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S
olid oxide fuel cells (SOFCs) are attrac-
tive because of their high energy con-
version efficiency in the usage of fuels

ranging from hydrogen to hydrocarbons.1�6

Nevertheless, they have limited applications
because this high efficiency requires high
operating temperatures, which pose signifi-
cant engineering challenges, diminishing
the SOFCs practicality for applications such
as portable power sources. Lowering the
operating temperatures of SOFCs would
improve thermal stability and offer shorter
start-up times, which in turn would broaden
their use as auxiliary power units for auto-
mobiles.7�9 Although many studies have
aimed at lowering SOFC operating tempera-
tures, the resulting temperature reduction
has been inevitably accompanied by a de-
crease in ionic conduction of the electrolyte
and power density.
One approach to improving SOFC perfor-

mance at lower temperatures is to intro-
duce electrolyte materials with higher ionic
conductivity. A candidate for a low- or inter-
mediate-temperature SOFC electrolyte is
the La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) electro-
lyte, which has been demonstrated to sig-
nificantly improve the maximum power den-
sity of the SOFC to 0.612 W/cm2 at 500 �C.10

Another candidate is the Sm0.075Nd0.075-
Ce0.85O2-δ (SNDC) electrolyte, which also has
beendemonstrated to improve themaximum
power density to 0.32 W/cm2 at 500 �C.11

These electrolytes exhibit high ionic con-
ductivity; however, they are less stable than
yttria-stabilized zirconia (YSZ).
A second approach to improving SOFC

performance is to reduce electrolyte
thickness. Recent studies in micro-SOFCs
demonstrated enhanced reaction and
transport kinetics at relatively low tem-
peratures (300�500 �C),12�17 indicating
that high power density, low-temperature
SOFC devices may be feasible. The use of

microelectromechanical system (MEMS)
processing allows fabrication of micro-
meter-thick freestanding SOFC electrolytes,
which reduce ohmic losses during fuel cell
operations. These microscale zirconia- and
ceria-based electrolytes are typically depos-
ited by physical vapor deposition techni-
ques that produce high-quality thin films
with few pinholes.18 In our recent study,
instead of using physical vapor deposition
techniques in our micro-SOFC fabrication
process, we adopted atomic layer deposi-
tion (ALD), a chemical vapor deposition tech-
nique that allows reducing the YSZ electro-
lyte thickness to tens of nanometers.19�21

With such thin electrolytes, ohmic losses are
no longer rate-controlling, thereby making
polarization losses the dominant loss me-
chanism for fuel cell performance.
In general, reducing current density in a

fuel cell reduces polarization losses, although
lowering the power output. By increasing
the area of the electrolyte membrane one
can compensate for the reduced power out-
put. For that purpose we fabricated three-
dimensional corrugated thin-film electro-
lytes in a previous study with a surface area
five times greater than a noncorrugated
electrolyte by using an extensive number
of photolithography steps.22 The resulting

* Address correspondence to
fprinz@stanford.edu.

Received for review April 12, 2011
and accepted June 9, 2011.

Published online
10.1021/nn201354p

ABSTRACT Considerable attention has been focused on solid oxide fuel cells (SOFCs) due to their

potential for providing clean and reliable electric power. However, the high operating temperatures

of current SOFCs limit their adoption in mobile applications. To lower the SOFC operating

temperature, we fabricated a corrugated thin-film electrolyte membrane by nanosphere lithography

and atomic layer deposition to reduce the polarization and ohmic losses at low temperatures. The

resulting micro-SOFC electrolyte membrane showed a hexagonal-pyramid array nanostructure and

achieved a power density of 1.34 W/cm2 at 500 �C. In the future, arrays of micro-SOFCs with high
power density may enable a range of mobile and portable power applications.

KEYWORDS: atomic layer deposition . yttria-stabilized zirconia . solid oxide fuel cells .
micro solid oxide fuel cells . nanosphere lithography

A
RTIC

LE



CHAO ET AL . VOL. 5 ’ NO. 7 ’ 5692–5696 ’ 2011

www.acsnano.org

5693

maximum power densities of these fuel cells reached
0.861 W/cm2 at 450 �C. However, the fabrication com-
plexity rendered this approach costly and difficult.
In the present study, we describe a method for

fabricating corrugated electrolyte membranes with a
reduced fabrication complexity. We used a wafer-scale
self-assembly nanotexturing technique to pattern the
surfaces of our ALD YSZ electrolytes, applying nano-
sphere lithography (NSL) to create a three-dimensional
pattern on a silicon substrate.23�25 Due to the self-
assembly characteristics of nanospheres, we were able
to form close-packed patterns without resorting to
conventional lithography steps that require mask de-
sign and fabrication, followed by photoresist applica-
tion, development, and removal. The geometry of this
nanostructured pattern was determined by the dry
etching conditions of the process. To replicate this
three-dimensional nanostructured geometry with in-
creased surface area, we coated the patterned sub-
strate with an YSZ electrolyte using ALD. This ALD
coating was composed of zirconia doped with 7�8
mol % of yttria and provided a pinhole-free and
conformal electrolyte throughout the entire active fuel
cell area. Depositing ultrathin pinhole-free conformal
coatings over corrugated geometries is unique to ALD
processing;26,27 similar coatings are difficult if not
impossible to achieve with physical vapor deposition
methods.

RESULTS AND DISCUSSION

Figure 1 shows a schematic of the membrane elec-
trode assembly (MEA) design and the scanning elec-
tron microscope (SEM) images of the nanostructured
MEA. The dimensions of the freestanding MEA area are
100 μmby 100 μm,with a surrounding silicon structure
supporting the membrane. The SEM images demon-
strate the feasibility of fabricating MEAs with a close-
packed array of hexagonal pyramids. The sides of these
hexagonal pyramids were approximately 800 nm, and
the height of the pyramids approximately 800 nm,
providing a corrugated area 1.6�2 times larger than
the projected area of the planar structure. The final
electrolyte thickness was 80 nm, and the electrode
thickness was 60 nm, which resulted in an ultrathin
freestanding platinum/YSZ/platinumMEAwith a thick-
ness of 200 nm. The SEM mircrographs obtained after
electrochemical characterizations exhibited no change
in the electrolyte nanostructure. However, consistent
with earlier observations,28,29 indications of platinum
coalescence in the electrode texture were noticed.
During fuel cell performance characterization, the

anode side of the fuel cell was sealed to a heated
hydrogen flow chamber, exposing that side to a 10 sccm
flow of pure hydrogen. The cathode side of the fuel cell
was exposed to the atmosphere without external
heating. The dense and pinhole-free ALD YSZ electro-
lyte prevented fuel crossover, thereby eliminating the

leakage current through the electrolyte. In addition,
the electrolyte was sufficiently thin that ohmic losses
could be neglected for small currents. As a result, the
measured open-circuit voltages (OCV) of the micro-
SOFC were close to the theoretical values derived from
the Nernst equation, reaching 1.14, 1.11, and 1.10 V at
400, 450, and 500 �C, respectively.
Figure 2A shows the impedance spectra of the

nanostructured MEA and the unpatterned MEA at
450 �C. The high-frequency (200 kHz) intercepts, cor-
responding to the ohmic resistances of the MEAs, were
approximately 0.05 Ω cm2. The extrapolated electro-
lyte conductivities for both MEAs were approximately
2� 10�4 S/cm at 450 �C, similar to the YSZ conductivity
reported in the literature.30�32 Despite the additional
patterning process used in the nanostructured MEA,
the ohmic resistance remained unaffected by the dif-
ference in the electrolyte geometries. However, the
low frequency (0.1 Hz) interceptions, corresponding to
the polarization resistances of the MEAs, were strongly
affected by the MEA geometries. The polarization
resistance of the nanostructured MEA was approxi-
mately 30% less than the resistance of the unpatterned
MEA at this temperature, reflecting the change in the
cathode/electrolyte interfacial area. This can also be
observed in Figure 2B, where polarization losses are af-
fected by the geometries of the MEAs. We believe this
electrochemical performance enhancement is due to
the increase in the electrochemically active interfacial
area resulting from the corrugation.
The current�voltage performances of the nanos-

tructured micro-SOFC at different temperatures are
shown in Figure 3. The maximum power per cell is

Figure 1. (A) Schematic of the freestanding platinum/YSZ/
platinumMEA design. (B) SEM image of the nanostructured
MEAwith porous platinum electrodes and an ALD YSZ elec-
trolyte obtained after electrochemical characterizations. (C)
Side viewof theMEA. (D) Top view from the cathode side. (E)
Bottom view from the anode side. The thickness of the MEA
was approximately 200 nm.
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36, 82, and 134 μW at 400, 450, and 500 �C, with a
projected area of 10�4 cm2 in each cell. The maximum
power of the unpatterned cell with the same projected
area is 24, 56, and90μW, respectively. Reducing the elec-
trolyte thickness and increasing the cathode/electrolyte

interfacial area have significantly improved fuel cell
performance at these temperatures. However, these
current�voltage curves still indicate notable polariza-
tion losses, which may be further reduced by using
materials with higher catalytic activities relative to YSZ.
The maximum power density of both cells after 1 h at
500 �C decreased to 80% due to platinum coalescence
at elevated temperatures. Similar electrochemical per-
formance degradation was reported by Kerman et al.
with a comparable experimental setup.28 Electrode
materials may be replaced by alloys, such as platinum�
nickel,29 or ceramic materials, such as lanthanum stron-
tium cobalt iron oxide,30 to improve thermal stability of
the electrode and offset the high cost of platinum.

Figure 2. (A) Impedance spectra of the nanostructuredMEA and the unpatternedMEA under open-circuit voltage conditions
at 450 �C. (B) Current�voltage performances of the nanostructuredMEA and the unpatternedMEA using pure hydrogen fuel
at 450 �C. The maximum power densities of the nanostructured MEA and the unpatterned MEA at 450 �C are 0.82 and 0.56
W/cm2, respectively.

Figure 3. Fuel cell performance of the three-dimensional
nanostructured MEA at 400, 450, and 500 �C. Themaximum
powerdensities are 0.36, 0.82, and1.34W/cm2, respectively.

Figure 4. Exchange current densities of the nanostructured
MEA and the unpatterned MEA. This enhancement was at-
tained by increasing the cathode/electrolyte interfacial area
of the MEA.

Figure 5. Fabrication process of a 3D nanostructured elec-
trolyte: (A) Transfer silica nanoparticles onto a silicon sub-
strate via the Langmuir�Blodgett method and perform
etching to control the nanoparticle size. (B) Sputter alumi-
num on the sample and remove the nanoparticles, creating
a metal mask. (C) Etch the sample to form a three-dimen-
sional nanoscale pattern. (D) Remove themetalmaskbywet
etching. Deposit silicon nitride as an etch barrier. (E) Define
the fuel cell window by patterning the silicon nitride on the
back side. Deposit the ALD YSZ electrolyte on the front side.
(F) Remove silicon by wet etching and the silicon nitride by
dry etching. (G) Sputter porous platinum electrodes.
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In Figure 4, we compare the exchange current density
of the nanostructured MEA and the unpatterned MEA
at three different temperatures. The observed exchange
current densities are higher compared with previously
reported data.31 We attribute this gain to the surface
characteristics of nanogranular YSZ films, as reported
by Shim and Huang from our laboratory.19,33 Their
studies suggest that nanogranular films show higher
surface exchange coefficients and increased exchange
density at the platinum/nanogranular�YSZ interface.
As shown in Figure 4, the exchange current density as
normalized by the projected area reflects the increase
in the corrugated surface area.
Toconclude,wedemonstrated that thenanostructured

electrolyte provided a considerably larger surface area
compared with the unpatterned electrolyte, ultimately
resulting in a higher power density per projected area.

We were able to achieve a maximum power density
of 1.34 W/cm2 at 500 �C by combining a surface
patterning technique with ALD despite using an YSZ
electrolyte with low ionic conductivity at this tempera-
ture. This study focuses on achieving maximizing power
density; the absolute power output of the reported
structure is low due to the size of the active area. The
methodology appears applicable to larger areas. The
adoption of nanosphere lithography reduces the num-
ber of photolithography steps required to create
three-dimensional patterns, thereby simplifying the
process for fabricating three-dimensional nanos-
tructured micro-SOFCs. The present cell architecture
offers the prospects of realizing power systems with
micro-SOFC arrays for mobile power sources with
high power and high power density operating below
500 �C.

METHODS

Sample Preperation. Figure 5 shows the process flow used to
fabricate a three-dimensional nanostructured template. First,
silica nanoparticles were synthesized following the Stöber
method.34,35 The surfaces of these nanoparticles were modified
by 3-aminopropyl methyl diethoxysilane to control the hydro-
phobicity of particles and prevent particle aggregation.36 The
nanoparticles were then transferred onto a 4-inch silicon sub-
strate via the Langmuir�Blodgett method to deposit a mono-
layer of close-packed nanoparticles on the substrate. To introduce
spacing between the close-packed nanoparticles, fluorine-
based reactive ion etching was applied to reduce the diameter
of the nanoparticles. To fabricate the nanostructure, 100 nm of
aluminum was subsequently sputtered on top of the etched
pattern to create a metal mask with an inverse pattern of the
nanoparticles, which were then removed by sonication in
ethanol. After fabrication of the mask, the substrate was dry-
etched with a mixture of sulfur hexafluoride and chlorodifluor-
omethane, creating nanometer-sized trenches on the substrate,
the geometry of which was determined by etching time, power,
chemical flow rate, and chamber pressure. The remaining metal
mask was removed by wet chemical etch, leaving a silicon
substrate with a three-dimensional nanostructured surface.

We used ALD to fabricate the electrolyte membrane con-
sisting of YSZ with 7�8 mol % yttria doping. This was done by
sequentially depositing seven layers of zirconia and one layer of
yttria. We adopted tetrakis(dimethylamido)zirconium and tris-
(methylcyclopentadienyl)yttrium as precursors and distilled
water as oxidant. The substrate was heated to 250 �C during
deposition. The time required for each ALD cycle was 60 s, and
1000 cycles were needed per membrane. A detailed account of
ALD YSZ is given in an earlier report.19

This nanoscale YSZ electrolyte was then deposited on the
patterned substrate by ALD, replicating the nanostructured
pattern from the substrate. The supporting silicon substrate
was removed by wet etching, leaving a freestanding nanostruc-
tured ALD YSZ electrolyte. Porous platinum, serving as both
electrodes and catalyst, was subsequently sputtered on both
sides of the electrolyte. A detailed description of the fuel cell
fabrication process is available in a previous publication.17

Characterization. During fuel cell performance characteriza-
tion, the anode side of the fuel cell was sealed to a small
stainless steel hydrogen flow chamber with a gold ring, the
cathode side was connected to a gold probe tip for current
collection using a micromanipulator, and the electrochemical
measurements were performed with a Gamry femtostat.

The hydrogen chamber was heated with a 1-inch button heater
(HeatWave Laboratories), while the temperature of the heater
was measured with a thermocouple (type K, HeatWave
Laboratories). We verified that the surface temperature of the
cathode was below the heater temperature by taking advan-
tage of the melting points of tin and zinc shots (99.999%, 3 mm,
Sigma-Aldrich) at 232 and 420 �C, respectively. Independent of
the melting points, the temperature of the heated chamber, as
measured with an infrared thermometer (Fluke), was deter-
mined to be 10�20 �C lower than the heater temperature due
to air cooling. From these temperature measurements, we
conclude that the fuel cell operating temperature was close to
if not lower than the heater temperature.

The impedance spectra were acquired using a Gamry
femtostat under OCV conditions with frequency scanning from
200 kHz to 0.1 Hz, which showed a high-frequency intersection
and a low-frequency arc. The high-frequency intersection was
insensitive to the dc bias applied to the fuel cell, while the low-
frequency arc changed according to the bias. This indicates that
the high-frequency intersection and the low-frequency arc
correspond to the electrolyte resistance and the interfacial resis-
tance, respectively. Similar phenomena with thin film electro-
lytes were also reported by Huang et al.17

The exchange current density (j0) was extrapolated by fitting
polarization loss (ηpolarization) and current response (j) in the fuel
cell current�voltage data using the Tafel equation:

ηpolarization ¼ RT

RnF
ln

j

j0

where R is the gas constant, T is the absolute temperature, R is
the charge transfer coefficient, n is the number of electrons
involved in the electrode reaction, and F is the Faraday constant.

Polarization loss is estimated by deducting ohmic loss from
overpotential. As no indication of concentration loss was ob-
served in the current�voltage curve, we did not consider con-
centration loss in determining exchange current density. Over-
potential is directly acquired from the current�voltage data,
and ohmic loss is estimated from the electrolyte resistance
times current.
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