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The perovskite oxides in the system Bi; _,SryFeOs; _ 5 (x=0.05, 0.15, 0.3, 0.6, and 0.8) were characterized in
the intermediate temperature range (650 to 800 °C) by oxygen permeation and electrical conductivity
measurements. The samples exhibited a single phase perovskite structure with a decreasing lattice constant
with increasing Sr concentration and a structural change from rhombohedral to cubic at x>0.3. Mixed
conductivity was confirmed in all samples with maximum flux levels on the order of 0.11 umol/cm?s at
800 °C for the x=0.8 composition. Materials studied displayed p-type conductivity over the oxygen partial
pressure range present in permeation measurements (0.21 to 10~ atm). A local maximum of oxygen flux
and ionic conductivity was found near x=0.3.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The development and characterization of mixed electronic and
ionic conducting oxide materials are of current importance in the
fields of gas sensing [1], solid oxide fuel cells [2], oxygen production
[3], and hydrogen/syngas generation via the partial oxidation of
methane [3,4]. Single phase materials displaying high oxygen flux are
based on the ABO3 perovskite structure with appropriate A and B site
doping to enhance oxygen vacancy concentration, conductivity as
well as phase stability. Teraoka initially investigated a wide range of
compositions based on the parent compound SrFeOs _ s, including A
site La doping and B site Co doping [5]. It was found that additions of
La*3 on the Sr*? site were detrimental to oxygen flux properties,
emphasizing the impact of oxygen vacancy concentration controlled
by acceptor doping. The highest flux values were found with high
levels of Co doping on the B site (80%), with just enough Fe remaining
in order to stabilize the perovskite phase. The level of oxygen flux on
the order of 1 pmol/cm? s at 800 °C for 1 mm thick ceramics for this
material system, first explored over 20 years ago, is still among the
highest yet observed. However, pure SrFeOs; _ s (SFO) undergoes a
series of well known phase transformations to a vacancy ordered
brownmillerite phase at low PO, levels where oxygen is removed
from the perovskite lattice [6,7]. In addition, high levels of Co doping
led to materials with high thermal expansion coefficients due the
small ionic radius of reduced Co.
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The thermal expansion characteristics of mixed conductors are
important for applications where the anode and electrolyte (ceria or
zirconia) should have similar thermal expansion as well as for the new
generation of micro solid oxide fuel cells (SOFC's) and Si integrated
sensors based on Si thin film technology [8,9]. Investigations into Co free
materials has resulted in the discovery of compositions such as
BaCexFel —XO3 -5 (BCF) [10], La; _xSrXGaO3 -5 [1 1,12], CaTi1 —XFeXO3 -5
[13,14]. The two latter compositions displayed low oxygen flux values
two orders of magnitude less than SFO (less than 0.06 umol/cm? s at
900 °Cand 1 mm thickness). The flux of BCF was observed to be only one
order of magnitude below SFO (0.15 Emol/cm2 sat 800 °C) however, this
composition was difficult to prepare as phase pure perovskite, and exists
as Ce and Fe rich phases where only the Fe phase contributes to the
oxygen flux.

Bismuth containing compounds have also been the subject of
investigation for electrolytes [15] and mixed composites for oxygen
permeation [16] due to the high ionic conductivity of bismuth oxide.
Bismuth ferrites BiFeO3 and BiyFe4Og have been investigated as gas
sensors [17] with limited success. A recent report indicated that small
levels of acceptor doping with Ca or Sr in BiFeOs results in ceramics
with appreciable oxygen permeation properties while increasing the
maximum operating temperature and aiding in the elimination of
commonly observed secondary phases often observed in pure BiFeO3
[18]. Bismuth ferrite has a distorted perovskite lattice with R3c
rhombohedral parameters a 3.958 A and « 89.3 [19] similar to the
cubic perovskite structure of SrFeO, (2.9<x<3) with Pm3m
symmetry and a lattice parameter a 3.8553 A [20]. In addition to the
oxygen permeation properties in [18], the role of dopants has most
recently been explored as a way to control the electric modulation of
conduction in multiferroic films [21], and as a method to stabilize the
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BiFeOs; phase over BiyFesO9 like structures closely related in free
energy [22].

A series of perovskite oxides Bi; _,SryFeO3 was proposed to have
high oxygen flux levels [23], however there are contradictory reports
in the literature. Li examined the oxygen permeation properties from
800 °C to 1000 °C of this system with x=0.5, 0.7, and 0.9. It was
observed that the oxygen flux performance of these compositions was
similar at 800 °C, with Bi rich compositions showing higher flux at
higher temperatures up to 1000 °C . In the same report, a new phase
was reported Sryg_ n/2BinFez003_o with n=10. This phase was
indexed to the orthorhombic system, and displayed oxygen flux
values of 0.67 p.mol/cm2 s at 850 °C, over two times higher than the
standard Bi; _,SryO3 system [24]. However, in a separate report, no
such phase was reported and detailed structural studies indicated the
presence of a single phase over the composition range x=0.2 to
x=0.67 [25]. A further anomaly is the order of magnitude difference
in the reported values of oxygen flux for the same composition given
in Refs. [24] and [26].

The focus of this manuscript is on the oxygen permeation
properties and conductivity of Bi; _,SryFeOs over a wide composition
range x=0.05 to x=1.00. In the following it is shown that (i) the
samples exhibited single phase perovskite over the whole composi-
tion range with the lattice constant decreasing with increasing Sr
concentration, (ii) oxygen flux measurements confirming mixed
conductivity in all the samples reaching a maximum of 0.11 umol/
cm? s at 800 °C for x=0.8, (iii) p-type conductivity was observed over
the oxygen partial pressure range of oxygen permeation measure-
ments (0.21 to 107°) (iv) oxygen flux versus Sr concentration
displayed an intermediate maximum at x=0.3 thus showing two
distinct regimes of oxygen flux and ionic conductivity behavior. This
work examines the broad compositional range from x=0.05 to
x=1.00in the Bi; _,Sr,FeO3 system, and puts the structure, electronic
and ionic conductivity behavior in perspective with the select
compositions previously reported.

2. Experimental

Bi; _ ,SryFeO3 acceptor doped ceramics were prepared Sr at
x=0.05 to x =1.00. Stoichiometric amounts of Bi,03, Fe,03, and SrO
(High Purity Chemical Co., Japan) were weighed and ball milled in
ethanol for 24 h, dried and calcined at temperatures from 750 °C to
1100 °C for 5 h in air. After a second grinding and sieving step, the
ceramics were mixed with a binder and uniaxially pressed into pellets
of 16 mm diameter with a force of 20 kN for several minutes. The
ceramic sintering temperature varied with the dopant concentration,
from 920 °C (x=10.05) to 1300 °C (x=1). All sintered samples had
relative densities greater than 88%.

The crystal structure of the calcined powders and sintered ceramics
were examined by X-ray diffraction on a Philips X-pert and the
microstructure was determined by SEM (Jeol) after polishing followed
by thermal etching. The lattice parameters of the powder patterns in
the range 20 to 70° two-theta were calculated from the peak maximum
using regression analysis following Cohen's method [27,28].

Oxygen flux measurements were made on polished ceramic samples
of nominal thickness 1 mm with a diameter of 13 mm. Ceramic samples
were placed between two quartz tubes using a glass ring (melting point
620 °C ) for gas sealing, and a metal spacer with a diameter of 5 mm to
control the area of gas flux. Flowing He (20 sccm) was supplied to the
permeate side of the ceramic membrane while air at 1 atm was supplied
to the feed side. The gas concentration of O, and N, was measured on the
membrane permeate side using a gas chromatograph (GC323; GL
Sciences Co., Ltd). The leakage of oxygen was calculated by measuring
the volume of N, gas from air on the permeate side. The oxygen
permeation flux was corrected using the total measured oxygen on the
permeate side minus the physical leakage of oxygen. The leakage was
below 3% in all samples measured in this study.

Electrical conductivity measurements were performed using a DC
four probe method in the temperature range 600 to 800 °C under a P
(0,) range of 0.21 to 10~ '%atm using CO-CO, gas mixtures. The
sample ionic conductivity was estimated using the Wagner rela-
tion [29] assuming that in 1 mm thick membranes the bulk transport
is the rate determining step(confirmed in Ref. [18] for low Sr
concentrations), and electronic conductivity is greater than the ionic
conductivity resulting in the relation:

RTo; |, _pp
0, = 29 |y Ph
102 = Tep "y,

)

where JO, is the oxygen permeation flux (mol/m?s), R is the gas
constant (8.314 J/mol K), T is the temperature (K), F is the Faraday
constant (96485 C/mol), L the thickness of the membrane (m), p, and
p; are the partial oxygen pressures on the feed and permeate sides
respectively. The actual concentration of gas at the permeate side (p;)
as measured by the GC was used to estimate the oxygen partial
pressure “driving force” for ionic conduction.

3. Results
3.1. Structure

Fig. 1 displays the X-ray diffraction patterns of calcined powders
with varying strontium contents from x = 0.05 to 0.8. A close up view
of the region near 50° two-theta reveals the crossover from
rhombohedral at Sr doping levels up to x=0.3 to a purely cubic
structure. No secondary phases of BiFe4O9 or Biy5FeOs39 were
observed over the entire composition range studied which is in
agreement with previous work reporting enhanced BiFeOs; phase
stability with A site dopants Ca and Sr [18].A recent study in Sr doped
BFO thin films found that Sr was indeed substituted at the A site in the
perovskite structure [30]. The pseudocubic/cubic lattice parameter as
a function of Sr concentration from this study that is compared with
literature values from three different prior reports [20,24,25] is
displayed in Fig. 2. The present work investigating the complete range
of Sr doping is in close agreement with other reports on the material
system and reveals a sharp drop in the lattice parameter concomitant
with the rhombohedral to cubic phase transition near 30% Sr, followed
by the lattice parameter decrease to the SrFeO; endmember. Previous
structural studies have indicated that the lattice parameter decreased
with increasing x. In addition, M@ssbauer studies indicated that the
iron remained in the tri-valent state even with Sr substitution up to
x=0.67 [25]. The relevant processing conditions including calcination
and sintering temperature along with X-ray diffraction determined
structural parameters are summarized in Table 1. The SEM deter-
mined microstructural features of sintered ceramics with varying
strontium content are shown in Fig. 3. The grain size is seen to
increase with increasing strontium content, however this is due to the
increase in the calcination and sintering temperatures utilized from
920 °C with x=0.05 to 1100 °C with x=0.8 resulting in a nominal
grain size increase from 1 to 5 pm. The micron size grains found in all
of the reported samples indicate that the oxygen transport properties
reported in the subsequent section are bulk properties of the system
and are not affected by space charge effects found in “nanoscale ionic”
conduction [31].

3.2. Oxygen permeation properties

Arepresentative plot of the oxygen flux as a function of measurement
time and temperature is given for BiFeO3 with 80% Sr in Fig. 4. The flux is
seen to be stable with time over a one hour period of measurement at
temperatures below 800 °C. At 800 °C, the flux initially reaches values of
0.11 (umol/cm?s) and decreases to 0.083(umol/cm?s) after 1h of
measurement. This composition was sintered in air at temperatures
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Fig. 1. (a) X-ray diffraction patterns of Bi; _ ,SryFeOs calcined powders with varying Sr contents from x = 0.05 to x = 0.8 (5 to 80% Sr). (b) Detail range where rhombohedral to cubic

transformation is seen at dopant concentration higher than x=0.3.
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Fig. 2. X-ray determined cubic/pseudocubic lattice parameter a (A) as a function of Sr
concentration as determined in this study compared with literature values in references

[20,24,25].

Table 1

Sample preparation conditions and X-ray determined structural characteristics
(ambient temperature) of Bi; _,Sr,FeOs.

Sample T°C calcine Structure Volume  Pyay[28]  Prmeas
(time h) (density %)
%St T°C sinter  Lattice parameter A3 (g/cm®)  (g/cm?)
(time h) a(A)
5 750 (5) Rhombohedral
920 (5) 40, a=894 (deg) 6398  7.96 7.81 (98)
15 750 (5) Rhombohedral
950 (5)  3.99, «=89.5 (deg) 63.51 7.71 6.99 (91)
30 800 (5) Rhombohedral/cubic
1000 (5)  3.95 a~90 (deg) 61.63 745 6.99 (94)
50 900 (5)  Cubic
1100 (5)  3.94 61.16  6.84 6.58 (96)
60 1000 (5)  Cubic
1100 (5)  3.93 60.70 657 5.91 (90)
80 1000 (5)  Cubic
1100 (5) 3.90 59.32 6.04 5.33 (88)
100 1000 (5)  Cubic
1300 (5)  3.86 57.51 5.53 4,65 (84)

greater than 1000 °C. Neither the temperatures reached during the
permeation measurements, nor the air/He environment was expected to
alter the microstructure or phase assemblage of the system. Indeed,
neither microstructural changes nor secondary phase formation was
observed in post experiment specimen characterization. It is hypothe-
sized that the reduction in flux which only occurred at elevated flux
levels near 0.1 (umol/cm? s) was a result of the oxygen concentration on
the permeate side of the membrane leading to a reduced driving force for
oxygen permeation through the bulk membrane. In order to compare
the flux between different compositions and temperatures, the average
flux over the 1 hour measurement time was chosen to be representative
for the following discussion.

It has been previously observed in the BFO system that for
membrane thickness on the order of 1 mm, a decrease in the film
thickness resulted in increasing oxygen flux. This observation
indicates that bulk diffusion of oxygen is the dominant mechanism
under these experimental conditions [18]. In order to compare the
nominal flux values for different strontium dopant concentrations, the
oxygen flux for all membranes in this study were normalized to 1 mm
thickness. Fig. 5 displays the oxygen flux versus temperature and
dopant concentration. The oxygen flux is seen to increase with
increasing temperature across the range of doping. An anomaly in the
oxygen flux versus strontium dopant measured at 800 °C is seen in
Fig. 5 where the flux is seen to increase from low doping levels up to
30% followed by a decrease between 30 and 60% before further
increase at 80 and 100% doping levels (corresponding to pure SrFeOs).
A summary of the oxygen flux and measurement parameters in this
study as compared to previous literature is outlined in Table 2.

3.3. Conductivity

The conductivity versus temperature and oxygen partial pressure
for BiFeOs, 5% Sr and SrFeOs [5] is displayed in Fig. 6. The decrease in
conductivity as oxygen partial pressure decreases from air (PO,
0.2 atm) to values near PO, 10~ 2 is indicative of p-type conductivity
in the system via the defect chemistry described in Eq. (2) where an
increase in oxygen partial pressure leads to an increase in holes (p-
type charge carriers) and conductivity of the material.

1/20, + Vo —00" + 2l 2)
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Fig. 3. SEM photos of sintered ceramics with 5, 15, 30, 60 and 80% Sr additions.
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Fig. 4. Oxygen flux [umol/cm?] as a function of measurement time (min) at
temperatures from 650 °C to 800 °C of BiggSrg,FeOs or 80% Sr (1.17 mm thickness).

The effect of doping with low levels of acceptor dopant Sr* 2 is to
increase the oxygen vacancy concentration according to 2Vo=|[Sr+
2gi + 3], which leads to an overall increase in the total conductivity at
high oxygen partial pressures as seen in Eq. (2). The p-type
conductivity observed in SrFeOs is due to B site reduction of iron
according to 2Vo =[Fe + 3. 4]’ which results in an order of
magnitude increase in the conductivity under air at temperatures in
excess of 700 °C over 5% Sr doped BFO, and a nearly two order of
magnitude increase over pure BFO [32]. The ionic conductivity at
800 °C for SrFeOs is known to be near 0.1 S/cm which is significantly
less than the total conductivity in air environments [33]. The
conditions of oxygen permeation used in this study (air and helium
sweep gas) correspond to an approximate range of partial pressures
from 0.21 to 10~ % atm PO,. This regime seen in Fig. 6 is clearly in the
p-type carrier regime where Ogjectronic=> Oionic Which permits the use
of Eq. (1) to estimate the ionic conductivity across the doping range
used in this study. The results of these estimates are shown in Fig. 6b
showing the ionic conductivity versus Sr dopant concentration at
800 °C. Since these estimates were derived from oxygen flux
measurements along with Eq. (1), the same qualitative shape is
found when looking at oxygen flux and ionic conductivity as a
function of doping. Even with the iron remaining in the tri-valent
state with Sr substitution up to x=0.67 [25], it is clear that a large
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concentration at 800 °C. SrFeOs data from Teraoka [5].

Table 2
Summary of the oxygen flux characteristics of Bi; _ SryFeOs; materials in this work as
compared with literature values in references [24,26].

Sample JO, umol/cm? s Temp°C PO, difference Reference
Big.55T0.15Fe03 0.042 800 Air to He This work
Big 7Sr¢.3FeO3 0.077 800 Air to He This work
Big.4Sro sFeO3 0.022 800 Air to He This work
Big»SrogFe0s 0.11 800 Air to He This work
Big 3S1r07FeO3 0.018 850 Air to He [26]
Big 3Sr7FeO3 0.16 850 Air to Ar [24]
Big5Sro5Fe03 0.26 850 Air to Ar [24]

number of oxygen vacancies are present at Sr doping levels in the 30%
to 60% regime. At these levels of oxygen deficiency, superlattice
ordering is favored and the well known brownmillerite structure
A,B,0s5 is often observed at elevated temperature [7,34]. The ordered
nature of this structure leads to lower levels of oxygen ion
conductivity and oxygen permeation. At present there is no data on
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high temperature structural information of Bi; _ ,Sr,O3 in gas ambient
relevant to oxygen permeation measurements. Thermal analysis
techniques such as thermogravimetric analysis-differential thermal
analysis (TGA/DTA) in conjunction with temperature programmed
desorption (TPD) as well as structural information from high
temperature X-ray diffraction (XRD) are the logical next steps for
the further investigation of this system. Therefore it is consistent with
the broad knowledge base developed in complex oxide systems that
the onset of defect interactions grows with increased defect
concentrations, and that the observed decreases in oxygen flux and
ionic conductivity occurring at doping levels from 30% to 60% are due
to the ordering and/or concomitant defect associations. Further work
is currently underway to examine these issues.

4. Conclusion

The perovskite oxides in the system Bi; _,SryFeOs; _; (x=10.05,
0.15, 0.3, 0.6, and 0.8) exhibited a single phase perovskite structure
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Fig. 6. (a) The total conductivity of BFO ceramics as a function of temperature and oxygen partial pressure SrFeOs3 data from Poulsen [32]. (b) lonic conductivity calculated from

oxygen flux data using equation (1).
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with a decreasing lattice constant with increasing Sr concentration
and a structural change from rhombohedral to cubic at x> 0.3. Mixed
conductivity was confirmed in all samples with maximum flux levels
on the order of 0.11 Emol/cm2 s at 800 °C for the x=0.8 composition.
Compositions studied displayed p-type conductivity over the oxygen
partial pressure range present in permeation measurements (0.21 to
10~ ®atm). A local maximum of oxygen flux and ionic conductivity
was found near x=0.3 which is consistent with defect ordering and
association observed in similar complex oxide systems.
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