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Introduction

Metal-supported solid oxide fuel cells (MS-SOFCs) display
a number of advantages over conventional all-ceramic
SOFCs, including low-cost structural materials (e.g., stainless
steel), mechanical ruggedness, excellent tolerance to redox
cycling, and extremely fast start-up capability. Challenges for
MS-SOFCs include: oxidation of the metal support, especial-
ly at 800 8C and higher; the possibility of stainless steel exac-
erbating Cr poisoning of the cathode catalyst ; fabrication-
and material-set restrictions arising from the requirement
that stainless steel be sintered in reducing atmosphere; and
only moderate performance and lifetime have been demon-
strated to date. These issues, and various approaches to over-
come the challenges, have been discussed in detail in the lit-
erature.[1–5]

These advantages and challenges suggest that MS-SOFCs
may be well suited for portable, ruggedized, fast-start, inter-
mittent-fuel, or other unique and innovative applications.
MS-SOFC stacks have been developed for direct placement
in charcoal cooking stoves,[6,7] home-scale combined heat and
power,[8] and propane-fueled personal device chargers,[9] all
applications where conventional all-ceramic SOFCs have
limitations. Nissan has developed the worldQs first light-duty
prototype vehicle with a conventional SOFC stack for cruis-
ing range extension, fueled by bio-ethanol reformate.[10] Be-
cause of the desire for rapid-start capability, developing MS-
SOFC cell and stack technology for this vehicular application
is a priority. The small-volume allowance for the SOFC stack
on board a small vehicle furthermore demands high power
density from the MS-SOFC.

This work is an extension of our previous efforts develop-
ing co-sintered, yttria-stabilized zirconia (YSZ)-based MS-
SOFCs with porous metal supports on both anode and cath-
ode sides and catalysts deposited into both electrodes
through infiltration.[11–14] These features provide for a me-
chanically rugged cell that can be processed with low-cost

scalable techniques and high-surface-area catalysts with ex-
cellent performance by avoiding interdiffusion or catalyst
coarsening during cell sintering.[1] To support the vehicular
application, in this work catalyst infiltration processing for
MS-SOFCs is further developed to dramatically increase
power density. The goal is to increase cell performance by
improving infiltration of conventional catalyst compositions
(lanthanum strontium manganite (LSM), Ni, doped ceria)
into electrode backbones of conventional YSZ. This is ac-
complished by optimizing various aspects of the infiltration
process, including precursor composition, catalyst loading,
crystallization temperature, and method of introducing the
precursor into the porous electrode backbone. Selection of
an improved active material composition will be the subject
of future work.

Results and Discussion

Cell structure

The metal and YSZ backbone structure of the MS-SOFC,
without infiltrated catalysts, is shown in Figure 1 a and b.
Cells were laser-cut from laminated tape-cast layers and can
be fabricated in a range of sizes and shapes. Lab-scale cells
of 30 mm diameter and 1–4 cm2 active area with infiltrated
catalysts are used throughout this work. As cell performance
increased, a smaller active area was used to keep the maxi-
mum current within the limit of the potentiostat. Previous
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experiments indicated that cell performance is independent
of active area in this range. The cross-section SEM images
reveal a highly porous metal support on both sides of the cell
surrounding the thin active ceramic layers. The dense YSZ
electrolyte layer is approximately 10 mm thick. Mechanical
interlocking between the rough metal surface and porous
YSZ electrode layers provides adequate bonding to maintain
cell integrity. Suitable pore-former loading in the porous
YSZ electrode layers allows infiltration of the catalyst
throughout the layer and gas transport during operation
without sacrificing mechanical integrity of the electrode. Fig-
ure 1 c shows the LSM catalyst deposited within a pore in the

YSZ electrode layer. The LSM adheres to the pore wall,
leaving pore space open for gas transport. The primary cata-
lyst particles are about 50–100 nm in size.

As can be seen clearly in Figure 1, the stainless steel-and-
YSZ cell architecture is symmetric. This suggests that small
differences in sintering rate or coefficient of thermal expan-
sion between the stainless steel and YSZ do not lead to
warping of the cell. We anticipate this will be an advantage
for deployment of large MS-SOFC stacks, where large ther-
mal gradients can be expected during fabrication and opera-
tion.

Baseline performance

A baseline cell using LSM as cathode and yttria-doped ceria
mixed with nickel (YDCN) [80:20 v/v] as anode was assem-
bled using Lawrence Berkeley National Laboratory
(LBNL)Qs existing standard infiltration technique. The choice
to use an anode composition with doped ceria and minimal
amount of Ni arises from the rapid coarsening observed for
infiltrated Ni when using hydrogen as fuel.[12] The per-
formance with hydrogen as fuel is shown in Figure 2. Every

100 8C increase in operation temperature leads to roughly
a doubling of power density. The performance is similar to
previous tubular cells operated with air and hydrogen using
Ni as anode catalyst,[13] and five times better than similar
planar cells operated with charcoal fuel, where gasification
of the charcoal to H2 and CO limited cell performance.[7] The
linear polarization curve suggests minimal activation or mass
transport overpotentials.

Infiltration process development

To improve performance beyond that discussed in the sec-
tions above, a systematic variation of several features of the
infiltration process was undertaken. The intention was to
identify those features that have a large impact on cell per-
formance, and optimize them.

Figure 1. SEM images of (a, b) polished cross section of MS-SOFC structure
after sintering and before catalyst infiltration and (c) cathode pores after infil-
tration of LSM.

Figure 2. Polarization performance of baseline cell with LSM infiltrated twice
(2 W) and YDCN 2 W calcined at 600 8C.
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Precursor solution composition

The catalyst precursor salts melt in the range 37–96 8C
(except strontium nitrate, which must be dissolved), allowing
a highly concentrated molten-salt bath to be prepared by
heating to around 100 8C.[15] Addition of water to the salt
mixture, however, greatly enhances the ability to prepare
a clear, low-viscosity, low surface-tension solution that re-
mains a liquid over a large temperature range, making it
easier to infiltrate into the cell. The trade-off is that water
addition dilutes the precursor, resulting in less catalyst de-
posited within the cell for each infiltration cycle. Precursors
with 20 wt % additional water (“concentrated”) and
100 wt % additional water (“diluted”) were assessed. As
shown in Figure 3, the best performance was found for con-

centrated LSM and diluted YDCN. This is consistent with
the observation that LSM precursor melts around 65 8C (far
below the infiltration temperature of 90 8C); thus, excess
water is not needed to keep it from solidifying. In contrast,
dry YDCN precursor melts at around 85 8C; as a result, it
can easily crystallize before infiltration is complete if the cell
temperature decreases by a few degrees. It was later found
that 40 wt % water addition to the YDCN anode precursor is
sufficient to prevent crystallization during infiltration, which
was used for optimized cell fabrication.

Previous work at Lawrence Berkeley National Laboratory
used samaria-doped ceria (SDC), whereas yttria-doped ceria
(YDC) was used at Point Source Power.[6,7] Both dopants
were compared here, and the results are shown in Figure S1
in the Supporting Information. SDC gave rise to marginally
higher performance and was therefore selected for all follow-
ing cell fabrications. Infiltrated Ni is known to coarsen quick-
ly during operation,[12] and addition of doped ceria can stabi-
lize the Ni particles and reduce degradation rate.[16] Previous
work used a SDC/Ni volume ratio of 80:20,[7] and that ratio
is maintained here. A limited number of cells were also pro-

duced with a higher Ni content, the results of which are
shown in the Supporting Information.

Crystallization temperature

The nitrate precursors convert to oxides around 230 8C and
crystallize around 560 8C.[17] Cells are heated to 600 8C or
higher to ensure complete conversion to the desired phase.
During cell development, it was noticed that the ohmic impe-
dance of a LSM/LSM symmetric cell improved after opera-
tion in air at 850 8C, as shown in Figure 4 a and b. It is sur-
mised that higher temperature leads to improved crystalliza-

Figure 3. Impact of precursor concentration for LSM 2W and YDCN 2W with
either 20 wt % additional water (dilute) or 100 wt% additional water (concen-
trated). LSM concentrated and YDCN dilute (black squares), both dilute (red
circles), and both concentrated (blue triangles).

Figure 4. Impact of crystallization temperature. (a) Ohmic and electrode por-
tions of the impedance during heat-up and cool-down of a symmetric cell
with LSM 2W and air on both sides; (b) AC impedance spectra for this cell at
650 8C before (blue line) and after (green line) heating to 850 8C (red line).
(c) Peak power for cells with LSM 2W and YDCN 2 W where the first LSM infil-
tration (red circles), first LSM and YDCN infiltrations (black squares), or nei-
ther (blue triangles) were heated to 850 8C and subsequent infiltrations were
heated to 600 8C.
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tion or particle-to-particle sintered connection of the cata-
lysts, leading to increased electronic conductivity. Higher
temperature also leads to coarsening of the catalysts,[12] re-
sulting in lower surface area and significantly higher elec-
trode polarization impedance (Figure 4 b). Based on this hy-
pothesis, cells were fabricated with either the first cathode or
both the first anode and first cathode infiltrations heated to
850 8C to provide a good electronic network, followed by
subsequent infiltrations heated to 600 8C to provide high sur-
face area. The intended impact on conductivity was ach-
ieved: ohmic impedance was 0.89, 0.55, and 0.50 W cm@2 for
neither, cathode, and both electrode first infiltrations heated
to 850 8C, respectively. As shown in Figure 4 c, treating both
the anode and cathode first infiltrations at high temperature
significantly improved performance.

Catalyst loading

The amount of catalyst introduced by each infiltration cycle
can be estimated from the precursor and catalyst densities,
assuming complete flooding of the pores with catalyst precur-
sor. The filling factors are low: for Ni, SDC, and LSM, 3, 10,
and 15 %, respectively, of the pore volume is filled with cata-

lyst for each infiltration cycle. Addition of water further re-
duces these filling factors. Because of these low filling fac-
tors, it is desirable to infiltrate multiple times to increase cat-
alyst loading. At low loading, low catalyst surface area and
poor electronic connection between catalyst particles limits
performance. At high loading, pore filling may limit mass
transport and cost increases. To demonstrate the impact of
catalyst loading on performance, the cell power and AC im-
pedance components at 700 8C are shown in Figure 5 as
a function of the number of infiltration cycles. The ohmic im-
pedance decreases moderately with increasing infiltrations as
electronic percolation improves. For both LSM and SDC
mixed with nickel (SDCN), electrode polarization impedance
drops dramatically up to three infiltrations and then plateaus
for more infiltrations in the range studied. Therefore, three
infiltrations (3 X) were selected as optimum to balance high
performance and catalyst consumption.

Vacuum-free infiltration

Application of mild vacuum to the cells during infiltration is
common.[18] This helps remove air from the porous structure,
ensuring complete filling of the pores with catalyst precursor

Figure 5. Impact of catalyst loading. Peak power (a, c) and impedance components at 700 8C (b, d) for variation in the number of infiltrations of either LSM
(a, b) or SDCN (c, d), with the other electrode held constant at 2 W infiltrations.

Energy Technol. 2017, 5, 2175 – 2181 T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2178



in the event that capillary wetting forces are not sufficient.
Application of vacuum, however, is time consuming, removes
water from the precursor solution (thereby changing the con-
centration), and adds cost to the production process. At
LBNL it was previously proposed an alternative solvent-as-
sisted vacuum-free process wherein a solvent with low boil-
ing point and low surface tension (e.g., ethanol, acetone) is
flooded into the pores before the cell is submerged in the
catalyst precursor bath.[19] Upon contacting the hot precursor
solution, the solvent boils off and evacuates the pores, there-
by promoting flooding of the pores by precursor. That tech-
nique is applied here to assess its suitability for a processing
scheme with the goal of high cell power density.

Figure 6 shows the peak power density achieved for cells
processed with the solvent-assisted infiltration procedure and
standard procedure developed in the previous sections. Also

shown is performance of a baseline cell that had neither
vacuum nor solvent applied, but rather was simply dipped
and held in the precursor bath for the standard time, about
10 s. Both the solvent and vacuum techniques provided sub-
stantially higher performance than the simple dipping.
Although capillary forces are quite strong and can be expect-
ed to completely flood a cell dipped into a well-wetting solu-
tion, it is clear that the viscous, highly concentrated solutions
used here to minimize repetition of the infiltration procedure
require extra measures to completely flood the pores.
Although the solvent-assisted infiltration procedure is prom-
ising and may benefit from further development, it did not
exceed the standard vacuum-assisted process and so was not
pursued further in this work.

Performance of optimized cells

Optimized cells were fabricated using the best infiltration
practices determined above: LSM with 20 wt % water added
and SDCN with 40 wt % water added; SDCN rather than
YDCN; both anode and cathode heated to 850 8C on the
first infiltration cycle, and then 600 8C on subsequent cycles;

three infiltration cycles total for each side of the cell; and,
vacuum-assisted infiltration. The resulting cell performance
is shown in Figure 7 a. Dramatic improvement was achieved
relative to the baseline performance shown in Figure 2. The
1.9 W cm@2 obtained at 800 8C is the highest power density
reported for stainless-steel-supported SOFCs to date (slightly
higher power was reported for a cell with lanthanum stronti-
um gallium magnesium oxide (LSGM) electrolyte deposited
on Fe–Ni substrate).[20] These results clearly indicate the im-
portance of optimizing and controlling the infiltration proce-
dure, and it is expected that the improvements identified
here will not introduce significant additional cost, if any. Fur-
thermore, these improvements were achieved with longstand-
ing conventional SOFC active materials (YSZ, LSM, doped
ceria, and Ni). Further improvement through substitution of

Figure 6. Effect of vacuum-assisted (black squares) or acetone-assisted infil-
tration (red triangles), compared to cell simply dipped into the precursor so-
lution (blue circles).

Figure 7. Polarization performance for optimized cells with (a) LSM 3W /
SDCN 3W , and (b) SDCN 3 W /SDCN 3 W in both electrodes. (c) Comparison
of peak power density for optimized LSM/SDCN and SDCN/SDCN to results
for the baseline cell of Figure 2.
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these materials by higher-performance materials reported
more recently is the subject of future work.

Figure 7 b shows performance for a completely symmetric
cell, in which not only the YSZ and stainless steel structure
is symmetric but also in which SDCN is used as the catalyst
for both anode and cathode. This approach was used at Point
Source Power to make infiltration simpler (the cell can be
dunked in a precursor bath without any masking), remove
the need for tracking which side of the cell is which during
stack assembly, and overcome rapid degradation of the LSM
through Cr contamination in the presence of K-containing
biomass fuel.[6,7,21] Recently, symmetric MS-SOFCs with infil-
trated La0.6Sr0.4Fe0.9Sc0.1O3@d (LSFSc) on both sides achieved
0.3 and 0.65 W cm@2 at 700 and 800 8C, respectively.[22] The
performance obtained here for symmetric SDCN is slightly
higher, at 0.37 and 0.76 W cm@2 at 700 and 800 8C, respective-
ly, and is among the highest ever reported for symmetric
SOFCs of any type.[23,24] The precise mechanism of SDCN
cathode catalysis is not yet clear, and its high performance
deserves further investigation. It has been noted, however,
that nanoscale-doped ceria can present mixed conduction in
air due to the large influence of grain boundaries relative to
bulk.[25] Of course, LSM is a much better cathode catalyst
than SDCN as clearly seen in Figure 7 c, but a symmetric cell
with moderate power density may be interesting for some
applications.[23,26]

AC impedance spectra for the optimized LSM/SDCN and
symmetric-SDCN cells are shown in Figure 8 a and b. Elec-

trode polarization impedance dominates the total impedance,
suggesting that it would be fruitful for catalyst development
to achieve further performance improvement. The ohmic im-
pedance is shown in Figure 8 c. For a cell with high Ni con-
tent in the anode (SDC/Ni [20:80 v/v], discussed in Figure S2
in the Supporting Information), the total cell ohmic impe-
dance is similar to the theoretical value for the 10 mm-thick
YSZ electrolyte layer, indicating excellent electronic conduc-
tion in both electrodes. In contrast, the ohmic impedance is
roughly twice as high for the optimized cell with only
20 vol % Ni, consistent with the lower electronic conductivity
of SDC relative to Ni. The symmetric cell has significantly
higher ohmic impedance, as high-conductivity LSM is re-
placed with SDCN; both SDC and nickel oxide have rela-
tively low electronic conductivity in air.

Conclusions

Symmetric-architecture metal-supported solid oxide fuel cells
(MS-SOFCs) were fabricated by infiltrating both anode and
cathode with catalysts. Various aspects of the infiltration pro-
cess were addressed to maximize performance. Performance
was found to be sensitive to precursor dilution, catalyst load-
ing, and catalyst calcining temperature. Performance was rel-
atively insensitive to the type of used ceria dopant and ceria-
to-nickel ratio. It was found that capillary forces are suffi-
cient to introduce some catalyst into the electrodes; however,
addition of vacuum-assisted processing during infiltration
greatly improves performance. A newly developed solvent-
assisted infiltration technique was also used and found to be
more effective than capillary forces alone but not as effective
as vacuum infiltration. For an optimized cell with a
lanthanum strontium manganite (LSM) cathode and
a Sm0.2Ce0.8O2@d mixed with Ni (SDCN) anode, peak power
densities of 0.44, 1.1, and 1.9 W cm@2 were achieved at 600,
700 and 800 8C, respectively. This is about 450 % higher
power than was observed for the baseline cell before the in-
filtration process was optimized and is the highest power
density reported for stainless-steel-supported SOFCs to date.
A fully symmetric MS-SOFC with SDCN on both the anode
and cathode sides achieved peak power densities of 0.12,
0.37, and 0.76 W cm@2 at 600, 700, and 800 8C, respectively,
and is among the highest performance reported for symmet-
ric SOFCs of any type. Demonstrating rapid thermal cycling,
redox tolerance, and lifetime durability for the high-power
cells developed here is the subject of ongoing work.

Experimental Section

Green cells were assembled by laminating individual YSZ (8Y,
Tosoh) or stainless steel (P434L alloy, water atomized, Ametek
Specialty Metal Products) layers prepared by tape casting. The
layers were prepared using polymethyl methacrylate pore-former
beads (Esprix Technologies) and water-based tape-casting
binder. Individual cells were cut from a larger green sheet with
a laser cutter (Hobby model, Full Spectrum Laser). Cells were
then subjected to debinding by firing in air in a box furnace at

Figure 8. AC impedance spectra for optimized cells with (a) LSM 3 W and
SDCN 3W , and (b) symmetric SDCN 3W in both electrodes. (c) Comparison
of ohmic impedance for the optimized LSM/SDCN, SDCN/SDCN, and LSM/
SDCN with high Ni content (20SDC-80Ni) to the theoretical value for 10 mm
YSZ electrolyte layer.
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525 8C for 1 h using a 0.5 8C min@1 heat-up rate to slowly remove
the binder and pore former. Cells were sintered at 1350 8C for
2 h in a tube furnace with flowing 2% hydrogen in argon.

After sintering, cells were infiltrated by techniques described
previously[13,15] with La0.15Sr0.85MnO3@d (LSM) on the cathode
side and Sm0.2Ce0.8O2@d (SDC) or Y0.2Ce0.8O2@d (YDC) mixed
with Ni on the anode side (SDCN or YDCN). The ceria/Ni
volume ratio was 80:20, except as noted. Precursor mixtures of
metal nitrates (Sigma Aldrich) were prepared with the intended
final stoichiometric composition, with Triton-X surfactant (Sigma
Aldrich, at surfactant loading of 0.3 g per 2 g of resulting catalyst
particles) and 20–100 wt % water added to improve wetting into
the cell pores. The precursor mixture was heated to &90 8C, the
cell was submerged into it, and then mild vacuum was applied to
evacuate the cell pores. Areas of the cell not intended to be infil-
trated were coated with acrylic paint mask (Liquitex). In certain
cases, the vacuum was not applied and the cells were simply
dipped into the hot precursor solution. Cells with “solvent-assist-
ed” infiltration were flooded with acetone before being dipped
into the precursor solution. The acetone rapidly boils and evacu-
ates the cell pores, promoting infiltration of the precursor
throughout the porous structure. No external vacuum was ap-
plied in this case. After introducing the precursor into the cell, it
was fired with a 3 8C min@1 heating rate to 600 or 850 8C for
30 min in air to convert the precursor to the intended oxide
phases. Any loose catalyst was removed from the surface of the
cell by light brushing. Cells were re-infiltrated a number of times
(noted in the Figure captions, for example 2X is two infiltrations)
before operation and testing.

Complete cells were mounted to an alumina tube test rig using
ceramic adhesive paste (Aremco 552), with the anode side facing
the inside of the tube. Each side of the cell was contacted with
two platinum wires, attached with a small piece of platinum
mesh spot-welded to the wire and the cell. Cells were heated at
5 8C min@1 to the operating temperature, with ambient air outside
the tube, and hydrogen bubbled through water at room tempera-
ture flowing at 120 cm3 min@1 through the inside of the tube.
Open-circuit voltage (OCV), current-step I–V (current–voltage)
polarization, and AC impedance (at OCV, 200 kHz to 0.1 Hz)
were recorded with a multichannel potentiostat and current
booster (Biologic).
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