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Abstract A tubular anode-supported solid oxide fuel cell
with a double-layer anode for the direct conversion of
CH4 has been prepared and operated at 800 �C suc-
cessfully. The double-layer anode was composed of
NiO–YSZ and CoO–NiO–SDC acting as supporting
layer and active reforming layer, respectively. At 800 �C,
a maximum power density of 350 mW cm�2 was ob-
tained with CH4 as fuel and air as oxidant. The time-
dependent impedance spectra of the tubular cell were
examined and discussed. No carbon deposition was
observed on the surface of the anode when the cell was
operated at a constant current density of 250 mA cm�2.

Keywords Double-layer anode Æ SOFC Æ CH4 fuel Æ
Carbon deposition

Introduction

Solid oxide fuel cell (SOFC) has the potential of direct-
using hydrocarbons as fuels [1]. Direct conversion means
conversion in the SOFC without pre-mixing the fuel gas
with steam or CO2, and without processing the fuel
before it enters the cell stack [2]. Carbon deposition at
the nickel–YSZ cermet anode is the major obstacle in
case of direct-using hydrocarbons, e.g. methane, as fuel
[3]. A lot of research work has been done to overcome
this problem. Perovskite oxides have been studied as
new anode materials for methane fuel free of carbon
deposition [4–8]. However, because of either low elec-
trical conductivity or low electrochemical activity, the
performance of the perovskite oxide as anode material
of SOFC was very poor. Copper [9], as good electrical
conductor, was reported to inhibit CH4 pyrolysis.
However, Cu is not as good an electrocatalyst as Ni.

Furthermore, Cu has a relatively low melting point, and
is thus not compatible with many high-temperature
SOFC fabrication techniques. Besides nickel and copper,
cobalt also exhibits a high electrical conductivity and
electrochemical activity. Moreover, it was reported re-
cently that cobalt could reduce carbon deposition during
oxidative conversion of methane to syngas [10]. How-
ever, the high cost of cobalt may limit its extensive
application when anode-supported cell is fabricated.
Rare earth-doped ceria is known as a mixed ionic and
electronic conductor under reducing atmospheres [11,
12], and has been used as anode material for the direct
oxidation of methane [13], but the volume expansion
during reduction may be a problem.

It is well known that mass transport through the
anode produces substantial partial pressure gradients
[14]. Thus, when methane is taken as fuel, the methane
partial pressure decreases from the fuel gas stream to the
anode surface to the anode/electrolyte interface, and the
tendency to cause carbon deposition follow the reverse
trend.

Considering both the cost and the performance as-
pects, a double-layer anode has been suggested in the
present work for a tubular SOFC. The layer directly
attached to the electrolyte consists of NiO–YSZ [(YSZ,
8 mol%Y2O3-doped ZrO2); NiO:YSZ=65:35 (weight
ratio)] which is about 1 mm thick, is called the sup-
porting layer. The layer exposed to the fuel gas consists
of CoO–NiO–SDC (SDC, Ce0.8Sm0.2O2; CoO:-
NiO:SDC=13:52:35), which is active for partial oxida-
tion of methane, called active reforming layer. A tubular
type single cell is adopted because it has the benefit of
easiness in sealing and large effective area. In order to
supply sufficient oxygen ions for methane conversion
[15, 16], the tubular cell was operated at a fairly large
current density of 250 mA cm�2. At the interface of Ni–
YSZ/YSZ, CH4 might first be partially oxidized into H2

and CO and then further be oxidized into H2O and CO2.
In the anode substrate, CH4 might be reformed either by
H2O or CO2. Although the tendency to cause carbon
deposition increased in the anode away from the elec-
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trolyte, the high catalytic activity of Co–Ni–SDC for
methane reforming might further inhibit methane
pyrolysis at the active reforming layer. As a result, no

obvious carbon deposition was observed and CH4 was
directly conversed in the double-layer anode.

Experiments

Fabrication of the tubular SOFC

The tubular SOFC was fabricated by a consecutive
dipping method. Before dipping, the slurries of all the
components were prepared by a two-step ball-milling
method. For example, the original oxide powders of the

Table 1 Chemical compositions of the dipping slurries for 100 g
ceramic powders (/g)

TEA Alcohol Butanone DOP PEG PVB

Anode 2.5–2.8 30 60 5.5–6 5.5–6 9.5–10
Electrolyte 2.5–2.8 140 140 4.5–5 4.5–5 3.5–3.8
Interlayer 3–3.2 120 150 2.2–2.5 2.2–2.5 5.5–5.8
Cathode 3.5–3.8 100 150 2.2–2.5 2.2–2.5 5.5–5.8

Fig. 1 Technological scheme of
the preparation of the tubular
solid oxide fuel cell (SOFC)
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anode (either NiO–YSZ or CoO–NiO–SDC) were first
ball-milled with triethanolamine (TEA) in appropriate
ratios in a mixture of alcohol and butanone solvents.

Then, dibutyl o-phthalate (DOP), polyethylene glycol
(PEG) and polyvinyl butyral (PVB) were added and
ball-milled again till uniform slurry was formed. In the
same way, the slurries of the YSZ electrolyte, the LSCF
(La0.6Sr0.4Co0.2Fe0.8O3)–SDC (LSCF:SDC=70:30) cat-
hode, and the SDC interlayer were prepared, separately.
The exact amounts of the organic additives in the slur-
ries are listed in Table 1.

The dipping process was carried out on a one-end-
closed glass tube with an outside diameter of 10 mm. A
complete technological scheme of the cell preparation
was listed in Fig. 1. First, the anode active reforming
layer was dipped once and then the anode supporting
layer was dipped 5–7 times to reach a thickness of about
1 mm. After drying, the green anode tube was rolled out
from the glass tube and calcined at 1,000 �C for 3 h.
Then electrolyte was dipped on the surface of the green
anode and co-sintered at 1,450 �C for 5 h. Finally, the
SDC interlayer and cathode layer were dipped. The sin-
tering temperature of the SDC interlayer and the cathode
layer was 1,400 �C (5 h) and 1,100 �C (3 h) respectively.
The effective working area of the dipped tubular SOFC
was 8�10 cm2 according to the cathode area.

Measurements of cell performance

The output performance of the tubular SOFC was tested
under the control of a constant voltage power supply
and a variable resistor. The current and voltage were

Fig. 2 Schematic drawing of the tubular SOFC setup: 1 thermo-
couples, 2 alumina tube, 3 Pt mesh, 4 SOFC, 5 nickel felt, 6
alumina substrate, 7 glass sealant, 8 Pt wire, 9 rubber bung, 10 Au
wire, 11 furnace

Fig. 3 Cross-section SEM images of the tubular SOFC: a sandwich structure before reduction, b double-layer anode before reduction,
c sandwich structure after cell test, d supporting layer close to the electrolyte after cell test
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measured by ampere meter (0.1 mA) and voltmeter
(0.01 mV) in high precision. EIS measurements were
carried out at open-circuit condition on Model IM6e
electrochemical workstation (Zahner, GmbH, Germany)
with an AC signal of 20 mV amplitude. Measurements
were carried out in the frequency range of 1�105 Hz.

As shown in Fig. 2, the fabricated tubular single cell
was installed into an alumina tube with two glass rings
as sealant. Nickel felt and Au wires were used as current
collector for the anode, and Pt mesh and Pt wires were
used for the cathode. Two thermocouples were used to
control the SOFC temperature. The temperature at the
top of the SOFC was regarded as the SOFC
temperature. In the first stage of the cell operation, the
cell was heated to 850 �C at a rate of 5 �C min�1. After
the cell was sealed gastight, the cell temperature was
slowly decreased to 800 �C. The anode was reduced in
hydrogen for 1 h and then switched to CH4 for
cell performance measurements. A current density of
250 mA cm�2 was maintained during operation, except
for the I–V characteristics and EIS measurements. CH4

was fed with a flow rate of 50 ml min�1 and air, as
oxidant gas in the cathode, was fed with a flow rate of
200 ml min�1.

The morphology of the cell was studied by scanning
electron microscopy (SEM; S570, HITACHI, Japan)
before and after the cell operation.

Results and discussion

Microstructures of the tubular SOFC

Figure 3a and b shows the cross-section SEM images of
the tubular SOFC before reduction. As seen in Fig. 3a,
both porous electrodes and the dense electrolyte have
been obtained homogeneously. The anode substrate was
thick and gave a support for the whole cell, while the

electrolyte was a thin film (about 15 lm) so the ohmic
resistance was decreased. In Fig. 3b, the active reform-
ing layer, about 70 lm thick, was in close contact with
the supporting layer. Both layers have uniform structure
and no obvious segregation between the double layers
was observed at the interface.

Figure 3c and d shows microstructures of the tubular
SOFC after the cell test. As shown in Fig. 3c, both the
anode and the cathode had porous and homogeneous
microstructures and tightly bonded to the electrolyte.
The electrolyte was a dense film with only small pin
holes of about 1 lm observed in its body. The dense
electrolyte can prevent gas diffusion from the anode to
the cathode and vice versa. Due to the similar micro-
structure of the SDC interlayer and the YSZ electrolyte,
it is hard to distinguish them directly in Fig. 3c. When it
was analyzed by the backscattered-electron image at the
same place in Fig. 3c (not shown here), the thickness of
the dense SDC interlayer is only about 1�2 lm. How-
ever, the thin SDC interlayer is sufficient to prevent the
reaction between the LSCF–SDC cathode and the YSZ
electrolyte [17, 18]. Figure 3d shows the morphology of
the supporting anode close to the electrolyte film. The
pores and particles are uniformly distributed in the an-
ode. The grain boundaries of the particles are clear and
most of the particles are 1–2 lm in diameter. No obvi-
ous sintering of the anode is observed.

Output performance of the cell

Figure 4 shows the time-dependent operating temper-
ature and cell voltage at a constant current density
of 250 mA cm�2. Data measured at other than
250 mA cm�2 was eliminated from this plot and dis-
cussed in the following. As seen in Fig. 4, the cell
voltage decreased slowly from 0.85 to 0.76 V in
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Fig. 4 Time-dependent characteristics of the tubular cell with
H2and CH4 fuel at a constant current density of 250 mA cm�2;
open square cell voltage, filled circle temperature
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Fig. 5 Time-dependent change of output performances of the
tubular SOFC with CH4 fuel at 800 �C, in which open symbols refer
to cell voltage, closed symbols refer to power density
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450 min and the operating temperature of the tubular
SOFC increased in a slow and steady rate. It is well
known that the partial oxidation of CH4 and further
oxidation of CO and H2 are exothermic, while the
following reforming reactions (either by H2O or CO2)
are endothermic. In this study, a fairly large current
density of 250 mA cm�2 was maintained during oper-
ation, which supplied sufficient O2� for CH4 oxidation
and cause great heat dissipation. On the other hand,
dry methane was directly pumped to the anode. It
means that the amount of H2O and CO2 used for
reforming reactions were determined by oxidation of
CH4. As a result, the overall reaction happened in the
anode was exothermic rather than endothermic.

In Fig. 3d, the grain boundaries of the particles were
clear and no carbon species were observed. It indicated
that even if methane pyrolysis happened in the anode
substrate, the reaction rate might be low and carbon
species were so small that it is hard to be observed after
450 min.

Figure 5 shows the I–V characteristics of the tubular
cell at different stages of cell operation. The open circuit
voltage (OCV) of the cell was about 1.1 V, close to the
theoretical value. This proved that the SOFC setup was
gastight and the electrolyte film was sufficiently dense.
After operating for 80 min (t=80 min), the tubular
SOFC reached a maximum power density of
350 mW cm�2 in CH4. With the passage of some more
time, some degradation of the cell performance was
observed. No obvious concentration polarization was
observed in all the I–V curves, even at a high current
density of 800 mA cm�2.

The electrochemical impedance spectra of the tubular
SOFC at different stages of operation are shown in
Fig. 6. All of the impedance spectra consisted of one
semicircle. The high-frequency intercepts of the semi-
circles with the real axis, referred to ohmic resistance,
almost coincided at a specific point, while the diameter
of the semicircle, referred to polarization resistance (Rp),

changed with time. After the fuel was switched from H2

to CH4 for 10 min (t=10 min), Rp was only 0.7X cm2. It
increased to 1.42 and 1.55X cm2 after 100 and 200 min,
respectively. After some more time, it was found that Rp

decreased a little with time. The variation of Rp might be
caused by the partial pressure changes in the anode. The
concentration of H2 in the anode decreased and CH4

increased with time. Due to the larger molecule and
more stable characteristics of CH4 [3, 19], the activation
process is more difficult for CH4 than for H2. The por-
ous microstructures of the anode substrate supplied
sufficient pores for gas diffusion which made the con-
centration polarization small, whereas the activation
polarization of the anode had little relationship with
microstructure. In Fig. 5, no obvious concentration
polarization was observed in the I–V curves, so the
semicircle of the impedance spectra might be mainly
caused by the activation process. The reason for the
further decreasing of the polarization resistance with
time remained unknown.

After the cell test, N2 was fed to the anode till the cell
was cooled down to room temperature. No carbon
species were observed on the surface of the anode and
the nickel felt in the anode room after operation. A small
pin hole was found in the glass sealant at the bottom of
tubular SOFC. It might be the reason for the degrada-
tion of the cell performance during operation.

Conclusions

A tubular SOFC with a double-layer anode has been
prepared and operated with dry methane as fuel. A
maximum power density of 350 mW cm�2 has been
obtained for the tubular SOFC. The cell performance
decreased and the operating temperature increased with
time. After the cell was operated 450 min at a current
density of 250 mA cm�2, no carbon deposits were found
on the surface of the double-layer anode. The cell per-
formances under other current densities need to be
examined in the future.
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