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Oxygen transport membranes (OTMs) are a promising alternative to cryogenic air separation (ASU) or

pressure swing adsorption (PSA) for oxygen production. Using these ceramic membranes allows

producing high purity oxygen on various scales in a continuous single-step process, at lower costs and

power consumption, making it an advantageous technique for oxy-combustion in connection with

carbon capture and delocalized oxygen production on a small scale. Moreover, their use in membrane

reactors, directly utilizing the permeating oxygen in chemical reactions towards green chemistry, is an

emerging research field. Especially dual-phase OTMs, where the membrane consists of a composite of

a stable ionic conductor and a stable electronic conductor, are of high interest, because they can

overcome the disadvantages of single-phase membranes like low chemical and mechanical stability at

elevated temperatures and under harsh operation conditions. However, despite the progress in the

development of dual-phase OTMs over the last years, and their potential applications in classic and

emerging fields, challenges preventing their large-scale employment remain. This review aims to guide

new studies that will promote the development and upscaling of dual-phase OTMs. Recent

developments, current opportunities and challenges, and future directions of research are thoroughly

discussed. Through this review paper, information about the basic working principle, properties,

performance and current application in industry of dual-phase OTM membranes can be comprehended.

Next to material properties, preparative methods and manufacturing are in focus, intending to accelerate

development and upscaling of new materials and components. Furthermore, existing challenges and

research strategies to overcome these are discussed, and focus areas and prospects of future application

areas are suggested.
1 Introduction

Oxygen is a key product for numerous applications in different
industrial sectors, and with more than 100 Mton produced
annually1 it is an important chemical commodity accounting for
ca. 25% of the world market of industrial gasses. Currently, the
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main markets for oxygen are steel production (55%), and the
chemical industry (25%), but signicant amounts are also used
in power generation, hospitals or water treatment.2 In the
future, the demand for oxygen is expected to grow, because
large and medium scale clean energy technologies like oxy-fuel
combustion and oxygen-blown biomass gasication, which will
require oxygen as a feed, are expected to grow signicantly
within the next 30 years.

The objective of this review paper is to focus on the recent
advances of ceramic dual-phase composite membranes for the
separation of oxygen from air. A comprehensive overview about
the achieved results in terms of performance and stability is given,
and existing issues and challenges with respect to separation
performance, application and integration are addressed. Finally,
different approaches to overcome these challenges and future
development directions for dual-phase membranes for oxygen
production and ways towards industrial realization are presented.
This journal is © The Royal Society of Chemistry 2022
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1.1 Advantages of oxygen transport membranes over state-
of-the-art oxygen separation technologies

Oxygen is mainly produced from atmospheric gases separation,
where fractional distillation of liqueed air, also known as
cryogenic distillation, and pressure swing adsorption (PSA) are
the two main used industrial separation technologies. Cryo-
genic distillation is a mature technology for oxygen production
with capacities larger than 30 000 Nm3 h�1 and purity of 99%.
Since it works with sub-zero temperatures at �185 �C and 5–8
bar, it requires high investment and an energy demand of ca.
225 kW h ton�1. PSA is a semi-batch process usually designed
for capacities up to 10 000 Nm�3 h�1. It uses zeolites and
pressurized systems to adsorb N2 and CO2 from the air and can
generate oxygen with purity ca. 95%. Its energy demand varies
from 245–525 kW h ton�1 depending on the use of vacuum
(VPSA) to improve the absorption of the oxygen. Also other
emergent technologies for oxygen production have been used in
practical applications, like electrochemical water splitting,
which generates high purity oxygen > 99.5% but at high capital
cost and with a high energy demand, ca. 1320 kW h ton�1.1,3,4

Another promising air separation technology are dense
ceramic membranes that separate oxygen from air at elevated
temperatures, oen referred to as “Oxygen Transport
Membranes (OTMs)” or “Ion Transport Membrane (ITMs)”.
Compared to state of the art technologies described above, this
approach has signicant advantages, and using thermally
integrated separation modules based on ceramic OTMs can
potentially reduce capital (CAPEX) and energy demand down to
147 kW h ton�1 (OPEX).1

The main advantages of dense permeation membranes
include (i) innite selectivity with respect to oxygen – resulting
in a very pure product (>99.99% oxygen), (ii) the ability to
thermally integrate oxygen separation into high temperature
process like oxy-fuel combustion – reducing the energy needed
for the separation process, (iii) the modular design of OTM
reactors – which makes oxygen separation more versatile and
economically viable also on small and medium scale, and (iv)
a better process yield – e.g. as exclusively oxygen anions are
allowed to diffuse through the membrane, this can cause
considerable effects on yield and selectivity in chemical reac-
tions,5 e.g. by combining steam reforming and partial oxidation
into one single step for the natural gas conversion.
Fig. 1 Model of resistances representing the steps of the oxygen
permeation through asymmetric membranes. Reproduced with
permission.7 Copyright 2014, Elsevier.
1.2 Basic working principle of oxygen transport membranes

OTMs consist of gas-tight mixed ionic and electronic conduc-
tors (MIEC) that allow simultaneous transport of oxygen ions
via oxygen vacancies and electrons by small polaron hopping in
the crystal lattice. OTMs produce a ux of pure oxygen, based on
a driving force created by the gradient between partial pressures
of oxygen (pO2) on the two sides of the membrane. In general,
such membranes work at high temperatures (>500 �C) because
of the thermally activated diffusion process of oxygen ions,
which is typically rate limiting compared to the electron trans-
port. The oxygen ux through the membrane is for the case of
fast surface exchange given by the Wagner eqn (1):
This journal is © The Royal Society of Chemistry 2022
JO2
¼ RT

16F 2L

ðpOfeed
2

pO
permeate

2

sesi

se þ si

d ln pO2 (1)

where JO2
is the oxygen permeation ux (mol m�2 s�1), R is the

gas constant, T is the temperature, F is the Faraday constant, L
is the membrane thickness, se and si are the electronic and the
ionic conductivities, and pOfeed

2 and pOpermeate
2 are the oxygen

partial pressures at the high-pressure side and low-pressure
side, respectively.

Assuming, the ambipolar conductivity samb ¼ sesi

se þ si
is

independent of pO2, eqn (1) can be written as

JO2
¼ R

16F 2

1

L
sambT ln

pOfeed
2

pO
permeate
2

: (2)

Eqn (2) shows that the permeation rate can be maximized by
different measures, i.e. (i) operation conditions T and pO2-
gradient (cf. Sub-section 2.4), (ii) materials development
improving samb (cf. Section 2), and (iii) membrane processing
reducing its thickness L (cf. Sub-section 4.2).
1.3 Transport of oxygen through asymmetric membranes

According to eqn (2), the membrane thickness L should be as low
as possible. Asymmetric membranes made of a thin selective
membrane layer (5–30 mm) supported by a relatively thick porous
support (200–1000 mm) are promising to minimize the actual
membrane thickness while ensuring mechanical robustness.6

Oxygen permeation through asymmetric MIEC membranes
can be divided into six steps. Fig. 1 shows the assembly model of
the steps represented as resistances in series. Zones I and VI
represent the concentration polarization occurring in the gas
phases (feed gas and sweep gas); zone V corresponds to the
concentration polarization (sometimes referred to as mass trans-
port resistance) in the pores of the porous support; zone II
symbolizes the surface exchange including oxygen reduction,
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2153
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Fig. 2 Schematic overview of a dual-phase composite containing one
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dissociation and incorporation into the oxide lattice at the high
oxygen partial pressure side, while zone IV illustrates the reactions
in the opposite order at the low-oxygen partial pressure side in
order to reconstitute the oxygen molecule. Finally, zone III repre-
sents the bulk transport of the oxygen ions into the dense selective
membrane layer. The dominating rate-limiting process (largest
resistance) governs the overall performance. The rate-limiting
process depends on several parameters such as the membrane
material, the membrane geometry or the operating conditions.

1.3.1 Gas diffusion. In the case of high oxygen ux, an
oxygen gradient occurs adjacent to the asymmetric membrane
because of the existence of a stagnant gas layer. This phenom-
enon is called gas diffusion layer and corresponds to a decline of
the chemical potential starting from gases (feed or sweep gases)
to the surface of the support andmembrane, respectively (zones
I and VI, Fig. 1). The ux through a stagnant gas layer will be
proportional to the concentration gradient through the layer. In
case of air, simplied as mixture of oxygen and nitrogen the ux
can be described as:

JO2
¼ �DO2�N2

DCO2

Dx
(3)

where Dx is the thickness of the stagnant gas layer, DO2�N2
is the

binary diffusion coefficient of oxygen in nitrogen, and DCO2
is

the concentration difference across the layer.
In lab scale testing, due to the relatively fast diffusion of the

oxygen in air (large values of DO2�N2
) the loss of oxygen activity is

commonly neglected. However, the effect is highly dependent
on the uid dynamics and, thus, the design of the module/
reactor must also consider the feed/sweep gas ow rates.

In contrast, the diffusion of the gas through the porous
support (zone V, Fig. 1) usually induces a more signicant loss
of the driving force, which in case of high uxes can become
fully rate determining.8 The associated resistance is highly
dependent on the microstructure of the support material
(porosity, pore size, pore connectivity (opening diameter),
tortuosity, etc.) as well as the gas mixture.9,10

In a porous support, molecular and Knudsen diffusion,
surface diffusion as well as convective ow contribute to the
overall transport, whereby the microstructural features of the
porous structure determine the dominating processes. For the
description of the overall gas transport through a porous
medium, two main models are discussed in the literature, the
Dusty Gas Model (DGM)11 and the Binary Friction Model (BFM),
which was developed by Kerkhof12 who identied an error in the
DGM. Nevertheless, both models are applicable to asymmetric
OTMs.13,14 Due to the high complexity of these models, also
simplications are suggested.14

One example is a convection-diffusion approach considering
a total diffusive oxygen ux (Fick) and an additional convective
ux driven by an absolute pressure difference resulting in ref. 8

JO2
¼ Deff

O2
P

RT

�
ln

�
1� pO2;in

P

�
� ln

�
1� pO2;ex

P

��

L0

(4)

where pO2,in and pO2,ex are the oxygen partial pressures at the
pore entry and exit, respectively, L0 is the support layer
2154 | J. Mater. Chem. A, 2022, 10, 2152–2195
thickness, P is the absolute pressure, R is the gas constant, T is
the temperature, and Deff

O2
is the effective gas diffusivity,

accounting for the effects of the porous medium and gas–solid
friction (Knudsen diffusion).

Deff
O2

¼ 3

s2
D0 (5)

where D0 is the gas diffusivity, 3 is the porosity, and s is the
tortuosity (actual path length divided by the support layer
thickness).

1.3.2 Bulk diffusion. When the thickness of the selective
membrane layer is in the range of 200–300 mm or higher, it is
typically estimated that the limiting step of the oxygen perme-
ation is the bulk transport in the selective layer (zone III).15 The
bulk transport is very well understood and can be described by
the Wagner equation (eqn (2)). In most of the single-phase
MIECs the electronic conductivity is orders of magnitude
higher than the ionic conductivity (se [ si); in that case, samb

¼ si and the Wagner's equation can be simplied to:

JO2
¼ R

16F 2

1

L
siT ln

pOfeed
2

pO
permeate
2

(6)

In dual-phase composites, the ionic and electronic conduc-
tance is realized in separate phases. Therefore, it is important to
ensure an interconnected network of both phases providing
sufficient pathways for both charge carriers, Fig. 2. Since in
most cases the electronic conductivity is still higher compared
to the ionic one, the fraction of ion conductor should be as high
as possible whereas the fraction of electron conductor should
be as high as necessary to sustain a percolating network.16

1.3.3 Surface exchange. Surface exchange reactions can
become the rate-limiting step if the membrane thickness is
decreased. Indeed, below a 200–300 mm thresholds (depending
on the material), the thickness of the membrane has a weak
inuence on the actual ux.17 The characteristic thickness is
dened as the condition when the bulk diffusion and the
surface exchange resistances are equivalent, i.e. the driving
force loss across the membrane bulk is equal to that cumulated
over the two surfaces.18 For thicknesses below the characteristic
value, surface reactions must be considered, because the losses
associated with oxygen incorporation from the gas into the bulk
material may become limiting for the transport over the entire
membrane. The oxygen surface exchange process occurs
through a series of reaction steps, including oxygen reduction,
dissociation and incorporation into the oxide lattice at the high-
oxygen partial pressure side (zone II, Fig. 1) such as:19
ionic conducting (green) and one electronic conducting (grey) phase.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Thickness dependence of BSCF membranes fitted using eqn
(14). Reproduced with permission.17 Copyright 2015, IOP Science.

Fig. 4 Schematic overview of the oxygen uptake in a dual-phase
membrane material.
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O2 + e� / O2
� (7)

O2
� + e� / O2

2� (8)

O2
2� / 2O� (9)

2O� + 2e� / 2O2� (10)

2O2� þ 2V
��

O/2O�
O (11)

At the low-oxygen partial pressure side (zone IV, Fig. 1), the
reactions occur in the opposite order, representing thus the
oxidation, association and desorption of oxygen molecules.
Each of these reactions can be the limiting rate step for the
overall surface exchange reaction.

In the steady state, the oxygen ux across the membrane is
assumed to be proportional to the chemical potential drop over
the interface (linear kinetics):

JO2
¼ �kScO

4RT
Dmint

O2
(12)

Dmint
O2

is the chemical potential drop across the interface, kS is
the surface exchange coefficient, and cO denotes the oxide ion
concentration at the surface.

Bouwmeester and Burggraaf20,21 introduced the character-
istic thickness Lc to dene the membrane thickness corre-
sponding to transition from predominant bulk diffusion
limitation to the state when the oxygen permeation is governed
by the surface exchange. Lc is dened by the ratio between the
self-diffusion coefficient of oxygen (DS) and the surface
exchange coefficient (kS):

Lc ¼ DS

kS
(13)

when the membrane thickness (L) is much smaller than Lc, the
oxygen permeation is mainly limited by the surface-exchange
kinetics, while for L [ Lc the bulk diffusion is the main rate
limiting factor. It has to be noted that Lc is not an intrinsic
property of the material but is also dependent on a variety of
extrinsic conditions, i.e. temperature,22 oxygen-partial pres-
sure,23,24 roughness and the surface porosity.25 The Wagner
equation (eqn (2)), considering the bulk diffusion and surface
exchange kinetics limitations, can be rewritten as:

JO2
¼ 1

1þ
�
2Lc

L

� R

16F 2

1

L
sambT ln

pOfeed
2

pO
permeate
2

¼ R

16F 2

1

Lþ 2Lc

sambT ln
pOfeed

2

pO
permeate
2

(14)

Fig. 3 displays the thickness dependence of perovskite
single-phase membranes made of BSCF.17 The asymmetric
membranes were placed with the support to the feed side. Pure
oxygen was used as feed gas in order to minimize support
effects. The characteristic thickness achieved by tting the
experimental data to eqn (14) (Lc ¼ 43 mm) is in very well
agreement with other literature sources. Applying a catalytically
This journal is © The Royal Society of Chemistry 2022
active porous BSCF layer, i.e. increasing surface area at the
permeate side, signicantly increases the oxygen permeation
rate, revealing severe surface limitation.

In case of dual-phase membranes, the surface exchange is of
high importance already at high membrane thicknesses. The
surface exchange reactions (7)–(11) can only occur at the triple
phase boundaries (TPB) of air (providing molecular oxygen O2),
electron conductor (providing electrons e) and ion conductor
(providing oxygen vacancies V��

O) as depicted in Fig. 4. This effect
is well known from cathode research in Solid Oxide Fuel Cells
(SOFCs) and must be overcome by coating of porous catalyst
layers providing electronic or mixed ionic electronic
conductivity.

2 Materials for dual-phase oxygen
transport membranes
2.1 Material challenges in state-of the-art OTMs based on
single phase MIEC

OTMs based on single phase MIEC materials have been studied
for decades, showing high oxygen permeation ux.26–35 The
oxygen conduction phenomenon exhibited by MIEC materials
is attributed to their ability to support oxygen vacancies and
lattice disorder, which allows the relatively rapid and
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2155
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sustainable transport of oxygen ions under the appropriate
conditions.36–40 Most MIEC materials used in OTMs display
a perovskite or Ruddlesden–Popper crystal structure.

Perovskite materials are dened by the general formula
ABO3, corresponding in general to A2+B4+O3 (A1+B5+O3 or
A3+B3+O3 are also possible). In this formula, A and B correspond
to two cations of very different sizes, the A atoms being larger
than the B atoms.

The ionic conductivities in these materials can be enhanced
by substituting lower valence cations for both A and B sites,
because the deciency from the substitution results in an
increase of oxide ion vacancies. The electronic conductivity can
also be increased by the addition of aliovalent cations. The B
cation is oxidized and thus an electron hole is formed. Aer
doping with other metal cations, the perovskite can be
symbolized by the formula A1�xA

0
xB1�yB

0
yO3�d: Usually, A ions

are alkaline-earth metals such as Ca2+, Sr2+ and Ba2+, and B ions
are transition metals such as Co3+ and Fe3+. Among the various
combination of chemical compounds, Ba1�xSrxCo1�yFeyO3�d

(BSCF) and La1�xSrxCo1�yFeyO3�d (LSCF) appear to be the
materials with the highest reported oxygen permeation. Despite
its good performance, BSCF has several drawbacks that limit its
use as a membrane material. One of the most critical is its
instability under CO2 and SO2 containing atmospheres.41–43

BSCF also has high chemical and thermal expansion.44 The
lattice expansion arising from the phase transition (cubic to
hexagonal) occurs in the 850–900 �C temperature range in
which OTMs are usually operated. This lattice expansion can
result in chemical instability andmechanical failure.45 LSCF has
been intensively investigated as a membrane material for
oxygen separation from air46,47 and cathode material for
SOFCs.48–51 This material has a high electronic conductivity
(310 S cm�1 for La0.2Sr0.8Co0.8Fe0.2O3�d at 900 �C) and a good
ionic conductivity (0.87 S cm�1 for La0.2Sr0.8Co0.8Fe0.2O3�d at
900 �C).49 While studies showed its relative stability in CO2 if the
Sr-content is limited,46,47 it is not stable in SOx-containing
atmospheres due to the formation of SrSO4.52,53 This makes
LSCF an inappropriate candidate material for OTMs developed
for applications in which stability in low pO2 and/or SOx is
required.

Ruddlesden–Popper phases can be described with the general
formula An+1MnO3n+1 (with n ¼ 1, 2, 3, .N), where A is a cation
of large ionic radius (lanthanide or alkaline earth) and M
a transition metal (M ¼ Co, Ni, Cu, etc.). La2NiO4+d and its
derivative materials La2�xSrxNi1�yMyO4+d (M ¼ Fe, Cu, Co) are
the Ruddlesden–Popper materials that have been investigated
the most as OTM materials.54–64 These materials exhibit high
oxygen diffusion and surface exchange coefficients at interme-
diate temperatures together with moderate thermal expansion
coefficients (TECs).59 Several studies attest that the substitution
of strontium for lanthanum (0# x # 0.75) results in an increase
of the electrical conductivity.55,63,64 Aguadero et al. demonstrated
that La1.25Sr0.75NiO4+d exhibits a conductivity of 235 S cm

�1 in air
at 850 �C, while La2NiO4+d displays only 60 S cm�1 under the
same operating conditions.55 Although pure La2NiO4+d shows
good stability in CO2 due to the absence of any alkaline earth
elements, its performance drops to zero instantaneously when
2156 | J. Mater. Chem. A, 2022, 10, 2152–2195
adding low amounts of SOx.65 As possible reason for the perfor-
mance drop the formation of a dense layer of sulphur-containing
reaction products on the surface of the sample, was mentioned
by the authors. Unfortunately, it was not possible to identify the
phase composition of the formed phase.
2.2 Dual-phase composite systems for OTMs

As outlined above, the performance wise promising single-
phase MIEC materials are chemically not stable in CO2 or SO2

containing atmospheres. Conversely, materials stable under the
targeted harsh operation conditions do not present sufficiently
high oxygen permeation uxes to be of commercial interest.
Dual-phase systems, where the membrane consists of
a composite of a stable ionic conductor and a stable electronic
conductor, can overcome the disadvantages of single-phase
membranes. Ideally, they combine the best characteristics of
the used compounds to achieve both a large oxygen perme-
ability and good chemical and mechanical stability, at elevated
temperatures and under harsh conditions (i.e. atmospheres
containing H2O, CO2, SOx, etc.). Fig. 5 presents a schematic
illustration of an asymmetric dual-phase membrane. As unique
feature compared to single-phase membranes microstructural
aspects are of utmost importance in dual-phase membranes
apart from the material selection. First, a good percolation of
both ionic and electronic conducting phases is fundamental for
dual-phase composites enabling oxygen permeation. Therefore,
most of the publications work with mixtures of 40–60% of ionic
and 60–40% of electronic conducting phases, respectively.
Typically the conductivity of the electronic conductor is much
higher compared to the conductivity of the ion conductor.
Therefore, maximum performance can be expected at
maximum content of the ionic conductor provided that the
second phase ensures sufficient electronic conductance (cf.
Section 7.1). In consequence, the performance of a selected
material combination even with identical volume fractions can
be highly dependent on the processing.66,67 Moreover, the
microstructure of the phase mixture determines the triple
phase boundaries being crucial for oxygen surface exchange
reactions (cf. Section 1.3.3).

2.2.1 Membranes based on ceramic–metal composites.
Ceramic–metal (cermet) composites were the rst reported
dual-phase membranes.68 Examples for this rst generation of
membranes are (Bi2O3)0.24SrO0.26–Ag,69 Bi1.5Er0.5O3–Ag,70

Bi1.6Y0.4O3–Ag,71 Bi1.5Y0.3Sm0.2O3–Ag,72,73 and YSZ–Pd.74

Already in this early work Chen et al. highlighted the
importance of obtaining continuous percolative pathways for
both electrons and ions by comparing results from 40% and
30% of Pd metallic phase in a composite with yttrium stabilized
zirconia (YSZ).5,74 This made the difference between forming
a percolative or non-percolative network through the
membrane, respectively. The total conductivity of the YSZ–30%
Pd composite was about one order of magnitude smaller than
that of the YSZ, while the conductivities of the YSZ–40%Pd
composites were up to three orders of magnitude higher than
that of YSZ ceramic at 900 �C.5 The lack of continuous phase
blocks the electrons when they nd the ionic YSZ phase, and
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Schematic draw of an asymmetric dual-phase membrane.
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they are restricted to move via electron–hole hopping through
the lattice. In terms of oxygen permeability, the percolative
composite showed a JO2

value two orders of magnitude larger
than that of the non-percolative composite YSZ–30%Pd.

The ionic conductivity of 25 mol% Er2O3-stabilized bismuth
oxide (BE25) is more than two orders of magnitude higher than
the one of conventional YSZ. Hence, BE25 has been tested as the
ionic phase for composites in combination with metallic silver
and gold.75 The increase in oxygen permeability also is two
orders of magnitude over that of YSZ composite, while all three
mentioned composites are bulk controlled. On the other hand,
the nature of the noble metal inuences the oxygen perme-
ability. Silver is a very good electrode material promoting the
oxygen exchange process at the surface of the composite,
whereas gold is inert to the surface process and it becomes the
rate limiting step. Pd and Pt are also good catalytic metals that
can enhance the surface reactions,76 but their cost may be
prohibitive in industrial applications.

Similarly, Kim et al. made dual-phase membranes based on
Bi1.5Y0.3Sm0.2O3 (BYS)–Ag.73 They added samarium oxide in
order to improve the chemical stability with regard to yttria
stabilized bismuth oxide (BY). The electrical conductivity of the
BYS–Ag 40% membrane was 104 to 105 times higher than the
one of BYS–30%Ag membrane and showed the typical metallic
behavior, i.e. the electrical conductivity decreased with
increasing temperature, when the electron mobility is reduced.
However, both BYS–Ag showed improved oxygen permeation
uxes of 10 andmore than 50 times compared to that of the BYS
membrane. This indicates that not only an improvement
arising from the existence of a continuous electronic network is
achieved, but also the non percolative spread silver can catalyze
the oxygen exchange process at the surface of BYS.73

By doping the bismuth oxide with alkaline earth oxides, good
oxide ion conductors can be achieved. BaO reacts with Bi2O3 to
form rhombohedral layered structures BaBi8O13. At room
temperature, this rhombohedral phase has relatively low ionic
conductivity. On heating, BaBi8O13 undergoes a phase transi-
tion (568 �C), which make it a very good oxide ion conductor.
25 vol% of Ag was used to form a cermet composite membrane,
This journal is © The Royal Society of Chemistry 2022
which showed high oxygen permeation uxes in the tempera-
ture range of 570–700 �C and are limited by surface reaction
rates.77 SrO stabilized bismuth oxide possesses high ionic
conductivity at temperatures of 600–800 �C, but the absence of
electronic conductivity and the low rate of oxygen exchange
across the interface between the gas and solid phase prevents
good oxygen permeation through this material. The dense dual-
phase composite membrane made from strontium-stabilized
bismuth oxide and silver, (Bi2O3)0.74(SrO)0.26–(BSO)/40%Ag
improved the oxygen permeability, being rate-limited by oxygen-
ion conduction through the oxide phase of the composite
instead. As it could be expected from bismuth oxide, a dramatic
change of oxygen ux occurs in the range of 680–700 �C, which
corresponds to the phase transformation of the bismuth oxide,
limiting the operation condition of this composite.69

More recently, membranes combining metals with doped-
ceria uorite-structured ceramics have been reported, e.g.
CGO–14%Ag–CuO composite. This composite showed similar
oxygen diffusivity and thermal expansion to CGO combined
with much higher surface exchange coefficient, pointing out
that it could be a suitable material for oxygen permeation
membranes although the maximum operation temperature has
to be considered.78

To summarize, cermet membranes have been studied and
have demonstrated that with a continuous pathway for ionic
and electronic conduction and large catalytic activity towards
oxygen exchange, pure oxygen can be produced. However, (i) the
high costs arising from the use of noble metals, (ii) the common
mismatch of the TECs between the ceramic and the metallic
materials, and (iii) the relatively poor oxygen permeability limit
the application of cermet membranes at industrial level.

2.2.2 Membranes based on ceramic–ceramic composites.
More recently conductive oxides have been used instead of
noble metals as electronic conductors, forming ceramic–
ceramic (cercer) dual-phase compounds. These composites can
consist of an ionic conductor and a pure electronic conductor or
a mixed ionic electronic conductor (MIEC). Even a MIEC can be
utilized as the ionic conducting phase leading to a MIEC–MIEC
composite in which one MIEC material shows superior ionic
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2157

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta07898d


Fig. 6 Oxide ion conductivities of some materials as a function of the
temperature.99 Copyright 2016 Royal Society of Chemistry (RSC)
Publishing, Open access.

Fig. 7 Dependence of the ionic conductivity on ionic radius of M3+ for
(CeO2)0.8(M2O3)0.2 systems at 800 �C. Reproduced with permission.89
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conductivity and the other superior electronic conductivity.
Such approached help utilizing materials, which do not have
sufficient MIEC behavior as a single-phase. Very recently, Bai
et al.79 provide a thorough overview of these concepts, which is
not repeated here. Nevertheless, in the following sub-chapters
the different oxides used for the ionic and electronic conduct-
ing phase are discussed separately.

2.2.2.1 Potential ionic conductors for dual-phases OTMs.
Materials for which the electrical conduction is predominately
by ions, rather than by electrons and holes (negligible electronic
conductivity) are considered ionic conductors. Reports the ionic
conductivity of some of the most studied ceramic materials for
oxygen transport. Fluorite-type oxides represent the most
common ionic conducting materials. The uorite structure is
represented by AO2, where A is a large tetravalent cation such as
Zr4+ or Ce4+. Oxides based on Zr or Ce have been particularly
investigated for use as ionic conductors in dual-phase OTM
materials.

At room temperature, ZrO2 has a monoclinic crystal struc-
ture. Nevertheless, when the temperature increases, the crystal
structure of ZrO2 transforms to the tetragonal (>1000 �C) and
cubic structures (>2300 �C).80 The cubic ZrO2 presents the
advantage of having a higher ionic conductivity than the
monoclinic crystal structure. Divalent or trivalent cation oxides
can be added to pure ZrO2 in order to stabilize the cubic phase
at room temperature.80–82 In addition, lower valent substituents
lead to the formation of oxygen vacancies for charge compen-
sation leading to high oxygen ion conductivity.

ðZrO2Þ þY2O3/2Y
0
Zr þ V

��

O þ 3O�
O (15)

Yttria-doped zirconia has been particularly investigated as
an OTMmaterial and as an electrolyte material for SOFCs due to
its high ionic conductivity, its thermodynamic stability in
oxidizing and reducing atmospheres and its good mechanical
properties.83 The highest ionic conductivity among (ZrO2)1�x(-
Y2O3)x materials is obtained for x ¼ 0.08 (8YSZ), with
0.03 S cm�1 at 850 �C.84 Further addition of yttria will decrease
the ionic conductivity due to enhanced association of the
oxygen vacancies and dopant cations, which results in defective
complexes with low mobility.85 During the past decades, other
zirconia-based oxide ion conductors consisting of aliovalent
dopants substituting zirconia such as (ZrO2)1�x–(M2O3)x (M ¼
Sc,86–97 Yb,87,89,91,92,94,95,97 Gd,89,91,92,94,97 Dy,89,91,92,94,97 Eu,89,91,92,94

Er,87,91,92,94,97 Nd,87,94 La,87,94 Sm,87,94 Ce,86,91 Ho,94 Pr,94 Tb,94 Lu94)
and ternary systems of two oxides co-doping zirconia like
(ZrO2)1�(x+y)–(M2O 3)x–(M0

2O3)y have been studied. Artemov
et al. reported that the ionic conductivity of (ZrO2)0.89(-
Sc2O3)0.10(Y2O3)0.01 corresponds to 0.12 S cm�1 at 850 �C,98

which makes it a signicantly better ionic conductor than 8YSZ
(Fig. 6).

Unlike ZrO2, CeO2 has a stable cubic uorite structure at
room temperature and, therefore, the structure does not need to
be stabilized. However, the partial substitution of Ce4+ by
divalent or trivalent ions is desired because it creates oxygen
vacancies in the structure, due to the lower valence of the
2158 | J. Mater. Chem. A, 2022, 10, 2152–2195
doping ions compared with Ce4+.100–102 Over the past decades,
many substitutions of ceria with alkaline earth or rare earth
oxides have been researched in order to increase its ionic
conductivity. Systems based on CeO2–M2O3 (M¼ Gd,87,89–91,102–105

Sm,89,90,102–104,106 Y,89,90,102,104 Dy,104 Nd,104 Eu,104 Yb,104 La,90,102,104

Sc102) and CeO2–M0O (M0 ¼ Mg,102,104 Sr,102,104 Ba,102,104 Ca89) were
reported. Gadolinia and Samaria-doped ceria show the highest
conductivities among the doped ceria materials. The high
performances were attributed to the good match in ionic
radii.107 Fig. 7 shows the dependence of the ionic conductivity
on ionic radius of M3+ for (CeO2)0.8(M2O3)0.2 systems at 800 �C.
The oxygen vacancies make CGO one of the fastest oxide ion
conductors, in spite of being an electronic conductor at high
temperature in reducing atmosphere. Ionic conductivities of
0.06 S cm�1 and 0.078 S cm�1 were found at 800 �C and 850 �C
for a dopant level of 20 mol% Gd (Ce0.8Gd0.2O2�d), respec-
tively.108–110 At intermediate temperatures, e.g. 500 �C, doped
ceria shows superior conductivity as compared to zirconia
materials.111
Copyright 2003, Elsevier.

This journal is © The Royal Society of Chemistry 2022
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Bi2O3-doped metal oxides are another class of ionic
conductors with high conductivity in comparison to doped ZrO2

and CeO2.112 Nevertheless, most bismuth oxide materials have
extremely poor strength and tend to reduce in low partial
pressure atmospheres, making them unsuitable for the inten-
ded industrial applications.97,113 The stability can be improved
by the addition of vanadium, forming an aurivillius structural
phase, which also facilitates metal doping to increase the ionic
conductivity.

2.2.2.2 Possible electronic conductors for dual-phases OTMs.
Electronic conducting oxides have been investigated for dual-
phase membranes as replacements for the expensive noble
metals originally used. These oxides can mainly be grouped in
two categories of materials: spinel oxides type and perovskites.

2.2.2.2.1 Electronic conducting oxides with spinel structure.
Oxide spinels are described by the general formula AB2O4,
where in most of the cases A and B are tetrahedral and octa-
hedral cation sites in a cubic close packing of oxygen. The
conductivity of spinels originates from “hopping” of charges
between octahedral sites.114 Consequently, the presence of
aliovalent octahedral cations is benecial to conduction. Fe3O4

has a conductivity over 100 S cm�1 at room temperature, among
the highest for this group of material.115 On this basis, ferrite,
manganite and cobaltite families of spinels are the best-suited
as high-temperature conductors because of their multiple
valence states. Petric et al. showed that among a selection of
twenty-six spinels, MnCo2O4 and Mn1.7Cu1.3O4 present the two
highest electrical conductivities with 60 S cm�1 at 800 �C and
225 S cm�1 at 750 �C, respectively.115 On the other hand,
aluminium and chromium spinels are not good conductors
because of their strong octahedral sites preferring valence states
of Al3+ and Cr3+. A general drawback for this class of materials is
their instability in low pO2 environments, which could limit the
possible application areas (see Chapter 5).

2.2.2.2.2 Electronic conducting oxides with perovskite struc-
ture. Over the past decades, perovskites consisting of La as A-
site cation and transition metals (Cr, Mn, Fe, Co and Ni) as B-
site cation have been extensively investigated.116–121 Manga-
nites, ferrites, nickelates and cobaltites present higher electrical
conductivities than chromates but also a lower stability in
reducing atmospheres, which is one of the key requirement for
some OTM applications (e.g. partial oxidation of methane into
syngas).122 Due to their excellent stability also in low pO2

atmospheres, lanthanum chromite-based materials are also
considered as interconnect materials for SOFCs.123–129 Moreover,
the electrical conductivity of LaCrO3 (0.6–1.0 S cm�1 at 1000
�C)122 can be improved by using suitable dopants. Dopants may
also help to densify the lanthanum chromite-based materials,
which are usually difficult to sinter. A-site and B-site dopants
can be introduced to LaCrO3, forming the derivative chromates
with the general formula La1�xAxCr1�yMyO3�d, where A is typi-
cally an alkaline earth metal (A ¼ Sr, Ca) and M is a transition
metal (M ¼ Mn, Fe, Co, Ni, Ti, Cu and Al). A-site dopants are
generally acceptor type, and they enhance densication and
improve the electrical conductivity.130–134 Previous studies
showed that calcium and strontium doping on the A-site
This journal is © The Royal Society of Chemistry 2022
enhance the LaCrO3 sintering by the formation of liquid
phase (CaCrO4/SrCrO4) which dissolves back into the lattice
with increase in temperature.130–134 Accordingly, LaCrO3 has
a relative low density of 50% at 1450 �C, while (La0.6Ca0.4)1.02-
CrO3 is 95% dense already at 1350 �C.135 B-site dopants also
enhance the conductivity but also maintain the thermal and
crystal structure stability.122 For example, the substitution of Cr
with aliovalent transition metals like Cu and Ni was used to
increase the electronic conductivity of the lanthanum chromite
while keeping the thermal and chemical stability of the
material.120

2.2.3 Materials used for catalytic enhanced surface activa-
tion. Oxidation and reduction reactions (ORR) taking place at
membrane surfaces can limit the permeation rate of the OTMs,
especially at temperatures below 700–800 �C and for thin
membrane layers. When the membrane thickness is below Lc,
the diffusion of the ions through the crystal lattice is faster than
the dissociation and recombination reactions at the surface.
Besides, it was mentioned above that the surface exchange
reactions (7)–(11) occur at the triple phase boundaries (TPB)
where molecular oxygen O2, electrons e

� and oxygen vacancies
V��
O are in contact.
There are several strategies for increasing the number of TPB

to overcome the surface exchange limitations. On the one hand,
enlarging the surface specic area by the roughness of the
dense membrane increases the number of active sites for the
incorporation or release of O2. This can be done, for example, by
chemical etching136,137 or by the deposition of a porous layer.26

On the other hand, the distribution of a catalyst for the ORR
along the membrane surface boosts the surface exchange rate.
The most effective and therefore most common method of
increasing the TPB number and the surface exchange coeffi-
cient (kex) is to combine both strategies in such way that the
porous layer is made of MIEC catalytic material with further
particle catalytic load.

There are several known elements and compounds that
promote the surface exchange reactions (adsorption, dissocia-
tion, recombination, desorption). Noble metals have been used
for the ORR reactions, like Pt and Pd.138,139 However, the high
price, limited accessibility and proneness to poisoning prevent
their commercial use and they are limited to laboratory
measurements.

To decrease the cost of the catalytic layers, othermetal oxides
and compounds have been tested following similar strategies as
those for SOFC cathodes. Perovskites made of LaMO3 (where M
is a transition metal Fe, Co, Ni, Cr or Mn) are high p-type
electronic conductors. These La perovskites are the state-of-
the-art materials for the promotion of oxygen surface reac-
tions and the selection of the dopants will also depend on the
chemical compatibility with the membrane material, the
stability in the operation atmosphere for a determined appli-
cation and on the mechanical similarities in terms of chemical
expansion coefficient.140,141 La1�xSrxMnO3 (LSM) is still the
material of choice in applications at high temperature. In order
to improve the performance of ORR, ion conducting materials
are commonly added to form dual-phase composites as for the
bulk membranes, preferably with the materials composing the
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2159
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membrane to ensure the compatibility.142,143 Regarding the
activation of OTMs with dual-phase materials, formulations
considering perovskite/uorite and spinel/uorite composites
are amongst the most considered. With respect to the rst,
LSM-based structures such as LSM–CGO and LSM–YSZ have
been used for the activation of OTMs in several works.144–146

Other examples of perovskite/uorite catalyst activation are
Ce0.8Sm0.2O1.9–La0.6Sr0.4Co0.2Fe0.8O3�d (SDC–LSCF)147 and
Ce0.8Gd0.2O2�x–LaCo0.2Ni0.4Fe0.4O3�x (CGO–LCNF).148 A similar
strategy has been undertaken by combining uorites and
spinels, resulting in MIEC porous structures such as (Y2-
O3)0.01(Sc2O3)0.10(ZrO2)0.89–MnCo2O4 (10Sc1YSZ–MCO),149

(Y2O3)0.08(ZrO2)0.92–MnCo2O4 (8YSZ–MCO)149 and Fe2NiO4–

Ce0.8Tb0.2O2�d (NFO–CTO).150 Moreover, oxygen permeation
rate was enhanced by further activating the porous NFO–CTO
layers with Pr6O11 on both sides of the membrane.150

The catalysts are traditionally distributed throughout the
porous layer by several approaches, e.g. particle deposition over
membrane surface,151 or by means of inltration in porous
backbones.152 For example, asymmetric CGO membranes with
2% mol. of Co and surfaces activated with Pd nano-particles for
oxy-fuel and chemical production applications.153 Atomic layer
deposition (ALD) was used to deposit Pt and (Mn0.8Co0.2)3O4

layer onto the surface of porous LSM–YSZ backbone, thus
extending the active zone of triple-phase boundary to the entire
internal surface of the LSM–YSZ backbone.154 Other literature
reports on a cobalt-free multi-phase nanocomposite in which
tailored decomposition of the nominal compound could
improve the surface reactions rate of a membrane. Such
a nanocomposite combines Sr0.9Ce0.1Fe0.8Ni0.2O3�d as a single
perovskite main phase (77.2 wt%) and a second layered Rud-
dlesden–Popper phase (13.3 wt%), and minor phases surface-
decorating with NiO (5.8 wt%) and CeO2 (3.7 wt%) minor
phases.155

Lately, in situ nanocatalyst exsolution has emerged as
a method for catalyst distribution in OTMs, especially when
they are used in fuel cells and in catalytic membrane reac-
tors.156–159 Themain feature of this technique is that the metallic
nanoparticle originates from the oxide lattice via the reduction
of the oxide. The exsolved metallic nanocatalyst remains
anchored to the bulk and homogeneously distributed over the
surface of the grains. By controlling the redox process, it is
possible to tune the amount and size of the nanoparticles. It has
several advantages over the traditional impregnation or inl-
tration methods.160,161 Since the nano-catalyst particles are
attached to the bulk oxide particles, agglomeration through
cycling is avoided.

2.2.4 Performance of dual-phase oxygen transport
membranes. Table 1 gives an extensive list of dual-phase
membranes studied in literature. Most of the ionic and elec-
tronic conductors comprising these membranes have been
discussed in the Sub-section 2.2.2. The table provides infor-
mation about the nature (composition, geometry, thickness),
the performance of the membranes (oxygen permeation ux)
and about the conditions of tests (atmosphere, temperature).

Fig. 8 and 9 were plotted from data reported in literature and
summarize the performance of planar and tubular/hollow ber
2160 | J. Mater. Chem. A, 2022, 10, 2152–2195
dual-phase membranes to transport oxygen. It is important to
mention that comparing the performance of membranes
manufactured and tested in different conditions is very diffi-
cult. Indeed, as described in the Section 1.3, multiple processes
can be limiting the performance of the membranes. Conse-
quently, many parameters such as: (i) the thickness of the dense
and selective membrane layer, (ii) test set-up geometrical design
as well as gas ow rates affecting the driving force applied
across the actual membrane, (iii) the presence of catalytic layers
to facilitate the oxidation and reduction of oxygen, etc., can
greatly inuence the performance of the membranes. In order
to compare as fairly as possible the performances of dual-phase
membranes, Fig. 8 and 9 summarize all dual-phase OTMs
composed of a dense separation layer of 300 mm or thinner
which were tested using air as a feed gas and an inert gas as
a sweep gas (He, Ar, N2 or CO2) leading to a nominal pO2-
gradient of approx. 0.21/10�5.

As shown in Fig. 8 and 9, most of the thin (L# 300 mm) dual-
phase OTMs reported in literature and tested using air as a feed
gas and an inert gas as a sweep gas are planar (19 planar
membranes, 7 tubular/hollow ber membranes). In general,
ceria-based membranes (solid lines) display higher oxygen
uxes than zirconia-based membranes (dashed lines). This is
due to the fact that oxygen transport is typically limited by the
ionic conductivity, hence the best ion conductors lead to the
highest performance. It is a 21 mm thick Ce0.9Gd0.1O2�d–La0.6-
Sr0.4Co0.2Fe0.8O3�d dual-phase membrane (coated with Ba0.5-
Sr0.5Co0.8Fe0.2O3�d porous catalytic layers) recently developed by
Nam et al. that shows the highest reported oxygen permeation
ux with 10.45 mmol cm�2 s�1 at 1000 �C in air/He.162 Among the
zirconia-based membranes, the Zr0.79Sc0.2Ce0.01O2�d–La0.7Sr0.3-
MnO3�d, 10Sc1YSZ–MCO and 10Sc1YSZ–LaCr0.85Cu0.10Ni0.05-
O3�d (LCCN) composites display the three highest oxygen
permeation rates.

2.2.5 Long-term stability. Long-term permeation tests
represent a vital step to demonstrate the viability of OTMs to be
one day commercialized. Such experiments oen consist of
testing the performance and stability of the technology in
application-like operating conditions for a long period (e.g. >500
h). Unlike the short tests lasting commonly hours or days, long-
term permeation tests can reveal performance drops over time
due to solid/solid reactions or interdiffusion, reactions between
the membrane material and particular gas components or
catalyst deactivation for example.

In literature, a few studies present long-term permeation
tests of dual-phase OTMs developed for CO2 capture via oxy-fuel
combustion. Pirou et al. manufactured and tested 7 mm thick
10Sc1YSZ–MnCo2O4 asymmetric membranes over 1730 hours
in pure CO2.248 The study showed an initial degradation of 21%
during the rst 1100 hours, due to catalytic degradation, aer
which stable performance was achieved. The 10Sc1YSZ–
MnCo2O4 (70/30 vol%) asymmetric membrane itself was
considered stable in CO2 atmosphere and thus it could be
a good candidate for use in industrial applications where
contact with CO2 is required. The same research group manu-
factured 10Sc1YSZ–Al0.02Zn0.98O1.01 asymmetric membranes
and performed a 900 h long-term electrical conductivity
This journal is © The Royal Society of Chemistry 2022
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Table 1 Performance of various dual-phase OTMs investigated in the literature. L corresponds to the thickness of the dual-phase membrane

Materials Geom. L (mm) Flux (mmol cm�2 s�1) T (�C) Atm. pOfeed
2 /pOpermeate

2 Ref.

1 BaBi8O13–Ag Planar 1500 0.078 650 Air/0.000015 77
2 Bi1.5Er0.5O3–Ag Planar 1600 0.119 800 Air/0.026 76

Planar 230 0.107 700 Air/He 163
Planar 230 0.159 750 Air/He
Planar 230 0.209 800 Air/He
Planar 230 0.283 830 Air/He
Planar 230 0.309 852 Air/He

3 Bi1.5Er0.5O3–Au Planar 1030 0.034 800 Air/0.0015 76
4 Bi1.48Sr0.52O3–Ag Planar 1000 0.050 700 Air/0.0024 69
5 Bi1.5Y0.3Sm0.2O3–Ag Planar 1300 0.58 850 Air/0.009 73
6 Bi1.5Y0.3Sm0.2O3–La0.8Sr0.2MnO3�d Hollow ber 290 0.39 850 Air/He 164

Hollow ber 290 0.013 650 Air/He
7 CeO2–La0.2Sr0.8CoO3 Tubular 10 0.007 850 Air/He 165
8 Ce0.8Gd0.2O1.9–Ba0.95La0.05FeO3�d Planar 1000 0.224 925 Air/He 166

Planar 400 0.313 850 Air/He
Planar 400 0.508 925 Air/He

9 Ce0.8Gd0.2O1.9–Ba0.95La0.05Fe0.9Nb0.1O3�d Planar 1000 0.146 925 Air/CO2

10 Ce0.8Gd0.2O1.9–CoFe2O4 Planar 1000 0.006 700 0.21/0.0001 167
Planar 1000 0.135 950 Air/He 110

11 Ce0.8Gd0.2O2�d–Cu0.6Ni0.4Mn2O4 Planar 800 0.076 900 Air/N2 168
12 Ce0.8Gd0.2O2�d–FeCo2O4 Planar 1000 0.082 850 Air/Ar 16
13 Ce0.8Gd0.2O2�d–GdBaCo2O5+d Planar 620 0.21 950 Air/He 169
14 Ce0.8Gd0.2O2�d–LaCo0.2Ni0.4Fe0.4O3�d Planar 630 0.552 1000 Air/Ar 148
15 Ce0.8Gd0.2O2�d–La0.5Sr0.5Fe0.8Cu0.2O3�d Planar 600 0.427 950 Air/He 170

Planar 600 0.261 950 Air/CO2

16 Ce0.8Gd0.2O1.9–La0.7Sr0.3MnO3 Planar 600 0.08 950 Air/He 171
Planar 1000 0.04 950 Air/He 172

17 Ce0.8Gd0.2O1.9–La0.8Sr0.2Fe0.8Co0.2O3 Planar 1000 0.063 950 Air/He (0.2/0.01)
18 Ce0.8Gd0.2O2�d–MnCo1.9Fe0.1O4 Planar 800 0.104 900 Air/N2 168
19 Ce0.8Gd0.2O2�d–MnFe2O4 Planar 1000 2.68 1000 Air/Ar+5% H2 173

Planar 250 13.4 1000 Air/Ar+10% CH4

20 Ce0.8Gd0.2O2�d–PrBaCo2O3�d Planar 1000 0.169 925 Air/CO2 174
21 Ce0.8Gd0.2O2�d–PrBaCo1.5Fe0.5O3�d Planar 1000 0.172 925 Air/CO2

22 Ce0.8Gd0.2O2�d–PrBaCoFeO3�d Planar 1000 0.187 925 Air/CO2

23 Ce0.8Gd0.2O2�d–PrBaCo0.5Fe1.5O3�d Planar 1000 0.271 925 Air/CO2

Planar 1000 0.342 925 Air/He
Planar 600 0.420 925 Air/He

24 Ce0.8Gd0.2O2�d–Pr0.6Sr0.4Co0.5Fe0.5O3�d Planar 500 0.463 900 Air/He 175
Planar 500 0.351 900 Air/CO2

Planar 700 0.373 900 Air/He 176
Planar 700 0.284 900 Air/CO2

Planar 1000 0.216 900 Air/He 175
Planar 1000 0.149 900 Air/CO2

25 Ce0.8Gd0.2O2�d–Pr0.6Sr0.4Co0.5Fe0.4Nb0.1O3�d Planar 500 0.336 900 Air/He
Planar 500 0.254 900 Air/CO2

Planar 700 0.269 900 Air/He 176
Planar 700 0.224 900 Air/CO2

Planar 1000 0.134 900 Air/He 175
Planar 1000 0.112 900 Air/CO2

26 Ce0.8Gd0.2O1.9–Sr0.8Gd0.2FeO3 Planar 500 0.55 950 0.21/0.005 177
Planar 500 0.25 850 0.21/0.005
Planar 1000 0.3 950 0.21/0.005
Planar 1000 0.14 850 0.21/0.005
Planar 500 3.41 950 Air/syngas

27 Ce0.9Gd0.1O2�d–Ag Planar 1000 0.011 700 Air/Ar 178
Planar 1000 0.13 700 Air/CH4

28 Ce0.9Gd0.1O1.95–Ag–CuO Planar 1000 0.103 800 Air/N2 179
29 Ce0.9Gd0.1O2�d–Ba0.5Sr0.5Co0.8Fe0.2O3�d Planar 500 0.812 875 Air/He 180

Planar 500 1.338 950 Air/He
Planar 500 0.5 950 Air/CO2

30 Ce0.9Gd0.1O2�d–Fe2O3 Planar 500 0.2 1000 Air/CO2 181
31 Ce0.9Gd0.1O1.95–LaCoO3 Planar 1000 0.0742 800 Air/N2 179
32 Ce0.9Gd0.1O2�d–La0.8Ca0.2FeO3�d Planar 110 0.0866 900 Air/He 182

Planar 110 0.0791 900 Air/CO2
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Table 1 (Contd. )

Materials Geom. L (mm) Flux (mmol cm�2 s�1) T (�C) Atm. pOfeed
2 /pOpermeate

2 Ref.

33 Ce0.9Gd0.1O1.95–La0.6Sr0.4CoO3�d Planar 1000 0.153 800 Air/N2 179
34 Ce0.9Gd0.1O2�d–La0.6Sr0.4Co0.2Fe0.8O3�d Planar 21 3.88 800 Air/He 162

Planar 21 6.57 900 Air/He
Planar 21 10.45 1000 Air/He

35 Ce0.9Gd0.1O1.95–(La0.6Sr0.4)0.99Co0.2Fe0.8O3�d Planar 1000 0.136 800 Air/N2 179
36 Ce0.9Gd0.1O1.95–La0.75Sr0.25Cr0.97V0.03O3�d Planar 1000 0.0448 800 Air/N2

37 Ce0.9Gd0.1O1.95–La0.6Sr0.4FeO3�d Planar 1000 0.0926 800 Air/N2

Planar 100 1.052 900 Air/He 183
38 Ce0.9Gd0.1O2�d–(La0.6Sr0.4)0.98FeO3�d Tubular 15 0.75 900 0.21/0.01 184

Tubular 10 1.567 850 Air/N2 185
Tubular 10 11.12 850 Air/H2

39 Ce0.9Gd0.1O2�d–La0.7Sr0.3MnO3�d Planar 30 1.64 850 Air/He 186
40 Ce0.9Gd0.1O2�d–NiFe2O4 Planar 500 0.19 950 Air/He 187

Planar 500 0.16 950 Air/CO2

41 Ce0.9Gd0.1O2�d–SrCo0.8Fe0.1Nb0.1O3�d Planar 1000 0.36 900 Air/He 188
Planar 600 0.6 900 Air/He

42 Ce0.9Gd0.1O1.95–Zn0.96Al0.02Ga0.02O1.02 Planar 1100 0.16 860 Air/N2 189
Planar 1100 0.4 940 Air/N2

43 Ce0.85Gd0.1Cu0.05O2�d–La0.6Ca0.4FeO3�d Planar 500 0.52 950 Air/CO2 190
Planar 500 0.65 950 Air/He

44 Ce0.8Gd0.15Cu0.05O2�d–SrFeO3�d Planar 500 0.63 900 0.9/CO2 191
Planar 500 0.42 900 Air/He

45 Ce0.8Gd0.1Pr0.1O2�d–CoFe2O4 Hollow ber 200 0.209 900 Air/He 192
Hollow ber 200 0.44 950 Air/He
Hollow ber 200 0.657 1000 Air/He
Hollow ber 200 0.299 950 Air/CO2

46 Ce0.8La0.2O2�d–La0.5Sr0.5Fe0.8Cu0.2O3�d Planar 600 0.149 950 Air/He 170
Planar 600 0.067 950 Air/CO2

47 Ce0.75Nd0.25O1.875–Nd1.8Ce0.2CuO4 Planar 600 0.2 900 0.1/0.003 193
Planar 1030 0.12 900 0.1/0.003
Planar 1030 0.07 900 0.1/0.01
Planar 1030 0.04 850 0.1/0.01
Planar 1030 0.02 800 0.1/0.01

48 Ce0.8Nd0.2O2�d–La0.5Sr0.5Fe0.8Cu0.2O3�d Planar 600 0.261 950 Air/He 170
Planar 600 0.09 950 Air/CO2

49 Ce0.8Nd0.2O2�d–Nd0.5Sr0.5Fe0.8Al0.2O3�d Planar 600 0.117 800 Air/He 194
Planar 600 0.337 900 Air/He
Planar 600 0.743 1000 Air/He
Planar 600 0.022 800 Air/CO2

Planar 600 0.177 900 Air/CO2

Planar 600 0.606 1000 Air/CO2

50 Ce0.9Nd0.1O2�d–Nd0.6Sr0.4CoO3�d Planar 400 0.418 900 Air/He 195
Planar 400 0.672 1000 Air/He
Planar 600 0.41 950 Air/CO2

51 Ce0.9Nd0.1O2�d–Nd0.6Sr0.4FeO3�d Planar 600 0.358 950 Air/CO2 196
52 Ce0.9Nd0.1O2�d–Nd0.6Sr0.4Fe0.8Al0.2O3�d Planar 600 0.058 800 Air/He 194

Planar 600 0.199 900 Air/He
Planar 600 0.455 1000 Air/He
Planar 600 0.015 800 Air/CO2

Planar 600 0.116 900 Air/CO2

Planar 600 0.389 1000 Air/CO2

53 Ce0.8Pr0.2O2�d–La0.5Sr0.5Fe0.8Cu0.2O3�d Planar 600 0.418 950 Air/He 170
Planar 600 0.112 950 Air/CO2

54 Ce0.85Pr0.1Cu0.05O2�d–Pr0.4Sr0.6Fe0.8Cu0.2O3�d Planar 600 1.06 1000 Air/He 197
Planar 600 0.687 1000 Air/CO2

55 Ce0.85Pr0.1Cu0.05O2�d–Pr0.4Sr0.6Fe0.9Cu0.1O3�d Planar 600 1.187 1000 Air/He
Planar 600 0.709 1000 Air/CO2

56 Ce0.85Pr0.1Cu0.05O2�d–Pr0.4Sr0.6Fe0.95Cu0.05O3�d Planar 600 1.194 1000 Air/He
Planar 600 0.731 1000 Air/CO2

57 Ce0.85Pr0.1Cu0.05O2�d–Pr0.6Sr0.4Fe0.8Cu0.2O3�d Planar 600 0.799 1000 Air/He
Planar 600 0.351 1000 Air/CO2

58 Ce0.85Pr0.1Cu0.05O2�d–Pr0.6Sr0.4Fe0.9Cu0.1O3�d Planar 600 0.724 1000 Air/He
Planar 600 0.463 1000 Air/CO2
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Table 1 (Contd. )

Materials Geom. L (mm) Flux (mmol cm�2 s�1) T (�C) Atm. pOfeed
2 /pOpermeate

2 Ref.

59 Ce0.85Pr0.1Cu0.05O2�d–Pr0.6Sr0.4Fe0.95Cu0.05O3�d Planar 600 0.716 1000 Air/He
Planar 600 0.604 1000 Air/CO2

60 Ce0.9Pr0.1O2�d–La0.5Sr0.5Fe0.9Cu0.1O3�d Planar 500 0.694 900 Air/He 198
Planar 500 0.53 900 Air/CO2

61 Ce0.9Pr0.1O2�d–Mn1.5Co1.5O4�d Planar 300 0.358 1000 Air/CO2 199
Planar 300 0.276 950 Air/CO2

Planar 500 0.164 1000 Air/He
Planar 500 0.149 1000 Air/CO2

62 Ce0.9Pr0.1O2�d–Nd0.5Sr0.5Fe0.9Cu0.1O3�d Planar 650 0.761 950 Air/He 200
Planar 650 0.470 950 Air/CO2

63 Ce0.9Pr0.1O2�d–Pr0.6Ca0.4FeO3�d Planar 300 0.433 900 Air/He 201
Planar 300 0.746 1000 Air/He
Planar 300 0.179 900 Air/CO2

Planar 300 0.463 1000 Air/CO2

64 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4FeO3�d Planar 600 0.168 900 Air/He 202
Planar 600 0.343 1000 Air/CO2

Planar 600 0.108 900 Air/He
Planar 600 0.211 1000 Air/CO2

65 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.8Al0.2O3�d Planar 330 0.769 1000 Air/He 203
Planar 600 0.485 950 Air/He
Planar 600 0.582 1000 Air/He
Planar 600 0.254 950 Air/CO2

Planar 600 0.343 1000 Air/CO2

66 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.6Al0.4O3�d Planar 400 0.836 1000 Air/He 204
67 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.8Bi0.2O3�d Planar 600 0.04 800 Air/He 205

Planar 600 0.075 900 Air/He
Planar 600 0.286 1000 Air/He
Planar 600 0 800 Air/CO2

Planar 600 0.02 900 Air/CO2

Planar 600 0.243 1000 Air/CO2

68 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.85Bi0.15O3�d Planar 600 0.031 800 Air/He
Planar 600 0.11 900 Air/He
Planar 600 0.293 1000 Air/He
Planar 600 0 800 Air/CO2

Planar 600 0.035 900 Air/CO2

Planar 600 0.249 1000 Air/CO2

69 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.9Bi0.1O3�d Planar 600 0.046 800 Air/He
Planar 600 0.13 900 Air/He
Planar 600 0.337 1000 Air/He
Planar 600 0.01 800 Air/CO2

Planar 600 0.043 900 Air/CO2

Planar 600 0.274 1000 Air/CO2

70 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.95Bi0.05O3�d Planar 600 0.051 800 Air/He
Planar 600 0.143 900 Air/He
Planar 600 0.344 1000 Air/He
Planar 600 0.025 800 Air/CO2

Planar 600 0.043 900 Air/CO2

Planar 600 0.302 1000 Air/CO2

71 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.975Bi0.025O3�d Planar 600 0.062 800 Air/He
Planar 600 0.16 900 Air/He
Planar 600 0.387 1000 Air/He
Planar 600 0.034 800 Air/CO2

Planar 600 0.061 900 Air/CO2

Planar 600 0.336 1000 Air/CO2

72 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.99Bi0.01O3�d Planar 600 0.072 800 Air/He
Planar 600 0.191 900 Air/He
Planar 600 0.527 1000 Air/He
Planar 600 0.025 800 Air/CO2

Planar 600 0.067 900 Air/CO2

Planar 600 0.463 1000 Air/CO2
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Table 1 (Contd. )

Materials Geom. L (mm) Flux (mmol cm�2 s�1) T (�C) Atm. pOfeed
2 /pOpermeate

2 Ref.

73 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.5Co0.5O3�d Planar 500 0.179 800 Air/He 206
Planar 500 0.44 900 Air/He
Planar 500 0.806 1000 Air/He
Planar 500 0.082 800 Air/CO2

Planar 500 0.34 900 Air/CO2

Planar 500 0.754 1000 Air/CO2

74 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.9In0.1O3�d Planar 600 0.275 900 Air/He 202
Planar 600 0.556 1000 Air/He
Planar 600 0.166 900 Air/CO2

Planar 600 0.423 1000 Air/CO2

75 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.925In0.075O3�d Planar 600 0.221 900 Air/He
Planar 600 0.536 1000 Air/He
Planar 600 0.108 900 Air/CO2

Planar 600 0.358 1000 Air/CO2

76 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.95In0.05O3�d Planar 600 0.168 900 Air/He
Planar 600 0.518 1000 Air/He
Planar 600 0.108 900 Air/CO2

Planar 600 0.246 1000 Air/CO2

77 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.975In0.025O3�d Planar 600 0.128 900 Air/He
Planar 600 0.536 1000 Air/He
Planar 600 0.108 900 Air/CO2

Planar 600 0.408 1000 Air/CO2

78 Ce0.9Pr0.1O2�d–Pr0.6Sr0.4Fe0.99In0.01O3�d Planar 600 0.36 900 Air/He
Planar 600 0.799 1000 Air/He
Planar 600 0.166 900 Air/CO2

Planar 600 0.597 1000 Air/CO2

79 Ce0.8Sm0.2O2�d–Ba0.95La0.05Zr0.1Fe0.5Co0.4O3�d Planar 1000 0.313 925 Air/He 207
80 Ce0.8Sm0.2O1.9–LaBaCo2O5 Planar 600 0.46 950 0.21/0.005 208
81 Ce0.8Sm0.2O2�d–La0.7Ca0.3CrO3�d Planar 1000 0.11 950 Air/He 209
82 Ce0.8Sm0.2O2�d–La0.5Sr0.5Fe0.8Cu0.2O3�d Planar 600 0.251 950 Air/He 170

Planar 600 0.149 950 Air/CO2

83 Ce0.8Sm0.2O1.9–La0.8Sr0.2CrO3 Planar 300 0.14 950 0.21/0.0092 210
Tubular 1100 0.86 950 Air/CO (0.21/10�15) 211

84 Ce0.8Sm0.2O2�d–La0.9Sr0.1FeO3�d Planar 1100 0.642 900 Air/CO 212
Planar 1100 0.159 950 Air/CO2

Planar 1100 0.159 950 Air/He
85 Ce0.8Sm0.2O1.9–La0.8Sr0.2Cr0.5Fe0.5O3�d Hollow ber 240 0.005 750 Air/He 213

Hollow ber 240 0.084 850 Air/He
Hollow ber 240 0.362 950 Air/He
Hollow ber 240 0.003 750 Air/CO2

Hollow ber 240 0.047 850 Air/CO2

Hollow ber 240 0.362 950 Air/CO2

Hollow ber 240 0.773 750 Air/CO
Hollow ber 240 1.905 850 Air/CO
Hollow ber 240 3.539 950 Air/CO

86 Ce0.8Sm0.2O1.9–La0.8Sr0.2MnO3 Hollow ber 300 0.32 950 Air/He 214
Hollow ber 300 0.3 950 Air/CO2

87 Ce0.8Sm0.2O2�d–PrBaCo2O5+d Planar 600 0.238 925 Air/He 215
88 Ce0.8Sm0.2O1.9–Sm0.8Ca0.2CoO3 Planar 500 0.172 950 Air/He 216

Planar 500 0.119 950 Air/CO2

89 Ce0.8Sm0.2O1.9–Sm0.6Ca0.4CoO3 Planar 500 0.41 950 0.21/0.0066 217
90 Ce0.8Sm0.2O1.9–Sm0.8Ca0.2Co0.5Mn0.5O3 Planar 500 0.187 850 0.21/0.005 218

Planar 500 0.254 900 0.21/0.005
Planar 500 0.463 940 0.21/0.005

91 Ce0.8Sm0.2O1.9–Sm0.6Ca0.4FeO3 Planar 500 0.336 950 0.21/0.006 217
92 Ce0.8Sm0.2O1.9–Sm0.6Sr0.4FeO3�d Planar 1000 0.224 950 Air/He 219

Planar 600 0.425 950 Air/He
Planar 420 0.507 950 Air/He
Planar 180 0.709 950 Air/He

93 Ce0.8Sm0.2O2�d–Sm0.6Sr0.4Fe0.7Al0.3O3�d Planar 500 0.455 900 Air/He 220
94 Ce0.8Sm0.2O3�d–Sm0.3Sr0.7Fe0.8Cu0.2O3�d Planar 600 0.776 950 Air/He 221

Planar 600 1.01 1000 Air/He
Planar 600 0.858 1000 Air/CO2
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Table 1 (Contd. )

Materials Geom. L (mm) Flux (mmol cm�2 s�1) T (�C) Atm. pOfeed
2 /pOpermeate

2 Ref.

95 Ce0.8Sm0.2O3�d–Sm0.5Sr0.5Fe0.8Cu0.2O3�d Planar 600 0.754 950 Air/He 221
Planar 600 0.948 1000 Air/He
Planar 600 0.836 1000 Air/CO2

96 Ce0.8Sm0.2O2�d–Sm0.6Sr0.4Fe0.8Cu0.2O3�d Planar 500 0.575 900 Air/He 220
97 Ce0.8Sm0.2O2�d–SrCO3–Co3O4 Planar 500 0.694 900 Air/He 222
98 Ce0.8Sm0.2O2�d–SrCo0.9Nb0.1O3�d Planar 800 1.15 950 Air/He 223

Planar 800 0.388 950 Air/CO2

99 Ce0.8Sm0.2O2�d–Sr2Fe1.5Mo0.5O5+d Planar 600 0.019 750 Air/He 224
Planar 600 0.077 850 Air/He
Planar 600 0.149 925 Air/He
Planar 600 0.011 750 Air/CO2

Planar 600 0.043 850 Air/CO2

Planar 600 0.116 925 Air/CO2

100 Ce0.8Sm0.2O1.9–Y0.8Ca0.2Cr0.8Co0.2O3 Planar 1300 0.23 950 Air/N2 225
101 Ce0.85Sm0.15O1.925–Sm0.6Sr0.4FeO3 Planar 500 0.34 950 0.21/0.005 226

Planar 500 2.7 950 Air/Syngas
Planar 160 0.746 950 Air/He 227

102 Ce0.85Sm0.15O1.925–Sm0.6Sr0.4Al0.3Fe0.7O3 Planar 40 2.91 950 Air/He 228
103 Ce0.9Sm0.1O1.95–MnCo1.5Ni0.5O4 Planar 300 1.1 1000 Air/He 229

Planar 300 7 1000 Air/Ar,CH4

104 Ce0.9Sm0.1O1.95–MnFe2O4 Planar 300 6 1000 Air/Ar,CH4

Planar 133 10 1000 Air/Ar,CH4

105 Ce0.8Sm0.15Bi0.05O2�d–Sm0.6Sr0.4Fe0.7Al0.3O3�d Planar 500 0.313 900 Air/He 220
106 Ce0.8Sm0.15Bi0.05O2�d–Sm0.6Sr0.4Fe0.8Cu0.2O3�d Planar 500 0.522 900 Air/He
107 Ce0.8Sm0.1Bi0.1O2�d–Sm0.6Sr0.4Fe0.8Cu0.2O3�d Planar 500 0.597 900 Air/He
108 Ce0.8Sm0.05Bi0.15O2�d–Sm0.6Sr0.4Fe0.8Cu0.2O3�d Planar 500 0.619 900 Air/He
109 Ce0.8Tb0.2O2�d–Fe2NiO4 Planar 600–700 0.104 850 Air/Ar 150
110 Ce0.8Tb0.2O2�d–NiFe2O4 Planar 680 0.15 1000 Air/CO2 145
111 Ce0.8Tb0.2O2�d–NiFe2O4 + La0.6Sr0.4Co0.2Fe0.8O3�d Planar 8 + 10 3.582 1000 Air/Ar 230

Planar 8 + 10 4.179 1000 Air/CO2

112 La0.15Sr0.85Ga0.3Fe0.7O3�d–Ba0.5Sr0.5Fe0.2Co0.8O3�d Planar 1990 0.352 915 Air/He 231
113 (La0.9Sr0.1)0.98Ga0.8Mg0.2O3�d–La2Ni0.8Cu0.2O4+d Planar 650 0.027 900 0.21/0.013 232

Planar 1000 0.017 900 0.21/0.013
114 (ZrO2)0.92(Y2O3)0.08–Boron doped MgLaCrOl Planar 800 0.4 1100 Air/H2 68
115 (ZrO2)0.92(Y2O3)0.08–In0.9Pr0.1 Planar 800 2.30 1100 Air/H2

Planar 800 1.71 1100 Air/CH4

Planar 300 5.50 1100 Air/H2

Planar 300 4.09 1100 Air/CH4

Planar 250 6.10 1100 Air/H2

116 (ZrO2)0.92(Y2O3)0.08–In0.95Pr0.025Zr0.025 Planar 300 5.80 1100 Air/CH4

117 (ZrO2)0.92(Y2O3)0.08–La0.8Sr0.2CrO3�d Planar 115 0.91 750 Air/CO 233
Planar 115 1.12 850 Air/CO

118 (ZrO2)0.92(Y2O3)0.08–La0.7Sr0.3MnO3�d Planar 100 0.194 850 Air/He 234
Planar 100 0.336 900 Air/He
Planar 100 0.403 950 Air/He
Planar 50 0.285 800 Air/He 235
Planar 50 0.535 850 Air/He
Planar 50 0.781 900 Air/He

119 (ZrO2)0.92(Y2O3)0.08–Pd Planar 800 2.1 1100 Air/H2

Planar 800 1.56 1100 Air/CH4

120 (ZrO2)0.92(Y2O3)0.08–Pt Planar 800 1.8 1100 Air/H2

Planar 800 1.34 1100 Air/CH4

121 (ZrO2)0.92(Y2O3)0.08–SrCo0.4Fe0.6O3�d Planar 1200 0.597 750 0.21/0.001 236
Planar 2000 0.269 850 0.21/0.001

122 Zr0.8Y0.2O1.9–La0.8Sr0.2CrO3�d Tubular 1230 0.0092 950 Air/He 237
Tubular 1230 0.032 930 Air/He–CO (80–20%)

123 Zr0.8Y0.2O2�d–La0.8Sr0.2Cr0.5Fe0.5O3�d Planar 120 0.045 900 Air/Ar 238
Planar 120 0.131 900 Air/H2

Planar 120 0.896 900 Air/CO
124 Zr0.84Y0.16O1.92–La0.8Sr0.2Cr0.5Fe0.5O3�d Hollow ber 270 0.247 950 Air/He 239

Hollow ber 270 3.37 950 Air/CO
Planar 30 1.791 900 Air/CO 240
Planar 20 1.65 950 Air/CO 241
Planar 5 1.455 900 Air/CO 242

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 2152–2195 | 2165
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Table 1 (Contd. )

Materials Geom. L (mm) Flux (mmol cm�2 s�1) T (�C) Atm. pOfeed
2 /pOpermeate

2 Ref.

125 Zr0.84Y0.16O1.92–La0.8Sr0.2MnO3�d Planar 150 0.19 900 0.21/0.002 243
Hollow ber 160 0.21 950 Air/He 244

126 Zr0.789Sc0.198Ce0.012O1.90–(La0.8Sr0.2)0.95Cr0.5Fe0.5O3�d Planar 20 2.64 900 Air/H2 245
Planar 200 0.552 900 Air/H2

Planar 300 0.396 900 Air/H2

127 Zr0.79Sc0.2Ce0.01O2�d–La0.7Sr0.3MnO3�d Planar 40 1.231 900 Air/He 235
Planar 42.7 1.194 900 Air/He 246

128 Zr0.802Sc0.18Y0.018O1.901–(La0.825Sr0.175)0.94Cr0.72Mn0.26V0.02O3�d Tubular 20–30 0.664 900 Air/H2–CO 247
129 (ZrO2)0.89(Sc2O3)0.10(Y2O3)0.01–LaCrO3 Planar 1000 0.05 900 Air/N2 121
130 (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10–LaCr0.85Cu0.10Ni0.05O3�d Planar 1000 0.198 950 Air/N2 120

Planar 1000 0.183 950 Air/CO2

Planar 110 0.762 950 Air/N2

Planar 110 0.743 950 Air/CO2

131 (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10–MnCo2O4 Planar 7 0.216 750 Air/N2 248
Planar 7 0.366 800 Air/N2

Planar 7 0.619 850 Air/N2

Planar 7 0.94 900 Air/N2

Planar 7 1.052 940 Air/N2

Planar 7 0.291 750 Air/CO2

Planar 7 0.321 800 Air/CO2

Planar 7 0.388 850 Air/CO2

Planar 7 0.493 900 Air/CO2

Planar 7 0.604 940 Air/CO2

132 (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10–Zn0.98Al0.02O1.01 Planar 1000 0.246 925 Air/N2 249
Planar 8 0.119 925 Air/N2

Fig. 8 Oxygen permeation flux of various thin (L # 300 mm) planar dual-phase OTMs as a function of the temperature.

2166 | J. Mater. Chem. A, 2022, 10, 2152–2195 This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Oxygen permeation flux of various thin (L # 300 mm) tubular and hollow fiber dual-phase OTMs as a function of the temperature.

Fig. 10 Long-term stability test of Praxair, Inc. OTMs in syngas
reforming and non-reforming modes.252
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measurement under pure CO2. The test demonstrated the
instability of the Al0.02Zn0.98O1.01 phase in very mildly reducing
atmosphere leading to low permeation performances, which
compromises possible industrial applications.249 Dual-phase
membranes made of 60 wt% Ce0.9Pr0.1O2�d–40 wt% Pr0.6Sr0.4-
Fe0.5Co0.5O3�d were tested at 950–1000 �C for a total duration of
about 500 h using pure He (for z40 h) and pure CO2 (for z460
h) as sweep gases. The study underlines the excellent stability of
the membrane in CO2 and conclude that Ce0.9Pr0.1O2�d–Pr0.6-
Sr0.4Fe0.5Co0.5O3�d is a promising composite membrane mate-
rial for industrial applications dealing with oxy-fuel process for
CO2 capture.250 Similarly, 75 wt% Ce0.8Sm0.2O1.9–25 wt%
SmMn0.5Co0.5O3 and 75 wt% Ce0.8Sm0.2O1.9–25 wt% Sm0.8-
Ca0.2Mn0.5Co0.5O3 OTMs were tested for a total duration of
500 h (150 h in pure He + 350 h in pure CO2), showing limited
oxygen permeation uxes up to 0.40 ml min�1 cm�2 but good
stability in CO2.218

Long-term operations for partial oxidation of methane
(POM) were investigated on 75 wt% Ce0.85Sm0.15O1.925–25 wt%
Sm0.6Sr0.4Fe0.7Al0.3O3�d (SDC–SSFA) and 75 wt%
Ce0.85Sm0.15O1.925–25 wt% Sm0.6Sr0.4FeO3�d (SDC–SSF) dual-
phase composite membranes. SDC–SSFA membranes were
tested at 950 �C for 1100 h. Pure CH4 was used as feed gas.
Throughout the operation, CH4 conversion and CO selectivity
were greater than 98%.251 Similarly, SDC–SSF membranes were
This journal is © The Royal Society of Chemistry 2022
tested at 940 �C and for 500 h achieving CH4 conversion and CO
selectivity > 98% for pure CH4 used as feed gas.226 At industrial
level, Praxair, Inc. developed OTMs for carbon capture power
systems and fuel synthesis applications. Fig. 10 presents the
oxygen ux degradation of their ScYSZ–LSCF OTMs over about
7000 h in syngas reforming and non-reforming modes.252
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2167
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Several other studies published short stability tests lasting
between 200 h to 500 h.120,225,234,253–255 However, the small
number of studies reporting long term stability tests over 500 h
underlines that over the recent years research have mainly been
focused on material selection and initial performance rather
than stability. Consequently, there is a lack of knowledge in this
domain for dual-phase OTMs.

3 Membrane geometry and
architectures

Several different congurations, shapes and targeted operation
conditions for membrane modules exist. Three architectures of
OTM-membranes can be differentiated: single-hole tubes
(“tubular”), plates (“planar”) and multi-channel monoliths (e.g.
“honey-comb”). There are also crossovers of the aforemen-
tioned architectures, like the plate-and tube illustrated in
Fig. 11 below.

Themost common geometric shapes of OTMs are planar and
tubular. The advantages and disadvantages of the two different
designs are discussed in the Sub-sections below.

3.1 Planar membrane geometry

The most common membrane conguration used for oxygen
permeation testing at small lab-scale is a simple at dense disk,
typically prepared by pressing powders followed by sintering at
high temperature. These disks can be easily integrated into test
setups with two chambers at different pO2, which provide the
required driving force. It is well established that reducing the
thickness of a membrane enhances the oxygen permeation rate
Fig. 11 Different design configurations for OTM modules.

2168 | J. Mater. Chem. A, 2022, 10, 2152–2195
due to the shorter distance of oxide ion diffusion. However, the
thickness of self-supporting membranes is limited to about 100
mmbecause of their lowmechanical strength. Most of the values
provided in Table 1 are obtained by these types of samples and
measurements.

A strategy to further reduce the thickness of the active
membrane down to 5–50 mm without jeopardizing the
mechanical strength are supported membranes (oen called
asymmetric membranes). Basically, these membrane architec-
tures can be divided into the following functional layers (Fig. 5):

(i) A porous support ensuring the mechanical stability of the
assembly while at the same time providing the high porosity
and low tortuosity required for diffusion of gases through the
support.

(ii) Porous interlayer(s) facilitating the transition from the
macroporous support to the dense membrane.

(iii) A thin dense membrane layer.
This architecture allows the thickness of the dense perme-

ating layer to be notably reduced and the oxygen permeation
rate is maximized, up to a point where ion diffusion through the
bulk oxide is no longer the rate limiting step. Indeed, the overall
supported asymmetric membrane is typically governed by more
than one transport process depending on the total ux ach-
ieved. In the case of very high-performing asymmetric single-
phase membranes, besides surface exchange a signicant
porous support limitation can be observed. In dual-phase
composites the total ux is expected to be lower and, thus,
the support inuence is smaller and surface exchange becomes
the dominating rate limiting step in particular at lower
temperatures. At high temperatures and utilizing surface
This journal is © The Royal Society of Chemistry 2022
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activation, bulk diffusion limitation might become signicant
again, but it is expected that surface exchange will remain as the
critical process.

For successful demonstration of this concept, several
requirements have to be fullled, starting with a small thermal
and chemical expansion mismatch and good chemical
compatibility between the different layers, combined with good
interfacial anchoring. Strategies on how such structures can be
realized are outlined in Chapter 4. A way for ensuring material
compatibility is by considering the use of porous supports
fabricated from the same membrane material itself. From the
economic point of view, this solution may not be feasible since
membrane materials are normally expensive and considerable
amounts of powder are needed for production of the supports.
Other alternatives that are usually explored are the use of
porous substrates consisting of cheaper materials such as
YSZ,238,248,256 Al2O3,257,258 MgO259–262 and metallic alloys.263 Several
attempts to obtain such robust and high performing asym-
metric membranes have been reported.

Fig. 12 shows an example of a planar dual-phase membrane
made of Ce0.8Gd0.2O2�d–FeCo2O4 developed by For-
schungszentrum Jülich GmbH and the Technical University of
Denmark for oxy-fuel combustion.

Another example is asymmetric membranes based on
SrCo0.4Fe0.5Zr0.1O3�d (SCFZ) and MgO. In this case, the thermal
expansion behavior between the dense membrane layer and the
support could be matched by using composites of the materials
in both layers (60 wt% SCFZ/40 wt% MgO in the dense
membrane layer, 40 wt.%SCFZ/60 wt% MgO in the support).264

It should be noted that MgO is not a conductor, therefore the
term “dual-phase” is partly misleading here. A different strategy
to obtain asymmetric OTMs was reported for Ce0.85Sm0.15O1.925

(SDC)–Sm0.6Sr0.4FeO3�d (SSF). In a rst step, a monolithic
composite membrane (at disc) was prepared by conventional
solid-state sintering. Subsequently, a dense thin layer upon
a porous support was fabricated by selectively dissolving the
perovskite phase using HCl. By using this method, it was
possible to reduce TEC mismatch, and oxygen uxes over 1 ml
cm�2 s�1 (ref. 227) were reported (cf. Table 1, Chapter 2). The
importance of optimizing the microstructure of the porous
support layer in asymmetric membranes was demonstrated by
Kovalevsky et al.265 In his work asymmetric membranes con-
sisting of a 70% SrFeO3�d/30% SrAl2O4 composite were
Fig. 12 Post-sintered picture (a) and SEM image of a fractured cross-
section (b) of a planar dual-phase membrane component made from
Ce0.8Gd0.2O2�d–FeCo2O4. The post-sintered picture of the
membrane was taken on the 3YSZ porous support side.

This journal is © The Royal Society of Chemistry 2022
prepared by using pore forming additives, dry pressing and
sintering. The oxygen permeation measurements showed that
the performance was limited by the gas diffusion through the
porous support, and only slightly higher permeation ux values
as compared to the monolithic membrane made of the same
composition were measured. Recent developments aiming to
increase gas diffusion in the porous support are pore orienta-
tion perpendicular to the dense layer, oen in connection with
nanosized catalytic particles inside the pores to enhance the
reaction rate.265

In conclusion, a trade-off between porosity, layer thickness
and mechanical strength is needed for an asymmetric
membrane arrangement. Even though the performance of
planar OTMs has been improved signicantly in the last years,
one can expect challenges in up-scaling and module construc-
tion, as typically the sealing needs to be placed in the high
temperature zone of the stack/module. Such challenges are
well-known from the eld of SOFCs, and several promising
solutions exist to solve them. These options are expected to be
(partly) adoptable for planar OTM modules. In the case of dual-
phase membranes, the chemical and mechanical compatibility
with the support is an additional challenge.
3.2 Tubular membranes

An alternative to the planar is the tubular design. The advan-
tages of this geometry lie in the reduced sealing area and the
higher mechanical robustness and thermal shock resistance.
These two advantages make tubular geometry to be currently
the preferred solution for operation in pressurized environ-
ments, as described for OTM modules used in industrial
applications (see Chapter 6). The main disadvantages of the
tubular design oen mentioned are the increased materials and
fabrication costs due to the thick tube walls and the signicant
lower packing density (active area per volume) in modules. Here
one must consider that a low packing density is not always
a disadvantage, e.g. in OTM applications that involve heat
transfer. In these application, a stacked planar design may not
be an efficient way of facilitating heat transfer, and tubes would
be a better design for that purpose. While the lower packing
density is an intrinsic design problem which is difficult to
optimize, the materials and fabrication costs can be partly
reduced by the use of asymmetric tubes, in which the active
membrane is applied on a porous support (see asymmetric
membranes in 3.1).

Examples for the optimization of this type of membrane are
reported by X. Yin and co-workers. The authors describe the
manufacturing of an asymmetric CeO2 based porous supported
tubular membrane, coated with a CeO2–La0.2Sr0.8CoO3�d

composite. By using this composite, a dense and gas tight layer
was obtained as the CeO2 presence buffered the thermal stress
appearing from the different CTEs of the usedmaterials.165 Other
work on the production and testing of tubular dual-phase
membranes considered formulations such as CeO2–La0.2Sr0.8-
CoO3,165 Ce0.8Sm0.2O1.9–La0.8Sr0.2CrO3,211 SrFeO3�d–SrAl2O4,266

Ce0.9Gd0.1O1.95–La0.6Sr0.4FeO3�d,184,185 and Sc0.2Y0.02Zr0.89O2�d–

LaCr0.85Cu0.10Ni0.05O3�d.267 The most advanced developments to
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2169
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date in the eld of tubular OTMs are related to the R&D activities
of Praxair, Inc. and are described in detail in Chapter 6.
3.3 Hollow ber membranes

Hollow bers (also referred to as capillary or microtubular
membranes) provide a high membrane surface area per unit
volume of reactor compared to the conventional disc and tubular
forms typically used. Hollow bers typically have diameters in
the range of 1–2 mm, with wall thicknesses of about 0.1–0.3 mm,
which is signicantly thinner compared to state-of-the-art disk
and tube shaped membranes with thicknesses of 1–2 mm. On
the other hand, the sealing and upscaling of hollow ber
membranes is challenging. In recent years, interest in hollow
bers has been growing, and a number of groups are now
fabricating and characterizing the performance of different dual-
phase hollow ber membranes.164,192,213,214,268–270 For example,
Zhang et al. developed a Ce0.85Sm0.15O1.925–Sm0.6Sr0.4Al0.3Fe0.7-
O3�d (SDC–SSAF) hollow ber membrane aimed for oxy-fuel
related applications.268 Their membranes reached a maximum
O2 ux of 2.6 ml min�1 cm�2 at 950 �C under an oxygen partial
pressure difference of 1/0.02 atm (feed/permeate). Other studies
dedicated to oxy-fuel applications used the same ionic conductor
(SDC) but combined it with other electron-conducting materials
such as La0.8Sr0.2MnO3�d,214 La0.8Sr0.2Cr0.5Fe0.5O3�d (ref. 213) and
La0.7Ca0.3CrO3.269 Bi1.5Y0.3Sm0.2O3–La0.8Sr0.2MnO3�d dual-phase
composite hollow ber membranes were also fabricated for
oxygen separation. An oxygen permeation ux of 0.52 ml min�1

cm�2 was obtained at 850 �C under a gradient of air/helium.164 Bi
et al. manufactured and characterized Pr0.1Gd0.1Ce0.8O2�d–

CoFe2O4 membranes having wall thicknesses of about 200 mm.192

A maximum oxygen permeation ux of 0.88 ml min�1 cm�2 was
achieved using He as sweep gas and air as a feed gas at 1000 �C.
The same study also demonstrates successful operation at 950 �C
in a pure CO2 atmosphere for more than 200 h without any
noticeable performance degradation ormembrane deterioration.
Recently, Chen et al. fabricated Ce0.8Sm0.2O2�d–carbonate dual-
phase hollow ber membranes for CO2 separation.270 At
Fig. 13 Typical core steps in processing of planar and tubular multilayer

2170 | J. Mater. Chem. A, 2022, 10, 2152–2195
700 �C, their membranes produced maximum CO2 permeation
uxes of 4.78 ml min�1 cm�2 and 5.46 ml min�1 cm�2 under the
feed condition of 50%CO2–50%N2 and 5% H2–47.5%CO2–47.5%
N2, respectively, showing a great potential as commercially
applied membrane for separation of CO2 from different gas-
mixture situations.

4 Manufacturing of dual-phase
membranes

In this chapter the manufacturing techniques for obtaining
dual-phase membrane in the geometries discussed in the
previous chapter are reviewed, as illustrated in Fig. 13 below.

Dual-phase OTMs are still in an earlier stage of development,
especially when it comes to fabrication and up-scaling to pre-
pilot scale. As a consequence, only a limited number of publi-
cations directly report on the manufacturing of dual-phase
oxygen membranes. Nevertheless, the authors strongly believe
that for accelerating the progress in the R&D of OTMs, more
information on important fabrication methods and challenges
in the preparation of multi-layer single phase membranes
should be available. For this reason and to give the reader
a comprehensive overview on membrane manufacturing,
a review in the following sub-chapters on existing studies and
potential technologies is given.

4.1 Preparation of dual-phase membrane powders

The fabrication of the raw powders plays a crucial role for the
performance of dual-phase membranes. Powder properties,
such as surface area, particle size distribution, purity and
homogeneity of the two powder phases, combined with the
sintering prole strongly affect the nal microstructure of the
two phases in the dual-phase membrane. Furthermore, the
microstructure, e.g. the porosity, tortuosity of the ionic- or
electronic-pathways, percolation or contact area between both
phases determine the membrane performance. For example,
a ne particle size of the powder of the two phases is required
dual-phase OTMs.

This journal is © The Royal Society of Chemistry 2022
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for fabrication of a thin membrane layer (few tens of microns)
and its complete densication. Here, we introduce the most
relevant powder manufacturing methods for cercer composite
powders for dual-phase OTMs.

Powder manufacturing techniques can be categorized into
either solid state (mixed powder) or wet chemical methods (e.g.
co-precipitation, sol–gel, hydrothermal and spray tech-
niques).271 The most conventional and direct method for dual-
phase material preparation is the mixed powder method, in
which a mixture of metal oxides, salts, or carbonates is treated
by mixing/grinding211,272 and subsequent high temperature
calcination.273 During the calcination, the crystalline phases
form by metal and oxygen ion diffusion at the surface of the
mixed metal oxides/salts/carbonates.274–277 Advantages of the
powder-mixing route are the use of already available precursors,
industrial equipment and the low cost, which makes this route
suitable for industrial scale. Drawbacks of the method are the
high calcination temperature, leading to large grain size, low
surface area, poor chemical homogeneity, the formation of
undesired phases or non-stoichiometry due to partial decom-
position of products, as reported for barium-containing perov-
skites.278,279 An additional milling step is required to improve
sinterability, which can introduce more impurities.273

As an alternative to the simultaneous, direct synthesis of the
two powder phases by the mixed powder method, the dual-
phase powder can be prepared by mixing one ne, pure oxide
phase and precursors of the other phase, or by mixing the
phase-pure, ne oxide powders of both phases. If reactive sin-
tering is envisaged to form one (or both) of the phases, the
phase transition increases reactivity and potentially reduces the
sintering temperature.110,280

Wet synthesis is an alternative to using only solid precursors.
For example, a precursor solution or suspension of one of the
phases can be used to coat stoichiometric amounts of the other
phase. One variety of this is the packing method, where the less
abundant powder phase is the dispersed component, such that
the grains of this minority phase will be embedded into the
continuous network of the majority phase grains aer the
mixture is calcined.281 A risk, especially with a low phase
volume, is that the minor phase might not percolate, which will
compromise the ambipolar conductivity and reduce the oxygen
ux. The inverse of the packing method is the loading method,281

where the major powder phase is mixed into a solution of the
components of the minor phase. The minor phase grains will
then deposit on the main phase. Such routes have been
proposed by Zhu et al.281

An attractive wet chemical route for synthesis of dual-phase
powders is the one pot method,187,227,281 which allows the two
compositions to be synthesized by a single step following typical
solution fabrication methods for ceramics e.g. sol–gel,144,221,282

co-precipitation,283,284 Pechini method,16,201,285 hydrothermal
synthesis,121,286–288 or spray pyrolysis.289–292 All of these processes
utilize a precursor solution, but the crystallites or powders are
produced in different ways. The main advantage relative to the
mixed powder method are signicantly lower calcination
temperatures for forming the desired oxide phases, resulting in
powders with smaller size, higher purity and homogeneity.
This journal is © The Royal Society of Chemistry 2022
The sol–gel process for oxide ceramics usually uses a colloidal
dispersion of metal alkoxides. The sol (i.e. solution) is trans-
formed to a gel by hydrolysis and polymerization of the
precursors at relatively low temperatures, immobilizing all
homogeneously distributed components.271,273 Co-precipitation
is based on an aqueous solution of the metal cations, mixed
with a solution containing the precipitant. The precipitated
product can be separated from the liquid by ltration.271,273 Both
processes use thermal decomposition of the precursors at
higher temperature to form the structural phases, resulting in
homogeneous, nano-sized grains in a well distributed mixture
of the two phases.

Spray pyrolysis is also based on a solution or suspension of
the metal cations or precursors, which are atomized into
a heated chamber.292,293 During atomization, the solvent is
evaporated forming spherical agglomerates of sub-micron
primary particles. Those usually have to be calcined in order
to obtain the target phases. Alternatively, in ame spray pyrol-
ysis the precursors are directly converted to the respective
oxides during the spray process by feeding the precursor solu-
tion through a capillary into a hot ame.294 Spray drying is
a related, lower-temperature process used to mix and granulate
nanoparticles of ne oxide powders into micron-sized agglom-
erates of well-dened shape, particle size distribution and
surface area.293 This allows for easy handling and direct use for
the following shaping steps, which can be advantageous for
example for homogenous mixing and handling of a mixture of
oxides and for extrusion or pressing of membrane support
structures.

In hydrothermal synthesis, an aqueous solution of metal
cations is heated above the boiling point of water inside an
autoclave. By reaching the vapour saturation pressure, the tar-
geted product crystallizes out from the uid in the targeted
phase composition, making a subsequent calcination
superuous.271,294

Comparing the wet chemical methods discussed in this
chapter, one can generally conclude that powder uniformity and
distribution decreases as follows: one pot methods (i.e. sol gel,
Pechini, co-precipitation) > loading method > powder mixing
method > packing method.271,281
4.2 Shaping of dual-phase membranes

A variety of shaping methods are used for dual-phase OTMs.
The choice of shaping method depends on the membrane
geometry (planar, tubular or capillary) and conguration
(symmetric or asymmetric). An asymmetric membrane cong-
uration with porous support, catalytic layers and a thin
membrane layer usually requires several shaping steps. The
most used techniques include pressing, extrusion, tape casting
and spinning to produce support structures and dip coating,
screen printing, spraying and lamination of tapes to apply thin
lm porous catalytic and dense membrane layers. Other
shaping techniques, such as thermal spraying, PVD (Physical
Vapour Deposition), CVD (Chemical Vapour Deposition) and
sol–gel have even been rarely reported for the fabrication of
mixed-conducting asymmetric OTM architectures or dual-phase
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2171
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membranes. Reports on the fabrication of real-size dual-phase
membranes for practical applications are scarce, due to chal-
lenges in combination of materials (Chapter 2) and in the
sintering of multilayer architectures with such materials
(Chapter 4.3).

4.2.1 Fabrication of planar membranes
4.2.1.1 Pressing. In dry pressing, powders or granules are

generally compacted in the axial direction between two stamps
in hardened metal molds. As can be seen from Table 1, the
majority of scientic studies on dual-phase OTMs are actually
based on millimeter-thick, dry pressed and sintered self-
standing planar dual-phase membranes. The reason for this
approach is the simplicity of the fabrication process and the
membrane architecture, which allows the fast preparation of
small samples with a very simple geometry and robustness.
Most of these studies aim to characterize the performance
(oxygen uxes, stability) of new dual-phase membranematerials
for scientic studies or fast material screening, with
a minimum of required equipment and fabrication effort. For
the measurement of reactive membrane materials, surface
passivation layers formed during high temperature sintering
can be removed from the pressed and sinteredmembrane layers
to allow the application of catalytic layers and testing.295

4.2.1.2 Tape casting. Tape casting is a proven, industrial-
scale process for the cost-effective production of planar
ceramic components, such as SOFC,296 capacitors,297 and solid
state batteries.298 A practical overview on the topic of tape
casting was published by Mistler and Twiname.299 A ceramic
powder is dispersed in a slurry, consisting of solvent, surfac-
tants, binder and plasticisers to form a exible, mechanically
stable, non-sintered sheet, called “green” tape. The slurry is cast
by a doctor blade process onto a at surface, usually a coated
polymer foil, steel band, paper or glass, followed by slow drying
inside a drying chamber with well controlled atmosphere.300–303

Asymmetric membranes can be manufactured by sequential
tape casting (co-casting)296,302 or lamination of separately casted
green tapes.149,304 In lamination, the membrane and substrate
layers are rst separately casted and aerwards combined by
lamination, which is the joining of the green tapes by a hot
pressing process between two roles or in a hot press.305 The
slurry formulation of the tapes needs to be adjusted to ensure
sufficient interface adhesion to avoid delamination during
debinding (or sintering). Sequential tape casting (or co-casting)
eliminates the need for hot pressing. First, a slurry of the thin
membrane layer is cast on the carrier foil. The slurry of the
thicker support is then cast onto the dried or semi-dried
membrane layer, dissolving binder at the surface of the
membrane layer, leading to better cross-linking of the binder
chains of both layers. Laminated or co-cast structures are
usually cut to the desired green size before debinding and
sintering.

For introduction of porosity in support or catalytic layers,
pore forming agents can be added to the slurry, potentially in
combination with other techniques, such as freeze
casting,230,241,306 leaching307 or phase inversion183,240,243 to further
increase porosity and pore size in the membrane support layer.
2172 | J. Mater. Chem. A, 2022, 10, 2152–2195
4.2.1.3 Screen printing. In screen printing, a cost-effective,
industrial scale thick-lm coating technology, a mesh is used
to transfer the ink onto a substrate. A squeegee is moving
a ceramic ink across a screen to press and ll it into the open
mesh apertures. During the reverse stroke of the squeegee, the
screen touches the substrate temporarily to transfer the ink on
the substrate surface. A good understanding of the complex
relation between ink composition and rheology of highly loaded
inks (or pastes) and the screen-printing parameters is of crucial
importance.308 The inks should preferably have high solid
loading (resulting in high packing and green density) to help
densication of the dual-phase membrane layer and reduce
shrinkage of the catalytic layers upon sintering on a (pre-)sin-
tered membrane. Several studies are related to the screen
printing of dual-phase membrane and catalytic layers in
asymmetric OTMs. For example, Gaudillere et al.230 screen
printed a NFO/CTO gas-tight ceramic top layer on the top of
a LSCF porous support made by ice templating. Garcia-Fayos309

and Lobera310 used screen printing to evaluate catalyst layers for
oxidative coupling of methane and oxy-fuel/syngas production
on ceria based OTMmembrane reactors, respectively. The same
group screen printed porous LSM–CGO catalytic inks, based on
an ethylcellulose and terpineol formulation, on pressed NFO–
CTO dual-phase membranes for investigation of the stability of
the membranes in CO2 and SO2 atmospheres.144 Ramasamy
et al.253 applied LSCF activation layers by screen printing on
Ce0.8Gd0.2O2�d–FeCo2O4 dual-phase OTMs.

4.2.1.4 RF sputtering. RF or Radio Frequency Sputtering is
a versatile method to produce thin lms in the range of 50 nm
to 5 mmover a large area with high uniformity.311,312 It consists of
applying an energetic wave through an inert gas (typically
argon) in a vacuum chamber which becomes ionized.313 The
generated high energy ions (Ar+) produce a plasma by bom-
barding a target material, thus resulting in the release of atoms
(positive ions) which are accumulated on the surface of a target
face (substrate) forming a thin layer. Faster deposition rates are
achieved with RF magnetron sputtering by using magnets
behind the target material, thus trapping electrons and pre-
venting them to bombard the substrate.

Deposition of thin lms by RF sputtering is mainly consid-
ered for applications such as electronics, improvement of
optical properties, layer protection and photocatalysis.312,314,315

Nevertheless, applicability in OTMs has also been prospected in
the past recent years,316 especially by depositing MIEC thin
layers by means RF magnetron co-sputtering.317 The work con-
ducted by Soĺıs et al. on the deposition of 150 nm-thick
NiFe2O4–Ce0.8Gd0.2O2�d nanocomposite thin lms on BSCF
asymmetric planar membranes demonstrated RF magnetron
sputtering as a potential route for OTM manufacturing to
overcome bulk diffusion limitations. In this work, the deposited
nanocomposite layer presented suitable MIEC features for
permitting oxygen permeation as well as providing protective
features against CO2 exposure as can be seen in Fig. 14.

4.2.2 Fabrication of tubular membranes. Tubular dual-
phase OTMs are usually asymmetric (thin membrane lm on
porous support) due to the limited oxygen ux of dual-phase
This journal is © The Royal Society of Chemistry 2022
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Fig. 14 (Left) Cross-section FESEM image of NFO–CGO layer deposited on a supported all-BSCF membrane. (Right) Permeation results of the
bare and co-sputtered membrane as a function of testing temperature and CO2 concentration in the sweep gas (experimental conditions: 300
ml min�1 air feeding, 300 ml min�1 Ar/CO2 mixtures sweeping). Reproduced with permission.317 Copyright 2018, Wiley-VCH.
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materials. The most common ceramic shaping techniques for
tubular OTMs are extrusion, slip casting, dip coating and
spraying, which are briey discussed here.

4.2.2.1 Extrusion. Porous tubular supports for OTMs have
been produced by two main types of extrusion processes: water
based and thermoplastic. With respect to dual-phase
membranes, these tubular structures have mostly been
extruded as porous support structures to enable the subsequent
application of catalytic and membrane layers (10–50 mm thick)
by spray- or dip-coating. The requirements on the extruded
porous, tubular supports are challenging: a sufficiently high gas
permeability, mechanical strength, chemical stability and suit-
able sintering activity for co-ring with the functional layers.
Due to the high solid loading and packing in extrusion, it is
difficult to design and fabricate tubes with sufficiently high gas
permeability, which do not compromise other properties. The
challenges with design of extrusion feedstocks are discussed at
the end of this sub-chapter, whereas co-ring is presented in
Section 4.3.2.

4.2.2.2.1 Water based extrusion. For the fabrication of thin-
walled tubes (diameter of 5 to 20 mm and a wall thickness of
0.5 to 2 mm) the most common high-volume fabrication tech-
nique is water-based extrusion, in which a plastic ceramic feed
of ne powder material318 is continuously fed through
a charging hopper, evacuated and transported by a screw
(auger) to the die. The length of the tube is determined by
cutting. OTM tubes up to a length of 1 meter have been
produced by water based extrusion.319,320

Asymmetric, tubular oxygen membranes have been fabri-
cated based on aqueous extrusion of support tubes, for example
BSCF membranes by Hoffmann and Pipphardt et al.321,322 and
La2NiO4+d membranes by Dahl et al.323 Nevertheless, these
support materials exhibited poor mechanical properties and
chemical stability. Therefore, the extrusion of aqueous ceramic
pastes of partially stabilized zirconia (3YSZ) with addition of
This journal is © The Royal Society of Chemistry 2022
pore formers has been successfully optimized by different
groups324,325 or companies (see Section 5) to obtain tubular
support structures with enhanced mechanical stability, gas
permeability and sinterability for use in asymmetric OTMs. The
aqueous extrusion of tubular supports for use in dual-phase
membrane systems of La0.2Sr0.8CoO3�d/Ce0.8Gd0.2O2�d on
a tubular CeO2 support326 and a YSZ–Ag composite on a porous
YSZ–Ni composite tube327 have recently been reported.

4.2.2.2.2 Thermoplastic extrusion. Thermoplastic extrusion
allows the fabrication of tubes with wall thickness below 1 mm,
where a mixture of ne, sinterable powders with molten poly-
mers (a feedstock) is forced through a hot auger and die to
shape continuous components of a xed cross-sectional area by
the fast cooling of the thermoplastic feedstock immediately
aer exiting the die. The obtained tube requires the removal of
the thermoplastic binder system via thermal debinding,262,267

solvent extraction or catalytic methods before densication
during sintering.328

4.2.2.2.3 Compositional and microstructural design of extru-
sion for tubular OTM supports. Porous ceramic supports for
asymmetric dual-phase membranes must exhibit a good
balance between sufficient mechanical strength and high
permeability. This is required to reduce concentration polari-
zation or pressure gradients due to gas transport limitations,
which would negatively affect the performance of the
membrane.6 For use in OTMs or SOFCs, water-based and ther-
moplastic extrusion have been used for the fabrication of rela-
tively thick (0.5–1 mm) tubular support structures. Achieving
the following set of requirements is still challenging in the
development of supports for asymmetric dual-phase
membranes: (1) a high pore volume (>50%), (2) pore channels
of width much above 1 micron, without bottle necks, (3)
a feedstock with ne raw powders, which allows co-ring with
additional catalytic and membrane layers and (4) sufficient
mechanical strength.
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2173
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Pippardt et al.322 fabricated BSCF OTM tubes with a diameter
of 12.25 mm and wall thickness of 1.25 mm (before ring) by
water based extrusion of polymethyl methacrylate (PMMA)
spheres, micron-sized BSCF powder (2.7 micron) and hydrox-
ypropyl methylcellulose as binder that allowed a one-step co-
ring with a Ba0.5Sr0.5(Co0.8Fe0.2)0.97Zr0.03O3-d (BSCF3Zr)
membrane. However, matching the shrinkage of membrane,
catalyst and support layers for more complex multilayer
systems, utilizing different type of micron-sized raw powders
with high melting points and sintering temperatures (e.g. LCCN
based dual-phase composites) and different chemical compo-
sition is very challenging. CaTi0.9Fe0.1O3�d (CTF) support tubes
for asymmetric CTF membranes were fabricated from a mixture
of sub-micron CTF powder, a mixture of charcoal and starch as
pore-formers and a binder system with a ram extruder.329 Gas
ow limitations in the support structure were suspected to
contribute to limitations in oxygen permeation even at
moderate uxes of 0.16 ml min�1 cm�2 at 1000 �C in air/argon
atmosphere.

Ramachandran et al.330,331 optimized thermoplastic feed-
stocks for extrusion of MgO tubes for use in asymmetric Ce0.9-
Gd0.1O1.95�d (CGO10) membranes262 and for CGO10–
La0.6Sr0.4FeO3�d dual-phase OTMs.332 Different types of graphite
and PMMA were used as pore formers, but gas permeabilities
could not be increased above 10�15 m2. By replacing MgO with
3YSZ as a structural support material in this thermoplastic
feedstock system, Haugen et al. could increase the mechanical
strength of the membrane tubes signicantly and reached gas
permeability values of 10�14 m2.267 The permeabilities of these
extruded support tubes are still signicantly lower than those
for tubular structures with micron-sized, directional pores
produced by a freeze casting technique,333 see the next section
on slip casting.

4.2.2.2 Slip casting. Slip casting is a process to form a solid
cast of a ceramic green body by adsorbing water from an
aqueous suspension (slip or slurry) on the surface of a porous
mould (gypsum or porous polymer molds) by capillary forces. In
drain casting, the cast copies the inner contour of the mould
surface whereas in solid casting the slip is relled until the
entire mould is lled up. For both techniques, the (wall)
thickness of the cast is limited because with increasing wall
thickness, the formed cast will lower the speed of further cast
formation due to reduced water extraction.

Saint-Gobain has demonstrated the fabrication of highly
permeable tubular YSZ tubes with large pore size and radially
aligned porosity by a combination of a slip casting process and
rotational freezing for use as supports in OTMs.334 The method
is based on a conventional ice-templating process in a rotatory
mould.335 The pore volume could be adjusted by the solid
loading, the pore size by the freezing temperature and the
overall tube thickness by the volume of slurry initially poured
into the mould. Signicantly higher gas permeabilities of up to
2.96 � 10�13 m2 have been demonstrated for these YSZ tubes
with a wall thickness of 2 mm in comparison to ceramic
membrane support tubes prepared by extrusion, utilizing
sacricial pore-formers.331,336
2174 | J. Mater. Chem. A, 2022, 10, 2152–2195
4.2.2.3 Dip coating. Dip-coating consists of depositing
a liquid lm with a thickness between 1 to 100 mm by immer-
sion of a substrate in a precursor solution or a slurry.337,338 Aer
withdrawal of the substrate with constant speed, the precursor
lm is dried through evaporation of the liquid, and the lm
consolidates on the substrate. According to the nature of the
deposited material, a further post-treatment, such as curing or
sintering, might be performed.339,340

Reports on the fabrication of tubular multilayer OTMs by dip
coating (and co-ring) for dual-phase membranes are scarce.
Usually, two to four dip coating steps onto the porous support
tube are required: the composite membrane layer, and one or
more activation layers (on each side of the membrane). Due to
the very limited number of studies on the fabrication of tubular
asymmetric dual phase membranes until now, we will include
and explain in the following section one of the main challenges,
the co-ring of the multilayers, on studies with single phase
membranes.

4.2.2.3.1 Dip coating of dual-phase membrane layers. For
asymmetric, single phase tubular OTMs of La0.2Sr0.8Fe0.8Ta0.2-
O3�d (LSFT), Gurauskis et al.27,341 suggested different pre-
calcination and sintering steps for the co-ring of the
different layers to achieve the desired densication of the
porous support and the gas-tight LSFT membrane layer. Simi-
larly, Dahl et al.323 fabricated asymmetric LaNiO4�d membranes
by dip coating on porous support tubes of the same material.
Liu et al.239 enhanced the oxygen permeation rate of
Zr0.84Y0.16O1.92–La0.8Sr0.2Cr0.5Fe0.5O3�d dual-phase hollow ber
membrane by applying a type of dip coating process to inltrate
Ce0.8Sm0.2O1.9 nanoparticles. Ovtar et al.185 described the dip
coating of four layers on a MgO support tube, a porous CGO
active layer, a dense dual-phase membrane layer, a porous CGO
active layer on the inner and outer side of membrane and an
impregnation layer to improve the oxygen transport properties
of tubular Ce0.9Gd0.1O1.95–La0.6Sr0.4FeO3�d composite, asym-
metric oxygen permeation membranes.

Haugen et al.267 have reported the fabrication of asymmetric
membranes composed of different materials. The dip coating of
a porous (Y2O3)0.03(ZrO2)0.97 (3YSZ) tube with a porous 10Sc1YSZ
activation layer and a thin composite oxygen membrane layer of
LCCN–10Sc1YSZ led to severe challenges with the subsequent
co-sintering. The high co-sintering temperatures of about
1450 �C, required for full densication of the LCCN composite
membrane layer, resulted in Cr evaporation, loss of LCCN
phase, formation of insulating LaZr2O7 phase, and crack
formation in the membrane.

4.2.2.4 Slurry spraying. Tubular OTMs can be coated by
slurry spraying, in which a suspension of powders is sprayed on
a support tube by using a spray gun. The coating usually has
a thickness of 10 to 50 mm aer one coating pass and is
subsequently dried and sintered.

For example Yin et al.165 sprayed a mixed conducting La1�x-
SrxCoO3�d (LSCO) membrane on a ceria support tube. Ritchie342

prepared a coating of La0.5Sr0.5Fe0.8Ga0.2O3�d membrane on
a high-purity porous a-alumina tube for a syngas membrane
This journal is © The Royal Society of Chemistry 2022
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reactor by spray deposition. Z. Liu343 produced an asymmetric
membrane of SrCo0.4Fe0.5Zr0.1O3�d by a spin-spraying process.

4.2.3 Fabrication of capillary membranes. The phase
inversion process coupled with extrusion or spinning is the main
route towards capillary dual-phase membranes.164,192,213,214,268–270

This is a very suitable route to fabricate self-standing dual-phase
membrane structures for high gas permeability. Phase inversion
is based on an exchange between the solvent of the slurry (typi-
cally N-methyl-2-pyrrolidone, NMP) and a non-solvent/coagulant
(typically water).344 Aer shaping, the membrane is immersed in
a water bath, and the phase inversion starts by NMP dissolving
from the slurry. A skin layer on the outside of the membrane is
formed. In the next step, a small amount of water penetrates the
skin layer, enters into the slurry, and acts as a nucleation site for
exchange of water and NMP. The exchange continues and large
pore channels (“nger-like” pores) grow perpendicular to the
skin layer. The channels grow until the NMP diffusion rate
reduces to a value close to the water diffusion rate.344 The skin
layer can act as the dense dual-phase membrane, while the
nger-like pores in allow efficient ow of gasses to the active
membrane site. Kingsbury345 studied the inuences of fabrica-
tion parameters and compositions on morphologies of
membranes. For instance, Tan346 obtained fully dense LSCF
hollow ber membranes whereas Othman347 achieved high
oxygen permeability of hollow ber membranes with a thinner
separation layer and more open conical-shaped micro-channels.
Phase inversion has therefore successfully been used for many
capillary based systems,164,192,213,214,268–270 but has also been
successfully applied to planar membranes shaped by tape
casting183,243 or mould casting.348
4.3 Membrane sintering

The sintering of dual-phase membranes can result in several
challenges related to (i) the homogeneous densication of the
dual-phase materials, (ii) reactions or evaporation of the dual-
phase materials during the high temperature treatment and
(iii) the formation of thermo-mechanical stresses and defects in
asymmetric membrane architectures during co-ring due to an
inaccurate debinding process, mismatches in shrinkage rates or
thermal expansion. These challenges are discussed here
comprehensively for the rst time aer a brief general intro-
duction into debinding and sintering processes.

4.3.1 Debinding. Depending on the applied shaping path,
the heat treatment of green bodies of ceramic multilayer
membranes includes two major steps: debinding and sintering.
The term debinding refers to the removal of the binder(s) and the
other organic additives (dispersant[s] and plasticiser[s]) from the
green tapes. Several methods such as solvent debinding349–351 or
catalytic debinding350 can be used. Nevertheless, thermal
decomposition (thermal debinding) is by far the most used
method for debinding.352 In this case, the organics are removed
as vapor by heating. The removal of the organics is physically
controlled by heat transfer into the membranes and mass
transport of the decomposition products out of the membranes.
The debinding process by thermal decomposition can be roughly
divided into the following steps: (1) initial heating of the binder
This journal is © The Royal Society of Chemistry 2022
until it soens at its Tg (around 100 �C), (2) removal of themolten
binder by evaporation (temperature range 200–400 �C), and (3)
further removal of pore formers or binder that remains in the
tape at higher temperatures, usually not above 700 �C. Ther-
mogravimetric analyses can be performed on the green bodies
(tapes or parts from tubes) to determine precisely the tempera-
tures at which organic additive removal occurs. Especially for
debinding of membrane structures made by thermoplastic
extrusion and tape casting, time consuming debinding proles
(several days), including slow heating ramps (<1 �C min�1) and
long hold times (dwell) are needed to avoid the creation and
propagation of defects when the binder components and other
additives are removed from the green body.

4.3.2 Sintering. Sintering is the process to convert the
dried, debound green body into a continuous polycrystalline
body by heat treatment. In this process, the powder particles are
joined together into a mechanically stable ceramic body by
a densication process. It is a crucial step in the fabrication of
OTMs, the properties of ceramic material being modied
through sintering to give the product its nal characteristics.
The overall process can be divided into the following three main
stages: initial (neck growth), intermediate (grain growth onset)
and nal (densication).353

4.3.2.1 Densication of dual-phase membrane materials. Once
both starting composite phases are formed, they need to be
dense and have intimate contact between grains. However, it is
oen very difficult to sinter such compacts sufficiently because
compositions of each phase generally require different optimal
sintering temperatures.248,267,354 Conventional sintering
processes comprise the uniaxial or isostatic pressing of green
disks and later sintering at high temperature during several
hours. The high temperature densication always causes grain
growth and consequent grain boundary and interfacial issues.
Thus, various techniques have been developed to lower the
sintering temperature. One way is to introduce sintering aids,
e.g. metal oxides. MnO2, Mn2O3, Ga2O3, Co3O4, Fe2O3, or CoO
have been proposed due to their lower melting point with
respect to the dual-phase membrane materials.355 This
promotes diffusion of material at the particle surface, which
lowers the sintering temperature and reduces the nal grain
size. Occasionally, the addition of these sintering aids may also
introduce electrical conductivity.356,357

Spark Plasma Sintering (SPS) is an advanced sintering
method that permits separate grain growth and densication
processes. In this method, high current amplitude pulse (>1000
A) is applied through a graphite die at a low voltage (5 V),
internally heating the sample via the “Joule heating mechanism”

instead of using an external heating source.358 Since the sample
is self-heated from both inside and outside, the heating rate and
mass transfer speed are both rapid and localized so that the
sintering process generally is very fast (within a few minutes).
Thus, compared with the conventional sintering methods
explained above, the SPS process can produce dense ceramics in
a very short sintering time and at relatively low temperatures,
which retains the nano-size and nano-structure and avoids
coarsening and decomposition of the composite phases.354,359
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2175

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta07898d


Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
1/

7/
20

25
 2

:4
7:

47
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4.3.2.2 Co-sintering of asymmetric dual-phase membrane
architectures. Asymmetric dual-phase OTMs usually consist of
a multi-layer structure with a thin-lm OTM layer on a porous
support, oen with additional catalytic layers. Such asym-
metric, dual-phase membrane structures offer improved
performance due to reduced thickness of the membranes layer
according to the Wagner equation, improved mechanical and
dimensional stability, and can be fabricated by cost effective
shaping processes, such as extrusion and dip coating or tape
casting and lamination, as described above for tubular and
planar devices, respectively. For the manufacturing of these
asymmetric membranes, the simultaneous sintering of the
different layers (co-sintering) is one of the most critical
steps.360–362 The different layers oen consist of different mate-
rials, the membrane layer need to be sintered close to 100% of
theoretical density, whereas the porous supporting layer should
not reach much above 50% of theoretical density. The challenge
with the high-temperature co-sintering of dual-phase
membranes is to avoid the formation of cracks, delamina-
tions, the peeling-off of coatings, interface reactions or material
evaporation. Apart from compositional related challenges (e.g.
membrane material instabilities or mismatch in thermal
expansion), defects occur mainly due to residual stress devel-
opment inside the structure in response to the differential
shrinkage in the constituent layers. i.e. the layer with faster
shrinkage rate is constrained by the layer that shrinks slower,
resulting in constrained sintering. In order to produce defect-
free asymmetric structures, it is therefore important to under-
stand, and control stress generation by ensuring shrinkage
match during the entire sintering process.

Experimental work and modelling of the co-sintering of
different types of tubular and planar asymmetric OTMs have
recently been reported. For co-ring of planar asymmetric
membranes with porous/dense multi-layer systems and similar
shrinkage rates, in situ studies with optical dilatometry363 have
shown that signicant warpage can occur without destruction of
the membrane. Thin dense CGO membranes on a porous
support with Co3O4 as sintering additive resulted in warping in
a narrow temperature range of less than 100 �C. This lead to
a concave shape at temperatures just below the optimum ring
temperature of 1030 �C due to a higher densication rate in the
dense membrane layer than in the porous support, whereas
a convex shape was observed above 1030 �C, when the densi-
cation rate of the support was dominant. Multi-scale modelling
of shape distortion of such planar, porous/dense bi-layers has
been performed by Molla et al.362 Transient stress development
during constrained sintering of such bi-layered structures has
also been modelled for tubular congurations by Molla et al. for
a dense Ce0.9Gd0.1O1.95�d membrane layer on porous MgO
support tubes.360
5 Potential applications for dual-
phase membranes

Possible application areas can be divided into chemical
conversion/membrane reactor applications (Section 5.1), in
2176 | J. Mater. Chem. A, 2022, 10, 2152–2195
which the permeated oxygen can be used to create higher value
chemicals, and in “oxy-fuel processes” (Section 5.2), in which
the produced oxygen is used to enhance combustion processes.

5.1 Membrane reactors and chemical conversion processes
based on OTMs

In the near future a transition towards a circular economy364 is
required. Besides methane conversion from (in the short term)
natural gas and in particular biogas, the utilization of renewable
energy together with abundant resources, i.e. H2O, CO2, is the
key to success. Membrane reactors have the potential to be part
of the solution; as outlined by Plazaola et al.,365 “the integration
of oxygen membranes in conventional chemical processes has
shown promising results, which improves, in all the cases, the
efficiency of the processes because of the in situ air separation.
Moreover, in some of these processes, an increase in the overall
performance of the process has been achieved. On the other side, the
oxygen ux and its stability in long-term experiments needs to be
further improved to make these membrane reactor processes
economically viable”. Membrane reactors based on OTMs can
offer an increased energy efficiency due to the process intensi-
cation, i.e. combining reaction and separation tasks typically
realized in series.366 For instance, membrane reactors can
integrate oxygen separation, steam reforming and partial
oxidation into a single step for the conversion of methane from
natural gas or biogas. In the past, the majority of research was
targeted towards the conversion of natural gas into syngas (a
mixture of H2 and CO) in order to produce valuable chemical
products, i.e. polymers and fuels (Gas-to-Liquid (GTL)).

Typically, the conditions in membrane reactors are consid-
ered “hard” for the OTMs, and oen corrosive and reducing
atmosphere as well as high pressure at high temperatures are
found. Another challenge is the integration of specic catalysts
facilitating the targeted reactions, which must be compatible,
i.e. both membrane and catalyst must maintain their perfor-
mance when brought in direct contact. In this context, dual-
phase membranes composed of two inherently stable phases
offer high potential compared to the less stable single phase
MIEC membranes. Nevertheless, the systematic trade-off and
nding an optimum balance between performance and stability
is still the main driver for materials development.

In the following Sub-sections, a few potential reaction
schemes for OTM based reactors are described.

5.1.1 Partial oxidation of methane (POM). The POM is
typically carried out at high temperatures in the range of 900–
1100 �C, using catalysts based on Ni, Co, Fe, noble metals and
early transition metal carbides.

CH4 + 0.5O2 / CO + 2H2, DHR ¼�36 kJ mol�1 (16)

The use of OTMs to perform the POM reaction is claimed to
have the advantage of obtaining higher CO selectivity because
oxygen is directly provided to the methane in its activated, i.e.
ionized, form. Therefore, the oxygen partial pressure in the gas
mixture remains low minimizing CO2 formation.

Several investigations for the POM reaction reveal feasibility
obtaining high CO selectivity and methane conversions close to
This journal is © The Royal Society of Chemistry 2022
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100%.365 Besides typical single phase membranes also few dual-
phase membranes were reported, e.g. YSZ–(LaSr) (CrFe)O3.367 A
detailed status of the industrial activities in this application can
be found in Chapter 6.

5.1.2 Oxidative coupling of methane (OCM). Another
interesting reaction that can be conducted by means of OTMs is
the oxidative coupling of methane. This reaction aims for the
direct production of ethylene, one of the world's largest
commodity chemicals and the fundamental building block of
the chemical industry without using syngas as intermediate.

2CH4 + O2 / C2H4 + 2H2O, DHR ¼�88.3 kJ mol�1 (17)

The typical reaction temperature is in the range of 750–
950 �C, required for the C–H bond activation. Major drawbacks
occruing at these temperatures are (i) competition of the
desired coupling reaction with oxidation reactions of both
methane and ethylene, as well as (ii) consecutive reactions
leading to selectivity-conversion problems.

Studies on the OCM (without using membranes) were rst
performed in the 1980–90s, due to the attractiveness of
obtaining ethylene and other light alkenes by means of such
direct way. A very wide variety of catalysts were tested aiming to
achieve high selectivity and yields to C2 hydrocarbons; mainly
consisting of alkali, alkaline earth, rare earth and transition
metal oxides.368 However, the poor results obtained led to
a decreased interest in the mid of 1990's, mainly due to the
difficulty of reaching the economically viable minimum yield
for ethylene (16–30%).

More promising recent OCM studies have focused on the
utilization of MIEC membranes distributing oxygen in the ionic
form O2�. This decreases considerably the oxygen partial pres-
sure in the gas bulk phase and, thus, the formation of COx. In
consequence, the reaction towards ethylene production is
favored.

Several in particular single phase materials have been tested
in the past, mainly perovskites and uorites,365 but also a few
dual-phase membranes as reported by Yaremchenko et al. in
2008.266 Besides stability issues of membrane materials, the
complexity of the OCM reaction leads to chemical engineering
issues in reaction control, e.g. residence time, choice of catalyst
etc. Therefore, the performance in this early-stage development
is still low, but expected to increase when an interdisciplinary
approach is applied.

5.1.3 Oxidative de-hydrogenation of ethane (ODHE). The
established way for producing ethylene at industrial scale is via
steam cracking, a highly endothermic and energy consuming
reaction carried out at z900 �C. Oxidative de-hydrogenation of
ethane is an attractive alternative producing ethylene in an
energy efficient way at temperatures of 500–600 �C.

C2H6 þ 1

2
O2/C2H4 þH2O; DHR ¼ �105 kJ mol�1 (18)

The drawback of this reaction concept is the need of
molecular oxygen (or enriched air) to perform the oxidative de-
hydrogenation at high conversion rates. Here undesired
This journal is © The Royal Society of Chemistry 2022
combustion reactions, in particular highly exothermic total
oxidation of ethane and ethylene (DHR ¼ �1428 and DHR ¼
�1323 kJ mol�1, respectively), can decrease ethylene selectivity
and yield (i.e. selectivity-conversion problem). Therefore, the
use of OTMs in ODHE reactions is of great interest, since ionic
oxygen supply could minimize undesired side-reactions by
reducing oxygen partial pressure, enabling higher ethylene
yields.

In recent years, some groups have been performing ODHE
tests over MIEC membranes, mainly using perovskites as BSCF
and BCFZ,369 as well as rare earth-doped ceria.370 High ethylene
yields have been obtained at 850 �C for surface activated
ceramic membranes, up to 81% for BSCF,371 and 84% in the
case of CTO.371 Despite the promising results obtained on single
phase MIEC membranes, there are no published works focused
on ODHE reaction on composite membranes. However, dual-
phase membranes are a very promising in particular because
of their typically better stability and performance at interme-
diate temperatures, and should be tested in ODHE reactions in
the near future.

5.1.4 Thermal decomposition of oxides such as H2O and
CO2. In membrane reactors oxygen is permeating due to
a chemical potential gradient of oxygen from one side (high
pO2) to the other (low pO2). The high pO2 side is typically air
because it is an abundant and cheap source of molecular
oxygen. However, the oxygen can also originate from gaseous
oxides in particular H2O and CO2. Besides water-, CO2-, or co-
electrolysis, membrane reactors are a promising solution not
requiring scarce resources of (renewable) electricity.

Water dissociation into hydrogen and oxygen has been
demonstrated to be possible by means of the utilization of
single phase,372 and also of dual phase membranes.373 However,
to perform the reaction coupling the water splitting reaction
with other reactions on the permeate side (e.g. POM, OCM or
ODHE) is required, generating a high oxygen partial pressure
gradient, and displacing the water splitting equilibrium reac-
tion to the formation of H2 and O2 due to continuous oxygen
extraction by means of permeation. Classical single-phase per-
ovskitic MIEC membranes, i.e. cobaltites or ferrites, are rather
prone towards deep reduction and, thus, unstable. Only few
materials are specically developed for stable operation in these
and only these conditions, i.e. reducing atmosphere at both
sides of the membrane.374 Therefore, dual-phase membranes
are promising due to their applicability to both oxidizing and
reducing atmospheres.

In early works, water thermolysis studies conducted on
composite membranes considered as materials the use of
Gd0.2Ce0.8O1.9�d–Gd0.08Sr0.88Ti0.95Al0.05O3�d,373 Ni–Ce0.8Gd0.2-
O1.9�d or Cu–Ce0.8Gd0.2O1.9�d cermet membranes,375 40% vol.
belonging to the metallic phase. For the Ni–CGO cermet
membrane a H2 production rate of 6 ml min�1$cm�2 at 900 �C
was obtained from the decomposed steam at the feed side.
Recently, Liang et al. considered a dual-phase membrane con-
sisting of Ce0.8Sm0.2O2�d–Sr2Fe1.5Mo0.5O5+d for coupling POM
and water splitting reactions.376 With this approach, they ob-
tained a CO selectivity of 98%, a CH4 conversion of 97% on the
POM side and a H2 production of 1.5 cm3 (STP) min�1 cm�2 on
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2177
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the H2O splitting side. It is expected that in near future the
number of studies including thermolysis of CO2 will signi-
cantly increase because of the importance of mitigating climate
change as well as the progress made in materials development
of dual-phase membranes. One example of this is the work
conducted on Ce0.9Pr0.1O2�d–Pr0.6Sr0.4FeO3�d dual-phase
membranes for the one-step thermochemical conversion of
CO2 and H2O to synthesis gas coupled with POM on the other
membrane side,377 obtaining a syngas production rate of 1.3
ml min�1 cm�2 at 930 �C for a H2O/CO2 feed ratio of 5 : 1 with
H2O and CO2 conversions of 1.7% and 4.2%, respectively.

Another emerging eld is the use of plasma-assisted
decomposition of CO2.378,379 CO2-plasmas are generated, e.g.
by microwaves, forming CO and O in signicant conversions at
reasonable temperatures of 1000–1500 �C. The oxygen needs to
be extracted immediately to avoid recombination to CO2. The
process can also be applied to other plasmas, such as H2O
plasmas for hydrogen generation. The technology is in early
stage and requires interdisciplinary R&D in all aspects, in
particular oxygen separation. This could be a promising case for
membranes due high, but reasonable temperatures, and high
oxygen content not necessarily requiring reducing atmospheres
at the permeate side.

5.2 Oxy-fuel combustion

Oxy-fuel combustion is considered to be an energy-efficient
process for Carbon Capture and Storage (CCS) in power plants
or other combustion processes. It consists in the combustion of
coal (or another fuel) under an oxygen-rich atmosphere. Oper-
ating under such conditions presents the following advantages:
(i) an increase in the combustion efficiency, permitting a higher
ame temperature in the furnace, (ii) a ue gas stream con-
taining mainly CO2 (80–88%) and H2O, but neither CO nor NOx,
and (iii) the ability to capture easily generated CO2 by means of
CCS systems. The process requires high purity oxygen (>95%) in
large quantities, which is typically produced by Air Separation
Unit (ASU) or by PSA. OTMs are a promising alternative for
oxygen production at the high temperature and the integration
of OTM into high temperature processes as coal oxy-
combustion could save energy in the oxygen production
because the operation temperature of the OTM reactor and the
combustion temperature (850–1000 �C) are in the same range.
Indeed, the theoretical energy demand for oxygen production
via OTMs would be signicantly lower compared to cryogenic
air separation. Several studies reported the effective energy
Fig. 15 Illustrations of (a) 4-end mode (direct) and (b) 3-end mode (ind

2178 | J. Mater. Chem. A, 2022, 10, 2152–2195
demand values of 147 kW per h per tO2 (ref. 380) and 185 kW
per h per tO2 (ref. 381) for plants equipped with the OTM
technology, while the energy consumption for cryogenic distil-
lation has been put at 220–245 kW per h per tO2 for large scale
production,382–384 and 280–340 kW per h per tO2 for small-to
medium-scale plants.381

The integration of OTMs in the oxy-fuel combustion process
can be applied in two ways called the 4-end mode and the 3-end
mode. Fig. 15a and b illustrate the two options, respectively. The
two processes can be distinguished according to two parame-
ters: the membrane integration (direct/indirect) and the oper-
ation mode (sweep gas/vacuum). The 3-end mode membrane
module is indirectly integrated to oxy-fuel combustion power
plants. In this conguration, the membrane module generates
pure oxygen, which is subsequently diluted with recirculated
ue gas to control the combustion process in the boiler. The
membrane module is, therefore, not in direct contact with the
ue gas. Vacuum pumps are required to remove the oxygen
from the membrane. Conversely, the 4-end mode integrates the
membrane module in direct contact with the ue gas. The
recirculated ue gas is used as a sweep gas on the permeate side
of the membrane and is thus directly diluting the oxygen and
ready for combustion.385 Consequently, the 4-end mode
membrane module does not require additional turbomachinery
and consumes less energy than the 3-end mode. Up to 60%
reduction in capture energy demand compared to cryogenic air
separation can be achieved by using thermally integrated
separation modules (4-end mode) based on ceramic OTMs.380,384

The main drawback for OTMs to be used in oxy-fuel process
are the harsh operation environments to which the membranes
are exposed when in direct contact with the fuel or ue gas. The
composition of the ue gas of oxy-fuel power plants is inu-
enced by several parameters: oxygen purity, fuel composition
and air intrusion. Therefore, the composition of the ue gas
varies from case to case. Nevertheless, it is commonly composed
mainly of CO2 (80–90 mol%) and contains a limited amount of
N2 (8–10 mol%), H2O (2–3 mol%), O2 (2–3 mol%) and SO2 (200–
500 ppm).386 No OTM exhibited sufficiently high performances
under such conditions to be commercialized yet. Therefore, the
main effort required for the integration of the OTM technology
in oxy-fuel combustion power plants is to develop high perfor-
mance and stable membranes under realistic power plant
conditions. Dual-phase membranes have proven to be stable in
carbon dioxide containing environments and have showed
acceptable oxygen permeation values, being in the range 0.2–
irect) integration of OTMs into oxy-fuel combustion power plants.

This journal is © The Royal Society of Chemistry 2022
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Fig. 17 OTM combined reformer for IGCC power systems concept
developed by Praxair, Inc.252
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0.52 ml min�1 cm�2 at a temperature about 1000 �C. It should
be noticed that these results were obtained in non-reducing
atmospheres (no H2, CH4 or CO present); in the presence of
reducing gases higher uxes can be expected.

In terms of performance and stability in CO2, also recent
results from Luo and co-workers197,202,205 should be high-lighted,
in which a new group of cobalt-free Cu-based dual-phase oxygen
permeation membranes made up of Ce0.9Pr0.1O2 and PrxSr1�x-
Fe1�yMyO3 (M ¼ Cu, Bi, In) is reported. The composition with
Pr0.4Sr0.6Fe0.95Cu0.05O3 yielded in an oxygen permeation ux of
0.98 ml min�1 cm�2 when using CO2 as sweep gas, showing
potential for application in CO2 capture based on the oxy-fuel
combustion.

Dual-phase OTMs were also tested under SO2 atmosphere
showing lowered oxygen permeation uxes due to SO2 adsorp-
tion in competition to oxygen blocking active sites for the
surface exchange reactions. Nevertheless, no structural
degradation/chemical reactions such as sulfate-formation were
found aer SO2 exposure and, thus, performances recover in
clean atmosphere.144,145,149 These results, despite being prom-
ising are still too low for considering composite materials as
ready-to-use in oxy-fuel installations, for what it is needed
further investigation on the matter. In this context, coating
high-performance LSCF or BSCF MIEC membranes with thin,
protective dual-phase layer (e.g. Fe2NiO4–Ce0.8Tb0.2O2) as
recently reported by Gaudillere et al.230 seems to be an inter-
esting concept which should be further explored.
6 Existing industrial applications for
oxygen transport membranes
6.1 Praxair, Inc. integrated gasication combined cycle

Signicant efforts have been made to develop OTMs for inte-
gration in the diverse industrial applications described above.
The state-of-the-art OTM in industry is a CH4-reforming pilot-
scale system developed by Praxair, Inc., which can be attached
to, for example, a coal-gasication train (Fig. 16) in the so-called
integrated gasication combined cycle (IGCC). The OTM system
is used to adjust the H2/CO ratio in the syngas stream from the
coal gasication process. Syngas mixtures with the proper H2/CO
Fig. 16 Diagram of the integrated gasification combined cycle (IGCC). T
FT ¼ Fischer Tropsch, DME ¼ dimethyl ether).389

This journal is © The Royal Society of Chemistry 2022
ratio can be used subsequently in catalytic reactions to generate
liquid fuels, as well as oxygenated organic compounds, such as
methanol, acetic acid, and dimethyl ether (DME).1,24,387–390

The concept for an OTM system is shown in Fig. 17 and is
based on the integration of steam methane reforming (SMR),
auto-thermal reforming (ATR) and air separation unit (ASU)
processes in a single reactor working between 900 �C and 1050 �C
at 27.5 bar.252 The ATR occurs in the OTM tube, where the OTM
also acts as the ASU. The combination of the units increases the
thermal efficiency by combining endothermic (SMR) and
exothermic (ATR) processes, as well as increasing the yield of H2

and CO in the syngas product. The steam reforming step partially
converts the CH4 into synthesis gas, as well as converting heavier
hydrocarbons into CH4, H2 and carbon oxides. When supplied
with CH4 conversion rates of >99% and 70 vol%H2 content in the
syngas with a H2/CO ratio of 3.4 can be obtained.389

6.1.1 OTM system arrangement. Fig. 18 shows an example
conguration of the OTM system. The ATR–ASU (OTM) tubes are
arranged in modules using ‘M-pin’ assemblies, which are con-
structed from OTM tubes, ceramic-to-ceramic connectors, metal-
to-ceramic seals, and isolation valves. These ‘M-pin’ assemblies
are set parallel to a bank of metallic SMR tubes in a metal frame,
he syngas is enhanced by an OTM reforming system (NG ¼ natural gas,
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Fig. 18 Arrangement of the (a) M-pin assembly and (b) OTM unit panel arrays.389

Fig. 19 Picture of (a) a single OTM unit panel array and (b) scaling panel size concept for large-scale applications.389
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which also includes the gas manifolds, from the ‘panel array’
assembly. The panel arrays are stacked to form a ‘reactor pack’
and then assembled into modular trains (Fig. 19). Besides
upscaling, the modular arrangement facilitates heat transfer
between the OTM tubes to the metallic SMR tubes and the high
packing density results in a reduced furnace volume (70%),
catalyst volume (85%), and metal material volume (85%) relative
to a conventional SMR at the same syngas production rate.252,391

Preliminary techno-economic analysis has shown that
carbon capture increases from 83% to 92% by using the OTM
combined reformer in an IGCC plant and a HHV net plant
efficiency could increase from 32% to 35% in comparison to the
coal gasication plant. The expected cost of the plant using
OTM is estimated as $3840 USD kW�1.252,389

6.1.2 OTM combined reformer operation, materials and
fabrication. As mentioned above, the OTM combined reformer
consists of two processes: a conventional SMR and the OTM
acting as both an ATR and ASU. Approximately 60% to 70% of
the methane reforming occurs in the SMR (primary reforming),
while the remaining methane is reacted in the ATR section
2180 | J. Mater. Chem. A, 2022, 10, 2152–2195
(secondary reforming). SMR and ATR are subjected to different
operating conditions, thus different materials and catalysts are
needed for each unit.389

The primary reformer is a tube made of a metal alloy stable
at high temperature, such as Inconel 625 or 800HT, with an
inner diameter of 1.25 cm. A catalyst-coated spiral metal
monolith made of 800HT alloy (Fig. 20) is inserted inside the
metal alloy tubes. The reforming catalyst is a Praxair, Inc.
formulation based on Ni, Rh, Al2O3, CeO2 and YSZ with high
coking resistance. The SMR unit operates between 13.8 and 29.3
bar at temperatures between 800 �C and 900 �C with a steam-to-
carbon ratio of 1.5.389,392

The secondary reformer technology, in its current form, has
been in development since 2010. It consists of a tubular OTM
with a diameter of approximately 10 mm. The OTM operates at
temperatures between 900 �C and 1000 �C, thus, materials with
exceptional redox resistance are required. The OTM is a multi-
layer tubular architecture consisting of thin dense and porous
functional layers supported on a mechanically robust yttria-
doped zirconia porous support fabricated by extrusion. The
This journal is © The Royal Society of Chemistry 2022
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Fig. 21 Schematic of the OTM developed by Praxair®. (1) Surface
exchange layer; (2) active membrane; (3) fuel oxidation layer; (4)
porous support; (5) reforming catalyst layer.393

Fig. 20 Picture of (a) the components of the primary reformer (tube
and catalysts support) and (b) catalyst-coated spiral metal monolith.389

Fig. 23 Fabrication process of the oxygen membranes.393
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sintered tubes have thickness of approximately 1 mm and are
designed to work at 29 bar and 1000 �C; however, they are have
demonstrated the ability to withstand burst pressures in excess
of 100 bar.389,393 A schematic of the architecture of the
membrane is shown in Fig. 21.

The inner side of the tube (layer 5 in Fig. 21) is coated with
a reforming porous catalyst layer based on Ni, Rh, Al2O3 and
Fig. 22 Microstructure of the OTM showing the functional layers of th
coatings (middle) and the reforming catalyst layer (right).389

This journal is © The Royal Society of Chemistry 2022
YSZ ca. 15 mm thick deposited by wash-coating. The active
oxygen separation membrane (layer 2 in Fig. 21) is based on
a dual-phase composite of (La0.8Sr0.2)0.98Cr0.3Fe0.7O3�d (LSCrF)
and Zr0.802Sc0.18Y0.018O2�d (ScYSZ) with an approximate 40 : 60
volumetric ratio. On the opposing surfaces of the separation
membrane are two porous catalytic layers (surface exchange
layer and fuel oxidation layer) of the same dual-phase
composite. The thicknesses of the surface exchange,
membrane and fuel oxidation layers are approximately 10, 15
and 15 mm respectively. Fig. 22 shows the OTM tubes and the
microstructure of the OTM and reforming side, as well as
a picture of the OTMs aer sintering.389

The multi-step fabrication process of an OTM tube is sum-
marised in Fig. 23. The process starts with debinding of the
extruded tubes at 1050 �C for 4 h in air. Aer cooling, the fuel
oxidation and the membrane layers are deposited. The coated
layers and the support are sintered at 1350–1400 �C for 6 hours
in an inert atmosphere (e.g. N2). Finally, the surface exchange
and the reforming catalyst layers are deposited and pre-sintered
at 1250 �C for 30 minutes in air atmosphere. A yield of 96% is
reported following this method.389
e OTM (left), a picture of the sintered membranes with the different
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6.1.3 OTM combined reformer performance. Performance
and stability of a single OTM was studied using oxygen
permeability tests for a period of 5000 h at 950 �C and a fuel
pressure of 13.8 bars. During the rst 1000 h H2/N2 was fed to
the fuel side to obtain a baseline without interference of the
methane reforming reactions and then the membrane was
stabilised in reforming mode. A mix of 62.9% H2, 11.3% CH4

and 25.7% H2O was fed for 4000 h at 950 �C.389

Fig. 24a shows the normalized oxygen ux, where ‘1’ is the
oxygen ux targeted by Praxair, Inc.389 As observed, the opera-
tion of the membrane is very stable during the test. Similar
stability tests were performed using 24 bar for 1000 h showing
high stability with normalized oxygen ux around 1.0. Thermal
treatment in reducing conditions at 1400 �C showed that the
dual-phase components and catalysts are unaffected and no
traces of La2Zr2O7 and SrZrO3 were identied.

Fig. 24b shows the tests of an OTM single panel consisting of
six primary reformers and nine OTM secondary reformers using
a mixture of simulated coal syngas/natural gas/steam for more
than 500 hours at a pressure of 10.3 bar.389 The natural gas
accounted for 30% of the high heating value (HHV) of the fuel
feed. Aer an initial equilibrium period, a stable oxygen ux is
obtained. The overall methane conversion aer both reformers
was 99.8%.

Similar methane conversion (99.5%) was obtained in an
IGCC pilot plant, using a 72 tube-multi panel unit working at
13.8 bar for 800 h.389 As in the panel tests, a simulated coal
syngas/natural gas/steam stream reacted with the oxygen
provided by the OTM. The composition of the feed gas was
12 vol% CH4, 37% H2O, 31 vol% H2 and 20 vol% N2. Aer the
IGCC, syngas with composition 0.04 vol% CH4, 61.4 vol%, H2,
8.2 vol% CO, 4.4 vol% CO2 and 25.8 vol% N2 was obtained.389

Although additional work is necessary to improve the
instrumentation and control system of the pilot plant, Praxair
has demonstrated important progress towards the commer-
cialization and application of OTMs to produce high-quality
syngas and enhance the syngas produced by coal-gasication,
reducing the amount of cryogenically-produced oxygen
required.
Fig. 24 (a) Long term test of the OTM combined reformer single tube
oxygen flux tests using synthetic coal syngas/NG/steam at 10.3 bar and

2182 | J. Mater. Chem. A, 2022, 10, 2152–2195
6.2 OTM for blue hydrogen production

Linde, formally Praxair R&D has developed world-class ceramic
membrane technology which has been demonstrated at pilot-
scale for conversion of natural gas to syngas. The existing
pilot-scale test infrastructure in Tonawanda, NY is currently
being re-purposed to demonstrate an advanced OTM-SMR blue
hydrogen technology. Tubular ceramic membranes are inte-
grated as heating elements into a Steam Methane Reformer
(SMR) furnace, replacing conventional air-red burners.
Combustion of hydrocarbon fuel is facilitated by oxygen that
has been transported from low-pressure furnace air, through
the ceramic membrane to pressured fuel contained in arrays of
manifolded, ceramic membrane burner elements. On fueling,
the elements ‘light-up’ and radiate heat to conventional SMR
tubes. CO2 that would normally leave in the SMR ue gas as
a combustion product from conventional air-red burners is
concentrated as CO2 in the OTM ceramic burner element outlet
manifold and remains isolated from the large volume of air that
ows through the furnace interior. As such, the OTM burner
elements facilitate air-separation, oxy-combustion, and CO2

capture in a single component. In addition to these features, the
ceramic burners require no external oxygen feed, require no
solvents or sorbents, produce no NOx emissions from
combustion, and in addition to CO2 also recover the water in the
combustion products, resulting in signicantly less water
consumption than a conventional SMR producing hydrogen.

The results of preliminary economic assessments at a scale
of 50 000 Nm3 hH2

�1, a natural gas price of $3/MMBtu, and
a power price of $50/MW h, suggest that OTM-SMR technology
has the potential to reduce the cost of CO2 capture by $30–40/
tonne as compared to the best-known post-combustion
capture technologies today.

The basic process for the OTM-SMR is shown in Fig. 25. A
mixture of high-pressure, preheated, and desulfurized natural
gas and steam enters conventional SMR tubes containing
catalyst where endothermic steam-methane reforming reac-
tions convert the fuel into a syngas mixture of H2, CO, CO2, H2O
and residual CH4. The mixture proceeds to cooling and a water-
gas shi to further convert residual CO to hydrogen, followed by
using simulated syngas at 950 �C and 13.8 bars. (b) OTM single panel
average temperature of 970 �C.389

This journal is © The Royal Society of Chemistry 2022
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Fig. 25 OTM- SMR high-level process schematic.
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hydrogen recovery within a pressure swing adsorption (PSA)
unit. A puried, high pressure hydrogen product exits the PSA
as primary product, while residual CO, CO2, CH4, and unre-
covered hydrogen exit as a low-pressure tail gas stream. In
a conventional SMR, this tail gas stream would be combusted
with air and some additional natural gas in the SMR furnace
providing heat to the primary reforming process and additional
process heat recovery and steam generation from the ue gas. In
a conventional SMR, ue gas discharged to atmosphere
contains all of the carbon from the natural gas provided to the
system in the form of CO2. In the OTM-SMR process, the PSA tail
gas is compressed, heated, and fed to the ceramic OTM burner
elements which can be thought of as ‘oxy-fuel gas heating
elements’, in that they perform the function of combusting the
PSA tail gas fuel with pure oxygen. The oxygen for combustion is
generated via in situ electrochemical separation from preheated
low-pressure air circulated through the furnace interior. The
tubular OTM burner elements ‘light-up’ and glow as the fuel
contained inside the elements is combusted with oxygen and
the released heat is radiated to the SMR tubes. The carbon that
would normally leave in the SMR ue gas, is concentrated as
CO2 in the OTM burner element outlet pipe. Once cooled and
dried, the concentrated CO2 streammay be sent to a liqueer, or
further puried, and compressed for pipeline transport.
7 Potential and required
development steps for future industrial
applications – an outlook
7.1 Potential performance of dual-phase membranes

As a rst step to investigate the applicability and potential
performance of a dual-phase composite system, a “best-case
estimation” of the oxygen ux should be made. Even if the
“best-case scenario” cannot technically be achieved, this
approach has the benet to assess if the selected dual-phase
This journal is © The Royal Society of Chemistry 2022
composite can in theory reach the performance required by
the targeted application.

An example of such an estimation for a dual-phase OTM is
described below. As “best case situation” it is assumed that the
Wagner equation (eqn (2)) is valid in the entire parameter range
i.e. neglecting surface exchange limitation as well as any impact
of porous supports required for thin membranes.

Dual-phase OTMs typically show permeation rate limitations
by the ionic conductivity. Therefore, a maximum portion of the
ionic conductor is benecial. In consequence, a best-case situ-
ation exists if the (hypothetical) dual-phase membrane consists
only of the ion conducting phase, and assuming an innite
electronic conductivity. In this case the ambipolar conductivity
equals the ionic one.

As ion conducting phase 20mol%Gd-doped ceria (CGO20) is
chosen as an example due to its high ionic conductivity at
intermediate temperatures, i.e. 500–600 �C.394 The targeted
permeation rate value (benchmark) considered the technical
relevant minimum ux requirement by the OTM community
varies from 1 to 10 ml cm�2 min�1.395,396

Using reported data for CGO20 (s410
�C

ionic ¼ 8,15 �
10�4 S cm�1; Ea¼ 70 kJmol�1),397 the upper bound of the oxygen
permeation rate can be calculated according to eqn (2) consid-
ering the thickness L, the absolute temperature T, and the

driving force ln
pOfeed

2

pOpermeate
2

as parameters. Here, p0 (correspond-

ing to pOfeed
2 ) is xed to air at ambient pressure, i.e. p0 ¼ 0.21

bar. For p00 (corresponding to pOpermeate
2 ) two concentrations are

chosen arbitrarily, i.e. p00 ¼ 0.005 bar mimicking typical oxygen
permeation tests using air and inert gas (Ar or He) as feed and
sweep gases, respectively and p00 ¼ 10�15 bar exemplarily for
membrane reactor applications.

In Fig. 26, the dependency of the oxygen ux on pressure
gradient, thickness and operating temperature is illustrated in
an Arrhenius plot. The orange line represents the hypothetical
oxygen ux across a 1 mm thick membrane lab operated in
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2183
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Fig. 26 The modelling of best-case performance of CGO20 for L ¼
0.05 and 1 mm, pO00

2 ¼ 0.005 and 10–15 bar, dashed line represents
oxygen flux of 1 ml cm�2 min�1 as well as experimental data of LSCF
and CGO–FCO 1 mm thick pellets.
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a 0.21/0.005 partial pressure gradient. It should be noticed that
both thickness and pressure gradient are the most common test
conditions reported, as shown in Table 1.

The reduction of the membrane thickness to 50 mm leads to
signicant improvement of the hypothetical oxygen ux as
illustrated by a shi along the Y-direction (green line). The same
tendency occurs by reduction of the sweep side partial pressure
from 0.005 bar to 10�15 bar (brown line). As expected, the
highest uxes can be achieved with a thin membrane operated
at high driving force (violet line). In these hypothetical cases the
“best-case estimation” equals the benchmark performance of
1 ml cm�2 min�1 already at temperatures above 470 �C.

For comparison, Fig. 26 also shows experimental data of
1 mm thick membrane pellets (single phase perovskite La0.6-
Sr0.4Co0.2Fe0.8O3�d (LSCF) and CGO20-based surface activated
dual-phase composite). The experimental data were driving
Fig. 27 Left: 11 mm thin asymmetric membrane made of Ce0.8Gd0.2O2�
CGO–FCO with porous LSCF top-coating as well as advanced surface a
a Ce/Pr-based catalyst infiltrated into both top coating and porous CGO

2184 | J. Mater. Chem. A, 2022, 10, 2152–2195
force normalized to p00 ¼ 0.005 bar (an average value of O2

concentration measured by mass spectrometry during the
permeation test). At 1000 �C, LSCF comes close to the bench-
mark (coincidently equal to the upper bound of CGO) and
utilizing thin supported membranes it is reported that it can
easily exceed the benchmark value at temperatures above
800 �C.9,398 However, due to a relatively high activation energy,
LSCF reaches only 2.5% of the upper bound of CGO at 650 �C.
The second material (black squares, Fig. 26), a CGO-based
composite using FeCo2O4 spinel as second phase (CGO–
FCO),16,253 shows signicant lower activation energy. Below
800 �C a better performance compared to LSCF, reaching
approx. 30% of the upper bound at 650 �C, can be observed.
Please note, that this specic membrane is given here as an
example for illustration, and the authors consider it as one out
of many applicable composites. However, the benet of CGO20-
based dual-phase membranes in comparison to single-phase
perovskites at lower temperature is considered to be systematic.

While for thicker membranes, i.e. 1 mm, the experimentally
measured performance and the “best case estimations” are in
reasonable agreement, large discrepancies can be found for
thinner membranes. As example, the experimental data for an
11 mm thin supported CGO–FCO composite membrane
(prepared by tape casting) is shown in Fig. 27. While the
measured performance exceeds the benchmark at higher
temperatures, the gap between the respective upper bound
(orange coloured line) and experimental values increases
signicantly. Moreover, the activation energy drastically
increases below 900 �C. This is strongly indicating surface
exchange limitations, as discussed in Sub-section 1.3.3. In
particular the surface activation of the membrane support
interface, a place which is not easily accessible for catalyst
integration, seems performance limiting. In consequence, an
advanced activation using a Ce/Pr-based catalyst inltrated into
the support as well as a porous composite top-coating was
carried out. A clear performance improvement at intermediate
d–FeCo2O4 composite (CGO–FCO) right: performance of asymmetric
ctivation using (Ce,Tb)O2–NiFe2O4 composite porous top coating and
–FCO support.

This journal is © The Royal Society of Chemistry 2022
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temperatures (Fig. 27, green square symbols) was achieved, but
nevertheless there is obviously still dramatic need for
optimization.

Another example of theoretical estimation of dual-phase
OTMs performances was described in the literature.120 The
authors calculated the theoretical oxygen permeation uxes of
1000 mm thick and 110 mm thick 10Sc1YSZ–LCCN OTMs and
compared them to the experimental values. Theoretical oxygen
permeation uxes were calculated considering different
scenario: (i) the permeation ux is mainly limited by bulk
diffusion limitation, the oxygen ux can be characterized by the
Wagner equation (eqn (2)), (ii) the permeation ux is also limited
by surface exchange kinetics, the contribution of the catalyst
layers (8YSZ–LSM in this study) to the overall resistance of the
membrane must also be taken into account, and (iii) the oxygen
permeation ux was calculated considering the contribution of
the catalyst layers and a tortuosity factor corresponding to the
fact that the ionic path is “blocked” by the electronic conducting
phase in the case of dual-phase OTMs. For these calculations the
8YSZ–LSM resistances were taken from studies published by Kim
et al.399 and Barfod et al.400 The tortuosity factor was estimated at
2 from the literature.179 The ambipolar conductivity of the
membrane was approximated as samb x sionic x csionic,10Sc1YSZ,
where c is the volume percentage of 10Sc1YSZ in the composite
membrane. The ionic conductivities of 10Sc1YSZ from 750 �C to
950 �C were selected in a study of Irvine et al.401 The experimental
(symbols) and theoretical (lines) oxygen permeation uxes
through 10Sc1YSZ–LCCN OTMs published in this study are
presented Fig. 28. The gure shows that the theoretical oxygen
permeation uxes become fairly close the experimental ones
once the Wagner equation and the contribution of the catalyst
layers and the tortuosity factor are considered. More details
about these theoretical calculations can be found in the ESI
material of the study.120

The principal trends of this specic examples are expected to
be general for dual-phase OTM. Therefore, the approach
Fig. 28 Experimental (symbols) and theoretical (lines) oxygen
permeation fluxes through 10Sc1YSZ–LCCN (70–30 vol%)
membranes coated with a 8YSZ–LSM (50–50 vol%) catalyst layer on
both sides as a function of the temperature. The experiment was
performed in air/N2 atmosphere.

This journal is © The Royal Society of Chemistry 2022
described here will help to analyse future developments and to
identify the bottlenecks requiring optimizations.

Required future R&D directions includes microstructuring of
dual phase membranes in order to utilize the potential of the
chosen ion conductor as much as possible, i.e. maximizing the
ambipolar conductivity. A real breakthrough, however, can only
be expected once a novel material with superior ionic conduc-
tivity is developed, which is currently not in sight. The material/
microstructure optimization should be accompanied with
developing thin membranes, e.g. asymmetric membranes or
capillaries/hollow bres. In this context special attention must
be laid on catalysts and their application facilitating oxygen
surface exchange.
7.2 Required development steps for future industrial
applications

Besides recent progress in OTM research, more R&D efforts are
necessary to bring OTM technology to market. The ones
considered most relevant are summarized below:

7.2.1 Development of membrane materials robust enough
for direct integration. Process intensication by integrating
OTM membranes directly into processes (“deep integration”),
such as partial oxidations or ue gas enrichment (cf. Chapter
6.3), is a promising option to signicantly increase the overall
efficiency. Due to the harsh operation conditions, dual-phase
OTMs are the most promising type of oxygen membrane real-
izing this vison. Nevertheless, the exact choice of the materials
highly depends on the targeted application, which denes the
specic operation conditions. It is not expected that one
membrane will suit all applications, while on the other hand it
is not feasible/realistic to develop a new composition/composite
for each application. Therefore, the suggested strategy is to
develop a “material tool box” with a couple of different
membrane compositions for clusters of applications. Next to
the actual performance in terms of oxygen ux, selection
criteria for possible materials and composites should be (i)
reliable operation, i.e. high stability leading to low degradation
in long-term operation and (ii) reasonable costs, for raw mate-
rials as well as for manufacturing.

Attention has to be paid that typical oxygen reduction cata-
lysts used in OTMs, e.g. cobaltites and ferrites, might have
negative impact on the targeted chemical reactions. Therefore,
cross-cutting activities with the catalysis community are
required in order to nd suitable catalysts and ways to integrate
these into the membrane assembly.

7.2.2 Membrane manufacturing, sealing and development
of advanced integration schemes. Several membrane geome-
tries and manufacturing routes are available as described in
Sections 3 and 4, respectively. Which of them are most prom-
ising, has to be evaluated for the different applications, but
generally speaking thin asymmetric membrane on robust
supports seem to be a promising approach. Also, membrane
processing needs to be optimized in order to achieve reliable
components in mass production, a goal that maybe is easier to
reach for simpler membrane geometries. Additionally, the
sealing (or joining) of the ceramic membranes to other
J. Mater. Chem. A, 2022, 10, 2152–2195 | 2185
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components needs special attention. To develop a sealing
technology is not only a material design challenge, but to a large
extent also a module design task. Here, temperature, chemical
environment, and sealing geometry have to be considered
simultaneously.

7.2.3 Active development of auxiliary components. To
realize advanced integration schemes, not only the membranes
need to be improved. Future development must go hand in hand
with developing/upscaling of the auxiliary components such as
pumps/compressors and heat exchangers needed for integration.
Moreover, chemical engineering needs to nd smart ways of
membrane integration since such strong process intensication
naturally leads to great challenges in controlling all kinds of
processes from oxygen separation to chemical reactions
including heat management – all at the same time in the same
place. In some cases lower process intensication although less
efficient might be more promising at least in short-to mid-term
because of a more reliable operation. Aer gaining experience
deeper membrane integration might be decided.

7.2.4 Demonstration in stepping-stones. It is undoubtable
that OTM has a great potential on large scale, but the needed
investment and the accompanying risks to implement OTM on
this large scale, requiring not only millions of membranes but
also auxiliary components, are too high. Here stepping-stones
and proof-of-concept plants on a smaller scale are needed to
gain experience in component design, manufacturing and
operation, and thereby create references for the technology.

A vision for future application areas and a market entry
vision are illustrated in Fig. 29. OTM technology is expected to
enter the market in special niche applications, in which pure
oxygen is required “on demand” on a relatively small scale. Such
2186 | J. Mater. Chem. A, 2022, 10, 2152–2195
application could be chemistry laboratories (for combustion
analyzers, calorimeters, etc.) or medical application (here one
must consider long and costly validation steps). Most likely
single-phase MIEC membranes are the preferred option over
dual-phase membranes in these niche applications, as no
exposure to reducing atmospheres or high impurity concen-
trations are expected. In parallel, more process intensied
schemes, i.e. membrane reactors, need to be pursued where
dual-phase membranes are very promising due to corrosive and
reducing atmospheres.

The next market segment is the on-site production of oxygen
on a medium scale, e.g. to cover the supply of hospitals, in the
specialty ceramic or glass industry for various small scale oxy-
fuel processes or in the food industry. These ‘stepping-stones’
are considered very important in the roll out strategy of the
OTM technology. The reliability and performance stability
demonstrated in these early markets are expected to create
references for the technology and help to nd investors for
larger demonstration projects anticipated in the future.

The future energy sector is expected to develop in a direction
of more decentralized power generation with less use of fossil
fuels. Nevertheless, carbon capture and utilization (CCU) tech-
nologies are needed to match the trend in the circular economy
relying on “renewable” fuels and polymers. Here OTM tech-
nology for use in oxy-fuel schemes as well as gas-to-X (e.g. biogas
upgrading) is a promising solution. Due to the modular design
of membrane technology, it is well suited for small andmedium
scale whereas mature technology like cryogenic air separation
needs large-scale centralized facilities with additional transport
expenditure and PSA requires too much energy. Once the
technology is established on medium scale, large scale
This journal is © The Royal Society of Chemistry 2022
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application such as steel industry, cement production, or bulk
chemical industry can be targeted for large scale technology
demonstration. Lower TRL research, of course, is required
already in earlier stages.
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V. Pomjakushin and L. Daza, Dalt. Trans., 2006, 4377–4383.
56 V. V. Kharton, A. A. Yaremchenko, A. L. Shaula,

M. V. Patrakeev, E. N. Naumovich, D. I. Logvinovich,
J. R. Frade and F. M. B. Marques, J. Solid State Chem.,
2004, 177, 26–37.

57 E. N. Naumovich and V. V. Kharton, J. Mol. Struct.
THEOCHEM, 2010, 946, 57–64.
2188 | J. Mater. Chem. A, 2022, 10, 2152–2195
58 A. L. Shaula, E. N. Naumovich, A. P. Viskup, V. V. Pankov,
A. V. Kovalevsky and V. V. Kharton, Solid State Ionics,
2009, 180, 812–816.

59 V. V Kharton, A. P. Viskup, E. N. Naumovich and
F. M. B. Marques, J. Mater. Chem., 1999, 9, 2623–2629.

60 D. ping Huang, Q. Xu, F. Zhang, W. Chen, H. xing Liu and
J. Zhou, Mater. Lett., 2006, 60, 1892–1895.

61 S.-Y. Jeon, M.-B. Choi, H.-N. Im, J.-H. Hwang and S.-J. Song,
J. Phys. Chem. Solids, 2012, 73, 656–660.

62 J. B. Smith and T. Norby, J. Electrochem. Soc., 2006, 153,
A233–A238.

63 Y. Takeda, R. Kanno, M. Sakano, O. Yamamoto, M. Takeda,
Y. Bando, H. Akinaga, K. Takita and J. B. Goodenough,Mat.
Res. Bull., 1990, 25, 293–306.

64 V. V. Vashook, S. P. Tolochko, I. I. Yushkevich,
L. V. Makhnach, I. F. Kononyuk, H. Altenburg, J. Hauck
and H. Ullmann, Solid State Ionics, 1998, 110, 245–253.

65 S. Engels, T. Markus, M. Modigell and L. Singheiser, J.
Memb. Sci., 2011, 370, 58–69.

66 F. Zeng, S. Baumann, J. Malzbender, A. Nijmeijer,
L. Winnubst, O. Guillon, R. Schwaiger and
W. A. Meulenberg, J. Memb. Sci., 2021, 628, 119248.

67 L. Fischer, K. Neuhaus, C. Schmidt, K. Ran, P. Behr,
S. Baumann, J. Mayer and W. A. Meulenberg, J. Mater.
Chem. A, 2021, DOI: 10.1039/d1ta05695f.

68 T. J. Mazanec, T. L. Cable and J. G. Frye, Solid State Ionics,
1992, 53, 111–118.

69 K. Wu, S. Xie, G. S. Jiang, W. Liu and C. S. Chen, J. Memb.
Sci., 2001, 188, 189–193.

70 J. W. ten Elshof, N. Q. Nguyen, M. W. den Otter and
H. J. M. Bouwmeester, J. Electrochem. Soc., 1997, 144,
4361–4366.

71 K. Kobayashi and T. Tsunoda, Solid State Ionics, 2004, 175,
405–408.

72 F. T. Akin and J. Y. S. Lin, J. Memb. Sci., 2004, 231, 133–146.
73 J. Kim and Y. S. Lin, J. Memb. Sci., 2000, 167, 123–133.
74 C. S. Chen, Fine Grained Zirconia-Metal Dual Phase

Composites (ref 74 Chen thesis 1994), University of Twente,
1994.

75 C. S. Chen and a J. Burggraaf, J. Appl. Electrochem., 1999, 29,
355–360.

76 C. S. Chen, H. Kruidhof, H. J. M. Bouwmeester, H. Verweij
and A. J. Burggraaf, Solid State Ionics, 1996, 86–88, 569–572.

77 T. H. Lee, Y. L. Yang and A. J. Jacobson, Solid State Ionics,
2000, 134, 331–339.

78 P. Seeharaj and A. Atkinson, Solid State Ionics, 2011, 204–
205, 46–52.

79 W. Bai, J. Feng, C. Luo, P. Zhang, H. Wang, Y. Yang, Y. Zhao
and H. Fan, Int. J. Hydrogen Energy, 2021, 46, 36257–36290.

80 D. Wang, Y. Guo, K. Liang and K. Tao, Sci. China, Ser. A,
1999, 42, 80–86.

81 H. Arashi and H. Naito, Solid State Ionics, 1992, 53–56, 431–
435.

82 Y. Nigara, Y. Kosaka, K. Kawamura, J. Mizusaki and
M. Ishigame, Solid State Ionics, 1996, 86–88, 739–744.

83 H. Yanagida, K. Koumoto, K. Komoto and M. Miyayama,
The Chemistry of Ceramics, 1996, 173.
This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta07898d


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
1/

7/
20

25
 2

:4
7:

47
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
84 X. J. Chen, K. A. Khor, S. H. Chan and L. G. Yu, Mater. Sci.
Eng. A, 2002, 335, 246–252.

85 V. V. Kharton, E. N. Naumovich and A. a. Vecher, J. Solid
State Electrochem., 1999, 3, 61–81.

86 J. W. Fergus, J. Power Sources, 2006, 162, 30–40.
87 J. B. Goodenough, Annu. Rev. Mater. Res., 2003, 33, 91–128.
88 S. J. Skinner and J. A. Kilner, Mater. Today, 2003, 30–37.
89 T. Ishihara, N. M. Sammes and O. Yamamoto, in High-

temperature Solid Oxide Fuel Cells: Fundamentals, Design
and Applications, 2003, pp. 83–117.

90 J. W. Fergus, J. Miner. Met. Mater., 2007, 56–62.
91 O. Yamamoto, Electrochim. Acta, 2000, 45, 2423–2435.
92 Y. Arachi, H. Sakai, O. Yamamoto, Y. Takeda and

N. Imanishai, Solid State Ionics, 1999, 121, 133–139.
93 S. P. S. Badwal, F. T. Ciacchi and D. Milosevic, Solid State

Ionics, 2000, 136–137, 91–99.
94 T. H. Estell and S. N. Flengas, Chem. Rev., 1970, 70, 339–376.
95 O. Yamamoto, Y. Arati, Y. Takeda, N. Imanishi, Y. Mizutani,

M. Kawai and Y. Nakamura, Solid State Ionics, 1995, 79,
137–142.

96 A. Weber and E. Ivers-Tiffée, J. Power Sources, 2004, 127,
273–283.

97 V. V. Kharton, F. M. B. Marques and A. Atkinson, Solid State
Ionics, 2004, 174, 135–149.

98 V. G. Artemov, I. E. Kuritsyna, S. P. Lebedev, G. a Komandin,
P. O. Kapralov, I. E. Spektor, V. V Kharton, S. I. Bredikhin
and a a Volkov, Russ. J. Electrochem., 2014, 50, 690–693.

99 W. H. Kan, A. J. Samson and V. Thangadurai, J. Mater.
Chem. A, 2016, 4, 17913–17932.

100 S. Wang, T. Kobayashi, M. Dokiya and T. Hashimoto, J.
Electrochem. Soc., 2000, 147, 3606–3609.

101 B. C. H. Steele, Solid State Ionics, 2000, 129, 95–110.
102 M. Mogensen, N. M. Sammes and G. A. Tompsett, Solid

State Ionics, 2000, 129, 63–94.
103 J. M. Ralph, A. C. Schoeler and M. Krumpelt, J. Mater. Sci.,

2001, 36, 1161–1172.
104 H. Inaba and H. Tagawa, Solid State Ionics, 1996, 83, 1–16.
105 E. Ivers-Tiffée, A. Weber and D. Herbstritt, J. Eur. Ceram.

Soc., 2001, 21, 1805–1811.
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108 M. Balaguer, C. Soĺıs and J. M. Serra, J. Phys. Chem., 2012,

116, 7975–7982.
109 M. Mogensen, T. Lindegaard, U. R. Hansen and

G. Mogensen, J. Electrochem. Soc., 1994, 141, 2122–2128.
110 Y. Lin, S. Fang, D. Su, K. S. Brinkman and F. Chen, Nat.

Commun., 2015, 6, 6824.
111 J. Zhang, C. Lenser, N. H. Menzler and O. Guillon, Solid

State Ionics, 2020, 344, 115138.
112 H. J. B. P. J. Gellings, The CRC Handbook of Solid State

Electrochemistry, 1997.
113 S. P. S. Sukhvinder, P. S. Badwal and F. T. Ciacchi, Adv.

Mater., 2001, 13, 993–996.
This journal is © The Royal Society of Chemistry 2022
114 T. Horita, Y. Xiong, H. Kishimoto, K. Yamaji, N. Sakai,
M. E. Brito and H. Yokakawa, Solid Oxide Fuel Cells IX,
2001, 603–610.

115 A. Petric and H. Ling, J. Am. Ceram. Soc., 2007, 90, 1515–
1520.

116 H. U. Anderson, Solid State Ionics, 1992, 52, 33–41.
117 J. Mizusaki, Solid State Ionics, 1992, 52, 79–91.
118 H. Yokokawa, N. Sakai, T. Kawada and M. Dokiya, Solid

State Ionics, 1992, 52, 43–56.
119 R. E. Williford and P. Singh, J. Power Sources, 2004, 128, 45–

53.
120 S. Pirou, J. M. Bermudez, B. T. Na, S. Ovtar, J. H. Yu,

P. V. Hendriksen, A. Kaiser, T. R. Reina, M. Millan and
R. Kiebach, J. Memb. Sci., 2018, 552, 115–123.

121 Y. Xu, S. Pirou, P. Zielke, S. B. Simonsen, P. Norby,
P. V. Hendriksen and R. Kiebach, Ind. Eng. Chem. Res.,
2018, 57(7), 2123–2130.

122 S. Gupta, M. K. Mahapatra and P. Singh, Mater. Sci. Eng. R
Reports, 2015, 90, 1–36.

123 N. Sakai, H. Yokokawa, T. Horita and K. Yamaji, Int. J. Appl.
Ceram. Technol., 2004, 1, 23–30.

124 J. G. M. Furtado and R. N. Oliveira, Rev. Matéria, 2008, 13,
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357 M. Balaguer, C. Soĺıs and J. M. Serra, Chem. Mater., 2011,

23, 2333–2343.
358 D. Ghosh, H. Han, J. C. Nino, G. Subhash and J. L. Jones, J.

Am. Ceram. Soc., 2012, 95, 2504–2509.
359 X. He, F. Ye, H. Zhang and L. Liu, Mater. Sci. Eng. A, 2010,

527, 5268–5272.
360 T. T. Molla, D. K. Ramachandran, D. W. Ni, V. Esposito,

F. Teocoli, E. Olevsky, R. Bjørk, N. Pryds, A. Kaiser and
H. L. Frandsen, J. Eur. Ceram. Soc., 2014, 35, 941–950.

361 A. Kaiser, S. Foghmoes, C. Chatzichristodoulou,
M. Søgaard, J. A. Glasscock, H. L. Frandsen and
P. V. Hendriksen, J. Memb. Sci., 2011, 378, 51–60.

362 T. T. Molla, R. Bjørk, E. Olevsky, N. Pryds and
H. L. Frandsen, Comput. Mater. Sci., 2014, 88, 28–36.

363 D. W. Ni, V. Esposito, C. G. Schmidt, T. T. Molla,
K. B. Andersen, A. Kaiser, S. Ramousse and N. Pryds, J.
Am. Ceram. Soc., 2013, 96, 972–978.

364 C. Faber, Y. Allahverdiyeva-Rinne, V. Artero, L. Baraton,
A. Barbieri, H. Bercegol, M. Fleischer, H. Huynhthi,
J. Kargul, H. Lepaumier, L. Lopez, A. Magnuson and
A. Roth, SUNRISE: Solar Energy for a Circular Economy:
Technological Roadmap, 2020.
2194 | J. Mater. Chem. A, 2022, 10, 2152–2195
365 A. A. Plazaola, A. C. Labella, Y. Liu, N. B. Porras,
D. A. P. Tanaka, M. V. S. Annaland and F. Gallucci,
Processes, 2019, 7(3), 128.

366 W. Deibert, M. E. Ivanova, S. Baumann, O. Guillon and
W. A. Meulenberg, J. Memb. Sci., 2017, 543, 79–97.

367 R. Yuan, Z. He, Y. Zhang, W. Wang and C. Chen, AIChE J.,
2016, 62, 2170–2176.

368 G. E. Keller and M. M. Bhasin, J. Catal., 1982, 73, 9–19.
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