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This study explored CO as a primary fuel in anode-supported solid oxide fuel cells (SOFCs) of both tubular
and planar geometries. Tubular single cells with active areas of 24 cm? generated power up to 16 W. Open
circuit voltages for various CO/CO, mixture compositions agreed well with the expected values. In flowing
dry CO, power densities up to 0.67 Wcm~2 were achieved at 1Acm~2 and 850°C. This performance
compared well with 0.74 W cm~2 measured for pure H; in the same cell and under the same operating
conditions. Performance stability of tubular cells was investigated by long-term testing in flowing CO

Iégy\f/l\gds: during which no carbon deposition was observed. At a constant current of 9.96 A (or, 0.414Acm2)
€O oxidation power output remained unchanged over 375 h of continuous operation at 850°C. In addition, a 50-cell

planar SOFC stack was operated at 800°C on 95% CO (balance CO,), which generated 1176 W of total

Power generation
power at a power density of 224 mW cm~2. The results demonstrate that CO is a viable primary fuel for

Solid oxide fuel cell

Yttria stabilized zirconia SOFCs.

Ni cermet anode support
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1. Introduction

Solid oxide fuel cells (SOFCs) offer fuel flexibility and high
efficiency in converting chemical energy of fuel oxidation into elec-
trical energy. They also provide high quality waste heat due to high
operating temperatures ranging between 700 and 1000 °C. Hence,
SOFCs are excellent candidates for combined heat and power gen-
eration applications.

Although there has been marked interest in direct oxidation of
liquid and gaseous hydrocarbons in SOFCs [1-5], hydrogen remains
the preferred fuel of choice for most studies and development
efforts. There are several reasons that favor hydrogen. The attrac-
tive aspect of hydrogen as primary fuel is that environmentally
friendly water is the only reaction product. Also, oxidation of hydro-
gen exhibits fast kinetics providing, in some cases, the high power
densities of 1.7-1.9 W cm~2 at 800°C reported in button cell mea-
surements [6,7]. However, hydrogen is not a naturally occurring
fuel and needs to be produced, mostly through steam reforming of
natural gas or coal, and sometimes by electrolysis — processes that
all require water.
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In comparison to Hy, CO has not received much attention as a
viable primary fuel for SOFCs. This may be partly due toits relatively
higher anodic overvoltage [6,8-10] and accordingly slower oxida-
tion kinetics for CO than for H, [11]. Nevertheless, power density
as high as 0.7 W cm~2 at 800 °C has been demonstrated using pure
CO as a fuel [6]. Also, the propensity of CO for carbon deposition
(coking) at the anode is a major concern, since this can deactivate
the anode and cause severe degradation in cell performance.

Energetics of CO and H, oxidation, calculated from thermo-
chemical data [12] at an operating temperature of 850 °C, exhibit
similar values for the standard Gibbs energy (i.e., —185 k] mol~! of
CO, versus —186kJmol~! of H,0). Also, the enthalpy change for
the CO oxidation reaction is slightly more exothermic than for the
oxidation of Hy (i.e., —282 k] mol~! of CO, versus —249 k] mol~! of
H,0).

There is considerable interest in the use of coal and coal-derived
gases in SOFCs [13-21]. The objective of the present work is to
determine the viability of CO as a practical fuel for SOFCs. How-
ever, this is not meant to be a mechanistic study of CO oxidation
kinetics on SOFC anodes. More specifically, this work is motivated
by and undertaken in the context of recent work in coal and car-
bon utilization in a solid oxide fuel cell arrangement coupled to a
fluidized bed Boudouard gasifier [13-18].

The present paper demonstrates the use of CO as a primary fuel
in SOFCs, where high power densities and stable performance over
extended periods are achieved. These encouraging results obtained
from single tubular cells and from a 50-cell planar stack warrant
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Fig. 1. Axial cross-section picture of a typical 1 cm OD tubular cell showing the mesh
current collectors on the inside (anode) and outside (cathode) surfaces.

consideration of CO-fueled SOFCs for practical applications. How-
ever, it is not intended or envisioned that CO would be employed
as a distributed fuel for stand-alone SOFCs, rather that the SOFC
would be coupled with dry gasification of coal, biomass, or other
solid carbonaceous fuels to create an efficient and integrated power
generation system. A recent report [16] showed that this approach
is a viable alternative to steam gasification or pulverized coal com-
bustion processes and may offer significant advantages with regard
to cost and efficiency, in particular where water supply is limited
or CO, capture for sequestration becomes necessary. The operating
principle and performance results of this process are described and
discussed in detail elsewhere [13,17,18].

2. Experimental aspects
2.1. Tubular cell fabrication

The SOFC elements used for the single cell testing in this study
were tubular in geometry using a Ni/YSZ anode-supported struc-
ture of 0.8-1.0mm thickness and 9.4 mm diameter, coated with
a 30 pm thick finely structured Ni/YSZ anode interlayer, and an
8-10 pwm thick YSZ electrolyte membrane coated on the outer sur-
face of the tube. The cathode comprises a 20 wm thick La-Sr-Mn-0
(LSM)/YSZ composite catalytic interlayer deposited on the YSZ
membrane, and a 25 pm thick porous La-Sr-Co-0 (LSC) current
collecting layer separated by a 10-15 pm thick compositionally
graded LSM/LSC layer. The role of the interlayer is to serve as
a chemical barrier to prevent a possible reaction between LSC
and YSZ to form an insulating zirconate phase during primary fir-
ing of the cathode layers. After the cathode has been sintered, it
is infiltrated with a solution of La, Sr, and Co salts. Upon firing,
small particles of LSC are formed within the cathode structure. The
purpose of introducing finely divided LSC is to improve cathode
performance. The active geometric area of the cell was 24 cm?. Sil-
ver and copper woven mesh was used for current collection on the
cathode and anode surfaces, respectively. Fig. 1 shows an optical
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Fig. 2. Fracture cross-section scanning electron micrograph showing the anode
interlayer, electrolyte, cathode interlayer, and cathode current collector of a typical
tubular cell element used in this study.

Fig. 3. Cross-section scanning electron micrograph showing the anode support of a
typical tubular cell element used in this study.

picture of the cross-section of a typical tubular cell used in this
study.

Fig. 2 shows a scanning electron micrograph (SEM) of a fractured
cross-section of the typical tubular cell element. The compositions
of the individual layers in the overall architecture of the tubular
SOFC element are labeled in the picture. Similarly, the microstruc-
tural details of the outer surface of the fractured anode support are
depicted in Fig. 3, indicating a grain size of about one micrometer
and pore sizes on the order of several micrometers.

The tubular cells were tested with pure CO as well as with dif-
ferent CO/CO, gas mixtures as fuel in the temperature range from
800 to 900 °C. Current-voltage (I-V) characteristics of the cells were
measured for constant fuel utilization values maintained by regu-
lating the feed rate of the fuel by mass flow controllers. During these
experiments, the cell voltage was usually kept above 0.65-0.7V
(versus air).

2.2. 50-Cell stack fabrication and testing

For the construction of a 1kW-rated SOFC stack, fabrication
of a planar cell geometry offered relative simplicity when com-
pared to that of long tubular cells. Accordingly, the planar cell
fabrication technology previously developed by Materials and
Systems Research, Inc. (MSRI) was used to construct a 50-cell
stack wherein the repeat unit comprised an anode-supported
planar cell, stainless steel interconnect, compliant mica-glass
gasket, and anode and cathode contact aids. The planar cells
had similar architecture and microstructure with the tubular
cells described above. They were fabricated on a tape-cast Ni-
YSZ anode support (0.8-1.0 mm thick) with spray coated Ni-YSZ
anode functional layer (~30wm), spray coated YSZ electrolyte
(8-10 pm), screen printed LSM-YSZ composite cathode functional
layer (~30 wm), and screen printed LSC cathode current collector
(~100 pm).

The typical active area of each cell (cathode area) was 100 cm?.
The repeat units were assembled between stainless steel endplates
containing gas manifolds feeding air and fuel to the stack’s inter-
nal flow channels as well as terminal connections for electrical
current. Voltages were measured with leads attached to the metal-
lic interconnects. Fig. 4 shows a photograph of the 50-cell stack,
which measures 15.25cm x 15.25 cm x 14.8 cm (height excluding
endplates). The schematic structure of the planar stack repeat unit
is shown in Fig. 5.

The stack was installed in an electrically heated test furnace
with an external spring plate assembly to maintain a compressive
force on the stack end plates. Brooks® 5850 series mass flow con-
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Fig. 4. Photograph of MSRI's 50-cell planar SOFC stack.

trollers were used to regulate anode and cathode inlet flow rates.
Omegalux® electric gas heaters preheated inlet flows to ~550°C
(at the furnace inlet) to reduce thermal shock to the cells. Control
and data acquisition were executed with a National Instruments
Labview® system using a BNC-2110 analog I/O interface, SCB-68
shielded 1/0 connector block with a Keithley Integra® series 2700
multimeter DAQ. For electrochemical testing, the stack current
was controlled using a Hewlett Packard 6060B system DC elec-
tronic load. Independent current measurements were made over a
Grainger® 1 x 071 100A portable shunt resister. Furnace tempera-
tures were monitored using Omega® K-type thermocouples located
~2 cm from the stack wall, i.e., within the hot zone of the furnace.
Stack end plates were insulated to minimize heat loss through con-
duction and to reduce thermal gradients in the stack.

The stack was first heated under dilute H,-N; gas to condition
the glass seals and to reduce the NiO in the anode to nickel metal.

g Cathode Contact Aid

Compliant Cathode
Gasket

Cell

Compliant Anode
Gasket

Anode Contact Aid

Interconnect

Fig. 5. Diagram of the planar stack repeat unit structure.
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Fig. 6. Experimental and calculated values of the open circuit voltage versus air, for
various CO/CO, compositions at 850 °C.

Baseline performance was measured on an H,-N, mixture, and
then the flow was switched to CO-CO, for performance testing.
Polarization response was measured in a fixed-flow rate, current-
controlled discharge.

3. Results and discussion
3.1. Open circuit voltage measurements

The open circuit voltages (OCV) using tubular cells at various
CO/CO,, ratios were measured at 850 °C and were compared with
the theoretically expected values calculated from thermochemi-
cal data [5]. This is shown in Fig. 6. There is excellent agreement
between the measured and calculated OCV values, indicating that
equilibrium is readily established between the gas phase CO-CO,
mixtures and the anode at this temperature.

3.2. Tubular single cell performance

The performance of tubular cells was benchmarked by operating
them first on pure hydrogen for the same fuel utilization, U, and
oxidant utilization, U,, as was used with CO as the fuel. The constant
utilization values during these experiments were maintained and
monitored by regulating the mass flow controllers with a LabView
control system.

There is significant variation in the performance results among
anode supported cells reported in the literature, even where the
materials composition and operating conditions are comparable.
This may be due to differences in the microstructure among cells,
interfacial and ohmic losses, or sheet resistance of the current col-
lectors, as well as variation in experimental procedures that may
result in different thermal or flow properties in the experimental
setup.

To provide a reference baseline for assessing CO performance
independent of experimental and microstructural differences,
operating data were also obtained for H, using the same cells as
were used for the CO tests. Fig. 7 shows the results of a bench-
marking experiment at 850°C on pure H, and pure CO measured
on the same cell at a fuel utilization of 20%, and an oxidant uti-
lization of 40%. The voltage—current-power (V-I-P) plot indicates
a power density of 0.74W cm~2 for H, and 0.67 W cm~2 for CO at
a current density of 1 Acm~2. The power density of 0.67 W cm—2
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Fig. 7. Benchmarking test results with H, versus CO at 850 °C with equal fuel and
oxidant utilization using the same cell element.

for CO at 850 °C compares reasonably well with the earlier result of
Jiang and Virkar [6] who reported about 0.7 W cm~2 for CO oxida-
tion at 800°C on a button type anode-supported disc cell with an
active cathode area of 1.1 cm?.

The tubular anode-supported cells used in the present work
with an active electrode area of 24 cm? were able to produce up
to 16 W of power on CO as a fuel at a current density of 1 Acm~2.

In earlier studies on button cells [6,8,11,22], it was observed that
there was a significant difference in performance between H, and
CO as fuels. This difference was attributed to differences in acti-
vation polarization associated with H; oxidation and CO oxidation
since in button cell testing negligible losses occur in current col-
lection. Thus, button cell tests more clearly distinguish between
performance characteristics related to materials, fuel composition,
temperature, etc. In the present work on tubular cells, the observed
difference is much smaller. Given the fact that virtually identical
materials were used in the earlier studies of Jiang and Virkar [6] and
in the present work with the only difference being cell geometries
(planar versus tubular), the observed apparent insensitivity of per-
formance to fuel type must be related to geometric effects. Indeed,
recent modeling by Virkar et al. [23] has shown that substantial
losses are associated with current collection in tubular geometry
which mask the effects of activation polarization between cells
tested under different fuel types. This leads to apparent insensitiv-
ity to fuel type and temperature. Also, because of current collection
losses, tubular cells tend to yield lower performance. Even in pla-
nar stacks, relative differences in performances with change of fuel
(from H; to CO) are small due to greater current collection losses
associated with the interconnect and contacts. The observation that
excellent performance on a tubular cell was observed (0.67 W cm—2
at 850°C) suggests that in the present work (Fig. 7) current collec-
tion losses were probably not limiting performance. Further testing
of cell performance was conducted between 800 and 900 °C using
50:50 mole ratio CO-CO, and H,-N, mixtures. The H,-N, fuel
mixture was again used for benchmarking purposes. These tests
were conducted using a different cell for different fixed-flow rates
equivalent to 20-50% fuel utilization at 0.5 A cm~2. The results are
presented in Fig. 8, which are generally lower than the performance
values presented in Fig. 7. This difference in performance between
individual cells may be related to possible cell-to-cell variations
(microstructures, thicknesses of various layers) or to differences
in effectiveness of current collection, which is related to contact
between the electrodes and metallic current collection meshes.

Arecent comparative study of CO and H, oxidation was reported
on Ni/YZS and Cu/Ce0,/YSZ cermet anodes of 0.35 cm? active areas

[24]. While the performance of H, on Ni/YSZ anode was clearly
superior to CO oxidation (0.136 Wcm~2 versus 0.073 Wcm~2 at
700°C, respectively), the Cu-ceria cermet cells showed almost
identical performance for CO and H,, both giving power den-
sity of about 0.305Wcm~2 at 700°C. This result highlights the
importance of the catalytic properties of the anode material [25],
where ceria is known to be an effective oxidation catalyst for
both CO and H,. More interestingly, when Co is impregnated to
make Cu-Co/ceria/YSZ bimetallic anode, the cell performance was
greatly enhanced. The power densities for CO and H fuels at 700 °C
reported on Cu-Co/ceria/YSZ anode were 0.37 and 0.31Wcm™2,
respectively [24].

The power densities for CO oxidation on Ni/YSZ cermet anodes
reported in the present study (and those reported by Jiang and
Virkar [6]) are significantly larger than these literature values, and
promise possibilities for further improvement in performance by
developing better catalytic anodes for CO oxidation.

3.3. Electrical conversion efficiency

The electrical conversion efficiency, ¢, for the cells is calculated
from the expression, ¢ =(U;)-(E/OCV), assuming that CO oxidation
is Faradaic, and thus coulombic efficiency of the cell is 100%. Here,
E is the operating voltage of the cell, OCV is the measured open cir-
cuit potential, which agreed well with the theoretically expected
values (see Fig. 6) and Uy is the fuel utilization. The experimen-
tal data indicate that conversion efficiencies in excess of 50% can
be achieved at practically significant power densities. Conversion
efficiencies of 52% at 0.31 W cm~2, of 55% at 0.22 W cm~2 and of 57%
at 0.17 W cm~2 were obtained. These efficiency values are gener-
ally in good agreement with those reported earlier [13,17] and also
with those predicted by a recent thermodynamic study [16].

3.4. Coking, or carbon deposition

Detectable levels of carbon deposition were not observed in the
present work. The origin of carbon deposition at the anode is the
CO disproportionation (i.e., reverse Boudouard) reaction:

2C0 = CO, +C 1)

In one atmosphere total pressure, pCO+pCO, =1 (since pO; is
proportional to (pCO,/pCO)2, and is negligibly small). As the tem-
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Fig. 8. V-I-P plot showing cell performance at different temperatures and fuel
utilization, for 50:50 CO/CO, mixtures compared with 50:50 H,/N, benchmark-
ing experiments. Note the apparent insensitivity of performance to fuel type and
temperature.



M. Homel et al. / Journal of Power Sources 195 (2010) 6367-6372 6371

perature increases, the equilibrium shifts to the rightinreaction (1).
At 850°C, carbon deposition is thermodynamically possible under
open circuit conditions and where pCO, <0.05 atm. In the present
work, most of the experiments were conducted under nonzero cur-
rent conditions. Thus, oxidation of CO at the anode by the reaction
(CO+02%~ — CO, +2¢’) continuously occurred. The CO, level in the
anode gas was always maintained above the value required to pre-
vent carbon deposition. Any initial carbon that was formed, possi-
bly during open circuit conditions, was rapidly removed (oxidized)
as soon as current was passed. Thus, during the actual operation
of an SOFC on pure CO, no carbon deposition is expected. Several
studies using in situ spectroscopic measurements [26-28] as well
as pyrolytic carbon [29-31] have indeed shown that any deposited
carbon is removed when current is passed through the cell.

3.5. Long-term stability of cell performance

Several tubular cells were tested under constant current in flow-
ing 50:50 CO/CO, mixtures or pure CO for various durations ranging
from tens of hours up to 375h between 800 and 950°C. Tests
conducted at 850°C or below showed no significant degradation
in performance, while some degradation in cell performance was
observed at temperatures above 900°C. This performance degra-
dation at 900°C also occurred with H, as a fuel suggesting that
degradation is not related to the choice of fuel. In these tests, one of
the current collectors was silver mesh and it is quite possible that
degradation at high temperatures is related to current collection,
perhaps sintering of the silver mesh. For most cells, there was no
obvious indication of degradation upon inspection, although partial
delamination of the electrolyte layer from the anode was observed
for a cell that was operated in pure hydrogen at 0.9 Acm~2 and was
tested in various temperature steps between 800 and 900 °C over
a period of 375 h.

The results of a long-term cell stability test on CO at 850°C are
showninFig.9.The cell was initially held under open circuitin flow-
ing pure CO gas, and then the long-term experiment commenced
at a current density of 0.414Acm~2, or nearly 10A of total cur-
rent. After an initial voltage drop under a fixed current, the cell
performance remained stable over the testing period of 375 h.

This initial drop shown in Fig. 9 has also been observed with
other cells tested for long-term. The mechanism for this initial
degradation has not yet been fully understood. It may be the
result of a combination of effects including degradation of elec-
trical contact at electrode-current collector interfaces, reduction
in sealing efficacy, and chemical reaction between cell and stack
components. Another possible explanation may be related to the
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Fig. 10. Polarization response of a 50-cell planar SOFC stack tested on H,-N, and
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removal of the residual surface carbon built up on the anode by oxy-
gen that becomes available during discharge. As discussed above
and verified by in situ Raman spectroscopy [26,28], graphitic car-
bon can build up on Ni anodes under open circuit conditions and
may improve electrical conductivity of the anode. It was recently
reported that carbon deposition during direct oxidation of hydro-
carbons on Cu/ceria/YSZ anodes enhances anode conductivity and
improves cell performance [32]. Since carbon is known to deposit
preferentially on nickel relative to copper, this effect may be even
more pronounced on Ni/YSZ anodes. After the commencement of
long-term testing, carbon deposits are removed from the anode
surface by oxidation. This may lower the anode conductivity and
connectivity at the anode, resulting in a slightly lower power den-
sity for the same current, as reflected by the initial behavior in Fig. 9.
From the amount of charge under the initial drop in Fig. 9, one can
calculate the amount of carbon that would have been removed by
oxidation. Accordingly, the amount of carbon removed was esti-
mated to be of the order of 1 mole. Considering that the carbon
deposit would be spread over and inside the porous anode of 24 cm?
geometric area and with nearly 40% porosity, it is conceivable that
the initial drop in the cell performance was due to the gradual oxi-
dation and removal of the surface carbon that deposited under open
circuit conditions before the long-term experiments were initiated.
Further experimental investigation is warranted to substantiate
this hypothesis.

3.6. 50-Cell planar SOFC stack performance

A 50-cell planar stack was installed in an electric furnace, and
the performance was then measured at a furnace temperature of
785°C. Tests were conducted under three flow conditions, using
various fuels. (i) 50% Hy, 50% N, at a fixed-flow rate equivalent to
40% fuel utilization at 30 A; (ii) 95% CO, 5% CO,, at a fixed-flow rate
equivalent to 40% fuel utilization at 30 A; and (iii) 95% CO, 5% CO,
at a fixed-flow rate equivalent to 60% fuel utilization at 30 A. For
all data sets, the airflow was held at a fixed rate equivalent to 40%
oxidant utilization at 30 A. The results are shown in Fig. 10. Note
that the fuel and oxidant utilizations given in the inset correspond
to an electrical current of 30 A, but at values other than 30 A, both
the fuel and oxidant utilizations differ from these values.

The stack produced 1176 and 1165W on CO/CO,, at a fuel uti-
lization of 40% and 60%, respectively, and produced 1275W on
H, /N, at 40% fuel utilization. While small single button cells con-
sistently showed larger variation between CO-fueled and H,-fueled
performance [6,10,11,22], the results of this test suggests that the
effects causing these differences are largely masked in larger SOFC
modules by other losses. Since most of these other losses are gen-
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erally unavoidable, the relative performance differences between
H,-fueled and CO-fueled practical SOFC systems are modest. The
present results provide further support for CO as a potential fuel
for SOFC.

To the authors’ knowledge, this 50-cell demonstration repre-
sents the first test reported in the literature for large scale testing
of an SOFC stack fueled exclusively by dry CO. This testing provides
encouraging results that warrant further investigation and devel-
opment of SOFC anodes and structures that enhance CO oxidation.

The tubular and planar cells used in this study were both anode-
supported with the same materials composition and cell structure.
Some variation in the electrode microstructure exists due to dif-
ferences in fabrication methods since the planar cells comprise a
tape-cast anode support with spray-coated electrolyte and screen
printed cathode, whereas the tubular cells comprise a slip-cast
anode support with dip-coated electrolyte, and hand-painted cath-
ode layers.

Data for both tubular and planar cell geometries are presented
not only to show the effects of such microstructural differences, but
also to demonstrate the viability of CO as primary fuel in a relevant
platform for scalable power generation. As such, it is important to
demonstrate not only performance under idealized single cell test-
ing conditions, but also in a multi-cell assembly where temperature
variation, non-uniform flow distribution, current collector losses,
and chemical reaction between reactants and stack components
(cell, interconnect, contact aides, gaskets) may present significant
challenges. Furthermore it is important to note that differences in
performance at a single cell level may be masked in a stack level
test. This relates directly to the motivation for a CO-fueled stack
demonstration as it relates to a coupled SOFC - fluidized bed Boud-
uard gasifier. Since the difference in cell performance between a
CO-fueled and H;-fueled stack is small, the relative economics of
the two processes will be dictated by the cost and availability of
the fuel sources, rather than by small differences in conversion
efficiencies.

4. Summary

This study demonstrates the potential and viability of CO as a
primary fuel for SOFCs. Pure, dry CO and CO/CO, mixtures were
employed in Ni/YSZ anode-supported tubular SOFCs with active
areas of 24cm?. Power densities up to 0.67Wcm~2 that were
obtained in pure CO at 850°C translate into 16 W of power per cell.
The cells also demonstrated stable performance for up to 375h of
continuous operation at 0.414Acm~2. No carbon deposition was
observed on the anodes after the tests, in agreement with recent
studies of in situ Raman on SOFCs. Also, a 50-cell planar SOFC
stack was tested with CO and produced 1176 W of power at 800 °C.
These results represent practical scale stack tests employing dry CO
exclusively as the primary fuel. The long-term stability and high
performance of cells in CO fuel warrant further exploration and
consideration of CO as a primary fuel and development of catalytic
anodes specifically for CO oxidation.
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Government or any agency thereof. The views and opinions of
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of the United States Government or any agency thereof.”
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