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1. Introduction

Since Teraoka et al.[1] proposed the oxygen
transport membrane (OTM) concept, that
utilizes mixed ionic-electronic conducting
ceramic oxides, extensive research has
been undertaken over the past decades.
This research reveals the significant
potential of OTM technology in various
applications[2–5] such as oxygen production,
partial oxidation of hydrocarbons, and gas
reforming. By applying OTMs to high-
temperature processes such as industrial
boilers, biomass oxycombustion, petrochem-
icals, power plants, the chemical industry,
and steel manufacturing, it is possible to
enhance energy efficiency and reduce harm-
ful emissions such as nitrogen oxides while
enabling cost-efficient CO2 capture. The ver-
satility of OTM technology further extends to
life science research and medical fields, for

instance, providing an optimal environment for cellular growth
and viability in cell culture systems and ensuring a reliable and
efficient supply of oxygen for medical treatments.

The OTM can be employed in a hybrid form of 4-end and
3-end reactors in high-temperature industrial processes.[6,7]

The 4-end reactor directly integrates with oxy-fuel power plants,
allowing direct contact with the heat-gas stream. The recirculated
combustion gas serves as a sweep gas on the permeation side of
the membrane, thus providing oxygen for combustion. The fuel
gas predominantly contains CO2 and dual-phase membranes pri-
marily composed of perovskite and fluorite crystal structures are
widely used because of their chemical stability under harsh con-
ditions. However, they suffer from low oxygen permeability,
insufficient for supplying oxygen for combustion. Therefore,
research on 3-end reactors is imperative for achieving an oxygen
permeation flux of more than 10mL cm�2 min�1, which is
crucial for commercializing OTMs in industry. Additionally,
perovskite oxide materials have drawn significant attention as
3-end reactors due to their high permeability characteristics.
In the 3-end reactor configuration, high-purity oxygen can be
combined with recirculated combustion gas to enhance combus-
tion efficiency, minimizing the release of toxic gases such as
nitrogen oxides. In this case, the membrane permeate surface
does not directly contact the combustion gas but uses a vacuum
pump to collect the separated oxygen gas.
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This study focuses on mixed-conducting perovskite membranes for efficient
oxygen supply, aiming to replace energy-intensive cryogenic distillation with a
more practical alternative. A La and Nb co-doped BaCoO3�δ perovskite is intro-
duced, Ba0.95La0.05Co0.8Fe0.12Nb0.08O3�δ (BLCFN) with a record-breaking oxygen
permeation flux, surpassing all known single-phase perovskite membranes. To
elucidate its superior membrane performance, the mass/charge transport prop-
erties and equilibrium bulk properties are investigated and quantitative indicators
(DO= 5.8� 10�6 cm2 s�1, kO= 1.0� 10�4 cm s�1, σion= 0.93 S cm�1 at 900 °C)
reveal fast diffusion and excellent surface gas-exchange kinetics. The oxygen
permeability of 12.4mL cm�2 min�1 and over 200 h of long-term stability is
achieved in an air/He atmosphere at 900 °C. By presenting a material that
demonstrates higher performance than Ba0.5Sr0.5Co0.8Fe0.2O3�δ (BSCF), currently
known for its highest permeability, it is believed that this marks a significant step
toward innovative performance enhancement of perovskite oxide-based
membranes.
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Various studies have been conducted to enhance the oxygen
permeability of 3-end reactors, and the key factors governing the
oxygen permeation are gas-exchange kinetics and oxygen-ion
conductivity.[8] The oxygen-ion conductivity of perovskite oxides
is strongly correlated with structural parameters such as the tol-
erance factor, octahedral factor, and lattice-free volume. By con-
trolling these parameters, distortion can occur in the crystal
lattice, resulting in changes in symmetry, vacancy concentration,
and ion mobility, ultimately leading to high ion conductivity. In
light of these perspectives, many studies have developed materi-
als with high oxygen-permeation characteristics for application in
3-end reactors, based on the reported high oxygen permeation
properties of the BaCoO3 material group.[5,9,10] At the A-site,
Ba ions with aþ 2 charge provide a sufficient concentration of
oxygen vacancies, facilitating oxygen ion conduction. At the B-
site, Co ions exhibit excellent catalytic properties and high elec-
tronic conductivity owing to the orbital overlapping of Co–O.
Additionally, the low binding energy of Co–O favors oxygen
ion migration. Furthermore, efforts are being made to overcome
the phase transition and low oxygen-ion conductivity caused by
the hexagonal crystal structure in undoped BaCoO3 by incorpo-
rating carefully selected phase stabilizing cations in appropriate
quantities at sites A and B.[11–13] In particular, it has been
reported that incorporating La and Nb cations as phase stabilizes
the cubic crystal structure over a wide temperature range and
enhances oxygen-permeation characteristics.[9,14] These findings
are further supported by several studies that have provided
experimental and theoretical results for high oxygen-vacancy con-
duction and concentration in La or Nb-doped cases.[15–18] Recent
efforts have been aimed at applying La- and Nb–co-doped materi-
als in various energy conversion applications. Tang et al.[19] inves-
tigated the applicability of Ba0.8La0.2Co0.88�xFexNb0.12O3�δ as an
oxygen transport membrane. Hu et al.[20] reported the excellent
oxygen reduction reaction (ORR) activity and CO2 tolerance
of Ba0.9La0.1Co0.7Fe0.2Nb0.1O3�δ as a cathode material in
intermediate-temperature solid oxide fuel cells (IT-SOFCs).
They demonstrated its suitability as a cathodematerial with a high
ORR activity and CO2 tolerance. Zhou et al.[21] introduced
(Ba0.9La0.1)0.95Co0.7Fe0.2Nb0.1O3�δ into symmetrical solid oxide
fuel cells (SOFCs) and confirmed its high stability in both
hydrogen and methane fuel conditions. In contrast, La and
Nb have larger binding energies with oxygen, with values of
799� 4 and 771.5� 25.1 kJmol�1, respectively, compared to Ba
and Co (561.9� 13.4 and 384.5� 13.4 kJmol�1, respectively).[22]

Moreover, they possess positive effective charges within the crys-
tal lattice that act as donors. This can suppress oxygen ion
migration.

Motivated by prior findings, in this study, the stoichiometrically
tailored lattice composition of Ba0.95La0.05Co0.8Fe0.12Nb0.08O3�δ

(BLCFN) was optimized for oxygen transport membranes. The
minimum amount of 0.05mol La and 0.08mol Nb were chosen
based on previous studies.[9,17,23,24] Additionally, Fe was added to
enhance the catalytic activity for the oxygen evolution reaction
(OER) and improve thermodynamic stability.[25] The BLCFN
membrane was fabricated by the tape-casting method, and a
BLCFN porous layer was deposited to enhance the surface reac-
tions, which are as important as oxygen-ion conductivity.
Finally, its suitability for application in 3-end reactors was estab-
lished by confirming its exceptional oxygen permeation

characteristics under air/He conditions. Herein, we report for
the first time that BLCFN membranes enable an unprecedented
oxygen permeation flux, surpassing all previously reported OTMs,
including Ba0.5Sr0.5Co0.8Fe0.2O3�δ (BSCF). Furthermore, a com-
prehensive analysis was carried out to quantitatively elucidate
the origin of its remarkable oxygen permeation and explore its
potential for other electrochemical applications.

Additionally, as mentioned above, considering its potential
applications beyond 3-end reactors, primarily driven by the elec-
trochemical potential gradient of oxygen ion (∇ηO2� ), various
driving forces (∇ηO2� , ∇ηh⋅ , ∇T ) and consequent cross effects
are present. Therefore, we introduce an Onsager matrix capable
of describing these phenomena. The mass/charge transport
properties of the BLCFN under permeation operating conditions,
where the chemical potential and thermal gradient were simul-
taneously applied, were interpreted based on Onsager’s linear
transport theory, considering the interference effect between
the electron–ion and energy masses. The thermodynamic equi-
librium defect-sensitive properties, such as nonstoichiometry
and electrical conductivity, were systematically measured as
functions of temperature and oxygen partial pressure. The exper-
imental findings regarding the oxygen stoichiometry and electri-
cal conductivity were coherently elucidated through defect
chemical analysis, offering a detailed quantitative understanding
of the diverse thermodynamic equilibrium values. This research
highlights that BLCFN surpasses BSCF in terms of oxygen per-
meation efficiency, which was previously recognized as the most
capable, and suggests that the intrinsic characteristics of BLCFN
could be beneficial in a broad spectrum of electrochemical
applications.

2. Results and Discussion

2.1. Phase Analysis

The powder X-ray diffraction (XRD) results for BLCF, BCFN, and
BLCFN are presented in Figure S1a, Supporting Information.
A cubic crystal structure was determined to be maintained
with Co≤ 0.5mol for BLCF, Co≤ 0.7 mol for BCFN, and
Co≤ 0.8mol for BLCFN. A further increase in the Co content
led to a cubic-to-hexagonal phase transition in all three systems.
The lattice constants were extracted through the Rietveld refine-
ment of the XRD data, and the lattice-free volume (Vf ) was
calculated and plotted in Figure S1b, Supporting Information.
Vf also increased with the Co content, and the highest value is
confirmed in the BLCFN. The total electrical conductivity and
oxygen permeation flux improved with increasing Co content,
with BLCFN demonstrating the highest performance in both
aspects, as shown in Figure S1c,d, Supporting Information.
The BLCFN membrane with a thickness of 0.7 mm exhibited
a high oxygen permeation flux of 3.92mL cm�2 min�1 at 950 °C,
using air/He with a 500mLmin�1 flow rate. Therefore,
Ba0.95La0.05Co0.8Fe0.12Nb0.08O3�δ (BLCFN) was finally selected.
The XRD pattern of the BLCFN is presented in Figure 1a.
The lattice cubic constant and theoretical density of the single-
phase cubic structure of BLCFN were determined through
Rietveld refinement, yielding values of 4.08 Å and 6.03 g cm�3,
respectively. From the in-situ high-temperature XRD pattern
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in Figure 1b, it can be ascertained that the cubic crystal structure
is maintained in the temperature range from room temperature
to 900 °C. The (110) diffraction peaks shift toward the lower
angles around 400 °C. This is consistent with the thermal expan-
sion behavior as a function of the temperature, as plotted in
Figure 1c. The TEC exhibited values of between 14� 10�6

and 16� 10�6 K�1 in the temperature range below 400 °C and
increased significantly around 400 °C, reaching a value of
22� 10�6 K�1 in the temperature range of 600–1000 °C. This
chemical expansion is attributed to the partial reduction of B-site
cations and the associated oxygen-vacancy formation above
400 °C, leading to a higher averaged cation radius in the B-site
sublattice. Indeed, a similar trend was observed in the oxygen
stoichiometry with temperature.

2.2. Oxygen Permeability

In this study, to verify the oxygen permeability and elucidate
the permeation mechanism of BLCFN, an oxygen transport
membrane was fabricated using tape-casting techniques and
examined in accordance with the thickness of the membrane.
Figure 2a–c shows the microstructures of the BLCFN membrane
coated with the BLCFN active layer. Applying the BLCFN active
layer aims to enhance oxygen permeability by increasing the
number of surface active sites for the gas-exchange reaction.
The cross-sectional analysis reveals an active layer thickness of
approximately 15 μm, exhibiting good porosity and adhesion at
the interface with the membrane without any delamination.
The membrane had a thickness of 84 μm. In this study, when the
sweep gas was introduced at a flow rate of 500mLmin�1 on
the permeate side, the N2 concentration was detected to be less
than 0.01%. These findings suggest that the pores observed in
the SEM image can be considered closed pores and are
negligible.

As mentioned earlier, the sweep gas was introduced at a flow
rate of 500mLmin�1 on the feed and permeate sides. An insuf-
ficient supply of sweep gas on both sides led to a decline in the
driving force for oxygen permeation. This reduction can be
ascribed to the accumulation and depletion of O2 at the mem-
brane surface, resulting in a decrease in oxygen permeability.
This phenomenon is commonly referred to as concentration
polarization.[5,26] Thus, it is essential to eliminate the influence

of concentration polarization on the oxygen permeation to
achieve precise permeability values. As detailed in Figure S2,
Supporting Information, the oxygen permeability exhibited a
substantial enhancement as the gas flow rate increased at both
ends of the membrane, reaching saturation at a gas flow rate of
500mLmin�1. Thus, in this study, the impact of concentration
polarization can be effectively minimized by adjusting the sweep
gas flow rate to 500mLmin�1.

To confirm the effect of the active coating layer on the perme-
ability of the BLCFN membrane, the oxygen flux was assessed
with and without the BLCFN coating layer, as illustrated in
Figure 2d. Without the active layer, the oxygen permeation flux
of the bare membrane was 10.1mL cm�2 min�1 at 900 °C under
air/He, and the activation energy was 0.44 eV. Conversely, the
membrane with BLCFN active layer showed an improved oxygen
flux of 12.4 mL cm�2 min�1 at 900 °C. Additionally, the activation
energy of oxygen permeability was 0.25 eV, and this decreased
activation energy is reported to be associated with the ameliora-
tion of surface reaction. These findings show that the application
of BLCFN as an active layer can lower the activation energy for
oxygen permeation, which can contribute to the improvement of
the oxygen flux.

To examine the influence of the coating layers on each side of
the membrane and their respective contributions to permeability
improvement, the oxygen permeation flux was assessed by selec-
tively adopting the BLCFN active layer solely on either the feed or
permeate sides, as shown in Figure 2d. The membrane coated on
the permeate side displayed a 32% improvement in oxygen flux
(11.09mL cm�2 min�1) at 850 °C compared with the bare mem-
brane (8.39mL cm�2 min�1), while the membrane coated on the
feed side showed only a marginal increase (8.65mL cm�2 min�1).
This indicates that the surface reaction of oxygen excorporation
on the permeate side acts as the primary rate-limiting step
(RLS), rather than oxygen incorporation on the feed side.

The oxygen permeability of the oxygen transport membrane is
determined not only by operating conditions such as tempera-
ture, flow rate, and PO2

differences across the membrane, but
also by structural properties such as membrane type, and mem-
brane thickness. To reduce the thickness of the membrane to less
than 100 μm, it is typically necessary to fabricate a supported type
of membrane. Due to the thick support, concentration polariza-
tion occurs, which commonly results in decreased oxygen

Figure 1. a) XRD pattern and profile matching result, b) in situ XRD pattern in the temperature range of 25–900 °C, and c) variation of TEC and oxygen
content with temperature for BLCFN.
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permeability. Therefore, directly comparing the permeability of
our free-standing membrane and supported membrane may be
challenging. Despite these considerations, the permeability value
of the free-standing membrane in this study is significant
because it minimizes the effects of concentration polarization,
thereby providing a system to evaluate the intrinsic permeability
of the membrane material. While directly comparing the oxygen
permeability of BLCFN with other reported membranes may be
challenging due to differences in structural characteristics and
operational conditions, it is helpful to understand the permeation
behavior of materials because comparisons are made between
membranes with similar ranges of thickness. To validate the
remarkable oxygen permeability achieved by the BLCFN

membrane in this study, Figure 2e presents a comparison of
previously reported oxygen permeation fluxes for single-phase
membranes[5,14,27–30] in accordance with the temperature within
an air/inert gas (He or Ar) gradient. Additional details are pre-
sented in Table 1. The oxygen fluxes of a membrane within a
comparable thickness range (20–84 μm) were shown for compar-
ative analysis, as membrane thickness plays a significant role in
determining oxygen permeability. The designed BLCFN exhibits
the highest oxygen permeability among the oxygen transport
membranes reported to date. For example, BSCF with a
perovskite structure is regarded as a membrane material that
exhibits exceptional oxygen permeability owing to its highest con-
ductivity. However, at 900 °C, BLCFN membrane demonstrates

Figure 2. Microstructures of coated BLCFN membrane: a) cross-sectional image, b) feed side active layer (BLCFN), c) permeate side active layer
(BLCFN). d) Oxygen permeation flux with and without BLCFN active layer. e) Comparison of oxygen permeability of BLCFN with previously reported
single-phase membranes.[5,14,27–30] f ) Oxygen permeation stability test of BLCFN membrane. Dependence of oxygen permeation fluxes on inverse
thickness of BLCFN membrane g) without and h) with active layer. i) Surface exchange coefficient of BLCFN membrane compared with BSCF using
GPA (isotope exchange with gas-phase analysis), IELS (isotope exchange line scanning technique), IEDP (isotope exchange depth profiling), and ECR
(electron cyclotron resonance) methods.
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approximately 25% higher oxygen permeability than the BSCF
membrane. Therefore, BLCFN exhibits not only excellent phase
stability over room-to-operating temperatures but also unprece-
dented oxygen permeability comparable to that of BSCF.

The stability of oxygen permeation under the operating con-
ditions is a crucial aspect of the BLCFN membranes. The oxygen
permeation stability of the BLCFN membrane at 900 °C under
air/He condition is illustrated in Figure 2f. The inset SEM
images show the pre-and post-test surface microstructures of
the BLCFN active layers. The BLCFN-coated BLCFN membrane
demonstrated a highly stable oxygen permeation flux of
12.4 mL cm�2 min�1 at 900 °C for over 200 h. The oxygen perme-
ation stability was further supported by SEM surface images,
which revealed no change in the pre- and post-test surface micro-
structures of the BLCFN active layer. XRD analysis of the
BLCFN-coated BLCFN membrane before and after the perme-
ation test was also performed, and it was confirmed that the cubic
perovskite phase was maintained without a secondary phase
(Figure S3a, Supporting Information). Additionally, an evalua-
tion of the CO2 tolerance was conducted for the BLCFN mem-
brane. Helium gas, mixed with 1%, 3%, and 5% CO2, was
injected as the sweep gas, while air was used as the feed gas,
and the results are shown in Figure S3b, Supporting
Information. As the amount of CO2 increases, the decrease in
oxygen permeability becomes greater due to more CO2 adsorp-
tion at the surface. However, it can be observed that the oxygen
permeability values recover when transitioning from an environ-
ment with CO2 to one without it. Therefore, despite the reduction
in oxygen permeability in environments with CO2, the fact that
permeability recovers in the absence of CO2 suggests that CO2

does not degrade the composition of the membrane.
In accordance with our earlier publication, the oxygen perme-

ation flux within the range of membrane thicknesses investigated
in this study can be described by a modified Wagner equation, as
follows.[31–33]

JO2
≈ � 1

1þ ð2Lc=LÞ
C
L
¼ C

Lþ 2Lc
(1)

where C is a constant denoting the specific oxygen flux at a given
temperature under air/He gradient conditions, and Lc, calculated
as the diffusion coefficient (DO) ratio to the surface exchange
coefficient (ko), represents the characteristic thickness. This value
indicates the point at which the oxygen flux is predominantly gov-
erned by surface exchange rather than bulk diffusion. The
unknown parameters C and Lc can be determined through non-
linear least-squares fitting, considering these two variables. For
the BLCFNmembrane coated with the active layer, C and Lc were

calculated as 2.3� 10�7 mol cm�1 s�1 and 82 μm, respectively.
In this study, when oxygen permeability follows the behavior
described by Wagner’s equation, it should increase proportion-
ally as the thickness decreases. However, given the value of Lc of
82 μm, surface exchange reactions cannot be ignored in this
thickness range. Therefore, the relationship between the inverse
thickness of the membrane and the oxygen flux shows a non-
linear behavior, indicating that it follows a modified Wagner
equation, which accounts for surface exchange reactions.

Figure 2g,h show the oxygen flux of the BLCFN membrane
with or without the active layer as a function of inverse thickness
in the temperature range from 850 to 950 °C. According to
Wagner’s equation, when bulk diffusion is considered the
rate-limiting step, there should be a linear correlation between
the inverse thickness and oxygen flux. However, it is observed
that the relationship between the inverse thickness-dependent
oxygen flux deviates from linearity under the influence of surface
modification.[34] Consequently, Wagner’s equation is not appro-
priate for describing oxygen permeation behavior under these
conditions. To address this, a modified Wagner equation was
employed, and the solid line obtained from the fitting process
closely aligned with the experimental data, indicating good agree-
ment between the fitting results and actual measurements. The
findings suggest that within the thickness range of 84–422 μm,
the oxygen permeation mechanism of BLCFN is similarly deter-
mined by both bulk diffusion and surface exchange reaction.

To gain a more comprehensive understating of the interfacial
reaction kinetics of OTMs, electrical conductivity relaxation
(ECR) measurements, SIMS, and permeation model proposed
by Zhu et al.[35,36] can be introduced. In this study. the interfacial
reaction kinetics of BLCFN determined through oxygen perme-
ation flux were compared with those determined through ECR
measurements (Figure S4, Supporting Information), as shown
in Figure 2i. For comparison, the temperature-dependent kO val-
ues of BSCF derived via SIMS in previous studies[37,38] are also
presented. Given that the kO values in Figure 2i were obtained
using distinct experimental methods and conditions, a direct
comparison may not be unreasonable. However, it serves as a
valuable tool for comprehending the significance and reliability
of the k-value of BLCFN derived in this study.

DO ¼ RTσion
4F2Co

(2)

where R, T, C0, and F represent the gas constant, temperature,
total concentration of lattice oxygen, and Faraday constant,
respectively. Thus, by incorporating the values of Lc and DO,
the nominal surface exchange coefficient can be determined.

Table 1. Oxygen permeability of BLCFN-coated BLCFN membrane comparison with previously reported single-phase membranes.[5,14,27–30]

Membrane BLCFN
(monolithic)

BSCF
(asymmetric)

BLF
(asymmetric)

BCFN
(asymmetric)

LCC64
(asymmetric)

LSCF1982
(asymmetric)

LSCF6428
(asymmetric)

Thickness [μm] 84 70 46 20 10 12 20

Flow rate [mL min�1] 500/500 300/400 200/150 220/80 200/120 200/100 300/750

Catalytic layer BLCFN BSCF BLF BCFN LCC64 LSCF1982 LSCF6428

JO2
@ 900 °C [mL cm�2 min�1] 12.4 9.9 4.7 4.5 4.1 3.8 4.1
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In this study, the calculated kO values for the coated BLCFN
membrane represent the average values obtained from both sides
of the membrane owing to its exposure to an oxygen partial pres-
sure gradient in air/He. The chemical surface exchange coefficient
(kchem) obtained from ECR surpassed the self-surface exchange
coefficient owing to the presence of an additional chemical poten-
tial in a non-equilibrium state. Consequently, kO can be obtained
by dividing kchem by the thermodynamic factor as follows

kO ¼ 1
γ
� kchem (3)

γ ¼ 1
2RT

� ∂ðμO2
Þ

∂ lnCO
¼ 1

2
� ∂ lnPO2

∂ lnCO
(4)

The thermodynamic factor of the BLCFN can be calculated
using TGA. The calculated ko values (kO= 2.4� 10�4 cm s�1

at 950 °C) obtained from the modified Wagner equation exhibit
a close similarity with the kO values (kO= 1.1� 10�4 cm s�1 at
950 °C) from ECR. The comparison shown in Figure 2i also dem-
onstrates a close similarity between the kO value and the activa-
tion energy obtained from the oxygen flux and ECR in this study.
These values are comparable to those reported for BSCF, which
is well-known for its high permeation characteristics. This cor-
respondence supports the reliability of the kO values derived
in this study.

2.3. Iso/Non-Isothermal Transport Properties

Based on irreversible thermodynamics, the motions of oxygen
ions (denoted by i), holes (denoted by h), and heat energy (rep-
resented by q) in the BLCFN system can be described using a
2� 3 Onsager matrix.[39]

Ji
Jh

� �
¼ � Lii Lih Liq

Lhi Lhh Lhq

� � ∇ηi
∇ηh
∇T

0
@

1
A (5)

The coefficients Lkm (k,m= i, h) and Lqk (k= i, h) represent the
Onsager coefficients for isothermal and non-isothermal condi-
tions, respectively. This implies that the flow of the k-type carrier
can be influenced by both its own direct effects and the cross
effect. The cross-effects can be further categorized as follows:
1) Under isothermal conditions (ΔT= 0), interference between
the flows of charged particles (ions and holes) is defined as
the charge of transport (α�k); and 2) Under non-isothermal con-
ditions (ΔT 6¼ 0), an interference between the flow of mass and
heat energy is defined as the reduced heat of transport (q�k).

[40,41]

α�i ≡
Jh
Ji

� �
∇ηe¼0

¼ Lhi
Lii

(6)

α�h ≡
Ji
Jh

� �
∇ηi¼0

¼ Lih
Lhh

(7)

Lkqðk¼i,hÞ ¼
X
m¼i, h

Lkm Sm þ q�m
T

� �
(8)

The physical meaning of α�i (or α�h) is the number of holes
(ions) carried by a single mobile oxygen ion (hole) when no

electrochemical potential exists for the holes (ions). The physical
meaning of q�k is the amount of heat energy carried by the mass
flow without a temperature gradient, which represents the
exchange of heat energy with the surroundings to maintain iso-
thermal conditions. In this case, the partial molar enthalpy of
component Hm was excluded.

The correlation between Lkm and Lqk is mediated by the term
Sm þ q�m=T as shown in Equation (8). This represents the trans-

ported entropy S
≡
kð¼ Sm þ q�m=TÞ, which is expressed in terms of

the ionic and electronic thermoelectric power θstk in the Soret
equilibrium.[40,42,43]

θstk ¼ 1
zkF

dηk
dT

� �
JO¼0

¼ � 1
zkF

Sk (9)

The 2� 2 isothermal transport coefficient matrix Lkm was
obtained from the current–voltage characteristics of the ion-
blocking polarization cell. A schematic of the asymmetric elec-
trochemical cell is shown in Figure 3a. A constant current
was applied between terminals e and f of the electrochemical cell,
and real-time electrical signals U and V were observed between
the ion probes (a, b) and the electron probes (c, d). These signals
can be described as functions of the electrochemical potentials of
oxygen ions and holes.

�2FU ¼ Δηi ≈ l∇ηi (10)

FV ¼ Δηe ≈ l∇ηe (11)

where F represents Faraday’s constant and l denotes the distance
between the ion (or electron) probes. During the initial moment
when a constant current is applied to the sample in the open-
circuit condition, the voltage drop measured (ΔU=ΔV ) is solely
determined by the total electrical conductivity, as there is no
occurrence of chemical diffusion of oxygen ions.

σtot ¼
l
A

I
ΔV

� �
(12)

where A represents the cross-sectional area of the specimen.
When oxygen within the specimen no longer distributes uni-
formly (Δδ 6¼ 0) and evolves out of the reversible electrode under
the applied electrostatic field, a concentration imbalance occurs,
leading to chemical polarization. The chemically induced trans-
port of oxygen ions occurs in a direction opposite to that driven
by an electric field. Consequently, a steady state is achieved, where
these counteractive fluxes offset each other, resulting in complete
quiescence of oxygen-ion migration across the entire specimen.
Electronic conductivity (σ0e) and ionic charge of transport (α�i ) can
be expressed as below. Details of Equation (13) and (14) can be
found elsewhere.[44]

α�i ¼ � ∇ηi
∇ηe

� �
Ji¼0

¼ 2U
V

(13)

σ0e ¼
l
A

I
V

� �
Ji¼0

(14)

As observed in the experiment, the typical polarization/
depolarization behavior is illustrated in Figure S5a, Supporting
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Information. Upon applying a constant current to the specimen
in its equilibrium state, U and V exhibited an instantaneous and
simultaneous sharp rise, characterized by an equal magnitude of
increment. Thereafter, the value of U continued to decrease con-
tinuously with time, whereas V exhibited a continuous and grad-
ual increase owing to the total current through the mixed
conductor, given by I= –2FJiþ FJe. Additionally, it should be
noted that in the steady state, U is expected to ideally converge
to zero. However, U approximated a certain nonzero value.
This is indisputable experimental evidence demonstrating the
interference effect (cross effect, Lei= Lie 6¼ 0) between oxygen-
ions and electronic transport in BLCFN. Upon removing the
applied constant current, both U and V exhibited an initial rapid
decrease, and the depolarization curve gradually approached zero
because of the chemical diffusion of oxygen.

Table 2 summarizes the values of σtot, σel, and α�i calculated
from Equation (12)–(14). Additionally, the Lkm matrix was con-
structed from the relationship with these quantities, as shown
in Equation (15)–(17).[44]

Lii ¼
σ � σ0e

F2ðα�i � 2Þ2 (15)

Lih ¼
α�i ðσ � σ0eÞ
F2ðα�i � 2Þ2 (16)

Lhh ¼
α�i ðσ � 4σ0eÞ þ 4σ0e

F2ðα�i � 2Þ2 (17)

The oxygen-ion conductivity of the BLCFN (Figure 3c) was
determined to be 1.04 S cm�1 at 950 °C and 0.21 atm.
Compared to other mixed ionic-electronic conducting (MIEC)
oxides and solid electrolytes, BLCFN exhibits outstanding
oxygen-ion conductivity and low activation energy. This result con-
firms the exceptional permeation characteristics of the BLCFN
membrane. Arrhenius equation can describe the temperature
dependence of oxygen-ion conductivity in the following form

σion ¼ 1.9� 105

T
exp � 0.53eV

kT

� �
(18)

The total electrical conductivity, σtot, was measured as a func-
tion of temperature and oxygen partial pressure using the DC 4-
probe method. The obtained σtot values are plotted in Figure S5b,
Supporting Information, along with those obtained from the
polarization cell. The consistency between the results of the
two independent measurement methods indicated that the iso-
thermal polarization experiments were conducted under well-
controlled thermodynamic conditions, ensuring the reliability
of the measurements.

Figure 3. Schematics of a) isothermal and b) non-isothermal polarization cells. ① YSZ electrolyte, ② ceramabind #643, ③

Ba0.95La0.05Co0.8Fe0.12Nb0.08O3�δ (sintered specimen), ④ ionic probe (YSZ), ⑤ electronic probe (Pt wire). Probes are (a,b): inner ionic probe, c,d): inner
electronic probe, e–g): reversible electrode. Temperature differences are represented as ΔT= T3� T2, ΔT= T4� T1. The black line indicates Pt and the
red line indicates Pt–Rd (10 wt%). c) Ion conductivity (σion), d) chemical diffusivity (DChem), and e) self-diffusivity (DO) of oxygen as a function of inverse
temperature. The results for BLCFN are compared with the values of LSCF(LBCF),[47,70] BSCF,[37,48,71] LSC,[1,72] BLF,[15,49] LSF(SF),[50–53] YSZ,[45] and
GDC.[46]
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The 2� 1 non-isothermal transport coefficient matrix Lkq was
obtained from thermopower measurements under Soret equilib-
rium conditions and a 2� 2 matrix of Lkm. The real-time values
of U and V generated by the heat flow from the bottom to the top
of the symmetrical polarization cell in Figure 3b were measured
using in situ ion and electron probes. The electrochemical
potentials of oxygen-ions and electron holes can be determined
by correcting for the thermopower of YSZ ðθYSZÞ and Pt ðθPtÞ in
U and V.

U ¼ �Δðηi � μrefO Þ
2F

�
Z

T1

T4

θPtdT þ θYSZðΔT 0 � ΔTÞ (19)

V ¼ Δηh
F

�
Z

T2

T3

θPtdT (20)

The temporal variations ofU, V, andΔT under the temperature
gradient are shown in Figure S5c, Supporting Information. V fol-
lows a monotonic relaxation curve; U initially decreases and then
exhibits a slight increase over time, or vice versa, showing a similar
pattern during the depolarization step. Furthermore, in Figure
S5d, Supporting Information, the behavior of Δηh/F with respect
to ΔT shows the hysteresis phenomenon. This is because of the
time-dependent nature of the driving forces for the thermomigra-
tion of the oxygen component under Soret conditions. Initially,
thermomigration is solely determined by∇T. However, over time,
∇δ becomes dominant, with chemical diffusion of mobile compo-
nent O (═O2�þ 2 hþ) kinetically governing the process.[45,46]

By employing a modified analytical solution for thermomigra-
tion kinetics, which describes the redistribution of mobile spe-
cies under temperature gradients in a closed system, Dchem

was extracted from the temporal behavior of Δηh/F in Figure
S5d, Supporting Information. A detailed derivation of the origi-
nal analytical solution can be found elsewhere,[37] and we made
appropriate modifications to accommodate our experimental
conditions. The results are presented in Figure 3d along with
the Dchem values obtained from ECR. The extracted Dchem values
from the non-isothermal polarization experiment were slightly
higher than those obtained from the ECR; however, they were
within the same order of magnitude, and the temperature depen-
dence was reasonably consistent. Considering the limitations of
the conventional conductivity relaxation method, including the
difficulty in precisely controlling the gas flow during the stepwise
variation of pO2 and the perturbation effects of surface exchange
reactions, the results of the non-isothermal polarization
experiment were deemed reliable. The other extracted quantities,

transported entropy S
¼
h and thermal diffusivity DT, are summa-

rized in Table 2.
The oxygen self-diffusion coefficient, DO is related to Dchem

using Equation (21).

DChem ¼ DOf ðθÞ; f ðθÞ ¼ 1
2

∂ lnPO2

∂ lnð3� δÞ
� �

T
(21)

The thermodynamic enhancement factor f(θ) was calculated
through TGA. The DO of the BLCFN in the Arrhenius plot is
shown in Figure 3d. It can be observed that the oxygen self-
diffusivity of BLCFN exhibits higher values compared to well-
known mixed conducting perovskite materials commonly used
in membrane studies.[15,47–54]

Ionic and electronic thermoelectric power θstk were calculated
from the electrochemical potentials of ions/electrons at various
ΔT using Equation (10), (19), and (20). The electronic thermo-
power θh

st was determined from the slope of Δηh/F with respect
to ΔT obtained from V. Similarly, θist�SOref/2F was obtained
from the slope of Δ(ηi�μOref )/2F with respect to ΔT obtained
from U. θi

st was then determined by correcting the term
SO

ref/2F.[55] The results are shown in Figure S5e,f, Supporting
Information. The negative sign of θh

st indicates the p-type char-
acteristic according to Wagner’s definition,[42] suggesting that
electronic conduction in BLCFN is predominantly governed by
positively charged holes. Conversely, the positive sign of θi

st indi-
cates the presence of negatively charged ionic charge carriers.
Considering that only oxygen ions are mobile, negatively charged
oxygen interstitials, rather than positively charged oxygen vacan-
cies, may be the predominant ionic charge carriers in the
BLCFN.

Ji

Jh

 !
¼ � 5.6� 10�11 3.2� 10�11 6.4� 10�9

3.2� 10�11 3.4� 10�9 3.8� 10�8

 !

�
∇ηi
∇ηh
∇T

0
B@

1
CA

900 °C, 0.21 atm

(22)

Ji

Jh

 !
¼ � 4.7� 10�11 2.5� 10�11 5.3� 10�9

2.5� 10�11 3.2� 10�9 3.2� 10�8

 !

�
∇ηi
∇ηh
∇T

0
B@

1
CA

850 °C; 0.21 atm

(23)

Ji

Jh

 !
¼ � 3.5� 10�11 1.8� 10�11 3.5� 10�9

1.8� 10�11 2.5� 10�9 3.1� 10�8

 !

�
∇ηi
∇ηh
∇T

0
B@

1
CA

800 °C, 0.21 atm

(24)

Table 2. Extracted quantities from iso/non-isothermal polarization experiments.

Temperature [°C] α�i σtotal [S cm
�1] σel [S cm

�1] σion [S cm�1] tion S
≡
h [J mol�1 K�1] DT [cm2 s�1]

950 0.58 29.29 28.25 1.04 0.035 10.63 (3.16� 0.39)� 10�3

900 0.54 27.63 26.70 0.93 0.033 9.86 (2.97� 0.41)� 10�3

850 0.50 26.54 25.82 0.73 0.028 9.65 (2.84� 0.62)� 10�3
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From Equation (8) and (9), Lkq was determined, and ulti-
mately, a 2� 3 Onsager matrix for the BLCFN was successfully
completed, as shown in Equation (22)–(24). Both the cross-effect
between the ion and electron flows and the cross-effect between
mass and heat flows exhibit nonzero values. Moreover, the non-
isothermal conditions revealed a higher coupling effect, as con-
firmed by the Onsager transport coefficients. Unlike in the 3-end
reactor (Air/He), where ∇ηi primarily acts as the dominant driv-
ing force, these cross-effects are anticipated to be significant
under the operating conditions where the influence of ∇ηh
and ∇T cannot be neglected, such as air/methane reforming.
Therefore, cross effects cannot be overlooked in such cases,
and our 2� 3 Onsager matrix is expected to serve as valuable
background data applicable to these specific conditions.

2.4. Oxygen Nonstoichiometry and Electrical Conductivity

The δ�pO2�T plot of in Figure 4a shows a systematic trend
of oxygen deficiency and a negative temperature derivative
( ∂δ/ ∂T< 0) under the given thermodynamic conditions. This
observation confirms the exothermic nature of the oxidation
reaction. Additionally, a monotonic decrease in oxygen
nonstoichiometry was observed as the oxygen partial pressure
decreased. The relative partial molar quantities of oxygen mixing,
ΔHM

O and ΔSMO , are associated with the non-ideality of the solid
solution. ΔHM

O and ΔSMO are defined by Equation (25)–(27)
as follows

ΔGM
O ¼ ΔHM

O � TΔSMO ¼ μO � 1
2
μoO2

ðgÞ ¼ 1
2
RT lnaO2

(25)

ΔHM
O ¼ hOðδÞ � hoO ¼ ∂ðΔGM

O =TÞ
∂ð1=TÞ

����
δ

¼ R
2
∂ lnPO2

∂ð1=TÞ
����
δ

(26)

ΔSMO ¼ sOðδÞ � soO ¼ ∂ΔGM
O

∂T

����
δ

¼ �R
2
∂ðT lnPO2

Þ
∂T

����
δ

(27)

In Figure 4b, it is observed that the value of ΔHM
O in the

range of δ= 0.25–0.40 increases from �122.66� 16.45 to
�97.93� 7.38 kJ mol�1 as δ increases from 0.263 to 0.393, exhib-
iting a linear growth ( ∂ΔHM

O = ∂δ> 0). This phenomenon occurs
as the thermodynamic component O is incorporated, leading to
less favorable mixing than the ideal solution, increasing in
energy. This directly demonstrated the positive deviation of
the BLCFN. The ΔSMO is composed of the entropy change in
the electronic state of 3 d orbitals of B-site transition metal ions
and the configurational entropy ΔSConf of the lattice oxygen ions.
In the case of BLCFN, it was observed to increase slightly as the δ
decreases. This behavior is consistent with statistical thermody-
namic theory,[56–58] indicating that the behavior of ΔSMO with
respect to the δ is mainly governed by the dominant contribution
of ΔSConf . ΔH

M
O in Equation (26) is expressed further as follows,

considering the structure elements within the system, satisfying
the conservation of mass, site, and charge.

ΔHM
O ¼ ∂ðΔGM

O =TÞ
∂ð1=TÞ

����
δ

¼ ΔHo
OX þ R

X
SE i

νi
∂ ln γi
∂ð1=TÞ þ 2

∂ ln γh
∂ð1=TÞ

� �
δ

(28)

The SEi denotes the specific combination of structure ele-
ments representing oxygen ions, while νi signifies the coeffi-
cients necessary to maintain charge neutrality, for example,
O2� ¼ OX

O � V ⋅⋅
O. Examining Equation (28), it becomes evident

that the term combined with the gas constant R, referred to
as excess enthalpy HM;XS

O , is a crucial factor directly influencing
the non-ideal behavior because ΔHo

OX is a temperature-
dependent quantity. Accordingly, the positive deviation of
BLCFN can be qualitatively explained by deviations in the activity
coefficients (γk 6¼ to 1) of ionic or electronic defects. Mizusaki
et al.[59–62] interpreted this phenomenon as originating from
ionic defects, as most MIEC perovskite oxides show a linear rela-
tion of ΔHM

O with respect to δ. They hypothesized that the activity
coefficients of oxygen ion defects would exhibit a linear relation-
ship with δ, deviating from a value of 1 by an α-factor. Given that
ΔHM

O of BLCFN exhibits linearity with δ, we have applied this
logic to design non-ideal defect structures.

For defect chemical analysis, defining the lattice molecular
formula and the majority defect species is essential. Based on
the thermopower measurement results, oxygen interstitial
defects are expected to prevail in BLCFN. Additionally, it has
been reported that a similar structured compound,
BaCo0.7Fe0.22Nb0.08O3�δ,

[16] shows an increasing trend of σion
with increasing aO2, an unquestionable characteristic of ion con-
duction attributed to oxygen interstitials. Although it is not pos-
sible to completely exclude the possibility of oxygen vacancies,
oxygen interstitials are considered the majority of ionic defects.
Therefore, the lattice molecular formula of BLCFN is defined as
ABO2.5þ δ or ABO2þ δ, enabling the interpretation of the migra-
tion of excess oxygen through vacant oxygen lattice sites. This
interpretation preserves the well-known crystallographic concept
of perovskite oxides. In contrast, according to the report on
BaCo1�x�yFexNbyO3�δ and Ba1�xSrxCo1�yFeyO3�δ systems,[10,16]

it has been observed that Co ions exist in both þ2 and þ3 oxida-
tion states, while most Fe ions are in the þ3 oxidation state.
Thus, by defining the stoichiometric composition as ABO2, it
becomes possible to consider the electronic defect of B⋅

B (B3þ)
with an effective charge ofþ1. Consequently, the charge neutral-
ity condition of the BLCFN can be expressed as follows

2½O 00
i� ¼ 3½Nb•••B � þ ½La•Ba� þ

X
½B•

B� (29)

where [] represents the defect concentration, and the oxygen non-
stoichiometry can be defined based on the equation presented
earlier.

δ ¼ ½O 00
i� �

1
2
½La•Ba� �

3
2
½Nb•••B � ¼ 1

2
ð½Co•B� þ ½Fe•B�Þ (30)

Site conservation follows the following equations

½O 00
i� þ ½V�

i � ¼ 1 (31)

½Fe•B� þ ½Fe�B � ¼ 0.12 (32)
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½Co•B� þ ½Co�B � ¼ 0.8 (33)

½Nb•••B � ¼ 0.08 (34)

½La•Ba� ¼ 0.05 (35)

The charge disproportionation reaction and its equilibrium
constant can be expressed by the following equations

Co•B þ Fe�B ↔ Co�B þ Fe•B (36)

KD ¼ ½Co�B �½Fe•B�
½Co•B�½Fe�B �

(37)

The external equilibrium reaction between solid and gas
phase, along with its equilibrium constant, can be described
as follows

Figure 4. a) δ–pO2–T plot of BLCFN, b) partial molar quantities of oxygen mixing, c) defect concentration as a function of T and pO2, d) activity coef-
ficients of interstitial oxygen as a function of T and pO2, and e) total conductivity of BLCFN as a function of T and δ, f ) mobilities versus 1/T.
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1
2
O2 þ V�

i þ 2Co�B ↔ O
00
i þ 2Co•B (38)

KOX ¼
γO 00

i
½O 00

i �½Co•B�2

a1=2O2
½V�

i �½Co�B �2
(39)

The activity coefficient of the oxygen interstitial γO00
i
is defined

as a function of δ using the α-factor proposed by Mizusaki.[60]

ln γO 00
i
¼ α ⋅ δ (40)

The relationship between δ and aO2 can be derived using
Equation (29)–(39) as follows

logaO2
¼ �2logKOX þ 2log

½O0
i�

½V�
i �

þ 4log
½Co•B�
½Co�B �

þ 2
2:303

αδ (41)

½Co•B� ¼
�½ð0.12� 2δÞKD þ 0.8þ 2δ� þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ð0.12� 2δÞKD þ 0.8þ 2δ�2 þ 6.4ðKD � 1Þδ

p
2ðKD � 1Þ (42)

The derived relationship was nonlinearly fitted to δ as a
function of temperature and oxygen partial pressure, and the
best-fitted results are shown as solid lines in Figure 4a.
The extracted quantities, KOX, KD, and the deviation factor α,
showed the following temperature dependence

Kox ¼ ð3.07� 0.16Þ � 10�2 exp
1.61� 0.01eV

kT

� �
(43)

KD ¼ ð2.23� 0.13Þ � 10�1 exp
0.26� 0.01eV

kT

� �
(44)

α ¼ ð16.78� 0.10Þ � 103T�1 � ð2.27� 0.08Þ (45)

The defect concentrations were calculated from KOX and KD

and are shown in Figure 4c as functions of temperature and oxy-
gen partial pressure. It can be observed that ½Co⋅B� dominates, and
as the temperature increases at a fixed oxygen partial pressure,
½Co⋅B� decreases while ½CoXB � increases. In the isotherm, as the
oxygen partial pressure increases, both ½Co⋅B� and ½Fe⋅B� increase,
showing a slightly higher increment for ½Co⋅B�, suggesting that Co
ions may have a greater influence on the electrical conductivity
compared to Fe ions.

The positive sign of the deviation factor α has been confirmed,
providing a quantitative explanation for the positive deviation
phenomenon observed in BLCFN. Figure 4d shows the γO00

i
val-

ues as a function of δ, calculated using Equation (40). BLCFN
consistently exhibits γO 00

i
> 1 under all measured thermody-

namic conditions, and as the temperature increases and δ
decreases, the system approaches the ideal solution.

The total electrical conductivity σtot is the sum of the ionic con-
ductivity σion and the electronic conductivity σel. Further, σel con-
sists of two contributions: small polaron hopping conduction of
localized holes (σel_loc) and band conduction of free holes (σel_del).
Each conductivity can be defined as the product of defect concen-
tration and mobility.

σtot ¼ σion þ σel loc þ σel del (46)

σion ¼ σ0i ½O0
i�½Vi� (47)

σel loc ¼ σ0h,Co½Co•B�½CoXB � þ σ0h,Fe½Fe•B�½FeXB � þ σ0h,CoFe½Co•B�½FeXB �
(48)

σel del ¼ σ0hp (49)

σ0k ¼ jZeff
i jFμkV�1

m (50)

σel_loc was considered the conduction through Co2þ/Co3þ

sites, Fe2þ/Fe3þ sites, and conduction involving Co/Fe sites.
σel_del was accounted for by considering the presence of free
holes from the ionization reaction through the Co site, as shown
in the following equation

Co�Co þ h• ↔ Co•Co; p ¼ 1
KCo

½Co•Co�
½Co�Co�

(51)

The consideration of σel_del, despite constructing defect struc-
ture with the localized electron, is reasonable because of the sig-
nificantly higher mobility of free holes compared to localized
holes in general. Because of their higher mobility, the conduction
effect of free holes can be adequately represented in terms of
conductivity, although their concentration may be lower than that
of localized electron defects. The dominant contribution to the
conduction characteristics of the BLCFN was attributed to
polaron hopping through the Co site. The experimental evidence
in Figure S1a, Supporting Information, demonstrates that
increasing Co concentrations result in higher electrical conduc-
tivity in the BCFN. This trend is consistent with observations in
the BSCF.[63] This is also confirmed in Figure 4c. Based on these
findings, it is assumed that free holes can be generated primarily
through Co sites rather than through Fe sites.[64,65]

The total conductivity, shown in Figure 4e, was fitted using the
mobility in Equation (50) as a fitting parameter. The concentra-
tion of each defect species is expressed as a function of δ, as given
by Equation (31–35, 39, and 42). The oxygen ion mobilities μi
were fixed by calculating them from σion obtained in an isother-
mal polarization experiment. For the hole mobility μh, μh/KCo

was used as a fitting parameter because it is difficult to directly
obtain KCo through defect chemical analysis. The fitting results
showed that μFe and μCoFe were close to zero, indicating negligi-
ble contribution to the conduction. Only μCo exhibited a signifi-
cant value. This suggests that most of the hopping conduction
occurs through the Co site. The mobility of the charge carriers
exhibits the following temperature dependence

μi ¼
ð7.4� 2.9Þ � 10

T
exp � 0.45� 0.10eV

kT

� �
(52)

μCo ¼
ð3.59� 0.71Þ � 102

T
exp � 0.30� 0.05eV

kT

� �
(53)
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μhK�1
Co ¼ ð3.02� 0.01Þ � 10�2 exp � 0.27� 0.01eV

kT

� �
(54)

In the case of μh/KCo, the activation energy (0.27 eV) was
assumed to correspond to the ionization equilibrium reaction
because of the negligible temperature-dependent nature of the
band conduction mechanism.

3. Conclusions

The Ba0.95La0.05Co0.8Fe0.12Nb0.08O3�δ (BLCFN) membrane
demonstrated exceptional oxygen permeation flux
(12.4 mL cm�2 min�1 at 900 °C, Air/He) and long-term stability.
To the best of our knowledge, this represents a world-record per-
formance, outperforming those previously reported for single-
perovskite membranes under air/He conditions. These findings
were quantitatively elucidated through electrochemical analysis
of the mass and charge transport properties under irreversible
conditions and through defect chemical analysis of the thermo-
dynamic equilibrium properties. An iso/non-isothermal electro-
chemical polarization cell was implemented to measure the
Onsager transport coefficient matrix, and the oxygen nonstoichi-
ometry and total conductivity were systematically measured
using thermodynamic variables (T, pO2). The diffusion coeffi-
cient, ionic conductivity, and surface reaction constant were
quantitatively extracted to provide scientific support for the oxy-
gen permeation characteristics of the BLCFN. It has also been
verified that the interference coefficients are significant and that
the interference between the mass and heat energy is consider-
ably larger than that between charge carriers. This highlights the
significance of the temperature gradient as an essential factor, in
addition to the electrochemical potential, for mass and charge
transport in mixed conductors. Based on defect chemical analy-
sis, the experimental results of oxygen stoichiometry and electri-
cal conductivity have been consistently explained, providing
quantitative insights into various thermodynamic equilibrium
values. In summary, this study demonstrates that BLCFN exhib-
its a higher oxygen permeation performance than BSCF, which is
known for exhibiting the previous highest capability, and sug-
gests that the fundamental properties of the BLCFN material
may be applicable to a variety of other electrochemical
applications.

4. Experimental Section

Material Preparation and Characterization: Polycrystalline samples of
Ba0.95La0.05CoxFe1�xO3�δ (BLCF), BaCoxFe0.92�xNb0.08O3�δ (BCFN), and
Ba0.95La0.05CoxFe0.92�xNb0.08O3�δ (BLCFN) were prepared using a con-
ventional solid-state reaction method. The starting materials, BaCO3,
La2O3, Fe2O3, Co2O3, and Nb2O5, were meticulously weighed in the
desired stoichiometric ratios and then mechanically mixed using zirconia
balls in an isopropyl alcohol solvent to achieve uniform mixing.
Subsequently, the mixed powders underwent a thorough drying process
to eliminate any residual moisture before undergoing calcination at
1000 °C. After the calcination process, the powder was further pulverized
using a mortar and pestle, and then sieved through a 25 μmmetal mesh to
obtain a fine powder with controlled particle size distribution. The powder
was shaped into rectangles or disks according to the purpose of the exper-
iment and subjected to cold isostatic pressing (CIP) at 150MPa for
10min. A highly dense sintered body was obtained after the sintering

process at 1100 °C for 5 h, and it was confirmed to have a relative density
of approximately 98% through the Archimedes’ method.

Membrane Fabrication: A single-phase BLCFN perovskite membrane
was fabricated using the tape-casting method. A slurry for tape casting
was prepared by blending the appropriate amounts of binder, n-propyl
acetate, ethanol, dispersant, and plasticizer.[66] After ball-milling the slurry
for 48 h, additional defoaming was performed. The slurry was applied to
the carrier film of the tape caster and the thickness of the green sheet was
adjusted using a doctor blade. It was confirmed that the tape-casted green
sheet had a uniform thickness of approximately 30 μm. To control the
thickness of the membrane, the green sheets were laminated at 70 °C
under a pressure of 430 bar using a warm isostatic press. The laminated
tape was sintered at 1000 °C for 6 h to densify the membrane, and the
relative density determined by Archimedes’ method showed 97% of the
theoretical density. To improve the surface exchange reaction, a BLCFN
active layer was coated uniformly to both ends of the sintered membrane
using a brush painting method, followed by heat treatment at 900 °C for
3 h. The oxygen permeation flux of the membrane was analyzed using a
zirconia gas sensor and gas chromatograph (ACME 6000, YoungLin,
Korea). The BLCFN membrane was positioned on an alumina tube and
sealed using a glass sealant to maintain the oxygen partial pressure dif-
ference across the membrane. For the oxygen permeation tests, synthetic
air (21 vol% O2 and 79 vol% N2) was employed as the feed gas, while high-
purity helium gas (99.999%) served as the permeate gas. The flow rate was
regulated using a mass flow meter. The oxygen permeation flux was deter-
mined by measuring the oxygen concentration in the effluent gas. In this
study, the concentration of N2 present in the effluent gas was less than
1%, indicating that the impact of gas leakage was negligible.

Oxygen Nonstoichiometry and Electrical Conductivity: A series of experi-
ments were conducted to determine the oxygen nonstoichiometry
(δ=Δδþ δ*) of BLCFN. Firstly, thermogravimetric analysis (TGA) and
coulometric titration were employed to measure Δδ as a function of tem-
perature and oxygen partial pressure. In addition, δ* was determined via
iodometric titration. The laboratory-made TGA system, featuring the Cahn
D200 microbalance, is designed to ensure exceptional precision in meas-
urements by carefully considering a myriad of error sources stemming
from the demanding high-temperature conditions, such as thermal con-
vection flow, electrostatic effects, thermal diffusion, radiation effects,
buoyancy, thermomolecular flow, and aerodynamic effects.[67–69] This
TGA system exhibits a resolution of �0.5–1.5 μg within a wide range of
oxygen partial pressures and up to approximately 1000 °C in temperature.
Further details can be found in literature.[69]

The measured weight change, Δw, was converted into relative oxygen
nonstoichiometry (Δδ) using the following equation

Δδ ¼ MSample

MO

Δw
ws

(55)

where, ws, Msample, and MO are the initial weight, molar weight, and
atomic oxygen, respectively. The configuration of the galvanic cell used
for the coulometric titration is as follows

aO2, Specimen ∣ YSZ ∣ aO2 (56)

The oxygen pumped out from the specimen over a certain period of
time through solid electrolyte in galvanostatic mode includes not only
the oxygen from the specimen but also the gas in the enclosed space of
the galvanic cell; thus, relative oxygen nonstoichiometry (Δδ) is as follows

Δδ ¼ δ� δ∗ ¼ I t
2F

� 2Vd

RT
ΔPO2 ðgÞ

� �
M
mo

(57)

where I, t, F, R, T, Vd, mO, and M represent the current, time, Faraday
constant, gas constant, temperature, dead volume in the electrochemical
cell, weight of the specimen, and molar mass of the specimen, respec-
tively. The equilibrium oxygen partial pressure, ΔPO2ðgÞ, inside the cell
is calculated using the Nernst equation.
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aO2
¼ arefO2

exp
4FE
RT

� �
(58)

Considering the geometric factors of the yttria-stabilized zirconia (YSZ)
electrolyte and the specimen used in the titration cell, the error due to the
leakage current was calculated to be approximately 1% when the ratio of
arefO2

/ainO2
was in the range of 100≈ 10�4.

For idometric titration, the powder was dissolved in 6 N HCl and dis-
tilled water with 20mL of potassium iodide (KI, Alfa Aesar) solution as the
color indicator and starch. Subsequently, the solution was titrated with a
0.025 N sodium thiosulfate solution (Na2S2O3, Daechung).

Electrical conductivity and conductivity relaxation measurements were
performed by the DC 4-probe method using bar-type specimens with
dimensions of 3� 3� 16mm3. A constant current source (Keithley
6220) was used, and the conductivity was calculated from the slope of
the voltage with respect to the current. In the conductivity relaxation
experiments, a 4-way valve was used to change the oxygen partial pressure
surrounding the specimens rapidly under isothermal conditions. The oxy-
gen partial pressure was controlled and monitored using a digital multi-
meter (Keithley 2700), digital gas flow controller (MFC), and ex-situ YSZ
electrochemical oxygen sensor.

Iso/Non-Isothermal Electrochemical Blocking Cell: The design of the elec-
trochemical polarization cell incorporated several considerations to
ensure accurate measurements. These considerations include the utiliza-
tion of in situ ion and electron probes for measuring ionic and electronic
fluxes, a small driving force to comply with the Onsager reciprocal relation,
the inhibition of mass exchange at the solid–gas interface except for the
measurement area, and the consideration of chemical reactions between
the components of the electrochemical cell during prolonged high-temper-
ature operation.

For the isothermal electrochemical cell, a cuboidal green specimen was
molded and subjected to cold isostatic pressing. The resulting specimen
was then heat-treated at 800 °C in air for 2 h. Four circular holes were
drilled at specific locations to accommodate ion and electron probes.
YSZ was selected as the ion probe, and a Pt wire was used as the electron
probe. The electron probe was placed vertically at the same location as the
ion probe. After the sintering process (1100 °C, 5 h), a reversible electrode
was constructed on one side of the specimen in the c-axis direction.
On the opposite side, an ion-blocking electrode was formed by attaching
a 1mm thick YSZ disk using a Pt paste. YSZ acts as a blocking barrier
against the surrounding oxygen gas, allowing the measurement of the oxy-
gen chemical potential of the specimen. A glass-based sealant (Aremco
Ceramabind 643-2) was used in the final step. After drying at room tem-
perature for 1–2 h, the sealing material underwent a curing process at
specific temperatures: 93 °C for 2 h, 177 °C for 1 h, and 260 °C for 1 h, ulti-
mately achieving a final and effective seal. Considering the complex cell
configuration, the temperature was controlled with a slow heating rate
of 1 °Cmin�1. In addition, a thermocouple was positioned near the speci-
men for in-situ temperature measurements.

In the non-isothermal polarization experiments, the Soret effect
induced by temperature gradients was measured in a closed system with-
out any mass exchange with the surroundings. Therefore, the YSZ
ion-blocking electrodes were symmetrically configured at both ends of
the sintered specimens. The Pt gauze with Pt-Rd(10%)/Pt wire was posi-
tioned on the specimen–YSZ interface and the outer surface of YSZ and
then thermally bonded using Pt paste at 900 °C for 2 h. A glass-based seal-
ant (Aremco Ceramabind 643-2) was coated on the other surfaces of the
specimen. A temperature gradient was applied to the electrochemical cell
by introducing a local heater beneath it.

Thermal Expansion: The thermal expansion coefficient (TEC) was mea-
sured using a dilatometer (Netzch L75 PT160 dilatometer). The sintered
specimens were carefully loaded into the dilatometer, and measurements
were taken while ramping up the temperature from room temperature to
1000 °C at a heating rate of 3 °C min�1. After completing the experiment,
the values were calibrated using an alumina rod under the same experi-
mental conditions.
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