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Abstract

A micro direct methanol fuel cellfDMFC) with active area of 1.625 chhas been developed for high power portable applications and
its electrochemical characterization carried out in this study. The fragility of the silicon wafer makes it difficult to compress the cell for good
sealing and hence to reduce contact resistance in the Si-p@3dBC. \We have instead used very thin stainless steel plates as bipolar plates
with the flow field machined by photochemical etching technology. For both anode and cathode flow fields, widths of both the channel and rib
were 75Qum, with a channel depth of 5¢m. A gold layer was deposited on the stainless steel plate to prevent corrosion. This study used
an advanced MEA developed in-house featuring a modified anode backing structure with a compact microporous layer. Maximum power
density of the micro DMFC reached 62.5 mWthat 40°C, and 100 mW ci? at 60°C at atmospheric pressure, which almost doubled the
performance of our previous Si-basgBMFC.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction A problem emerging in micro fuel cells based on Si wafer
is that the Si substrate is quite fragile, making difficult to

The direct methanol fuel cell (DMFC) is a promising compress the fuel cell tightly for good seals and for lowering
power source for portable applications due to advantages suchthe contact resistance between MEA and Si-based bipolar
as simple construction, compact design, high energy density,plates. Pavio et al. instead explored low-temperature co-fired
and relatively high energy-conversion efficierjdy-7]. For ceramic (LTCC) material as an alternative for the bipolar plate
high power applications such as laptop computers, PDAs andof micro fuel cell systems, and a DMFC prototype, packaged
camcorders, it is necessary to enhance the cell performancaising LTCC, was reportefd 7]. However, both silicon wafer
further in order to compete with the lithium ion battery. and ceramic are nearly electrically insulated. Conductivity for

To date, most micro DMFCsuOMFC) and proton ex-  current collection fully depends on the thickness of the con-
change membrane fuel cells (PEMFCs) were developedductive layer coated on these substrates, which will increase
based on microelectromechanical system (MEMS) technol- the cost significantly in order to minimize the resistance re-
ogy [6-16] Kelley et al. reported a 0.25 éhmicro DMFC quired in high power application.

[8] and subsequently a prototype cell (12 fim volume)
micro-fabricated on Si substrati§. Recently, Lu et al. also
reported a Si-based micro direct methanol fuel f&Ir].
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An alternative method to fabricate the bipolar plate is
proposed in this paper using photochemical etching of thin
stainless steel plates (508 or thinner) foruDMFCs in-
stead of silicon wafer and ceramic. Stainless steel has much
higher conductivity and mechanical strength. A thin layer of
gold coating on stainless steel plate is sufficient to prevent
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corrosion and improve the electrical contact. Photochemical having the active area of 1.625 émvas hot pressed at 126
etching is a high-quality, fast-turnaround, low-cost method and 100 kg cm? for 3 min to form an MEA.

for machining flat metal parts. For micro-fabrication of flow
channels in the stainless steel bipolar plate, it offers precision
and accuracy unavailable in other milling processes.

Inthis paper, a DMFC fabricated by photochemical etch-
ing has been developed, with an effective area of 1.6 cm
and with the same flow pattern and effective area as the Si-
based micro DMFC we reported earli@]. The advanced
MEA developed in-house for use in this study has a mod-
ified anode backing structure with a compact microporous
layer. Nafio? 112 membrane was used in the MEA. The
wDMFC is subsequently tested and the maximum power den-
sity reaches 62.5mW cm at 40°C and 100 mW cm? at
60°C with atmospheric pressure.

2.2. Test apparatus

Methanol aqueous solution was prepared from 1to 4 M to
test the cell performance. A peristaltic pump was used to de-
liver the liquid fuel and the flow rate was obtained by weigh-
ing the fuel delivered per minute. A gas flow meter was used to
measure the flow rate of non-preheated and non-humidified
air. To investigate the cell characteristics at different tem-
peratures, an electric heater with temperature controller was
attached on the surface of the cell. An electronic load system
(BT4, Arbin) in the galvanodynamic polarization mode was
used to measure polarization curve at a scan rate of 3SThAs

2. Experimental . .
P 3. Results and discussion

Stainless steel plates with thickness of have been . N .
P 00 Fig. 1shows the polarization curve and power density us-

used as bipolar plates for current collection and flow dis- . > M methanol soluti + 2 and at heri
tribution. The flow channels were photochemically etched N9 methanal solution a and almospneric pressure.
The methanol flow rate is 2.2 mL mid, and the air flow rate

in the stainless steel plates, and the flow pattern was same S g o
as the Si-baselDMFC we reported earlief6]. Both the Is 161 mL mirm~. The polarization curve was measured af-

flow channel and the rib separating two neighboring chan- ter the cell stablized at the open circuit voltage (OCV) for
nels were 75Qm wide, with a channel length of 12.75 mm about 20 min. As expected, methanol kinetic is much more
There were a total of, nine channels with serpentine flow- sluggish at room temperature and pressure, and the voltage

field, forming a cell with an effective area of approximately o_lecreases very quickly in th_e Kinetic region of the polariza-
1.625 cnf. In order to minimize contact resistance between UO" CUrve: The current density Tea.CheS 90 mA€®t 0.3V

the MEA and the substrate, a gold layer with thickness of anq 'ghe maximum power den5|ty_|s 34 th%nat_ 0'23.\/'
0.5pum was deposited on the front side of each stainless steeIThIS is much better than our previous resuIFs using Si-based
plate. In this paper, we focus our main interest on gross cell nDMFC Where the maximum power density at"Z3 and
performance without paying attention to the size and input atmospheric pressure was 16.5 mw&m 0.14V[6]. The
power for accessory parts. Further optimization of the system fact that the maximum power density is doubled as compared

to minimize the auxiliary power and the cell volume to yield :ﬁ thelprewous :estult IS dtue Iar%eltyto be;;er'&()EnApreszlCanbgnd
high net power density is undergoing and the results will be us, fower contactresistance betweenthe an po-

reported in a future publication.

06 ‘ . : . - - : 40
2.1. MEA preparation
0.5 =

Both backing layers of anode and cathode were 30 130 5
wt.% FEP wet-proofed carbon paper (Toray 090, E-Tek) 0.4 %
of 0.26mm in thickness. Our approach to make a more S -
methanol-resistant MEA is to add a compact microporous §, - Jog ::;f
layerin the anode structure by providing additional resistance & g
to methanol transport. Details of this approach have been” ]
elaborated if18,6]and the reader is referred to those papers S D%:
for further information. The catalyst for the anode was unsup- ™
ported Pt/Ru black (HISPEC 6000, Pt:Ru, 1:1 atomic ratio, 91 —aA— Voltage
Alfa Aesar), andthe loadings of Pt/Ru and Nafion in the anode & —©— Power
catalyst layer were 4.8 and 1.2 mgcfn respectively. The 0w 0
catalyst for the cathode was carbon-supported Pt (40 wt.% 0 %0 100 . 150 5 200 290
Pt on Vulcan XC72R, E-Tek), and loadings of Pt and Nafion TS gty Graicr)

in the_cathOde catalyst 'aYer were 1.8 and 1.35 mg%ma' Fig. 1. Polarization curve using 2 M methanol solution at@2with air
spectively. Pretreated Nafiri12 (EW 1100, Dupont) sand-  fiowrate of 161 mL min, methanol flow rate of 2.2 mL mirf, and ambient
wiched by the catalyzed anode and cathode diffusion media,pressure.
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Fig. 2. Polarization curve using 2M methanol solution at@Qair flow Fig. 3. Polarization curve using 2 M methanol solution at 6t different
rate of 161 mL min!, methanol flow rate of 2.2 mL mirt, and ambient air flow rates, methanol flow rate of 2.2 mL mik and ambient pressure.
pressure.

_ _ - _ using the H-evolution electrode is still a simple and useful
lar plates. In the Si-basedDMFC, it was difficult to tighten ~ method to evaluate the anode characteristics of a micro cell
the cell since the Si wafer is so fragile, making larger con- without a standard reference electrode.

tact resistance and less desirable sealing between the MEA  Fig. 5shows thd—-V curve when air was replaced by hu-
and Si wafer. In our previous experiments with the Si-based midified nitrogen in the cathode. The cell fed with nitrogen
nDMFC, we found the performance decreased if we further in the cathode is designed to undergo the charge process. Due
increased the air flow rate in the cathode. This may be causedo methanol crossover from the anode side to the cathode, the

by cell leakage due to insufficient compression. In contrast, electrochemical reaction in the nitrogen feed side is:
in the present cell using stainless steel plates, the cell perfor-

mance improves using larger air flow rate, as will be shown CHsOH + H20 — COp +6H +6e~ 1)
shor.tly. ) L . While on the methanol feed side:

Fig. 2 depicts the polarization curves and power densi-
ties using 2 M methanol solution at 4G and atmospheric ~ 6H™ + 6¢~ — 3H, 2

pressure. The methanol flow rate and the air flow rate are the o
same as those given Fig. L The cell performance reaches The methanol crossover rate at open cwpwt can t_hus be de-
about 200 mA cm? at 0.3V and the maximum power den- termined from the limiting curre_nt d_enS|ty reSL_JItmg from
sity is 62.5 mW crit2 at 0.26 V. This is a significant improve- transport-controlled methanol oxidation at the nitrogen feed
ment compared to the previous maximum power density of
33mWent2 at 0.17 V in the Si-basedDMFC [6]. 08 ' —r > 1
Fig. 3shows the polarization curves and power densities
using 2 M methanol solution at 6C and atmospheric pres-
sure using different air flow rates. The methanol flow rate
was fixed at 2.2 mL min. At low current density, the cell
voltages are almost identical at different air flow rates. The
overall cell performance becomes better with increasing air
flow rate. With the air flow rate of 375 mL mirt, cell per-
formance reaches 330 mA cthat 0.3V and the maximum
power density is 100.2mW cm at 0.28V. This is much
higher than 50 mW cm? at 0.2 V and 60C for the Si-based
wDMFC [6]. Fig. 4 depicts the anode polarization curves
when hydrogen gas was fed into the cathode at different tem- 5
peratures. 2 M methanol solution was used in the anode with 0.5 T 200 200 600
the flow rate of 2.2 mL min?, and the hydrogen flow rate is
161 mL mir® at atmospheric pressure. As expected, the an-
_Ode O_VerpOtentla_l decreases with increased temperature. USI':ig. 4. Anode overpotential with hydrogen cathode, 2 M methanol with flow
ing this Hx-evolution counter electrode, the anode overpoten- rate of 2.2 mL min, hydrogen flow rate of 161 mL mirt, and ambient
tial may deviate slightly from that using DHE9]. However, pressure.

Overpotential (V vs. H, Cathode)

800

Current density (mA/cm?)
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Fig. 6. Methanol crossover rate at open circuit at different molarities, air
Fig. 5. Methanol crossover rate at open circuit, 2 M methanol with flow rate flow rate of 161 mL mirr!, methanol flow rate of 2.2 mL mirt, and ambient
of 2.2 mL min1, nitrogen flow rate of 161 mL mint, and ambient pressure. pressure.

crossover current) and anode mass-transport limiting cur-

ide [19]. Although the limiti t densit b
side [19] oug e limiting current density may be rent density K im) [20]. That is-

slightly lower than the methanol crossover rate at OCV due
to the effect of electro-osmotic drag of fluid by the protonic I
current[19], we neglect this effect here for simplicity. From c = Ic.oc <1 A ) ®3)
e . . . A.lim
the limiting current density at different temperature shown in
Fig. 5 we obtain the methanol crossover rates at OCV for 2 M wherel¢ ocis the crossover current density at open circuit, and
methanol feeding of 159 mA cnf at 22°C, 246 mA cnt 2 at | is the operating current density. The fuel efficiengy,d))
40°C, and 417 mA cm? at 60°C. These methanol crossover taking methanol crossover into account, can be defined as:
rates are relatively large for this 1.625€BMFC. Using ex- J
actly the same MEA, however, with an effective areaof 5cm 1 =
we assembled a 5 chgraphite cell. Its methanol crossover I+1le
rates at OCV for 2 M methanol feeding are 103mA®m  Atopen circuit { =0), niuel = 0. The fuel efficiency increases
at 22°C and 240mAcm? at 60°C, much lower than the  with the increasing operating current density. If the operating
crossover rates in the 1.625¢mMMFC cell (i.e., reduced  current density were 250 mA ¢t at 40°C, since the limit-
by 35% for 22°C and 41% at 60C). The discrepancy inthe  ing current density was around 380 mA cfrshown inFig. 2
crossover rate between the two cells of different size may pos-and the crossover rate at OCV was 246 mAénshown in
sibly be attributed to the different ratios of the perimeterto the Fig. 5, the fuel efficiency would be 75% according to Egs.
effective area of the MEAs. This ratio for the 1.625%cell (3) and(4).
is 43% larger than that of the 5 énaell. On the other hand, Fig. 6shows the methanol crossover rates at OCV at differ-
the methanol crossover rate will be very large along the pe- ent molarities and temperatures. The crossover rate at OCV
ripheral area outside of the effective area of the MEA becausewas measured by the same method explaindeigns. For
there are no resistive layers attached to the membrane suclvoth temperatures of 22 and 40, the crossover rates almost
as gas diffusion layer, micro porous layer and catalyst layer. linearly increase with the methanol concentration, and the
Although we used gasket for fluid sealing, there was still a higher temperature leads to a higher methanol crossover rate,
tolerance gap between the gasket and the diffusion layer, andas expected:ig. 7shows the effect of the air flow rates on the
this gap may provide a shortcut for methanol crossing di- maximum power density using different methanol solutions
rectly through the thin Nafidh112 membrane. With alarger ~ at 22°C. The methanol flow rate was fixed at 2.2 mL min
ratio of the perimeter to the effective area for the small cell, The maximum power density was obtained by scanning the
there is the larger methanol crossover rate per effective areapolarization curve. For 1 M methanol solution, there is no
In conclusion, it is extremely important to carefully seal the significant change of the maximum power density for differ-
gap between the gasket and the diffusion layer in micro DM- ent air flow rates. However, the maximum power density is
FCs to decrease the overall methanol crossover rate. Othemuch lower than those of concentrated solutions (2—4 M) at
method for decreasing the methanol crossover rate includeghe larger air flow rate, which is mainly due to large anode
using low flow rate in the anode. overpotential using dilute methanol solution. The anode over-
In general, the methanol crossover current density can bepotential was measured by the method explaineBign 4.
mathematically expressed by a simple relation between theFor the concentrated methanol solution such as 4 M, the max-

(4)
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Fig. 7. Maximum power density at different air flow rates, methanol flow
rate of 2.2 mLmirt!, 22°C, and ambient pressure.

imum power density changes noticeably at the low flow rate,
as shown irFig. 7, while maximum power density reaches
stability at the large air flow raté&ig. 8 shows the maximum
power density changes with air flow rate at"4Dand atmo-
spheric pressure. Similar to the case at@2the maximum
power density varies noticeably at the low air flow rates for
2—-4 M methanol solutions, while eventually the maximum
power density converges at high air flow rates. We believe
that the low performance at small air flow rates is due to
the mass transport limitation of the thick Toray carbon paper
GDL. An additional experiment in an air-breathing DMFC

cell (not shown here) comparing the mass transport phenom-
enain Toray carbon paper and E-tek carbon cloth as different

145
4. Conclusion

A pDMFC with an active area of 1.625énhas been
developed. The flow channels were fabricated on stainless
steel plates using a photochemical etching method. The max-
imum power density reaches 62.5 mWthmat 40°C and
100 mW cnt? at 60°C using 2 M methanol solution under
ambient pressure, which was almost double our previous re-
sults with a Si-basegdDMFC. In addition, it was found that
the methanol crossover rate depends on the effective area of
the MEA. Furthermore, it was pointed out that the large mass
transport capability of a cathode GDL is necessary for high
performance with the cell operating at a low air stoichiome-
try. The results presented in this paper should be useful for
the development of high-powgDMFCs for portable appli-
cation.
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