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Abstract

Experimental results in button cells show that a porous chemically inert barrier layer can extend the range of coke-free operation on Ni-YSZ
anode structures, even with pure methane as the fuel. The first objective of this paper is to assist interpreting these results using computational
models that consider porous-media transport and heterogeneous reforming chemistry. The second objective is to predict the performance of a
chemically inert barrier layer in a tubular, anode-supported, solid-oxide fuel cell.
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1. Introduction

Solid-oxide-fuel-cell (SOFC) system performance can poten-
tially be improved by introducing hydrocarbon fuels directly into
the stack, without the need for upstream reforming processes.
However, the propensity for coke formation on Ni-based anodes
restricts hydrocarbon levels in the fuel stream. Using button-
cell experiments, Barnett and coworkers have demonstrated that
chemically inert or catalytically active barrier layers can enable
the use of hydrocarbon fuels [1-4]. This paper develops and
applies reactive-flow models to explore the efficacy of barrier
layers in tubular SOFC systems.

The models incorporate fluid flow, porous-media trans-
port and chemistry, and electrochemical charge transfer [5].
Methane-reforming chemistry on Ni is modeled with an ele-
mentary reaction mechanism [6]. Results of the models include
gas-phase composition and current density along the length of
the tube as well as gas-phase and surface-adsorbate composition
through the thickness of the porous anode. Using methane as the
fuel, the paper presents comparisons of systems with barrier and
non-barrier membrane-electrode assemblies (MEA).
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Chemically inert barrier layers are designed to isolate the
Ni-based anode from direct contact with high hydrocarbon con-
centrations without the presence of sufficient reaction products
(i.e., HoO and CO») to inhibit coking. The barrier impedes the
transport of electrochemically formed products from the three-
phase region toward the fuel channel. It also impedes the trans-
port of hydrocarbon fuel toward the dense-electrolyte interface.
Thus, as a hydrocarbon encounters the Ni-YSZ, the steam (and
COy) levels are sufficient to inhibit coking and facilitate steam
reforming (and dry reforming). The barrier may have a differ-
ent (usually lower) porosity than the Ni-YSZ. The button-cell
experiments use a 700 micron Ni-YSZ anode layer and a 400
micron barrier layer that is fabricated as a mixture of partially
stabilized zirconia (PSZ) and ceria [1].

Given the excellent barrier-layer performance of a button cell
operating on methane [1], the objective of this paper is to pre-
dict the performance in a relatively large tubular cell. The tubular
cells modeled in this paper (illustrated in Fig. 1) use the same
MEA structure as in the button-cell experiments. After develop-
ing a physical model of the button-cell MEA, the model is then
incorporated into a larger model that represents the tubular cell.
In addition to coke inhibition, it is found that the barrier layer has
the effect of producing a more uniform current-density profile,
although at the cost of reducing local power density.
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Fig. 1. Illustration of an anode-supported tubular fuel cell with a barrier layer.
2. Button-cell experiments

Lin et al. [1] have developed button-cell experiments to
demonstrate and characterize the significant benefits of bar-
rier layers in extending coke-free operating conditions with
methane-fueled SOFCs. Using physical models [5] that are cali-
brated to represent the button-cell experiments, the experimental
results can be projected into systems-level applications. This pa-
per focuses on tubular cells.

Fig. 2 reproduces polarization measurements for button cells
with and without a barrier as reported by Lin et al. [1]. The two
cells were fabricated to be identical except for the barrier layer.
Each cell has a 700 pm thick Ni-YSZ anode, a 20 pm thick
dense yttria-stabilized zirconia (YSZ) electrolyte, and a 50 pum
thick porous LSCF (Lag ¢Sr9.4Cop gFep203) cathode, using a
gadolinium-doped ceria (GDC) interface layer. The 400 pwm
thick porous barrier layer is composed of partially stabilized
zirconia (PSZ) and ceria, which are both coke-resistant. In both
cases the fuel is humidified methane (3% H,O) and the oxidizer
is air.

At sufficiently high current densities, the cells can operate
stably and coke-free even without a barrier. At sufficiently low
current densities both cells suffer performance degradation as a
result of coke formation. However, the barrier results in coke-
free operation at significantly lower current densities, enabling
stable operation for practical ranges of operating conditions.

As shown in Fig. 2 the cell without a barrier layer has a higher
power density. However, because of carbon deposition the non-
barrier cell cannot operate stably with methane as the fuel at
low current densities (i.e., below 1.8 A cm_z). In fact, a special
procedure is needed to measure the polarization characteristics.
When operating at high current density (low cell potential) there
is sufficient electrochemically generated steam available to sup-
press coking. Measurements at low current density are more
complex. Beginning with stable operation at high current den-
sity, the cell potential is rapidly switched to a higher voltage.
After a few seconds, a new low-current-density operating con-
dition is established. Simulations, using the model described
subsequently, show that the time scale for establishing a new
steady condition is under one second. The cell is held in the
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Fig. 2. Comparison of model and measurements for button cell running on a
humidified (3% H;O) methane. The data marked with circles does not have a
barrier layer and the data shown with squares is taken with a barrier layer.

low-current condition long enough to make a measurement, then
switched again to high current to suppress the coking. Because
carbon deposition is a relatively slow process, this procedure is
suitable for generating polarization characteristics, such as in
Fig. 2.

The measured polarization curves (Fig. 2) show differences
between the button-cell performance with and without a barrier.
Generally speaking, the observed behavior is qualitatively as
expected. However, some of the differences are not anticipated.
The open-circuit potentials and specific resistances at low cur-
rent density are expected to be about the same for both cells. This
is because at low current the concentration overpotential should
be negligible in either case. At high current density, the barrier
contributes significant transport resistance. Thus it is expected
that the barrier case should have a higher specific resistance and
a lower limiting current density.

The observed difference in open-circuit potential is difficult to
explain, since at open circuit (i.e., no current flow) the cell poten-
tial should be unaffected by the barrier. For all current densities,
the data for the barrier cell indicate higher specific resistance
than the data for the non-barrier cell. At low current density,
where the transport resistance is low, this is an unanticipated
result. At high current density, where the barrier contributes sig-
nificantly to transport resistance, the barrier cell shows higher
resistance as expected. Also, as expected, the barrier cell has a
considerably lower limiting current density. Some of the unan-
ticipated differences may be attributed to the fact that the two
cells were fabricated separately and are probably not identical
in all respects.

Using the model described in Zhu, et al. [5], parameters were
fit to represent the measured performance of the button cells.
Results of the MEA model are shown in Fig. 2 as solid lines.
The physical parameters in the model, which are listed in Table 1,
are adjusted to develop a good fit to the measured data. Detailed
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Table 1
Parameters for modeling the MEA structure

Parameters Value (units)
Anode
Thickness (L,) 700 (pm)
Porosity (¢) 0.35
Tortuosity (1) 4.80
Pore radius (rp) 0.20 (pm)
Particle diameter (dp) 1.00 (um)
Specific catalyst area (As) 1080 (cm™1)
Exchange current factor (iﬁz) 8.5 (Acm™?)
Anodic symmetry factor (o) 1.5
Cathodic symmetry factor (o) 0.5
Cathode
Thickness (L) 50 (pum)
Porosity (¢) 0.35
Tortuosity (1) 4.00
Pore radius (rp) 0.25 (wm)
Particle diameter (d}) 1.25 (um)
Exchange current factor (if)z) 2.4 (Acm™2)
Anodic symmetry factor (o,) 1.5
Cathodic symmetry factor (ctc) 0.5
Electrolyte: o] = ooT ! exp(—Ee/RT)
Thickness (Le]) 20 (pm)
Activation energy (Ee]) 8.0E4 (Jmol™ 1)

Ion conductive pre-factor (cog) 3.6E5 (SKcem™)

Barrier:
Thickness (L) 400 (pm)
Porosity (¢) 0.175
Tortuosity (7) 6.00
Pore radius (rp) 0.15 (pm)
Particle diameter (dj) 0.8 (pm)

definitions of the parameters and the theory concerning how they
enter the model are found in Zhu, et al. [5].

3. Tubular cell

Fig. 1 illustrates the anode-supported tubular geometry that
is used in subsequent analysis. This is a single-ended design,
where gas manifolding and current collection are handled at one
end of a closed tube. The fuel enters the cell through an inner feed
tube, with a return flow in the annular space formed between the
outside of the feed tube and the anode structure. The dense elec-
trolyte and cathode are applied to the outside of the tube. In the
subsequent analysis, we assume that undiluted air is available
everywhere on the outside of the tube. In this tubular configu-
ration, cathode current collection is accomplished by wrapping
wires around the outer diameter. Anode current collection is ac-
complished by axial conduction through the Ni-YSZ. Sammes
and coworkers have recently published information concerning
the fabrication of tubular anode-supported cells [7,8].

Although the models are capable of representing voltage vari-
ations along the tube length, we do not use that capability here.
In this paper we assume a uniform cell potential. In other words,
we assume that there are no axial voltage drops in the anode
or cathode. In practice, of course, there are voltage losses that
must be accommodated. However, the objective of this paper is
not to present a design for a particular cell. Rather, it is to dis-
cuss the potential viability and performance benefits of barrier

layers. The practical considerations for current collection are
design-dependent and do not substantially affect the discussion
of barrier layers.

Another practical consideration is a start-up procedure. The
barrier concept only works when there is sufficient electrochem-
ically generated HyO and CO; to prevent coking. Thus there
could be carbon formation during start-up transients. One ap-
proach for start-up is to bleed air into the fuel stream. By doing
so, cell heating can be accomplished in a catalytic partial oxida-
tion (CPOX) mode. When sufficient oxygen is available, carbon
formation can be suppressed [9]. Once the cell has achieved
operating temperature, the air feed can be terminated.

4. Physical model

The physical model used here is a relatively minor extension
of the model reported by Zhu, et al. [S]. Thus, only a brief sum-
mary is presented here, noting modifications and differences.

Gas flow in the annular space between feed tube and the an-
ode is treated as plug-flow, neglecting radial spatial variations
[10]. Gas-phase chemistry is neglected owing to very small re-
action rates for methane at temperatures below around 900 °C
[11]. Reactive porous-media transport is modeled using a Dusty-
Gas Model (DGM), which represents pressure-driven convec-
tive fluid flow as well as ordinary and Knudsen molecular dif-
fusion [12]. In the tubular setting the porous-media problem
is represented in cylindrical coordinates, and axial transport is
neglected. Fig. 3 illustrates some of the physical processes in
global form. Reforming chemistry within the Ni-YSZ anode is
modeled with an elementary reaction mechanism that incorpo-
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Fig. 3. Global charge-transfer and reforming processes within a tubular anode-
supported SOFC.
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rates steam and dry reforming as well as partial oxidation [6].
This mechanism considers 42 reactions among six gas-phase
species and 12 surface-adsorbed species. The mechanism does
not specifically account for coke-formation reactions. Within the
barrier layer, which is considered to be chemically inert, there
is porous-media transport but no chemistry. Charge transfer is
assumed to proceed at the interface between the anode struc-
ture and the dense electrolyte. The available three-phase area is
taken as an empirical parameter (incorporated in the exchange
current density i) that is adjusted to represent the button-cell
performance. The model assumes that charge transfer proceeds
only through H», which is produced as a result of reforming
chemistry [13,5]. Although CO is available, we assume that the
charge-transfer via CO is slow compared to Hj and that CO is
easily converted to H, and CO» via water—gas-shift processes.

5. Model predictions

For the sake of illustration and discussion of barriers, we
choose specific tube geometries and operating conditions. The
anode-supported tubes are 60 cm long, with an inside diameter of
1.08 cm for the non-barrier case. The 400 wm barrier is applied
to the inside of the 700 wm Ni—YSZ anode. Thus, the inside di-
ameter of the barrier is 1.0 cm. In both cases the electrolyte-layer
diameter is De) = 1.22 cm, which maintains the same electro-
chemically active three-phase region for both cases. The inner
feed tube has an outside diameter of 0.6 cm for the non-barrier
case, but is slightly smaller for the barrier case so as to main-
tain the same annular-flow cross-sectional area for the barrier
and non-barrier cases. The annular gap available for gas flow is
approximately 0.2 cm. In all cases the fuel composition is 97%
CHy and 3% H;O, and the inlet velocity is 30 cm s~!. The cath-
ode is exposed to undiluted air everywhere on the outside of the
tube. The operating voltage is held uniform at 0.75V and the
temperature is assumed to be isothermal at 800 °C. The operat-
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ing conditions are set to achieve nearly complete fuel utilization
in the 60 cm tube length.

Figs. 4 and 5 show model predictions for the non-barrier and
barrier cases, respectively. In both figures the upper panel shows
gas-phase mole fractions in the annular space and local current
density as functions of the axial position. Note that the cur-
rent density is referenced to the electrolyte area, at a diameter
of 1.22 cm. The drop-down panels show gas-phase mole frac-
tions within the pore spaces through the thickness of the anode
structure. In the barrier case, the dashed line shows the interface
between the barrier and the chemically active porous anode.

Consider first the non-barrier case (Fig. 4). Keep in mind that
the non-barrier case is not practically viable because of coking
associated with methane contacting Ni in the upstream portions
of the tube. Nevertheless, the non-barrier case provides a point
of comparison for the barrier case. As methane enters the tube, it
is rapidly reformed to H, and CO. There are local maxima in the
H; and CO mole fractions around 3 cm into the tube. This be-
havior is caused by the fact that reforming consumes CHy faster
than the resulting Hy can be consumed electrochemically. The
left-hand drop-down panel (x = 0 cm) provides further evidence
of this behavior. Local maxima of H, and CO are seen within the
anode structure. The gradients toward the three-phase boundary
(bottom of the graph) are caused by electrochemical consump-
tion of Hy and water-gas-shift conversion of CO to CO,. There
are also gradients of CO and Hj toward the annular channel,
indicating mass fluxes of these species into the flow channel.
By 10 cm along the channel, the net Hy and CO fluxes are from
the channel toward the anode three-phase region at the dense-
electrolyte interface. At this point, there are strong net fluxes
of reaction products H>O and CO; through the anode structure
toward the channel. Consequently the levels of H,O and CO»
in the channel increase, while the fuel species Ho, CHy4, and
CO decrease. The current density also decreases along the tube
length as the fuels are depleted and diluted in products. The flow
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Fig. 4. Solution profiles for the non-barrier case. The upper panel shows the gas-phase composition in the annular flow space and the local current density as a
function of axial position in the tube. The drop-down panels show gas-phase composition in the pore spaces of the Ni-YSZ anode structure at three axial positions
along the tube. The top of the drop-down graphs is at the channel interface and the bottom is at the dense-electrolyte interface. The variable ro = 0.54 cm is the inner

radius of the anode structure.
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Fig. 5. Solution profiles for the barrier case. The upper panel shows the gas-phase composition in the annular flow space and the local current density as a function
of axial position in the tube. The drop-down panels show gas-phase composition in the pore spaces of the anode structure at three axial positions along the tube. The
dashed line show the interface between the barrier and the Ni-YSZ. The variable ro = 0.5 cm is the inner radius of the anode structure.

rates were set to achieve nearly complete fuel utilization. So by
a length of 60 cm, the current density has nearly vanished and
the gas flow is composed of only products H;O and CO5.

In the entry regions of the tube, there are high methane con-
centrations in contact with the Ni. Because of coking (or other
carbon-deposit formation) this situation is highly problematic.
In fact, operating such a cell with pure hydrocarbon fuels is
impractical. Indeed, this provides the motivation for the barrier
concept.

Fig. 5 shows predicted performance for the barrier case. Al-
though there are some differences, the gas composition in the
annular space and the local current density behave qualitatively
similarly to the non-barrier case. The most important benefits of
the barrier are associated with the CH4 concentrations that are in
contact with Ni. The drop-down panels reveal sharp changes in
species gradients at the barrier interface with the Ni—YSZ struc-
ture. The high CH4 concentrations in the chemically inert barrier
do not cause deposit formation. Because the barrier impedes the
flux of CHy4 into the anode and the flux of H,O and CO; out, the
CHy4 only contacts Ni where there are sufficient levels of H,O
and CO, available to suppress carbon formation.

Although not entirely definitive, chemical equilibrium pro-
vides a practical indicator for coking propensity. Following the
general approach by Sasaki and Teraoka [14], Fig. 6isa C-=H-O
ternary plot that shows regions of equilibrium solid-phase car-
bon as functions of the elemental composition of a mixture. The
equilibrium states are computed by a free-energy minimization
algorithm using the CHEMKIN software. Above the line marked
800 °C there is solid carbon (graphite) in equilibrium. Below the
line, only gas-phase species are present at equilibrium. The cir-
cular markers show the elemental compositions as functions of
axial position in the tube for the barrier and non-barrier cases. It

is evident in the non-barrier case that equilibrium predicts solid
carbon for the first 6-8 cm in the tube. In the downstream sec-
tions, there is sufficient steam (and other oxygenated species)
available to suppress the carbon formation. In these examples,
the barrier has been specifically designed so that the elemental
composition at the barrier-anode interface (dashed line in Fig.
5) is always below the equilibrium solid-carbon line. Thus, it is
expected that the barrier tube would not suffer a coke problem,
which is consistent with experimental observations in the button
cell [1]. It may be noted that the barrier need not extend the en-
tire length of the tube. At some axial location there is sufficient
steam and carbon dioxide in the flow channel that the barrier
is no longer needed. It should also be noted that these results
are simulated for a cell voltage of 0.75 V. A lower cell voltage
or different operating temperature may require different barrier
characteristics for stable operation.

Fig. 7 compares some results that are derived from the solu-
tions shown in Figs. 4 and 5. The electrical efficiency, utilization,
and power are all functions of the axial position in the tube. The
efficiency is defined as
_ Pe(x) _ 7Del [y i(xX)Ecendx

Oin
where P, is the electrical power produced (Watts) and Qj, is
the heating value associated with completely oxidizing the fuel
stream to CO, and H>O. The operating cell potential is E¢|;, the
diameter of the electrolyte is D, and the local current density
(based on electrolyte area) is i(x). Thus the integral in the nu-
merator represents the net electrical power as a function of tube
axial position. The heating value is determined as the product
of the fuel mass-flow rate and the heat of reaction associated
with the global oxidation reaction, Ah. Fuel utilization is de-

&(x) , ey

g in Ahgin



418 H. Zhu et al. / Journal of Power Sources 161 (2006) 413419

Fig. 6. Ternary equilibrium diagram showing regions where solid carbon
(graphite) is present. The black markers show the elemental composition in
the annular flow channel as a function of axial position for the non-barrier case
(i.e., conditions of Fig. 4). The light markers show the elemental composition
within the Ni-YSZ anode at the interface with the barrier layer as a function of
axial position for the barrier case (i.e., conditions of Fig. 5). In both cases, the
equilibrium is evaluated at the position where coke-formation is most likely.

fined in terms of the heating value of the inlet stream and the
local heating value of the fuels within the tube,

mf,x Ahf,x

Ux)=1- 2)

Hgin Agin
where the “in” refers to the inlet flow and x is the axial position
along the tube. Within the tube the available fuels are considered
to be CHy, Hy, and CO.

The net power for these tubes is around 80-90 W. Fig. 7
shows that the power density is lower in the barrier case than
in the non-barrier case. In other words, for the specified oper-
ating conditions, the barrier tube needs to be longer than the
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Fig. 7. Profiles of efficiency, utilization, and net power as functions of axial
position in the tubes. The upper panel shows the profiles for the non-barrier case
(i.e., Fig. 4) and the lower panel shows results for the barrier case (i.e., Fig. 5).
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Fig. 8. Electrical power density, thermal power density, and electrical fraction
as functions of axial tube position. The dashed lines show the non-barrier case
and the solid lines show the barrier case.

non-barrier tube to achieve the same net power and conversion
efficiency. Nevertheless, the predicted performance for the two
tubes is comparable. The efficiencies are in the range of 60-70%
at utilization levels of around 90%. This is very good perfor-
mance using a pure hydrocarbon fuel. Of course, it must be kept
in mind that the non-barrier tube would not be practical owing
to deposit formation.

Interestingly, despite somewhat lower power density, there
are aspects of the barrier cell that are superior to the non-barrier
cell (in addition to avoiding coking). Fig. 8 shows electrical
power (i.e., numerator of Eq. (1)) and thermal power as functions
of axial position. As discussed in Zhu, et al. [5] the local thermal
power is the result of heating associated with reforming chem-
istry, ion-transport resistance, and charge-transfer inefficiencies.
The curves marked “fraction” in Fig. 8 show the fraction of net
power (i.e., electrical plus thermal) that is electrical.

In the non-barrier case, there is a strong endotherm associ-
ated with high steam-reforming rates near the tube entrance. In
fact, the thermal power is predicted to be negative in the vicin-
ity of the tube entrance. This means that external heat would
be needed to maintain the cell temperature. In the barrier case,
this endotherm is significantly moderated, because the barrier
impedes the species fluxes to the Ni catalyst where reforming
proceeds. The result is much more uniform heating rates along
the length of the tube, which eases the task of maintaining uni-
form temperatures along the tube length.

It should be noted that it would be impractical to draw 80 W
from these tubes using axial current collection through the anode
layer. The axial voltage drop would be much too large. As a
practical matter, some design for low-resistance anode current
collection would be needed. For example, the tube could be
segmented with multiple current taps along the length. Further,
a net anode-plus-barrier wall thickness of only 1.1 mm may be
too thin for structural reasons in a long tube. There are certainly
viable approaches to thickening or strengthening the tube walls,
while retaining the beneficial characteristics of a barrier. In any
case, the objective of this paper is to illustrate the characteristics
and benefits of barrier layers, not to design a specific tube cell.

6. Conclusions
With chemically inert anode-side barrier layers, SOFC but-

ton cells can be operated stably and coke-free using hydrocarbon
fuels. Motivated by the demonstrated success of the button-cell
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experiments [1], we have extended and applied physical mod-
els to predict performance in relatively large tubular cells with
barrier layers. The results show that barrier layers can be de-
signed to develop SOFC systems that are capable of operating
coke-free on hydrocarbons, with all reforming accomplished in-
ternally. The paper uses a particular tubular system to illustrate
essential features of the barrier approach.
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