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Flow-through type tubular solid oxide fuel cells were successfully fabricated and operated with a single-chamber config-
uration for realizing the simultaneous generation of electric power and synthesis gas from methane by integrating a
downstream catalyst into the fuel cell reactor. A new operation mode, which completely eliminated the gas diffusion
between cathode side and anode side, is proposed. The cell showed high open-circuit voltages of 1.02–1.08 V at the fur-
nace temperature range of 650–800�C when operating on CH4-O2 gas mixture at a molar ratio of 2:1. A peak power
density of approximately 300 mW cm22 and a maximum power output of 1.5 W were achieved for a single cell with an
effective cathode geometric surface area of 5.4 cm2 at the furnace temperature of 750�C. The in-situ initialization of the
cell using CH4-O2 gas mixture was also realized via applying an effective catalyst into the tubular cell. VC 2013
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Introduction

As a type of electrochemical energy conversion devices,
solid oxide fuel cells (SOFCs) have received considerable
attention from academic, industry, public, and also govern-
ments during the past decades because of their high energy
conversion efficiency and low emissions.1–5 A typical single
SOFC is composed of a porous anode, a porous cathode, and
a dense electrolyte sandwiching them. The electrolyte sepa-
rates the SOFC into anode and cathode chambers, and allows
only a specific ion (e.g., H1 or O22) to transport. For a
general SOFC operating process, molecular oxygen is first
adsorbed over the cathode surface, where it is reduced to
O22 by consuming four electrons from external circuit
through a series of intermediate reaction steps, and then O22

diffuses through the dense electrolyte to the anode side,
where it reacts with fuel to release electrons, finally the elec-
trons releasing from the anode transport through the external
circuit to the cathode side to form a complete electric circuit.
SOFCs are usually operated at elevated temperatures
between 500 and 1000�C. Such high operation temperature
enables the use of a wide range of fuels, varied from gas,
liquid to solid. For example, methane, propane, gasoline,

ethanol, and carbon have been tried as the fuels of SOFCs in
literatures.6–10

Up to now, fuel cells are used mainly for generating elec-
tric power from chemicals, thus the fuels are typically deep
oxidized to H2O and/or CO2 for maximizing the power gen-
eration. However, based on the reaction mechanisms, fuel
cells also can be treated as the electrochemical membrane
reactor, where the electrolyte functions as a membrane for
separating oxygen or hydrogen in the form of ions. It is well
known that many selective oxidations of hydrocarbons could
also happen at the temperature range of 500–1000�C, such
as the partial oxidation of methane to syngas and dehydro-
genation of ethane to ethylene.11,12 Therefore, SOFCs also
could be performed as the membrane reactor for upgrading
hydrocarbons to value-added products through carefully
selecting the anode materials and controlling the oxygen
flux. A significant advantage of fuel cells as the membrane
reactor over conventional reactors is the feasibility for
cogeneration of value-added chemicals and electricity. In
addition, the conversion of partial enthalpy to electric power
may also effectively mediate the Hotpoint problem of a cata-
lyst under exothermic reactions.

During the past years, the application of SOFCs-type reactor
for upgrading chemicals to value-added products has been
tried by many groups,13–20 and the cogeneration of electric
power and syngas from methane using conventional dual-
chamber SOFCs’ (DC-SOFCs) reactors also has been widely
investigated.21–24 Although some progresses have been
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obtained, the DC-SOFCs as the reactor for cogeneration of
electric power and chemicals still have some serious draw-
backs. For instance, methane conversion, syngas selectivity as
well as syngas production rate are all strongly affected by the
polarization current, which determines the oxygen flux.
Single-chamber SOFC (SC-SOFC) is a type of sealant-free
fuel cell, which allows the power generation from a premixed
fuel and oxidant stream in a mono chamber. Such simplified
cell configuration can greatly increase the tolerance toward
thermal shock, which is beneficial for electrochemical reactor
application. The cogeneration of electricity and syngas from
methane using SC-SOFCs was also exploited during the past
years.25,26 Very recently, we proposed that a SC-SOFC operat-
ing on a premixed CH4-O2 stream can realize the simultaneous
high power output and syngas yield by integrating an efficient
catalyst with high activity for methane partial oxidation and
steam/CO2 reforming reactions into the downstream of the
SC-SOFC reactor.26 In that study, we applied a small size
disk-shape fuel cell. As we know, the methane partial oxida-
tion is a volume expansion reaction, while the oxygen reduc-
tion over the cathode is a volume constriction reaction.
Serious gas diffusion between the anode and cathode sides
could appear by applying planar shape SOFCs, which could
introduce strong size effect. Indeed, up to now, most good cell
performances were always reported for the cells with geomet-
ric surface area of cathode less than 1 cm2, while absolute
power output larger than 1 W was seldom reported even for
the SC-SOFC stack.27–29 Instead, the gas diffusion between
anode and cathode sides can be minimized by applying tubular
cells due to the anode is inside and the cathode is outside of
the tube.

In this study, we reported the application of flow-through
tubular SOFCs for operating on CH4-O2 gas mixture. An
attractive cell power output of about 1.5 W at the furnace
temperature of 750�C was achieved after optimizing the
operation conditions. A specific operation mode was further
proposed, which effectively eliminated the gas interdiffusion
between the anode and cathode sides, and allowed the in-situ
initialization. In the end, a methane reforming catalyst was
integrated into the downstream of the fuel cell to realize the
cogeneration of electric power and synthesis gas from meth-
ane fuel with promising results.

Experimental

Powder synthesis

Y2O3 (8 mol %) stabilized zirconia (YSZ) and NiO pow-
ders were purchased from Tosoh (Japan) and Chengdu
Shudu Nano-Science Co., (China), respectively. The
Sm0.2Ce0.8O1.9 (SDC) powder for the buffer layer was syn-
thesized by a hydrothermal process.30 The composite cathode
materials including Ba0.5Sr0.5Co0.8Fe0.2O32d (BSCF) and
SDC powders were synthesized via a combined ethylene
diamine tetraacetic acid (EDTA) - citrate acid (CA) com-
plexing sol-gel process.31 The GdNi/Al2O3 catalyst with the
composition of 5.56 wt % Gd2O3, 15 wt % nickel, and 79.44
wt % Al2O3 was synthesized by a glycine nitrite process.32

All the raw materials for the powder synthesis are in analyti-
cal reagent (AR) grade.

Single cell fabrication

The flow-through tubular cells applied in this study are in
an anode-supported thin-film electrolyte configuration, which

are composed of NiO-YSZ cermet anode (NiO:YSZ 5 6:4,
by weight), YSZ electrolyte, SDC buffer layer, and BSCF-
SDC composite cathode (BSCF:SDC 5 7:3, by weight). First,
NiO and YSZ powders were mixed with polyvinyl alcohol,
dextrin, and tung oil by a mini-type vacuum pugmill to
make a formulation (slip) with enough plasticity for the
anode substrate extrusion processing. After drying and aging
at room temperature for about 1 week, the green tubular
anode substrates were heated at 1100�C for 2 h in air for
burning out the organics (e.g., starch and oil), which could
have significant detrimental effect on the integrity of a thin-
film electrolyte during the following fabrication process. A
slow heating rate of 1�C min21 was applied in this study for
obtaining a crack-free anode substrate. A thin YSZ electro-
lyte layer was then deposited onto the outer surface of sin-
tered anode by dipping the anode substrate into YSZ slurry,
which prepared by the ball milling of YSZ powder in the
ethanol media with solid content of about 10% in weight.
The thickness of the YSZ film was controlled by the dip-
coating times, generally three repeated dip-coating could
result in the electrolyte thickness of around 10 mm after sin-
tering at 1400�C. For forming the SDC buffer layer to avoid
the interfacial reaction between YSZ and BSCF, the SDC
suspension with solid content of about 5% was then sprayed
onto the outer surface of YSZ electrolyte by using a modi-
fied spraying gun with a nozzle size of 0.35 mm (pore diam-
eter) under the drive of 1 atm nitrogen carrier gas, and then
the buffer layer was sintered at 1250�C for 5 h. Finally, the
cathode layer which was prepared onto the SDC surface by
the spray deposition was also attached to the SDC buffer
layer surface firmly after the calcination at 1000�C for 2 h.

Characterizations

The I-V polarization test of the tubular SC-SOFCs was per-
formed in a four-probe mode over a home-constructed fuel
cell test workstation. Silver wires were surrounded onto both
the anode and cathode to perform as the current collector to
minimize the contact resistance, and the schematic diagram
could been found in our previous article.33 A Keithley 2440
digital sourcemeter was used for generating constant polariza-
tion current to the cells and also measuring the cell voltage
response. For the cell in a dual-chamber mode, 3% H2O
humidified H2 at a flow rate of 300 mL min21 or 3% H2O
humidified CH4 (300 mL min21) or CH4-O2 gas mixture
(CH4: 300 mL min21, O2: 150 mL min21) as the fuel was
introduced into the anode chamber, while the cathode (outer
surface of the tubular cell) was exposed to ambient air. For the
cell in a single chamber mode, CH4-O2 gas mixture (CH4: 300
mL min21, O2: 150 mL min21) was applied as the feed gas.

The cell microstructure was observed by environmental
scanning electronic microscope (ESEM, Quanta-200), and
the configuration of the tubular SOFC was performed by a
digital camera (Canon 930 IS). The gas composition of the
effluent gas from the fuel cell reactor was analyzed by the
Varian 3800 gas chromatography. The calculation methods
of CH4 conversion, CO and H2 selectivity, and H2/CO ratios
were given in our previous study.32,34

Results and Discussion

Cell morphology

Figure 1 shows the digital photos of the anode tube
after sintering at 1100�C for 2 h (Figure 1a), the tubular
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anode-supported thin-film YSZ electrolyte dual-layer after
sintering at 1400�C for 5 h (Figure 1b), the tubular cell with
the SDC buffer layer after sintering at 1250�C for 5 h (Fig-
ure 1c), and the single tubular SOFC with the SDC buffer
layer and the cathode layer (Figure 1d), respectively. The
green extruded anode tube has outer diameter of 11.0 mm
and wall thickness of 1.2 mm. After the presintering at
1100�C for 2 h, the outer diameter and wall thickness of
tube reduced to 10.0 and 1.1 mm, respectively. Here, the
presintering process is important to create sufficient mechan-
ical strength of the anode substrate for later dip-coating of
the electrolyte layer, and to still maintain sufficient shrinkage
after the sintering at 1400�C, thus ensuring the high densifi-
cation of the coating electrolyte layer. The outer diameter
and the wall thickness of the tube after the calcination at
1400�C decreased obviously to only 8.0 and 0.7 mm, respec-
tively. Once the dense YSZ electrolyte layer was fabricated,
no obvious further shrinkage was observed during the fabri-
cation of SDC buffer layer sintering at 1250�C.

A typical environmental scanning electronic microscope
(ESEM) image of the single tubular SOFC after the cell per-
formance test was shown in Figure 2. The anode substrate was
porous, while the cathode was more sintered as compared to
anode. A relatively dense and thin cathode layer is preferred
for SC-SOFCs because it can reduce the reaction rate of
unwanted methane oxidation over cathode. The electrolyte
layer was well densified, free of any pinholes, and had a thick-
ness of around 15 mm. Between the cathode and electrolyte
layer, a porous buffer layer was clearly observed, which had a
thickness of around 3 mm. The porous nature can be explained
by the relatively low sintering temperature (1250�C) and con-
stricted sintering by the YSZ electrolyte. As it is shown, the
cell components attached to each other pretty well without the
observation of any delamination. The firm adhesion of the dif-
ferent layers in SOFCs ensures a low polarization resistance.

Power generation

The as-fabricated tubular cells were first tested in dual-
chamber configuration. To perform the test, both ends of the
flow-through tubular SOFC were connected with flow-
through quartz tubes of the similar size, as shown in Figure
3a. The fuel was fed into the anode chamber through the
small quartz tube. Any local defect can cause the cell leak-
age and result in an obvious reduction in performance such
as low open-circuit voltage (OCV) and poor power output.
The typical I-V polarization curves of the cells operating on
the three different fuels at 750�C were shown in Figure 3b.
The cell showed an OCV of 1.07 V for operating on 3%
H2O humidified H2, which is close to the theoretical value
(1.11 V) based on Nernst calculation, suggesting the well
densification of the electrolyte, in well agreement with the
ESEM observation. When the fuel was switched to CH4-O2

gas mixture, the high OCV was also obtained (1.00 V), sug-
gesting the fuel cell anode performed favorably for methane
partial oxidation. As we know that the cell OCV is deter-
mined by the oxygen partial pressures at both the anode sur-
face and cathode surface, which can be expressed by the
following equation

OCV5
RT

4F
ln

Pc
O2

Pa
O2

(1)

where Pa
O2

and Pc
O2

are the oxygen partial pressure over the
anode surface and cathode surface, respectively. Assuming
the cathode performs ideally (Pc

O2
5 0.21 atm), the apparent

oxygen partial pressure at the anode surface should be 4.07
3 10221 atm based on Eq. 1. Obviously, the high activity of
the nickel cermet anode for methane partial oxidation effec-
tively consumed the oxygen in the gas mixture and lowered
the oxygen potential. It also indicates that the tubular cell
anode is suitable for the later operation in the single-
chamber mode. The slightly lower OCVs for operating on
CH4-O2 gas mixture than 3% H2O humidified CH4 fuel
imply the anode performance for methane partial oxidation
could be further improved by using a methane partial oxida-
tion catalyst with higher activity to decorate the anode
surface. The peak power densities (PPDs), which were deter-
mined by the OCV (Uocv ) and internal resistance (Ri) and

Figure 1. The digital photos of the anode tube after
sintering at 1100�C for 2 h (a), the tubular
anode-supported thin-film YSZ electrolyte
dual-layer after sintering at 1400�C for 5 h
(b), the tubular cell with the SDC buffer layer
after sintering at 1250�C for 5 h (c) and the
single tubular SOFC with the SDC buffer
layer and the cathode layer (d).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. ESEM image of the tubular cell from the
cross-sectional view.
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can be calculated by the Eq. 2, achieved 521, 441, and
407 mW cm22 under the current density of 926 mA cm22

for the cell operating on 3% H2O humidified H2, 3% H2O
humidified CH4, and CH4-O2 gas mixture, respectively

Ppeak 5
U2

ocv

4Ri

(2)

The PPDs of the cell with the effective surface area of 5.4
cm2 have not yet achieved due to the limitation of the digital
sourcemeter (Keithley 2440 with the maximum current of 5
A). According to the extrapolation, the PPDs of 723, 592,
and 656 mW cm22 could be obtained when the cell operated
on 3% H2O humidified H2, 3% H2O humidified CH4, and
CH4-O2 gas mixture, respectively. It signifies that the as-
fabricated tubular SOFC had affordable cell performance for
power generation, in particular from methane-based fuel.

The tubular SOFCs were then further tested in single-
chamber configuration, and two operation modes were tried,
as shown in Figure 4. In the first operation Mode A (Figure
4a), the flow-through tubular cell was directly put into a
quartz socket tube with slightly larger inner diameter than
the outer diameter of the tubular SOFC, and CH4-O2 gas
mixture was introduced into the quartz tube with the gas
flow direction parallel to the cell. For the second operation
Mode B (Figure 4b), the tubular SOFC was mounted onto a
small quartz tube, and the CH4-O2 gas mixture was intro-
duced through the gap between the cathode and inner wall
of the quartz socket tube, which then flowed through the
tubular SOFC and, finally, exited the fuel cell reactor via the
small quartz tube. As can be seen from the schematic dia-
gram, a major difference between Modes A and B was the
difference between reactors in parallel and series. It should
be mentioned that, although, the sealing was also used in
Mode B, the operation configuration can still be treated as
the single chamber as the anode chamber and cathode
chamber were open to each other and only one gas stream

Figure 3. Schematic diagram (a) and I-V and I-P curves
(b) of the tubular SOFC under dual-chamber
operation at 750�C.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Schematic diagrams of the tubular SOFC under single-chamber operation Mode A (a) and Mode B (b).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(CH4-O2) was used. In addition, the sealing in Mode B was
not as strict as that in DC-SOFCs and small gas leakage was
allowable.

Figure 5 shows the I-V polarization curves of the tubular
SOFC for operating on both modes. It is important to note
that the cell anode was prereduced by hydrogen before
depositing the cathode layer in the cell fabrication process,
and the calcination of the cathode layer was conducted in an
inert gas atmosphere to avoid the reoxidation of anode. For
operation Mode A, the cell showed high OCVs of 1.03,
1.02, and 0.96 V at the furnace temperatures of 750, 725,
and 700�C, respectively (Figure 5a). For a fuel cell operating
in single-chamber mode, its OCVs are strongly dependent on
the catalytic activity and selectivity of both electrodes
toward the fuel-oxidant gas mixture. If the electrodes showed
no selectivity toward the gas mixture, a zero OCV should be
observed. The high OCVs in this study suggest that the elec-
trodes performed favorably toward the gas mixture under
zero polarization current conditions, that is, the anode mainly
functioned as a catalyst for methane partial oxidation, while
the cathode was catalytically active mainly for the oxygen
reduction reaction. Although in the operation Mode A, the
cell showed favorable OCVs, the power outputs were rela-
tively low with the PPDs of only 90, 76, and 48 mW cm22

at the furnace temperatures of 750, 725, and 700�C, respec-
tively. We further operated a tubular SOFC in the operation
Mode B. As shown in Figure 5b, OCVs of 1.08, 1.07, and
1.06 V were reached, respectively, at 750, 700, and 650�C,
which were slightly higher than those achieved by operating

in the operation Mode A, suggesting the improved electrode
performance in the operation Mode B, likely due to the
improved gas flow configuration. The cell delivered PPDs of
279, 260, and 243 mW cm22 at 750, 700, and 650�C,
respectively, which were much improved as compared to
those achieved via the operation Mode A. Such difference
may be explained by the following reasons. In the operation
Mode A, the anode and cathode were in parallel, and the
inputs to the anode and cathode were the same. However,
the anode only consumed fuel while the cathode only con-
sumed oxygen. In the operation Mode B, the cathode and
anode were in series. The reactant feed was first fed to the
cathode where it was depleted of oxygen. The feed to the
anode was then enriched in fuel. Due to greater gas concen-
tration differences between the anode and cathode when they
were operated in series, better cell power output can be
achieved in operation Mode B.

To further explain the difference in the power output
between two operation modes, a two-dimensional (2-D)
numerical model, which was developed by one of current
authors and described in more detail in Ref. 32, was applied
for SC-SOFCs running on CH4-O2 mixture.35 In this model,
two membrane electrode assemblies of length 50 mm were
placed in a gas channel in parallel to resemble a tubular
SOFC for simplicity. The temperature was fixed at 750�C,
and the cell load potential (E) was 0.5 V. The distribution of
gas-phase species in the gas chamber is shown in Figure 6.
As compared to Mode A (Figure 6a), the concentrations of
H2, CO, and CH4 over anode are much higher in the Mode
B (Figure 6b), suggesting the sufficient fuel gas was experi-
enced, which resulted in the high cell power output in the
operation Mode B. Figure 7 further presented the distribution
of current density along the cell in two different operation
modes. It is obvious that the current density of whole tubular
cell was much higher in the operation Mode B than in the
Mode A, leading to a better cell performance.

Clearly, the modestly lower power outputs than that oper-
ating in the dual-chamber configuration was originated from
the nonideal behavior of the cathode. To further improve the
cell performance, an optimization of the cathode composition
and microstructure is needed. Anyway, a maximum power
output of 1.5 W was achieved for a single cell with a cath-
ode surface area of 5.4 cm2 at the furnace temperature of
750�C, which is the highest value reported in the open litera-
tures for a single SC-SOFC as far as we know.

In-situ cell initialization

Different from the DC-SOFCs, in which the fuel gas to
anode chamber and oxidant gas to the cathode chamber is
independent, the SC-SOFCs apply a fuel-oxidant gas mixture
as the atmosphere for both the anode and cathode. It is well
known that the fuel cells are usually fabricated under ambi-
ent air atmosphere, thus the nickel in the cermet anode is in
the oxidation state with the form of NiO. However, sintered
NiO has poor catalytic activity for methane partial oxidation,
thus the initialization is an important step in the operation of
SC-SOFCs. For the DC-SOFCs, the initialization is very
simple, just conducting in-situ reduction with hydrogen fuel
at a proper temperature as the anode and the cathode are
well separated from each other. However, the initialization is
much more complicated for the fuel cell operating in single-
chamber mode. Applying hydrogen for the in-situ reduction
of anode could also reduce the cathode as the anode and

Figure 5. I-V and I-P curves of the tubular SOFC per-
formed under single-chamber operation
Mode A (a) and Mode B (b).
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cathode expose to the same gas atmosphere. To initialize the
SC-SOFCs, either selecting a cathode with high chemical
stability against reduction, or prereducing the anode before
depositing the cathode layer was typically tried. Previously,
we have proposed to use a highly stable cathode material to
withstand the highly reducing hydrogen during the in-situ
initialization.36 However, it is still a big challenge for us to
develop a proper cathode which possesses high electrocata-
lytic activity for oxygen reduction, poor activity for methane
oxidation as well as high chemical stability, simultaneously.
Thus, the later method is more widely used in our lab. To
avoid the reoxidation of anode during the calcination of fuel
cell after the deposition of cathode layer, the calcination
should be conducted under oxygen-free inert gas atmosphere,
which increased the complexity in the cell fabrication.

In this study, an in-situ initialization of the anode becomes
potentially feasible because the gas diffusion was well con-
stricted, and the back diffusion of gas from anode to the cath-
ode was minimized for the tubular cell in the operation Mode
B. Herein, a methane partial oxidation catalyst (GdNi/Al2O3)
with high activity was put inside the top part of the tubular
cell, as shown in Figure 8. Once the CH4-O2 gas mixture
passed the catalyst, the partial oxidation of methane to syngas
would be induced at a proper temperature. Thus, the gas reach-
ing the anode will be a stream of reducing syngas, instead of
CH4-O2 gas mixture. Such reducing atmosphere could cause
the reduction of nickel oxide in the anode to metallic nickel.

Figure 9 shows the operation time dependence of OCV for
the cell operating on the CH4-O2 stream at 800�C by adopt-

ing the way as described in Figure 8. An initial value of
around 0.70 V was reached, suggesting the high efficiency
of the catalyst for methane partial oxidation. After operating
on CH4-O2 stream under OCV condition for a period of
around 80 min, the cell voltage increased to around 1.07 V,
implying the successful initialization of the cell. We then
conducted the I-V polarization test of the cell. As shown in
Figure 10, OCVs of 1.07, 1.06, and 1.04 V were achieved,
respectively, at 800, 750, and 700�C, and the corresponding
PPDs reached 324, 288, and 257 mW cm22. Both the OCVs
and PPDs are comparable to those obtained for the cell oper-
ating in the Mode B with the cell anode ex-situ reduced
before depositing the cathode layer (Figure 5b). It suggests
the anode was indeed successfully reduced, and thus greatly
simplifies the fabrication process of the fuel cells, making it
highly attractive for practical application. To get some infor-
mation about the operational stability, a cell was polarized at
a constant current density of 250 mA cm22 at 700�C. As
shown in Figure 11, the cell voltage was relatively stable at
around 0.61 V during the test period of 600 min, indicating
that the favorable cell operational stability for operating on
the CH4-O2 gas mixture, further demonstrated its potential
practical application. Anyway a much longer operation
period is still required for practical application.

Electric power and synthesis gas cogeneration

Although conventional SC-SOFCs have the advantages of
simpler operation mode and better thermal shock resistance
as compared with DC-SOFCs, they also possess a big

Figure 6. The 2-D distribution of gas-phase species (from top to bottom: CH4, O2, H2, CO, CO2, and H2O in turn) in
the operation Mode A (a) and Mode B (b).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Distribution of local current density along the
cell at the cell load potential of 0.5 V in the
operation Mode A (a) and Mode B (b).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Schematic diagram of the tubular SC-SOFC
with the GdNi/Al2O3 catalyst for in-situ cell
initialization.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. The time dependence of OCV for the tubular
SC-SOFC with unreduced anode operating
on a CH4-O2 gas mixture (2:1, molar ratio) at
800�C.

Figure 10. I-V and I-P curves of the tubular SC-SOFC
after in-situ cell initialization.

Figure 11. The performance stability of the tubular SC-
SOFC after in-situ cell initialization under a
constant current density of 250 mA cm22 at
700�C.
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drawback of low fuel efficiency. In our previous investiga-
tion about SC-SOFCs in the planar configuration, we have
proposed the integration of a methane partial oxidation cata-
lyst into the downstream of the single-chamber reactor to
realize the cogeneration of electric power and synthesis gas
with zero emission.26 Similarly, a methane reforming cata-
lyst could also be integrated into the downstream of the
single-chamber tubular SOFC to allow the conversion of
unreacted methane to syngas via reacting with the deep oxi-
dation products (CO2 and H2O), and realize the cogeneration
of electric power and synthesis gas.

To exploit the feasibility, we put the GdNi/Al2O3 catalyst
on the lower end of the tubular cell as a way shown in Fig-
ure 12. The main chemical reactions occurred in the down-
stream were as follows

CH 411=2O 2 ! 2H 21CO

CH 41H2O! 3H 21CO

CH 41CO 2 ! 2H 212CO

The exhaust gas from the fuel cell reactor was, then, ana-
lyzed by the gas chromatography with the results are listed
in the Table 1. To exploit the importance of the methane
reforming catalyst, the exhaust gas from the tubular SOFC
without the application of the catalyst was also tested. It was
found that CH4 conversion was only 49.3% even at 800�C
without the application of downstream catalyst, and both CO
and H2 selectivity were low. Especially at lower temperature,
CO and H2 selectivity and CH4 conversion was even lower.
Once the downstream catalyst was applied, CH4 conversion,
CO and H2 selectivity increased substantially to 90.6, 95.4,
and 97.1%, respectively, at the same temperature. CH4 con-
version, CO and H2 selectivity decreased with the drop of
operation temperature. For example, CH4 conversion
decreased to 43.6% at 600�C. Evidently, a better methane
reforming catalyst is needed at the low temperatures. As an
alternative way, the methane reforming catalyst could be

installed separated from the single-chamber fuel cell reactor,
thus the catalyst can maintain at a proper temperature (e.g.,
850�C) without the limitation by the operation of the fuel
cells.

Conclusions

Small flow-through tubular SOFCs were successfully fab-
ricated by extrusion of tubular anode substrate, dip coating
of electrolyte layer and spray deposition of buffer layer and
cathode layer, in combination with high-temperature sinter-
ing at proper temperatures at different fabrication stages. By
controlling the operation mode of a tubular SOFC, the gas
interdiffusion between the anode and cathode sides was
effectively avoided, even operated in the single-chamber
mode. A high OCV of 1.08 V, an attractive PPD of 300 mW
cm22, and a maximum cell power output of 1.5 W for a
single cell were obtained when operating on CH4-O2 gas
mixture at the furnace temperature of 750�C. By integrating
an effective and advanced catalyst into the tubular cell,
in-situ initialization by CH4-O2 feed gas and also the cogen-
eration of electricity and syngas is possible.
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