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A B S T R A C T

A simple model on the performance of composite CO2 separation membranes (ceramic oxide-ion
conductor and molten alkaline carbonates) is derived from an equivalent circuit comprising two
interlinked cells, using the main electrical circuit component analogs of the electrochemical
characteristics of each composite phase (thermodynamic voltages and ionic resistances) and
surrounding gas phase activities of species involved in the surface reactions. A newly introduced
graphical solution inspired in conventional corrosion diagrams is used to benchmark, map and discuss
membrane performance, including the roles of cell inner ionic transport and surface/interface reaction
processes. The impact of oxide phase composition (ZrO2, CeO2 and Bi2O3- based oxides), content (40–
90 vol%) and working temperature (873–973 K) on membrane performance are assessed in detail,
highlighting the limits of materials currently available. Selected examples of published data on
membrane performance are used to demonstrate the efficacy of the suggested diagram and to comment
on permeation kinetic constraints, namely phase tortuosity.
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1. Introduction

Composite electrolytes based on ceria (often Sm or Gd-doped,
SDC or CGO) and eutectic mixtures of alkaline carbonates (e.g., Na
and Li) possess a wide range of potential applications in fuel cells
(hydrogen or direct carbon fueled), CO2 separation membranes,
steam electrolysis or even electrochemical synthesis of ammonia
[1–7]. These composites combine electrolytes used in Solid Oxide
Fuel Cells (SOFCs) and Molten Carbonate Fuel Cells (MCFCs). While
the SOFC ceramic electrolytes are well established oxide-ion
conductors, the MCFC alkaline carbonates are described either as
dominant carbonate or alkaline ion conductors [8–13].

Under typical operating conditions these composite electro-
lytes possess multiple ionic species besides the intrinsic ones,
inherent to the constituent phases. As example, the possibility of
protonic conduction should not be excluded, although without
consensus on the conduction mechanism due to the uncertainty on
chemical species involved [14–17]. In fact, molten carbonates are a
complex environment with a wide range of ionic species where the
host ions (alkaline metals and carbonate) interact amongst them
and with dissolved environmental species like O2, CO2, H2O, H2

[12,14,18–21]. As a consequence, unexpected species and
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mechanisms might be involved in surface/electrode reactions
and ionic transport [3,7,12,22,23]. Most descriptions of these
materials as constituents of CO2 separation membranes consider
that the dominant ionic charge carriers are oxide and carbonate
ions. Here the same simplified assumption will be adopted
considering that estimated ionic transport numbers of foreign
ions in molten carbonates do not exceed a few percent [12].

In these composites, depending on the exact working temper-
ature, the role of oxide-ion transport through the ceramic phase
might move from dominant but small (below the carbonates
eutectic temperature, often around 500 �C), to subsidiary (slightly
above the carbonates melting temperature), again to relevant
when reaching 700–800 �C. This apparently abnormal tendency in
fact reflects the distinct temperature dependencies of the
conductivities of both phases. The oxide activation energy usually
shows small temperature dependence due to a shift in relevance of
grain boundary versus bulk transport, maybe also in the defect
association condition [24,25]. On the contrary, the carbonates
move from a poorly conducting solid (with high activation energy)
to a highly conducting liquid (with small activation energy), with a
sharp change in conductivity when the eutectic temperature is
reached [26,27].

For CO2 separation membranes, central subject addressed in
this work, the flow of carbonate ions is balanced by a counter flow
of oxide ions, as such yielding a net flow of CO2. An alternative
description involving alkaline ions as relevant ionic species gives
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the same final result, as judiciously pointed out elsewhere [13]. The
membrane operating conditions correspond to matching opposite
currents inside the composite. However, charge transport by both
ionic carriers shows markedly distinct temperature dependencies,
as already pointed out. For proper membrane design (materials,
phase percentages, working temperatures) we must be able to
handle properly this situation.

The present work tries to present a simple and comprehensive
model on the ideal relation between working conditions and
compositions, after highlighting situations where partial conduc-
tivities match each other or where the membrane performance is
governed by the slow transport of one of the species. The treatment
follows a typical equivalent circuit approach, using circuit
components as analogs of relevant electrochemical cells and
materials characteristics, while the attempted visualization is
inspired in classical corrosion (Evans-type) diagrams. Both
solutions are believed to help considerably in understanding
and designing key aspects determining membrane performance.
With the simple guide on ideal relations between phase
composition and membrane operating temperature, promising
ceramic materials and oxide content for target applications can be
easily screened. Lastly, we map and comment the results obtained
so far with CO2 separation membranes with respect to what might
be described as ideal performance.

2. Comprehensive electr(ochem)ical model of membrane
performance

Modelling of composite CO2 separation membranes deserved
some attention in recent years in order to explain their
performance or to circumvent limiting factors. One first attempt
addressed the performance of these membranes assuming that the
composite partial conductivities (ionic and electronic) were
independent of the gas phase composition [28]. This base model
was extended to account for microstructural features with impact
on the required mixed ionic transport. This transport is mostly
determined by the ionic conductivity of each pure phase and their
volume fraction but also influenced by parameters accounting for
the microstructural characteristics of each phase like tortuosity.
The latter aspect takes into consideration the effective ionic
Fig. 1. (a) General equivalent circuit for composite membranes with solid oxide (SO) a
voltages Vo,j and ionic and electronic resistances, Rj and Rj,e, respectively (with j = MC or 

circuit used to illustrate the application of the Kirchhoff’s voltage law (see text for detai
voltages and carbon dioxide and oxygen partial pressure boundary conditions.
transport pathway length, larger than the actual composite cell
thickness [29,30].

More recently, another model was used to describe the
composite membranes, taking now into consideration the depen-
dence of the electronic conductivity on the activities of relevant gas
species [13]. All these models rely on the consideration of two
electrolytes (molten carbonates and solid oxide) arranged in
parallel (Fig. 1a) as in actual microstructures of composite
membranes where both phases percolate throughout the compos-
ite cell thickness, providing parallel pathways for ionic transport.

Interestingly, although both models indeed rely on a similar
conceptual equivalent circuit, no attempt was yet made to discuss
the membrane performance using entirely the equivalent circuit
analogy. This procedure is in line with the old (but still sensible)
suggestion by Hoar and Price [31] to address in an alternative
(simpler) manner the treatment of the tarnishing behavior of
metals, firstly introduced by Wagner [32]. This equivalent circuit
analogy was further developed throughout the years in the field of
solid state ionics aiming at the consideration of distinct realities
involving mixed ionic and electronic conduction [33,34], and will
be hereby adapted to the present situation.

2.1. Equivalent circuit, circuit elements and analysis

Fig. 1a shows a global scheme of the adopted equivalent circuit.
In practice we have two cells (MC/molten carbonates � upper cell,
and SO/solid oxide � lower cell) with ionic and electronic branches
accounting for the possibility of both types of charge transport.
Ionic resistors (Rj, with j = MC or SO), electronic resistors (Rj,e) and
cell thermodynamic voltages (Vo,j) are the required circuit
elements. Ij and Ij,e are the cell inner ionic and electronic currents,
respectively. At the surface of each cell (feed and permeate sides)
the chemical activities of the gas species (CO2, O2) involved in the
cell reactions are responsible for the thermodynamic voltages, as
detailed later.

When adopting the equivalent circuit analogy we can choose
between a simple approach where circuit elements (resistors),
related to the materials electrical properties (ionic and electronic),
are averaged and constant within the entire range of working
conditions (only temperature dependent) or a more accurate
nd molten carbonate (MC) cells in parallel. Circuit elements: thermodynamic cell
SO). Ionic and electronic currents (Ij and Ij,e, respectively) also shown; (b) simplified
ls); (c) and (d) simplified circuits showing the relations between the polarity of cell
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methodology where the cell is analyzed as if of differential
thickness, allowing for the consideration of the dependence of
electrical conductivity on surrounding chemical activities [33,34].
The simpler approach will be adopted here. We will also consider
that the outer surfaces of each membrane correspond to
equipotential surfaces [13], situation depicted in Fig. 1a using a
dashed line as if corresponding to an electronic conductive layer. In
fact this condition is used in typical cell voltage measurements
performed under distinct gas activity gradients [12]. Lastly, for the
remaining discussion we will neglect the electronic conductivity,
which explains the utilization of dotted lines for the electronic
branches in Fig. 1a. By definition electrolytes are materials with
negligible electronic conductivity with respect to their ionic
conductivity. Anyhow, the detailed critical assessment of these
decisions can be found in the section on final remarks.

A simplified electrical circuit derived from Fig. 1a and taking
into account these assumptions is shown in Fig. 1b. The rationale
for the adopted cell polarity will appear later in this discussion.
Since there is no current flowing outside the electrochemical cells
(no outside circuit), the formal cell parallel arrangement in fact
originates a series type association. From elementary circuit
analysis, using the Kirchhoff’s voltage law, the sum of all voltages
around the circuit must be zero. With the current direction shown
in Fig.1b this means that �V1 + I.R1 + I.R2 + V2 = 0 [35]. Furthermore,
since points 1 and 10 are shared by both sub circuits, the voltage
drop between these points must be the same irrespective of the
branch. In practice this means that one cell is short-circuiting the
other as in real membranes.

2.2. Membrane operating conditions

Arrived here, the origin and polarity of thermodynamic voltages
must be addressed in further detail. The following (half-cell)
reactions (reduction in the forward direction, oxidation in the
Fig. 2. Feed and permeate side possible surface reactions without (a) and with (b) cha
boundary points where these reactions must occur. In (c) and (d) the impact of a slow tran
the feed/permeate sides, responsible for a local voltage drop (e.g., between i and i’).
reverse direction) can be assumed for the molten carbonates and
solid oxide, respectively:

2 CO2 + O2+ 4 e� ? 2 CO3
= (1)

O2 + 4 e� ? 2 O= (2)

At the membrane feed side forward reaction (1) is combined
with reversed reaction (2) (2 CO2 + 2 O =! 2 CO3

=), situation
depicted in Fig. 2a. At the membrane permeate side we have the
opposite combination (2 CO3

=! 2 CO2 + 2 O=). In this manner we
have no net flow of electrons or molecular oxygen. If the
membrane is indeed covered with an electrode (e.g., see [12]), we
can envisage complementary delocalized reactions involving
charge transfer, with the same overall result (Fig. 2b). Scheme 2b
can concur with Scheme 2a in the presence of electrodes on each
membrane surface but this is not true in the absence of electronic
transport where Scheme 2a is the only valid global mechanism for
the assumed relevant charge carriers.

Since the oxide and the carbonates possess distinct electro-
chemical properties, they also experience distinct thermodynamic
voltages (Vo,j), driven by the chemical composition of the
surrounding atmospheres and cell reactions just presented
(Vo,j = �DGj/njF, with DGj the corresponding Gibbs free energy
change, nj the number of electrons involved in each cell reaction
and F the Faraday constant).

In the usual membrane operating mode we are in the presence
of gas concentration cells where the relevant species are CO2 and
O2 at both sides of the membrane (see reactions (1) and (2)).
Consequently, with the activities of these species determining the
thermodynamic voltages experienced by each cell, we can express
them as:

Vo;MC ¼ RT
2F

:ln
pCO2;f

pCO2;p
þRT
4F

:ln
pO2;f

pCO2;p
ð3Þ
rge transfer. 1-10, 2-20 and 3-30 correspond to distinct typical pairs of triple phase
sfer of oxide ions due to the formation of an insulating layer with resistance R3/R4 in
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Vo;SO ¼ RT
4F

:ln
pO2;f

pO2;p
ð4Þ

assuming equilibrium in the surface reactions. In these equations
pO2 and pCO2 correspond to the partial pressures of oxygen and
carbon dioxide in the gas phase (used here instead of the
corresponding activities) while the subscripts f and p refer to
the distinct membrane boundary conditions (feed and permeate
sides, respectively); R and T have their usual meanings.

We have two interlinked electrochemical cells with the same or
opposite polarity, depending on the exact membrane boundary
conditions (Fig. 1c and d). However, irrespective of the oxygen
activity gradient across both cells, the combined result of both
thermodynamic voltages will be always the same. In fact, the net
thermodynamic voltage will be the difference (opposed polarity in
series, Fig. 1c) or the sum (same polarity in series, Fig. 1d) of
individual cell voltages, cancelling in this manner the variable sign
of Vo,SO.

As a study case, we will stick now to a flue gas resulting from
combustion of a fossil fuel, as such rich in CO2 (e.g., >10 vol%). A
modest O2 content of only a few percent (e.g., 1–2%) would be
typical of a slight oxygen excess with respect to stoichiometric
combustion requirements, condition often used to ensure full fuel
conversion and high energy efficiency. These boundary conditions
apply to the membrane feed side. In the membrane permeate side
we would expect a low partial pressure of both gases due to light
vacuum (Fig. 1c). The corresponding simplified circuit was already
depicted in Fig. 1b.

In these circumstances, in the absence of any electronic
transport across the membrane or via an external load resistance
connecting the membrane surfaces, we can only sustain a steady
flow of CO2 (as carbonate ions) from the feed side to the permeate
side (forward reaction (1)) if we have a counter flow of oxide ions
via the solid electrolyte (reaction (2) backwards), to ensure a
balanced charge flow inside the membrane (nil total current). But
the reversed direction (2) would be against the spontaneous
direction if the solid oxide phase was alone, with the pO2 in the
feed side higher than in the permeate side, as assumed. So, if not
spontaneous, reaction (2) must be driven backwards by the
opposite (higher) thermodynamic voltage of the molten carbo-
nates. This means that the molten carbonates concentration cell is
running in galvanic mode (spontaneous reaction) while the solid
oxide concentration cell is forced to run in electrolytic mode
(endergonic reaction).

This reasoning can be further developed using standard
relations for galvanic and electrolytic cells. Assuming dominant
ohmic losses in both cells, the corresponding individual cell
voltages (VMC and VSO) should follow:

VMC= Vo,MC � |IMC|.RMC (5)

VSO = Vo,SO + |ISO|.RSO (6)

Also, considering the equivalent circuits shown in Fig. 1 and
inherent considerations, the working voltages and currents (V and
I) in both cells must obey:

V = VMC= VSO (7)

I = |IMC| = |ISO| (8)

Combining relations (5) through (8) we obtain �Vo,MC + I.
RMC + Vo,SO + I.RSO = 0, exactly the condition previously presented
for the circuit shown in Fig. 1b, imposed by the Kirchhoff’s voltage
law. In fact, we should recall here that under the assumption of
equipotential cell surfaces the voltage across both cells must be the
same (points 2 and 3 versus 20 and 30 in Fig. 2b). Even without the
assumption of perfect equipotential surfaces, the electric potential
in the feed side contact point 1 must be the same for both cells
(Fig. 1b and a). The same holds for point 10 in the permeate side
(also Fig. 1b and a). In short, the thermodynamic voltages of both
cells are distinct (equations (3) and (4)) but the working voltages
are the same (equation (7)) since they meet at shared contact
points. Deviation from this condition is only possible if the surface/
interface reactions are not in equilibrium, as suggested in Fig. 2c
and d, situation discussed later in this work.

If we combine now equations (3) through (8), we can express
the operating current as a function of the membrane boundary
conditions and the partial solid oxide and molten carbonates
conductivities (sp,j) within the composite membrane:

I ¼ RT
2F RMCþRSOð Þln

pCO2;f

pCO2;p

  !

¼ SRT:sp;MC:sp;SO

2Fd: sp;MCþsp;SO
� �ln pCO2;f

pCO2;p

  !
ð9Þ

Here the adopted relation between resistance (R) and conductivity
(s) for each phase was the standard one (R = d/s.S, with S and d
being the membrane surface area and thickness, respectively).

From eq. (9) we can immediately recognize that maximum
performance is obtained when the sum RMC+ RSO is minimized. If
one of the resistances is larger than the other, the former becomes
rate determining. In eq. (9), the term sp,SO�sp,MC/(sp,SO + sp,MC) is
the ambipolar conductivity of the composite, central for the
optimization of membrane performance. This is strongly depen-
dent on actual phase constituents, also influenced by their
corresponding volume fractions and working temperature, as
discussed in the following text.

The inner membrane current can be expressed as a function of
the volume fraction of each phase and their nominal conductivities
as dense and pure phases:

I ¼ SRT:ð1�xÞsMC:xsSO

2Fd:½ 1�xð ÞsMCþxsSO�:ln
pCO2;f

pCO2;p

  !
ð10Þ

with x being the solid oxide volume fraction. To reach this result
the assumed partial conductivity within the membrane is a direct
function of the pure phase conductivity weighted by the
corresponding volume fraction (e.g., sp,SO = x�sSO).

Since the basic assumptions are the same equation (10) is in all
aspects equivalent to the result of previous modelling [28], after
conversion of currents (I) into CO2 permeation fluxes (J = I/2FS). The
overall simplicity of the entire approach just presented can be
easily understood from comparison with previous work. The
tortuosity effect on the conductivity of each phase can also be
considered, in line with previous work [29,30], but this aspect will
be considered only in the discussion of published data on
membrane performance.

Combination of equations (3) through (8) is also possible to
obtain the voltage across the membrane. This is the usual
procedure to determine the average ionic transport numbers for
distinct species [12]. Light mathematical handling of these
relations yields:

V ¼ tMC
RT
2F

:ln
pCO2;f

pCO2;p
þRT
4F

:ln
pO2;f

pO2;p

" #
þ tSO

RT
4F

:ln
pO2;f

pO2;p

" #
ð11Þ

In equation (11) tMC and tSO are the average ionic transport
numbers of the relevant charge carriers in the distinct phases,
which are often expressed as a function of the partial ionic
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conductivities or ionic resistances:

tMC ¼ sp;MC

sp;MCþsp;SO
¼ RSO

RMCþRSO
ð12Þ

tSO ¼ sp;SO

sp;MCþsp;SO
¼ RMC

RMCþRSO
ð13Þ

3. Discussion

3.1. A schematic diagram of membrane performance

In a composite membrane we have two reversible reactions
interlinked and, as already mentioned, the membrane operating
condition in the feed side corresponds to equal rates of forward
reaction (1) and backward reaction (2). These reaction rates can be
conveniently described as currents. The resemblance between the
membrane operating conditions and corrosion problems where
anodic and cathodic reaction rates must coincide is obvious.
Arrived here, it seems worth to exploit this resemblance from a
pictorial perspective as in Fig. 3a and b, introducing a diagram
similar to Evans-type corrosion diagrams, after suitable adjust-
ments. The newly suggested diagram shows the dependence of the
two cell voltages on the membrane internal currents. As schemes,
in Fig. 3a and b currents were normalized against the highest
Fig. 3. Schematic diagrams highlighting several possible operating conditions of
composite CO2 separation membranes. The starting points (Vo,MC and Vo,SO) are the
distinct cell thermodynamic voltages. The slopes of V (voltage) versus I (current)
lines are related to the distinct cell ionic resistances, RMC and RSO. In (a), points A, B
and C correspond to distinct ratios between ionic resistances. In (b), the impact of
slow surface/interface processes and poor microstructures is introduced with the
position of the couple D’/D” versus A, and of F’/F” versus E’/E”, respectively. See main
text for further details.
absolute value considered, corresponding to point A, here used as
reference.

Based on the assumed membrane boundary conditions the
voltage described by equation (3) is larger than the voltage
estimated by equation (4), which explains the relative positions of
Vo,MC and Vo,SO in Fig. 3a. Thus, the starting point of each line in
the diagram corresponds simply to the thermodynamic voltage
that would be experienced independently by each phase if
exposed to the mentioned boundary conditions (open circuit
condition, no internal current, I = 0). This thermodynamic voltage
window (gap between Vo,MC and Vo,SO) will be used to drive ohmic
(ionic transport across the membrane) and non-ohmic processes
(surface/interface processes) involved in the membrane opera-
tion.

For the molten carbonates, the larger the current the lower the
cell voltage (equation (5)). For the solid electrolyte, a voltage
larger than the cell open circuit voltage is needed (equation (6)).
Equations shown in Fig. 3a recall the relation between slopes of
lines and ionic resistances of membrane phases. Depending on
the relative magnitudes of ionic resistances, lines departing from
Vo,MC and Vo,SO meet at points like A, B or C. Each point
corresponds to a current/condition where the rates of the
cathodic half-reaction in (1) and the anodic half-reaction in (2)
are the same.

In general, a composite membrane can operate roughly in any
point within the shadowed area in Fig. 3a and b. Since the actual
composite membrane working condition corresponds to identical
currents through both phases, the exact operating condition will
depend on the exact values of both cell resistances. If one of the
resistances is higher than the other, the membrane efficiency will
be limited by the most resistive component (see eq. (9)). Point A,
used as illustrative reference, corresponds to a condition where
both resistances are identical.

Unbalanced ionic resistances are also shown in Fig. 3a (points B
and C). Point B corresponds to a constrained membrane perfor-
mance where the membrane permeation rate is governed by the
high solid oxide resistance. Such conditions are expected for most
combinations of available oxides and salt mixtures, given their
electrical properties. Point C corresponds to a constrained
membrane performance where the membrane permeation rate
is governed by a high molten carbonate resistance. This is an
unusual situation for state of the art materials, and is considered
here just as example. The working conditions can change changing
the base materials, using inadequate microstructures (namely with
strong phase tortuosity), or even decreasing the working temper-
atures. In the following diagrams all these aspects will be further
detailed.

In Fig. 3b the combined impact of slow surface kinetics and poor
microstructures is introduced in a schematic manner, starting
again from point A as reference. Slow surface/interface steps of any
type will displace the working condition from point A to the left in
the diagram, as in the couple D’/D”. A typical example would be the
formation of an insulating layer between both composite phases
due to chemical interaction. The corresponding scheme is
presented in Fig. 2c. R3 and R4 in Fig. 2d reflect the newly formed
resistances that might be similar or distinct depending on the
characteristics of the layer in the feed and permeate sides. This
situation can originate a voltage drop with magnitude correspond-
ing to the length of the vertical dashed line between D’ and D”. This
decreases the available voltage to drive ionic transport, decreasing
the net overall current.

Poor microstructures resulting in constricted pathways for
ionic transport in both phases will be responsible for enhanced
(absolute) slopes of the lines describing the operation mode of
both sub-cells, as pointed out when we move from couple E’/E” to
couple F’/F”, again with decreasing overall net current.



Table 1
Electrical properties of selected materials (used in Figs. 4 and 5).

Acronym Ea/kJ mol�1 s923K/S cm�1 Ref.

NLC 16.9 2.29 [27]
CGO 54.6 3.79 � 10�2 [25]
YSZ 71.2 8.06 � 10�3 [36]
BYS 90.4* 1.16 � 10�1 [37]
SDC 62.8 3.10 � 10�2 [38]

* Average value estimated in the 773 to 973 K range.
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One way to influence membrane efficiency is to act on the
thermodynamic voltage window between Vo,MC and Vo,SO. For the
same resistances, if values Vo,MC and Vo,SO move away from each
other, the working currents also move to the right. This solution is
obviously constrained since the operating conditions are dictated
by the composition of the flue gas available.

3.2. Predictable roles of composition and temperature on membrane
performance

When the content and electrical properties of each phase are
known, the definition of a target membrane performance is quite
easy, using equation (10). In this equation all microstructural
effects besides phase content were neglected. Thus, any experi-
mental results on the actual electrical characteristics (resistance)
of the distinct phases in a real composite or on membrane
performance (effective CO2 separation rates) can be plotted in the
previous diagrams against the target performance obtained from
equation (10). This shows how versatile these diagrams are to map
and benchmark actual membrane performance, since target values
can be easily estimated from literature data and actual values
obtained from a variety of measurements.

Benchmarking membrane performance with respect to com-
position and temperature is exploited in Fig. 4, including three
main sets of calculations on target membrane performance (Icell) at
constant temperature (923 K), using one same salt mixture (NLC,
the eutectic composition in the system Na2CO3 and Li2CO3),
distinct oxides and variable oxide contents (from 40 to 90 vol%, 10
vol% increments, black filled symbols correspond to an oxide
content of 60 vol%.). Reference data and sources for the electrical
properties of CGO (Gd-doped ceria), YSZ (yttria stabilized zirconia)
or BYS (Y and Sm co-doped Bi2O3) and NLC, are shown in Table 1.
The assumed CO2 and O2 partial pressure ratios in the feed and
permeate sides were ln(pCO2,f/pCO2,p) = 4 and ln(pO2,f/pO2,p) = 6,
close to sets of values found in published data [38]. All calculations
assumed the same membrane dimensions (0.5 cm diameter and
0.1 cm thick).
Fig. 4. (a) Diagram showing the predictable influence of the oxide phase nature
(YSZ, CGO, BYS), content (x) and working temperature (T) on a composite
membrane ideal permeation current (Icell), for several well-known oxide-ion
conductors (data sources mentioned in Table 1). In (b) and (c) detailed views of the
shadowed area in (a) highlighting the roles of oxide phase content (x, as vol%) and
temperature (T, in K), respectively. See text for further details.
Besides compositional effects, a complementary set of grey
filled symbols describes the predictable impact of working
temperature on the performance of a 70 vol% CGO-based
membrane (50 K increments starting at 873 K). Voltages (vertical
axis) were divided by the absolute temperature to obtain a
common voltage window, for an easier visualization of all results in
one single diagram.

One first reading can be obtained from the global positions of all
sets of points in Fig. 4a, grouped within three closed grey lines.
Permeation currents should increase enormously from YSZ
(circles) to CGO (triangles) and again to BYS (squares) based
membranes, following the known tendency for oxide-ion conduc-
tivity in these oxides. Furthermore, all estimated values line up
along an almost horizontal line starting at Vo,MC/T. This is not
surprising since the ionic conductivity of molten carbonates is
much higher than for standard ceramic electrolytes. This simply
means that membrane performance in all these examples is
governed by oxide-ion transport.

The obvious solution to facilitate oxide-ion transport within the
membrane is to increase the ceramic phase content in the
composite. The impact of oxide phase content on membrane
performance is shown in Fig. 4b, a detailed view of the area within
the dashed line in Fig. 4a (only CGO and BYS-based membranes).
Since the lower ceramic phase content used in these calculations
was 40 vol%, there is clearly room for some improvement in
membrane performance increasing the amount of ceramic in the
composite. In fact, the estimated maximum membrane perfor-
mance is reached for the condition of maximum ambipolar
conductivity at each temperature:

xSO ¼ sMC � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sMC � sSO

p
sMC � sSO

ð14Þ

and corresponds to extremely high ceramic phase content (�80 vol
%) for all these oxides. This result can be easily obtained equating to
zero the derivative of the ambipolar conductivity with respect to
the oxide phase content. However, comparison of performance
enhancements due to increasing oxide phase content or changing
the ceramic phase shows that major improvements must rely on
distinct solid oxides with respect to the state of the art materials.
Thinner membranes might be equally effective, considering
equation (10).

Precaution is needed on the effectiveness of extremely high
ceramic contents. We must realize that although with one phase in
the liquid state, easily wetting and spreading through open holes of
a ceramic backbone, when we reach oxide contents close to or in
excess of 90 vol% the likelihood of trapped or poorly percolating
molten carbonate regions, without actual contribution to the ionic
transport, is high. This means that other microstructural limits
must be considered (tortuosity, loss of percolation, etc.), situation
here just pointed out.

Looking now at temperature effects (see sequence of grey
symbols in Fig. 4a, situation detailed in Fig. 4c) it seems obvious
that changing the operating temperature has some efficacy with
respect to membrane performance. The (70 vol%) CGO-based
example exploited in these calculations, showed an overall
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performance enhancement of about 3� between 873 and 973 K.
However, this situation has obvious operational constraints,
preventing entire freedom in the definition of a working
temperature.

3.3. Detailed analysis of membrane performance

In Fig. 5 a final complementary exercise is introduced to map
and comment actual (BYS, SDC and CGO-based) membrane
performance at 923 K, using the newly introduced diagrams.
Totally comparable sets of data are hardly found since distinct
authors use different membrane characteristics (compositions and
dimensions), besides distinct gas compositions. As such, data
handling was only possible under certain assumptions, detailed
below. Membrane performance targets were estimated using
equation (10), reported cell dimensions and membrane phase
composition (Table 2), besides the electrical properties of pure and
dense phases (Table 1). Since in the selected examples no O2 was
added to any gas stream, the assumed oxygen partial pressure
gradient across the cells was zero (Vo,SO = 0). Furthermore,
information on the CO2 content is often available only for the
feed side. As such, the corresponding content in the permeate side
was presumed as the result of perfect mixing within the inert
carrier gas (all CO2 permeating across the membrane perfectly
diluted in the carrier).

The small inset in Fig. 5a shows a global map of BYS, SDC and
CGO-based membrane performance while a detailed analysis of
Fig. 5. Diagrams on membrane performance, based on published data: (a) Inset
with global mapping of actual (vertical lines, Iexp) and ideal permeation currents
(points, Ith) for BYS, SDC and CGO-based membranes. In the main diagram an
expanded image of the shadowed area showing distinct tortuosity values matching
the CGO-based membrane performance; (b) The main diagram for the BYS-based
membrane details the shadowed area in the inner figure. The large mismatch
between Iexp and Ith is only possible assuming exorbitant tortuosity values ( > 100)
or sluggish surface kinetics (large Vhyp,pol). See Tables 1, 2 and main text for further
details.
the information on the CGO-based membrane is shown in the
larger diagram. In Fig. 5b only the BYS-based membrane is
considered. A deeper analysis of the performance of the SDC-
based membrane was discarded given the similarity with respect
to the CGO-based membrane, where more information is also
available. This includes the electrical characterization of numer-
ous porous CGO substrates [39] and of freshly prepared porous
skeletons and CGO-based membranes (Fig. 6), similar to those
used in permeation experiments [23]. Details on processing and
characterization of these materials can be found elsewhere and
will be skipped here for being irrelevant for the present
discussion [23].

In Fig. 5a (inset), all target (Ith) and experimental (Iexp) ionic
currents are plotted. Targets correspond to points labelled IthSDC,
IthBYS and IthCGO, in all aspects identical to case B in Fig. 3a. On the
contrary, experimental currents are shown as single vertical lines
since there is no accurate electrical characterization of the
membrane constituent phases.

Since all these membranes possess distinct dimensions and
were exposed to slightly distinct atmospheres (Table 2), absolute
current values are of modest meaning unlike relative values for
each membrane (Iexp versus Ith). In all cases actual performance is
below benchmarks. One obvious explanation is that the bench-
marking exercise involved data from distinct sources, not
necessarily coinciding with the actual properties of materials
used in membrane fabrication. However, the most likely reason is
that benchmarks neglect microstructural effects and surface
reaction kinetics as discussed below.

Tortuosity (tj), as suggested elsewhere, describes the relation
between the ideal partial conductivity of phase j and the
experimental conductivity, sexp (tj = sp,j/sexp = xj.sj/sexp)
[29,30]. Since the constraint is the actual permeation current,
distinct levels of tortuosity can be combined to reach a given Iexp, as
shown in Fig. 5a for three main couples of lines (aa’, bb’ and cc’).
Lines a and a’ correspond to a limiting condition where tortuosity
effects are only present in the oxide phase (tSO = 1.52). In lines c and
c’ we have the other limiting case where tortuosity effects are only
present in the molten carbonates (tMC= 12.7).

According to published data on the conductivity of porous CGO
substrates a tortuosity of 1.52 can be obtained for a densification of
75.9%. For CGO 69.9% dense this number increases to 2.44 [39].
However, while distinct microstructures might originate distinct
tortuosity values, the order of magnitude of this limiting case
seems reasonable. In fact, own conductivity measurements of a
twin porous CGO skeleton at 923 K (Fig. 6) yielded a value of
1.14 �10�2 S cm�1, close to the value of 1.32 � 10�2 S cm�1 reported
in the literature for a similar densification [39].

The upper limit for the tortuosity of the molten carbonate phase
(12.7) seems to be clearly an exaggerated value. In fact, the total
conductivity of a similar CGO-based membrane at 923 K was about
8.48 � 10�2 S cm�1 (Fig. 6). After deduction of the assumed oxide
partial conductivity an upper tortuosity value in the order of 7.80
can be guessed for the molten carbonates. Looking again at
literature data, estimated tortuosity values for the molten
carbonate phase were all below 2–3 [29,30]. This latter range of
values seems quite sensible since we are dealing with ionic motion
in a liquid, as such hardly more constrained than expected for the
solid phase with grain boundaries besides other microstructural
constraints.

Based on these considerations, an exercise was drafted in Fig. 5a
for the CGO-based membrane, corresponding to lines b and b’,
meeting in point B. Along with previous comments on typical
ranges, values of 1.45 and 2.59 were assumed for the tortuosity of
oxide and salt, respectively. While the exact membrane working
condition cannot be determined in the absence of measurements
performed with the membrane under the same operating



Table 2
Survey of membrane characteristics used in Fig. 5.

Solid Oxide JCO2
(mL cm�2min�1) Iexp (A) xSO ln(pCO2,f/pCO2,p) S (cm2) d (cm) Ref. Ith (A)

SDC 0.123 1.62 � 10�2 0.5 5.03 0.921 0.132 [38] 2.13 � 10�2

BYS 0.04957 1.21 �10�2 0.75 5.00 1.69 0.005 [4] 5.09
CGO 0.236 1.69 � 10�2 0.73 4.44 0.5 0.092 [23] 2.54 �10�2

JCO2
–flux of CO2 across the membrane; Iexp � equivalent ionic current across the membrane; xSO � volume fraction of SO; Ith � estimated ionic current using eq.

(10) and literature data listed in Table 1.

Fig. 6. Impedance spectroscopy results (corrected for the cell dimensions) obtained
in air, at 923 K, with a CGO skeleton (73% densification) and a CGO + NLC composite
similar to the membrane used in published CO2 permeation experiments [23].
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conditions, the coherence of the entire exercise means that the
experimental ionic current through the CGO-based membrane can
be easily explained using small and reasonable numbers for the
tortuosity of both phases. Also, as mentioned, other authors
published close results using one SDC-based membrane [38]. In all
these circumstances surface/interface reaction kinetic constraints
seem irrelevant.

In Fig. 5b the situation corresponding to the BYS-based
membrane is entirely distinct. Firstly the gap between Ith and
Iexp is enormous forcing the adoption of distinct current scales to
see both conditions. The figure inset shows Ith while the larger
diagram shows the region closer to Iexp. The large target value is
due to the combination of a superior oxide-ion conductivity of BYS
with respect to the other oxides together with a membrane
thickness of only 0.005 cm obtained using a sophisticated
processing route (Table 2). Both effects should boost the
permeation current, according to equation (10).

To go deeper in the analysis of these results, several sets of
tortuosity values are again considered in the larger diagram in
Fig. 5b. The abnormal limiting values where the tortuosity of one
single phase would explain the observed membrane current are
tMC= 3190 and tSO = 486. Even considering tortuosity values in the
order of 100 in both phases (lines c and c’), a sluggish surface/
interface reaction kinetics would be need to account for the
corresponding hypothetical voltage drop Vhyp.pol.

Published results on this membrane list several aspects that
might account for the observed performance [4]. As example, the
interface between BYS and the molten carbonates was covered
with alumina particles to improve the wettability. A thin poorly
conducting layer is likely to be formed between BYS and the
molten carbonates as mandatory pathway for oxide-ion transport
between BYS and the molten carbonates. Alumina is indeed known
to react with the molten carbonates yielding namely LiAlO2 [40].
This is a highly insulating phase with an electrical conductivity in
the order of 5.1 �10�5 S cm�1 at 923 K [41] and oxide ion-
conductivity in this layer is presumably below this already low
value. In the reaction schemes and equivalent circuits previously
presented this would correspond to a new pair of resistors of
unknown magnitude (R3 and R4) between cells (see Fig. 2c and d).
When such resistors are crossed by the inner cell current they are
obviously responsible for a voltage drop that might be significant,
depending on the layer thickness and exact oxide-ion conductivity.
Consistently with these comments, in the field of Solid Oxide Fuel
Cells the presence of thin insulating layers between cathode and
electrolyte are a known reason for serious degradation of surface
reaction kinetics and large overvoltages [42].

3.4. Final remarks

The newly introduced diagram was clearly able to provide
significant insight on membrane performance. In the case of ceria-
based membranes with typical microstructures the performance
might be improved namely decreasing estimated tortuosity factors
(e.g., fully aligned pores within a ceramic matrix), but actual
numbers are already small. Decreasing membrane thickness is
probably the most effective design parameter that might be
improved in this case.

For BYS and related compositions, due to the magnitude of the
effects needed to account for the mismatch between actual and
target performance, basic issues related to chemical stability are
presumably nuclear in membrane design.

Although mostly discarded in the studied cases, slow surface/
interface kinetics can be easily considered in the newly presented
diagrams. In circumstances where reliable information is available
on the ionic resistance of both phases, proper mapping of
membrane performance is able to provide quantitative informa-
tion on the role of surface/interface kinetics. This capability can be
used to obtain further guidance on membrane design.

Final comments are also needed on the global assumptions
behind the model and approach previously introduced. Firstly, the
electronic conductivity of both phases, and the corresponding
dependence on the gas phase composition were both neglected. As
already mentioned, by definition the electronic conductivity of
common solid electrolytes is quite small with respect to the ionic
conductivity [43] unless we use extremely reducing conditions,
unusual at least in post-combustion treatments. With respect to
molten carbonates the uncertainty on electronic transport is
higher but the fact that these electrolytes are used at 600–700 �C in
MCFCs, without sign of deviation between ideal (open circuit
thermodynamic) and effective cell voltages also points towards
negligible electronic conductivity. In fact, the only reported
attempt to measure the electronic conductivity of similar
composite electrolytes suggests a negligible value, orders of
magnitude below the reported ionic conductivity [11].

The ionic conductivity dependencies on the partial pressure of
CO2 and O2 were also neglected. Again, in the case of ceramic
oxide-ion conductors this seems to describe accurately the known
characteristics of these materials [44]. In the case of molten
carbonates the known gas phase concentration effects are modest
at typical working temperatures even when moving between pure
O2 and pure CO2 [45]. So, again, the approximation seems sensible.

4. Conclusions

Based on a classical equivalent circuit and ordinary assumptions
on circuit elements, a simple approach can be used to obtain
insight on relevant parameters determining the performance of
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composite CO2 separation membranes. A new illustrative diagram
inspired in corrosion (Evans-type) plots provides a simple visual
perspective on all these aspects. Handling of information on
candidate constituent phases allows the gross selection of ideal
phase compositions and working temperatures for improved
membrane performance. Lastly, adequate mapping of reported CO2

permeation data against ideal values showed that ceria-based
membranes perform relatively better than their equivalents based
on bismuth oxide, irrespective of the latter higher absolute values.
Formation of interfacial insulating layers between oxide and salt,
due to reaction between membrane constituents, or slow surface
reactions can easily explain a significant drop in performance and
should be considered in the selection of membrane materials.
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