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Abstract
Single-chamber solid oxide fuel cell made of conventional materials with two gas tubes located at the different sides of the cell
was fabricated and tested in a diluted methane-oxygen mixture to evaluate the influence of various operating parameters on cell
performance. The traditional gas supply method was also studied for comparison. Experimental results showed that the cell
performance was greatly enhanced by using the dual gas supply method. At a furnace temperature of 700 °C, the maximum
power density was 459.2 mW cm−2 for a CH4/O2 ratio of 1.5, which was 67% higher than that of the traditional gas supply
method. Additionally, the dual gas supply method could provide the required reactant gas for each electrode by changing the gas
composition of both the gas tubes separately. The highest power density of 493.9 mW cm−2 was obtained at the anode and
cathode CH4/O2 ratios of 1.5 and 1, respectively. A cell with dual gas supply method will generate a more attractive power output
than that of the traditional method in a single-chamber condition.
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Introduction

Solid oxide fuel cells (SOFCs) are devices for electrochemi-
cally converting the chemical energy of the fuel gas into elec-
trical energy in an environment friendly way with high effi-
ciency [1, 2]. Because of their high operation temperature, a
wide range of hydrocarbon fuels can be easily reformedwithin
the cell, promotes rapid electro-catalysis with nonprecious
metals [3–6]. However, the necessity of gas separation and
sealing has a severe impact on the mechanical and thermal
shock resistance of SOFCs and their long-term stability. In
comparison to the conventional SOFCs, both the anode and
cathode of single-chamber SOFCs (SC-SOFCs) are exposed
to the samemixture of fuel and oxygen. Therefore, SC-SOFCs
are more shock resistant, both thermally and mechanically,

according to the eliminating of sealing processes [7, 8]. The
operation mechanism of SC-SOFCs is based on the selective
properties of the anode and cathode towards the fuel/oxygen
mixture [9–11]. The ideal anode should catalyze the partial
oxidation of hydrocarbon to H2 and CO, which are further
oxidized to H2O and CO2, respectively. Typical oxidation re-
actions using methane are

CH4 þ 1

2
O2→2H2 þ CO ð1Þ

H2 þ O2−→H2Oþ 2e− ð2Þ
COþ O2−→CO2 þ 2e− ð3Þ

The ideal cathode should catalyze the reduction of oxygen,
thus generating an electromotive force between the electrodes
[12, 13]. The equation at the cathode is given as following

1

2
O2 þ 2e−→O2− ð4Þ

Up to now, researches are mainly focused on the investiga-
tion of the operating parameters, such as the fuel types
[14–16], fuel to oxygen ratio [17–19], gas flow rate [9, 20,
21], the heat released by the combustion reactions [22, 23],
and electrode materials of SC-SOFCs [24, 25]. The flow ge-
ometry is also important in determining the cell performance.
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Bay et al. [26] showed that the different cell performances
between the chamber configuration designs for SC-SOFCs
were due to the different gas flow around the cell. To date,
however, few discussions have really tackled the subject of the
gas flow geometry on the performance of SC-SOFCs.
According to Stefan et al. [27], the strong influence of flow
geometry was due to its effect on gas composition, particularly
on the oxygen chemical potential at the two electrodes as a
result of gas mixing. The chamber design with the cathode
first configuration yielded the best performance at lower flow
rates, while the open tube design with the electrodes equally
exposed to the inlet gas worked best at higher flow rates.
Morel et al. [28] have reported that the electrolyte-supported
SC-SOFCs with smaller cathodes positioned on the opposite
side of a full-size anode always perform better when the cath-
odes were located at the inlet position. Jacques-Bedard et al.
[29] tested different configurations of the cell with coplanar
interdigitated electrodes located on the same side of the elec-
trolyte, where the cell configuration was determined by the
electrodes positioning in regard to the gas flow. The lowest
performance obtained in the cell configuration with the anode
exposed to the gas flow, which was explained by the promo-
tion of the oxygen consumption before the gas mixture
reaches the cathode.

Based on these investigations, the relative positioning of
the electrodes in regard to the incoming gas flow exerts a
significant influence on the performance of a SC-SOFC as
the gas composition is modified through the catalytic oxida-
tion of the fuel over the anode. This concern is also important
for stacked cells where the downstream cells are exposed to
the gas composition modified by fuel oxidation of the up-
stream cells. In our previous study of a SC-SOFC microstack
[30], a novel gas supply method with separated gas vents in
the gas tube was proposed. Results showed that the single
cells could obtain a more uniform gas distribution by using
the separated gas supply method. This novel way of gas sup-
ply mode effectively refined the distribution of gas flow ge-
ometry around the cells and thus produced a better
performance.

In the present paper, we are thus continuing our investiga-
tion of gas supply method with small gas vent arranged at the
side of gas tube for the reactant gas flow to the electrodes. Two
gas tubes were used to transmit gas mixture of methane and
oxygen for anode and cathode separately. Therefore, each
electrode could obtain required gas composition by its own
gas tube. The traditional gas supply method was also investi-
gated for comparison.

Experimental

The single cells were purchased from Ningbo Institute of
Material Technology & Engineering, Chinese Academy of

Sciences. A conventional NiO/yttria-stabilized zirconia
(YSZ) anode was fabricated using the tape casting method
as the support of the SOFC. The YSZ electrolyte films with
a thickness of 8 μm were prepared by spraying method.
Conventional cathode material, (La0.75Sr0.25)0.95MnO3

(LSM), was then coated onto the YSZ films and the thickness
of the LSM cathode was 25 μm. The size of the cells was 1 ×
1 cm2, and the active cathode area of each cell was 0.7 ×
0.7 cm2. The schematic diagram of the cell configuration is
shown in Fig. 1a. Prior to cell assembly, NiO in anode sub-
strate was reduced to metallic Ni in hydrogen atmosphere
using a dual-chamber configuration at 700 °C. The anode
was fed hydrogen while the cathode was exposed to air in
order to avoid the reduction of cathodes [31, 32].

The performance of the cell was tested in a quartz tube, as
shown in Fig. 1b. The inner and outer diameter of the quartz
tube was 17.5 and 20.7 mm, respectively. The cell was assem-
bled in a piece of lightweight dichroite ceramic board with
many square holes. In order to fix the cell in place, the surface
of the ceramic board was fluted [32, 33]. Two half-open ce-
ramic tubes, each with an inner and outer diameter of 2 and

Gas vent Gas vent 

 AnodeCathode

Tube-1 Tube-2

Quartz tube Quartz tube

(b)

Electrolyte

Anode Cathode

(a)

Fig. 1 The schematic diagram of the cell and the gas supply
configuration: a single-cell and b dual-gas supply configuration.
Figure 1 was performed with the drawing function of MSOffice, Fig. 4
was the SEM image, and the rest of the images were performed with the
graphic program of Origin 8.0
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3.4 mm, were used to transport the reactant gas consisting of
nitrogen, methane, and oxygen. Small gas vents were ar-
ranged at the side of the gas tubes for the reactant gas flow
to the electrodes. The tube arranged at the cathode side was
marked as tube 1, and the one at the anode side was marked as
tube 2.

The flow rates of nitrogen, methane, and oxygen were con-
trolled by mass-flow controllers (MFCs, D08-4D/2M, Seven-
Star Huachuang, China). The cell was measured by a BiStat
potentiostat (VSP, Bio-logic SAS) at a furnace temperature of
700 °C. Silver paste (DAD-87, Shanghai Research Institute of
Synthetic Resin, China) was painted onto the electrode surface
as the current collector and the cells were connected to the test
instruments using silver wires. Scanning electron microscopy
(SEM, FEI Quanta 200F) was used to characterize the mor-
phology and microstructure of the cells.

Results and discussion

The performance of the cell operated under traditional gas
supply method was tested in CH4-O2-N2 mixtures at 700 °C.
Figure 2 shows the current-voltage (I-V) and current-power (I-
P) curves of the cell under various CH4/O2 ratios (R). The
flow rate of N2 was fixed at 200 sccm and the total flow rate
of CH4 and O2 was 200 sccm. An increase of the open-circuit
voltage (OCV) occurred with increasing CH4/O2 ratios and
the OCV at R = 2 was 1 V. The maximum power densities of
244.9, 275.5, and 255.1 mW cm−2 were obtained at R = 1, 1.5,
and 2, respectively. The I-V curve of the cell exhibited obvious
concentration polarization at high current at R = 1, which led
to a degradation of the cell performance.

The cell owned a cathode-first and an anode-first configu-
ration when tube 1 and tube 2 were used as the gas transmis-
sion path, respectively. Unlike the traditional gas supply meth-
od, the gas vents of the gas tubes were located at the side of the
cell for the reactant gas flow to the electrodes. Figure 3

presents the I-V and I-P curves of the cell at R = 1.5. The cell
with anode-first configuration achieved a OCVof 0.99 Vand a
maximum power density of 283.7 mW cm−2. The cathode-
first configuration had a lower output power of 200 mW cm−2.
The measured temperature of the anode-first configuration
was ~ 20 °C higher than that of the cathode-first configuration.
Sufficient reactants were provided to the anode when the gas
mixture reached first the anode side of the cell with tube 2.
The heat evolved by methane oxidation caused an improved
catalytic activity of anode, thus resulted in a higher output
performance of the cell.

SEM images of the cells after cathode-first and anode-first
configuration tests are shown in Fig. 4a, b. The YSZ electro-
lyte membranes were uniform and dense enough with a thick-
ness of approximately 8 μm and adhered well to both the
porous anode and cathode layers without showing any crack-
ing or delamination. Layer interface was not observed be-
tween the electrodes and the films, ensuring a good stability
of the cells. Microstructures of the anodes after the cell per-
formance tests are shown in Fig. 4c, d. The SEM images
showed very similar porous microstructures as expected for
Ni/YSZ ceramics. No evidence of coke and nickel aggrega-
tion over the anodes was observed. Figure 5 shows the EDS
spectra taken from the cross-section of Ni/YSZ anodes after
different configuration tests. EDS spectra were also very sim-
ilar, showing the expected Ni, Zr, O, and Ypeaks. Very weak
C peaks were present. There was little difference between the
C peaks for cathode-first and anode-first configurations, sug-
gesting that the C may have been from contamination in the
SEM chamber.

Table 1 shows the effect of methane-oxygen ratio on OCV
and maximum power density of the cell at 700 °C. The oxy-
gen concentration gradients across the cell showed a strong
dependence on the fuel-oxygen ratios. The highest output
power appeared at R = 1.5 for both of the two configurations.
Additionally, the maximum power density of the anode-first
configuration was higher than that of the cathode-first
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Fig. 2 I-V and I-P curves of the cell operated under traditional mode for
various CH4/O2 ratios
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Fig. 3 I-V and I-P curves of the cathode-first and anode-first
configurations at R = 1.5
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configuration, which was contrary to that obtained by the pre-
vious studies tested under the traditional gas supply mode [27,
33]. The gas supply methods with different flow geometries
possess a significant influence on the cell performance. For
the traditional cells, the lowest performance obtained in the
cell configuration with the anode exposed to the gas flow,
which was explained by the oxygen consumption before the
gas mixture reached the cathode. Because of the open tube
configuration of the traditional gas chamber [27], most of
the reactant gas diffuses outside of the gas chamber directly
without participating in the cathode reaction. The oxygen of

the cathode is seriously insufficient. However, the gas flow
geometry is totally different for the anode-first configuration
using tube 2. The reactive mixture reaches the cathode along
the circular tube wall after passing over the anode. The reac-
tants at the cathode are less affected compared with the tradi-
tional structure. Meanwhile, the circular tube wall is condu-
cive to the heat accumulation around the cell. Therefore, the
cell temperature is improved. Additionally, the gas vent at the
side of the cell could shorten the transmission path of the gas
flows to the surface of the anode, which would help to the
diffusion of the reactant gas into the electrode, results in the
good electrochemical and catalytic properties of the anode. As
a result, the output power of the anode-first configuration
using tube 2 was more than 2 times higher than that of the
previous results [33].

According to the operation mechanism of SC-SOFCs, the
anode and cathode have different catalytic activities towards
the fuel-oxygen mixture. The relative positioning of the elec-
trodes in regard to the incoming gas flow should be optimized
for both electrodes. In this study, the gas supply method with
tube 1 and tube 2 could transmit reactant gas for cathode and
anode separately, or for two electrodes simultaneously. The
performance of the cell supplied with dual gas tubes has been
studied herein. Under the dual gas supply mode, the gas mix-
ture was evenly distributed into two gas paths. N2 was still
used as a diluted gas at a fixed flow rate of 100 sccm for each
gas path. The total flow rate of CH4 and O2 through each gas
path was 100 sccm ,and the methane-oxygen ratio of the two
gas paths was the same during the testing process. The output
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Fig. 4 Cross-section of the single
cell and Ni/YSZ anode after
different test conditions: a single
cell of cathode-first configuration,
b single cell of anode-first
configuration, c anode of cathode-
first configuration, and d anode of
anode-first configuration
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performance of the cell for various CH4/O2 ratios is shown in
Fig. 6. The OCVof the cell was above 1 V, higher than that of
the traditional method. The maximum power densities were
406.1, 459.2, and 293.9 mW cm−2 at R = 1, 1.5, and 2, respec-
tively. The performance of the cell was obviously improved
compared with the anode-first and cathode-first configura-
tions supplied by only one gas tube. Both the anode and cath-
ode of the cell could obtain reactants expeditiously and simul-
taneously using dual gas supply method. The problem of gas
inadequacy at the opposite electrode side of tube 1 or tube 2
was solved.

The maximum power density of the dual gas supply meth-
od obtained at R = 1.5 (459.2 mW cm−2) was 67% higher than
that of the traditional gas supply method (275.5 mW cm−2).
The concentration polarization at high current at R = 1 was
weakened substantially. The maximum current density in-
creased from 693.9 mA cm−2 of the traditional mode to
1369.4 mA cm−2 of the dual gas supply mode at R = 1. It is
illustrated that the dual gas supply method could better satisfy
the demand of electrodes for gas composition. In the usual SC-
SOFC gas supply mode, the reactant gas diffuses to the sur-
face of electrodes to participate in reaction. Although the cell
is located in the middle of the gas chamber as far as possible, it
is difficult to ensure that the gas flow is uniformly distributed
throughout the electrodes. While in a dual gas supply method,
the gas mixture is evenly divided into two gas tubes and trans-
ports to the surfaces of the cathodes and anodes separately by
their own gas vents. The direction of the gas flow is

perpendicular to the electrodes and the reaction gas is sprayed
onto the surface of the anodes and cathodes directly, which
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Fig. 6 I-V and I-P curves of the cell operated under dual gas supply
method for various CH4/O2 ratios

Table 1 The effect of methane-oxygen ratio on OCVand maximum power density of the cell

700 °C, N2 = 200 sccm R = 1 R = 1.5 R = 2

Tube 1: cathode-first configuration OCV (V) 0.95 0.98 0.98

Maximum power density (mW cm−2) 173.4 200 187.7

Tube 2: anode-first configuration OCV (V) 0.94 0.99 0.97

Maximum power density (mW cm−2) 236.7 283.7 234.7
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Fig. 7 The I-Vand I-P curves of the cell with various CH4/O2 ratios being
fed to the electrodes
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ensures sufficient gas supplied for the electrodes. As a result,
the cell performance has been promoted obviously.

Due to the different catalytic activity of the anode and
cathode towards the fuel-oxygen mixture, the gas composition
at the anode and cathode has a strong influence on the elec-
trochemical properties of the respective electrodes. Oxygen-
rich gas will be benefit for the cathode, while the anode needs
to be provided fuel-rich gas. The dual gas supply method
could provide required reactant gas for each electrode by
changing the gas composition of the two gas tubes separately.
The I-V and I-P curves of the cell with various CH4/O2 ratios
being fed to both of the electrodes are shown in Fig. 7. Ra
represents the CH4/O2 ratio at the anode side and Rc represents
the CH4/O2 ratio at the cathode side.WhenRa was fixed at 2 in
Fig. 7a, the OCVs of 1.04, 1.02, and 1.01 V were obtained at
Rc = 1, 1.5, and 2, respectively. A decrease of OCV also oc-
curred with the increase of Rc at Ra = 1.5. Increasing the cath-
ode gas ratio resulted in a lower oxygen concentration at the
cathode and a reduction in OCV. The variety of OCV with Rc
was not obvious at Ra = 1 where the oxygen concentration at
the anode side increased.

Detailed date of the cell performance is shown in Table 2.
The maximum power density of the cell decreased with in-
creasing Rc at both the anode CH4/O2 ratios of 1.5 and 2. It is
proved that increasing the oxygen concentration at the cathode
side promotes the electrochemical reduction reaction rate of
oxygen. The cathode gas ratio of 1 was found the optimum
ratio. The highest power density of 493.9 mW cm−2 was ob-
tained at Ra = 1.5 and Rc = 1. Besides, a slight concentration
polarization was observed at high current part. When the CH4/
O2 ratio at the anode was fixed at 1, the maximum power
densities remained almost constant with various Rc and
showed a mild decrease at Rc = 1, the same with the trend of
OCV. Furthermore, all the I-V curves exhibited concentration
polarization phenomenon at Ra = 1, which indicated that ex-
cessive oxygen at the anode was inappropriate. The complete
oxidation of methane produced H2O and CO2, which do not
participated in the electrochemical reaction of the cell, caused
a degradation of the cell performance.

The impedance spectra of the cell measured under open
circuit voltage condition are shown in Fig. 8. The electrode
polarization resistances at Ra = 2 were 1.52, 1.63, and

1.73 Ω cm2 when Rc = 1, 1.5, and 2, respectively, which were
increased with the increasing Rc. It is obvious that the polari-
zation resistance at Ra = 1.5 was lower than that at Ra = 2,
which indicated the improvement of the cell performance.
The electrode polarization resistance was also increased with
the increasing Rc at Ra = 1.5. These results provided further
evidence that the cathode CH4/O2 ratio of 1 was the optimal
ratio for the cell performance. The electrode polarization re-
sistances atRa = 1 were nearly the same at various Rc as shown
in Fig. 8c, which presented direct evidence of its consistent
output power.

Figure 9 shows the maximum power density of the cell
as a function of CH4 flow rate at the anode side where the
cathode CH4/O2 ratio Rc was fixed at 1. The total flow
rate of CH4 and O2 was 100 sccm for each gas path. The
maximum power density increased from 406.1 to
493.9 mW cm−2 when the CH4 flow rate changed from
50 to 60 sccm. It was then decreased gradually at higher
CH4 flow rates, which was probably caused by the de-
creasing of H2 and CO produced by methane catalytic
partial oxidation with decreased oxygen concentration in
the gas mixture. The output power remained constant
when CH4 flow rate increased continuously from 90 to
100 sccm. It was shown that the anode and cathode gas
ratios of 1.5 and 1 possessed the optimal gas composition
for the cell performance. Based on our results, a cell with
dual gas supply method will generate a more attractive
output power than that of the traditional method in a
single-chamber condition. Oxygen-rich gas is fed to the
cathode and fuel-rich gas to the anode, without the need
to separate the two electrode chambers. Thus, the selec-
tivity requirement of both the anode and cathode for the
fuel and oxygen in mixed gas has been lowered.

Fuel utilization as a function of the current density
under different gas supply methods is shown in Fig. 10.
The fuel utilization of traditional mode at the maximum
current density was 0.62% at CH4 flow rate of 120 sccm.
Basically, there are three major factors responsible for the
low efficiency of SC-SOFCs: poor flow management,
non-ideal electrode microstructure, and low selectivity of
the electrode materials [34]. With the fixed materials,
electrode microstructures, and catalytic properties of a

Table 2 The output performance of the cell with various CH4/O2 ratios at both the electrodes

Dual gas supply method at 700 °C Rc = 1 Rc = 1.5 Rc = 2

Ra = 2 OCV (V) 1.04 1.02 1.01

Maximum power density (mW cm−2) 422.4 355.1 293.9

Ra = 1.5 OCV (V) 1.05 1.03 1.01

Maximum power density (mW cm−2) 493.9 459.2 397.9

Ra = 1 OCV (V) 1.01 1.02 1.02

Maximum power density (mW cm−2) 406.1 414.3 412.2
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given cell, the improvement of the power generation es-
sentially amounts to optimizing the distribution of the
reactants around the cell, achievable through a careful
management of the gas flow geometry in the gas chamber.

In this study, dual gas supply method is used to enhance
the efficiency of SC-SOFCs by improving the flow geom-
etry. As shown in Fig. 10b, the dual gas supply method
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50 60 70 80 90 100
0

100

200

300

400

500

600

M
ax

im
u
m

p
o
w

er
d
en

si
ty

(m
W

cm
-2
)

CH
4

flow rate of anode (sccm)

Cathode: R
c
= 1

Fig. 9 The maximum power density of the cell as a function of CH4 flow
rate at the anode

0.0 0.5 1.0 1.5 2.0 2.5
-0.5

0.0

0.5

1.0

1.5

2.0

(a) Anode: R
a
= 2

-Z
"

(
cm

2
)

Z' ( cm
2
)

R
c
= 2

R
c
= 1.5

R
c
= 1

Cathode:

0.0 0.5 1.0 1.5 2.0
-0.5

0.0

0.5

1.0

1.5

(b) Anode: R
a
= 1.5

Z' ( cm
2
)

-Z
"

(
cm

2
)

Cathode:

R
c
= 2

R
c
= 1.5

R
c
= 1

0.0 0.5 1.0 1.5 2.0
-0.5

0.0

0.5

1.0

1.5

-Z
"

(
cm

2
)

Z' ( cm
2
)

(c) Anode: R
a
= 1

R
c
= 2

R
c
= 1.5

R
c
= 1

Cathode:

Fig. 8 Impedance spectra of the cell with various CH4/O2 ratios at both
the electrodes

Ionics (2019) 25:1281–1289 1287



possessed a fuel utilization of 1.22%, which was 2 times
higher than the former one. The fuel utilization also in-
creased with the increase of the residence time [11].
Therefore, a moderate gas flow rate should be used to
obtain both high power output and acceptable fuel utili-
zation. In addition, more cells can be placed in the same
gas flow rate to improve the fuel utilization [19]. Our
previous study of the separated gas supply method
showed that the single cells could obtain a more uniform
gas distribution and the stack could produce a higher
power output than that of the traditional gas supply meth-
od [30]. It is expected to further improve the output per-
formance and fuel utilization of the SC-SOFCs by using
the dual gas supply method.

Conclusion

A single cell with dual gas supply method was fabricated and
operated under single-chamber conditions. The performance
of the anode-first and cathode-first configurations has also
been studied. Results show that the maximum power of the
anode-first configuration was higher than that of the cathode-
first one, which was contrary to that obtained under the tradi-
tional gas supply method. The gas supply methods with dif-
ferent flow geometries have a significant influence on the cell
performance.

The cell with dual gas supply method showed remarkably
enhanced OCV and output performance compared with the
traditional method. At a temperature of 700 °C and a CH4/
O2 ratio of 1.5, the cell with dual gas supply method exhibited
a maximum power density of 459.2 mW cm−2, which was
67% higher than that of the traditional gas supply method.
The highest power density of 493.9 mW cm−2 was obtained
at the anode and cathode gas ratios of 1.5 and 1, respectively,
which were found the optimum gas ratios for the cell perfor-
mance. Oxygen-rich gas is fed to the cathode and fuel-rich gas
to the anode in the dual gas supply mode. The selectivity
requirement of both the anode and cathode for the fuel and
oxygen in mixed gas has been lowered.
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