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Abstract

The lack of a polymer electrolyte membrane (PEM, e.g. Nafion) in membraneless, laminar flow-based micro fuel cells (LF-FCs) eliminates
several PEM-related issues such as fuel crossover, cathode flooding, and anode dry-out, as we reported previously. This paper explores t
media flexibility of LF-FCs by working in acidic and alkaline media, as well under “mixed-media” conditions in which the anode is in acidic
media while the cathode is in alkali, or vice versa. Operating a fuel cell under alkaline conditions has positive effects on the reaction kinetics,
both at the anode and cathode, while the cell performance under “mixed-media” conditions offers an opportunity to increase the maximun
achievable open cell potential (OCP). The lack of media-related constraints and the simplicity of the LF-FC design allow for these experiments
to be performed consecutively in a single LF-FC without changing the system, except for altering the composition/pH of the fuel and oxidant
stream. The performance of LF-FCs operated with different media is described and compared.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction implemented by the straightforward scaling-down of estab-
lished macroscopic fuel cell technologies. New chemical and
Advances in microelectronics, microfabrication, and man- mechanical engineering problems arise and need to be under-
ufacturing continuously lead to an ever-wider variety of ever- stood before the successful development of these microsys-
smaller portable microelectronic systems, such as cellulartems can be attaindd].
phones, laptop computers, personal organizers, entertainment Of the different types of fuel cell systems, the polymer
devices, global positioning systems and a wide range of mi- electrolyte membrane fuel cell (PEM-FC) has been recog-
croanalytical systems. Their performance and lifetime oper- nized as one of the most promising candidates to overcome
ation are usually limited by their respective power source, the challenges of miniaturizatiof3]. The majority of the
typically a rechargeable Li-ion battery. The development of reported PEM-based micro fuel cells are fabricated using
long lifetime power sources for these applications is lag- silicon microfabrication procedures adapted from microelec-
ging behind. Micro fuel cells have the promise of addressing tromechanical system (MEMS) and advanced integrated cir-
this issue for some of these microelectronic applications due cuit (IC) technologie§l,4—7] The precise repetitive steps of
to their greater specific enerd¥,2]. In addition, fuel cells silicon etching and deposition processes enable the fabrica-
are environment-friendly and can be recharged instantly. De-tion of microchannel structures in silicon for fuel delivery to
signing and building micro fuel cells, however, cannot be the anode, while air is typically provided to the open cathode
side of the membrane electrode assembly. Hydrogen is one of
* Corresponding author. Tel.: +1 217 265 0523; fax: +1 217 333 5052. (€ fuels of choice for PEM-FCs, especially for macroscale
E-mail address: kenis@uiuc.edu (P.J.A. Kenis). systems. In order to obtain lightweight micro fuel cells with
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_ these streams to flow over the anode and cathode electrodes
oxidant fuel . . L . -
placed on opposing side walls within the microfluidic chan-
. £ A nel[16,18,19] Fuel and oxidant react at the electrodes while
miets #— the two liquid streams and their common liquid—liquid inter-
: tj b | face provide the required ionic conductance to complete the
oulet

fuel cell chemistries.

This membraneless laminar flow-based fuel cell (LF-FC)
design eliminates PEM-related issues of fuel crossover, anode
dry-out, and cathode flooding. For example, fuel crossover
can be completely prevented through proper choice of chan-
nel dimensions and flow rates. Diffusional broadening of
the mixing zone that develops at the liquid—liquid interface
can be avoided by operating under high Peclet numPgr (
conditions, typicallyPe > 3000[16,20] Multistream laminar
flow has been used for a range of different purposes includ-
ing microanalysis systenjg1], microfabrication[17,22] a
vanadium redox ce|PR3], liquid—liquid extractions for purifi-
cations in lab-on-a-chip applicatiof4], and for the gener-
ation of droplet-based micro reactd&5]. Recently, others
have reported the fabrication of arrays of up to five LF-FCs
in silicon [26].

Recently, Nuzzo et al. reported a different micro fuel cell
concept that also lacks a PENMIO]. Delivery of fuel (hy-
polycarbonate drogen) and oxidant (oxygen) relies on diffusive transport

through a permeable polydimethylsiloxane (PDMS) mem-
Fo 1 A by sch ¢ & laminar flow-based fuel cell with it brane that is placed on both the anode and cathode, whil_e
'9- =, ASSembly scheme of a laminar flowbased el cell With graphie yhe anpde and cathode compartments are connected via
plates as the catalyst support, current collector, and defining structure for the . . ; .
geometry and dimensions of the channel. tiny microfluidic channeld10]. The high permeability of
PDMS for oxygen and hydrogen provides a significant ad-
vantage in overcoming mass-transfer limitations. Like the
high specific energy densities hydrogen gas must be stored_F-FCs studied in this paper, this particular system elimi-
under high pressure, which requires a special container, anchates the “acidic media only” requirement imposed by use of
safety issues related to pressure and flammability have to bea PEM, and can thus be operated in both acidic and alkaline
taken into accouri8-11]. conditions.

Safer high energy density fuels are certain hydrocarbons Operation of fuel cells in alkaline media has certain ad-
such as methanol and formic acid, since they can be stored invantages. When using methanol as the fuel and oxygen as the
liquid form under ambient conditions. Hence, most studies oxidant in an alkaline electrolyte: (i) the electro-oxidation of
toward micro fuel cells focus on the development of microflu- the catalyst-poisoning carbon monoxide species is improved
idic direct methanol fuel cellsy-DM-FCs)[4,12-14] and on the anod¢27] and (ii) the kinetics of the oxygen reduc-
directformic acid fuel cellg(-DFA-FCs)[5-7,15] While the tion reaction (ORR) at the cathode is increag&+30] For
performance of thege-DM-FC andu.-DM-FA prototypes is this reason the development of alkali-compatible electrolyte
promising, several technical issues remain associated withor anion exchange membranes for alkali-compatible FCs is
their development and operation (e.g. fuel crossover, mem-being pursued31-34] However, limited long-term stabil-
brane dry-out, and cathode floodirf@p]. ity due to the potential of carbonate formation resulting in

A novel microfabrication method — fabrication inside cap- clogging of the membrane restricts the use of these alkali-
illaries usingmultistream laminar flow [17] — provided the compatible membranes for direct liquid fuel cell operation.
idea for a novel type of fuel cell, which eliminates several of  All the aforementioned membrane-related issues can be
the technical issues related to the use of PEMS. In mul- avoided in the membraneless LF-FCs studied here. The flex-
tistream laminar flow, two or more liquid streams merge into ibility of LF-FCs in the choice of media and the performance
a single microfluidic channeF{g. 1), and continue to flow  implications of operating LF-FCs under acidic, alkaline, or
laminarly in parallel without turbulent mixing, ifthe systemis even “mixed-media”, i.e. one electrode acidic and one alka-

J

catalyst= = o,
covered
sides

graphite

characterized by a Reynolds numbigr< ~2100[17]. In the line conditions will be the focus of this study. In addition,
previous work, we were able to show that this phenomenon we will discuss the advantages of being able to tailor and
can be utilized to createaembraneless micro fuel cell by optimize the anode and cathode catalyst activity and stability

merging two streams, one containing fuel (formic acid) and independently in an LF-FC without restrictions due to the
one oxidant (dissolved oxygen), respectively, and allowing choice of a common media.
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2. Experimental
2.1. LF-FC fabrication

Graphite plates (EDM Supplies Inc., poco grade EDM-3,
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pump (Harvard Apparatus PHD 2000). The operating condi-
tions for all data and experiments reported are: flow rate per
inlet channel =0.3 ml/min; channel length =2.9 cm; channel
height =1 mm andchannel width =0.75 mm. This flow rate
and these cell dimensions correspond to a Reynolds number

0.0001in. particle size) serve three functions in the laminar of around 0.1, which is well within the laminar flow range. In

flow-based micro fuel cells studied hefad. 1): (1) current
collector; (2) catalyst support structure; and (3) edificial el-

orderto analyze the individual performance of each electrode,
an external Ag/AgCl reference electrode in a 3.0 M NaCl

ement. These graphite plates are placed side by side with asolution (BAS, West Lafayette, IN) was placed in a small
specific spacing, typically between 0.5 and 1.0 mm, and form compartment filled with 1N sulfuric acid and connected to
the length of the channel where the fuel and oxidant streamsthe laminar flow-based fuel cell using capillary tubing (i.d.

flow next to each other. The inlets to this channel are milled
outofthe graphite plates with a drill bit at desired dimensions,
typically 0.250 mm. Before assembling the fuel cell, catalyst

is applied to the graphite plates (see below). The capping lay-

1.57mm) ending in the waste stream collection beaker. A
detailed description of LF-FC analysis with this external ref-
erence electrode configuration can be found elsew3&ie
Polarization curves were obtained using an in-house fabri-

ers of the design are 1 mm thick polycarbonate slabs, while cated fuel cell testing station equipped with a data acquisition

thin films of polydimethylsiloxane (PDMS, Dow Corning)

device (FP-1000 with FP-AI-100 and FP-TB-10 modules,

were used as a gasket material between the polycarbonatérom National Instruments, Austin, TX), and a user interface

and the graphite.

2.2. Catalyst deposition

For all experiments described in this paper, catalyst sus-

created with Labview (National Instruments, Austin, TX).
During the experiment, the potential steps were controlled
manually, and the currentwas recorded after reaching a steady
state value.

pensions for both anode and cathode were prepared at a con-

centration of 4.0 mg/ml catalyst in a 10 wt.% (with respect
to the amount of catalyst) Nafion solution (Nafion stock so-
lution: Dupont, 5% (w/w) solution), and then a specific vol-

3. Results and discussion

3.1. Laminar flow-based fuel cells

ume of the suspension was applied to those side faces of

the graphite plates that line the microfluidic channel. Then

In the LF-FC configuration used in this study the graphite

solvent was evaporated by the use of a heat lamp, thus let-plates serve the three purposes of catalyst support—structure,
ting the catalyst adhere to the side face of the respectivecurrent collector, and edificial elemeffig. 1). Unsupported
graphite plates at the desired loading. For the experimentscatalytic Pt/Ru alloy nanoparticles (anode) and unsupported

described in this paper, the catalyst on the anode is un-
supported Pt/Ru 50:50 at.% alloy nanoparticles (Alfa Aesar,

stock 41171, lot K28K14) in 10wt.% Nafion solution at a
loading of 2 mg/crA. The catalyst on the cathode electrode is

Pt nanoparticles (cathode) are applied to the sides of the
graphite plates that line the microfluidic channel. Using

cyclic voltammetry, we determined a resultant surface rough-
ness factor of approximately 500 for both nanoparticle-based

unsupported Pt black nanoparticles (Alpha Aesar) in 10 wt.% catalysts used. A gasket material, for example, polydimethyl-

Nafion solution at a loading of 2 mg/ém
2.3. Chemicals

Methanol (Fisher Scientific) in varying concentrations in
18.3 M2 cm Millipore water was used as the fuel, and oxygen
(S.J. Smith Welding Supply 99.99%) dissolved in 1N sulfuric
acid (Fisher Scientific) or 1N potassium hydroxide (Fisher
Scientific) in 18.3 M2 cm Millipore water as the oxidant. In
order to saturate the oxidant solution with oxygen, oxygen
was bubbled through the 1N acidic or the 1N alkaline solution
for 15 min with a glass tube ending in a glass frit.

2.4. Fuel cell testing

Polyethylene tubing (Intramedic Pe 205, i.d. 1.57 mm) is

siloxane, seals the top and bottom of the microfluidic channel.
This three-layer assembly is clamped between two rigid poly-
carbonate support structures to obtain an LF-FC test cell that
can be easily inspected visually. Also, graphite plates can be
exchanged easily if needed. When injected through the in-
lets, fuel and oxidant solutions will merge at the Y-junction
and continue to flow laminarly in parallel over the anode and
cathode where fuel and oxidant are allowed to be oxidized
and reduced, respectively.

3.2. Media flexibility in LF-FCs

As mentioned above, this membraneless, all liquid design
eliminates issues related to fuel crossover, anode dry-out,
and cathode floodinf.6,18,19] In addition, lack of a mem-
brane also allows for operation of LF-FCs in media other

used to guide the fuel and oxidant into the LF-FC and to guide than acidic, the topic of this paper. Moreover, the chemical

the waste stream out of the cell. Fluid flow in all the fuel cell

composition of the cathode and anode streams can be tai-

experiments is pressure driven and regulated using a syringdored individually to optimize individual electrode kinetics as
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Table 1 experiments. Thus the LIP does not significantly contribute

Open circuit potentials#3%) in an LF-FC, operated at a flow rate of to the observed phenomena described below.
0.3 ml/min/channel in the absence of fuel and oxidant for different anolyte

and catholyte media composition combinations

. - 3.3. LF-FCs in all-acidic and all-alkaline media
Open circuit potentials

Cathode Anode PotentiaV) Fig. 2a and b show the performance of an LF-FC in all-
1.0N H,SOy 1.0N H,SO4 —0.058 acidic and all-alkaline media, respectively. Initially at low
1.0N H,SO4 1.0N KOH Q700 current densities both the polarization curves-f. 2a and
1.0N KOH 1.0N BSOy -0.680

b are identical, and thus the performance of the LF-FC is
independent of media. The mass transport limitation region,
however, is reached much sooner at around 4 mAfarthe
well as overall cell potential. One has the freedom to decide LF-FC running in alkaline media versus around 7 mAfcm
to run the LF-FC in all-acidic, all-alkaline, or in a “mixed- in the LF-FC running in acidic media. To more accurately
media” mode in which the anode is exposed to acidic me- determine the cause of the mass transport limited area, an ex-
dia while the cathode is exposed to alkaline media, or vice ternal reference electrode was added to the syf28inThe
versa. use of an external reference electrode allowed for separate
The pH of the electrolyte has an effect on reaction kinetics analysis and evaluation of individual electrode performance
at the individual electrodes, as well as the electrode poten-characteristics rather than just of the overall cell performance
tial at which oxidation or reduction occufg7,28,36-38] (sum of anode and cathode performancésy. 2c and d
Egs.(1)+4) show the half-cell reactions and standard elec- show that the process in both acidic and alkaline media is
trode potentials of methanol oxidation and oxygen reduction cathode-limited. This limitation can be attributed to the low
in acidic and in alkaline media, respectively. E§) repre- oxygen concentration in solution. In acidic media the satura-
sents the overall cell reaction, in all-acid or all-alkaline me- tion concentration of oxygen is about 1 mM whereas the sat-
dia. Both the alkaline—alkaline case and the acidic—acidic uration concentration of oxygen in alkaline media is approx-
case have a maximum theoretical open circuit potential imately 25% lower40]. This difference in solubilities ex-
(OCP) of 1.21 V. The different OCPs of unusual mixed-media plains the earlier drop in performancel# curve of the LF-
LF-FC configurations will be discussed below, in Section FC experiment run in the alkaline medkig. 2b) compared
3.4 to that run in acidic mediaHg. 2a). Overpotentials of the
Methanol/Q in acidic media:

1.0N KOH 1.0N KOH 0006

Anode : 2CHOH + 2H,0 — 2COp + 12H" + 126 E® = 0.02V[36] (1)

Cathode : 12Fi + 126 + 30, — 6H,0 E® =1.23V[37] )
Methanol/Q in alkaline media:

Anode : 2CHOH + 120H™ — 2CQ; 4+ 10H,0 + 126 E° = —0.81V[38] (3)

Cathode : 30+ 6H,0 + 126" — 120H" E® = 0.40V[37] (4)
Overall reaction, all-acidic or all-alkaline media:

2CH;OH + 30, — 2CO, + 4H,0 AE =121V (5)

Before running actual fuel cell experiments, we deter- individual electrodes in different media, as deduced from
mined the open circuit potentials for an LF-FC while flowing Fig. 2c and d, are in agreement with those reported pre-
anode and cathode streams of different pH, but in the ab-viously [28—-30] Multiple tests with the same LF-FC were
sence of fuel and oxidanTéble 1. At open circuit, both run over several days without any drop in activity or per-
anode and cathode are slightly oxidized. The differing ther- formance. No issues with carbonate formation were en-
modynamics of Pt oxide formation in acid and alkali create a countered in this LF-FC, as any carbonate that does form
significant OCP, 0.70V and0.68 V, respectively, when the is immediately removed from the system by the flowing
cathode is alkaline and anode acidic, and when the anode isstreams.
acidic and the cathode is alkaline. The liquid—liquid junction
potential (LJP) formed at the interface between the acidic 3.4. LF-FCs in mixed-media 1: acidic anode, alkaline
and alkaline streams may reduce or increase the open circuitathode
potential, depending on which stream is acidic and which
is alkaline. The LIP may be estimated using the Henderson After studying LF-FC performance while operating in
equation[39], yielding a maximum value of 32mV in our all-acidic and all-alkaline mediaF{g. 3), we studied
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Fig. 2. Load curves for overall cell performance of an LF-FC operating in: (a) alkaline; (b) acidic media; (c) and (d) the correspdhdinges of
individual electrode performances. For both experiments the fuel stream is 1.0 M methanol in 1IN KOH (a, c) angd 8yNiid) and the oxidant stream is
oxygen-saturated 1N KOH (a, ¢) and 1N$D; (b, d).

“mixed-media” systems in which one stream is acidic while The maximum theoretical OCP is 0.38V in this mixed-
the other stream is alkaline. Note that in mixed-media con- media configuration 1. An OCP of less than 0.1V is observed
figurations the neutralization reaction of OrHand H" to due to the overpotentials on the cathode and anode. The en-
water occurs at the liquid—liquid interface between the fuel ergy liberated in the methanol oxidation and oxygen reduc-
and oxidant stream. This reaction is mildly exothermic, tion reactions is mostly consumed by the water ionization
but we never observed an increase in temperature in thereaction. This configuration, which couples an electrolytic
cell or in the outlet stream. The LF-FC cell dimensions reaction with a galvanic reaction, is thus incapable of yield-
and operation conditions used the result in residence timesing useful amounts of energy, and was not studied any further.
and diffusional mixing zone widths that are such that lo-

cal heating effects on the performance can be neglected in3 5. LF-FCs in mixed-media 2: alkaline anode, acidic

the flowing microfluidic fuel cell studied here. Two con- .uthode

figurations were considered: an acidic anode stream com-

bined with an alkaline cathode stream (mixed-media 1) and  |n contrast, in mixed-media configuration 2, use of an alka-

an alkaline anode stream combined with an acidic cathode|ine anode stream (E¢g)) and an acidic cathode stream (Eq.
stream (mixed-media 2) In the first Conﬁguration, the over- (2)) allows energy to be obtained both from the methanol ox-

all cell reaction, Eq.(6), can be obtained from Eqgl) idation/oxygen reduction reactions and from the acid/alkali

and(4): electrochemical neutralization reactions, as evident from the
Mixed-media 1: acidic anode, alkaline cathode overall cell reaction (Eq(7)):

Anode : 2CHOH + 2H,0 — 2C0p + 12H" + 126 E® = 0.02 V[38] )

Cathode : 30+ 6H,0 + 12¢~ — 120H" E® = 0.40V[37] (4)

Overall : 2CHOH + 30; + 8H,0 — 2CO, + 120H + 12HT AE =0.38V (6)
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Mixed-media 2a: alkaline anode, acidic cathode (region I, commonly observed for the methanol oxidation under these

Fig. 3b) conditions[29,34]

Anode : 2CHOH+ 120H™ — 2C0, + 10H,0 + 126 E° = —0.81V[38] (3)
Cathode : 12F + 126 + 30, — 6H,0 E® = 1.23V[37] )
Overall : 2CHOH + 30, + 120H + 12H" — 2CO, + 16H,0 AE = 2.04V (7)

The coupling of two galvanic reactions in this config- L . _ _ .

uration yields a desirable high theoretical OCP of 2.04V,  Operating in this mixed-media configuration, with an al-
However, because of the overpotentials resulting from the kaline anode and an acidic cathode, resulted in a higher over-
slow kinetics of oxygen reduction and methanol oxidation, all cell potential than those obtained for the all-acidic and
the open circuit potential is reduced to a measured valueall-alkaline LF-FC experiments. For example, at a potential
of 1.4V (Fig. 3a). For comparison, typical PEM-based di- of 0.8V, the mixed-media configuration provides a current
rect methanol fuel cells (DM-FCs) typically have OCPs dens.|ty of 7mA/cm, whereas both the all-acidic and all-
of 0.5-0.7V and would be operated at a cell potential of alkaline cells already start from a lower OCP, and thus have
0.35-0.45V (see, for example, 1). Note that sustained high cell potentials that are significantly lower than those of the

potentials at usable current densities directly translate into Mixed-media configuration. Moreover, a current density of
higher power densities. 7 mA/cn? is unattainable for the all-alkaline configuration,

This LE-EC run in the acidic cathode/alkaline anode con- While the all-acidic configuration has a cell potential of less
figuration is still limited by oxygen mass-transfer. The poor than 0.35V at this current density.
oxygen supply causes the cathode potential to drop from  Fig- 4shows the power density curves of the three LF-FC
around 0.8V at open circuit to about0.2V (both versus ~ EXperiments performed in different media combinations at
Ag/AgCl) at about 7 mA/crh (region | inFig. ), the same the anode and cathode. While the all-acidic and all-alkaline
current density at which the all-acidic LF-FC reaches its LF-FC experiments have maximum power densities of 2.4
cathode-limited performance reginfeig. 2d). and 2.0mW/crR, respectively, both at a cell potential of

At higher current densities, a unique phenomenon for fuel @bout 0.5V, the mixed-media experiment results first in a
cells is observed. Once the potential of the cathode of the 0cal power density maximum of almost 5 mW/Aat a cell
LF-FC in this mixed-media configuration reaches approxi- Potential of about 1V. Within this sub-10 mA/émegime,
mately—0.2 V versus Ag/AgCl, an unusual tail in the acidic the mixed-media fuel cell clearly outperforms both the all-
cathode polarization curve (region I1ffig. 30) appears. The acidic and all-alkaline fuel cell. At current densities above
cell potential remains almost constant at 0.35-0.40 V over 10 mA/cn? the mixed-media fuel cell reaches an even higher
the 8-40 mA/crR current density range. This phenomenon global maximum power density of 12.0 mW/€miue the un-
occurs when the proton reduction (E8)) becomes an ad- gsual tail in the cathode po'ge_nna_ll cause_d by proton reduc-
ditional cathode reaction. At high current densities, proton tion. The higher power densities in the mixed-media LF-FC
reduction surpasses oxygen reduction (B)).to become the ~ aré @ direct result of higher overall cell potentials due to the
predominant cathode reaction. The ability of proton reduction Unprecedented ability to operate the cathode and anode at
to occur at current densities much higher than the oxygen re-different pH in an LF-FC. N _
duction limiting current density is due to the much larger con- ~ On first sight, the higher power densities of the mixed-

centration of protons, [H=1M versus [Q] ~ 2 mM, lead- media LF-FC configuration may look very promising. These
ing to the overall cell reaction of E¢9): higher power densities and higher cell potentials of the mixed-

media LF-FC come, however, at a significant price. Inthe pre-

II\:/!ixegj-)media 2b: alkaline anode, acidic cathode (region Il, \josly discussed all-acidic and all-alkaline configurations,
ig.

Anode : 2CHOH + 120H™ — 2CO; + 10H0 + 12¢” E° = —0.81V[38] (3)
Cathode : 12H + 12" — 6H> E® =0.0V[37] (8)
Overall : 2CHOH + 120H™ + 12Ht — 2CO, + 10H,0 + 6H, AE =0.81V 9)

In this high current density regime of this mixed-media
LF-FC (region II,Fig. 30), the current density continuestoin-  the OH~ and H" species, respectively, are reactants at both
crease at a constant cathode potential until the anode becomegie electrodes, but there is no net generation or consump-
the limiting factor. The anode potential slightly increases tjon. In any future all-alkaline or all-acidic LF-FC-based
over the 8-40 mA/cfhrange until a rapid increase at cur- fyel cell system, these alkaline and acidic streams would
rent densities larger than 42 mA/émiue to the mass-transfer  pe recirculated with the continuous replenishment of oxi-

limitations ig. 3b). Such mass-transfer limited behavior is dant and fuel. In contrast, in the mixed-media LF-FC, the




5396 E.R. Choban et al. / Electrochimica Acta 50 (2005) 5390-5398

Mixed Media: (2)). The consumption of b5Os and KOH thus must be taken
Alkaline Anode, Acidic Cathode into account when comparing the different LF-FC configu-
rations with respect tenergy density (energy per unit mass)
and thus also in the development of LF-FC-based fuel cell
systems.
In the alkaline anode/acidic cathode mixed-media config-
\ uration both OH and H" are consumed at the anode and
0.2 1 (ADY, },(Ac) cathode, respectively, at a rate of six for each molecule of
0 4 = ; : : . methanol (Eqg2) and(8)). The maximum theoretical energy
0 10 20 90 L0 50 density (based on the reaction of 1 M of methanol with ambi-
Current Density (mA/cm’) ent oxygen, consuming six equivalents ogf30, and KOH)
is 495 W h/kg, much lower than the theoretical value for the

Cell Potential (V)
(=]
(o]

s

< 08wl all-alkaline and all-acidic LF-FCs in which only methanol
5 %81 is consumed (6000 W h/kg). Even when lighter sources for
S 044 acid and base would be used, i.e. HCl and NaOH, the maxi-
;:3’ 0.2 1 mum theoretical energy density is only 866 W h/kg, only 1/7
6 07 of the maximum in which only methanol is consumed. When
> Cathode . L " .
= 021 practical limitations are considered, the actual energy density
"E -0.4 4 attainable with a mixed-media LF-FC would be comparable
E 0.6 4 or possibly lower than that of a lithium ion battery (around

08 L ‘ . . . 150 W h/kg).

0 10 20 30 40 50

(b) Current Density (mA/cm?)

4. Conclusion
Fig. 3. (a) Load curve of an LF-FC with an alkaline anode and acidic cath-

ode. For comparison, also the load curves of the LF-FCs run in all-alkaline Th . ts d ibed in thi h that
(Al) and in all-acidic (Ac) media are included. (b) Corresponding individual € experiments described In this paper show thal mem-

electrode performance curves for the mixed-media configuration: Anode braneless LF-FCs are media flexible; they can be operated in
(top) and cathode (bottom). For this experiment, the fuel stream is 1.0M all-acidic, all-alkaline, or even mixed-media configurations.
methanol in IN KOH and the oxidant stream is an oxygen-saturated 1N No changes to the fuel cell are needed when changing oxi-
H2SQ solution. dant or fuel stream composition. In contrast to PEM-based
B . ) ) fuel cells, the lack of a membrane in an LF-FC eliminates the
OH™ and H" species are both being consumed in the net jsge of membrane clogging by carbonates. Any carbonates
overall cell reaction (Eq(7) and(9)), thus requiring con-  hat do form are immediately removed from the system by
tinuous replenishment of these reagents in any future LF- e fiowing streams. Uniquely, the LF-FC enables individual
FC-based fuel cell system. Most of the observed extra power 5joring of the composition of fuel and oxidant streams, thus
density for the mixed-media configuration is supplied by the g)iowing the oxidation and reduction kinetics at the anode
electrochemical acid—base neutralization reaction where pro-5nq cathode respectively, to be maximized independently.
tons are reduced on the cathode (@) and hydroxide ions e | F-FC cell can thus be run in a mixed-media configu-
are consumed when methanol is oxidized at the anode (Ed.ration in which the anode can be acidic while the cathode

is alkaline, or vice versa, to improve individual electrode ki-
netics and thermodynamics. Certain combinations of anode
and cathode stream composition, however, will result in very
low OCPs, while other combinations will lead to highly de-
sired high OCPs as a result of the pH dependence of standard
electrode potentials. In this work, we showed that the acidic
anode/alkaline cathode mixed-media configuration leads to
an approximately 0V measured OCP, while the alkaline an-
ode/acidic cathode mixed-media configuration leads to a very
. ; ‘ . . high measured OCP of 1.4 V.
10 20 30 40 50 The performance of LF-FCs run in all-acidic and all-
Current Density (mA/cm?) alkaline conditions, like in our previous woid6,18,19]
is still limited by mass-transfer and a low oxygen con-

—e— Mixed Media
—=— All - Alkaline
—— All - Acidic

- a4
o n £y [+)] [e:] (=] n B~
1 1 ! 1 )

Power Density (lecmz)

(=]

Fig.4: Powe'r density curves fgr.overall cell performgnce ofan. LF-FC oper- centration at the cathode to maximum current densities of
ating in alkaline (1IN KOH), acidic (1N p50Oy), and mixed-media (anode:

1N KOH and cathode: 1N $80y). For all experiments the fuel stream is 10 mA/cnt and maximum power densities of 2.5 mw/m
1M methanol, and the oxidant stream is an oxygen-saturated solution in the BEtter Perf(.)rmance of the LF-FCs asa _reSU|t of better elec-
respective media. trode kinetics both for methanol oxidation and oxygen re-
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duction under all-alkaline conditions could not be observed based cathode reported by Nuzzo ef{&0]. Investigations
due to the dominating mass-transfer limitations at the cath- to address cathode limitations as well as the development of
ode. Once the mass-transfer limitation at the cathode in theLF-FC-based fuel cell system designs involving recirculation
present LF-FC designs is addressed, further characterizatiorare in progress.
of the all-alkaline LF-FC is needed to utilize the benefits of
superior reaction kinetics in alkaline media.
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consumption of HSOy and KOH a maximum theoreticat- E.R. Choban, P.J.A. Kenis, M.A. Shannon, Proceedings of the First

ergy density for this mixed-media LF-FC configuration can International Conference on Fuel Cell Science Engineering and Tech-
be calculated that is merely one-fifth of the maximum energy nology, Rochester, NY, 21-23 April, 2003.

density of all-acidic or all alkaline LF-FCs that consume only  [6] J. Yeom, J.S. Ranga, G.Z. Mozsgai, A. Asthana, E.R. Choban, M.
methanol. The mixed-media LF-FC configuration thus does ~ Mitchell, P.J.A. Kenis, M.A. Shannon, Hilton Head 2004, A solid

t compare favorably to all-acidic or all-alkaline LE-ECs state sensor, actuator and microsystems workshop, Hilton Head Is-
no P . - y ’ land, SC, 6-10 June, 2004.

The media flexibility of LF'FCS all(?WS foranqde and cath-  [7] 3. Yeom, G.Z. Mozsgai, B.R. Flachsbart, E.R. Choban, A. Asthana,
ode catalysts to be chosen irrespective of their individual me- M.A. Shannon, P.J.A. Kenis, Sens. Actuators B.
dia constraints, and thus lifts the common electrolyte restraint [8] S.J. Lee, A. Chang-Chien, S.W. Cha, R. O'Hayre, Y.I. Park, Y. Saito,
onfuel cell catalyst design. “Mixed-media” LF-FCs thus may F.B. Prinz, J. Power Sources 112 (2002) 410.

. . . [9] R. Hahn, S. Wagner, A. Schmitz, H. Reichl, J. Power Sources 131
hold promise for the development of micro fuel cells with (2004) 73
unusual combinations of anode and cathode chemistries. Fof1o] s. witrovski, L. Elliott, R. Nuzzo, Langmuir 20 (2004) 6974.
example, in biofuel cell applications, finding a pH at which [11] J. Meyers, H. Maynard, J. Power Sources 109 (2002) 76.
both the anode and cathode enzymes exhibit sufficient activ-[12] S. Kelley, G. Deluga, W.H. Smyrl, Electrochem. Solid-State Lett. 3
ity and stability is often a challendd1]. Use of an LF-FC (2000) 407.

. . . [13] T. Yen, N. Fang, X. Zhanga, G.Q. Lu, C.Y. Wang, Appl. Phys. Lett.

design would allow for each enzyme to operate in amedia of a 83 (2003) 4056
pH thgt maximizes its individual performance and long-term [14] s. Motokawa, M. Mohamedi, T. Momma, S. Shoji, T. Osaka, Elec-
stability. trochem. Commun. 6 (2004) 562.

Implementation of LF-FCs in fuel celkystems that [15] S. Ha, B. Adams, R.I. Mas_el, J. Eower SOIUI’CGS 128 (2.004) 119.
can compete with state-of-the-art power systems such aéle] E.R. Choban, L.J. Markoski, A. Wieckowski, P.J.A. Kenis, J. Power
rechargeable Li-ion batteries will require multiple adjust- Sources 128 (2004) 54.

9 lon batle q p ) [17] P.J.A. Kenis, R.F. Ismagilov, G.M. Whitesides, Science 285 (1999)
ments; the fuel utilization in LF-FCs, presently less than 10%, 83.
will need to be increased, for example by recirculation of the [18] E.R. Choban, P. Waszczuk, L.J. Markoski, A. Wieckowski, P.J.A.
streams as has been shown for micro flow cells for different Kenis, Proceedings of the First International Conference on Fuel
purposes in the past. More importantly, the cathode mass- Xg'r'ils;(')%’;ce Engineering and Technology, Rochester, NY, 21-23
transfer_/oxygen solubility I|m|_tat|on needs tp be addres_sed. [19] E.R. Choban, L.J. Markoski, J. Stoltzfus, J.S. Moore, P.J.A. Kenis,
Increasing the oxygen saturation concentration of the oxidant  ~ proceedings of the 40th Power Sources Conference, Cherry Hill, NJ,
stream by use of perfluorocarbon-based emulsjé@gi3], 10-13 June, 2002,
or by using other electrolytes, such as certain salts, that ard20] R.F. Ismagilov, A.D. Stroock, P.J.A. Kenis, G.M. Whitesides, Appl.
known to increase the oxygen saturation concentration, is a Phys. Lett. 76 (2000) 2376. )
first. straightf d obti ol. Alt tivelv. th thod [21] A.E. Kamholz, B.H. Weigl, B.A. Finlayson, P. Yager, Anal. Chem.
irst, straightforward op iofd40]. Alternatively, the cathode 71 (1999) 5340.
design could be adjusted to enable the use of a gaseous 0Xyj22] p.J.A. Kenis, R.F. Ismagilov, S. Takayama, G.M. Whitesides, S. Li,

gen or air supply, similar to the oxygen-permeable membrane  H.S. White, Acc. Chem. Res. 33 (2000) 841.

References



5398

[23] R. Ferrigno, A.D. Stroock, T.D. Clark, M. Mayer, G.M. Whitesides,
J. Am. Chem. Soc. 125 (2003) 2014.

[24] M. Krishnan, V. Namasivayam, R. Lin, R. Pal, M.A. Burns, Biotech-
nology 12 (2001) 92.

[25] B. Zheng, J.D. Tice, R.F. Ismagilov, Adv. Mater. 16 (2004) 1365.

[26] J.L. Cohen, D.A. Westly, A. Pechenik, H.D. Abruna, J. Power
Sources.

[27] J. Spendelow, G.Q. Lu, P.J.A. Kenis, A. Wieckowski, J. Electroanal.

Chem. 568 (2004) 215.
[28] G.F. McLean, T. Niet, S. Prince-Richard, N. Dijilali, Int. J. Hydrogen
Energy 27 (2002) 507.

[29] J. Prabhuram, R. Manoharan, J. Power Sources 74 (1998) 54-61.

[30] A.V. Tripkovic, K.Dj. Popovic, J.D. Lovic, V.M. Jovanovic, A.
Kowal, J. Electroanal. Chem. 572 (2004) 119-128.

E.R. Choban et al. / Electrochimica Acta 50 (2005) 5390-5398

[34] E.H. Yu, K. Scott, J. Power Sources 137 (2004) 248-256.

[35] E.R. Choban, P. Waszczuk, P.J.A. Kenis, Electrochem. Solid State
Lett., 2005, in press.

[36] T. Iwasita, Electrochim. Acta 47 (2002) 3663.

[37] D.R. Lide (Ed.), CRC Handbook of Chemistry and Physics, 85th ed.,
CRC Press LCC, MARC Records Transmitter System, 2004—-2005.

[38] E.H. Yu, K. Scott, J. Power Sources 137 (2004) 248.

[39] AJ. Bard, L.R. Faulkner (Eds.), Electrochemical Methods—
Fundamentals and Applications, second ed., John Wiley & Sons,
New York, Chichester, Weinheim, Brisbane, Singapore, Toronto,
2001.

[40] R.C. Weast, D.R. Lide, M.J. Astle, W.H. Beyer (Eds.), CRC Hand-
book of Chemistry and Physics, 70th ed., CRC Press, Boca Raton,
FL, 1989-1990.

[31] E. Agel, J. Bouet, J. Fauvarque, J. Power Sources 101 (2001) [41] S.C. Barton, J. Gallaway, P. Atanassov, Chem. Rev. 104 (2004) 4867.

267.

[32] Y. Wang, L. Li, L. Hu, L. Zhuang, J. Lu, B. Xu, Electrochem.
Commun. 5 (2003) 662.

[33] T. Danks, R. Slade, J. Varcoe, J. Mater. Chem. 13 (2003) 712.

[42] E. Kissa, Fluorinated Surfactants: Synthesis—Properties—Applica-

tions, first ed., Marcel Dekker, New York, 1994.

[43] E.R. Choban, P. Waszczuk, L.J. Markoski, P.J.A. Kenis, unpublished

results.



	Membraneless laminar flow-based micro fuel cells operating in alkaline, acidic, and acidic/alkaline media
	Introduction
	Experimental
	LF-FC fabrication
	Catalyst deposition
	Chemicals
	Fuel cell testing

	Results and discussion
	Laminar flow-based fuel cells
	Media flexibility in LF-FCs
	LF-FCs in all-acidic and all-alkaline media
	LF-FCs in mixed-media 1: acidic anode, alkaline cathode
	LF-FCs in mixed-media 2: alkaline anode, acidic cathode

	Conclusion
	Acknowledgements
	References


