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Solid-oxide fuel cells (SOFCs) are energy convertors with a
high energy efficiency and low environmental impact.[]
SOFCs could be more cost-effective when they are simulta-
neously operated as chemical reactors to produce useful
chemicals.”! Co-generation of electric power and synthesis gas
from methane could be realized in two SOFC configurations,
namely conventional dual-chamber® and more simplified
sealant-free single-chamber SOFCs (SC-SOFCs).* However,
there is a trade-off between high power and simple system
configuration between the two configurations; furthermore,
synthesis gas formation rate and methane conversion are
strongly influenced by polarization current in both config-
urations. Herein we show that these issues can be circum-
vented by integrating a downstream catalyst in the same gas
chamber of a single-chamber SOFC. A bilayer electrolyte fuel
cell achieved an open-circuit voltage of 1.07V and a
maximum peak power density of about 1500 mWcm™? at
700°C operating on methane—oxygen gas mixture with a ratio
of 2:1. By passing the effluent gas of the fuel cell through a
GdNi/ALO; catalyst at 850°C, the synthesis gas is obtained
with a methane conversion of higher than 95%, CO and H,
selectivity higher than 98 %, and a H,/CO ratio of about two.
We also show that both the synthesis gas formation rate and
H, and CO molar ratio are unaffected by the polarization
current density. By enabling conversion of the abundant
resources of methane to synthesis gas and electricity without
releasing any waste gases, the system has great potential to
make significant contributions to the low-carbon economy.
Methane can be catalytically converted into synthesis gas
by partial oxidation (CH,+1/20,—CO+2H,)! or be
applied as a fuel for a SOFC for electric power generation.[*”]
The partial oxidation reaction is mildly exothermic (AH,yx =
—36 kJmol™"), which means some of the enthalpy of methane
is wasted by thermal heat during the synthesis gas formation
process. Furthermore, the heat released during the fast
reaction may be accumulated, resulting in a substantial
temperature increment in the catalyst layer, thereby intro-
ducing a serious safety problem.’! On the other hand, by
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applying methane as a fuel for the fuel cell for power
generation alone, there is still at least 40 % of enthalpy wasted
by thermal heat, along with the production of CO, green-
house gas. By co-generation of electricity and synthesis gas
from methane, an overall efficiency up to 100% and also
improved operational safety may be realized.

Conventional fuel cells have a dual-chamber configura-
tion for electricity and synthesis gas co-generation; pure
methane is fed to the anode chamber and oxygen for the
partial oxidation is transported from the cathode.®* The
synthesis gas formation rate and methane conversion are all
strongly influenced by the polarization current.’! Further-
more, coke is easily formed over the nickel-based cermet
anode, especially under a low polarization current density. A
previous study showed that the electric power and synthesis
gas cogeneration can also be realized in a SC-SOFC using a
Pt|electrolyte | Au fuel cell assembly.® However, an
extremely low power density was reached owing to the low
catalytic activity of the Au cathode, and the conversion of
methane was also inevitably influenced by the polarization
current. Herein, a SC-SOFC integrated with a GdNi/Al,O;
partial oxidation catalyst in the same gas chamber was applied
for the facile co-generation of electricity and synthesis gas
from methane with zero waste gas emission (Figure 1). By
applying a methane-oxygen mixture (CH,/O, molar ratio 2:1)
as the feed gas, high cell power output, high methane
conversion, high H, and CO selectivities, and an ideal H, to
CO molar ratio of about two for Fischer-Tropsch fuel and
methanol synthesis could be reached.

SC-SOFC, with both its electrodes exposing to the same
fuel/oxidant gas mixture in a mono gas chamber, is a novel
type of SOFC.""! Its operation principle relies on the different
catalytic activity and selectivity of the electrodes towards the
fuel/oxidant mixture. Previously, Shao and Haile have shown
that Ba, sSr,sCoy3Fe;30;_s (BSCF) is a promising cathode for
SC-SOFCs, with a high electrocatalytic activity for oxygen
reduction but poor catalytic activity for hydrocarbon oxida-
tion.'"'2l However, the fuel cell suffers from a low open-
circuit voltage (OCV) of 0.70-0.78 V,!¥ which is mainly due
to the partial electronic conductivity of the samarium-doped
ceria (SDC) electrolyte at elevated temperatures.'¥! Although
the electron conduction in SDC is obviously suppressed with
the drop of operation temperature, an increase in OCV is not
envisioned because of insufficient catalytic activity of anode
for methane partial oxidation.

We adopt an anode-supported fuel cell with 8 mol %
yttrium-stabilized zirconia (YSZ) and SDC bilayer electrolyte
to reduce partial electron conduction and avoid the interfacial
reaction between YSZ and BSCF. The fuel cell is operated at
elevated temperature to increase the electrode activity and
stability under a CO,-containing atmosphere. We fabricate
the fuel cell by a facile technique based on tape casting the
anode layer, spray depositing and co-sintering the YSZ and
SDC electrolyte layers, and screen printing the cathode layer.
The bilayer electrolyte has a clear layer boundary, and the
porous Ni+ YSZ cermet anode (Ni/YSZ =60:40 by weight)
and BSCF + SDC cathode (BSCF/SDC=70:30 by weight)
adhere well to the YSZ and SDC layers, respectively
(Supporting Information, Figure S1).
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Figure 1. The fuel cell reactor system used for synthesis gas and electric power co-generation from methane. The fuel cell and the GdNi-Al,O,
catalyst were located in a single quartz tube reactor (=14 mm and L=300 mm). The feed gas was composed of methane and oxygen at the
molar ratio of 2:1, which was introduced from one side of the reactor, first passed through the fuel cell, and then the catalyst layer. Both the fuel

cell and catalyst were heated up by electric furnaces.

We first measured the current-voltage and current-power
polarization curves of the fuel cell operating on a methane—
oxygen gas mixture with molar ratio of 2:1 at furnace
temperatures of between 550 and 700°C (Figure 2). Under
open-circuit conditions, the cell voltage is 1.05-1.07V,
significantly improved compared to a similar cell with a
single SDC electrolyte of 0.70-0.78 V operating on a meth-
ane-helium-oxygen mixture gas."*! By applying the bilayer
electrolyte, electron diffusion in the electrolyte is effectively
blocked. On the other hand, the oxygen partial pressure at the
cathode side is improved by applying a methane—oxygen
mixture as the feed gas (Po, = 0.33 atm) instead of a methane—

1.2 2000
CH,/0,=130:65 sccm
1.0
1500 g
0.8
> - 2
< - €
Y Ve =
2 0.6 ) 1000 =
3 % g
> . 3
041 3 1 g
» 500 B
& | o
0.2 ae
Ao
.
3 4
0.0 — T —T T T A 0
0 1000 2000 3000 4000

Current density/mA cm™

Figure 2. Performance of a bilayer electrolyte fuel cell operating on a
CH,/O, gas mixture. The cell voltage and power output are presented
as functions of current density at different temperatures (o 700°C,

0 650°C, A 600°C, v 550°C). Data were obtained in single-chamber
mode from a single cell composed of BSCF + SDC cathode (BSCF/
SDC=170:30 by weight, ca. 20 pm), SDC (ca. 5 um) and YSZ

(ca. 5 um) bilayer electrolyte, and Ni+YSZ anode (NiO/YSZ=60:40
by weight, ca. 700 um). Total flow rate: 195 mLmin~' (STP), cathode
surface area: 0.48 cm’.
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oxygen-helium mixture (Po,=0.18 atm). At a furnace tem-
perature of 700°C, a peak power density of about
1500 mWcem ™ is achieved for a cell with 5um YSZ and
5 um SDC bilayer electrolytes. The peak power density still
reaches 1200 mW cm 2 for a cell with a 10 um YSZ and 5 ym
SDC bilayer electrolyte (Supporting Information, Figure S2),
which is comparable to about 1260 mW cm ? for a similar cell
operating at 850°C in a dual chamber configuration by
applying the same methane—oxygen gas mixture as the anode
gas and air as the oxidant (Supporting Information, Fig-
ure S3), and substantially higher than the results reported for
conventional ~ SC-SOFCs  (Supporting  Information,
Table 1).113551 1t is also much higher than the value of
400 mW cm 2 for a similar anode-supported SC-SOFC with a
single YSZ electrolyte and the same BSCF + SDC cathode
(Figure 3).

The catalytic activity of the Ni+ YSZ cermet anode for
the methane partial oxidation reaction (Figure 3) was tested
in a flow-through type fixed-bed quartz-tube reactor with an
inner diameter of about 8 mm. Catalyst particles (ca. 0.1 g) in
the size range of 40-60 mesh were placed into middle of the
reactor. The compositional analysis was conducted by a
Varian 3800 gas chromatograph equipped with the Hayesep
Q, Poraplot Q and 5 A sieve molecular capillary columns and
a TCD for the separation and detection of H,, O,, CO, CO,,
and CH,.

The performance of a SC-SOFC operating on a methane—
oxygen gas mixture is closely related to the electrocatalytic
activity of the cathode for oxygen reduction and catalytic
activity of the anode for methane partial oxidation. Area-
specific resistance (ASR) is as low as 0.011 Qcm™ at 800°C
for the BSCF electrode on a SDC electrolyte operating on a
methane—oxygen gas mixture, as determined by a symmetric
cell test (Supporting Information, Figure S4). As for the
anode, the methane partial oxidation not only creates a low
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Figure 3. The catalytic activity of the Ni+ YSZ cermet anode for the
methane partial oxidation reaction. a) Conversion as a function of
temperature: m CH,, ® O,. b) Selectivity: m CO, 0 O,. Methane flow
rate: 20 mLmin~' (STP), CH,/O, 2:1; helium was used as diluting gas
with a flow rate of 80 mLmin™' (STP).

oxygen potential near the anode surface, which is critical to
increase the oxygen potential differential across the two
electrodes, but also produces electrochemically active H, and
CO species as the direct fuels for power generation. Catalytic
tests show that the oxygen was completely converted at
temperatures higher than 600°C, while CO and H, selectiv-
ities reach about 80 % at 700°C by applying a sintered anode
powder as a catalyst (Supporting Information, Figure S5).
Because of the exothermic nature of the methane partial
oxidation, the real temperature of a SC-SOFC is 110-150°C
higher than the furnace (Supporting Information, Figure S6).
Thus, the conventional Ni + YSZ cermet anode performs well
as a partial oxidation catalyst at the furnace temperatures of
600-700°C. Both the high electrocatalytic activity of the
BSCF + SDC cathode for oxygen reduction and the catalytic
activity of the Ni-YSZ cermet anode for methane partial
oxidation then leads to the high cell performance.

One practical problem associated with BSCF cathode is its
high sensitivity to CO, poisoning. A serious deterioration in
electrocatalytic activity for oxygen reduction was reported
with the presence of unavoidable CO, at reduced temper-
atures® in a SC-SOFC. A symmetric cell with BSCF
electrodes and a SDC electrolyte was first investigated by
electrochemical impedance spectroscopy (EIS) in air, then
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5% CO, was introduced into the atmosphere and EIS of the
cell at different operation times were recorded. Figure 4
shows the corresponding EIS in Nyquist plots at 600-800°C.
The poisoning effect of CO, on the BSCF electrode is
significantly decreased with increasing operation temper-
ature. Specifically, at a cell temperature of 800°C, 5% CO, in
the air atmosphere has an almost negligible effect on the
oxygen reduction behavior of the BSCF. The slightly larger
EIS of the cell under 5% CO,-containing air than that under
pure air is due to the diluting effect of the oxygen by CO,.
Thus the operation at elevated temperature contributes an
additional benefit for improving the operational stability of
SC-SOFCs.

Because of the poor activity of the BSCF + SDC cathode
for methane partial oxidation,™™ a considerable amount of
methane is unconverted alongside the production of large
amounts of deep oxidation products of CO, and H,O in the
effluent gas of the fuel cell (Figure5). By adopting a
combustion-synthesized GdNi/Al,O; catalyst in the down-
stream of the fuel cell, which has been shown to have high
catalytic activity for methane partial oxidation, steam reform-
ing, and CO, reforming at temperatures higher than 700°C
(Supporting Information, Figure S7), a substantial increase in
methane conversion and H, and CO selectivities was
observed. A methane conversion of more than 95% and a
H,/CO ratio of about 2.0 were reached at temperature of
850°C for the catalyst layer (Figure 6). No obvious change in
methane conversion, H, and CO selectivities, and the H,/CO
ratio was observed by varying the polarization current
(Supporting Information, Table S2), which is a significant
advantage for practical applications. The result can be well
understood by considering the fixed O, to CH, ratio in the
feed gas. By first converting partial chemical energy stored in
methane into electric power, the following synthesis gas
formation reaction over the GdNi/Al,O; catalyst becomes
milder, and consequently the problem of temperature run-
away that occurs for the methane partial oxidation can be
effectively avoided by optimizing the operation parameters.
Although the efficiency of a SC-SOFC is lower than the
conventional dual-chamber SOFC, by transferring partial
enthalpy of methane into the synthesis gas, it is possible to
make the whole system have 100 % fuel efficiency. The above
results thus promise the co-generation of electric power and
synthesis gas from methane by SC-SOFC technology for the
full utilization of methane with zero greenhouse gas emission.

Experimental Section

Fuel cell fabrication: Anode substrates were prepared by a tape-
casting process. The slurry for tape-casting process was prepared by
two-step ball milling. Commercial nickel oxide (Chengdu Shudu
Nanomaterials Technology Development Co. Ltd.), YSZ (Tosoh) and
starch were ball milled together with organic solvent in an agate jar
for 24 h. Triethanolamine was added as surfactant for the dispersion
of oxide powder in organic solvent in the first step. In the second step,
polyvinyl butyral (PVB) as binder, polyethylene glycol (PEG), and
dibutyl o-phthalate (DOP) as plasticizer were added to the slurry and
then ball milled again for another 24 h. The slurry was vacuum
pumped under 200 mbar (absolute pressure) to remove air and then
cast onto the polymer carrier on a tape-casting machine. The slurry
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Figure 4. The effect of CO, on the activity of the BSCF + SDC electrode for oxygen electrochemical reduction at various temperatures. The test
was made by measuring the area-specific resistances (ASRs) of the BSCF +SDC electrode in a symmetric cell configuration. The cell was first
tested in a synthetic air atmosphere (O, 4 N,, Po,=0.21 atm), then 5% CO, was introduced, and the ASRs were measured periodically. Flow rate

of the mixture gas: 157.5 mLmin™"
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Figure 5. CH,/O, conversion (m CH,, @ O,) and CO/CO, selectivity

(& CO,, vV CO) as a function of temperature for the methane oxidation
reaction under normal single-chamber operation conditions. CH,/O,
2:1, total flow rate 195 mLmin™' (STP). The effluent gas was intro-
duced to a gas chromatograph (Varian 3800) equipped with the
Hayesep Q, Poraplot Q, and 5 A molecular sieve capillary columns and
a thermal conductivity detector (TCD).

was dried in air for 24 h and then detached from the tape. Anode
substrates for single cells were drilled from the NiO + YSZ tape with
a diameter of 16 mm. The disks were then sintered at elevated
temperature for subsequent electrolyte deposition.
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(STP); electrode surface area: about 1.2 cm?.
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Figure 6. Gas composition and H,/CO ratios of the effluent gas from
a SC-SOFC operating on methane—oxygen gas mixture after passing
through the GdNi-Al,O; catalyst layer at 850°C. m CH,, 0 H,, A CO.
Inserts: oxygen conversion and the corresponding H,/CO ratios at
different temperatures.

The YSZ electrolyte layer and SDC interlayer were prepared by a
wet powder-spraying technique. The YSZ and SDC powders were
prepared into colloidal suspensions with solid content of about 5%.
The colloidal suspension was then sprayed under the drive of 1 atm
nitrogen carrier gas onto the anode substrate (or YSZ) using a
modified spraying gun (BD-128, Fenghua Bida Machinery Manufac-
ture Co. Ltd., China) with a nozzle size of 0.35 mm (pore diameter).
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The spray gun was aligned above the heated substrate (250°C on a hot
plate) at a distance of 10 mm. The calculated effective deposition
speed was about 0.005-0.008 gcm > min~' YSZ/SDC. The cells were
then sintered at 1400-1500°C for 5 h in air. BSCF 4 SDC (7:3 w/w)
was applied as the cathode, which was screen-printed on the central
surface of the electrolyte and fired at 1000°C in air for 2 h to allow the
firm attachment of the cathode layer onto the electrolyte (interlayer)
surface. The coin-shaped cathode had an effective area of 0.48 cm?.

The GdNi/ALO; catalyst with the composition of 5.56 wt%
Gd,0;, 15 wt % nickel, and 79.44 wt % Al,O; was synthesized by a
glycine nitrite process (GNP). Stoichiometric amounts of nickel
nitrate (2.55 mol), gadolinium nitrate (0.31 mol), and alumina nitrate
(1.56 mol) were first dissolved in deionized water, and then glycine as
a fuel was added at a molar ratio of 2.0 between the glycine and total
metallic cations. The water in the solution was evaporated by heating
over a hot plate at 80°C under stirring to create a gel precursor, which
was moved to an electrical oven at 240°C to trigger the autocombus-
tion. The primary powder obtained was further calcined at 850°C for
5 h in static air to yield the desired catalyst.
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