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bstract

Metal-supported solid oxide fuel cells (SOFCs) with thin YSZ electrolyte films and infiltrated Ni and LSM catalysts are operated in the
emperature range 650–750 ◦C. A five-layer structure consisting of porous metal-support/porous YSZ interlayer/dense YSZ electrolyte film/porous
SZ interlayer/porous metal current collector is prepared at 1300 ◦C in reducing atmosphere. This cell structure is then sealed and joined to a cell
ousing/gas manifold using a commercially available braze. Finally, the porous YSZ interlayers are infiltrated with Ni and LSM catalyst precursor

olutions at low temperature prior to cell testing. Infiltrating the catalysts after the high temperature sintering and brazing steps avoids undesirable
ecomposition of LSM, Ni coarsening, and interdiffusion between Ni catalyst and FeCr in the support. Maximum power densities of 233 and
32 mW cm−2 were achieved at 650 and 700 ◦C, respectively, with air as oxidant. With pure oxygen as oxidant, power densities of 726, 993, and
1300 mW cm−2 were achieved at 0.7 V at 650, 700, and 750 ◦C, respectively.
ublished by Elsevier B.V.
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. Introduction

Solid oxide fuel cell (SOFC) technology has achieved a very
igh level of technical refinement over more than 50 years
f development. Large stationary power plants incorporating
OFC stacks have been demonstrated throughout the world, with

mpressive technical results. The cost of today’s state-of-the-art
OFC technology remains, however, much too high to compete
ith entrenched power generation technologies. Forthcoming
etal-supported SOFCs are expected to be competitive in the

ower generation equipment market because of the strength, tol-
rance to extremely rapid thermal cycling, and reduced materials
ost that the metal-support provides.

Inexpensive FeCr-based ferritic stainless steels are the pre-
erred metallic support material due to their low cost, adequate
oefficient of thermal expansion (CTE) match with YSZ, and
ow oxidation rates suitable for the long lifetimes desired for
OFC power plants [1–6]. Balancing the competing require-

ents of longevity and performance leads us to expect an

ptimum operating temperature of 650–700 ◦C. Setting the
OFC temperature in this range also allows the balance of
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lant (BOP), manifolds, cell-to-cell joints, etc. to be made of
nexpensive stainless steels as well. This minimizes cost for
he entire system, not just the SOFC stack itself. Of course,

etal-supported SOFCs can be operated above 700 ◦C for short
eriods of time, but increasing the operating temperature even
o 800 ◦C would severely limit lifetime due to accelerated oxide
cale growth.

Introducing ferritic stainless steel to the materials set intro-
uces a number of challenges that must be overcome before
uccessful deployment of metal-supported SOFC technology.
hese challenges include Cr poisoning, achieving high per-

ormance at low operating temperature, and difficulties with
o-processing the metal-support and electrocatalysts. Poison-
ng of the cathode by Cr evolved from the steel surface has
een a long-standing concern. Much progress has been made in
he use of coatings to alleviate this problem. For instance, Top-
oe Fuel Cells has demonstrated a stack operating with coated
eCr-based interconnects that generated power for 13,000 h with
inimal degradation [7]. We address the challenges of perfor-
ance and co-processing by infiltrating catalyst particles after

ell fabrication, as discussed below.

Whereas traditional all-ceramic SOFCs can be cosintered at

200–1400 ◦C in air, cosintering with metal support requires
educing atmosphere in order to avoid oxidation of the metal.
athode catalysts such as LSM and LSCF decompose in reduc-

mailto:mctucker@ibl.gov
dx.doi.org/10.1016/j.jpowsour.2007.06.076
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ng atmosphere at elevated temperature, precluding them from
eing cofired with the anode and support structure [2,8]. A
imilar issue is encountered when braze-sealing SOFCS. Metal
upported SOFC technology enables the use of brazed seals and
oints that can withstand extremely rapid thermal cycling [9].
his offers the promise of rapid SOFC startup, and tolerance

o large thermal gradients. Brazing requires a vacuum or inert
tmosphere, however, and is therefore incompatible with cath-
de catalysts as well. For these reasons, a single-step infiltration
rocess has been developed that allows the cathode catalyst to
e introduced to the cathode structure after the cosintering and
razing steps [10,11]. In that work, infiltrated LSM was shown
o support high current density and provided stable operation for
ver 500 h.

Our early metal-supported SOFC development efforts were
ased on a cofired metal support/Ni-YSZ anode/YSZ electrolyte
rilayer structure, to which a cathode was added as an addi-
ional processing step, as depicted in Fig. 1a [2,3]. Maximum
ower density of about 100 mW cm−2 at 800 ◦C was achieved
t that time. Cofiring a Ni-based anode at high temperature in
educing atmosphere, however, leads to coarsening of the Ni
articles to unacceptably large particle size, as discussed below.
urthermore, if the anode layer directly contacts the metallic-
upport, significant Ni, Fe, and Cr interdiffusion between the
i catalyst and support is a concern. This can lead to poor per-

ormance of the catalyst and changes in the CTE, mechanical
roperties or oxidation resistance of the support [12]. Inserting
diffusion barrier layer between the anode and support layers

ddresses this problem, but does not address the issue of coars-
ning. A metal-supported SOFC utilizing a barrier layer and
lasma-sprayed YSZ electrolyte was recently reported [13]. The

ell achieved a power density of 400 mW cm−2 at 800 ◦C, and
as operated for 2300 h providing confidence in the potential

tability of metal-supported SOFCs with YSZ electrolyte. We

ig. 1. Metal-supported SOFC preparation schemes. (a) Cosintering with Ni
atalyst present, followed by application of cathode layer. Arrows indicate
nterdiffusion between anode and support layers. (b) Cosintering with catalysts
bsent, followed by catalyst infiltration.
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ddress the issues of Ni coarsening and interdiffusion by infil-
rating the anode catalyst after all high-temperature processing
perations are complete, as outlined in Fig. 1b. The infiltration
rocess set forth by Sholklapper et al. [10,11] is modified in this
ork to provide infiltration of a well-connected, nanoparticulate
i network into porous YSZ to form a complete SOFC anode
ith considerable triple-phase boundary. A similar approach
as been taken previously to prepare Cu/CeO2 dispersed on a
orous YSZ framework [14]. Here, a metal-supported SOFC
tructure consisting of porous metal support, porous YSZ inter-
ayer, dense YSZ electrolyte, porous YSZ interlayer, and porous

etal current collector is fabricated at high temperature in reduc-
ng atmosphere. This is followed by braze-sealing the cell, and
nally by infiltration of the anode and cathode catalysts at low

emperature before fuel cell operation.
In this work, metal-supported SOFCs with thin YSZ elec-

rolyte films and infiltrated Ni and LSM catalysts are produced.
ery high current density is achieved at operating temperatures

n the range 650–750 ◦C. We believe the power densities reported
n this work are unsurpassed by any other metal-supported
SZ-electrolyte SOFC technology. The progress reported here

ubstantially reduces the technical risk associated with metal-
upported SOFCs; we anticipate widespread commercialization
f this technology in the future.

. Experimental methods

.1. Cell fabrication

Tubular metal-supports were produced by isostatically press-
ng (10 kpsi, 5 min) a mixture of commercially available ferritic
tainless steel powder (Ametek) and polymer binder/poreformer
s described previously [15]. A porous YSZ interlayer was
hen applied to one side of the metal-support via a propri-
tary technique, followed by aerosol spray deposition of the
hin YSZ electrolyte layer from an isopropanol-based solution,
s described elsewhere [2]. This three-layered structure was sin-
ered in reducing atmosphere (4% H2/96% Ar) tube furnace at
300 ◦C for 4 h, achieving a final diameter of roughly 1 cm. After
nspecting the electrolyte for uniformity and full density, another
nterlayer of porous YSZ was applied to the electrolyte by a col-
oidal deposition technique, followed by a porous stainless steel
urrent collector layer. The area of these layers determined cell
ctive area, in the range 1.7–2.5 cm2 for the cells tested here.
he resulting five-layer structure was cofired in 4% H2/96% Ar
t 1250–1300 ◦C for 4 h. All YSZ powders were provided by
osoh Corp. Several cells were produced with a mixture of NiO
green, J.T. Baker) and YSZ replacing the middle porous YSZ
ayer of the three-layer structure. All other processing was iden-
ical to the YSZ-only cells, except that the sintered Ni/YSZ layer
as not infiltrated with more Ni before testing.

.2. Braze sealing
After sintering, vacuum brazing was used to seal and join the
ells to housings/gas manifolds machined from dense ferritic
tainless steel. A 10:1 by weight mixture of Ticusil (Morgan
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be calculated from the concentration of transition metal in the
precursor solution and density of the resulting catalyst. Whereas
LSM precursor solution produces catalyst filling 15 vol% of the
M.C. Tucker et al. / Journal of

dvanced Ceramics) braze powder and TiH2 powder (Alfa
esar) was applied to the joint/seal area, followed by vacuum
razing. Brazing was carried out in an atmosphere of <10−5 Torr
t 910 ◦C for 10 min, with 15 ◦C min−1 heating and cooling rates.
uality of the braze seal was assessed by pressurizing the man-

folded cell to 10 psi air pressure and checking for bubbles after
ubmerging the cell in an acetone bath.

.3. Catalyst infiltration

Catalyst infiltration essentially followed the procedure
et forth in ref. [10]. Precursor solutions of nitrate salts
Sigma–Aldrich) were mixed with Triton-X-100 or Triton-
-45 (Union Carbide Chemicals and Plastics Co., Inc.) at

urfactant loading of 0.3 g per 2 g of resulting catalyst parti-
les. The salts were mixed in stoichiometric ratios to obtain
LSM” (La0.85Sr0.15MnO3) or “Ni” (Ni–0.1CeO2). The nitrate
alt/surfactant mixtures were melted in an oil bath held at
100 ◦C. Cells were heated to 100 ◦C in a box furnace, catalyst

recursor solutions were applied to porous metal/YSZ layers
f the cells, and the pores of the porous metal/YSZ layers were
ooded by applying and releasing vacuum (200 mbar) twice in a
acuum impregnation apparatus (Epovac, Struers). Excess pre-
ursor solution was then removed from the cells, after which
hey were fired in air to 650 ◦C for 15 min to convert the nitrate
alts to metal oxides. This process was repeated to build up cat-
lyst concentration within the pores of the porous metal/YSZ
tructure. Both the porous YSZ layers and the metal-support
nd current collectors were coated with catalyst by this process.

.4. Cell operation and testing

After catalyst infiltration, cells were mounted with Swagelok
ttings to a test rig that provided flow of oxidant (dry air or pure
xygen) and moist hydrogen (3% H2O) to the LSM-containing
nd Ni-containing sides of the cell, respectively. Pt wire elec-
rical leads were spot welded directly to the metallic current
ollector and stainless steel cell housing, which was electrically
onnected to the metal cell support by braze. After flushing the
est rig with oxidant and fuel streams, cells were heated to oper-
ting temperatures in the range 650–750 ◦C at a heating rate of
5 ◦C min−1. Polarization curves were obtained using LabView
oftware controlling a power supply (Kepco). AC impedance
pectra were obtained with a potentiostat/frequency response
nalyzer (Solartron 1286/1255) in frequency sweep mode from
06 to 0.1 Hz.

.5. SEM analysis

SEM images were obtained with a Hitachi S-4300SE/N scan-
ing electron microscope in secondary electron imaging mode.

. Results and discussion
Trilayer structures consisting of metal-support/Ni-YSZ
node/YSZ electrolyte were prepared at 1300 ◦C in reducing
tmosphere. One such structure was cross-sectioned and pol-

F
c
c
h

ig. 2. Cross-section image of Ni/YSZ electrode after sintering in reducing
tmosphere for 4 h at 1300 ◦C. Note that NiO was 3 �m maximum particle size
efore sintering.

shed before imaging. Fig. 2 shows the Ni-YSZ anode after
intering. The <3 �m NiO particles are reduced to Ni during
intering, allowing substantial coarsening and agglomeration as
een in the figure. Such coarsening reduces the amount of triple-
hase boundary, and limits electrical connectivity throughout the
i network. We presume Ni and FeCr interdiffusion occurred

s well, although this was not analyzed. An LSCF cathode with
t current collector was applied to such a cell, and the perfor-
ance of the resulting SOFC was assessed at 700–800 ◦C. The

mpedance of the cell, shown in Fig. 3 to be over 15 � cm2 at
00 ◦C, was unacceptably high. The high ohmic and electrode
rc impedances are consistent with poorly connected Ni particles
nd low triple-phase boundary, respectively.

Rather than accept coarsening of the Ni catalyst during cell
abrication, an alternative approach is to create a porous YSZ
tructure at high temperature and introduce the Ni afterwards
y infiltration. Fig. 4a shows an image of very fine Ni particles
nfiltrated onto the walls of a porous YSZ network. Individual
i particles are in the range 40–100 nm. A single application
f the Ni precursor solution yields isolated Ni particles which
re not connected to each other. This is in contrast to infil-
rated LSM electrodes, which provide a well-connected LSM
etwork in a single infiltration step [10,11]. This is simply due
o the volumetric conversion rates of LSM and Ni precursor solu-
ions. Assuming the pores of the YSZ structure are fully flooded
ith precursor solution during infiltration, the volume of cat-

lyst produced after conversion from precursor to catalyst can
ig. 3. AC impedance spectra of metal-support/Ni-YSZ anode/YSZ electrolyte
ell cosintered at 1300 ◦C in reducing atmosphere for 4 h. LSCF cathode and Pt
urrent collector was applied before cell testing with air as oxidant and moist
ydrogen as fuel.
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Fig. 5. Effect of number of Ni infiltration steps on performance at 700 ◦C with
air as oxidant and moist hydrogen as fuel. (a) Total cell impedance as a function
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ig. 4. SEM images of porous YSZ structures infiltrated with (a) Ni once, with
riton-X-100 surfactant, and (b) Ni five times with proprietary surfactant.

ooded pore volume after conversion from the nitrate salt to the
xide catalyst, Ni precursor solution produces catalyst filling
nly 3 vol% of the total pore volume. Thus, Ni precursor must
e infiltrated multiple times to build up a connected network
f Ni catalyst, thereby providing efficient transport of electrons
hroughout the anode structure. Well-connected catalyst parti-
les can be observed after five successive infiltration steps, as
hown in Fig. 4b. Note that this sample was infiltrated using
riton-X-45 surfactant in the catalyst precursor solution. This
urfactant promotes the formation of smaller Ni particles, in the
ange 10–50 nm.

In order to assess how many Ni infiltration steps are necessary
o achieve reasonable anode performance, a cell was tested after
ach of several successive Ni infiltration steps. The cathode was
nfiltrated with LSM twice and the anode was infiltrated with Ni
nce before testing at 700 ◦C. The cell was then cooled, the anode
as reinfiltrated with Ni, and the cell was tested again at 700 ◦C.

his process was repeated several times. Polarization behav-

or and AC impedance spectra were recorded at each testing
tep. The total AC impedance of the cell is shown as a function
f Ni infiltration step number in Fig. 5a. The cell impedance

r
t
p
a

f Ni infiltration steps. (b) AC impedance spectra after 4 and 12 Ni infiltrations.
c) Polarization and power density after 1 (short dash), 4 (solid), and 12 (long
ash) Ni infiltrations.

eclines rapidly with the first infiltration steps, and continues to
ecline moderately up to 12 infiltration steps. AC impedance,
ig. 5b, reveals that the ohmic portion of the impedance is largely
esponsible for the total impedance reduction upon multiple
nfiltrations. This is consistent with increased particle-to-particle
ontact with successive Ni infiltrations. For comparison, Jung et
l. have reported ohmic impedance around 0.5 � cm2 at 700 ◦C
or a porous YSZ structure impregnated more than 10 times with
u-nitrate and more than 5 times with Ce-nitrate [14]. Note that

he ohmic impedance contribution of the ∼15 �m YSZ elec-
rolyte film used here is predicted to be less than 0.1 � cm2 at
00 ◦C and braze/manifold impedance is insignificant. There-
ore, further catalyst infiltration steps beyond 12 may further
ecrease cell impedance. Fig. 5c shows polarization curves after
, 4, and 12 Ni infiltration steps. Note that the open circuit poten-
ial is consistently high: the thermal cycling required to cool and

eheat the cell for each infiltration step does not degrade elec-
rolyte integrity or the quality of the braze seal. The maximum
ower density increases with increasing Ni content of the anode,
s expected from the decreasing cell impedance.



M.C. Tucker et al. / Journal of Power Sources 171 (2007) 477–482 481

F
a
s

T
r
t
w
f
i
s
3
p
a
d
i
a
o

w
c
a
r
S
s
p
t
3
c
o
f
p
T
d
f
d
t

F
a
f

o
t
t
s
s

t
b
650–750 ◦C with pure oxygen as oxidant. Fig. 8 shows the
polarization behavior and AC impedance spectra at various
temperatures. The maximum power achieved ranges from
982 mW cm−2 at 650 ◦C to >1300 mW cm−2 at 700–750 ◦C.
ig. 6. Performance of cell with LSM infiltrated twice and Ni infiltrated 10 times
t 700 ◦C with air as oxidant and moist hydrogen as fuel. (a) AC impedance
pectrum and (b) polarization and power density.

Increased performance was obtained through the use of
riton-X-45 surfactant in the infiltration precursor solution,
esulting in smaller Ni catalyst particles in the porous YSZ struc-
ure, as discussed above. The following cells were all infiltrated
ith the improved solution. Fig. 6 shows the polarization curve

or a cell with cathode infiltrated twice with LSM and anode
nfiltrated 10 times with Ni utilizing the improved infiltration
olution. The cell achieved a maximum power density of roughly
32 mW cm−2 at 700 ◦C, with current density of 470 mA cm−2

roduced at 0.7 V. This is the highest performance reported for
metal-supported YSZ-electrolyte cell operating at 700 ◦C to

ate. Note that the polarization is linear up to 400 mA cm−2,
ndicating minimal activation of the catalysts in response to
pplication of overpotential. This is desirable for easy control
f an operating cell under transient load.

Fig. 7a shows cell performance for a cell infiltrated twice
ith LSM and 10 times with Ni, and operated at 650 ◦C. The

ell was run with air as the oxidant, achieving 233 mW cm−2

t 360 mA cm−2. To the best of our knowledge, this is the first
eported power density for a metal-supported, YSZ-electrolyte
OFC operating below 700 ◦C. The oxidant stream was then
witched to pure oxygen, providing a PO2 similar to that in a
ressurized SOFC operating at 5 atm. A significant increase in
he performance was achieved, boosting the power density to
30 mW cm−2 at 360 mA cm−2. A slight increase in open cir-
uit potential (OCP) was observed when switching from air to
xygen, but certainly is not responsible for this difference in per-
ormance. AC impedance, Fig. 7b, reveals that a low-frequency
rocess dominates the variation of cell performance with PO2.
he electrode impedance for LSM is known to vary with PO2,

ecreasing 25% at 500 ◦C and 11% at 750 ◦C upon switching
rom air to pure oxygen [16,17]. Here, the electrode impedance
ecreases much more than these reported values. Furthermore,
he shape of the impedance with air as oxidant suggests at least

F
t
a
i

ig. 7. Performance of cell with LSM infiltrated twice and Ni infiltrated 10 times
t 650 ◦C with air (solid) or oxygen (dashed) as oxidant and moist hydrogen as
uel. (a) AC impedance spectra and (b) polarization and power density.

ne additional process at low frequency. We therefore attribute
he variation in performance with PO2 observed here to concen-
ration polarization and mass transport effects. Improving the
tructure of the cell to alleviate mass transport restriction is a
ubject of future work.

In order to ease the mass transport restriction, allowing
he high-current performance of the infiltrated catalysts to
e assessed, this cell was operated in the temperature range
ig. 8. Temperature-dependence of performance of cell with LSM infiltrated
wice and Ni infiltrated 10 times, with oxygen as oxidant and moist hydrogen
s fuel at 650 ◦C (short dash), 700 ◦C (solid), and 750 ◦C (long dash). (a) AC
mpedance spectra and (b) polarization and power density.
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ower densities of 726, 993, and >1300 mW cm−2 were
chieved at 0.7 V at 650, 700, and 750 ◦C, respectively. Both
he ohmic and electrode impedances contribute to the thermal
ctivation of the performance. This suggests that ionic conduc-
ion in the porous YSZ backbone of the electrodes dominates
he impedance (as opposed to metallic electronic conduction in
he metal-support, brazed joints, or Ni catalyst network, which
ould not vary significantly with temperature).
This work demonstrates that high power density can be

chieved for metal-supported YSZ-based SOFCs with infiltrated
lectrodes. The cells tested here are roughly 1 cm diameter;
e envision production-sized cells of 3 cm diameter or smaller

nd therefore do not expect much difficulty in scaling up the
echniques used here. At the lab-scale, the most labor-intensive
rocessing step is the multiple infiltrations required to build up
continuous network of Ni catalyst. This process occurs at rel-
tively low temperature and does not require any specialized
quipment. We therefore anticipate straightforward and inex-
ensive automation of this process. Future work will assess the
ong-term stability of this cell design.

. Conclusions

Metal-supported SOFCs with thin YSZ electrolyte film are
robust, low-cost alternative to traditional all-ceramic SOFCs.

n this work, for the first time, it is demonstrated that com-
etitive power density can be achieved with this technology
t operating temperatures that are compatible with long stain-
ess steel lifetime. A five-layer structure consisting of porous

etal-support/porous YSZ interlayer/dense YSZ electrolyte
lm/porous YSZ interlayer/porous metal current collector was
intered at 1300 ◦C in reducing atmosphere. LSM cathode and
i anode catalysts were then infiltrated at low temperature, pre-

luding undesirable catalyst reactions that would occur if the

atalysts had been exposed to the high temperature sintering
tmosphere. The resulting metal-supported SOFC with brazed
eals and infiltrated catalysts supports very promising power
ensities. For instance, 332 and >1300 mW cm−2 were achieved

[

[
[
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ith air and pure oxygen as oxidant, respectively, at 700 ◦C.
uture work will focus on demonstrating longevity.
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