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1. Introduction

As the climate crisis caused by atmospheric carbon dioxide has
become a serious issue worldwide, efforts to realize carbon neu-
trality are being strongly promoted, mainly in developed coun-
tries. Globally, most CO2 is emitted primarily from fossil fuel

power plants. If pure oxygen rather than
air is supplied as fuel for the power plants,
the capture and storage of CO2 can be
advantageous because the amount of nitric
oxide (NOx) in the exhausted flue gas can
be minimized. Facilities capable of produc-
ing several thousand tons of oxygen daily
and sufficient electricity are required to
implement oxy-combustion in these power
plants.[1] Because the cost of constructing
and maintaining an oxygen production
facility strongly affects the cost of CO2

recovery, more efficient oxygen production
technology is as important as technology
for CO2 capture by oxygen combustion.
Currently, the only commercialized high-
capacity oxygen production technology is
a cryogenic process that compresses, cools,
and expands air to produce liquid oxygen.
However, the cryogenic method is
energy-intensive, which is approximately
15% of the electricity generated by coal
power generation. Thus, alternative meth-
ods of oxygen production are needed. A
mixed ionic and electronic conductor
(MIEC)-based oxygen transport membrane

(OTM) that can produce high-purity oxygen with higher energy
efficiency than energy-intensive cryogenic distillation technology
is receiving considerable attention.[2,3] The oxygen transport
membrane is a ceramic separator that operates at a high temper-
ature (≥700 °C). If a difference in oxygen partial pressure is
maintained across the separator, only oxygen is selectively trans-
ported, and oxygen can be produced. Because oxygen is separated
by electrochemical permeation through vacancies in the lattice of
an MIEC membrane, the selectivity is theoretically infinite. This
innovative oxygen transport membrane technology can signifi-
cantly reduce production costs compared to those of the conven-
tional cryogenic process. Additionally, this new technology
enables process intensification that can significantly improve
the process and energy efficiency by integrating several reaction
processes in addition to pure oxygen production.[4–6] Many stud-
ies have been conducted to support the industrialization of oxy-
gen separation membranes, ranging from basic research such as
permeability and stability studies to applied research on modu-
larization. In particular, dual-phase membranes composed of sta-
ble ionic and electronic conductors have attracted substantial
attention for the commercialization of oxygen transport mem-
branes.[7,8] These membranes can overcome the drawbacks of
single-phase membranes composed of perovskite oxide, which
have low chemical and mechanical stability under the operating
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Carbon neutrality refers to the state of making net-zero emissions of carbon
dioxide (CO2), which is a key concept in tackling global warming. It can be
achieved by offsetting carbon emissions as well as balancing reduced and emitted
emissions. Globally, CO2 is emitted mainly from fossil fuel power plants. The use
of carbon capture and storage technology, including pre-, post-, and oxy-fuel
combustion capture, in power plants can provide a carbon-neutral strategy that
allows for the sustainable use of fossil fuels while potentially reducing CO2

emissions. Oxy-fuel combustion capture facilitates CO2 capture by simplifying
combustion products through the reaction of recirculated flue gas with a high-
purity oxygen. Oxygen transport membranes, which produce pure oxygen by
oxygen transport via oxides at high temperatures, have attracted increased
interest because they can improve overall efficiency when integrated with oxy-fuel
combustion capture. Dual-phase membranes with fluorite structure have greater
potential for commercialization than perovskite-based single-phase membranes,
which have poor chemical and mechanical properties. However, despite these
advantages, their low oxygen permeability remains a critical issue. This review
focuses on progress in the development of dual-phase membranes and sum-
marizes various approaches that can facilitate bulk diffusion and surface
exchange, which affect the oxygen permeability.
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conditions. However, despite the advantages of the dual-
phase membranes, their low oxygen permeability compared to
single-phase membranes remains a challenge. Several excellent
reviews have discussed recent progress in membrane research
from various perspectives.[3,9–12] However, methods of improv-
ing the permeability in terms of surface exchange and bulk dif-
fusion, which dominate oxygen permeation through the
membrane, have not been reviewed in detail. The permeability
of oxygen transport membranes is not determined solely by the
intrinsic properties (e.g., oxygen ionic conductivity) of the mate-
rials; structural properties such as membrane thickness can also
play a crucial role in enhancing the oxygen permeation flux.[13]

Thus, to obtain industrial levels of oxygen flux, it is essential not
only to improve the material properties but also to decrease the
membrane thickness. The oxygen permeation flux is typically
controlled by both bulk diffusion and surface exchange.[14,15]

If the membrane is thick enough that the effect of surface
exchange is negligible, oxygen permeation occurs only by bulk
diffusion. By contrast, with decreasing membrane thickness,
the permeability is dominated by surface exchange.

Thus, to improve the oxygen permeability toward the commer-
cialization of oxygen transport membranes, surface exchange
and bulk diffusion should be considered simultaneously. This
review focuses on progress in the development of dual-phase
membranes in the last decade, highlighting various approaches
that can promote the bulk diffusion and surface exchange rates in
oxygen separation membranes using various materials and
structures.

1.1. Types of Oxygen Transport Membrane

Depending on the material applied for the ambipolar diffusion of
oxygen ions and electrons, oxygen transport membranes are typ-
ically classified as single-phase or dual-phase membranes, as
shown in Figure 1. Most single-phase membranes were devel-
oped using perovskite oxides with mainly electronic conductivity,
such as Ba0.5Sr0.5Co0.8Fe0.2O3�δ and La0.6Sr0.4Co0.2Fe0.8O3�δ

(LSCF), which have attracted much attention in terms of ensur-
ing high oxygen permeability.[16,17] However, the industrial appli-
cation of single-phase membranes is limited because of the
trade-off relationship between stability and oxygen permeability.
Most of the perovskite oxides used in single-phase membranes

contain alkaline-earth ions with high basicity; thus, they may
form carbonate in an atmosphere containing CO2.

[18,19] Their
practical application still faces many problems, such as unsatis-
factory mechanical and thermomechanical stability as well as
poor chemical stability in the presence of CO2.

[20,21] Because oxy-
gen transport membranes operate at elevated temperatures,
excellent thermomechanical stability is required. However, the
high thermal expansion coefficient (TEC) (>20� 10�6 K�1)[22]

and poor mechanical stability of perovskite result in delamina-
tion or cracking of the membrane at elevated temperatures.
To address this problem, dual-phase membranes with fluorite
structure, which affords intrinsic high mechanical and chemical
stability as an ionic conductor, have been intensively studied to
improve the overall stability and oxygen permeability. The reason
is that the fluorite oxides used as the electrolyte in a solid oxide
fuel cell (SOFC) are mechanically and chemically stable under
the membrane operating conditions.[19,23] However, because
the bulk diffusion and surface exchange kinetics of materials hav-
ing fluorite structure materials are typically sluggish than those
of perovskite oxides, the addition of the fluorite oxides to the
dual-phase membrane generally decreases the oxygen perme-
ation flux.[24,25] Sufficient mechanical and chemical stability
for industrial use can be ensured by using a dual-phase
membrane; however, the low oxygen permeability of dual-
phase membranes is still below the commercial level
(JO2

¼ 5–10mLmin�1 cm�2).[26] Thus, in this review, we
describe various approaches to the industrial application of
dual-phase membranes considering surface exchange and bulk
diffusion.

1.2. Permeation Mechanism of Oxygen Transport Membranes

The mechanism of oxygen permeation through a membrane typ-
ically comprises surface exchange and bulk diffusion, as shown
in Figure 2a. Bulk diffusion occurs by oxygen-ion transfer
through oxygen vacancies in the lattice, and surface exchange
involves multiple steps, including oxygen adsorption, dissocia-
tion, and reduction at the surface. When oxygen permeation
through a membrane is controlled by bulk diffusion, and the
membrane is thick enough to be unaffected by surface exchange,
the oxygen flux obeys the Wagner equation[27]

Figure 1. Schematic of the type of the oxygen transport membrane: a) single-phase membrane and b) dual-phase membrane.
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JO2
¼ � RT

16F2L

ZlnPlow
O2

lnPhigh
O2

σionσel
σion þ σel

d lnPO2
(1)

where JO2
(mol cm�2 s�1) denotes the oxygen flux, L (cm) is

the membrane thickness, σel (S cm
�1) is the electronic conduc-

tivity, σion (S cm�1) is the ionic and electronic conductivity,
R (J mol�1 K�1) is the gas constant, T (K) is the temperature,

F (Cmol�1) is the Faraday constant, and Phigh
O2

(atm) and Plow
O2

(atm) are the oxygen partial pressures on the feed and permeate
sides of the membrane, respectively. Because the conductivity of
the electronic conducting phase in dual-phase membranes that
use electronic percolation is typically at least several times higher
than that of the oxygen-ion-conducting phase, the ambipolar con-
ductivity (σionσel=σion þ σel) of the membranes can be repre-
sented by the ionic conductivity. According to the Wagner
equation, decreasing the membrane thickness can enhance
the oxygen permeation flux. However, as the membrane
becomes thinner, surface exchange becomes the rate-
determining step in oxygen permeation, where the oxygen flux
is limited by both bulk diffusion and surface exchange. When
both processes are considered, the oxygen permeation can be
described by the following modified Wagner equation,[28] as
shown in Figure 2b.

JO2
¼ � 1

1þ ð2LC=LÞ
RT

16F2L

ZlnPlow
O2

lnPhigh
O2

σiond lnPO2
(2)

where Lc is the characteristic thickness and can be expressed
as

Lc ¼
Ds

ks
¼ D�

ks
(3)

where ks denotes the surface exchange coefficient at the gas–solid
interface, Ds is the self-diffusion coefficient of oxygen ions, and
D� is the tracer diffusion coefficient. When the correlation effect
is negligible, D� can be assumed to be equal to Ds. Note that Lc is

a function of the process parameters and not the intrinsic prop-
erties of the material, as both the surface exchange and diffusion
coefficients depend on temperature and oxygen partial pressure.
Lc is defined as the thickness at which oxygen permeation
becomes controlled mainly by surface exchange instead of bulk
diffusion. That is, the maximum achievable oxygen permeability
can be expected when the thickness is very close to zero, and the
permeation can then be written as 1/2Joexμ

total
O2

.[29] Therefore,
if the exchange coefficient cannot be significantly increased for
thicknesses of less than Lc under the experimental conditions,
the permeability cannot be significantly improved by decreasing
the membrane thickness.

2. Studies of Dual-Phase Membranes Considering
Bulk Diffusion of Oxygen Ions

2.1. Electrical Percolation Limit of Dual-Phase Membranes

To optimize oxygen permeation through dual-phase membranes,
good percolation by two continuously distributed ionic and elec-
tronic conducting phases must be obtained. Thus, the maximum
oxygen permeability can be expected when the content of the ion-
conducting phase is maximum in the range in which the elec-
tronic conducting phase is sufficient. Dual-phase membranes
are typically designed as a composite of 60–80 vol% ionic conduc-
tor and 20–40 vol% electronic conductor. However, the percola-
tion limit of dual-phase membranes is affected not only by the
electronic conductivity of the material but also by the size,
shape, and distribution of the constituents. To determine the
electronic percolation threshold, the general effective media
(GEM) equation can be applied when the conductivities of the
two phases constituting the dual-phase membrane differ signifi-
cantly.[14,15]

f ðσ1=tf � σ1=ttot Þ
σ1=tf þ ðf c=ð1� f cÞÞσ1=ttot

þ ð1� f Þðσ1=tp � σ1=ttot Þ
σ1=tp þ ðf c=ð1� f cÞÞσ1=ttot

¼ 0 (4)

Here, fc, f, and t are the critical (percolation) volume fraction
of the perovskite phase, volume fraction of the perovskite
phase, and exponent of percolation, respectively; σf, σp, and

Figure 2. a) Oxygen transport mechanism through membrane. Reproduced with permission.[12] Copyright 2018, Elsevier. b) Oxygen permeation flux of
the SCFN-coated fluorite-rich dual-phase membrane as a function of the inverse of the thickness membrane at 900 and 800 °C. Reproduced with
permission.[7] Copyright 2020, Royal Society of Chemistry.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2022, 3, 2200086 2200086 (3 of 23) © 2022 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aesr.202200086 by K

orea A
dvanced Institute O

f, W
iley O

nline L
ibrary on [11/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


σtot represent the conductivities of fluorite, perovskite, and the
composite, respectively. Thus, by inserting the experimental
data into the GEM equation, the percolation limit of a dual-
phase membrane can be accurately determined by estimating
the values of fc and t.[30,31]

To maximize the fraction of the ionic conducting phase
by reducing the percolation limit of the electronic conducting
phase in dual-phase membranes, Chen et al.[32] designed a
Ce0.8Sm0.2O2�δ–PrBaCo2O5þδ (SDC–PBCO) membrane with a
special microstructure in which the electronic conducting
phase had a fiber-like shape (Figure 3a). Consequently, the elec-
trical percolation limit was reduced by 20%, and the oxygen per-
meability at 900 °C was approximately twice that of a 60 vol%
SDC–40 vol% PBCO membrane. Zeng et al.[33] performed
detailed characterization and quantification of a Ce0.8Gd0.2O2�δ–
FeCo2O4 (GDC–FCO) dual-phase membrane according
to the phase and microstructure (Figure 3b). They found that
if the grain sizes of all phases in the dual-phase membrane
are similar, the optimal ambipolar conductivity is obtained
when the volume ratio of the ionic and electronic conductors
is close to 4:1.

2.2. Ionic Conductors for the Dual-Phase Membranes

The main charge carrier in ionic conductors, which have negli-
gible electron conduction by electrons and holes, is the oxygen
ion. The ionic conductors most commonly used in dual-phase
membranes are fluorite oxides with AO2 structure. In the fluorite
structure (Figure 4), the A-site contains large tetravalent cations
such as Zr4þ and Ce4þ, which occupy the regular sites in the face-
centered cubic structure. Oxygen anions in the fluorite structure
are coordinated to the eight tetrahedral interstitial sites. Among
fluorite oxides, ZrO2, Bi2O3, and CeO2 have been studied for
application as ionic conductors in dual-phase membranes.

ZrO2 is characterized by phase changes as a function of tem-
perature. Pure ZrO2 is in the monoclinic phase at room temper-
ature. However, the structure changes to the tetragonal phase at
1170 °C and to cubic crystal structure at 2300 °C.[34,35] The phase
transition from monoclinic to tetragonal is accompanied by a
considerable volume change (�5%), which interferes with the
sintering of ZrO2.

[36] In particular, ZrO2 in the cubic phase is
of great interest because it has higher ionic conductivity than
the monoclinic phase.[37] Thus, to obtain high ionic conductivity

Figure 3. a) Schematic illustration of the novel strategy for the synthesis of SDC–PBCOmembrane with fiber-like PBCO phase distributing in the matrix of
SDC phase. Reproduced with permission.[32] Copyright 2013, Elsevier. b) A microscopic schematic diagram of a randomly distributed dual-phase oxygen
transport membrane. Reproduced with permission.[33] Copyright 2020, Elsevier.

Figure 4. a) Crystal structure and b) packing arrangement of an ideal AO2 fluorite compound exemplified by CaF2 (blue spheres—A (Ca) cation; red
spheres—O (F) anion). Reproduced with permission.[12] Copyright 2018, Elsevier.
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and eliminate mechanical stress due to the volume change by
maintaining the cubic phase of ZrO2 at room temperature, dop-
ants such as Y2O3, MgO, and CaO can be added to pure ZrO2.

[38]

Furthermore, the addition of a dopant with a valence lower than
that of the host cation forms oxygen vacancies for charge
compensation, which improves the oxygen ion conductivity.

Y2O3���!2ZrO2 2Y0
Zr þ V⋅⋅

O þ 3OX
O (5)

However, because of steric blocking by large cations, the
addition of dopant cations with a larger ionic radius than the host
cation (Zr4þ) can not only hinder the migration of oxygen
vacancies but also result in high activation energy and low
conductivity.[39–41] Thus, the highest ionic conductivity is
expected to be obtained using a dopant cation having an ionic
radius similar to that of Zr4þ. The ionic radius of Sc3þ is most
similar to that of Zr4þ, followed by those of Yb, Y, Gd, and Nd
(Figure 5).[40]

In the binary ZrO2–Sc2O3 system, when more than 10mol%
of Sc2O3 is doped into ZrO2, Sc2O3-stabilized ZrO2 is in the cubic
phase at high temperature and the rhombohedral phase below
approximately 500 °C.[42] Because the rhombohedral phase is less
conductive than the cubic phase, doping with up to 10mol%
Sc2O3 is appropriate for maintaining high ionic conductivity.
Despite the high ionic conductivity and phase stability of
Sc2O3-doped ZrO2, the high cost of scandium and decrease in
the ionic conductivity of ScSZ during annealing at elevated tem-
perature make it less attractive for the commercialization of dual-
phase membranes.[43,44] Thus, to solve these commercialization
problems, Y2O3-stabilized ZrO2 (YSZ), in which ZrO2 is doped
with yttrium instead of scandium, has been widely studied. At
low doping levels, the ionic conductivity generally increases
linearly with dopant content. However, there is a threshold above
which the ionic conductivity decreases with increasing
doping level because of an association between oxygen vacancies
and the formation of dopant cations: ½M0

Zr � V⋅⋅
O�⋅ or

½M0
Zr � V⋅⋅

O �M0
Zr��. Thus, for YSZ, when ZrO2 is doped with

8mol% Y2O3, the maximum ionic conductivity of 0.03 S cm�1

is obtained at 850 °C.[45]

Most zirconia-based dual-phase membranes reported in the
past decade contain YSZ or ScSZ as the ionic conductor.
However, the oxygen permeability of zirconia-based membranes
is lower than expected despite the high ionic conductivities of
ScSZ and YSZ. The reason is secondary phase formation during
sintering, which is among the most frequently mentioned prob-
lems with zirconia-based membranes. During the sintering of
zirconia-based membranes, secondary phases such as
La2Zr2O7 and SrZrO3 form because of the interdiffusion of
zirconium with rare- and alkaline-earth metals (La, Sr), which
hinders oxygen ion transport and thus decreases the oxygen per-
meability.[8] Therefore, to use stabilized zirconia as an ionic con-
ductor for dual-phase membranes, it is necessary to minimize
the formation of secondary phases with the electronic conductor
during sintering.

Doped CeO2 is considered a promising ionic conductor for
dual-phase membranes because its ionic conductivity at interme-
diate temperatures is higher than that of stabilized zirconia. In
addition, regardless of whether CeO2 is doped with other oxides,
it has a stable cubic fluorite structure up to its melting point.
Although pure CeO2 has extremely low oxygen ionic conductiv-
ity, oxygen vacancies can be introduced, as in ZrO2, by doping
with a dopant having a lower valence than that of the host cation
(Ce4þ), which enhances the oxygen ionic conductivity.

M2O3���!2CeO2 2M0
Ce þ V⋅⋅

O þ 3OX
O (6)

The conductivity of doped CeO2 shows a similar dependence
to that of stabilized ZrO2 on the ionic radius and doping level of
the dopant. Therefore, the highest oxygen ionic conductivity is
obtained by doping with Sm3þ, which has the most similar ionic
radius to Ce4þ; the dopants Gd, Dy, Y, and Nd also increase the
ionic conductivity, in decreasing order (Figure 6).[46] However,
unlike stabilized ZrO2, CeO2 tends to exhibit electronic conduc-
tivity due to the formation of polarons in a reducing atmo-
sphere.[47,48] Oxygen is released as a gas from the CeO2 lattice
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Figure 5. Arrhenius plots for the Zr0.75Ce0.08M0.17O1.92 compositions.
Reproduced with permission.[40] Copyright 2002, Elsevier.
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under high-temperature reducing conditions, forming oxygen
vacancies. As a result of charge compensation for these oxygen
vacancies, excess electrons are generated as follows.

OX
O⇋V⋅⋅

O þ 1
2
O2 þ 2e0 (7)

These electrons reduce the valence of Ce from Ceþ4 to Ceþ3,
causing CeO2 to have mixed ionic and electronic conductivity.
This reduction in the valence of Ce also causes unexpected chem-
ical expansion. Thus, these phenomena can limit its application
in reactors operating in a reducing atmosphere.

2.3. Electronic Conductors for the Dual-Phase Membranes

The requirements for the electronic conductor in dual-phase
membranes vary depending on the application. However,
because permeability and stability are essential for commerciali-
zation, the following should generally be considered: high stabil-
ity, high electronic conductivity, excellent chemical compatibility
between components, and economy. In the initial stage of devel-
opment, noble metals (e.g., Au, Ag, Pd, Pt) were used as an elec-
tronic conductor.[49–51] However, considering the permeability
efficiency, the volume content of noble metals is generally
approximately 20–40%, which greatly reduces the economic fea-
sibility of the membrane. To reduce the high material cost of
dual-phase membranes, electronic-conducting oxides have been
proposed to replace precious metals. Oxides with various struc-
tures, such as perovskite, spinel, and layered perovskite, are used
as electronic conductors in dual-phase membrane systems. They
can be classified as MIECs and electronic conductors (for those
with negligible oxygen ionic conductivity) depending on the type
of charge carrier. The use of pure electronic conductors as the
electron path in dual-phase membranes based on electronic per-
colation can reduce the volume ratio of the ionic conducting
phase and limit oxygen ion diffusion in the bulk membrane.
Consequently, the ionic path of the membrane is adversely
affected by the electronic conductor, as shown in Figure 7a.[52]

By contrast, the application of MIEC materials as electronic con-
ductors has a positive effect on the oxygen pathways in the mem-
brane (Figure 7b). Fluorite-rich dual-phase membranes using
either an MIEC or a pure electronic conductor for electronic per-
colation were reported recently by Joo et al., for example, a 20 vol
% LSCF–80 vol% GDC membrane coated with La0.6Sr0.4CoO3�δ

(LSC64)[14] and a 20 vol% La0.7Sr0.3MnO3�δ (LSM)–80 vol% GDC
membrane using an LSC64 active layer.[15] The oxygen perme-
ation flux of the LSCF–GDCmembrane is much higher than that
of the LSM–GDC membrane, indicating that to improve the oxy-
gen permeability, MIECs could be a more suitable electronic con-
ductor for dual-phase membranes. However, MIECs typically
have a high TEC; thus, mechanical and thermomechanical insta-
bility can result from TEC mismatch with the ionic conductor at
elevated temperatures. The problem of instability associated with
the ionic conducting phase and TEC mismatch can be simply
solved by applying an electronic conducting phase with a low
TEC value. However, there are several aspects that should be con-
sidered. A direct correlation exists between oxygen ionic conduc-
tivity and thermal expansion in perovskite systems, which
indicates that oxygen vacancy concentrations have a dominant

effect on both quantities. The logarithm of the oxygen ionic
conductivity and TEC gives the linear relationship, as
shown in Figure 8,[53] indicating that there is a trade-off
relationship between oxygen permeability and instability
originating from TEC mismatch in the fluorite-rich dual-phase
membrane.

3. Studies of Surface Exchange in Dual-Phase
Membranes

3.1. Permeation Mechanism in Dual-Phase Membranes with
Active Layer

Methods of improving the permeability of dual-phase mem-
branes with low oxygen permeability compared to single-phase
membranes have been studied for several decades. The use of
an active layer has been considered as a representative method
to enhance the oxygen permeation flux. Joo et al.[14] explained the
effect of the active layer on flux enhancement in dual-phase
membranes and suggested possible pathways for incorporating
oxygen into a fluorite-rich dual-phase membrane (80 vol% GDC–
20 vol% LSCF) with or without an LSC active layer, as schemati-
cally shown in Figure 9. The incorporation of gaseous oxygen

Figure 7. Oxygen ion and electron transport paths of a) electronic
conductor–ionic conductor composite membrane and b) mixed ionic
and electronic conductor–ionic conductor dual-phase membrane.
Reproduced with permission.[52] Copyright 2015, Wiley-VCH GmbH.
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into the bulk of the membrane solid phase can be expressed in
Kroger–Vink notation as follows.[54]

O2ðgÞ þ Sads ! ðO2Þads ðAdsorptionÞ (8)

ðO2Þads þ 4e� ! 2O2�
ads ðDissociationÞ (9)

O2�
ads þ V••

O ! O�
O ðIncorporationÞ (10)

O2ðgÞ þ 4e� þ 2V••
O ! 2O�

O ðOverall reactionÞ (11)

This reaction on a membrane surface without an active
layer occurs mainly by three pathways: GDC, LSCF, and the

Figure 8. Correlation between thermal expansion TEC (30–1000 °C) and ionic conductivity σo (800 °C, air) for perovskite-type oxides. Reproduced with
permission.[53] Copyright 2000, Elsevier.

Figure 9. Possible paths of oxygen incorporation into the dual-phase membrane with and without surface modification. Reproduced with permission.[14]

Copyright 2014, American Chemical Society.
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triple-phase boundary between GDC, LSCF, and gaseous oxygen.
On the surface of a membrane without an active layer (Figure 9a),
oxygen incorporation on the GDC surface (the first path) is
expected to be extremely sluggish owing to the low electronic
conductivity of GDC. The surface of LSCF (the second path),
which is a representative material for single-phase membranes
with mixed ionic and electronic conductivity, has high activity
for oxygen incorporation. However, in dual-phase membranes,
the added LSCF phase has little effect on the permeation. The
reason is the very low distribution of percolated LSCF compared
to GDC over the entire surface resulting from the low LSCF vol-
ume ratio, as well as isolated LSCF, which is inert to oxygen
incorporation. Although the activation energy of surface
exchange coefficient for LSCF (1.39 eV)[55] is significantly lower
than that of GDC (3.3 eV),[56] the activation energy of oxygen flux
in the dual-phase membrane is affected mainly by that of GDC
rather than that of LSCF, assuming that the effect of LSCF on the
GDC-rich dual-phase membrane is negligible. In a dual-phase
system, high activity for oxygen incorporation typically appears
at the triple-phase boundary. However, because the distribution
of the triple-phase boundary on the membrane surface depends
on the volume ratio of LSCF, it can be deduced that the oxygen
permeability of the bare membrane is determined by the GDC
phase, as assumed for the second path. On the other hand,
there is a study that conflicts with this observation.
P. Seeharaj et al.[57] investigated the surface exchange coefficients
of La0.6Sr0.4CoO3�δ–Ce0.9Gd0.1O2�δ (20–30 vol% LSC/80–70 vol%
GDC) composites using isotope exchange and depth profiling
by secondary ion mass spectrometry which is an effective
method to obtain the atomistic description of the oxygen transport
property in solids. Despite the relatively low volume fraction of
LSC in the composites, it was observed that the fast surface
exchange on the LSC phase was preserved, as well as the
activation energy for the surface exchange coefficient was similar
to that of the LSC, suggesting that there is a synergistic effect at the
LSC/GDC interface by using GDC supplying the mobile
oxygen vacancies and LSC with mixed conductivity supplying elec-
tron species for the charge transfer reactions.[47] As such, conflict-
ing results have been reported in the interpretation of activation
energy for oxygen permeability, isotope exchange depth profiling
technique results of composites, and further studies are needed to
understand the correlation between them. By contrast, on the
surface of a membrane with an active layer (Figure 9b), the
use of a perovskite-based active layer with high mixed conductivity
plays an important role in transferring electrons from the perco-
lated LSCF to the membrane surface. Thus, the active layer can
enhance the amount of triple-phase boundary on the surface,
which affects oxygen incorporation. Note that the use of an active
layer not only increased the oxygen permeability but also
changed the activation energy of oxygen flux from 2.76 to
0.64 eV, which is similar to that of the ionic conductivity of
GDC (0.61 eV).[56] In summary, the surface modification of
fluorite-based dual-phase membranes using an active layer can
enhance the oxygen flux, which is closely related to the change
of the rate-limiting step in oxygen permeation from surface
exchange to bulk diffusion in the GDC phase. Note that the active
layer must have sufficient electronic conductivity, but high elec-
tronic conductivity does not ensure high oxygen incorporation.
Alder et al.[58] showed that oxygen incorporation in mixed ionic

and electronic conducting oxides involves the oxygen surface
exchange kinetics, vacancy concentration, vacancy diffusivity,
and connectivity of the mixed conductor if the mixed conductor
has sufficient ion transport. Kwon et al.[59] experimentally demon-
strated that enhanced surface exchange kinetics in the active layer
is crucial for improving the oxygen flux in a fluorite-based dual-
phase membrane, whereas high electronic conductivity and
increased bulk diffusion in the active layer do not significantly
improve the permeability.

3.2. Active Layer Materials for Dual-Phase Membrane

The basic concept of oxygen transport membrane can be origi-
nated from the electronic and ionic conduction mechanism of
electrode and electrolyte in solid oxide electrochemical cells
(SOCs). As the oxygen transport membrane can be considered
an internal short-circuit SOCs and has an operating principle
similar to that of the cathode in SOCs (in particular, the cathode
in SOFCs), the materials of the membrane active layer for the
oxygen incorporation are generally used interchangeably as
SOC cathode materials for the oxygen reduction reaction.
Therefore, the active layer material of the membrane must meet
the essential criteria for the cathode material of the SOFC: 1) suf-
ficient porosity for the diffusion of gases into the active layer;
2) superior chemical compatibility between the active layer
and membrane; 3) high catalytic activity toward oxygen incorpo-
ration at the triple-phase boundary; 4) facile ionic and electronic
transport in the bulk; and 5) high surface exchange and diffusion
coefficients.

3.2.1. Active Layers with Alkaline-Earth Metals

The standard chemical formula of perovskite is ABO3, where A
and B each donate a distinct cation (Figure 10a).[60] A typical
structure has large 12-coordinated cations at the A site and small
6-coordinated cations at the B site. The ideal structure of perov-
skite oxides is typically the cubic phase at room temperature.
Perovskites have various structures because of the distortion
originating from the substitution of cations at the A and B sites,
the charge difference between the A and B site cations, the for-
mation of oxygen and cation vacancies, the ionic radii difference
between the dopant and host, and variation among the oxygen
and cations. Because of the various chemical compositions
and structures, perovskite oxides have a wide range of properties
(e.g., dielectric properties, electrical conductivity, superconduc-
tivity, and catalytic activity). The doping of alkaline-earth metal
elements (e.g., Sr, Ca, Ba) may enhance the ionic conductivity
and promote the oxygen reduction reaction, which is associated
with the oxygen incorporation reaction. The perovskite lantha-
num cobaltite (LaCoO3) is widely used as the cathode in
SOCs because of its electrical conductivity and catalytic activity.
LaCoO3 has excellent hole conductivity (as high as 100 S cm�1)
and can improve electrical conductivity by increasing the mobile
charge carriers produced by charge compensation resulting
from partial substitution of aliovalent cations at the A site.
Consequently, most of the perovskite oxides considered as
active layers for oxygen transport membranes are based on
La1�xSrxCoO3 (LSC). In the LSC system, the electrical
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conductivity, a crucial property of the cathode, is significantly
improved for x ≥ 0.2 because of the material changes from semi-
conducting to the metallic state.[61] The electrical conductivity
commonly increases until x � 0.5 and then decreases for
x > 0.5 because of the higher degree of ionic charge compensa-
tion.[62] However, because the TEC of LSC is proportional to the
Sr content, the use of LSC with high nonstoichiometry with
strontium does not ensure thermomechanical stability due to
the delamination and degradation of the electrode resulting from
the TEC mismatch between the electrode (TEC of LSC:
19.6� 10�6 K�1 at 25 to 1000 °C)[63] and the fluorite-based elec-
trolyte (TEC of GDC: 12.8� 10�6 K�1 at 50 to 1000 °C.[64] Hwang
et al.[65] constructed and tested an SOC using La1�xSrxCoO3�δ

cathodes with each composition and suggested the optimal com-
position by investigating the effect of Sr content on the properties
of the La1�xSrxCoO3�δ cathode and overall cell performance.
LSC64 is confirmed as the most suitable form of LSC for
SOFCs in terms of electrochemical performance. It is the active
layer material most commonly used to improve the oxygen
permeability of fluorite-rich dual-phase membranes. The use
of an LSC64 active layer generally improved the permeability
of all membranes,[14,15,59,66–73] and the thinnest membrane
(�30 μm), 80 vol% GDC–20 vol% LSCF,[14] showed the largest
increase in permeability. This tendency toward improved oxygen
permeability suggests that as the membrane thickness decreases,
the surface exchange kinetics becomes dominant. In addition to

Figure 10. a) A schematic depicting the formation of perovskite and double perovskite. Reproduced with permission.[60] Copyright 2017, Elsevier.
b) Representative structures of a normal spinel (MgAl2O4), an inverse spinel (NiFe2O4), and a complex spinel (CuAl2O4) in different styles and views.
Reproduced with permission.[95] Copyright 2017, American Chemical Society. c) A schematic depicting the ideal tetragonal crystal structure (space group:
I4/mmm) of Ruddlesden–Popper perovskites, Anþ1BnX3nþ1 (n¼ 1, 2, and 3). Reproduced with permission.[99] Copyright 2017, MDPI.
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LSC, an active layer SrCo0.1Fe0.8Nb0.1O3�δ (SCFN) with a higher
surface exchange coefficient (3.47� 10�5 cm s�1 at 900 °C) was
used in a fluorite-rich dual-phase membrane having a thickness
of 20 μm to significantly improve the oxygen permeability. Nam
et al. demonstrated that a GDC–LSCF membrane with high oxy-
gen flux and overall stability can be obtained by using an active
material having a high CO2 tolerance and surface exchange coef-
ficient in a fluorite-rich dual-phase membrane.[7] Niobium-doped
strontium cobaltite with a SrCoO3 perovskite oxide was used as
the active layer. The CO2 resistance was enhanced by doping
high-valence Nb at the B site of SCFN because the high oxidation
number of Nb improves the acidity of the B site, which maintains
time-dependent stability in the CO2 atmosphere. The doping
strategy was suggested to overcome the technical issues
associated with LSC materials with even higher TECs than the
membranes at high temperatures. In this regard, the importance
of partial substitution at the B site as well as A site doping has
been discussed; in one of the most promising systems to date, Fe
is partially substituted for Co at the B site. Tai et al.[74,75]

conducted practical studies on the significant properties of
La1�xSrxCo1�yFeyO3 (LSCF) according to the values of x and
y. They investigated the phase transition and Arrhenius behavior
of LSCF and characterized its effect on the peak electrical con-
ductivity and thermal expansion; they suggested that
La0.6Sr0.4Co0.2Fe0.8O3 is the optimal composition for use as an
active material. Several studies have reported significantly
enhanced permeability by applying LSCF as an active layer in
dual-phase membranes such as GDC–FCO[76], Ce0.8Tb0.2O2�δ–
NiFe2O4 (CTO–NFO),[77,78] and GDC–LSCF.[59] The thinnest
GDC–LSCF membrane, with a thickness of 32 μm, showed
the largest increase in oxygen permeation, indicating that as
the membrane thickness decreases, surface exchange affects
the oxygen permeability more strongly than bulk diffusion does.
Strontium-doped lanthanum manganite (La1�xSrxMnO3�δ,
LSM) with perovskite structure is also considered an attractive
cathode material because of its high electronic conductivity. In
contrast to LSC and LSCF oxides, LSM has a low TEC
(10.1� 10�6 K�1 at 25 to 850 °C);[79] thus, excellent chemical sta-
bility can be expected when it is used as a cathode material.
However, because LSM has very poor oxygen ionic conductivity
(5.9� 10�7 S cm�1 at 900 °C),[80] it is necessary to improve the
ionic conduction before it can be used as a cathode material.
To address this issue, its integration with materials having
excellent ionic conductivity, such as electrolyte materials, is
being studied. In several studies, a composite coating layer
(La0.8Sr0.2MnO3�δ–GDC) was applied as an active layer to
GDC–LaCo0.2Ni0.4Fe0.4O3�δ

[81] and CTO–NFO[82,83] mem-
branes. However, an active layer with a high surface exchange
coefficient k* is essential to improve the oxygen permeability,
and the LSM–GDC composite active layer did not significantly
increase the oxygen flux because of the low surface exchange
coefficient (k* of GDC: �6.1� 10�9 cm s�1 at 800 °C[24] and
k* of LSM: �2.4� 10�9 cm s�1 at 800 °C[84]). The layered perov-
skites LnBaCo2O5þδ (where Ln represents a rare-earth element)
have received increased attention as active layer materials for
dual-phase membranes.[85] The stacking sequence of CoO2–
LnOδ–CoO2–BaO–CoO2 is the ideal structure of this compound,
and oxygen vacancies are mainly located in the plane of the LnOδ

rare earth.[86] This distribution of oxygen vacancies can improve

the oxygen transport properties compared to those of unordered
perovskites and provide surface defect sites capable of facilitating
reactions with molecular oxygen.[87] PBCO reportedly has a
higher conductivity (�900 S cm�1 at 500 °C) and a faster oxygen
surface exchange coefficient (kchem of 10�3 cm s�1 at 350 °C) and
bulk diffusion coefficient (Dchem of 10�5 cm2 s�1 at 350 °C) than
other layered LnBaCo2O5þδ compounds.[88] Chen et al.[89]

reported that the oxygen flux of a 450μm-thick SDC–PBCO
dual-phase membrane was enhanced remarkably by modifying
the feed side surface with the membrane itself, which sup-
pressed the chemical incompatibility between the active layer
and membrane. However, although strontium doping (e.g., of
LSC and LSCF) can accelerate surface exchange related to oxygen
incorporation and excorporation, strontiummay degrade the per-
formance degradation because of reactions with contaminants
(e.g., H2O and CO2) in the operation atmosphere of the mem-
brane. Zhao et al. studied the effects of 5% CO2 and 2.81%
H2O in the atmosphere on the electrode performance of LSCF
at various temperatures.[90] They found that the formation of a
Sr-related carbonate insulating surface layer can dramatically
degrade the performance. In terms of the thermodynamics, in
an ambient atmosphere containing H2O and CO2, SrCO3 is ther-
mally decomposed at temperatures above 680 °C, indicating that
an active layer containing alkaline-earth metal elements substan-
tially affects oxygen permeation during operation below 680 °C.
Decreasing the operating temperature from 1000 to 500 °C can
reduce energy consumption by 39%, indicating that the operat-
ing temperature of the membrane should be below 700 °C for
heat integration and enhanced process efficiency in commercial
applications.[91] In summary, the CO2 tolerance of the active layer
under ambient atmosphere is a key factor to be considered for
performance improvement, in addition to the electrical conduc-
tivity and surface exchange coefficient.

3.2.2. Active Layers without Alkaline-Earth Metals

Because of the drawbacks of active layers containing alkaline-
earth metals, several efforts have been made to obtain stable
operation. The development of alkaline-earth metals-free active
layer material has been considered as an alternative. In the last
decade, composite oxide-based active layer materials that do not
contain strontium, such as perovskite, spinel, and Ruddlesden–
Popper (RP) structures, have been developed and used experi-
mentally in oxygen transport membranes. Spinel oxides have
good oxygen reduction reaction activity, high electronic conduc-
tivity, chemical stability, and a low TECs,[92–94] making it a good
active layer candidate for oxygen transport membranes.
According to the distribution of A and B cations in the interstices
between the tetrahedron and octahedron, the A1�xBx(AxB2�x)O4

spinel structure can be classified into three types (Figure 10b):
normal (x¼ 0), inverse (x¼ 1), and complex (0< x< 1).[95–97]

The distribution of A and B cations is determined by factors such
as the radii of the cations, Coulombic interactions, and crystal
field effects. Because of their range of compositions, electron
configurations, and valence states, spinel-structured oxides have
been used as catalysts, supercapacitors, and SOFC cathode
materials. García-Fayos et al.[98] reported a CTO–NFO dual-phase
membrane study using an active layer consisting of a
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spinel-fluorite structure composite based on NFO. At
850–700 °C, the oxygen flux increased by a factor of 2–4 after active
porous NFO–CTO layers were added on both sides of the dense
membrane, and the oxygen flux in CO2 atmosphere was observed
to have time-dependent stability. The RP structure has the general
formula Anþ1BnO3nþ1 and consists of layers of ABO3 perovskite
and AO rock salt sequentially distributed along the c-axis.[99,100]

The schematic diagram of the Anþ1BnO3nþ1 structure in
Figure 10c shows that the A site generally contains rare-earth ele-
ments or alkaline-earth metal elements, and the B site typically
contains transition metals such as Ni, Mn, Cu, and Fe.[101] The
RP structure has high ionic and electronic conductivity and low
thermal expansion, which are essential properties for a SOFC cath-
ode. Ionic and electronic conduction in an RP-structured oxide
occurs by a redox reaction or a transition metal valence state
change at the B site resulting from a difference in valence state
between the host and dopant.[102] Thermal expansion is caused
by the formation of oxygen vacancies because of the partial reduc-
tion of B site cations.[103] Many studies have explored materials in
which catalytic activity and thermal stability are balanced by con-
trolling this mechanism. Kwon et al.[8] reported that the oxygen
permeation flux of a 70 vol% Zr0.79Sc0.2Ce0.01O2�δ–30 vol%
La0.7Sr0.3MnO3�δ (ScSZ–LSM) membrane was significantly
improved by adding an active Nd2NiO4þδ (NNO) layer to both sur-
faces of the membrane. Further, the membrane coated with an

NNO active layer exhibited a highly stable oxygen permeation flux,
even in pure CO2 atmosphere. Yun et al.[104] reported that the oxy-
gen flux of a fluorite-rich dual-phase membrane (GDC–LSM) was
dramatically improved by modifying both surfaces with a
Pr2NiO4þδ (PNO) material. The membrane also demonstrated
remarkable stability under pure CO2 conditions and thermome-
chanical stability during rapid thermal cycling.

3.3. Chemical Compatibility at Active Layer/Membrane Interface

As previously stated, because the effect of surface exchange on
the permeability becomes dominant with decreasing membrane
thickness, it is important to improve the permeability by surface
modification. Modifying a dense membrane with a porous active
layer with a superior surface exchange coefficient can improve
permeability by increasing the number of reaction sites and
by facilitating oxygen in-/excorporation reaction. In this process,
the interfacial resistance between the active layer and membrane
should be minimized. Lee et al. showed improved oxygen flux
through a La0.7Sr0.3Ga0.6Fe0.4O3�δ (LSGF) membrane after
surface modification using LSC. However, they found that a
new phase, for example, (La1�xSrx)(CoyGazFe1�y�z)O3�δ, was
observed at the active layer/membrane interface during the
high-temperature manufacturing of the active layers and during
operation, which might reduce the long-term stability of the

Figure 11. a) Ohmic and polarization resistance as a function of the temperature. b) High resolution-transmission electron microscopy energy-dispersive
X-ray spectroscopy (HR-TEM EDS) elemental maps of Zr, Nd, La, and Sr in the vicinity of the Nd2NiO4þδ/La0.7Sr0.3MnO3�δ–Zr0.79Sc0.2Ce0.01O2�δ

membrane and La0.6Sr0.4CoO3�δ/LSM–ScSZ membrane interfaces. Reproduced with permission.[8] Copyright 2019, Royal Society of Chemistry.
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Table 1. Oxygen permeation flux data of various dual-phase membranes reported in the literature.

Nos. Material Active layer Thickness
[μm]

Temp.
[°C]

Flux
[mL cm�2min�1]

PO2

(feed/permeate)
References

Zirconia-based dual-phase membrane

1 Zr0.79Sc0.2Ce0.01O2�δ–La0.7Sr0.3MnO3�δ Nd2NiO4þδ 42.7 750 0.30 Air/He [106]

800 0.59

850 1.03

900 1.60

2 Zr0.79Sc0.2Ce0.01O2�δ–La0.7Sr0.3MnO3�δ Nd2NiO4þδ 40.8 800 0.59 Air/He [8]

850 1.03

900 1.65

3 (ZrO2)0.92(Y2O3)0.08–La0.7Sr0.3MnO3�δ Pt 100 800 0.17 Air/He [107]

850 0.28

900 0.42

950 0.54

4 (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10–
LaCr0.85Cu0.10Ni0.05O3�δ

(Y2O3)0.08(ZrO2)0.92–
(La0.80Sr0.20)MnO3�δ

110 750 0.21 Air/N2 [108]

850 0.56

950 1.02

750 0.19 Air/CO2

850 0.54

950 1.00

Ceria-based dual-phase membrane

5 Ce0.9Gd0.1O2�δ –La0.7Ca0.3Cr0.95Zn0.05O3�δ 800 875 0.02 Air/He [109]

900 0.03

950 0.06

975 0.08

6 Ce0.8Gd0.2O2�δ–CoFe2O4 1000 850 0.10 Air/He [110]

900 0.14

950 0.19

7 Ce0.8Gd0.2O2�δ –Cu0.6Ni0.4Mn2O4 800 700 0.03 Air/N2 [111]

800 0.07

900 0.14

8 Ce0.8Sm0.2O2�δ –PrBaCo2O5þδ 600 850 0.20 Air/He [112]

900 0.27

925 0.32

9 Ce0.8Sm0.05Bi0.15O2�δ–Sm0.6Sr0.4Cu0.2Fe0.8O3�δ Sm0.5Sr0.5CoO3�δ 500 800 0.37 Air/He [113]

850 0.62

900 0.83

10 Ce0.9Gd0.1O2�δ–La0.7Sr0.3MnO3 La0.6Sr0.4CoO3�δ 100 850 1.61 Air/He [114]

11 Ce0.9La0.1O2�δ–La0.6Sr0.4Co0.9Al0.1O3�δ 600 1000 1.02 Air/He [115]

1000 0.72 Air/CO2

12 Ce0.9Pr0.1O2�δ–Pr0.6Sr0.4Fe0.6Al0.4O3�δ 400 900 0.80 Air/He [116]

950 0.93

1000 1.12

13 Ce0.9Pr0.1O2�δ–Pr0.6Sr0.4Fe0.99Bi0.01O3�δ 600 800 0.09 Air/He [117]

850 0.15

900 0.26

950 0.48
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Table 1. Continued.

Nos. Material Active layer Thickness
[μm]

Temp.
[°C]

Flux
[mL cm�2min�1]

PO2

(feed/permeate)
References

1000 0.71

850 0.05 Air/CO2

900 0.09

950 0.25

1000 0.62

14 Ce0.85Cd0.1Cu0.05O2�δ–La0.6Ca0.4FeO3�δ 500 800 0.25 Air/He [52]

850 0.40

900 0.61

950 0.87

800 0.15 Air/CO2

850 0.28

900 0.46

950 0.70

15 Ce0.85Pr0.1Cu0.05O2�δ–Pr0.4Sr0.6Fe0.95Cu0.05O3�δ 600 900 0.77 Air/He [118]

950 1.27

1000 1.60

900 0.41 Air/CO2

950 0.69

1000 0.98

16 Ce0.8Gd0.2O2�δ–FeCo2O4 La0.6Sr0.4Co0.2Fe0.8O3�δ 1000 850 0.11 Air/Ar [76]

17 Ce0.8Sm0.2O2�δ–PrBaCo2O5þδ Ce0.8Sm0.2O2�δ–PrBaCo2O5þδ 450 850 0.25 Air/He [89]

900 0.35

945 0.48

18 Ce0.9Gd0.1O2�δ–La0.6Sr0.4Co0.2Fe0.8O3�δ La0.6Sr0.4CoO3�δ 30 750 1.98 Air/He [14]

800 2.78

850 3.63

19 Ce0.9Gd0.1O2�δ–La0.6Sr0.4Co0.2Fe0.8O3�δ La0.6Sr0.4CoO3�δ 30 850 3.80 Air/He [59]

20 Ce0.9Gd0.1O2�δ–La0.6Sr0.4Co0.2Fe0.8O3�δ SrCo0.1Fe0.8Nb0.1O3�δ 20 800 3.36 Air/He [7]

900 6.28

1000 10.41

800 1.87 Air/CO2

900 4.10

950 5.50

Ba0.5Sr0.5Co0.8Fe0.2O3�δ 20 900 8.80 Air/He

1000 14.0

21 Ce0.9Gd0.1O2�δ–La0.7Sr0.3MnO3�δ La0.6Sr0.4CoO3�δ 45 850 1.50 Air/He [73]

22 Ce0.9Gd0.1O2�δ–La0.7Sr0.3MnO3�δ La0.6Sr0.4CoO3�δ 30 750 1.17 Air/He [15]

800 1.66

850 2.20

23 Ce0.9Gd0.1O2�δ–La0.7Sr0.3MnO3�δ Pr2NiO4þδ 25 750 0.30 Air/He [104]

850 0.76

700 0.10 Air/CO2

775 0.32

24 Ce0.9Pr0.1O2�δ–Pr0.6Ca0.4FeO3�δ La0.6Sr0.4CoO3�δ 300 900 0.58 Air/He [69]

1000 1.00

900 0.24 Air/CO2
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Table 1. Continued.

Nos. Material Active layer Thickness
[μm]

Temp.
[°C]

Flux
[mL cm�2min�1]

PO2

(feed/permeate)
References

1000 0.62

25 Ce0.8Sm0.2O1.9–SrCo0.4Fe0.55Zr0.05O3�δ 600 950 2.69 5/0.005 atm [119]

26 Ce0.9Pr0.1O2�δ –Pr0.6Sr0.4Fe0.8Al0.2O3�δ 330 900 0.59 Air/He [120]

950 0.78

1000 1.03

27 Ce0.9Pr0.1O2�δ–Pr0.6Sr0.4Fe0.99In0.01O3�δ 600 800 0.19 Air/He [121]

900 0.48

1000 1.07

800 0.12 Air/CO2

900 0.22

1000 0.80

28 Ce0.8La0.15Cu0.05O2�δ–La0.15Sr0.85FeO3�δ 600 800 0.19 Air/He [122]

900 0.49

950 0.65

29 Ce0.85Sm0.15O1.925–Sm0.6Sr0.4Al0.3Fe0.7O3�δ Sm0.5Sr0.5CoO3�δ 500 850 0.44 Air/He [123]

950 0.68

950 0.64 Air/CO2

30 Ce0.85Sm0.15O1.925–Sm0.6Sr0.4Cr0.3Fe0.7O3�δ Sm0.5Sr0.5CoO3�δ 500 850 0.30 Air/He [124]

950 0.53

LiLaNiO/γ-Al2O3 850 3.99 Air/CH4

950 7.60

31 Ce0.9Pr0.1O2�δ–Pr0.6Ca0.4FeO3�δ 600 1000 0.51 Air/He [125]

1000 0.25 Air/CO2

32 Ce0.9Pr0.1O2�δ–Nd0.5Sr0.5Fe0.9Cu0.1O3�δ 650 750 0.23 Air/He [126]

850 0.46

950 1.02

950 0.63 Air/CO2

33 Ce0.8Gd0.2O2�δ–Pr0.6Sr0.4Co0.5Fe0.4Nb0.1O3�δ 500 850 0.27 Air/He [127]

900 0.45

925 0.54

850 0.16 Air/CO2

900 0.36

925 0.45

34 Ce0.8Sm0.2O1.9–Y0.8Ca0.2Cr0.8Co0.2O3 1300 950 0.31 Air/N2 [128]

950 2.89 Air/CO2 50%þ
(H2 3%þN2 97%)

50%

950 6.30 Air/ H2 3% þ N2 97%

35 Ce0.8Gd0.2O2�δ–Ba0.95La0.05Fe0.975Nb0.025O3�δ 1000 850 0.20 Air/He [129]

900 0.25

925 0.29

925 0.19 Air/CO2

36 Ce0.8Gd0.2O2�δ–FeCo2O4 La0.58Sr0.4Co0.2Fe0.8O3�δ 1000 800 0.03 Air/Ar [130]

900 0.05

1015 0.08

37 Ce0.8Gd0.2O2�δ–PrBaCo2O5þδ 1000 800 0.17 Air/He [131]
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Table 1. Continued.

Nos. Material Active layer Thickness
[μm]

Temp.
[°C]

Flux
[mL cm�2min�1]

PO2

(feed/permeate)
References

850 0.25

900 0.32

925 0.38

38 Ce0.8Gd0.2O2�δ–PrBaCo0.5Fe1.5O5þδ 600 800 0.28 Air/He [132]

850 0.39

900 0.51

925 0.56

1000 925 0.36 Air/CO2 50%þ
He 50%

39 Ce0.8Gd0.15Cu0.05O2�δ–SrFeO3�δ 500 900 0.42 Air/He [19]

900 0.63 O2-enriched air
(0.9 atm)/CO2

40 Ce0.8Nd0.2O2�δ–Nd0.5Sr0.5Al0.2Fe0.8O3�δ 600 850 0.28 Air/He [133]

900 0.46

950 0.71

1000 0.99

850 0.09 Air/CO2

900 0.24

950 0.51

1000 0.81

41 Ce0.8Sm0.2O2�δ–Ba0.95La0.05Fe0.85Zr0.15O3�δ 1000 925 0.30 Air/He [134]

925 0.24 Air/CO2

Ce0.8Sm0.2O2�δ–Ba0.95La0.05FeO3�δ 600 925 0.54 Air/He

925 0.34 Air/CO2

42 Ce0.8Sm0.2O1.9–Sm0.8Ca0.2Mn0.5Co0.5O3 Ce0.8Sm0.2O1.9–
SmMn0.5Co0.5O3

500 800 0.14 Air/He [135]

900 0.40

940 0.61

800 0.10 Air/CO2

900 0.34

940 0.50

43 Ce0.8Sm0.2O2�δ–SrCo0.9Nb0.1O3�δ 800 850 0.82 Air/He [136]

900 1.15

950 1.54

950 0.52 Air/CO2

44 Ce0.9Gd0.1O1.95�δ–Al0.02Ga0.02Zn0.96O1.02 La0.6Sr0.4CoO3�δ 1100 800 0.15 Air/N2 [137]

900 0.27

940 0.39

850 0.17 Air/CO2

900 0.22

945 0.30

45 Ce0.9Gd0.1O2�δ–Ba0.5Sr0.5Co0.8Fe0.2O3�δ 500 875 0.88 Air/He [138]

950 1.36

875 0.26 Air/CO2

950 0.67

46 Ce0.9Gd0.1O2�δ–La0.6Sr0.4Co0.2Fe0.8O3�δ La0.6Sr0.4CoO3�δ 60 800 1.73 Air/He [139]

825 1.94
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Table 1. Continued.

Nos. Material Active layer Thickness
[μm]

Temp.
[°C]

Flux
[mL cm�2min�1]

PO2

(feed/permeate)
References

850 2.20

47 Ce0.9Gd0.1O2�δ–SrCo0.8Fe0.1Nb0.1O3�δ Ce0.9Gd0.1O2–
SrCo0.8Fe0.1Nb0.1O3

1000 800 0.91 Air/He [140]

850 0.82

900 0.74

600 900 0.50 Air/CO2

48 Ce0.9Nd0.1O2�δ–Nd0.6Sr0.4CoO3�δ 400 900 0.56 Air/He [141]

950 0.76

1000 0.90

600 950 0.55 Air/CO2

49 Ce0.9Nd0.1O2�δ–Nd0.6Sr0.4FeO3�δ La0.6Sr0.4CoO3�δ 600 850 0.19 Air/CO2 [18]

900 0.29

950 0.48

50 Ce0.9Pr0.1O2�δ–La0.5Sr0.5Fe0.9Cu0.1O3�δ 500 900 0.93 Air/He [142]

900 0.71 Air/CO2

51 Ce0.9Pr0.1O2�δ–Mn1.5Co1.5O4�δ 300 900 0.26 Air/CO2 [143]

950 0.37

1000 0.48

52 Ce0.9Pr0.1O2�δ–Pr0.6Sr0.4Fe0.5Co0.5O3�δ 600 800 0.24 Air/He [144]

900 0.59

1000 1.08

800 0.11 Air/CO2

900 0.45

1000 1.01

53 Ce0.9Gd0.1O2�δ–Fe2O3 500 900 0.06 Air/He [67]

950 0.10

1000 0.18

La0.6Sr0.4CoO3�δ 500 1000 0.20 Air/CO2

54 Ce0.85Sm0.15O1.925–Sm0.6Sr0.4FeO3�δ La0.6Sr0.4CoO3�δ 500 850 0.50 Air/He [68]

900 0.65

940 0.82

55 Ce0.8Sm0.2O2�δ–Sm0.3Sr0.7Cu0.2Fe0.8O3�δ Pd 1000 800 0.47 Air/He [145]

900 1.02

1000 2.05

800 0.43 Air/CO2

900 0.93

1000 1.96

56 Ce0.8Sm0.2O2�δ–PrBaCo2O5þδ PrBaCo2O5þδ 1000 850 0.28 Air/He [32]

900 0.40

940 0.51

57 Ce0.8Sm0.2O1.9–Sm0.6Ca0.4CoO3 Ce0.8Sm0.2O1.9–
Sm0.6Ca0.4CoO3

500 850 0.11 Air/He [146]

900 0.14

950 0.18

850 0.10 Air/CO2

900 0.15
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membrane.[105] Kwon et al.[8] demonstrated that the suppression
of interfacial resistance between the active layer and zirconia-rich
dual-phase membrane is a key factor in remarkably improved
oxygen permeability (Figure 11). The ionic conduction, which
is closely associated with the oxygen flux, is limited by secondary
phases (e.g., SrZrO3 and La2Zr2O7) originating from the interdif-
fusion of zirconium with rare- and alkaline-earth metals such as
strontium and lanthanum. By applying an active layer (NNO)
having high surface exchange kinetics and low reactivity with zir-
conium, they improved the oxygen flux by orders of magnitude
compared to that of membrane coated with representative
perovskite active layers (e.g., LSC and LSCF). The strategy of
using the membrane material as the active layer was also
suggested to minimize the interfacial resistance of dual-phase
membranes such as SDC–PBCO, SDC–Sm0.6Ca0.4O3�δ,

CTO–NFO, and SDC–SmMn0.5Co0.5O3�δ. However, because
of the low surface exchange coefficient of the CeO2-based ionic
conducting phase, the increase in oxygen permeability was
smaller than that of the membrane to which a single-phase
active layer such as LSC and LSCF was applied. A detailed list
including the materials, performance, and experimental condi-
tions of aforementioned dual-phase membranes is provided in
Table 1. Many studies have been reported to improve the oxygen
permeability and stability of the dual-phase membrane in terms
of intrinsic and extrinsic properties. As mentioned in Section 2.2,
the dual-phase membrane is composed of stabilized ZrO2 and
doped CeO2 as an ionic conductor, and it can be seen that most
research has been focused on CeO2-based dual-phase mem-
brane. This is due to the fact that CeO2 has good chemical com-
patibility with the electronic conductor in the dual-phase

Table 1. Continued.

Nos. Material Active layer Thickness
[μm]

Temp.
[°C]

Flux
[mL cm�2min�1]

PO2

(feed/permeate)
References

950 0.19

58 Ce0.8Tb0.2O2�δ–Fe2NiO4 Pr6O11-infiltrated
Ce0.8Tb0.2O2�δ–Fe2NiO4

650 800 0.09 Air/Ar [98]

850 0.14

850 0.13 Air/(CO2 30%þ Ar
70%)

59 Ce0.9Gd0.1O2�δ–NiFe2O4 500 900 0.11 Air/He [72]

950 0.19

1000 0.31

900 0.09 Air/CO2

950 0.16

1000 0.27

60 Ce0.8Sm0.2O2�δ–La0.7Ca0.3CrO3�δ Ce0.8Sm0.2O2�δ–
Sm0.5Sr0.5Co3�δ

1000 850 0.05 Air/He [147]

900 0.09

950 0.14

61 Ce0.8Gd0.2O2�δ–FeCo2O4 La0.58Sr0.4Co0.2Fe0.8O3�δ 950 910 0.03 Air/Ar [77]

960 0.05

1030 0.07

62 Ce0.8Tb0.2O2�δ–NiFe2O4 Ce0.8Gd0.2O2�δ–
La0.8Sr0.2MnO3�δ

770 900 0.11 Air/Ar [82]

950 0.17

1000 0.25

900 0.15 Air/CO2

950 0.22

1000 0.30

63 Ce0.8Tb0.2O2�δ–NiFe2O4 Pd-infiltrated Ce0.8Gd0.2O2�δ–
La0.8Sr0.2MnO2�δ

680 900 0.10 Air/Ar [83]

950 0.13

1000 0.17

900 0.09 Air/CO2

1000 0.20
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membrane compared with ZrO2, and thus shows high oxygen
permeability. In order to improve the permeability, the thickness
of the membrane should be as thin as possible, and as the thick-
ness of the membrane becomes thinner, it is essential to under-
stand not only bulk diffusion but also the surface exchange
reaction. However, many studies focus on enhancing the oxygen
permeability and stability by applying a newmaterial or adjusting
the doping level, as can be seen in Table 1.

4. Application Potential and Future Prospects of
Dual-Phase Oxygen Transport Membranes

The oxygen transport membrane can afford process intensifica-
tion via a coupling reaction on both sides of the membrane, sug-
gesting that carbon neutrality can be approached by reducing
carbon dioxide emissions and improving energy efficiency.
Because fluorite-based dual-phase membranes, which were con-
sidered in this review, are chemically and mechanically stable,
their potential for use as a catalytic membrane reactor to integrate
separation and catalytic reaction has been demonstrated in many
studies. Process intensification based on an oxygen transport
membrane has been proposed, as shown in Figure 12. The cou-
pling reaction can be achieved by splitting oxygen-containing
gases (e.g., H2O, NO, N2O, and CO2) in conjunction with other
catalytic reactions such as the partial oxidation of methane
(POM) and oxidative coupling of methane. Methane, which
has abundant reserves, has received significant attention as an
attractive reactant with high value-added potential because it
can be converted into syngas (H2 and CO) and ethylene

(C2H4), which are valuable in the petrochemical industry.
Several studies have demonstrated that the integration of the
two reactions in one membrane apparatus for process intensifi-
cation is possible. Park et al.[148] showed CO2 utilization coupled
with the POM through a chemically stable oxygen transport
membrane (GDC–La0.8Ca0.2FeO3�δ) under pure CO2 and CH4

conditions. Jiang et al.[149–151] reported a membrane reactor
(BaCoxFeyZr1�x�yO3�δ) capable of combining N2O and NO
removal with the simultaneous production of valuable chemicals
from methane. Liang et al.[152] experimentally demonstrated
the generation of syngas on both sides of the membrane
(Ce0.8Pr0.1O2�δ–Pr0.6Sr0.4FeO3�δ) by the simultaneous decompo-
sition of water and carbon dioxide as well as the POM. Zhou
et al.[153] showed that water splitting and the coupling of methane
to C2 products were simultaneously performed by an SDC–
Sr2Fe1.5Mo0.5O5þδ membrane reactor. The reported studies in
coupling reactions using oxygen transport membrane are summa-
rized in Table 2. Although oxygen transport membranes have
advantages for use in catalytic membrane reactors to improve
the efficiency of process intensification,membrane reactor technol-
ogy is in its initial stages, and only a few studies have demonstrated
its effectiveness in terms of performance and stability. Therefore,
to develop high-performance membrane reactors toward
energy-efficient and sustainable chemistry, it is important to
find the optimal balance between performance and stability using
various interdisciplinary approaches. Table 2 summarizes the
reported studies in coupling reactions using oxygen transport
membrane.

5. Conclusions

This review provides critical insight into intrinsic (internal
aspect) and extrinsic properties (external aspect) improving the
performance of the dual-phase membrane. The intrinsic factors
that affect the performance enhancement of OTMs include the
mechanical strength and oxygen ionic conductivity of the mate-
rial constituting OTMs. As mentioned above, the single-phase
membrane composed of perovskite structure with high oxygen
permeability but low mechanical and chemical stabilities is dif-
ficult to apply for scale-up and modulation of OTMs. Thus, the
mechanically and chemically stable dual-phase membrane with a
fluorite structure (stabilized ZrO2, doped CeO2) is a promising
candidate for commercialization of OTMs. In the dual-phase
membrane, the ionic conductivity of the fluorite structure, which
is an oxygen ionic conductor, is an important factor in determin-
ing the oxygen permeability. However, in the case of stabilized
ZrO2, it is easy to form secondary phases (e.g., La2Zr2O7,
SrZrO3) by interdiffusion with a material applied as an electronic
conductor of the dual-phase membrane. These secondary phases
interfere with the transport of oxygen ions and result in lowering
the overall ionic conductivity of the dual-phase membrane.
Contrastively, doped CeO2 has good chemical compatibility with
electronic conductors compared with stabilized ZrO2, so the
effect of lowering ionic conductivity due to secondary phase for-
mation is insignificant. Thus, the higher oxygen permeability can
be ensured when doped CeO2 is used as an ionic conductor. To
ensure oxygen transport in the membrane, electronic percolation
is essential. However, because the ionic conductivity of

Figure 12. Schematic diagram of coupling reactions through fluorite-rich
dual-phase oxygen transport membrane.
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dual-phase membranes decreases with increasing electronic con-
ductor content, it is necessary to minimize the electronic conduc-
tor content while maintaining percolation. When a pure
electronic conductor is used as the electron path, it can adversely
affect the oxygen permeability because it interferes with the dif-
fusion of oxygen ions through the bulk membrane. By contrast,
when an MIEC is applied as the electronic conductor, the ionic
conductivity of the MIEC can provide an additional oxygen ion

path in the dual-phase membrane, improving the overall oxygen
permeability. However, because MIECmaterials generally have a
high TEC, the mechanical and thermomechanical stability can be
decreased by a TEC mismatch with the ionic conductor at ele-
vated temperatures.

On the other hand, the external factors include concentration
polarization and thickness of the membrane. There are a lot of
different mechanisms involved in oxygen permeation, which can

Table 2. Different oxygen transport membranes reported for the coupling reaction.

Nos. Membrane Catalyst Temp.
[°C]

O2 flux
[mL cm�2 min�1]

Conversion Selectivity Yield References

1 (La0.75Sr0.25)(Cr0.5Fe0.35Ni0.15)O3 Fe–Ni alloy nanoparticles 900 – CH4 | 72% – – [154]

CO2 | 81%

2 BaFe0.9Zr0.05Al0.05O3�δ 900 – CH4 | 97% CO | 94% 91% [155]

N2O | 99.9%

3 Nb2O5-doped SrCo0.8Fe0.2O3�δ Ni-based catalyst on
Sr0.7Ba0.3Fe0.9Mo0.1O3�δ,

Pd-based catalyst on (ZrO2)0.92
(Y2O3)0.08–La0.8Sr0.2MnO3

900 2.13 CH4 | 84% CO | 97% 81% [156]

CO2 | 20.58%

4 Ce0.8Sm0.2O1.9 GdNi/Al2O3 900 1.12 CH4 | 37% CO | 86% 32% [157]

Pt

5 Al2O3-doped SrCo0.8Fe0.2O3�δ Ni/Al2O3 900 0.64 CH4 | 86% CO | 93% 80% [158]

CO2 | 12.4%

6 La0.8Ca0.2FeO3�δ–Ce0.9Gd0.1O2�δ NiO–Ce0.9Gd0.1O2�δ–La0.3Sr0.7TiO3�δ 900 2.3 CH4 | 80% CO | 100% 80% [148]

La0.8Ca0.2FeO3�δ– Ce0.9Gd0.1O2�δ CO2 | 40%

7 Ba0.9Co0.7Fe0.2Nb0.1O3�δ Ni 875 16 CH4 | 96.6% CO | 78.7% 76% [159]

8 La0.8Ca0.2Fe0.94O3�δ – Ag Ni/LaNiO3/γ-Al2O3 950 3.95 CH4 | 58% CO | 89% 52% [160]

9 La0.8Ca0.2Fe0.95Ag0.05O3�δ Ni/LaNiO3/γ-Al2O3 900 7.89 CH4 | 99% CO | 93% 92% [161]

10 BaBi0.05Co0.8Nb0.15O3�δ Ni-phyllosilicate hollow sphere 750 – CH4 | 95% CO | 94% 89% [162]

NO | 100%

11 Ce0.8Sm0.2O2�δ–Sr2Fe1.5Mo0.5O5þδ Ni/Al2O3 950 0.75 CH4 | 97% CO | 98% 95% [163]

12 Zr0.92Y0.08O1.92–
La0.6Sr0.4Co0.2Fe0.8O3�δ

900 – CH4 | 97.8% CO | 98.7% 97% [5]

13 Ba0.5Sr0.5Co0.8Fe0.2O3�δ Ni/ZrO2 850 11 CH4 | 98.8% CO | 91.5% 90% [164]

14 BaCe0.1Co0.4Fe0.5O3�δ LiLaNiO/γ-Al2O3 950 9.5 CH4 | 99% CO | 93% 92% [165]

15 BaCo0.7Fe0.2Ta0.1O3�δ Ni-based catalyst 900 16.2 CH4 | 99% CO | 94% 93% [166]

16 La0.6Sr0.4Ti0.3Fe0.7O3 NiO, La0.6Sr0.4CoO3 1000 11.3 CH4 | 42.5% CO | 99% 42% [167]

17 BaCo0.7Fe0.2Nb0.1O3�δ Ni/Ce0.75Zr0.25O2/Mg3(Al)O 875 19.8 CH4 | 99.4% CO | 91.4% 91% [168]

Ce0.8Re0.2O2�δ

18 SrCoFeOx Ni/γ-Al2O3 900 2.4 CH4 | 88% CO | 97% 85% [169]

19 BaCo0.7Fe0.2Nb0.1O3�δ Ni-based catalyst 875 15 CH4 | 92% CO | 104% 96% [170]

20 BaCoxFeyZr1�x�yO3�δ Ni/Al2O3 850 – C2H6 | 85% C2H4 | 86% 73% [150]

N2O | 100%

21 BaCoxFeyZr1�x�yO3�δ 800 – C2H6 | 59% C2H4 | 89% 55% [171]

22 La0.3Sr0.7Fe0.7Cu0.2Mo0.1O3 La0.3Sr0.7Fe0.7Cu0.2Mo0.1O3 900 7.9 CH4 | 53% C2H4 | 24.7% 13% [172]

C2H6 | 11.8% 6%

23 Ba0.5Sr0.5Co0.8Fe0.2O3�δ Mn–Na2WO4/SiO2 950 – CH4 | 26% C2 | 36% 6.5% [173]

24 Ba0.5Sr0.5Co0.8Fe0.2O3�δ Mn–Na2WO4/SiO2 900 – CH4 | 54% C2 | 29% 15.6% [174]

25 Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3�δ Na–W–Mn/SiO2 850 1.4 CH4 | 51.6% C2 | 67.4% 34.7% [175]

26 BaCoxFeyZrzO3�δ Mn–Na2WO4/SiO2 800 – CH4 | 34% C2 | 50% 17% [176]
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be understood as a series of resistances. If feed and permeate
sides are not sufficiently supplied with sweep gas, or if the poros-
ity of the active coating layer at both sides of the membrane is not
sufficient, this can generate a lower oxygen concentration gradi-
ent, resulting in a decrease in the oxygen chemical potential; this
phenomenon is termed as a concentration polarization, which
can significantly reduce oxygen permeation performance.
Thus, in order to obtain optimized oxygen permeation flux by
excluding the influence of the concentration polarization, a suf-
ficient amount of sweep gas must be supplied to the feed and
permeate sides, and the porosity of the active layer should also
be sufficient to facilitate gas diffusion. Thickness of membrane
can also play an important role in improving oxygen permeation
flux, and it can be confirmed that oxygen permeation flux
increases with decreasing membrane thickness according to
Wagner equation. However, as the membrane becomes thinner,
surface exchange becomes the rate-determining step in oxygen
permeation, where the oxygen flux is limited by both bulk diffu-
sion and surface exchange. Thus, in order to improve the oxygen
permeation flux, it is essential not only to lower the thickness of
the membrane, but also to apply an active coating layer to
promote the surface exchange kinetics. In summary, it can be
concluded that the study of the surface exchange reaction plays
an important role in improving the oxygen permeability of the
dual-phase membrane.

Although numerous studies on oxygen transport membranes
have been conducted in recent years, the trade-off relationship
between oxygen permeability and stability is still considered a
decisive problem to be solved for the commercialization of
oxygen transport membranes. Thus, further investigation of
dual-phase membranes is urgently needed to ensure sufficient
oxygen permeability and stability for commercialization.
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