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bstract

A study is made of the transport phenomena related to fluid flow through proton exchange membrane fuel cells (PEMFCs) that have micro-
hannels. Specifically, transport is investigated in channels of 100 �m and smaller, which are constructed using a structural photopolymer (SU-8).

t has been suggested by other workers that fuel cell micro-channels may suffer from flooding if flow channels are too small (<100 �m). In order to
onfirm or reject this hypothesis, the electrochemical impedance technique has been employed to measure the mass transfer resistance. In smaller
hannels, mass transportation resistance is found to increase due to flooding, but that this effect may be offset by a reduction in dead zone area.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, miniature fuel cells have emerged as promis-
ng alternative power sources for portable electronics. Various

icrofabrication techniques have been adopted in an effort to
iniaturize fuel cells. Successful prototypes have been produced

y integrating micro-flow structures based on silicon, printed-
ircuit boards, photopolymers, etc. [1–6]. Especially, low-cost
abrication and rapid prototyping with structural photopoly-
er has facilitated the investigation of micro-scale transport

henomena in flow channels, leading to the observation of sig-
ificant scaling effects [1,2].

Specifically, observations of flow channel scaling have
evealed that fuel cell performance is maximized at a certain
hannel size. Below this optimum limit there is a decrease in fuel

ell performance despite the improved mass transport brought
bout by a reduced dead zone and increased convection [2]. It
as been suggested that flooding in flow channels is responsible
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or the phenomena, as water-blocking effects are more severe in
maller channels and eventually inhibit oxygen access.

Electrochemical impedance has been widely used to inves-
igate various transport phenomena in fuel cells [7,8]. Faradaic
esistance will increase with increased channel flooding due to
lockage of the active area of the membrane–electrode assem-
ly by liquid water. Therefore, Faradaic resistance is used in this
tudy as an indicator of fuel cell flooding. Additionally, because
he gas-diffusion layer (GDL) thickness will also impact fuel
ell flooding, changes in the Faradaic resistance due to chang-
ng GDL thickness are also monitored.

. Experimental

Micro-flow channels were fabricated with a SU-8 photoresist
Microchem Corp.) using standard photolithography techniques.
he fabrication procedures have been explained in previous
apers [1,2]. Two prototype structures of flow channel were
repared with 20 and 100 �m characteristic dimensions. Both

rototypes employed a parallel-flow pattern. Additionally, a
acro flow structure was fabricated from a metal block by a

onventional machining process. The dimensions of the flow
hannels are summarized in Table 1.
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Table 1
Geometric dimensions of parallel flow channels in fuel cells

Sample no. Channel
width (�m)

Channel
height (�m)

Rib width
(�m)

Rib height
(�m)

1 20 20 20 20
2
3
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Fig. 1. IR-free cell polarization curves for different flow channel samples. A
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As the channels and ribs have a square profile, they have the
ame width. The length and width of the flow field were 12 and
4 mm, respectively. The flow inlet and outlets, which consisted
f 14 mm × 1 mm pockets, were machined directly on the flow
lates. Accordingly, the gas enters perpendicular to the flow
hannels. The dimension of active area was 14 mm × 14 mm,
ncluding flow inlet, outlet and flow channels, to give an active
rea of 2 cm2. It should be noted that in all samples, the flow
hannel and rib shape were unchanged; they were only scaled
n direct proportion.

The method used to test the performance of the micro-flow
hannels was similar to that used for conventional fuel cell
tacks. Membrane–electrode assemblies (MEAs) were obtained
rom a commercial supplier (BCS Technology, Byran, TX) and
ere employed in all experiments without modification. The
EAs were composed of Nafion® 115 membrane, carbon cloth

lectrodes, and 1 mg cm−2 of Pt/C catalyst. The MEA active area
as 14 mm × 14 mm (2 cm2), i.e., the same as the flow fields.
In addition to conventional carbon-cloth based MEAs, two

ypes of carbon paper (TGPH-120 and TGPH-30) from E-
EK, Inc., were used as GDLs. The carbon papers had nominal

hicknesses of 350 �m (TGPH-120) and 90 �m (TGPH-30),
espectively. Both carbon papers contained 20 wt.% PTFE for
ydrophobic characteristics. For tests with the carbon paper, the
arbon cloth electrodes used in the original MEAs were peeled
ff. Then, the carbon papers were added. The MEA was slightly
ressed to regain integrity. The rest of the fuel-cell assembly and
est procedures remained the same.

The MEA was sandwiched between two micro-flow plates,
hin silicon rubber gaskets, and two metal blocks. The metal
locks provided gas routing for fuel and oxidant. The assembled
tructure was compressed with an arbor press to standardize the
lamping force. A single MEA was used for measurements to
inimize the variation between tests.
Pure hydrogen and air were used in all tests. The flow rates

f hydrogen and air were 50 and 100 sccm under atmospheric
ressure, respectively. Both gases were fully saturated at 50 ◦C
efore entering the fuel cell.

Current–voltage (I–V) measurements were repeated several
imes until steady-state performance were obtained. The result-
ng I–V curves were obtained using a Solartron 1287 potentiostat
nd a 1260 Impedance/Gain-Phase Analyzer. The ac impedance
as measured with the same equipment at constant voltage. A

inusoidal signal with an amplitude of 10 mV was applied to

he fuel cells. The impedance response was measured at 0.8, 0.6
nd 0.3 V to explore the low, medium and high current density
perating regimes. The frequency of the sinusoidal signal was
wept between 100 kHz and 0.1 Hz.

i
c
t
v

ommercial MEA (Nafion 115 with 1 mg cm Pt/C catalyst on carbon cloth)
as used. IR losses, measured from ac impedance, have been subtracted from

he curves.

. Results and discussion

.1. Effect of flow channel size on Faradaic impedance

Cell polarization curves for the 500, 100 and 20 �m flow
hannels using the same commercial MEA are shown in Fig. 1.
n these curves, the IR losses have been corrected by sub-
racting the high-frequency resistance measured from the ac
mpedance. Thus, the curves show mainly activation and mass
ransport losses. Fuel cell performance increases as the channel
ize decreases from 500 to 100 �m. By contrast, performance
ecreases for the 20-�m channel. The initial increase of per-
ormance with channel size has previously been suggested [2]
o result from improved convective mass transport in smaller
hannels due to increased gas velocity (since total mass flow
ate is fixed but the total area of the flow channels decreases as
he channel size decreases). Also, the dead zone area (under the
ib) decreases with decreasing channel size [2]. The decrease in
erformance for a channel size of 20 �m is considered to be due
o water-blocking (or flooding) effects in the channels [2].

Nyquist plots of the three fuel cells are shown in Fig. 2. The
aradaic resistance for the 500-�m channels is greatest at 0.8 V
ut decreases as the operating voltage decreases to 0.6 V. This
rend is commonly observed in fuel cells due to increased charge
ransfer at the catalyst. At 0.3 V, the resistance increases slightly
ompared with that at 0.6 V. The decrease in charge-transfer
esistance as the overvoltage increases shows that mass-transport
esistance has increased due to lack of oxygen in the flooded
ow channel and GDL [7,8]. Interestingly, the 100-�m chan-
els exhibit a consistent decrease in Faradaic resistance as the
peration voltage decreases. This implies that this channel has
etter mass transport, or less flooding, at higher current densities
ue to a reduced dead zone and increased gas velocity.

In 20-�m channels, the impedance loop diameter increases
hen the applied voltage is changed from 0.6 to 0.3 V. It is con-

idered that this increase in Faradaic impedance is caused by

ncreasing mass-transport overvoltage due to flooding. Small
hannels may be more susceptible to flooding because the
rapped water blocks a relatively larger area due to the small free
olume of the channels [1,2]. These impedance results confirm
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ig. 2. Measurements of ac impedance from different flow channel sizes at
ommercial MEA (Nafion 115, carbon cloth with 1 mg cm−2 Pt/C) was used.

he trends observed in the polarization curves shown in Fig. 1.
imilar trends have been observed using the current interruption
ethod [2].
The experimental data from Fig. 2 are rearranged in Fig. 3 at

he same loading voltage to compare the difference of Faradaic
mpedance among different channels. Also, the ohmic resistance
as been removed from the data to facilitate easy comparison of
he Faradaic loops.

Interestingly, at high voltage (0.8 V, Fig. 3(a)), the 20-�m

hannel shows significantly lower Faradaic impedance. It has
een suggested [2] that the high-pressure drop in very small
ow channels improves air convection into the GDL, and thus

mproves fuel cell performance at low current density (high volt-

m

n
i

ig. 3. Measurements of ac impedance for different micro-flow channels at various o
ata from Fig. 2 have been rearranged in terms of operating voltage. High-frequency
aradaic impedances.
nt operation voltages: (a) 500-�m, (b) 100-�m and (c) 20-�m channels. A

ge). The polarization curve of the 20-�m channel from Fig. 1
onfirms this suggestion as the output voltage is relatively high
oltage at low current density.

.2. Effect of GDL thickness on Faradaic impedance

Mass transport in fuel cells depends not only on the flow
hannel geometry, but also on the coupling between the flow
hannel and the GDL. Therefore, to explore further micro-scale

ass transfer effects, alternative GDLs were examined.
So, why is performance degradation in the smallest channels

o longer observed, compared with the carbon cloth GDL exper-
ments? Since the carbon cloth is softer than the carbon papers,

peration voltages: (a) 0.8 V, (b) 0.6 V and (c) 0.3 V. To obtain these curves, the
resistances have been removed from original data to facilitate comparison of
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nel prototype suffers significant performance degradation when
employing the thinner GLD, as shown in Figs. 4 and 6, due to
increased dead zone effects.
ig. 4. IR-corrected cell polarization curves for different fuel cell samples using
arbon paper (350-�m thick, 20 wt.% PTFE treated) GDLs instead of carbon
loth (350-�m thick) GDLs.

he carbon cloth may block the small channels. This effect causes
decrease in the volume of the flow channels compared with the
ominal dimensions. Thus, the actual size of the channels may
e much smaller. This may result in amplified flooding effects,
iven the flow channel size.

A set of cell polarization curves acquired from the same
ow structures as in the previous experiment, but with thick
350 �m) carbon papers used as GDLs instead of the standard
arbon cloth GDL, are presented in Fig. 4. Comparing these
ew curves with those shown previously in Fig. 1, it is noticed
hat there is a significant improvement in the performance of the
0-�m channels. This is attributed to the conformity difference
etween carbon cloth and carbon paper. Carbon cloth tends to
onform easily into the flow channels, whereas carbon paper is
ignificantly more rigid. Therefore, carbon cloth may cause sig-
ificantly greater blockages in the small channels. So that the
ctual size of the small flow channels may be much smaller and
hereby amplify flooding effects. By employing the more rigid
arbon paper GDL, the blockage problem is alleviated and the
egree of flooding is lowered.

When carbon cloth is employed, the 20-�m channel exhibits
t 0.6 V a larger Faradaic impedance than the 100-�m channel
see Fig. 3(b)). On using carbon paper, however, the 20-�m
hannel shows lower impedance than the 100-�m channel (see
ig. 5). Interestingly at 0.3 V, the Faradaic impedance of the 20-
m channel is larger than that of 100-�m channels (Fig. 5). This

ndicates that flooding effects have not been entirely eliminated
n the 20-�m channels with the switch to the carbon paper GDL.

Flooding effects can, however, be further suppressed by
educing the GDL thickness, as shown by the results given in
ig. 6 for the use of a thin (90 �m) carbon paper. As with a

hick carbon paper GLD, the smallest channel (20 �m) shows
he best performance. In this case, however, close inspection
f the Faradaic impedance spectra shown in Fig. 7 reveals that
he 20-�m channel has the lowest impedance at all voltages, as
pposed to the situation with a thick carbon paper GDL.

This effect can be explained by improved diffusion in the thin-

er GDL. As the GDL thickness decreases, the smaller channels
ay benefit more since they suffer less oxygen deficiency under

he ribs (note that the rib sizes are the same as the channel sizes in
ll prototypes). By contrast, the thin GDL causes increased dead

F
c

ig. 5. Measurements of ac impedance for different flow channel sizes at various
peration voltages: (a) 100-�m and (b) 20-�m channels. A 350-�m thick carbon
aper used for the GDL.

one effects, and therefore significantly decreased performance
or the 500-�m channels (cf. polarization data in Figs. 4 and 6).
he 100 and 20-�m channel prototypes both exhibit a decrease

n the impedance loop diameter upon switching to the thinner
DL. This shows the benefit of combining micro-channel flow

tructures with thinner GDLs.
The observed Faradaic impedance data when using a thin car-

on paper GDL (Fig. 5) or a thick carbon paper GDL (Fig. 7) are
ummarized in Fig. 8. In all the experiments involving the 100
nd 20-�m flow channels, a decrease in Faradaic impedance is
bserved when the thin GLD is employed. It is concluded that
his improvement results from the decreased diffusion path of
he thinner GDL. Because the rib size is of the same order or
maller than the GDL thickness for the 100 and 20-�m chan-
el prototypes, dead zone effects due to the decreased GDL
hickness are negligible. On the other hand, the 500-�m chan-
ig. 6. IR-corrected cell polarization curves for different fuel cell samples using
arbon paper (90-�m thick, 20 wt.% PTFE treated) GDLs.
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Fig. 7. Comparison of ac impedance spectra for different flow channels at var-
ious operation voltages: (a) 100-�m and (b) 20-�m channels. A 90-�m thick
carbon paper used for GDL.
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ig. 8. Comparison of Faradaic impedances with thin (90 �m) and thick
350 �m) carbon paper GDLs at different operation voltages.

The data in Fig. 8 also imply that smaller channels bene-
t more from a thinner GDL, especially at high current density,
ince the decrease of Faradaic impedance is more dramatic in 20-
m channels. Since oxygen deficiency by flooding is most likely

o occur at high current, the effect of a reduced dead zone and

mproved convection in smaller channels may be more promi-
ent at high current density. Similar predictions have been made
y numerical modelling using a single-phase fuel cell model in
hich water exists only in vapour form [2,9].

[
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. Conclusions

The effect of channel size and gas-diffusion layer thickness
as been examined at the micro-scale. Micro-scale flow channels
re more susceptible to flooding, but at the same time can provide
ass transport benefits by reducing dead zones and increasing

as flow velocity. The use of a thin GDL improves the perfor-
ance of micro-channels. Indeed, it appears that matching the
DL thickness to the flow channel dimensions, so that they are

pproximately the same, improves performance. The benefit is
ost prominent at high current density (low voltage). For further

nvestigation, visualization of flooding and localized impedance
echnique may be combined to reveal the detailed flooding phe-
omena in micro-channels [10,11].
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