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Abstract Micro-solid oxide fuel cells (micro-SOFC) are

predicted to be of high energy density and are potential

power sources for portable electronic devices. A micro-

SOFC system consists of a fuel cell comprising a positive

electrode-electrolyte-negative electrode (i.e. PEN) element,

a gas-processing unit, and a thermal system where pro-

cessing is based on micro-electro-mechanical-systems

fabrication techniques. A possible system approach is

presented. The critical properties of the thin film materials

used in the PEN membrane are discussed, and the unsolved

subtasks related to micro-SOFC membrane development

are pointed out. Such a micro-SOFC system approach

seems feasible and offers a promising alternative to state-

of-the-art batteries in portable electronics.
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Introduction

The demand for small mobile energy storage devices and

mobile power delivery systems has increased over the past

few years with the development of portable electronics.

Fuel cells, electrochemical devices that convert chemical

energy directly into electricity, are often discussed to sat-

isfy this demand. Several different types of fuel cells,

classified according to the material of the electrolyte, have

been developed and reported in the literature.

The comparison of the energy densities of different

energy carriers shows that propane is the most favorable

among the liquid fuels (see Table 1). When combining the

fuels in their containers with the fuel cells into one system

for mobile energy delivery, then solid oxide fuel cells

(SOFC) with a ceramic electrolyte operating on propane

have the highest energy density normalized to volume or

weight of all fuel cells compared to proton exchange

membrane fuel cells (PEMFC) and direct methanol fuel

cells (DMFC) [1]. In Fig. 1 the anticipated energy densities

of different micro-fuel cell systems are compared with

those of advanced batteries. From this comparison, it is

obvious that a laptop will operate four to five times longer

with a micro-SOFC compared to lithium-ion batteries. It
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also becomes clear that micro-PEMFCs only have real

advantages over batteries when volume is an important

issue and that micro-DMFCs lead to a two to three times

longer operation than batteries. These advantages are

basically due to the high energy densities of the fuels used

in micro-fuel cells.

The working principle of all fuel cell types is very

similar and is shown for a SOFC in Fig. 2. The driving

force for oxygen diffusion through the electrolyte is the

difference in oxygen partial pressure between the anode

(low pO2) and the cathode (high pO2). The open-circuit

voltage (OCV) corresponds to the potential across the

SOFC without any applied current and is given by the

Nernst equation:

E ¼ RT

4F
ln

pO2;high

pO2;low

� �
ð1Þ

where R is the universal gas constant (R = 8.314 JK-1

mol-1), T the temperature, and F the Faraday constant

(F = 96485.3 C mol-1).

State-of-the-art lithium-ion and nickel-metal-hydride

batteries suffer from relatively low energy densities and

hence from a short battery-availability time between

charging cycles and long charging times. SOFCs, by con-

trast, have an energy density that is higher by a factor of 2–

4 and can be charged immediately by changing the fuel

container [2]. If use is made of a common fuel, such as

butane, it is possible to revert to well-accepted and

approved technologies for the fuel gas container, such as

those used in firelighters and camping gas equipment.

These fuel containers are available worldwide; hence, the

user can reload the fuel cell anywhere and is geographi-

cally independent when using the electronic device.

Solid oxide fuel cells are conventionally used in large

stationary power plants (kilowatt to megawatt range) and

are not usually intended for portable devices. This is

Table 1 Energy densities of different liquid fuels

Fuel type Energy density

by mass/MJ/kg

Energy density

by volume/MJ/dm3

LPG (liquid pressurized

gas, 8 bar) propane

49.6 25.3

Ethanol 30.0 24.0

Methanol 19.7 15.6

Hydrogen liquid in

vessel, pressurized

(300 bar, 25 �C) [73]

6.1 10.1

Hydrogen in metal hydride

(25 �C) [73]

1.2 3.2

Fig. 1 Energy densities of batteries and anticipated energy densities

of micro-fuel cells including their fuel tank (adapted from [71])

Anode reaction:   2 H2 + 2 O2-  2 H2O + 4 e-

Cathode reaction:  O2 + 4 e-  2 O 2-

Overall cell reaction:     2 H2 + O2  2 H2O

Fig. 2 Operating principle of a solid oxide fuel cell converting chemical energy into electricity at high temperatures (adapted from [70])
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because of their high operating temperature, made neces-

sary by the ionic electrolyte, which requires high

temperatures for good ionic conductivity. Hence, conven-

tional SOFCs operate at around 900 �C. For small portable

devices, this temperature is too high to keep the outside of

the device at a maximum of about 35 �C. This means that

the operating temperature of SOFCs has to be drastically

reduced if they are to be used for portable applications.

This can be achieved by reducing the thickness of the

electrolyte, whereby the shorter diffusion path results in a

smaller ohmic resistance. In addition, the operating tem-

perature can be reduced by optimizing the materials. A

ceria-based electrolyte, for example, has better ionic con-

ducting properties at low temperatures than a zirconia-

based electrolyte. The combination of micro-electro-

mechanical-systems (MEMS) fabrication techniques and

thin film deposition technology can be used to develop

miniaturized SOFCs. These micro-SOFC systems have an

operation principle that is identical to the SOFCs used for

stationary applications and constitute potential power

sources for low power applications in the 1–20-W range as

battery replacements in small electronic devices.

This paper introduces the system approach for micro-

SOFC, describes and discusses critical materials properties

in such a system, in particular the properties of thin films

used in free-standing membranes, and discusses the

unsolved subtasks related to micro-SOFC membrane

development.

Micro-SOFC system

A micro-SOFC system comprises an electrochemical

active fuel cell membrane, a gas-processing unit, and a

thermal system. The fuel tank and the control unit are

considered as external elements. Such micro-SOFC sys-

tems have been proposed by Lilliputian Systems

(Wilmington, MA) [3, 4] and ONEBAT (Zurich, Switzer-

land) [5–22]. The ONEBAT project focuses on the

development of an SOFC system as a battery replacement

for small portable electronic equipment, such as laptops

and portable digital assistants, as well as small medical and

industrial devices. The overall aim is to develop a micro-

SOFC where ‘‘micro’’ signifies, on the one hand, the small

overall size of an SOFC being much smaller than con-

ventional SOFCs and, on the other hand, microfabrication

technologies that are traditionally not used for the fabri-

cation of SOFCs.

The ONEBAT micro-SOFC system consists of the

positive-electrode–electrolyte–negative electrode (PEN)

fuel cell element, a gas-processing unit, and a thermal

system. The system layout is shown schematically in

Fig. 3. The different components of the ONEBAT micro-

SOFC system will be presented separately in the following

sections.

PEN element and fuel cell performance

The PEN elements consisting of free-standing multilayer

membranes are fabricated on Foturan� glass ceramic sub-

strates (Fig. 4) and silicon substrates using thin film

deposition and microfabrication techniques. The prime aim

being pursued in fuel cell development is the fabrication of

micro-SOFC membranes that can withstand the operating

conditions (300–600 �C) and that provide a considerable

power output. This is not easy, since ceramic thin films and

typical substrate materials have different thermal expan-

sion coefficients, which could result in a reduced

mechanical stability of the free-standing membrane.

In the ONEBAT system, both Foturan� glass ceramic

and silicon substrates were used to develop free-standing

micro-SOFC membranes. The processing scheme for

Foturan�-based micro-SOFCs is given in [7], and the

silicon processing is described in Refs. [23, 24].

It was seen that for the micro-SOFC membranes pro-

cessed on Foturan�, a crack-free multilayer consisting of a

dense yttria-stabilized zirconia (YSZ) electrolyte and por-

ous platinum electrodes is stable up to 600 �C (Fig. 5) [7].

The active free-standing membrane has a diameter of

Fig. 3 Layout of the ONEBAT micro-SOFC system (M. Stutz,

Laboratory of Thermodynamics, ETH Zurich, Switzerland) [72]

Micromachinable
substrate

Cathode t

100-200 µm

1 µm

Anode Electrolyte

Anode current 
collector

Cathode current
collector

Fig. 4 Schematic drawing of Foturan�-based micro-SOFC mem-

branes (adapted from [56])
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100 lm, and the total thickness of the PEN-element

is *1 lm. The performance of a micro-SOFC of this type

is shown in Fig. 6. An almost theoretical OCV of 1.06 V

and a power output of 150 mW cm-2 at 550 �C were

obtained using humidified H2:N2 (1:4) as the fuel gas and

air as the oxidant on the cathode side [7]. A maximum

performance of 238 mW cm-2 at 550 �C has been

achieved for Foturan�-based micro-SOFCs.

The silicon-based micro-SOFCs consist of free-standing

membranes that are fabricated with a supporting grid

reinforcement [15]. This nickel grid not only leads to a

higher mechanical stability by increasing the buckling limit

of the membrane, but also serves as the current collector on

the anode side. The free-standing membranes with a

diameter up to 5 mm and with a thickness of 200 nm were

crack-free up to 350 �C, and an OCV of 0.28 V was

obtained for a micro-SOFC consisting of platinum elec-

trodes and a YSZ electrolyte [15].

The micro-SOFC performance very much depends on

the materials used and the microstructure of the different

thin films, which can be varied by the choice of deposition

method. The electrical properties of the free-standing

membrane layers are discussed in more detail in the next

main chapter of this paper.

Gas-processing unit

The combination of the PEN fuel cell element and the gas-

processing unit is referred to as the hot module. The gas-

processing unit consists of a reformer and a post-com-

bustor to process butane to syngas and to post-combust the

SOFC exhaust in micro-reactors [5]. The main goal is to

achieve a high catalytic performance for these two com-

ponents at a relatively low operating temperature of

550 �C. Figure 7 shows that butane conversion of 90%,

hydrogen selectivity of 81%, and carbon monoxide selec-

tivity of 66% were achieved for an extremely small reactor

volume of 40 mm3 containing 10 mg catalytic Rh/ceria/

zirconia nanoparticles for a total inlet flow rate of

0.34 g h-1 butane [20]. This corresponds to an exergy

content of 2.2 W. Furthermore, it was shown that a com-

bination of partial oxidation, steam reforming, and dry

reforming of butane takes place in different regions of the

reactor [25]. The catalyst fills the cavities between the two

bonded silicon wafers as shown in Fig. 8. This novel disk-

shaped reactor design, which fits in well with the geometry

of the entire system, showed a very stable catalytic per-

formance (\1% deactivation) for [30 h. This is a

significant improvement compared to conventional tubular

reactors. These results have been obtained with test cata-

lysts; the integration into the microfabricated micro-SOFC

system has not yet been accomplished.

Thermal system

The main question concerning thermal management within

a micro-SOFC system is whether it is possible to achieve

the big temperature differential between the hot module

inside the system (550 �C) and a safe handling temperature

on the exterior (35 �C). Two- and three-dimensional

thermo-fluidic finite element models were set up in order to

simulate the temperature distribution within the hot module

as a whole, as well as just in the fuel cell stack. It was

found that a temperature drop of about 500 �C from the

inside to the outside is feasible with excellent stack insu-

lation and an efficient heat exchange between the exhaust

gases and the inflowing anode and cathode gases [5].

Fig. 5 Multilayer PEN element deposited on a Foturan� substrate.

The quadrilayer 8 mol% yttria-stabilized zirconia electrolyte with

alternating pulsed laser deposition (PLD) and spray pyrolysis (SP)

layers is between the sputtered Pt anode and cathode. The total

thickness of the free-standing PEN membrane is *1 lm (adapted

from [56])
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Fig. 6 U-I and performance curves of Foturan�-based cells: sput-

tered Pt anode (35–50 nm)/YSZ pulsed-laser deposited electrolyte

(550 nm)/YSZ spray pyrolysis electrolyte (200 nm)/Pt paste cathode

(10–20 lm) (adapted from [72])
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The startup process of the micro-SOFC system uses the

exothermal butane oxidation as a heat source to reach the

operation temperature of 550 �C. This novel startup pro-

cess is more than twice as fast and efficient compared to a

conventional startup using only electrical energy [17, 19].

Micro-SOFC system development

It has been shown that the individual micro-SOFC sub-

systems described in the previous sections all work. The

high power output from the electrochemical part can be

increased by improving the materials and microstructure of

the PEN membrane. Model systems for gas processing and

thermal management have been fabricated for initial tests.

A rectangular, multiwafer design for the hot module has

been proposed, as depicted in Fig. 9. The integration of the

hot module into a micro-SOFC system is, however, still

pending. The main issues concern multiple wafer bonding

and harsh operating conditions, such as high temperatures,

oxidizing and reducing gas atmospheres.

A cost estimation for the total micro-SOFC system

shows that it is comparable to the cost of laptop batteries.

In this regard, a micro-SOFC system such as the ONEBAT

system is technically feasible as a power source for por-

table devices.

Micro-SOFC PEN-membrane thin films

In addition to the system approach discussed in the previ-

ous chapter, several research groups have focused on the

development of PEN elements for micro-SOFCs, i.e., on

thin films for electrolytes and electrodes [7, 9, 15, 23, 24,

26–30]. The properties of these materials used in electro-

lyte and electrode thin film micro-SOFCs are discussed in

this section.

Electrolyte

State-of-the-art electrolyte materials for micro-SOFC

membranes are ionic-conducting YSZ (8 mol%) and mixed

ionic–electronic conducting gadolinia-doped ceria (CGO,

10 mol%). In order to achieve a good overall performance

in the micro-SOFC, the microstructure of the electrolyte

Fig. 8 Individual elements of the gas-processing unit fabricated by silicon technology: a post-combustor top; b post-combustor bottom; c
interconnector (P. Heeb, Interstate University of Applied Sciences of Technology, Buchs, Switzerland) [72]

Fig. 7 Butane conversion g,

hydrogen selectivity SH2, and

carbon monoxide selectivities

SCO for a disk-shaped reactor

volume of 40 mm3 at total inlet

flow rates _Vgas;in of 10, 15, 20,

25, and 30 sccm and a reactor

temperature of 550 �C (N. Hotz,

Laboratory of Thermodynamics,

ETH Zurich, Switzerland) [72]
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has to be in the form of a thin film (i.e., a low ohmic

resistance) and be gas-tight and of high ionic conductivity.

It is not known yet whether the films have to be crystalline.

Nanocrystalline electrolyte thin films differ substantially in

their thermal stability [31–33], electrical conductivity, and

thermodynamic stability [10, 34–38] from conventional

microcrystalline oxides. Microstructural features, such as

the small grain size, texture, varying degrees of crystal-

linity, residual amorphous phases, and microstrains, form

the nanoimpact on thermal and electric properties of

electrolyte thin films. It was seen that nanocrystalline

materials show unusual electrical conductivities [39–42]

and thermal stabilities [43–45], because of the large

amount of grain boundaries these materials contain in

relation to the grain volume. In the case of nanocrystalline

thin films, stresses within the films, which result from

thermal expansion mismatch between the substrate and the

thin films, can affect the electrical properties and must be

taken into consideration for their application in SOFCs

[46]. Furthermore, it was shown that residual amorphous

phases of nanocrystalline ceria-based films result in self-

limited grain growth with stable microstructures after short

annealing times [31, 33]. This is highly advantageous in

terms of the thermal stability of electrolyte thin films for

micro-SOFCs. In general, it can be concluded for both YSZ

and CGO that the electrical conductivity of thin films is

almost one order of magnitude lower for the nano-thin

films than for the microcrystalline bulk material of a

comparable composition [6, 44, 47–51].

Electrodes

The electrodes of a micro-SOFC membrane should be

porous in order to allow a sufficient gas exchange at the

gas–electrolyte–electrode interface. Furthermore, the

materials should be good mixed ionic–electronic conduc-

tors with good catalytic activity promoting fuel oxidation

(anode) and oxygen reduction (cathode). Up till now,

sputtered platinum thin films have been the most common

electrodes for micro-SOFCs [7, 24]. The anode thin films

are deposited on an insulating micro-SOFC substrate, such

as Foturan� or silicon wafers coated with a silicon nitride

(Si3N4) or silicon dioxide (SiO2) insulating layer. It is

known that metallic films, deposited on insulating sub-

strates via MEMS techniques, are in a metastable state and

suffer degradation of microstructure over time at elevated

temperatures due to Ostwald ripening [52–55]. The degree

of porosity is a function of the thickness and the annealing

of the thin films [56]. A controlled degradation is thus

necessary to guarantee sufficient pores for fuel gas access

and to maintain a closed metal network for in-plane elec-

tronic conduction.

Further materials have been investigated for micro-

SOFC anodes: platinum–nickel alloys [55], metallic nickel

[28, 30], as well as Ni-YSZ [57], and Ni-CGO [58] cermets

in which the electronically conducting nickel forms a

pathway for electrons, and the ionically conducting YSZ

ceramic network prevents excessive nickel grain growth.

As for the anode, sputtered platinum is the most fre-

quently used cathode. Other common cathode materials in

micro-SOFCs with operating temperatures of below

600 �C are ABO3 perovskites, such as mixed conducting

lanthanum strontium cobalt (LSC) oxide [59–61], lantha-

num strontium cobalt iron oxide (LSCF) [62–66] and

barium strontium cobalt iron oxide (BSCF) [67–69]. Most

of the studies reported so far in the literature on cathodes

for micro-SOFCs essentially focus on the investigation of

oxygen reduction mechanisms with geometrically well-

Fig. 9 Planar, rectangular,

multi-wafer design of the hot

module (P. Heeb, Interstate

University of Applied Sciences

of Technology, Buchs,

Switzerland) [72]
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defined model electrodes. Only a few publications have

been devoted to the fabrication and processing-related

issues. This is important, however, since the cathode is

generally considered as being the limiting factor in micro-

SOFC performance, as shown in Fig. 10 [70].

Micro-SOFCs membrane development: unsolved tasks

The example of the ONEBAT system shows that a micro-

SOFC system of this type can potentially be used as a

power supply for portable devices. Furthermore, investi-

gations have been carried out into the microstructure and

electrochemical properties of thin films for micro-SOFC.

However, there are still many remaining aspects, in par-

ticular with regard to micro-SOFC membranes, which are

not yet fully understood and require further research and

development.

The lower operation temperature range of micro-SOFCs

(300–600 �C) compared to stationary SOFCs (900 �C) is

linked to the question of which materials are most suitable

for the anode, electrolyte, and cathode under these condi-

tions. So far, the conventional high temperature materials

are used for low temperature applications.

In addition, the butane catalysis on the anode side must

be considered in order to find the best combination of

anode material and gas composition at these lower tem-

peratures, since coking of the fuel cell must be prevented.

What happens on the anode side when butane is directed

onto the material? How large is the probability of carbon

deposition at these temperatures, and how can it be

prevented?

Up until now, it has not been clear how the micro-

structures (columnar or grained microstructure, grain size,

degree of crystallinity) of fuel cell membranes affect their

electrical conduction and hence the overall micro-SOFC

performance. Further detailed investigations are required,

in particular, into the pronounced scatter of the activation

energies and electrical conductivity properties for YSZ and

CGO thin films. Possible reasons might be the different

microstructure, space charge effects, or stress, which are

caused by differences in the film deposition conditions,

such as vacuum vs. non-vacuum methods, dry vs. wet

deposition, and amorphous vs. crystalline deposited thin

films. In addition, the grain and grain boundary contribu-

tion, as well as the residual amorphous phase contribution

to the total conductivity in thin films, is not well

elaborated.

The cathode is generally considered as the limiting

factor in micro-SOFC performance [70]. Future incorpo-

ration of cathode materials with lower polarization

resistances is targeted. The perovskite defect models and

the required triple-phase boundary lengths thus need to be

optimized. Further research must be done to show what a

good cathode should look like and whether it is necessary

to have mixed ionic–electronic cathode materials. There-

fore, the ionic and electronic conductivity contributions of

mixed-conducting thin films must be separated. This has,

however, not been done to a satisfying extent in the

literature.

The optimal substrate material for micro-SOFCs has not

yet been found, since both substrate materials that were

introduced as micro-SOFC substrates in the literature,

Foturan� glass ceramic and silicon wafers, have drawbacks

during processing and operation. The etching of Foturan�

requires hydrofluoric acid, which can attack the electro-

chemically active thin films. With silicon wafer substrates,

an electrically insulating thin film layer, such as silicon

nitride, is required; however, the presence of pinholes

within the silicon nitride insulation layer can easily cause

short circuits between the silicon substrate and the micro-

SOFC membrane.

Finally, completely different membrane approaches can

be considered in which the load-bearing substrate material

is at the same time electrochemically active.

Conclusion

A micro-SOFC system approach such as the ONEBAT

system seems feasible. The PEN element, gas-processing

unit, and thermal management subsystems are tested and

Fig. 10 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

a four-point conductivity measurement [70]
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characterized. Further optimization is required, and there

are many open issues that have to be solved in the next

years. These micro-SOFC systems seem to be promising

alternatives to state-of-the-art batteries in portable

electronics.
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