fe0.8Ti0.2O3−δ

14 and La0.5Sr0.5Fe0.9Ti0.1O3−δ.17

.3. Electrical conductivity and oxygen transport properties

The electrical conductivity relaxation measurements were
erformed in the temperature range from 900 to 1000 ◦C and
t pO2 ’s between 0.02 and 0.2 atm. The influence of Ti doping
nd temperature on total electrical conductivity is given in Fig. 6.
SFT is a p-conductor at high pO2 ’s and electronic conductivity

s seen to increase with pO2 consistent with the following defect
quilibrium:

1

2
O2 + V··

O = Ox
O + 2h (1)

It is also seen from Fig. 6 that the conductivity for both com-
ositions decrease with increasing temperature, again consistent
ith Eq. (1) and the shift in equilibrium to the left with for-

ation of oxygen vacancies on the expense of electron holes

h) as temperature increase. Furthermore, it is evident that Ti
as a pronounced effect on the conductivity giving a significant
ncrease as Ti-substitution change from 40% to 20%. Assuming

ig. 6. The electrical conductivity change with pO2 , temperature and % Ti.
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ig. 7. Dchem for a reduction process in terms of oxygen partial pressure (pO2 ) for
SFT20 (La0.2Sr0.8Fe0.8Ti0.2O3−δ – SP) and LSFT40 (La0.2Sr0.8Fe0.6Ti0.4O3−δ

SSR).

hat 3-valent Fe on B-site is substituted by 4-valent Ti the charge
alance may be formulated viz.5

Sr′La] = 2[V··
O] + [Ti·Fe] + h (2)

That is, in principle the increase in Ti will be on the expense
f either electron holes (h = Ti·Fe) or oxygen vacancies or both.
ig. 6 does suggest that at the given temperatures and oxygen
artial pressures Ti will lower the amount of p-charge carriers.
he reported conductivities are all in accordance with conduc-

ivities reported elsewhere for similar compositions.5,14–18

The bulk diffusion properties (Dchem) for both compositions
re summarised in Figs. 7 and 8. There are no obvious differ-
nces between diffusion coefficients determined by a reduction
Fig. 7) or an oxidation (Fig. 8) relaxation step; they are all
ithin the uncertainty of the method. Generally the bulk diffu-
ion coefficients are seen to decrease with increasing pO2 and %
i substitution while increasing with temperature. The follow-

ng relation is valid between bulk diffusion, Dchem, and oxygen

ig. 8. Dchem for an oxidation process in terms of oxygen partial pres-
ure (pO2 ) for LSFT20 (La0.2Sr0.8Fe0.8Ti0.2O3−δ – SP) and LSFT40
La0.2Sr0.8Fe0.6Ti0.4O3−δ – SSR).
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elf-diffusion, DO
21

chem = DOWO (3)

here WO is the so-called thermodynamic factor21:

O = 1

2

(
∂ ln pO2

∂ ln cO

)
(4)

here cO is the concentration of oxygen in the bulk phase.
urthermore, the following relationship is valid between the self-
iffusion coefficients for oxygen (DO) and oxygen vacancies
DV··

O
), respectively22:

O = DV··
O

[V··
O] (5)

At moderate concentration of oxygen vacancies (no interac-
ion between them) DV··

O
is independent of [V··

O] corresponding

o DO being proportional with [V··
O].22 Combining Eqs. (3) and

5) the bulk diffusion coefficient, Dchem, may be expressed as

chem = DV··
O

[V··
O]WO (6)

If the variation in oxygen stoichiometry with partial pressure
xygen is established, the thermodynamic factor, WO, may be
ssessed via Eq. (4). Specific oxygen stoichiometry data is not
vailable for the compositions in questions; however, Park and
acobson18 have reported data for similar compound (45% Ti)
nd the assumption of a constant WO in the narrow pO2 -range
eported in Figs. 7–10 is justified. The pO2 independency of
oth the thermodynamic factor (WO) and the oxygen vacancy
elf diffusion coefficient (DV··

O
) converts Eq. (6) to the following

imple relation between bulk diffusion and population of oxygen
acancies:

chem =∝ [V··
O] (7)

Figs. 7 and 8 clearly show that Dchem do increase with
ecreasing pO2 consistent with Eq. (7) and the increasing popu-

ation of oxygen vacancies. Since there is a significant decrease
n Dchem as the amount of Ti in LSFT increase, substitution
f Ti on B-site obviously also “consume” oxygen vacancies in
ccordance with Eq. (2). This is also confirmed by Kaus et al.5

ig. 9. kchem for a reduction process in terms of oxygen partial pressure (pO2 )
or LSFT20 (La0.2Sr0.8Fe0.8Ti0.2O3−δ – SP).
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ig. 10. kchem for an oxidation process in terms of oxygen partial pressure (pO2 )
or LSFT20 (La0.2Sr0.8Fe0.8Ti0.2O3−δ – SP).

Oxygen surface exchange coefficients (kchem) for the compo-
ition with 20% Ti are summarised in Figs. 9 and 10, surface
xchange data for compositions with 40% is in preparation and
ill be published elsewhere [in preparation]. Evidently, surface

xchange coefficients extracted from reduction steps (Fig. 9) is
ess than coefficients resulting from oxidation steps (Fig. 10),
hich reflect the different reaction mechanisms and kinetics

nvolved with oxidation and reduction processes, respectively.
nother characteristic feature is the increase in kchem with pO2 ,
hich is in accordance with observations reported for a large
umber of related oxides11. The magnitude of kchem values
eported here are also comparable to values reported for similar
ompounds elsewhere.11

The consequence of the bulk diffusion and surface exchange
roperties reported in this work may be signified by estimating
he characteristic thickness, LC:

C = DO

kO
(8)

Eq. (8) is derived and discussed by Bouwmeester et al.23 kO
s similar to the tracer diffusion coefficient, often denoted k*,
nd is related to kchem via WO in the same way as Dchem (Eq.
3)), that is

C = Dchem

kchem

(9)

Using data reported in, e.g., Figs. 7 and 9 (reduction) for mild
educing conditions (pO2 ca. 0.02 atm) at 1000 ◦C the estimated
haracteristic thickness is approx. 630 �m. LC will however
ncrease at even lower oxygen partial pressures and decrease
t even higher pO2 ’s. That is, e.g., for oxygen permeation mem-
rane applications the estimation of critical thickness gives some
seful guidelines concerning the thickness beyond which the
ux is controlled only by surface exchange.
. Conclusion

Phase pure perovskites La0.2Sr0.8Fe1−xTixO3−δ (x = 0.2, 0.4)
ere synthesized by spray pyrolysis and solid state synthesis
an Ceramic Society 30 (2010) 605–611

ollowed by calcinations and milling. All synthesized powders
ere suitable for further dry pressing and pressureless sintering
f dense (>96% t.d.) bodies. Powders prepared by spray pyrol-
sis had smaller particle size (140–220 nm) resulting in final
ensity close to 99% t.d.

To avoid cracking due to chemical expansion it was found that
ery slow cooling rate (ca 15 ◦C/h) was necessary at tempera-
ures below 800 ◦C. The thermal expansion coefficient between
00 and 800 ◦C was strongly dependent on the substitution level
f Ti (21 × 10−6 K−1 for 40% Ti4+ on B-site and 29 × 10−6 K−1

or 20% Ti4+ on B-site).
The total electrical conductivity was found to decrease with

ncreasing temperature and substitution level of Ti, while an
ncrease was observed with increasing partial pressure of oxy-
en. The bulk diffusion coefficient (Dchem) decreased with pO2

nd substitution level of Ti. This behaviour was explained by
simple defect model, showing that bulk diffusion was basi-

ally governed by oxygen vacancies. The combination of surface
xchange data and bulk diffusion suggested that the character-
stic thickness, LC, for La0.2Sr0.8Fe0.8Ti0.2O3−δ at 1000 ◦C and

ild reducing conditions was 630 nm.
Study of transport behaviour in the LSFT system is in

rogress.
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