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bstract

This paper details the fabrication and testing of a fuel cell stack using a novel manufacturing approach for creating carbon bipolar plates. The
undamental fabrication techniques have been described in a previous contribution [1]. The initial paper characterized a single cell. In this work, the

abrication techniques are utilized to fabricate a three-cell fuel cell stack. Operating data in different operating conditions is measured and presented.
nformation on cell performance at different operating temperatures and pressures is included. The methodology for the fuel cell characterization
s presented.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Electronic devices are becoming smaller, lighter, and more
ulti-functional. With the trend of devices becoming smaller

nd more portable, the volume and weight of the battery con-
ributes to a major portion of the product. As predicted, battery
echnology has quickly become the bottleneck of portable device
evelopment. The power demand for a typical microprocessor
as increased by the factor of 80 in 10 years. In contrast, bat-
ery capacity has only increased by a factor of three. Battery
apacity has not kept up with the tremendous rate of increas-
ng power consumption of integrated circuit (IC) technology
Moore’s Law). This has forced manufacturers to search for
lternative solutions. Fuel cells are seen by many as a future
lternative to batteries for mobile applications. Today, many
ompanies (Motorola, NEC, Casio, Toshiba, Fuji, Intel, MTI,
SE, Polyfuel. . .etc.) are developing miniature fuel cells as bat-

ery replacements for various consumer and military electronic
evices [2]. Because of the fuel storage issue, most of them
se methanol in either direct methanol fuel cells or through
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icro-reformers in regular PEM fuel cells [3,4]. Because the
utput voltage of a single unit cell within a fuel cell is typi-
ally less than 1 V, multiple cells are often configured in series
nto a fuel cell stack. A significant part of the PEMFC fuel cell
tack is the bipolar plate, which can account for about 80%
f the total weight and 45% of stack cost [5]. In this con-
ribution, we will describe the fabrication of fuel cell stacks
sing bipolar plates made by carbonization of machined polymer
heets.

. Experimental/materials and methods

.1. Carbon microelectromechanical systems

Carbon microelectromechanical systems, or C-MEMS,
escribe a manufacturing technique in which carbon devices are
ade by treating a pre-patterned organic structure at high tem-

eratures in an inert or reducing environment. Today, C-MEMS
rovides a material and microfabrication solution to creating
icro-carbon structures for use in many applications including

atteries and fuel cells.

The C-MEMS process is shown in Fig. 1. The specific raw

rganic material is machined or patterned into the structure
hat is desired. The pyrolysis process is carried out in a closed
eramic tubular furnace in vacuum or a forming gas (95% N2
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2.3.1. Design features
In Fig. 3, a schematic of the PEM fuel cell stack is shown.

The developed stack has screw holes on each bipolar plate
corner to align all the components. Another benefit of using
Fig. 1. The C-MEMS process.

nd 5% H2) atmosphere at around 900 ◦C. The whole structure
s converted into carbon through this process.

By changing the pyrolysis time, temperature and process
rofile, structures having different shapes, conductivity, and
echanical properties can be fabricated. In the current case, the
-MEMS technique is used to replace the graphite machining

hat is commonly used for fabricating bipolar plates [6].
Making bipolar plates using C-MEMS technology has the

ollowing benefits:

1) Resistance to corrosion: The bipolar plates are exposed to an
extremely corrosive environment inside of a fuel cell stack,
which is usually at a pH of 2–3 [2]. Carbon can withstand
this severe environment unlike most metals.

2) Material homogeneity: The bipolar plate, gas diffusion
layer, and catalyst support layer are all made of carbon. This
means robustness can be increased and electrical resistance
can be reduced.

3) Easy to machine: Bipolar plates made of directly machined
graphite are difficult to fabricate and expensive because the
material is extremely brittle. The raw material is easy to
machine in the process described in this paper. The manu-
facturing cost can be reduced.

4) Reduced weight and size: Compared with directly-
machined graphite or molded graphite plates which are
porous and need to be thick [2,6], smaller and thinner bipo-
lar plates can be fabricated. Lighter and smaller fuel cells
can be made. In this study, C-MEMS-based bipolar plates
have been successfully fabricated and integrated into a fuel
cell stack.
.2. Fuel cell test station

A test station was set up to operate and test the fuel cells.
he fuel cell test system consists of several components: an air
Fig. 2. The fuel cell test station.

ompressor, a hydrogen tank, humidifiers, regulators, gauges,
nd flow meters. The entire experiment setup is shown in
ig. 2.

.3. PEM fuel cell component fabrication and integration
Fig. 3. The fuel cell stack configuration.
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Fig. 4. End plates.

screw hole is better control of compression pressure while
tacking the cells [3].

.3.2. Fuel cell components and manufacturing

.3.2.1. End plate. The end plates serve as the interface
etween the fuel cell stack and other subsystems (the gas supply
nd the electrical circuit). The end plates are made of plastic
nd were machined in a circuit board milling tool (T-Tech –
orcross, GA) to create the holes and gas inlet/outlet ports. The

onnectors, the purple parts in Fig. 4, are cut from conventional
6 G (1.291 mm diameter) syringe tips.

.3.2.2. Bipolar plate. In miniature fuel cells, the channel size
s an important parameter [7]. It was shown that small channels
ave advantages over designs with large channel sizes [8,9],
uch as higher flow velocity that helps preventing flooding and
ess dead zones (area where no reaction occurs). However, once
he channels become too small, water can accumulated and the
ressure drops can be too large. Moreover, channels need to be
arge enough to machine. Depending on the geometry of the
esign, the optimal channel size was found to be 100 �m in
ne study [9] and approximately 500 �m in another [10]. A
erpentine channel [11] which has a size of 500 �m was used in
he present study.

Kapton® is available as very thin films and not applicable for
ur use. For miniature fuel cell applications, a thicker material
ust be used. Cirlex® is a Dupont product made by bonding
ultiple thin layers of Kapton® using adhesive-less bonding

echnology. A 60-mil (1.524 mm) thick Cirlex® (Fralock –
anoga Park, California) sheet was chosen as the raw mate-

ial for making the bipolar plates. It was machined with 500 �m
iameter end mills in a circuit board milling tool (T-Tech – Nor-
ross, GA) to create the fluidics on both sides. A serpentine flow
attern was used. Four screw holes were made on each corner for
lignment purposes, and four inlet/outlet holes for gases were

reated on each side of the square. The original size of the bipolar
late was 1.8 cm × 1.8 cm. The polymer plate shrank to a size of
.45 cm × 1.45 cm after carbonization. The bipolar plates were
eated up within a nitrogen atmosphere from room tempera-

f
i
d
(

ig. 5. Bipolar plates (left: before carbonization, right: after carbonization).

ure to 300 ◦C in 30 min. The temperature was kept constant at
00 ◦C for 1 h. The furnace was then heated up to 900 ◦C (2 h).
he atmosphere was changed from nitrogen to forming gas and

he samples were heat-treated at 900 ◦C for 1 h. The samples
ere cooled to 700 ◦C (1 h) then room temperature (3 h) in a
itrogen atmosphere. The shrinkage was ∼20% and the average
lectrical resistance of the bipolar plates was 30 ohms (from
ne plane to the other). Fig. 5 shows the shrinkage of the bipolar
lates after carbonization.

.3.2.3. Gasket. The gaskets are placed between the each elec-
rolyte and bipolar plate. The gasket not only needs to be elastic
o prevent gas leakage and support, but also has to be durable
nd corrosion resistant. The gasket also needs to be very thin
almost as thin as the electrode which is made of carbon paper)
ut robust. After several tests, a thin silicone rubber film was cho-
en. The 0.01 in. (254 �m) silicone rubber film was cut using a
raphtec CE2000-60 plotter. The gaskets are shown in Fig. 6.

.3.2.4. Membrane electrode assembly (MEA).
2.3.2.4.1. Membrane. A Nafion® 115 sheet (purchased

rom Electrochem – Woburn, MA) is used as the electrolyte.
he sheet was cut into pieces using the Graphtec CE2000-60
lotter before activation. Because Nafion® will swell to ∼110%
f its original size after hydration, it was cut into a smaller size,
.3 cm × 1.3 cm. The sheets expanded to 1.45 cm × 1.45 cm
fter hydration/activation. The Nafion® was activated by a series
f heated baths [12,13]. It was submersed in 80 ◦C DI water for
h, followed by a 1-h 80 ◦C 30% hydrogen peroxide bath, and

hen another 1 h 80 ◦C bath in 10 M sulfuric acid (1:1 dilution
f pure H2SO4 and DI water). Finally, a short rinse in DI water
s performed and the membrane is stored in DI water before
abrication of the MEA.

2.3.2.4.2. Electrodes. Anode and cathode electrodes for a

uel cell consist of catalyst ink loaded onto a gas diffusion back-
ng [14,15]. Gas diffuses through the backing and is broken
own by catalysts [16–19]. Commercial electrodes were used
EC-20-10-7, Electrochem – Woburn, MA). The carbon sup-
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Fig. 6. Completed gaskets.
orted catalyst layer had a 1 mg cm−2 Pt loading with 20 wt.%
t/Vulcan XC-72. To fabricate a Direct Methanol Fuel Cell, all

hat is needed to be done is the replacement of the anode elec-
rode with a Pt/Ru catalyst loaded electrode [20]. The electrode

t

c
t

Fig. 8. Configuration of a th
Fig. 7. A photo of a finished membrane electrode assembly (MEA).

heet was cut into the size of the final area, 0.8 cm × 0.8 cm,
nd brushed with 5% Nafion® solution (EC-NS-05-250 ml,
lectrochem – Woburn, MA). The Nafion® solution coated
lectrodes were placed in a dry and cool environment at room

emperature until dry.

2.3.2.4.3. Assembly. To make the MEA, the following pro-
edure was used: the electrodes were placed on either side of
he membrane and pressed into the membrane sheet. Two metal

ree-cell fuel cell stack.
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Fig. 9. A photo of an assembled three-cell fuel cell stack.

lates were used to hold the electrodes and membrane in place,
nd a C-clamp was used to hold and supply sufficient pressure
n the whole structure. The MEA was heated while pressed from
oom temperature to 90 ◦C in 1 h and then ramped to 130 ◦C in
0 min. The C-clamp is tightened and left at 130 ◦C for 5 min. A
lass container of water was placed inside of the heating envi-
onment and a water soaked fabric was also used to cover the

EA in order to prevent drying out of the membrane. Fig. 7
hows a finished membrane electrode assembly (MEA).

.3.3. Integration of a fuel cell stack
The stack is stacked in the order of: end plate, rubber gasket,

ipolar end plate, rubber gasket, MEA, rubber gasket, bipolar
late, rubber gasket . . . and end plate, which is depicted in Fig. 8.
he final assembled fuel cell stack is shown in Fig. 9.

Since the bipolar plates shrink after pyrolysis and the elec-
rolyte swells up after hydration, good dimension control is
ssential to ensure that the components are compatible during
ssembly.

. Fuel cell test and analysis
.1. Effect of operating temperature

Single cells were tested under different operating tempera-
ures. Figs. 10 and 11 show the results of a series of experiments

ig. 10. Effect of operating temperature on the fuel cell polarization curve.

U
d

Fig. 11. Effect of operating temperature on the fuel cell power curve.

n which the operating temperature was gradually increased
rom room temperature (23 ◦C) to 80 ◦C in 10 degree steps, and
he resulting polarization curves clearly show voltage gain with
ncreased temperature. However, we can see a performance drop
t the temperature of 80 ◦C. The performance drop is most likely
ue to dehydration of the membrane.

.2. Effect of operating pressure

Single fuel cells were tested under different operating pres-
ures. In this experiment, the hydrogen pressure was fixed at 3
si (20.68 kPa), and the pressure of air was gradually increased
rom 3 psi (20.68 kPa) to 10 psi (68.95 kPa). Figs. 12 and 13
how the results of this series of experiments and the resulting
olarization curves clearly show voltage gain with increased air
ressure. However, The pressure effect is not as significant as
he temperature effect. The output voltage gain is only ∼30 mV
ven when the inlet air pressure was more than tripled from 3
si (20.68 kPa) to 10 psi (68.95 kPa). Higher gas pressure helps
emove the water in the flow channel and prevents flooding [21].
nlike the temperature effect, the slope of the polarization curve

oes not change significantly.

Fig. 12. Effect of operating pressure on the fuel cell polarization curve.
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Table 1
EIS test parameters

Initial frequency (Hz) 105

Final frequency (Hz) 0.01
Points/decade 5
AC voltage (mV) 10
Area (cm2) 0.64

Table 2
Fuel cell stack operating condition

Temperature 24 ◦C
Air pressure 30 psi (206.84 kPa)
H2 pressure 30 psi (206.84 kPa)
A
H

g
a

3

T
c

Fig. 13. Effect of operating pressure on the fuel cell power curve.

.3. Electrical impedance spectroscopy (EIS) analysis

A series of PEM fuel cell EIS tests were carried out using a
AMRY® cell test station at different operating voltages ranging

rom open circuit to 0.38 V. The Nyquist plots for each operating
oint are shown in Fig. 14. The Nyquist plots provide useful
olarization information on the major component interfaces. The
arameters that were used in the test are listed in Table 1:

This result shows that the fuel cell resistance is relatively high

nd that there are several improvements that can be made. The
mpedances associated with the electrode–electrolyte interface
ere relatively large. The estimated resistance in the cathode

lectrode–electrolyte interface is 280 ohm-cm2. Further investi-

T
2
o

Fig. 14. The Nyquist plots of a single cell at different operating points: (a)
ir flow rate 19.6 sccm (0.018 g min−1)

2 flow rate 20 sccm (0.025 g min−1)

ation on triple phase boundary, including electrode structures
nd catalyst layers, will be carried out in the future.

.4. The three-cell PEM fuel cell stack

The fuel cell stack was composed of three cells in series.
he active area of each electrode was ∼0.64 cm2. The operating
onditions are listed in Table 2:
The characterization results are shown in Figs. 15 and 16.
he open circuit voltage was ∼0.8 V for a single cell and
.3 V for the three-layer fuel cell stack. The polarization curve
f each single cell was measured before they were connected

open circuit, (b) 0.73 V, (c) 0.67 V, (d) 0.593 V, (e) 0.48 V, (f) 0.38 V.
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Fig. 15. Polarization curve of the fuel cell stack and single cells.

n series. In the current–potential curves, the three-cell stack
hows a much steeper slope reaching the mass transfer polar-
zation region earlier than that of the single cells. The two
ifferent kinds of curves (stack and single cell) are separated
y a large potential difference in the beginning but reach the
ame potential around 1.1 mA cm−2. However, the three-cell
tack always has a much larger power density, compared to

single cell before reaching the mass-transfer polarization
egion.

Listed below are some conclusions from the testing of the
uel cell stack:

1) Increasing the total number of cells in a stack requires higher
pressure and flow rate than single cells in order to have
sufficient gas distribution. However, high pressure and high
flow rates could cause drying problems and requires extra
energy. Thus, stack and flow pattern design is extremely
important and these parameters effect stack performance
dramatically.

2) Increasing the total number of cells in the PEMFC stack
increases the mass-transfer impedance proportionally [22].

3) Increasing the total number of cells shows a steeper slope in
the potential–current curve than that of the single cell case.

4) Increasing the total number of cells does increase the overall

power density. The three-cell stack power output was triple
that of a single cell before the mass-transfer polarization
region.

Fig. 16. Power curve of the fuel cell stack and single cells.
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5) For a fuel cell stack, humidity is much more important than
single cells. The mass-transfer impedance varies consider-
ably as humidity changes. With a decrease in humidity, a
mass transfer impedance increase was observed.

6) Fuel cell stack integration and operation is much more
challenging compared to single cells due to several
aspects: even gas/humidity/temperature distribution, seal-
ing problems, and compression force through the whole
structure.

. Conclusions

A miniature C-MEMS based PEM fuel cell stack with an
ctive area of 0.64 cm2 (per cell) has been developed and its
lectrochemical properties have been characterized. The C-
EMS technology has demonstrated capability to provide a

exible venue of fabrication for miniature fuel cells with a com-
lex flow field. The fabricated bipolar plates are based on a
olymer material called Cirlex®, and the MEA was made of
afion® 115 and catalyst coated carbon electrodes. The three-

ell PEM fuel cell stack demonstrated a maximum power density
f 1.18 mW cm−2 at room temperature using hydrogen and
ir under 30 psi (206.84 kPa). The advantage of easy manu-
acturing makes this type of miniature PEM fuel cell stack
ell suited to power future portable electronics and MEMS
evices.

The optimum operating temperature for the presented design
s around 60–80 ◦C with external humidification. Cell per-
ormance increased when pressure was increased but the
xtent is far less than the temperature effect. It is not
nergy efficient to enhance the performance by increasing
he operating pressure unless the pressure comes from an
lready pressurized source. In order to have better gas dis-
ribution in a fuel cell stack, the pressure cannot be too
ow or the mass-transfer polarization lowers the overall cell
oltage.

Electrical impedance spectroscopy (EIS) results show that
he fuel cell resistance is relatively high and that there are
everal improvements that can be made. The major contrib-
tor to this high impedance is the large resistance of the
lectrode–electrolyte interfaces.

Further cell performance improvement will be carried
ut in the near future. These studies will investigate in
etail and optimize the following: electrode structure, cat-
lyst ink, MEA manufacturing, scaling effects and water
anagement.
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