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Composite ceramic membranes based on the ionic conducting Tm-stabilized §-BioO3 (BTM) and the electronic
conducting (Lag gSro.2)0.9oMn0O3.5 (LSM) exhibit among the highest oxygen flux values reported for Bi;O3-based
membranes. Here, we use pulse-response isotope exchange (PIE) and oxygen flux measurements to elaborate on
limiting factors for the oxygen permeation in BTM - 40-70 vol% LSM composites. Once both phases percolate,
between 30 and 50 vol% BTM, the flux is essentially independent of the BTM/LSM volume ratio. The oxygen
permeability is under mixed diffusion- and surface control, gradually becoming more bulk-limited with
increasing temperature. The oxygen exchange coefficients of BTM-LSM are significantly higher than its con-
stituent phases, revealing that a cooperative surface exchange mechanism enhances the kinetics. Some of the Tm
was substituted with Pr to introduce electronic conductivity in BTM. (Big.gTmg 15Pr0.05)203.5 (BTP) exhibits
higher surface exchange coefficients compared to BTM, but the oxygen flux remains one order of magnitude

lower than that of percolating BTM-LSM composites.

1. Introduction

Dense, ceramic oxygen transport membranes (OTMs) combining
high oxygen flux with chemical and mechanical stability find applica-
tions such as in oxy-fuel combustion and reactors for partial oxidation of
methane. A few single-phase materials have shown the required trans-
port properties, but suffer from reactivity towards acidic gases [1], while
others have high thermal expansion coefficients [2] or detrimental
phase transitions in the temperature window of operation, all hampering
technological implementation [3]. Oxygen transport in dual-phase
membranes is commonly limited by the oxide ion conductivity.

In its narrow stability range from approximately 825 to 730 °C, cubic
bismuth oxide (8-BizO3) exhibits the highest reported oxide ion con-
ductivity among binary oxides [4,5]. In order to prevent phase transition
to the poorly conducting a-phase, the &-phase is stabilized to lower
temperatures by substitution with rare-earth cations of similar radii and
the same valence as Bi [6-11]. Since the electronic conductivity of Bi;O3
is inherently low, BipOs-based phases need to be combined with an
electronic conductor to reach appreciable oxygen fluxes [12]. There are
several reports in the literature on composites between stabilized

* Corresponding author.
** Corresponding author.

8-BipO3 and a metallic phase (cermet) consisting of either Ag or Au. The
highest flux has been achieved with 40 vol% Ag, where the oxygen flux
increases by 1-2 orders of magnitude compared to single-phase Bi»Os3,
mainly attributed to improved electronic conductivity [12-15]. Effects
of the metallic phase on the surface exchange kinetics are elusive with
conflicting literature results [12-14,16-18].

Ceramic mixed conducting composites comprising oxide ion and
electronic conducting phases are alternatives to cermets and single-
phase mixed oxide ion-electron conductors [19,20]. Oxide ion conduc-
tors such as Gd-doped ceria and Y-stabilized zirconia combined with an
electronically conducting oxide have been tested as OTMs, yielding only
moderate oxygen fluxes [21-26]. We have recently reported a composite
membrane of 60 vol% (BipgTmgso)203.5 (BTM) and 40 vol%
(Lag.gSro.2)0.99MnO3._s (LSM) that shows high oxygen fluxes - comparable
to that of e.g., Bag 5Srp 5C0op.gFep 203.5 (BSCF) [27].

The present contribution addresses the surface and bulk properties of
the BTM-LSM system to determine the limiting factors for the oxygen
permeation. We seek to optimize the performance by improving the
microstructure and varying the BTM/LSM volume ratio. To examine the
potential of stabilized 8-BiO3 as a single-phase OTM, we introduce
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mixed conductivity in BTM by substituting some of the Tm with Pr,
yielding (Bip gTmg, 15P10.05)203-5 (BTP). Flux measurements were per-
formed as a function of temperature and oxygen partial pressure
gradient, and oxygen exchange coefficients were measured as a function
of temperature by means of pulse-response isotope exchange (PIE).

2. Experimental

Powders of (BiO.ngo_z)zo;; (BTM) and (Bio.sTm0,15Pr0_05)2O3_5 (BTP)
were synthesized by solid-state reactions. (Lag gSrg 2)9.99MnOs_5 (LSM)
powder synthesized by spray pyrolysis was purchased from Cerpotech
AS. The BTM-LSM composites were made by mixing defined volume
ratios of the constituent phases, pressing pellets and finally sintering at
1000 °C for 10 h. Table 1 presents the compositions investigated in this
work. For more details, see S-2.2 in the Supporting Information.

The sintered membranes were sealed to the alumina support tube of a
ProboStat™ measurement cell using a gold ring. Mass flow controllers
defined the supply of O,, He and N feed gas mixtures and Ar sweep gas.
The composition of the sweep gas was measured at the outlet with a gas
chromatograph (GC). Oxygen flux measurements were performed in the
temperature range 600-900 °C (S-2.2 for details).

Oxygen exchange kinetics of BTM, BTP, BTM-LSM 60/40, BTM-LSM
50/50 and BTM-LSM 30/70 were investigated by means of PIE [28].
Powders of 90-125 pum dense particles were studied in the temperature
range 600-900 °C at a po, of 0.21 atm. A'%0,/N, (21% %0, in Ny) gas
mixture with a flow rate of 50 ml/min (STP) was used as carrier gas. The
180,/Ar (21% 80, in Ar) pulse response was analyzed at the exit of the
reactor using a quadrupole mass spectrometer (MS) (S-2.3 for details).

3. Results

Fig. 1 presents the temperature dependence of the oxygen flux for
single-phase BTP and samples with different volume ratios of BTM and
LSM. The oxygen flux of BTM-LSM 30/70 is more than one order of
magnitude lower than for the 50/50 and 60/40 compositions, reflecting
that more than 30 vol% of BTM is required to form a percolating BTM
network in the composite. This is in line with the SEM micrographs of
cross-sections displayed in Fig. 2. The oxygen flux of BTP is higher than
the 30/70 composition, but still approximately one order of magnitude
lower than for the compositions with percolating phases. For all BTM-
LSM composites, the temperature dependence of the oxygen flux de-
viates from Arrhenius behavior; the apparent activation energy de-
creases with increasing temperature from 130 to 65 kJ/mol. Note that
each temperature has slightly varying oxygen chemical potential
gradient.

Fig. 3 presents the oxygen flux as a function of the chemical potential
gradient for BTM-LSM 50/50 every 50 °C from 600 to 900 °C. Clearly,
there are discrepancies from a linear behavior, and extrapolation back to
zero gradient, consequently, deviates from origin. The same behavior
was reported for the BTM-LSM 60/40 in Ref. [27]. As outlined further in
S-1, dedicated analyses are often required to conclude upon the rate

Table 1
Sample abbreviations, phase compositions and volumetric ratios for the samples
in this work.

Sample Phase A Phase B Volumetric

abbreviations ratio, A and B

BTM (Bio.sTmo.2)203 - 100 %

BTM-LSM 30/ (Big.gTmg 5)203 (Lag.gSro.2)0.00MnO3_ 30 % and 70
70 s %

BTM-LSM 50/ (Bip.gTmg 2)203 (Lag.gSro.2)0.9oMnO3_ 50 % and 50
50 5 %

BTM-LSM 60/  (BiggTmg 2203 (Lao.sST02)o.0oMnO3. 60 % and 40
40 5 %

BTP (Big.gTmo.15Pr0.05)203. - 100 %

3
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Fig. 1. Oxygen flux as a function of inverse temperature for BTM-LSM com-
posite membranes with different phase ratios. The data for BTM-LSM 60/40 is
taken from Ref. [27]. The thickness of BTM-LSM 60/40 is 1.35 mm, while both
BTM-LSM 50/50 and BTM-LSM 30/70 are 1.5 mm thick. The thickness of BTP is
1.3 mm.

limiting processes based on functional oxygen pressure dependences.

The nonlinear behaviors in Fig. 1 indicate that more than one process
affects the overall oxygen permeation. The transport properties of BTM
and LSM render high ambipolar oxide ion-electron conductivity which
may result in effects of surface kinetics on the oxygen permeation, even
for millimeter thick membranes. Aiming to further rationalize the data,
the oxygen exchange kinetics was investigated. Fig. 4 shows an Arrhe-
nius representation of the oxygen exchange coefficient, k, for BTP, BTM,
BTM-LSM 60/40, 50/50 and 30/70 composites and, moreover, litera-
ture data for LSM [29]. The composites exhibit significantly higher ox-
ygen exchange coefficients than their constituent phases; one order of
magnitude higher than BTM and two orders of magnitude higher than
LSM. The volume ratio of BTM and LSM has only a minor influence on
the value and temperature dependence of k. BTP exhibits higher oxygen
exchange coefficients than the other two single-phase materials.

Disregarding that k does not strictly follow Arrhenius behavior, the
BTM-LSM composites exhibit apparent activation energies for oxygen
exchange in the same range as single-phase BTM and LSM [29], varying
between 110 and 140 kJ/mol.

4. Discussion

To rationalize the oxygen flux characteristics, we use the tempera-
ture and oxygen pressure dependence of the flux data and the surface
kinetics measurements in combination with literature data on the elec-
trical conductivity [10]. We address three different limiting cases; pure
diffusion control, and surface kinetics control with linear and non-linear
relations between the oxygen chemical potential gradient and the oxy-
gen flux. Details on the models, the assumptions and data analyses are
presented in the Supporting Information, S-1 to S-3.

The relation between the flux and the oxygen chemical potential
gradient is linear for surface-controlled oxygen flux as long as the
gradient across the permeate side is relatively small. For large po, gra-
dients, however, nonlinear relations are prone to affect interpretation of
oxygen flux data. As for the present dataset, we have applied a Butler-
Volmer based formalism to assess effects of large chemical potential
gradients across the permeate side solid-gas interface (S-3.1 and S-3.2,
Fig. S-2 a and b) [30-32]. Moreover, the oxygen flux assuming bulk
control was estimated using literature data on the electrical conductivity
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Fig. 2. Cross-sections of BTM-LSM membranes with BTM/LSM volume ratios of a) 30/70 and b) 60/40 in a BSE SEM micrograph. The bright and dark areas are BTM

and LSM, respectively.
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Fig. 3. Oxygen flux of BTM-LSM 50/50 plotted as a function of oxygen partial
pressure gradient. The po, in the feed was varied from 0.2 to 1 atm and the po,
in the permeate was measured by the GC.

of BTM. Fig. 5 shows that the BTM-LSM 60/40 flux data fall between the
estimated surface- and diffusion controlled flux. The oxygen flux in-
creases due to the large interfacial chemical potential gradient when
surface kinetics is limiting (see also Fig. S-2). With increasing temper-
ature, both the measured flux values and the apparent activation energy
gradually approach the estimated diffusion-controlled flux. One should
recognize that the effect of the nonlinear relation between the flux and
the potential gradient depends on the parameter f (see S-3).

The relative influence of surface and bulk processes on the overall
oxygen flux can be expressed by the ratio between the surface exchange
kinetics and the ambipolar diffusion. Here we will adhere to the Biot
number, as defined in S-Eq.12 [33-35] (S-3.4, Fig. S-4) and presented in
Fig. 6 for the BTM-LSM 60/40 membrane. The Biot number increases
with increasing temperature, but the values remain essentially within
the range representing mixed rate control [32]. One should recognize
that the Biot numbers determined using the measured surface kinetics
data (cf. Fig. 4) are lower than those estimated from modelling of the
flux data.

Alternatively, following the procedure by Chen et al. [14], flux data
and ambipolar conductivity can be applied to derive resistances in series
for surface and bulk kinetics in a simplified equivalent circuit. The re-
sistances of the two processes are equal at approximately 830 °C (cf. Fig
S-1, §-3.1 for derivation). Above this temperature, the resistance related
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Fig. 4. Oxygen exchange coefficient for BTP, BTM and BTM-LSM composite
membranes of different ratios as a function of inverse temperature at 0.21 atm
0O,. Also shown are data for LSM, obtained by #0-'°0 isotope exchange fol-
lowed by depth profiling in ~ 1 atm O3 [29].

to ambipolar conductivity is higher than that for oxygen exchange. This
is in reasonably good agreement with the Biot numbers in Fig. 6.

As encountered in Fig. 3, the oxygen pressure dependence on the
oxygen flux was not directly proportional to the chemical potential
gradient. Analyses in S-3.3 (Fig. S-4) show that the oxygen flux is rather
close to being proportional to (pz)/2 Y - pé/z *(II)). Ten Elsof et al. [12]
reported virtually the same characteristics for a BE25-40Ag cermet -
both the actual values of the oxygen flux and their functional de-
pendences on the measurement conditions.

The significant increase in the oxygen flux for Bi,O3 based materials
with addition of an electronic conductor could principally originate only
from the high electronic conductivity of the second phase. However,
there is potentially an additional gain from enhancement of the surface
exchange kinetics. This is encountered by the increase in the oxygen flux
with the more catalytically active Ag compared with Au as the metallic
phase of BE25 based cermets [14]. Although single-phase Bi;O3 based
materials have shown remarkably high oxygen surface exchange, far
better than for LSM [11,29,36], the superior oxygen fluxes of BTM-LSM
show that LSM contributes more than by promoting the electronic
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Fig. 5. Measured and estimated oxygen flux as a function of inverse tempera-
ture for BTM-LSM 60/40. The diffusion limited flux is derived from literature
ambipolar conductivities (S-Eq. 4). The fluxes under surface limitation are
derived based on the surface exchange coefficients in Fig. 4 for linear (S-Eq. 5)
and nonlinear (S-Eq. 7) relations to the oxygen chemical potentials, with =
0.35. In all three cases it is assumed that the entire oxygen potential gradient is
across the respective region, i.e., bulk and permeate side solid-gas interface.

conductivity. This is in line with the significant increase in the oxygen
surface exchange coefficient when merging LSM with BTM (cf. Fig. 4),
unarguably showing that LSM plays a role in the surface exchange
mechanism of the composites. Based on the relatively low concentration
of electron holes in BipO3, one may speculate whether spill-over of
electronic species from LSM and subsequent surface diffusion of electron
holes and O™ on the BTM surface rationalize the enhancement with
addition of LSM. This mechanism even accounts for the observed
dependence of the oxygen pressure gradient and is in correspondence
with the hypothesis of ten Elsof et al. [12].

There are controversial reports in the literature as to whether triple-
phase-boundaries (TPBs) contribute or not to the generally higher oxy-
gen fluxes for composites compared to single-phase materials [35, 48]
[47]. Since the phases in the BTM-LSM composites are not that well
dispersed, optimization of the fabrication giving less agglomeration
should yield better oxygen flux performance if the TPB is important to
the surface kinetic. However, as evident from S-5 we did not come to any
conclusive results.

Concentration polarization (gas-phase double-layers) may affect
oxygen flux measurements, particularly for materials with high oxygen
fluxes. Evaluation of the present dataset, however, reveals only a minor
effect (S-3.5, Fig. S-5). This is in line with the hypothesis of surface
diffusion controlled oxygen exchange kinetics, since double layers are
expected to be less prominent for mechanisms with surface diffusion as
the rds. In this respect, it should be recognized that, analyses based on
the Butler-Volmer relations become less adequate if surface diffusion
represents the rds. However, surface diffusion of charged species across
space charge layers at the composite phase boundaries may introduce
potential differences introducing polarization that has been described by
Butler-Volmer type formalisms [37].
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Fig. 6. Temperature dependence of the Biot number (S-Eq. 12) based on
different analyses (S-3.4, Fig. S-4) of the oxygen flux data for BTM-LSM 60/40
(Fig. 1), surface kinetics data (Fig. 4), and literature values for the ambipolar
oxide ion electron transport.

The above assessments establish that the oxygen flux data are in the
mixed regime, essentially surface controlled below 750 °C, gradually
approaching bulk control at the highest temperatures. Still the analyses
are based on limiting situations where the crux of the matter is the
distribution of the oxygen chemical potential and how it changes with
temperature. Dissimilar oxygen gradients require different approaches
to analyze the data and may therefore give rise to divergent conclusions.
Most importantly is the implementation of non-linear relations between
the oxygen flux and the oxygen chemical potential as a consequence of
the precipitous gradient assumed at the permeate side solid-gas inter-
face. However, the oxygen exchange coefficients derived from the linear
and non-linear relation do not differ enough to change the main
conclusion.

Finally, we compare the oxygen flux of BTM-LSM and BTP with the
relevant literature. Fig. 7 shows the oxygen flux of BTM-LSM 60/40 and
BTP together with several single- and dual-phase membranes based on
BizO3 [12-14]. The BTM-LSM 60/40 composite exhibits among the
highest oxygen flux values of all reported Bi»O3-based membranes so far.
The oxygen permeation of BE25 is presumably limited by the minute
p-type conductivity restricting both surface and bulk processes [15,36].
The increased oxygen flux of 1-2 orders of magnitude of BE25-Ag40
compared to that of BE25 is mainly due to the enhanced electronic
conductivity, although it has been shown that the surface kinetics also
improves with Ag additions [12,15]. The reported critical thicknesses of
BE25-Ag40 membranes obtained from IEDP-SIMS in 0.2 atm Oy and
oxygen permeation measurements in an air/He gradient were approxi-
mately 0.6 and 1 mm at 600 °C and 850 °C, respectively [15,38]. This
shows that the 0.13 mm thick BE25-Ag40 membrane [13] is in the
surface-limited regime. In contrast to the surface-limited BE25-Ag40
membrane [13], BTM-LSM 60/40 has the potential to reach even higher
flux values by reducing the membrane thickness.
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Fig. 7. Oxygen flux of single- and dual-phase Bi,Os-based OTMs as a function
of temperature [12-14]. Note that the values are not directly comparable due to
the difference in thickness, but also due to the varying chemical potential
gradients among the different datasets.

(Biz03)0.75(Ca0)g.27 (BICAO) membranes show the same behavior as
BE25. However, the addition of 40 vol % Au to Bis2C00.13V0.850x
(BICOVOX) does not affect the oxygen permeation, implying that the
flux of BICOVOX is purely limited by surface kinetics. Au is recognized
for its poor catalytic activity towards the oxygen reduction reaction,
which is also encountered comparing the relative effects of Auand Ag on
the oxygen flux for BE25-Au40 and BE25-Ag40 [14].

The oxygen flux of BTP is one order of magnitude higher than for the
0.75 mm thick BE25 membrane reported by ten Elshof et al. [12]. The
oxygen permeation of BTP is surface-controlled (cf. Fig. 5b), and it is
therefore difficult to ascertain whether the increased electronic con-
duction also affects the diffusion, and to estimate the effect of the
Pr-concentration on the oxygen permeation. However, BTP has potential
as a single-phase MIEC membrane, and further studies with higher
dopant concentrations could be interesting.

5. Conclusion

Oxygen permeability of BTM-LSM is under mixed diffusion- and
surface control, becoming more diffusion-limited with increasing tem-
perature. Above the percolation threshold (between 30 and 50 vol %
BTM), the flux increases significantly and is essentially independent of
the BTM/LSM volume ratio. The composites exhibit significantly higher
oxygen exchange coefficients compared to their constituent phases; one
order of magnitude higher than BTM and two orders of magnitude
higher than LSM. The BTM/LSM volume ratio has a minor effect on the
surface exchange rate. It was speculated whether spill-over of electronic
species from LSM and subsequent surface diffusion of electron holes and
O~ on the BTM surface may rationalize the overall increase in the ox-
ygen exchange kinetics and the dependence of the oxygen pressure
gradient on the permeability. Pr increases the oxygen permeability by
partly substituting Tm in BTP due to an increased concentration of
electron holes, but the oxygen flux is still one order of magnitude lower
than that of BTM-LSM composites with percolating phases.
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