Chemical
Engineering
Journal

www.elsevier.com/locate/cej

ER Chemical Engineering Journal 101 (2004) 143-149

ELSEVI

MEMS-based components of a miniature fuel cell/fuel reformer system

Shuiji Tanak&*, Kuei-Sung Chang Kyong-Bok Min?, Daisuke Satof
Kazushi Yoshid&, Masayoshi Esashi

@ Department of Mechatronics and Precision Engineering, Tohoku University, 01 Aza Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Japan
b Matsushita Electric Works Ltd., Japan
¢ New Industry Creation Hatchery Center, Tohoku University, Japan

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 showe
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/érdue to poor adhesion between a polymer electrolyte membrane (PEM) and catalytic electrodes.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction electric generatorfl4,15], a thermophotovoltaic generator
[16] and a thermoionic generatdr7] are being miniaturized
Liquid hydrocarbon fuels contains enormous energy per for applications such as portable electronics and mobile ma-
volume and weight compared to the best existing batteries.chines. Among them, a miniature fuel cell system combined
For example, the energy density of a lithium ion battery with a micro-fuel reformer seems one of promising candi-
is practically about 200 Wh/I or 100 Wh/kg, while that of dates to power laptop computers, video camcorders, etc. The
gasoline reaches 13kWh/l or 15kWh/kg. This suggests miniature fuel cell/fuel reformer system is expected to be-
that energy conversion efficiency of several percentage iscome a more compact system compared to a direct methanol
enough for liquid hydrocarbon fuel-based power sources to fuel cell (DMFC) system, because a hydrogen-fueled poly-
overcome the energy density of existing lithium ion batter- mer electrolyte fuel cell (PEFC) has approximately one order
ies. These power sources can be continuously used just byof magnitude higher power density than a DMFC. Addition-
refueling without time-consuming recharging. Refueling is ally, it has potential to be fueled by various hydrocarbons
more convenient than recharging for who need portable in- including methanol, ethanol, butane and dimethyl ether.
formation electronics all day and mobile robots used in dis-  The micro-fuel reformer basically has a system config-
aster areas, construction sites, etc. where commercial wireguration similar to conventional fuel reformers, consisting
electrical power is not available. Additionally, replacing several key components such as a reforming reactor, a CO
batteries with recyclable fuel cartridges is environmentally separator, a heat source and fluid control peripherals. In the
friendly, because used batteries are generally difficult to be micro-fuel reformer, these components should be as small
recycled, although it gives rise to environmental pollution as possible and of low power consumption. In this study, we
when discarded. prototyped MEMS-based components of the miniature fuel
From the above reasons, various challenges are recentlycell/fuel reformer system.
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 reformerg11-13] thermo- 2. System concept

* Corresponding author. Tek:81-22-217-6937: fax:-81-22-217-6935. Fig. 1 shows the configuration of the miniature fuel
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Fig. 1. Configuration of the miniature fuel cell/fuel reformer system.

liquid gases such as butane and propane by steam reforminguch as rapid heating and cooling, and increase in the rela-
and supplies hydrogen to a PEFC. This system is composedive surface of catalyst. Contrarily, this scaling effect tends
of the PEFC, a reforming reactor, a catalytic combustor, an toward relatively large heat dissipation resulting in low ther-
ejector to supply air to the combustor and peripherals. The mal efficiency, if the system needs heating. In the micro-fuel
reforming reactor is equipped with a water-shift reactor to reformer, to increase total efficiency is one of the most im-
remove CO or a pa”adium membrane hydrogen Separator'portant requirements, so that thermal insulation becomes one
if necessary. The advantage of using liquid gases as fue|0f the most important concerns. For thermal insulation, we
is that the fuel, air and water can be supplied without a Propose a suspended membrane structeige. 2 illustrates
micro-pump by utilizing the vapor pressure of the liquid the schematic structure of the micro-fuel reformer. The up-
gas. Genera”y, micro_pumps consume, re|ati\/e|y, |arge per and lower sides of the suspended membrane are used
power as well as have difficulty in ensuring reliability due for fuel reforming and catalytic combustion, respectively.
to moving parts. Additionally, using micro-pumps increases By localizing reactions on the suspended membrane, good
the number of components, resulting in system complexity. thermal insulation, low thermal capacity and large thermal
The system which we propose is based on the novel con-conductance between the reforming reactor and the catalytic
cept that we eliminate micro_pumps to Supp|y fuel, air and combustor become possible. The suspended membrane is
water by utilizing the vapor pressure of liquid gases. made of a low-stressed Si@nembrane and a silicon cen-
Our system needs the development of particular compo-ter plate on it. The Si@membrane with low thermal con-
nents not found in a conventional micro-fuel reformer using ductivity decreases heat conduction to an outer frame, and

methanol as fuel. The problems which we should first chal- the silicon plate with high thermal conductivity prevents hot
lenge are following. spots, which results in the break of micro-heaters.

Fig. 3shows the prototyped micro-fuel reformer. The sus-
pended SiQ membrane with a thickness ofu3n is formed
in 300pm 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-

(1) The reforming temperature of liquid gases is several
hundred$ C, higher than that of methanol (200-300),
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 Fuel/Off gas Exhaust
should be developed with technology for applying the
catalyst to a micro-reactor.

(3) Large amount of air is necessary for the complete com- Catalytic
bustion of liquid gases. For example, butane needs air combustor
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- Reforming
ally, minimizing the pressure loss of the combustor is heaeil
essential to use the ejector.

3. Combustor-integrated micro-fuel reformer

Fuel H 10 mm

2
. . |
As well known, surface per volume increases with de-

crease in scale. This scaling effect gives rise to advantages Fig. 3. Prototyped micro-fuel reformer.
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sition (CVD) of SiG; on the front side and the patterning low, and that considerable heat dissipation occurred due to
of Pt/Ti micro-heaters on it. Subsequently, Pyrex glass sub-the above-mentioned catalyst coating method based on sol
strates with micro-channels and/or gas ports are anodicallyinjection.
bonded to the silicon substrate.

In this study, copper, which is generally used as catalyst
for methanol steam reforming, was sputter-deposited to the4. Micro-gector
micro-channels as reforming catalyst. In a final goal, we
will perform the steam reforming of liquid gases, but in The micro-ejector is an essential component to exclude
this study, we selected the steam reforming of methanol to micro-pumps from the miniature fuel cell/fuel reformer sys-
simply confirm the thermal insulation effectiveness of the tem. The ejector sucks a secondary flow by pressure drop
suspended membrane. The micro-heaters were used as and dragging effect caused by the jet of a primary flow, and
heat source to replace the micro-catalytic combustor. Theis used for supplying air to a burner and evacuating air from
power required for heating the micro-channel with a width a large chamber. In our system, the primary flow is vaporized
of 300pm and a length of 7mm to 30€ is as low as  liquid gas, and the secondary flow is air. The liquid gas is
0.64 W. At that time, the heated area was confined just on thegjected from a nozzle by its own vapor pressure. Iso-butane,
suspended membrane, and the outer frame surrounding thevhich is the most promising fuel, has a vapor pressure of
micro-channel was kept approximately at room temperature. about 0.25 MPa (gauge pressure) at room temperature, and
From these results, the thermal insulation effectiveness of needs 31 times larger volume of air than itself for complete
the suspended membrane was confirmed. combustion.

The steam reforming of the methanol was performed by  The basic characteristics of an ejector is figured out from
the following method. First, the sputtered copper catalyst the continuity of fluid, momentum conservation and energy

was reduced by 10wt.% hydrogen in argon at 250for conservation. The continuity of fluid is described by
2h. After carefully purging the micro-channel by argon,
methanol mixed with water (methanoliwater molar ratio P141A1+ p2u2A2 = pauzAs (2)

1) was supplied to the reforming reactor using a syringe

pump at a feeding ratio of jgl/min. During reforming, A 'js the cross-sectional area of a flow channel. Subscripts
the temperature of the micro-heaters was maintained at, _ 1 5 504 3 represent the primary, secondary and mixed

180°C. Reformed gas was sampled and analyzed by gasqq,y respectively. The momentum conservation equation is
chromatography (Shimadzu, GC-14B with Shincarbon-T given by

packed column). The measured concentration of hydrogen
in the reformed gas was 24%, corresponding to a conversion(PL+p1u1?) A1+ (Pa+ pauz®) A2 = (P + paus®)As  (3)
ratio of 19% and an equivalent power of 200 mW. The total
efficiency, ne, which is defined by the following equation

wherep, is the density of the fluidy, the flow velocity, and

where P, is static pressure (gauge pressure). The energy
conservation equation is given by

was 6%:
equivalent energy of produced hydrogen v PL+Py 4 o
e = ooui - @ pafuafAs + u1
equivalent energy of supplied methanol v—1 p1
+ energy consumed by the micro-heater v PatPa 4 o
- . + p2luzlA + su
The low total efficiency was partly attributed to the low p2luzldz { v—1 p2 212 }

activity of the sputtered copper catalyst. v P3+Py 2}
4)

The integrated-catalytic combustor was also tested. = p3|uz| As{ 3 + su3
Platinum-loaded Ti@ is embedded to the combustor by v ps
thein situ oxidization and reduction of catalyst sol injected wherev is the ratio of specific heats, arR} is the atmo-
into the micro-channel. By this method, however, surfaces spheric pressure. From these equations, ejector efficiency,
other than the suspended membrane are also coated with thee, which is defined as the ratio of the secondary flow to the
catalyst, resulting in thermal loss. Thus, we are developing primary flow, ne = pou242/p1u1A1, is calculatedFig. 4
screen printing technology to pattern the catalyst. Combus- shows the ejector efficiencye, as a function of relative suc-
tion was first confirmed using hydrogen as fuel. By feeding tion area defined ass = A1/A2. This figure reveals thate
10.1 sccm hydrogen and 69.3 sccm air, combustion sponta-increases monotonously with increasedywhen back pres-
neously started without heating using the micro-heater, andsure,P3, is zero, buixs should be optimized to maximizg
was stabled at about 10C. The temperature was mea- unless the back pressure is negligilitey. 5shows the rela-
sured using the micro-heater as a thermometer. Hydrogentionship between the density of the primary flgw, and the
flow of 10.1sccm 1.65W heat by complete combustion, ejector efficiencyye. The ejector efficiency degrades with
while only 0.15W electrical power is enough to heat the decrease in the density of the primary flow, especially when
suspended membrane at T@ using the micro-heater. the back pressure is applied. Therefore, the ejector is useful
This result suggests that the combustion efficiency was still for heavy gases such as butane.
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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 irFigs. 7 and 8where relative suction areas,
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
v&ne > 31). Fig. 9 shows the maximum ejector efficiency,

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 flo
meter. The flow rate of the mixed flow was measured us- 25 0
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pressure, ge/dPs3, as functions of relative suction ares; (the primary
Fig. 6. Structure of the prototyped micro-ejector. flow is air).
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nemax. and the influence of the back pressure represented 4
by the gradient of each line iRig. 8, dne/dP3, as functions

of as (the primary flow is air). There seems the tradeoff ten-
dency that)e max increases, but the insensitivity to the back
pressure, ge/dP3, decreases with increasedn. 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.

«300 °C# 250 °C

7
6
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4
3
2

Flow rate of butane (sccm)
N
Combustion power (W)

0 0.5 1 15 2 25 3
5. Catalytic micro-butane combustor Equivalent ratio
. . . Fig. 11. Stable combustion area of the micro-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  Fig. 11shows a stable combustion area, whose horizontal
highly reactive and suited for combustion at micro-scale. and vertical axes represent equivalent ratio and the flow rate
Liquid gases such as butane and propane, however, areédf butane, respectively. The power obtained by the complete
not like hydrogen and methanol. We think that butane is combustion of supplied butane is also plotted on the right
the most promising fuel for portable power sources, be- vertical axis. Temperature contours shownFiig. 11 rep-
cause its moderate vapor pressure around 0.2-0.25MPdesent peak temperature measured by the infrared imager.
(gauge pressure) allows butane to be stored in a plastic orAs shown in this figure, quenching is occurred by reducing
thin metal cartridge, and butane is already accepted in ourthe flow rate of butane, because heat dissipation overcomes
society as fuels for table-top cooking burners, disposable heatgeneration. The minimum power at which we confirmed
lighters and travel hair irons. Thus, we developed a catalytic Stable combustion is 5W under the assumption that butane
micro-combustor for butane. was completely burned. Gas chromatography detected no
Fig. 10 shows the structure of the micro-combustor. unburned fragments such as CO and hydrocarbons, when
The micro-combustor has a combustion chamber of 4sccm butane was supplied at an equivalent ratio of 1, sug-
14 mmx 8 mmx 0.15 mm (depth) anisotropically wet-etched ~gesting the achievement of complete combustion. However,
in a silicon substrate and covered with an anodically bonded & hot zone was localized around the gas inlet, and control-
Pyrex glass substrate with gas ports. Platinum-loaded TiO ling the temperature distribution is one of future challenges.
catalyst is embedded in the micro-combustor by the above- Fig. 12shows the pressure loss of the micro-combustor.
mentioned method. For test, fuel and air were supplied to This figure displays three lines obtained by calculation, mea-
the micro-combustor through mass flow controllers, and surement using air and measurement with combustion us-
exhausted gas was analyzed by gas chromatography. Coming air and hydrogen (8 sccm). To use the micro-ejector, the
bustion was initiated by heating the micro-combustor by pressure loss must be reduced to a few tens Pa. To satisfy
a gas lighter. The pressure loss of the micro-combustor this requirement, however, these prototypes should limit the
was measured, after the exit was disconnected from theflow rate of mixed gas to as low as 20-30sccm. The pres-
gas chromatography system and opened to atmospheresure loss should be decreased by increasing the depth of the
The temperature distribution of the micro-combustor was combustion chamber or an opened area at the exit.
observed using an infrared imager (TVS-8500, Avionics).
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Exhaust ;&? 600 /
Glass tube = Air + H; (8 scem)
— § with combustion /
Pyrex glass E 400 . .
z Air without combustion,
W
o 5
Catalyst L 00
Silicon Calculation
0 . .
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Fig. 10. Structure of the micro-combustor. Fig. 12. Pressure loss of the micro-combustor.
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‘Air T adhesion further deteriorated during test, so that the power
PEM density decreased to several tpiW§/cn?, because the PEM
ggﬁ%‘é"e swelled by produced water. Of course, mechanically clamp-
SRR, . ing is easy to improve the adhesion, but is not practical nor
R +— Porous SiO, ; : : :
L siicon preferable from the view-point of size. Further effort is nec-
" essary to improve the adhesion.
Glass
Fig. 13. Structure of the MEMS-based PEFC. 7. Conclusion

6. MEM S-based polymer electrolyte fuel cell In this paper, we proposed a novel miniature fuel cell/fuel

reformer system fueled by liquid gases such as butane and

Wafer level batch process is useful to produce micro- propane. In this system, fuel, air and water are supplied
devices. This is also true for micro-fuel cells with very small to the micro-fuel reformer by uti|izing the vapor pressure
cell size.Fig. 13 shows the structure of a MEMS-based of the liquid gas for the reduction of power consumption
PEFC. Catalytic electrodes, gas diffusion layers and gaspy peripherals and the simplification of the system. In this
channels are formed on a silicon/glass substrate by MEMS study, we prototyped micro-ejectors to supply air to a micro-
technology. The fabrication process is as follows. First, a combustor by MEMS technology, and confirmed that it had a
SigN4 mask is patterned on a silicon substrate, and unmaskedpotential to supply air required for the complete combustion
silicon is anodized into porous silicon in a solution con- of butane (31 times larger volume than butane).
taining HF and ethanol. Subsequently, the porous siliconis  We also prototyped a combustor-integrated micro-fuel
thermally oxidized at 900C. Next, gas feed holes are fab- reformer with a suspended membrane structure, a catalytic
ricated from the back side of the silicon substrate by deep micro-combustor for butane and a MEMS-based poly-
RIE, and then a Pyrex glass substrate with a gas channel angner electrolyte fuel cell (PEFC). The micro-fuel reformer
gas ports is anodically bonded to the silicon substrate. Thedemonstrated the steam reforming of methanol at an equiv-
catalytic electrode is a platinum thin film sputtered through alent power of 200mW and a total efficiency of 6%. The
a shadow mask or screen-printed platinum-loaded carbon.micro-combustor had a stable combustion area above 5W,
Screen-printing paste is made by loading platinum on car- and the complete combustion of butane was confirmed by
bon black using [Pt(NE)4]CI2 solution and then mixing  gas chromatography. The MEMS-based PEFC worked, but
the carbon black with PTFE power, the ethanol solution of only at low power density of about 0.1 mW/érdue to poor

polymer electrolyte and dibutyl phthalate. Finally, a poly- adhesion between a polymer electrolyte membrane (PEM)
mer electrolyte membrane (PEM) (Flemion S, Asahi glass, and catalytic electrodes.

80um thick) is sandwiched between the silicon substrates
by hot pressing.
Fig. 14 shows the output characteristics of a prototype Acknowledgements
with 300 nm thick sputtered platinum catalytic electrodes.
Sudden voltage drop from open circuit voltage suggests low  This work was partly supported by the New Energy and

catalytic activity, and subsequent voltage drop at current |ndustrial Technology Development Organization (NEDO)
density of several hundregdg\/cm? suggests very large in-  of Japan.

ternal resistance. The latter may be mainly due to poor ad-

hesion between the catalytic electrodes and the PEM. The
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