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We present a miniature direct methanol fuel cell (micro-DMFC) using platinum-
sputtered microcolumn electrodes with a built-in fuel chamber to improve power density.
We designed and fabricated both microcolumn and planar electrodes with an identical
projective area of 4.5 mmx4.5 mm. In an experimental study, we performed a single-cell
test to compare the microcolumn electrode with the planar electrode. In the single-cell test,
the micro-DMFC with microcolumn electrodes showed a maximum power of 24.8 yW
(122.4 uyW/cm?) at 0.65 V, while the micro-DMFC with planar electrodes showed a
maximum power of 1.1 uW (5.6 uW/cm?) at a voltage of 0.08 V. The micro-DMFC with
microcolumn electrodes showed a constant maximum power of 122.4 uW/cm? over 40
min. The micro-DMFC with microcolumn electrodes had a maximum power density 22
times higher than that of the micro-DMFC with planar electrodes in a single-cell test.

1. Introduction

Recently, MEMS has been applied to portable health care and communication systems
such as implantable medical devices and distributed systems for diagnosis and monitoring.
For these applications, stand-alone microsystems require their own power supply with
environmentally friendly materials, room-temperature operation and short charging time.

Because thermoelectric,? electromagnetic,® micro-turbine,® and piezoelectric” gen-
erators require high temperature, moving parts and secondary energy converters, these
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generators are rarely applied to portable power sources as shown in Table 1. Most of all,
these generators require additional energy storage units such as rechargeable batteries,
because the generators input energies such as thermal energy and mechanical vibration are
difficult to store. Alkaline microbatteries® and fuel cells have advantages as portable
power sources, because their input energy is chemical energy, which is easily stored in a
container. Moreover, these electrochemical energy converters bring about the direct
energy conversion of stored chemical energy to electrical energy without the intermediate
generation of thermal energy; thus they are not limited by the Carnot cycle, unlike heat
engines.® Their energy conversion efficiencies (45-65%) are generally 2 times higher
than those of heat engines, e.g., diesel generators.”” Most of all, fuel cells use the
environmentally friendly fuel methanol, while batteries require hazardous chemicals like
sulfuric acid and potassium hydroxides as electrolyte. The maximum energy available
from batteries is determined by the quantity of chemical reactants stored within the battery
itself. The battery ceases to produce electrical energy when the chemical reactants are
consumed, i.e., discharged. On the other hand, a fuel cell theoretically has the capability of
producing electrical energy as long as the fuel and oxidant are supplied to the electrodes.
Only, degradation, corrosion, or malfunction of components limits the practical operating
life of fuel cells. However, the energy-to-weight ratio of hydrocarbon fuels is at least 10
times larger than that of batteries.©

Recently, DMFCs have been actively studied as power sources for portable systems
because they can be operated at room temperature, use the cheap and environmentally
friendly fuel methanol, and make only H,O and CO, as by-products.® Moreover, a DMFC
has a simple configuration without moving parts; thus the size of DMFC is easily reduced.
However, two major problems occur when the size of a DMFC is reduced. First, the power
decreases due to the reduction in cell size. Second, a fuel pump must be removed from the
fuel cell system for application in portable power sources. Thus, a fuel chamber is required
for limited fuel usage. Previous work on micro-DMFCs®'? did not consider the power
reduction problem and still used a fuel pump. In addition, they used carbon-based porous
electrodes which provide a surface area a thousand times wider than that of planar
electrodes. However, carbon-based porous materials are not compatible with MEMS
fabrication technologies. In this paper, we suggest a platinum-sputtered microcolumn

Table 1
Characteristics of energy converters for applications in portable power sources.

Converter type Characteristics

Battery -Requires recharging, bulky, hazardous chemicals

DMEFC -Light, expensive, low power density

Electromagnetic -Needs moving parts and magnet, poor MEMS compatibility
Microturbine -Needs moving parts, requires power generator, high power density
Thermoelectric -High temperature, low efficiency

Photovoltaic -Solar energy, low efficiency

Piezoelectric -Many moving parts, low efficiency
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electrode fabricated by MEMS to improve the power density of the micro-DMFC and a
built-in fuel chamber in the anode instead of a fuel pump for application to portable
microsystems.

2. Working Principle

A micro-DMFC is composed of a fuel electrode(anode), an air electrode(cathode) and
a polymer electrolyte. Figures 1 and 2 show schematic and cross-sectional views of a
micro-DMFC with microcolumn electrodes, respectively. Figure 3 shows the working
principle of a DMFC. In the anode, a mixture of 1 mole of methanol (CH;0H) and 1 mole
of water (H,0) is changed into 1 mole of carbon dioxide (CO,), six hydrogen ions (H*), and
six electrons (e”) via the platinum anode catalyst as shown in eq. (1). After generating
electrical work in the load, six electrons flow to the cathode through the electric wire. Six
hydrogen ions flow to the cathode through the polymer electrolyte that has good ion
conductivity and poor electron conductivity. In the cathode, oxygen in air, six electrons
from the electric wire, and six hydrogen ions from the polymer electrolyte are converted
into 2 moles of water via the platinum cathode catalyst®” as shown in eq. (2) and Fig. 3.
The overall elecwochemical reaction in the DMFC is expressed as eq. (3).

CH;0H + H,0 — 2C0O, + 6H" +6¢™, Egoqe = 0.046 V (D
3 + - o

502 +6H" +6¢” — 3H20, cathode — 123V (2)

CH,OH + %oz —2H,0+CO,,E. =1.18V 3)
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Fig. 1. Perspective view of a micro-DMFC.
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Fig. 2. Cross-sectional view of a micro-DMFC.
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Fig. 3. Working principle of portion A in Fig. 2 of a micro-DMFC.

Because the energy of an electrochemical reaction is determined by the reactants, we
theoretically get a voltage of 1.18 V in the DMFC in accordance with eq. (3). Practically,
poor electrode kinetics (kinetics losses) causes the electrode reactions to deviate from their
ideal thermodynamic values and to incur a practical reduction in the highest theoretical
efficiency possible of the cell. Besides kinetic losses, ohmic losses originate from the
internal resistance of the fuel cell. Hence, the output voltage of a practical DMFC is
substantially lower than that of the ideal cell, which provides 1.18 V at any current. All
electrochemical reactions are generated by the adsorption of methanol molecules to the
platinum anode and cathode catalysts. Thus, we must increase the surface area of the
catalyst to increase current density.

Generally, we obtain the operating voltage equation of a fuel cell at a current density
i.(13)
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Here, Ey, iy, A, i, B, i), and r are the reversible open circuit voltage, the internal current
density, the slope of the Tafel equation, the exchange current density at the cathode, the
constant in the mass transfer overvoltage equation, the limiting current density at the
electrode, and the area specific resistance, respectively. However, it is difficult to estimate
theoretically the actual operating voltage and current, because eq. (4) has many unknown
variables that are irreversibilities of the single cell of the DMFC, such as ohmic losses
derived from the contact resistance between the electrode and polymer electrolyte, kinetics
losses, and losses from the mass transfer of fuel. In a single-cell test, the current-voltage
characteristics are affected by the electrode shape and material, polymer electrolyte shape
and material, the fuel channel shape and dimensions, other geometries and fuel type.™!?
We have experimentally compared open-circuit voltage and current-to-voltage character-
istics between the planar electrodes and microcolumn electrodes.

3. Prototype Design and Fabrication

3.1 Prototype Design

We designed the microcolumns on the electrodes to increase the surface area of the
platinum catalyst to increase power density. The micro-DMFC with microcolumn elec-
trodes is composed of a fuel electrode (anode), an air electrode (cathode) and a polymer
electrolyte as shown in Fig. 1. We used platinum and a Nafion™ membrane as a catalyst to
assist fuel oxidation and reduction and as a polymer electrolyte, respectively. Actually, the
Pt catalyst is easily poisoned by CO, thus generally Pt is used with an additional material
such as Ru or Mo. In this paper, we compare the effect of the geometry of the microcolumn
electrode with that of the planar electrode, not that of the catalyst material. We used a Pt
catalyst, which is an easily deposited material in MEMS. To compare the microcolumn
electrode with the planar electrode, we designed and fabricated both microcolumn and
planar electrodes with an identical projection area of 4.5 mmx4.5 mm as shown in Fig. 4
and Table 2.

We designed the length of the vertical microchannels and the height of the microcolumns
to be 50 pm, due to the limitations of fabricating a PR mask layer for silicon deep etching.
The width of the microchannels was 50 pm, which is a lower limitation for smooth liquid
flow.® 1In the case of the microcolumn electrode, the cross-sectional shape of the
microcolumns was hexagonal, because the honeycomb structure provides a wider surface
area than rectangular or circular columns in the same projective area. The microcolumn
electrode had 2706 hexagonal microcolumns and 891 hexagonal microchannels, while the
planar electrode had 1250 rectangular microchannels. Using hexagonal microcolumns, the
surface area of the microcolumn electrode was increased 3.56-fold that of the planar
electrode with the same. projected area of 4.5 mmx4.5 mm.
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(a) (b)

Fig. 4. Electrode configuration: (a) planar electrode with vertical microchannels; (b) microcolumn
electrode with microcolumns and vertical microchannels.

Table 2

Dimensions of the fabricated micro-DMFC.

Electrode type Microcolumn Electrode Planar Electrode
Total DMFC size 6 mmx6 mmxI.2 mm

Electrode area(projected) 4.5 mmx4.5 mm

Fuel chamber size(volume) 5 mmx5 mmx0.42 mm (10.5 ptl)
Intercolumn spacing 100£1.0 pum N/A
Height of microcolumn 52+0.5 um N/A
Depth of microchannel 50+0.5 um

Thickness of Nafion™ 0.007 inch (178 pm)

We also designed a built-in fuel chamber on one side of the electrode as shown in Figs.
1 and 2. The methanol fuel was supplied to the platinum catalyst on the microcolumn
electrode through vertical microchannels that connect the fuel chamber and the platinum-
deposited microcolumn array. The built-in fuel chamber was closed by an acrylic cover to
prevent fuel leaks, while the air chamber in the air electrode was exposed to the atmo-
spheric environment as shown in Fig. 2. To fabricate the barrier of the built-in fuel
chamber in the electrode, the total size of the electrode was set at 6 mmx6 mm. The built-
in fuel chamber was approximately 5 mmx5 mmx0.42 mm (10.5 ul).

3.2 Fabrication process

The micro-DMFCs were fabricated using a 3-mask microfabrication process shown in
Fig. 5. We used 525+25-um-thick p-type silicon wafers as electrode structures. To
fabricate microcolumns and microchannels on the same side of a silicon wafer, we used a
2-step deep silicon etching process. During this 2-step process, 52+0.5-um-high hexago-
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Fig.5. Fabrication process of the micro-DMFC with microcolumn elecwodes.

nal and 50+0.5-um-deep microchannels were fabricated as shown in Fig. 5(C). Because
the microchannels were exposed to the deep silicon etching process twice, the width of the
microchannels was defined as 560.5 um, which was wider than the design value of 50 pum.
To connect microchannels to the built-in fuel storage, the silicon substrate was etched by
KOH using a 1.5 pm-thick silicon dioxide mask. Then a 200 A/2000-A-thick Cr/Pt layer
was deposited by sputtering as the catalyst layer (Fig. 5(E)).

To assemble the micro-DMFC, we put the polymer electrolyte (Nafion™-117, Sigma-
Aldrich Co.) between the two fabricated electrodes and then pressed them at 150°C and 7
bar for 10 min as shown in Fig. 6. Figures 7(a) and 7(b) show the fabricated microcolumn
electrode and the assembled micro-DMFC, respectively. The built-in fuel chamber was
filled with methanol using a syringe pump and a vacuum pump. Figure 8 shows enlarged
SEM photographs of the fabricated microcolumn electrode with hexagonal microcolumns
and vertical microchannels and the planar electrode with vertical rectangular microchannels,
respectively.

4. Experimental Results

In the experiments for the single-cell test, we used methanol as the fuel and as the air
oxidant under ambient pressure. The concentration of methanol was the dominant factor in
the power density. The higher the concentration of methanol, the higher the power density.
When the concentration of methanol increased to a certain critical value, power density
decreased due to fuel crossover, which means the methanol passed through the polymer
electrolyte. Therefore, we must select the concentration of methanol considering the
occurrence of fuel crossover. Based on a previous study,'® we select 2M as the concentra-
tion of methanol, which provides maximum power density with minimum fuel crossover.
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Fig. 6. Nonuniform bonding pressure distribution in hot pressing process.
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Fig. 7. Top view of fabricated device compared with size of penny: (a) the microcolumn electrode;
(b) the micro-DMFC with microcolumn electrodes.
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Fig. 8. Enlarged view of fabricated electrode: (a) planar elecwode: (b) microcolumn electrode.
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In addition, the Pt catalyst is poisoned by CO, but the avarage lifetime of Pt catalyst is 1
year.!'® Therefore, degradation of the Pt catalyst can be ignored in the experimental study
which is carried out within 24 h.

First, we measured the open circuit voltage, which is the terminal voltage without any
current. Figure 9 shows the experimental apparatus for the single-cell test. Figure 10(a)
shows the open-circuit voltage of micro-DMFCs with microcolumn and planar electrodes.
From Fig.10(a), open circuit voltages of the micro-DMFCs with microcolumn and planar
electrodes are 864 mV and 325 mV at the projective area of 4.5 mmx4.5 mm, respectively.
The open circuit voltage of the micro-DMFC with the planar electrodes is lower than that
of the micro-DMFC with the microcolumn electrodes. This maybe due to the difference in
active electrode area. As eq. (4) indicates, the theoretical open circuit voltage (OCV) is
dropped by an activation overvoltage.'? Even if the single cell is an open circuit, the
current density of the single cell is not zero due to the internal current density, i,, which
comes from fuel crossover. The surface area where the exchange current density, i,, exists

. . . i+i
is the active electrode area. From eq. (4), the activation overvoltage of Aln(—-—.l can

differ even if experimental conditions are identical. The active electrode area ol tllloe micro-
DMFC with microcolumn electrodes is larger than that of the micro-DMFC with planar
electrodes. Consequently, the microcolumn electrode has a higher exchange current
density, i, than the planar electrode. Therefore, the micro-DMFC with microcolumn
electrodes has a lower activation overvoltage than the micro-DMFC with planar elec-
trodes. The open circuit voltage of the micro-DMFC with microcolumn electrodes is
higher than that of the micro-DMFC with planar electrodes.

Figure 10(b) shows the current-voltage curve of three micro-DMFCs with microcolumn
electrodes and two micro-DMFCs with planar electrodes. In the current-voltage curve, the
micro-DMFCs with the microcolumn and planar electrodes show a maximum power of
24.8 pW(122.4 uW/cm?) at 0.65 V and 1.1 uW(5.6 uW/cm?) at 0.08 V, respectively. The
power density obtained by the micro-DMFCs with microcolumn electrodes is one thou-

oD

2M CH3OH

Load ‘ (\D

Anode

Cathode

Fig. 9. Experimental apparatus for single-cell test.
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Fig. 10. Measured characteristics of micro-DMFC with microcolumn and planar electrodes using
2M CH;0H and air: (a) open circuit voltage; (b) voltage vs current.

sand times lower than that obtained by the traditional DMFCs(!-'? with carbon-based
porous electrodes. However, the micro-DMFC fabricated using only MEMS technology is
the first attempt to produce micro-DMFCs using a built-in fuel chamber with diffusive

reactants.

As shown in Fig. 10(b), voltage-current characteristics indicate a high cell-to-cell
power deviation. Because all electrodes were fabricated by a batch process and we
measured electric power under the same experimental conditions, cell-to-cell power
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deviations may results from the instability of the assembly of the upper electrode, Nafion™,
and the lower electrode due to nonuniform bonding pressure distribution and misalignment
in the hot processing. As shown in Fig. 6, the applied pressure is concentrated in the A and
B regions, thus resulting in a nonuniform bonding interface between the electrodes and
Nafion™. However, in spite of the nonuniform bonding interface, the micro-DMFC with
microcolumn electrodes shows a 22-fold higher power density than the micro-DMFC with
planar electrodes. The micro-DMFC with microcolumn electrodes shows a constant
maximum power of 122.4 yW/cm? for 40 min as shown in Fig. 11.

6. Conclusions

To improve power density in micro-DMFCs, a microcolumn electrode is proposed. We
designed and fabricated both microcolumn and planar electrodes with an identical projec-
tive area of 4.5 mmx4.5 mm to compare the characteristics of the microcolumn electrode
with those of planar electrodes and to compare a DMFC based on microcolumn electrodes
with one based on planar electrodes. In the single-cell test, the micro-DMFC with
microcolumn electrodes demonstrated a maximum power of 24.8 uW(122.4 uW/cm?) at
0.65V and a projective area of 4.5 mmx4.5 mm, while the micro-DMFC with planar
electrodes showed a maximum power of 1.1 gW(5.6 uW/cm?) at a voltage of 0.08 V and
the same projective area. Cell-to-cell power deviation may result from the instability of the
assembly of the upper electrode, Nafion™, and the lower electrode due to nonuniform
bonding pressure distribution and misalignment in hot processing. Low electric power
may be caused by the poor contdct between the electrodes and Nafion™. The micro-
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Fig. 11. Measured lifetime of the micro-DMFC with microcolumn and planar electrodes using 2M
CH;OH and air.



288 Sensors and Materials, Vol. 16, No. 6 (2004)

DMFC with microcolumn electrodes showed a constant maximum power of 122.4 yW/
cm? for 40 min. From experimental studies, the micro-DMFC with microcolumn elec-
trodes showed a maximum power density 22 times higher than the micro-DMFC with
planar electrodes in the single-cell test. Consequently, we verified that this prototype of the
micro-DMFC with microcolumn electrodes has potential application in portable power
sources for portable health care and communication systems such as low-power digital
signal processors and glucose sensors.
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