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a b s t r a c t

This paper concerns the stability of anode-supported solid oxide fuel cells (SOFCs), operated with fuel
mixtures of methane–CO2 and methane–air. Stability, which was evaluated in terms of voltage decrease at
constant current density, was affected by coke deposits. Chemically inert anode barrier layers were shown
to enhance stability and to slow catalytic endothermic reforming reactions within the Ni–YSZ anode that
eywords:
OFC
ethane

tability

otherwise caused deleterious temperature variations and cell cracking. Increasing the amount of CO2

added to CH4 fuel led to a wider stable operating range, yet had relatively little effect on SOFC perfor-
mance. Button cells operated at 800 ◦ C with fuel streams of 75% CH4 and 25% CO2 achieved maximum
power densities above 1 W/cm2. Adding air to methane also increased stability. In the case of air addi-
tion, SOFC temperature increased as a consequence of exothermic partial-oxidation reforming chemistry.

o pred
sed t
arrier layer Models were developed t
simulation results were u

. Introduction

There are potentially great benefits associated with the devel-
pment of solid oxide fuel cells (SOFCs) that can be fueled directly
ith natural gas. Benefits include the elimination or simplifica-

ion of upstream fuel-reforming components, and thus reduced
ystem cost [1,2]. However, for such technology to be considered
eriously, scientific issues associated with anode coking (especially
or Ni-based anodes) must be understood. Cell and system designs,
ogether with operating protocols, must be developed to assure
ong-term stability, and hence technological viability.

It has been shown that methane-fueled, Ni–YSZ anode-
upported, SOFCs can operate stably without coking when the cell
urrent density is sufficiently large [3]. The reasons for coke-free
peration can be understood (at least qualitatively) in the context
f equilibrium graphite formation [4]. Fig. 1 shows the Gibbs C–H–O
riangle, with the equilibrium coking and non-coking regions indi-
ated. The point marked CH4 is well within the coking regime. In
n operating fuel cell, fuel is consumed and the oxygen content (in
he form of H2O and CO2) increases as a result of electrochemical

harge transfer. The mixture composition of fuel and reaction prod-
cts shifts generally toward the non-coking region. Mixing CO2, air,
nd H2O with CH4 moves the net fuel composition along the three
ashed lines in Fig. 1.

∗ Corresponding author. Tel: +1 847 491 2447; fax: +1 847 491 7820.
E-mail address: s-barnett@northwestern.edu (S.A. Barnett).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ict temperature and gas-composition profiles within the button cells. The
o assist interpretation of the experimental observations.

© 2009 Elsevier B.V. All rights reserved.

The present paper explores two complementary alternatives to
expand stable coke-free operating conditions. The first involves
explicit addition of oxygen-bearing compounds into the fuel. Exper-
imental results are discussed for CH4–CO2 and CH4–air mixtures.
Models are developed and used to interpret the results and to pre-
dict the performance of CH4–H2O mixtures. CO2 and H2O additions
could be implemented in practice by recycling the cell exhaust. It is
possible to incorporate sufficient oxygen with the fuel to eliminate
coking. However, the required oxygen levels are sufficiently high
as to degrade fuel-cell performance. Therefore, the cells developed
here also include barrier layers [5–7].

The barrier-layer architecture provides advantages compared to
conventional internal reforming, where sufficient oxygen-bearing
additives are carried in the fuel. The barrier layer is a chemically
inert, porous, material (e.g., partially stabilized zirconia, PSZ) that is
positioned between the fuel compartment and the anode structural
support (e.g., Ni–YSZ). The barrier impedes the flux of fuel onto
the catalytically active Ni–YSZ and impedes the flux of CO2 and
H2O from the anode to the fuel compartment. Consequently the
gas-phase composition in contact with Ni (which catalyzes coke
formation) can be maintained in the coke-free region (Fig. 1). The
barrier serves to reduce the amount of oxygen that must otherwise
be carried in the fuel, thus improving cell performance.
In addition to reducing coke formation, barriers are found
to offer benefits in moderating temperature variations. Internal
hydrocarbon reforming (using either H2O or CO2) is a significantly
endothermic catalytic process, which tends to cool the Ni–YSZ
anode structure. When reforming rates are sufficiently high, the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:s-barnett@northwestern.edu
dx.doi.org/10.1016/j.jpowsour.2009.05.032
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Fig. 1. Gibbs C–H–O triangle showing regions of equilibrium coke formation at
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hree temperatures. Solid carbon (graphite) is stable in equilibrium above the solid
ines, which depend upon temperature. Unreacted mixtures of CH4–CO2, CH4–O2,
nd CH4–H2O fall along the dashed lines. The points indicate modeling results that
orrespond to experimentally measured cell operating conditions.

ooling induces tensile stresses that can crack the cell. Indeed,
tructural damage is found to be a significant problem when suf-
cient CO2 is mixed with CH4 to operate below the coking limits.
he barrier layer reduces the reforming rates, enabling coke-free
peration and improved structural integrity.

Although the present paper concentrates on button cells, the
esults are useful in the design of stacks and systems. In a typi-
al fuel-cell stack, the region near the cell entrance is usually most
usceptible to coking because the hydrocarbon concentrations are
igh. In downstream regions of the stack, where the fuel has been
onsumed and diluted by oxygen-bearing reaction products, cok-
ng propensity is significantly reduced. Thus, the barrier layer is
specially important in the entry regions because it enables the use
f hydrocarbon-rich fuels. In other words, the barrier reduces the
mount of CO2, H2O, or air that must to be mixed with the incom-
ng fuel (including anode recycle) [5–7]. It may also be noted that
lternative uses of the fuel cell, including electrochemical partial
xidation to produce syngas and electricity [8–10], benefit from the
pproaches discussed herein. In such applications the syngas com-
osition (i.e., H2/CO ratio) can be tuned for further down-stream
rocessing by controlling the levels of H2O and CO2 in the fuel
tream [11,12].

. Experimental

The anode-supported SOFCs used in this study consisted of
i–YSZ anode supports, thin YSZ electrolytes, and LSM–YSZ cath-
des. The SOFCs were prepared by standard powder-processing
echniques. The supports were prepared by ball milling NiO and YSZ
8 mol% Y2O3-stabilized ZrO2) powder in a ratio of 1:1 by weight,
ith 10% starch filler and 60 ml ethanol for about 24 h. The pow-

er was used to die press 19-mm (0.75 in.) diameter pellets that
ere approximately 0.7 mm thick. These were then pre-fired at

100 ◦ C for about 4 h, improving mechanical strength and match-

ng shrinkage for further processing and co-firing. A NiO–YSZ anode
ctive layer and a thin dense YSZ electrolyte layer were deposited
n the NiO–YSZ supports using a colloidal deposition technique
imilar to that described previously [13]. The anode–electrolyte
i-layers were fired at 1400 ◦ C for 4 h, obtaining a dense YSZ
ources 195 (2010) 271–279

electrolyte micro-structure. A bi-layer cathode, comprised of an
LSM–YSZ (LSM: La0.8Sr0.2MnO3) layer followed by a pure LSM layer
for current collection, completed the SOFC fabrication procedure.
The composite layer was fired at 1175 ◦ C for 1 h, while the pure
layer 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. There was no current col-
lector on the anode side. The final fuel cells were approximately
15.25 mm (0.6 in.) in diameter, with an anode thickness of approx-
imately 0.6 mm, electrolyte thickness of approximately 10 �m, and
cathode thickness of 20–30 �m. Anode porosity was approximately
40% and cathode porosity was approximately 35%. The cathode
area, which defined the cell active area, was approximately 0.5 cm2.
Except for initial experiments carried out without barrier layers,
the cell tests described below were done with inert porous barrier
layers placed against the anodes. Fabrication of barrier layers was
described previously [5]. In brief, the barrier layers were PSZ pellets
that were approximately 0.4 mm thick with 40% porosity. They had
the same diameter as the finished SOFCs.

SOFC electrical testing was carried out in a setup that has been
described elsewhere [8]. The cells were initially heated to 700–750 ◦

C in humidified hydrogen in order to reduce the anode NiO to Ni,
maintained for approximately 12 h to eliminate initial transients,
and then baseline electrical testing was carried out in humidified
hydrogen. Stability tests were then performed at 700, 750, and 800 ◦

C with different fuel mixtures. A 30 sccm (standard cubic centimeter
per minute) flow rate of CH4 was used, unless otherwise specified,
for pure CH4 and fuel mixtures. For CH4–CO2 mixtures, the CO2 flow
rates were between 10 and 16 sccm. For CH4–air mixtures, the air
flow rate was 10 sccm. Cell voltage was measured versus time at
fixed current density J for approximately 8 h. The constant-current
test was then repeated at lower J values until the cell voltage became
unstable; after unstable operation for a few hours, coking was usu-
ally observed on the anodes [3,5]. A voltage decrease of less than
5 mV over 8 h was considered to be stable performance. Under such
conditions, no carbon was detected by SEM-EDS on the anodes [3,5].
Finally, experiments were carried out in which the constant current
was interrupted (i.e., decreased to J = 0) for different periods of time
before returning to the initial J value.

Steam-methane fuel mixtures are certainly of technological
interest. However, this study did not include such experiments.
Experimentally, it is easier to accurately control CO2 partial pressure
than H2O partial pressure. There is reason to believe that CH4–CO2
mixtures will behave similarly to CH4–H2O mixtures. The modeling
results in the present paper explore the differences and similarities
between CO2, H2O, and air mixtures.

3. Button-cell model

A primary objective of the modeling is to investigate the behav-
ior of species and temperature profiles within the anode structure
as functions of fuel composition and barrier-layer design. Details
of the button-cell model are documented in previous literature
[14–19], so only a brief summary is included here. Gas flows within
the fuel and air chambers are modeled as perfectly stirred reactors
[17], with fuel utilization depending upon the chamber volume,
inlet flow rates, and consumption or depletion via reforming and
charge-transfer chemistry.

Electrochemical charge transfer at the anode and cathode inter-
faces with the dense electrolyte is modeled using a modified
Butler–Volmer formulation [14,16]. The effective active area of the

triple-phase region is taken as an empirical parameter, which is
incorporated into the exchange current density. The model assumes
that charge transfer at the anode–electrolyte interface proceeds
only through H2, which is produced as a result of reforming chem-
istry within the anode structure. Direct charge transfer via CO is
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Fig. 2. Measured cell potential and power density as functions of current density for
a button-cell MEA structure operating with a fuel mixture of 97% CH4 and 3% H2O
at 1 atm and temperatures of 700, 750, and 800 ◦C. The cathode-side oxidizer is air.
The solid lines are the model predictions.
M. Pillai et al. / Journal of Po

eglected, assuming it to be much slower than the H2 charge trans-
er. Because the global water–gas-shift reaction (CO + H2O = CO2 +

2) remains nearly equilibrated, much of the CO that is formed via
he reforming process is converted to H2 and CO2. The resulting H2
s able to participate in charge transfer.

Reacting porous-media transport within the electrodes is
epresented using a Dusty-gas model (DGM), which considers
ressure-driven convective fluid flow as well as ordinary and Knud-
en molecular diffusion. Heterogeneous surface chemistry within
he Ni–YSZ anode is represented by a detailed reaction mecha-
ism that incorporates steam and dry reforming as well as partial
xidation [19,20]. This mechanism involves 42 reactions among
gas-phase species and 12 surface-adsorbed species. However,

he mechanism does not specifically incorporate deposit formation
eactions. Because the porous barrier layer is assumed to be chem-
cally inert, only the gas-phase transport is considered within the
arrier. Gas-phase chemistry is negligible in the fuel chamber and
ithin the anode pore spaces. The effective thermal conductivity

f the solid material within the anode structure was assumed to be
1 W/m K.

In addition to predicting temperature distribution within the
node structure, the model also predicts the membrane–electrode
ssembly (MEA) temperature relative to the gas and furnace tem-
eratures. Heat is generated within the MEA as the result of ohmic
nd activation polarizations. Heat is consumed as a result of steam-
nd dry-reforming chemistry, but heat is produced as a result of
artial-oxidation chemistry. The model considers convective and
adiative heat exchange between the faces of the MEA and the gas
hambers and furnace walls. Depending upon the fuel mixture and
he cell operating conditions, the MEA temperature may be above
r below the furnace temperature.

. Experimental results

.1. Cell electrical characteristics

Figs. 2 and 3 show the polarization performance of two nearly
dentical button cells (with barrier layers) observed at different
emperatures, but with different fuels. In both cases, the anodes
ere composed of 600 �m of porous Ni–YSZ and 400 �m of a
orous barrier layer. The cell represented by Fig. 2 was operated on
umidified methane. The cell represented by Fig. 3 was operated
n a mixture of 71.4% CH4 and 28.6% CO2. The results are typical of
node-supported SOFCs operated with methane, showing relatively
igh open-circuit voltages and maximum power densities approx-

mately 10% lower than those for hydrogen [3,5]. The addition of
8% CO2 had little impact on the cell performance—the power den-
ity at 800 ◦ C and 0.7 V was approximately 1.1 W/cm2 in both
ases. At lower temperature, the cell operated on a CH4–CO2 mix-
ure showed slightly lower cell resistance, yielding a slightly higher
ower density (e.g., approximately 0.6 W/cm2 versus approxi-
ately 0.5 W/cm2 at 700 ◦C). However, this unexpected result was

ikely due to variations in cell fabrication.
The model predictions shown in Figs. 2 and 3 depend upon

hysical parameters, some of which are measured directly (e.g.,
hysical dimensions) and others that must be established empir-

cally (e.g., exchange current densities). The latter parameters were
stablished by achieving a best overall fit to the measured polariza-
ion characteristics. Overall, the agreement between the predicted
nd experimental results was very good. Table 1 lists the physical

nd model parameters.

Fig. 4 shows measured electrochemical impedance spectra from
cell with a barrier layer operated at 800 ◦ C under a steady load

current density of J = 1.6 A/cm2) and various CH4–CO2 mixtures.
he spectra were typical of anode-supported cells operated with

Fig. 3. Measured cell potential and power density as functions of current density for
a button-cell MEA structure operating with a fuel mixture of 71.4% CH 4 and 28.6%
CO2 at 1 atm and temperatures of 700, 750, and 800 ◦C. The cathode-side oxidizer is
air. The solid lines are the model predictions.
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Table 1
Parameters for modeling the MEA structure.

Parameters Value

Anode
Thickness (La) 600 �m
Porosity (�) 0.35
Tortuosity (�) 4.50
Pore radius (rp) 0.35 �m
Particle diameter (dp) 1.40 �m
Specific catalyst area (As) 1.35E4 cm−1

Exchange current factor (i∗H2
) 3.25 A/cm2

Activation energy (EH2 ) 85 kJ/mol
Reference temperature (Tref) 700 ◦C
Anodic symmetry factor (˛a) 0.75
Cathodic symmetry factor (˛c) 1.25

Cathode
Thickness (Lc) 30 �m
Porosity (�) 0.35
Tortuosity (�) 4.5
Pore radius (rp) 0.35 �m
Particle diameter (dp) 1.4 �m
Exchange current factor (i∗O2

) 2.00 A/cm2

Activation energy (EO2 ) 90 kJ/mol
Reference temperature (Tref) 700 ◦C
Anodic symmetry factor (˛a) 0.5
Cathodic symmetry factor (˛c) 0.5

Electrolyte: �el = �0T−1 exp(−Eel/RT)
Thickness (Lel) 13 �m
Activation energy (Eel) 80 kJ/mol
Ion conductive pre-factor (�0) 1.8E5 S/cm

Barrier
Thickness (Lel) 400 �m
Porosity (�) 0.4
Tortuosity (�) 4.00
Pore radius (rp) 0.40 �m
Particle diameter (dp) 1.6 �m

Fig. 4. Electrical impedance measurements at 800 ◦ C for a cell operating with a
range of CH4–CO2 fuel mixtures. In all cases, a constant steady current density of
1.6 A/cm2 was imposed. The shifts in the high-frequency real-axis intercept, though
small, were observed reproducibly and in real time as the fuel composition was
changed.
ources 195 (2010) 271–279

methane [3], with a high-frequency intercept on the real axis at
approximately 0.08 � cm2 and depressed electrode arcs. The elec-
trode arcs showed only minor changes with fuel composition, in
concert with the 800 ◦ C data in Figs. 2 and 3. The most signifi-
cant difference was between the pure CH4 case and the CH4–CO2
mixtures, where a significant change in the shape of the arc was
observed. There was also a continuous shift of the high-frequency
intercept to higher ohmic resistances as the CO2 content increased
(upper panel of Fig. 4). A similar effect was observed previously
for internal reforming of iso-octane and was explained by a change
in the cell temperature due to the endothermic reforming reaction
[21]. The temperature change was estimated from the resistance
increase of approximately 8% for the highest CO2 content, using the
temperature-dependent conductivity of YSZ, yielding a tempera-
ture reduction of approximately 10 ◦C.

4.2. Effect of barrier layer

When initial SOFC tests were carried out without barrier layers
using fuel mixtures of 75% CH4 and 25% CO2, the cells invariably
cracked during the first hour of operation. This was tentatively
explained as being due to the endothermic catalytic reform-
ing chemistry, which causes local cooling within the anode. The
resulting thermal–mechanical stresses presumably caused the cell
cracking. However, with a barrier layer in place, the cells did not
crack. This result was explained by the fact that the inert barrier
layer slowed the reforming rate, thereby reducing the tempera-
ture excursion. The cell temperature decrease as estimated via
temperature-dependent resistance measured in the EIS experi-
ments was only about 10 ◦C, which was apparently insufficient to
cause cracking. The temperature decrease was probably signifi-
cantly larger in the non-barrier case, leading to the observed cell
cracking. However, the EIS experiments were only possible with the
barrier in place to avoid cracking. Cells tested in methane–air mix-
tures also did not crack, presumably because of small temperature
excursions.

It is generally recognized that temperature gradients associated
with internal reforming can be the cause of damage in SOFC stacks.
One possible approach to moderating temperature gradients in a
stack is to vary the catalyst loading spatially, seeking to decrease
reforming activity in the stack entry regions. The results here sug-
gest that barrier layers also serve this purpose, as well as limiting
deleterious coke formation.

4.3. Baseline results for dry methane
Fig. 5 shows the voltage versus time for a SOFC with barrier
measured at 800 ◦ C in pure CH4 at different constant current den-
sities. During an initial 10 h test at J = 1.4 A/cm2 the cell voltage
was stable. However, when the current density was reduced to

Fig. 5. Voltage versus time for a cell operating on pure dry methane at two current
densities.
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ig. 6. Voltage versus time for a cell operating on a methane–air mixture at three
urrent densities.

= 1.0 A/cm2 the voltage decreased continuously. Post-test SEM-
DS observations revealed anode coking, which coincided with the
oltage degradation. This trend, where coking occurred below a
ritical J value, agrees with prior reports [5]. The critical current
alue was higher in the present case, probably due to the slightly
ifferent nature of the SOFCs and barrier layers used in the present
tudy, and also due to use of dry methane in Fig. 5 compared with
umidified methane in the prior work.

.4. Stability in methane–air mixtures

Fig. 6 shows the voltage versus time for a SOFC operated at 800 ◦

with a fuel mixture of 75% CH4 and 25% air. During an initial 8 h test
t J = 1.2 A/cm2, and in a subsequent 8 h test at J = 1.0 A/cm2, the
ell voltage was stable. However, the cell voltage decreased with
ime at J = 0.6 A/cm2 due to anode coking. These results indicate
hat adding 25% air to methane reduced the critical current density
or stable operation from Jc ≈ 1.4 to 1.0 A/cm2.

.5. Stability in methane–CO2 mixtures
Fig. 7 a shows voltage histories obtained from a cell that was
perated at 800 ◦ C with a fuel mixture of 75% CH4 and 25% CO2
CO2 flow rate of 10 sccm). At J = 1 A/cm2 the voltage remained sta-
le for 8 h. At J = 0.8 A/cm2 the voltage decreased continuously.

ig. 7. Voltage versus time for a cell operating on CH4–CO2 mixtures at different
urrent densities and temperatures.
Fig. 8. Map showing whether stable (�) or unstable (•) SOFC operation was observed
as a function of CO2 content and cell current density.

Similar degradation was observed at J = 0.6 A/cm2. These results
suggest that the critical current density for stable operation was
approximately 1.0 A/cm2. By way of comparison, the same cell and
barrier tested with pure CH4 showed a critical current density of
Jc ≈ 1.4 A/cm2.

Fig. 7 b shows the voltage histories for a cell operating with a fuel
mixture similar to that in Fig. 7 a, but at a reduced temperature of
750 ◦ C and a higher CO2 fraction. Under these circumstances the cell
voltage remained stable for more than 8 h at each current density,
including J = 0.4 A/cm2. Overall, decreased operating temperature
increased the range of current densities for which the operation
was stable, which agrees with prior reports [3].

Fig. 8 shows a map of the stable and unstable regimes for SOFCs
operated at 800 ◦ C plotted at different CO2 flow rates and current
densities, but with fixed CH4 flow rate. The dashed line indicates the
approximate critical current density Jc required to maintain stable
non-coking operation. The critical current density decreased with
increasing CO2 content, with a value as low as 0.4 A/cm2 for 35%
CO2. Note that the dashed line extrapolates to Jc = 0 at a CO2 flow
rate of approximately 21 sccm, or approximately 42% CO2. This value
agrees reasonably with the minimum equilibrium non-coking CO2
content (Fig. 1).

4.6. Effect of CO2 during current interruptions

The above results pertain to steady-state operation. Given that
cell current is required to maintain stable non-coking operation,
any interruption of the cell current could potentially cause perma-
nent damage to the SOFC stack. Interruptions may occur during a
planned shutdown or as the result of unplanned events. In either
case, it is important to know how much time is available before
anode coking causes irreversible damage. Depending upon the
result, it may be possible to design the SOFC system such that
the methane can be flushed from the anode compartment prior
to suffering any permanent damage.

Fig. 9 shows the results of current-interruption experiments
using two different fuels. Fig. 9 a shows the voltage histories using
pure dry methane at 1.8 A/cm2 at 750 ◦C, with the current reduced
to zero for periods of 1.5, 6, and 10 min. For the 1.5 and 6 min
interruptions, the voltage immediately after current resumption
exceeded the pre-interruption value, and then gradually relaxed
to the initial value. This voltage increase was tentatively explained
as an effect of carbon deposition on the anode. It was previ-
ously suggested that small amounts of carbon deposited during
methane operation may increase the cell open circuit voltage [22],

which would also increase the voltage while drawing current.
The gradual voltage decrease can be explained by removal of the
deposited carbon during high-current operation, assuming that the
gas composition within the anode is in the non-coking regime. Fol-
lowing a 10 min long interruption, the voltage remained low and
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ig. 9. Current interruption study during SOFC operation at 750 ◦C. (a) Fuel is CH4

nd (b) fuel is 72% CH4 and 28% CO2.

ever recovered to its pre-interruption level. This suggests that at
onger times, there was sufficient carbon deposition to permanently
egrade the cell, perhaps by disrupting the anode microstructure.

t was previously shown that carbon deposits can grow sufficiently
o fill pores within the Ni–YSZ anode, causing micro-cracking [3].

Fig. 9 b shows voltage histories for a similar cell operated at
.6 A/cm2 at 750 ◦C, but with a fuel mixture of 28% CO2 and 72%
H4. After both 1.5 and 10 min interruptions, the voltage relaxed to
he steady-state value. In other words, the CO2 in the fuel mixture
nabled a longer interruption without permanent voltage degra-
ation. This result suggests that the CO2 reduced the rate of anode
oking at zero current.

. Model predictions and discussion

Figs. 10–13 illustrate the effects of the fuel composition and the
arrier layer on temperature and species profiles. Four different
uel mixtures were considered: (1) humidified CH4 (3% H2O); (2)
5% CH4 and 25% CO2; (3) 75% CH4 and 25% air; and (4) 75% CH4
nd 25% H2O. In all cases, the inlet CH4 flow rate was set to be
0 sccm. Temperatures of the external furnace and the inlet fuel
tream were fixed at 800 ◦C. The cells were operated at a current
ensity of 1.5 A/cm2.

First consider the humidified CH4 case (Fig. 10). In both the non-
arrier and barrier cases, the temperature is considerably below
he furnace temperature. This is the result of endothermic steam
eforming, with most of the steam being produced by charge-
ransfer chemistry at the electrolyte interface. Because the current
ensity is the same in both cases, the H2 flux toward the electrolyte

nterface is essentially the same. In both cases, there is significant
xcess reforming in the sense that more H2 is produced than can be
onsumed electrochemically at 1.5 A/cm2. Therefore, the H2 and CO

ole fractions have peak values within the anode structure, with

uxes toward the dense electrolyte and toward the fuel compart-
ent. Because of the excess reforming, significant levels of H2 and

O are transported into the fuel compartment, rather than being
onsumed electrochemically.
Fig. 10. Calculated temperature and mole-fraction profiles through the anode for a
fuel mixture of 97% CH4 and 3% H2O with inlet temperature of 800 ◦ C and pressure
of 1 atm. (a) The anode does not include a barrier layer. (b) The anode includes a
barrier layer.

Because the barrier layer impedes the transport of CH4 into, and
H2 out of, the Ni–YSZ anode, the net endothermic reforming rates
are lower than they are in the non-barrier case. Evidence for the
reduced reforming can be seen by comparing the CH4 mole frac-
tions at the interface between the anode and fuel compartment
(Figs. 10 a and b). The fact that CH4 level is significantly lower in the
non-barrier case means that more methane is converted by reform-
ing. The mole-fraction profiles within the barrier are nearly linear,
because surface chemistry does not occur within the barrier.

Because of the increased endothermic reforming in the non-
barrier case (Fig. 10a), the temperatures are significantly lower than

when the barrier layer is used (Fig. 10b). The temperature profile is
nearly flat within the barrier layer because there is no reforming
chemistry in that region. As a result of ohmic heating and irre-
versible processes associated with the charge-transfer chemistry,
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uel mixture of 75% CH4 and 25% CO2 with inlet temperature of 800 ◦ C and pressure
f 1 atm. (a) The anode does not include a barrier layer. (b) The anode includes a
arrier layer.

he highest local temperatures are near the dense–electrolyte inter-
ace, but the net temperature variation through the MEA is only a
ew degrees. Although the temperature variation within the MEA is
enerally small, the average temperature of the MEA can vary sig-
ificantly from the 800 ◦ C furnace temperature. Indeed, it is this
verage temperature that is the primary subject of attention here.
hermally induced tensile stresses are introduced when the button
ell temperature is significantly lower than that of the surroundings
nd the supporting ceramic tube. When the temperature reduction
s sufficiently large, cracking can occur.

Consider next the cases with a fuel mixture of 75% CH4 and
5% CO2 (Fig. 11). As is the situation with humidified CH4 fuel, the
emperatures are lower in the non-barrier cell than they are in the

quivalent cell with a barrier layer. In the non-barrier case, the tem-
eratures for the CH4–CO2 fuel (Fig. 11a) are lower than they are

or the humidified CH4 fuel (Fig. 10a). The CO2 from the fuel and
he H2O formed by charge-transfer chemistry both contribute to
fuel mixture of 75% CH4 and 25% air with inlet temperature of 800 ◦ C and pressure
of 1 atm. (a) The anode does not include a barrier layer. (b) The anode includes a
barrier layer.

the endothermic reforming. The result is increased levels of excess
reformate (H2 and CO) and lower temperatures than in the humid-
ified CH4 case. Because the cells are operated at 1.5 A/cm2, the H2
flux toward the dense electrolyte is the same in all cases. Thus, the
increased reforming with the CH4–CO2 fuel results in more H2 and
CO being transported into the fuel compartment. As in the humid-
ified CH4 case, H2 and CO show local maxima within the anode.
However, because of excess CO2 in the fuel and production of CO2
via water–gas-shift chemistry near the dense electrolyte, there is a
local minimum in the CO2 mole fraction. Also, because of increased
carbon in the system, the CO mole fractions is greater than the H

mole fractions. This situation is reversed for the humidified CH4
fuel, where H2 mole fraction is greater than the CO mole fraction.

It is interesting to note that with the barrier layers operating
on CH4–CO2 fuel, the average cell temperature is somewhat higher
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Fig. 13. Calculated temperature and mole-fraction profiles through the anode for a
f
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b
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the compositions move further toward the equilibrium non-coking
uel mixture of 75% CH4 and 25% H2O with inlet temperature of 800 ◦ C and pressure
f 1 atm. (a) The anode does not include a barrier layer. (b) The anode includes a
arrier layer.

Fig. 11b) than it is for the humidified CH4 fuel (Fig. 10b). This is
pposite the situation for the non-barrier cells. The barrier plays an

mportant role in impeding the transport of CH4 and CO2 toward the
ctive part of the anode where Ni catalyzes the reforming chemistry.
ecause the current density is fixed, the amount of steam available

rom the charge-transfer chemistry is the same in both cases. In
ddition to acting as a dry-reforming agent, the excess CO2 also acts
s a diluent with a high heat capacity. The result of these competing
actors is that when the barrier is in place the average temperature
s lower for the humidified CH4 fuel than for the CH4–CO2 fuel.

The simulation results shown in Figs. 10 b and 11 b can be

ompared with the experimental cell characteristics shown in
igs. 2 and 3. The simulation shows a temperature that is a few
egrees higher for CO2 case, but a lower H2 concentration of approx-

mately 20% versus approximately 27% (at the dense–electrolyte
ources 195 (2010) 271–279

interface). These opposing effects suggest that the performance
should be similar in the two cases, as is observed. The lower limiting
current in the CO2 case is consistent with the lower H2 content.

When air is added to the fuel, the temperature behavior changes
qualitatively. In the non-barrier case (Fig. 12a), the MEA tempera-
tures are slightly above the furnace temperature. The temperature
profile has a local minimum within the MEA. The high tempera-
ture at the fuel-chamber interface is the result of rapid exothermic
oxidation of the fuel with available air. In fact, the oxidation rate
is sufficiently fast that essentially no oxygen survives beyond the
surface of the interface between the cell and the fuel chamber.
As with the other fuel mixtures, the high temperature at the
dense–electrolyte interface is due to the ohmic heating and elec-
trochemical oxidation. With a barrier layer in place, the MEA
temperatures are slightly below the furnace temperature (Fig. 12b).
Because the barrier impedes the oxygen flux into the chemi-
cally active regions of the anode, the exothermic oxidation rate is
reduced. At the interface between the barrier and the chemically
active portion of the anode, the exothermic oxidation must compete
with the endothermic reforming. The slight temperature minimum
within the chemically active anode (Figs. 12 a and b) is the result of
this competition.

As discussed in Section 4.2, cells without a barrier invariably
cracked when operated with CH4–CO2 fuel mixtures. This is not
surprising in light of the substantial temperature decrease in the
button cell that is approximately 65 ◦ C lower than the environ-
ment. The resulting tensile stress produced by differential thermal
expansion when the button-cell temperature is lower than that of
the supporting tube can cause the cell to crack. As shown in Fig. 11
b, the overall effect of the barrier was to moderate the endother-
mic reaction rates, thereby decreasing the cell cooling to less than
30 ◦C, and helping to explain why the cells with a barrier did not
crack. Fig. 12 indicates that the temperature deviations in the cells
operated with methane–air were much smaller, explaining why the
cells without barriers did not crack.

Finally, consider the cases with a fuel mixture of 75% CH4 and
25% H2O (Fig. 13). The results are generally similar to those for
CH4–CO2(Fig. 11). Because the net reforming rates are similar and
heats of reaction for dry and steam reforming are similar, the tem-
perature profiles are also similar. As expected, steam reforming
leads to higher H2 and lower CO concentrations than the does dry
(i.e., CO2) reforming, which produces higher CO concentrations rel-
ative to H2.

The predicted effects of the barrier layer and the alternative
fuel compositions on anode coking can be assessed in the context
of equilibrium coke formation. The coking propensity is greatest
at the fuel-compartment side of the Ni-loaded anode structure,
where the hydrocarbon (methane) concentration is highest and the
concentrations of oxygen-containing compounds are lowest. Based
upon predicted compositions (Figs. 10–13), points are plotted on
the Gibbs equilibrium triangle (Fig. 1). Without barrier layers, all
of the fuel compositions are expected to cause coking (see light-
shaded points on Fig. 1). The dark-shaded points on Fig. 1 refer to
the composition at the interface between the barrier layer and the
Ni–YSZ anode structure. With the barrier, the predicted CH4–CO2
and CH4–H2O fuel mixtures are close to the coke line at 800 ◦C,
indicating significantly reduced coking propensity. Even with the
barrier, the predicted compositions for the humidified CH4 and the
CH4–air cases lie within the coking region. In all cases, the barrier
assists greatly in moving the composition toward the non-coking
region. As current density is increased from the nominal 1.5 A/cm2,
regime.
Based upon comparing the modeled cell performance, the equi-

librium coke limits, and the experimentally observed performance,
it appears that the equilibrium coke limits may be too pessimistic.
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M. Pillai et al. / Journal of Po

hat is, coke is not observed under conditions for which equilibrium
redicts that coke should be formed. The difference presumably lies

n the kinetics. Activation barriers must be overcome to achieve the
quilibrium. Nevertheless, the modeling predictions do contribute
aluable qualitative insight about barrier design and acceptable
perating conditions.

It is interesting to observe that the effect of the barrier is to shift
he gas-phase equilibrium composition within the Ni–YSZ structure
n the direction of being slightly more carbon rich (Fig. 1). Because
xygen is introduced as a result of the electrochemical charge trans-
er, it might have been anticipated that the shift would be directly
oward the oxygen apex. The shift in the carbon direction may be
ue to the tendency of the barrier to preferentially trap heavier C-
ontaining molecules within the anode, compared to the relatively
acile transport of H2.

The button-cell results provide interesting and important
nsights concerning larger cell and stack performance. In a pla-
ar channel or tubular fuel cell, axial temperature variations are
xpected along the length of the channel [23]. Endothermic reform-
ng chemistry tends to lower temperatures near the channel inlet.
ssuming high fuel utilization, temperatures are also low near the
hannel exit because the depleted fuel contributes to lower local
urrent density and thus lower electrochemically produced heat.
he result of these competing factors, as well as thermal resistance
o the transfer of heat to the exterior environment, often causes
eak temperatures in the central regions of the stack. For struc-
ural and performance reasons, it is usually desirable to minimize
emperature gradients within the stack. Barrier layers can play a
otentially important role in moderating stack temperature gradi-
nts [7,24].

. Summary and conclusions

The present experimental results and model-based interpre-
ation have shown that the addition of CO2 or air to methane
mproves SOFC stability by suppressing coking in Ni anodes. It was
ound that barrier layers were necessary for using methane–air
nd methane–CO2 mixtures. Without a barrier the cells were often

usceptible to cracking, apparently due to thermal–mechanical
tresses induced by temperature variations caused by endother-
ic reforming reactions. Simulation results suggest that the barrier

mpedes the reforming reactions, thereby reducing temperature
xcursions. Compared to a conventional anode-supported SOFC

[
[
[

[
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operated with methane alone, the combination of a barrier layer
together with adding CO2 or air to methane fuel substantially
reduced the critical current density needed for stable operation.
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