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a b s t r a c t

Metal-supported solid oxide fuel cells provide significant advantages over conventional ceramic cells,
including low materials cost, ruggedness, and tolerance to rapid thermal cycling and redox cycling. Var-
ious metal-supported cell designs have been developed, utilizing a range of electrolyte, electrode, and
support materials prepared by various fabrication and deposition techniques. This paper reviews the
current state of metal-supported cell technology and suggests opportunities for further development.
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. Introduction

Solid oxide fuel cell (SOFCs) development has occurred world-
ide for many decades. Continuous improvement in materials,

ell design and manufacturing processing have resulted in a very
igh level of technical refinement. Successful commercialization
f traditional SOFC technology, however, has been precluded by
number of factors including: high cost of cell materials; unreli-

ble cell sealing; susceptibility of the cell to failure due to rapid
hermal transients, mechanical shock, or oxidation of the anode;
nd, manufacturing issues associated with high-yield production
f large, complex ceramic parts. Alternative metal-supported SOFC
esigns have attracted renewed interest in recent years, driven
y their low materials cost, ruggedness and abuse tolerance, and
anufacturability benefits. This paper provides an overview of

he metal-supported SOFC field, including various cell design and
anufacturing strategies, technical achievements to date, and rec-

mmendations for further development.

.1. Conventional SOFC designs

The majority of SOFC development to date focuses on
lectrolyte-supported cells (ESCs), cathode-supported cells (CSCs),
r anode-supported cells (ASCs). The ESC design utilizes a thick
lectrolyte layer to provide mechanical support for thin anode
nd cathode layers. Efficient cell operation is possible when the
hmic impedance of the electrolyte is minimized. This can be
chieved by utilizing a relatively high operating temperature, as
he conductivity of typical SOFC electrolytes displays Arrhenius-
ependence on temperature [1]. Thus, ESCs with 100 �m–1 mm
lectrolyte, thick enough to provide mechanical support for the
ell, are typically operated in the range 850–1000 ◦C. Such high
ell temperatures require significant thermal insulation and expen-
ive high-temperature materials to be used in the stack and
alance-of-plant (BOP). Alternatively, the ohmic impedance of the
lectrolyte may be decreased simply by making it thinner. The
hin-electrolyte-film CSC and ASC designs were developed in part
o reduce the operating temperature, enabling the use of more
conomical stack and BOP materials. Anode-supported electrolyte
lms are typically <50 �m thick, allowing operation below 800 ◦C.
athode-supported films are similarly thin, although operating
emperatures are generally higher to overcome limitations in the
oarse cathode structure.

In the ESC, CSC, and ASC cases, the mechanical support is a brittle
eramic or cermet, and contains expensive materials. In contrast,
he metal-supported cell (MSC) design utilizes ceramic layers only
s thick as necessary for electrochemical function (within process-
ng constraints); the mechanical support is made from inexpensive
nd robust porous metal, and the electrochemically active layers
re applied directly to the metal support, as shown in Fig. 1. As
iscussed in this paper, this MSC design provides significant cost,
anufacturing, abuse tolerance, and operational advantages that
ake it a very promising candidate for commercialization.
Many SOFC applications would benefit greatly from increased

echanical ruggedness, redox tolerance, and rapid thermal cycling
romised by metal-supported cells. The benefits of mechanical
uggedness are obvious for portable applications where the cell or
tack is likely to experience shock, vibration, or mechanical load-
ng. Ruggedness is also expected to improve manufacturability, as
ells can withstand rough or fast handling operations that would
racture a ceramic cell. Flexibility of the cell also means that cam-

er can be flattened out during stacking. Redox cycling tolerance is

mportant because it allows cells to accept cooling without the need
or blanketing, interruption in fuel supply, and catalyst oxidation
t high current density. Ability to withstand these circumstances
an reduce balance-of-plant complexity and redundancy. Rapid
Fig. 1. Schematic representation of anode-supported cell (ASC) and metal-
supported cell (MSC). Only a thin portion of the anode layer, as required for
electrochemical function is retained in the MSC design. Reproduced with permission
from Ref. [41].

thermal cycling is of course also desirable for many SOFC appli-
cations

Aside from application requirements, there is an additional rea-
son to minimize heating and cooling times for metal-supported
cells. At the operating temperature, initial thermal stresses in the
cell due to CTE mismatch between the electrolyte and metal sup-
port are expected to dissipate via metal creep. After sufficient time
at the operating temperature, a “zero-stress” state is achieved. The
CTE of the metal support is typically somewhat higher than that of
the electrolyte. Therefore, as the cell cools the electrolyte is held in
compression, a desirable situation for mechanical integrity of the
cell. If the cell is cooled and reheated quickly enough, the electrolyte
will continue to be in compression until the operating temperature
is reached again. In contrast, if the cell is cooled very slowly, creep
can continue to relax stress in the cell, and a new “zero-stress”
state will occur at a temperature that is lower than the operat-
ing temperature. Upon reheating, then, the electrolyte will initially
be in tension at the operating temperature. Therefore, cooling and
reheating quickly enough to maintain the operating temperature
as the “zero-stress” state is desirable.

1.2. Early MSC development

The advantages of a metal-supported SOFC design were
first recognized in the 1960s [2]. This early work used flame-
spray deposition of zirconia-based electrolyte onto presintered
austenitic stainless steel supports. Cells were operated in the range
700–800 ◦C, producing an impressive at that time 115 mW cm−2

at 750 ◦C. Cell operation with hydrogen, methanol, and kerosene
as fuels was demonstrated. In the 1990s, prefabricated tubular
NiCrAlY [3] and planar CrFe5Y2O3 [4] supports were coated with
plasma-sprayed zirconia electrolytes. Power densities approach-
ing 1 W cm−2 were achieved at 900 ◦C. Near the turn of the century,
colloidal and wet-chemistry methods for applying and sintering
thin films of electrolyte onto anode supports were recognized as
suitable for metal-supported cell designs as well. These inexpen-
sive deposition techniques resulted in thinner electrolytes that
could be operated at lower temperatures compatible with low-cost
ferritic stainless steels. This approach was pioneered at Imperial
College/Ceres Power for CGO electrolyte [5,6], and at LBNL for YSZ
electrolyte [7].

2. Choice of metal for support
Metal-supported solid oxide fuel cells have recently been pre-
pared on supports with a variety of metal compositions, including
Ni, FeNi, NiCrAlY, and ferritic stainless steel. Table 1 lists some rele-
vant features of several candidate materials. It is desirable to match
the coefficient of thermal expansion (CTE) of the metal to that of
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Table 1
Summary of candidate support metals.

Metal CTE (ppm K−1) Cost ($/kg 2009) Relative oxidation resistance

NiCrAlY 15–16 63 Excellent
Hastelloy-X 15.5–16 22 Excellent
Ni 16.5 18 Nonea

Ni–Fe (1:1) 13.7 9 Nonea

300-Series stainless steel 18–20 2 Poor
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400-Series stainless steel 10–12

ote that CTE of electrolytes (YSZ, CGO, LSGM) are 10–12 ppm K−1.
a Readily oxidizes in air or during cooling in fuel Refs. [20,22,68–70].

he electrolyte to enable rapid thermal cycling. Low-cost and low-
xidation rate are also preferred. Although most metal-supported
OFC developers use planar supports, tubular supports are gaining
opularity [8–12].

.1. Ni-based materials

Early work used thick plasma-sprayed yttria-stabilized zirconia
YSZ) electrolyte applied to porous NiCrAlY metal supports pre-
ared by die pressing [3]. The excellent oxidation resistance of
he NiCrAlY alloy allowed operation up to 900 ◦C, so reasonable
erformance was obtained despite the thick electrolyte.

Recently, several groups have used porous pure Ni as a support
aterial. The high cost of Ni, poor CTE match to the electrolyte,

ow redox tolerance, and susceptibility to coking and sulfur dam-
ge present strong limitations to the utility of this support material.
icro-fuel cells were fabricated on porous pure Ni tubes [13].
sing the oxidation/reduction technique, 1-mm diameter Ni tubes
ere prepared with pores in the 0.5–2.5 �m range. YSZ was then
eposited directly onto the Ni by EVD. Thus, the Ni tube functioned
s both support and anode. The CTE of Ni is substantially higher than
hat of YSZ (see Table 1). In this case, however, thermal stress was

itigated in this design by a relatively low YSZ deposition temper-
ture of 1000 ◦C and very small tube diameter. Porous Ni has also
een used as the support for Ni-YSZ/LSGM/LSCF layers deposited
y atmospheric plasma spray (APS) deposition [14]. After spraying,
he layers were sintered at 1000 ◦C: low enough to avoid signifi-
ant reaction between LSGM and Ni, and high enough to provide
as-tight layers and reasonable power density of 440 mW cm−2 at
00 ◦C. Functional cells have also been produced by co-sintering
Ni support/Ni-YSZ anode/YSZ electrolyte trilayer structure at

400 ◦C in reducing atmosphere [15]. Although significant coars-
ning of the anode Ni occurred during sintering, reasonable power
ensity of 470 mW cm−2 was achieved at 800 ◦C.

Ni–Fe supported SOFCs with LSGM/SDC [16–19] and GDC
20,21] electrolyte have also been prepared. The addition of Fe mit-
gates the cost and CTE mismatch of pure Ni, but susceptibility to
ulfur, coking, and redox intolerance remain. Ni–Fe alloy is strong
nd relatively straightforward to produce. Supports are typically
repared as mixtures of Fe2O3 and NiO and sintered to near full
ensity. This facilitates application of a thin, continuous electrolyte

ayer as the green electrolyte does not need to bridge pores in the
upport. The support is reduced to Ni–Fe alloy in the SOFC fuel
tream upon cell start-up. The volume contraction associated with
his reduction opens sufficient porosity in the support to enable
dequate fuel transport. In this design, the Ni–Fe support may also
unction as the anode. A study of anodic overpotential comparing
ure Ni and a range of Ni alloys containing 10 wt% alloying element
ound that Ni–Fe exhibited the best performance [16]. Ishihara et

l. have continued to use roughly 10 wt% Fe as the preferred com-
osition [16–19]. The addition of more Fe to Ni improves the CTE
atch to the electrolyte and reduces the material cost. Alloys with
range of Fe–Ni compositions were studied, and those with close

o 1:1 weight ratio were found to have the CTE best match to YSZ
2 Very good

[22]. Micro-fuel cells with <20 �m thin films of Ni–Fe (1:1, w/w)
and <2 �m GDC electrolyte have been fabricated [20]. A variety
of other Ni–Fe compositions has been used with Ni-GDC anode
layer and GDC electrolyte [21]. A starting material of NiO–Fe2O3
(70–30 mol%) was selected, as higher iron contents led to delami-
nation during cell testing.

2.2. Iron-based materials

Most developers favor ferritic stainless steel for the metal
support. Ferritic stainless steels are body-centered cubic, ferromag-
netic alloys containing primarily iron and chromium with very low
carbon content. Typical alloy designations include 430, 409, 410,
and 441. These alloys are widely used for automotive exhaust man-
ifolds and mufflers because of their low-cost and high-temperature
oxidation resistance. Ferritic stainless steel typically contains at
least 10.5 wt% Cr to form a continuous chromia scale, and no more
than 26 wt% Cr to avoid formation of the brittle sigma phase at
higher Cr content. The alloys often include Ni, Mo, Si, Ti, Al and oth-
ers to improve various physical properties. There are a number of
advantageous properties of ferritic stainless steels that recommend
them for application as the mechanical support for SOFC devices.
They are quite inexpensive (Table 1), produce a thin, continu-
ous, conductive chromia scale, and can have very long lifetimes at
the SOFC operating temperature as discussed below. Furthermore,
their CTE is around 10–12 ppm ◦C−1 and therefore compatible with
YSZ and CGO. It is widely known that addition of Al can improve
oxidation resistance by forming an Al2O3 scale at the surface of the
steel, and addition of Si can improve chromia scale adhesion by
forming SiO2 subscale between the scale and bulk. The relatively
high conductivity of the protective chromia oxide scale [23] is of
critical importance, however, for maintaining acceptable contact
resistance at the support/electrode interface. Therefore, addition of
Al or Si must unfortunately be avoided, as the scales they form are
non-conductive. Likewise, 300-series stainless steels rapidly form
non-conductive mixed Fe–Cr-oxide scales at SOFC operating tem-
peratures [24], and have a much higher CTE. Some of these issues
are explored in more depth in the context of metallic interconnects
for SOFCs in a review by Yang [25]. For the above reasons, ferritic
stainless steel is the alloy of choice for metal-supported SOFCs.

Ferritic stainless steel supports have been prepared by laser
drilling to form a perforated sheet [5,6,26] and standard powder-
metallurgy methods, including tape-casting [27], and isostatic
pressing [7–9,12]. Highly porous stainless steel parts are also rou-
tinely fabricated by extrusion and free-powder sintering [28], and
these methods are expected to have benefits for high-volume man-
ufacturing. Laser drilling a preformed sheet provides a smooth,
well-defined surface on which to deposit the electrochemically
active layers. Introduction of a high enough density of 10–30 �m

holes was found by gas diffusion modeling to be enough to support
adequate diffusion of reactant through the support into the active
layers [29]. This has been confirmed experimentally [5,6,26]. Of
course, a prefabricated sheet will not shrink during further process-
ing of the electrochemical layers. This is acceptable for CGO, which
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ig. 2. (a) Cross-section image of metal-supported cell with support prepared by
owder metallurgy. The relatively dense support gives rise to the mass transport

imitation observed in (b) during testing at 600 ◦C with hydrogen and air. Repro-
uced with permission from Ref. [26].

an be constrained-sintered to full density, or for plasma spray
eposition of YSZ, but precludes co-sintering of YSZ electrolyte.
he same holds true for powder-metallurgy supports. Presintered
upports that do not shrink during cell processing have been used
ith CGO [26,30–35] and thermally sprayed YSZ [36–40], whereas

o-sintering of support and electrolyte layers must be used for
et or colloidal YSZ deposition processes [7–9,11,12]. Whether a
owder-metallurgy support is presintered or co-sintered with the
lectrolyte in place, it must maintain sufficient porosity after cell
reparation to provide adequate gas transport. Appropriate steps to
chieve the desired final porosity must be taken, or else the dense
upport structure can impose a severe limiting current density due
o concentration polarization, as seen in Fig. 2. Final support poros-
ty depends on sintering temperature, particle size, particle size
istribution, alloy composition, particle morphology, poreformer,
inder, and shrinkage of the other layers. Some guidance for nav-

gating these complex interrelationships is provided by Kurokawa
t al. [41] In that work, 410 l stainless steel powder was mixed with
queous acrylic binder and PEG poreformer. Water-atomized pow-
er was chosen because it has a much rougher morphology than
as-atomized powder. This results in lower packing density and
herefore higher initial porosity. Mechanical interlocking between
he rough particles also improves handling strength in the green
nd debinded states. Detailed maps of final density and shrinkage
s a function of metal particle size and poreformer/binder content
ere presented. Smaller metal particles led to higher shrinkage,

hich is good for matching to YSZ shrinkage, but also to lower final
orosity. Porosity can be improved by increasing the binder and
oreformer content, but at the expense of total shrinkage. Clearly,
ome optimum binder/poreformer content must be determined for
given metal powder.
rces 195 (2010) 4570–4582 4573

In summary, a variety of metal support compositions and
structures have been incorporated into functioning SOFC devices.
Ferritic stainless steels are the preferred material, because of their
low-cost, CTE match to common electrolyte materials, formation of
conductive protective scales, and adequately low oxidation rate.

2.2.1. Suitable operation temperature window
The selection of ferritic stainless steel as the preferred metal

support imposes a relatively narrow acceptable operation tempera-
ture window. The desire for high electrochemical performance and
rapid internal reforming of hydrocarbons prescribes a high operat-
ing temperature (generally accepted as above 625–650 ◦C), which
is balanced by the need for long stainless steel lifetime. A brief dis-
cussion of stainless steel oxidation is provided below. Reviews of
stainless steel behavior in SOFC environments have been published,
e.g. [42,43] and the reader is referred to these for more detail.

The formation of a continuous, protective Cr2O3 scale on ferritic
stainless steel is critical for longevity of a metal-supported SOFC.
In many other applications, stainless steel is used as a mechani-
cal component. In that case, integrity of the protective scale is not
as critical a concern. Spallation (cracking and delamination of the
oxide scale) exposes fresh surface which then oxidizes to renew
the protective scale. As an SOFC support, however, the stainless
steel is also an electrical component, collecting current from the
electrodes. Current passes between the electrode and the metal
support through the chromia scale. In this case, spallation would
lead to electrical disconnection of the electrochemically active area
and therefore cannot be tolerated. Counterintuitively, the oxygen
partial pressure is sufficiently high in both the anode and cathode
chambers that Cr2O3 scale growth kinetics are controlled by solid-
state diffusion through the oxide scale and the observed oxidation
rate is roughly the same for stainless steel contacting air or fuel
[42,44]. It has also been found that the presence of moisture does
not affect oxidation rate significantly [45]. It should be noted, how-
ever, that Cr evaporates from the scale in air and the presence of
moisture greatly accelerates the evaporation rate. This is discussed
further in Section 4.

Although chromia is highly electronically conductive compared
to other protective scales such as silica or alumina, it is the least
conductive material in the electrical path from power leads to the
electrode/electrolyte interface. In addition to increasing the risk
of spallation discussed below, formation of thick chromia scales
is expected to introduce significant increase in cell resistance.
Using the conductivity of bulk Cr2O3 at 700 ◦C provided in Ref
[46], roughly 10 mOhm cm−2 increase in ASR is expected for each
micrometer of scale growth. Predicting the electrical impact of in
situ protective scales, however, is quite complicated. The apparent
conductivity of protective scales may differ substantially from the
bulk Cr2O3 value due to differences in dopant and defect concen-
tration or the presence of minor phases or microvoids in the scale.
Limited data exists comparing bulk Cr2O3 and in situ scale conduc-
tivities. Conductivity of scales grown on various chromia-forming
alloys has been reported to differ from the bulk value by up to two
orders of magnitude [47,48]. Furthermore, most literature pertains
to properties of scales formed in air or oxidizing atmosphere. Hou
and Stringer [23] found that stainless steel scales formed in anode
conditions (850 ◦C, moist hydrogen) displayed several times higher
resistance than those formed in air. A similar trend was reported
by Holt and Kofstad [46], and reproduced in Fig. 3. They found
that the conductivity of porous bulk Cr2O3 is reduced in the pres-
ence of hydrogen, and suggested that hydrogen dissolution into

Cr2O3 affects the defect structure. The effect is exacerbated signif-
icantly at temperatures below 600 ◦C. This is of particular concern
for CGO-based metal-supported SOFCs operating in the 500–600 ◦C
range. There is a clear need for measurement of the electrical
conductivity of real scales formed on relevant stainless steel com-
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Fig. 3. The electrical conductivity of two porous chromia specimens (B/1300 ◦C and
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/all other temperatures) as a function of the partial pressure of oxygen at temper-
ture from 1300 to 550 ◦C. Different electrode materials were used: Pt at 1300 ◦C,
i at 800–1000 ◦C and Au < 700 ◦C. The ambient oxygen pressures were established
ith O2 + Ar, CO + CO2 and H2 + H2O. Reproduced with permission from Ref. [46].

ositions in temperature ranges and atmospheres relevant to SOFC
peration.

The upper acceptable operating temperature is determined by
xide growth kinetics and desired SOFC device lifetime. Failure of
he device will occur when the Cr2O3 scale becomes thick enough
hat spallation occurs. Thus, expected lifetime is a strong function
f temperature. Fig. 4 shows scale thickness vs. time for various
arabolic oxidation growth rate constants calculated according to
he parabolic growth rate law:

2 = kpt

��
(1)

here L is the scale thickness (cm), kp is the parabolic growth rate
onstant referring to oxygen mass uptake (g2 cm−4 s−1), t is time (s),
is the density of the scale (g cm−3), and � is the weight fraction

f oxygen in the scale. Setting a maximum acceptable scale thick-

ess to avoid spallation allows us to determine expected lifetime

or a given growth rate, or conversely, to set maximum allowable
rowth rate for a desired lifetime. The addition of reactive elements
Y, La, Ce, etc.) to the stainless steel is well-known to improve scale
dhesion and reduce oxidation rate [23,43]. The results reported in

ig. 4. Chromia scale thickness as a function of oxidation time calculated by Eq. (1)
or various oxidation growth rate constants.
Fig. 5. Oxidation rate constant as a function of temperature for various ferritic stain-
less steels. Closed symbols refer to steels coated with the material listed in the
legend. Reproduced with permission from Ref. [50]. Lines provide a guide to the eye
to define the range of oxidation rates for uncoated steels.

Ref. [49] suggest that with an yttria-treated steel operating below
800 ◦C, adherent scales 3 �m thick and possibly thicker can be
expected before failure is likely. Referring to Fig. 4, a 3 �m accept-
able scale thickness implies maximum oxidation rates of slightly
above 10−14 g2 cm−4 s−1 for desired lifetimes of greater than 5000 h
and slightly above 10−15 g2 cm−4 s−1 for desired lifetimes of greater
than 50,000 h. In the temperature range 600–950 ◦C, ferritic stain-
less steels form the desired continuous, protective Cr2O3 scale.
Fig. 5 shows measured oxidation rate constants for a variety of fer-
ritic stainless steels as a function of temperature [50]. To achieve the
oxidation rates required for 5000 h lifetime the maximum temper-
ature is about 800 ◦C, whereas for lifetimes greater than 50,000 h
(as required for stationary power plants) the maximum acceptable
temperature is in the 650–700 ◦C range. This lower temperature
makes achieving high power a challenging proposition. Note that,
as discussed below, most groups demonstrating metal-supported
cells with YSZ electrolyte report performance and testing at 800 ◦C.
Operating at such a high-temperature limits the expected lifetime
to several thousand hours. There is ample evidence that appro-
priate coatings, treatments, or alloy modifications can reduce the
oxidation rate and improve scale adhesion for dense interconnect
materials, thereby improving expected lifetime before failure via
scale spallation. Exploring the effects of similar treatments on oxi-
dation of porous stainless steel supports seems to be a fruitful area
for further work.

3. Choice of electrolyte

3.1. LSGM

Strontium- and magnesium-doped lanthanum gallate (LSGM)
has been successfully applied as an electrolyte on Ni metal sup-
ports using atmospheric plasma spray (APS) [14] and on Ni–Fe
metal supports using pulsed laser deposition (PLD) [16–19]. The
prime advantage of this material is that it is a nearly pure ionic
conductor and exhibits good oxygen ion conductivity at tempera-

tures as low as 400 ◦C. However, this electrolyte is fairly reactive,
making long-term stability a concern. LSGM has been shown to
react with Cr2O3 and Cr-containing vapors [51], limiting use with
stainless steel supports. LSGM also reacts with Ni in the anode or
Ni–Fe metal support. Application of an additional thin SDC layer
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Fig. 7. Internal short-circuiting due to mixed conductivity of ceria-based electrolyte
for a metal-supported cell with Ni-SDC anode, SDC electrolyte, and SSC-SDC cath-
ode operated with humidified hydrogen and air. Analysis of (a) ionic transference
ig. 6. Performance of a cell prepared with NiFe support, LSGM/SDC bilayer elec-
rolyte and SSC cathode. Cell was operated with moist hydrogen and oxygen.
eproduced with permission from Ref. [17].

eposited by PLD between the electrolyte and metal support is suf-
cient to prevent reaction [17,19]. Cells with this design provide

mpressive power densities ranging from 100 mW cm−2 at 400 ◦C to
.6 W cm−2 at 700 ◦C, as shown in Fig. 6. These values were obtained
fter a moderately fast initial heat up (50 ◦C min−1). The reported
ower density dropped by roughly 50% upon cooling and heating a
econd time. It is not clear whether this was due to thermal cycling
r reoxidation of the support during cooling. Long-term operation
as not been reported.

.2. CGO

SOFCs with gadolinium-doped ceria (CGO) electrolyte have been
repared on Ni–Fe [21], Hastelloy-X [32,33,35], and ferritic stain-

ess steel [5,6,26,29–31,34] supports. The first key advantage of
eria-based electrolytes is that they display high conductivity and
an therefore be used at lower temperatures relative to YSZ. Accept-
ble conductivity of the CGO electrolyte can be achieved above
bout 500 ◦C, setting the lower operating temperature limit [5]. A
ey challenge arises, however, because Ce4+ ions in CGO can be
educed to Ce3+ in the fuel atmosphere, with significant reduction
bove about 600 ◦C. This creates lattice expansion stress, and the
lectrolyte becomes a mixed conductor, reducing the efficiency and
erformance of the device. As seen in Figs. 7 and 8, open circuit
oltage (OCV) can drop to below 0.8–0.9 V at 600 ◦C and higher due
o mixed conduction in the electrolyte, setting this as the maxi-

um operating temperature [5,35]. It should be noted that mixed
onduction is predicted to be minimized at high current density,
s the partial pressure of oxygen at the electrolyte/anode inter-
ace increases [29]. The low operating temperature of 500–600 ◦C
mposes a critical system limitation, in that pre-reforming of
ydrocarbon fuels is generally required [5,6] adding expense and
omplexity to the system.

The second key advantage of ceria-based electrolytes is the
ossibility of constrained-sintering to full density, allowing the
se of a prefabricated support that shrinks very little or not at
ll during electrolyte processing. The addition of sintering aids
o CGO to improve low-temperature sintering is well-known [e.g.
2–54]. Ceres Power reported electrophoretic deposition of CGO
nto anode material supported by laser-perforated stainless steel
heet, followed by sintering to full density below 1000 ◦C [5]. At
uch low temperatures, it is possible to sinter CGO on a stainless
teel substrate in air, a simpler alternative to typical higher temper-

ture sintering which must be performed in reducing atmosphere
o protect the substrate from excessive oxidation. More recently,
et colloidal deposition of CGO with Fe sintering aid followed by

intering at 1050 ◦C was reported [26].
number ti and internal shorting current Ishort and (b) theoretical open circuit volt-
age Eth and measured open circuit voltage Vocv over 450–600 ◦C. Reproduced with
permission from Ref. [35].

Other processing routes for preparing CGO electrolyte layers on
metal supports have included: drop-coating followed by sinter-
ing at 1450 ◦C in air [21], and RF magnetron sputtering [20] using
Ni–Fe oxide support; pulsed laser deposition onto 430 stainless
steel and Hastelloy-X [30,32]; spray pyrolysis onto 430 stainless
steel [31]; and, various plasma spray techniques onto Hastelloy-X
[33–35].

Recognizing the mixed conduction of ceria as a limitation to
overall system performance, Hui et al. [30,32] added a thin layer
of Sc-stabilized zirconia (ScSZ) between the anode and CGO elec-
trolyte to block electronic conduction. Because PLD was used to
deposit both ScSZ and CGO, followed by sintering at a relatively
low 850 ◦C, reaction was avoided and the intended phases were
produced. The added complexity of the cell design is justified in
that the additional ScSZ layer was effective at blocking electronic
conduction through the bi-electrolyte layer. Fig. 8 shows the per-
formance of a cell containing ScSZ/CGO bi-electrolyte; note the OCV
values near 1.0, even for 600 ◦C. A similar approach was followed by
Park and Virkar [21]; however, in this case the CGO/YSZ multi-layer
electrolyte was prepared by wet deposition and fired at a relatively
high temperature of 1450 ◦C. This led to reaction between the YSZ
and CGO, thereby degrading the effectiveness of the YSZ layer. Only

a very small increase in OCV was obtained, compared to a similar
cell with no YSZ layer. These contrasting results highlight the key
role of processing considerations when designing an effective cell
structure.
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ig. 8. Performance of metal-supported cells with Ni-SDC anode, SDC electrolyte
dditional thin Scandia-stabilized zirconia (ScSZ) layer between the anode and SDC

.2.1. Notable demonstrations with metal-supported cells using
GO electrolyte

Ceres Power has reported a number of encouraging operational
odes [6], including: >2500 h continuous operation with hydro-

en fuel; two fuel-starvation redox cycles and six thermal cycles
relatively slow at 8 h/cycle) with no loss of performance; and, oper-
tion on reformate fuel with minimal power loss compared to pure
ydrogen. Ceres Power has not provided a public update of recent
rogress due to commercialization activities, however it is assumed
hat the current state of the art has surpassed the achievements
isted above.

The best peak power density at 600 ◦C reported to date is
bout 0.5 W cm−2, achieved with Hastelloy-X support and plasma
hermal spray deposition of the CGO electrolyte [34]. Ten rela-
ively fast thermal cycles (60 ◦C min−1) were demonstrated [33,34]
ith significant degradation during the first two cycles and mod-

rate degradation thereafter. The degradation was attributed to
athode cracking or delamination due to the large CTE differ-
nce between the electrolyte (12.7 ppm K−1) and SSC/SDC cathode
18.4 ppm K−1). Although this cathode issue must be addressed, it is
ncouraging to find that such rapid thermal cycling did not degrade
he support/anode/electrolyte structure.

.3. YSZ

YSZ offers several key advantages over the other electrolyte
aterials, and therefore many metal-supported SOFC developers

hoose to use YSZ electrolyte. The performance and longevity of
SZ are adequately demonstrated, and the cost is well-defined
y the large amount of zirconia used in oxygen sensors. YSZ is a
ure ionic conductor, allowing efficient operation at temperatures
here CGO displays significant electronic conductivity. This pro-

ides the opportunity to operate in a temperature range where
nternal reforming can occur, i.e. above 650 ◦C, a significant ben-
fit from a systems perspective. The main disadvantage of YSZ is
hat it cannot generally be sintered to full density in a constrained
eometry. To date, developers of metal-supported YSZ SOFCs have
aced a fundamental decision between two processing routes to
vercome this limitation: deposition techniques such as plasma-
r flame-spray that apply dense YSZ, or colloidal/wet deposition of
SZ powder onto a green substrate followed by co-sintering to full
ensity. This section discusses these options in more detail.
.3.1. Plasma-deposited YSZ electrolyte
An extensive review of the application of plasma techniques to

roduction of various SOFC components was provided by Henne
55]. For metal-supported SOFCs, the key advantage of plasma
SSC-SDC cathode operated with humidified hydrogen and air. Cell #1 (a) had an
olyte to block electronic conduction. Reproduced with permission from Ref. [32].

deposition techniques is the ability to deposit a near-dense coat-
ing on a preformed substrate, perhaps followed by a relatively
low-temperature thermal treatment for full densification. Avoid-
ing high-temperature processing of the metal substrate can, in
principle, allow high substrate porosity to be retained during fab-
rication of the electrochemical layers. Relatively thick electrolyte
layers (30–70 �m) are deposited to ensure gas-tightness, however.
Furthermore, the apparent ionic conductivity of plasma-sprayed
electrolyte is significantly lower than for sintered YSZ [38]. These
factors generally mean operating temperatures of at least 800 ◦C are
required for acceptable electrolyte ohmic resistance. As discussed
above in Section 2.2.1, this high operation temperature can lead to
premature cell failure due to rapid oxidation of the support.

The majority of work in this area has been undertaken by the
German Aerospace Center (DLR) and collaborators [4,36–38,55]. As
early as 2000, complete cells with porous ferritic stainless steel
support, Ni/YSZ anode, YSZ or ScSZ electrolyte, and LSM/YSZ lay-
ers were prepared by plasma spray of all the electrochemically
active layers [4]. Careful variations in the spray parameters allowed
dense electrolyte and porous electrodes to be obtained, although
increasing the porosity of the cathode in particular was seen as an
area requiring improvement. Sufficient anode porosity is easier to
obtain, as NiO is typically deposited and reduction to Ni during
SOFC operation is accompanied by an increase in porosity. Fur-
ther improvement in spray parameters (such as chamber pressure,
plasma enthalpy, and plasma gas composition) has led to produc-
tion of electrode layers with increased porosity, and greater than
750 mW cm−2 peak power has been achieved at 800 ◦C [38]. The
resulting structure is shown in Fig. 9. Another strategy is to use
conventional wet-processing techniques (which can easily include
pore-forming means) to deposit the electrodes, and reserve plasma
spraying for the electrolyte only [39]. Initial power density above
500 mW cm−2 was achieved at 800 ◦C.

3.3.2. Co-sintered YSZ electrolyte
In contrast to plasma techniques that apply a nearly dense

electrolyte layer, there are many low-cost, high-throughput con-
ventional ceramics processing methods that deposit a thin, porous
layer of electrolyte particles. These can be classified as “wet” or
“colloidal” deposition techniques, and include dip-coating, screen-
printing, tape-casting, aerosol spray-coating, spin-coating, and
drip-coating. Deposition occurs at low temperature, and produces a

porous green layer generally consisting of particulates mixed with
binder, poreformer (if porosity is desired), plasticizer, etc. In the
case of YSZ electrolyte, deposition must be followed by binder burn-
out and a high-temperature sintering step to achieve full density
of the layer (typically 1200–1400 ◦C). During sintering, the elec-
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Fig. 10. (a) Performance of metal-supported cell with diffusion barrier layer (DBL),
Ni-YSZ anode, YSZ electrolyte, and LSM cathode prepared by plasma spray pro-
cessing at roughly 1000 and 2000 h operation. (b) Open circuit potential (OCP) and
power density recorded at various times during operation with occasional redox

at 10 C min heating and cooling rates, as shown in Fig. 13 [10].
It is expected that mechanical abuse tolerance will also be greatly
improved relative to conventional ceramic SOFCs, but this is yet to
be demonstrated quantitatively.
ig. 9. Micrograph of cross-section of metal-supported cell with electrochemically
ctive layers produced by plasma spray processing. Reproduced with permission
rom Ref. [38].

rolyte typically shrinks as much as 10–25%, depending on the green
ensity achieved after deposition. Shrinkage of the metal support
ust be well-matched to that of the electrolyte; otherwise, the

lectrolyte layer is held in tension during co-sintering, resulting
n cracks or insufficient densification. Specifying a metal support

ith good shrinkage-matching, while retaining sufficient porosity
fter sintering is challenging; sintering properties depend on metal
omposition, particle size, surface roughness, initial packing den-
ity, amount of poreformer and binder, and processing atmosphere
44].

Although achieving effective co-sintering of metal-supported
SZ electrolyte layers is challenging, many industrial development
roups see these low-cost, high-throughput electrolyte depo-
ition techniques as the key to cost-effective manufacture of
etal-supported SOFCs. In addition to potential manufacturing

dvantages, the “wet” deposition processes allow relatively thin
as-tight electrolytes to be produced. YSZ electrolyte thickness
n the range 10–20 �m is typical, allowing sufficiently low elec-
rolyte ohmic resistance in the temperature range 650–700 ◦C. As
iscussed above, this relatively low operating temperature is nec-
ssary for long-term oxidation resistance of typical ferritic stainless
teels. Originally proposed and developed by LBNL [7], co-sintering
s pursued by Riso/Topsoe [27], Plansee [37], Ikerlan [10,11], JPower
12], and Worldwide Energy.

.3.3. Notable demonstrations with metal-supported cells using
SZ electrolyte

Metal-supported cells with YSZ electrolyte have been operated
or >2000 h continuously, with very promising abuse tolerance
emonstrated.

Cells with plasma-sprayed YSZ electrolyte were operated with
ir and simulated reformate anode gas for over 2000 h at 800 ◦C
ith only 1% kh−1 degradation rate [38]. Similar cells experienced

0 redox cycles with no loss of OCV and less than 2.5% change in
ower density. These results are shown in Fig. 10.

Cells with co-sintered YSZ electrolyte and metal support
ave achieved greater than 1 W cm−2 at 700 ◦C as shown in
igs. 11 and 12 [8,27] and good stability has been observed over
000 h testing [10,27]. Fig. 12 shows long-term operation of a cell
ith infiltrated ceria-based anode catalyst at about 650 ◦C. The

egradation rate was less than 5% kh−1. Excellent thermal cycling
as also been demonstrated. LBNL has subjected braze-sealed tubu-

ar cells to extremely rapid thermal cycling (350–500 ◦C min−1),
nd reports no OCV loss and minimal performance loss after 30
nd 5 cycles, respectively [9,56]. Survival of several deep redox
cycles. Squares, triangles, and diamonds refer to cell development generations 1,
2, and 3, respectively. Operation was with simulated reformate and air at 800 ◦C.
Reproduced with permission from Ref. [38].

cycles completed by switching between air and fuel at the operating
temperature was also reported [9]. Ikerlan has demonstrated min-
imal performance loss after 250 thermal cycles from 80 to 800 ◦C

◦ −1
Fig. 11. Performance of co-sintered metal-supported cell with YSZ electrolyte,
porous stainless steel support and current collector (as shown in Fig. 15). Ni anode
catalyst and LSM cathode catalyst were introduced into porous YSZ electrode layers
by infiltration. Operation was with humidified hydrogen and oxygen. Reproduced
with permission from Ref. [8].
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Fig. 12. (a) Initial performance and (b) long-tem operation of a metal-supported
cell with co-sintered support/anode/electrolyte and LSCF/CGO cathode. Porous
YSZ/stainless steel anode layer was infiltrated with CGO/Ni mixture. Operation with
humidified hydrogen and (a) oxygen or (b) air. Reproduced with permission from
Ref. [27].
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are small, thermal expansion mismatch between the catalyst and
ig. 13. Thermal cycling of a co-sintered metal-supported cell with humidified
ydrogen and air. Heating and cooling occurred at 10 ◦C/min between 80 and 800 ◦C.
ver 250 cycles are shown. Reproduced with permission from Ref. [10].

. Cathode issues

Metal-supported cells fabricated by plasma spray of the elec-
rolyte have typically utilized LSM or LSCF cathodes, also deposited

y plasma spray. Although preparing cathodes with sufficient
orosity was originally seen as a significant challenge [4], improved
athodes displaying adequate performance have been developed
38].
rces 195 (2010) 4570–4582

Cathode selection for cells fabricated by sintering processes
is more complicated. To avoid oxidation of the metal support,
sintering fabrication steps are typically conducted in reducing
atmosphere. Metal-supported cells are amenable to braze-sealing
[56], which also requires processing in inert or vacuum atmosphere.
Standard cathode catalysts decompose in such atmospheres [1], so
cathodes are generally applied to metal-supported cells after all
non-oxidizing-atmosphere processing steps are complete. Cath-
odes are typically processed in air, but to avoid oxidation of the
metal support, the maximum sintering temperature should be
below about 900 ◦C. This severely limits the choice of cathode, as
conventional compositions such as LSM and LSCF require sinter-
ing in air at the 1000–1200 ◦C range to achieve high performance.
LSCF can be sintered well enough to bond to the electrolyte below
1000 ◦C, but it was reported that the poor cathode performance
accounted for half of the total cell resistance for a metal-supported
cell with this cathode [26]. Various cathode compositions in
the (La,Sr)(Cr,Mn)O3-� family were studied to determine if they
could be sintered in nitrogen at 1100 ◦C, a condition that would
avoid oxidation of the metal support [57]. Suitable sintering was
achieved, but no composition provided sufficient performance at
700–800 ◦C. SDC-Sm0.5Sr0.5CoO3 (SSC) composite cathodes have
been applied to metal-supported CGO-based cells because of their
good low-temperature performance after firing at a relatively low
temperature of 800 ◦C [26,30–35]. SSC has a very high thermal
expansion coefficient, however, and even the SDC-SSC composite
was reported to display a CTE of 18.4 ppm K−1. This leads to sig-
nificant cracking in the cathode during thermal cycling [33]. LSCF
and SSC also contain metal oxides that tend to react easily with Cr
[51], making them especially susceptible to Cr vapor coming from
upstream balance-of-plant components or from defects in stainless
steel interconnect coatings within the stack. LNF is highly toler-
ant to the presence of Cr [58–60], and good performance has been
achieved with sintering temperatures as low as 800 ◦C [61]. These
features recommend the application of LNF to metal-supported
SOFCs.

Recognizing the processing limitations noted above, in par-
ticular the decomposition of LSM and other cathode catalysts in
reducing or vacuum atmosphere, LBNL has developed a unique
approach to cathode fabrication based on catalyst infiltration. First,
a porous YSZ anode structure (with no catalyst present) is co-
sintered with the metal support, electrolyte layer, and possibly
other cell layers in reducing atmosphere at high temperature. Sec-
ond, after further cell processing, including braze-sealing if used,
the catalyst is infiltrated by the precursor method [62]. Molten
salts of the metals that comprise the catalyst are flooded into
the pores of the anode layer at low temperature, around 100 ◦C.
The salts decompose to the intended oxide catalyst composi-
tions around 400–600 ◦C. Processing in this manner avoids the
presence of catalyst during high-temperature processing steps, so
decomposition in non-oxidizing atmosphere and deleterious reac-
tions with the electrolyte are avoided. Appropriate salts of many
metals are easily available, so a wide variety of catalyst composi-
tions can be prepared by this route, including those that would
be unstable were they subjected to high-temperature process-
ing.

Fig. 14 shows an image of a cathode prepared by infiltrating LSM
into a porous YSZ backbone. The LSM forms a continuous blanket of
nano-scale catalyst particles on the walls of the porous YSZ struc-
ture, providing for high triple phase boundary and good electronic
percolation through the LSM phase. Because the catalyst particles
YSZ backbone can be tolerated. Furthermore, the catalyst is not
part of the mechanical backbone of the cell, so any stress gener-
ated by thermal expansion mismatch will not affect the integrity of
the electrolyte.
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ig. 14. SEM micrograph of fracture surface of porous YSZ electrode infiltrated with
SM catalyst. The inset shows the ∼60 nm LSM catalyst layer to be well adhered to
he YSZ backbone. Reproduced with permission from Ref. [62].

It should be noted that most metal-supported cells tested to date
re button cells with Pt mesh or other current collection materi-
ls that do not contain Cr. Thus, realistic cathode conditions (i.e.
ontaining Cr) have generally been avoided. One notable exception
s the LBNL design, in which a porous stainless steel current col-
ector is in direct contact with the cathode, as shown in Fig. 15.
he current collector is sintered before catalyst infiltration, and it
s coated by catalyst during infiltration. If the catalyst contains a
are earth element, as most do, the coating is expected to improve
xidation resistance of the current collector [43,49]. Also, the coat-
ng serves to minimize Cr evaporation from the current collector
63]. Conventional composite LSM-YSZ cathodes with direct con-
act to uncoated stainless steel current collectors are known to fail
ery quickly due to Cr poisoning, sometimes within several hours

64]. In contrast, metal-supported cells with infiltrated LSM cata-
yst and coating on the current collector have been operated for
undreds of hours without evidence of Cr poisoning [9,50]. Testing
ith infiltrated LNF is also under way.

ig. 15. Cross-section micrograph of co-sintered metal-supported cell prepared at
BNL.
rces 195 (2010) 4570–4582 4579

5. Anode issues

As discussed above in Section 2.2.1, it is desirable to operate
cells with ferritic stainless steels in the 650–700 ◦C range. This is
a relatively low temperature for SOFC operation, and preparing
anodes with high performance in this temperature range is chal-
lenging. Most MSC developers began their efforts with a cell design
incorporating Ni-YSZ anode based on conventional ASC and ESC
cell technology. This leads to a couple of processing issues. Firstly,
any cell processing above about 900 ◦C should utilize non-oxidizing
atmosphere, typically 4% hydrogen or high vacuum, to avoid oxida-
tion of the metal support. Ni/NiO is reduced in such conditions, and
significant coarsening can occur. This causes a decrease in triple
phase boundary as well as disconnection between adjacent Ni par-
ticles and concomitant loss of electronic conduction in the anode.
Coarsening is exacerbated at high temperature, and co-sintering
of stainless steel and YSZ electrolyte at 1300–1400 ◦C leads to
especially poor performance of the Ni-YSZ anode [8]. Secondly,
any cell design with direct contact between a stainless steel sup-
port and Ni-containing anode suffers from interdiffusion of Ni and
Fe/Cr. Regardless of electrolyte material or processing choice, this
phenomenon can occur during operation of the cell [36] and is espe-
cially problematic in situations where there is direct anode/support
contact during high-temperature processing steps [7,11,65]. The
resulting distribution of elements is particularly well exemplified
in Fig. 16. Diffusion of Ni into the ferritic stainless steel support
can cause conversion to austenitic phase, resulting in significantly
reduced oxidation resistance and increased CTE of the support (see
Table 1). Diffusion of Fe and Cr into the Ni-containing anode can
cause formation of insulating oxides such as Cr2O3, NiCr2O4, FeO,
etc. which impair catalytic activity.

5.1. Diffusion barrier layers

Insertion of a diffusion barrier layer (DBL) has been explored
extensively as a solution to Ni and Fe/Cr interdiffusion [11,36–39].
The barrier layer must prevent interdiffusion while allowing elec-
tron and gas transport, have similar CTE to the other materials, and
be stable and compatible with the relevant operating and process-
ing conditions. Compositions including: La0.6Sr0.2Ca0.2CrO3 and
La1−xSrxMnO3 [36–38]; CeO2, and Ce0.8Gd0.2O2 [39]; and undis-
closed compositions [11] were found to be effective diffusion
barriers. Note that compositions similar to LSM are expected to
be unstable in fuel atmosphere [1]. Cr2O3-based diffusion layers
were also employed, but were not very effective because the Cr2O3
layer was reduced during high-temperature processing in reducing
atmosphere [39]. A Cu-YSZ cermet DBL was found to block Ni diffu-
sion into the support, but not completely block Fe and Cr diffusion
into the anode [66].

5.2. Alternative anode designs

While use of a barrier layer is an effective means of block-
ing interdiffusion, it can present an extra ohmic impedance, and
will not prevent Ni coarsening during high-temperature process-
ing. Therefore, it has not been found to be an effective solution for
preparing an anode that will achieve high performance at 700 ◦C or
below. A number of alternative cell designs have been proposed to
alleviate these issues. Waldbillig and Kesler [40] prepared metal-
supported cells using conventional plasma spray deposition, but
with the cathode applied first, followed by electrolyte and Ni-based

anode. This design eliminates Ni and Fe/Cr interdiffusion during
processing and introduces a number of other advantages. A DBL
would likely still be required between the anode and stainless steel
interconnect in a stacked configuration, however. Also, the direct
intimate contact between cathode and metal support may require
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long-term oxidation resistance is not expected.
In summary, infiltration of the anode catalyst alleviates cell

processing issues, and results in a high-performance structure.
Improvements in catalyst composition and current collection
schemes are needed, and this is a fruitful area for further research.
ig. 16. EDAX/SEM composite image of cross-section of metal-supported cell prod
fter 1500 h operation at 800 ◦C. Left image shows Ni distribution as red overlay, ri
36].

lternative cathode materials that are tolerant to the presence of
r. Nonetheless, promising power density of >100 mW cm−2 was
chieved for the first trials of this design.

Copper is known to be an effective SOFC anode conductor,
nd when used in conjunction with ceria can provide an alter-
ative to conventional Ni-cermet electrodes. Cu (m.p. 1083 ◦C)
elts at typical SOFC processing temperatures, normally elimi-

ating it from consideration. It has been shown, however, that
olten Cu tends to wet YSZ in typical co-sintering conditions

1300 ◦C, hydrogen-containing atmosphere), leading to a highly
lectronically conductive cermet with fine metal features [66].
hus, Cu-YSZ may form the basis for an anode suitable for cofir-
ng between stainless steel support and YSZ electrolyte. Initial
node performance was encouraging, although more development
s needed.

.3. Infiltrated anode design

The approach taken by LBNL, and more recently by Risoe, to
ddress the issues of Ni interdiffusion and coarsening is to prepare
he anode using the infiltration techniques developed for cathode
atalysts, discussed above in Section 4 [8,9,27,50]. First, a porous
SZ anode structure (with no catalyst present) is co-sintered with
he metal support, electrolyte layer, and possibly other cell layers
n reducing atmosphere at high temperature. Second, after fur-
her cell processing, the catalyst is infiltrated by the precursor

ethod, resulting in structures similar to those described in Sec-
ion 4 and Fig. 14. Thus, the anode catalyst is never exposed to
igh-temperature reducing sintering conditions, solving the issues
f interdiffusion and catalyst coarsening during cell fabrication.
he anode catalyst also coats the metal support, so inclusion of
are earth salts in the catalyst precursor is expected to enhance
xidation resistance of the metal support [43,49]. As discussed
or infiltrated cathode structures, above in Section 4, the cata-
yst is not part of the mechanical structure of the cell, but rather
orms a thin coating on the YSZ and stainless steel backbone
imilar to the situation shown in Fig. 14. Therefore, expansion
nd contraction due to thermal or redox cycling does not cause
tress in the electrolyte layer, and catalyst compositions with
ignificant CTE mismatch or volume change upon redox cycling
an be tolerated. Favorable redox and thermal cycling tolerance
f cells with infiltrated anode design were reported in Ref. [9].

his advantage provides very flexible choice in catalyst composi-
ion.

Early work with infiltration of anode catalyst into metal-
upported SOFCs focused on Ni-based anode compositions [8,9].
he well-connected network of fine Ni catalyst enabled initial
by plasma spray processing with no diffusion barrier layer present. Images taken
age shows Cr distribution as blue overlay. Reproduced with permission from Ref.

power densities of almost 1 W cm−2 at only 650 ◦C. Ni does not wet
YSZ well, however, and Ni coarsening during operation caused dra-
matic degradation in performance [9]. Moderate improvements in
wetting behavior for infiltrated Ni were accomplished by precoars-
ening at a temperature above the operating temperature [9], and
co-infiltration of TiO2 [67]. The most promising approach to date
is replacement of most or all of the Ni with an anode catalyst, such
as doped ceria, that is stable in contact with YSZ in SOFC fuel con-
ditions. Fig. 17 compares cells prepared at LBNL with infiltrated
Ni and infiltrated SDC as anode catalysts; the ceria composition is
dramatically more stable. Although ceria offers improved stability,
its electronic conductivity is much less than that of Ni. In the case
of YSZ anode backbone, all the electronic current passing from the
metal support to the active electrode area is carried by the ceria cat-
alyst coating. In such a design, cell performance may be limited by
the ceria electronic conductivity. This situation can be improved by
addition of a conductive component to the anode backbone, such
as copper (discussed above in this section), or stainless steel parti-
cles. Risoe has demonstrated the latter choice, [27] and promising
durability of the cell is shown in Fig. 12. The metal particles used
in the YSZ-steel cermet anode layer were quite small, however, so
Fig. 17. Comparison of stability for co-sintered metal-supported cells with YSZ elec-
trolyte and porous YSZ electrodes. Both cells have infiltrated LSM cathode catalyst
and infiltrated Ni or SDC anode catalyst. Operation was at 700 ◦C with humidified
hydrogen and oxygen. Data taken from Ref. [50].
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. Seals

One of the expected advantages of metal-supported SOFCs
s novel sealing strategies to overcome sealing difficulties expe-
ienced with conventional all-ceramic cells. For instance, some
eformation of the metal-supported cells can be tolerated, so com-
ression seals may be effective even if the cell is not perfectly
at. Metals can be easily brazed, welded, crimped, compressed,
tc. enabling new routes for sealing. Most metal-supported cells
ested to date are small button cells, and conventional lab-scale
ealing methods such as ceramic adhesive paste [30], ceramic felt
33] or glass seal [27] have been used for cell demonstration pur-
oses.

A few groups have developed sealing strategies that take advan-
age of the unique strengths of metal-supported cells. Further work
n this area is expected to produce strong, low-cost seal designs.
eres Power reports a cell design in which the support has a dense
etal perimeter [5]. Presumably, the cell active layers overlay

his perimeter, providing an electrolyte to metal seal. The metal
ell perimeter is then sealed to stack components using conven-
ional metal-to-metal sealing, such as compression gaskets or laser
elding. The resulting gas-tight seals survived repeated thermal

ycling.
LBNL utilizes brazed seals that seal against the electrolyte,

etal support, and interconnect/manifold. Active braze alloy (con-
aining Ti) is used to promote wetting of the braze on the
lectrolyte surface, and Al2TiO5 can be added to improve the CTE
atch to other cell components [56]. Extremely rapid thermal

ycling (∼500 ◦C min−1) was demonstrated for braze-sealed metal-
upported cells with no loss of sealing. JPower extended the use of
razed seals to successfully build a short segment-in-series tubular
etal-supported cell stack, achieving >1 V per cell [12].

. R&D opportunities

Metal-supported SOFCs produced by a variety of methods
re receiving increased attention from academic researchers
nd industrial developers. Promising demonstrations of thermal
ycling, redox cycling, and adequate power density occurred, and
ifetime is steadily increasing. As described in this paper, a deep fun-
amental understanding of the properties–structure–processing

nterrelationship for the various materials and cell designs has
een developed. Metal-supported cells are poised for success, but
ignificant research and development is still needed. Some of the
aterials and performance issues to be addressed are listed below.
Cathode:

Long-term demonstration of Cr-tolerant cathode materials in
realistic cathode conditions.
Further development of cathode processing routes that are com-
patible with metal support.

Anode:

Further development of anode compositions and structures that
provide high power density at low temperature, with low-
degradation rate.
Demonstration of internal reforming and tolerance to fuel impu-
rities.
Seals:

Low-cost, highly manufacturable, rugged seals that take advan-
tage of metal-to-metal joining technologies; sealing to the
electrolyte is a particular challenge.
rces 195 (2010) 4570–4582 4581

Support alloys:

• Assessment of high-temperature mechanical properties, includ-
ing creep rate, burst strength, and degree of deformation accepted
before electrolyte cracks or delaminates from support.

• Improvement in oxidation rate by alloying, coating, etc.
• Determination of chromia scale electronic conductivity at rel-

evant temperatures and oxygen, hydrogen, and carbon partial
pressures.

In addition to these cell materials and processing issues, signif-
icant benefit is expected from modeling metal-supported cells and
stacks. Cell-level electrochemistry models can help optimize cell
layer thickness, porosity, composition, etc and predict response to
various fuels and control strategies. In particular, the high ther-
mal and electronic conductivities of the support will ameliorate
thermal gradients and non-uniform current distribution. It can be
expected that there are advantageous stack and system designs,
control strategies, and operational protocols that are only possible
with metal-supported cells. Such possibilities should be explored to
identify new ways that metal-supported cell technology can enable
commercialization of SOFCs. For instance, the mechanical strength
of the metal support may enable large differences between air-
side and fuel-side pressure. This would allow optimization of the
air and fuel pressure independently, potentially minimizing para-
sitic losses. Additionally, the ability to rapidly thermal cycle may
enable a control strategy wherein the cell temperature is varied
quickly to meet transient load requirements. Thus, cell voltage or
current could be fixed while still providing temporary peak power
at a higher temperature. Although temperature transients may
temporarily reduce electrical efficiency, some waste heat recov-
ery would be expected either within the BOP or as useful heat in a
CHP application.

8. Conclusions

Metal-supported cells offer significant benefits over conven-
tional all-ceramic solid oxide fuel cells, including low materials
cost, excellent abuse tolerance, and the possibility of improved
sealing and stacking schemes. Significant understanding of the
materials and processing issues arising from co-processing of metal
and ceramic fuel cell components has been developed. At this point,
the dominant metal-supported fuel cell design consists of porous
ferritic steel support and CGO or YSZ electrolyte. Promising demon-
strations of redox cycling, thermal cycling, and low-degradation
operation suggest that metal-supported cells are poised to over-
come the barriers to commercialization of conventional SOFC
technology.
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