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A sealant-free solid oxide fuel cell (SOFC) micro-stack was successfully operated inside
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a liquefied petroleum gas (LPG) flame during cooking. This micro-stack consisted of 4 single
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cells with infiltrated La0.75Sr0.25Cr0.5Mn0.5O3-d (LSCM) based composite anodes, achieving an
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open circuit voltage of 0.92 V and a peak power density of 348 mW cm2. This performance
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is significantly better than that of stack with its cathode operation outside flame. The
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results confirmed that the perovskite oxide anode showed good properties of carbon-free,
redox-stability, quick-start (less than 1 min) and successful operation under a wide range
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of oxygen partial pressure. For comparison, the conventional Ni/yttria-stabilized zirconia

Direct flame SOFC

(Ni/YSZ) anode was prepared and tested under the same conditions, showing an open

Perovskite anode

circuit voltage of 0.915 V and a peak power density of 366 mW cm2, but obvious carbon

Heat and power

deposition, poor stability and slow/difficult-start. The direct flame SOFC (DFFC) with a new

Infiltration LSCM

configuration and design has a potential for combined heat and power generation for many

Ni catalyst

applications.
Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1.

Introduction

Combined heat and power (CHP) or co-generation is an ideal
application for fuel cells when operating under high
temperatures [1e3]. Fuel cells are quiet, compact power
generators without moving parts, with hydrogen and oxygen
to make electricity and; at the same time, can provide heat
for a wide range of applications [1]. In general, fuel cells show
high electrical efficiencies under varying load and; thus,
result in low emissions. Among five major fuel cell

technologies, phosphoric acid fuel cells (PAFCs) are the most
mature in commercial production; and recently proton
exchange membrane fuel cells (PEMFCs) have also been made
some efforts on its CHP application [1,3,4]. With all solid-state
ceramic construction, solid oxide fuel cells (SOFCs) share
some important characteristics, such as stability, reliability
and enhanced efficiency [5,6]. In addition, a variety of
hydrocarbons can be used, as fuels for SOFCs, like gasoline,
methanol and natural gas. As another asset, the high operating temperature makes internal reforming possible and
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removes the need for a precious metal catalyst, and also
produces high grade waste heat suited well to CHP applications [7,8].
Regrettably, the system research about the CHP applications
of SOFCs is limited due to their disadvantages when the
conventional test configurations were used with CHP technology [9e11]. A conventional SOFC has a dual-chamber
configuration: the anode is exposed to a fuel whereas the
cathode is exposed to an oxidant (usually air) with the two
electrode compartments separated by a hermetic seal [12e14].
Although high-performance of SOFC can be achieved with this
configuration, it may not be ideally suited for certain applications, especially small-scale portable applications subject to
temperature change or other variations that may lead to
problems due to seal failures [15]. These challenges can be
alleviated by operating SOFCs in a sealant-free single-chamber
configuration, in which both anode and cathode are exposed to
the same fuel-oxidant mixture. The successful operation of
such a single-chamber SOFC relies on the selective catalytic
activities of its anode and cathode towards the fuel and
oxidant, respectively [16e18]. To date, unfortunately, the
selective activity of both anode and cathode materials studied
for this application are still not satisfactory for practical
application. In addition, the mixture of fuel and oxidant poses
serious safety concerns because it is vulnerable to explosion
[19]. Recently, another type of sealant-free SOFC, direct flame
fuel cells (DFFCs) was proposed by Michio et al. [20,21]. In this
configuration, the anode is directly exposed to a fuel-rich flame
while the cathode is open to ambient air. The flame serves as
a fuel-flexible reformer through partial oxidation while
supplying the heat for thermally sustaining the electrode
reactions. When properly designed, a complex thermal
management system is no longer needed; this feature is especially important to portable applications [22,23]. Currently, the
development of DFFC is still in its infancy and many parameters are yet to be explored to obtain reasonable performance
[24,25]. For example, the output voltages of a DFFC depend
critically on the location of the cell relative to the flame [26]. On
one hand, the cell must be placed away from the flame in order
to maintain high oxygen partial pressure around the cathode.
On the other hand, however, the temperature drops off quickly
away from the flame so that the cell temperature is too low
away from flame, leading to low performance and poor stability
[26]. If the whole cell is placed inside a flame, the cell temperature and stability can be improved but proper gas manifold
should be provided to maintain reasonably high partial pressure of oxygen on the cathodes.
Here we report our findings on fabrication and operation of
a 4-cell micro-stack inside a liquefied petroleum gas (LPG)
flame while the waste heat was used for heating water. The
fuel cell stack was cycled thermally for 5 times and run in the
LPG flame for more than 30 h (cumulative) without observable
degradation in performance. Moreover, this sealant-free
configuration can effectively avoid disadvantages of conventional configurations, such as seal fails of dual-chamber
SOFCs and low selective catalytic activities of electrodes in
single-chamber SOFCs. Additionally, the operating stabilities
of DFFCs were also improved significantly as the new configuration became available. Thus, this configuration is more
suitable for portable application.

2.

Experimental

2.1.

SOFC fabrication

The typical SOFCs were all based on the configuration of
infiltrated anode/membrane electrolyte/slurry cathode, and
the process flow of preparation was displayed in Fig. 1. The
anode for the single cell was prepared by infiltrating an
aqueous solution onto a scaffold of yttria-stabilized zirconia
(YSZ) with a porosity of w70%. The YSZ electrolyte membrane
was prepared using a spin coating technique, followed by
firing at 1400  C for 4 h. The cathode of La0.8Sr0.2MnO3-d (LSM)
with a rectangular shape and effective geometric surface area
of about 0.16 cm2 was prepared by brush painting of LSM
slurry on YSZ followed by firing at 1100  C for 2 h. The anode
preparation was conducted by infiltrating a mixed nitrate
solution containing La3þ, Sr2þ, Cr3þ, Mn2þ, Ni2þ and urea with
a molar ratio of 75:25:50:50:40:400. The infiltrated coatings
were co-fired with LSM slurry at 1100  C for 2 h to form the
anticipated phases of anode and cathode.

2.2.

Experimental setup

The anodes of four single cells were attached onto a stainlesssteel mesh (120 mesh) using Ag paste, and the mesh was then
fixed to a hollow stainless-steel block (30  15  10 mm3) with
the four cathodes directly facing four holes (9.7 mm in diameter) on the both sides of the block. Not that there was no
sealant between the cells and the block, as shown in Fig. 2.
Two stainless-steel tubes (33 mm in length and 3 mm inner
diameter) were welded on both ends of the block, which is
used as the support of block and guide-channel for air flow. Ag
paste was used as current collector and Ag wire could be used
as the lead wire to cathodes since it will be no exposure to
flame directly with the protection of stainless-steel tube. As
for anodes, however, Ag paste was still used as current
collector and stainless-steel meshes should be used as lead
wires since it can be directly exposed to flame.

2.3.

Cell characterization

A gas cooking top (usually used for cooking in kitchen) was
used to provide the heat and fuel (with flame) for the operation of 4-cell micro-stack that was placed in LPG flame under
an aluminum saucepan, as schematically shown in Fig. 2. Four
K-type thermocouples were mounted on the anode side to
monitor cells temperatures. The cells voltages and currents
were recorded using an electrochemical interface (Solartron SI
1287). The morphology and carbon deposition of anode were
examined using a scanning electron microscope (SEM, Hitachi
S-4800).

3.

Results and discussion

3.1.

Structural characterization

After infiltration of the mixed nitrate solution for many times,
the YSZ matrix was sintered at 1100  C for 2 h. X-ray
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NiO+YSZ+tapioca powders
Mixed and pressed at 200 MPa

Green pellets
Pre-sintered at 1000 ºC for 2 h and coated with YSZ
slurry and then co-sintered at 1400 ºC for 4 h
NiO+YSZ anode / membrane YSZ electrolyte
Nitrates and urea
Dissolved in deionized water

An aqueous solution

Reduced at 750 ºC for 3 h under
flowing hydrogen and then soaked in
dilute nitric acid for 24 h

Porous YSZ anode / membrane YSZ electrolyte

Infiltrated and heated to 400 ºC

Composite anode / membrane YSZ electrolyte

Coated with LSM slurry and
co-sintered at 1100 ºC for 2 h

Infiltrated anode / membrane electrolyte / slurry cathode
Fig. 1 e A flow chart for preparation of the typical single SOFCs.

diffraction (XRD) was then used to confirm the anode
components. A perovskite phase was obtained, which should
include (La0.75Sr0.25)(Cr,Mn)O3d, (La0.75Sr0.25)(Cr,Ni)O3-d and
(La0.75Sr0.25)(Cr,Mn,Ni)O3-d, since Ni can be doped on the Crsite due to a similar ionic radius [26,27]. Among them,
La0.75Sr0.25Cr0.5Mn0.5O3-d (LSCM) should account for the vast
majority, because La3þ, Sr2þ, Cr3þ and Mn2þ were added at
a molar ratio of 75:25:50:50, corresponding to the formal of
La0.75Sr0.25Cr0.5Mn0.5O3-d. And, the main peaks of the NiO
(JCPDS card no. 44-1159) can be detected obviously (Fig. 3),
without peaks of MnOx and CrOx. This implies that the solubility of Ni is weaker compared to Mn and Cr, so nickel oxide
particles separate out during the heating process for perovskite phase formation. This conclusion has also been
confirmed by the study of T. Jardiel, the exsolution of Ni could
be obtained from the LSCM nickel-substituted compounds,
and which was detected by a transmission electron microscope (TEM) [28]. In addition, the conductivities of these
substituted phases are slightly higher than those corresponding to the undoped materials. The total conductivity for
the doped material seems to be mainly p-type and the
substitution with Ni essentially affects the Mn3þ/Mn4þ
valence ratio, demonstrating that the amount of Ni was not

enough to form the electronic conductivity network [28]. It can
also be seen from the XRD results that most of the Ni element
in this infiltrated anode is still in the form of NiO as expected,
which is helpful for anode catalytic activity [29].

3.2.

Effect of air flow on cell performance

As discussed earlier, the single cells were directly contacted
with the stainless-steel block without using any sealants
between the cell and the stainless-steel block in order to
minimize or eliminate the thermal stress between cell
components. Thus, some mixing between the fuel stream
(from the anode side) and air (from the cathode side) is
inevitable, resulting in low open circuit voltage (OCV). That is
because the OCV of SOFC was mainly determined by the
difference of partial pressures between anode and cathode,
according to Nernst equation [30,31]. To minimize this gas
mixing, the flow rate of air onto the cathode side was
adjusted. Fig. 4 shows the change of OCV values of the 4-cell
stack with the air flow rate to cathode side. Clearly, as the air
flow rate was increased to a threshold value of w150 standard cubic centimeter per minute (sccm), the OCV
approached w0.9 V. It appears that, below this threshold
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Fig. 2 e Experimental setup: (a) schematic arrangement for testing of a 4-cell stack in an open flame of LPG used for a typical
cooking top; (b) setup with 4-cell stack and (c) schematic diagram of the typical SOFC configuration.

value the air flow can not effectively count the diffusion of
fuel to cathode side, leading to a depletion of oxygen near the
cathode and hence low OCV. When the air flow rate is greater
than this threshold value, the effect on OCV is relatively
small. There appears to be a large window in air flow rate
within which the OCV is relatively insensitive to air flow rate.
This can be explained as follows. As the air flow rate was
increased from 150 to 250 sccm, the partial pressure of
oxygen near the cathode surface was increased slightly,
leading to a small increase in OCV (reaching >0.9 V). Further
increase in air flow rate led to more air spreading from the
cathode side to the anode side, which was burned in the
flame, releasing heat.

The corresponding peak power densities of the 4-cell stack
under different air flow rates were given in Fig. 5. The
changing trend of the 4-cell stack performance with air flow
rate is similar to that of OCV. The threshold value of air flow
rate for peak power density was also 150 sccm. It can be seen
that the values of OCV and peak power density increased
gradually when air flow rate increased from 150 sccm to 250
sccm. The gradually increase should be attributed to two
factors: one is the increasing partial pressure of oxygen
around cathode; the other is the increasing temperature of
cells themselves. When increasing air flow rate from 150 sccm
to 250 sccm, the cell temperature was found to increase from
821  C to 837  C.
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Fig. 3 e X-ray diffraction scans from a typical infiltrated
anode used in this study. The peaks corresponding to YSZ
and NiO were marked.

Fig. 5 e Peak power densities of a 4-cell stack with
infiltrated anode measured as a function of the flow rate of
air onto the cathode side.

3.3.

reduced. So, the infiltrated anode do not need an additional
reduction step before test, which is more convenient than the
conventional NiO based anodes that must be reduced before
single-chamber or direct-flame test [17].
For comparison, a similar 4-cell stack with conventional
Ni/yttria-stabilized zirconia (Ni/YSZ) anode was tested under
the same conditions. The cells anodes of Ni/YSZ were
prepared as stated before [32], and the experimental setup
was the same as mentioned above. Fig. 7 compares the
reduction/activation times for the two kinds of anodes, infiltrated anode and Ni/YSZ anode, under direct LPG flame
conditions. Experiments were conducted under three conditions corresponding to three different flow rates of mixed air
to anode. It can be seen that the time required for the reduction/activation of perovskite based anode was almost the
same, 0.6, 0.6 and 0.8 min, when the flow rates of LPG and
mixed air to anode were adjusted to (Maximum, Minimum),
(Maximum, Middle) and (Maximum, Maximum). It indicates
that the perovskite based anode is easy to be reduced/activated, and the required time is insensitive to oxygen content.

Start-up time for direct flame SOFC

When ignited, the SOFC will be exposed to flame and NiO in
anode will be reduced to Ni catalyst. The start-up time for
DFFC is the same as the time it takes to reduce the cell anode
to the desired phases and thus reach stable performance. The
OCV values of the 4-cell stack with infiltrated anode were
recorded in Fig. 6, as a function of time after exposure of the
anode to LPG flame. When the air flow rate to cathode was
kept at 200 sccm (and the largest flow of LPG and middle
mixed air to anode), it took less than 1 min for the cell OCV to
increase from 0 V to 0.96 V, implying that the infiltrated anode
is reduced/activated quickly due to a small amount of NiO
inside anode. This also suggests that the start-up time for this
direct-flame configuration is much shorter than those for
conventional dual- and single-chamber configurations that
must need a continuous increase of temperature for external
heating device [18]. In this study, the typical anodes are all
based on LSCM perovskite oxides that are no need to be

Fig. 4 e Open circuit voltages (OCV) of a 4-cell stack with
infiltrated anode measured as a function of the flow rate of
air onto the cathode side.

Fig. 6 e Open circuit voltages (OCV) of a 4-cell stack with
infiltrated anode measured as a function of time when
ignited. The infiltrated anodes were unreduced before test.
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Fig. 7 e Start-up time for 4-cell stack with infiltrated anode
or Ni/YSZ anode, under different test conditions. The flow
rate of LPG was fixed to the maximum and the flow rate of
mixed air was changed, in order to get different partial
pressures of oxygen around anode. The flow rate of air to
cathode was fixed at 200 sccm.

As for the conventional Ni/YSZ anode, the reduction time is
about 36 min when the flow rates of LPG and mixed air to
anode were adjusted to the states of maximum and middle,
respectively. The time is much longer than that of perovskite
based anode under the same test condition. It can be
explained that NiO must suffer a volume loss of 41 vol.% for
complete reduction to Ni catalyst, so much longer time should
be required for the reduction/activation of Ni-based anodes
[26,27]. But for the reduction/activation of perovskite-based
anode, its activation just needs a decrease in valence state
of metal ion (usually Cr and/or Mn) and an increase in oxygen
vacancies, so quick-start will be available [28,33]. In this study,
there was no time recorded for the reduction of Ni/YSZ anode
at the states of (LPG Maximum, Mixed air Minimum) and (LPG
Maximum, Mixed air Maximum). Because the reduced Ni was
covered immediately with carbon soot under low oxygen
content (LPG Maximum, Mixed air Minimum) and; at the same
time, the LPG flow into anode was restricted by carbon soot,
which must limit the further reduction of NiO inside anode.
Under high oxygen content (LPG Maximum, Mixed air
Maximum), the reduced Ni was oxidized immediately to NiO
that could not be reduced completely, resulting in low OCV
below 0.3 V during 3 h test of the 4-cell stack with Ni/YSZ
anode.

3.4.

Fig. 8 e Average OCV values for 4-cell stack with infiltrated
anode under different flow rates of mixed air to anode.

(average value) and 0.96 V (average value), respectively.
During this test, only one variable is oxygen content. On the
other hand, the variable is also the partial pressure of fuel
around anode, which ultimately determines the cell OCV
according to Nernst equation [31].
Fig. 9 shows some typical I-V characteristics for the 4-cell
stack with infiltrated anode (with four cells connected in
parallel) tested in an LPG flame (LPG Maximum, Mixed air
Middle and air to cathode 200 sccm), demonstrating an OCV of
0.92 V and a peak power density of 348 mW cm2 or a power of
223 mW, that is about 4 times higher than that of stack with its
cathode operation outside flame [26]. It is noted that the
stabilities in power output, OCV, and IeV curves for the cells
operated inside flame (in this study) are much better than those
for the cells with its cathode directly exposed to ambient air
[24,26]. That should be attributed to the sealant-free configuration with an air manifold to cathode, which allows cells to
operate inside flame, not only maintaining a stable operating
temperature but also a reasonably stable and high partial
pressure of oxygen at the cathode side. As for the 4-cell stack
with the conventional Ni/YSZ anode, it exhibited an OCV of
0.915 V, slightly lower than that of perovskite based anode, and
demonstrated a peak power density of 366 mW cm2 or a power

Initial fuel cell stack performance

The OCV values of 4-cell stack with infiltrated anode at
different oxygen contents, (LPG Maximum, Mixed air
Minimum), (LPG Maximum, Mixed air Middle) and (LPG
Maximum, Mixed air Maximum), were also given in Fig. 8. As
expected, the maximum OCV value of 1.03 V (average value)
appeared at the lowest oxygen content, corresponding to the
state of (LPG Maximum, Mixed air Minimum). That is consistent with the theory value of Nernst equation [30]. When the
flow rates of mixed air were adjusted to the states of middle
and maximum, the OCV values were reduced to 0.98 V

Fig. 9 e Cell voltageecurrent characteristics and power
outputs of 4-cell stacks with different anodes operated
inside LPG flame.
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of 234 mW, slightly higher than that of infiltrated anode. It
implies that the anode performance of the perovskite based
anode can be compared with that of conventional Ni/YSZ
anode. That should be attributed to the novel anode structure
with a scaffold of yttria-stabilized zirconia (YSZ) infiltrated with
a coating of LSCM and NiO. This design is to make effective use
of the desirable properties of two different materials: the high
oxygen ionic conductivity of an YSZ backbone and the excellent
stability of LSCM coating. Moreover, the active sites of anode
were also increased effectively by the application of infiltration
technology. Furthermore, Ni as a catalyst also plays an important role on enhanced anode performance, which has been
demonstrated in our previous work [33].

3.5.

Stability of the infiltrated anode and the system

The stability of the cell depends critically on the stability of
the anode, which may be deactivated by coking or contaminant poisoning in the flame of LPG. We used perovskite oxide
LSCM as the primary phase of the infiltrated anode because it
is reported to be an ideal replacement of the conventional Ni
based anodes for operation in carbonaceous fuels, due to its
good tolerance to carbon deposition and excellent redox
stability at elevated temperatures [34,35]. Further, there was
no sealant in the fuel cells, thus cell components may move

Fig. 10 e Cell voltage as a function of time for operation of
the 4-cell stacks with (a) infiltrated anode and (b) Ni/YSZ
anode at a total current of 0.45 A. The stack was operated
for (a) five or (b) two thermal cycles from w25  Cew850  C
by placing (removing) the cell into (from) the flame directly.
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freely to accommodate expansion and contraction associated
with temperature fluctuation under the operating conditions.
A 4-cell stack with infiltrated anode was operated for five
thermal cycles (about 6 h for each) from 25  C to about 850  C
at a fixed current of 0.45 A. The performance of the cell is
shown in Fig. 10(a). After about 30 h of operation under the
condition of (LPG Maximum, mixed air Middle and air to
cathode 200 sccm), there was no obvious deterioration in cell
performance, demonstrating not only redox stability and
carbon resistance of the perovskite anode but also the thermal
stability of the stack. But for Ni/YSZ anode, under the same
test condition, the performance declined notably, 9% decrease
after about 4 h test (2 redox-cycles). And, the start-up time for
the 4-cell stack with Ni/YSZ anode was obviously longer than
that of stack with infiltrated anode. It was about 40 min for the
fist start-up, and about 30 min for the second start-up. For the
infiltrated anode, the start-up times were all lower than 1 min
for every redox-cycle.
Above experiment was conducted under the largest flow
rate of LPG and a middle flow rate of mixed air to anode and
200 sccm flow rate of air to cathode. After the stability test, the
cells anodes were all tested by a SEM to detect whether carbon
deposition occurred during operation. There was no carbon

Fig. 11 e The carbon deposition of two kinds of anodes, (a)
perovskite based (infiltrated) anode and (b) Ni/YSZ anode,
after operation inside open LPG flame (almost pure LPG)
for 1 h.
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detected notably for the two anodes (infiltrated anode and Ni/
YSZ anode), which may be caused by the relatively high
oxygen content leading to the re-oxidation of carbon into CO2
or CO. That also confirms that the Ni based anodes can be
operated under these pre-mixed flames. In order to compare
the carbon deposition on the two kinds of anodes, the flow
rate of mixed air to anode was adjusted to minimum, i.e.
almost pure LPG flow to anode. After about 1 h test, infiltrated
anode was still in a good condition being like first, but for Ni/
YSZ anode, two cells were broken by carbon deposition. That
was also demonstrated by SEM images in Fig. 11. After the test,
the inner surface of the infiltrated anode was still clean, free
from carbon soot, whereas large amount of carbon soot were
formed on the inner surface of the Ni/YSZ, demonstrating that
the perovskite materials really have the ability for carbon
resistance even when mixed with a small amount of Ni.
In this study, all cells were operated inside LPG flame that
was heating water, indicating power can be produced during
cooking and this CHP system was found to be practicable.
DFFC can be successfully operated inside flame should be
attributed to an air flow to cathode side. A CHP configuration
with tubular SOFC without oxygen flow is under consideration
in our group. The oxygen partial pressure near cathode will be
maintained by the air convection.

4.

Conclusions

A sealant-free micro-stack was successfully operated in
a cooking system, demonstrating power can be produced with
SOFC while cooking. Under the test conditions, a composite
anode composed of a YSZ scaffold infiltrated with LSCM and
NiO exhibited high performance, achieving a peak power
density of 348 mW cm2 without observable deterioration in
performance after 5 thermal cycles with w30 h of cumulative
operation. This performance is 4 times higher than that of
stack with the operation of cathode outside flame. And the
performance of 348 mW cm2 can be compared with
366 mW cm2 of the stack with conventional Ni/YSZ anode.
Besides that, this perovskite based anodes exhibited another
two advantages: one is quick-start and the reduction/activation time is insensitive to partial pressure of oxygen; the other
is it can be operated under a wide range of oxygen partial
pressure. Under the same test conditions, the reduction/activation time for Ni/YSZ anode is 36 min, about 40 times of
perovskite anode, and only operated under a small rang of
oxygen partial pressure. After about 1 h test under diffusion
flame of almost pure PLG, carbon deposition was not detected
in the infiltrated anode but obvious for Ni/YSZ anode, suggesting that LSCM has good tolerance to carbon buildup and
deactivation.
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Zhu XB, Lü Z, Wei B, Zhang YH, Liu ML, Huang XQ, et al.
Performance of the single-chamber solid oxide fuel cell with
a La0.75Sr0.25Cr0.5Mn0.5O3-d-based perovskite anode. J
Electrochem Soc 2010;157(5):B691e6.
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