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a b s t r a c t

Four designs of flow fields were applied to micro-proton exchange membrane fuel cells (�-PEMFCs)
using microelectromechanical system (MEMS) technology. The flow fields and membrane electrolyte
assembly (MEA) of 2.25 cm2 active area were assembled to �-PEMFCs. Electrochemical behaviors of these
�-PEMFCs were investigated by polarization method at reactants flow rates of 15 ml min−1, 30 ml min−1

and 50 ml min−1, respectively. This study emphasized the effects of different topologies of flow fields on
performance of �-PEMFCs. Results demonstrated that �-PEMFCs with different flow fields have similar
eywords:
icro-fuel cell

low field
erformance
EMFC
looding

behavior at reactants flow rates of 50 ml min−1. However, at reactants flow rates of 15 ml min−1 and
30 ml min−1, performance of the �-PEMFC with long and narrow micro-channels rapidly deteriorated due
to the flooding in micro-channels. The mixed serpentine design had a good ability to resist the flooding,
but it displayed a low maximum power density because of its short effective length of micro-channels.
The results in this study suggested that the �-PEMFC with a mixed multichannel design flow field and

ed th
long micro-channels yield

. Introduction

Micro-fuel cells (�-FCs) have been recognized as promising
lectrochemical power sources in portable electronic devices due
o their safety, high efficiency, renewable fuel and environmental
ompatibility. Although a lot of efforts have been made to improve
he performance of �-FCs, the development of �-FCs still con-
ront many technical challenges, including: (1) structural design,
2) fabrication, (3) gas diffusion layer (GDL) and catalyst layer
CL) optimization, (4) catalysts development and (5) membrane
mprovement.

The presence of �-FCs benefited from the use of microelec-
romechanical system (MEMS) technology [1]. Basing on different

aterials, such as silicon [2–4], metals [5,6] and polymer [7,8],
ipolar/end plates (BPs) with micron channels can be fabricated
sing MEMS for �-FCs. Apart from MEMS technology, wire electro-
ischarge machining (WEDM) [9] and printed-circuit board (PCB)
echnology [10,11] were also introduced to fabricate �-FCs. In order
o simplify the fabrication process, Stanley et al. [12] developed a
ybrid technique that combined the micro- and macro-machining
echnologies to create fuel cells in the 1–20 cm3 range. Along with

hese technologies to be applied to the fabrication of �-FCs, new
tructures for �-FCs were designed as well. A monolithic struc-
ure was used in a single �-FC [3], but a “flip-flop” structure
as adopted in the stack of �-FCs [13]. Qiao et al. [14] directly
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deposited catalysts on Flemion® tubes of the polymer electrolyte
and obtained the �-FCs. Chobanm Larry et al. [15] discussed a novel
concept of the microfluidic fuel cell with the multi-stream lami-
nate flow. Additionally, some new technologies were developed as
well, such as the electrolyte membrane [16,17], electrode [18] and
membrane electrode assembly (MEA) [19]. Our group has devel-
oped novel catalysts for micro-direct methanol fuel cells (�-DMFCs)
[20–22].

Performance of a fuel cell depends on all its components. How-
ever, Watkins et al. [23] reported that the output power density
of fuel cell could be increased as much as 50% just by appropriate
flow fields. These flow fields distribute the reactant gases evenly
over the electrode surface to minimize the concentration overpo-
tential [24]. Design of flow fields for fuel cells generally includes
the geometrical configuration, channel and rib dimensions (depth
and width) [25–30]. So far many flow fields have been designed and
optimized to be successfully applied to conventional fuel cells. Nev-
ertheless, they may not be appropriately applicable to �-FCs [3,31].
Cha et al. [32] attributed the difference between conventional fuel
cells and �-FCs to scaling phenomena in conjunction with the oxy-
gen distribution in the cathode flow channels and gas diffusion
layer. Hsieh et al. [31,33–35] investigated the performance of �-
proton exchange membrane fuel cells (�-PEMFCs) with different
flow fields. Results showed that interdigitated flow field provided

the best performance for �-PEMFCs comparing serpentine, parallel
and mesh flow fields. As for the serpentine flow field, the channel-
to-rib ratio of 1.0 displayed the largest power output. However,
considering the ratio of power gain to power consumption, the
channel-to-rib ratio of 0.67 is a good choice.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:rreddy@eng.ua.edu
dx.doi.org/10.1016/j.jpowsour.2009.07.003
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Table 1
Geometric parameters of the flow fields.

Design 1 Design 2 Design 3 Design 4

Channel width (�m) 750 375 375 375
Rib width (�m) 750 375 375 375
Channel depth (�m) 300
Channel length (mm) 12.75
Current collector of Cr/Au (nm/�m) 20/0.2
04 Y. Lu, R.G. Reddy / Journal of P

Our previous work [36] indicated the particular behaviors of �-
EMFCs by the experimental and modeling methods. Assembling
ode and flow field of the �-PEMFC drastically affect its perfor-
ance. Based on our previous results, we designed and fabricated

our kinds of flow fields with different topologies for �-PEMFCs.
fter assembled with these flow fields, performances of �-PEMFCs
ere investigated and evaluated in this study. Unlike other papers

31,33–35], this study emphasized effects of flow fields on the per-
ormance of �-PEMFCs based on topologies of flow fields other than
he channel-to-rib ratios. In addition, effects of different topologies
f flow fields on flooding of �-PEMFCs were discussed as well.

. Experimental

.1. Fabrication of flow fields for �-PEMFCs

MEMS technology was employed in this study to fabricate the
ow fields on silicon wafers. The process has been described in
ur previous work [36,37]. Briefly, a coated 2.4 �m thick layer of
hipley 1818 photoresist, the first side of the silicon wafer was pat-
erned by MA6/BA6 Mask aligner using the mask of inlet and outlet,
nd then etched in a STS Advanced Silicon Etcher (ASE). Once the
tching was complete, the wafer was cleaned in preparation for
he next step. The other side of the silicon wafer was coated with
10 �m thick layer of Shiley Megaposit 220-7 photoresist. Then,

ouble-sided alignment technology was used to accurately locate
he patterns of flow fields on the photoresist layer according to the
ositions of inlets and outlets on the first side of the wafer. After
he wafer was etched and cleaned, thin films of chromium and gold
20 nm and 0.2 �m) metals were deposited on the side as current
ollector using Denton vacuum E-beam evaporator. Fig. 1 displays
hese four kinds of flow fields on the silicon wafer.

Design 1 is the flow field of multichannel serpentine with mix-
ng suggested by Cavalca et al. [38]. It was initially introduced into
-FCs by Yen et al. [39]. Subsequently, Lu et al. [40] investigated
ts behavior in �-DMFCs in detail. However, so far this design has
ot been reported to be used in �-PEMFCs. Designs 2 and 3 are
onventional single- and two-channel serpentine designs, respec-
ively. Design 4 is one type of mixed serpentine flow fields. Although
esign 4 was successfully developed by our group for conventional

Fig. 1. Four designs of flow fields for �-PEMFCs.
Fig. 2. Dimensions of design 3 with current collector.

PEMFCs [41], it is the first time that design 4 is applied to the �-
PEMFC. Table 1 lists the geometric parameters of these four flow
fields. An example is shown in Fig. 2 to explain the dimensions of
flow fields [36].

2.2. Assembly of �-PEMFCs

Two BPs with the same flow field and an electrode membrane
assembly (MEA) were assembled to a �-PEMFC. The sandwich
structure of MEA consisted of Nafion® membrane and two elec-
trodes. Nafion® 112 was used in the MEA, previously treated by
aqueous solution 3% hydrogen peroxide and 1 M sulfuric acid. In
order to weaken the effect of electrodes on the performance of �-
PEMFC, a high catalyst loading with optimized Nafion® content was
used in the �-PEMFCs. In case of CO poisoning, the alloy of Pt/Ru
was employed as anodic catalyst in the �-PEMFCs. The active areas
of all electrodes in the �-PEMFCs are 1.5 cm × 1.5 cm. The anode
(ETEK, 5 mg cm−2 Pt/Ru 1:1), the cleaned Nafion® 112 membrane,
and the cathode (ETEK, 5 mg cm−2 Pt) were pressed with a pressure
of 40 kg cm−2 at 150 ◦C for 2.5 min to get a sandwiched MEA.

2.3. Measurement of �-PEMFCs

�-PEMFCs are being developed as a promising electrochemi-
cal power to replace the lithium batteries in portable electronic
devices, such as cell phone, laptop computer, and GPS. Gener-
ally, these portable devices are operated at room temperature.
Thus, in the study �-PEMFCs were evaluated at room temperature
(20 ± 1 ◦C) with 100% humidified reactant gases. Gas flow meters
were used to feed hydrogen and air to �-PEMFCs. Three flow rates of

hydrogen/air, 15/15 ml min−1, 30/30 ml min−1, and 50/50 ml min−1,
were used to investigate performance of �-PEMFCs. The polar-
ization experiments of the �-PEMFCs were conducted by the
AMREL Zero-volt eLoad (ZVL60-10-20L). After stabilizing at a cur-
rent for 2 min, the corresponding potential of the �-PEMFC was
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Table 2
Properties of air flowing through �-PEMFCs.

Design 1 Design 2 Design 3 Design 4

Effective channel length/mm 38.25 212.25 116.25 22.88
Hydraulic diameter (DH)/mm 0.43 0.33 0.33 0.43/0.33a

Reynolds number (Re) 10.65 49.72 24.86 10.65/27.62a

Knudsen number 1.5 × 10−4 1.9 × 10−4 1.9 × 10−4 1.5 × 10−4/1.9 × 10−4a
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riction factor 6.16
ressure drop/Pa 106

a Ends of channels/middle of channels.

ecorded. Eventually, the polarization curves were obtained from
he recorded data.

After feeding with the humidified reactant gases (RH = 100%) for
h, resistance of �-PEMFCs was measured by CHI 660A with the
C impedance technology. A sinusoidal signal with amplitude of
mV was applied to the �-PEMFCs. The frequency of the signal was

canned from 100 kHz to 0.1 Hz at an applied potential of 0.0 V. The
eal part of impedance was recorded as resistance of the �-PEMFC
hen its imaginary part is zero.

Flooding in �-PEMFCs was studied using the method of “over-
aturated vapor” in order to aggravate the process of flooding. The
over-saturated” means that the relative humidity (RH) of gases

s greater than 100% when gases just enter the �-PEMFC. The
-PEMFCs were kept in the atmosphere of 20 ± 1 ◦C, but the tem-
erature of the humidity system was increased to 35 ◦C. The current
f 400 mA was applied to the �-PEMFCs, and the potential of the
-PEMFCs was recorded along with the time.

Fig. 3. Polarization curves of �-PEMFCs with different flow field
1.16 2.32 6.16/2.09a

4 1423 42

3. Results and discussion

Flow fields determine the distributions of reactant gases in �-
PEMFCs, and further affect performance of �-PEMFCs. In the PEM
fuel cells, fuel and air arrive at catalyst layers through flow fields,
and the electricity power is generated. During the process, the cath-
ode sides become a key factor that has impact on performance
of PEM fuel cells because of the slow kinetics of oxygen reduc-
tion reaction (ORR) and the mass transport limitation caused by
liquid water. In the cathode, the slow kinetics of ORR results in
more than 90% of overpotential in the �-PEMFC [36]. Moreover,
the ORR and electro-osmotic drag bring liquid water into cathode.

Liquid water accumulates in the micro-channels and the porous
GDLs and CLs, namely water flooding. The water flooding hinders
oxygen moving in the micro-channels and accessing to the active
sites, which deteriorates performance of �-PEMFCs. Table 2 sum-
marizes the properties of humidified air of 15 ml min−1 flowing

s. (a) Design 1; (b) design 2; (c) design 3; and (d) design 4.
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Table 3
Maximum power densities of �-PEMFCs at different gases flow rates.

Flow rate (ml min−1) Maximum power density (mW cm−2)

Design 1 Design 2 Design 3 Design 4
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15 55.81 50.79 75.97 45.26
0 56.95 63.58 73.44 48.72
0 62.38 70.55 75.97 57.77

hrough the cathodic sides of �-PEMFCs. These numbers were cal-
ulated according to the equations described in Ref. [42]. It is worth
oticing that the conventional equation used in this study to calcu-

ate the friction factor is applicable to micro-channels [43]. In the
able, effective channel length was defined as the shortest distance
hrough which the gases (hydrogen and air) passed from an inlet to
n outlet in a flow field.

Fig. 3 shows a series of cell polarization curves operated at dif-
erent flow rates of reactant gases. The hydrogen flow rates were
5 ml min−1, 30 ml min−1 and 50 ml min−1 corresponding to sto-
chiometric numbers of 3, 6 and 10 at the reference current of
.3 A cm−2. The same air flow rates were used, but its stoichiomet-
ic numbers were 1.27, 2.54 and 4.23, respectively. A higher flow
ate keeps a higher concentration of the reactant in the catalyst
ayer, furthermore, causes a larger pressure gradient to enhance

ass transfer by forced convection. As shown in Fig. 3(a), the polar-
zation curves of design 1 with wide channels display two parts,
inetic and ohmic polarization, while the mass transport limita-
ion is not apparently observed. The performance of design 1 was
mproved with the increase of flow rates of gases. Its maximum
ower densities at different gases flow rates were summarized in
able 3. Designs 2 and 3 are single- and double-channel serpentine
esign, respectively. Their long effective channels made an adverse
ffect on the mass transport which was clearly exhibited in the
olarization curves of designs 2 and 3. As to design 2, the increase of
ow rate drastically improved its performance. Especially, its power
ensity increased 25.2% when the reactant gases flow rates raised

rom 15 ml min−1 to 30 ml min−1. However, the change in gases flow
ates did not significantly influence the performance of design 3.
he high flow rate only enhanced the power density of design 3
t high current densities. Adding the number of channel, design 4
educed the effect of narrow channels on the mass transport limi-
ation. The part of concentration polarization became indistinct in
he polarization curves of design 4 as shown in Fig. 3(d).

The polarization curves of �-PEMFCs were affected by their
esistance as well. When �-PEMFCs were fully humidified, differ-
nce in their resistance might come from the contacting parts of
ow fields and electrodes. The contact resistance depends on the
ssembling pressure and contact area. Due to the fragile nature of
ilicon wafer and thin current collectors, �-PEMFCs in the study
ave the large resistance to which the contact between current col-

ectors and electrodes contributes 20% [36]. The large resistance
ould change the distributions of current and overpotential. Fig. 4
escribes the resistance of �-PEMFCs obtained from electrochem-

cal impedance spectroscopy. In order to compare the effect of
ifferent flow fields on the mass transport, the polarization curves
f �-PEMFCs were corrected by removing ohmic losses. The cor-
ected polarization curves are shown in Fig. 5.

After removing ohmic resistance, the corrected polarization
urves only reflect two control processes, namely kinetic and
ass transport controls. The kinetic control attributes to the prop-

rties of MEA, but the mass transport control was determined

y flow fields and porous media to a large extent. As shown

n Fig. 5, different flow fields bring different performances to
-PEMFCs. However, difference in performance of �-PEMFCs grad-
ally decreased with increasing gases flow rates. When �-PEMFCs
orked at 150 mA cm−2 and the flow rates of reactant gases were
Fig. 4. Resistance of �-PEMFCs with different flow fields.

15 ml min−1, they generated the power densities covering from
76 mW cm−2 to 105 mW cm−2 which resulted about 38% discrep-
ancy. Difference is 21% at gases flow rates of 30 ml min−1, and 13%
at gases flow rates of 50 ml min−1. As mentioned above, a high
flow rate will improve the mass transport in micro-channels by
forced convection. Forced convection does not only compel gases
to catalyst layers, but also makes gases span the ribs of micro-
channels and disperses gases in the whole gas diffusion layers
(GDL). The high dispersion of gases in GDL will remove the dif-
ferences among �-PEMFCs caused by different flow fields. When
the gases flow rates were 50 ml min−1, the produced liquid water
was readily removed in the micro-channels and had a weak influ-
ence on the mass transport. Fig. 5(c) indicates that the flow fields
with narrower micro-channels yield better performance, which is
consistent with the results of Cha et al. [44]. A narrower channel
helps the mass transport by reducing the dead zone and increasing
gas flow velocity. When gases flow rates decreased, performance of
design 2 rapidly deteriorated. The probable reason was the flood-
ing blocking the mass transport in micro-channels. At low current
density, �-PEMFCs only produced a little liquid water that was not
enough to result in the flooding, so the design 2 appeared to yield
the best performance. However, with the liquid water accumulating
in micro-channels, performance of design 2 became worse. Com-
paring with other flow fields, design 4 has a shortest effective length
of micro-channel that only introduces a small pressure gradient in
the flow field. Thus, the fluids in design 4 only include a weak con-
vective character in the mass transport which leads to unfavorable
performance. Decrease in gases flow rates gave prominence of mass
transport limitation to polarization curves of �-PEMFCs as shown
in Fig. 5(a) and (b).

The mass transport limitation forced by liquid water is another
important issue in �-PEMFCs. Although a high gases flow rate
will impede flooding from micro-channels and improve the mass
transport, the process adds the parasitic energy for the �-PEMFC
systems. A good design of flow field for the �-PEMFC should avoid
the accumulation of liquid water in micro-channels and minimized
barriers for mass transport at low gases flow rates. In the study,
an extreme condition (RH = 250%) was employed to investigate the
flooding in the �-PEMFCs with different flow fields. When the
gases humidified at 35 ◦C (RH = 250%) were fed to �-PEMFCs with

an atmosphere of 20 ◦C, the over-saturated water would conden-
sate in the micro-channel of flow fields and degraded the mass
transport. Fig. 6 describes the behavior of flooding in �-PEMFCs
with different flow fields. The flow rates of hydrogen and air were
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Fig. 5. IR-corrected polarization curv

5 ml min−1 and the currents of �-PEMFCs were kept at 400 mA.
n order to easily compare the flooding in �-PEMFCs with different

ow fields, the relative values of potentials were adopted. Assuming
hat the potential was 100% at the beginning, and the other poten-
ials were expressed by percentage relative to the initial potential.
he potential of design 2 decreased to 40% from 100% in 4 min. Long
hannel length with the narrow open area is susceptible to flood-

Fig. 6. Change in potential with time at cell currents of 400 mA.
�-PEMFCs with different flow rates.

ing. Even though the two-channel serpentine design was used in
the �-PEMFC, the time when its potential decreased to 40% from
100% is 7 min, only 3 min more than that in design 2. Short channel
length and wide open area improve the flooding of the �-PEMFC
in design 1. After operating for more than 25 min, its potential was
about 64%. The potential of design 4, a mixed serpentine design
with multichannel, decreased to 52% at the first 8 min. The decrease
in potential implied that the liquid water was forming and accu-
mulating in narrower part of the flow field. Performance of the
�-PEMFC rapidly deteriorated. However, the liquid water was eas-
ily released from channels due to short effective channel length and
multiple channels. It is observed that performance of the �-PEMFC
was recovered at the tenth minute. After that time, the potential
of the �-PEMFC kept at 90%, and repeated the recovery process at
about 20 min. As a whole, design 4 appeared to have the best ability
to resist the flooding.

4. Conclusions

Flow fields play a very important role in the performance of
�-PEMFCs. A good design of the flow field can not only provide
uniform distributions of gases in electrodes to improve the perfor-
mance of �-PEMFCs but also enhance the ability to recover from the
flooding. This study investigated performances of �-PEMFCs with

four kinds of flow fields manufactured by MEMS technology. These
flow fields have different topologies, channel and rib width, and
effective channel length. The flow field with narrow and long chan-
nel presented a good performance at high gases flow rates. High
flow rates forced the convective mass transport and impeded the
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ooding in micro-channels and porous materials, which improved
erformance of �-PEMFCs. However, with the flow rates decreas-

ng, the long and narrow channels were susceptible to flooding by
he produced liquid water and its performance rapidly deteriorated.
he mixed serpentine design had a good ability to resist the flood-

ng. But its short effective length of channels only led to a small
ressure gradient and a small convective character in mass trans-
ort, which caused a bad performance in its polarization curves. The
esults suggest that the �-PEMFC with good performance should
se the flow field with a mixed multichannel design and long micro-
hannels.

Comparing with the polarization curves before and after cor-
ection of ohmic resistance, the resistance wasted almost half the
ower density generated by �-PEMFCs at 20 ± 1 ◦C. Therefore, opti-
ization of the assembling structure of �-PEMFCs to decrease the

esistance will be an important issue for our future work.
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