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Abstract

Single chamber solid oxide fuel cells, SC-SOFCs, design and performance is discussed. It is shown that all of them operate on non-selective
anodes. They operate on cathodes that become selective only under short residence times. As a result these cells are not functioning as true mixed
reactant solid oxide fuel cells (MR-SOFC). The lack of selectivity is a serious draw back. True MR-SOFC can be constructed in ways that make
them cheaper in fabrication, providing high power density, high fuel utilization and reduced explosion risk. The fact that SOFCs operate in a single
cell is a necessary but not sufficient condition for the proper operation of MR-SOFCs.

The selectivity looked for the anode and cathode is of a special kind. It selects between electrochemical and chemical reactions, preferring the
first ones. Results reported here suggest that MR-SOFC can operate only up to ~600 °C. At these relative low temperatures, materials other than
oxides can also be considered for use. Future directions in the needed research in order to develop true MR-SOFCs are discussed.

© 2007 Published by Elsevier B.V.

Keywords: Single chamber SOFC; Mixed reactant SOFC; SOFC; Fuel cell; Selective electrodes; Selectivity

1. Introduction

In a single chamber, or mixed reactant fuel cell (MR-FC),
air and fuel are mixed before being introduced into the cell. As
the same gas mixture is flushing both the cathode and the anode
the symmetry is broken by the use of different materials for the
two electrodes. One material is aimed at catalyzing the cathodic
reaction and the other the anodic reaction. Both materials should
be inert towards the direct chemical full oxidation reaction of
the fuel.

This possibility has been demonstrated experimentally in
1961 by Eyraud et al. [1] and few publications that followed
for the next 30 years [2-16]. It was shown theoretically that if
the electrode were strictly selective as required above, then the
cell EMF would equal to that expected in a conventional fuel
cell with the cathode exposed to air, the anode to fuel and one of
the electrodes being also exposed to the exhaust gases [17]. The
significance of these cells is that since air and fuel can be mixed,
sealing is not required. This eliminates a serious difficulty in
high temperatures solid oxide fuel cells, SOFCs. It also allows
to put the cell into a single gas chamber. As a result interest grew
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in these single chamber fuel cells and in particular those of the
SOEFC type (SC-SOFC). An increasing number of experimen-
tal results on SC-SOFCs were reported in recent years coming,
first, mainly from Hibino et al. [16,18-20] and lately also from
other groups, in particular Shao et al. [21-22], Napporn et al.
[23-25], Stefan et al. [26], Suzuki et al. [27,28] and quite recently
from Buergler et al. [29-31]. For a recent review see Yano
et al. [32].

If the SC-SOFC would function as assumed theoretically,
i.e. with true selective electrodes, then the advantage of the cell
would be much beyond the question of sealing. Since gas sep-
aration is not required the solid electrolyte can be made porous
[17]. This opens ways for new designs of the SC-SOFC as shown
below.

Unfortunately, the SC-SOFC presented to date do not func-
tion as expected [33,34]. They seemingly have the correct
structure, namely, an element of an SOFC placed in a sin-
gle chamber with a mixture of reactant gases flushing both
electrodes. The SOFC element has the form and composi-
tion of a conventional SOFC element: cathode|SE|anode (SE,
solid electrolyte) usually in the form of a pellet. Fuel uti-
lization is very low of the order of 1.5% [32]. It is admitted
that the anode is not selective and the notion is that the cath-
ode is selective. It will be shown that the cells denoted today
as SC-SOFC function actually as normal SOFC. The trick
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Fig. 1. SOFC planar element. A, anode; SE, solid electrolyte; C, cathode. The
SE can be dense or porous.

is to manipulate the gas composition and flow. This works
with both hydrocarbons and hydrogen as fuel. Hydrocarbons
have the advantage that partial reforming is possible thus
allowing to complicate the process making it more liable for
misinterpretation.

Here is an example of how the gas composition and flow
are handled. Let the gas mixture consist of methane and air.
The following limitations are imposed: (a) the fuel oxygen mix-
ture is fuel rich with a ratio: CH4:0,=2:1, instead the one
needed for full oxidation: 0.5:1; (b) the gas is split, half being
directed towards the anode only and the other half towards
the cathode only (see Fig. 1); (c) the flow rate is controlled
to be high. The anode is not selective and in the gas flush-
ing the anode full oxidation is taking place. However, the
limited supply of oxygen assures that only partial reform-
ing occurs (CHy + 1/20, — CO +2H3). This is equivalent to
supplying just fuel, of different nature (CO and Hj), to the
anode side. The cathode is being flushed with the gas mixture
and it is assumed that the cathode is selective. Unfortunately,
even the latter assumption is questionable since if it were cor-
rect the power output would not depend on the flow rate and
fuel utilization could approach 25% instead of 1.5%, as men-
tioned before. This suggests that the cathode is not selective
either.

Since the cells do not function as proper MR-SOFCs the sig-
nificant advantage that they may have, allowing for completely
new cell design, cannot be realized. For the sake of the discussion
here we shall denote the cells used to date, as SC-SOFC as they
utilize, indeed, a single chamber, and the ones that really allow
any mixture of reactants to be introduced into the cell and do
not require manipulation of the gas flow, as mixed-reactant-fuel-
cells (MR-FCs). We concentrate on the SOFC type MR-FCs and
denote them as MR-SOFC.

Section 2 presents the possible new designs for MR-SOFCs.
Their advantage over the conventional tubular or planar SOFC
design is emphasized. When presenting the more conventional
design of SC-SOFC the way the gas flow is manipulated is
demonstrated. Section 3 discusses the required catalytic proper-
ties of the different layers in the MR-SOFC. In Section 4 results
of catalytic properties are presented as measured on a series of
materials, mainly the more common ones used in SOFC R&D.
This is done in order to screen those that are potentially suitable
for use in MR-SOFC. Section 5 discusses the residence time
and its possible impact on the selectivity of electrode and cal-
culates the residence time in the various designs. Section 6 is
a summary that presents the future activity directions needed
for developing a true MR-SOFC to allow making use of its
significant advantages.

Exhaust gas (H,O, CO,)

EEEE - Anode-A
[73- SE(0Y)
- Cathode -C

3 - Interconnect-ICN

[[mﬂ]]]]ﬂ - Current

collector-CC

Fuel mixed with air in

Fig. 2. The MR-SOFC compact stack design [35,36].

2. Different possible designs of SC-SOFCs and
MR-SOFCs

2.1. The compact stack design

Fig. 2 exhibits a design suggested in a patent by Priestnall et
al. [35,36]. Itis based on the idea that the solid electrolyte and not
only the electrodes may be porous [17]. In the design of Fig. 2
the layers of the stack, placed one on top of the other, are all,
including the solid electrolyte, porous. The same elemental cell
is repeated many times. Current collectors are applied only at the
ends. The gas mixture of fuel together with air is introduced into
one end of the many layer stack and the exhaust gas is coming
out at the opposite end.

The element that is repeated contains four layers: anode, SE,
cathode and interconnect.

This arrangement has the following significant advantages:

(a) It is simple and much less expensive to construct than
conventional SOFC. Thus rendering the MR-SOFC eco-
nomically feasible.

(b) Itprovides a very high energy density, allowing it to be used
in application with limited space, and for large-scale energy
conversions.

(c) It allows for high fuel utilization.

(d) It allows for a short residence time of the gas mixture. This
turns out to be a significant feature on the route to develop
layers with the correct catalytic activities and selectivity.

(e) Reduces explosion risk.

The ease of its construction is demonstrated in Fig. 3. It
exhibits the results of a preliminary experiment to prepare a multi
ceramic layer stack. The question to be answered in that exper-
iment was: is it possible to sinter and then heat cycle different
ceramic layers that have a priori different recommended sinter-
ing temperatures and different expansion coefficients, and if this
is successful, will the stack be flat or curved. The materials used
were Smg 5519 5Co03_, (SSCO) —the cathode, Gdg ,Cep§O0r_
(GDC) —the SE and NiO + SE in 50-50 vol.% —the anode. Starch
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Fig. 3. Fifty-one ceramic layers prepared by tape casting. Cathode, SSCO; SE,
GDC; anode, NiO + SE. The anode and SE cannot be distinguished (bright
regions). The cathode layers are dark.

3 wt.% (concentration not optimized) was added for generating
porosity. No interconnect was applied. The layers were prepared
by tape casting. A layer was added after the previous one was
dry. Then all layers were sintered together at 1450 °C for 0.5h
after a dwell at 400°C for 0.5h and one at 1000°C for 1h.
Heat cycling five times did not damage the sintered sample. The
bright layers in Fig. 3 are the SE and the anode. Both appear
with the same color. The dark layer is the cathode. The aver-
age layer thickness is 30 wm. The stack consists of 51 layer, i.e.
17 elements of anode|SE|cathode. The layers appear rather flat.
When one element is fired it comes out completely curled. At
least 15 layers (five elements) are needed in order to obtain
a reasonably flat stack. The layers become flat since oppos-
ing forces act on the inner layers. For a many layer stack the
a-symmetry of forces due to the outer layers has a negligible
effect.

Let us estimate the energy density of such a cell. In doing so
we shall also determine the residence time of the gas mixture in
the cell. We examine the dimension, power output and residence
time of a stack according to the design shown in Fig. 2. While the
thickness of the layers can be made small there are limitations
that have to be taken into consideration.

2.1.1. SE

The SE can be made quite thin, if the ionic transference
number, £, is unity. This reduces the resistance to ionic cur-
rent through the SE bulk. In the porous SE a parallel path of
ionic motion on the surface of the pores may become significant
and also contribute to the ionic conductance [3,37]. However,
there is a practical limit to reducing the SE thickness in order to
avoid the possibility that the anode and cathode become short
circuited accidentally through the pores in the SE.

If #; <1 then there is an additional lower limitation on the
SE thickness. The thickness cannot be made too small as an
electronic leakage current may be generated that enhances the
overpotential at the electrodes and suppresses the cell EMF [38].

Experience shows that SEs in SOFCs of ~10 wm thickness
function well and it is anticipated that no contact between the
cathode and anode through the pores will occur in the preparation

process. We therefore use from here on 10 wm as a characteristic
measure of the SE thickness.

2.1.2. Cathodes and anode

The current in this arrangement is through the low dimension
of the electrode layer, i.e. only through a short distance. (Only
small lateral currents may exist due to the non-uniformity of the
porous SE). From this consideration the electrodes can be made
rather thin. However, again there is a need that the electrodes
keep the adjacent layers separated. In addition, it is common
practice to mix the electrode material with a second phase, that
of the SE, in order to enhance the electrode active area. This
imposes an upper limit on the electrode thickness. There is no
point in making the electrode much thicker than the SE as the
SE phase in the electrode will be too thick. We therefore shall
take the thickness of the electrodes to be equal to that of the SE.

2.1.3. Interconnect

The interconnect (ICN) has to transfer electrons from the
anode to the nearest cathode connected in series. It has, however,
three more tasks. First, to keep the adjacent layers separated.
Second, to separate the electro-active ionic species on the adja-
cent cathode and anode so that these species cannot react. If they
react it is not an electrochemical reaction that contributes to the
cell external current. The reason is that the ionic current (which
is in the wrong direction) is short circuited by the ICN. This
reaction is thus equivalent to the direct chemical oxidation reac-
tion and wastes fuel. Third, the ICN should separate the possible
SE phase added to the two electrodes. For this purpose a thin
layer is sufficient. However, for the second one the thickness
is dictated by the surface diffusion rate (in the ICN pores) of
the electro-active specie. The thickness has to be high with an
extended surface diffusion length so that the rate of the corre-
sponding reaction is low compared to the ionic current through
the SE. There is no universal answer for that thickness and we
assume tentatively that an ICN thickness equal to that of the SE
is sufficient.

In view of the former discussion we consider elements con-
sisting of a cathode, SE, anode and interconnect with all four
(porous) layers having the same thickness. With the thickness
of the SE of 10 wm an element is 40 wm thick. Thus a stack of
100 elements, only 4 mm thick, will provide 50 V under max-
imum power. A typical current density at maximum power is
1 Acm™2. Thus a stack of 10cm x 10 cm area and 0.4 cm thick
will provide 5SkW of power. In view of the small volume this
is a very high power density to the extent that one has to worry
about getting rid of the heat generated in parallel to the electri-
cal energy. That is the reason why we limit the discussion to a
module that contains a stack of 100 elements, only.

The residence time, Ty, that is considered below to
be of prime importance, is now calculated for that stack
of 100 elements. First one has to calculate the fuel and
oxygen supply needed to generate 1 Acm~2. This requires
a supply of 0.25x 107 molO;cm™2s per element, i.e.
0.056 ccO2(SATP)cm ™2 s or 0.28 ccAir(SATP)cm™2 s (SATP,
standard ambient temperature, 25°C, and pressure, 1 bar).
SATP is assumed in the coming calculations. Adding methane
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to air in the ratio CH4:0,=1:2 increases the required flow
rate of the mixture to 0.31 cc(Gas) cm—2(FC) s, while adding
hydrogen in the ratio H>:0p =2:1 increases the flow rate to
0.39 cc(Gas) cm_z(FC) s. Thus an average (and typical) value
for the flow rate is

dVp 2
T 0.35cc(Gas)ecm™ “(FC) s (1a)

which corresponds to a gas velocity of
v=10.35cms”! (1b)

We use the notation cc(Gas) for one cc of the gas mixture and
the notation cm?(FC) for one cm? of the FC element.

In order to supply oxygen and fuel to all 100 elements (con-
nected in series) the flow rate has to be a factor 100 higher. The
gas velocity is thus v=35cms~! The (average) residence time
for this configuration, T, in the 0.4 cm stack is

Tres = 10ms 2)

where it was assumed that the gas volume does not
change in the reaction (as is the case in the reaction
CHy4 +207 — CO; +2H,0). In view of our preliminary expe-
rience (see Section 4) a residence time of 10 ms seems to be
adequately short.

The residence time is independent of the number of elements
in the stack as the required gas velocity has to increase linearly
with the number of elements. It is emphasized that this time
is determined for maximum power and full fuel utilization. No
fuel is meant to be wasted. When no current is drawn from
the cell then no fuel and oxygen are consumed, provided the
electrodes can be regarded as selective. Thus the flow rate should
be decreased. If this increases the residence time beyond what
can be tolerated then the reduction of the power output has to be
achieved differently. This can be done by constructing the MR-
SOFC in modular form, and shutting down part of the MR-SOFC
modules while keeping others working at maximum power.

We are aware of one experiment done with a porous SOFC
with the gas mixture flowing through the layers as required for
this arrangement [31]. Only one element was constructed with
the anode as the support. Unfortunately the problem of lack of
selectivity came up and the gas flow had to be manipulated in
order to generate significant power. (a) The gas composition was
fuel rich with CH4:0, =2:1 and 1:1 rather than 0.5:1 as required
for full oxidation. (b) The gas had to enter from the cathode side
first (otherwise all the oxygen would have been consumed at
the contact with the anode) and (c) the flow rate had to be kept
high. The estimated residence time in the successful experiments
should have been roughly ~60 ms.

2.2. Supported SC-SOFC

Fig. 4 exhibits another configuration denoted as supported
MR-FC (S-MR-FC). In this arrangement the cell element is sup-
ported on a dense substrate, the SE is again porous and so is, at
least, the upper electrode. The gas mixture is supplied from one
side only (upper side in Fig. 4) [37]. If the substrate cannot serve
as an electrode then an electrode is added. This inner electrode

(a) Incoming gas mixture Exhaust gas

(b)

(©)

Fig. 4. S-MR-FC [37]. (a) The substrate is assumed to be conductive. The inner
electrode is chosen as the cathode. (b) The gas is forced to flow in a narrow
gap over the current collector in order to enhance the flow rate and reduce the
residence time. (c) Another configuration of the CC that forces a different gas
flow pattern.

can be dense (yet, a porous one is preferred as it has a higher
active area). In Fig. 4(a) the inner electrode is chosen to be the
cathode. On this electrode a porous SE is shown with a porous
counter electrode on top of it (anode in Fig. 4(a)).

The residence time in this arrangement may be quite long
unless special care is taken to shorten it, as is shown in the
arrangements of Fig. 4(b) and (c). We now estimate this res-
idence time. Let the length of the path for the gas flow be
L=10cm and the width 1 cm. The volume demand for 10 cm?
active area of the fuel cell is calculated from Eq. (1a) to be
dV/dt = L(dVy/df) =3.5 cc(Gas) cm ™ (FC) s (where cm(FC) is
1 cm width of the FC). For the arrangement of Fig. 4(a) the res-
idence time is not well defined as the volume (size and shape)
beyond the current collector (CC) is not given. For the arrange-
ment of Fig. 4(b) the gas velocity can be controlled by the gap
thickness 8. Then v=(dV/df)/§, and the residence time for this
configuration is Tyes = L/v = §/(dVy/df) which with Eq. (1a) yields

8

- 3
Tres 0355 3)

In order to reach 10ms the gap § has to be quite narrow,
6 =3 pm, which would impose a high resistance to gas flow. We
notice that the residence time is independent of L. However,
the velocity is proportional to L and so is the impedance to gas
flow. Thus a narrow FC with a low L value may be required. A
more realistic gap is §=0.3 mm which results in a rather long
residence time of 1 s.

Fig. 4(c) is a modification which keeps the FC area high but
the gas path length shorter. A closer look shows that the residence
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time is not shorter for the same value of § because, as we have
seen before, the residence time does not depend on the length
of the path L. However, the impedance to flow is expected to
be lower for the shorter L value. On the other hand the more
complex CC structure is expected to result in a high price.

We conclude that the residence time in the S-MR-FCs is
expected to be longer than in the stack of Fig. 2. If a short resi-
dence times turns out to be a crucial parameter then the S-MR-FC
is not a practical solution for a true MR-SOFC.

It turn out that all dense cells are subject to the same or very
similar gas flow pattern and rate requirements. As a results all
have the same typical residence time for the same value of the
gap width §. The residence time is most likely to be a few seconds
if § ~ 1 mm in order to reduce the impedance to gas flow and if
just the power output needs are met. It is the porous arrangement
of Fig. 2 that allows the gas to flow through the cell layers which
drastically reduces the residence time.

2.3. Side by side SC-SOFC

Fig. 5 exhibits an arrangement where the anode and cath-
ode are applied to one side of the SE being exposed to the gas
mixture. The SE is dense. The electrodes are in the form of
stripes. The stripes can be connected in series or in parallel.
This arrangement was first tested as a sensor [5] and later as a
fuel cell [20,39,40]. Its performance was analyzed numerically
[41,42]. (In the analysis of Calabrese Barton et al. [42] no inter-
connect is considered. However, adding an interconnect to the
analysis should not alter the results dramatically.)

Unfortunately, this arrangement does not function well for
two reasons. First, there is the problem of a long residence time
typical of dense cells. Then, when power is generated, the inho-
mogeneous current density in the electrode becomes a problem.
The current density at the edge of an electrode stripe is signifi-
cantly higher than at the center [31,43]. The resultis excess local
heating of the edge of the electrode stripes resulting in chemical
instability.

2.4. Planar, conventional design

The SC-SOFC mostly reported have a configuration that is the
same as an element of a conventional SOFC (Fig. 1). The anode
is applied on one side of the SE and the cathode on the opposite
side. The solid electrolyte is usually dense. Experiments with a
porous yttria stabilized zirconia (YSZ) SE but similar gas flow
pattern (parallel to the layers rather than through them) show
that the porosity leads only to a small decrease in power and
open circuit voltage [28]. The decrease is probably due to some
diffusion of the fuel intermediate products (H, and CO) from the

A

| AR

Fig. 5. Anode and cathode side-by-side SC-SOFC.

2CHLr0:=2C0MHE [ 6CHL1200,+41,0
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1/4 of the gas mix 2C0, + 4H,0 + 126
8CH+40,
¥| / i
» CH4*D|_|
3/4 of the gas mix “ Cathode

Additional air’

Fig. 6. Two SOFC elements in a SC-SOFC with a second stage used after
injection of additional air [22]. Gas flow and reactions for methane as fuel.

anode, through the open pores of the 18 um thick SE, towards
the cathode and a lack of selectivity of the cathode.

Shao et al. have combined standard SOFC elements parallel in
pairs and have suggested to connect them in series [21,22]. This
is presented in Fig. 6. The materials used as electrodes are those
used in SOFCs. The SE is Sm doped ceria and anode a mixture
of the SE and Ni while the cathode is Bag 5Srg 5Cog gFeg203_s.
The operation temperature is 500 and 600 °C. The anode is
known to be catalytic active and not possessing the required
selectivity. The cathode exhibits selectivity under a high flow rate
(short residence time). We analyze the performance of the SC-
SOFC shown in Fig. 6 in order to demonstrate how, despite lack
of selectivity, gas composition and flow pattern manipulation
allows to operate successfully the cell in a single chamber.

A mixture rich with excess fuel is introduced. The excess in
Fig. 6 is CH4:0, =2:1 which allows only partial reforming at
the anode resulting in CO and H». (One can also use a lower fuel
concentration as long as full oxidation at the anode is not possi-
ble, e.g. CH4:0, =1:1.) The gas flow is carefully split so that 1/8
flushes the anode of each element of the first pair and the remain-
ing 3/4 pass by the two cathodes of the first pair. Assuming that
the cathode is selective (which holds approximately for a high
flow rate, i.e. short residence time) the fuel there continues intact
towards the exhaust of the first pair. The oxygen, on the other
hand, is reduced at the cathodes to O>~ ions that flow through
the electrolyte towards the anode and react there with the CO
and Hj to form CO; and H,O. The overall reaction at the anode
is (except for charge): 2CH; +40; — 2CO; +4H,0 where two
O atoms come directly from the gas phase and six arrive in the
form of ions through the SE. As 3/4 of the fuel is exhausted
unreacted the fuel utilization is 25% for a single stage (neglect-
ing the potential energy loss in partial reforming). In order to
increase the fuel utilization a second stage can be added to the
cell provided additional air is also introduced to supply the miss-
ing oxygen for the second stage. Thus after two stages the fuel
utilization can increase to (1/4)(1+3/4)=7/16 ~44%. Adding
stages increases further the fuel utilization to 1 — (3/4)" after n
stages but it increase the cost of the device as well.

It should be noticed that this SC-SOFC functions well
because the oxygen supply to the anode, at each stage, is limited
and because the gas flow is controlled so that the gas streams
flushing the anode and cathode are well separated.
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Fig. 7. Gas flow and reactions in a SC-SOFC of the design shown in Fig. 6 if
hydrogen were used as fuel.

The same arrangement (with a selective cathode and non-
selective anode) could function as a SC-SOFC with hydrogen
as fuel provided hydrogen comes in excess and is sacrificed at
the anode. This would eliminate the oxygen at the anode while
leaving there excess fuel that allows the cell to operate. This
is presented schematically in Fig. 7. The fuel utilization is 25%
after the first stage with 25% of the fuel sacrificed. After the sec-
ond stage it is (1/4)(1 + 1/2) and after n stages, (1/2)(1 — (1/2)").
Here due to the non-selectivity of the anode, the fuel utilization
is not only low but half of the fuel used is wasted as it is sac-
rificed to reduce the oxygen potential at the anode and it does
not participate in the electrochemical reaction that generates the
electrical energy.

2.5. Summary of the section of cell design

The most attractive design is that shown in Fig. 2. If realized
its production will be simple and inexpensive and the power
density high. It has, however, also the important advantage that
it allows for the shortest residence time. The latter emerges
as a possible crucial condition for achieving selectivity, as is
discussed in Section 4.

3. Required catalytic properties of the different layers
of a MR-SOFC

3.1. General

The selectivity normally looked for in heterogeneous catal-
ysis is between different parallel chemical reactions. The
selectivity one is looking for here is between electrochemical
reactions and chemical ones. In the case of hydrogen as fuel this
selectivity should be strict and no chemical reaction is tolerated.
In the case of hydrocarbons as fuel, partial oxidation is tolerated
but full oxidation is not and oxidation should be completed only
via the electrochemical route.

A selectivity between chemical and electrochemical reaction
was already encountered in processes on Nafion [44]. There
the electrochemical reaction is preferred to the chemical one. A
selectivity between chemical and electrochemical reaction was
also encountered in the NEMCA effect [45]. There, however, it
is the chemical reaction that is preferred to the electrochemical
one.

3.2. The overall reaction

The overall oxidation reaction is in the case of hydrogen as
fuel:

2H,; + O, — 2H;0 )

The chemical reaction route is not tolerated in the MR-FC, of
course. In the case of hydrocarbon the reaction can proceed in
different ways. Let us examine methane as an example. However,
methane may not be the best choice of an hydrocarbon for use in
MR-SOFC due to its high chemical stability [46]. The following
chemical reactions are a priori possible in the full and partial
oxidation of methane [29]:

1
CH4+502<—>CO+2H2, CHy;:0,=2:1 (®)]
CHs4+0; &+ CO+H; +H;O, CHs4:0,=1:1 (6a)
CH;+0; <+ CO,+2Hy, CHy:0,=1:1 (6b)

The presence of water results in a water gas shift reaction
[47]:

CO +Hy0 < CO2 + Hy (6¢c)

and also in steam reforming:

CH4 + H;0 < CO + 3H» @)
CO, reforming is also possible [47,48]:

CH4 + CO;y < 2CO + 2H, ®)

and of course full oxidation:

CH4 4207 <> CO2 +2H70, CHy:0,=1:2 C)]

Reactions leading to carbon deposition are not considered as
in the presence of a high concentration of oxygen, as should be
used in MR-SOFC, they are not expected to take place.

We notice that in MR-SOFC only one chemical reaction is
totally unacceptable. This is the last one, Eq. (9). It results in
full oxidation. All other reactions result in partial oxidation and
leave some fuel for operating the cell. Unfortunately, this partial
reforming wastes some of the free energy of the reaction that
could be converted into electrical energy. However, at this stage
of the R&D this is a minor consideration as one is striving to a
proof of principle of a true MR-SOFC and could tolerate some
losses.

3.3. The reaction at the cathode

The cathode task in an SOFC depends on the nature of the SE.
In the case the SE conducts oxygen ions, e.g. YSZ, the cathode
has only to reduce the oxygen molecule to oxygen ions which
then enter the SE. If the SE conducts protons then the cathode
has to handle also the reaction of the protons with oxygen. We
consider here the first case, of an oxygen ion conducting SE. The
reduction of oxygen at the cathode may involve various steps,
such as

02— O 24— 207 — 202_ad — 202_513 (10)
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where the second to fourth specie are adsorbed (ad) ones and
the last denoted an oxygen ion in the SE.

In a MR-SOFC the cathode is exposed also to the fuel. In the
case of hydrogen as fuel the cathode should not act as a catalyst
for the reaction of Eq. (4). For the catalytic process it is most
likely that an adsorbed specie of hydrogen is the active specie
that reacts with the adsorbed oxygen specie. Therefore a proper
cathode will, most probably, be found among those materials
that do no adsorb hydrogen.

When the fuel is methane the cathode should be looked for
among materials that do not adsorb methane or the fuel products,
CO and Hy, of partial oxidation reaction.

In the case the reaction on the cathode occurs only between
adsorbed and charged species, adsorption of neutral fuel specie
can be tolerated but not of charged ones. Then one would look for
a material that donates electrons to the adsorbed oxygen, while
being unable to accept an electron from the adsorbed fuel, i.e. has
a low work function. The cathode can be a metal, semiconductor
or a mixed ionic electronic conductor (MIEC). It need not be n-
type as long as the adsorbed oxygen acceptor level is close or
below the Fermi level of the cathode.

3.4. The reaction at the anode

The reaction at the anode is expected to occur between the
fuel and the oxygen ion emerging from the SE. The latter can
go through a series of steps, e.g. the inverse of that in Eq. (10).
It is most likely that the fuel oxidation reaction occurs between
an adsorbed specie of the fuel, say H*, and mainly one of those
oxygen specie emerging from the SE. For example

2Ht g+ 0% 4 — H0 (11)

Thus one should look for an anode among those materials
that do no adsorb oxygen from the gas phase. The oxygen specie
emerging from the SE may have a different reaction rate with
the fuel than the oxygen in the gas phase. An indication for this
is a difference in the activity of oxygen ions emerging from the
SE and spilled over an electrode from those ions adsorbed from
the gas phase onto the same electrode. This is observed at rela-
tively low temperatures in the NEMCA effect [45,49] but also at
elevated T where oxygen supplied via the SE to an YBa;Cu3O,
(YBCO) electrode oxidizes methane to CO while oxygen sup-
plied from the gas phase yields CO, in the presence of YBCO
[50]. (Unfortunately, in the last two examples oxygen from the
gas phase reacts more strongly with the fuel than the oxygen
emerging from the SE.)

In the case the reaction on the anode occurs only between
adsorbed, charged species, one would look for a material that
accepts electrons, i.e. has a high work function and is not likely
to reduce oxygen from the gas phase.

Comparing the requirement for the anode (electron accep-
tor) and cathode (electron donor) with the successful electrode
materials for SOFCs one may wonder if the former theoretical
claims and the practice are not in contradiction. In SOFCs the
anode including the nearby SE are reduced, raising the Fermi
level there. Yet it is found that this reduction enhances the anode

reaction, e.g. when CeQ is used. In the same sense, oxidation
at the cathode lowers the Fermi level but enhances the electrode
reaction. This suggests that the electrode reactions enhance-
ment is due to the change of stoichiometry in the SE rather
than a desired change in the work function. The stoichiometry
change enhances the electron/hole concentration and the elec-
tronic (electron/hole) conductivity in the SE, which otherwise
is an insulator with respects to the electronic current. This facil-
itates the widening of the triple phase boundary (tpb). Thus the
active electrode area is increased [51]. The stoichiometry change
in the SE is not required when the electrode is an MIEC as the
latter acts as a wide tpb. This suggests that the proper selective
electrode material is a highly electron/hole and ion conductive
MIEC which also possesses the correct work function.

It should be noticed that an MIEC can be replaced by a quasi-
MIEC which consist of a mixture of finely dispersed two phases,
one conducting electrons or holes and the other ions.

3.5. The required inertness of the SE and ICN

A simple requirement for the SE and ICN would be that they
are inert with respect to both the chemical oxidation reaction
and the electrochemical ones. Their task is different from that
of the electrodes. They need not catalyze any reaction. How-
ever, this is not a necessary condition and imposing it may,
eventually, introduce a limitation on the choice of materials.
Let us therefore examine to what extent this limitation can be
relaxed.

The SE and ICN should definitely, as the electrodes, exhibit
no catalytic activity towards the chemical oxidation reaction if
the fuel is pure hydrogen. When a hydrocarbon fuel is used one
could tolerate partial oxidation under the following conditions,
that the other layers in the MR-SOFC do not further catalyze the
full oxidation of the products of that partial oxidation.

As to the electrochemical reactions the SE and ICN could be
either inert or be allowed to exhibit the same catalytic activity
as the adjacent electrode. It is, of course, not tolerated that the
SE or the ICN catalyzes the same electrochemical reaction on
both sides. The catalytic properties may be different on the two
sides of the same material (SE, ICN) if the catalytic process
includes steps both on the SE or ICN and on the nearby electrode.
Would this situation arise in reality? Perhaps, and attention to
that possibility should be paid.

As mentioned before diffusion of electro-active specie
through the pores of the ICN should be negligible.

3.6. Parameters that control or allow selectivity

Priestnall et al. [36] review, among others, mechanisms for
breaking the symmetry: (a) selectivity of the electrode material,
(b) diffusion selectivity, (c) differential flow rates, and (d) selec-
tivity by adding a diffusion filter layer on top of the electrode,
e.g. fuel permeable, oxygen impermeable barrier. To that one
has to add three important parameters: (a) temperature, (b) res-
idence time and (c) fuel to oxygen ratio in the gas mixture. One
has also to remember that the outcome can be a mixed potential
due to competing reactions. Many of these factors seem to con-
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tribute to the selectivity of the electrode pairs tested in supported
MR-FCs [37].

3.6.1. Temperature

The temperature has a significant effect on the catalytic rates
and on the selectivity. In general reducing the temperature slows
down reaction rates. Indeed, a true MR-FC was found to date
only at close to room temperature. Calabrese Barton et al. [42]
report on selectivity in the bipolar cell: cathode — FeTMPP
(iron tetramethoxyphenyl porphyrin), anode — Pt—Ru and SE
— Nafion® 117 (fed with a mixture of methanol and air).

In order to demonstrate the effect of temperature on selec-
tivity let us consider the example of the NEMCA effect, though
there the preferred reaction is the chemical one rather than the
electrochemical one. In the NEMCA experiments a gas, say
methane, is mixed with oxygen and oxidized on a catalyst. The
latter is part of a Galvani cell that can transfer oxygen from a
fixed oxygen reservoir (air) through a SE (YSZ) to the cata-
lyst electrode. It turns out that at relatively low temperatures
(~450°C) the oxygen ions that emerge from the SE do not
participate in the oxidation reaction. Oxidation occurs almost
entirely by the oxygen coming from the gas phase. On the other
hand, at higher temperatures 7> 600 °C oxygen pumped through
the Galvani cell does participate in the reaction. The reason for
that peculiar behavior at the lower temperatures is a potential bar-
rier that blocks the oxygen ions emerging from the SE from being
transferred into a specie that can quickly react with methane
[45]. At elevated temperatures (7> 600 °C) this potential bar-
rier is easily crossed and the methane oxidation by oxygen ions
supplied via the SE may take place [50].

We tentatively assume that the operating temperature of a
MR-SOFC will be about 600 °C perhaps in the 500-600 °C
range. This upper temperature limit is based on the result of
catalysis measurements reported in Section 4 below, while the
lower limit results from the knowledge that the reaction rates are
too low below ~500 °C. These limits may, however, change as
the applicability of new materials is discovered.

3.6.2. Residence time

The residence time is the time a molecule is present in the
reaction zone, which, in the present case, is the stack of the
ceramic layers. The electrodes serve as catalysts. As heteroge-
neous catalysis has to start with adsorption on the catalyst the
probability of adsorption of a molecule is proportional to the
time spent near the electrode material. Adsorption may be fol-
lowed by fast desorption or the active species in the desired
reaction may not be the first adsorbed specie but rather one
obtained by dissociating the molecule and perhaps charging
(see Eq. (10) as an example). However, it is clear that short-
ening the residence time sufficiently must eventually reduce the
reaction rate. Unfortunately, this may reduce both the chemical
reaction rate and the electrochemical reaction rate. Thus taking
advantage of a short residence time can be achieved only for reac-
tions understood in detail and then properly selected. We shall
demonstrate below that if only the chemical reaction is exam-
ined its rate is decreased as the residence time is shortened, as
required.

3.6.3. Fuel to oxygen ratio in the gas mixture

This ratio determines whether the mixture is oxidizing or
reducing. Thus, depending on that ratio the gas mixture may
affect differently the stoichiometry of the materials used and
their catalytic activity.

3.6.4. Materials

The properties of the four materials involved in the stack
(anode, cathode, SE and ICN) were discussed before. Results of
a screening test are reported in Section 4.

The products of reaction have also to be taken into consider-
ation for the following reasons:

(a) Adsorption of a product, e.g. water, onto the cell materials
may change their catalytic properties.

(b) The products may participate in the reaction by changing the
concentration ratio between the product components and the
reactant. This may require changes in the electrode material
along the gas stream in order to maintain selectivity.

(c) Inthe case of hydrocarbon the product may shift the reaction
to other routes such as steam reforming or CO; reforming of
methane. This may require changes in the electrode compo-
sition along the gas stream in order to maintain selectivity.

(d) The dilution of the reactant down stream reduces the danger
of explosion.

3.6.5. Diffusion selectivity and differential flow rates

These processes, if effective, can usually be taken advantage
of in a certain range of gas flows and pressure distributions.
Thus for a continuous operation the gas flow needs to be kept
constant. This implies that the FC has to operate under constant
conditions. Thus changes in the FC power output should only
be done by switching on and off part of the MR-SOFC modules
while keeping the others operating under standard conditions.

3.6.6. Filter layer on top of the electrode

A layer applied onto the electrode may serve as a filter for
the oxygen or the fuel. A typical example is Pd, which can filter
hydrogen. Unfortunately, the catalytic activity of this layer may
have an adverse effect on the MR-SOFC operation. This would
be the case with Pd which catalyses the chemical oxidation of
methane [52]. In addition, the products have to diffuse through
that layer if applied onto an anode when the SE conducts oxy-
gen ions (or on the cathode when protons are conducted). Thus
adding a filter layer requires careful examination of the overall
effect of that solution.

3.7. Methods for testing selectivity in MR-SOFCs

Various procedures were used for testing the selectivity of
certain materials as anode or as cathodes. The basic one is to
measure the voltage and power output of a SC-SOFC element.
However, the interpretation is not unique and this cannot be
used as a stand alone method. A further extension was presented
by Hibino et al. [40,53] where the two electrode compartments
are separated and the reaction products at the tested electrode
are analyzed. When the SE conducts oxygen ions the product
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of the electrochemical reaction should be looked for on the
anode side. What is of interest is the rate these products are
formed compared to the current through the cell. If the elec-
trodes are selective the current is directly related to the rate of
fuel consumption. If excess fuel is consumed this indicates par-
asitic reaction and non-selectivity. The ratio between the current
generated and the rate of fuel consumption can be used to quan-
tify the selectivity of the electrodes used (under the operating
conditions).

Calabrese Barton et al. [42] improved this analysis by adding
another test procedure. The separated anode is first supplied
with fuel (aqueous methanol) only (while the cathode is flushed
with air) and the cell current is measured. In addition the prod-
ucts are analyzed (for CO, production). Then with the same
fuel supply rate, air or (at the same gas supply rate) pure nitro-
gen is added to the fuel. At low current densities no difference is
observed in the cell current and CO; production rate for the three
cases. This indicates that the anode tested (Ru—Pt at 80 °C) is
selective. Under high current density the last two cases, with
air or nitrogen added, show the same but higher impedance
than the pure fuel case. Yet the current—CO; ratio indicates no
parasitic oxidation of methane by oxygen from the gas phase
which would yield CO; but no contribution to the current. The
increase in the impedance can thus be identified as mass trans-
port limitation of the fuel in the presence of the extra gases (air or
nitrogen).

A straight forward, but partial, characterization method is
to measure the catalytic activity of the electrode material (as
well as two phase mixtures) towards the direct chemical reac-
tion. It provides an answer for one necessary condition, namely
does the material catalyze the chemical oxidation reaction of
the fuel. It thus can only be used for screening (see Section 4).
It has to be supplemented by positive results of catalyzing the
electrochemical reaction.

Napporn et al. [24] have embedded the test cell in a blanket
of flowing nitrogen while the cell is held by rather tight current
collectors that force the gas stream to go in one direction only.
In this way (when the two flow rates are high enough and the
amount of gas diffusing up stream can be neglected) the exhaust
gas from the cathode side cannot flow back into the anode side
and vice versa. The latter back diffusion, if allowed, adversely
affects the results, in particular, the identification of the process
products at each electrode. In another publication [23] they use
the temperature after the SOFC element as a measure for the
selectivity of the electrode. No calibration is provided relating
the temperature increase to lack of selectivity. The presence of
both Pt and Ni results in a temperature increase. However, that
in the presence of Pt is significantly higher than when Ni is
included in the anode.

4. Experimental results of the catalytic activity of
materials towards the chemical oxidation of methane

We report here on screening experiments of materials, most
of them commonly used in SOFC. The experiment examines the
catalytic properties of the materials towards the direct chemical
reaction. Those which fail this test can certainly not be used in

an MR-SOFC. The experimental system consists of a reactor in
the form of a 4 mm inner diameter, and long quartz tube which
contains lightly pressed powder of the material under test. Two
pieces of alumina wool are used as stoppers to keep the pow-
der in place. The powder forms a small cylinder ~10 mm long
and 4 mm diameter. The stopper down stream is held in place
by a long alumina tube, 2 mm wide. This is done in order to
allow the use of enhanced pressures (up to 2.5 atm) to generate
higher flow rates and reduced residence times. (Safety measures
are taken for the case of explosion of the tube.) A gas chro-
matograph, GC, is used to analyze the incoming and out going
gas. Parameters changed for each material are (a) temperature
(500700 °C), (b) gas composition (fuel rich and fuel lean) and
(c) gas flow rate, expressed in terms of the residence time in the
10 mm long active zone of the reactor (i.e. contains the tested
material, subject to a uniform temperature). The empty reactor
did not catalyze the reaction at temperatures below 850°C. The
results are summarized in Table 1. The accuracy is £5% absolute

value.
The data in Table 1 show the following:

(a) Out of the materials tested ITO and silver are inert
up to 700°C. CuO, at 700°C exhibits strong depen-
dence on T and weak activity under a short residence
time of 75ms suggesting that it can be considered
inert for a residence time of 10ms. TayOs is inert at
600 °C and weakly active at 700 °C for a residence time
of 150 ms.

(b) Change of stoichiometry of an oxide changes activity. The
materials that exhibits limited activity under oxidizing con-
ditions are: SSCO at 500 °C and ZnO up to 600 °C while
being enhanced under reducing conditions.

(c) Due to reduction, hysteresis is observed when using YSZ
after cooling to 500 °C under reducing conditions. Signifi-
cantly enhanced catalytic activity is observed, as compared
to oxidized YSZ, when the gas composition is switched back
to a lean one. Recovery time at 500 °C is much longer than
10 min. At this temperature oxygen uptake is expected to be
slow. Thus the catalytic activity in the reduced YSZ should
not be associated with oxygen storage and release but rather
with an enhanced electronic (electron) charge carrier con-
centration and/or high Fermi level and thus smaller work
function.

(d) Ni turns out to be rather weakly active, under lean condi-
tions, at 600 °C for a residence time of 75 ms. This suggests
that it might be inert for s = 10 ms.

(e) YSZ is found to be quite active at 600 °C and only inert at
500 °C for trs =150 ms. Shortening 75 to 75 ms reduced
the activity significantly indicating that under 10 ms YSZ
could probably be used at 600 °C.

(f) SDC is quite active even at 500 °C at Treg = 150 ms.

(g) Two materials exhibit excessive activity. BCYO
(BaCep9Y0.103_5) is very active at 600 °C but changed
abruptly at 500°C to an inert material for a rather short
residence time of 25 ms. Nd,Oj3 is active down to 500 °C.

(h) LSM tested at 650 °C was reduced by methane though the
gas mixture was somewhat lean.
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Table 1
Percentage® of deficient reactant consumed by chemical oxidation®
Material | O2:ClHLN5! Tm(St;'c) 500°C 600°C 700°C
1 | Ag L=2.1:1:8 0.38~ ACH4=0
2 | BCYO |R=2.1:1:8 0.025° 0 at 535°C ACH;==100 | ACH,=-100
3 | CuO L.=3:1:10 0.15 ACIHs =-20 ACI, = =50 ACH4= =55
L=2.1:1:8 0.075 e AO,=-35 AOQ,=-35
4 ITO | L=3:1:10 0.15 0 E— 0
R=1:1:4 0.15 0 —_— 0
5 | LSM L=2.1:1:8 0.075 | CH, reacts with L.SM (AQ,=0) at 650°C.*
6 | Nd>O; L=3:1:10 0.15 ACH, = =50 ACH; =¢75 ACIH4 =90
7 | Ni L=2.1:1:8 0.075 _— A0, =-20 AO, = =50
al 570°C AL 670°C
8 | SDC L=3:1:12 0.15 ACH4 = 95 ACH4=-100 | ACH4=-100
L=2.1:1:8 0.0257 —_— AO; =250 —
R=1:1:4 0.15 AO: =:100 — AO, = =100
9 | SSCO | L=3:1:10 0.15 ACH, =-5 ACIls = =53 ACH, = -80
R=1:2:8 0.15 AQO,=-25 AO; = =85 AO, =-100
10 | Ta;0s | L=3:1:10 0.15 0 0 ACH4=-25
R=1:1:3.4 0.15 0 AOQ;=-10 A0z =-10
11| YSZ L=2.1:1:8 0.075 _— AO,=-10 AO, =-55
L=3:1:12° | 0.15 0 ACH:=-35 | ACH4=:70
R=1:1:47 0.15 0 AO,=-10 AQ, =- 65
12 | ZnO L=3:1:10 0.15 0 ACILs =-5 ACH4=-20
R=1:2:8 0.15 AO; =-10 AO, =-30 AO-> =75
Empty © | L=3:1:10 0.38° AO.=-5
at 800°C
R=1:1:4 0.38° AQz=-5
at 800°C

IR, rich in fuel, L, lean in fuel. 2Notice extended tyes. >Notice short es. *No oxygen from the gas phase is consumed in the rapid oxidation of methane, rather that
coming from LSM. >Hysteresis was observed after cooling from 700 to 500 °C under reducing atmosphere. When at 500 °C the gas was switched back to L=3:1:12
and a measurement taken within 10 min. The methane concentration change in the reactor was —40%, indicating that the YSZ is still reduced and more active. “Empty
reactor: quartz tube. Gray background: high catalytic activity. The chemical reaction results in a concentration change beyond 50% (at the given residence time).
% Accuracy: £5%.
b Full oxidation of that part of the fuel that has reacted. The products detected were mainly H>O and COj, and not those of partial reforming: CO and H;.

These results lead to the following conclusions:

lower temperatures because of its high catalytic acti-
vity.
(e) At relative low temperatures, <600 °C, other materials,

(a) There are few materials that are strictly inert, however others
can be found that, by reducing the residence time and/or tem-
perature, can be considered inactive towards the catalysis of
the oxidation of methane.

Since the estimated residence time in an MR-SOFC is 10 ms
itis anticipated that there will be sufficient materials that can
be applied.

The results suggest that the operation temperature of an MR-
SOFC will have to be limited by 600 °C.

The solid electrolyte will most probably be YSZ, or
one of those that were not tested yet, e.g. Lagg
Sro.1Gap gMgp20285. SDC can be considered only at

(b)

(©)
(d)

not only oxides, can be considered for use as electrodes.
This opens the field to nitrides, carbides and metallic
alloys.

When hydrogen is used as the fuel, high temperatures can still
be used. Contrary to common belief hydrogen can coexist with
oxygen at elevated temperatures in an inert surrounding. Sup-
ported MR-SOFCs [37] exposed to such gas mixtures exhibited
finite cell EMF at 650 °C. Partial reforming of hydrocarbons in
the presence of excess oxygen should also lead to a gas mix-
ture containing hydrogen (and CO) and oxygen. This and the
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simplicity of the hydrogen oxidation process as compared to
the methane oxidation one, suggests to continue the research on
MR-SOFC, in the near future, using hydrogen as fuel rather than
methane.

5. Flow rate impact on the performance of SC-SOFC

It has been reported that the flow rate of the gas mix-
ture has a significant impact on the open circuit voltage as
well as on the power output in SC-SOFCs. Hibino et al. [40]
show that in a SC-SOFC as shown in Fig. 1, for a gas mix-
ture CH:0,=1:1, under a flow of 50 mlmin~!, over a cell
Ni+ GDC|YSZ|LSM +MnO3, electrolyte supported, the EMF
is almost zero. The EMF increases with flow rate and reaches
a plateau of 800 mV, at 200 ml min~!. On the other hand, for
the gas composition CH4:0,=1:2 (which would allow full
oxidation) the EMF vanishes even at a higher flow rate of
300 mImin~!. The last result can be understood to be due to
lack of selectivity of the Ni+ GDC anode.

Though a single chamber is used, it is clear that the gas flush-
ing the anode continues to the exhaust line and does not reach
the cathode. Thus the cell can function even if the anode is not
selective as long as the gas mixture is fuel rich (CH4:0,=1:1)
and the cathode is selective. The fact that the EMF vanishes
for a flow rate of 50 mI min~! indicates that the cathode is not
selective either. Once the flow rate increases and the residence
time decreased, the cathode becomes selective which results in
a finite EMF.

Similar results were reported by Buergler et al. [30,31]
on cells based on GDC as electrolyte. Additional tests
demonstrate the different catalytic activity of the anode and
cathode used [31, Chapter 5]. One of the cell considered is
(Ni+ GDC|GDC|SSCO). It is fed with a mixture of air and
methane with CH4:0, =2, 1.5 or 1. The anode and cathode com-
partments are separated, but the two electrodes are flushed by
the same gas mixture. It is shown that the cathode and anode
materials both catalyze the chemical reaction though the anode
material is more active.

Buergler et al. report on the first porous SC-SOFC with
flow through of the gas mixture [31, Chapter 9]. The porous
cell Ni — GDC|GDC|SSCO is anode supported, the cathode and
electrolyte 20-30 pm thick. The cathode has a Pt mesh embed-
ded as a current collector while at the anode the Pt mesh is
pressed onto it. The gas mixture is entering through the cathode.
Gas mixture contains methane, air and ~3% H>O. The results
are quite similar to the ones reported for the dense electrolyte
supported cell. The EMF and power density increase with flow
rate. At 1000 ml min~! yet no maximum in the EMF and power
density versus flow rate, is reached. These results can again be
interpreted by a non-selectivity of the anode and a selectivity of
the cathode that increases with the flow rate and decreases in the
residence time.

The effect of flow rate was attributed by others to a possible
back flow of the gas flushing the cathode, going towards the
anode and reacting there and that this back flow is reduced as the
flow rate increases. This cannot explain the flow rate dependence
observed also in tests using two compartments.

One of the reasons for the low utilization is due to the high
flow rate used, with a lot of fuel remaining unused. The second
reason is the need to use fuel rich gas mixtures and the sacrificing
of some fuel due to the non-selectivity of the anode.

6. Conclusions

It has been shown that SOFC which really can operate on a
gas mixture of fuel and air, denoted here as MR-SOFC, have
significant technological advantage over common SOFC. Fur-
ther, it was argued that all single chamber SOFC (SC-SOFC)
considered to date do not fulfill this requirement due to lack
of selectivity of the anode and limited selectivity of the cathode
(that sets in only under short residence time). The fact that power
is generated in the SC-SOFC is not because of selectivity of the
electrodes but rather due to (a) gas composition and (b) flow
pattern manipulation that renders the SC-SOFC to function as
common SOFCs with excess fuel remaining at the anode. The
control of the residence time is an acceptable means for improv-
ing selectivity, however, the first two parameter manipulations
(a) and (b) cannot be tolerated in a multi stack arrangement, as
shown in Fig. 2.

The most promising cell design, to date, is that shown in
Fig. 2. It is interesting due to its simplicity and expected low
fabrication price, high power density and high fuel utilization.
The design allows also for a low residence time. This prop-
erty may turn out to be a crucial property for finding selective
electrodes as well as inert SEs and ICNs.

Attention has to be paid to the design of the porosity in order
to minimize the back pressure needed to drive the gas mixture
while keeping a large contact area between the gas and the cell
materials. The latter requires that the contact area is high which
can be achieved using many fine pores. The former requires that
the pores are large. Therefore the optimal design needs to be a
combination of both types of pores in communication.

Explosion risk in MR-SOFCs may exist. However, the porous
cell (of Fig. 2) will serve as a heat sink reducing the possibility of
a rapid reaction and explosion. The gas mixture can be further
diluted. It is self-diluted by the products of the process down
stream. On top of this the MR-SOFC has to be maintained in a
robust container.

The selectivity one is interested in is of special nature, favor-
ing electrochemical reactions to chemical ones. Unfortunately,
little was done so far in this direction. Till now the efforts in
SC-SOFC research were concentrated, mainly, on ceramic pro-
cessing of the layers and construction of SOFC elements.

While shortening the residence time seems to improve selec-
tivity and thus MR-SOFC performance, one has to bear in mind
that it may have an adverse effect on the electrochemical reac-
tions needed. Both effects have to be examined.

The reaction products affect the reaction. In particular, in
the case of methane the reaction products, water and carbon
dioxide, may participate in the reaction down stream in the cell of
Fig. 2. They may also be adsorbed onto the cell layers changing
their catalytic properties. Thus the composition of the cell layers
may have to change going down stream in order to adjust their
catalytic properties to the gas composition. If this is indeed so,
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then one may run into the need to keep the gas composition
distribution constant in time. This means that the power output
of amodule should be kept constant in time. In that case changing
the over all power output of a device can be achieved only by
switching off/on of modules which, when “on”, work under fixed
conditions.

Future research should, first of all, concentrate on the pos-
sible mechanisms and materials with the suitable selectivity.
The temperature that allows selectivity appears to be limited
by 600 °C. This opens new possibilities to look for materials
not only among the oxides. These materials can be looked for
under nitrides, carbides and elemental metals and their alloys.
The suitable electrode material will operate at 7 < 600 °C under
a mixture of air and fuel, reach a steady state surface compo-
sition and provide the necessary selective catalytic properties.
The suitable solid electrolyte and interconnect would exhibit
inertness or selectivity.

Key parameters to be varied in search for the suitable selec-
tivity are:

(a) Materials for each of the four layers (anode, cathode, SE and
ICN).

(b) Combinations of materials for contacting layers (possible
catalytic processes which rely on two phases).

(c) Fuel type.

(d) Fuel, air and exhaust gas ratio.

(e) Diluting agents.

(f) Gas mixture flow rate.

(g) Residence time.

(h) Temperature.

(i) Layer porosity and structure.

(j) Electrical current density.

The value of the gas flow rate is of little meaning. It is the
residence time in the reactive zone, being fixed by the flow rate,
which should be reported.
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