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This communication reports the design, assembly, and perfor- @ et
mance of an air-breathing laminar flow-based microfluidic fuel cell. \ Cathode (Pt on graphite)
Micro fuel cells have long been recognized as promising high \';"";';;"""I"""}—-depletion
energy density power sources for portable applications. Many teflon = “““
advances in micro fuel cell development have been made, ranging spacer - fomie acid /H' —p- ) usion
from designs obtained by downscaling macroscale fuel cell technol- /v- B L s

. - . : Anode (Pd on graphite)

ogy* to novel designs that utilize the physical properties of the inlet

microscale, such as laminar fléw as well as other microfabri-
cated-® and microfluidic cell$

Recent efforts have shown that the microfluidic transport
phenomenon of laminar flow can be utilized to create the necessary
compartmentalization of the fuel and oxidant streams in a single
channel without the need of a physical barrier such as a membrane
while still allowing ionic transport~# In these multistreartaminar T ——
flow-based fuel celld_FFCs), an aqueous stream containing a liquid / Anode (Pd on graphite) II
fuel, such as formic acid, methanol, or dissolved hydrogen, and an inlets outlet
aqueous stream containing an oxidant, such as dissolved oxygengijgyre 1. Schematic designs of (a) a LFFC with an oxygen-saturated stream
permanganate, or hydrogen peroxide, are introduced into a singleas the oxidant supply” and (b) a LFFC with a porous, air-breathing gas
microfluidic channel in which the opposing sidewalls are the anode diffusion electrode (GDE) as the cathode. The rate of replenishment of
and cathode (Figure 1a). Several of the technical issues encountere@*¥9en from air (b) is much faster than from solution (a).
in more conventional, Nafion membrane-based direct methanol fuel
cells—anode dry-out, cathode flooding, and fuel crossexem be
avoided. Moreover, LFFCs are media flexible; the composition of
the fuel and oxidant streams (e.g., pH) can be chosen independently
providing another way to improve reaction kinetics and open cell
potentials’.

Moderate to high current densities from LFFCs can be obtained
if highly soluble oxidants, such as vanadium-based redox coluples

of magnitude higher diffusion coefficient of oxygen in air (0.2
cn?/s) than in aqueous media 21075 cn?/s) as well as the higher
concentration of oxygen in air (10 mM) than in aqueous media
(2—4 mM). These differences all will enhance the oxygen reduction
reaction rate (vide infra).

This new LFFC (Figure 1b) is comprised of a poly(methyl
methacrylate) (PMMA) window to form the microfluidic channel,
or permanganateare used. Ideally the use of oxygen as the oxidant a graphite plate covered with Pd black ne_moparticles as the ar_lode,
is preferred since it is readily available from the atmosphere for and Toray carbon paper GPE cove_re_d with Pt bIacK nanppartlcles
most envisioned fuel cell applications. To date, the performance as the cathode. A formic amd-contalnllng O..5 Mlsulfurlc aC|d.stream

enters the cell through the second, wider inlet in the graphite sheet

of LFFCs using dissolved oxygen as the oxidant has been mass dq 1 he GDE. whil | | L
transfer limited at the cathode mainly due to low diffusivity X2 and flows over t_ € » While an electro )_/te _stream containing
0.5 M sulfuric acid only enters through the first inlet and prevents

1075 cn¥/s)24 Also, the low oxygen concentration 2 mM) formi i f hina the GDE cathode. See S "
provides an insufficient driving force to replenish the depletion ormic acid from reaching the cathode. See supporting
Information for further details.

boundary layer on the cathode. This limitation can be addressed o . . .
y'ay Polarization curves (Figure 2a) were obtained under ambient

using fluids with higher oxygen concentratidoy a more sophis- diti . in-h buil ion (S ing Inf
ticated microfluidic design with multiple inlets enabling boundary con ftions using an in-house thest station ( upportlng. ntorma-
tion). For a formic acid concentration of 0.1 M, the potential drops

layer replenishment. Here, we address this cathode limitation by harol densi f ab 20 mAfenwhich i

the integration of a porous air-exposed gas diffusion electrode sharply gt a current density oha out m/vermwiicn 1s

(GDE) as the cathode into a laminar flow-based microfiuidic fuel characteristic of a mass transfer limited cell. At higher formic acid

cell (Figure 1b) enabling oxygen delivery directly from air. GDEs concentration, the polarization curves lack this shape, indicating
that the mass transfer limitation has been eliminated. The best

are used, for example, in hydrogen fuel cells as the interface ; is ob qf formi d trai f1 M
between the gaseous fuel/oxidant supply streams and the hydrate(ft’er ormance IS o f((ejrve i orfa bomt"i;(‘)c' cqonczn ration o '
Nafion membrane, enabling efficient transport of the fuel and amaximum current gensity ot abou m amaximum

oxidant to the catalyst layePsA LFFC with a GDE as the cathode power den5|ty.of 26 mwicfn(Figure 2a and b). Both values are

is expected to perform better than previous LFFCs in which significantly higher than the be_st current and power densities

dissolved oxygen is the oxidant source, as a result of the 4 ordersreported for LFFCs operated with an oxygen-sa_lturated aqueous
stream 14 mA/cnt and 5 mW/crd).247 For comparison, the mass

T Department of Chemical & Biomolecular Engineering, University of Illinois. S ;
* Beckman Institute for Advanced Science and Technology, University of Illinois. transfer limited performance of a LFFC without a GDE operated

S INI Power Systems. with 1 M formic acid as the fuel and dissolved oxygen in 0.5 M
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Figure 2. (a) Polarization and (b) power density curves, all at room
temperature, for an air-breathing LFFC with a GDE as the cathode for
different concentrations of formic acid as the fuel. (c) Anodic and cathodic
potentials versus Ag/AgCl usinl M HCOOH in 0.5 M BSO, as fuel
stream. For comparison, data of a LFFC without a GDE operated with
dissolved oxygen are plottéd.

sulfuric acid is shown in Figure 2a and b, as well. At [HCOOH)]

1 M, the performance gradually drops, which can be attributed to
lowering of the conductivity of the anode stream at higher
[HCOOH] and some diffusional crossover of formic acid to the
cathodic strearf Fuel crossover, while not an issue for direct formic
acid fuel cells (DFAFCs) with a Nafion membratecan be
eliminated in LFFCs by balancing flow rates and cell dimensions,
or by design changes that minimize the total area of the liguid
liquid interface.

Figure 2c shows the individual cathodic and anodic performance
for the experiment wit 1 M formic acid as the fuel, both for a
LFFC with and without GDE? For the LFFC without a GDE, in
which an oxygen-saturated sulfuric acid was used as the oxidant,
a sharp drop in cathodic potential can be observed-at08mA/
cn? due to the slow rate of replenishment of oxygen in aqueous
media. In contrast, the LFFC with a GDE exhibits a much smaller
drop in cathodic potential while achieving current densities that
are more than 10 times higher. The improved performance of the
anode of the LFFC with GDE is due to optimized anode preparation
(Supporting Information). These curves clearly show that introduc-
tion of a GDE mitigated the mass transfer limitations at the cathode.

The unoptimized utilization of formic acid for this LFFC with a
GDE as the cathode, ugjra 1 Mformic acid fuel stream, is about
8%, which is already significantly higher than thel% fuel
utilization of the LFFCs reported earligf:” In subsequent experi-
ments at lower flow rates (e.g., 0.1 mL/min), we achieved a single
pass fuel utilization of 33%, however, at the expense of a drop in

power density to 10 mW/ctnIn laminar flow-based fuel cells, the
electrode-to-electrode distances, the electrode designs, and fuel
concentrations can be adjusted appropriately to maximize perfor-
mance and fuel utilization per single p&s$7-8 Through simulation,
Bazykak et al. have already shown that a fuel utilization as high as
52% can be obtained for certain designs in combination with certain
operation condition&! Further improvement of fuel utilization per
pass can be accomplished by implementation of multiple inlets (or
outlets) to replenish (remove) the depleted boundary layer on the
anode side. To create a LFFC-based power source with acceptable
energy conversion efficiency, multiple LFFCs have to be integrated
in parallel (scaling out). Also, the fuel and electrolyte streams have
to be split and recirculated with the fuel stream being replenished
on the return path. To split the streams while avoiding extensive
diffusional mixing, we use a separator pféten which we will
report in more detail shortly.

In sum, air-breathing laminar flow fuel cells with power densities
as high as 26 mW/chwere obtained through integration of a GDE
as the cathode, which significantly enhanced the oxygen reduction
reaction rate. A GDE cathode in these unconventional fuel cells
addresses the mass transfer issues that to date limited the perfor-
mance of LFFCs. Moreover, the need for oxygen-saturated oxidant
streams or alternative highly soluble oxidants has been eliminated.
Like with most active direct liquid fuel cell systems (e.g., DMFCs),
electrolyte recirculation is required for LFFCs, which reduces the
overall energy density of a fuel cell system. Compared to the volume
of necessary pump, electronics, etc., the volume of recirculating
fluids including the additional isolation stream used in a LFFC can
be kept small, thus limiting the extent of this recirculation burden
on a fuel cell system’s specific energy. Further optimization of both
single LFFC performance and integration of multiple LFFCs in a
recirculating fuel cell system is the topic of our current research.
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free of charge via the Internet at http:/pubs.acs.org.
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