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To meet the demands for high power micro-electronic devices, two silicon-based micro-direct methanol
fuel cell (WDMFC) stacks consisting of six individual cells with two different anode flow fields were
designed, fabricated and evaluated. Micro-electronic-mechanical-system (MEMS) technology was used
to fabricate both flow field plate and fuel distribution plate on the silicon wafer. Experimental results
show that either an individual cell or a stack with double serpentine-type flow fields presents better cell
performance than those with pin-type flow fields. A uDMFC stack with double serpentine-type flow fields

ﬁiﬁg;ﬁc generates a peak output power of ca. 151 mW at a working voltage of 1.5V, corresponding to an average
Flow field power density of ca. 17.5mW cm~2, which is ca. 20.7% higher than that with pin-type flow fields. The
Stack volume and weight of the stacks are only 5.3 cm? and 10.7 g, respectively. Such small stacks could be used
MEMS as power sources for micro-electronic devices.

Fuel distribution plate

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The rapid development of portable electronic devices such as
notebook computers, personal digital assistants (PDAs) and mobile
telephones requires micro-power sources with high performance,
long-lasting operating time and compact structure. Among poten-
tial candidates for micro-power sources, direct methanol fuel
cells (DMFCs) provide significant advantages such as high energy
density, low pollution, fewer safety concerns, rapid start-up and
compactness over rechargeable batteries and other types of fuel
cells for portable applications [1-4]. Much effort has been devoted
to the development of the micro-direct methanol fuel cell (WDMFC)
[5-9]. However, its performance still does not meet the require-
ments for practical applications.

Micro-flow fields into and out of which reactants are trans-
ferred and other components for fuel cells can be fabricated on
a silicon wafer with high resolution and good reproducibility by
using the micro-electronic-mechanical system (MEMS) technol-
ogy. Thus, many researchers attempted to utilize MEMS technology
to design and fabricate micro-fuel cells [7-10]. Kelley et al. [11] first
reported a WDMFC with an active area of 0.25 cm? using a silicon
wafer as the substrate. Subsequently, they reported a silicon-based
mini-DMFC with a volume of 12 mm?. Such a DMFC could deliver a
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peak power density of about 17 mW cm~2 with a forced air-flow on
the cathode side at room temperature [12]. Lu et al. [13] developed
a silicon-based wDMEFC for portable applications. The single DMFC
was assembled by sandwiching the membrane electrode assem-
bly (MEA) between two micro-fabricated silicon plates. Using 2 or
4 M methanol on the anode and a forced air-flow on the cathode, a
maximum power density of ca. 16 mW cm~2 was achieved at room
temperature. Compared with the silicon substrate, the use of poly-
mer could significantly simplify the fabrication process and reduce
the total cost. An all-polymer wDMFC with a maximum power den-
sity of about 8 mW cm~2 was fabricated using MEMS technology by
Cha et al. [14]. Another prominent character of MEMS fabrication
technology is its convenience for integrating components and form-
ing a compact wWDMFC system for portable applications. Yao et al.
[15] proposed a wDMFC system which contains a cell, a micro-pump
for collecting water back to the anode, and a passive liquid-gas sep-
arator for CO, removal. All these components could be integrated
on a silicon substrate to eliminate interconnections and to mini-
mize packaging costs. For further practical applications, single fuel
cells need to be connected together to form a stack to meet the volt-
age requirements and to ensure a high output power. However, no
one has reported an integration of a wWDMFC stack based on MEMS
technology. Previous study showed that a miniature PEMFC stack
with six individual fuel cells was fabricated by utilizing MEMS tech-
nology [16]. The maximum power density of this stack approaches
104 mW cm~—2 at room temperature. However, hydrogen storage
still remains a big challenge for practical applications of a micro-
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Fig. 1. MEMS fabrication process for both anode (a) and cathode (b) flow field plates for the wuDMFC. (1) Thermal oxidation; (2) photolithography and dioxide etching on both
sides; (3) silicon deep etching by 40 wt.% KOH solution; (4) residual SiO; etching by BOE solution; (5) second thermal oxidation; (6) sputtering a Ti/Pt/Au layer as a current

collector.

PEMFC. Recently, Zhong et al. [17] presented a silicon-based wDMFC
stack that consists of only two individual cells stacked one by one
with the anode plate shared. Such a wuDMFC stack generates a maxi-
mum power density of 12.71 mW cm~2, which is higher than that of
individual cell with a maximum power density of 9.12mW cm2.
However, the voltage and output power is still not high enough
to meet expected application requirements especially with only
stacking two cells.

Previously, Hsieh et al. [18,19] have investigated the effects of
three different kinds of flow fields (i.e. interdigitated, serpentine
and pin) on the cell performance of the wPEMEFCs. It was found that
that the wPEMFC with either aninterdigitated-type or a serpentine-
type flow field exhibits better cell performance than that with the
pin-type flow field. Jung et al. [20] have reported the effects of
cathode flow fields on the DMFC’s performance and found that
the DMFC with the serpentine-type structure at the cathode side
presents better performance than that with the pin-type struc-
ture. However, the comparisons of the anode flow fields for both
individual wDMFC and wDMEC stack have not been reported yet.
In this work, two silicon-based WDMFC stacks consisting of six
individual wDMFCs with different anode micro-flow fields were
fabricated using MEMS technology. The performance of both indi-
vidual DMFCs and stacks under air-breathing operating mode were
evaluated and compared.

2. Experimental
2.1. MEMS fabrication of micro-flow field plates for fDMFCs

The micro-flow field plates of both the anode and cathode for
IDMFCs were fabricated using a series of fabrication steps tailored
from MEMS technology. Generally, the procedure includes using
photolithography and KOH wet etching to form micro-channels
and feed holes in a silicon wafer. The surface of the silicon wafers
was then oxidized and deposited with a Ti/Pt/Au layer as current
collectors. The MEMS fabrication process is described in Fig. 1.

Beginning with a 4in. (100) oriented silicon wafer (P-type,
525 + 20 pm thick) polished on both sides, a 2 um silicon dioxide
layer was grown by wet thermal oxidation. Then photolithography
was used to define the flow channel geometry on the front side and

the feed hole geometry on the rear side. The exposed oxide was
removed by a buffered oxide etch (BOE), followed by anisotropic
KOH etching down to a channel depth of approximately 270 p.m.
After the residue of previously coated SiO, was removed by a BOE, a
new 2 pmsilicon dioxide was grown as an insulator layer on the sur-
face by wet thermal oxidation. Ti, Pt, and Au (200/2000/3000A in
thickness, respectively) were subsequently sputtered on the chan-
nel surface as the current collectors. Finally, the wafer was diced
into individual plates for fuel cell assembly.

2.2. Fabrication of a liquid fuel distribution plate
Parallel flow channels were designed to ensure uniform fuel dis-
tribution to each of 6-cell stack. Previously, a fuel distribution plate

used to transfer and store hydrogen for the wPEMFC was fabricated
[16]. However, considering the difference between liquid fuel (i.e.
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Fig. 2. A picture of the improved fuel distribution plate for the wDMFC stack.
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Fig. 3. The patterns of (a) pin-type anode flow field plate, (b) double serpentine-type anode flow field plate and (c) the through hole-type cathode flow field plate for the

WDMFC.

methanol solution) and gaseous fuel (i.e. hydrogen), and convenient
removal of the product (i.e. carbon dioxide), the fuel distribution
plate was modified to meet the demand of the wDMFC stack. The
depth of the chamber was about 270 wm, which is much deeper
than that for hydrogen delivery. In addition, a Pyrex glass plate was
bonded in front of the silicon wafer in order to assemble the stack
conveniently.

The detailed fabrication procedure is shown as follows. First,
using the wet etching method described above, a strip chamber of
about 43 mm long, 7.9 mm wide and 270 pwm deep and an U-type
chamber of about 120 mm long, 4.4 mm wide and 270 wm deep
were fabricated on a silicon wafer with a thickness of 525 pwm. Sec-
ond, a piece of Pyrex glass with a thickness of 500 wm was bonded
with the silicon wafer together by using a silicon-glass bonding
technique. Two holes with a diameter of 2.0 mm on the Pyrex glass
were drilled before as the fuel inlet and outlet. The corresponding
fuel inlets and outlets for each individual cell were square holes of
about 1.44 mm x 1.44 mm. The picture of the fuel distribution plate
for the wWDMFC stack is shown in Fig. 2.

2.3. MEA preparation

A pretreated Nafion117 membrane was employed in this work.
The pretreatment procedures include boiling the membrane in
3vol.% H,0, solution, washing with ultrapure water, boiling in
0.5M H;S04 solution and washing with ultrapure water for 2 h in
turn. The pretreated membranes were kept in ultrapure water prior
to the fabrication of MEAs.

Toray carbon paper (TGPHO060, 20 wt.% PTFE, E-TEK Inc.) and
carbon cloth (Type A, 20wt.% PTFE, E-TEK Inc.) were used as the
backing layers for the anode and cathode, respectively. A slurry
which consisted of Vulcan XC-72 carbon and PTFE (25 wt.%) was

coated onto carbon cloth to form a micro-porous layer (MPL) at
the cathode side. Carbon-supported Pt (HiSPECT™9000, Johnson
Matthey Inc.) and carbon-supported Pt-Ru (HiSPECT™ 10000, John-
son Matthey Inc.) were used as the catalysts for both cathode and
anode, respectively. The MEA was prepared in the following man-
ner. The catalyst ink was prepared by dispersing an appropriate
amount of catalyst in a solution of ultrapure water, isopropyl alco-
hol, and 5 wt.% Nafion solution (Aldrich). The catalyst ink was then
sprayed on the MPL. The catalyst loading was 6.0 + 0.2 mg cm 2 for
both cathode and anode, and the ionomer loading was 20 wt.% for
cathode and 25 wt.% for anode, respectively. Finally, the MEA was
prepared by hot pressing at 130°C and 6 MPa for 3 min.

2.4. Assembly of uDMFC stacks

Prior to the assembly of the single fuel cell, the MEA was cut
into six pieces each with a dimension of 1.4 cm x 1.4 cm. Then, each
MEA piece was sandwiched between an anode plate and a cath-
ode plate, and then pressed by an electronic spiral micrometer. An
improved epoxy resin was used as a packaging material to assem-
ble the wDMEFC stack because of its chemical inertness to methanol
and good stickiness and bonding strength. These assembled cells
were mounted one by one on the rear side of the fuel distribution
plate. Each cell was connected in series by spot welding the adja-
cent cells to make them electrically conductive. Finally, all the void
space between the cells and fuel distribution plate was sealed with
the epoxy resin to ensure no fuel leakage.

2.5. Performance evaluation

Both individual wDMFCs and wDMFC stacks were tested on an
Arbin FCT system (Arbin Inc., USA). In this work, a 2 M methanol
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Table 1

Dimension and internal resistance of individual w.DMFCs and wDMFC stacks

Single or stack Anode flow field Dimension (mm?) Active area (mm?) Cell thickness (mm) Internal resistance (€2 cm?)
M-1 Pin-type 14 x 18 x 1.6 144 1.60 £ 0.02 0.644 + 0.014

M-2 Double serpentine 14 x 18 x 1.6 144 1.60 + 0.02 0.530 + 0.010

S-1 Pin-type 61x32x2.7 8642 2.70 + 0.02 5.630 + 0.120

S-2 Double serpentine 61 x32 x2.7 8642 2.70 + 0.02 4.030 + 0.144

3 The sum of six individual cells’ active area.

solution was used. A peristaltic pump with controllable flow rate
ranging from 0.01 to 10mLmin~! was used to deliver methanol
aqueous solution. It is known that the fuel flow rate will have an
influence on fuel cell’s performance due to the mass transfer lim-
itation, especially at low flow rate. However, at high flow rate, the
effect of flow rate on cell’s performance is negligible. In fact, if
the flow rate is too high, the internal pressure of liquid will be
rapidly increased, which will influence the stability of the DMFC
performance and methanol crossover. For the stack, more methanol
solution needs to be fueled since the total active area of the stack
is much higher than that of the single cell. Typically, a flow flux
of 0.2mLmin~! was chosen for the single cells as well as a flow
flux of 0.4mLmin~! for the stacks. For each discharging current
point along the polarization curve, a period of 1 min waiting time
was used to obtain the stable voltage. The internal resistance of
the WDMFC was measured using the Arbin FCT’s built-in function
[21]. When using this function, a transient current pulse is applied
and followed by a constant-current charge or discharge step, which
leads to changes in output voltage and current at that moment (AV
and AJ, respectively). The internal resistance is then calculated by
AV/AL For the performance evaluation, both single cells and stacks
were placed in a thermostated container at a temperature of ca.
25+1°C.

3. Results and discussion

Two anodic micro-flow fields with different flow channel struc-
tures, i.e. double serpentine-type and pin-type, were designed and
fabricated to investigate the effect of flow field structure on the
performance of the WDMFCs. The pattern of the pin-type channel
is shown in Fig. 3(a), which is an array of pin-type isolated “isles”
with two through square holes for fuel in and out. The isle is about
300 wm x 300 wm on top and 270 wm in depth and the through
holes for fuel in and out are about 1.5 mm x 1.5 mm. The pattern of
the double serpentine-type channel is shown in Fig. 3(b), in which
the channel is 120.0 mm long, 633 wm wide and 270 wm deep. The

Fig. 4. A picture of the wDMFC stack.

pattern of the cathode flow field used is shown in Fig. 3(c), which is
through hole-type channels. For a typical cathode flow field, there
is an array of micro-columns on the front side which will con-
tact the MEA as the current collectors, and through holes between
the columns which will be used for air-breathing. These columns
are about 300 wm x 300 wm on top and 270 pm in depth and all
through holes are about 1.2 mm x 1.2 mm. The dimension of a sin-
gle flow field plate is about 16 mm x 18 mm with an active area of
12 mm x 12 mm. For each plate, about 2 mm x 16 mm free spaces
were used for spot welding between the adjacent cells.

Fig.4is a picture of the planar WDMFC stack. The detailed dimen-
sions of the individual wDMFCs and the wDMFC stacks are listed in
Table 1. The volume and weight of a wWDMFC stack are only about
5.3cm? and 10.7 g, respectively. In addition, in order to meet the
requirements of practical applications, the entire assembly process
can even include the integration of a micro-pump, a small canister
and an electronic controller to form a prototype wDMFC system.
The volume and weight of such a prototype wuDMFC system are ca.
90cm? and 42.3 g, respectively.

A dilute methanol solution of 2 M was usually used to fuel the
DMEFCs in order to decrease the effect of methanol crossover. Fig. 5
shows the polarization curves of two individual w.DMFCs under air-
breathing mode at 25 + 1 °C. The open circuit voltages (OCV) of the
WDMFC (M-1) with a pin-type anode flow field and the WDMFC
(M-2) with a double serpentine-type anode flow field are 0.722
and 0.690V, respectively. In the low current density region, the
two single WDMFCs exhibited similar kinetic and ohmic polariza-
tion behavior. However, when the current densities are higher than
80 mA cm~2, the polarization curve of M-1 shows a large voltage
drop due to mass transport limitation compared with that of M-2,
demonstrating that the anode flow field structure has a significant
influence on the mass transport of a DMFC. It is possible that a
double serpentine-type micro-flow field can provide more homo-
geneous fuel distribution than a pin-type anode flow field, thus
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Fig. 5. Polarization curves of two individual air-breathing wDMFCs using a 2M
methanol solution with a flow flux of 0.2 cm?® min~! at 2541 °C.
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Fig. 6. Polarization curves of two wDMFC stacks under air-breathing mode using
2 M methanol solution with a flow flux of 0.4 cm® min~' at 25+ 1°C.

leading to an improvement in mass transport on the anode side,
especially when operating under high current densities. The maxi-
mum power density of M-2 is about 19.3 mW cm~2, which is higher
than that of M-1 of 18.3 mW cm~2. The obtained maximum power
density in this work is also higher than previously reported results
with a forced air-flow on the cathode side with peak power den-
sities of ca. 17 and 16 mW cm~2, respectively [12,13]. The internal
resistances of two wDMFCs (both individual cell and stack) are pro-
videdinTable 1.1Itis clear that the internal resistance of M-2 is lower
than that of M-1, suggesting that a double serpentine-type flow
field provides a larger current collector area than a pin-type micro-
flow field so that the contact resistance was decreased between the
flow field plate and the anode gas diffusion layer. According to the
dimensions of flow field patterns, the current contact areas of M-1
and M-2 are calculated as 0.24 and 0.65 cm?, respectively.

Fig. 6 illustrates a performance comparison of two wWDMFC
stacks with two different flow fields, each with six individual
WDMECs. In the low current region, the two wWDMFC stacks exhib-
ited similar kinetic and ohmic polarization behavior. In the high
current region, the mass transport limitation is clearly shown for

Stack voltage / V

Time / min

Fig. 7. Galvanostatic curve of a WDMFC stack with double serpentine-type anode
flow field at a constant current of 57.6 mA (i.e. 40 mA cm~2) under air-breathing
mode using a 2 M methanol solution with a flow flux of 0.4 cm? min~' at 25+ 1°C.

the wDMFC stack (S-1) with the pin-type anode flow fields, similar
to the result for the single wDMFC. Yet, for the stack (S-2) with the
double serpentine-type flow fields, no obvious mass transport limi-
tation was observed, suggesting that a double serpentine-type flow
field is more appropriate to be used as the anode flow field for the
WWDMEFC. The peak output power of S-1 is ca. 125 mW, corresponding
to a power density of 14.5 mW cm~2. For S-2, a peak output power
of ca. 151 mW was obtained at a working voltage of 1.50V, corre-
sponding to a power density of about 17.5 mW cm~2. The maximum
power of S-2 is ca. 20.7% higher than that of S-1, again indicating
that the double serpentine-type flow field is more suitable for the
anode flow field in a DMFC. Both wDMFC stacks exhibited better
performance than that of a two-cell stack provided with pure oxy-
gen under similar operating conditions [17]. Internal resistances of
two stacks as shown in Table 1 are much higher than the sum of
corresponding individual cells, indicating that the assembly tech-
nology for the stacks needs to be further improved. The obtained
power densities for the two WDMFC stacks are lower than those
of the individual wWDMFCs, probably due to the following reasons.
The electro interconnection in the stack is not good as expected,
which leads to large contact resistance among the individual cells.
Another possible reason is that the fuel distribution in the stack is
not uniform as that in single cell.

Fig. 7 shows the voltage of a wDMFC stack (S-2) at a constant
current of 57.6 mA (i.e. 40 mA cm~2) under air-breathing mode at
25+1°C. It can be seen that such a stack can provide a steady-
state power output of about 110 mW for more than 50 min without
significant degradation.

4. Conclusion

In summary, the study on the effect of anode flow field struc-
tures on the performance of either an individual wDMFC or a
WDMEFC stack reveals that the utilization of the double serpentine-
type flow field significantly improves the mass transport of a
WDMFC. The maximum power density of an individual DMFC with
double serpentine-type flow field is ca. 19.3 mW cm~2 under an air-
breathing mode at a temperature of ca 25°C. Whereas a wuDMFC
stack with the double serpentine-type flow fields generates a peak
output power of ca. 151 mW, which is ca. 20.7% higher than that
with pin-type flow fields. The technology used here could be
extended by integrating more individual cells into a stack to meet
the demands for higher power electronic devices.
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