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Abstract Direct-methane solid oxide fuel cells were used
to produce electricity and syngas. During initial operation
at 750 °C, the cells produced 0.9 W/cm? and ~90%
methane conversion to syngas at a rate of 30 sccm/cm?.
However, the methane conversion decreased continuously
over the first 30—40 h of operation, even though the solid
oxide fuel cells (SOFC) electrical performance was stable.
An additional catalyst layer on the anode yielded more
stable methane conversion to syngas.
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1 Introduction

Direct-methane solid oxide fuel cells (SOFCs) can produce
syngas by reacting methane with oxygen transported across
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the electrolyte, a process termed electrochemical partial
oxidation (EPOx) [1-7]. Syngas is an important precursor
to hydrogen and synthetic liquid chemicals/fuels including
methanol and various hydrocarbons [8—10]. Advantages/
disadvantages of EPOx compared with other reforming
methods have been described previously [1]. Key potential
advantages are similar to those for ceramic membrane
reactors: production of syngas without nitrogen dilution
and reduced cost due to process intensification by com-
bining the oxygen separation and partial oxidation steps.
SOFCs have the additional advantage of producing two
valuable products—syngas and electricity—which can
significantly improve economics [1]. Most prior reports on
EPOx have utilized SOFCs with relatively low power
densities and thus low syngas production rates. Recently,
high-rate production of syngas (20 sccm/cm?) along with
high electrical power density (0.7 W/cm?) at 750 °C was
demonstrated using conventional Ni-YSZ anode-supported
SOFCs [1]. Stable SOFC electrical output was reported for
up to 300 h, but the chemical products were not measured
versus time.

In this letter, we describe detailed results on the elec-
trical output and chemical products versus time from
direct-methane anode-supported SOFCs. During the early
stages of operation, the SOFC reactor product composi-
tion was nearly equal to that expected at equilibrium.
However, the methane conversion and syngas production
rate decreased continuously over the first 30—40 h of
operation. This was explained by a rapid decrease in
reforming activity that has recently been reported for
Ni-YSZ anodes [11], given that the SOFC electrical
performance was quite stable. Thus, an additional
reforming catalyst was applied to the SOFC anode,
resulting in improved product stability.
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2 Experimental

The SOFCs used in this study were similar to state-of-the-
art devices currently being developed world-wide, con-
sisting of Ni-YSZ anode supports, thin YSZ electrolytes,
and LSM-YSZ cathodes. The Ni-YSZ anode supported
SOFCs were prepared by standard powder processing
techniques. The supports were prepared by ball milling
NiO (J. T. Baker) and YSZ (YSZ = 8 mol% Y,0O3-stabi-
lized ZrO,, TOSOH Inc.) powder in a ratio of 1:1 by
weight, with 10% starch filler and 60 mL ethanol for about
24 h. The powder was die pressed into 32 mm diameter,
~ 1.0 mm thick pellets that were pre-fired at ~ 1000 °C for
4 h. The pre-firing provided mechanical strength for han-
dling and improved shrinkage matching with the YSZ
electrolyte during co-firing. A NiO-YSZ (1:1 by weight)
anode active layer and a thin dense YSZ electrolyte layer
were deposited on the NiO-YSZ supports by screen print-
ing, as described previously [12]. The anode/electrolyte
bi-layers were fired at 1,400 °C for 4 h, yielding the
desired dense YSZ microstructure. An LSM-YSZ
(LSM = Lag gSrp,MnOj3; Praxair Specialty Ceramics)
cathode layer was screen printed and then fired at 1,175 °C

Table 1 Cell component dimensions and porosities

for 1 h, followed by a screen printed pure LSM current
collector layer that was fired at 1125 °C for 1 h.

For current collection during SOFC testing, a silver grid
was screen printed on top of the LSM layer. Table 1 gives
details of the final fuel cell geometry. In some cases, an
~50 um thick layer of a Rh-alumina commercial (Alfa
Aesar: Rhodium, 1% on alumina powder, reduced) catalyst
material was painted on the free surface of the Ni-YSZ
anode. The catalyst was then fired at 900 °C for 1 h in air
prior to cell testing.

The SOFCs were tested in a setup that has been
described elsewhere [1] and is illustrated in Fig. 1. The
SOFCs were sealed/attached to alumina tubes using Ag
ink. Methane fuel was supplied to the SOFC using an
alumina tube with an annular disc attached to the end,
forcing the fuel to flow radially across the surface of the
anode before flowing out. This was previously shown to
improve methane conversion [1]. The other end of the
alumina tube was viton O-ring sealed using a stainless steel
fixture to facilitate exhaust gas collection for analysis.
Silver wire leads were attached using Ag ink to the elec-
trodes, which previously had a Ag ink current collector grid
(DAD-87, Shanghai Research Institute of Synthetic Resins,
Shanghai, China) applied by screen printing.

The anodes were initially reduced from NiO to Ni in
30 sccm hydrogen while ramping the cell temperature up

SOFC component Dimension Porosity to 750 °C (~12 h) and then for ~3 h at 750 °C. Initial
(mm) (%) electrical testing was carried out first in humidified
Ni-YSZ anode support thickness 0.8 40-50 hydrogen and then in pure dry methane. Air was supplied
Ni-YSZ anode active layer 0.025 25_30 to the cathode at a flow rate of &~ 150 sccm at all times.
YSZ electrolyte layer 0.012 ~0 Current—voltage measurements and long-term constant-
Cathode layer 0.05 30 current measurements were recorded using a Keithley 2420
SOFC cell diameter 25 3 power supply (Keithley Instruments, Inc., Cleveland, OH).
SOFC active area 240 mm? _ The cell characteristics in air with humidified hydrogen
Catalyst layer thickness 0.05 50609 ~ Were similar to those reported previously for comparable
(in some cells) anode-supported cells [13], with maximum power density
of ~1.1-12 W/cm? at 800 °C. Electrochemical impedance
SOFC  payer " phel - FuelTnlet  0.ring Seal Piing
R e’
Silver Ink Annulus Gas Chromatograph
Outer Tube

Fig. 1 Schematic diagram of the SOFC testing setup. The methane
was introduced via an alumina gas feed tube (ID ~ 3 mm, OD =5
mm) with an alumina annulus (ID &~ 5 mm, OD = 18.5 mm, 3 mm
thick) mounted at its end. The gap between the annulus and the SOFC
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anode was ~3 mm. The SOFC was mounted and sealed on an
alumina tube (ID = 19.5 mm, OD = 25.5 mm) using Ag ink. The gas
feed and mounting tubes were sealed to a stainless-steel fitting
(mounted outside the testing furnace) with a viton O-ring seal
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spectra were obtained using an electrochemical worksta-
tion (Zahner IM6, Germany) at frequencies ranging from
100 mHz to 100 kHz. The SOFC product gas was passed
through a desiccant to remove moisture before being ana-
lyzed by an Agilent Micro Gas Chromatograph (GC)
(Fig. 1). The GC was calibrated using an H,, CH,4, CO and
CO, gas mixture with a composition similar to that of the
SOFC exhaust. The gas composition accuracy was = 3—
5%. Energy Dispersive Spectroscopy (EDS) was done on
cross-sections of certain samples in a scanning electron
microscope (SEM) (Hitachi S-3400N-II).

3 Results and Discussion

Figure 2 shows an example of the product gas composition
from an SOFC operated at 750 °C versus the O*7/CH,
ratio, taken 3-4 h after the = 12-h anode-reduction step
was completed. The O /CH, ratio was varied by changing
the SOFC current and maintaining the methane flow rate
constant at 20 sccm. Both the H, and CO contents showed
a broad maximum centered at 027/CH4 ~ 1, the stoichi-
ometry of partial oxidation, with relatively low CH, and
CO; content. Also shown on the plot are the predicted
equilibrium gas compositions calculated using a free-
energy minimization code [14]. The measured gas com-
position was quite close to the equilibrium prediction—the
H, content was slightly below the prediction while the CO,
and CH, contents were slightly above.

It has been suggested that SOFCs produce syngas via a
two-step process [1] similar to catalytic partial oxidation of
methane, where methane is oxidized to H,O and CO,
followed by reforming of these products with residual CH,

electrochemical oxidation of CHy is a possibility [4, 5, 15],
but direct-methane SOFC data suggests that CH, oxidation
on Ni-YSZ anodes is slow relative to H, oxidation [13, 16].
SOFC data for Ni-YSZ anodes also shows that H, elec-
trochemical oxidation is faster than CO electrochemical
oxidation [17, 18], and the data in Fig. 1 shows that there is
plenty of H, in the anode compartment. Based on the
above, the first reaction step should be primarily the pro-
duction of H,O by H, electrochemical oxidation. The
second step is primarily steam CH, reforming, yielding H,
and CO. The slight deviations from equilibrium in Fig. 1
can be explained by the above two-step reaction path
assuming that the reforming reaction was not quite com-
plete, yielding higher CH,4 and lower H, than equilibrium.

An O*7/CH, ratio of 1.2 was previously suggested for
EPOx, along with a relatively low cell voltage of 0.4 V, as
a condition that maintains thermo-neutral stack operation
along with high power and syngas output [1]. As shown in
Fig. 2, an O*"/CH, ratio of 1.2 was also a good condition
for achieving a relatively low (<5%) un-reacted methane
content, along with ~6% CO,. Note that H,O was
removed from the exhaust gas with a desiccant and hence
did not appear in the product gas. The methane conversion
is normally calculated using the expression:

CH, conversion (%) ={([CO] + [CO,])/([CO] + [CO]
+ [CH4))} x 100,

(1)

which yields a value of ~88% for O*"/CHy = 1.2 at a
methane flow rate of 20 sccm.

Figure 3 is a plot of the SOFC output power density and
syngas production rate versus the methane flow rate and
cell current; these were varied together to maintain a
constant O*/CH, ratio of 1.2. The syngas production rate
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Fig. 2 Measured product gas composition (data points) and equilib-
rium values (curves) versus oxygen to methane ratio. Note that water
vapor is removed from the exhaust using a moisture trap
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Fig. 3 Syngas output and power density versus methane flow rate

(and cell current) with the ratio O>"/CH, maintained constant at 1.2.
Cell operating voltages are also given
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Fig. 4 Electrochemical partial oxidation (EPOx) operation with no
catalyst (a) Change in exhaust gas composition over 35 h of
continuous operation and (b) Measured syngas content and electrical
voltage versus time from an EPOx SOFC reactor running at
J =21 Alem’

increased linearly with the methane inlet flow rate. The
power density curve shows the usual dependence on cell
current density. For a cell voltage of 0.42 V, the power den-
sity was 0.86 W/cm? with a syngas output of 31 sccm/cm?.
This power density is similar to state-of-the-art hydrogen-
fuelled SOFCs operated at 750 °C [13, 19]. The syngas rate
is comparable to membrane reactors, although these are
typically operated at a higher temperature of 850-900 °C
[20]. These results illustrate the efficacy of the SOFCs as
dual electricity/syngas generators.

It is important to note that the data in Figs. 2 and 3 were
obtained within 3—4 h after the cell had been reduced in
hydrogen. The methane conversion to syngas was generally
found to decrease gradually with increasing operation time.
Figure 4a shows an example of this decrease, where the
CH, content increased from ~9% to ~18% over 35 h,
with a concomitant decrease in the H, and CO levels.
Figure 4b shows that the SOFC voltage at a constant cur-
rent density of ~2.1 A/em® was quite stable, or even
increased slightly, during the course of this test. It might
appear surprising that the SOFC performance remained
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Fig. 5 Energy Dispersive Spectroscopy (EDS) spectra obtained from
near the free Ni-YSZ anode surface after the cell was operated at
J = 2.1 Alem? in methane for 35 h at 750 °C

unchanged even while the gas composition in the anode
was changing. However, the SOFC anode is believed to
operate primarily via oxidation of H, (see above discus-
sion), and the change in H, mole fraction in Fig. 4a is only
from 54% to 46%, too small a change to significantly
impact SOFC performance [17]. In any case, the decreased
methane conversion was not due to a change in SOFC
performance, and may be explained by a decrease in the
catalytic reforming activity of the Ni-YSZ anode with time.
As noted above, the Ni-YSZ activity is needed to reform
CH, with electrochemically-produced H,O and thereby
yield the desired syngas [1].

Decreases in reforming activity with time are commonly
observed for Ni-based reforming catalysts, and are typi-
cally attributed to Ni sintering and/or coking [21, 22].
Specifically, Ni-YSZ SOFC anodes have recently been
shown to provide high initial reforming activity due to the
formation of Ni nano-particles on YSZ surfaces, but the
activity decreases substantially over tens of hours, even in
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Fig. 6 The exhaust gas composition variation with time for an SOFC
during EPOx operation with a Rh-alumina catalyst layer applied on
the free surface of the anode
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the absence of coking, due to nano-particle sintering [11].
Although the steam-to-carbon ratio was higher in that study
than in the present study, the same basic effect should
occur even though the Ni sintering rate may be different.
The high initial reforming activity explains the nearly
equilibrium conversion of methane to syngas shown in
Fig. 2. The decrease in reforming activity with time yields
the decrease in syngas conversion shown in Fig. 4. The
present decrease in reforming activity did not appear to be
related to anode coking, based on the following evidence.
First, SOFC electrical performance, which has been shown
to be very sensitive to coking from methane [13, 23], did
not degrade with time. Second, there was no evidence of
carbon on the anodes after the tests shown in Fig. 4 (and
several other similar tests) as illustrated in the SEM-EDS
chemical analysis shown in Fig. 5.

A cell test was carried out to determine whether the
product stability could be improved by adding a Rh-alu-
mina catalyst to the anode. Figure 6 shows that the product
composition versus time was much more stable with the
catalyst than without an additional catalyst (Fig. 4). While
there was a slight decrease in product syngas content in this
~ 100-h test, it was much smaller than in the shorter (35 h)
no-catalyst case. More work including longer stability
tests, using catalysts that are optimized for methane
reforming, are needed. It seems likely that suitable cata-
lysts can be found based on the wide range of catalysts that
have been developed for reforming reactors. For example,
good stability for 2,000 h at 850 °C was obtained in a
ceramic membrane partial oxidation reactor with a LiLa-
NiO/y-Al,O3 catalyst [24].

4 Summary and Conclusions

Anode-supported solid oxide fuel cells were operated
directly on methane fuel with oxygen ion fluxes approxi-
mately equal to the molar methane flow rates, conditions
expected to result in EPOx. During the initial several hours
of SOFC operation at 750 °C, the product gas composition
was nearly equal to that expected from equilibrium cal-
culations, i.e., 88% methane conversion to syngas. The
SOFC produced ~0.9 W/cm?® along with a syngas pro-
duction rate of &30 sccm/cm?®. The methane conversion
and syngas production rate decreased continuously over the
first 30—40 h of operation, even though the SOFC electrical

performance was quite stable. This resulted from decreas-
ing Ni-YSZ anode reforming activity due to Ni nano-
particle sintering, such that the syngas production rate (via
methane reforming with SOFC-produced H,O and CO,)
decreased. Initial tests showed that an added catalyst
improved methane conversion stability, but more work is
needed to demonstrate long-term-stable EPOx operation of
SOFCs.
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