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ABSTRACT

This paper presents a unique demonstration of anode barrier-layer technology in a tubular solid-oxide
fuel cell (SOFC) architecture. The anode barrier layer is a chemically inert, porous ceramic tube that is
positioned within the inside diameter of the tubular SOFC, separating the catalytically active anode from
the hydrocarbon-carrying fuel stream. This porous tube reduces the respective diffusion rates of reac-
tants and products into and out of the anode. This increases the local concentration of electrochemically
produced steam and carbon dioxide throughout the anode, resulting in higher local steam-to-carbon
ratios that enhance the selectivity of internal-reforming reactions toward hydrogen and carbon monox-
ide over the formation of deleterious carbon deposits. In this study, stable electrochemical performance
is demonstrated under a simulated “biogas” fuel stream (63% CH4/34% CO,/3% H,0) over 12 days of con-
tinuous operation. The performance of the barrier layer-equipped SOFC is characterized under biogas
and hydrogen fuels, and compared to the performance of an SOFC without a barrier layer. While some
decrease in power density is evident with the presence of a barrier layer, the performance decrease at
0.7V is modest. Morphological characterization after performance testing reveals no evidence of carbon
deposition within the anode or barrier layer. These results demonstrate the potential of barrier-layer
technology in tubular solid-oxide fuel cell architectures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

This paper presents a unique application of anode barrier-layer
technology in a tubular solid-oxide fuel cell (SOFC) architecture.
The anode barrier layer (Fig. 1) is a chemically inert, porous ceramic
tube that is positioned within the inside diameter of the tubular
SOFC, separating the catalytically active anode from the hydrocar-
bon fuel stream. This porous tube acts to reduce the respective
diffusion rates of reactants and products into and out of the anode.
This increases the local concentration of electrochemically pro-
duced steam within the porous anode structure, and higher local
steam-to-carbon ratios that enhance the selectivity of internal-
reforming reactions toward hydrogen and carbon monoxide over
the formation of deleterious carbon deposits. By promoting steam-
reforming reactions over solid-carbon reactions, the barrier layer
widens the safe operating windows of hydrocarbon-fueled solid-
oxide fuel cells.

Stable SOFC operation under hydrocarbon fuels is well docu-
mented [1-6], and remains one of the most desirable attributes of
high-temperature solid-oxide fuel cells. In typical ceramic-metallic
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composite anode supports, comprised of yttria-stabilized zirco-
nia and nickel, direct operation on hydrocarbon fuels is enabled
through nickel-catalyzed steam-reforming reactions between the
supplied fuel and steam generated through electrochemical reac-
tions underway at the triple-phase boundaries. As shown in the
inset of Fig. 1, steam diffuses from the anode-electrolyte interface
through the porous anode support to the fuel channel, encountering
and catalytically reacting with hydrocarbon fuels that counter-
diffuse into the anode support from the fuel channel. Many catalytic
reactions on the nickel surface are possible between the steam
and hydrocarbon reactants; higher local steam-to-carbon ratios
enable a high selectivity to hydrogen, carbon monoxide, and carbon
dioxide, and reduce the likelihood of deleterious carbon-deposit
formation [5-8]. Solid-carbon formation within the anode reduces
the number of catalytically active nickel sites, and eventually
causes fracture and catastrophic failure of the membrane-electrode
assembly (MEA).

A common strategy for using hydrocarbon fuels with solid-
oxide fuel cells is to reform (or partially reform) the fuel to syngas
(CO/CO,/Hy) upstream of the SOFC using a steam reformer or
catalytic-partial-oxidation reactor [9]. Upstream reforming widens
the deposit-free operating windows for the SOFC, but adds balance-
of-plant hardware and cost, and reduces both cell and system
efficiency [9]. Alternatively, a portion of the hot anode-exhaust
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Fig. 1. Illustration of an anode-supported tubular SOFC equipped with a barrier
layer. An inset illustrates steam reforming of a hydrocarbon fuel within the anode
support.

gases may be recycled to increase product concentrations in the
anode [10-13]. This approach requires a high-temperature blower
to re-circulate exhaust gas, for which development remains a chal-
lenge [9].

Lin et al. [14,15], have shown the effectiveness of anode bar-
rier layers or, “diffusion barriers,” for widening the operating
windows for hydrocarbon fuels in small, planar, “button-cell”
SOFC configurations. “Integrated-planar” or “segmented-in-series”
architectures also present an example of barrier-layer technology
in which the support structure acts as a barrier layer [16,17]. Com-
putational modeling by Zhu et al. [9] has suggested competitive
performance for a barrier-layer design in comparison to an anode-
recycle design, as the barrier-layer design requires only a single
pass of fuel. Model results also show that the barrier-layer archi-
tecture results in a more-uniform thermal profile over the length
of the tubular SOFC, reducing the potential for hot or cold spots
near the SOFC inlet. The maximum power density is decreased
due to increased gas-transport losses induced by a barrier layer
[9], but at fairly modest levels, highlighting the more-uniform cur-
rent density over the length of the SOFC that is a result of the
barrier-layer architecture. While these results from Zhu et al. [9]
show the promise that anode barrier-layer technology holds for
tubular SOFCs, demonstrations to date have been limited to planar
button-cell configurations [14,15].

This study integrates barrier-layer technology into a tubu-
lar solid-oxide fuel cell architecture, with continuous operation
demonstrated on a simulated “biogas” fuel stream. Biogas is a
byproduct of the anaerobic-digestion processing that is commonly
utilized for bio-remediation of solid wastes, and is widely used
at municipal wastewater-treatment plants (WWTPs). The com-
position of biogas can vary substantially across facilities [18,19],
but primarily consists of methane and carbon dioxide, with
trace amounts of steam, oxygen, and nitrogen, and ppm-levels
of contaminants [20]. These contaminants (e.g. sulfur-containing
species, siloxanes, etc. [21-24]) can be removed with commercially

available gas-cleaning technologies, resulting in a composition of
approximately 65 mol% CH4 and 35 mol% CO,.

A large wastewater-treatment facility (~200 million gallons
per day) may continuously generate 15 MW of this low-quality
methane stream (based on the higher-heating value of CHy),
presenting a considerable opportunity for electricity generation.
Conversion of WWTP-generated biogas presents an ideal applica-
tion of fuel-cell technology. Both the WWTP electric loads and the
biogas-generation rate are fairly consistent, minimizing the load-
following requirements of the electric generator. Indeed, many
molten-carbonate and phosphoric acid fuel-cell systems have been
installed at WWTPs [20,24-26].

Solid-oxide fuel cells offer advantages in comparison to these
conversion methods due to their higher electrical efficiency,
internal-reforming capability, opportunity for co-generation of
high-quality waste heat, and potential for low system cost. Though
solid-oxide fuel cell operation on biogas has been demonstrated
[5,6,27-33], carbon-deposit formation has proven to be prob-
lematic. This work seeks in part to address deposit-formation
issues through use of barrier-layer technology, as described
subsequently.

2. Materials and methods

In this study, a tubular solid-oxide fuel cell (Protonex Tech-
nology Corp.) is equipped with a chemically inert porous barrier
layer following the assembly approach shown in Fig. 1. The Pro-
tonex SOFC utilizes materials that are fairly common in the SOFC
community; the anode is a ceramic-metallic composite comprised
of nickel and 8-mol% yttria-stabilized zirconia (YSZ), and provides
mechanical support for the device. The electrolyte also utilizes YSZ,
and the cathode is a composite of lanthanum strontium manganate
(LSM) and YSZ. The outside diameter of the cell is 10.3 mm, and
the cathode length is 16.0 mm, corresponding to a 5.18 cm? active
area.

The barrier layer that is placed within the inner diameter of the
tubular cell is comprised of 80 wt.% lanthanum-doped strontium
titanate (Srgglag,TiO3 — SLT, Fuelcellmaterials.com) and 20 wt.%
YSZ (Tosoh). SLT and YSZ are essentially chemically inert with
respect to biogas fuel; other inert porous ceramic materials could
also be utilized. While SLT displays a modest electronic conduc-
tivity [34,35], this materials-performance feature is not harnessed
in this tubular barrier-layer fuel-cell assembly. Current collection
is accomplished using nickel and silver mesh on the anode and
cathode, respectively, as shown in Fig. 1.

The porous, tubular barrier layer is formed from a slurry com-
posed of a SLT-YSZ oxide suspension using a binary combination
of pore formers. The slurry composition is shown in Table 1. The
pore formers include a 1:1 mixture of carbon black (Cabot, Vul-
can XC72R) and 6-pm-diameter poly(methyl methacrylate) beads
(PMMA, Calibre CA-6, Microbeads). The total amount of pore former
added is 30 vol.% of oxide.

An oxide-PMMA suspension is dispersed separately from a
carbon-black suspension. This separate dispersion prevents the

Table 1

Slip cast formulation.
Chemical Purpose Quantity
De-ionized water Oxide solvent 40vol.%
Oxide (SLT/YSZ) Oxide 60vol.%
Darvan C Dispersant 4wt.% of oxide
PMMA Pore former 15vol.% of oxide

Deionized water
Carbon black
PVP10

PEG

Carbon black solvent
Pore former

Carbon black dispersant
Binder

5x wt.% of carbon black
15vol.% of oxide

5 wt.% of carbon black
1.5 wt.% of oxide
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Fig. 2. Viscosity of SLT-YSZ anode-support slip at 25°C.

oxide phase from adsorbing and stripping dispersant from the car-
bon black; such stripping can result in an unstable suspension that
is not suitable for casting. The dispersant for the oxide-PMMA sus-
pension is ammonium polymethacrylate in water (Darvan C, R.T.
Vanderbilt Company), and the dispersant for the carbon-black sus-
pension is polyvinylpyrrolidone (PVP-10, Sigma-Aldrich). These
suspensions are ball-milled separately for 12 h, after which they
are combined and ball-milled for another 24 h. The slurry formu-
lation, as shown in Table 1, is fairly standard [36], except for the
ratio of oxide dispersant to oxide, which is about three times more
than what s theoretically required for stable dispersion. The excess
oxide dispersant provides greater particle surface coverage, which
prevents the oxide-PMMA suspension from affecting the stability
of the carbon-black suspension.

A binary combination of pore formers allows for a robust fabri-
cation process. If PMMA is used alone as a pore former, problems
arise during sintering; the polymer transitions into a glassy, viscous
phase before burnout that may lead to significant part deformation
during sintering. Alternately, dispersing a sufficient amount of car-
bon black to act as a solitary pore former is difficult, and leads to
problems with slurry stability. An unstable slurry may cause crack-
ing in the slip-cast part during drying, prior to high-temperature
sintering. These problems are avoided while fabricating a high
porosity SLT-YSZ barrier layer with the use of a binary combination
of PMMA and carbon-pore formers.

The viscosity of the slip is measured with a Brookfield LVDVE115
viscometer, using the #62 spindle. Fig. 2 shows the viscosity of
the cast slip over a range of shear rates. The non-linear response
indicates non-Newtonian, shear-thinning behavior that is typi-
cal of colloidal suspensions. At higher shear rates, the viscosity
approaches 300 cP, which is acceptable for slip casting [37].

Prior to casting, the slip is placed in a vacuum chamber for
an hour to remove air bubbles. The slip is mixed on a stir plate
until it can be poured into a porous plaster mold, where it is
allowed to set for 5 min. The remaining slip is removed from the
mold, and the green part is allowed to dry overnight within the
mold.

The resulting part is released from the mold, and sintered
in a furnace (DelTech DT-29-TH-M-10-E2404). The sintering
profile includes a 3-h polymer-burnout step at 300°C, with high-
temperature sintering at 1475°C for 1h. Modest heating and
cooling rates (<3°Cmin~1) are utilized throughout the sinter-
ing process. The resulting tubular barrier layer has an outside
diameter of 6.40mm, and a wall thickness of 0.55mm. Open
porosity is 38% with fairly fine pores of about 0.6 wm in diam-
eter, as measured through mercury porosimetry (Micromeritics
AutoPore IV 9500).

The SLT barrier layer is then wrapped with a Ni-mesh cur-
rent collector (100 x 100 mesh, Unique Wire Weaving, Inc.), and
inserted into the 8.3mm inside diameter of the SOFC. Cath-
ode current-collection is accomplished by painting the cathode
with Ag-paste, and wrapping it with 20-gauge Ag-wire. The SOFC
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Fig. 3. Process flow diagram of SOFC electrochemical test station.

assembly is then manifolded to alumina tubes using alumina paste
(Cotronics Resbond 989FS) for sealing and mechanical support at
operating temperatures.

The performance of the barrier-layer-equipped solid-oxide fuel
cell is quantified under hydrogen and biogas fuels. For comparison,
the performance of a similar Protonex SOFC without a barrier layer
is also characterized, as described subsequently.

3. Electrochemical performance testing

The operation of tubular SOFCs with and without barrier-layer
structures is characterized using an electrochemical test stand.
A process flow diagram of the test apparatus is presented in
Fig. 3. After installation of the SOFC assembly into the test stand,
the assembly is heated in a furnace (Applied Test Systems) at a
modest ramp rate of 1°Cmin~! to an operating temperature of
850°C under a humidified forming gas fuel stream (94% Ar/3%
H,/3% H,0). Humidification is achieved by passing the forming gas
through a room-temperature bubbler. The fuel and temperature
conditions are held constant for about 6 h, until stable electrochem-
ical performance is observed, indicating that the electronically
insulative nickel(Il) oxide within the anode has been reduced to
nickel.

After reduction, SOFC performance is first measured under
humidified hydrogen fuel (97% H,/3% H,0O). This initial perfor-
mance under hydrogen fuel is used as a benchmark for cell
performance; additional performance measurements under H; fuel
are taken after operation under biogas in order to observe cell
degradation.

After completing initial experiments under hydrogen fuel,
humidified biogas (63% CH4/34% CO,/3% H,0) is synthesized and
fed to the SOFC assembly. Gas flow rates are maintained using
Hastings Teledyne mass flow controllers (MFC); flow rates are
sufficiently high to prevent any significant decrease in fuel concen-
tration along the axial length of the cell. Such “flooded” conditions
provide a rigorous coking test, as the concentration of elec-
trochemically produced steam is fairly low, potentially favoring
carbon-forming over syngas-forming reactions within the Ni-YSZ
anode support. High fuel-utilization conditions can result in ele-
vated steam concentrations within the anode support that could
cause deleterious re-oxidation of the nickel phase. Such conditions
are not examined as part of this work.

Polarization characterization is conducted using a Chroma 6130
electronicload, interfaced with National Instruments LabView soft-
ware. A Gamry FC350 impedance analyzer and a TDI Dynaload
RBL488 electronic load are utilized for electrochemical impedance
spectroscopy (EIS) measurements.

After electrochemical performance testing, the Protonex SOFC
and barrier layer are examined using electron microscopy for obser-
vance of carbon deposition. Analysis is carried out using an FEI
Quanta 600i environmental scanning electron microscope (SEM),
with energy-dispersive X-ray spectroscopy (EDX) capability.
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Fig. 4. Electrochemical performance of a tubular SOFC with and without an inert
barrier layer. Fuel is humidified hydrogen under flooded conditions; operating tem-
perature is 850°C.

4. Results and discussion
4.1. Performance and stability

Stable electrochemical performance is observed after approxi-
mately 6 h of operation under humidified forming gas fuel. Fig. 4
compares the performance of tubular SOFCs under hydrogen fuel
with and without a barrier-layer structure in place. The presence
of the barrier layer within the tubular SOFC is found to reduce elec-
trochemical performance; the maximum power density decreases
from 0.331 W cm~2 to 0.264 W cm~2. However, at a more-practical
cell potential of 0.7V, the power density is found to decrease only
slightly (less than 7%), from 0.208 W cm—2 to 0.193 W cm~2. These
results indicated that overpotentials due to gas-transport become
significant in the barrier-layer-equipped SOFC at current densities
that are significantly lower than found in the conventional architec-
ture. As the barrier layer is intended to increase the concentration of
exhaust products in the anode, it consequently decreases the rate
that fuel is transported into the anode, increasing concentration
polarization. While this can be substantial at high overpotentials,
the decrease in performance appears to be modest at a cell potential
of 0.7 V.

The operational stability of the barrier-layer-equipped SOFC
is investigated with galvanostatic endurance tests; results are
shown in Fig. 5. Reasonably stable performance is demonstrated
at 0.20Acm2 over 160h (~6.7 days) of operation. The current
density is then reduced to 0.15Acm~2; stable operation is again
observed over an additional 50 h (2.1 days). Finally, current density
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Fig. 5. SOFC stability over twelve days of operation under biogas fuel.
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Fig. 6. Barrier-layer-equipped SOFC polarization before and after biogas operation,
using humidified hydrogen fuel at 850°C.

is further reduced to 0.10Acm~2, with stable operation observed
over an additional 70 h (2.9 days) of operation.

Operation at lower current densities increases the likelihood of
deposit formation; the generation rate of electrochemically pro-
duced steam and CO, is directly proportional to the current density,
so the fuel in the anode is less diluted with products at lower cur-
rent densities. Despite the low current densities shown in Fig. 5,
degradation in cell potential is found to be quite modest: 0.0085,
0.0130,and 0.0086%h~1at0.20,0.15,and 0.10 Acm~2, respectively.

Performance degradation is also quantified during the 280 h of
biogas operation by periodically switching the fuel stream from
simulated biogas to humidified hydrogen, and measuring polar-
ization characteristics. Results are displayed in Fig. 6. After 15h
of biogas operation, the maximum power density under humid-
ified hydrogen fuel degrades from 0.264 to 0.244 W cm~2. After
280 h, the maximum power is reduced to 0.233 W cm~2. The power
density at a potential of 0.7V degrades 11.6% from 0.215 to
0.190Wcm~2 after 15h of biogas operation, and after 280h, is
reduced another 1.6 % to 0.187 W cm~2. While this performance
degradation is far from negligible, it does not appear to be due to
deposit formation within the anode support, as evidenced by the
electron micrographs shown in the following section.

4.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is utilized to compare
the physical and chemical processes underway while operating on
humidified hydrogen and biogas fuels. The electrical impedance
spectrums for a barrier layer equipped SOFC operating on each fuel
are shown in Fig. 7. Measurements are performed using a Gamry
FC350 impedance analyzer and a TDI Dynaload RBL488 electronic
load.
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Fig. 7. Nyquist plots during biogas operation and hydrogen operation at 850 °C and
0.10Acm—2.
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Fig. 8. Electron micrographs of fracture cross-sections after 280 h of operation on
biogas fuel, and 900 total hours of operation; (a) membrane-electrode assembly and
(b) barrier layer. No carbon-deposit formation is observed in either image.

The high frequency intercepts in Fig. 7 correspond to ohmic
losses in the SOFC, which are dominated by ion transport through
the electrolyte. Ohmic losses are found to increase slightly under
biogas operation. This is attributed to decreases in local cell tem-
perature due to the endothermicity of methane internal-reforming
reactions. This temperature decrease leads to slightly lower ionic
conductivity in the YSZ electrolyte, and a modest increase in ohmic
loss.

An additional arc is present at frequencies less than 150 mHz in
Fig. 7 during biogas operation that is not present during hydro-
gen operation. Kromp et al. [38] were the first to report this
process for a reformate-fuelled solid-oxide fuel cell. The process
is attributed to the coupling of the water-gas shift reaction and
gas-phase transport within the anode, and is precisely modeled
as a resistor and a quasi-capacitor circuit element in a parallel
arrangement.

4.3. Morphological characterization

After 900 h of performance testing, the tubular SOFC/barrier-
layer assembly is cooled to room temperature, removed from the
test stand and fractured. High-resolution electron micrographs of
the fracture cross sections are shown in Fig. 8. The micrographs
and EDX measurements (not shown) reveal no evidence of car-
bon deposition within the Ni-YSZ anode support or the barrier
layer.

5. Conclusions

This paper demonstrates a unique integration of barrier-layer
technology into a tubular solid-oxide fuel cell architecture. An
inert, porous barrier layer comprised of lanthanum-doped stron-
tium titanate (SLT) and yttria-stabilized zirconia (YSZ) is inserted
within the inner diameter of an anode-supported, tubular solid-
oxide fuel cell comprised of a Ni-YSZ anode, YSZ electrolyte, and
LSM-YSZ cathode. Stable operation is observed over 280 h of oper-
ation at 850°C under humidified biogas fuel (63% CH4/34% CO, /3%
H,0). Performance degradation is found to be modest (on the order
of 0.01%h~1) at a current density as low as 0.10 A cm~2. The perfor-
mance of the barrier-layer-equipped SOFC is characterized under
biogas and hydrogen fuels, and compared to the performance of an
SOFC without a barrier layer. While some decrease in power density
is evident due to the presence of the barrier layer, the performance
decrease at 0.7V is limited. Morphological characterization after
performance testing reveals no sign of carbon-deposit formation.
These results demonstrate the potential of barrier-layer technology
in tubular solid-oxide fuel cell architectures.
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