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The electrical properties of perovskite-related oxide Lag 3Sry;Fe;..Ga,Oz_s (x=0-0.5) are reported within the
temperature range 750 to 950 °C and the oxygen partial pressure range between 10~ and 0.5 atm. The
maximum solid solubility of gallium in the iron sublattice of Lag3Srg;FeO;_s is close to 30%. At oxygen
pressures about 10”* atm, the materials undergo a transition from perovskite to oxygen vacancy ordered
structures. The type of vacancy ordering depends on gallium content. Both p- and n-type electronic
conductivities decrease when insulating gallium cations having stable oxidation state are incorporated into the
iron sublattice of the ferrite. The observed temperature and oxygen pressure dependencies of the p-type
electronic conductivity in the ordered phases suggest a transition from the intrinsic regime, when the electron—
hole conduction is governed by the band gap, to the extrinsic regime, controlled by the amount of the oxygen
excess in the vacancy ordered structure. The ordered strontium-lanthanum ferrite was shown to be a mixed
conductor with oxygen ionic conductivity of about 0.1 S cm™! at 900 °C. Ionic conduction in the vacancy

ordered phases decreases with increasing gallium concentration.

1 Introduction

Mixed oxygen ionic—electronic conductors are of considerable
interest as materials of ceramic membranes for the partial
oxidation of methane to synthesis gas (syngas), a mixture of
carbon monoxide and hydrogen.'™ Whilst the most significant
cost associated with the conventional technologies of the
partial oxidation of methane is that of an oxygen plant, using
mixed-conductive membranes integrates oxygen separation,
steam reforming and partial oxidation into a single step for
natural gas conversion. The prospective membrane materials
should satisfy numerous requirements, including structural and
chemical stability in both oxidising and severe reducing
conditions, a high oxygen semi-permeability and favourable
thermomechanical properties. The highest oxygen permeability
level is characteristic for perovskite-like oxides in the systems
La—A-Co-O and La-A-Fe-O, where A is an alkaline earth
element.>® These phases are, however, thermodynamically
and/or dimensionally unstable under large oxygen chemical
potential gradients.g’14 In case of cobaltites, (La,Sr)CoO3_j,
the accumulation of oxygen vacancies leads initially to the
development of local defect clusters, then to structural
reconstruction of the perovskite lattice,” and finally to
reduction and destruction of the material at moderately low
oxygen pressures.'® Although Fe-containing phases are gen-
erally more robust than cobaltites, oxygen losses in reducing
environments and concomitant changes in the oxidation state
of iron cations result in very unfavourable lattice expansion,
leading to ceramic membrane failures.!!'*

The lattice instability of ferrites under large oxygen chemical
potential gradients may be partially suppressed by substitution
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of iron with higher valence metal cations, such as Cr or Ti.'""!?

In particular, membranes of the doped derivative Lag,Srgg.
Fe 3Crg,03_5 were successfully tested in syngas generation
experiments for 500 h at 1100°C."' However, doping with
either chromium or titanium leads to a decrease of ionic
conductivity and, hence, oxygen permeability of SrFeO;_-
based materials.'®!” In addition, segregation of secondary
alkaline-earth chromite phases may occur in Cr-containing
compositions, heavily doped in the A sublattice.'®2° Another
promising approach to improve stability of perovskite-related
oxides under membrane operation conditions refers to
isovalent doping with trivalent cations of stable oxidation
state into the B sites.'*!*?! For example, a significant oxygen
permeability and sufficient stability were found for the
compounds Sry_,La,Fe;-,Ga,03_; (x=0.1-0.4; y=0.2-0.5),
in which the crystal lattice was identified as brownmillerite-
type.'? Note, however, that charge compensation in the latter
compounds requires a significantly larger oxygen content than
that typical for brownmillerite, Ca,AlFeOs, especially in
oxidising conditions when a considerable part of iron exists
in tetravalent state.’? The present work, continuing our
research focused on transport properties of SrFeO;_s-based
materials,'"*>** is aimed at analysis of electronic and ionic
conduction in the oxide compounds Lag 3Sry;Fe;—.Ga, Oz_5
(x=0-0.5).

2 Experimental

The powder specimens Lag3Srg,Fe; - Ga, O3_s5, where x=0,
0.1,0.2,0.3, 0.4 and 0.5, were prepared by a solid-state reaction
method from appropriate amounts of high purity grade La,0O3,
Fe,05, Ga,03 and SrCOs3. The starting reagents were calcined
for 10 h at 600 °C, weighed in a dry box, ball milled and fired at
900-1100°C in air during 30 h with intermittent grindings.
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Ceramic samples with densities of about 90% of the theoretical
density were obtained by sintering at 1200 °C in air. Prior to X-
ray diffraction (XRD) studies, the specimens were annealed in
air at 1200 °C for 18 hours and then slowly cooled during
approximately 20 h. Such a treatment was aimed to obtain
oxygen contents as close as possible to the equilibrium values.
The X-ray powder diffraction data were collected on a Rigaku
Geigerflex diffractometer (CuK, radiation) over the range
10°<20<110° using a stepwidth of 0.02°; collection time for
every sample was approximately 10 h. Crystal structures were
refined by the Rietvield method using the program FULL-
PROF.>* Variations in the oxygen nonstoichiometry of the
samples were studied using the coulometric titration technique;
a detailed description of the equipment and experimental
procedure of the coulometric titration has been published
elsewhere.?

The total conductivity (¢) was measured using the four-
probe DC technique, as described elsewhere.?® The measure-
ments were carried out in a device with the sample holder being
placed into an yttria-stabilized zirconia (YSZ) cell comprising
an electrochemical oxygen pump and a sensor.?® At the start of
the experiment, the cell was filled with a gas mixture containing
50% of O, and 50% of CO, and then sealed. The conductivity
was measured using a voltmeter Solartron 7081 in the
temperature range 750 to 950 °C at oxygen partial pressures
from 10 !° to 0.5 atm. Precise variation or maintenance of the
partial oxygen pressure in the chamber was provided by the
operation of the oxygen pump and sensor, controlled by a
computer using specially developed software. The measure-
ments were carried out in the mode of decreasing oxygen
partial pressure in isothermal runs. When maintaining a
constant oxygen pressure in the well-known instability
range,”’ corresponding to the electrochemical sensor e.m.f.
from approximately 200 to 650-700 mV, the operation regime
of the oxygen pump utilised provided the sensor e.m.f. constant
with an accuracy of +2 mV. Experimental data points were
collected upon achievement of equilibrium between the sample
and ambient atmosphere; the criterion of the equilibrium
achieved was a conductivity relaxation rate less than 0.1% per
minute, under a fixed oxygen pressure inside the chamber. The
conductivity relaxation time after a change in the oxygen
pressure over a sample varied up to several dozen hours,
depending on temperature, oxygen partial pressure and cation
composition. As a rule, the conductivity relaxation time in the
instability range was no less than 1 hour; the total time
necessary for one isothermal measurement cycle was 20—
70 hours. The above-described criteria are believed to ensure
that the obtained conductivity data correspond to equilibrium
oxygen content in the samples. Upon achievement of the
desirable low oxygen-pressure limit, the measurements were
halted and then the oxygen pressure was increased to the
starting upper limit, where the measurements were repeated in
order to confirm reversibility of the experiment; thereupon
temperature was changed thus enabling next measuring cycle.

3 Results and discussion
3.1 Structure

The room temperature XRD spectra of LagsSrgsFe;—..
Ga,0;3_;, equilibrated with atmospheric air, showed the
formation of a single perovskite-like phase within the
composition range 0<x<0.3; the crystal structure was
preliminarily identified as cubic. Increasing gallium concentra-
tion results in a segregation of the secondary phase SrLa-
Ga;0,.2® For the compositions with x=0.4 and 0.5, the
content of the strontium-lanthanum gallate impurity phase
was estimated from the XRD data to be about 5 and 12%,
respectively. The perovskite unit cell parameters increase with
gallium addition (Table 1); this behaviour is similar to that of
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Fe-doped La(Sr)Ga(Mg)O;_; perovskite solid solutions® and
(Sr,La)(Fe,Ga)O3_; phases claimed to be brownmillerites.'?
One should note that trivalent iron cations in perovskite-like
ferrites were reported to exist in the high-spin state.>*3! Ionic
radii of high-spin 4- and 5-coordinated Fe*™ as well as the
radius of octahedrally-coordinated Fe*™ are less that that of
Ga’" in the octahedral coordination, while the ionic radius of
octahedrally-coordinated Fe>* is larger than that of gallium.*
Therefore, the enlargement of the unit cell volume with
increasing gallium concentration in Lag 3Srg ;Fe, -, Ga, O;_; at
0<x<0.3 may be related to replacement of 4- and 5-
coordinated Fe’™ and octahedrally-coordinated Fe*™ with
gallium cations. According to the results of coulometric
titration, briefly discussed below, the fraction of tetravalent
iron in the studied temperature range in air varies from 10 to
approximately 40%. On the other hand, the existence of
ordered brownmillerite-like microdomains with tetrahedral
coordination of Fe’* is characteristic of strontium ferrite,
when the oxygen content (3—0) is intermediate between values
typical for perovskite and brownmillerite phases.>> An
additional factor, affecting the increase in lattice parameter
with increasing x, refers to increasing coulombic repulsion of
the cations with decreasing oxygen content in the lattice (for
example, ref. 34). Finally, when the gallium concentration in
Lag 3Srg7Fe; - Ga, O;_;s exceeds the solid solution formation
limit (ie. x>0.3), further increase of the perovskite lattice
parameter with x is due to changing ratio La:Sr in the
perovskite phase, resulting from the gallate SrLaGas0;
formation.

It should also be mentioned that a slight broadening of peaks
at high 260 angles on the XRD patterns of the title materials
equilibrated with atmospheric air may indicate a crystal
symmetry lower than primitive cubic. For instance, the
rhombohedrally-distorted perovskite structure is characteristic
of the oxidized form of the Sr,LaFe;O0q_s compound.35 This
fact and the complexity of the lattice changes at reduced
oxygen pressures necessitate a more detailed structural
investigation, which is now in progress. The conclusions on
the structure of the title materials, made in the present paper,
should therefore be considered only as preliminary. However,
the discussed structural features, including the changes in the
unit cell volume as a function of gallium content and the phase
transitions, are believed to correctly reflect the behaviour of the
ferrite—gallate phases.

The XRD pattern of LagsSry;FeO;_s quenched at
p(05)=10""atm from 750°C to room temperature shows
an orthorhombic brownmillerite-like structure (S.G. Pmma); a
similar spectrum was obtained for the material quenched at
p(05)=10"% atm. The unit cell parameters (Table 1), related to
the perovskite parameter (ap,) as a=\/2 Xdp, b=3xap,
c= \/2 X a,,, are found to be comparable to those reported by
Battle er al®® for the reduced form of the Sr,LaFe;Oq_j
compound. This lattice can be described as consisting of layers
of iron—oxygen octahedra (O) and tetrahedra (T) ordered as
...OO0TOOT... along the b-axis of the unit cell. Note that the
alteration of the layers in the structure of Lag;Srg;FeO;_s,
observed at low oxygen pressures, differs from the stacking
sequence ...OTOTO... particular to the brownmillerite struc-
ture. The Ga-containing phases quenched in the same
conditions exhibit another structure, which may not be
interpreted as brownmillerite-like. Examples are given in the
Electronic Supplementary Information,t demonstrating con-
siderable differences between the XRD patterns of the
quenched Lag;Sry,FepoGag105-5, quenched Lag3Srg.
FeO;s_s and brownmillerite SrFeO, 5. The lattice of quenched
samples Lag 3Srq ;Fe; -, Ga, O;_;5 (x=0.1-0.3) was identified as
orthorhombic (S.G. Pmmm, a=2\/2 X ap, b=2a,, c= \/2 X dp),
close to the low temperature modification of the ferrite
SrFeO, ;s recently described in space group Pmma.>” The
crystal structure of the reduced phases Lag 3Srg7(Fe,Ga)Os_s



Table 1 Unit cell parameters of Lag3Sry;Fe; - Ga,O;_s, as-prepared
and quenched at pO,=10""* atm from 750 °C to room temperature

x in Lag 3Sro ;Fe; - Ga, 035

I?arameter/
A 0 0.1 0.2 0.3 0.4 0.5

As-prepared

a 3.873(1) 3.876(8) 3.882(8) 3.893(8) 3.902(0) 3.907(1)
Quenched

a 5.498(7) 11.116(0) 11.168(0)

b 11.867(9) 7.845(2) 7.847(2)

c 5.576(6) 5.548(7) 5.551(1)

can be viewed as consisting from the layers where metal-
oxygen octahedra are linked via corners with square metal-
oxygen pyramids; the layers alternate along the b-axis so that
the pyramids in the neighbouring layers share apex oxygen
ions. The oxygen content in the samples with x=0.1, 0.2 and
0.3 in the above-mentioned conditions of quenching was
determined close to about 2.65, nearly independent also of the
level of gallium doping. The oxygen stoichiometry is smaller
than the value 2.75 expected from the structural consideration,
which may be interpreted as evidence for the formation of
random oxygen vacancies located most probably in the FeO,
polyhedra. Such an assumption is supported by the increase in
the unit cell parameters with increasing gallium concentration
(Table 1), since ionic radii of 5- and 6-coordinated Ga** are
smaller than that of high-spin Fe** in the same coordination,
but larger when the coordination number of gallium exceeds
the coordination number of iron.*

3.2 Total electrical conductivity

Fig. 1 presents an example of typical data on the total electrical
conductivity as a function of oxygen partial pressure at
different temperatures, measured for the material with x=0.2.
The influence of the gallium doping on the conductivity at 800
and 950 °C is illustrated by Fig. 2. One can see that a smooth
dependence of the total conductivity on oxygen pressure,
characteristic of many oxide mixed conductors exhibiting both
p- and n-type electronic conduction, is observed in the case of
Lag3Srg ;Fe;—.Ga,O5_; only at higher temperatures. The data
obtained in the temperature range below 900 °C reveal peculiar
changes in the conductivity in the oxygen pressure interval
1079« p(0,) <10 * atm, discussed below. Fig.3 shows the
interrelation between the variation of oxygen content (AJ),
related to that in atmospheric air, and the total conductivity of

log(o/S cm™1)

1}

—20 -16 -12 -8 —4 0
log(pO,/atm)

Fig. 1 The variations of the total conductivity of Lag3Sry7Feqs.
Ga,03_5 with temperature and oxygen partial pressure. The step
between the conductivity isotherms is 50 °C. Solid lines are for visual
guidance only.
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Fig. 2 Oxygen partial pressure dependences of the total conductivity of
Lag 3Srg ;Fe;—,Ga, 03_5 at 950 °C (a) and 800 °C (b). Numbers 1, 2, 3,
4 and 5 correspond to the x values equal to 0, 0.1, 0.2, 0.4 and 0.5,
respectively. Solid lines are for visual guidance only.

Lag3Srg,Fe;-Ga,O3-5 (x=0, 02 and 04) at
800 °C. Increasing  oxygen  partial  pressure  at
p(05)>10"*atm, when the title materials possess the per-
ovskite-type structure, results in increasing conductivity nearly
proportional to p(O,)™ ", indicating a dominance of p-type
electronic charge carriers. These changes in the total con-
ductivity follow the increase in the oxygen content at
p(05)>10"* atm (Fig. 3).

At lower oxygen pressures where the structures with ordered
oxygen vacancies become more stable, only a slight variation in
the total conductivity of Lag3Sry,Fe;—,Ga,Os_s is observed
on decreasing the oxygen partial pressure to about 10~ '* atm
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Fig. 3 Oxygen partial pressure dependences of the total conductivity
(closed symbols) and the relative change in the oxygen content with
respect to atmospheric air (open symbols) in Lag3Sry;Fe;—.Ga,O;5_s
at 800°C: 1 and 4, x=0; 2 and 5, x=0.2; 3 and 6, x=0.4.
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(Figs. 1-3). Notice that in nonstoichiometric SrFeO;_; the
transition from the perovskite to ordered phases occurs at
p(05) < (1073°-10"% atm and temperatures below 850 °C.3%*
These conditions are quite close to those where the flat
behaviour on the conductivity curves of Lag 3Sry 7(Fe,Ga)Osz_5
is observed to initiate. Hence, the appearance of the flat
behaviour on reduction of the title materials is probably
associated with the phase transitions. Further reduction of
oxygen chemical potential (p(0,) <10~ '° atm) leads to a sharp,
step-like decrease in the conductivity with the magnitude
depending mainly on temperature and gallium concentration.
As for the conductivity values, the jump magnitude decreases
with gallium content; the nature of such behaviour is analysed
below. It should be mentioned that the oxygen content in the
samples remains practically invariable, ie. Ad< <3, in the
fairly wide range of p(O,) comprising the pressure of the
conductivity jump. Only at oxygen pressures as low as 10~ 1%
10~ atm does the oxygen content begin to decrease again
while the conductivity begins to simultaneously increase with
decreasing oxygen pressure, approaching asymptotically the
p(0,)” " proportionality law. Such an increase in the
conductivity is indicative of n-type electron carriers prevailing
in the low oxygen pressure limit.

The analysis of the oxygen partial pressure dependences of
the conductivity isotherms in the vicinity of the low oxygen-
pressure minima leads to a classical expression for a mixed
oxygen ionic—electronic conductor

_1 1
o(T.p02)=?(T)+0(T)pO; “+a3(TpOy (1)

where the indexes i, n and p are related to the ion, electron and
electron-hole components of the total conductivity, respec-
tively, and o7 (j=n, p, 1) corresponds to the values of partial
conductivities extrapolated to unit oxygen pressure. Table 2
lists the values of these parameters at different temperatures,
obtained by fitting eqn. (1) to the experimental conductivity
isotherms in the oxygen pressure range below the conductivity
jumps. A comparison of the experimental data points with the
calculated total conductivity is shown for the sample x=0.1 as
an example in Fig. 4. Fig. 5 presents the Arrhenius dependences
of several transport parameters obtained from the fitting
results, including the oxygen ionic conductivity (o;), the n-type
electronic conductivity at p(O,)=10""'¢ atm, and the minimum
electron conductivity (6pnp min). For a given temperature, the
latter quantity represents the minimum value of the sum of n-
and p-type conductivities (¢, and ¢,,) at the oxygen partial
pressure when ¢, = agp,. The physical meaning of the minimum
electron conductivity is discussed below.

3.3 n- and p-type electronic conduction

The isothermal plots of the sum of partial p- and n-type
electronic conductivities (on, =0, 0p), obtained by subtrac-
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-20 -16 -12 -8 -4
log(pO,/atm)

Fig. 4 Comparison of the experimental values of the total conductivity
and fitting results (solid lines) for Lag3Sry7Feq9Gag 05-s. The step
between the conductivity isotherms is 50 °C.

tion of the ionic conductivity from the total conductivity
values, are shown in Fig. 6. The slope of the electronic
conductivity isotherms approaches —1/4 and +1/4 at p(O,)
values to the left and right of the minima, respectively. This
behaviour is characteristic of a nonstoichiometric semiconduc-
tor. Generation of the conducting electrons in the oxides may
be explained by the loss of the lattice oxygen in the low oxygen
pressure limit 02~ = %0, +2e~

P ]250?
[0*]

Here, K{ is constant and AH, is the reaction enthalpy.
Experimentally observed changes in the occupation of the
oxygen sublattice in the vicinity of the conductivity minima are
much smaller in comparison with the total concentrations of
oxygen ions and vacancies (Fig.3). Hence, neglecting the
mobility activation energy for electrons, the classical power
dependence o, ~[e”]~p(0,)~ ", consistent with the experi-
mental results, follows from the equilibrium constant. Also, the
activation energy for the n-type electronic conductivity, E,,
should be about AH,/2. The values of E,, and AH,, calculated
from the Arrhenius plots of the electronic conductivity at
p(0,)=10""% atm (Fig. 5b), are given in Table 3.

Within the limits of experimental error, the values of the
activation energy for the n-type conduction in Lag3Srg;Fe;_ -
Ga,0;_; are approximately equal, varying in the narrow range
from 1.8 to 1.9 eV. At the same time, the electronic conductivity
of the undoped brownmillerite-like ferrite Lag3Srg;FeOsz_; is
about two times larger than that in the gallium-doped derivatives

AH,,} o)

:KI? exp{— ﬁ

Table 2 Parameters of the regression model eqn. (1) for the total electrical conductivity in Lag3Sry,Fe;—.Ga,O;_s

Temperature/°C

Gallium content, x Conductivity parameter 950 900 850 800 750

0 a? 0.386 0.283 0.221 0.155 0.100
ad 1.8-107* 8.2:1073 34:107° 1.5:107° 5.9:107°
a° 43.7 60.8 64.0 62.0 60.9

0.1 o 0.195 0.150 0.109 0.062 0.034
a° 8.7-1073 3.7-1073 151073 7.0-107¢ 2.8:107¢
a® 13.7 18.1 21.3 24.5 23.9

0.2 ob 0.165 0.124 0.0829 0.0394 0.0187
a0 6.3-107° 29-107° 1.2:107° 59-107°¢ 27-107¢
a® 7.24 10.3 12.5 14.2 14.1

0.4 ob 0.220 0.152 0.095 0.050 0.026
ad 5.3-107° 2.3-107° 9.7-107¢ 4.9-107° 2.1-107°
a3 3.47 5.78 6.64 6.84 6.78
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Fig. 5 Arrhenius plots for the oxygen ionic conductivity of Lag 3Sr 7-
Fe,_,Ga,05_s at oxygen pressures below 1071 atm (a), and n-type
electronic conductivity at p(0,)=10"'®atm (b), and the minimum
electronic conductivity (c). Numbers 1, 2, 3 and 4 correspond to the x
values equal to 0, 0.1, 0.2 and 0.4, respectively.

(Fig. 5b). The decrease in the n-type conductivity with increasing
gallium content results from a decrease in the electron mobility
when iron structural sites, over which the electron transfer takes
place, are occupied with insulating Ga cations having stable
oxidation states. Similar behaviour was observed for the p-type
electronic transport in La(Co,Ga)O;_; solid solutions.*

The hole conductivity increasing with the oxygen pressure
after the minima in Fig.7 is a result of the oxygen
incorporation reaction %0, =0~ +2h™*

[h*]*[0*"] [ AHp]
Ky=—"—"——==Kexp| — — 3)
P pO;/z p kT

where AH,, is the reaction enthalpy. Again, in the conditions of
a small variation of the total oxygen content, electron—hole
conductivity should increase with the oxygen pressure as

op~[h"]~p(0,)"™. This model is in agreement with the
obtained results, as shown in Figs.3 and 6. The p-type
conductivity at p(O,)=1 atm (ag), obtained by fitting using
eqn. (1), exhibit a very weak dependence on temperature
(Table 2); such behaviour suggests the values of the enthalpy
AH,, to be fairly small. If neglecting the mobility activation for
the electron holes, the weak increase in o'g with decreasing
temperature may indicate that the oxidation reaction (3) is
slightly exothermic, i.e. AH,<0. As for the n-type conductiv-
ity, the electron-hole conductivity in Lag3Srq;Fe;_,Ga,O;5_;
decreases with gallium additions due to blocking electron
transfer by the stable Ga® " cations.

The high-temperature equilibrium of electrons and holes
near the conductivity minimum (Fig. 6) may be expressed as
0=¢ +h*

K= e =K exp| - 2] @
where E, is the band gap, and K? is constant. The band gap
may be estimated from the temperature dependence of the
minimum electron conductivity (¢np min). Expressing concen-
trations of electrons and holes via the partial conductivities and
respective mobilities, 1, and yp,, one can rearrange eqn. (4) into
the form

2
- __ o Eg _ Onp min
Ki=K; exp{ kT} = <72€(unﬂp)l/2) ©)

Presuming temperature-activated mobility for both electrons
and electron holes

a
oL @ o
L 7
e 2
1+ ‘C° 3
> /j; s 4
~ \—1/4 /n’/i ’/’//ep o
or \lﬂ\u e
7 ./
L §;° . QU E,E{F .0/ ‘ﬂ/ ¢
*g B N 4 -
A ll:&%‘lﬁaz/ﬁfr r-’ ”i,/’/
-1+ = _,:”ﬁ»;)
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-16 -12 -8 —4 0
log(pOo/atm})

Fig. 6 Oxygen partial pressure dependences of the electron conductiv-
lty ((Tnp:()'n-‘rﬂp) in Lao_3Sr0_7Fe1,,\GaXO3,5 at 950°C (a) and 800 °C
(b). Numbers 1, 2, 3 and 4 correspond to the x values equal to 0, 0.1, 0.2
and 0.4, respectively.
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Table 3 The activation energies for the minimum electronic conduc-
tivity, partial n-type conductivity, the estimated band gap and enthalpy
of the oxygen depletion reaction (2) in Lag3Sry,Fe;—.Ga,O;_s

X E,,leV EleV E./leV AH_/eV
0.0 0.9440.03 1.884+0.06 1.9240.04 3.8440.08
0.1 0.87+0.02 1.74+0.04 1.93+0.06 3.9+40.1
0.2 0.774+0.02 1.54+0.04 1.7940.08 3.6+0.2
0.4 0.804+0.04 1.604+0.08 1.8240.07 3.6+0.1
Hap Enp
o= 7Pexp |~ 7] ©

where ¢, and ¢, are the mobility activation energies for
electrons and holes, respectively, the value of (E;+e,+¢p)-
= gnp can be found from the plots of log(c,p min X T) versus
reciprocal temperature (Fig. 5c). For the title materials, the
parameter E,, decreases with increasing gallium content
(Table 3). Note that the activation energy for migration of
both electrons and holes in lanthanum-rich Sry_,La,FeO;_;
(x=0.75-1.0) was reported to be nearly zero.*'** If one
assumes the activation energies for the electronic charge carrier
mobility in the Sr-rich compounds Lag 3Srq ;Fe; -, Ga, O5_5 to
be also negligibly small, one can obtain E,~2E,, The
estimated values of the band gap, E,, are listed in Table 3.
As for the enthalpy AH,,, the values of E, decrease from 1.88 to
1.60 eV when the gallium concentration increases. This
correlation seems quite reasonable as both reactions (2) and
(3) result in a transition of bound electron to a mobile state.

1.0
(@ 4

0.8 [

06 [ \|

02 N

1.0 _(b)

0.8 |-
0.6
0.4

0.2

0.0 ) l ! |
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Fig. 7 Oxygen partial pressure dependences of the ion transference
numbers: (a) Lag3Sro7Fe;—,Ga,Oz_5 at 950°C: (1) x=0; (2) x=0.1;
(3) x=0.2; (4) x=0.5. (b) Lag 3Sro 7Fep9Gap 03— at (1) 750 °C; (2)
800°C; (3) 850°C; (4) 900°C; (5) 950°C. The dashed lines were
calculated under the assumption that the phase changes with increasing
oxygen pressure have no effect on ionic conductivity.
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Another interesting feature of the conductivity behaviour
refers to the jump-like change in the hole contribution. This
variation may be interpreted as evidence of a fast shift of the
Fermi level from a near mid-gap position to the top of the
valence band, resulting from an appearance of impurity-like
acceptor states just above the top of the valence band, when the
oxygen content increases. The amount of oxygen necessary to
incite the impurity states is quite small. For instance, it can be
estimated from Fig. 3 that the critical value of the oxygen
excess Ao with respect to the oxygen content, corresponding to
the minimum of electronic conductivity in Lag3Srg,Fe;_ -
Ga,03_;, is about 0.01. A similar jump is observed in the
brownmillerite SrFeO,s,s where the oxygen excess
0.01 <0 <0.05 leads to the transition of electron conductivity
from the intrinsic to impurity controlled regime.? In the regime
controlled by the impurity states, the conductivity level is
governed mainly by the concentration of acceptor centres.
Considering nearly flat portions of the isotherms in Fig. 1
corresponding to the impurity-controlled regime in Lag 3Srg 7.
Fe,_,Ga,O;_5 one can conclude that increasing oxygen
pressure up to about 10~ atm results in only a minute increase
in the concentration of acceptors. At the same time, the
temperature decrease from 900 to 750°C at pO,=10"°atm
increases the level of conductivity by about half an order of
magnitude.

The influence of cation composition on the conductivity is
distinctly seen in Fig. 6b. The increase of gallium content in
Lag 3Srg,Fe;_Ga,O3_5 from x=0 to x=0.4 results in the
decrease of the impurity-controlled conductivity level by about
one and a half orders of magnitude. Most probably, this
decrease is a consequence of the respective decrease in the hole
mobility because of the decrease in the amount of iron—oxygen
structural polyhedra over which hole conduction takes place.
The oxygen pressure increase above about 10~ * atm results in a
smooth increase in the hole conductivity, related either to a
change in the electronic band structure due to the phase
transition to the perovskite structure or to a merge of the
impurity states with the electronic states at the top of the
valence band. The above consideration suggests relevance of
the impurity levels and electron states of the oxygen
incorporated in the structure and essential p-character of
electron holes. Such a conclusion is corroborated by recent
studies of electron energy loss spectra in the solid solutions
SrTi;_Fe,0;_5* and Mossbauer measurements for oxygen
vacancy ordered ferrites Sr,Fe,03,_1.7

3.4 Oxygen ionic transport

Arrhenius plots for the oxygen ionic conductivity of Lag 3Srg 7.
Fe,_,Ga,0O5_, calculated using eqn. (1) for oxygen pressures
below 107'° atm, are presented in Fig. 5a; Table 4 lists the
values of the activation energy for ionic conductivity in
different temperature ranges. Decreasing the temperature to
about 850 °C results in a considerable increase in the activation
energy, indicating probably a transition from partially
disordered to oxygen-vacancy ordered structures. This beha-
viour is in excellent agreement with the data on phase changes
in Lag3Srg7(Fe,Ga)Os_;s, discussed above. Doping with
gallium leads to decreasing ionic conductivity of Lag3Srg 7.
Fe,_,Ga,O;_5 (x=0-0.2) in the low oxygen partial pressure
range, in agreement with the literature;'? the activation energy
for oxygen ionic conduction increases with gallium additions.
At larger x, the La: Sr cation concentration ratio in the solid
solution decreases with increasing x due to the SrLaGaz0,
phase segregation. While the amount of segregated SrLaGa;0;
phase is moderate and has no significant effect on ionic
transport, the decrease in La : Sr ratio leads to a slight increase
in the ionic conductivity values (Fig. 6a).

The difference in the values of ionic conductivity and the
activation energy, observed between undoped Lag 3Srq 7FeO5_;



and Ga-containing materials, is quite large, especially at
temperatures below 850 °C. One can therefore conclude that
the brownmillerite-like structure acquired by the ferrite
Lag3Srg,FeOs_s at low oxygen pressures, i.e. at large loss of
lattice oxygen, is more favorable for the ion transfer than the
oxygen-vacancy ordered structure formed in the case of doped
Lag3Srg;,Fe; - Ga,O3_s5 (x>0). The conductivity variations
with gallium content and changing crystal lattice may be
explained as resulting from changes in the size of the bottleneck
available for the jumping oxygen ion. In other words, every
elementary jump of an oxygen ion to the nearby oxygen
vacancy is through the space framed by two A-site cations (La/
Sr) and one B-site cation (Fe/Ga), called a bottleneck. A draft
assessment of the migration channel size can be deduced from
the unit cell parameters (Table1). In particular, if one
considers the perovskite unit cell parameters (ap,) as a measure
for the bottleneck size, the value a,=b/3 equals about 3.95 Ain
the brownmillerite-like structure of Lag 3Sry,FeOs_s, which is
larger than a,=b/2~3.92 A in the vacancy-ordered structure
of gallium-doped compounds. Though small, these changes
illustrate that replacement of iron cations in octahedral
coordination for gallium may result in a progressive decrease
of the migration channel size. This consideration is supported
by the increase in the activation energy in the low-temperature
range where the ordered phases are formed (Table 4).

On the other hand, the variation in the activation energy
values of single-phase Lag3Srg;Fe;—.Ga,Os;_s5 (x=0-0.2) at
temperatures above 850 °C is relatively small (Table 4). The
large difference in the ionic conductivity of undoped and Ga-
doped materials may thus suggest a considerable decrease in
the ionic charge carrier concentration when gallium is
incorporated into the iron sublattice. Exact reasons for such
behaviour are still unclear. However, a similar phenomenon
was found earlier for La(Co,Ga)Os_; solid solution, where
ionic transport in the intermediate compositions was consider-
ably lower than in both parent compounds, LaCoO;_s and
LaGaO;_s.*° One possible explanation for this behaviour may
be related to local distortions of the lattice near the guest
gallium cations, resulting from the significant difference in
covalence of Ga—O and Fe-O bonds. Such distortions may lead
to blocking of oxygen anions neighbouring gallium cations,
decreasing thus the mobile ion concentration.

The oxygen ion transference numbers (z) of the title
materials, calculated from the data on partial conductivities
(Table 2), are shown in Fig. 7 as functions of temperature,
oxygen partial pressure and cation composition. Note that,
strictly speaking, the data on ionic conductivity in Table 2 refer
to the oxygen pressure range below 10~ atm. For evaluation
purposes they were extrapolated to the range of higher oxygen
pressure and are therefore less reliable. The ion transference
numbers vary from 1 x 1072 to approximately 0.9, increasing
with gallium concentration due to suppressed mobility of the
electronic charge carriers when iron cations are substituted by
gallium. At oxygen pressures higher than 10~2-107!° atm, the
transference numbers increase with temperature, while at
pO,><10~"% atm the behaviour is opposite. The latter trends are
caused by the differences in the activation energies for partial

Table 4 Activation energy for oxygen ionic conduction in Lag3Sr 7-
Fe,_,Ga,0;3_; calculated in different temperature ranges

E;
X 750-950°C 750-850°C 850-950°C
0 0.82+0.03 0.88+0.03 0.76+0.06
0.1 1.04+0.07 1.24+0.02 0.78+0.02
0.2 1.3+0.1 1.56+0.04 0.91+0.06
0.4 1.254+0.04 1.374+0.04 1.09+0.04
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Fig. 8 Estimated oxygen permeation flux through Lag3;Srq,Fe;_,-
Ga,0O;_s membranes as a function of the permeate-side oxygen partial
pressure at 900 °C. Membrane thickness is 1.0 mm. The feed-side
oxygen partial pressure corresponds to atmospheric pressure. Numbers
1, 2, 3 and 4 correspond to the x values equal to 0, 0.1, 0.2 and 0.4,
respectively.

ionic, p- and n-type electronic conductivities, as discussed
above.

Fig. 8 presents the estimations of oxygen permeation fluxes
through Lay 35Sty ;Fe;— Ga, O;_s membranes, calculated under
assumption of a negligible effect of the oxygen surface
exchange at oxide/gas boundaries on oxygen permeability. In
these conditions, the oxygen flux density, jO,, is determined by
the well-known relationship'**

»

JjO2= Gambd In pO, 7

RT |
16F2L J
”
where L is the membrane thickness, p” and p” are the oxygen
partial pressures at the membrane feed and permeate sides,
respectively. The ambipolar conductivity, o,mp, 1S defined as

=o(t;—1}) ®)

Camb = oi+on+op
These estimations may give only an upper limit of oxygen
permeation rate, since the presence of surface exchange
limitations, typical for many SrFeO;_ s-based phases,17 results
in the suppression of oxygen transport. For the conditions
typical for syngas generation (oxygen pressure gradient of
0.21 x 10~ '® atm, 900°C), the oxygen amount separated using
a Lag 3Srg 7FeO3_s; membrane with a thickness of 1.0 mm was
estimated to achieve about 6 ml cm > min~'. The decrease in
both oxygen-ion and electron conductivities with increasing
gallium content results in a lower permeation (Fig. 8); in the
same conditions, oxygen fluxes through Lag;Srq,Fe;_,-
Ga,O;_5 (x=0.1-0.4) membranes vary from 1.9 to approxi-
mately 3 ml cm™ > min~'. Note that the permeation flux values
between 2 and 3 ml cm™ > min~! correspond to the maximum
syngas production rate of 12-18 ml cm > min ' in the methane
partial oxidation process. For comparison, the rate of syngas
production in a reactor with a tubular Lag ;5SrggsFeq 7.
Gag30;3_5 membrane at 900 °C was reported to vary in the
range 13-15ml cm 2 min~'.'? Thus, the obtained results on
the conductivity of ferrites—gallates make possible a realistic
estimation of the oxygen transport in membrane operation
conditions.

Conclusions

Ceramic samples of Ga-doped lanthanum-strontium ferrite,
Lag3Srg;,Fe;—Ga,Os_s5 (x=0-0.5), were synthesized and
studied using X-ray diffraction, coulometric titration and
total electrical conductivity measurements in the temperature
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range 750-950 °C at oxygen partial pressures varying between
107" and 0.5 atm. The solid solubility limit of gallium in the
Lag 3Sry,FeO5_; lattice was found to be close to x=0.3;
further increase in the gallium content results in segregation of
the SrLaGazO; phase. The perovskite-type lattice of
Lag 3Srg.7(Fe,Ga)O5_;, stable in oxidizing conditions, trans-
forms to oxygen-vacancy ordered structures at oxygen
pressures about 10~ *atm. Doping with gallium leads to a
transition from the brownmillerite-like structure (S.G. Pmma),
characteristic of the reduced form of Lag3Sry,FeO5_s, to an
orthorhombic lattice (S.G. Pmmm) observed in reducing
conditions for Lag3;Srg;Fe;—,Ga,O;_5 with x>0. Both p-
and n-type electronic conductivities decrease when insulating
gallium cations are incorporated into the iron sublattice of the
ferrite. When oxygen partial pressure increases, the p-type
conductivity of the vacancy-ordered phases changes from the
intrinsic regime, when the electron-hole conduction is gov-
erned by the band gap, to the extrinsic regime, controlled by the
amount of excess oxygen in the vacancy ordered structure.
Oxygen ionic conductivity in the ordered phases decreases with
increasing gallium concentration.
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