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a b s t r a c t

Thin-film solid oxide fuel cells (SOFCs) with large (5-mm square) membranes and ultra-thin
La0.6Sr0.4Co0.8Fe0.2O3−ı (LSCF) cathodes have been fabricated and their electrochemical performance was
measured up to 500 ◦C. A grid of plated nickel on the cathode with 5–10 �m linewidth and 25–50 �m
pitch successfully supported a roughly 200-nm-thick LSCF/yttria-stabilized zirconia/platinum membrane
while covering less than 20% of the membrane area. This geometry yielded a maximum performance of
1 mW cm−2 and 200 mV open-circuit voltage at 500 ◦C. Another approach toward realizing large area
fuel cell junctions consists of depositing the membrane on a smooth substrate, covering it with a high-
porosity material formed in situ, then removing the substrate. We have used a composite of silica aerogel
(LSCF)
Yttria-stabilized Zirconia (YSZ)
Thin film
Micro-fabrication
M

and carbon fiber as the support, and show that this material can be created in flow channels etched into
the underside of a silicon chip bonded to the top of the SOFC membrane. We anticipate these integrated
fuel cell devices and structures to be of relevance to advancing low-temperature SOFCs for portable
applications.
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. Introduction

Much research on solid oxide fuel cells (SOFCs) is currently
ocused on reducing the operating temperature below approxi-

ately 600 ◦C, to enable easier operation and compatibility with
wider range of materials [1,2]. Some efforts focus on exotic
aterials for the electrolyte and electrodes; others use thin-film

eposition techniques to dramatically reduce the thickness of the
embrane electrode assembly. Submicron-thickness membranes

ave been shown to enable reasonable power densities at lower
emperatures [3–6], but it remains challenging to produce these

embranes with areas large enough to be technologically relevant.
n this paper we discuss two approaches for achieving large active
reas, and the structural and electrochemical properties of cells
ade with each technique. We show that a roughly 200-nm-thick

OFC membrane can be stabilized over a 5-mm square area while
overing less than 20% of the membrane area. Such an area is large
nough to scale up by repetition, covering over 60% of the area of a
arge substrate with active SOFC membranes.
Thin-film solid oxide fuel cell electrolytes have been made
y sputtering [3,6,7], electron beam evaporation [7], pulsed laser
eposition [4], spray pyrolysis [4], and atomic layer deposition
5]. In most cases yttria-stabilized zirconia (YSZ) is used, although
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in some instances a layer of gadolinia-doped ceria (GDC) is
used either alone [8] or added to YSZ on the cathode side to
improve oxygen reduction kinetics [3]. Attempts have been made
to deposit these electrolytes, as well as thin-film electrodes, on
thick but porous substrates [9], an extension of the conventional
electrode-supported SOFCs. However, this approach has difficulty
simultaneously achieving both a dense electrolyte and a high con-
centration of electrochemically active sites. An alternative is to
deposit the membrane on a thick substrate with a smooth sur-
face, then selectively remove much of the substrate to expose the
membrane [3,5–7]. The challenge in this case is that a large area
of submicron-thick membrane is fragile, and must be supported
at frequent intervals by a structural material with thickness inter-
mediate between the membrane and the substrate. In addition,
thin-film electrodes may have insufficient electronic conductiv-
ity to conduct current over macroscopic distances, in which case
the support material must function as a current collector as well.
One previous report exists of a grid of nickel metal used for this
purpose, and describes structural and electrical properties of the
device, with brief mention of electrochemical properties [10]. In
that case, the substrate (silicon wafer) was several hundred microns
thick, the membrane 700–900 nm thick, and the support grid, con-

sisting of 10-�m-wide lines spaced by up to 80 �m, was 4–6 �m
thick.

A number of reports indicate that the maximum freestanding
width of a submicron SOFC membrane tends to be in the range
of tens to a few hundred microns [3–5,7,11], less than the thick-
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75 mT of argon). The completed device is shown schematically in
Fig. 1(d).

This patterning procedure for the nickel grid accomplishes sev-
eral goals. First the nickel plating solution can slowly etch LSCF.
Thus, the LOR protects the LSCF over what will become active mem-
150 A.C. Johnson et al. / Journal of P

ess of most practical substrates. In some versions of fuel cells
eposited on a flat substrate which is later removed, the support
tructure is useful to aid fabrication, because it can be difficult or
xpensive to etch high-aspect-ratio structures through the sub-
trate, hence it is preferable if this etch step involves only coarse
atterning. High-aspect-ratio structuring may also impede reac-
ant and product diffusion, leading to degraded cell performance.
n other versions, the support structure is not only useful but essen-
ial to convert a large fraction of the substrate area into active

embrane. If an electrode material is to be deposited on the back
ide of the membrane after etching, then an etch technique with
loped sidewalls should be used in order to allow sufficient elec-
rode material to reach the membrane surface. Given such sloped
idewalls, the area occupied by an each etch hole at the bottom of
he wafer will be substantially larger than the active area exposed at
he top, thus the total percentage of wafer area which can be made
nto active membrane, without supporting material, will be quite
mall.

For KOH etching through 〈1 0 0〉 silicon, a square active area with
ide w requires a square etch hole with side w + t

√
2 for a wafer

hickness t, so the total active area can be no larger than Aactive =
wafer(1 + t

√
2/w)

−2
. For a 500-�m-thick wafer with an active area

idth of 100 �m, for example, this gives Aactive = 1.5% Awafer. Using
support grid, the active area covered by the grid must be con-

idered as well, leading to Aactive = Awafer(1 − l/p)2(1 + t
√

2/w)
−2

here l is the linewidth of the grid material and p is the pitch
f the grid, but now w can be substantially larger. For example,
ncreasing w to 5 mm but adding a grid with 5 �m linewidth
nd 50 �m pitch gives Aactive = 62% Awafer, a 40-fold improvement
espite cutting the size of freestanding regions in half. Additional

mprovements, such as thinner wafers and a technique we describe
elow for increasing grid thickness while consuming less active
rea, can increase the utilization further. The key is that in most
ases, the lateral extent of the support material is comparable to its
hickness, and a plated grid can be far thinner than the substrate.
n both cases, real cell geometries will lose more active area than
his, from edge exclusions, bonding regions, and areas dedicated
o gas flow, for example. However, it is clear that a grid support
ields tremendous advantages relative to support by the substrate
lone. The first design we study in this paper contains a nickel grid
eposited on the cathode side of the membrane. We show that this
rid successfully stabilizes a 180-nm-thick La0.6Sr0.4Co0.8Fe0.2O3−ı

LSCF)/YSZ/porous Pt membrane over a 5-mm square area and
ives an open-circuit voltage (OCV) and maximum power density
p to 202 mV and 1 mW cm−2 at 500 ◦C.

A second option to support a submicron membrane is to essen-
ially reverse the conventional electrode-supported geometry:
eposit the membrane on a smooth substrate, cover it with a porous
aterial, and then remove the substrate. The ideal porous support
ould have high diffusivity and a pore size substantially smaller

han the maximum allowable freestanding membrane width. It
hould adhere to the membrane surface without wetting and block-
ng too many active sites, possess sufficient mechanical strength
o counteract film stresses generated during either deposition or
eating to the operating temperature, and be stable itself at high
emperatures under possibly changing oxidative environments.
urther desirable properties of this material include electrical con-
uctivity (so that it can function as a current collector) and catalytic
ctivity—the large surface area of such a porous material may
erve as a scaffold for catalyst particles, for example for inter-

al reforming reactions to occur directly in the anode chamber.
ere we focus on the mechanical properties and demonstrate

he concept using a silica aerogel reinforced with carbon fibers,
ormed in situ between the membrane surface and a silicon cover
iece.
ources 195 (2010) 1149–1155

2. Experimental procedures

2.1. Grid-supported membranes

Fig. 1 shows the lithographic processes used to form grid-
supported membranes. We have reported on the structure and
electrochemical performance of cells with identical membrane
materials, thicknesses, and deposition parameters in detail else-
where [6,11,12] but without the support materials necessary to
form large area membranes. We begin with a silicon wafer coated
on both sides with 200 nm of low pressure chemical vapor depo-
sition (LPCVD) silicon nitride. 80 nm of 8 mol% YSZ and 20 nm of
LSCF are sputtered onto the top surface. Both films are deposited at
1 nm min−1 from oxide targets, in 5 mT of argon with the substrate
held at 500 ◦C. A bilayer of resist is then spun onto the sample,
LOR-3A lift-off resist (Microchem Corp.) first, followed by S1813
photoresist (Rohm and Haas Co.), baking the layers at 170 ◦C and
115 ◦C, respectively. The resist is exposed with the grid pattern, and
the S1813 is developed in CD-30 (Rohm and Haas Co.) and baked
at 140 ◦C. The LOR is then etched in CD-26 (Rohm and Haas Co.)
just long enough to reach the LSCF surface but no longer, to avoid
significant undercutting. A physical mask is then placed over the
chip, covering the edges, while a thin (∼100 nm) nickel seed layer
is sputtered onto the surface, as shown in Fig. 1(a). Now the pho-
toresist is dissolved in acetone, lifting off the unwanted nickel seed
material but leaving the LOR layer intact. The chip is then immersed
in electroless nickel plating solution (Nickelex, Transene Corp.) at
88 ◦C to plate 5–10 �m of nickel, as shown in Fig. 1(b). The LOR layer
is dissolved in Remover PG (Microchem Corp.), then the back side
nitride is patterned via reactive ion etch (RIE) using a mixture of
CF4 and O2 through a physical mask, followed by etching through
the wafer in 30 wt% KOH at 96 ◦C (Fig. 1(c)). During this etch the
chip is sealed into a stainless steel housing with o-rings to ensure
that KOH only touches the bottom of the chip. Finally, the silicon
nitride on the back side and underneath the membrane is removed
with another RIE step, and a 0–60 nm blanket coat of YSZ is sput-
tered onto the back side (as previously but at room temperature)
followed by a porous Pt anode (sputtered at room temperature in
Fig. 1. Top side grid process: (a) after deposition of YSZ, LSCF, and patterned nickel
seed layer; (b) photoresist is lifted off and nickel is plated; (c) LOR is removed and
the wafer is etched through; (d) additional YSZ may be coated on the back side,
followed by the porous Pt anode.
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Fig. 2. Top side grid devices: (a) top view and (b) bottom view of an entire com

rane areas, and undercutting of this layer (which would lead to a
ap between LOR and nickel seed coverage) should be minimized.
econd, with no nickel seed near the edge of the chip, LSCF is
emoved there, minimizing the possibility of electrical shorts from
t that may deposit up the side of the chip. Third, the thickness
nd therefore strength of the nickel grid may be increased with-
ut usurping additional active membrane area. Because plating is
oughly isotropic, the grid lines grow outward as well as upward
uring plating, but due to the LOR layer, the LSCF is still exposed
o gas underneath this overhang. In the present devices a relatively
hin (∼300 nm) LOR layer was used, which may inhibit diffusion as
he overhang may be as much as 10 �m wide, but a thicker LOR
ayer could be used as well.

Fig. 2 shows several optical images of a grid-supported mem-
rane device, either completed (Fig. 2(a) and (b)) or after KOH
tching but prior to the final RIE step (Fig. 2(c) and (d)). In Fig. 2(a)
he entire chip is shown from above, with the active area visible
s the lighter square in the center. The edge exclusion, where no
ickel seed layer was deposited thus the LSCF was partially etched,

s the dark border. In Fig. 2(b) we see the same chip from below,
oated with porous Pt on the unpolished, unetched bottom edge
f the wafer, down the sloped sidewalls of the KOH etch (dark),
nd on the active area in the center. Zooming in, Fig. 2(c) shows
he result of plating roughly 5 �m of nickel onto a 25-�m-pitch,
ominal 5-�m-linewidth grid pattern. The nickel is relatively flat
bright area) over approximately 5 �m but then slopes down (dark
rea) for a total width of 13 �m. In addition, occasional spontaneous
lating nucleation sites can be seen, covering part of the active area
ith unwanted nickel. From this image alone it would appear that

his grid has covered over 75% of the membrane area. However, the
ottom view, Fig. 2(d), shows another advantage of the LOR layer:
he actual nickel grid lines in contact with LSCF are only about 3 �m
ide and cover only 22% of the active area. The rest of the nickel is

ifted off the LSCF surface, which alters the color of reflected light
ue to interference effects. The spontaneous nucleation sites can
lso be seen, generally lifted slightly higher off the surface, but close

o flat on the bottom, as evidenced by the interference patterns.

The amount of active area covered by the grid lines could be fur-
her decreased by increasing the grid pitch at constant linewidth,
owever with the currently used process parameters a 25-�m grid

s more reliable than a 50-�m grid, although no chips have emerged
d chip; (c) top view and (d) bottom view of the grid just before Pt deposition.

from processing completely defect-free. Out of eight chips each
with 25-�m and 50-�m grids with nominal 5-�m linewidths, aside
from two in which the grid peeled off, the number of visible cracks
in the membranes ranged from two to about a dozen on the 25-�m
chips, and about a dozen to a few hundred on the 50-�m chips (out
of 40,000 grid cells on each 25-�m chip and 10,000 on each 50-�m
chip).

Most of the cracks occur either during the RIE nitride removal
or during porous Pt deposition, both of which increase compres-
sive stress on the membrane [12], however nearly all membrane
failures we have observed coincide with visible grid defects, either
cracks or errors in lithography. Fig. 3(a) shows two cracks in a 25-
�m grid (horizontal, bottom center, and vertical, just left of center).
Zooming further in, it is clear from the continuity of globular plat-
ing structures across the cracks that these occurred after plating
was finished. Fig. 3(b) shows the same region, but focused on the
membrane rather than the top of the grid, showing that from each
grid crack there are membrane cracks extending to the next unbro-
ken gridline, where they stop. Presumably the vertical membrane
crack extends below the horizontal gridline, but is shadowed by
the overhang of the vertical gridline. Fig. 3(c) shows a region of 50-
�m grid with a single crack in the center. The buckling of unbroken
membranes, extending 3 or 4 cells to either side of the crack, shows
that the diagonal pointing toward the crack is shortened, indicating
that the crack in the gridline was created to relieve tensile stress
in the nickel, while the membranes, with their compressive stress,
adapt to the shapes taken on by the grid.

2.2. Gel-supported membranes

Fig. 4 shows the process used to form aerogel-supported mem-
branes. The assemblies are formed from two chips, a top and a
bottom piece, both starting as 10-mm square silicon chips coated on
both sides with 200 nm of low pressure chemical vapor deposited
(LPCVD) silicon nitride. The top chip, when bonded to the bottom,
will serve as a flow channel for air and a container for the aerogel. A

large square of nitride is removed from one side of the top chip and
two long slits from the other, followed by etching in KOH from both
sides until the etch holes meet mid-wafer, as shown in Fig. 4(a).

The bottom chip is coated with YSZ and LSCF and a hole opened
in the back side nitride as described above. An adhesion layer of Cr
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ig. 3. Defects in the top side grid. Focusing on the (a) top of the grid and (b) top of
ndicate the grid defects. (c) Deformation of the grid around a defect evidenced by
uckled grid cells, above right of the defect.

nd a bonding layer of Au is electron-beam evaporated onto the top
f the bottom chip, masked to deposit only around the edge where
he two chips will be bonded, as shown in Fig. 4(b). The remaining
ilicon nitride is removed from the top chip with phosphoric acid
85% in water, heated to 180 ◦C) and the same Cr/Au bonding layer is
vaporated to its bottom surface, after which the chips are bonded
ogether in an EV Group Inc. EV501 wafer bonder, at 350 ◦C and

−5
000 N for 30 min at 10 torr. The resulting structure is shown in
ig. 4(c). The top chip serves as a container for the aerogel. This
eaves an open space inset into one side of the top chip in which
he aerogel is located, accessible by two slits on the other side for
as inlet and outlet.

ig. 4. Gel support process: (a) YSZ, LSCF, and patterned gold bonding layer are
eposited, and the etch mask is patterned into the back side; (b) a second chip, etched
o form a gas flow channel, is bonded on top; (c) carbon fiber aerogel composite is
ormed in the flow channel; (d) the device is completed similarly to the grid process.
embrane around a set of grid defects. Arrows at the same positions in both images
ng patterns of the membranes. Arrows indicate one of the four series of diagonally

The next step is to fill the space between the top and bottom
chips with a porous medium, as shown in Fig. 4(d). Silica aero-
gels were synthesized in a two-step acid–base catalyzed process
following Ref. [13] and described below. We point out that other
types of aerogels such as carbon aerogels synthesized with resorci-
nol and formaldehyde and used with fiber support as electrodes in
supercapacitors could be suitable as well due to their electronic
conductivity [14]. Also, the recently demonstrated carbon nan-
otube aerogels [15] may be ideal for this purpose. In these gels,
polyvinyl acetate (PVA) is used to strengthen the gels, with the
disadvantage that it decreases electrical conductivity, however at
SOFC operating conditions the PVA may pyrolyze and enhance its
conductivity. The gels are formed as a composite with carbon fiber,
as a key criterion of this process is low shrinkage of the gel after
gelation, and several authors have found that forming the gel as a
composite with larger fibers accomplishes this [16,17].

To form the gel/fiber composite, milled carbon fiber (Toho
Tenax Co.) is manually packed into the two-chip fuel cell assembly
with a thin rectangular foil until the space is filled. Commercially
available prepolymerized tetraethyl orthosilicate (Silbond Corp.,
H5), ethanol, water, and NH4OH (30% in H2O) were mixed in a
1:1.7:1.5:0.007 volume ratio then directly pipetted into the fuel
cell assembly containing carbon fiber. The mixture is left in ethanol-
saturated air to gel for 1 h, and then submerged in a bath of water,
ethanol, and 30% NH3/H2O in a 1:1:0.003 ratio for 18–24 h to age the
gel. Ethanol replacement, then CO2 replacement follows to prepare
the gel for supercritical drying with CO2, which minimizes capillary
forces during drying. Supercritical drying is performed in a custom-
built autoclave, constructed from a 2′′ ID steel elbow as a pressure
chamber, fed by a siphon-type carbon dioxide cylinder, submersed
in a water bath connected to a recirculating thermoelectric tem-

perature controller.

After the gel is dried, the structure is completed using the
same processing steps as in the grid devices: KOH etching, nitride
removal, optional YSZ deposition, and porous Pt anode deposition.
The only difference is that RIE, despite coming from the opposite
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19 mA cm−2 at 500 ◦C, and maximum power Pmax = ISCVOC/4 reaches
1.0 mW cm−2.

To interpret these data, we can model the device with the circuit
equivalent shown in Fig. 7, including an electrochemical voltage
ig. 5. Gel device images—top and bottom chips: (a) ready for bonding and (b) aft
OH etching; (e) after etching a device with only silica aerogel, no carbon fibers, th

ide of the chip, could cause significant damage to the nanofibers
f the aerogel, so the back side nitride is instead removed by wet
tching in phosphoric acid, while the top and sides of the device
re still protected inside the stainless steel housing.

Fig. 5 shows the gel-supported devices at various processing
teps. Fig. 5(a) shows the two chips ready to be bonded, with
he cathode side flow channel and inlet and outlet slits etched
nto the top chip and the YSZ and LSCF layers on the bottom,
long with Cr/Au bonding layers on each chip. The chips are then
onded (Fig. 5(b)), and filled with fiber/gel composite (Fig. 5(c)).
he darker regions in the slit are fiber/gel composite, while the
ighter are pure silica gel on top of the fibers. Non-reinforced silica
erogels we make with the same precursor concentrations have a
ensity of around 0.1 g cm−3. In these devices we measure approx-

mately 0.05(±50%) g cm−3 of silica gel (approximately 3% filling)
nd 0.4 g cm−3 of carbon fiber (approximately 20% filling), giving a
otal porosity of around 75–80% for the composite.

Fig. 5(d) shows a chip pair in KOH, protected by the stainless
teel housing. At the top one can see a stainless steel tube which is
elded into the back of the protective housing and extends upward

ut of the KOH, venting the protected side to prevent pressure
hanges across the membrane due to the temperature of the bath. In
his image, the etch is nearly complete, with a little silicon remain-
ng on upper left of the membrane, and the fiber/gel composite
an be seen in the remainder. Finally, Fig. 5(e) shows a device after
tching through the silicon wafer but before removing the silicon
itride layer. This device was made with only silica aerogel, no car-
on fiber, and it is clear that the gel has shrunk tens of percent in

inear dimension and is not bonded to the membrane. The nitride
s strong enough, however, that while it is present even as a large

embrane does not necessarily break. From Fig. 5(c) and (d) it
s clear that the fiber/gel composite exhibits little or none of the
hrinkage that hampered the gel-only device in Fig. 5(e). Another
el composite fabrication route, mixing the carbon fiber and aero-
el precursors prior to injection between the bonded chips, was
ound to yield too low a density of fibers to provide this mechanical
tability.
. Electrochemical performance

Fig. 6 shows the electrical performance of a representative grid-
upported device, with a 5-mm square active area and a 50-�m
ding; (c) after injection and drying of the fiber/gel composite; (d) near the end of
nded, broken, and shrunken gel can be seen through the membrane.

nickel grid. The observed open-circuit voltages (VOC) were low
enough (maximum 202 mV at 500 ◦C) that the I–V curve at any
given time was essentially a straight line connecting the open-
circuit and short-circuit conditions. This reflects the fact that with
a low VOC, the current produced by the cell is substantially less
than the internal leakage current, thus the activation overpoten-
tial is essentially constant due to its logarithmic dependence on
current. Also, in a situation like this we significantly oversup-
ply reactants to the cell, such that concentration losses do not
arise, and only linear contributions remain in the current–voltage
relationship. Each I–V curve can then be described by two param-
eters; namely VOC and area-specific resistance (ASR), but others
can be calculated: short-circuit current I = V /R peaks at
Fig. 6. Electrical performance of a grid-supported device. Open-circuit voltage (red
curve, left axis) and area-specific resistance (blue curve, right axis) vs inverse tem-
perature. The Celsius equivalent is shown on the top axis. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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[7] C.D. Baertsch, K.F. Jensen, J.L. Hertz, H.L. Tuller, S.T. Vengallatore, S.M. Spearing,
ig. 7. Linearized equivalent circuit model used to analyze grid-supported device
erformance.

ource V0 in series with an ionic resistance RI, a leakage resistance RL
ue to electronic connection (short circuit) between the electrodes,
nd a series resistance RS due to contacts and current collection.
n this linearized, low-VOC model, V0 would not be the theoretical
ell potential but due to the non-linearity of activation potentials
hould be around 0.5–0.7 V for this structure, based on extrapola-
ions of our previous measurements [6]. RL accounts for defects in
he membrane that allow the Pt anode to contact either the Ni grid
r the LSCF cathode, either at a visible crack or at a microscopic
efect such as a pinhole. Such contact could occur during deposi-
ion, if for example the Pt deposits conformally through a crack;
fter deposition, if displacement due to a crack causes the cathode
o contact an adjacent region of anode; or by diffusion, if during
eating Pt atoms migrate through a pinhole or crack to form a
ridge between the electrodes. This model leaves out gaseous leaks
nd the distributed nature of the series resistance, but it is useful
or qualitative interpretation. Gas leaks are less likely to contribute
ignificantly to the low-VOC we observe, as they would lead to a con-
entration profile, and consequently VOC, relatively independent of
emperature. Within this model the measured open-circuit volt-
ge would be VOC = V0/(1 + RI/RL), and the area-specific resistance,
SR = RS + RIRL/(RI + RL).

In a well-functioning fuel cell, the ASR would be dominated by
I (activation overpotential is primarily combined into V0) with a
uch larger RL and a much smaller RS. However, the small VOC

ndicates that RI > RL. From our previous work with these identical
embrane materials [6] we expect a maximum power in the order

f 60 mW cm−2 at 500 ◦C at around 0.3 V, implying an RI around
.5 � cm2. In order to create the observed VOC then, RL should be
round 0.75 � cm2.

This leaves the majority of ASR (approximately 2 � cm2 after
eating) to be taken up by RS. Possible sources of series resistance

nclude current collection effects, such as partial etching of LSCF
round the edges of the nickel grid or interface oxidation between
he LSCF and nickel, as well as contact and lead resistance. We could
lso account for this ASR via higher device and leakage resistance if
he intrinsic membrane performance (without leakage) were on the
rder of 3 mW cm−2, substantially lower than our previous devices
ut possible if, for example, the edges of the LSCF etched suffi-
iently to disconnect a substantial fraction of the membranes from
he current collector grid.

Various features seen in Fig. 6 support a number of conclu-
ions about device characteristics. First, VOC shows an overall
rend toward higher values at higher temperatures, which is to
e expected since VOC is determined, as described above, by the
atio of ionic to leakage resistance, and the ionic conduction is
hermally activated. However, no single activation energy may
e extracted. Various slopes are seen, corresponding to activation
nergies around 0.43 eV in heating up to 400 ◦C, 0.22 eV cool-
ng from 500 ◦C to 400 ◦C, and 0.8 eV cooling below 400 ◦C. An

pparent activation energy of 3 eV is seen during the rapid per-
ormance improvement around 450 ◦C in heating, however this
s likely related to a change in morphology of one or more lay-
rs of the membrane. Although the LSCF and YSZ were deposited [
ources 195 (2010) 1149–1155

at 500 ◦C and thus are expected to already be crystalline, the
improvement at 450 ◦C suggests that one or both of these lay-
ers required further structural transformation to achieve better
electrochemical performance. One likely explanation is that oxy-
gen deficiency during deposition led to incomplete crystallization
of the LSCF. A final salient feature of the VOC data is the slow-
ing and ultimate reversal of its rise as we approach 500 ◦C. We
have observed such degradation in previous work [6] although
generally at somewhat higher temperature and manifest in max-
imum power rather than VOC. We attribute this effect most likely
to agglomeration of the Pt anode. For this reason, no data were
taken above 500 ◦C as this would have led to further degrada-
tion.

The ASR data in Fig. 6 exhibit two distinct drops. Aside from
some noise between 350 ◦C and 400 ◦C, there is a rapid drop just
above 400 ◦C, and another smoother decline around 450 ◦C coin-
ciding with the steep rise in VOC. As ASR is a function of RS (in
addition to RI and RL which appear in VOC) and the first drop does
not correspond to any clear feature in VOC, we attribute this drop to
a decrease in RS, likely an improvement in contact resistance to the
measurement circuit. The second drop corresponds to a decrease
in RI upon crystallization. The near constancy of ASR after these
two events over a wide temperature range provides further evi-
dence that it is dominated by RS, with RI and RL substantially smaller
thereafter. Taken together, these data show that the key element to
focus on in improving the performance of these devices is the leak-
age resistance RL, without which VOC and power production would
improve dramatically.

4. Conclusion

In this paper, we have examined two approaches for strength-
ening a large area of thin-film solid oxide fuel cell membrane,
such that it could be scaled up. The first technique, using a plated
grid, has been demonstrated to preserve the integrity of the vast
majority of sub-membranes and produce power. The second tech-
nique involves strengthening with a porous layer of aerogel/carbon
fiber composite fabricated in situ, also compatible with micro-
fabrication. We anticipate these approaches to be of potential
relevance in scaling up low-temperature SOFCs for portable or
intermittent power applications.

Acknowledgments

We thank the staff at the Rowland Institute at Harvard for tech-
nical support. The authors acknowledge financial support from
SiEnergy Systems, the Harvard University Center for the Environ-
ment, and the Eppley Foundation for Research.

References

[1] B.C.H. Steele, A. Heinzel, Nature 414 (2001) 345–352.
[2] S.M. Haile, Acta Mater. 51 (2003) 5981–6000.
[3] H. Huang, M. Nakamura, P. Su, R. Fasching, Y. Saito, F.B. Prinz, J. Electrochem.

Soc. 154 (2007) B20–24.
[4] A. Bieberle-Hutter, D. Beckel, A. Infortuna, U.P. Muecke, J.L.M. Rupp, L.J. Gauck-

ler, S. Rey-Mermet, P. Muralt, N.R. Bieri, N. Hotz, M.J. Stutz, D. Poulikakos, P.
Heeb, P. Muller, A. Bernand, R. Gmur, T. Hocker, J. Power Sources 177 (2008)
123–130.

[5] P.-C. Su, C.-C. Chao, J.H. Shim, R. Fasching, F.B. Prinz, Nano Lett. 8 (2008)
2289–2292.

[6] A.C. Johnson, B.-K. Lai, H. Xiong, S. Ramanathan, J. Power Sources 189 (2009)
252–260.
M.A. Schmidt, J. Mater. Res. 19 (2004) 2604–2615.
[8] Z. Shao, S.M. Haile, Nature 431 (2004) 170–173.
[9] Y. Park, P.C. Su, S.W. Cha, Y. Saito, F.B. Prinz, J. Electrochem. Soc. 153 (2006)

A431–A436.
10] S. Rey-Mermet, P. Muralt, Solid State Ionics 179 (2008) 1497–1500.



ower S

[

[

[
[

A.C. Johnson et al. / Journal of P
11] B.-K. Lai, A.C. Johnson, H. Xiong, S. Ramanathan, J. Power Sources 186 (2009)
115–122.

12] B.-K. Lai, H. Xiong, M. Tsuchiya, A.C. Johnson, S. Ramanathan, Fuel Cells (2009),
doi:10.1002/fuce. 200800144.

13] M.R. Ayers, A.J. Hunt, J. Non-Cryst. Solids 217 (1997) 229–235.
14] H. Pröbstle, C. Schmitt, J. Fricke, J. Power Sources 105 (2002) 189–194.

[

[
[

ources 195 (2010) 1149–1155 1155
15] M.B. Bryning, D.E. Milkie, M.F. Islam, L.A. Hough, J.M. Kikkawa, A.G. Yodh, Adv.
Mater. 19 (2007) 661–664.

16] J.-A. Paik, J. Sakamoto, S. Jones, NASA Tech Briefs NPO-44287 (9/1/2008).
17] M. Glora, M. Wiener, R. Petricevic, H. Pröbstle, J. Fricke, J. Non-Cryst. Solids 285

(2001) 283–287.


	Fabrication and electrochemical performance of thin-film solid oxide fuel cells with large area nanostructured membranes
	Introduction
	Experimental procedures
	Grid-supported membranes
	Gel-supported membranes

	Electrochemical performance
	Conclusion
	Acknowledgments
	References


