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Abstract

The components of a novel miniature fuel cell/fuel reformer system fueled by liquid gases such as butane and propane were prototyped by
MEMS technology and tested. In this system, fuel, air and water are supplied to the fuel reformer by utilizing the vapor pressure of the liquid
gas for the reduction of power consumption by peripherals and the simplification of the system. The system is composed of a reforming
reactor, a catalytic combustor, a polymer electrolyte fuel cell (PEFC), an ejector to supply air to the combustor and other peripherals. The re-
forming reactor demonstrated the steam reforming of methanol at an equivalent power of 200 mW and a total efficiency of 6%. The combustor
had a stable combustion area above 5 W, and the complete combustion of butane was confirmed by gas chromatography. The ejector showed
a potential to supply air required for the complete combustion of butane (31 times larger volume than butane). The PEFC worked, but only
at low power density of about 0.1 mW/cm2 due to poor adhesion between a polymer electrolyte membrane (PEM) and catalytic electrodes.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Liquid hydrocarbon fuels contains enormous energy per
volume and weight compared to the best existing batteries.
For example, the energy density of a lithium ion battery
is practically about 200 Wh/l or 100 Wh/kg, while that of
gasoline reaches 13 kWh/l or 15 kWh/kg. This suggests
that energy conversion efficiency of several percentage is
enough for liquid hydrocarbon fuel-based power sources to
overcome the energy density of existing lithium ion batter-
ies. These power sources can be continuously used just by
refueling without time-consuming recharging. Refueling is
more convenient than recharging for who need portable in-
formation electronics all day and mobile robots used in dis-
aster areas, construction sites, etc. where commercial wired
electrical power is not available. Additionally, replacing
batteries with recyclable fuel cartridges is environmentally
friendly, because used batteries are generally difficult to be
recycled, although it gives rise to environmental pollution
when discarded.

From the above reasons, various challenges are recently
being conducted to convert liquid hydrocarbon fuels to elec-
trical power at micro-scale. For example, gas turbine genera-
tors[1–4], fuel cells[5–10], fuel reformers[11–13], thermo-
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electric generators[14,15], a thermophotovoltaic generator
[16] and a thermoionic generator[17] are being miniaturized
for applications such as portable electronics and mobile ma-
chines. Among them, a miniature fuel cell system combined
with a micro-fuel reformer seems one of promising candi-
dates to power laptop computers, video camcorders, etc. The
miniature fuel cell/fuel reformer system is expected to be-
come a more compact system compared to a direct methanol
fuel cell (DMFC) system, because a hydrogen-fueled poly-
mer electrolyte fuel cell (PEFC) has approximately one order
of magnitude higher power density than a DMFC. Addition-
ally, it has potential to be fueled by various hydrocarbons
including methanol, ethanol, butane and dimethyl ether.

The micro-fuel reformer basically has a system config-
uration similar to conventional fuel reformers, consisting
several key components such as a reforming reactor, a CO
separator, a heat source and fluid control peripherals. In the
micro-fuel reformer, these components should be as small
as possible and of low power consumption. In this study, we
prototyped MEMS-based components of the miniature fuel
cell/fuel reformer system.

2. System concept

Fig. 1 shows the configuration of the miniature fuel
cell/fuel reformer system, which produces hydrogen from
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Fig. 1. Configuration of the miniature fuel cell/fuel reformer system.

liquid gases such as butane and propane by steam reforming
and supplies hydrogen to a PEFC. This system is composed
of the PEFC, a reforming reactor, a catalytic combustor, an
ejector to supply air to the combustor and peripherals. The
reforming reactor is equipped with a water-shift reactor to
remove CO or a palladium membrane hydrogen separator,
if necessary. The advantage of using liquid gases as fuel
is that the fuel, air and water can be supplied without a
micro-pump by utilizing the vapor pressure of the liquid
gas. Generally, micro-pumps consume, relatively, large
power as well as have difficulty in ensuring reliability due
to moving parts. Additionally, using micro-pumps increases
the number of components, resulting in system complexity.
The system which we propose is based on the novel con-
cept that we eliminate micro-pumps to supply fuel, air and
water by utilizing the vapor pressure of liquid gases.

Our system needs the development of particular compo-
nents not found in a conventional micro-fuel reformer using
methanol as fuel. The problems which we should first chal-
lenge are following.

(1) The reforming temperature of liquid gases is several
hundreds◦C, higher than that of methanol (200–300◦C),
so that the excellent thermal insulation of reaction areas
is essential for high total efficiency.

(2) The steam reforming of liquid gas is more difficult than
that of methanol due to coking especially at low S/C
(steam/carbon) ratio, so that high performance catalyst
should be developed with technology for applying the
catalyst to a micro-reactor.

(3) Large amount of air is necessary for the complete com-
bustion of liquid gases. For example, butane needs air
with 31 times larger volume than itself for complete
combustion. The ejector should supply such a large
amount of air to the combustor.

(4) The combustion of liquid gases is more challenging than
that of hydrogen and methanol at micro-scale. Addition-
ally, minimizing the pressure loss of the combustor is
essential to use the ejector.

3. Combustor-integrated micro-fuel reformer

As well known, surface per volume increases with de-
crease in scale. This scaling effect gives rise to advantages

Fig. 2. Schematic structure of the micro-fuel reformer.

such as rapid heating and cooling, and increase in the rela-
tive surface of catalyst. Contrarily, this scaling effect tends
toward relatively large heat dissipation resulting in low ther-
mal efficiency, if the system needs heating. In the micro-fuel
reformer, to increase total efficiency is one of the most im-
portant requirements, so that thermal insulation becomes one
of the most important concerns. For thermal insulation, we
propose a suspended membrane structure.Fig. 2 illustrates
the schematic structure of the micro-fuel reformer. The up-
per and lower sides of the suspended membrane are used
for fuel reforming and catalytic combustion, respectively.
By localizing reactions on the suspended membrane, good
thermal insulation, low thermal capacity and large thermal
conductance between the reforming reactor and the catalytic
combustor become possible. The suspended membrane is
made of a low-stressed SiO2 membrane and a silicon cen-
ter plate on it. The SiO2 membrane with low thermal con-
ductivity decreases heat conduction to an outer frame, and
the silicon plate with high thermal conductivity prevents hot
spots, which results in the break of micro-heaters.

Fig. 3shows the prototyped micro-fuel reformer. The sus-
pended SiO2 membrane with a thickness of 3�m is formed
in 300�m wide micro-channels. The membrane is fabri-
cated by deep reactive ion etching (RIE) from the back side
of the silicon substrate, following the chemical vapor depo-

Fig. 3. Prototyped micro-fuel reformer.
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sition (CVD) of SiO2 on the front side and the patterning
of Pt/Ti micro-heaters on it. Subsequently, Pyrex glass sub-
strates with micro-channels and/or gas ports are anodically
bonded to the silicon substrate.

In this study, copper, which is generally used as catalyst
for methanol steam reforming, was sputter-deposited to the
micro-channels as reforming catalyst. In a final goal, we
will perform the steam reforming of liquid gases, but in
this study, we selected the steam reforming of methanol to
simply confirm the thermal insulation effectiveness of the
suspended membrane. The micro-heaters were used as a
heat source to replace the micro-catalytic combustor. The
power required for heating the micro-channel with a width
of 300�m and a length of 7 mm to 300◦C is as low as
0.64 W. At that time, the heated area was confined just on the
suspended membrane, and the outer frame surrounding the
micro-channel was kept approximately at room temperature.
From these results, the thermal insulation effectiveness of
the suspended membrane was confirmed.

The steam reforming of the methanol was performed by
the following method. First, the sputtered copper catalyst
was reduced by 10 wt.% hydrogen in argon at 250◦C for
2 h. After carefully purging the micro-channel by argon,
methanol mixed with water (methanol/water molar ratio
1) was supplied to the reforming reactor using a syringe
pump at a feeding ratio of 5�l/min. During reforming,
the temperature of the micro-heaters was maintained at
180◦C. Reformed gas was sampled and analyzed by gas
chromatography (Shimadzu, GC-14B with Shincarbon-T
packed column). The measured concentration of hydrogen
in the reformed gas was 24%, corresponding to a conversion
ratio of 19% and an equivalent power of 200 mW. The total
efficiency,ηc, which is defined by the following equation
was 6%:

ηc = equivalent energy of produced hydrogen

equivalent energy of supplied methanol
+ energy consumed by the micro-heater

(1)

The low total efficiency was partly attributed to the low
activity of the sputtered copper catalyst.

The integrated-catalytic combustor was also tested.
Platinum-loaded TiO2 is embedded to the combustor by
the in situ oxidization and reduction of catalyst sol injected
into the micro-channel. By this method, however, surfaces
other than the suspended membrane are also coated with the
catalyst, resulting in thermal loss. Thus, we are developing
screen printing technology to pattern the catalyst. Combus-
tion was first confirmed using hydrogen as fuel. By feeding
10.1 sccm hydrogen and 69.3 sccm air, combustion sponta-
neously started without heating using the micro-heater, and
was stabled at about 100◦C. The temperature was mea-
sured using the micro-heater as a thermometer. Hydrogen
flow of 10.1 sccm 1.65 W heat by complete combustion,
while only 0.15 W electrical power is enough to heat the
suspended membrane at 100◦C using the micro-heater.
This result suggests that the combustion efficiency was still

low, and that considerable heat dissipation occurred due to
the above-mentioned catalyst coating method based on sol
injection.

4. Micro-ejector

The micro-ejector is an essential component to exclude
micro-pumps from the miniature fuel cell/fuel reformer sys-
tem. The ejector sucks a secondary flow by pressure drop
and dragging effect caused by the jet of a primary flow, and
is used for supplying air to a burner and evacuating air from
a large chamber. In our system, the primary flow is vaporized
liquid gas, and the secondary flow is air. The liquid gas is
ejected from a nozzle by its own vapor pressure. Iso-butane,
which is the most promising fuel, has a vapor pressure of
about 0.25 MPa (gauge pressure) at room temperature, and
needs 31 times larger volume of air than itself for complete
combustion.

The basic characteristics of an ejector is figured out from
the continuity of fluid, momentum conservation and energy
conservation. The continuity of fluid is described by

ρ1u1A1 + ρ2u2A2 = ρ3u3A3 (2)

whereρn is the density of the fluid,un the flow velocity, and
An is the cross-sectional area of a flow channel. Subscripts
n = 1, 2 and 3 represent the primary, secondary and mixed
flow, respectively. The momentum conservation equation is
given by

(P1+ρ1u1
2)A1+(P2+ρ2u2

2)A2 = (P3 + ρ3u3
2)A3 (3)

where Pn is static pressure (gauge pressure). The energy
conservation equation is given by
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wherev is the ratio of specific heats, andPa is the atmo-
spheric pressure. From these equations, ejector efficiency,
ηe, which is defined as the ratio of the secondary flow to the
primary flow, ηe = ρ2u2A2/ρ1u1A1, is calculated.Fig. 4
shows the ejector efficiency,ηe, as a function of relative suc-
tion area defined asαs = A1/A2. This figure reveals thatηe
increases monotonously with increase inαs when back pres-
sure,P3, is zero, butαs should be optimized to maximizeηe
unless the back pressure is negligible.Fig. 5shows the rela-
tionship between the density of the primary flow,ρ1, and the
ejector efficiency,ηe. The ejector efficiency degrades with
decrease in the density of the primary flow, especially when
the back pressure is applied. Therefore, the ejector is useful
for heavy gases such as butane.
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Fig. 4. Relationship between ejector efficiency,ηe, and relative suction
area,αs.

Fig. 5. Relationship between the density of the primary flow,ρ1, and
ejector efficiency,ηe.

Fig. 6shows the structure of the prototyped micro-ejector.
The micro-ejector is manufactured by covering flow chan-
nels, which is fabricated on a silicon substrate by three times
deep RIE, with a Pyrex glass substrate by anodic bonding.
The nozzle is a Laval nozzle to realize a supersonic flow.
For test, the primary flow was fed to the micro-ejector from
a gas container through a pressure regulator and a mass flow
meter. The flow rate of the mixed flow was measured us-

Fig. 6. Structure of the prototyped micro-ejector.

Fig. 7. Relationship between the flow rate of the primary flow and ejector
efficiency,ηe.

Fig. 8. Relationship between back pressure and ejector efficiency,ηe.

ing a soap film flow meter with low pressure loss. The back
pressure is adjusted using a choke valve at the exit of the
micro-ejector. The experimental results of each prototype
are shown inFigs. 7 and 8, where relative suction area,αs,
and used primary flow are displayed. When butane was used
as a primary flow, and the back pressure was zero, an ejector
efficiency of 31.2 was achieved, satisfying the requirement
(ηe > 31). Fig. 9 shows the maximum ejector efficiency,

Fig. 9. Maximum ejector efficiency,ηe,max, and the influence of back
pressure, dηe/dP3, as functions of relative suction area,αs (the primary
flow is air).
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ηe,max, and the influence of the back pressure represented
by the gradient of each line inFig. 8, dηe/dP3, as functions
of αs (the primary flow is air). There seems the tradeoff ten-
dency thatηe,max increases, but the insensitivity to the back
pressure, dηe/dP3, decreases with increase inαs. The flow
rate of the prototypes used in this study matches 20 W class
combustion of butane. For low power applications such as
portable information devices, the micro-ejector should be
tuned for lower flow rate.

5. Catalytic micro-butane combustor

Hydrogen is often used for combustion at micro-scale,
because hydrogen is easiest to burn in a small volume, as
indicated by its small quenching distance. Methanol is also
highly reactive and suited for combustion at micro-scale.
Liquid gases such as butane and propane, however, are
not like hydrogen and methanol. We think that butane is
the most promising fuel for portable power sources, be-
cause its moderate vapor pressure around 0.2–0.25 MPa
(gauge pressure) allows butane to be stored in a plastic or
thin metal cartridge, and butane is already accepted in our
society as fuels for table-top cooking burners, disposable
lighters and travel hair irons. Thus, we developed a catalytic
micro-combustor for butane.

Fig. 10 shows the structure of the micro-combustor.
The micro-combustor has a combustion chamber of
14 mm×8 mm×0.15 mm (depth) anisotropically wet-etched
in a silicon substrate and covered with an anodically bonded
Pyrex glass substrate with gas ports. Platinum-loaded TiO2
catalyst is embedded in the micro-combustor by the above-
mentioned method. For test, fuel and air were supplied to
the micro-combustor through mass flow controllers, and
exhausted gas was analyzed by gas chromatography. Com-
bustion was initiated by heating the micro-combustor by
a gas lighter. The pressure loss of the micro-combustor
was measured, after the exit was disconnected from the
gas chromatography system and opened to atmosphere.
The temperature distribution of the micro-combustor was
observed using an infrared imager (TVS-8500, Avionics).

Fig. 10. Structure of the micro-combustor.

Fig. 11. Stable combustion area of the micro-combustor.

Fig. 11shows a stable combustion area, whose horizontal
and vertical axes represent equivalent ratio and the flow rate
of butane, respectively. The power obtained by the complete
combustion of supplied butane is also plotted on the right
vertical axis. Temperature contours shown inFig. 11 rep-
resent peak temperature measured by the infrared imager.
As shown in this figure, quenching is occurred by reducing
the flow rate of butane, because heat dissipation overcomes
heat generation. The minimum power at which we confirmed
stable combustion is 5 W under the assumption that butane
was completely burned. Gas chromatography detected no
unburned fragments such as CO and hydrocarbons, when
4 sccm butane was supplied at an equivalent ratio of 1, sug-
gesting the achievement of complete combustion. However,
a hot zone was localized around the gas inlet, and control-
ling the temperature distribution is one of future challenges.

Fig. 12 shows the pressure loss of the micro-combustor.
This figure displays three lines obtained by calculation, mea-
surement using air and measurement with combustion us-
ing air and hydrogen (8 sccm). To use the micro-ejector, the
pressure loss must be reduced to a few tens Pa. To satisfy
this requirement, however, these prototypes should limit the
flow rate of mixed gas to as low as 20–30 sccm. The pres-
sure loss should be decreased by increasing the depth of the
combustion chamber or an opened area at the exit.

Fig. 12. Pressure loss of the micro-combustor.
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Fig. 13. Structure of the MEMS-based PEFC.

6. MEMS-based polymer electrolyte fuel cell

Wafer level batch process is useful to produce micro-
devices. This is also true for micro-fuel cells with very small
cell size. Fig. 13 shows the structure of a MEMS-based
PEFC. Catalytic electrodes, gas diffusion layers and gas
channels are formed on a silicon/glass substrate by MEMS
technology. The fabrication process is as follows. First, a
Si3N4 mask is patterned on a silicon substrate, and unmasked
silicon is anodized into porous silicon in a solution con-
taining HF and ethanol. Subsequently, the porous silicon is
thermally oxidized at 900◦C. Next, gas feed holes are fab-
ricated from the back side of the silicon substrate by deep
RIE, and then a Pyrex glass substrate with a gas channel and
gas ports is anodically bonded to the silicon substrate. The
catalytic electrode is a platinum thin film sputtered through
a shadow mask or screen-printed platinum-loaded carbon.
Screen-printing paste is made by loading platinum on car-
bon black using [Pt(NH3)4]Cl2 solution and then mixing
the carbon black with PTFE power, the ethanol solution of
polymer electrolyte and dibutyl phthalate. Finally, a poly-
mer electrolyte membrane (PEM) (Flemion S, Asahi glass,
80�m thick) is sandwiched between the silicon substrates
by hot pressing.

Fig. 14 shows the output characteristics of a prototype
with 300 nm thick sputtered platinum catalytic electrodes.
Sudden voltage drop from open circuit voltage suggests low
catalytic activity, and subsequent voltage drop at current
density of several hundreds�A/cm2 suggests very large in-
ternal resistance. The latter may be mainly due to poor ad-
hesion between the catalytic electrodes and the PEM. The

Fig. 14. Output characteristics of the prototyped MEMS-based PEFC.

adhesion further deteriorated during test, so that the power
density decreased to several tens�W/cm2, because the PEM
swelled by produced water. Of course, mechanically clamp-
ing is easy to improve the adhesion, but is not practical nor
preferable from the view-point of size. Further effort is nec-
essary to improve the adhesion.

7. Conclusion

In this paper, we proposed a novel miniature fuel cell/fuel
reformer system fueled by liquid gases such as butane and
propane. In this system, fuel, air and water are supplied
to the micro-fuel reformer by utilizing the vapor pressure
of the liquid gas for the reduction of power consumption
by peripherals and the simplification of the system. In this
study, we prototyped micro-ejectors to supply air to a micro-
combustor by MEMS technology, and confirmed that it had a
potential to supply air required for the complete combustion
of butane (31 times larger volume than butane).

We also prototyped a combustor-integrated micro-fuel
reformer with a suspended membrane structure, a catalytic
micro-combustor for butane and a MEMS-based poly-
mer electrolyte fuel cell (PEFC). The micro-fuel reformer
demonstrated the steam reforming of methanol at an equiv-
alent power of 200 mW and a total efficiency of 6%. The
micro-combustor had a stable combustion area above 5 W,
and the complete combustion of butane was confirmed by
gas chromatography. The MEMS-based PEFC worked, but
only at low power density of about 0.1 mW/cm2 due to poor
adhesion between a polymer electrolyte membrane (PEM)
and catalytic electrodes.
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