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ABSTRACT

Laminar flow fuel cells (LFFCs) overcome some key issues — most notably fuel crossover and water man-
agement - that typically hamper conventional polymer electrolyte-based fuel cells. Here we report two
methods to further minimize fuel crossover in LFFCs: (i) reducing the cross-sectional area between the
fuel and electrolyte streams, and (ii) reducing the driving force of fuel crossover, i.e. the fuel concentration
gradient. First, we integrated a nanoporous tracketch separator at the interface of the fuel and electrolyte
streams in a single-channel LFFC to dramatically reduce the cross-sectional area across which methanol
can diffuse. Maximum power densities of 48 and 70 mW cm~2 were obtained without and with a sep-
arator, respectively, when using 1 M methanol. This simple design improvement reduces losses at the
cathode leading to better performance and enables thinner cells, which is attractive in portable applica-
tions. Second, we demonstrated a multichannel cell that utilizes low methanol concentrations (<300 mM)
to reduce the driving force for methanol diffusion to the cathode. Using 125 mM methanol as the fuel, a
maximum power density of 90 mW cm~2 was obtained. This multichannel cell further simplifies the LFFC
design (one stream only) and its operation, thereby extending its potential for commercial application.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As next-generation portable electronics continue to require
ever-increasing energy densities, microfuel cells have attracted sig-
nificant interest as an alternative to conventional batteries [1-4].
Unlike batteries which carry a limited supply of fuel internally,
microfuel cells consume fuel which is continuously replenished.
Microfuel cells can be operated with a variety of fuels, including:
hydrogen [5-8], methanol [8-11], and formic acid [12,13]. Com-
pared to hydrogen and other gaseous fuels, liquid fuels are easier
to store and transport, and have much higher energy densities
per weight and volume. In particular, direct methanol fuel cells
(DMFCs) have attracted much interest in portable applications due
to the high energy density of methanol.
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Although DMFCs offer a promising method of energy conver-
sion, development of DMFCs has been hampered by issues related
to the polymer electrolyte membrane (PEM) that separates the
anodic and cathodic compartments. Water and/or thermal manage-
ment is one such concern because Nafion, the most commonly used
ionomeric material, must remain fully hydrated to facilitate pro-
ton transport, which limits stack and system operation to less than
100°C. More significantly, the permeation of methanol through the
Nafion membrane, i.e. methanol crossover, results in mixed poten-
tials at the cathode, and consequently a dramatic decrease in cell
performance [14-18].

A desire to help eliminate these membrane constraints led to
the development of laminar flow-based fuel cells (LFFCs) [19-32].
By utilizing laminar flow on the microscale, the fuel and/or elec-
trolyte (or oxidant) streams may be compartmentalized in a single
microchannel or a series of parallel microchannels without the
need for a physical barrier such as a Nafion membrane. Microflu-
idic streams flow directly over the catalytic region of an electrode
without an intervening thick gas diffusion layer, thus achieving
the minimum possible mass transport distance. The membrane-
less LFFC design utilizes a continuously flowing electrolyte to
(i) minimize dry-out and flooding issues at the electrodes, (ii)
facilitate by-product removal (i.e. carbon dioxide, carbonates),
and (iii) enable fuel and media flexibility. Much work has been
done in this field by our group [19-25] and others [26-32]. A
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recent review provides a thorough summary of the field of LFFCs
[33].

In LFFC architectures presented to date, fuel crossover depends
strongly on (i) cross-sectional area between the anode and cath-
ode as well as (ii) the driving force, i.e. the concentration gradient.
Here, we will present two approaches for reducing fuel crossover in
LFFCs. At high concentrations of methanol (1-5 M), crossover can be
mitigated by pressing the fuel concentration boundary close to the
anode catalytic wall via high (differential) flow rates or by using
wide channels. However, high flow rates reduce fuel utilization
and wide channels increase electrode-to-electrode distances [34].
Our first, more effective approach to reduce fuel crossover involves
placing a nanoporous separator at the fuel-electrolyte interface of
an LFFC. This separator greatly minimizes the total cross-sectional
area at the fuel-electrolyte interface, and hence, the area through
which unreacted methanol molecules can crossover to the parallel-
flowing electrolyte stream, and ultimately the cathode. This design
improvement maintains small electrode-to-electrode distances for
reduced volume and higher power density. Our second approach
to reduce fuel crossover is to operate at low fuel concentrations,
thereby decreasing the driving force for methanol crossover. In a
methanol LFFC, crossover is limited to the slow process of diffusion,
a concentration gradient-controlled phenomenon. By operating at
low methanol concentrations (less than 100 mM), mixed potential
effects are not observed when platinum is used as the cathode cat-
alyst [24]. Below we will explore these two approaches using single
and multichannel LFFCs.

2. Experimental
2.1. Single-channel methanol LFFC

2.1.1. Fabrication and assembly

The 6-pm thick polycarbonate separator (0.05-pwm pore size,
6 x 108 porescm~2, Sterlitech Corporation) was placed between
two identical 150-wm thick Kapton sheets, which were machined
tohave4.8 cm (L) x 0.33 cm (W) flow channels. The small character-
istic height (defined by the Kapton thickness) of the channels lead
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to low Reynolds numbers (Re < 5), enabling the fuel and electrolyte
streams to flow laminarly in parallel on either side of the separator.
The anode was centered on a polymer-impregnated graphite plate
(McMaster), which functions as a current collector. The cathodic
gas diffusion electrode (GDE) was placed in a 220-pwm deep trench
machined into a similar graphite plate. Within this trench, a serpen-
tine flow channel was machined with a 1:1 channel to landing ratio,
and channel dimensions of 1 mm (H) x 1 mm (W). This serpentine
channel thus resides exactly beneath the cathodic GDE when it is
placed in the trench. Two copper backing plates were placed on
either side of the fuel cell to render a robust multilayer assembly as
shown in Fig. 1a and b. A cartridge heater can be inserted into the
copper plate on the anode side for studies at elevated temperatures.
The entire apparatus was held together by 14 evenly spaced bolts,
greatly reducing contact resistance between layers. This approach
yields a leak-free cell; gaskets were not required.

2.1.2. Electrode preparation

An anode catalystink comprised of 10 mg cm~2 Pt-Ru 50:50 wt%
alloy (Alfa Aesar) with 125 L H,0, 34.5 pL Nafion solution, and
125 pL isopropyl alcohol, and a cathode catalyst ink comprised of
2mgcm—2 Pt-C 50:50 atom wt% alloy (Alfa Aesar) with 31.25 uL
H,0, 1.15 p.L Nafion, and 31.25 pL isopropyl alcohol were used for
all experiments reported here. The catalyst inks were sonicated
(Branson 3510) for 1h to obtain a uniform mixture, before being
brushed onto Sigracet 35BC carbon paper. Similar to prior work
[35,36], both electrodes were then hot-pressed (Carver Laboratory
Press) at 1200 psi for 5 min at 130°C to improve catalyst adhesion
and electrode durability. For some experiments, an additional layer
of Nafion 212 (Fuel Cell Scientific, Stoneham, MA), cleaned in a solu-
tion of 10 wt% nitric acid at 90 °C for 2 h, was bonded to the cathodic
GDE, during the hot-pressing procedure.

2.1.3. Testing

Unless otherwise noted, the single-channel methanol LFFC was
operated at 80°C, with an O, supply (laboratory grade, S.J. Smith)
of 50 sccm to the serpentine flow field, a fuel and electrolyte flow
rate of 0.3mLmin~!, a fuel stream of 1M methanol with 1M
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Fig. 1. (a) Exploded diagram of single-channel methanol LFFC (to scale), the numbered components correspond to: (1) copper backing plate with temperature control, (2)
graphite current collector, (3) anode, (4) fuel channel, (5) separator, (6) electrolyte channel, and (7) cathode; (b) side-view schematic of single-channel methanol LFFC (exactly

like (a)); (c) side-view schematic of multichannel methanol LFFC.
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H,S04 added for proton conduction, and an electrolyte stream of
1M H,S04. The fuel and electrolyte streams were driven through
polyethylene tubing (Intramedic, ID=1.14 mm) and into the cell
using a syringe pump (Harvard Instruments). Fuel cell testing was
conducted using a potentiostat (Autolab PGSTA-30, Eco Chemie
B.V.) and polarization curves were obtained by measuring the cur-
rent at different set cell potentials after steady state was reached. An
Ag/AgCl reference electrode (saturated NaCl, BAS, West Lafayette,
IN) was placed at the outlet of the electrolyte stream to enable
the independent analysis of polarization losses of the anode and
cathode [21].

2.2. Multichannel methanol LFFC

2.2.1. Fabrication and assembly

In the multichannel cell, methanol in dilute concentrations
(and 250 mM trifluoromethanesulfonic acid) was driven through
a 1mm thick graphite inlet manifold which distributed the fuel
to 14 parallel microfluidic flow channels. The 14 mm (L) x 2 mm
(W) channels were machined into a 75-pm thick Kapton sheet.
The exiting fuel was connected to another 1 mm thick graphite
outlet manifold to complete the fluid path. The anode and cath-
ode were centered between the two graphite plates, which also
served as current collectors. Beneath the cathodic GDE, a serpentine
single-pass gas channel with dimensions of 0.75 mm (H) x 1 mm
(W) was machined into the graphite plate. The gas channel is
positioned such that the individual windings are arranged par-
allel to the microfluidic channels. Copper plates were placed on
either side of the graphite plates for increased current collection. A
Kapton tape heater was included in this assembly to enable stud-
ies at elevated temperatures. The entire assembly was loaded to
4001bs in a hydraulic press (Carver Laboratory Press) and bolted
together between two aluminum end-plates to yield a multichan-
nel methanol LFFC as depicted in Fig. 1c.

2.2.2. Electrode preparation

An anode catalyst ink comprised of 6.45mgcm~2 Pt-Ru
50:50atom wt% alloy (Johnson-Matthey), and a cathode cata-
lyst ink comprised of 1.75mgcm~2 Pt-C 50:50 atom wt% alloy
(Johnson-Matthey) were used for all experiments reported here.
The anode catalyst had a metal to Nafion ratio of 9:1 by weight
while the supported catalyst to Nafion weight ratio in the cath-
ode catalyst was 2:1. The catalyst inks were sonicated for 30 min
and stirred for 30 min to obtain a uniform mixture. The anode ink
was brushed onto Toray carbon paper TGPH-30 and the cathode
ink was brushed onto Sigracet 24BC carbon paper. Both electrodes
were hot-pressed at 725 psi for 7 min at 135 °C to improve catalyst
adhesion and electrode durability. An additional layer of Nafion
212 (Ion Power Inc.) was bonded to the cathodic GDE during the
hot-pressing procedure. A photo-etched Kapton layer (leaving the
cathode exposed) was then bonded at the above-mentioned con-
ditions on top of the Nafion layer for mechanical stability. The fuel
and electrolyte flow in the Kapton channel layer directly over the
anode catalyst layer and the photo-etched Kapton layer, making
this multichannel cell a single-stream version of the dual-stream,
single-channel cell described above (Section 2.1).

2.2.3. Testing

Unless otherwise noted, the multichannel methanol LFFC was
operated at 70 °C, with high purity air from a compressed gas cylin-
der at a stoichiometric flow ratio (stoic) of at least 3 at any given
current, and an electrolyte stream of 0.25M trifluoromethanesul-
fonic acid (CF3SO3H). Fuel concentration was varied from 0.063 to
0.25 M methanol. A fluid pump (Encynova) with digital control was
used for recirculation of the liquid stream. Before testing, the cell
heater was set to 70°C, the 0.25 M trifluoromethanesulfonic acid

was pre-heated to 70°C and circulated through the cell until ther-
mal equilibrium was attained. Due to heat losses in the fluid lines
and pump, the exit temperature of the liquid was 60-65 °C depend-
ing on flow rates. The circulating fluid volume was chosen tobe 1L
to avoid significant fuel concentration changes over the course of
the experiment. Pure methanol was added to the circulating stream
to provide the desired fuel concentration.

Before testing, the cell was discharged galvanostatically using
one of the channels in an 8-channel Solartron 1470E multi-stat.
The cell was held at each current for 90s. A frequency response
analyzer, Solartron 1252 A was used to conduct a frequency sweep
at a magnitude of 10 mA at each galvanic step. The real axis inter-
cept of the frequency scan was used to estimate the ohmic (i.e. IR)
drop. A sufficient number of preliminary galavanostatic scans were
conducted to stabilize and condition the cell and to ensure repro-
ducibility before final polarization measurements were obtained.
The voltage response at each current step was averaged over the last
30s to obtain polarization curves. A condenser eliminated water
vapor from the air exit stream, which was then diluted with nitro-
gen to allow the use of a CO, analyzer for crossover measurement.
Methanol crossover rates were calculated based on the CO, con-
centration in the air exit stream, measured at select current steps.

3. Results and discussion

3.1. Performance of a single-channel methanol LFFC with a
separator

In an effort to reduce methanol crossover, while still maintain-
ing small electrode-to-electrode distances, a thin polycarbonate
separator was placed between the fuel and electrolyte streams of a
single-channel methanol LFFC. This nanoporous polymer (0.05-jp.m
pore size, 6 x 108 pores cm~2) functions to reduce the liquid-liquid
contact between these two streams by 98.8%. Greatly reducing
the interfacial contact between the fuel and electrolyte streams
limits the regions where unreacted molecules of methanol can
diffuse toward the cathode. Thus, initially unreacted molecules of
methanol are more likely to either react farther downstream in the
fuel channel or be swept out with the fuel stream, than to crossover
to the electrolyte stream or the cathode. The separator is not selec-
tive to methanol and hence may also limit proton diffusion to the
cathode. However, the diffusion coefficient of protons in aqueous
media is approximately one order of magnitude larger than the
diffusion coefficient of methanol in aqueous media (Dy+(yater) =

9.31 x 107> cm? s~ vs. Dyeor(water) = 1.58 x 107> cm? s~ [37]). In
addition, proton transport rates are augmented by the poten-
tial gradient between the electrodes, while methanol transport
is dominated by diffusion. Consequently, the separator has a
greater impact on the slower methanol transport processes than
the rapid proton transport processes. A thin Nafion 212 layer
was hot-pressed to the cathodic GDE as an additional barrier
to methanol crossover [35]. This layer of Nafion functions to
further slow methanol molecules from diffusing to the cathode
catalyst, as the diffusion coefficient of methanol in Nafion is
approximately one order of magnitude smaller than the diffusion
coefficient of methanol in water (Dyeo(Nafion) = 3-0 x 1076 cm? s~
V. DyeoH(water) = 1.58 x 107> cm? s~1 [38]).

Fig. 2 shows the polarization and power density curves for a
single-channel methanol LFFC operated with and without a sepa-
rator and, with and without Nafion on the cathode. A maximum
open circuit potential (OCP) of 0.64V was obtained when operat-
ing with the separator in place and with Nafion on the cathode. The
OCP gradual decreases when there is no Nafion (0.56 V), no sepa-
rator (0.5 V), and neither a separator or Nafion (0.41 V). This can be
attributed to an increase in methanol crossover. The power density
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Fig. 2. (a) Polarization and (b) power density curves of a single-channel methanol
LFFC operating at 80°C with 1M methanol, an O, supply of 50sccm, a fuel and
electrolyte flow rate of 0.3 mL min~!, two different cathode preparations (with and
without hot-pressing Nafion), and with or without a separator.

curves show that an LFFC operated without a separator or Nafion on
the cathode produces a maximum power density of 28 mW cm2.
Adding either a separator or Nafion to the cathode, increases the
maximum power density to more than 40 mW cm~2. By adding
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Fig.4. Polarization (closed data points) and power density (open data points) curves
of a single-channel methanol LFFC operating with a separator and with Nafion on
cathode, with 1 M methanol, an O; supply of 50 sccm, and a fuel and electrolyte flow
rate of 0.3 mL min~"! for a range of temperatures. The cathode and anode electrodes
used in this LFFC were not optimized for best performance.

both, the maximum power density increases to 70 mW cm~2. This
increase in maximum power density shows that the result of adding
a separator and the result of adding Nafion to the cathode are addi-
tive.

3.1.1. The effect of concentration and temperature

Irrespective of Nafion or the separator being implemented, a
methanol concentration of 1M led to maximum power densities
for this single-channel cell (Fig. 3). At lower methanol concentra-
tions (100-500 mM), fuel concentration polarization losses at the
anode is the performance-limiting factor, while at higher concen-
trations (5-10 M), the decrease in power density can be attributed
to increased crossover. Fig. 3 also indicates that the power density
increased comparably when a separator was added to a methanol
LFFC that operates at higher concentrations of methanol. At a
methanol concentration of 1M, the power density increased by
43%, from 28 to 40mW cm~2, when a separator was added to an
LFFC that did not have Nafion on the cathode. The power density
increased by 51%, from 48 to 70 mW cm~2, when a separator was
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operating at 80 °C with 1 M methanol, an O supply of 50 sccm, a fuel and electrolyte
flow rate of 0.3 mLmin~"', two different cathode preparations (with and without
hot-pressing Nafion), and with or without a separator.
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0.25 M triflic acid for a range of flow rates. The dashed box represents a commercially
desirable performance window.

added to an LFFC that had Nafion on the cathode. The compara-
ble improvement in power densities indicates that implementing a
separator improves LFFC performance irrespective of Nafion being
used on the cathode.

Fig. 4 compares the polarization and power density curves of
a single-channel methanol LFFC with separator and Nafion on the
cathode, operating at different temperatures. Despite the imple-
mentation of the separator and the Nafion layer on the cathode, this
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Fig. 7. Methanol crossover in a multichannel LFFC, without nanoporous separator,
as a function of cell current for three different methanol concentrations (uncorrected
for CO, crossover from the anode stream). The cell is operated at 70 °C, with a fuel
flow rate of 8 mLmin~"', and constant air stoic of 3.

LFFC exhibits the expected increase in performance with increasing
temperature, as observed in other reported DMFCs [39].

3.1.2. Relative performance of individual electrodes

Polarization curves of the individual electrodes obtained by
using a Ag/AgCl reference electrode show that the cathode suf-
fers significantly more polarization losses than the anode (Fig. 5).
Highest current densities are observed with a separator and with
Nafion on the cathode. This reveals that the enhanced performance
stems from the separator and the Nafion layer on the cathode. These
two additional elements further reduce fuel crossover leading to
smaller polarization losses on the cathode. Results from the LFFC
operated without a separator and without a Nafion layer on the
cathode are not reported in Fig. 5 because CO, bubbles that form
on the anode crossed into the electrolyte stream, thereby intermit-
tently breaking the electrical contact to the reference electrode.

3.2. Performance of a multichannel methanol LFFC with low fuel
concentrations

In a second effort to reduce methanol crossover, a multichannel
LFFC was operated at low fuel concentrations. A challenge will be
to do this while avoiding polarization losses at the anode due to
the lower fuel concentration. A key potential benefit of using low
fuel concentrations in an LFFC is that it could result in an increase
in overall fuel utilization. Fig. 6 shows the polarization and power
density curves for a multichannel methanol LFFC at three different
methanol concentrations and four different flow rates. Performance
is a strong function of flow rate at lower methanol concentrations
but becomes a weaker function at higher concentrations. OCPs
ranged from 0.87 to 0.81V over the range of methanol concen-
trations used (0.063, 0.125, and 0.25 M). The gradual decrease in
the OCP is a result of increased methanol crossover at higher fuel
concentrations.

We calculated a commercially desirable operating window
based on the highest power density that can be achieved while
maintaining catalyst durability for 2000-3000 operating hours
with less than 20% performance degradation. The performance of
the multichannel LFFC, as shown in Fig. 6, fell within the commer-
cially desirable operating window for all but one of the operating
conditions tested namely very low flow rate (0.2 mLmin~!)and low
concentration (0.063 M).
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3.2.1. Methanol crossover measurements

Methanol crossover measurements were calculated based on
the CO, concentration in the exiting air stream of the multichan-
nel methanol LFFC. Recall that this cell does not have a nanoporous
separator. In this experiment, the fuel flow rate is held constant at
8 mLmin~!. Since the crossover rate to the cathode is a diffusion-
controlled process, an increase in flow rate is not expected to have a
significant impact on the crossover rate. The data in Fig. 7 confirms
that crossover rates increase at higher methanol concentrations in
amultichannel methanol LFFC. More specifically, the crossover rate
is shown to increase linearly with increases in methanol concentra-
tion, reaching ~40 mA cm~2 at a methanol concentration of 0.25 M.
This data was not corrected for CO, crossover and hence the extent
of crossover during cell discharge may be overestimated slightly
[40].

4. Conclusions

Laminar flow-based fuel cells (LFFCs) have been developed to
help eliminate the common membrane selectivity issues in poly-
mer electrolyte fuel cells, however fuel crossover is still present in
LFFCs and it is strongly dependent upon the LFFC’s cross-sectional
area, the electrode-to-electrode distance, as well as the fuel con-
centration gradient between the anode and cathode. Here we
present two ways to mitigate fuel crossover by reducing bulk
mass transport (and not by improving selective species transport):
(i) using a nanoporous separator between anode and electrolyte
stream, thereby minimizing the cross-sectional area across which
methanol can diffuse; and (ii) using low methanol concentrations,
thereby reducing the driving force for methanol diffusion. Together,
these approaches present a scheme for operating over a wide
range of methanol concentrations. The addition of a separator is a
simple design change that maintains small electrode-to-electrode
distances, making thinner methanol LFFCs possible that can be
operated at higher methanol concentrations (~1 M). Operation at
lower methanol concentrations (<300 mM) further simplified the
multichannel cell’s design, and is expected to result in higher over-
all fuel utilization. Performance of this cell falls in a window that is
desirable for commercial application.
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