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Mixed ionic-electronic conducting (MIEC) membranes have gained 
growing interest recently for various promising environmental and energy 
applications, such as H2 and O2 production, CO2 reduction, O2 and H2 
separation, CO2 separation, membrane reactors for production of chemicals, 
cathode development for solid oxide fuel cells, solar-driven evaporation 
and energy-saving regeneration as well as electrolyzer cells for power-
to-X technologies. The purpose of this roadmap, written by international 
specialists in their fields, is to present a snapshot of the state-of-the-art, 
and provide opinions on the future challenges and opportunities in this 
complex multidisciplinary research field. As the fundamentals of using MIEC 
membranes for various applications become increasingly challenging tasks, 
particularly in view of the growing interdisciplinary nature of this field, a 
better understanding of the underlying physical and chemical processes 
is also crucial to enable the career advancement of the next generation of 
researchers. As an integrated and combined article, it is hoped that this 
roadmap, covering all these aspects, will be informative to support further 
progress in academics as well as in the industry-oriented research toward 
commercialization of MIEC membranes for different applications.
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1. Introduction

MIEC membranes have gained consider-
able interest due to their wide range of 
potentials related to environmental and 
energy applications in the past three dec-
ades. MIEC membranes simultaneously 
conducting oxygen ions and electronic 
charge carriers have been considered as 
a prominent next-generation technology 
for chemical and fuel processing and 
energy storage and conversion. Against 
the current background of the global 
energy transition, the societal and scien-
tific needs make a roadmap describing 
the state-of-the-art, future challenges, and 
opportunities of MIEC membranes par-
ticularly timely. The motivation for this 
roadmap is a tight connection existing 
between the domain of membrane- and 
catalyst-assisted gas conversion and sepa-
ration and the recent fast development of 
the sustainable energy sources, as well as 
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utilization of green energy to which energy storage and envi-
ronmental issues are directly related.

This roadmap outlines and examines the most important topics 
as illustrated in Figure  1 that cut across the recently emerging 
research fields using MIEC membranes including H2 produc-
tion, O2 production, solar-driven evaporation and energy-saving,  
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cathode development for solid oxide fuel cells (SOFCs), modeling 
of oxygen transport through MIEC membranes, CO2 reduction, 
H2 separation, membrane reactors for production of chemicals, 
CO2 separation, electrolyzer cells for power-to-X technologies. 
The progress on the commercialization of MIEC membrane tech-
nology is particularly highlighted. The roadmap involving multi-
disciplinary research fields, presented by various global experts 
in their fields, is intended to give an overview on the status and 
breakthroughs of this evolving and growing interdisciplinary field 
and provide insights into the challenges driven by the research 
needs (such as material and reactor systems development) and 
opportunities in the diverse and rich field of using MIEC mem-
branes. There is no doubt that MIEC membranes will play a vital 
role in various energy conversion and storage applications. We 
hope the roadmap may serve as a bridge for scientists entering 
the MIEC membranes field. It may also be helpful to those who 
want to discover the amazing potential of MIEC membranes. The 
topics presented in this Roadmap have been grouped into 12 sec-
tions, ranging from basics and practical applications to commer-
cialization, covering the key interdisciplinary areas.

2. MIEC Membranes for Oxygen Separation

2.1. Status

As one of the most important chemicals produced globally, 
oxygen has been utilized in many environmental and indus-
trial processes, such as production of chemicals, waste disposal 
and medical treatments. With the fast development of oxygen-
related applications, O2 is facing ever-increasing demands. 
Currently, the cryogenic distillation technology as the commer-
cialized method for O2 production encounters many challenges 
because of the high production costs and energy consumption. 
Against the background of severe environmental pollution 
issues, searching for alternative approach to reduce the energy 
consumption for O2 production and environmental impacts is 
becoming urgent. Recently, MIEC membranes have attracted 
increasing attention from industrial and academic communi-
ties. Theoretically, these membranes can separate oxygen with 
100% permeation selectivity and they offer a cost-effective and 
simplified way for O2 production.[1–3] The revolutionary method 
based on MIEC membranes can decrease ≈60% energy con-
sumption and reduce remarkably the production costs by 
≈35% in comparison with the current cryogenic technology.[4] 
In addition to the application for O2 separation, MIEC mem-
branes are becoming increasingly interesting for membrane 
reactors for the production of chemicals (more details can be 
found in Section  10).[5,6] Oxygen permeable membranes have 
been intensively investigated in the past decades and can be 
generally grouped into two types: single-phase and dual-phase 
(see Figure  2).[1,2,15–24,7,25–34,8,35–38,9–14] Currently, Ba-, Sr-, or 
Co-containing single-phase perovskite-type oxygen-transporting 
membranes (OTMs) with a general formula of ABO3 show high 
oxygen permeation and generally have an oxygen permeation 
flux of more than 1 mL min−1 cm−2 at 1173 K for a 1 mm-thick 
membrane.[1,2] However, these OTMs have a poor stability in 
the presence of CO2 due to the formation of carbonates. Their 
practical applications still face many challenges such as poor 
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long-term stability, unsatisfactory mechanical strength and 
low chemical stability. An attractive alternative to perovskite 
is single-phase K2NiF4-type (Ruddlesden-Popper phase) mem-
brane, which has shown to be completely CO2 tolerant during 
long-term stability tests under CO2 atmosphere.[2,7–9,33,34] Simi-
larly, dual-phase membranes have also displayed high CO2 
resistance after long-term CO2 exposure. No formation of car-
bonate or phase change are noticed. Although the CO2 toler-
ance is significantly improved for K2NiF4- type and dual-phase 
membranes, their oxygen permeability is much lower com-
pared to perovskite-type OTMs. The obvious trade-off between 
oxygen permeation flux and CO2 tolerance limits the applica-
bility of OTMs for oxygen separation.

2.2. Recent Advances and Future Challenges

Designing cost-effective MIEC membranes with good chemical 
stability and high O2 permeation flux are still the main goal to 
be pursued. Intensive scientific research has been devoted to 
the development of perovskite-type oxygen permeable mem-
branes with selecting suitable A- and B-site cations carefully 
to address the low chemical stability issue under a harsh gas 
atmosphere such as CO2.[1,2,10–12] Development of protective 
layers on the surface of membranes is currently used as an 

effective approach to enhance the CO2 resistance of the single-
phase perovskite-type membranes.[2,13] Coating a CO2-resistant 
layer on the membrane surfaces can be achieved by several 
methods including chemical vapor deposition, spray pyrolysis, 
spin coating, physical vapor deposition, and plasma spraying.[2] 
Good ionic conductivity, high chemical and mechanical stability 
in CO2 atmosphere at high temperature and good compat-
ibility with the protected membrane is requested for an ideal 
protective layer material.[2,13] Complete substitution of alkaline-
earth cations Sr or Ba by rare-earth cations and reduction of 
cobalt content in the single-phase perovskite-type membranes 
is another strategy to effectively improve the CO2 resist-
ance. Although many efforts have been devoted to the oxygen 
permeation performance, deterioration is inevitable under 
pure CO2 atmosphere. Recently, focus has been set on the 
design of dual-phase and K2NiF4-type membranes with inher-
ently excellent phase stability and chemical stability since con-
sistent performance for thousands of hours or more requiring 
for practical applications. The concept of a dual-phase mem-
brane is an interpenetrating network of an electron conductor 
(EC) and an ion conductor (IC). Historically, noble metals 
were chosen as EC in first approaches. Later, oxide phases 
were chosen as EC. Oxygen incorporation and oxygen release 
are limited to triple-phase boundaries (gas phase/IC/EC). To 
overcome this limitation, Fang et al. have combined two MIEC 

Figure 1. Research topics of MIEC membranes covered in this roadmap.
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conductors with different transfer numbers to a dual-phase 
membrane.[16] High performance of the dual-phase membranes 
consisting mixed ionic electronic conductors and ionic conduc-
tors has been obtained in the literature through optimization 
of the critical factors including phase ratio, grain size, con-
ductivity, phase composition, phase distribution and gas–solid 
interfaces.[1,14,36–38,15–18,29–31,35] Coating a catalyst layer or surface 
modifications on CO2 resistant dual-phase and K2NiF4-type 
membranes can largely enhance the surface exchange kinetics 
resulting in the improvement of the oxygen permeability.[1,2,9] 
Still, these membranes have much lower oxygen permeability 
than perovskite-type oxygen permeable membranes despite 
having better chemical and phase stability. It is challenging 
to achieve high oxygen permeation flux and good chemical 
stability at the same time. The improvement in one property 
is often on the price of sacrificing the other. Decreasing the 
membrane thickness or optimizing the membrane configu-
ration can be an alternative way that does not induce such a 
trade-off. Often, disk- and tube-shaped membrane configura-
tions are explored, but their performance is limited by small 
surface area and thick wall as well as sealing and connection 
issues. In contrast, the configuration of hollow-fiber membrane 
comes with a large surface area and has an asymmetric struc-
ture with a thin wall. The hollow-fiber membranes typically 
have 0.1–0.3 mm wall thicknesses and 1–2 mm outer diameters 
(with a hollow space inside). This configuration is considered 
as the most promising and practical one to improve O2 per-
meation flux[2,6,19,20,24–27,32] and it is also widely used for other 
applications such as CO2 conversion and H2 production (details 
can be found in the following Sections  4–7 and Section  10). 
Hollow-fiber membranes, which enable to achieve high oxygen 
permeability, are getting increasingly interesting and they 

have been intensively studied in recent years.[1,2,34,6,19,20,24–27,32] 
Table  1 shows the performance comparison of various MIEC 
membranes recently reported in literature. The membranes 
with hollow-fiber configuration exhibited the most excellent 
oxygen permeability and stability, which should be a promising 
direction to be pursued in future. Recently, a perovskite-type 
hollow-fiber membrane with nineteen channels was success-
fully prepared, which remarkably improved the O2 permeation 
due to the creation of different paths for oxygen transport.[19] 
Hollow-fiber perovskite membranes with wrinkled surface were 
also developed, considered as a promising catalyst carrier.[20] 
The oxygen permeation flux of the wrinkled hollow-fiber mem-
brane is significantly improved by a factor of 3 compared to the 
oxygen permeation flux of the hollow-fiber membrane without 
wrinkles.[20] All these innovation methods make hollow-fiber 
membranes possess greater reliability, economic and scaling-
up potentials for oxygen production and membrane reactor 
applications. Toward commercialization of MIEC membranes 
for oxygen production, Nauels  et  al. recently make a big step 
through the design and development of a membrane module 
for pilot-scale systems.[22] A membrane module containing total 
596 tubular Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes was developed 
and performed under various conditions. A maximum con-
tinuous operational time of 1800 h was obtained.[22] It should 
be pointed out that membrane breakages and leakage occurred 
during the tests result in a maximum oxygen purity of 98.9%. 
A huge improvement is highly needed to address these issues 
in future. Although many advancements have been achieved 
recently, various challenges remain. Acceptable oxygen per-
meation flux, good chemical and phase stability, and satisfac-
tory mechanical strength at reduced atmosphere for a long 
operational period at high temperature are still the goal to be 
pursued. In real application scenarios for O2 production, the 
separation membranes may suffer significant degradation in 
the permeation flux regarding exposing to very low concentra-
tions of oil vapors from the compressed air.[12] However, the 
studies in the presence of such heavy organics have been over-
looked and rarely investigated. In addition, an important factor 
should be paid attention is that such synthesized membranes 
should have low material costs and fulfil the current production 
equipment to realize their commercialization.

2.3. Opportunities

Despite many improvements have been obtained, there are still 
many avenues and opportunities for improvements on using 
MIEC membranes for O2 separation. Due to the obvious trade-
off between CO2 tolerance and oxygen permeation observed 
in numerous studies,[1,2] achieving simultaneously high CO2 
resistance and excellent oxygen permeation flux seems a big 
challenge. Improving the oxygen permeability of CO2-tolerant 
MIEC oxygen-transporting membranes with low permeation 
flux seems more realistic via engineering approaches and 
application of the internal (external) electronic short-circuit 
methods.[2] The most promising directions concerning long-
term stability, economic feasibility, fundamental understanding 
and material development are proposed as follows:

Materials Development: The development of new dual-phase 
and K2NiF4-type membrane materials are highly desirable by 

Figure 2. a) The Major types of MIEC membranes used for oxygen sepa-
ration and b) Schematic representation of the oxygen permeation process 
mechanism. Crystal structure of the La2NiO4+δ material (Ruddlesden-
Popper-phase). Reproduced with permission.[33] Copyright 2011, Elsevier.
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optimizing the preparation approaches and microstructures. 
Focus should be set on the design and development of oxygen 
exchange catalysts with high stability, which could largely improve 
the oxygen permeability of the CO2-resistant membranes. Using 
non-critical earth-abundant materials during the MIEC material 
development should be considered. Sustainable methods for the 
material productions are also desired to reduce waste.

Engineering Approach: The amount of investigations 
addressing membrane configurations is relatively limited.[19,20] 
Many improvements associated with the configurations pose 
many opportunities ahead. The introduction of advanced manu-
facture techniques (for example, 3D printing) may provide new 
ways of membrane fabrications. Application and development 
of the external electronic short-circuit methods for different 
CO2 tolerance MIEC membranes should be considered to 
improve the oxygen permeability. Much more attention should 
also be paid to the development of current module layout and 
sealing technology for membranes at high temperature.

Fundamental Understanding of the Oxygen Permeation Mech-
anism: There is a need to improve the understanding of the 
oxygen transport mechanism via computational simulation and 
modeling (see Section 3). The mechanisms of oxygen transport 

at the gas-solid interfaces and oxygen-ion transport between the 
ionic conductors and electronic conductors (mixed ionic elec-
tronic conductors) especially at the grain boundaries in dual-
phase membranes are still not clear. The investigation of this 
fundamental problems will certainly provide insights into the 
developments of new MIEC membranes materials and oxygen 
exchange catalysts (coating materials).

Furthermore, more multidisciplinary research into the com-
bination of MIEC membranes with other novel technologies 
such as plasma-based technology (plasma spray process for 
coating, plasma treatment for membrane material modifica-
tions and plasma-membrane reactor[6,39–41]) is highly desirable 
to improve the performance of MIEC membranes.

2.4. Concluding Remarks

MIEC membranes hold great potential for oxygen produc-
tion and membrane reactors for production of chemicals. 
Despite major achieved improvements (more details can be 
found in Section  13), there are still many research and tech-
nological challenges to conquer toward commercialization of 

Table 1. Summary of the oxygen permeation fluxes of various MIEC membranes recently reported in literature.

Sample J(O2)a)  
[mL min−1 cm−2]

J(O2)b)  
[mL min−1 cm−2]

d [mm] T [K] J(O2)b) Stability [h] Type Configurations Ref.

Pr0.5Sr0.5Cu0.2Fe0.8O3-δ 0.4 0.16 1.4 1173 100 Perovskite Disk [23]

La0.6Sr0.4Co0.2Fe0.8O3-δ 1.87 – 0.052 1223 – Perovskite 6-channel Hollow fiber [24]

La0.6Ca0.4Co0.8Fe0.2O3−δ – 2.28 0.081 1173 – Perovskite Hollow fiber [25]

Ba0.5Sr0.5Co0.8Fe0.2O3−δ 8.85 – – 1173 – Perovskite 19-channel Hollow fiber [19]

(La0.9Ca0.1)2(Ni0.75Cu0.25)O4+δ 0.65 0.63 0.65 1173 – K2NiF4 Disk [8]

(Pr0.9La0.1)1.9Ni0.74Cu0.21Ga0.05O4+δ

-both side coated La0.6Sr0.4CoO3

0.9 – 0.6 1173 – K2NiF4 Disk [9]

La2Ni0.95Mo0.05O4+δ 2.88 2.75 – 1225 185 K2NiF4 Hollow fiber [34]

40 wt% Ce0.9Gd0.1O2–δ –60 wt% 
La2NiO4+δ

1.55 1.31 0.235 1223 5 Dual-phase Hollow fiber [26]

La0.6Sr0.4Co0.2Fe0.8O3-δ-(La0.5 
Sr0.5)2CoO4+δ

3.2 2.6 – 1173 100 Dual-phasec) Hollow fiber [27]

75 wt% Ce0.85Sm0.15O1.925–
25 wt%Sm0.6Sr0.4Al0.3Fe0.7O3–δ

1.03 0.915 ≈0.32 1223 56 Dual-phase Hollow fiber [32]

75 wt% Ce0.85Gd0.1Cu0.05O2–δ –  
25 wt% La0.6Ca0.4FeO3–δ

0.87 0.7 0.5 1223 – Dual-phase Disk [16]

60 wt% Ce0.9Nd0.1O2–δ –  
40 wt%Nd0.6Sr0.4CoO3–δ

0.65 0.55 0.6 1223 150 Dual-phase Disk [17]

60 wt% Ce0.8Sm0.2O2–δ– 40 wt% 
Sm0.3Sr0.7Cu0.2Fe0.8O3–δ

0.84 0.7 0.6 1223 400 Dual-phase Disk [18]

70 vol% Zr0.79Sc0.2Ce0.01O2−δ –  
30 vol% La0.7Sr0.3MnO3−δ – 
coated Nd2NiO4+δ

1.65 ≈ 1.4 0.05 1173 – Dual-phase Disk [28]

40 wt% Ce0.9Pr0.1O2–δ – 60 wt% 
Nd00.5Sr0.5Fe0.9Cu0.1O3–δ

0.97 0.32 0.6 1223 70 Dual-phase Disk [29]

30 wt% La0.15 Sr0.85 FeO3–δ –  
70 wt% La0.15 Ce0.8 Cu0.05O2–δ

0.45 0.27 0.6 1173 100 Dual-phase Disk [30]

60 wt% Ce0.8Sm0.2O2–δ– 40 wt% 
Sm0.3Sr0.7Cu0.2Fe0.8O3–δ

1.01 0.7 0.6 1223 50 Dual-phase Disk [31]

60 wt% Ce0.9Pr0.1O2–δ – 40 wt% 
Pr0.6Ca0.4FeO3–δ

0.53 0.25 0.6 1273 40 Dual-phase Disk [36]

a)under air/He or air/Ar gradient; b)under air/CO2 gradient; c)Perovskite/Ruddlesden-Popper composite system.
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MIEC membranes for oxygen separation. The development 
of computational simulations and modelling together with 
developing in situ surface probing techniques will remarkably 
improve our understanding on oxygen permeation mechanisms 
and performance degradation mechanisms for facilitating the 
material design and engineering approaches.

3. Modeling of Oxygen Transport through MIEC 
Membranes
3.1. Status

Modeling represents a powerful complimentary tool to the exper-
imental study, which has been widely used to gain insights on 
the important oxygen permeation parameters and the transport 
rate determining steps. Modeling assisted with experimental 
data validation can be used to simulate the oxygen permeation 
performance under conditions that are not achievable in normal 
experimental conditions. Modeling studies thus complement the 
various experimental breakthroughs to provide further insights 
on the oxygen transport properties of MIEC membranes and in 
guiding the development of MIEC membrane module design. 
This section of the roadmap covers the present status of oxygen 
permeation modeling, recent advances in the area, future chal-
lenges, and opportunities for prospective growth.

Progress in the research of MIEC membranes has seen the 
development of membrane compositions with high oxygen 
permeation fluxes such as Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) 
and La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF).[42,43] Various methods to 
improve the oxygen permeation fluxes of MIEC membranes 
include modifying the membrane composition or applying 
membrane surface decorations.[44–46] To obtain further insights 
on the oxygen permeation mechanism, researchers have devel-
oped and utilized various oxygen permeation models to com-
plement the experimental results.[47] Based on data obtained 
from Scopus, these modeling works have traction over the 
past two decades, producing a steady stream of publications in 
recent years (Figure 3a).

Oxygen permeates through dense MIEC membranes 
takes place via the oxygen ionic transfer in one direction and 

the simultaneous electronic transfer in the opposite direc-
tion (Figure  3b).[48] The high temperature oxygen transport in 
MIEC membranes (above 700 °C) is enabled due to the pres-
ence of defects, i.e., oxygen ionic vacancies and/or interstitial 
oxygen ions, within the membrane crystal lattice.[49] The defects 
facilitate the diffusion of oxygen ions through the membrane, 
which ultimately contributes to the oxygen ionic conductivity.[50] 
Oxygen vacancies are formed at high temperatures along with 
the simultaneous reduction of transition metals in the mem-
brane and accordingly, electron transfer.[51] Oxygen permeation 
models through MIEC membranes are generally developed 
based on the transport of ionic and electronic species through 
the membrane.[52]

Oxygen permeation in MIEC membranes mainly occurs 
via surface exchange reactions between molecular oxygen and 
oxygen vacancies on the membrane interfaces and oxygen 
vacancy diffusion through the membrane bulk. The slowest 
step limits the oxygen permeation and can be either surface 
exchange reactions or bulk diffusion. These transport mecha-
nisms form the basis for the initial conceptualization of oxygen 
permeation models. The Wagner theory (Equation  (1)) rep-
resents one of the earliest models that was derived based on 
bulk diffusion as the sole transport mechanism.[53] The Wagner 
theory assumes that a local equilibrium exists between the two 
charged species of electron and oxygen ion, and a hypothetical 
neutral species (such as oxygen molecule) in the bulk oxide.

1
4

O 2 2 ion
tot

2

2

2

2J
F L

t t de O

O II

O I

∫ σ µ=
µ

µ

( )

( )

 (1)

where 2JO  is oxygen permeation flux (mL min−1 cm−2), F is Fara-
day’s constant (96 485 C mol−1), L is disk membrane thickness 
(cm), tion is oxygen ionic transfer number, te is oxygen elec-
tronic transfer number, σtot is total conductivity (S cm−1), and 

2Oµ  is chemical potential of the hypothetical neutral oxygen in 
the oxide (J mol−1).

Various authors have developed empirical equations to 
predict the oxygen permeation fluxes for different limiting 
cases.[54–57] The consideration of surface exchange reactions 
has led to the introduction of the surface exchange coefficient 

Figure 3. a) Trend of oxygen permeation flux modeling-related publications between 2000 and 2020. b) Conceptual figure of oxygen transport through 
dense MIEC membrane.
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or k to gauge the magnitude of their influence.[58,59] The sur-
face exchange reactions on the membrane feed side involve the 
incorporation of molecular oxygen into the membrane oxygen 
vacancy to form lattice oxygen along with two electron holes 
(Equation  (2)).[49] Lattice oxygen diffuses through the mem-
brane bulk compensated by the flow of electrons in the oppo-
site direction. At the permeate side, the reverse reaction occurs 
whereby lattice oxygen is converted back to molecular oxygen 
through recombination with the electron holes and the oxygen 
vacancy site develops (Equation  (3)). In a further effort to dif-
ferentiate between the surface exchange reactions on the feed 
and permeate sides, parameters kf and kr were used to depict 
the forward and reverse surface exchange reaction rates repre-
sented by Equations  (2) and (3), respectively. Oxygen permea-
tion flux equations that incorporate kf and kr are exhibited in 
Equations  (4) and (5) for the membrane feed and permeate 
sides, respectively.[49]

1
2

22O V O hO O
x�+ +•• •  (2)

2
1
2

2O h O VO
x

O�+ +• ••  (3)

1/2 2
2 2J k P C k CO f O v r h= ′ ′ − ′•  (4)

2 1/2
2 2J k C k P CO r h f O vi= ′′ − ′′ ′′  (5)

where C is the concentration of the species indicated in sub-
scripts and 2PO  is oxygen partial pressure (atm) with super-
scripts ′ indicating the feed side and ″ indicating the permeate 
side of the membrane. The chemical species in Equations (2) to 
(5) are denoted according to Kröger-Vink notation.

The ratio of the surface exchange kinetics (k) to the tracer 
diffusion coefficient (D*) is defined as the parameter h in 
Equation (6). This ratio is considered useful to determine the 
influence of surface exchange reactions on the oxygen per-
meation through the membrane. Bouwmeester, Kruidhof, and 
Burggraaf[60] introduced the characteristic thickness, Lc, which 
is the inverse of the parameter h (Equation  (6)). If the mem-
brane thickness is significantly larger than the characteristic 
thickness, the oxygen permeation is mainly limited by bulk 
diffusion. Likewise, membranes with thicknesses that are 
significantly lower than the characteristic thickness will have 
their oxygen permeation limited by surface exchange reac-
tions. It is assumed that the Lc is only applicable for mem-
branes whereby the surface exchange kinetics are equal on 
both sides of the membrane, i.e., the oxygen partial pressure 
difference is small.

1
h

k

D Lc

= =∗  (6)

The applicability of Lc is limited in certain experimental 
situations, i.e., when oxygen exchange kinetics vary on the 
air and permeate sides (use of argon or methane sweep), and 
when there is a high drop of oxygen chemical potential on the 
membrane permeate side. A new criterion inspired by the Biot 
number, Bc, was introduced by Geffroy and co-workers[61,62] 
as the ratio of the oxygen chemical potential gradients on the 

membrane surface to the bulk volume. Bc can be evaluated for 
each membrane surface with Equation  (7) and Equation  (8) 
representing the Bc for the feed and permeate side surfaces, 
respectively. If Bc < 0.5, the oxygen transport is mainly bulk dif-
fusion limited, while Bc > 1.5 indicates surface exchange as the 
main oxygen permeation limiting step. In the case of 0.5 < Bc < 
1.5, the oxygen transport is limited by a mixture of bulk diffu-
sion and surface exchange reactions. Other more recent works 
pertaining to the influence of surface exchange reactions on the 
oxygen transport mechanism are also highlighted in Geffroy, 
Blond, Richet, and Chartier.[3]

µ
µ

′ = ∆ ′
∆

2

2

Bc
O

O
bulk

 (7)

µ
µ

′′=
∆ ′′
∆

2

2

Bc
O

O
bulk  (8)

where superscript “bulk” indicates the membrane bulk.

3.2. Recent Advances and Future Challenges

Progress in the development of oxygen permeation models led 
to the introduction of more complex models that integrate bulk 
diffusion and surface exchange reactions, leading to more accu-
rate projection of oxygen permeation fluxes. A notable model 
is that of Xu and Thomson,[63] which was developed based on 
the surface exchange reactions in Equations  (4) and (5) and is 
illustrated in Figure 4a. This model assumes a constant oxygen 
vacancy diffusion coefficient, Dv for the steady-state isothermal 
oxygen bulk diffusion and ideal gas behavior. The oxygen per-
meation flux equation is derived according to Equation (9).

/

1/ 2 / 1/

1/2 1/2

1/2 1/22

2 2

2 2

J
k k P P

k P L D k P
O

r f O O

f O v f O

( )
( ) ( )( )=

′′ − ′
′ + + ′′

− −

 (9)

The Xu-Thomson model is applicable for single-phase MIEC 
disk membranes such as LSCF and La0.4Sr0.6CoO3−δ.[63,65] A 
similar model based on surface exchange reactions was devel-
oped by Li, Jin, Xu, and Shi,[66] with the driving force expressed 
in terms of the oxygen vacancy concentration difference across 
the membrane instead of the oxygen partial pressure difference 
(Equation (10)).

1/ 2 / 1/
, ,

2J
C C

k L D k
O

v s v s

a v d( ) ( ) ( )= ′′ − ′
+ +

 (10)

where Cv,s is the concentration of oxygen vacancy on the mem-
brane surface. ka and kd are the adsorption and desorption rate 
constants, respectively, as reported by Zeng and Lin.[67]

Further advancements to the Xu-Thomson model were per-
formed by Tan and Li[68] who adapted the Xu-Thomson model 
simulate the oxygen permeation in hollow fiber membranes 
(Figure  4b). The Tan-Li model assumes only the radial trans-
port of charged defects takes place in plug flow conditions with 
negligible axial dispersion axial transport. The adaptation by 
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Tan and Li[68] is exhibited in Equation  (11). In another work, 
Tan  et  al.[69] specified material balances and boundary condi-
tions to enable the extension of Equation  (11) according to 
different hollow fiber oxygen permeation operating modes 
that include different feed gas flow positions (directed into 
the hollow fiber shell or lumen), flow orientations (co-current 
or counter-current flow) and permeate side conditions (use of 
inert sweep gas or vacuum operation).

dN
k P P

k R R P P

D

P

R

P

R

lO
r O O

f O in O O

v

O

in

O

( )
In( / )

2 2

d
1/2 1/2

1/2 1/2 1/2 1/2

0

2

2 2

2 2 2 2

π π π

= ′ − ′′
′ ′′

+ ′ + ′′
 (11)

where 2NO  is oxygen molar flow rate (mol s−1), Ro is outer radius 
of hollow fiber (cm), and Rin is inner radius of hollow fiber 
(cm).

Liu, Tan, Shao and Diniz da Costa[70] proposed a surface reac-
tion limited version of the Tan-Li model. In this version of the 
model, it is assumed that the membrane is significantly thin 
and that the surface exchange reactions are the main oxygen 
permeation limiting mechanism (Equation  (12)). Since the 
bulk membrane properties are not considered in this model, 
the model applicability can be extended to materials other than 
LSCF as listed in Table 2.

dN
k P P

P

R

P

R

lO
r O O

O

in

O

( )

2 2

d
1/2 1/2

1/2 1/2

0

2

2 2

2 2

π π

= ′ − ′′
′ + ′′

 (12)

Another notable model for disk membranes was conceptu-
alized by Zhu, Liu, Cong and Yang,[71] which features the dis-
tribution of resistances from the membrane surface reactions 
and bulk (Figure  4c). Besides assuming elementary reactions 
and isothermal conditions, other model assumptions include 
constant transport properties of electrons, oxygen ions, oxygen 
vacancies and electron holes, and negligible diffusion resist-
ance or concentration polarization resistance on the membrane 
interfaces. The oxygen permeation flux model (Equation (13)) is 
expressed as a function of the sum of resistances contributed 
from the individual membrane “layers” (Equation (14)).

4

1
ln2 22

2

2

J
RT

F r

P

P
O tot

O

O

= ′′
′

 (13)

r r r rtot b= ′ + + ′′ (14)

where R is gas constant (J mol−1 K−1), T is temperature (K), and 
r is resistance (Ω m2). Subscripts “tot” and “b” indicate total and 
membrane bulk, respectively.

In a comparison of the disk membrane models, Zhu, Li, Liu, 
Zhu, and Yang[64] reported that the Xu-Thomson model is more 
suited for membranes with oxygen vacancy concentrations 
that vary widely with changes in oxygen partial pressure. Con-
versely, the Zhu model is more suited for membranes whose 
oxygen concentration are independent of changes in oxygen 
partial pressure. The oxygen nonstoichiometry (δ) or oxygen 
vacancy concentration of several characteristic membrane 
compositions such as BSCF, LSCF, and La0.7Sr0.3CoO3−δ (LSC) 
is displayed in Figure  4d along with their dependence on the 

Figure 4. Conceptual diagram of a) oxygen transport through disk membrane according to Xu-Thomson model,[64] b) oxygen permeation process 
through hollow fiber membrane according to Tan-Li model in co-current configuration with variation in oxygen partial pressures in feed and permeate 
sides and oxygen flux along the fiber length, c) oxygen transport according to Zhu model.[64] d) Variation in oxygen nonstoichiometry of various disk 
membrane compositions according to changes in oxygen partial pressure.[64] Reproduced with permission.[64] Copyright 2017, John Wiley and Sons.
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Table 2. Summary of different membrane compositions and corresponding simulation conditions used in different models.

Membrane composition Membrane geometry Membrane thicknessa) Oxygen permeation conditions Ref.

Xu-Thomson model

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) Disk 3.99 mm T: 750–950 °C;
PO′ 2

: 0.21–1 atm;
PO′′2

: 4.6 × 10−4–2.3 × 10−3 atm;

[63]

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) Disk 3.99 mm T: 750–950 °C;
PO′ 2

: 0.21–1 atm;
PO′′2

: 4.6 × 10−4–2.3 × 10−3 atm;

[80]

BaCo0.4Fe0.4Zr0.2O3−δ (BCFZ) Hollow fiber 0.37 mm;
ID: 3.06 mm;
OD: 3.80 mm

T: 850–950 °C;
PO′ 2

: 0.21 atm;
Sweep gas flow rate: 75–600 mL min−1

[81]

Li model

La0.2Sr0.8Co0.2Fe0.8O3-δ (LSCF) Disk 2 mm T: 850 °C;
PO′ 2

: 0.21 atm;
PO′′2

: 2.0 × 10−4–9.0 × 10−3 atm;

[66]

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) Tubular 1.5 mm;
ID: 5 mm;
OD: 8 mm

T: 850 °C;
PO′ 2

: 0.21 atm;
PO′′2

: 2.0 × 10−3–2.5 × 10−2 atm;

[82]

Tan-Li model (Surface reaction limited)

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) Hollow fiber 0.21 mm; 
ID: 0.99 mm; 
OD: 1.41 mm

T: 550–950 °C;
Air feed flow rate: 300 mL min−1;

Sweep gas flow rate: 0.01-0.111 mmol s−1

[70]

La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) Hollow fiber 0.31 mm; 
ID: 1.25 mm; 
OD: 1.87 mm

T: 650–1000 °C;
Air feed flow rate: 180 mL min−1;

Sweep gas flow rate: 15–52 mL min−1

[83]

SrCo0.9Sc0.1O3−δ (SCSc) Hollow fiber 0.24 mm; 
ID: 1.24 mm; 
OD: 1.72 mm

T: 500–800 °C;
Air feed flow rate: 200 mL min−1; Sweep gas 

flow rate: 15–75 mL min−1

[84]

Ba0.5Sr0.5Co0.75Zr0.05Fe0.2O3−δ (BSCZ0.05F) Hollow fiber 0.28 mm; 
ID: 1.01 mm; 
OD: 1.57 mm

T: 700–950 °C;
Air feed flow rate: 0.134 mmol s−1;

Sweep gas flow rate: 0.02-0.165 mmol s−1

[85]

Ba0.5Sr0.5Co0.7Zr0.1Fe0.2O3−δ (BSCZ0.1F) Hollow fiber 0.28 mm; 
ID: 1.01 mm; 
OD: 1.57 mm

T: 700–950 °C;
Air feed flow rate: 0.134 mmol s−1;

Sweep gas flow rate: 0.02-0.165 mmol s−1

[85]

Ba0.5Sr0.5Co0.6Zr0.2Fe0.2O3−δ (BSCZ0.2F) Hollow fiber 0.28 mm; 
ID: 1.01 mm; 
OD: 1.57 mm

T: 700–950 °C;
Air feed flow rate: 0.134 mmol s−1;

Sweep gas flow rate: 0.02-0.165 mmol s−1

[85]

BaCo0.85Bi0.05Zr0.1O3−δ (BCBZ) Hollow fiber 0.4 mm; 
ID: 0.8 mm; 
OD: 1.6 mm

T: 750–950 °C;
Air feed flow rate: 200 cm3 min−1;

Sweep gas flow rate: 30–150 cm3 min−1

[86]

Zhu model

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) Disk 0.5, 1.0 mm T: 680–940 °C;
PO′ 2

: 0.07–0.40 bar;
PO′′2

: 0.005–0.050 bar;

[71]

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) with ≈20 µm-thick 
Sm0.5Sr0.5CoO3−δ (SSC) porous layer on both sides

Disk 0.5 mm T: 600–700 °C;
PO′ 2

: 0.21 bar;
PO′′2

: 0.01 bar;

[87]

BaCe0.05Fe0.95O3−δ (BCF) with 15–20 µm-thick 
BaCe0.05Fe0.95O3−δ, Ba0.5Sr0.5Co0.8Fe0.2O3−δ, or
Sm0.5Sr0.5CoO3−δ porous layer on both sides

Disk 0.5 mm T: 750–950 °C;
PO′ 2

: 0.1–0.4 bar;
PO′′2

: 0.009–0.060 bar;

[88]

80 wt% Ce0.9Gd0.1O2−δ−20 wt% SrCo0.8Fe0.1Nb0.1O3−δ 
(GDC-SCFN) with ≈10 µm-thick SDC-SCFN porous 
layer on the permeate side

Disk 0.6, 1.0 mm T: 800–950 °C;
PO′ 2

: 0.2–0.9 bar;
PO2

′′ : 0.005–0.010 bar;

[89]

Adv. Funct. Mater. 2022, 32, 2105702
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oxygen partial pressure. The oxygen nonstoichiometry of LSCF 
is sensitive to changes in oxygen partial pressure above 800 °C, 
which indicates that its oxygen permeation flux is suited to be 
modeled using the Xu-Thomson model. The oxygen permea-
tion fluxes of LSCF simulated using the Zhu model (Figure 5a) 
and Xu-Thomson model (Figure  5c) appear to produce good 
correlation with the experimental data. However, the values 
of the regressed Zhu model resistance parameters cannot 

capture completely the experimental trend as indicated by the 
very small values of permeation resistance constant of inter-
face I (feed side) between 875 and 950 °C. On the other hand, 
the regression attempts using the Xu-Thomson failed to give 
a unique set of values of oxygen permeation parameters that 
are independent of the initial guesses. This is arisen from the 
intrinsic difficulty to fit simultaneously large number of param-
eters, i.e., 6 required by this model against the experimental 

Figure 5. Correlation between simulated and experimental oxygen permeation fluxes for a) LSCF and b) BSCF using the Zhu model, and c) LSCF and 
d) BSCF using the Xu-Thomson model.[64] Reproduced with permission.[64] Copyright 2017, John Wiley and Sons.

Membrane composition Membrane geometry Membrane thicknessa) Oxygen permeation conditions Ref.

80 vol% Ce0.9Gd0.1O2−δ−20 vol% La0.7Sr0.3MnO3±δ 
(GDC-LSM) with ≈30 µm-thick La0.6Sr0.4CoO3−δ 
(LSC) porous layer on both sides

Disk 0.045 mm T: 850 °C;
PO2

′ : 0.03–0.13 bar;
PO2

′′ : 0.0017–0.0038 bar;

[90]

60 wt% Ce0.8Gd0.2O2−δ−40 wt% 
Pr0.6Sr0.4Co0.5Fe0.5O3−δ (GDC-PSCF)

Disk 0.7, 1.0 mm T: 750–850 °C;
PO2

′ : 0.1–0.9 bar;
PO2

′′ : 0.002–0.03 bar;

[91,92]

60 wt% Ce0.8Gd0.2O2−δ−40 wt% 
Pr0.6Sr0.4Co0.5Fe0.4Nb0.1O3−δ (GDC-PSCF0.4N0.1)

Disk 0.5, 0.7, 1.0 mm T: 750–850 °C;
PO2

′ : 0.1–0.9 bar;
PO2

′′ : 0.002–0.03 bar;

[91,92]

75 wt% Ce0.85Sm0.15O1.925–25 wt% 
Sm0.6Sr0.4Al0.3Fe0.7O3-δ (SDC-SSAF)

Disk 0.5 mm T: 800–950 °C;
PO2

′ : 0.11–0.30 bar;
PO2

′′ : 0.001–0.012 bar;

[93]

Dimitrakopoulos-Ghoniem model

La0.9Ca0.1FeO3-δ (LCF) Square planar 1 mm T: 880–1045 °C;
Air feed flow rate: 6000 cm3 min−1;

Sweep gas flow rate: 2000 cm3 min−1

[75]

a)ID is inner diameter, OD is outer diameter.

Table 2. Continued.

Adv. Funct. Mater. 2022, 32, 2105702

 16163028, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202105702 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [26/03/2023]. 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



www.afm-journal.dewww.advancedsciencenews.com

2105702 (11 of 64) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

data. As for BSCF, which shows negligible change in oxygen 
nonstoichiometry with changes in oxygen partial pressure, 
good correlation is observed between the simulated and experi-
mental oxygen permeation flux when the Zhu model is used 
(Figure  5b). In contrast, the Xu-Thomson model does not fit 
well with BSCF (Figure  5d). The difference in model applica-
bility stems from the membrane bulk transport property, i.e., 
the concentration of oxygen vacancies is greatly influenced 
by the oxygen partial pressure according to the Xu-Thomson 
model, while the Zhu model assumes constant transport prop-
erties. Also, these models were derived based on different 
driving forces, i.e., the oxygen vacancy concentration gradient 
is used in the Xu-Thomson model whereas the chemical poten-
tial drop is utilized in the Zhu model. Furthermore, the sur-
face exchange reactions are adopted differently in each model, 
i.e., the forward and reverse reactions are considered as sepa-
rate reactions in the Xu-Thomson model while the Zhu model 
adopts a holistic approach to the surface reactions but considers 
them to occur on different sides of the membrane.

To counter the discrepancy between the applicability of 
models to different membrane compositions, Zhu, Li, Cai, 
Zhu, and Yang[72] introduced modifications to the bulk resist-
ance parameter, rb to consider the variation in the oxygen par-
tial pressure and translate these changes into the oxygen per-
meation flux. However, this method requires the concentration 
of oxygen vacancies in the relevant membrane composition 
to first be identified before the appropriate rb can be selected. 
More recent works featured the application of the Zhu model 
to determine the effect of membrane grain size (achieved by 
sintering BaCe0.1Fe0.9O3−δ membrane at different tempera-
tures and durations) and A-site cation content (Ba/Sr ratio in 
BaxSr1−xCo0.8Fe0.2O3−δ membrane) toward the oxygen transport 
kinetics.[73,74]

The oxygen permeation model by Dimitrakopoulos and  
Ghoniem[75] was developed based on the two-step surface 
oxygen incorporation reaction mechanism in La0.9Ca0.1FeO3-δ 
(Equations  (15) and (16)). The diffusion of charged species is 
modeled using a Planck-Nernst-Poisson (PNP) model, which 
involves the standard Nernst-Planck conservation equations to 
consider the species transport and the Poisson equation for the 
electrostatic potential. The PNP model can simulate the oxygen 
permeation in MIEC membranes with charged species con-
centrations that vary with changes in the oxygen partial pres-
sure.[76] Thus far, the proposed model has only been applied in 
the oxygen permeation transport simulation of square planar 
La0.9Ca0.1FeO3-δ membranes,[75,77] besides extended application 
to methane reforming.[78,79]

1
2

O 2Fe O 2Fe2(g) O Fe O FeV x x�+ + +•• •  (15)

2Fe Fe FeFe Fe Fe
x � i′ +  (16)

The present hurdles to the widespread application of oxygen 
permeation models include a proper in-depth understanding of 
the model execution and the suitability of different membrane 
compositions. Table 2 summarizes the various membrane com-
positions and their respective attributes and oxygen permea-
tion conditions at which the experimental data was obtained 
and applied in modeling studies. The Xu-Thomson model and 

Tan-Li model both appear to be suited for single-phase disk and 
hollow fiber membranes, respectively. The execution of both 
these models involve solving ordinary differential equations 
through numerical means such as the Runge-Kutta method. 
Several disk membrane compositions that fit well to the Zhu 
model include single-phase BSCF and dual-phase membranes, 
all of which possess oxygen nonstoichiometries that do not 
vary much with changes in oxygen partial pressure. While the 
Zhu model can be solved through simple linear regression 
approach, complex experimental dataset is required, i.e., a set 
of data obtained by varying 

2PO′  while maintaining constant 2
PO″ ,  

and another set at varying 
2

PO″  while maintaining constant 2PO′  
at each temperature point of interest. This requires significant 
time investment and certain expertise in optimizing experi-
mental conditions.

In terms of future challenges, researchers appear to be 
approaching a bottleneck with regards to the further develop-
ment of oxygen permeation models. Present modeling works 
mainly focus on gradual or minor improvements of the avail-
able models to emulate closely the oxygen permeation fluxes 
of membranes in the real scenario. Such improvement can be 
performed on the Zhu model, which is presently only suited 
for disk membranes given its assumption of complete mixing 
at the feed and permeate sides, which cannot be applied to 
hollow fiber membranes. In hollow fiber membranes case, the 
oxygen partial pressures in the feed and permeate sides are a 
function of the fiber length, which translates to the variation 
in the oxygen flux at different fiber length (Figure 4b). Suitable 
modifications should thus be made to incorporate such varia-
tion to the Zhu model to extend its applicability to hollow fiber 
membrane geometry. Other than that, entirely novel model 
conceptualizations may be rare to come by in the coming years. 
Besides, progress in model advancements is highly dependent 
on the developments in the experimental aspect, i.e., new mem-
brane geometries, materials, and oxygen permeation flow char-
acteristics. Thus, future development in the modeling aspect 
can be expected to be tied to advancements in MIEC membrane 
technology.

3.3. Opportunities

Prospects of applying the present oxygen permeation models 
include their adoption to other applications involving reactions 
or more extensive modeling studies such as computational 
fluid dynamics (CFD). Specialized computational studies such 
as CFD provide more insights through a visualization of the 
flow conditions according to specified conditions pertaining 
to the energy and mass flows. One such work by Habib, Ben 
Mansour and Nemit-allah[94] that has incorporated oxygen per-
meation modeling in CFD studied the effect of combustion and 
oxyfuel combustion in an LSCF disk membrane reactor. Other 
recent works have featured the CFD modeling of LSCF hollow 
fiber membrane bundles for oxygen permeation (Figure 6a)[95] 
and LSCF disk membrane reactor for oxidative coupling of 
methane.[96] The latter study provided insight on the selec-
tivity of carbon products for different reactor configurations 
(forward or reverse flow) and the results from the CFD model 
were benchmarked against those obtained using a less complex 

Adv. Funct. Mater. 2022, 32, 2105702
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two-chamber continuously stirred tank reactor (CSTR) model 
(Figure 6b). Nevertheless, this area remains quite niche due to 
the pre-requisite of computation expertise required.[97,98] This 
concept can be potentially applied using different membrane 
compositions in other related processes such as partial oxida-
tion of methane, coal gasification, or oxygen production. How-
ever, the incorporation of oxygen permeation models in reactive 
membrane technology requires additional consideration of 
pressure drop from combustion and the subsequent effects to 
the oxygen partial pressure driving force or membrane perme-
ability.[99] Such in-depth studies on membrane reactors present 
further perspective and allow comparison against conventional 
fixed bed reactors in terms of the product selectivity, yield, and 
overall performance. In general, modeling works based on 
MIEC membrane applicability are of great interest due to their 
potential for commercialization.

3.4. Concluding Remarks

Modeling studies of MIEC membranes remain an essential 
component of research to complement experimental studies. 

The steady increase in modeling works over the past two dec-
ades exhibits the continuous research interest and progres-
sive development in this aspect. Oxygen permeation models 
were initially developed based on mutually exclusive oxygen 
transport cases of bulk diffusion or surface exchange reac-
tions, and frequently featured empirical equations. However, 
recent advances in model conceptualization resulted in models 
that incorporated bulk diffusion and surface exchange reac-
tions in a single oxygen permeation flux equation, i.e., the 
Xu-Thomson model and the Zhu model. Further adaptation 
of these models has seen their implementation in different 
membrane compositions, geometries, and flow configurations. 
However, there are hurdles to further innovation in terms of 
future model development since modeling progress is heavily 
dependent on experimental progress of MIEC membranes. 
To counter this barrier, researchers are encouraged to branch 
into application of oxygen permeation models in more exten-
sive modeling studies such as CFD. Future works that feature 
in-depth oxygen permeation flux modeling along with mem-
brane applications in value-added processes are expected to 
provide deep insights for the potential large-scale commerciali-
zation of MIEC membranes.

Figure 6. a) LSCF hollow fiber membrane module grids used in simulation,[95] Reproduced with permission.[95] Copyright 2021, Elsevier; b) Local 
selectivity of carbon products in forward (top) and reverse (bottom) flow button reactor configuration. The outlet selectivity as calculated based on the 
CFD model is contrasted with the output from a simpler CSTR simulation at the far-right of the graph.[96] Reproduced with permission.[96] Copyright 
2019, Elsevier.
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4. MIEC Membranes for Carbon Dioxide 
Separation and Conversion

4.1. Status

The CO2 transport membranes (CTMs) based on high-tempera-
ture mixed conducting chemistry is an emergent class of prom-
ising CO2 management technology with the ability to capture 
CO2 efficiently and selectively from any CO2-containing process 
gases and convert it into valuable products in single reactor. A 
unique feature of CTMs is their high operating temperatures 
(500–800  °C), at which catalytic conversion of CO2 into valu-
able chemicals can occur in the same reactor with commer-
cially meaningful yield and selectivity. The process heats often 
embedded in combustion-derived, hot CO2-containing streams 
can also be best utilized by the high-temperature CTM reac-
tors to improve the overall energy efficiency. The core working 
ion for CTMs is carbonate-ion (CO3

2−), which is provided by a 
molten carbonate (MC) phase. The charge compensating spe-
cies to CO3

2− is either electrons (e−) or oxide-ions (O2−) or both. 
The conductors compensating CO3

2− are, therefore, a metal or 
a solid oxide-ion conductor. Another functionality of these solid 
conductors is to provide a solid porous structure to withhold 
MC like a sponge with capillary forces. Therefore, CTMs are 
comprised of at least two phases, one for MC and another for 
solid conductors.
Figure 7 shows how CTMs with two conducting mechanisms 

work to transport CO2: 1) mixed oxide-ion and carbonate-ion 
(MOC); 2) mixed electron and carbonate-ion (MEC). The major 

charge carrier of CTMs is CO3
2− with compensating charge car-

rier as O2− for the MOC-based membranes, see Figure 7a, and 
e− for MEC-based membranes, see Figure 7b. For MOC-based 
CTMs, CO2 and O2− on the feed side surface (the top) react to 
form CO3

2− that is further migrated across the membrane to 
the sweep-side surface (the bottom) via the MC phase. There-
fore, the MOC-based CTMs are suitable for CO2 separation 
from a mixture of CO2 and H2 in water-gas-shift-reaction. For 
the MEC-based CTMs, CO2 and O2 in the feed side are reduced 
into CO3

2− via surface reaction CO2 + 1/2O2 + 2e− = CO3
2−, then 

transported via the MC phase to the sweep side, where CO2 
with O2 is co-collected via the reverse reaction: CO3

2− = CO2 + 
1/2O2  + 2e−. Therefore, MEC-based CTMs are more suitable 
for CO2 separation from post combustion flue gas that con-
tains both CO2 and O2. Since CO2 is transported in the form of 
CO3

2− in both membranes, the theoretical membrane selectivity 
of CO2 is infinite.

It is to be noted that the chemical compositions of MC phase 
used in CTMs have varied from group to group in the litera-
ture, but all with eutectic composition. Among the three alkali 
carbonate systems, i.e., Li-Na, Li-K and Li-Na-K, Li-Na eutectic 
composition exhibits the highest carbonate-ion conductivity, 
thus often the MC phase of the choice. Li-Na-K system has the 
lowest eutectic point (390 °C), which may find applications for 
lower-temperature CO2 capture. Table  3 lists the conductivity 
and eutectic points of the three systems for reference.

The first MOC-based CTMs were studied in the laboratory 
with Y2O3-doped ZrO2 (YSZ) and Sr-and Co-doped LaFeO3 
(LSCF) perovskite.[105,106] However, the former has a lower 

Figure 7. Working principles of a) MOC-based; b) MEC-based CTMs.

Table 3. The Carbonate-ion conductivity of different molten carbonates.

Alkali Molten Carbonate Systems 2
3COσ  @ 923 K [S cm−1] σ 2

3CO  @ 1073 K [S cm−1] 2
3COσ  @ 1173 K [S cm−1] Eutectic composition Ref.

(Li-Na-K)2CO3 1.434 2.12 2.57 Li2CO3:Na2CO3: K2CO3 = 43.5:31.5:25 (mol%) [100]

(Li-Na)2CO3 2.06 2.65 3.53 Li2CO3:Na2CO3 = 52:48 (mol%) [101]

(Li-K)2CO3 1.31 1.77 2.46 Li2CO3:K2CO3 = 62:38 (mol%) [101,102]

(Na-K)2CO3 – – 2.25 Na2CO3:K2CO3 = 60:40 (mol%) [101]
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oxide-ion conductivity, thus resulting in a lower CO2 flux, while 
the latter vigorously reacts with MC, making their practical appli-
cations difficult. Later, Zhang and Huang[103,104] show in Figure 8 
that the replacement of YSZ with doped CeO2 (such as Sm or Gd 
dopant) can significantly improve the CO2 flux as well as stability. 
Since then, doped-CeO2 matrices filled with MC have become the 
benchmark MOC-based CTMs for CO2 capture and conversion. 
The first MEC-based CTM was demonstrated in laboratory with 
stainless steel (SS) as the solid porous matrix holding MC phase. 
However, the serious reactions between SS and MC resulted in 
fast performance degradation. Later, Huang group[107,108] dem-
onstrated that the replacement of SS with silver can not only 
increase CO2 flux, but also avoid chemical reactions. The issue 
with the silver-MC membrane is, however, the gradual sintering 
of porous silver matrix at elevated temperatures, resulting in 
loss of MC and flux decay. To solve this issue, Zhang, Tong and 
Huang[109–111] further showed in Figure  9 that by overcoating 
silver matrix with a thin layer of refractory ZrO2 can significantly 
improve the flux stability and enable the membrane to operate at 
higher temperatures without appreciable sintering.

4.2. Recent Advances and Future Challenges

There are several new advances in CTMs in recent decade. 
One is the new CTM created by in situ reaction between NiO 
and MC,[112] by which an electron conducting phase Li0.4Ni0.6O2 
(LNO) is formed. With an oxide-ion conductor (e.g., SDC) as 
the porous matrix, the resultant CTM conducts oxide-ions, elec-
trons, and carbonate-ions. Since there are two parallel pathways 
for CO2 transport and one pathway for O2 transport in this type 
of CTM, the flux ratio of CO2 to O2 is increased from 2/1 with 
MEC-based CTM to 2.3/1,[113] see Figure 10. The co-transport of 
CO2 and O2 could find unique applications in upgrading nat-
ural gas or natural gas liquids (NGLs) into syngas, ethylene, or 
propylene through oxidative dehydrogenation conversion with 
high conversion and selectivity without coking. Another advan-
tage of this membrane is the low cost. The early MEC-based 
CTMs used silver as the electron-conducting phase, which is 
not only sintering prone, but also at high cost. The new com-
bined MEC- and MOC-based CTM employs relatively low-cost 
NiO as the starting phase for the electron-conducting phase 

Figure 8. a) Porous matrix of SDC (SM-doped CeO2) imaged by synchrotron XCT; b) SEM microstructure of SDC-MC; c) flex density versus tempera-
ture. Reproduced with permission.[103,104] Copyright 2012, Royal Society of Chemistry and Copyright 2012, John Wiley and Sons.

Figure 9. a) ALD-ZrO2 overcoat on Ag matrix; b) flux density comparison at 800 °C. Reproduced with permission.[111] Copyright 2016, Royal Society of 
Chemistry.

Adv. Funct. Mater. 2022, 32, 2105702

 16163028, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202105702 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [26/03/2023]. 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



www.afm-journal.dewww.advancedsciencenews.com

2105702 (15 of 64) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

and doped-CeO2 as the oxide-ion conducting phase, while both 
phases serve as the solid porous matrix to withhold MC phase.

Another notable advance in CTM is the development of 
chemical reactors for combined CO2 capture and chemical 
conversions. The basic principle is to use the directly cap-
tured (permeated) CO2 from a source of CO2 (e.g., flue gas) to 
upgrade methane or ethane into syngas[114,115] or ethylene[116] in 
the presence of a specific catalyst. Figure 11 shows the working 
principles of two combined CO2 capture and conversion reac-
tors. Since CO2 is a soft oxidizer, overoxidation of the reactive 
product is alleviated, thus resulting in high conversion, selec-
tivity and ultimately yield.[114–116]

While significant progress toward materials and reactor 
development has been made since 2005 when the first MEC-
based CTM was conceptualized,[117] major challenges remain 
for this technology to be practical. One such a challenge is 
achieving practically meaningful flux stability because flux sta-
bility is the most important factor for practical applications. So 
far, the longest flux stability demonstrated is ≈1000 h. There are 
multiple reasons for the poor stability: the loss of MC caused by 
the poor solid/MC wettability, and sintering of solid matrix over 

time, both which lead to MC-phase discontinuity and decrease 
in conductivity, ultimately decay in CO2 flux. The chemical 
reactions between sealants (ceramic bond, glass, etc.) and MC 
could also cause flux degradation.

From a material perspective, CTMs are constructed by filling 
MC phase into a solid porous matrix. For porous solid matrix in 
MOC-based membranes, rare-earth doped ceria are so far the 
best materials due to their good wettability with MC and high 
O2− conductivity. However, their chemical propensity to react 
with S-containing impurities in flue gas or WGS gas emitted 
from coal-fired power plants impedes their future applications. 
Therefore, there is a need to find new S-tolerant solid matrix 
materials for MOC-based CTMs to capture CO2 from flue gas.

For MEC-based CTMs, Ag-based solid matrix has been suc-
cessfully demonstrated as a high-flux CO2 permeation mem-
brane. However, Ag is prone to sinter at high temperatures, 
presenting a barrier for its practical applications. Efforts to 
modify surface and microstructure have been devoted to miti-
gate the sintering issue. However, given the high cost of Ag, 
more studies are needed to identify new materials to replace 
Ag. One candidate is NiO. While the initial results are prom-
ising, understanding the composition-flux-stability relation-
ship in these new NiO-based MEC-based membranes are still 
lacking. To address the poor stability issue in reducing atmos-
pheres of the NiO-MC membrane, SDC has been added into 
NiO-MC membranes with improved stability and enabled 
better ionic/electronic conduction. However, the phase volume 
among SDC, NiO and MC need be further optimized to selec-
tively increase either CO2 or O2 flux for specific applications. 
On the other hand, increasing electronic conductivity in the 
SDC phase can reduce the need for high NiO volume.

Thermal stability of MCs at high temperatures is a funda-
mental problem to MC-based CTMs. Thermodynamics sug-
gests that Li-Na-K carbonates, either binary or ternary, have a 
tendency to decompose into oxide (e.g., Li2O) at high tempera-
tures by losing CO2. Therefore, CTMs should not be used at too 
a temperature such as >800 °C.

From  microstructural  perspective, microstructural param-
eters such as pore size/distribution, porosity/tortuosity of the 
solid porous matrix have a marked impact on flux and stability 
of CTMs. First, these parameters determine the level of capil-
lary forces that preserve the MC phase. In theory, small and 
uniformly distributed pores can produce high capillary forces. 

Figure 10. a) Schematic representation of CO2 and O2 transport through the NiO-SDC-MC membrane; b) the corresponding CO2 and O2 fluxes versus 
CO2 content in the feed gas measured at 850 °C. O2 content is kept constant at 10%, and N2 is used as the balance gas. Reproduced with permission.[113] 
Copyright 2018, American Chemical Society.

Figure 11. Working principles of a) methane reactor; b) ethane reactor. 
Reproduced with permission.[114–116] Copyright 2016, 2017, and 2019, 
American Chemical Society.
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Creating high enough capillary forces are critically important for 
CTMs in pressurized applications. On the other hand, the ratio 
of porosity to tortuosity (ε/τ) should be maximized since it is pro-
portional to the CO2 flux in thick-film CTMs. Research efforts to 
develop new approaches for fabricating solid porous bodies with 
large ε/τ ratio and fine and evenly distributed pores are appreci-
ated. Last, surface modification of CTMs to achieve a fast rate of 
CO2 exchange kinetics also needs to be further explored.

From a chemical reactor perspective, one unique feature of 
CTM-based reactors is the combined CO2 capture and conver-
sion into valuable products. So far, all CTMs reactors coupling 
with DMR (dry methane reforming), ODHE (oxidative dehydro-
genation of ethane) and WGS (water gas shift), have been dem-
onstrated in laboratory. One remaining challenge for the CTM 
reactors to be commercially viable is the demonstration of flux 
stability at larger scales. Application of conversion catalysts to 
the CTM’s surface versus in a separate bed inside the reactor is 
another area worth further studying.

From a computational perspective, the flux of a CTM is gen-
erally modeled by considering surface reactions and micro-
structure-related bulk transport properties. The latter is of vital 
importance to multi-phase CTMs since the phase volume and 
porosity/tortuosity could significantly impact the flux. Despite 
the straightforward surface mechanisms of CO2 ionization in 
CTMs, the multi-phase charge transport in the bulk of CTMs 
needs a new set of flux equations to describe their CO2 flux 
mathematically. In addition, chemical kinetics of CO2 conver-
sion reactions with a given feedstock (e.g., CH4) should be 
included in the overall microkinetic model for CTM-based CO2 
capture and conversion reactors.

4.3. Opportunities

The above challenges also offer new opportunities for 
researchers to further advance the development of multi-phase 
CTMs toward commercialization. We here suggest few areas of 
interest for this purpose.

• Design and fabrication of efficient microstructures of solid 
matrices with highest ε/τ, finest pores and most uniform dis-
tribution.

• Integrating catalysts with CTMs for combined CO2 capture 
and conversion reactors to achieve high conversion efficiency 
and selectivity.

• Development of mathematical models to calculate CO2 flux 
of new multi-phase CTMs (such as three-phase membranes) 
either in analytical or numerical domain.

4.4. Concluding Remarks

This section briefly summarizes the development of a new class 
of chemical-potential driven CTMs and the associated reactors 
suited for combined CO2 capture and utilization. Specifically, 
this short review presents various types of high-temperature 
mixed conducting chemistry based CTMs and reactors. The 
types of CTMs are multiphase mixed conductors consisting of 
a mixture of ceramic-ceramic-carbonate, metal-carbonate and 
ceramic-carbonate.

For membranes to work in a low-temperature range, e.g., 
400–500 °C, the eutectic (Li-Na-K)2CO3 system is a better choice 
for its low eutectic point (396 °C). However, for those operated at 
higher temperatures such as above 600 °C, eutectic (Li-Na)2CO3 
carbonate is a better choice than (Li-K)2CO3 because of its 
higher CO3

2− conductivity. For solid porous matrix materials 
used in MOC-based membranes, doped ceria (SDC, GDC etc.) 
are preferred due to their excellent wettability with MC and 
high oxide-ion conductivity. Their applications in sulfur-con-
taining flue gas might be hindered due to CeO2 reaction with 
H2S and SO2 impurities.[118] For MEC-based membranes, Ag is 
a good option from a conductivity and compatibility perspec-
tive. However, its scaled-up applications might face sinterability 
and high-cost issues. A recent noticeable development of using 
NiO as the solid matrix, which forms conductive Li0.4Ni1.6O2 
(LNO) phase upon contact with MC above 700 °C, might shed 
light on developing practically viable MEC-based CTMs for flue-
gas CO2 capture.

Designs and performances of a couple of CTM-based CO2 
reactors have also been reviewed. For instance, the captured 
CO2 can catalytically react with CH4 as a sweep gas and CO2-
contsaining flue gas as a feed gas to produce syngas (H2+CO) 
through DMR reaction. For MEC-based membranes, the 
co-transported CO2 and O2 minimize coke formation. Likewise, 
the CTM reactors have also been demonstrated to convert C2H6 
into C2H4 following ODHE reaction with the permeated CO2 
as a soft oxidizer. By combining with the WGS reaction, MOC-
based CTMs have been shown to be able to capture CO2 from 
the WGS gas, thus shifting the reaction toward H2 production.

Last, proof-of-concepts of high-temperature CTMs have 
so far been successfully demonstrated in laboratory. For this 
new technology to be competitive with commercial “amine 
washing”, an incumbent benchmark sorption-based technology, 
more scale-up demonstrations are inevitable. To achieve this 
ultimate goal, materials advancement reactor designs and 
system analysis/modeling are needed in the future R&D.

5. MIEC Membranes for Carbon Dioxide 
Reduction
5.1. Status

CO2 is a major greenhouse gas. Its emission must be signifi-
cantly reduced in order to achieve net-zero carbon economy 
by 2050; this target is set by many countries including Ger-
many, Canada, UK and France.[119] Moreover, its removal from 
the atmosphere may have to be accelerated.[120] Capturing CO2 
from the point source, e.g., flue gases in fossil fuel power 
plants, hydrogen and ammonia production facilities, steel 
and cement plants, or from the atmosphere using direct air 
capture (DAC) are effective means to reach these goals. While 
captured CO2 can be used for enhanced oil recovery (EOR), 
stored in stable geological formations such as porous rocks 
and salt caverns,[121] it is also a carbon source for the pro-
duction of useful fuels and chemicals such as CO, CH4, and 
methanol.[122] Converting captured CO2 to value-added chemi-
cals reduces the economic penalty of carbon capture, which 
has been highlighted by many international and regional 
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organizations such as the International Energy Agency[123] and 
the Europe Cluster on Catalysis,[124] and is referred to gener-
ally as the circular economy.

CO2 is a thermodynamically stable molecule. Converting 
CO2 into higher-value molecules requires energy in the form 
of electricity, chemical and/or thermal energy (conveniently 
referred to as intermediate or high temperature heat) to acti-
vate the CO bonds. Several processes have been proposed 
for CO2 conversion, such as electrolysis, photocatalysis and 
thermochemical reduction. Among these, MIEC membrane-
supported CO2 thermochemical reduction provides a flexible 
and modularized solution, as shown schematically in Figure 12. 
The critical element in this technology is an oxygen permeable 
membrane, which allows only oxygen produced by CO2 reduc-
tion (CO2 → CO + ½ O2) to diffuse across, from the CO2 side to 
the permeate side, thus breaking the thermodynamic equilib-
rium limit of CO2 reduction at moderate temperatures. There 
are three steps involved: 1) CO2 reduction to CO and oxygen 
incorporation on the feed side, 2) oxygen diffusion across the 
membrane (details were discussed in Section 3) and 3) oxygen 
desorption/utilization on the permeate side. The membrane 
surface on the feed side can be catalyzed to enhance CO2 reduc-
tion kinetics.[125] Because the process operates at elevated tem-
peratures, i.e., 500 – 1000 °C, non-precious metal catalysts can 
be used. Membrane-supported CO2 reduction can be further 
intensified by coupling with other high temperature processes 
on the permeate side, such as methane partial oxidation[126] or 
biomass or coal gasification[127,128] which utilize the separated 
oxygen, as shown in Figure 12.

Research has focused on understanding the thermody-
namics, heat/mass transport phenomena, reaction kinetics and 
system integration, and material response and stability. Various 
membranes have been tested and CO2 reduction rates as high 
as 3.16  µmol cm−2 s−1 were measured.[129] Catalysts are often 
used to improve surface kinetics, which can be the rate-limiting 
step in oxygen permeation. A resistance-network model for per-
meation can be used to determine the rate-limiting step.[130] In 
some cases, renewable energy such as solar heat was used as 
the energy source for CO2 reduction.[131,132]

An extensive literature review on MIEC membrane-sup-
ported CO2 reduction technology has been conducted recently 
by the authors.[76] Here, we highlight the most recent develop-
ments, remaining challenges, and needs and requirement for 
advancing this CO2 reuse technology to higher technology read-
iness level (TRL) and industrial adoption.

5.2. Recent Advances and Future Challenges

Various membrane materials, both fluorites, e.g., CeO2−δ, and 
perovskites, e.g., La0.9Ca0.1FeO3-δ and doped SrCo0.8Fe0.2O3−δ 
have been tested for CO2 thermochemical reduction. Material 
stability in the CO2 environment is still a concern, as carbon-
ates formed on the membrane surface diminish the oxygen 
permeation.[2] This phenomenon could become more severe 
at higher CO2 concentrations. To guide material selection, a 
common strategy is to use the thermodynamics of carbonate 
decomposition displayed on the Ellingham diagram.[33] Mem-
brane materials prone to form stable carbonates, such as 
BaCO3 are undesired, hence some highly permeable MIEC 
membranes such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ

[133] cannot be used. 
Similar approaches have been used to select optimal oxygen 
carriers for thermochemical redox cycles for CO2 reduction.[134] 
However, the Ellingham diagram solely cannot explain why 
the less stable carbonates such as SrCO3 and CaCO3 were still 
observed in some Sr- and Ca- containing membranes, such as 
SrCo0.4Fe0.5Zr0.1O3-δ

[135] and La0.9Ca0.1FeO3-δ.[130] Recently, the 
Lewis acid-base principle was used to explain the persistence 
of SrCO3 and CaCO3 on the membrane surfaces. Lower surface 
basicity tends to lower CO2 adsorption. The Lewis acid-base 
properties of the membrane materials could be changed by the 
co-existence of the reduction product, i.e., CO. Surface acidity, 
therefore, is an important descriptor for choosing stable mem-
brane materials for CO2 reduction. More details regarding the 
application of Lewis acid-base principle on membrane stability 
can be found in the two recent reviews.[2,76]

Apart from the thermodynamics, advancements in under-
standing the CO2 reduction kinetics, and oxygen permeation 

Figure 12. Flow diagram of CO2 capture and utilization supported by the MIEC membrane. There are three steps in the integrated membrane reactor: 
1) CO2 reduction and oxygen incorporation on the feed side, 2) oxygen diffusion across the membrane driven by the chemical potential gradient, and 
3) oxygen production/utilization on the permeate side (e.g., partial oxidation of methane or biomass gasification to produce syngas, i.e., a mixture of 
CO and H2).
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pathways guide the development of catalysts and reactor 
design. A four-step reaction mechanism was proposed for Sm-
doped CeO2−δ, which includes 1) carbonate formation, 2) car-
bonate decomposition and oxygen incorporation, 3) electron 
and 4) lattice oxygen diffusion.[136] In most cases, the surface 
reaction kinetics were found to limit the overall CO2 reduction 
rates, and various catalysts, e.g., NiO/Al2O3,[137] were used to 
accelerate the reactions. These catalysts can be distributed over 
a porous layer on the membrane surface to further improve 
the reaction rates. In this case, parameters such as the Thiele 
modulus can be used to optimize the porous layer design by 
comparing the rates of surface reaction and the gas diffusion in 
the porous catalytic layers.[125,138]

Several advancements have been made in process intensifi-
cation and system integration for MIEC membrane supported 
CO2 reduction. Direct integration of solar radiation for solar-
fuel production has been demonstrated on a coated CeO2−δ 
membrane (La0.5Sr0.5Mn0.9Mg0.1O3 on the CO2 feed side and 
Ca0.5Sr0.5MnO3 on the permeate side) at 1450–1550  °C in a 
vertical-axis medium-size solar reactor; stable continuous CO 
production was maintained up to 8.5 h, and the maximum 
CO production rate was 0.133  µmol cm−2 s−1 at 1550  °C.[132] 
The MIEC membrane’s applications in solar-driven processes 
are discussed in detail in Section 11. Plasma catalysis was inte-
grated with the membrane supported CO2 reduction, leading to 
a four-fold increase in the oxygen flux across the membrane.[6] 
Co-splitting CO2 and H2O was examined in a 0.5  mm thick 
CeO2−δ membrane reactor, showing combined CO and H2 fuel 
production rate of 0.038  µmol cm−2 s−1 at 1600  °C (feed side: 
CO2/H2O molar ratio = 2.1, sweep side: Ar).[139] While prom-
ising, more efforts on these integrated processes are needed 
to improve the efficiency and economics of the process before 
industrial deployment can be expected.

Despite notable advancements, several challenges remain 
in the effort to achieve higher CO2 conversion ratios, currently 
ranging from 0.82%[131] to ≈20%[129] in lab tests and to integrate 
the process for downstream utilization. Low conversion ratio 
means higher separation work to obtain high purity CO and 
recycle the unconverted CO2 back to the reactor. For CO storage 
as an energy carrier, separation of CO2 and CO is necessary. 
Alternatively, if the goal is to combine CO with hydrogen in a 
Fischer-Tropsch (FT) process for the production of hydrocarbon 
or methanol, CO2 partial pressure in the mixture can impact 
the hydrogen requirements, production rates, selectivity, and 
energy consumption.[140] CO2 was found to inhibit iron catalysts 
in FT, even though the effect is not as strong as H2O.[141] There-
fore, future studies are needed to evaluate the impacts of CO2 
conversion on the energy efficiency and techno-economics of 
the overall CO2 utilization process.

An enhancement factor, FE, comparing the CO2 conversion 
ratios in the membrane-supported reduction and gas thermolysis,

F
X

X
E

CO,membrane

CO,thermolysis

=  (17)

can be used to evaluate the enhancement of CO2 reduction by 
the membrane, where XCO,membrane and XCO,thermolysis are the CO 
mole fractions in the membrane-supported CO2 reduction and 
CO2 thermolysis products, respectively. The CO2 conversion ratio 

is directly related to oxygen permeability, which strongly depends 
on the oxygen chemical potential gradient across the membrane, 
or the difference between feed and permeate side oxygen partial 
pressures. To maintain a high oxygen permeation flux, needed for 
higher CO2 conversion, a strongly reducing environment is nec-
essary on the sweep side, either by creating a vacuum or using a 
fuel. For example, the FE increased from 3.5 to 277 when the fuel 
concentrations on the sweep side were raised from 1% to 12% on a 
1.3 mm thick La0.9Ca0.1FeO3-δ membrane at 990 °C (100% CO2 feed 
and CO+Ar sweep as a model fuel).[130] Creating these conditions 
influences the efficiency, economy, and environmental impacts of 
CO2 reduction, and it is critical to determine these functional rela-
tions and their dependency on the membrane materials, catalysts, 
membrane design and operating conditions through system-level 
analyses and life-cycle assessments. The discussions on the energy 
cost using vacuum to maintain low oxygen partial pressures on 
the permeate side can be found in Section 13.

The economy of CO2 reduction technology is key for its 
adoption. While developing novel low-cost membrane materials 
is necessary, it is also important to study the overall techno-eco-
nomics of the integrated process. For example, in solar-fuel pro-
duction using thermochemical redox cycles, the construction 
of solar farm accounts for around 70% of the levelized cost of 
solar-fuels due to the high operating temperature required for 
the process.[142] Similarly, reducing the operating temperatures 
in MIEC membrane reactors for CO2 reduction by improving 
the kinetics can also reduce the cost to provide the heat.

5.3. Opportunities

New membrane materials with good oxygen flux and high sta-
bility, especially mixed-phase materials, have been developed 
recently as summarized in Section 2. Meanwhile, the membrane 
surface properties are important for reducing carbonate forma-
tion and enhancing CO2 reduction kinetics, as discussed previ-
ously. Here, we highlight two new techniques that could be used 
to modify the surface to enhance CO2 reduction. The first is 
the infiltration of thin layers of metal oxides on the membrane 
surface to change the surface acid-base properties and the CO2 
adsorption kinetics. The acidity of the surface-infiltrated binary 
oxides were found to impact the surface electronic structure of 
the bulk materials, and hence, influence the oxygen exchange 
kinetics (mainly the pre-exponential factors), as shown in 
Figure  13a.[143] By changing the infiltrating oxides on the sur-
face of Pr0.1Ce0.9O2-δ from strongly acidic SiO2 to strongly basic 
Li2O, the chemical surface exchange coefficients increased by 6 
orders of magnitude; similar phenomenon was also observed 
on infiltrated La0.6Sr0.4CoO3-δ surfaces.[143] The second is catalyst 
exsolution. Dopants can change the reducibility of the host lat-
tice (described by the reduction extent, δ in the perovskite unit 
cell), which control the exsolution phenomenon on the oxide 
surface (Figure 13b). Enhancements in both kinetics and stability 
by catalyst exsolution have been demonstrated in solid oxide 
electrochemical cells, thermochemical redox processes, and het-
erogeneous catalysis.[144,145] This novel technique can also be used 
to decorate the membrane surfaces with exsolved nanoparticles 
and hence, to facilitate the CO2 reduction rates, as demonstrated 
experimentally in La0.85Ca0.10Fe0.95Ni0.05O3-δ membranes.[146]
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Further studies are needed to construct detailed micro-
kinetics of CO2 reduction on membrane surfaces, to enable 
the development of high-fidelity reactor model for design opti-
mization. Multi-step CO2 reduction mechanisms have been 
proposed, but the kinetic parameters are not available for 
many mixed conducting oxides yet. More studies are needed 
to validate these models on single-phase and examine the 
characteristics of multi-phase materials. For example, oxygen 
diffusion channels in the perovskite-ceria interfaces, e.g., 
La0.65Sr0.35MnO3–CeO2,[147] promote oxygen release from the 
perovskite phase and can lead to new surface reaction and 
oxygen diffusion pathways. Knowledge gained from CO2 elec-
trolysis on solid oxide electrolysis cell and thermochemical 
redox cycles can be used to help derive the micro-kinetics for 
CO2 reduction on MIEC membranes. The development of in 
situ surface examination techniques such as in situ Raman 
spectroscopy[148] together with ex situ characterization methods 
(e.g., X-ray diffraction (XRD) and energy-dispersive X-ray spec-
troscopy (EDXS)) will also provide new insights in the CO2 
reduction mechanisms on MIEC membrane surface.

Innovative process intensification with CO2 reduction can be 
enabled by the MIEC membranes. For example, combining CO2 
reduction with the Sabatier reaction to produce methane has 
been studied in a solid oxide electrochemical system,[149] which 
is also applicable to a MIEC membrane reactor. As the Sabatier 
reaction favors higher operating pressures, pressurized CO2 
reduction on MIEC membranes should be examined both exper-
imentally and theoretically to provide necessary input for devel-
oping this technology. In addition, high-fidelity system modeling 
and techno-economic analysis are needed to define a pathway for 
industrial adoption, including a high-level sustainability assess-
ment considering the social and environmental impacts. Much 
can be learned from the commercialization of MIEC membranes 
for oxygen production (more details can be found in Section 13).

5.4. Concluding Remarks

The MIEC membrane supported CO2 reduction technology, 
integrated with renewable thermal energy sources such as 
“solar heat” has great potential for carbon dioxide utilization. 

Without precious metal catalysts, these membranes exhibit 
high oxygen permeation fluxes and fast CO2 reduction kinetics 
thanks to the elevated operating temperatures. Fundamental 
understandings of the transport phenomena and reaction 
kinetics in MIEC materials will accelerate innovations in the 
design of membrane reactors and their integration with down-
stream processes. The development in novel surface modifica-
tion technologies such as surface infiltration with binary oxides 
and catalyst exsolution, as well as the creative process integra-
tion, will advance the performances and the applications of the 
MIEC membrane supported CO2 reduction in industry.

6. MIEC Membranes for Hydrogen Separation

6.1. Status

As a clean, efficient and sustainable energy carrier, hydrogen 
is regarded as one of promising clean energy in future, and 
is an important development direction of human energy 
strategy.[150] Water is an ideal source for hydrogen production. 
Hydrogen production via water splitting driven by renewable 
energy sources (e.g., solar, wind, geothermal and tidal ener-
gies) is the most ideal approach. However, these renewable 
energy technologies themselves are in their initial stages of 
development at present. Thus, it is not economical using these 
renewable energy sources to produce hydrogen in large scales 
in the near future. Currently, the common and effective ways 
for hydrogen production are based on the steam reforming and 
water-gas-shift of fossil fuels.[151] The gas produced from fossil 
fuels contains not only H2 and CO2, but also a small amount 
of CO and H2S impurities. However, the impurities are strong 
poisons for the electro-catalysts of fuel cells, even a few ppm 
such impurities will cause a serious decline in performance of 
fuel cells.[152] Membrane separation is an important method to 
improve hydrogen purity. Mixed protonic-electronic conducting 
membranes, Pd and Pd alloy composite membranes and V-Zr-
Nb based alloy membranes[153–155] have been widely studied for 
hydrogen separation. Among the three kinds of dense mem-
branes, Pd and Pd alloy composite membranes are the one 
most close to practical applications though the difficulty in 

Figure 13. a) Pre-exponential factors and activation energies of the oxygen chemical surface exchange coefficient, kchem of the infiltrated Pr0.1Ce0.9O2-δ  
samples as a function of the acidity factor of the infiltrating binary oxides. Reproduced with permission.[143] Copyright 2020, Springer Nature.  
b) Impacts of dopants on the reduction extents (δ, oxygen atoms per perovskite unit cell) and the observation of exsolution from the native surface 
under various conditions. Reproduced with permission.[145] Copyright 2013, Springer Nature.
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stability still not well solved. Recently, mixed ionic-electronic 
conducting membrane reactors (MIEC-MRs) were suggested 
for hydrogen separation via a process coupling water split-
ting.[156–159] The reaction of water to oxygen and hydrogen is 
simple, but is difficult to achieve in a traditional reactor. The 
water splitting conversion is only 0.1% even at a high tempera-
ture of 1600 °C. In a MIEC-MR, as shown in Figure 14, if one 
side (side I) of the membrane is fed with steam and the other 
side (side II) is fed with low purity H2, an oxygen chemical 
potential gradient is established across the membrane; then the 
water splitting reaction on the side I is significantly improved 
since the produced oxygen is driven to the side II and con-
sumed by low purity H2. In the above process, the H2 separa-
tion rate on the side I is equal to the H2 consumption rate on 
the side II. The total reaction including both sides is zero, but 
pure H2 is produced after cooling and drying the effluent of 
the side I. In a word, high purity H2 is obtained by consuming 
low purity H2. Thus, the whole process can be regarded as a H2 
separation process by coupling H2O splitting and H2 oxidation 
reactions in a MIEC-MR.

Early studies have shown that it is possible to decompose 
water into hydrogen and oxygen at very high temperatures 
(1400–1800 °C) with the help of MIEC membranes. Naito et al. 
achieved a H2 separation rate of 0.6 mL cm−2 min−1 at 1683 °C 
by regulating the oxygen partial pressure on the other side of 
the ZrO2-TiO2-Y2O3 membrane.[160] Later, Balachandran  et  al. 
prepared a metal-ceramic dual-phase membrane, 40 vol% Ni – 
60 vol% GDC (Gd doped CeO2 oxide), and obtained a H2 sepa-
ration rate of 6.0 mL cm−2 min−1 by coupling the H2 oxidation 
reaction on the side II.[161]

6.2. Recent Advances and Future Challenges

Membrane materials and catalysts are the keys to determine 
the H2 separation performance of MIEC-MR. In a MIEC-MR, 
there are three processes involved, i.e., the water decomposi-
tion reaction on the catalyst layer of side I, the oxygen ionic 
– electronic ambipolar diffusion through the membrane bulk 

and the H2 oxidation reaction on the catalyst layer of side II. 
Therefore, the H2 separation rate of a MIEC-MR is closely 
related to the catalytic activities of catalysts on both sides 
toward the water splitting reaction and H2 oxidation reaction, 
and the ionic – electronic ambipolar diffusion rate. As a MIEC 
membrane is used for H2 separation, both sides of the mem-
brane are exposed in strong reducing atmospheres. Thus, the 
requirement on structural stability of membrane materials 
is much higher than those operated for oxygen separation 
and syngas production, in which air is typically fed to side I. 
For MIEC materials, their ionic and electronic conductivities 
change with oxygen partial pressure greatly in the range of 
1–10−21 atm at elevated temperatures,[162] while the MIEC-MR 
for H2 separation is typically operated in the oxygen partial 
pressure of 10−10–10−21 atm.[157–159,163] Accordingly, the design 
of membrane materials for H2 separation is different from 
that for oxygen separation. Thus, developing materials with 
good stability and high oxygen permeability is a challenging 
task in this field.

According to the phase composition of the material, MIEC 
membranes can be divided into single phase membranes typi-
cally made of perovskite oxides, and dual-phase (DP) mem-
branes made of oxygen ionic conductors and electronic/
mixed conductors.[164] Researchers have examined the per-
formance of many single-phase membrane materials for H2 
separation via the water decomposition reaction. MIEC mem-
branes, such as SrFeCo0.5Ox,[165] BaZrxCoyFezO3-δ (x+y+z  = 
1),[166] La0.6Sr0.4Co0.2Fe0.8O3-δ,[167] La0.7Sr0.3Cu0.2Fe0.8O3-δ,[168] 
Ba0.98Ce0.05Fe0.95O3-δ,[169] etc., have been investigated for H2 
production via water splitting. The H2 production rates are 
high and increase with the reduction of membrane thick-
ness. For example, the H2 production rate was 4.0  mL cm−2 
min−1 for a 1.04-mm-thick SrFeCo0.5Ox membrane at 900 °C,  
while it increased to 17.4  mL cm−2 min−1 when the thick-
ness was reduced to 20  µm.[165] However, perovskite phase 
decomposition and decline of H2 separation rate with time 
were observed on these membranes.[169] La0.9Ca0.1FeO3-δ

[170] 
and SrMg0.15Zr0.05Ti0.8O3-δ

[171] with higher stability were pre-
pared for water splitting, while their H2 separation rates are 

Figure 14. Schematic drawing of MIEC membrane reactors for hydrogen separation.
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one order magnitude lower than those of membranes men-
tioned above. DP membranes typically contain a fluorite phase 
oxide, e.g., doped CeO2 or Y2O3 stabilized ZrO2, as the ionic 
conducting phase, a metal/perovskite oxide as the electronic/
mixed conducting phase. These membranes exhibit both 
higher H2 separation rate and phase stability under the con-
dition for water splitting.[157–161,163] For example, a 0.50-mm-
thick Ce0.85Sm0.15O1.925–Sm0.6Sr0.4Cr0.3Fe0.7O3-δ (SDC-SSCF) DP 
membrane exhibited a H2 separation rate of 7.0 mL cm−2 min−1 
at 900 °C, and no microstructure and phase changes were 
observed after more than 500 h on-stream.[159]

Except operation conditions, including temperature and 
oxygen partial pressures, membrane composition, microstruc-
ture, thickness, and activity of catalysts on both sides have 
significant influences on the H2 separation rate. For ceramic-
ceramic DP membranes, one with a higher electronic conduc-
tivity in the oxygen partial pressure range of 10−10–10−15 atm 
exhibits a higher H2 separation rate. Because the electronic 
conduction of MIEC perovskite phase changes from p-type to 
n-type in this oxygen partial pressure range, in which the elec-
tronic conductivity is the lowest and electron transfer becomes 
the limiting step for the ambipolar diffusion in membrane 
bulk.[172] In previous investigation on DP membranes for 
oxygen separation, the microstructure characteristics, including 
grain size, grain boundaries, elemental distribution in the two 
phases, spatial distribution of the two phases, porous structure 
of the porous support layer etc., have been identified to show 
significant influences on the oxygen permeation flux.[1,164] Simi-
larly, these microstructure characteristics of DP membranes are 
closely related to the H2 separation performance.[173] According 
to the Wagner equation and the separation mechanism, the H2 
separation rate is proportional to the reciprocal of membrane 
thickness. However, most of studies reveal that the increment 
of H2 separation rate is much lower than the predicted value 
when improving the performance by reducing the thickness 
of the membranes,[159,161] indicating the catalytic reaction (i.e., 
water splitting and H2 oxidation reaction) rates on both sides 
dominate the process of H2 separation. For example, as the 
thickness of Ni-GDC DP membrane decreased from 1.70 to 
0.10  mm, the H2 separation rate only increases from 1.2 to 
4.3 mL cm−2 min−1.[161] A simple model was used to study the 
rate determining step of the H2 separation process on a SDC-
SSCF DP membrane with a Ni/SDC catalyst on both sides.[159] 
Although Ni/SDC, which exhibits the highest activity among 
the Fe, Co, Ni/SDC catalysts, was used to catalyze both water 
splitting and H2 oxidation reactions, for a 0.36-mm-thick mem-
brane, the bulk diffusion resistance is 38.1–50.6% of the total 
resistance in the temperature range of 800–950 °C, indicating 
the surface reactions (including both water splitting and H2 
oxidation) dominate the H2 separation process.[159] Ru/SDC 
showed much higher catalytic activity toward the two reactions. 
An asymmetric SDC-SSCF DP membrane with 38-µm-thick 
dense layer showed a H2 separation rate of >  21  mL cm−2 
min−1.[157] This value is comparable to Pd-based membranes 
and 1 – 3 orders of magnitude higher than mixed protonic-elec-
tronic conducting membranes. In addition, MIEC membranes 
for H2 separation show high stability even in atmosphere 
containing high concentrations of CO2 and H2S.[128,158,163] For 
example, the asymmetric SDC-SSCF DP membrane has been 

successfully operated for 400 h fed with a syngas containing 
500–1000 ppm H2S to side II to mimic the mixed gas from a 
coal gasifier.[128]

Similar to Pd-based membrane reactors, natural gas con-
version, water-gas-shift and dehydrogenation reactions can be 
realized in MIEC-MR by feeding side I with steam and side II 
with natural gas, syngas, etc., respectively. If air and steam with 
proper ratio is fed to side I and natural gas is fed to side II, two 
types of syngas, i.e., syngas (H2+N2) for ammonia synthesis and 
syngas (H2+CO) for liquid fuels synthesis, can be produced in 
one step in MIEC-MR.[174] This MIEC-MR shows high process 
intensification and significant energy saving (>60%). While, 
if the side I is fed with steam and side II is fed with syngas 
coming from a coal gasifier, the MIEC-MR can be used for H2 
production or integrated with the pre-combustion process for 
power generation and carbon capture. The system efficiency of 
the MIEC-MR integrated pre-combustion process is 3.6%-point 
higher than the process using amine-based solvents for carbon 
capture.[127]

6.3. Opportunities

Hydrogen will occupy an important position in future energy 
system, in which its production and separation are the key 
links. MIEC-MR can couple water decomposition reaction 
with various oxygen consumption reactions, which provide a 
new idea for H2 production and purification. For asymmetric 
MIEC membranes with thin dense layers, reactions on both 
sides become the rate limiting steps of the H2 separation pro-
cess. A separation rate of 100 mL cm−2 min−1 is possible to be 
achieved on DP membranes if high activity catalysts and opti-
mized membrane microstructure can be developed to mini-
mize the reaction polarization and concentration polarization. 
The H2 separation rate of MIEC-MR is comparable to Pd-based 
composite membranes, indicating the separation rate is not 
the main constraint for the application of MIEC-MR. Although 
some MIEC membranes have been reported to be stable in 
atmosphere containing steam, H2, CO, CO2, and H2S for sev-
eral hundred hours, much long tests should be done to verify 
the stability and reliability of MIEC-MR under much complex 
operation conditions, such as elevated pressures, start and stop 
cycles, thermal shock, impurities containing halogens, phos-
phor, silicon etc. Most of MIEC DP membranes for H2 pro-
duction via water splitting are based on doped ceria. However, 
these materials experience a remarkable chemical expansion 
under reducing atmospheres at elevated temperatures due to 
the reduction of Ce4+ to Ce3+,[175] which increases the break 
risk of membranes. Therefore, the development of membrane 
materials is still on the way. MIEC membranes were oper-
ated at high temperatures, typically in the range of 800–1000 
°C, for water splitting in the current researches. Degradation 
of MIEC-MR due to catalysts sintering and elemental segre-
gation of membrane materials would become serious at high 
temperatures. It is possible to achieve high H2 separation rates 
at a low temperature (down to 600 °C) if highly active nano 
catalysts were applied on asymmetric membranes with thin 
dense layer. The H2 oxidation reaction has been well studied 
in the field of solid oxide fuel cells, and the results are helpful 
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for understanding the reaction mechanism in MIEC-MR. 
However, the mechanism of water splitting reaction is still not 
well addressed because it is a non-spontaneous reaction, that 
inducing many difficulties in the investigation of the reaction 
mechanism. In addition, the type of MIEC-MR or geometrical 
structure is also an important factor affecting the performance 
of MIEC-MR, while that is still unclear. It is expectable that a 
flat MIEC-MR with short contact time between reactants and 
membranes shows limited water splitting conversion, while a 
tubular MIEC-MR with counter current feeding mode delivers 
high water splitting conversion since oxygen partial pressure 
gradient is kept at high values along the tube.

6.4. Concluding Remarks

In summary, MIEC-MR for H2 separation realized by coupling 
water splitting and H2 oxidation reactions is a new method and 
has shown attractable performance for applications. Membrane 
materials, membrane structures and catalysts have significant 
influences on the separation rate and stability of the MIEC-MR. 
The design of membrane materials is different from those used 
for oxygen separation since the working oxygen partial pressure 
is much lower for hydrogen separation. Single phase perovskite 
membranes and DP membranes have been explored for H2 
separation, while DP membranes display higher separation 
rate and stability. The MIEC-MR shows outstanding stability 
in atmosphere containing high concentrated acid gases com-
paring to other dense inorganic membranes for H2 separation. 
Only few researches were focused on the development of cata-
lysts at present, and mechanisms of water splitting and H2 oxi-
dation reaction need deep understanding to help the design of 
stable and active catalysts. Water splitting reaction can be cou-
pled with many oxidation reactions in the MIEC-MR for simul-
taneous producing high purity H2 and other gases. Therefore, 
the application of the MIEC-MR is not limited to H2 separation. 
Although the research about MIEC-MR is still in the initial 
stage, it has exhibited many advantages and is promising for 
H2 production and separation.

7. MIEC Membranes for Hydrogen Production

7.1. Status

Hydrogen is not only the cleanest promising energy carrier, 
but also an important raw material in petrochemical (methanol 
synthesis etc.), agrochemical (ammonia synthesis etc.) and 
other industrial applications. Nowadays, most H2 is produced 
from fossil resource such as steam reforming of methane 
(CH4 + H2O = 3H2 + CO, ΔH (25 °C) = 226 kJ mol−1).[176] This 
process is highly energy intensive as it is an endothermic reac-
tion. Another method is partial oxidation of methane (POM, 
CH4 + 1/2O2 = 2H2 + CO, ΔH (25 °C) = −36 kJ mol−1), which 
is mildly exothermic and produce H2 and CO with molar ratio 
of 2/1 (suitable for methanol synthesis and F-T process), but 
pure oxygen is required.[177] As an ideal oxygen supplier, MIEC 
membranes can separate oxygen with 100% selectivity, and in 
situ provide pure oxygen to POM reaction.[46] In other words, 

the oxygen separation and reaction processes can be simulta-
neously realized in one MIEC membrane unit, which can sig-
nificantly simplify the technological scheme and reduce the 
process energy consumption.[1]

In addition, some other developing technologies can also 
produce H2, such as photo/electrochemical water splitting, bio-
mass pyrolysis/fermentation and coal gasification.[178] Among 
them, the water splitting (H2O = H2  + 1/2O2) has attracted 
extensive attention, as water is recommended as the ideal 
source. However, due to the thermodynamic limitation (equi-
librium constant is around 2.1 × 10−8 at 900  °C), the H2 gen-
eration efficiency is low. It is known that, extracting produced 
oxygen is a promising strategy to improve the H2 generation 
rate, which can shift the equilibrium to hydrogen generation 
direction. Therefore, the MIEC membranes were applied in 
hydrogen production by water splitting, through which the 
generated oxygen can be in situ removed and the H2 forma-
tion rate can be accelerated.[160] Moreover, some oxygen-con-
suming reactions (like POM, etc.) can be coupled with water 
splitting, which can provide higher oxygen partial pressure gra-
dient across the membrane with faster oxygen extracting rate, 
resulting in enhanced H2 production rate.[166] It is worth noting 
that, through the MIEC membrane reactors, not only the ther-
modynamic equilibrium can be overcome, but also two dif-
ferent valuable products can be obtained simultaneously, such 
as hydrogen, synthesis gas, ethylene, etc.[179]

Therefore, in MIEC membrane reactors, hydrogen can be 
produced in both feed side (high oxygen chemical potential) 
from water splitting and sweep side (low oxygen chemical 
potential) from methane or ethane conversion, as shown in 
Figure  15. In the feed side, hydrogen is generated by water 
decomposition, which can be enhanced by removing of oxygen 
through the MIEC membranes. In the sweep side, the per-
meated oxygen reacts with oxygen consuming reactions (e.g., 
POM), which can not only establish large oxygen chemical 
potential gradient to improve the hydrogen generation speed 
but also produce hydrogen containing chemicals like synthesis 
gases. In the MIEC membrane reactor, reaction-separation-
reaction can be coupled in one unit, realizing a highly intensi-
fied and energy saving process for hydrogen production.

7.2. Recent Advances and Future Challenges

In the last two decades, MIEC membrane reactors have 
obtained worldwide attentions as they can integrate reactions 
with separation in one unit, realizing highly efficient hydrogen 
production with highly intensified and energy saving pro-
cess. In early studies, the MIEC membranes were applied to 
supply oxygen for POM reaction, where the oxygen separation 
and catalytic oxidation reaction can be simultaneously accom-
plished.[180] The hydrogen-containing syngas (with H2:CO = 
2:1) was economically produced without N2/NOx, which can be 
directly used for liquid-fuel production through F-T processes 
without further purification. This membrane reactor com-
bined three industrial steps (steam reforming, air separation, 
and mixed reforming) together, greatly reduced the operation 
costs and energy consumption. In the fixed bed reactor, the 
POM reaction is dangerous when directly mixing the methane 
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with oxygen, due to the probable explosion and temperature 
runaway. In contrast, in MIEC membrane reactor, the methane 
and oxygen/air are fed in two different side, and oxygen species 
are continuously supplied through the membrane to react with 
methane, which can avoid the deep oxidation of products and 
other security issues.[181] However, safety problems still exist if 
leakages or breakages occurring during the operation at high 
temperature.

Meanwhile, H2 production from H2O splitting in membrane 
reactors is coming into view, because the membrane can in 
situ remove generated oxygen and thus intensify the hydrogen 
production rate. In early studies, the hydrogen production rate 
was low even the reactors were operated at >1400  °C,  due to 
the limitation of poor permeability of membranes and low 
oxygen chemical gradient.[160] Therefore, Wang  et  al. applied 
BaCoxFeyZr1-x-yO3 (BCFZ) hollow-fiber membrane, which pos-
sesses thin thickness and high oxygen permeation rate, for 
extracting the produced oxygen by high-temperature water split-
ting.[166] Moreover, POM reaction was performed in the sweep 
side to rapidly decrease oxygen concentration and establish 
large oxygen chemical potential gradient. In this case, a max-
imum H2 production rate of 10  mL min−1 cm−2 was achieved 
at 900  °C.[166] This work firstly reported the coupling of water 
splitting and POM reaction to produce hydrogen and syngas 
simultaneously in MIEC membrane reactor, which provide an 
effective strategy for following researches.[166] Later, Zhu  et  al. 
fed air and water with an appropriate ratio into the high oxygen 
chemical potential side and methane into the other side.[174] As 
a result, the oxygen from air and water decomposition trans-
port through the membrane and left a mixture of H2 and N2 
with 3:1 ratio, which is ammonia synthesis gas. Meanwhile, 
in the low oxygen chemical potential side, CH4 reacts with the 
permeated oxygen to H2 and CO with 2:1 ratio, which is liquid-
fuel synthesis gas. Therefore, this MIEC membrane reactor 
can simultaneously produce different synthesis gases for dif-
ferent industries with 63% reduction of energy consumption, 
which integrated nine steps (6 steps for ammonia synthesis 

gas production and 3 steps for liquid-fuel synthesis gas produc-
tion) in one step.[174] Recently, Jiang  et  al. proposed a solar-to-
fuel technology in MIEC membrane reactor, which combines 
catalytic thermolysis, solar energy and oxygen separation mem-
brane together to realize CO2 and H2O into synthesis gas.[182] In 
this reactor, the energy can be supplied by solar and the thermo-
dynamic equilibrium limits of both CO2 and H2O decomposi-
tion reactions can be overcome via continuous oxygen removal 
by membrane. Similar to other reactors, POM reaction was 
applied to generate low oxygen chemical potential and syngas 
with H2/CO = 2, suitable for F-T processes. In the feed side, 
the feeding ratio of CO2 and H2O can be adjusted according to 
practical applications to obtain various synthesis gas with dif-
ferent H2/CO ratio.[182] Except the POM reaction, other oxygen 
consuming reactions can be applied to establish large oxygen 
chemical potential gradient and produce valuable chemicals. 
For instance, Cao et al. applied oxidative coupling of methane 
(OCM) to C2 hydrocarbons reaction to consume oxygen from 
water decomposition.[183] Hence, both the equilibrium limita-
tions of water splitting and OCM reaction are simultaneously 
overcome by using the MIEC membranes. Instead of synthesis 
gas, ethylene can be obtained and directly utilized in industry. 
Beyond that, oxidative dehydrogenation of ethane and oxidative 
steam reforming of ethanol are also promising in hydrogen 
production, through the integrated MIEC membrane by reac-
tion-separation-reaction coupling.[184,185]

With the developments of membrane materials and the intro-
duction of oxygen consuming reactions, a maximum hydrogen 
flux of 17.4 mL min−1 cm−2 at 900 °C was obtained.[165] However, 
there are still several challenges need to be consideration in 
practical applications. During water splitting process, the gen-
erated oxygen should be rapidly removed to shift the equilib-
rium to hydrogen production, hence, the membrane materials 
should possess excellent oxygen permeability. To establish large 
oxygen chemical potential gradient, oxygen consuming reac-
tions are used, forming strong reductive environment in the 
sweep side. At the same time, the atmosphere in feed side is 

Figure 15. Schematic drawing of MIEC membrane reactors for hydrogen production.
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also reductive with the hydrogen formation, leading the MIEC 
membranes are surrounded by reductive atmosphere. More-
over, when hydrocarbons are used to consume oxygen, deep 
oxidation reaction might happen to CO2.[180] Therefore, the 
membrane materials should possess not only excellent oxygen 
permeability but also high stability under reducing and CO2-
containing atmosphere. However, extensive investigations 
are focused on the Co-containing and alkaline-earth metals-
containing perovskites duo to their high oxygen permeance, 
whereas their stability are poor due to the reduction of Co and 
formation of carbonates of alkaline-earth metals.[167,186]

In the catalytic MIEC membrane reactors, the thermody-
namic limitation can be overcome by the separation mem-
brane, while the kinetic restriction should be solved by cata-
lysts. To obtain fast hydrogen production rates and to improve 
the dynamic issues and selectivity of target products, high 
efficient catalysts should be applied. For instance, by the intro-
duction proper catalyst, the water splitting reaction and the 
POM performance were enhanced.[157] It should be noted that, 
most applied catalysts in MIEC membrane reactors are dif-
ferent from membrane materials, which might react with each 
other during the long-term high temperature operations, thus 
destroying the stability of membrane reactors. And in most 
alkane conversion reactions for oxygen consuming like POM, 
severe coke was formed on the catalyst, leading the decline of 
catalytic activity and the decreased performance.[187]

7.3. Opportunities

Catalytic MIEC membrane reactors are effective technologies 
for hydrogen production by reaction-separation-reaction cou-
pling in one unit. Through coupling of an endothermic reaction 
(e.g., water splitting) with an exothermic reaction (e.g., POM), 
energy self-sufficiency can be achieved in the membrane reac-
tors. Moreover, the thermodynamic limitation of H2 production 
from water splitting can be overcome through removing gener-
ated oxygen by MIEC membranes. In the sweep side, oxygen 
consuming reaction are applied to react with permeated oxygen 
to establish large oxygen chemical gradient across the mem-
brane, meanwhile producing valuable chemicals. These MIEC 
membrane reactors are complex, which gather different pro-
cesses (reaction and separation) and different materials (mem-
brane and catalyst) in one unit. As the core of MIEC membrane 
reactors, the first priority is developing suitable materials for 
hydrogen production. To ensure sufficient stability in reducing 
and CO2-containing atmosphere, the Co-free and alkaline-earth 
metal-free materials are better choices. The widely applied 
strategies to tune the separation performance are changing 
compositions, including doping both anions and cations, as 
well as introduction of deficiencies.[188–190] Besides, dual phase 
membranes, in which oxygen ions and electrons transporting 
in different phases, exhibit good stability without sacrificing 
oxygen permeability.[174] Another effective strategy to enhance 
the separation performance is modification of membrane con-
figurations by using an asymmetric membrane or a hollow 
fiber membrane to reduce the membrane thickness and then 
decrease the oxygen ions diffusion resistances.[191,192] More than 
this, the high surface area/volume ratio and porous support can 

also promote the reaction performance. Importantly, proper 
catalysts are indispensable in MIEC membrane reactors, which 
determine the hydrogen and valuable products yields. Nowa-
days, most of the catalysts are supported by alumina, silica or 
zeolites, which might react with membrane materials at high 
temperature. Therefore, the in situ precipitating of nanoparticle 
catalysts in membrane materials are more suitable for MIEC 
membrane reactor, which can not only provide catalytic activi-
ties for reactions, but also in situ supply/remove oxygen.[193] 
However, few researches focus on the catalyst’s development 
for MIEC membrane reactors, which need more input to 
design the catalyst at the atomic level by combining advanced 
characterization methods and theoretical calculations to speed 
up the hydrogen production.

7.4. Concluding Remarks

In summary, MIEC membrane reactors can realize hydrogen 
production from both water and fossil fuel, through reaction-
separation-reaction coupling. The products can be tuned to 
pure hydrogen, ammonia synthesis gas (H2/N2  = 3), liquid-
fuel synthesis gas (H2/CO = 2) and valuable hydrocarbons, 
which can be directly utilized in further industrial processes. 
However, more effort should be paid to develop membrane 
materials with excellent permeability and good stability, appro-
priate geometrical structure with thinner thickness and enough 
strength, as well as suitable catalyst with efficient catalytic 
activity. Although recent studies on MIEC membrane reac-
tors for hydrogen production are in their infancy theoretical 
and experimental stadium, and no industrial scale application, 
while these highly intensive reactors are energy-saving, high 
safety and environmental friendly, which are promising tech-
nologies for hydrogen production.

8. MIEC Cathode Development for Solid Oxide 
Fuel Cells
8.1. Status

Solid oxide fuel cells (sometimes also known as ceramic fuel 
cells) are electrochemical energy conversion devices that 
directly transfer the energy stored in chemical bonds of fuels 
through catalytic electrochemical reactions into electric power 
(electricity) with high efficiency and low emission. One signif-
icant advantage of SOFC over many other fuel cells is that it 
can also perform as an electrochemical reactor, realizing value-
added chemicals and electric power co-generation from fuels 
with zero emission.[194–196] Based on the conducting mechanism 
of the electrolytes, SOFCs can be divided into oxygen-ion con-
ducting SOFC (O2−-SOFC) and proton-conducting SOFC (H+-
SOFC or PCFC).[197,198] In a O2−-SOFC, during operation (power 
generation), O2 from surrounding air is reduced to oxygen ion 
over the cathode surface by acquiring electron transported from 
anode through the external circuit, the oxygen ion then diffuses 
through the electrolyte to the anode side, where it reacts with 
H2 (fuel) to produce H2O and electron. Under current polari-
zation, external flow of electron from anode to cathode and 
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internal diffusion of O2− from cathode side to anode side hap-
pens simultaneously to realize a complete circuit.[197] If a PCFC 
is used, proton (H+) instead of O2− is transported through the 
electrolyte and the water is produced at the cathode side instead 
of anode chamber.[198] SOFCs can be operated over a wide range 
of temperature from as low as 400  °C up to 1000  °C.[199–201] 
However, too high operating temperature (>850 °C) may accel-
erate the cell performance degradation rate due to promoted 
electrode sintering and interfacial reactions between different 
cell components. It is expected, the drop of SOFC operation 
temperature to the intermediate range (400–650 °C) can effec-
tively reduce system cost, shorten the time for start up and shut 
down, increase cell efficiency, and prolong cell lifetime.[202–204] 
Therefore, during the past two decades, considerable efforts 
have been conducted toward decreasing operation temperature 
of SOFCs to the intermediate range.

The operation temperature of a SOFC is determined by the 
reaction kinetics at both electrodes and the transport properties 
of the electrolyte.[199] It is believed that PCFC is more preferable 
for reduced temperature operation because of the high mobility 
of proton than oxygen ion with lower activation energy for dif-
fusion.[205,206] There is an increasing interest in PCFC in recent 
several years. To reduce the ohmic loss of a SOFC at reduced 
temperature, thin film electrolyte configuration was widely 
adopted.[207–211] Therefore, the electrode polarization is a more 
important concern for reducing the operation temperature of a 
SOFC. As compared to fuel oxidation, the activation of oxygen 
at cathode is much more difficult, therefore the development 
of high-performance cathode that demonstrate high activity and 
durable performance at reduced temperature is key to realize 
the practical use of intermediate-temperature SOFC.

La0.8Sr0.2MnO3 (LSM) perovskite is a conventional cathode 
of SOFC with YSZ electrolyte, which shows pure electronic 
conductivity.[212] It is generally believed that the oxygen reduc-
tion reaction (ORR) at a SOFC with LSM cathode usually 

happens at the cathode-electrolyte-air triple phase boundary 
(TPB) region.[213] Therefore, the active cathodic reaction sites 
for such SOFC are usually very limited, and operation temper-
ature of higher than 800  °C is needed even for the cell with 
thin film electrolyte. By applying a cathode with mixed ionic 
and electronic conductivity, the electrode bulk can also take part 
in the electrode reactions (for the diffusion of oxygen ion or 
proton).[214–216] Figure  16 shows the potential pathways for the 
electrode reactions over the cathode of SOFCs with different 
conducting properties of the cathodes, i.e., pure electronic con-
ductivity (O2−-SOFC (Figure 16a) and PCFC (Figure 16c)), mixed 
oxygen ion and electronic conductivity (O2−-SOFC) (Figure 16b), 
mixed proton and electronic conductivity (PCFC) (Figure 16d), 
and mixed proton-oxygen ion-electronic conductivity (PCFC) 
(Figure  16e). It shows, that once mixed oxygen ion and elec-
tronic conductivity is introduced into cathode of O2−-SOFC 
or mixed H+-e− conductivity/mixed O2−-H+-e- conductivity is 
introduced into cathode of PCFC, the cathodic reactions could 
extend to the whole exposed electrode surface, and significant 
cell performance at reduced temperature is expected. A break-
through was made by Shao and Haile in 2004, they applied 
the well-known mixed conducting oxygen ion and electronic 
perovskite Ba0.5Sr0.5Co0.5Fe0.5O3-δ (BSCF), which was previously 
developed as a material for ceramic membrane for oxygen sepa-
ration, as a cathode for a SOFC with thin film samaria-doped 
ceria electrolyte (≈20 µm), a record-breaking maximum power 
density of >1 W cm2 was reached.[217]

8.2. Recent Advances and Future Challenges

8.2.1. SOFCs Based on O2− Conducting Electrolytes

Mixed oxygen ion and electron conducting perovskite oxides 
have been extensively exploited for ORR at intermediate 

Figure 16. Schematic presentation of various electrodes with different electrolytes. O2−-SOFC based on O2− conducting electrolyte with a) pure e− con-
ducting electrode and b) mixed O2−/e− conducting electrode. PCFC based on H+ conducting electrolyte with c) pure e− conducting electrode, d) mixed 
O2−/e− conducting electrode, and e) mixed H+/O2−/e− conducting electrode.
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temperatures, which show obviously improved performance in 
comparison with that of LSM because the active sites could effec-
tively extend to the whole exposed cathode surface if the cath-
odes possess sufficiently high oxygen ionic conductivity.[215,218,219] 
Table 4 shows the representative mixed conducting perovskite-
based materials and the corresponding performance as cathodes 
of SOFCs at intermediate temperatures, reported up to now. 
LSCF is a typical mixed conducting perovskite, which is exten-
sively used in SOFCs and exhibits higher ORR activity than 
LSM at intermediate temperatures (600–800  °C). However, for 
even lower temperature, the oxygen-ion conductivity because 
too low, demonstrating insufficient ORR activity.[220–222] Thus, 
new mixed conductors with higher oxygen ionic conductivity are 
needed to realize the operation of O2−-SOFCs at lower tempera-
tures than 600  °C. During the past, extensive researches have 
demonstrated that SrCoO3-δ (SC)-based perovskites have supe-
rior ORR activity at intermediate temperature because the low 
valence of Sr2+ and good reducibility of Co cations could provide 
a higher oxygen vacancy concentration and a weaker bonding 
energy for O2− mobility.[202] Early representative SC-based single 
perovskites are Sm0.5Sr0.5CoO3-δ (SSC) and BSCF.[217,223–225]  
A Gd0.1Ce0.9O2-δ supported symmetric cell with a novel struc-
tured SSC cathode exhibited an area specific resistance (ASR) of 
0.485 Ω cm2 at 600 °C in air,[223] which is much larger than that 
of the BSCF cathode (0.063 Ω cm2).[217]

Recently, some fixed high valence transition metals 
co-substituted SC-based single perovskite cathodes, such as 
SrSc0.175Nb0.025CoO3-δ (SSNC)[226] and SrCo0.8Nb0.1Ta0.1O3-δ 
(SCNT),[214] were also reported. The high cathodic perfor-
mance was linked to an optimal balance of surface electron 
transfer, ionic mobility and oxygen vacancies of the perovskite 
electrode as promoted by the synergistic effects of the fixed 
valence transition metals. In addition to cation substitutions 
in SC-based perovskites, introducing nano-catalysts is also an 
effective approach to enhance ORR activity at intermediate 
temperature. Zhu et al. proposed an in situ formed Ag nano-
particles modified Sr0.95Nb0.1Co0.9O3-δ cathode with enhanced 
oxygen surface exchange kinetics, thus leading to supe-
rior ORR activity at intermediate temperature.[227] They also 
explained that decreasing the oxygen vacancy concentrations 
and increasing the average bonding energy of B-site cations 
and oxygen in perovskite could enhance the CO2 resistance of 
SC-based cathodes via investigating the serious of SrNb0.1Co1-

xFexO3-δ materials.[228]

Some BaCoO3-δ (BC)-based perovskites, including both 
single and double perovskites, also show superior ORR activity 
at intermediate temperature due to the special properties, i.e., 
large cation radius of Ba2+ and good reducibility of Co cations, 
which could provide more free lattice volume and weak bonding 
energy of B-O for facilitating oxygen mobility.[218,229] It has been 

Table 4. Ionic conductivity (e−/O2−), TEC values, ASR values of symmetric cells, peak power output and operational stability of O2−-SOFCs based on 
some representative reported cathodes.

Cathode σ, e− [S cm−1] σ, O2− [S cm−1] TEC [× 10−6 K−1] ASR [Ω cm2] SOFC 
Configuration

Power Density  
[mW cm−2]

Stability [h] Ref.

T σ, O2− 600 oC 500 oC 600 oC 500 oC

La0.6Sr0.4Co0.2Fe0.8O3-δ 215–270 800 0.022 13.8 2.63 39.75 Ni-SDC|SDC 760 250 [222,238,239]

Sm0.5Sr0.5CoO3-δ 700–1731 800 0.42 25.5 0.42 3.44 Ni-SDC|SDC  
(20 µm)

690 200 [240–242]

700 0.20

Ba0.5Sr0.5Co0.8Fe0.2O3-δ 27–32 800 0.92 21.0 0.073 0.57 Ni-SDC|SDC 
(20 µm)

1010 402 120 [217,243]

700 0.50

SrCo0.8Nb0.1Ta0.1O3-δ 81–146 600 0.032 0.025 0.16 Ni-GDC|GDC 
(14 µm)

1220 [214]

500 0.005

SrSc0.175Nb0.025Co0.8O3-δ 20–35 0.039 0.31 Ni-SDC|SDC 
(10 µm)

910 [226]

SrNb0.1Co0.7Fe0.2O3-δ 26.0 0.052 0.301 Ni-SDC|SDC 
(20 µm)

1587 610 [244]

Sr0.95Ag0.05Nb0.1Co0.9O3-δ 0.038 0.22 Ni-SDC|SDC 
(12 µm)

1984 1106 140 [227]

Ba2Bi0.1Sc0.2Co1.7O6-δ 17.9 0.22 Ni-YSZ|YSZ 
(10 µm)

|SDC (5 µm)

230 [233]

PrBa0.5Sr0.5Co1.5Fe0.5O6-δ 428–1170 15.2 0.057 0.33 Ni-GDC|GDC 
(15 µm)

2160 710 150 [245,246]

GdBa0.5Sr0.5CoFeO6-δ 209–401 0.08 0.86 Ni-GDC|GDC 
(14 µm)

1310 410 [232]

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ 0.9–1.5 21.6 0.28 1.18 Ni-SDC|SDC 
(10 µm)

970 2500 [197,237]
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extensively investigated that the most distinguished advantages 
of BC-based double perovskites over single perovskites are the 
layered structure and the oxygen vacancies form channels along 
a axis, which is favorable for the oxygen diffusion inside the 
material.[218] It was reported that some cells with representative 
BC-based double perovskites, such as PrBa0.5Sr0.5Co1.5Fe0.5O5+δ 
(PBSCF),[230] NdBa0.5Sr0.5Co1.5Fe0.5O5+δ,[231] and GdBa0.5Sr0.5C
o1.5Fe0.5O5+δ,[232] can achieve high power output and excellent 
operational stability. For example, the Ni-Gd0.1Ce0.9O2-δ anode-
supported cell with PBSCF-GDC composite cathode displayed a 
high peak power density of 0.71 W cm−2 at 500 °C.[230] The high 
Ba content in Ba2Co2-xB’xO5+δ, such as Ba2Bi0.1Sc0.2Co1.7O5+δ and 
Ba2CoMo0.5Nb0.5O5+δ, provides a large lattice spacing due to the 
larger ion radius of Ba2+ than Ln3+, thus promoting the oxygen-
ion diffusion.[233,234] For example, Zhou  et  al. investigated the 
ORR activity of B-site ordered Ba2Bi0.1Sc0.2Co1.7O6-x (BBSC) 
double perovskite cathode with a cubic lattice symmetry. The 
large oxygen bulk diffusion coefficient, surface exchange coef-
ficient and sufficient electrical conductivity resulted in the high 
ORR activity of BBSC.[233] In addition to the double perovskites, 
some rationally designed BC-based single perovskites through 
B-site doping, such as BaCo0.4Fe0.4Zr0.2O3-δ,[235] BaCo0.7Fe0.22Y
0.08O3-δ,[236] and BaCo0.4Fe0.4Zr0.1Y0.1O3-δ,[237] also achieved high 
and stable ORR activity at intermediate temperatures. At pre-
sent, the most promising single perovskite BC-based cathode 
is BCFZY. As compared to BSCF, BCFZY displays a larger lat-
tice parameter and free cell volume due to the replacement of 
Co3+/4+ by larger Zr4+ and Y3+ cations. The activation energy 
of BCFZY is as low as 79.2  kJ mol−1, much lower than that 
of BSCF. As a result, the corresponding O-SOFC displayed a 
highly attractive PPD of 970 mW cm−2 at 500 °C in H2 fuel.[237]

8.2.2. Protonic Ceramic Fuel Cells

Although a few O2−-SOFCs have achieved exceptional perfor-
mance at the temperature range of 450 to 600 °C, considering 
the high activation energy (Ea) of oxygen-ion conduction, it is 
more preferable to adopt protonic conducting electrolyte for 
reduced temperature operation because of the higher mobility 
of the proton compared to the oxygen ion. Thus, PCFC can be 
a durable energy device to convert the chemical energy into 
electricity with high efficiency at intermediate temperatures.[206] 
Except for the lower Ea of proton diffusion than oxygen ion, 
the water formation appears at the cathode chamber in PCFC, 
which can improve the fuel utilization efficiency and lower fuel 
cycling cost.[247] Similar to O2−-SOFC, the cathode performance 
largely determines the power output of PCFCs. Unfortunately, 
up to now, the performance of most PCFCs still lags far behind 
that of O2−-SOFCs, because of the lack of highly efficient cath-
odes specifically designed for cells with proton conducting elec-
trolyte.[206,248] Anyway during the past five years, considerable 
improvement in power output of PCFCs at lower than 600 °C 
have been envisioned. At the early stage of development, con-
ventional mixed oxygen ion-electronic conducting cathodes 
were usually used in PCFCs with the protonic ceramic electro-
lytes, such as SSC, La0.6Sr0.4CoO3-δ (LSC), La0.6Sr0.4Co1-xFexO3-δ.

To increase the number of reactive sites, it is key to introduce 
proton conductivity into the cathode of PCFCs. As mentioned, 

if the cathode bulk has sufficient proton conductivity, the whole 
exposed electrode surface can perform as the active sites for 
electrode reactions, thus ensuring low electrode polarization 
resistance. The easiest way to introduce proton conductivity 
into a cathode is to add another phase with favorable proton 
conductivity into the conventional mixed oxygen ion and elec-
tronic conducting or pure electronic conducting oxide to form 
a composite electrode. Up to now, many of these types of 
mixed conductors, such as SSC-BZCY,[248] Ag-BSCF,[249] LSCF-
BaZr0.7Y0.2Pr0.1O3-δ,[250] Sr3Fe2O7-δ-BaZr0.3Ce0.5Y0.2O3-δ (SF-
BZCY3),[247] PrBaCo2O5+δ-BaZr0.7Y0.2Pr0.1O3 (PBC-BZYP)[251] 
and BSCF-BZCY,[252] have been reported, which exhibited mod-
estly improved performance as compared to mixed oxygen-ion 
and electronic conducting cathodes. Unfortunately, the inho-
mogeneous distribution of the two phases with large grain size 
in the composite could lead to the limited effective reaction 
regions.[253,254] Also, these simple physical mixing cathode mate-
rials usually suffer from poor stability under the operational 
atmosphere containing large amount of water.[252] Recently, 
we proposed a self-assembly method to develop a composite 
electrode with superior performance. By applying a material 
with the nominal composition of BaCo0.7(Ce0.8Y0.2)0.3O3-δ as 
a precursor, it was separated into several phases of different 
conducting behaviors at high temperatures during calcination, 
thus realizing triple conductivity for the entire electrode. Peak 
power density of 319 to 985 mW cm−2 at temperatures between 
500 and 650 °C was reached for a cell with such self-assembled 
composite cathode.[200] It thus introduces a new strategy for the 
development of high-performance mixed conducting composite 
electrode for PCFCs.

During the past decade, considerable activities have also 
been devoted to develop the high-performing single-phase 
cathodes with high triple-conductivity of electrons, oxide ions 
and protons. By applying such triple-conducting cathodes, 
the electrochemically active sites can be extended effectively 
to the entire exposed electrode surface for a significantly 
improved cathode reaction.[196,255] Early efforts to develop 
single-phase triple-conducting cathodes were mainly focused 
on partial substituting of the B-site elements (Zr, Y, Ce) in 
the perovskite-type proton conducting electrolyte materials 
(such as BaZrO3, BaCeO3), with multivalent elements (such 
as Co, Fe) with the development of Fe-doped BaCeO3 and 
Co-doped BaZrO3 perovskite oxides.[256] Unfortunately, such 
past attempts were not so successful. Recently, triple-con-
ducting single-phase cathodes with promising performance 
data were reported, e.g., 100 to 455 mW cm−2 at temperatures 
between 350 and 500 °C for a cell with BaCo0.4Fe0.4Zr0.1Y0.1O3-

δ cathode,[206] 690 to 1710 mW cm−2 at temperatures between 
600 and 750 °C for a cell with double perovskite NdBa0.5Sr0.5C
o1.5Fe0.5O3-δ cathode.[257]

Table 5 shows the performance comparison of PCFCs at var-
ious temperature regimes with different types of cathode mate-
rials, as reported in the literature. Different from the traditional 
oxygen ionic cathodes, triple-conducting cathodes specifically 
designed for PCFCs exhibited the most excellent power den-
sities in the intermediate to low temperatures. In the future, 
the triple-conducting cathodes with high proton conductivity 
are still highly searched after to realize high power output of 
PCFCs at reduced temperature.

Adv. Funct. Mater. 2022, 32, 2105702
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8.3. Opportunities

During the past two decades, the major activities in MIEC 
cathode development are based on experimental studies, which 
are time consuming, high cost and low efficiency, although 
recent density functional theory calculations start to show 
useful assistance in materials screening and design.[230,274,275] 
The development of methodologies for theoretical predica-
tion of high performance MIEC cathodes is highly attractive 
because of low cost and high efficiency. Currently, for low-
temperature electrocatalysis, considerable research activities 
have been conducted to find applicable activity descriptors that 
can be used to predict new materials, such as A-site ionic elec-
tronegativity and eg electron occupancy.[276–278] However, there 
are lack of similar works in the field of MIEC cathodes, thus 
opening a very interesting research area. It should be pointed 
out that in room temperature electrocatalysis, the catalyst sur-
face is mainly involved, while both the surface and bulk could 
particulate in the ORR for SOFC with MIEC cathode, making 
it more challengeable to find a reliable activity descriptor. On 
the other hand, the current advances in machine learning may 

provide additional opportunity for the materials screening in 
MIEC cathode.

Sound match in thermal expansion behavior of the different 
cell components is important to ensure a long-term thermo-
mechanical stability of SOFCs. Unfortunately, the cathode 
materials that have high ORR activity at intermediate temper-
ature usually are cobalt rich perovskites, which always show 
high TEC, attributing to the large chemical expansion associ-
ated with the oxidation state change and spin state transition of 
cobalt ions. Although the thermal expansion can be suppressed 
somewhat through structural tuning, doping or compositing, 
such cobalt-based perovskites usually still show much larger 
TEC than the electrolyte. The mismatch in thermal expansion 
behaviors of the different cell components can cause the easy 
delamination of cathode layer from electrolyte surface during 
operation, especially during thermal cycling, consequently 
quick degradation in cell performance or even the failure of cell 
is often appeared. Very recent, Shao  et  al. reported a thermal 
expansion offset concept by introducing a negative thermal 
expansion (NTE) material to form composite with cobalt-rich 
MIEC perovskite, as a result, the TEC of the electrode can be 

Table 5. The peak power output of PCFCs based on some representative reported cathodes.

Cathode Temperature (°C) Power Density [mW cm−2] Ref.

700 650 600 550 500 450

Traditional SOFCs cathode PrBaCo2O5+δ 545 349 183 [258]

NdBaCo2O5+δ 438 250 [259]

Ba0.5Sr0.5Co0.8Fe0.2O3-δ 485 436 336 283 [249]

Sm0.5Sr0.5CoO3-δ 700 560 410 [260]

PrNi0.5Mn0.5O3-PrOx 650 440 [261]

Ca3Co4O9+δ (2019) 290 220 150 [262]

Mechanical composite cathode Sm0.5Sr0.5CoO3-δ-BaZr0.1Ce0.7Y0.2O3-δ 725 598 445 272 [248]

Sm0.5Sr0.5CoO3-δ-BaCe0.5Zr0.3Y0.1Zn0.1O3-δ 528 364 246 143 [253]

Ba0.5Sr0.5Fe0.8Cu0.2O3-δ-BaZr0.1Ce0.7Y0.2O3-δ 430 301 190 [263]

La0.6Sr0.4Co0.2Fe0.8O3-δ-BaZr0.7Y0.2Pr0.1O3-δ 172 117 51 [250]

PrBaCo2O5+δ-BaZr0.7Y0.2Pr0.1O3-δ 254 216 169 133 92 [251]

Sr3Fe2O7-δ-BaZr0.3Ce0.5Y0.2O3-δ 683 530 372 ≈250 ≈150 [247]

Ba0.5Sr0.5Co0.8Fe0.2O3-δ-BaZr0.1Ce0.7Y0.1Yb0.1O3-δ 634 532 418 [252]

LaFeO3-BaCe0.51Zr0.3Y0.15Zn0.04O3-δ 420 350 260 100 [264]

Ca0.3Y0.7Fe0.5Co0.5O3-δ-BaZr0.1Ce0.7Y0.2O3-δ ≈620 ≈450 ≈300 [265]

Triple-conducting cathode Ba0.5Sr0.5Zn0.2Fe0.8O3-δ 486 415 277 166 61 [266]

BaCe0.5Fe0.5O3-δ 395 276 192 111 [267]

SrFe0.95Nb0.05O3-δ 538 428 341 220 161 [268]

Sr3EuFe2.5Co0.5O10-δ 900 720 510 290 190 [269]

Pr2NiO4 132 96 53 [270]

YBaCo3ZnO7-δ 307 211 143 [271]

NdBa0.5Sr0.5Co1.5Fe0.5O5+δ 1370 1050 690 [257]

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ 455 ≈250 [206]

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ ≈1400 1098 ≈780 548 ≈380 [205]

BaCo0.7(Ce0.8Y0.2)0.3O3-δ 985 743 508 319 187 [198]

Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ 840 732 577 405 278 [272]

La0.7Sr0.3Mn0.7Ni0.3O3-δ 992 ≈600 386 ≈220 ≈140 [273]
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easily tailored to match the electrolyte.[279] The high thermo-
mechanical compatibility of such composite electrode with the 
electrolyte allows a thicker cathode to be used, consequently, 
further improvement in electrode performance was observed. It 
thus opens a new way for the development and design of high-
performance cathode for IT-SOFCs. Anyway, the potential inter-
facial reaction between the NTE material with the main active 
material on a long-term on the performance is still unknown, 
requiring further clarification.

In most of the current lab-scale researches, the cathodes 
are directly exposed to the ambient air. For PCFC, however, 
the water is produced at the cathode side, which dilutes the air 
near the cathode on the one hand, and the water competitive 
adsorption over the cathode surface may decrease the adsorp-
tion sites of cathode surface on the other hand, and both would 
have a negative effect on the electrode performance. However, 
certain amount of water is required to allow the hydration of 
oxygen vacancies to introduce proton conductivity into the 
electrode. Thus, the water management of the cathode side is 
highly important, requiring significant attention in the future. 
As mentioned, the oxygen ion, electron and proton triple con-
ductor may lead to maximize the cathode performance in 
PCFC. However, the best ratio for the proton to oxygen ion is 
still not known. As well, up to now, it is still a big challenge to 
determine the transfer number of oxygen ion and proton in a 
triple conductor. Thus, it requires more attention in the future.

8.4. Concluding Remarks

As an ideal cathode of SOFCs, it should possess certain level of 
electronic conductivity, and high structural stability under real 
operation conditions (temperature, oxygen partial pressure and 
polarization). Matchable TEC to other cell components is also 
a big concern, otherwise delamination of the electrode from 
electrolyte surface could appear, causing the fast degradation in 
cell performance. The major concern is to maximize the ionic 
conductivity inside the electrode bulk and to increase the sur-
face reaction kinetics. To introduce mixed conductivity into a 
cathode of SOFC, it is need to control the microstructure of the 
electrode, which however can significantly affect the electrode 
performance, and the potential phase reactions between the 
two different phases. Therefore, it is more popular to develop 
single phase oxides with mixed conductivity. Currently, doping 
(both cation and anion), cation deficiency manipulation and 
phase structure tuning have been widely applied in the develop-
ment of perovskite type MIEC oxides as electrodes for SOFCs. 
Such strategies could modify not only the conducting behavior 
of the oxide, but also the structural and chemical stability as 
well as the TEC.

9. Triple Ionic Electronic Conducting Oxides

9.1. Status

Triple MIEC conductors, or Triple Ionic Electronic Conducting 
Oxides (TIECs), are a subset of MIEC materials which con-
currently conduct electrons (e’) and multiple ionic species. 

Currently, most commonly referenced TIEC’s exhibit conduc-
tion of protons (H+), oxygen ions (O2−), and electrons (e−). 
Most of the known TIECs are perovskite-type materials with 
the general ABO3 unit cell formula. This general formula is 
often heavily doped with multivalent or aliovalent cations in 
the A- or B-sites. TIECs are useful in applications where multi-
species conduction is needed, but are most commonly used in 
solid oxide electrochemical cells.

Two main types of solid-state electrochemical cells are the 
primary focus of oxide-based fuel cell and electrolysis systems 
under development based on their main species of conduc-
tion: oxygen-ion-conducting cells and proton-conducting cells. 
In fuel cells specifically, these are known as solid oxide fuel 
cells (SOFCs) and protonic ceramic fuel cells (PCFCs) respec-
tively. Conventional oxygen-ion-conducting ceramics used in 
SOFCs are effective at a high operation temperature range from 
700–1000 °C, but suffer from lengthy start-up and long-term 
degradation of major components, including gas sealants and 
interconnect materials.[280,281]

Difficulties at high temperature established a growing need 
for materials able to perform at intermediate temperatures 
between 400–700 °C. Proton-conducting ceramics used in 
PCFCs offer a reasonable pathway to improve performance in 
this intermediate temperature range; protons require a lower 
activation energy for transport than their oxygen-ion due to 
their smaller ionic radius, single charge, hydrogen bonding 
which favors transfer reactions, and absence of an electron 
cloud.[282–284] Reducing the temperature of these electrochem-
ical cells while maintaining comparable performance is benefi-
cial for cost and durability considerations.[285] The mechanistic 
difference between SOFCs and PCFCs (Figure  17) highlights 
the need for triple-conducting cathodes in PCFC applications. 
Due to water formation at the cathode, it is advantageous for 
PCFC cathodes to conduct all three species (H+/O2−/e−) for effi-
cient operation.

One of the first reported examples of triple conducting 
material systems reported was a composite system consisting 
of an electronic conductive Ni and a co-ionic conductor 
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb) which resulted in a fuel-
flexible anode that could withstand sulfur impurities and 
coking.[208] The ability to conduct protons allowed for the oxida-
tion of fuels such as propane, while the oxygen ion conduction 
allowed for impurity reformation with oxygen to reduce carbon 
and sulfur deposits. More recent work on triple conducting 
phases has focused on the discovery and use of single-phase 
TIECs and oxide-oxide triple-phase-conducting composites. 
Grimaud  et  al.[286] were one of the first to report some MIEC 
materials such as Pr2NiO4+δ (PNO), PrBaCo2O5+δ (PBC) and 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) having quantifiable proton 
uptake, thus classifying these materials as TIECs. Subsequent 
studies were able to classify other previously-discovered MIEC 
materials as TIECs.[205,257,287] Research strategies have his-
torically focused on doping multivalent or aliovalent ions into 
the A-site and B-site, leading to state-of-the-art single-phase 
materials such as BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1)[206] and 
Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ (SSNCF).[272]

The synthesis of oxide-oxide multi-phase composites as 
triple phase conductors for cathodes has been achieved via 
infiltration,[206,288,289] mechanical mixing,[290,291] or one-pot 
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syntheses.[198,292] One-pot syntheses result in the self-assembly 
of two mixed-conducting phases into a nanocomposite, 
resulting in more active sites than a mechanically mixed com-
posite. One of the highest-performing cathodes to date is an 
infiltration composite consisting of a TIEC (BCFZY0.1) infil-
trated on the surface of a proton-conducting BaCe0.6Zr0.3Y0.1O3-δ 
(BCZY63) scaffold.[206] Overall, while a practical advantage exists 
for single-phase cathodes due to simple synthesis and compat-
ibility, composites have a potential for tuning triple conducting 
properties over a broader range of partial conductivities.

Efficient operation of TIEC materials in PCFCs relies on 
the availability of triple phase boundaries (TPBs), where pro-
tons, oxygen ions, and electrons recombine to form water at a 
cathode’s surface. TPBs are controlled by a cathode’s physical 
properties (i.e., surface area from microstructure),[293] and 
fundamental material properties, namely the efficiency of sur-
face reactions and the conduction through the bulk phase. At 
the surface, the two important reactions are the ORR and the 
formation/dissociation of water. ORR is a multi-step reaction 
encompassing oxygen surface adsorption, oxygen ionization, 
lattice incorporation, and bulk diffusion of lattice oxygen.[294,295] 
Bulk diffusion and surface exchange of oxygen often parallel 
one another in MIEC and TIEC materials.[296] Low-ORR activity 
can be a limiting factor in electrochemical performance,[297] 
especially at low temperatures. Less is known specifically about 
water formation and dissociation at the surface of TIECs, as 
most analytical methods focus on uptake rather than forma-
tion and dissociation. However, it is essential to consider the 
relationship between water and TIECs including water causing 
degradation attributed to the blocking of ORR pathways,[298] 
and surface termination effects on water reactivity.[299]

In bulk, the perovskite or perovskite-like structure allows 
for unique transport properties of H+/O2−/e− species. A small-
polaron hopping mechanism is generally accepted for the 
transfer of electronic charge carriers.[300–304] The B-site/oxygen-
site (B-O-B) bond in the perovskite structure is also assumed 

to be responsible for electronic conduction,[305] making multiva-
lent ion doping necessary in the B-site. Heavy doping of these 
acceptor ions into the bulk creates a predominantly electronic 
conductor while the original ionic conductivity of the material 
is maintained.[306,307] Oxygen transport in TIECs is dominated 
by surface exchange and bulk diffusion. Oxygen vacancies in 
the perovskite allow for bulk diffusion of oxygen ions through 
the structure.[308] When a TIEC is operated in humid, oxidizing 
atmosphere, as is typical in a PCFC, protons locate near oxygen 
ions in the structure, forming hydroxyl groups.[283] Protons can 
then transfer across lattice oxygen sites through vibrational and 
rotational motion, similar to a Grotthuss mechanism.[283] The 
transport of all three species is dependent on each other.

Significant interplay and tradeoffs between atmospheric con-
ditions, surface reactions, and bulk conductivity of TIEC mate-
rials are evident and must be considered to achieve desired 
material properties. Indeed, the desired properties are often 
conflicting with each other, resulting in a limitation to the tun-
ability of TIEC materials.[287] These limitations emphasize the 
importance of understanding properties of TIECs and the pros-
pects of future TIEC composites.

9.2. Recent Advances and Future Challenges

TIEC development has remained focused on methods for cre-
ating and probing new materials. Recent work has attempted 
to quantify materials’ fundamental properties to understand 
changes in in the bulk and at the surface. Much of this work has 
probed systematic, incremental changes to previously known 
TIECs to probe fundamental changes in material properties, 
using methods such as A-site and B-site deficiency[216,309,310] 
and simple doping strategies.[311,312] These studies build upon 
the early research which quantified high-performance materials 
in fuel-cell or electrolysis applications, while providing funda-
mental benchmarks for future TIECs.

Figure 17. a) Schematic of the mechanistic difference where water is formed at the cathode in PCFCs and at the anode in SOFCs. b) Operating in PCFC 
conditions, a TIEC cathode results in more active sites than a traditional MIEC cathode. c) Comparison of different types of triple-conducting phases, 
where single-phase TIECs theoretically contain more active area at the surface than composite-type cathodes for PCFCs.
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The main challenge associated with TIECs is limited under-
standing of the complex bulk transport, surface kinetics and 
stability relationships required for high-performance materials 
in advanced electrochemical applications. Table 6 highlights the 
large gap in the literature for fundamental material properties 
of many TIEC materials, leaving few materials to understand 
trends between these factors. In addition, existing materials 
that are known TIECs are dominant electronic conductors with 
greater than 90% electronic character. The lack of diversity 
among TIECs raises questions regarding the best conducting 

character for TIEC applications, and how broadly TIECs can be 
tuned to desired conductivity levels. As such, more systematic 
studies of doping as it relates to TIEC fundamental properties 
are necessary for further understanding. In addition, composite 
studies are further warranted to explore a broad range of partial 
conductivities from combinations of single-phase materials.

TIEC stability remains a difficult challenge for fuel cell 
and electrolysis cell applications. TIECs have been shown 
to remain relatively stable across hundreds of hours under 
operating conditions,[206,273,311] yet fuel cells require lifetimes 

Table 6. List of claimed triple ionic-electronic conductors with available bulk material properties. Gaps in literature are highlighted with missing ionic 
conductivities and surface exchange coefficients. This is especially evident in claimed triple conductors which have no fundamental property data. 
Where specific values were not given in references, provided data is estimated from graphs embedded in each article. All data listed measured at 
600 °C unless specified otherwise. Unless specified otherwise: ECR experiments carried out in dry atmosphere with final pO2 listed (coefficients are 
dependent on final pO2 across constant temperature).[340] Unless specified otherwise: Electronic conductivity calculated from four-point probe meas-
urements in dry air. Protonic conductivities calculated from permeation measurements across dense membrane coated in Pd using 10% H2/90% N2 
and pure Ar or He sweep. Oxygen ion conductivity calculated from permeation measurements across dense membrane using dry air feed and pure 
Ar sweep.

Single Phase TIEC Surface Reactivity Conductivity [S cm−1]a Ref.

Final pO2 Dchem [cm2 s−1] kchem [cm s−1] e− Ha) O2−

BCFZY0.1 0.1 2.0E-5 1.9E-4 2 0.11 0.025 [309,310,312]

BCFZY0.95 0.1 5.0E-5 4.0E-4 1.5 0.125 – [309,310]

BCFZYN 0.1 3.8E-5 3.2E-4 1.5 0.14 0.03 [312]

SSNCF 150 0.078 0.006 [272]

BSCF 0.1 3.0E-5 3.0E-4 40 0.023 0.053 [272,341]

BFSB0.3 1 1.2E-4 1.2E-3 2.5 – 0.0025 [342]

PBCOb) 0.21 5.0E-5 9.0E-3 800 – – [343]

SFMZc) 17 – – [311]

BLFZ 1.4 – – [291]

PBSCF 425 – – [205,344]

PNO 100 – – [345]

PNCOd) [321]

NBSCF [257]

C-LSMN7373 [273]

LSCN8273 [346]

LNCO [347]

BSFZ [348]

Nanocomposite Materials

BCCY 0.1 2.0E-4 1.8E-3 2.5 0.083 0.02 [198]

BCFC [292]

Composite Materials

Co(NO3)2 – infiltrated BZCY 0.05 [349]

LSCF-BZCY [350]

GDC infiltrated PBC-BZCY [351]

a)Reported ionic conductivities provide direct comparisons between these materials. It is noted that values from literature are estimates derived from permeation data 
based on the Wagner Equation, and that conductivities greater than 0.1 S cm−1 at 600 °C are an order of magnitude greater than previously reported intrinsic bulk proton 
conductivity in BZY-based perovskites used as electrolytes from EIS and electrochemical measurements[206]; b)Data for PBCO reported at 500 °C; c)Data for SFMZ reported 
at 700 °C. ECR was performed, but utilized a dry to wet atmosphere transition to find DO,chem. The coefficient is not reported above due to the different method. Electronic 
conductivity estimated from ECR graph; d)Hydrogen permeation measurements for PNCO are performed across dense membrane coated in Pt using 3% H2/1% N2/96% 
He and pure Ar sweep. The Wagner equation cannot be utilized with available data and therefore conductivity is not estimated. BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1); 
Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95O3-δ (BCFZY0.95); Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05O3-δ (BCFZYN); Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ (SSNCF); Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF); LiNi0.8Co0.2O2 
(LNCO); BaFe0.5Sn0.2Bi0.3O3-δ (BFSB0.3); Sr2Fe1.5Mo0.4Zr0.1O6-δ (SFMZ); La0.7Sr0.3Mn0.7Ni0.3O3-δ (C-LSMN7373); La0.8Sr0.2Co0.7Ni0.3O3-δ (LSCN8273); Ba0.95La0.05Fe0.8Zn0.2O3-δ 
(BLFZ); Ba0.5Sr0.5Fe0.8Zn0.2O3-δ (BSFZ); PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF); NdBa0.5Sr0.5Co1.5Fe0.5O5+δ (NBSCF); PrNi0.5Co0.5O3-δ (PNCO); PrBaCo2O5+δ (PBCO); Pr2NiO4+δ 
(PNO); BaCo0.7(Ce0.8Y0.2)0.3O3-δ (BCCY); BaCe0.4Fe0.4Co0.2O3-δ (BCFC); Ba(Zr0.4Ce0.4Y0.2)1-xCoxO3-δ + Co3O4 + (Ce, Zr, Y)O2 (Co(NO3)2 infiltrated BZCY); La0.6Sr0.4Co0.2Fe0.8O3-δ +  
BaZr0.1Ce0.7Y0.2O3-δ (LSCF-BZCY); Gd0.1Ce0.9O2-δ + PrBaCo2O5+δ + BaZr0.1Ce0.7Y0.2O3-δ (GDC infiltrated PBC-BZCY).
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of tens-of-thousands of hours to be viable beyond laboratory 
testing.[285] In tandem with the need for long-term testing, the 
complex doping of these TIECs provides more opportunities for 
cation segregation and secondary phase formation in operating 
environments. Some Ba-containing perovskites exhibit decom-
position in atmospheres containing water or CO2,[313] although 
this is not readily evident in more heavily-doped materials.[237] 
In addition, Sr-containing perovskites can segregate into sec-
ondary phases, leading to decreased stability,[314] but this may be 
alleviated with composite approaches.[315]

9.3. Opportunities

Early research on reported TIECs focused on data from 
methods such as electrochemical impedance spectroscopy (EIS) 
and current/voltage/power (I-V-P) testing. These methods can 
reveal important information such as ORR kinetics,[294] but are 
typically conducted on porous architectures. Porous microstruc-
tures make it more difficult to deconvolute resultant data like 
polarization resistance as effects of microstructure or funda-
mental properties. Looking at Table 6, a large literature gap is 
present for fundamental physical properties, specifically bulk 
ionic conductivity (s, S cm−1) and surface reactivity as defined 
by surface exchange constants (k, cm s−1).

Methods for direct, bulk comparisons between TIEC mate-
rials, especially for charge-carrier contributions, are often diffi-
cult and time-consuming. While electronic conductivity is rela-
tively easy to measure because of TIEC’s predominantly elec-
tronic nature, proton and oxygen-ion transport measurements 
require more complex methods due to their orders-of-magni-
tude lower conductivity contribution. The use of blocking elec-
trodes has been employed to extract partial conductivities, but 
is often difficult to set exact conditions needed for blocking spe-
cific ions.[316,317] More recently, electromotive force (EMF) meas-
urements[318,319] coupled with membrane permeation measure-
ments[273,320–322] on a concentration cell setup have been used 
to provide separate comparison of ionic transport numbers of 
charge carriers across a multitude of samples and atmospheres. 
The main impediment to this method is the difficulty to 
measure permeation in reducing environments, as these TIEC 
materials are often unstable in these conditions. It is possible 
to assist in the permeation measurement in reducing environ-
ments by depositing a protective layer, while keeping the mem-
brane bulk limiting.

In relation to charge-carrier contributions, the surface phe-
nomena of TIECs require further investigation. Computational 
modeling has probed both oxygen reduction and water forma-
tion/dissociation at the surface of cathode materials to derive 
their possible mechanisms of action.[323,324] Further modeling 
may predict new materials and conditions for efficient surface 
reactions before laboratory testing. Experimental methods to 
probe surface reactions include electrical conductivity relaxa-
tion (ECR), which is a well-defined method for oxygen surface 
exchange characterization to find a material’s surface exchange 
coefficient, kchem, and bulk diffusion coefficient, Dchem, and is 
historically performed in dry oxidizing environments. PCFCs 
are operated in humid environments, and ECR performance 
in wet environments is relatively unknown. The addition of 

water results in a more complex relaxation profile, and recently 
some studies have used wet conditions to predict both oxygen 
exchange and proton uptake.[311,325,326] Despite studies of proton 
uptake from atmospheric water, few studies[327] of water for-
mation or dissociation at the surface of TIECs have been 
performed, presenting a need for full understanding of this 
reaction. The use of isotope exchange studies between O16/O18 
and H2O/D2O can provide more insight into the surface reac-
tions of these materials.[328–330] Sample requirements including 
highly dense samples for both ECR and isotope exchange may 
necessitate nonstandard techniques such as pulsed laser depo-
sition to achieve high densities, especially for materials with 
high sintering temperature.[331]

A combination of ECR with permeation measurements 
remains as an accessible method to probing the bulk phase 
properties of TIEC materials. Neither of these methods require 
highly specialized equipment and have few impediments 
to implementation. Further modeling of known TIECs may 
also yield insights toward the atomic level phenomena which 
account for materials with high reactivity or bulk conductivity, 
especially when coupled with these laboratory-based experi-
ments. An important opportunity exists to use this methodo-
logical combination to discover new TIECs and fill in a large 
gap of knowledge over a significant portion of known TIEC 
materials.

Long-term stability of TIECs to date have demonstrated lim-
ited stability over hundreds of hours as measured by the change 
in area specific resistance in (Ω cm2). However, industry driven 
performance requirements necessitate significant orders of 
magnitude greater stability improvements. The issue here 
is twofold: first, TIECs must remain stable for extended time 
periods in elevated temperatures and humid air to be viable 
electrodes, and second, a need exists for accelerated stability 
tests or stability predictors as opposed to running extremely 
long-term stability tests. Recently, computational screening 
techniques using machine learning have yielded promising 
results for predictive stability on MIEC materials through the 
correlation of material stability and reactivity with laboratory 
testing of materials.[332] These computational methods could be 
used to predict similar trends in TIEC materials, connecting sta-
bility with bulk and surface properties. Modeling may also help 
to predict interactions between TIECs and other materials.[333]

Thermodynamic data such as formation enthalpies, entro-
pies and interfacial absorption energies as a function of tem-
perature and composition can be provided with a wide range of 
calorimetry techniques.[334] One specific method, high tempera-
ture oxide melt solution calorimetry, is a versatile technique to 
characterize materials in solid-state electrochemistry, including 
the studying of solid solution mixing, energetics of formation, 
order/disorder and phase transition in ceramics.[335,336] Empiri-
cally measured thermodynamic stability, ionic conductivity, and 
dopant dependent structural features have not been previously 
reported in TIEC systems. Thermodynamic stability combined 
with computational methods would be useful to screen for 
reactions among constituent phases in composites or between 
functional device layers (i.e., electrolyte-electrode interactions).

Lastly, creation of composite triple conductors using TIECs, 
MIECs, or pure conductors continues to be a promising strategy 
to further tune materials for TIEC applications. Combinations 
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of materials designed to be composite MIECs have revealed 
chemical complexity resulting in new phases at the grain bound-
aries between materials, even at nanoscale levels,[337] which have 
improved the fundamental properties of the material system.[338] 
Multi-phase composites, including those with triple ionic-elec-
tronic conducting properties, have also been studied for related 
systems including oxide and carbonate-based CO2 separation 
membranes.[339] A more complete understanding of funda-
mental properties of each material used in these composites 
may allow for interfacial design of tuned materials using both 
microstructural and bulk properties to achieve desired triple-
conducting properties needed for each application, properties 
that may be conflicting in a single-phase material.

9.4. Concluding Remarks

TIECs as mixed protonic, oxygen-ionic, and electronic conduc-
tors present promising applications for proton-conducting elec-
trochemical cells. The perovskite-like structures of TIECs allow 
for this unique mixture of conduction, with the ability of direct 
elemental substitution to fundamentally change the properties 
of TIEC materials. Despite notable improvements in recent 
work, more comprehensive bulk comparisons of TIECs are 
required to understand high-performance materials. Specifi-
cally, systematic studies of single-phase materials, with incre-
mental changes to composition, are key to understanding the 
methods needed to create TIECs with desired bulk and electro-
chemical properties. With present methods for measuring bulk 
samples, a combination of permeation and ECR provides the 
most accessible opportunity to understand bulk and surface 
reactivity without the need for specialized instruments. Compu-
tational modeling coupled with these experimental studies for 
stability, conductivity, and reactivity pose a realistic path toward 
finely engineered single-phase materials. These single-phase 
TIEC fundamental properties may yield new insights to form 
specifically engineered composite phases for a multitude of 
applications, further improving the prospects of fuel cells and 
other fields.

10. MIEC Membrane Reactors

10.1. Status

For petrochemical industry, many chemical oxidation processes 
occur at temperatures higher than 800 °C. These dense MIEC 
ceramic membranes can be used as membrane reactors for 
high temperature oxidations. Depending on the different roles 
playing, these MIEC membrane reactors can be divided into 
two major categories: distributor (or supplier) and extractor as 
shown in Figure S1-I,II (Supporting Information). In Figure 
S1-I (Supporting Information), oxygen in the feed gas (i.e., air) 
is permeated into the reaction side along the membrane (dis-
tributor) to participate the reactions. Figure S1-II (Supporting 
Information) describes the second type of reactors where 
oxygen is produced by the first reaction in one membrane 
side and subsequently being extracted to the other membrane 
side. In order to accelerate the oxygen removal rate, another 

oxidative reaction is usually applied in the permeate side thus 
two different reactions can be coupled by such a membrane 
reactor as shown in Figure S1-II (Supporting Information). 
There are many application examples for both types of mem-
brane reactors as long as the membrane has a long life under 
practical reacting conditions of high temperature and reducing 
atmosphere. The blank membrane material itself cannot pro-
vide sufficient catalytic properties for the specified reactions, 
extra catalysts need to be loaded. The prerequisite condition 
to choose the catalyst is that the catalyst cannot react with the 
membrane. In order to achieve a better reaction conversion, the 
amount of oxygen permeated (or supplied) must match well 
with the catalytic efficiency; otherwise the over-supplied oxygen 
may unfavorably oxidize the product thus decreasing the yield. 
The integration mode of catalyst and the membrane surface has 
a significant influence on the membrane reactor performance. 
Depending on the individual reactions, there is an optimum 
amount of catalyst loading and contact mode with the mem-
brane reactors. For example, if the catalyst is over-deposited on 
the membrane surface, it may block the oxygen transport thus 
lowering the performance of the membrane reactor. Several 
typical reaction examples of both categories of membrane reac-
tors are discussed below to exhibit the advantages or challenges 
of membrane catalysis.

10.2. Recent Advances and Future Challenges

10.2.1. Oxygen Distributor Type MIEC Membrane Reactors

Oxidative Coupling of Methane (OCM): Current commercial 
technologies for methane conversion via Fischer-Tropsch syn-
thesis to more useful chemicals are expensive and energy-
intensive. Thus, direct methane oxidative coupling to higher 
hydrocarbons C2 products (C2H4 and C2H6) is more economi-
cally valuable and has inspired intensive research enthusiasm 
in 1990s from the perspectives of catalyst development. If the 
catalyst is stable for a long-term operation and a single-pass C2 
yield is higher than 30% (equivalent to methane conversion of 
35–37% and selectivity of 85–88%), the OCM technology may 
be commercially considered. However, it is difficult to obtain 
C2 yields more than 25% in a conventional fixed-bed reactor 
due to the competition between the formation of C2 and the full 
combustions as C2 products are more reactive than methane 
to be oxidized. Thus, some endeavors are also focusing on the 
investigation of catalytic membrane reactors for OCM[352] as the 
membrane can provide a better oxygen control along the reac-
tors, offering a possibility to achieve much higher C2 selectivity 
and yield. In this sense, tubular membrane is better than disk-
shaped configuration to be functioned as the oxygen distributor 
or supplier. In order to gain a deep understanding of the mem-
brane catalysis for OCM using dense MIEC membranes, the 
transport and reaction behavior was simulated based on a set 
of kinetic equations derived from Li/MgO catalyst with several 
major steps as schematically shown in Figure S2 (Supporting 
Information).[353] With the kinetic data obtained on a Li/MgO 
catalyst, their theoretical analysis showed that C2 yield as high 
as 84% could be achieved when oxygen flux, methane flow 
rate, and catalytic efficiency have a good match.[353] However, 
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in real experiments, much lower C2 yields were observed from 
various groups due to the mismatch of these factors. In 1989, a 
tubular membrane reactor made of two layers, with one (fluo-
rite structured zirconia, 10%Y2O3-89%ZrO2-1%TiO2 (YSZ)) 
as the oxygen permeable membrane (thickness: 0.05 mm)  
and  the  other  porous  catalyst  layer (LiO/MgO/ZrO2), was 
designed and tested at 700–750  °C by Hazbun.[354] A product 
yield of 20% to 25% C2 was reported at 50% to 60% selectivity 
and 35% to 45% conversion. Thirteen years later, based on 
another fluorite structured dead-end tubular membrane reactor 
of Bi1.5Y0.3Sm0.2O3 (BYS) which is a catalytically active, Akin and 
Lin reported their results for OCM without extra catalyst.[355] 
They achieved the single-pass C2 yield of 35% at 900 °C. With 
the availability of membranes possessing much higher oxygen 
fluxes (i.e., perovskite BaCe0.8Gd0.2O3 or La0.2Sr0.8Co0.2O3, and 
ZrO2-doped SrCo0.4Fe0.6O3) than fluorite materials, membrane 
reactor tests for OCM were also reported.[52,356–359] Despite of 
the facts that these perovskite membranes can provide very 
large oxygen fluxes, one or two orders of magnitude higher 
than the doped fluorite (YSZ or BYS) materials, the achieved 
C2 yield higher than 35% was seldom occurring as shown in 
Table S1 (Supporting Information). As can be seen, membrane 
reactor performance in OCM is controlled by the limited catal-
ysis in the reaction side; in particular good catalysts working 
well in low oxygen partial pressure environment is required. 
TenElshof  et  al. employed a perovskite oxide La0.8Ba0.2Co0.8Fe0

.2O3 or La0.6Sr0.4Co0.8Fe0.2O3 disk-shaped membrane for OCM 
without extra catalysts.[52] Despite that these perovskite oxide 
catalysts are active for OCM, the yields were less than 3%. One 
interesting phenomenon was observed that the blank perov-
skite membrane displayed much higher C2 selectivity than 
being used as the catalyst in fixed bed reactor. The low yields 
obtained by these researchers are mainly due to the insufficient 
catalytic efficiency or limited membrane area provided by the 
unfavorable reactor configuration, making the large portion of 
methane unable to be activated for OCM reactions. To improve 
the reactor performance, efforts should be placed on mem-
brane configuration change and extra catalyst integration or 
membrane catalytic surface modification. For example, a com-
parative study was performed to modify Ba0.5Sr0.5Co0.8Fe0.2O3−δ 
disk-shaped membrane surface with La-Sr/CaO catalyst 
for OCM, successfully enhancing the C2 yield up to 18% at  
950 °C.[360] Using La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) hollow fiber 
membrane, the C2 yields were improved to 14% or 21% for 
the blank membrane or packed with additional SrTi0.9Li0.1O3-a 
catalysts in the fiber lumen.[359] In another study using tubular 
Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) membrane reactor, Wang  et  al. 
compared the performances for OCM without or with cata-
lyst.[361] They observed that C2 selectivity with the packed BSCF 
catalyst was increased by 20%. When loaded with the active 
OCM catalyst (La-Sr/CaO), the highest C2 yield (15%) was 
obtained at 850 °C.

In a more recent work, OCM reaction using a supported 
tubular Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3-δ membrane with a Na-W-
Mn/SiO2 catalyst on the support was studied by Bhatia  et  al. 
Their reactor showed oxygen permeation flux of 1.4  mL 
cm−2 min−1 at 850 °C and C2 yield up to 34.7% together with 
methane conversion of 51.6%, C2 selectivity of 67.4%. Although 
the oxygen flux of Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3-δ was 10 times 

of BYS membrane, both reactors gave much similar C2 yield 
around 35% indicating the complex and unique mechanism of 
heterogeneous-homogeneous OCM reactions.[355,362] In 2015, 
Li’s group made an innovative LSCF hollow fiber membrane 
with micro-channels along the lumen side to increase the 
inner membrane surface to deposit the BYS catalyst for OCM, 
achieving a maximum value of C2 selectivity and yield of 79% 
and 39%, respectively at 900 °C.[363] Compared with the tubular 
BYS membrane reactor, such a LSCF hollow fiber membrane 
reactor integrated with BYS nano particles not only improved 
the C2 yield but also enhanced the C2 production rate by a 
factor of 50 compared with BYS tubular membrane due to the 
higher oxygen flux provided by a thin LSCF membrane.[355,363] 
This is a perfect example for membrane catalysis to combine 
large oxygen flux and catalytic efficiency to improve the product 
yield from the reactions where the product is more active than 
the reactant. Unfortunately, these perovskite oxide membranes 
could not last long at high temperatures in reducing gas atmos-
phere, otherwise commercial interests can be considered.

Partial Oxidation of Methane (POM) to Syngas: POM to syngas 
is another typical example to be widely considered for membrane 
reactors. POM (CH4 + 0.5O2 = CO + 2H2) with standard enthalpy 
of formation of −36  kJ mol−1 is a relatively milder exothermic 
reaction compared to OCM. The POM product with the H2/CO 
ratio of 2:1 is an ideal feedstock for the methanol synthesis via 
the Fisher-Tropsch method. The application of dense ceramic 
membrane reactors can combine air separation, partial oxidation, 
and methane reforming in a single unit, improving the process 
efficiency and significantly reducing the capital cost by 30% thus 
being referred as the possible revolutionary technologies for 
chemical and petroleum industries.[364] Due to the limited cata-
lytic activity from the membrane materials themselves, surface 
catalytic modification or extra catalyst loading is normally applied 
to improve CH4 conversion and CO selectivity. Figure S3 (Sup-
porting Information) displays the pathways of the POM reactions 
in a typical MIEC membrane reactor packed with POM catalysts. 
As shown in Figure S3 (Supporting Information), methane and 
air are entering the two sides of the membrane; oxygen in air is 
transported from the air side through the membrane to the reac-
tion side to react with CH4 into syngas.

Compared with OCM, POM to syngas using membrane 
reactor is much more successful in terms of reaction efficiency 
than OCM due to the available good catalysts to be integrated 
with the membranes. The reported membrane reactor for POM 
could deliver nearly 100% methane conversion and 100% CO 
selectivity with stability for more than 1000 h as exhibited in 
Table S1 (Supporting Information).[365] Despite the unclear 
complex reaction system, three major reactions are occurring 
during the POM in membrane reactors. Initially, a minor por-
tion (around 25%) of methane participates the full combus-
tion with gaseous or lattice oxygen and then the major part of 
methane would go through the reforming reactions via the pro-
duced CO2 and steam.

+ → + + → +
+ → +

CH 2O CO 2H O; CH CO 2CO 2H ;
CH H O CO 3H

4 2 2 2 4 2 2

4 2 2
 (18)

The real reaction pathways are far more complex than the 
above-mentioned three reactions. For example, the required 
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CO2 and H2O for methane reforming may be sourced from the 
oxidations of CO and H2. The precise mechanism in the reac-
tion for POM is still not very clear. Due to the huge economic 
incentives from the commercialization of methane conversion 
technology, continuous efforts have been devoted in this field 
in the last two decades, as summarized in Table S1 (Supporting 
Information).[365] The overall performance of MIEC membrane 
reactors is strongly dependent on the operating conditions and 
reactor design.[366] In most cases the membrane works as an 
oxygen supplier or distributor, while its catalytic properties of 
the membrane itself are less important as the loaded catalyst 
provides sufficiently high activity for reforming reactions. The-
oretical studies imply that long tubular or hollow fiber mem-
branes may give better performances to distribute the oxygen 
to achieve a high conversion or a good hydrogen production,[367] 
much similar to the observation from the methane coupling 
reactions. In another study, a two-stage membrane reactor was 
advised with the front part consisting of tubular membrane 
reactor following by normal packing bed catalyst layer.[180] 
During the membrane stage, oxygen is supplied from air 
without nitrogen for deep oxidation and heat release; then the 
produced CO2 and H2O with the released energy to go through 
the second stage of catalyst bed for the endothermic reforming 
reactions for syngas production. The amount of catalyst loading 
and operating conditions (i.e., contact time and temperature) 
should match with the oxygen permeation rate;[368,369] otherwise 
the over-supplied oxygen will consume the product (H2 or CO). 
Due to the available good catalyst to provide sufficient catalytic 
efficiency, the overall syngas production rate of MIEC mem-
brane reactors is actually limited by the oxygen flux.

Other oxidative applications in membrane reactors can also 
be found in the literature from liquid hydrocarbons (i.e., gaso-
line, naphtha, kerosene and diesel oil) which could be applied 
as the hydrogen sources via in situ reforming reactions. For 
example, heptane can be converted to the gas mixture of CO2 
and H2 via a Ba0.5Sr0.5Co0.8Fe0.2O3−δ disk-shaped membrane 
reactor packed with LiLaNiO/γ-Al2O3 catalyst.[370] At the opti-
mized conditions, the heptane conversion of 100%, a H2 selec-
tivity of 95–97% and CO selectivity of 91–93% were obtained 
and the reactor was successfully operated at 850 °C  for more 
than 100 h.[370]

Oxidative Dehydrogenation of Ethane (ODE) and Propane 
(ODP): Selective oxidation of alkanes such as ethane and pro-
pane to the corresponding olefins is an important catalytic pro-
cess and currently is completed by the steam cracking method, 
expensive and energy intensive.

C H
1
2

O C H H O; C H
1
2

O C H H O2 6 2 2 4 2 3 8 2 3 6 2+ ⇔ + + ⇔ +  (19)

The working principle of the MIEC membrane reactor for 
oxidative dehydrogenation of ethane and propane (ODE) is 
much similar to the OCM process where the gaseous oxygen 
should be avoided as lattice oxygen is more selective. Many 
studies (Table S1, Supporting Information) were performed 
on ODE using different membrane materials, configura-
tions, membrane surface modifications and optimizations of 
the operating conditions. In 2011, Lobera et al. simulated the 
performance of BSCF membrane reactor for ODE based on 

Soft Computing techniques. The predicted C2H4 yield is quite 
encouraging and exceeded 87%[371] far more than the threshold 
70% required for commercial consideration to replace the 
existing technology.[365] A disk Ba0.5Sr0.5Co0.8Fe0.2O3-δ mem-
brane reactor without or with catalytic modification by Pd 
deposition in the permeate side was reported for ODE.[372,373] 
At 1080 K, an ethylene yield of 66% was observed in the 
blank membrane; after Pd deposition, the ethylene yield was 
improved to 76% at 1050 K and long-term stable operation 
could last 23 days without membrane failure. Caro group 
studied the performance of ODE in a BaCoxFeyZrzO3-a (BCFZ) 
hollow fiber or disk membrane.[374] BCFZ itself has a certain 
catalytic effect on ODE. At 850 °C,  the  respective C2H6 con-
version and C2H4 selectivity were 98% and 24% for ODE test 
in co-fed packed bed reactor. When BCFZ was prepared into 
membranes for ODE without extra catalyst, the C2H4 selec-
tivity was improved to 79% (disk membrane) and 40% (hollow 
fiber membrane) at 850 °C. The lower selectivity observed on 
hollow fiber membrane was due to the insufficient catalytic 
efficiency to match the much improved oxygen permeation 
leading to deep oxidation of C2H4. Later Caro group further 
improved the BCFZ hollow fiber membrane reactor design by 
adopting a multi-zone (dehydrogenation and oxidation zones), 
which was made by coating gold paste on part of the mem-
brane surface and packed with dehydrogenation catalyst.[375] 
This improved membrane design provided a low oxygen con-
centration and allowed more precise control of oxygen feeding 
into the reactor over its axial length thus delivering high C2H6 
selectivity by burning off the in situ produced hydrogen from 
catalytic dehydrogenation. At a lower operation temperature 
of 725 °C, the C2H6 conversion up to 95–100% with the C2H4 
selectivity around 55% was achieved.[375] In 2010, the same 
group applied the multi-zone BCFZ hollow fiber membrane 
reactor for the ODP.[376] Packing with a Pt/Sn/K ODP catalyst, 
propene formation could be achieved even at temperatures as 
low as 625 °C with a propane conversion of 26% and propene 
selectivity of 75%. The reduced operation temperature brings 
in many engineering benefits like easy sealing and extending 
membrane life. In another study, Caro and co-workers inves-
tigated the mechanistic aspects of ODP with catalytic selec-
tive hydrogen combustion in BCFZ membrane reactor packed 
with a Pt-Sn dehydrogenation catalyst.[377] It is again con-
firmed that for selective oxidation reactions, since the lattice 
oxygen is more selective, the formation of gas phase O2 in 
the permeate side should be avoided to achieve an excellent 
product selectivity and conversion.

Oxidation of Ammonia: Selective oxidation of ammonia 
(SOA) is another example to use MIEC membrane reactor to 
simplify the conventional processes to produce nitric oxide 
(NO), a raw material for nitric acid production.[378–380] The con-
ventional technology for SOA is expensive and harmful to the 
environment as it uses precious metals (Pt-Rh alloy gauzes) as 
the catalyst and produces N2O.[378,379] Perovskite oxide mem-
branes can be applied for this reaction to intensify the pro-
cess by combining oxygen separation from air and ammonia 
catalytic oxidation. Two groups leading by Pérez-Ramírez and 
Yang did some pioneering works to demonstrate the mem-
brane reactor concept based on La1-xSr(Ca)xFeO3-a

[378,379] and 
Ba0.5Sr0.5Co0.8Fe0.2O3-a

[380] disk membranes. The results are 
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promising with high NO selectivity but without N2O formation. 
However, the existing challenges are to enhance the catalytic 
efficiency to simultaneously achieve the high conversion and 
selectivity and to improve the membrane stability to withstand 
the reducing atmosphere containing NHx, the unavoidable 
intermediates produced during the reaction which can etch the 
membrane surface.

10.2.2. Oxygen Extractor (type-II) MIEC Membrane Reactors

As shown in Figure S1-II (Supporting Information), there 
are two reactions being coupled in each zone of the mem-
brane reactor where the first reaction produces oxygen to 
be extracted and consumed by the second reaction. Table S2 
(Supporting Information) has summarized the applications 
of membrane reactors where the MIEC membranes work as 
the oxygen extractor. All the oxidative reactions described in 
Figure S1-I (Supporting Information) like POM can be applied 
as the second reaction for extraction purpose. Two typical 
oxygen-containing molecular decomposition reactions are 
CO2 and water splitting to produce useful chemicals of carbon 
monoxide or hydrogen with the side product of oxygen. These 
reactions are generally limited by thermodynamic equilib-
rium, occurring only at high temperatures. For example, due 
to the low equilibrium constant, H2 production from water 
dissociation in conventional reactor is difficult. Using mem-
brane reactor, H2 generation can be significantly promoted 
due to the equilibrium shift caused by the removal of one of 
the products (oxygen). Using membrane reactors for water 
splitting to produce hydrogen and CO2 thermal decomposi-
tion for CO generation are already discussed in other sections 
of this roadmap (more details can be found in Sections 4–7), 
thus being treated in less attention. Noteworthy is that when 
the reacting conditions for the coupled reactions are well 
optimized, useful products can be provided from each zone 
of the catalytic membrane (type-II) reactors. For example, 
when water splitting is coupled by POM, hydrogen and syngas 
can be separately produced from each side of the membrane 
reactor. The prerequisite to ensure such a success is the 
requirement of high membrane material stability to withstand 
both reactions at high temperatures.

10.3. Opportunities

In spite of the progress made as discussed above, how to inte-
grate the catalyst inside the membrane reactor is still not clear. 
A more in-depth discussion is made here to explore the influ-
ence of different catalyst loading methods on the membrane 
reactor performance. As displayed in Figure 18, there are four 
modes of catalysts being arranged inside the membrane reac-
tors. In mode-I (most left in Figure 18), the catalysts are loosely 
attached inside the membrane and there is a certain distance 
between catalyst particles and the membrane surface. Due 
to the insufficient catalytic efficiency, the accumulated lat-
tice oxygen diffused from the air side cannot be consumed by 
the activated methane and thus part of the lattice oxygen and 
electron holes will be recombined to form molecular oxygen. 
Gaseous oxygen will then diffuse in the gas phase to reach the 
surface of the catalyst to participate the reactions.

As mentioned earlier for COM, in order to enhance the C2 
selectivity, the gaseous oxygen should be avoided. Thus, the 
catalyst contact in mode-I would not lead to high C2 yield, 
which is the reason for the undesirable performance in Table 
S1 (Supporting Information) for MIEC membrane reactors for 
OCM. Comparatively, the intimate contact in mode-II is a better 
design than mode-I for OCM as the catalyst particles are on the 
membrane surface with more interface. The most active sites 
for OCM are located in the triple-phase-boundary (TPB) (lattice 
oxygen, catalyst and methane) area as marked in Figure  18-II. 
In mode-II, the activated methane will also spill over along the 
particle surface to the TPB area, where more activated methane 
will react with lattice oxygen to form C2 product. To prepare 
the membrane reactor with catalyst contact of mode-II usually 
requires much a higher temperature than mode-I as catalyst 
agglomerates would experience particle coalescence. At such 
circumstances, the amount of catalyst should be carefully con-
trolled as the catalyst particles are easily sintered into a large 
agglomerate to cover the membrane area, unfavorably blocking 
the gas transport through the membrane. Mode-III is the best 
situation where the intimately contacted OCM catalysts also 
possess ion conducting properties. As marked in Figure 18-III, 
TPB area has been largely expanded to the whole exposed par-
ticle surface, therefore giving the best performance. The best 
C2 yield of 39% achieved by Li’s group using the LSCF hollow 

Figure 18. Oxygen permeation and reaction pathways for oxidative reactions by MIEC membranes with different catalyst contact modes.
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fiber membrane integrated with OCM BSY catalyst was just the 
case described in Figure  18-III.[363] For some oxidations, such 
catalysts of mode-III are not available; then a better design is 
mode-IV, which is the combination of mode-II and mode-III 
where normal catalyst and membrane material particles are 
integrated together to expand the TPB area to promote the reac-
tion.[187,381] The volume ratio of the membrane material in the 
composite catalyst in mode-IV should be at least 35% to ensure 
that there is a continuous material phase for oxygen evolution 
from membrane bulk to the composite catalyst.

With regards to the partial oxidation of methane, this reaction 
does not require the lattice oxygen to improve the selectivity as 
shown in Figure S2 (Supporting Information). Both catalyst con-
tacts of mode-I and mode-II in Figure 18 can be applied for cat-
alyst arrangement but each of them has its unique features. By 
comparing the two modes (I and II) in Figure 18 for POM, less 
oxygen would be consumed in mode-I as the oxygen partial pres-
sure in the membrane interface facing the catalyst is higher than 
mode-II decreasing the driving force for oxygen transport. How-
ever, the presence of oxygen partial pressure in mode-I can help 
to protect the membrane from the strong reducing atmosphere of 
CO and H2. On the other hand, for catalyst contact in mode-II, the 
oxygen permeation will be accelerated due to the lattice oxygen is 
more active than gaseous oxygen to fully oxidize methane, CO or 
H2, leading to a higher oxygen permeation and syngas production 
rates. The big disadvantage of mode-II (Figure 18) is the require-
ment of high membrane stability as the reactors have to be chem-
ically and mechanically stable at elevated temperatures not only 
in oxidative atmosphere (air side) but also in strongly reducing 
atmosphere containing CO and H2 (methane side). Despite con-
siderable efforts to develop various materials, membranes that 
can withstand such asymmetric atmospheres for long term opera-
tion for POM are rarely reported.

The working principles described in Figure  18 for various 
catalyst contact modes can provide a general guideline for 
membrane reactor design for other oxidative reactions. This is 
dependent on their individual reaction mechanism requiring 
the controlled gaseous oxygen or lattice oxygen. Fundamental 
understanding of catalyst contact mode will help to improve the 
membrane reactor performance.

10.4. Concluding Remarks

In comparison with the intensive studies for air separation solely, 
MIEC membrane reactors are less investigated despite they repre-
sent a more advanced application of the membranes. The reason 
for this phenomenon is the lack of sufficiently robust membrane 
materials to withstand the reacting conditions containing acidic or 
reducing gases at high temperatures for a long-term operation. In 
particular, compared to the type-I membrane reactors, coupling 
two reactions to simultaneously maximize the reaction efficiency 
on both sides by membrane extractor reactor (type-II) is more chal-
lenging and more robust membranes are required to withstand 
the respective reacting conditions on each membrane side. It 
seems still a long way to go for the successful applications of these 
catalytic MIEC membrane reactors in a large industrial scale; but 
the hope is also there as more and more joint efforts from multi-
disciplinary teams are established to tackle the problems.

11. MIEC Membranes for Solar-Driven Processes

11.1. Status

MIEC membranes, mainly based on perovskites and/or 
fluorites, which offer advantages of high electrical and ionic 
conductivity, broadband optical absorption and excellent 
electrochemical properties, superior thermal stability and 
robustness have gained a huge interest in the applications of 
catalysis,[382,383] air separation,[46,384,385] and photothermal pro-
cess,[386] etc. With the rapid development of solar capture and 
storage technologies in recent years,[387,388] solar-driven process 
utilizes MIEC membrane provides a promising way to con-
vert solar energy to various kinds of energy forms, including 
thermal energy and chemical fuels through electrochemical, 
photochemical, thermochemical and their combinations, 
reaching a critical stage because of its important role in alle-
viating energy and environmental problems. Of the current 
methods proposed for solar energy conversion, photochemical 
process has the highest achievable conversion efficiency and 
the photothermal effect can be obtained by photoexcitation 
leading to partial or complete thermal energy (heat) production, 
including high-temperature solar-to-fuel production and low-
temperature solar-driven water evaporation, etc.

During the last few decades, thermochemical H2O/CO2 split-
ting process driven by concentrated solar energy (exceeding 
2000 suns, 1 sun = 1  kW m−2) has been especially promising 
because it utilizes the entire solar spectrum and operates under 
high temperatures. So that it offers the potential to obtain high 
solar-to-fuel energy conversion efficiencies (ηsolar-to-fuel) and 
consequently, producing solar fuels (H2/CO) at competitive 
costs and at large scale industrialization.[389] Two-step thermo-
chemical cycling with metal oxides, such as ceria and perov-
skites, being reaction intermediates has been put forward and 
widely investigated. The H2O/CO2-splitting thermochemical 
cycle[390,391] can be represented by:

1st step: reduction

MO MO
2

O2x x
δ→ +δ−  (20)

2nd step: oxidation

x xMO H O MO H2 2δ δ+ → +δ−  (21)

x xMO CO MO CO2δ δ+ → +δ−  (22)

In the first step, the metal oxide is heated under low O2 pres-
sure by concentrated sunlight (qsolar) and reduced at elevated 
temperatures (Tred >  1473 K) to generate O2 (Equation (17)). In 
the second step, the reduced oxide is reoxidized with H2O and/
or CO2 at temperatures (Tox) at least 500 °C lower than Tred to 
produce H2(g) and/or CO(g), which in turn, can be further cata-
lytically processed to liquid hydrocarbon fuels (gasoline, diesel, 
etc.) for the transportation sector. In these cases, the solar pro-
cess efficiency is directly related to the oxygen storage capacity 
of materials (δ). In contrast to direct thermolysis (T > 2500 K),  
two-step thermochemical cycles occur at relatively mod-
erate upper temperatures, and bypass the high-temperature 
fuel/O2 separation problem. In recent years, advances have 
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been made both in thermodynamic, kinetic, and mechanical 
properties of the materials, and various irreversibility reduc-
tions in the system-level optimization.[392] However, one of 
the greatest challenges against the efficiency improvement of 
two-step thermochemical cycles is the “anisothermal” opera-
tion because of the high thermal stresses on the reactor due to 
cooling and reheating and the increasing need for solid-solid 
heat recuperation.[387,393]

Specially, a thermochemical membrane reactor provides a 
way to isothermal and continuously splitting of H2O and CO2, 
by removing the oxygen generated from thermolysis in situ 
with a selective MIEC membrane. The idea to apply this con-
cept to solar-driven processes was first proposed about 40 years 
ago by Fletcher et al.,[394] Browall et al.[395] and Noring et al.,[396] 
and the vast majority of previous work has focused on MIEC 
membranes.[131,139,167,397,398] In recent years, decisive progress 
in MIEC membranes focused primarily on oxygen permeation 
membrane based on doped ceria and perovskites.[217,399,400] Such 
membrane reactors can separate oxygen or produce hydrogen 
and syngas from water and alkanes. Compared with the discon-
tinuous conventional thermochemistry with alternating-direc-
tion oxygen transport due to redox cycles, the combination of 
thermolysis, membrane reactor and solar energy could thereby 
simplify the solar fuel production system and offer an alterna-
tive and a new perspective way for solar-driven processes. Here 
we focus specially on reviewing state of art MIEC materials uti-
lized in solar thermochemical reactors and survey recent devel-
opments of solar-driven processes with MIEC membranes.

11.2. Recent Advances and Future Challenges

11.2.1. MIEC Materials for Solar Thermochemical Processes

To date, various materials have been explored for solar-driven 
processes. MIEC materials, such as doped ceria and perovskite 
oxides, exhibit more active properties than stoichiometric 
oxides and remain crystallographically stable during the redox 
cycle. Moreover, the accommodation ability with different 
chemical elements allows innumerable combinations of ele-
ments in metal oxides and leaving many space for improving 
their thermodynamic and kinetic properties, thus opening a 
new direction for the development of solar thermochemical 
materials.

Ceria-Based Oxide: Ceria-based oxide is considered as one of 
the most promising candidates, as it possesses good oxygen-
ion diffusivity and electronic conductivity originating in the 
Ce4+↔Ce3+ redox couple, and abundance in the earth’s crust. 
Since the originally proposed reduction cycle of CeO2 to Ce2O3 
in solar thermochemical water splitting by Abanades  et  al.,[401] 
the use of ceria has attracted substantial interest; however, the 
required reduction temperature of above 2000 °C led to sintering 
and substantial extensive sublimation of Ce. Based on the non-
stoichiometric CeO2/CeO2-δ cycle, Steinfeld  et  al.[392] developed 
the first ceria-based solar reactor (Figure  19), and successfully 
demonstrated the feasibility of the cycle with porous ceria under 
realistic solar concentrating conditions. The simultaneous H2O/
CO2 splitting was experimentally shown in consecutive splitting 
cycles, obtaining syngas with H2:CO molar ratios (0.25–2.34) 

which can be tuned by adjusting the molar co-feeding ratio of 
H2O:CO2 (0.8–7.7).[402] Ionic and electronic conductivities of 
ceria directly dictate the ambipolar oxygen diffusion rates, ren-
dering larger length scales suitable for driving redox reaction. 
This was demonstrated by Steinfeld  et  al.,[403] optimizing solar 
cavity-receiver configuration with a scalable reticulated ceria 
with dual-scale porosity via temperature/pressure-swing opera-
tion. With enhanced mass and heat transport properties for rapid 
redox reaction kinetics, they experimentally demonstrated 5.25% 
solar-to-fuel energy efficiency, with 83% molar conversion of CO2 
and 100% selectivity, which was comparable to the highest value 
reported to date. The kinetic and thermodynamic properties of 
ceria can be altered by doping rare earth metal and transition 
metal oxides in its fluorite structure. Dopants for ceria-based 
cycles are considered to be included with +2 (Ca, Sr, Li),[404–406]+3 
(Sm, Gd, Y, Pr, La, Sc)[404,405,407,408] and +4 (Zr, Hf)[404,407,409] cat-
ions. Considering that the diffusion of oxygen occurs through 
ambipolar diffusion of both ions and electrons in ceria, higher 
oxygen diffusion coefficients and electronic mobilities can be 
achieved by the introduction of +2 and +3 cations due to stable 
intrinsic oxygen vacancies within the ceria lattice.[410,411] However, 
+2 and +3 dopants are not expected to have a thermodynamic 
benefit compared to pure ceria. Tetravalent dopants in cerium 
oxide have been shown to have positive effect on lowing the 
temperature of reduction and increasing yields under conditions 
relevant to thermochemical cycles. Abanades  et  al.[412] showed 
that the zirconium addition significantly improved the reduction 
of ceria (up to 70%) at <  1500  °C. For example, maximum H2 
production from Ce0.75Zr0.25O2-δ was 0.24  mmol g−1 at 1045  °C, 
and it could be further optimized by adjusting the Zr content. 
Gal et al. reported that the reduction rate in ceria/zirconia solid 
solutions increased with Zr content, and the ≈27.9% maximum 
value was obtained with 50% Zr content at 1400 °C.[407] Moreover, 
the reduction yield was increased with lowing the reaction pres-
sure, which provided a new prospect for the operation of solar 
thermochemical reactors.

Figure 19. Ceria-based solar reactor for two-step cyclic H2O/CO2 split-
ting. Reproduced with permission.[392] Copyright 2010, The American 
Association for the Advancement of Science.
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Perovskite Oxide: Perovskite oxides are another type of prom-
ising redox materials capable of solar thermochemical H2O 
and/or CO2 splitting. Perovskites with the general form of 
ABO3-δ are very versatile materials and are highly amenable 
to structurally doping on the A and B cation sites.[413] The 
advantages of perovskites are lower reactor temperatures for 
reduction, and the larger possible change of nonstoichiom-
etry compared to ceria. Till date, investigations on solar-to-fuel 
production using perovskites were firstly performed on man-
ganite-based perovskite compositions.[414–418] Scheffe  et  al. per-
formed a thermodynamic analysis based on extraction of partial 
enthalpies and entropies and evaluation of oxygen nonstoichi-
ometry date, and shown that La1-xSrxMnO3-δ possessed higher 
oxygen exchange capacity than pure ceria.[419] Experimental 
investigation in two-step thermochemical cycles for CO2 split-
ting indicated that total CO yield is greater than ceria, based on 
the greater reduction extent (about 2 times by mass at 1773 K) 
although less favorable oxidation thermodynamics resulting in 
incomplete oxidation. McDaniel  et  al. explored an even more 
promising perovskites by doping LaAlO3-δ with Sr2+ on A sites 
and Mn2+/3+/4+ on B sites.[414] When applied in the solar ther-
mochemical H2O/CO2 splitting cycles, the H2 and CO yields 
are 9 and 6 times higher than those of the current state-of-
the-art ceria materials, respectively, when reduced at 1350  °C 
and re-oxidized at 1000  °C. However, also other compositions 
show promising results with different transition metals and 
combinations, such as perovskites with general ABO3-δ struc-
ture including Fe/Co[420,421] and Co/Cr[422] on the B sites. These 
results demonstrate the potential promise of perovskite based 
solar-driven systems, however, the major drawback is their rela-
tively high heat capacity. Therefore, to reduce the heat losses 
associated with large temperature swings, isothermal or near-
isothermal operation is required for perovskite cycles.

11.2.2. MIEC Membranes for Solar Fuel Production

Thermochemical redox cycles for H2O/CO2 splitting facilitate 
storage of solar energy in the form of chemical fuels, such 
as H2 and/or CO. Firstly, concentrated solar energy supplied 
high temperature for endothermic reduction of oxygen carrier 
materials, such as ceria and perovskite, liberating O2. Secondly, 
in the re-oxidation process at lower temperatures, reduced 
metal oxides split H2O/CO2. Alternatively, isothermal redox 

cycles driven by pressure swing process were demonstrated 
recently.[393,397,423] To advance this concept, researchers proposed 
isothermal redox membrane reactor. In membrane-assisted 
thermolysis, the oxidation and reduction processes are sepa-
rated spatially, and one of products transports across a selec-
tive membrane to prevent recombination and boost reaction 
conversion. The solar thermal membrane reactors were first 
theoretically studied by Fletcher et al.[394] and Browall et al.,[395] 
for which the process was driven by the difference of chemical 
potential across the barrier. Since then, vast majority of the 
advanced previous works focused on oxygen permeation mem-
branes with mixed ionic and electronic conductivity.

Conceptual MIEC Membrane Reactor for Solar Fuel Production: 
In the case of hydrolysis based on solar thermal membrane 
reactors, the energy conversion efficiency is a vital metric espe-
cially when concentrated solar heat is part of the system. Many 
researches evaluated the thermodynamic efficiency of H2O/CO2 
dissociation with an MIEC reactor operated under isothermal 
conditions. A conceptual oxygen transport membrane reactor 
for solar thermochemical fuel production was first proposed 
by Wang  et  al.[398] Compared with traditional reactors, reduc-
tion and oxidation occur simultaneously on different sides of 
the membrane, which serves as a barrier for gases and pres-
sures but a channel for oxygen ions. The continuous produc-
tion of solar fuels can be achieved without technical challenges 
because of high-temperature moving and mechanical consump-
tion resulting from metal oxide transportation, and solid heat 
loss can be eliminated because of the isothermal reaction mode. 
A theoretical framework is established with MIEC membrane 
reactor for understanding of solar-driven isothermal H2O split-
ting and the solar-to-fuel efficiency are compared for the case of 
pump and methane-assisted scenarios. Thermodynamic anal-
ysis implies that the pump-assisted case achieves solar-to-fuel 
efficiency (e.g., 2.9% at 1500 °C) as low as isothermal solar ther-
mochemical cycles, attributing to the low conversion of water, 
much elevated temperature range, and short effective length. 
This is also consistent with thermodynamic analysis of the iso-
thermal ceria-based membrane reactor system by Li  et  al.,[424] 
and the results show that maximum efficiencies of 1.3% and 
3.2% are attainable for H2O and CO2 splitting, respectively, at 
about 1700 °C with inert sweep gas on the reduction side of the 
membrane. Actually, Zhu  et  al. established a thermodynamic 
model of the ceria membrane reactor system with heat recovery 
(Figure 20a),[425] and indicated that a pump-assisted membrane 

Figure 20. a) Scheme of CO2 converting process (Reproduced with permission.[425] Copyright 2016, Elsevier) and b) simultaneous thermal decomposi-
tion of H2O and CO2 (Reproduced with permission.[182] Copyright 2017, American Chemical Society) (b) in the membrane reactor.
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reactor can maintain a low oxygen pressure in the reduction side 
and simplify steady state model for the system. The solar-to-fuel 
efficiency was calculated to be above 40% assuming good heat 
recovery, and further demonstrate by Tou et al. in a ceria redox 
membrane reactor for solar-driven CO2 splitting.[131] In contrast 
to both the inert gas and pump-assisted modes, the methane-
assisted case attains much higher efficiency (net solar-to-fuel 
efficiency ≈63%) at much lower temperatures (850–900  °C), 
owing to the improved thermodynamic driving force by partial 
oxidation of CH4.[398] This higher efficiency might indicate a 
new trend in solar-driven thermochemistry.

Seinfeld  et  al. demonstrated the feasibility of methane dry 
reforming using an isothermal redox La0.6Sr0.4Co0.2Fe0.8O3-

δ membrane, that combines the benefits of thermochem-
ical methane dry reforming and continuous isothermal 
solar fuel production.[126] The reactor technology realizes 
the continuous reduction of CO2 by the oxygen vacancies of 
La0.6Sr0.4Co0.2Fe0.8O3-δ into CO on the inner side of the tubular 
membrane:

ABO ( )CO ABO ( )CO3 2 3δ ε δ ε+ − → + −δ ε− −  (23)

where δ is the oxygen non-stoichiometry. The oxygen adsorbed 
on inner side of the membrane travels along oxygen  gradient 
to the outer side, and is abstracted from lattice oxygen from the 
solid by CH4 dry reforming:

ABO ( )CH ABO ( )CO 2( )H3 4 3 2δ ε δ ε δ ε+ − → + − + −ε δ− −  (24)

CO2 and CH4 are reformed into solar syngas, the energy 
value of which was solar-upgraded by a factor of 3 than that 
of methane feedstock. La0.6Sr0.4Co0.2Fe0.8O3-δ membranes 
yielded up to 1.27 µmolCO g−1 s−1 from CO2 splitting, and  
3.77 µmolCO g−1 s−1 from CH4 dry reforming at 840–1030 °C.

Different from the previous studies either on the individual 
H2O or CO2 as feed gas in an oxygen transport membrane 
reactor, Jiang  et  al. further proposed a simultaneous solar-
thermal decomposition of CO2 and H2O to produce syngas 
with a H2/CO ratio of 2/1, using a dual-phase Ce0.9Pr0.1O2-δ-
Pr0.6Sr0.4FeO3-δ membrane with mixed oxygen ion and electron 
conductivity (Figure  20b).[182] In this case, high-temperature 
furnace was utilized as a substitution of solar oven. Benefiting 
from the in situ oxygen removal by the membrane, effective 
CO2 and H2O splitting were achieved at relatively lower temper-
atures (<1000 °C). For example, at 930 °C, a syngas production 
rate of 1.3 mL min−1 cm−2 was obtained with H2O conversion 

of >  1.7% and CO2 conversion of >  4.2% for a H2O/CO2 feed 
ratio of 5/1.This combination of catalytic thermolysis, oxygen 
transport membrane, and solar energy offers a new perspec-
tive route to convert CO2 and H2O to solar syngas. The mem-
brane concept used in all these works in situ removes one of 
the reaction products and drives the reactions to dissociation 
and avoids downstream recombination. Analyses show that 
thermodynamic driving force is crucial for both conversion rate 
and effective length of reactor. Maintaining low partial oxygen 
pressure requires additional energy for vacuum pumping or 
inert gas assistant separation. Methane assisted membrane 
reactors, on the other hand, improve thermodynamic driving 
force because of partial oxidation of methane, and appear to be 
a better choice when considering energy efficiencies. This iso-
thermal operation and high efficiency might indicate a prom-
ising trend in solar thermochemistry.

Experimental MIEC Membrane Reactor for Solar Fuel Produc-
tion: To demonstrated the proof-of-concept application of solar-
driven membrane reactor, Tou  et  al. experimentally displayed 
for the first time the continuous CO2 splitting under steady-
state isothermal/isobaric conditions driven by concentrated 
radiation, applying a solar-driven ceria membrane reactor con-
ducting electrons (Ce3+/Ce4+ change), oxygen ions, and vacan-
cies induced by different oxygen chemical potential gradient 
across membrane (Figure  21).[131]The solar reactor was oper-
ated at 1450–1600  °C and 3000–3500 suns radiation, yielding 
total selectivity of CO2 to CO and O2 with 0.024 µmol s−1 cm−2 
at 3 × 10−6  bar PO2. In this case, the theoretical limit exceeds 
40% at 1600  °C, which is in good agreement with a compa-
rable thermodynamic study by Zhu et al.[425] The authors went 
further and also demonstrated the feasibility of co-feeding 
both CO2 and H2O into separate streams of syngas (H2/CO) 
and O2, using a tubular ceria membrane (CeO2-δ) reactor 
heated by simulated concentrated solar radiation of up to 
4200 suns, and assessed the relative favorability between these 
two thermolysis reactions occurred simultaneously.[139] Com-
bined CO and H2 fuel production rates were measured in the 
range of 1500–1600 °C and 0.2–1.7 Pa O2. A maximum rate of 
2.3 µmol cm−2 min−1 at 1600 °C and 0.2 Pa of O2 was yielded 
at steady state, corresponding to a 0.7% conversion of reac-
tants. This solar membrane reactor technology under realistic 
high-flux conditions is simple and compact, and the scalability 
of tubular design demonstrate its viability for splitting and  
co-splitting CO2 and/or H2O to fuels. However, the reaction 
rates were limited by heat and mass transfer, the extent of CO2 
and H2O thermolysis, even enhanced by an MIEC membrane,  

Figure 21. Solar-driven thermochemical CO2 splitting across a membrane reactor. Reproduced with permission.[131] Copyright 2017 Elsevier.
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is impractically low under the required operating temperatures 
typically in the range of 1250–1750  °C. The solar-to-fuel effi-
ciency was limited by the lack of heat recovery and the avail-
able membrane surface. Therefore, alternative membrane 
materials, such as perovskite oxides, with higher oxygen ion 
diffusivity and structural and thermochemical stability should 
be developed. In addition, alternative membrane configura-
tions, such as dual-membrane reactors[426] for in situ removal 
of both the separate productions by thermolysis should 
be explored to control the purity of the fuel produced and 
boost mass conversions, and consequently obtain favorable  
solar-to-fuel energy efficiencies.

11.2.3. MIEC Membrane for Solar-Driven Evaporation

Photothermal technology (Figure 22) is a direct method to har-
vest solar energy into thermal energy, thus improving localized 
surface temperature. In the midst of the photothermal tech-
nology implementation, solar-driven evaporation, different from 
solar-to-fuel membrane reactor requiring high optical concen-
trations, can utilize the illumination with low optical concentra-
tions even like the solar irradiation in the natural environment 
for generating vapor at the temperatures lower than the boiling 
temperature. Photothermal materials are the key factor in solar-
driven evaporation for fresh water generation in desalination. 
As the semiconducting materials, perovskite oxides endowed 
with the suitable bandgap can generate electron-hole pairs, 
when exposed to solar illumination, and then part of such 
excited electrons eventually return to the low-level states with 
non-radiative relaxation in the form of phonons (heat), resulting 
in the photothermal effect.[386]Various perovskite oxides 
with photothermal performance have been reported as solar 
absorbers in solar-driven evaporation process. Yang et al. intro-
duced double perovskites Sm0.7Sr0.3BaCo2O5+δ into solar-driven 
water evaporation system, achieving evaporation efficiency of 

86% under two-sun illumination.[427] Such photothermal mem-
brane provide a new insight for applying perovskites as photo-
thermal materials into solar-driven evaporation. However, the 
relatively low evaporation efficiency and complicated prepara-
tion process may obstruct its large-scale application. Besides, 
Zeng  et  al. demonstrated that OVs-enriched MoO3-x exhibited 
a water evaporation rate of 1.51  kg m−2 h−1 and the energy 
conversion efficiency of 95% under one-sun irradiation, with 
adsorbing charged organic dyes for wastewater purification.[428] 
The above MoO3-x material combined with its photothermal 
performance and photocatalytic activity represents a new 
avenue for wastewater purification, while the actual application 
in natural scenarios is still limited. In the practical application, 
performance degradation or even invalidation of photothermal 
materials occurs because of the biological or organic contami-
nants. Pyrolysis can decompose the contaminants but still 
suffers high energy consumption. Jiang et al. developed a multi-
functional La0.7Sr0.3CoO3 perovskite for high-efficiency solar-
driven evaporation and energy-saving regeneration, in view of 
its high photothermal performance, desirable catalytic activity 
in combustion, and excellent thermostability.[429] Under one-sun 
irradiation, such hierarchically porous La0.7Sr0.3CoO3 acceler-
ates the evaporation up to 1.67  kg m−2 h−1, about 420% of the 
nature water evaporation rate. Moreover, the La0.7Sr0.3CoO3 
catalyze thermal decomposition of biological and organic con-
taminants at a relatively lower temperature, which means a 
lower energy consumption. This work provides an ideal kind of 
photothermal material for practical application in the fields of 
wastewater treatment and desalination, which is an extension of 
the utilization of MIEC membranes for solar-driven processes. 
Compared to traditional solar distillation systems, MIEC mem-
brane assisted photothermal evaporation is a promising solu-
tion and a green technology for clean water production because 
of its largely improved efficiency. In the future, more efforts are 
needed to explore available photothermal materials with excel-
lent chemical and thermal stability and compatibility with dif-
ferent environments and compact installations.

11.3. Opportunities

The remarkable development of solar-driven processes in 
recent years greatly motivates intense efforts in this field, how-
ever, there are still crucial challenges to be confronted. Firstly, 
although the theoretical solar-to-fuel energy efficiency can be 
achieved as high as 40%, the ideal energy efficiency is related 
with solar concentration ratio and operating temperature. The 
optimum temperature for maximum energy efficiency varies 
between 800 °C and 1500 °C. However, the solar energy cannot 
be completely used, and loss occurs in the transfer of energy. In 
this regard, to improve the solar-to-fuel energy conversion effi-
ciency, the operation of the solar furnace should be optimized 
and unwanted radiation and nighttime heat loss be minimized. 
Since most of the actual operating efficiency is rather low, it is 
thus necessary to develop reactors and investigate economic 
operating modes, including the synthesis of advanced catalysts, 
improvement of reactor performances and operating modes, 
etc. Moreover, thermodynamic properties of MIEC materials 
are one of the most important considerations. Further progress Figure 22. Scheme for photothermal water vaporization process.
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is expected to predict promising new materials compositions 
with both computational techniques and materials screening 
studies. Other factors, such as reaction kinetics, chemical reac-
tivity, and thermal and mechanical stability are also required 
favorable characteristics. Therefore, more efforts are highly 
needed to explore MIEC materials with excellent stability and 
compatibility with the design of efficient installations in terms 
of thermal loss minimization and heat recovery, to significantly 
improve the overall efficiency and yield.

11.4. Concluding Remarks

Solar-driven process utilizes MIEC membrane provides a prom-
ising way to convert solar energy to various kinds of energy 
forms, reaching a critical stage because of its important role in 
alleviating energy and environmental problems. Optimal MIEC 
membrane materials are still to be developed. Doped ceria and 
perovskite oxides with exceptional features are encouraged to 
be researched and developed toward solar-to-fuel conversion. 
Here we focus specially on reviewing state of art MIEC mate-
rials including doped ceria and perovskites utilized in solar 
thermochemical reactors, and survey recent developments 
of solar-driven processes with MIEC materials for solar fuels 
production and for solar-driven evaporation. Despite many 
improvements have been achieved, there are still many chal-
lenges to conquer for commercialization. Further progress can 
be expected in future with both computational techniques and 
solar reactor studies to predict promising new materials.

12. MIEC in Electrolyzer Cells for Power-to-X 
Technologies
12.1. Status

The direct conversion of electrical energy into a chemical 
product is particularly advantageous with solid oxide electro-
chemical devices. The high operating temperature around 
800 °C of such reactors, makes the process particularly efficient 
compared to low temperature devices, as a significant part of the 
energy required for the splitting of the oxygen is supplied in a 
form of heat.[430] The reaction kinetics are fast and such devices 
have been proven to operate reversibly either in fuel cell mode, 
to generate power, or in electrolysis mode to store electricity, for 
instance in the form of green hydrogen from steam. Among 
all electrolysis technologies, solid oxide cells (SOC) requires the 
lowest amount of electricity to produce hydrogen, with a spe-
cific energy consumption below 3.5 kWh Nm−3. Moreover, they 
are versatile with respect of the molecules to electrolyze and 
allow simultaneous reduction of CO2 and H2O into a valuable 
synthetic gas, consisting in a mixture CO and H2 whose precise 
ratio can be fine-tuned depending on the client process and the 
final product to be synthesized. This is particularly attractive for 
the production of e-fuels and green bulk chemicals.

For long the development of such electrochemical devices 
has been driven by the fuel cell application. Nonetheless in 
the current context of the energy transition with decarbonation 
of the industrial processes and the use of hydrogen as energy 

carrier, the perspective of producing green hydrogen and bulk 
chemical with incomparable efficiency out of renewables repre-
sent an incomparable incentive for the development of electro-
lyzers based on SOC.

The key elements determining the performance and the 
lifetime of the electrochemical devices are the two electrodes 
and their interface with the electrolyte.[431] Since the two elec-
trode reactions implies gaseous species, electrons and oxygen 
ions, the nature of the selected materials, determines the 
nature of the electrochemical interface. If a porous electrode 
made of a mixture of a pure ionic conductor, that is typically 
the same material as for the electrolyte, and an electronic con-
ductor presents a convenient approach especially with respect 
of the thermo-chemical compatibility of the cell components, 
it has the disadvantage to confine the charge transfer reaction 
at TPBs, i.e., where the three species involved in the electrode 
reaction may be in contact. As a result, the electroactive regions 
are usually characterized as a length per unit volume of elec-
trode, i.e., µm/µm3. With this respect, MIEC offers a change 
in the paradigm of performance optimization. In a MIEC elec-
trode, the entire surface of the materials that is exposed to 
the reactive gases is in principle active. Rated to the electrode 
volume, this solid-gas interface, characterized as a double phase 
boundary (DPB) is quantified as a surface by unit volume, i.e., 
µm2/µm3. Therefore, electrodes with DPBs are game changers 
compared to traditional electrodes relying on TPBs (Figure 23).

As MIEC materials, perovskite oxides ABO3 and related struc-
tures such as the double perovskite AA′B2O5+δ and Ruddlesden-
Popper An+1BnO3n+1 are of particular relevance,[431] as they offer 
a board range of functionalities either as oxygen electrode or as 
fuel electrode because of the vast compositional array.

12.1.1. Oxygen Electrode

State-of-the-art oxygen electrodes usually rely on materials with 
ABO3 perovskite structure. For MIEC oxygen-electrode mate-
rials the 2PB  pathway dominates. The performance of such 
a MIEC oxygen electrode is dominated by the oxygen surface 
exchange reaction which is rate limiting.[60,431] This involves 
the contribution from both oxygen vacancies and molecular 
oxygen.[432,433] An indication of the extension of the active 
region is the characteristic length Lc = Dchem/kchem, with Dchem: 
oxygen chemical diffusion coefficient, and kchem: the oxygen 
chemical exchange coefficient.[300] The value ranges from 8 nm 
for La0.5Sr0.5MnO3−δ to 500  µm for La0.6Sr0.4Co0.8Ni0.2O3−δ at  
800 °C with pO2 = 70 kPa.[60] Besides the intrinsic properties of 
the materials, the actual extension of the electrochemically active 
area in the volume of the electrode strongly depends on the 
microstructural parameters such as particle size, porosity and 
tortuosity.[434] For practical application, it is sometimes advan-
tageous to consider composite materials, in which the MIEC 
material is mixed with a fluorite phase, typically a doped cerium 
oxide, either to enable a better thermo-mechanical match of 
the electrode with the electrolyte, by reducing the mismatch  
in thermal expansion coefficient or to boost the oxygen ion con-
ductivity if the selected MIEC materials present limited ionic 
transport properties.[434] Nowadays, materials from the solid 
solution La1-xSrxCoO3-α (LSC) – La1-xSrxFeO3-α (LSF) identified 
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as LSCF are widely used as oxygen electrode for SOC. LSC 
is preferred for operation at 600–700 °C because of the high  
kchem even at moderate temperature. This makes it material of 
choice for SOC with a fuel electrode supported architecture,[435] 
while for the electrolyte supported cells, that operate at a tem-
perature of ≈800 °C and above, LSCF are still preferred.[436]

If the integration of LSCF oxygen electrode enabled to sig-
nificantly improve the performance of SOC devices over the 
oxygen electrode materials from the family SrO-LaMnO3, this 
showed severe chemical compatibility issues with the various 
stabilized zirconia that are used as electrolyte materials. This 
has implied the intercalation of an intermediate layer, also 
called diffusion barrier layer, whose purpose is to bock the 
interdiffusion of cations between zirconia and LSCF and avoid 
the formation of a highly resistive zirconate layer.

12.1.2. Ceria-Based Barrier Layer

To this end, a doped ceria layer of few microns in thickness and 
with mixed ionic and electronic transport properties[411,437,438] 
is usually added between the dense electrolyte and the porous 
LSCF electrode. Preferred processing route for this interlayer is 
screen printing followed by a sintering step. There is usually a 
trade-off between the densification of the ceria layer that is pref-
erable for the functionality and the durability of the device and 
the interdiffusion with the zirconia electrolyte which is detri-
mental for the performance. As a result, screen printed barrier 
layers are usually sintered at mild conditions yielding a porous 
microstructure.

12.1.3. Fuel Electrode

Typical SOC fuel electrodes consists in a porous composite 
made of nickel and stabilized zirconia which confines the 
electrochemical reaction near the TPBs.[439] Nonetheless, in 

electrolysis application such ceramic-metal composites, i.e., 
cermets, have shown microstructural instabilities at high over-
potential and pH2O.[440] This is particularly exacerbated in fuel 
electrode supported cell architecture, with which, a current 
density of 1.5 A cm2 is typically reached at 1.29  V in steam 
electrolysis.[441] Moreover, in presence of carbon species, as in 
co-electrolysis, because of the nickel phase, those cermet elec-
trodes have shown a propensity to favor carbon deposition that 
may lead in fine to the destruction of the electrode.[442]

Nickel cermet with ceria materials have emerged, in which the 
electrochemical reactions is delocalize over the DBP ceria – gas 
because of the MIEC properties of the material.[443,444] They exhibit 
a superior tolerance against carbon deposition and show excellent 
performance for electrolysis and co-electrolysis application.[430] 
Nonetheless, the poor mechanical properties of such a porous 
cermet do not enable them to ensure the structural function in 
fuel electrode supported cell architecture which restrict their use 
to electrolyte supported cell architectures[430] for which they are 
state of the art[436] or metal supported cell architectures.[445]

Recently, MIEC fuel electrodes based on materials with the 
ABO3 perovskite structure have emerged and have been inves-
tigated. It was historically based on LaCrO3 that was considered 
as interconnect material due to its outstanding stability in dual 
atmosphere and good electronic conductivity.[431] Investigations 
focused on the partial substitution on A site with Sr and Ca, 
while elements such as Ti, Mn, Fe, Ni were investigated as 
B-site cations. The results have yielded two main families of 
fuel electrode materials, i.e., the chromites which are p-type 
conductors and titanates which are n-type conductors. Both 
have shown their ability to host transition metals on their 
B-site that can be then exsolved operando, either chemically or 
electrochemically, at the surface of the material in the form of 
metallic nanoparticles that boost the electrochemical activity 
of the electrode.[145,446] Nonetheless, for electrolysis applica-
tion, performance reports with perovskite electrode though 
very promising with respect of the performance of traditional 
cermet, are limited to samples size below 20 cm2.[447]

Figure 23. Co-electrolysis process with SOC regardless of the cell architecture for the production of syngas. The two inserts offer a schematic represen-
tation of the electrochemical reaction at TPB (fuel electrode) and at double phase boundary (oxygen electrode). Interfaces are marked in red (adapted 
with permission[430]).
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12.2. Recent Advances and Future Challenges

If adequate performance has been achieved with current MIEC 
oxygen electrode, current challenges focuses on the processing 
of the ceria interlayer and the fuel electrode. In SOC, it is desir-
able to integrate thin film ceria intercalation layer with higher 
density compared to traditional screen printed and sintered 
layer and with clean interface, i.e., without formation of the 
zirconia – ceria interdiffusion layer. Physical vapor deposition 
(PVD) methods, such as pulsed laser deposition (PLD),[448,449] 
magnetron sputtering,[450,451] or electron beam (EB) – PVD[452] 
have demonstrated layers with appropriate properties but the 
cost effectiveness of such processes for up-scaling and mass 
production is questionable especially for PLD processes. Focus 
should be on the development of processing methods that 
enable the processing of thin and dense layers of MIEC mate-
rials with improved interfacial properties with zirconia electro-
lytes and electrode materials.

Currently other challenges remain on the integration of 
nickel – ceria cermet electrode in a fuel electrode supported cell 
architecture. Because in SOC electrolyzer H2O or CO2 flows on 
the fuel electrode, metal supported cell architecture, in which a 
porous ferritic stainless steel is used as a substrate for the fuel 
electrode, may face critical challenges due to corrosion issues 
at high steam content or risks of metal dusting when exposed 
to mixtures with high carbon activity. Integration of functional 
nickel ceria layer onto a mechanically stable and highly conduc-
tive porous substrate may be of interest[453] to exploit the prop-
erties of the ceria materials against the carbon deposition risk 
in co-electrolysis but also to enhance the tolerance to sulfur 
containing impurities that may be present in the feed gas.[442]

If very promising performances have been achieved with 
perovskite fuel electrode at the button cell level, i.e., ≈1 cm2 of 
active area, it is challenging to develop high performance fuel 
electrode based on perovskite at a stack scale which requires 
working area of about ≈100 cm2.[454] As electronic conduc-
tivity level in perovskite fuel electrode is typically in the range 
1 – 10  S  cm−1 it becomes crucial to engineer the electrode to 
ensure sufficient current collection to compete with nickel cer-
mets that shows conductivity values above 100 – 500 S cm−1. 
At the stack level the development of highly conducting back-
bone and contact elements between the fuel electrode and 
the bi-polar plate with sufficient lateral conductivity is crucial 
to enable integration of perovskite fuel electrode material into 
stack.[455] If the recent development work primarily aimed at 
integration in stacks for fuel cell application, the challenge 
remains for stacks in electrolysis application.

One should emphasize that most of the studies and reports 
on SOC electrolyzers for Power-to-X are based on investigations 
at lab scale, meaning the use of H2O and CO2 feed streams of 
high quality. Nonetheless considering a technological deploy-
ment of SOC electrolyzer for Power-to-X and sector coupling 
application, would imply systems operating with feed streams 
of CO2 and H2O that are of uncertain quality. Since the nature 
and the amount of impurities are determining for the life-
time of electrodes in SOC devices,[431] and that may jeopardize 
the cost effectiveness of the hydrogen or syngas production, 
it appears that the design of fuel electrodes with a superior 
tolerance to impurities would represent a key asset for the 

technologies. Common impurities that affect the durability 
of SOC electrolyzers are SiO2

[430] or sulphur compounds.[442] 
This issue may be extended to the oxygen electrode that is also 
exposed to the impurities that are present in air, if it is used as 
sweep gas. The optimization of the acid-base properties of elec-
trode materials surface by fine tuning of the composition of the 
electrode material could be an approach.[431]

In situ regeneration of the fuel electrode would also con-
tribute to enhance the lifetime of electrolyzers. The application 
of a redox cycle to perovskite MIEC fuel electrode materials 
with exsolution of nanoparticles have been shown to restore the 
performance when operated under anodic bias after exposure 
to sulphur species[455] and should be investigated when oper-
ated under cathodic bias. The reincorporation of the ex-solved 
nanoparticles into the lattice upon oxidation and their regen-
eration upon subsequent reduction represents an attractive 
opportunity to restore the electro-catalytic properties of the 
materials after a certain operating time. Dimensional stability 
of the electrode in dual atmosphere, i.e., in both reducing and 
oxidative conditions, and its capacity in operating in pure steam 
or CO2 atmosphere is therefore essential and is a key advantage 
for most of the MIEC materials over traditional nickel-based 
cermet electrodes.

Finally, the deployment of SOC technologies with MIEC 
materials at the GW scale which would represent a mass market 
will imply a large use of Rare Earth elements and strategic 
materials such as Co. This necessarily raises the question of the 
sustainability of the resources and the treatment of these mate-
rials at end of life. Therefore, the development of efficient recy-
cling processes for reuse of the elements that make the ceramic 
materials used in SOC represent an inevitable challenge on the 
path of the deployment of these materials in electrolyzers.

12.3. Opportunities

MIEC electrode materials with large surface exchange coeffi-
cient kchem are crucial to achieve high performance especially 
at moderate temperature. In oxygen electrode, three order 
of magnitudes higher kchem have been reported upon surface 
modification by infiltration of alkaline oxide.[143] If the infiltra-
tion method to enhance surface chemistry is still challenging 
for up-scaling and technological deployment, the large flex-
ibility of the perovskite structure in hosting different cations 
may facilitate the development of MIEC electrode materials by 
fine tuning their composition.

The co-doping on B-site with reducible cations can enable 
exsolution of nanoparticles in a form of metallic alloys which 
gives an additional option to develop fuel electrode that are 
less prone to poisoning or carbon deposition issues. Fe, Co, Ni, 
Pd, and Ru were shown to exsolve from perovskite chromites 
or titanates perovskites[456–459] and can create alloys. The exso-
lution of Mn, Cr and/or NiO represent an attractive route to 
develop electrodes that are tolerant to carbon deposition for dry 
CO2 electrolysis.[460,461]

Interfacial strain engineering represents an additional 
approach for optimizing the oxygen exchange and the ionic 
transport in MIEC electrode.[431] An increase by a factor 1000 
of the oxygen surface exchange coefficient was reported in 
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heterostructures (La,Sr)CoO3−δ/(La,Sr)2CoO4−δ.[462] Similarly, in 
perovskite based fuel electrodes, a strained perovskite lattice 
may create upon exsolution of nanoparticles when remaining 
trapped in the bulk.[463] Thus, nanocomposites represent a 
large potential to develop high performance electrode for SOC 
electrolyzers.

12.4. Concluding Remarks

Development of MIEC oxygen electrode have played a crucial 
role in the development of SOC and their implementation for 
fuel cell applications. Operating under reverse potential as elec-
trolyzer raises new challenges especially at the fuel electrode to 
cope with electrolysis of H2O and/or CO2. If additional devel-
opments to fine tune both electrodes properties are required 
in order to mitigate poisoning or fast degradation issues and 
unlock high performance at intermediate temperature, the 
further development of MIEC fuel electrode, eventually in the 
form of nanocomposites with regenerating capabilities have 
the potential to solve the critical issue of nickel migration that 
traditional cermet materials suffer. As such performant and 
durable MIEC fuel electrode represent an important milestone 
in the development of viable high temperature electrolyzer for 
power-to-X applications. Beyond the materials, their cost-effec-
tive processing to implement them into stacks and their effi-
cient recycling at end of life are also determining challenges to 
address to envision their deployments at large scale.

13. Progress on the Commercialization of MIEC 
Membrane Technology
12.1. Status

13.1.1. Industrial Applications for Mixed Conductors

The commercialization of MIEC materials is already happening 
for distinct applications, e.g., as conductive coatings for SOFC 
and SOEC (Solid Oxide Electrolyzer Cell), as electrocatalysts for 
water electrolysis, for metal-air batteries and et cetera. They are 
used as a core component in membrane separation processes 
to produce O2 or H2.

A first commercialization of MIEC membranes should focus 
on a simple process scheme and plant design, but also on low 
interdependencies with other industrial processes. Since the 
introduction of a new technology is expensive and risky, the 
economic benefit must be large enough and very clear. Applica-
tions requiring a low number of MIEC membranes and a low 
O2 throughput should be preferred, due to the high manufac-
turing costs for the membranes without a pre-established mass 
production line. Otherwise, very high investments would be 
necessary, resulting in a very high risk.

Therefore, it makes sense to take another look at the pos-
sible process routes for O2 MIEC membranes. If a chemical 
reaction is combined with a separation process by a membrane, 
it is typically called a membrane reactor (MR).[464] If a catalytic 
effect is incorporated, it is referred to as a catalytic membrane 
reactor (CMR).[465] In contrast to that, simple separation of O2 

represents a membrane separator. The latter one always needs 
energy for the separation, but a membrane reactor is driven by 
the chemical reaction itself. For that reason alone, a membrane 
reactor has a higher efficiency and a larger economical benefit. 
However, it is typically focused on and designed for one specific 
chemical reaction and not really versatile.

The most famous application for a MIEC membrane reactor 
is the partial oxidation of natural gas[466–469] to produce synthesis 
gas, the swiss pocket knife for the synthesis chemistry. Another 
dream reaction is the oxidative coupling of methane,[353,470] but 
the oxidative dehydrogenation of saturated hydrocarbons to alk-
enes[377] is also promising. A lot of other chemical reactions are 
possible,[471] e.g., the production of H2 by water splitting using 
fuels,[472] selective oxidation of ammonia to NO[380] for produc-
tion of nitric acid,[473] the total oxidation of hydrocarbons to pro-
duce heat for industrial processes resulting in a highly efficient 
capture of carbon dioxide.[474,475] Recently, even the generation 
of useful work or mechanical power was proposed.[476] The 
approach is comparable to an SOFC with an inner short-circuit, 
but the energy is converted by gas expansion work. An EU pro-
ject utilizes this approach to provide NH3 as a C-free, sustain-
able fuel.[477]

MIEC membranes are able to operate with and without a 
sweep gas, sometimes called 4 end and 3 end operation. The 
latter case represents a membrane separator, the former one a 
membrane reactor. The gas management is more challenging 
for a membrane reactor and the material demands are typically 
higher.[478] A well-defined gas distribution at high temperatures, 
e.g., a counter flow of gases, is difficult to realize and expensive 
regarding the construction details. Besides, membrane reactors 
typically need gas-tight joinings or sealings of the ceramic mem-
branes to special steel alloys suited for high temperatures.[479] 
Such joinings are always a weak point and a safety risk, as well as 
the brittle membranes themselves separating a highly flammable 
gas from glowing air. Moreover, technical plants often need high 
gas pressures[468] to fulfill the requirements for following process 
steps. If high pressure differences occur, tubular MIEC mem-
branes should be used instead of planar ones.[480]

The different oxygen partial pressures at both surfaces 
of a working MIEC membrane generates always a different 
chemical expansion of the crystal lattice resulting in so-called 
chemically induced mechanical stress. It dominates the whole 
stress situation of a working MIEC membrane.[480–483] Its ten-
sile component should be kept as low as possible by a smart 
combination with the outer loads generated by the total pres-
sure differences.[480,482] Besides, MIEC materials are frequently 
not stable against reducing conditions or distinct gases used in 
membrane reactors like steam,[44] CO2

[484,485] or even SO2.[486]

Obviously, the production of cheap gaseous O2 by a membrane 
separator is much simpler. Already the use of a condensable 
sweep gas like steam is more ambitious, although the combined 
thermal compression of O2 generates an additional benefit.[487]

13.1.2. Oxygen Production Technologies

The market for pure O2 is vast and well established. Accord-
ingly, a detailed comparison to mature O2 production technolo-
gies and a market analysis are inevitable.
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Table  7 compares the known technologies for O2 produc-
tion. O2 is mainly produced by cryo ASU (cryogenic Air Sepa-
ration Unit). A cryo ASU produces at least 25 000 m3 O2 h−1 
but usually significantly more. The Capex (capital expen-
ditures) and the energy demand normalized to production 
capacity decrease with plant size.[488] The real energy demand 
amounts to at least 0.46  kWh m−3,[489] although a theoretical 
limit between 0.21 and 0.28 kWh m−3 was proposed.[490,491] It 
could be further decreased if a lower O2 purity is accepted.[492] 
Customers with a large O2 demand like steel plants are sup-
plied by short pipelines. Smaller customers with less than 
≈1000 m3 O2 h−1 were provided by tank trucks with LOx 
(Liquid Oxygen). Its energy content amounts to ≈0.86 to 
1.14  kWh m−3 O2.[492] Linde plc assumes 1  kWh m−3 O2 for 
LOx,[493] but its transport to the customer and the emissions 
entailed are not included.

An alternative for on-site O2 production is the PSA (Pres-
sure Swing Adsorption) technique. The purity of the product 
gas is limited to 93 – 95 vol% O2, the energy demand amounts 
to at least 0.9  kWh m−3 O2.[488] VPSA plants (Vacuum PSA or 
VSA) need at least 0.34  kWh m−3 O2 above 1500 m3 h−1.[494] 
Polymer membranes are characterized by a very low separation 
selectivity. They are only competitive for an O2 enrichment up 
to ≈35 vol% O2.[495] Within Table 7, three kinds of MIEC mem-
brane plants are listed. All three plants and their properties are 
based on a pilot plant built and tested at Fraunhofer IKTS in 
2017.[496,499–501] The MIEC plant labeled with “el./el” is driven by 
electricity only and the real electricity demand of a tested pilot 
plant with 9.6 m3 O2 h−1 is used.

The energy demand of the vacuum pump for O2 extraction 
amounted to 0.2  kWh m−3 O2, the heat demand amounted to 
≈0.5  kWh m−3 O2. It must be noted that the thermal insula-
tion of the plant was rather poor as discussed later. A minimal 
heat demand of 0.25  kWh m−3 O2 shall be possible for larger 
plants. Accordingly, the second MIEC plant in Table  7 repre-
sents a prospective plant heated by natural gas combustion. 
Presently, such a device is realized within a publicly funded 
project dealing with the oxy-fuel operation of an internal com-
bustion engine and CO2 capture.[502] The third MIEC device is 

heated by waste heat of a thermal process. It will be realized 
by another running project dealing with oxy-fuel fired furnaces, 
and is aiming at saving primary fuel.[503]

The comparison of energy costs clearly indicates large advan-
tages for MIEC plants, especially if cheap thermal energy can 
be used for heating. Obviously, the energy costs of the highly 
optimized cryo ASU could be nearly halved. Since the spe-
cific CO2 emissions for conventional electricity production are 
higher than for gas combustion, much lower CO2 emissions 
would be possible.

13.1.3. Basics of MIEC Membrane Plants for O2 Production

The Fraunhofer IKTS has been developing MIEC mem-
branes since 1998. We are mainly focused on tubular MIEC 
membranes to enable large pressure differences. Besides, a 
manufacturing of membrane tubes by extrusion is one of the 
cheapest manufacturing techniques well established for mass 
production in the ceramic industry. The simplest gas man-
agement for O2 production corresponds to a cross flow 3-end 
arrangement. This approach was already used by Air Products 
and Chemicals (APC, Allentown, USA),[466,504] the process 
is mainly driven by feed overpressure. Since highly efficient 
turbo-components comparable to a gas turbine are necessary 
but not available for small gas throughputs, small plants are 
not possible, at least not with a competitive efficiency. The 
pressure vessel is always heavy and large.[22,505] Therefore, a 
market entry at a small O2 production capacity is not possible. 
Nevertheless, the APC plant concept was the dominating one 
for several years.[22,505,506] Although APC proposed a decrease 
of Capex, Opex (operational expenditures) and footprint com-
pared to cryo ASU,[504] the whole development was cancelled 
in 2015.

Few people were dealing with a vacuum driven separation of 
O2. The use of ambient air at the feed side results in a simple 
furnace structure equipped with one-side closed MIEC mem-
brane tubes connected to the vacuum piping system at the open 
end of the tubes. No pressure vessel is needed, expensive turbo 

Table 7. O2 production technologies and their energy demand to produce 1 m3 O2 and entailed energy costs and CO2 emissions.

Oxygen manufacturing 
technology

Purity vol% Energy demand Energy costs Total CO2  
emissionsa, b)

Electr. Heat Electr.a) Therm.b) Total

[kWh] [€-Ct.] [€/t] g m−3 O2

cryo ASU[489]c) >99.6 >0.46 4.60 4.60 32.2 215.3

LOx delivery[492]c) >99.6 >0.86 8.60 8.60 60.3 402.5

PSA[488] <95 >0.90 9.00 9.00 63.1 421.2

VPSA[494] >0.34 3.40 3.40 23.8 159.1

polymer membr.[495] <35 >0.35 3.50 3.50 24.5 163.8

MIEC-V. el./el. e[496] >99.6 >0.72 7.20 7.20 50.5 337.0

MIEC-V. gas/el.e) >0.20 0.25 2.00 0.63 2.63 18.4 144.1

MIEC-V. wh/el.f) >0.20 0.25 2.00 2.00 14.0 93.6

a)electricty: 0.10 € kWh−1, 468 g CO2 kWh[497]; b)natural gas: 0.025 € kWh−1, 202 g CO2 kWh[498]; c)without costs and emissions for transport; d)MIEC membrane plant, heated 
by electricity and with an electrical vacuum pump, experimental values from[496,499,500]; e)as before(d), but thermally optimized and heated by natural gas combustion; f)as 
before(e), but heated by waste heat.
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components are spared. The O2 throughput is freely scalable 
from very small to large. Altogether, this approach is easy to 
realize.[507,508]

Overpressure or vacuum driven 3-end O2 separation needs 
a comparable amount of heat for balancing of the thermal 
losses. Regarding to the gas compression, we can assume that 
the compression energy depends on mainly on the pressure 
ratio. Therefore, the extraction of 1 m3 gas at 0.1 bar to envi-
ronmental pressure (1  bar) is comparable to a compression 
from 1 bar to 10 bar. The O2 flux should be also comparable. 
However, we have to compress ≈10 m3 of air to produce 1 m3 
O2. The recovery of compression energy is restricted to ≈80%, 
if the gas turbine reaches a very high isentropic efficiency of 
90% for air compression as well as for hot gas expansion. 
The remaining 20% losses correspond to the energy required 
for a compression of 2 m3 gas. The vacuum process has to 
compress 1 m3 O2 only. Accordingly, the losses for gas com-
pression for the overpressure process are roughly twice as 
much.[509]

Vacuum extraction also results in much lower chemically 
induced tensile stress for the MIEC membranes compared to 
feed overpressure.[480] Therefore, life span predictions for over-
pressure separation are much more critical.[510] Besides, we 
had already measured higher O2 permeation rates for vacuum 
extraction of BSCF (Ba0.5Sr0.5Co0.8Fe0.2O3-δ) tubes compared to 
a sweeping with N2 or Ar.[509,511] Therefore, Fraunhofer IKTS 
had primarily focused on the vacuum process schematically 
depicted in Figure 24.

13.2. Recent Advances and Future Challenges

13.2.1. MIEC Pilot Plants for O2 Production

Since 2009, different pilot plants have been developed in Fraun-
hofer IKTS, which typically characterized by a growing oxygen 
production rate and a decreasing energy demand.[496,512,513] 

Elaborated data and results for six different pilot plants 
described hereafter are summarized in the supplementary 
information. Up to now, all pilot plants were powered by elec-
tricity only, although heating by gas combustion or waste heat 
would be much cheaper.

The first plant was erected in 2009.[512] The feed air is used to 
cool down the hot O2 and flows into the hot zone in a counter 
flow to the outcoming O2 depleted air. The membranes tubes 
are sealed by a cold sealing. The device was used during 1700 h 
at different exhibitions and fairs.

The second device was constructed for experiments with dif-
ferent membranes geometries and for long-term tests. In 2011, 
it was equipped with 31 BSCF tubes hanging down freely. A 
stable production of 2.4 L O2 min−1 was proven for 9500 h. The 
device was reconstructed in 2014. A long-term measurement 
using 93 capillaries was carried out for ≈18 000 h. The O2 per-
meation dropped down by app. 6% during the last 14 000 h at 
constant conditions.

The third device was assigned by an external client.  
The energy demand for gas compression was found to be  
0.43 kWh m−3 O2, very close to the engineered value.[513,514] 
However, the total energy demand was higher than expected 
because of an inadequate efficiency of the recuperative heat 
exchanger. Therefore, we were looking for alternative heat 
exchangers. We found the old and well-known principle of 
regenerative heat storage using ceramic balls or combs. It is 
easy to realize, cheap and usable for very high temperatures. A 
heat recovery of up to 98% is possible as proven for large RTO 
(Regenerative thermal oxidizer) plants.[515,516]

The fourth and fifth devices were equipped with capillaries 
together with regenerative heat exchangers. The calculated 
O2 flux of the fifth device was 1.0 m3 O2 h−1, the experimental 
one amounts to 0.94 m3 O2 h−1. Obviously, a distinct pressure 
drop inside the thin capillaries slightly lowered the flux, as was 
already observed for single capillaries.[134] Also the heat demand 
was higher than calculated, probably because of a very compli-
cated air and heat management.

Figure 24. Process scheme of the vacuum driven MIEC membrane separation process for O2 production.

Adv. Funct. Mater. 2022, 32, 2105702
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The sixth device was realized within a publicly funded 
project.[499] It was intended to reach a low specific energy 
demand of 0.5 kWh m−3 O2 comparable to an optimized large 
cryo ASU. The average total energy demand was determined 
to be 0.716  kWh m−3 O2. After subtracting 0.03  kWh m−3 O2 
for peripheral electrical devices and 0.2  kWh m−3 O2 for the 
vacuum pump, the remaining heat demand was determined to 
be 0.49 kWh m−3 O2, ≈0.2 kWh m−3 O2 higher than calculated. 
An infrared camera system was used for a thermal inspection. 
Several hot spots with up to 80 °C on the outside of the metallic 
casing were found, e.g., near some feedthroughs for thermo-
couples and the wirings to the electrical heaters. We assume 
that such weak points can be avoided for further plants and the 
low engineered heat demand is realistic.

Obviously, MIEC membrane plants driven by vacuum are 
able to reach a very low energy demand for gas compression. 
Besides, the experimental values for compression energy 
demand and O2 throughput agree very well with the calculated 
values. This highlights the benefits of a reliable modeling of 
the gas separation and compression, and also for the O2 per-
meation model used for BSCF. In contrast to that, the real heat 
demand is difficult to estimate due to the deviations between 
calculated and observed values. Nevertheless, thermal losses 
should decrease for larger plants since the ratio of surface to 
volume will be better.

Presently, the MIEC plant design is constantly developed fur-
ther. It deals especially with the development of a membrane 
module that enables membrane plants on a common frame 
system but with a freely scalable O2 throughput (see supple-
mentary information).

13.2.2. Prospective Energy Demand of Vacuum Driven MIEC Plants

Our development of MIEC membrane pilot plants was accom-
panied by an iterative improvement of its basic engineering. 
The comparison of the models with experimental values 
results in some insights about interactions of gas through-
puts with the variation of O2 partial pressures and driving 
forces depending on gas flows along the membrane contact 
zone. These insights and findings were claimed in a patent 
along with special arrangements and components necessary 
to realize an efficient but simple and cheap MIEC membrane 
plant.[501]

The detailed energetic model is not a part of this roadmap, 
but the main contributions will be explained as briefly as pos-
sible. A first prerequisite for operating the membranes is the 
typical operation temperature. The thermal losses are deter-
mined by the heat recovery of the heat exchangers and the 
losses across the casing. The same amount of “heat” has to 
be added as already mentioned in Figure  24. That is the first 
important part of the total energy demand.

The O2 separation always requires an O2 partial pressure gra-
dient across the membrane. Its maintenance requires power 
corresponding to the label “power” inside Figure  24. That is 
the second important contribution to the total energy demand. 
The energy demand of small fans used to shift the air through 
the plant is very low. The electricity consumption of the control 
unit is typically negligible.

Within a technical O2 membrane plant, only a part of the O2 
is separated from the feed air. The amount of O2 separated is 
quantified by the so-called O2 recovery. Assuming a constant 
production of 1 m3 O2 h−1, a decreasing O2 recovery from the 
feed air results in a higher air throughput entailed by growing 
thermal losses of the heat exchangers. Therefore, the O2 
recovery enables a calculation of the heat recovery. The thermal 
losses via the casing can be estimated using its surface tem-
perature times its total surface area.

The vacuum pressure at the permeate side of the membrane 
results from the interaction of the O2 delivered by the mem-
branes as a source and the suction speed of the vacuum pump 
as a drain. A lower vacuum pressure increases the O2 flux but 
is always accompanied by a higher energy demand for vacuum 
generation. Since a higher O2 recovery decreases the O2 par-
tial pressure at the feed side, it is entailed by a higher specific 
energy demand for the vacuum pump.

The interaction of the individual gas throughputs can be 
described using the O2 recovery fORec.

;ORec
O

Fin OFin
ORec

O

Fin OFin

2 2f
F

F p
f

J

j p
= =  (25)

F – total fluxes (O2 – oxygen through the membrane, Fin – 
Feed air in), j – membrane area normalized fluxes, pOFin – O2 
partial pressure at feed inlet.

Therefore, the O2 recovery is usable as a central independent 
variable to describe the interactions and enables the calculation 
of the contributions of heat and power.

Selected results are shown in Figure  25. Obviously, the 
specific total energy demand is characterized by a minimum 
between 40% and 70% O2 recovery. The precise position 
depends especially on the heat recovery of the heat exchangers 
represented by the different curves, but also on the energy 
demand of the vacuum pump. Vacuum pump systems with an 

Figure 25. Total energy demand and vacuum pressure of a vacuum driven 
MIEC membrane plant depending on oxygen recovery; energy consump-
tion of the vacuum pump was fixed to 0.018 kWh/Sm3, without thermal 
losses via the casing.
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energy consumption down to 0.13  kWh/Sm3 are available but 
typically not relevant because of higher costs. Obviously, at a 
moderate heat recovery of the heat exchangers of 90%, the total 
specific energy demand falls below a large cryo ASU. The more 
efficient large VPSA is undercut at a heat recovery of at least 
95%, which seems to be realistic for larger MIEC plants.

13.3. Opportunities

13.3.1. Energy Costs of Vacuum Driven MIEC Plants

The comparison of O2 production technologies in Table 7 indi-
cates a very low electricity demand for MIEC membrane plants 
heated by gas combustion or waste heat. Gas is typically 3 to 
4 times cheaper per kWh than electricity, resulting in much 
lower running costs. Actually, if the low heat demand cannot be 
realized for the next MIEC plants, there is a remaining advan-
tage regarding the running costs compared to all other O2 pro-
duction technologies. Besides, this advantage is combined with 
lower CO2 emissions.

If necessary, energy costs could be decreased further, e.g., 
by the use of mechanical power to propel the vacuum pump 
using a gas piston engine. The whole plant would need nearly 
no electricity but more cheap gas. Moreover, several very cheap 
lean gases are available to drive the whole process, e.g., sewage 
gas, landfill, mine, and coal gas or blast furnace gas from iron 
foundries. Accordingly, the cost-cutting potential for running 
expenses is high.

13.3.2. Economic Comparison of Technologies

Regarding to the economic competitiveness, the critical part 
of MIEC plants is the Capex. The Capex of VPSA plants nor-
malized to the O2 production capacity amounts to ≈3000 €/(m3 
O2 h−1) as confirmed by market studies. The last MIEC mem-
brane device was more than 8 times as expensive. In other 
words, a VPSA plant producing 10 m3 O2 h−1 is available for 
app. 30 000 € resulting in a depreciation of 3000 € per year. The 
MIEC plant needs an annual depreciation of 25 000 €! If we use 
electricity with 0.1 € kWh−1 and gas with a price a fourth of elec-
tricity, the energy costs amount to 2980 €/a for the VPSA and 
2.400 € for the MIEC plant. The MIEC plant could never win 
because of its high depreciation dominating the whole Opex.

Nevertheless, it must be considered that some O2 applica-
tions need pure O2 instead of 95 vol% only. That is an advan-
tage, but typically it does not compensate for an 8-fold invest-
ment for a typical customer. Besides, real O2 price increases 
steeply with decreasing O2 demand,[517] because of the large 
effort to distribute small amounts of O2 as LOx or compressed 
gas to individual customers. For that reason, an on-site O2 pro-
duction is often competitive compared to an O2 delivery. Its eco-
nomic benefit usually increases with a decreasing O2 demand 
rate, especially if the annual use efficiency is very high. Accord-
ingly, there are distinct O2 applications with low but continuous 
O2 demand well suited for a market entry.

Presently, some employees at Fraunhofer IKTS already 
dealing with MIEC membranes are trying to establish a 

spin-off company. However, some special tasks have to be 
done beforehand. The most important one is to decrease the 
Capex for the MIEC membrane plants to lower the barrier for 
the market entry. Since the membranes themselves are pres-
ently the most expensive part, the cost reduction was primarily 
focused on that.

The first step was a detailed analysis of the membrane 
manufacturing process, which was already done. As expected, 
personnel costs dominate the overall costs, but can be reduced 
significantly through the substitution of time-consuming work 
steps. Nevertheless, raw powder costs for BSCF powder were 
also identified as a critical part, especially if a distinct decrease 
of the personnel costs were realized and the membrane cost 
were already decreased. The powder costs would be constant 
and would hinder a further cost decrease. For that reason, an in-
house powder synthesis was developed together with a powder 
conditioning route. For the same reason, a recycling route for 
process waste was also developed and successfully tested.

Besides, the extrusion of capillaries is permanently 
improved[518,519] to decrease the effort of manufacturing. A 
significant step is the use of special extrusion tools enabling 
a multi-line extrusion of capillaries combined with semi-
automated closing, handling and drying. This is not yet fully 
realized, but we expect a distinct cost reduction for the BSCF 
capillaries.

Another task is the construction and successful testing of 
a pilot plant suitable as the base for the serial production of 
membrane plants. It is necessary for a market entry for some 
of the applications mentioned, e.g., waste water treatment, 
gasification or oxy-fuel furnaces. The constant improvement of 
the MIEC plant design is accompanied by the substitution of 
expensive parts by cheaper ones, as has already been done for 
the heat exchangers. Moreover, the modular approach success-
fully realized for the membrane modules (see supplementary 
information) will be repeated regarding to the whole mem-
brane plant design. The modular concept regarding the plant 
frame should enable lower prices for components because of a 
higher number of identical parts.

Based on the use of cheaper membranes, the membrane 
modules developed, and a modular plant concept, we have 
developed a cost model for the membrane plants. Naturally, 
an adequate profit was included to ensure a sustainable devel-
opment of the new company. Figure 26 compares the O2 pro-
duction costs for a small and a large MIEC membrane plant 
with a small PSA, a large VPSA and a cryo ASU. The minimal 
possible energy demands for the mature technologies were 
assumed according to Table 7. The energy costs of the MIEC 
plants were calculated according to the basic engineering of 
these plants. They could reach lower energy costs as the hori-
zontal line illustrates, but this is presently not competitive 
because of the increasing Capex. The maintenance costs were 
assumed to be 3% of the Capex. The depreciation for 10 years 
is directly proportional to the Capex and seems to be compa-
rable for the mature technologies. The small MIEC plant has a 
higher depreciation because of relatively high costs of the basic 
furnace structure needed for the MIEC plant. Nevertheless, the 
depreciation will decrease below that of the mature technolo-
gies for larger devices as the depreciation of the large MIEC 
plant indicates.
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13.4. Concluding Remarks

The highest TRL for devices using MIEC membranes was pres-
ently reached for membrane separators producing pure O2 by a 
vacuum driven process. The process is much simpler than the 
overpressure process and reaches much lower energy costs and 
CO2 emissions compared to mature technologies. If a decrease 
of the Capex close to the level of VPSA plants can be realized, 
a successful introduction into the industrial application has to 
be expected within the next few years. This would enable an 
easy and enery-efficient carbon dioxide capture (CCS)[520] from 
industrial combustion processes causing fuel saving and a 
decrease of the CO2 amounts generated.[521–527] Advanced CCS 
power plants like Allam-Fetveld[528] and Graz Cycle[529] with 
net efficiencies above 52%[530] could increase their efficiencies 
by ≈5%-points,[476] if a commercialization of MIEC membrane 
plants enables a mass production of MIEC membranes and 
high O2 throughputs.

The very low energy costs of MIEC membrane plants 
enhances the economic benefit for all O2 applications. Espe-
cially small-scale industrial applications will profit because of 
the higher O2 price at low O2 demand[517] and a larger financial 
benefit. This will enlarge the existing markets for O2 applica-
tions but probably opens new markets as well. Altogether, a lot 
of industrial branches with different O2 demand rates would 
benefit from the very low energy demand and minimal CO2 
emissions of the novel MIEC membrane devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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