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The fuel choice is limited by several
factors, such as the volumetric and
gravimetric energy density of the fu-
el, the weight and lifetime of the fu-
el container, the conversion efficien-
cy of the chemical energy to electrici-
ty, the safety of the fuel and fuel
container during refueling and trans-
portation and finally the fuel distri-
bution infrastructure. In the small
power range, both hydrogen and
methanol are very attractive fuels
but also chemical hydrides and even
the reforming of hydrocarbons are
moving more and more into the fo-
cus of research activities. Hydrogen
has the higher potential in terms of
power density whereas methanol 
fuel cells dominate from the energy

density point of view. Meanwhile
there are numerous institutes and
companies dealing with the develop-
ment of small fuel cell stacks and sys-
tems. The closest to commercializa-
tion are free-standing systems as
power supply units in the 10 to 100
W range without any geometrical
adoption to existing form factors. 

The highest development pressure is
on device integrated micro fuel cell
solutions, such as for cell phones. For
such applications, the limited energy
density of existing batteries is a ma-
jor bottleneck for the development
of future devices. But as all technical
challenges are accumulated for those
systems, there is no commercial sys-

tem in sight at the moment. 
Micro fuel cell systems will, without
any doubt, have a high impact on
the future market as compact and
highly efficient energy converters.
After a phase of niche market appli-
cations, it is expected that they will
enter consumer markets where long
run times with low power consump-
tion are required.
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Introduction
The operating principle of fuel cells
was first discovered in 1839 by Sir
William Grove. However, only in the
last few decades research and indus-
try started to focus in more detail on
this effective principle of converting
chemical energy directly into electri-
cal energy without Carnot restriction.
Four main fuel cell types are now un-
der investigation and are character-
ized by the electrolyte material, type
of fuel, operating temperature, and
anticipated power output range. The
polymer electrolyte membrane (PEM-
FC) is the most well known due to its
main target application for cars and

mobile devices. The solid oxide fuel
cell (SOFC), however, has the highest
overall efficiency and is the most flex-
ible one with respect to different fu-
els. The operating principle of a SOFC
is shown in Fig. 1: At the cathode,
oxygen is reduced to oxygen ions
which can pass through the dense,
ionic conducting electrolyte due to
an oxygen partial pressure difference
between the cathode (high p(O2))
and the anode (low p(O2)). At the
porous anode, the oxygen ions react
with the fuel gas (hydrogen or natu-
ral gas) to form water, electrons,
and/or carbon dioxide. 

Micro-Solid Oxide Fuel Cells
State-of-the-art SOFC systems are op-
erated between 900°C and 1000°C
and are anticipated for stationary ap-
plication, such as household units

with about 1 kW (e.g. Sulzer HEXIS)
or as small power plants up to several
hundred kW (e.g. Siemens-Westing-
house) power output [1]. However,
due to the high efficiency of SOFCs,
researcher of a number of universities
and institutes around the world, such
as ETH Zurich (Switzerland), MIT
(USA), ARC (Canada), NIMS (Japan),
started to focus on small scale appli-
cations, so-called micro-SOFCs. The
operating principle is the same as dis-
cussed in Fig. 1. “Micro” has a
twofold meaning: on the one hand, it
signifies chip-sized fuel cell compo-
nents compared to cm to m sized tra-
ditional SOFC components. On the
other hand, it implies micro-fabrica-
tion and machining techniques com-
mon for microelectronic circuit manu-
facturing. Challenges associated with
this new approach are the reduction
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The emerging technology of micro-
Solid Oxide Fuel Cells (micro-SOFC)
is discussed in this paper with re-
gard to its origin from state-of-the-
art SOFCs, its competitors, such as
Li-ion batteries, as well as fabrica-
tion and characterization issues. A
micro-SOFC design for an entire
system and, in more detail, for the
core SOFC is presented and evaluat-
ed in terms of specifications, costs,
and safety issues. Micro-fabrication
and electrochemical characteriza-
tion results from thin films deposit-
ed by spray pyrolysis prove the fea-
sibility of the concept and provide
an insight into the potentials and
challenges of this new kind of bat-
tery replacement.

Figure 1: Operating principle of a Solid Oxide Fuel Cell converting chemical energy into electrical en-
ergy at high temperatures.
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in operating temperature down to at
least 550°C, the use of new materials
and changing of processing tech-
niques to thin film deposition and
Micro-Electro-Mechanical-Systems
(MEMS) fabrication techniques. Mi-
cro-SOFCs are anticipated for battery
replacement and should enter the
market for power supplies of small
electronic equipment, such as
portable phones, laptops and elec-
tronic handhelds. They are predicted
a 3-4 times higher energy density and
specific energy than traditional Ni-
metal hydride and Li-ion batteries. 

The Design
The design of a micro-SOFC test mod-
ule under investigation at the Insti-
tute of Nonmetallic Inorganic Materi-

als, ETH Zurich, is
shown in Fig. 2.
The electrodes
and electrolyte
are thin films deposited onto a sub-
strate that can be microstructured.
The catalytically and electrochemical-
ly active layers have a total thickness
of at most 10 µm. Current collectors
are added for drawing the electrical
current from the device. This design is
deduced straightforward from tradi-
tional SOFC systems with strict sepa-
ration between the anodic and ca-
thodic gas rooms. Recently, also so-
called single chamber fuel cell de-
signs have been studied, where gas
sensitive electrodes allow the opera-
tion of the fuel cell in a single gas
room [2]. 

The micro-SOFC in Fig. 2 is the core of
a micro-SOFC system consisting of
two main parts (Fig. 3): the hot mod-
ule containing all the elements oper-
ating at high temperature and the
balance-of-plant elements providing
the supplies (air, fuel, power man-
agement). The system and module
development and integration as well
as the thermal management are part
of the multidisciplinary project “One-
Bat” started by 5 research partners
from 4 Swiss research organizations
and supported by the KTI/CTI, the in-
novation promotion agency of the
Federal Office of Professional Educa-

Figure 2: Schematic sketch of a micro-SOFC anticipated to operate at tem-
peratures as low as 550°C.

Figure 3: Schematic presentation of the concept of a micro-SOFC system.



14

E N E R G Y F O R A U T O N O M O U S M I C R O S Y S T E M S

tion and Technology (OPET), Switzer-
land. Within the framework of this
project, all hot module components
will be micro-fabricated: the micro-
SOFC, the key unit of the system, a
fuel processor for fuel reforming, and
a post-combustor for completion of
the catalytic oxidation of the fuel.
The heat released by exothermic re-

actions in the fuel processing and
post-combustion will be used to keep
the micro-SOFC at temperature in or-
der to guarantee fast start-up from
idle conditions. A built-in heat ex-
changer preheats the incoming air
with the exhaust gas to prevent con-
vection heat losses. 

Targeted Product Specifications,
Costs and Safety
The described micro-SOFC system is
targeted to operate in its core at
550°C (external T < 35°C) and to de-
liver 1 W continuous power with an
electrical efficiency of about 30%. 
To reach an energy density larger
than 1 kWh/l (i.e. 3 times greater
than the long-term US Dept. of Ener-
gy goal for Li-ion batteries), the
overall volume is designed to remain
below 30 cm3 with 15 cm3 liquid fuel
in a cartridge, while the overall
product shape is as slim as possible.
This size corresponds to the upper
range of current cellular phone bat-
teries, corresponding to devices inte-
grating large screens and extra func-
tionalities. 

Costs are the main factor why SOFCs
in general are not yet commercially
available on a large scale. Preliminary
estimates for a micro-fabricated SOFC
indicate that costs lie between 
45-15% below the current Li-ion bat-
tery technology, indicating the po-
tential of a competitive pricing. With
respect to safety issues, it is obvious
that a device functioning at 550°C
and using hydrocarbons as fuel has to
satisfy very stringent certification re-
quirements to find broad acceptance
in the public. Hence, the product is
designed in a way that the external
temperature never exceeds 35°C and
due to the small mass of the hot
module, no excessive heating of the
whole device is expected once the 
fuel is cut. 

Fabrication of a micro-SOFC
The transition from a traditional
SOFC to a micro-SOFC implies not 
only changes of the design, but also
modifications in the materials selec-
tion and the processing techniques.
With respect to materials selection,
the main focus lies on the investiga-
tion and optimization of materials
that allow fuel cell operation with
high power output at low tempera-
tures. The electrolyte can be com-
posed of different ionic conducting
layers in order to increase the ionic
conductivity and chemical compatibil-
ity with the electrodes. Electrochemi-
cally active electrodes at low temper-
atures are e.g. Ni-CGO cermet for the
anode and e.g. lanthanum strontium
cobalt ferrate (LSCF) for the cathode. 
Promising processing techniques for

Figure 4: Scanning electron microscope cross-section image of a tri-layer: anode - NiO -
Ce0.8Gd0.2O1.95, electrolyte - Ce0.8Gd0.2O1.95, cathode - La0.6Sr0.4Co0.2Fe0.8O3-δ; 
Inset 1: b) Light microscope image of a 4” wafer with several sprayed tri-layers (brownish areas) and
Pt contacts (dark rectangles); 
Inset 2: Light microscope top view image of a free-standing tri-layer membrane after annealing at
600°C.

Figure 5: Measured resistances of single anode, electrolyte, and cathode thin films (area = 1 cm2) and
predicted total cell resistance of tri-layer as a function of the temperature. While the resistances of
the electrodes were determined by electrochemical impedance spectroscopy, the resistances of the
electrolyte were calculated from 4-point conductivity measurement.
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micro-SOFCs are thin film deposition
techniques, such as spraying, sputter-
ing, and laser deposition. The re-
search results so far are unique as not
much experience is available world-
wide with respect to processing and
properties of such thin films. Very en-
couraging in terms of performance
and costs are the properties of thin
films made by spray pyrolysis (Fig. 4).
A 4” wafer with contacts is structured
into several independent micro-SOFC
elements (Fig. 4, inset 1). The brown-
ish areas are the locations where the
anode, the electrolyte, and the cath-
ode are subsequently deposited on
top of each other. The cross section
through one of these tri-layers shows
a dense electrolyte film that allows a
separation of the anodic and the ca-
thodic gas room, and porous elec-
trodes that allow gas diffusion to
proceed easily. All layers are well ad-
herent and the interfaces are clearly
visible, which signifies no interface
reactions taking place during deposi-
tion. The tri-layer is released by etch-
ing the rear side of the wafer to re-
sult in a free-standing membrane
(Fig. 4, inset 2). Even after annealing
at 600°C, a membrane as large as 200
µm x 200 µm remains crack-free.

Electrochemical Performance 
The electrochemical performances of
single thin films of anode, cathode,
and electrolyte are shown in Fig. 5.
Very low resistances were found for
the single elements at temperatures
as low as 550°C, namely 0.05 Ω
cm2 for the electrolyte, 1.5 Ωcm2 for
the anode, 8.4 Ωcm2 for the cathode.
The single thin film resistances are
added in order to predict the total
cell resistance of a tri-layer thin film
cell (blue curve). It results today in a
power output of 600 mW/cm2 at
650°C in hydrogen and air (Ucell = 
0.7 V). This predicted power output is
about a factor of 2-4 better than sim-
ilar state-of-the-art thick film cells in
the literature [3]. In order to even in-
crease the performance, it is most
promising to improve the perfor-
mance of the cathode by selecting
new compositions and optimizing the
thin film deposition parameters.

Summary and Outlook
We introduced the reader to the very
new concept and challenges of micro-
SOFCs. Such fuel cells aim to meet the
increasing power demands of the

growing market of small electronic
devices and have the potential to
supply the electronic devices 4 times
longer with electricity than batteries.

The design of a micro-SOFC test mod-
ule was presented both for the core
SOFC and for the entire system in-
cluding reformer, post-combustor,
and heat exchanger. The fabrication
results, namely the free-standing tri-
layer of anode, electrolyte, and cath-
ode, fabricated by spray pyrolysis,
confirm the feasibility of the new mi-
cro-fabricated SOFC basic design re-
quirements. The electrochemical per-
formance of the single thin film SOFC
elements is good and an impressively
high power output of 600 mW at
650°C is expected for the device. The
electrochemical characterization of a
free-standing tri-layer micro-SOFC is
foreseen for the near future. Pulsed
laser deposition will be used as alter-
native deposition method. Within the
framework of the One-Bat project,
we will integrate the different mod-
ule elements to evaluate the feasibi-
lity of a micro-SOFC prototype.
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