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ABSTRACT

Performance of solid oxide fuel cells (SOFCs), in comparison with that under hydrogen fuel, were investigated under direct
internal reforming conditions. Anode supported cells were fabricated with an Ni+YSZ anode, YSZ electrolyte, and LSM+YSZ cath-
ode for the present work. Measurements of I-V curves and impedance were conducted with S/C (steam to carbon) ratio of ~ 2 at
800°C. The outlet gas was analyzed using gas chromatography under open circuit condition; the methane conversion rate was cal-
culated and found to be ~ 90% in the case of low flow rate of methane and steam. Power density values were comparable for both
cases (hydrogen fuel and internal steam reforming of methane), and in the latter case the cell performance was improved, with a
decrease in the flow rate of methane with steam, because of the higher conversion rate. The present work indicates that the
short-term performance of SOFCs with conventional Ni+YSZ anodes, in comparison with that under hydrogen fuel, is acceptable
under internal reforming condition with the optimized fuel flow rate and S/C ratio.
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1. Introduction

ince a typical solid oxide fuel cell (SOFC) operates at a
high temperature above 700°C and is composed of
Ni+YSZ cermet anode, no additional expensive catalyst for
internal reforming is required while having a high durabil-
ity against impurities (CO / CO,) in the fuel unlike a low-
temperature type fuel cell (PEMFC). Such characteristics of
SOFC allow diversification of alternative fuels other than
hydrogen as well as direct internal reforming. From a sys-
tems viewpoint, omission of an external reforming appara-
tus is allowed so that a simple system configuration and
high efficiencies may be achieved.” Due to such advantages of
the SOFC, studies are being actively conducted in recent
times where changes in the corresponding performance and
durability are evaluated/analyzed by directly applying carbon-
based fuels (city gas, coal gas, biogas, etc.) to the SOFC.>"V
Most of city gas and refined biogas consists of methane,
and main processes of internal reforming of methane are
shown in Fig. 1(a) and Fig. 2(b), for steam and dry reform-
ing, respectively.'? In the former case, when 1 mole of meth-
ane (CH, and 1 mole of steam (H,O) are supplied to the
SOFC anode(Ni surface), conversion occurs to 3 moles of
hydrogen (H,) and 1 mole of carbon monoxide (CO), while
the converted gas is transformed to H,0 and CO, by an elec-
trochemical reaction of combination with oxygen ions deliv-
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ered from the anode through the electrolyte producing
electricity and heat. Meanwhile, when the fuel cell is under
an open circuit condition (without the oxidation reaction at
anode), 1 mole of CO produced by steam reforming together
with 1 mole of H,O can be converted to 1 mole of CO, and
1 mole of H, by water gas shift reaction. As a result, 1 mole
of CH, can produce a maximum of 8 moles of electrons. In
the case of steam reforming, it is accompanied by +206 kd/
mol of endothermic reaction, while being accompanied by -
42 kd/mol of exothermic reaction in the case of water gas
shift reaction. In the case of dry reforming, 1 mole of CH,
and 1 mole of CO, react to produce 2 moles of CO and 2
moles of H, accompanied by +261 kdJ/mol of endothermic
reaction. The produced CO and H, are used as a fuel and
can produce electricity while being electrochemically oxi-
dized. Since both steam and dry reforming reactions are
endothermic in this way, effective thermal management
may be implemented upon operation of the fuel cells if such
reactions are used properly.*'?

Although SOFC stacks using internal reforming reactions
can maximize system efficiencies, some serious problems
are involved. First, since the internal reforming reactions
are an endothermic reaction at a high rate, most of them
occur at the gas inlet part of a cell, and consequently, tem-
perature deviations on the cell can become significant due to
localized cooling so as to result in physical damages by ther-
mal stresses.” Such temperature deviations are known to be
the more severe, the higher the current density and the
lower the fuel utilization."” Secondly, there is a problem of
carbon deposition due to pyrolysis of hydrocarbon.® Carbon
deposition occurs on Ni anode surfaces to interfere with
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Fig. 1. Possible reaction pathway with (a) steam reforming and (b) dry reforming.

electrochemical reactions at the anode, resulting in reduc-
tion in SOFC performance and service life. Although expen-
sive precious metal catalysts (Pt, Rh) are known to be more
effective for prevention of carbon deposition than Ni as the
anode component of SOFC, it is economically disadvanta-
geous, prompting recent studies on augmentation of dura-
bility by adding dopants such as ceria.'? Also, mechanism
investigations should be carried out as well for reduced
power density and increased degradation rates with inter-
nal reforming as compared with hydrogen, eventually for
optimization of SOFC stack operation conditions.

In the present study, SOFC unit cells using methane and
mixture gas(methane/carbon dioxide) as a fuel were fabri-
cated to conduct evaluations of gas conversion rates and
electrochemical performance for comparison/analysis, based
on the results of which application feasibilities of hydrocar-
bon fuels to SOFC were considered.

2. Experimental Procedure

2.1. Cell fabrication

Solid oxide fuel cells used in the present study were com-
posed of 5 layers as shown in Fig. 2. Fabrication of Anode
Support Layer (ASL) was completed by uniaxial pressure
forming after mixing NiO and YSZ(8mol% Y,0, + 92 mol%
Zr0,) powders in a ratio of 70 : 30 Wt% and subsequent heat
treatment at 950°C for 1 h. Slurry for Anode Functional
Layer(AFL) was prepared by grinding and mixing of 60
Wt% of NiO and 40 Wt% of YSZ 40 Wt% with the use of a
planetary ball mill followed by addition of butanol. The AFL
was completed by drop-coating of thus-prepared slurry onto
the surfaces of the heat-treated ASL and subsequent heat
treatment at 950°C for 1 h, while the electrolyte slurry with

Fig. 2. Schematic of an anode supported cell (Ni-YSZ/YSZ/
LSM-YSZ).

mixing of YSZ and butanol was similarly subjected to drop-
coating followed by sintering at 1460°C for 4 h. Cathode
Functional Layer (CFL) of LSM (La, ;Sr,,MnO, ) + YSZ and
Current Collector(CC) of LSM were screen printed onto the
surfaces of the sintered electrolyte, which were then heat-
treated at 1170°C and 1160°C, respectively. The fabricated
cell was of a button type with a total diameter of 25 mm and
a cathode diameter of 14 mm. The overall cell fabrication
process is indicated in Fig. 3.

2.2. Test setup

Test fixtures were produced in-house for enhancing gas
inlet /outlet and current collection, the components of which
were as follows : 1) body made of alumina, 2) ceramic seal-
ant, 3) Pt mesh -Cu wire for anode current collection, 4) Ag
mesh -Ag wire for cathode current collection, 5) Anode/Cath-
ode ceramic end plate composed of 9 gas channels. All per-
formance evaluations were conducted at 800°C, where tests
were conducted after NiO of anode had been reduced for
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Fig. 3. Cell fabrication procedure.

about 2 h using a reducing gas (H, 10%, N, 90%). For meth-
ane internal reforming, steam was supplied in a S/C (Steam
to Carbon) ratio of ~ 2 by using the separately produced
injection-type humidifier, while a heater was separately
installed to prevent steam condensation in the gas inlet
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part. Measurement of conversion rates for internal reform-
ing gas was conducted by using gas chromatography (GC,
YL6500GC) after removing steam from the outlet gas by
passing it through a cooler. To observe changes in power
density and impedance(using Bio-Logic SP-240) as a func-
tion of fuel gas, H, (~300 cc/min) and a mixture gas
(CH,+CO,, ~ 75 cc/min) were prepared as an Anode gas,
while air (~ 400 cc/min) was used as a Cathode gas. Perfor-
mance evaluation as a function of flow rate reduction (H,
~ 100 cc/min, mixture gas~ 25 cc/min, air ~ 133 cc/min) was
also conducted together. A schematic diagram for the test
setup is shown in Fig. 4.

3. Results and Discussion

3.1. Evaluation of conversion rates for internal
reforming gas

Figure 5 shows the results of analyzing the outlet gas at
800°C under an open circuit voltage, showing the ratio of H,
~ 67.65%, CH, ~ 9.78%, CO ~ 5.14%, CO, ~ 12.70%. As des-
cribed earlier, not only hydrogen but also CO may be pro-
duced as a result of undergoing steam reforming, and CO,
may be produced by water gas shift reaction. In the present
experiment, since CO, was detected in an open-circuit con-
dition, a part of CO produced from steam reforming can be
seen to have been converted to CO, by water gas shift reac-
tion. According to the analysis results, about 4.73% of other
(N, and O,) gases was detected, suggesting that air of the
cathode had moved to the anode due to incomplete sealing.
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Fig. 4. Schematic of the test setup.
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Fig. 5. GC result of internal reforming under open circuit
condition.

When calculated on the basis of 9.78% of residual CH,, CH,
conversion rate could be calculated as ~90%, from the
results of which a high rate of gas conversion may be seen
possible by Ni catalyst alone as a component of the anode
itself. However, the conversion rate will be reduced if the
flow rate of inlet gas is increased to more than 25 cc/min,
while the residual CH, is expected to be increased. It has
been reported earlier that the gas conversion rates due to
internal reforming are affected by the inlet gas flow rate
(fuel utilization) as compared with the total surface area of
the anode(Ni) for a fuel cell.'”

3.2. Comparison of power densities (Hydrogen uvs.

methane internal reforming)

To consider performance changes upon supply of methane
using internal reforming in comparison with hydrogen,
basic electrochemical performance evaluations (I-V curve,
impedance) were conducted. As shown in Fig. 1(a), if 100%
of CH, was converted by steam reforming and water shift
reaction through sufficient supply of H,O, then 4 moles of
H, could be produced per 1 mole of CH,, i.e., 8 moles of elec-
trons could be produced. Theoretically, an equivalent power
density could be expected in comparison with hydrogen if
CH, was supplied by merely about 1/4 of H, flow rate. Based
on such assumption, tests were conducted with the flow rate
of CH, being set at approximately 1/4 of the hydrogen flow
rate upon internal reforming. Supply of CH, together with
CO, for internal reforming was implemented by mixture gas
(CH, 80%, CO, 20%), the ratio of which was set to similarly
match the refined biogas ratio. Power density comparisons
between the cell with H, supply of ~ 300 cc/min and the cell
with mixture gas supply of ~ 75 cc/min for internal forming
are as shown in Fig. 6(a). Impedance was measured before
power density test under an open circuit condition. While
differences between ohmic resistance and non-ohmic resis-
tance at a high frequency were comparable in both cases of
hydrogen and internal reforming as shown in Fig. 6(b), some
difference was noted at low frequencies (10 ~ 0.1 Hz). Imped-
ance in the low-frequency range is related to compositions and
flow rates of the supplied gas.'® Maximum power density value
of hydrogen supply cell was ~ 0.377 W/cm?, while that in the
case of internally reformed mixture gas was ~ 0.347 W/em?,
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Fig. 6. (a) I-V curves and (b) impedance spectra under open
circuit, with hydrogen fuel (~ 300 cc/min) vs. inter-
nal reforming of mixture gas (~ 75 cc/min).

thus showing an almost equivalent level. As can be seen
from the I-V curve, slight differences in the power densities
may be understood as a difference in the open-circuit volt-
age values, while the relatively low values of open-circuit
voltage upon internal reforming are considered to be the
result of an increase in the oxygen partial pressures at
anode due to steam supply and residual steam. Since the
mixture gas flow rate in the present experiment was ~ 75 cc/
min, the gas conversion rate would have been less than
90%. Therefore, short-term performance under an internal
reforming condition (with a high conversion rate) consider-
ing fuel utilization are considered to be at an equivalent
level as compared with hydrogen fuel. On the other hand, if
the mixture gas flow rate was increased, the open-circuit
voltages would be reduced further due to a reduction in con-
version rates and an increase in the amounts of residual
steam under such condition of a low fuel utilization, eventu-
ally resulting in power density reduction, as the steam flow
rate would have to be increased proportionately to match
the S/C ratio. According to an article by Kyoto University
research team, methane conversion rates for internal
reforming methane at 800°C were measured to be less than
10% when S/C~2, which is considered attributable to a high
flow rate of methane in comparison with the anode area.? In
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Fig. 7. I-V curves with hydrogen fuel (~ 300 and ~ 100 cc/min)
vs. internal reforming of mixture gas (~ 25 cc/min).

such conditions of a low conversion rate, reduction in open
circuit voltages and reduction in power densities compared
with hydrogen were also shown to be remarkable. There-
fore, we can say that performance(power density value) of
fuel cells depends on methane and steam supply flow rates.

From the above viewpoint, power density tests were per-
formed by reducing hydrogen and methane(steam) flow
rates (i.e., increasing fuel utilization) (Fig. 7). Under the
conditions of H, ~ 300 cc/min, H, ~ 100 cc/min, mixture gas
(CH, 80%, CO, 20%)~ 25 cc/min, I-V curves were measured,
where the resulting highest power densities were shown to
be in the order of H, ~ 300 cc/min, mixture gas ~ 25 cc/min,
H, ~ 100 cc/min (based on the maximum power density).
When the low flow rate conditions of H, ~100 cc/min and
mixture gas on 1/4 level of hydrogen flow rate ~ 25 cc/min
were compared, the higher power density values were
observed for the internal reforming operation unlike the
results under the high flow rate conditions (H, ~ 300 cc/min,
mixture gas ~ 75 cc/min). Also, when compared within the
mixture gas condition, better performance was observed at
a low flow rate of ~ 25 cc/min, unlike expectations. The per-
formance changes as a function of flow rate under H, ~ 300
and 100 cc/min conditions are considered attributable to the
occurrence of a gas conversion overpotential which appeared as
a result of failure to optimize flow channel design for the
test fixture.'® Overall, improvement in performance could
be affirmed under the condition of a high utilization rate in
the case of methane fuel with internal reforming performed,
which suggests a correlation with the gas conversion rates
described previously. Namely, the conversion rates were
increased when the flow rate was low upon internal reform-
ing while the amounts of residual steam were reduced,
allowing the higher open-circuit voltages and power densi-
ties. However, it remains to be investigated by conducting
additional experiments how the performance will be
changed under the conditions of a higher fuel utilization
rate than the present experimental conditions. Upon long-
term operations, microstructures of Ni anode may be
changed because of carbon deposition and steam supply of
long duration, therefore performance degradation rate may
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be accelerated under internal reforming condition as com-
pared with hydrogen fuel condition. Meanwhile, since steam
is electrochemically produced at the anode by fuel cell reac-
tion, the produced steam may be utilized for internal steam
reforming. This recycling process allows us to gradually
reduce external steam supply, eventually for the prevention
of anode deterioration.”? Therefore, besides finding out con-
ditions allowing short-term achievement of a high power
density, studies are considered necessary for optimization of
the stack operation conditions, such as current density, S/C
ratio and fuel utilization, to secure a long-term durability.

4. Conclusions

In the present study, change aspects in power densities
and deterioration rates of solid oxide fuel cells upon supply
of a fuel using methane internal reforming have been inves-
tigated in comparison with those of hydrogen fuel. Under
the flow rate conditions taking into account theoretical
numbers of electrons produced per 1 mole of gas, the cell
with supply of hydrogen fuel and the cell with methane
internal reforming showed an equivalent level of power den-
sity values. In addition, performance improvement result-
ing from flow rate reduction was observed upon operation of
internal reforming, and such phenomenon suggests that gas
conversion rates were increased(residual steam and meth-
ane were reduced) to increase open-circuit voltages and
power densities when the supply amounts of methane and
steam were reduced. Consequently, setting of optimum
operation conditions is important since the changes in per-
formance can occur as a function of flow rate conditions (fuel
utilization) upon internal reforming. Overall, the fuel cells
composed of Ni anode were also affirmed to be capable of
achieving equivalent performances in comparison with
hydrogen fuel for a short term under the operation condi-
tions of methane internal reforming at an appropriate flow
rate with conversion rates taken into account.
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