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a b s t r a c t

This paper presents and investigates a concept for a flexible direct methanol micro-fuel cell (FDMMFC)
based on the microstructuring of a Cr/Au metalized, thin polymer film of photosensitive SU-8. The
inscribed microchannels in the electrodes are 200 �m × 200 �m in crosssection and spanning an active
fuel cell area of 10 mm × 10 mm with a Pt-black catalyst on the cathode side of the membrane electrode
assembly (MEA) and a Pt–Ru alloy catalyst on the anode side. Subsequently, the paper focuses on a thor-
ough electrical characterization of the FDMMFC, under the employment of a variable resistor simulating
an electrical load as well as a classical galvanostatical measurement technique. The fuel cell is also tested
while operating in a bent, non-flat configuration. An extensive parameter study revealed an optimal and
long-term stable operating condition for the fuel cell employing for both electrodes a serpentine flow field
and a volume flow rate of 0.14 ml min−1 of a 1 M methanol solution at the anode side with a gas volume
flow rate of 8 ml min−1 of humidified O2 at the cathode side yielding a power density of 19.0 mW cm2 at

2 ◦

hin-film fuel cell

75 mA cm at a temperature of 60 C.
Furthermore, a flow-visualization of the two-phase flow occurring at the anode side has been performed

by utilizing fluorescence microscopy. The strong influence of the two-phase flow on the performance of
a fuel cell at high current densities becomes apparent in correlating the observed flow patterns with the
corresponding current density of the polarization curve. The paper also investigates the functionality
of the present FDMMFC under different bent conditions. The tests showed an insignificant drop of the

der b
electrical performance un

. Introduction

The tremendous increase in the power demand of mobile
lectronics, such as cell phones, iPods® or personal digital assis-
ances (PDA), has outbalanced the parallel development of higher
nergy density Li-ion batteries creating a “power-gap” scenario [1].
he constant size-reduction of integrated circuit (IC) technology
pproximately following Moore’s law [2] allows an ever-increasing
umber and density of functionality on electronic devices, respec-
ively. On the other hand, the Li-ion battery has not kept pace with
he today’s power requirements of portable electronic devices [3,4].

The miniaturization of fuel cells due to the application of
tandardized fabrication techniques classically used in micro-

lectromechnical systems (MEMS) and the direct integration into
ortable and mobile applications bears an enormous potential
or the battery substitution as many recent publications indicate
1,5–11].

∗ Corresponding author. Tel.: +41 44 632 2435; fax: +41 44 632 1176.
E-mail address: dimos.poulikakos@ethz.ch (D. Poulikakos).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.092
ending due to an inhomogeneous contact resistance.
© 2010 Elsevier B.V. All rights reserved.

Kelley et al. [12] devised the first silicon-based rigid micro-direct
methanol fuel cell (DMFC) adapted from the fabrication process of
Kovacs et al. [13]. The hot pressed assembly yielded a maximum
power density of 60 mW cm−2 at 300 mA cm−2 at a temperature
of 70 ◦C by employing a Nafion®-117 membrane with a spray-
coated Pt-black Nafion® solution at the cathode side (Pt loading:
2.5 mg cm−2) and electrodeposited Pt–Ru carbon on the anode side
(Pt–Ru loading: 4.0 mg cm−2).

Lu et al. [7] presented a parameter study of a silicon-based,
Cr/Cu/Au-coated rigid micro-DMFC with a novel membrane elec-
trode assembly (MEA), which reduces methanol crossover. The
gas diffusion layer on the anode side is coated with a mixture
of carbon black and Teflon® increasing the diffusion resistance of
methanol to the electrolyte. They report a maximum power output
of 50 mW cm−2 at 200 mA cm−2 for a 2 M methanol fed micro-DMFC
at 60 ◦C; the catalyst loading for the anode is 4–6 mg cm−2 Pt–Ru

and for the cathode is 1.3 mg cm−2 Pt.

Cha et al. [9] reported as one of the first of an all-polymer
micro-DMFC fabricated of a UV-sensitive photoresist structured
by standard IC fabrication techniques. The all-polymer bipolar
plate with an array of through-holes structures the sandwiched

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dimos.poulikakos@ethz.ch
dx.doi.org/10.1016/j.jpowsour.2009.12.092
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by exposing the mold to silane vapor (tridecafluoro-1,1,22-
tetrahydrooctyl-1-1trichlorosilane; United Chemical Technologies,
Bristol, PA) for 2 h. The PDMS oligomer is premixed with the
crosslinking agent (Sylgard 184, Dow Corning, Midland, MI) at the
850 C. Weinmueller et al. / Journal of

afion-115 membrane in single, parallel operating fuel cells with
o fluid channels being inscribed in the electrode achieving a
aximum power density of 8 mW cm−2 at a current density of

7 mA cm−2.
In the design and fabrication study of Park and Madou [1] a

icro-scale pyrolyzed carbon fluidic plate of a miniaturized poly-
er electrolyte membrane fuel cell (PEMFC) is presented as an

lternative to standard MEMS materials such as silicon, glass,
eramics and photoresists. The assembled micro-PEMFC cell with
Nafion®-115 MEA yielded in the proof-of-concept experiment a
aximum power output of 1.21 mW cm−2.
Nevertheless, the rigid substrate, silicon, limits the application

f micro-fuel cells to present microelectronic sensors and devices.
herefore, new electrode materials and adapted fabrication pro-
esses have to be considered to meet future needs of electronics
pplications. Cutting-edge research activities [14–16] show that
uture electronic devices are going to extend the requirements for

obile applications to flexible substrates introducing functional-
zed polymers as base materials.

This study presents and electrically characterizes a concept of
flexible direct methanol micro-fuel cell (FDMMFC) to meet the

equirements of a flexible and portable high power density unit.
he fuel cell electrodes are devised of thin polymer films structured
y adapted, but nevertheless standard microfabrication techniques
enerally employed for MEMS. The evident advantage is the easy
cale-up of the process to industrial scales and levels. The material
f choice is SU-8, a photosensitive and very firm epoxy, commonly
nown in MEMS processes as a photoresist easily being structured
y photolithography. The challenge of the electrode fabrication,
imilar to general flexible electronics, is the functionalized met-
llization of the dielectric base substance, the polymer. During the
ourse of the paper, we show that a physical vapour deposition of a
r/Au bilayer will perfectly serve as a conductor even under severe
ending and different temperature levels.

Further, we investigate the electrical performance of the newly
evised bendable fuel cell assembly (FCA) with two techniques,
ith a variable resistor and galvanostatically, under the influence of

olume flow rates and temperature levels in two different classical
ow field designs, a parallel and a serpentine flow field. The study is
oncluded with a visualization of the occurring two-phase flow in
he anode flow field and its correlation to the corresponding current
ensity.

. Experimental

.1. Microfabrication

A combination of standard microfabrication/MEMS techniques
17] with secondary modifications based on photolithography was
pplied to manufacture micro-sized flow fields in silicon and SU-8
lms, see fabrication steps in Fig. 1. The electrodes are designed
ith an active area of 10 mm × 10 mm and include an inscribed
icrochannel network of 200 �m depth and width; the separating

ib structure is 200 �m wide. Two different flow fields, serpentine
nd parallel, have been investigated as seen in Fig. 2.

.1.1. SU-8-based bipolar plates
A 500 ± 25 �m thick, p-doped, single-side polished, 4” silicon

afer used as a substrate is spin-coated with a 2.5 �m sacrifi-
ial layer (LOR 30B, MicroChem Corp.) and soft baked at 200 ◦C
o evaporate any solvent. Subsequently, the SU-8 layer (SU-8 100,
icroChem Corp.) is applied with a thickness of 210 ± 20 �m with
he following parameters: 30 s at 500 rpm (200 rpm s−1 acceler-
tion) and 30 s at 1300 rpm (300 rpm s−1 acceleration). After a
esting period of 30 min at ambient room conditions a soft bake is
erformed by incrementally altering the temperature of a hot plate
Fig. 1. Process flow for the fabrication of the SU-8 based electrode: application of a
sacrificial layer and a SU-8 layer, photolithography, metallization with Cr and Au, lift-
off of SU-8 electrode, development and removal of unexposed parts and attachment
to PDMS manifold.

from 65 ◦C (for 25 min) to 95 ◦C (for 70 min) to 65 ◦C (for 5 min) to
room temperature (for 10 min) with a temperature ramping of 35%.

In the subsequent photolithographic process step (MA6, Süss
Micro Tec), the mask polarity of a deployed UV-transparent foil
mask (dpi ≥2400, check) patterns the photoresist during the UV
exposure with a dose of 700 mJ cm−2.

Before postbaking (1 h @ STP; 5 min @ 65 ◦C; 30 min @ 95 ◦C;
5 min @ 75 ◦C; 5 min @ 65 ◦C; 15 min @ STP and a ramping rate
35%) and developing (SU-8 Developer, MicroChem Corp.) the SU-8
layer, the surface is metalized by a E-Beam PVD technique (E-Beam
PVD, Edwards E306) depositing 20 nm Cr and 200 nm Au, respec-
tively. Consecutively, the metal-coated SU-8 film is removed from
the substrate by a lift-off bath for 15 min (PG Remover, MicroChem
Corp.). The SU-8 electrodes are immersed in a distilled deionized
ultrasonic water bath, in order to rapture the Cr/Au-diaphragm
still bridging the microchannels and simultaneously cleaning the
surface of the SU-8 bipolar plates from remains of developer and
remover, respectively.

2.1.2. Manifold microchannels in PDMS
The fluids are distributed in a manifold incorporated as

microchannels in a polydimethylsiloxane block (PDMS), see Fig. 3,
and fabricated according to standard soft-lithography techniques
[17,18]. The negative form of the microchannel structure is man-
ufactured in analogy to the above mentioned procedure, however,
without a sacrificial layer between the substrate and the SU-8 struc-
tures to serve as a mold. The unconcealed surface is passivated
Fig. 2. Schematic of the ICP inscribed flow field into the electrode: (a) parallel and
(b) serpentine.
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ig. 3. Schematic of the fuel cell assembly without the outer holder and heating
lock.

atio of 1:10 wt%, cast on the mold and degassed under low vacuum
onditions for 30 min. The subsequent crosslinking process is acti-
ated in a convection oven at 65 ◦C for 1 h. The PDMS form with the
ncorporated microchannels is lifted off and diced in the according
ieces.

.2. Fuel cell preparation and assembly

.2.1. MEA preparation
The membrane electrode assembly (MEA, Lynntech Inc., Texas),

he heart of a polymer fuel cell, consists of a Nafion®-117 mem-
rane coated 10 mm × 10 mm on the anode side with a Pt–Ru cat-
lyst (Pt–Ru loading: 4 mg cm−2) and on the cathode side with Pt-
lack (Pt loading: 4 mg cm−2) forming the active area of the fuel cell.

Prior to the assembling of the MEA, it is rinsed with and there-
fter immersed in deionized, distilled water (Millipore, resistivity:
5 M�) for 24 h. It has been refrained from employing a perfor-
ance enhancing pretreatment of the MEA as described in [7,9],

ince the referred-to procedure saturates the MEA with H+ ions
eading as a consequence to a short-term performance boosting
ehavior. The long-term immersion of the MEA in distilled and
ighly deionized water is efficiently removing a high quantity of

nwanted ions inside the MEA.

Due to the deleterious effect of cathode flooding in a parallel
ow field at the cathode side (tested, but not shown here), only
erpentine structured cathode flow fields are employed throughout
he following parameter study.

Fig. 4. Schematic diagram of the co
Sources 195 (2010) 3849–3857 3851

2.2.2. Micro-fuel cell assembly
The micro-DMFC was assembled inside the upper stainless steel

holder by aligning the sealing sheet (EPDM, Aspag AG), the PDMS
manifold, the cathode side SU-8 electrode, the pretreated MEA, the
anode side SU-8 electrode, the PDMS manifold, a stabilizing PMMA
plate (Plexiglas®) and finally the lower stainless steel holder as
illustrated in the schematic, Fig. 3. An aluminum heating block with
a maximum power output of 10 W was placed around the assembly
and tightened with 12 equally spaced screws to the upper holder in
order to apply a homogenous contact pressure within the fuel cell
assembly and, furthermore, to provide a constant contact resistance
across the electrodes.

The transparency of the PMMA plate and of the PDMS mani-
fold allow for optical access to the microchannels of the anode
side flow field. The upper and lower stainless steel holders pro-
vide an integrated fluid supply manifold and pressure ports to the
electrodes.

The electrical circuit is completed by inserting/sandwiching a
partially insulated film-electrode between the bipolar plate and
the MEA. Finally, a continuity test ensures two electrically isolated
electrodes.

2.3. Test apparatus and procedure

2.3.1. Experimental setup
The experiments were performed under standard laboratory

conditions, 22 ◦C and 100 kPa ambient, in the experimental appara-
tus shown in Fig. 4. A syringe pump (Harvard Apparatus, PHD4400
programmable) delivers the desired fluid flow Vl of the aque-
ous methanol solution ranging from 0.035 to 0.56 ml min−1. A
1 M methanol solution was chosen throughout the experimental
series as the optimal methanol concentration according to litera-
ture [19,20]. Three differential pressure sensors (Huba Control 692;

0.2, 2.5, 25 bar) have been employed to record the pressure drop
across the microchannel network of the flow fields.

On the cathode side, the precise gas composition is supplied
by pressurized gas cylinders of N2 (PanGas, purity ≥99.995%) and
O2 (PanGas, purity ≥99.95%) and is adjusted by two mass flow

mplete experimental setup.
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ig. 5. Schematic diagrams of the electrical circuit of (a) the first measurement
ethod: variable resistor as the electrical load (b) the second measurement method:

alvanostatically–controlled current sink as the electrical load.

ontrollers (Bronkhorst, EL-Flow®) to a maximum gas volume flow
ate Vg of 8 ml min−1. The gas flow passes through a temperature-
egulated humidifier, which nearly saturates the gas flow with
umidity (RH = 95%, [21]). The subsequent tubing is heated with a
areful temperature control (±0.5 ◦C) to prevent any condensation
ithin.

The fuel cell assembly is provided with a controlled volume flow
ate of a given methanol solution at the anode side and an adjusted
nd humidified gas flow rate at the cathode side, respectively. The
emperature of the fuel cell assembly (FCA) is controlled by the
eating block surrounding the FCA and a PT-1000 sensor attached

n the vicinity of an electrode. The large heat capacity of the holder
nd of the heater guarantees a steady temperature within the FCA.

Preliminary tests have revealed that a serpentine flow field is
dvantageous for the cathode side in order to assure water removal
f the MEA, which can block the O2 supply to the MEA at a high
ower/current density. For the anode side two different flow field
onfigurations have been tested; parallel and serpentine flow fields
re assembled in a counter flow configuration.

.3.2. Electrical measurement procedure
Two different techniques have been employed to measure the

olarization curves of different parameter sets of the micro-direct
ethanol fuel cell.
As illustrated in Fig. 5a, the first measurement technique

nvolves a variable resistor based on a N-channel discrete HEXFET®

ower MOSFET (metal-oxide semiconductor field effect transistor,
RF 1010N, International Rectifier Inc.) adjusting to a range from
1 m� to 10 M� directly controlled by LabView®. The resulting
oltage is measured by an oscilloscope (LeCroy, waverunner LT224)
nd the current by a multimeter (Keithley 2000).

In the second measurement method the polarization curve
s recorded galvanostatically, see Fig. 5b. The direct current
ource/sink (Keithley 6221) is operated in the second quadrant
positive current, negative voltage) incrementally controlling the
ange of set currents. The voltage is measured with a standard
oltmeter (Keithley 2182A).

In the kinetic and ohmic regime of the fuel cell polarization
urve, the differently measured polarization curves superimpose
ith in a relative error of 2%. In the third operating regime of a fuel

ell the mass transfer limitation plays a dominant role. Hence, the
ifferent electrodynamics of the two measurement methods could

n principle result in a deviation of the two polarization curves, but
o significant such deviation was observed here. It can be stated
hat the influence of a voltage drop on the operating point on the
ariable resistor is resulting in a higher sensitivity to a disturbance.

.3.3. Laser induced fluorescence microscopy
There exist several, non-intrusive methods for characterizing

ow patterns in microchannels, such as brightfield microscopy, flu-

rescence microscopy and transient magnetic resonance imaging.
n contrast to the commonly used brightfield microscopy, the here
mployed technique is fluorescence microscopy (LaVision Flow
aster MITAS). The methanol solution is doped with 0.01 wt% Rho-

amine 610 Chloride (Exciton), a fluorine dye inert to the chemical
Fig. 6. Two sets of polarization curves measured with incrementally increas-
ing/decreasing current densities for a parallel and a serpentine flow field
configuration.

oxidation reaction of methanol occurring at the catalysts of the
anode side. The dye, also known as Rhodamine B, fluoresce due
to a laser excitation in a wavelength-shifted band resulting in flow
images of well distinguishable phases; a clear contrast between
the fluorescent liquid and the non-luminating gas phase is observ-
able. Further details of the application of fluorescence microscopy
in visualizing two-phase flow within microchannel networks sim-
ulating flow behavior of the anode side of a micro-DMFC can be
found elsewhere [22].

3. Results and discussion

The polymer-based micro-DMFC is electrically characterized
resulting in polarization curves. The prevailing strength of this
measurement technique is based on the determination of the
dependence of the investigated parameter on the electrical perfor-
mance under a variable load. Therefore, a clear picture of the fuel
cell or even stack performance can be projected to system relevant
operating conditions.

In the following discussion an elaborate parameter study is pre-
sented starting with measurement implicit phenomena, continuing
with the investigation of crucial parameters such as flow fields,
temperature and volume flow rates and concluding with a demon-
stration of the fuel cell performance under bending conditions.

3.1. Hysteresis in polarisation curves

Fig. 6 shows a hysteresis of two polarisation curves with a dif-
ference of up to 0.05 V (or 10 mA cm−2) resulting from the same
set of parameters: SU-8 based parallel flow field on the anode side,
a serpentine flow field on the cathode side, 0.56 ml min−1 volume
flow rate of a 1 M methanol solution, 8 ml min−1 of a pure oxygen
flow at the cathode side, cell temperature at 23 ◦C, galvanostatic
measurement technique with a step size of 2 mA and a delay time
of 10 s.

One curve is representing the results obtained by a current
descending sequence, while the second plot is obtained from
increasing the current with same discrete steps. The hysteresis

effect is especially pronounced at higher currents allowing a similar
argument as presented by [23]. They report three possible effects
potentially causing a hysteresis of a polarization curve: (1) The
accumulation of methanol, (2) CO2 or (3) water at the reactive
sites of the catalyst. Since we only can report the occurrence of the
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ysteresis limited to the case of a serpentine flow field employed on
he cathode side, it strongly supported by the optical observations
n Section 3.5 that produced and expanding CO2 bubbles start to
over active spots and hinder mass transport of methanol–water to
he catalytic sites, hence, causing a performance hampering effect
y reducing the effective/active fuel cell area.

During an incremental increase of the current density, the pro-
uction rate of the CO2 will proportionally increase but will lag
ehind the new potential. In the reverse/retracting scenario, incre-
entally decreasing the current density from a maximum, the

lready produced CO2 gas bubbles still cover reaction sites and
otentially even block the entire microchannel cross-sections, as
een in section 4.6.

This phenomenon is prone to parallel flow fields in which a cut-
ff of an entire channel segment is possible due to stagnant CO2
ubbles. Under the assumption of sufficient pressure supply it is
vident that the serpentine flow field will sweep through a possi-
le blockage, therefore, showing this hysteresis to a much lesser
xtend, see Fig. 6.

.2. Influence volume flow rates

.2.1. Parallel flow field at the anode side
Fig. 7 displays a series of polarization curves investigating the

ffect of volume flow rates of the 1 M methanol solution in a par-
llel flow field at the anode side and a serpentine flow field at the
athode side at different temperature levels. Three volume flow

ates are tested, 0.035, 0.14 and 0.56 ml min−1, relating to the sto-
chiometries of 3.41, 13.65 and 54.61, respectively, at a reference
perating current density of 100 mA cm−2. The preheating temper-
ture of the oxygen supply is set to the same temperature as the fuel
ell block and the relative humidity at the cathode is kept constant.

Fig. 7. Polarization curves of the parallel flow field in dependence of the volume fl
Sources 195 (2010) 3849–3857 3853

At the ambient temperature of 23 ◦C, shown in Fig. 7a, the series
of polarization curves is generally dominated by kinetic and ohmic
losses except for the volume flow rate of 0.035 ml min−1 where
a sudden drop of power density due to mass transfer limitation
can be observed at 34 mA cm−2. At a certain threshold value of the
current density (proportional to the reaction conversion rate) the
low volume flow rate is insufficient in removing the product gas
CO2 from the MEA surface depleting the active spots at the three-
phase boundary from methanol and water and, therefore, causing
a collapse of the power density.

The increase of volume flow rate from 0.035 to 0.14 ml min−1

results in a stabilization of the power density and current den-
sity plot resulting in a maximum power density of 5.35 mW cm−2

at 36 mA cm−2. A further increase of volume flow rate to
0.56 ml min−1 yields in contradiction to theory a lower current den-
sity and therefore a lower power density. In the literature [7] it
has been reported that an increase of volume flow rate does not
necessarily mean an increase of power density. After some initial
improvements, the power/current density curve is unaffected by
any further volume flow rate increase due the limitation of the reac-
tion rate. However, the slight decrease of performance resulting in
a steeper slope of the current density curve indicates an increase of
the inner resistance. Therefore, the fact of a certain misalignment
of the two opposing flow fields should not be underestimated since
this can lead, especially at higher volume flow rates, to a stronger
deflection of the MEA resulting in an increase of the intrinsic/inner
resistance of the fuel cell assembly.
Further, an increase of the volume low rate of the methanol
solution on the anode side, while leaving the oxygen supply con-
stant, is shifting the ratio between the two stoichiometries, see
Table 1. According to Kulikosky [24] this outbalanced stoichiometry
of the methanol solution causes the fuel cell to operate locally as an

ow rate at different temperature levels: (a) T = 23, (b) T = 40, and (c) T = 60 ◦C.
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Table 1
Stoichiometry ratios calculated for a reference current density of 100 mA cm−2 at
different volume flow rates on the anode side for a constant O2 volume flow rate of
8 ml min−1.
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V̇CH3OH [ml min−1] 0.035 0.140 0.560
�CH3OH 3.41 13.65 54.61
�O2 /�CH3OH 6.17 1.54 0.385

lectrolytic cell (performing inner reforming), therefore, reducing
he overall performance of the fuel cell.

In Fig. 7b and c the temperature level is elevated to 40 and 60 ◦C,
espectively. The recorded current and power density curves are
f similar nature as discussed for Fig. 7a. The predominance of the
inetic and the ohmic effect are the prevailing features of the shape
f the current density curve. Due to the higher temperature level,
he effects seen in Fig. 7a are more pronounced and the power max-
mum is shifted to 7.22 mW cm−2 at 40 mA cm−2 for 40 ◦C and to
.08 mW cm−2 at 48 mA cm−2 for 60 ◦C at 0.14 ml min−1.

The mass transfer limitation plays a more dominant role at
igher temperatures, as can be seen from Fig. 7b and c by the drastic
rop of the power density. At 40 ◦C this effect sets in at 26 mA cm−2,
arlier than at 23 ◦C. In Fig. 7c at 60 ◦C the curve displays not a dis-
inct drop, but an unsteady behavior beyond 32 mA cm−2 which
esults from CO2 gas bubbles irregularly departing from the MEA
ccasionally blocking entire channel segments.
.2.2. Serpentine flow field at the anode side
Fig. 8 shows the effect of the volume flow rate at different

emperature levels under the application of a serpentine flow
eld at the anode side and a serpentine flow field at the cathode

Fig. 8. Polarization curves of the serpentine flow field in dependence of the volume
r Sources 195 (2010) 3849–3857

side. The current density curves measured by the variable resis-
tor with a time delay of 30 s exhibit kinetic and ohmic control
and no mass transfer limitation is apparent. The maximum power
densities are 8.87 mW cm−2 at 23 ◦C, 12.3 mW cm−2 at 40 ◦C and
19.0 mW cm−2 at 60 ◦C at a 1 M methanol solution volume flow rate
of 0.14 ml min−1, therefore, exceeding the maximum power output
of the parallel flow field assembly shown in Fig. 7 by a factor of 2.

Despite the fact that at a given volume flow rate the serpentine
flow field yields a much higher pressure drop necessitating a higher
pumping power the homogeneous reactant supply and the prod-
uct gas removal is ensured across the whole active area of the MEA.
This also points toward the limitations and applicability range of
numerical studies such as [25] modeling innovative geometry con-
cepts, but neglecting for simplicity the effect of two-phase flow
phenomena.

It is interesting to note that the volume flow rate dependence
of the power output is much less pronounced than for the paral-
lel channels. The general trend seen in Fig. 8a is a slight increase
in power density and a higher maximum current density by an
increased volume flow rate.

At 40 ◦C, in Fig. 8b, at a volume flow rate of 0.035 ml min−1 the
influence of an unsteady two-phase flow on the polarization curve,
hence the power density curve is apparent. At 60 ◦C, in Fig. 8c, at a
volume flow rate of 0.017 ml min−1 mass transfer limitation plays
a dominant role starting from 68 mA cm−2. In order to prevail an

unsteady fuel cell performance, the experiments suggest to surpass
a certain flow rate; for this specific fuel cell assembly 0.14 ml min−1

of a 1 M methanol solution proves to be ideal.
Another important finding is the higher open-current potential

for the serpentine flow field. It is interesting that a simple change in

flow rate at different temperature levels: (a) T = 23, (b) T = 40, and (c) T = 60 ◦C.
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Fig. 10 shows the polarization curves of the three mentioned sce-
narios. The curves depict only a slight divergence from each other.
The strongest deviation of the case (II) from (I) can be explained by
the inhomogeneous contact pressure resulting in a reduced inner
C. Weinmueller et al. / Journal of

ow field geometry inscribed as a channel network in the electrode
an influence the open-current potential, which is dependent on
amely two factors: the methanol crossover through the MEA and
he internal current. Since the MEA is not changed, the internal cur-
ent is not altered as well, proving the influence of the flow field on
he methanol crossover by altering the local pressure distribution
nd therefore affecting the osmotic drag of methanol.

.3. Influence of temperature

.3.1. Parallel flow field at the anode side
Temperature is an essential parameter for the operation of a

uel cell additionally shown in Fig. 7 at different volume flow rates.
he experiments were performed with the same set of parameters:
n the anode side a parallel flow field, 1 M methanol concentra-
ion, cathode side serpentine flow field and an O2 gas flow rate of
ml min−1, employment of the galvanostatic measurement tech-
ique with a step size of 2 mA and a delay time between the
easurement points of 10 s.
In Fig. 7, comparing different temperatures at a volume flow

ate of 0.035 ml min−1 the fuel cell shows an unsteady behavior at
he power densities above 26 mA cm−2 resulting from the strong
nfluence of bubble generation and blocking of channel segments
n the anode side. The volume flow rate distributed across 25 par-
llel channels is strongly reducing the effective volume flow rate
er parallel channel, therefore exposing it to flow abnormalities.

As the comparison of volume flow rates in the last section
as shown, the power maxima are reached at 0.14 ml min−1 flow
ates. Increasing the temperature from ambient 23–40 and 60 ◦C
s lifting the power density from 5.35 to 7.22 mW cm−2 and to
.08 mW cm−2 and the open-current potential to 0.497, 0.552 and
.588 V, respectively. The polarization curves are depicting an evi-
ent kinetic and ohmic influence, but no mass transfer limitation
ithin the measured regime. However, at high volume flow rates
ass transfer limitation is displayed above 56 mA cm−2 at a tem-

erature of 60 ◦C, see Fig. 7.

.3.2. Serpentine flow field at the anode side
The clear dependence of the fuel cell performance on the

emperature seen above for parallel flow fields, holds also for ser-
entine flow fields. The effect of temperature is also investigated in
ig. 8 over a series of 1M methanol solution flow rates: 0.035, 0.07,
.14, 0.56 ml min−1. Furthermore, the experiments were performed
ith the same set of parameters: on the anode side a parallel flow
eld, 1 M methanol concentration, cathode side serpentine flow
eld and an O2 gas flow rate of 8 ml min−1, employment of the vari-
ble resistor measurement technique with a delay time between
he measurement points of 30 s.

All curves plotted show a clear dependence on kinetic and ohmic
imitations with the exception at low volume flow rates, where

ass transfer limitations can be observed at 23 ◦C and at 40 ◦C
tarting from 60 mA cm−2.

It can be stated as a general observation that temperature has a
trong reaction enhancing effect on the performance of a polymer
lm based micro-DMFC. As seen in Fig. 8, the presented fuel cell

n this paper already has at a reasonably low volume flow rate of
.07 ml min−1 of a 1 M methanol solution a good electrical perfor-
ance of 8.49 mW cm−2 at 38 mA cm−2 at ambient conditions of

3 ◦C, which can be compared to a standard start-up scenario for a
uel cell system.
Increased operating temperatures to 40 ◦C, 60 ◦C and even a
aximum temperature of 88 ◦C strongly improve the electrical

erformance of the fuel cell yielding maximum power densities
f 12.7 mW cm−2 at 46 mA cm−2, 19.3 mW cm−2 at 74 mA cm−2,
1.7 mW cm−2 at 86 mA cm−2, respectively.
Fig. 9. Picture of the PMMA holder for the bending experiments and a schematical
cross-section of the “S-shaped” profile.

In comparison to the earlier employed parallel flow field, an
averagely increased open-current potential of +10 mV, consider-
ably higher power densities of up to 22 mW cm−2 and noticeably
larger current densities of up to 150 mA cm−2 can be observed.

3.4. Fuel cell performance under bending

A further study was performed focusing on the electrical
characterization of the fuel cell performance under bending to
demonstrate the feasibility of the fuel cell under flexed operat-
ing conditions with the following parameters: on the anode side
a parallel flow field and volume flow rate of 0.14 ml min−1 of a 1 M
methanol solution, on the cathode side a serpentine flow field and
an O2 gas flow rate of 8 ml min−1, employment of the galvanostatic
measurement technique with a step size of 2 mA and a delay time
between the measurement point of 10 s at an ambient temperature
of 23 ◦C. Three different scenarios have been chosen: (I) no bending,
planar use of the fuel cell, (II) bending with a constant curvature of
20 mm at the cathode side, and (III) “S-shaped” bending with two
opposing radii of 20 mm. The curvature is achieved by inserting the
fuel cell assembly into an accordingly shaped holder, Fig. 9.
Fig. 10. Influence of the bending on the electrical performance for cases (I), (II), (III).
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Fig. 11. LIF-visualization of two-phase flow in serpentine

esistance of the assembly. Furthermore, the increase of the inner
esistance can be due to micro-fractures in the metallization layer
f the polymer in case (II) and (III). Case (III) minimally deviates
rom case (II); similar aspects as for case (II) have to be taken into
onsideration.

The major finding of this study revealed the feasibility in princi-
le of the employment of the demonstrated fuel cell assembly for
ent or flexed applications in a variety of devices without a marked
eviation in performance.

.5. Micro-LIF: two-phase flow in correlation to the polarization
urves

Fig. 11 shows a flow-visualization performed with fluorescence
icroscopy of the two-phase flow occurring at the anode side due

o the oxidation of methanol producing gas CO2. Details of the mea-
urement procedure are presented in [22].

The experimental series is performed with the following param-
ters: on the anode side a parallel flow field and volume flow rate
f 0.14 ml min−1 of a 1 M methanol solution, on the cathode side a
erpentine flow field and an O2 gas flow rate of 8 ml min−1, employ-
ent of the galvanostatic measurement technique with a step size

f 2 mA and a delay time between the measurement point of 10 s
t an ambient temperature of 23 ◦C.
The images of the visualized two-phase flow are linked to the
orresponding current density on the polarization curve. It can be
bserved that the gas bubble size and, therefore, the gas/liquid vol-
me ratio inside the microchannel are steadily increasing from (1)
o (3) proportional to the corresponding current density. At (4) the
el segments correlated to the according current density.

size of the gas bubbles is reaching the diameter of the microchan-
nel, hence forming elongated bubbles and accordingly flow regimes
as described and studied in two-phase microfluidics [22,26]. With
a further increase in current density at a given volume flow rate the
product gas starts occupying entire segments of the microchannel
with only a thin liquid film of 1 M methanol solution remaining
on the channel walls. It is evident that the global volume flow rate
of the 1 M methanol solution is strongly reduced at a local scale
depleting the regional active sites of reactants; hence a drop in local
current density after (8) can be expected.

The flow-visualization illustrates the strong effect of CO2 gas
generation on the fluid flow inside the flow field and the strong
influence on the homogeneous reactant supply to the MEA.

4. Conclusions

The focus of this study was the demonstration and the electri-
cal characterization of a flexible, thin film polymer-based direct
methanol micro-fuel cell. In the preamble of this paper the concept
for the fabrication of a FDMMFC is presented. While employing a
standard MEA consisting of a Nafion®-117 membrane coated with
Pt-black on the cathode side and Pt/Ru on the anode side without
a gas diffusion layer, the electrodes are fabricated on 200 �m thick
SU-8, photosensitive polymer film showing the degree of flexibil-

ity. A subsequent physical vapor deposition of a Cr/Au bilayer on
the photolithographic microstructured polymer functionalizes the
thin film to a conducting electrode.

During the course of the paper, several performance-influencing
parameters were investigated. In a first step the pervasively
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ccurring hysteresis in the polarization curves of descending and
hereafter rising current densities is discussed. It was found that the
ysteresis is especially pronounced in parallel flow field fuel cells
t the anode, indicating the influence of fluid dynamical aspects as
O2 stagnation on reactive sites.

In a parallel flow field at the anode and a serpentine flow field
t the cathode side the variation of the volume flow rate has
ielded an optimum at 0.14 ml min−1 of a 1 M methanol solution
n a 200 �m × 200 �m microchannel for an active fuel cell area of
0 mm × 10 mm. For a serpentine flow field at the anode side an

ncrease in volume flow rate at the anode side at a constant O2 gas
ow rate of 8 ml min−1 at the cathode side achieves a consequently
igher electrical performance.

The effect of temperature for both kinds of flow fields resulted
n a generally improved power density. A maximum power density
f 21.7 mW cm−2 was achieved at 86 mA cm−2 mA at the highest
emperature level of 88 ◦C.

In direct comparison of the two different flow fields at the
node, the serpentine flow field showed an average increased open-
urrent potential of +10 mV, considerably higher power densities
f up to 22 mW cm−2 and noticeably larger current densities of up
o 150 mA cm−2 than for the parallel flow field.

We also demonstrated the feasibility of the fuel cell operation
nder bending with a curvature of 20 mm. The current density did
ot show any significant decrease. However, a slight drop can be
bserved due to the effect of inhomogeneous contact resistance
nd possibly micro-fractures in the conducting metal top layer. A
S-shaped” bending did not show any significant further aspects,
ither.

In comparison to the rigid substrate based micro-fuel cells
rom the literature [7,12] the herein presented DMFC concept
till proofed to achieve reasonably high power densities of up to
0 mW cm−2 even under bending conditions.

The paper is concluded with a flow-visualization in the
icrochannels at the anode side demonstrating the strong impact
f CO2 bubble generation on the reactant supply to the MEA and
long the remainder of the channel network.

Even though several effects and parameters have been investi-
ated for this novel concept of a flexible direct methanol micro-fuel
ell, further experiments are needed especially in quantifying the

[

[

[

Sources 195 (2010) 3849–3857 3857

influence of two-phase fluid dynamics on the active sites of the
reaction and therefore on the local current density distribution.
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