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Analyses of gas transport and hydrocarbon internal-reforming chemistry in nickel/yttria-stabilized zir-
conia (Ni-YSZ) and ferritic-steel supports for solid-oxide fuel cell applications are presented. The Ni-YSZ
anode supports are fabricated using reaction-sintered powders (Ni-YRSZ) developed by CoorsTek, Inc.
(Golden, CO, USA); the porous ferritic-steel supports are developed by PLANSEE SE (Reutte, Austria).
The gas-transport and methane internal-reforming properties of these supports are measured using a
unique “Separated Anode Experiment” that decouples these processes from electrochemical processes

Iég:vcvords: that are normally present in an operational SOFC. Experimental results are interpreted using a com-
Anode putational model. Despite significant differences in thickness and morphology between the Ni-YRSZ
Ni—YSZ and ferritic-steel supports, results show that the rate of gas transport across the ferritic-steel support

Metal support is comparable to that of the Ni-YRSZ support. While the Ni-YRSZ supports show extensive methane
AFL internal-reforming activity, the ferritic-steel supports are essentially inert towards methane reforming.
This lack of internal-reforming activity in the metallic support motivates application of the computational
model toward design of a Ni-YSZ anode-functional layer (AFL) to be placed atop the metallic support.
Anode functional layers are found to provide a moderate level of internal reforming, though significantly
lower than the complete Ni-YRSZ anode support, with very little effect on gas transport. The tools and
methods presented here may be used for further design optimization of next-generation SOFC supports
and architectures.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid-oxide fuel cells can convert a broad range of hydrocar-
bon and biomass fuel sources into electricity. However, the threat
of carbon-deposit formation and subsequent catalyst deactivation
limits the robustness of SOFC operating windows. SOFC developers
are taking many approaches in creating solutions to these prob-
lems, such as the barrier-layer work of the Barnett group [1], the
copper-ceria anodes developed by Gorte and colleagues [2], and
the perovskite anodes developed by Irvine [3] and Barnett [4], to
name a few. More recently, developments have included metal-
supported SOFCs with thin anode-functional layers [5,6]. While
all of these approaches show great promise, the gas-transport and
hydrocarbon internal-reforming processes within these materials
and structures are not well understood.

Traditional electrochemical testing methods, such as polariza-
tion measurements and electrochemical impedance spectroscopy,
provide valuable information on cell performance. However, as
these techniques are conducted on complete operational cells,

* Corresponding author. Tel.: +1 303 273 3656; fax: +1 303 273 3602.
E-mail address: nsulliva@mines.edu (N.P. Sullivan).

0378-7753/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2011.07.086

anode-specific processes can be masked by other electrochemi-
cal processes. The “Separated Anode Experiment” enables focus on
gas transport and internal-reforming chemistry within the anode
support by decoupling these processes from electrochemical phe-
nomena. In this study, this experiment is configured to examine and
compare the gas-transport and internal-reforming characteristics
of a porous ferritic-steel support with those of a more-conventional
support comprised of nickel and yttria-stabilized zirconia (Ni-YSZ).
The ferritic steel support is fabricated by PLANSEE SE (Reutte,
Austria), while the Ni-YSZ support is fabricated using powders pro-
vided by CoorsTek, Inc. (Golden, Colorado, USA). Interpretation of
experimental results is aided by a detailed computational model.
The model also provides insight to design of anode functional layers
for enhancing internal-reforming performance.

1.1. Metal-supported cells

Metal supports have many potential advantages over Ni-YSZ
anode supports, including decreased materials and fabrication
costs, mechanical toughness, and thermal-cycling durability [7].
Many materials have been investigated for use as metal supports,
and are typically either nickel [5,8-10] or iron based [5,6,8-14]. Cho
etal.[15] and Hwang et al.[16] have developed SOFCs supported on
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porous Ni substrates. These supports demonstrated high catalytic
activity for internal reforming of hydrocarbon fuels, but were sus-
ceptible to carbon deposition and sulfur poisoning, like traditional
Ni-YSZ supports. Additionally, the thermal-expansion behavior of
the nickel support is not well matched to that of typical ceramic
electrolyte materials, and can lead to cell-fabrication problems.

Nickel-iron alloys are also being explored [5,9,10,12,17], includ-
ing 300-series austenitic and 400-series ferritic stainless steels.
In an evaluation of 316L porous stainless steel, Molin et al. [17]
demonstrate that a non-conductive Fe-Cr oxide scale can form at
typical SOFC temperatures, negatively affecting SOFC performance.
A significant thermal-expansion mismatch also exists between
300-series steels and common SOFC electrolytes [5].

Ferritic stainless steels are receiving significant interest as inter-
connects for SOFC stacks [7], and as SOFC supports [6,18]. These
materials typically contain between 10 wt.% and 26 wt.% Cr, which
promotes formation of an electronically conductive continuous
chromia scale under SOFC operating conditions. Thermal expan-
sion is similar to that of SOFC electrolytes [5]. Additionally, ferritic
steels are relatively inexpensive, with well-established industrial-
fabrication processes. Rivas et al. reported on the performance of
Crofer22APU as a porous metal support [12]. Oxidation rates were
found to be unacceptably high; the study concludes that the mate-
rial is currently incapable of meeting lifetime demands for a porous
metal support.

PLANSEE SE has developed a ferritic steel for intermediate-
temperature SOFC applications [6,18], termed “ITM” alloy. This
material contains 26% Cr, with trace levels of Mo, Ti, and Y, 03, bal-
anced by Fe. The metal oxides improve the mechanical strength and
creep resistance of the alloy, while additional alloying elements
adapt physical (i.e. thermal expansion, mechanical strength) and
chemical (i.e. corrosion) properties to SOFC applications. The ITM
alloy is fabricated using powder-metallurgy processing, resulting
in a more-homogenous element distribution, and formation of a
well-adhered protective-oxide scale during cell operation.

The differences in the composition and morphology of these
support materials clearly impact cell performance. However, gas
transport and hydrocarbon internal-reforming chemistry within
metallic supports are not well understood. In this study, exper-
imental and numerical tools are used to examine and compare
the gas-transport and internal-reforming behavior of traditional
Ni-YSZ anodes with that of porous ferritic-steel supports.

2. Experimental methods
2.1. Materials

The benchmark SOFC support for this study is formulated from
the reaction-sintered Ni-YSZ (Ni-YRSZ) anode powders developed
by CoorsTek, Inc. [19,20]. Powder preparation begins by combining
and ball-milling 92 mol% monoclinic zirconia powder with 8 mol%
yttria powder. The yttria-zirconia powder is dried and screened,
then blended with 65 wt.% nickel oxide. The NiO powders have a
particle size of approximately 10 wm. The NiO, Y03, and ZrO, pow-
ders are then mixed with a binder solution to form a slurry; no pore
former is added. The slurry is spray-dried into a rotary atomizer.

Following drying, powders are weighed into 5- or 10-g portions
and pressed into disc-shaped powder compacts within a 5.715 cm
(2.25in.) diameter stainless steel die using a uni-axial press (Carver
AutoFour30) loaded to 53.4kN (12,0001b) with a 10s hold time.
Compacts are transferred from the die onto YSZ-Al,03 porous set-
ter plates (Selee Ceramics) and sintered in air at a temperature
of 1450-1550° C for 4 h. After sintering, Ni-YRSZ anode supports
measure approximately 4.43 cm (1.74in.) in diameter and 0.79 or
1.45 mm in thickness for the 5- and 10-g samples, respectively. Due

Fig. 1. SEM images of (a) Ni-YRSZ anode and (b) ferritic steel supports.

to the open pore structure of the CoorsTek Ni-YRSZ material, this
anode support has demonstrated exceptionally high gas transport
and catalytic activity for hydrocarbon fuels [19].

The porous metal support provided by PLANSEE SE is 1mm
thick, with the composition described previously [18].

2.2. Support characterization

In addition to material composition, morphological properties
of the anode supports have a great effect on the gas-transport and
internal-reforming behavior. Several methods of characterization
are performed to gain an understanding of the physical form of the
support structures. For broad visualization, electron-microscopy
images of support surfaces are taken using a JEOL JSM-7000F Field
Emission Scanning Electron Microscope. Prior to SEM analysis, the
Ni-YRSZ anodes are exposed to a reducing environment of form-
ing gas (3.5% Hjy, balance N,) at 800° C for at least 48 h. Fig. 1
shows significant differences in support microstructure, with par-
ticle and pore sizes of the metal support found to be much larger
than those of the Ni-YRSZ material. These qualitative differences
are quantified through additional characterization.

Porosity is determined using liquid picnometry (Archimedes’
method), and pore-size distribution is obtained via mercury
porosimetry (Micromeritics Particle Analysis, Norcross, GA, USA),
with results provided in Table 1. The open porosity of the two mate-

Table 1

Morphological properties of Ni-YRSZ and metallic supports.
Property Ni-YRSZ ITM alloy
Porosity 41% 41.7%
Mean pore radius (m) 0.9 8.6
Mean particle diameter (Lm) 1.0 65
Catalyst surface area (m~1) 150,000 0
Thickness (mm) 1.45 1.0
Tortuosity 5.8 10.1
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Fig. 2. Illustration of the Separated Anode Experiment.

rials is found to be very similar (~41%). As evidenced in the images
of Fig. 1, the pore radius and particle diameter of the PLANSEE ITM
alloy is over an order of magnitude greater than that of the CoorsTek
Ni-YRSZ support. The tortuosity and catalyst specific surface area
reported in the table are not directly measured. Rather, they are
quantified as computational fitting parameters to experimental
results, as explained subsequently.

2.3. Separated Anode Experiment

The Separated Anode Experiment (SAE) has been developed
to decouple gas transport and hydrocarbon internal-reforming
chemistry from SOFC electrochemistry (Fig. 2) [21]. A planar sup-
port is placed within alumina pressing and seating manifolds into
which flow channels have been machined. The flow channels are
28.96 mm (1.14in.) long, 6.35mm (0.25in.) wide, and 2.54 mm
(0.1in.) high. The support is sealed within the manifolds using
0.6 mm thick mica sandwiched between two pieces of glass filter
paper (Fisher Scientific, G6). Upon heating, the glass melts to fill
voids in the mica surface. The manifold-support assembly is com-
pressed within a furnace and is heated to 800 ° C for all experiments.

Anode supports containing Ni are reduced under a mixture of
hydrogen and nitrogen for at least 48 h prior to testing. The fuel
channel (top) is fed with gases representative of SOFC fuel streams
(CHg4, biogas, and higher hydrocarbons). The electrolyte channel
(bottom) is fed with gases that would be generated at triple-phase
boundaries (steam and CO;). Both fuel- and electrolyte-gas com-
positions are diluted with forming gas (3.5% Hy, balance N;). The
H, serves to prevent nickel oxidation while the N5 acts a diluent
to prevent carbon-deposit formation. Visual inspection of supports
following testing reveals no carbon-deposit formation.

Gases from the fuel and electrolyte channels cross-diffuse
through the porous support and participate in heterogeneous
reforming reactions. The composition of the exhaust streams from
each channel is measured with a gas chromatograph (Agilent
MicroGC 3000 equipped with molecular-sieve and Plot-U columns)
and used to infer the gas transport and heterogeneous chemistry
underway within the porous support structure. Alumina mani-
folds and tubing prevent surface reactions anywhere other than
the support under test. Experiments are performed over a range of
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flow rates spanning 75-200 mL min~!, keeping internal-reforming
chemistry within the kinetic regime.

Initial gas-transport tests measure the diffusion of a near-inert
gas across the porous support structure. The fuel channel is sup-
plied with 100% forming gas (FG) while the electrolyte channel is
supplied with a mixture of 50% FG and 50% CO,. The fuel-channel
exhaust composition indicates the amount of CO, diffusing through
the support from the electrolyte channel. Through this experi-
ment, a comparison of gas-transport behavior is made between the
Ni-YRSZ and ITM ferritic-steel supports.

Methane internal-reforming experiments utilize a mixture of
20% CH4/80% FG in the fuel channel and a 50% CO,/50% FG mix-
ture in the electrolyte channel. The exhaust-gas compositions
of both the fuel and electrolyte channels are measured as flow
rate is increased from 75 to 200 mLmin~!. While steam is the
direct product of electrochemistry, CO, is used in lieu of H,O in
an effort to improve experimental repeatability and control. CO,
(“dry”) reforming clearly results in significantly different prod-
uct compositions in comparison to steam reforming. However,
Rostrup-Nielsen and Hansen show that the kinetics of the methane
steam- and dry-reforming reactions over a nickel catalyst are quite
similar [22]. Due to the simplicity and improved experimental con-
trol, dry-reforming experiments have been found most effective
for the purposes of comparing methane internal-reforming activ-
ity across different support materials and structures. Each set of
measurements is repeated three times at each flow rate tested;
experimental repeatability is found to be very good.

3. Computational model

A computational model has been developed to simulate the
gas transport and chemical processes occurring within the support
structures. Fig. 3 shows an illustration of this model. Flow within
the fuel and electrolyte channels is described using a series of per-
fectly stirred tank reactors in which axial variations (x-direction)
are captured, but perfect mixing is assumed throughout the channel
cross section (y and z directions). Flow within the porous support
structure is described using the Dusty-Gas Model [23,24], in which
transport due to axial gradients within the porous support is con-
sidered negligible in comparison to that caused by gradients in the
z-direction.

3.1. Flow in channels

Each separate control volume of the flow channel is treated as a
perfectly stirred tank reactor. Temperature and composition within
the reactor are taken to be uniform [25]. The species continuity
equation for flow within the fuel channel is:

it = iy -+ A, (1)

where i1 and rin, are the mass flow rates in and out, respectively, of
the channel element in the x-direction, ji; is the mass flux of species
k in the z-direction from the channel into the support, and Ac is the
cross-sectional area between the fuel channel and support control
volume. The continuity equation within the fuel channel is:

K
mi* =m+Zj,gAc, 2)
k=1

where K is the number of total species and
iy, = Yyri, (3)

Y, represents the mass fraction of species k. Within the flow chan-
nels, gas-phase chemistry is assumed to be negligible in comparison
to catalytic chemistry on the support surface. At temperatures
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Fig. 3. Anillustration of the framework represented by the computational model.

around 800°C and lower, methane pyrolysis is kinetically very
slow. For the short residence times under these experimental con-
ditions (0.28-0.755s), it has been shown that neglecting gas-phase
chemistry is a very reasonable assumption [26]. Since the pore
size within the support is comparable to the molecular mean-
free-path length, the probability for gas—gas collisions is low.
Gas-phase chemistry within the voids of the support can therefore
be neglected [21].

3.2. Transport and chemistry within the porous support

The gas composition within the support is determined by
solving a reactive porous-media problem. The species continuity
equation within the support is

B s weas, (4)
where jj, is the z-component of the mass flux of species k within
the anode, As is the specific area (i.e., area per unit volume) of the
exposed nickel catalyst, $ is the net molar production rate of gas-
phase species k by heterogeneous reforming chemistry, and W, are
the species molecular weights [27]. The mass-continuity equation
within the anode is,

K

K
Jj .
Yo Fk - k§ S WiAs. (5)
=1

k=1

Species fluxes in the z-direction within the porous catalyst are
governed by the Dusty-Gas Model (DGM), which is an implicit
relationship between the gas-phase species molar fluxes jj, molar
concentrations [X ], concentration gradients, and the pressure gra-
dient p as

_ 9%k [Xk] %aip
0z D;Kn W 0z

b, D ()

Z (Xelik — [Xilie | gk _ _ X
e

L4k k,Kn
Here, Xt is the total molar concentration, Bg is the permeability,
and p is the mixture viscosity. The ordinary diffusion coefficient D},
and the Knudsen diffusion coefficient Di‘Kn depend on the binary
gas-to-gas diffusion coefficients (evaluated from kinetic theory)
and on the physical porous-media properties.

The effective molecular binary diffusion coefficients in the
porous media are related to bulk-phase ordinary diffusion coef-
ficients as

¢
D¢, = T—ngg, (7)
g

where ¢ is the material porosity and g is tortuosity. Knudsen dif-
fusion, which occurs due to gas-wall collisions, becomes dominant
when the mean-free path of the molecular species is much larger
than the pore diameter. The effective Knudsen diffusion coefficient
is expressed as

8RT

e _4
kKn ™ 3 g

where the Knudsen permeability coefficient Kg=rp¢g/tg, and rp
is the average pore radius. Assuming that the porous electrode is
formed by closely packed spherical particles with diameter dp, the
permeability B can be expressed by the Kozeny-Carman relation-
ship [28] as

_ #dp
7274(1 — g)*

During SOFC operation, the differential pressure between
the fuel channel and the triple-phase boundaries is quite low
(~1000Pa) [29]. In an effort to reproduce SOFC conditions, great
care is taken during Separated Anode testing to equilibrate the pres-
sures on either side of the support. This minimizes pressure-driven
flow across the support, so that the species-concentration gradients
are the driving forces for gas transport in these experiments.

Heterogeneous chemistry within the anode is represented by
an elementary reaction mechanism describing CH4 reforming on
Ni-based catalysts. This kinetic mechanism is taken from Hecht
et al. [21] and contains 42 irreversible elementary reactions (see
Table 2) involving six gas-phase and twelve surface-adsorbed
species. Unlike global reaction mechanisms, this mechanism is
based on elementary molecular processes, and is developed from
a combination of kinetic theory and experimentation. It repre-
sents all global chemical processes for methane reforming in a
Ni-YSZ support, including steam reforming, partial oxidation, and
dry reforming of CH4 to CO and H,, and water-gas-shift pro-
cesses. Because all chemistry is represented as a set of elementary
reactions, the mechanism can be used across a broad range of appli-
cations and reactant compositions. Details of kinetic-mechanism
development can be found in Hecht et al. [21]

The series of nonlinear equations outlined above is solved com-
putationally using the CANTERA software package [30]. CANTERA has
been chosen for this application because of its versatility and suit-
ability for solving chemically reacting flow problems. The species
continuity equations for the fuel and electrolyte channels (Eq. (1))
are coupled to the species continuity equations for the support (Eq.
(4)) via the mass fluxes ji; exchanged between the support and flow
channels. The compositions at the top and bottom of the support are
taken to be the compositions within the flow channels. It is assumed
that there is no mass-transport resistance between the support and
flow channels. A modified Newton method is used here as the solu-
tion algorithm, with the channels being divided into cells of length
Ax and the support divided into cells of length Az. The tempera-
ture is assumed to be uniform as set by the external furnace, and
pressure is assumed to be atmospheric and equal in both flow chan-
nels. These assumptions have been validated with measurements.
Channel flows are assumed isobaric.

9)

Bg

4. Results and discussion
4.1. Ni-YRSZ anode support
4.1.1. CO;, transport

Results from an analysis of the CoorsTek Ni-YRSZ support are
first presented, with comparisons then made to results for the
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Table 2
Heterogeneous reaction mechanism for CH4 on Ni [21].
Reaction A? E?
1. H; +Ni(s) +Ni(s) — H(s) + H(s) 1.000E—02 P 0.00
2. H(s)+H(s)— Ni(s)+Ni(s)+Ha 5.593E+19 P 88.12
3. 03 +Ni(s) +Ni(s)— O(s)+0(s) 1.000E—02 P 0.00
4. 0O(s)+0(s)— Ni(s) +Ni(s) + O 2.508E+23 " 470.39
5. CHy4 +Ni(s) — CHa(s) 8.000E—03 ® 0.00
6. CHy(s)— Ni(s)+CH4 5.302E+15" 33.15
7. H,0 +Ni(s) — H,0(s) 1.000E—01 P 0.00
8. H,0(s) — Ni(s)+H,0 4.579E+12 P 62.68
9. CO; +Ni(s) — COz(s) 1.000E—05® 0.00
10. CO4(s) — Ni(s)+CO; 9.334E+07 ° 28.80
11. CO +Ni(s)— CO(s) 5.000E-01 P 0.00
12. CO(s)— Ni(s)+CO 4.041E+11° 112.85
€co(s) -50.0¢
13. O(s) +H(s) — OH(s) +Ni(s) 5.000E+22 97.90
14. OH(s)+Ni(s) — O(s) +H(s) 2.005E+21 37.19
15. OH(s)+H(s)— H20(s)+Ni(s) 3.000E+20 42.70
16. H,0(s) + Ni(s) — OH(s)+H(s) 2.175E+21 91.36
17. OH(s)+OH(s)— O(s)+H20(s) 3.000E+21 100.00
18. 0O(s) +H,0(s) — OH(s) + OH(s) 5.423E+23 209.37
19. 0O(s)+C(s)— CO(s)+Ni(s) 5.200E+23 148.10
20. CO(s) +Ni(s) — O(s) + C(s) 1.418E+22 115.97
£co(s) -50.0¢
21. 0O(s)+CO(s)— CO2(s)+Ni(s) 2.000E+19 123.60
€co(s) -50.0¢
22. CO4(s)+Ni(s)— O(s)+CO(s) 3.214E+23 86.50
23. HCO(s) + Ni(s) — CO(s) +H(s) 3.700E+21 0.0
€co(s) -50.0 ¢
24, CO +H(s)— HCO(s) +Ni(s) 2.338E+20 127.98
25. HCO(s) + Ni(s) — O(s)+CH(s) 3.700E+24 95.80
26. O(s)+CH(s)— HCO(s)+Ni(s) 7.914E+20 114.22
27. CHa(s)+Ni(s) — CHs(s)+H(s) 3.700E+21 57.70
28. CH3(s)+H(s) — CHg(s)+ Ni(s) 4.438E+21 58.83
29. CH3(s)+Ni(s) — CHz(s) +H(s) 3.700E+24 100.00
30. CHa(s)+H(s)— CHs(s)+Ni(s) 9.513E+22 52.58
31. CH;(s)+Ni(s) — CH(s)+H(s) 3.700E+24 97.10
32. CH(s)+H(s) — CHax(s)+Ni(s) 3.008E+24 76.43
33. CH(s)+Ni(s) — C(s)+H(s) 3.700E+21 18.80
34. C(s)+H(s)— CH(s) +Ni(s) 4.400E+22 160.49
35. O(s)+CHg(s)— CHs(s)+OH(s) 1.700E+24 88.30
36. CH3(s)+OH(s)— O(s)+CHa(s) 8.178E+22 28.72
37. O(s) + CH3(s) — CHx(s)+OH(s) 3.700E+24 130.10
38. CH;(s)+OH(s)— O(s)+CHs(s) 3.815E+21 21.97
39. O(s)+CHx(s)— CH(s)+OH(s) 3.700E+24 126.80
40. CH(s)+ OH(s) — O(s)+ CHa(s) 1.206E+23 45.42
41. O(s)+CH(s)— C(s)+OH(s) 3.700E+21 48.10
42. C(s)+OH(s)— O(s)+CH(s) 1.764E+21 129.08

2 Arrhenius parameters for the rate constants written in the form:
k=Aexp (—E/RT). The units of A are given in terms of moles, centimeters,
and seconds. E is in kJ/mol.

b Sticking coefficient.

¢ Coverage dependent activation energy. Detailed definition may be found in
Hecht et al. [21]. Total available surface site density is I"=2.60 x 102 mol cm~2.

PLANSEE ITM metallic support. CO, transport across the Ni-YRSZ
support is shown in Fig. 4; experimental measurements are shown
as symbols, while computational predictions are shown as lines.
In these experiments, CO, fed to the electrolyte channel diffuses
through the support into the fuel channel. As flow rates increase,
residence times in the flow channels decrease, and the amount of
CO,, reaching the fuel channel goes down. Experimental repeatabil-
ity is very good, with standard deviations that result in error bars
that are approximately the same size as the symbols that are used
to represent experimental data. For this reason, error bars are not
included in these figures.

The tortuosity of the support is used as a fitting parameter to
correlate experiment and model, and is set to a value of 5.8 for
the CoorsTek Ni-YRSZ anode support (Table 1). This value is deter-
mined for a single flow rate, and is then held constant for the
remaining transport and reforming simulations. Strong agreement
is found between experimental results and model predictions.
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Fig. 4. Results for CO,-transport experiments on a Ni-YRSZ support: exhaust-gas
composition in (a) fuel-exhaust stream; and (b) electrolyte-exhaust stream. Exper-
imental results are represented by symbols, while model results are shown as lines.

Some measure of catalytic activity is evident in these CO,-
transport experiments. If the CO, experiments were fully inert,
hydrogen mole fraction would range between the 1.75% H, fed
to the electrolyte channel and the 3.5% H, fed to the fuel chan-
nel. However, very little hydrogen (<1%) is found in the exhaust
gases from either channel over all flow rates. Additionally, sig-
nificant CO formation (~2%) is observed. These experimental
results indicate the occurrence of the reverse water-gas shift
(CO, +Hy; — CO+H;,0), where CO, reacts with the small amount
of H, present in the forming gas to produce steam and CO. Gas-
transport tests are therefore not entirely inert. In order to accurately
model the gas-transport tests, the heterogeneous chemistry must
be included in these simulations, as has been done in the model
results shown in Fig. 4.

The computational model can be probed to provide additional
insight into the gas-transport processes within the Ni-YRSZ sup-
port. Fig. 5 shows a contour plot of the CO, diffusion within the
support at the 75mLmin~! flow-rate condition. The thickness of
the anode support has been scaled by a factor of eight to enable
better visualization of the CO, field across the porous structure.
Again, CO, is introduced on the electrolyte side, and diffuses to the
fuel side through the anode support. The CO,-concentration field
shows balanced diffusion across the anode structure, with higher
gradients found near the inlets. While some reverse water-gas shift
chemistry occurs under these conditions, the overall effect on the
CO, concentration field is limited.
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Fig.5. Model-predicted CO,-concentration field through the Ni-YRSZ support at the
75 mLmin~" flow rate. The support thickness (vertical direction) has been scaled by
a factor of eight.

4.1.2. CH4dry reforming

After completion of CO, gas-transport experiments, CHy dry-
reforming experiments are conducted. The fuel channel is fed with
a 20:80 CH,4:forming-gas mixture, while the electrolyte channel is
fed with a 50:50 CO,:forming-gas mixture. Experimental and com-
putational results are shown in Fig. 6. As in the transport results,
experimental repeatability is very good, with error bars that are
approximately the same size as the symbols that represent exper-
imental data.
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Fig. 6. Exhaust mole fractions from CH,4 dry-reforming experiments on the Ni-YRSZ
anode support: gas composition of (a) fuel-exhaust stream; and (b) electrolyte-
exhaust stream. Experimental results are represented by symbols, while model
results are shown as lines.
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Fig. 6 shows that the Ni-YRSZ anode is highly active for methane
dry reforming. Reactant conversion and product formation is higher
at the lower flow rates and longer residence times. The high hydro-
gen concentration (nearly 10% at longer residence times) and low
methane concentration (<5%) in both exhaust streams indicate high
catalytic activity of the CoorsTek anode support. A small amount
(<3%) of CHy4 diffuses unreacted through the Ni-YRSZ support into
the electrolyte channel, indicating that the chemistry does not
reach equilibrium, and is kinetically limited. Analysis of the rates
of production for the multiple reactions in the kinetic mechanism
indicates that the rate-limiting step is the hydrogen abstraction
from the surface-adsorbed CHy, in keeping with the studies of Wei
and Iglesia [31].

The model and experiment agree well for all species present,
indicating that the kinetic model accurately captures the internal-
reforming processes. Catalyst specific surface area is used as a
model fitting parameter; once set, it is held constant for all flow
rates. In this case, a value of 150,000m~! is used. The experi-
mental hydrogen concentration profiles are somewhat flatter than
those predicted by the model, possibly due to upstream diffusion
of hydrogen at lower flow rates.

Fig. 7 illustrates diffusion and reforming processes within the
anode at the 75mLmin~! flow-rate condition. Composition fields
vary significantly from those of the inert-diffusion case presented in
Fig. 5 due to the coupled and competing effects of gas-transport and
internal-reforming processes. For the long-residence-time condi-
tion shown, methane concentration (Fig. 7(a)) is low but non-zero
through most of the support. Gradients are highest near the
inlet. Higher H, concentrations (Fig. 7(b)) are found closer to the
fuel channel, where CH4 content is the highest. H, concentration
increases steadily with axial position, indicating active reforming
reactions throughout the length of the support. This H,-field illus-
trates how internal reforming can enable better distribution of
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syngas and more-uniform current density across the length of an
SOFC.

4.2. Effect of anode thickness

Species mass-transport rates through the porous support can
be increased by reducing the support thickness. This also reduces
the residence time of gases within the catalytically active support,
potentially decreasing the extent of internal reforming. To study
this further, CO,-transport and CH, dry-reforming results are com-
pared for CoorsTek Ni-YRSZ supports of 0.79-mm and 1.45-mm in
thickness. Numerical simulations use identical physical properties
for the two supports, including porosity, pore radius, tortuosity, and
catalyst surface area (Table 1); the only difference is the support
thickness.

CO,-transport results are shown in Fig. 8(a), and dry-reforming
results are shown in Fig. 8(b). The more-facile diffusion through
the thinner anode results in a nearly 50% increase in CO, in the
fuel-exhaust stream (Fig. 8(a)). However, the increased transport
across the support does not result in greater syngas formation, with
lower CO and H; concentrations found in the electrolyte exhaust
of the thinner support (Fig. 8(b)). Higher methane concentrations
are also observed in the electrolyte exhaust stream for the thinner
support. This reduced syngas formation is indicative of the kinetic
effects of internal reforming within the porous support structure.
While increased gas transport is generally desirable in SOFC sup-
ports, adequate residence time within the structure is needed to
achieve high methane conversion and syngas formation.
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The agreements between model and experimental data are very
good for transport of CO, (Fig. 8(a)), the conversion of CH4 (not
shown), and the selectivity to hydrogen (Fig. 8(b)). However, the
model significantly overpredicts CO formation in the thinner sup-
port (Fig. 8(b)). Similarly, CO, (not shown) is under-predicted,
which is consistent with a closed carbon balance. As the gas trans-
port, methane conversion, and hydrogen selectivity appear to be
well characterized, the inconsistencies in predicting CO and CO,
species may speak to the limitations of the kinetic mechanism.
The mechanism was initially developed and validated to describe
steam-assisted catalytic partial oxidation of methane in small-
channel monolith reactors using Ni supported on alumina [21].
The materials, reforming conditions, and geometries used in this
study are clearly quite different from those for which this mech-
anism has been validated. YSZ itself also has catalytic activity for
methane conversion [32], and may contribute to the differences
observed in Fig. 8(b). Although the model and experimental data
differ with regard to these species, the model-derived insight on
SOFC internal-reforming processes and its dependence on anode-
support structure is quite valuable.

4.3. Comparison of metallic and Ni-YRSZ supports

Fig. 9 shows a comparison of gas-transport and internal-
reforming behavior of the PLANSEE ITM porous metal support to
the 1.45-mm thick CoorsTek Ni-YRSZ support. The morphologi-
cal properties used in computations are provided in Table 1. As
seen in Fig. 9(a), gas transport is only slightly higher for the metal
support, despite a significantly more-open pore structure in com-
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Table 3

Morphological properties utilized in anode-functional-layer simulations.
Property Metallic support Ni-YSZ AFL
Porosity 41.7% 30%
Mean pore radius (m) 8.6 0.3
Mean particle diameter (j.m) 65 0.3
Catalyst surface area (m~1) 0 400,000
Thickness (mm) 1.0 0.03/0.1
Tortuosity 10.1 3.0

parison to the Ni-YRSZ support (Fig. 1). Internal reforming is found
to be negligible in the metal support (Fig. 9(b)). Very low H, and CO
mole fractions are found in the electrolyte-exhaust streams from
the metal support, with no flow-rate dependence observed.

Model results are also shown in Fig. 9; these are obtained by
setting the active catalyst surface area within the metallic supports
to zero. In Fig. 9(a), the model-to-experimental match is good for
the CO,-transport. Hydrogen levels shown for the metal support in
Fig. 9(b) are comparable to the H, concentration in the forming-gas
diluent. This lack of internal reforming in the ITM metallic support
motivates development of a Ni-YSZ anode functional layer to be
placed atop the ITM support, as described below.

5. Design of anode functional layers for porous-metal
supports

To fabricate a complete SOFC, the porous-metallic support is
typically coated with thin anode, electrolyte, and cathode layers.
The computational model described here can be used to design the
anode layer so that adequate internal reforming is realized. Two
separate anode functional layers are simulated, with morphological
properties listed in Table 3. The porosity, pore radius, and particle
diameter are significantly lower for the Ni-YSZ AFLs than for the
Ni-YRSZ anode listed in Table 1, reflecting the generally finer pore
structure found in anode-functional layers. The catalytically active
surface area of the AFLs is also significantly higher than that of the
CoorsTek Ni-YRSZ supports. This is possible because of the smaller
pore and particle sizes. Internal reforming from two metallic sup-
ports with 30 and 100 pm-thick AFLs are compared with that from
the bare metallic support, and the CoorsTek Ni-YRSZ support.

For this AFL-design study, models are used to simulate inter-
nal steam reforming, rather than the dry-reforming conditions
presented previously. For these steam-reforming studies, a 50%
H,0/50% FG mixture is fed to the electrolyte channel, while a 20%
CH,4/80% FG mixture is fed to the fuel channel.

The thin anode functional layers are found to have little effect on
gas transport through the ITM-alloy supports (results not shown).
However, their effect on internal reforming and syngas generation
is pronounced. Fig. 10 shows model-predicted electrolyte-side H,
mole fractions for the bare metallic support, the metallic support
with the two different functional layers, and the CoorsTek Ni-YRSZ
support. Both the 30-wm AFL and the 100-pm AFL enable signif-
icant internal reforming, with approximately 50% more hydrogen
generated by the 100-pm-thick AFL. Although the relative level
of methane reforming and hydrogen generation by either anode-
functional layer remains lower than that of the Ni-YRSZ anode
support, syngas formation is clearly much higher in AFL-coated
metallic supports than that of the bare metal support.

Fig. 11 shows the H,-concentration field throughout the metal-
lic support both with and without an AFL at the 75 mLmin~! flow
rate. Without the AFL (Fig. 11(a)), no hydrogen is generated within
the porous metal support, and the 3.5% H, present in the form-
ing gas simply diffuses through the metal support, with gradients
nearly eliminated over the first 5 mm of the channel. The presence
of the AFL results in a far-different H, field in Fig. 11(b). Hydrogen is
formed at a fairly uniform rate along the length of the channel, with
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facile H, diffusion into the the electrolyte channel, and significant
diffusion into the metallic support. For the case shown, high CH,
levels (~6%) are predicted in the electrolyte exhaust, indicating that
methane conversion is far from equilibrium in the AFL. Despite this,
the anode functional layer enables significant methane conversion
and syngas formation in metal-supported SOFCs.

Zhu and Kee [33] have shown that the AFL-morphology can
significantly affect the length of the charge-transfer region at
the anode-electrolyte interface, with charge-transfer processes
extending up to 20 wm from the electrolyte into the AFL. The results
shown in Figs. 10 and 11 indicate that a thicker AFL could be bene-
ficial in applications where methane internal reforming is critical.
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6. Conclusions

In this paper, the gas-transport and methane internal-reforming
processes of Ni-YSZ and ferritic-steel SOFC supports are com-
pared. The Ni-YSZ supports are fabricated from ceramic powders
developed by CoorsTek, Inc. The ferritic-steel supports are pro-
vided by PLANSEE SE. Supports are characterized using the unique
Separated Anode Experiment that decouples gas-transport and
internal-reforming chemistry from electrochemical phenomena.
A two-dimensional computational model is utilized to interpret
experimental results.

The open pore structure, large pore diameter, and decreased
thickness leads to moderately higher gas transport through the
ferritic-steel support in comparison to the Ni-YSZ support. How-
ever, the PLANSEE support shows virtually no catalytic activity for
methane internal reforming, while the Ni-YSZ support is highly
active. This lack of internal-reforming in the metallic support moti-
vates the application of the computational model toward design of
a Ni-YSZ anode-functional layer (AFL) to be placed atop the metal-
lic support. Model results indicate that anode functional layers
enable significant internal reforming and syngas formation, though
methane conversion is lower than observed a complete Ni-YSZ
anode support. The tools and methods presented here may be used
for further design optimization of next-generation SOFC supports
and architectures.
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