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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 the
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
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edia while the cathode is in alkali, or vice versa. Operating a fuel cell under alkaline conditions has positive effects on the reactio
oth at the anode and cathode, while the cell performance under “mixed-media” conditions offers an opportunity to increase the
chievable open cell potential (OCP). The lack of media-related constraints and the simplicity of the LF-FC design allow for these ex

o be performed consecutively in a single LF-FC without changing the system, except for altering the composition/pH of the fuel an
tream. The performance of LF-FCs operated with different media is described and compared.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Advances in microelectronics, microfabrication, and man-
facturing continuously lead to an ever-wider variety of ever-
maller portable microelectronic systems, such as cellular
hones, laptop computers, personal organizers, entertainment
evices, global positioning systems and a wide range of mi-
roanalytical systems. Their performance and lifetime oper-
tion are usually limited by their respective power source,

ypically a rechargeable Li-ion battery. The development of
ong lifetime power sources for these applications is lag-
ing behind. Micro fuel cells have the promise of addressing

his issue for some of these microelectronic applications due
o their greater specific energy[1,2]. In addition, fuel cells
re environment-friendly and can be recharged instantly. De-
igning and building micro fuel cells, however, cannot be

∗ Corresponding author. Tel.: +1 217 265 0523; fax: +1 217 333 5052.
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implemented by the straightforward scaling-down of es
lished macroscopic fuel cell technologies. New chemica
mechanical engineering problems arise and need to be u
stood before the successful development of these micr
tems can be attained[2].

Of the different types of fuel cell systems, the polym
electrolyte membrane fuel cell (PEM-FC) has been re
nized as one of the most promising candidates to over
the challenges of miniaturization[3]. The majority of the
reported PEM-based micro fuel cells are fabricated u
silicon microfabrication procedures adapted from microe
tromechanical system (MEMS) and advanced integrate
cuit (IC) technologies[1,4–7]. The precise repetitive steps
silicon etching and deposition processes enable the fa
tion of microchannel structures in silicon for fuel delivery
the anode, while air is typically provided to the open cath
side of the membrane electrode assembly. Hydrogen is o
the fuels of choice for PEM-FCs, especially for macros
systems. In order to obtain lightweight micro fuel cells w

013-4686/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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Fig. 1. Assembly scheme of a laminar flow-based fuel cell with graphite
plates as the catalyst support, current collector, and defining structure for the
geometry and dimensions of the channel.

high specific energy densities hydrogen gas must be stored
under high pressure, which requires a special container, and
safety issues related to pressure and flammability have to be
taken into account[8–11].

Safer high energy density fuels are certain hydrocarbons
such as methanol and formic acid, since they can be stored in
liquid form under ambient conditions. Hence, most studies
toward micro fuel cells focus on the development of microflu-
idic direct methanol fuel cells (�-DM-FCs) [4,12–14], and
direct formic acid fuel cells (�-DFA-FCs)[5–7,15]. While the
performance of these�-DM-FC and�-DM-FA prototypes is
promising, several technical issues remain associated with
their development and operation (e.g. fuel crossover, mem-
brane dry-out, and cathode flooding)[16].

A novel microfabrication method – fabrication inside cap-
illaries usingmultistream laminar flow [17] – provided the
idea for a novel type of fuel cell, which eliminates several of
the technical issues related to the use of PEMs[16]. In mul-
tistream laminar flow, two or more liquid streams merge into
a single microfluidic channel (Fig. 1), and continue to flow
laminarly in parallel without turbulent mixing, if the system is
characterized by a Reynolds number,Re <∼2100[17]. In the
previous work, we were able to show that this phenomenon
can be utilized to create amembraneless micro fuel cell by
merging two streams, one containing fuel (formic acid) and
one oxidant (dissolved oxygen), respectively, and allowing

these streams to flow over the anode and cathode electrodes
placed on opposing side walls within the microfluidic chan-
nel [16,18,19]. Fuel and oxidant react at the electrodes while
the two liquid streams and their common liquid–liquid inter-
face provide the required ionic conductance to complete the
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 number (Pe)
conditions, typicallyPe > 3000[16,20]. Multistream laminar
flow has been used for a range of different purposes includ-
ing microanalysis systems[21], microfabrication[17,22], a
vanadium redox cell[23], liquid–liquid extractions for purifi-
cations in lab-on-a-chip applications[24], and for the gener-
ation of droplet-based micro reactors[25]. 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 PEM[10]. Delivery of fuel (hy-
drogen) and oxidant (oxygen) relies on diffusive transport
through a permeable polydimethylsiloxane (PDMS) mem-
brane that is placed on both the anode and cathode, while
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antage in overcoming mass-transfer limitations. Like
F-FCs studied in this paper, this particular system el
ates the “acidic media only” requirement imposed by us
PEM, and can thus be operated in both acidic and alk

onditions.
Operation of fuel cells in alkaline media has certain

antages. When using methanol as the fuel and oxygen
xidant in an alkaline electrolyte: (i) the electro-oxidation

he catalyst-poisoning carbon monoxide species is impr
n the anode[27] and (ii) the kinetics of the oxygen redu

ion reaction (ORR) at the cathode is increased[28–30]. For
his reason the development of alkali-compatible electro
r anion exchange membranes for alkali-compatible FC
eing pursued[31–34]. However, limited long-term stab

ty due to the potential of carbonate formation resultin
logging of the membrane restricts the use of these a
ompatible membranes for direct liquid fuel cell operatio

All the aforementioned membrane-related issues ca
voided in the membraneless LF-FCs studied here. The

bility of LF-FCs in the choice of media and the performa
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2. Experimental

2.1. LF-FC fabrication

Graphite plates (EDM Supplies Inc., poco grade EDM-3,
0.0001 in. particle size) serve three functions in the laminar
flow-based micro fuel cells studied here (Fig. 1): (1) current
collector; (2) catalyst support structure; and (3) edificial el-
ement. These graphite plates are placed side by side with a
specific spacing, typically between 0.5 and 1.0 mm, and form
the length of the channel where the fuel and oxidant streams
flow next to each other. The inlets to this channel are milled
out of the 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-
ers of the design are 1 mm thick polycarbonate slabs, while
thin films of polydimethylsiloxane (PDMS, Dow Corning)
were used as a gasket material between the polycarbonate
and the graphite.

2.2. Catalyst deposition

For all experiments described in this paper, catalyst sus-
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-
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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
of around 0.1, which is well within the laminar flow range. In
order to analyze the individual performance of each electrode,
an external Ag/AgCl reference electrode in a 3.0 M NaCl
solution (BAS, West Lafayette, IN) was placed in a small
compartment filled with 1N sulfuric acid and connected to
the laminar flow-based fuel cell using capillary tubing (i.d.
1.57 mm) ending in the waste stream collection beaker. A
detailed description of LF-FC analysis with this external ref-
erence electrode configuration can be found elsewhere[35].
Polarization curves were obtained using an in-house fabri-
cated fuel cell testing station equipped with a data acquisition
device (FP-1000 with FP-AI-100 and FP-TB-10 modules,
from National Instruments, Austin, TX), and a user interface
created with Labview (National Instruments, Austin, TX).
During the experiment, the potential steps were controlled
manually, and the current was recorded after reaching a steady
state value.

3. Results and discussion
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ution: Dupont, 5% (w/w) solution), and then a specific v
me of the suspension was applied to those side fac

he graphite plates that line the microfluidic channel. T
olvent was evaporated by the use of a heat lamp, thu
ing the catalyst adhere to the side face of the respe
raphite plates at the desired loading. For the experim
escribed in this paper, the catalyst on the anode is
upported Pt/Ru 50:50 at.% alloy nanoparticles (Alfa Ae
tock 41171, lot K28K14) in 10 wt.% Nafion solution a
oading of 2 mg/cm2. The catalyst on the cathode electrod
nsupported Pt black nanoparticles (Alpha Aesar) in 10 w
afion solution at a loading of 2 mg/cm2.

.3. Chemicals

Methanol (Fisher Scientific) in varying concentration
8.3 M� cm Millipore water was used as the fuel, and oxy
S.J. Smith Welding Supply 99.99%) dissolved in 1N sulf
cid (Fisher Scientific) or 1N potassium hydroxide (Fis
cientific) in 18.3 M� cm Millipore water as the oxidant.
rder to saturate the oxidant solution with oxygen, oxy
as bubbled through the 1N acidic or the 1N alkaline solu

or 15 min with a glass tube ending in a glass frit.

.4. Fuel cell testing

Polyethylene tubing (Intramedic Pe 205, i.d. 1.57 mm
sed to guide the fuel and oxidant into the LF-FC and to g

he waste stream out of the cell. Fluid flow in all the fuel
xperiments is pressure driven and regulated using a sy
.1. Laminar flow-based fuel cells

In the LF-FC configuration used in this study the grap
lates serve the three purposes of catalyst support—stru
urrent collector, and edificial element (Fig. 1). Unsupporte
atalytic Pt/Ru alloy nanoparticles (anode) and unsupp
t nanoparticles (cathode) are applied to the sides o
raphite plates that line the microfluidic channel. Us
yclic voltammetry, we determined a resultant surface ro
ess factor of approximately 500 for both nanoparticle-b
atalysts used. A gasket material, for example, polydime
iloxane, seals the top and bottom of the microfluidic cha
his three-layer assembly is clamped between two rigid p
arbonate support structures to obtain an LF-FC test ce
an be easily inspected visually. Also, graphite plates ca
xchanged easily if needed. When injected through th

ets, fuel and oxidant solutions will merge at the Y-junct
nd continue to flow laminarly in parallel over the anode
athode where fuel and oxidant are allowed to be oxid
nd reduced, respectively.

.2. Media flexibility in LF-FCs

As mentioned above, this membraneless, all liquid de
liminates issues related to fuel crossover, anode dry
nd cathode flooding[16,18,19]. In addition, lack of a mem
rane also allows for operation of LF-FCs in media o

han acidic, the topic of this paper. Moreover, the chem
omposition of the cathode and anode streams can b
ored individually to optimize individual electrode kinetics
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Table 1
Open circuit potentials (±3%) in an LF-FC, operated at a flow rate of
0.3 ml/min/channel in the absence of fuel and oxidant for different anolyte
and catholyte media composition combinations

Open circuit potentials

Cathode Anode Potential (V)

1.0N H2SO4 1.0N H2SO4 −0.058
1.0N H2SO4 1.0N KOH 0.700
1.0N KOH 1.0N H2SO4 −0.680
1.0N KOH 1.0N KOH 0.006

well as overall cell potential. One has the freedom to decide
to run the LF-FC in all-acidic, all-alkaline, or in a “mixed-
media” mode in which the anode is exposed to acidic me-
dia while the cathode is exposed to alkaline media, or vice
versa.

The pH of the electrolyte has an effect on reaction kinetics
at the individual electrodes, as well as the electrode poten-
tial at which oxidation or reduction occurs[27,28,36–38].
Eqs.(1)–(4) show the half-cell reactions and standard elec-
trode potentials of methanol oxidation and oxygen reduction
in acidic and in alkaline media, respectively. Eq.(5) repre-
sents the overall cell reaction, in all-acid or all-alkaline me-
dia. Both the alkaline–alkaline case and the acidic–acidic
case have a maximum theoretical open circuit potential
(OCP) of 1.21 V. The different OCPs of unusual mixed-media
LF-FC configurations will be discussed below, in Section
3.4.

Methanol/O2 in acidic media:

Anode : 2CH3OH + 2H2O → 2CO2 + 12H+ + 12e− E0 =

Cathode : 12H+ + 12e− + 3O2 → 6H2O E0 =
Methanol/O2 in alkaline media:

Anode : 2CH3OH + 12OH− → 2CO2 + 10H2O + 12e− E0 =
C E0 =

∆E
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experiments. Thus the LJP does not significantly contribute
to the observed phenomena described below.

3.3. LF-FCs in all-acidic and all-alkaline media

Fig. 2a and b show the performance of an LF-FC in all-
acidic and all-alkaline media, respectively. Initially at low
current densities both the polarization curves ofFig. 2a and
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 mA/cm2 in the
LF-FC running in alkaline media versus around 7 mA/cm2

in the LF-FC running in acidic media. To more accurately
determine the cause of the mass transport limited area, an ex-
ternal reference electrode was added to the system[35]. The
use of an external reference electrode allowed for separate
analysis and evaluation of individual electrode performance
characteristics rather than just of the overall cell performance
(sum of anode and cathode performances).Fig. 2c and d
show that the process in both acidic and alkaline media is
cathode-limited. This limitation can be attributed to the low
oxygen concentration in solution. In acidic media the satura-
tion concentration of oxygen is about 1 mM whereas the sat-
uration concentration of oxygen in alkaline media is approx-
imately 25% lower[40]. This difference in solubilities ex-
plains the earlier drop in performance inI–V curve of the LF-
F
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athode : 3O2 + 6H2O + 12e− → 12OH−

Overall reaction, all-acidic or all-alkaline media:

2CH3OH + 3O2 → 2CO2 + 4H2O

Before running actual fuel cell experiments, we de
ined the open circuit potentials for an LF-FC while flow
node and cathode streams of different pH, but in the
ence of fuel and oxidant (Table 1). At open circuit, both
node and cathode are slightly oxidized. The differing t
odynamics of Pt oxide formation in acid and alkali crea

ignificant OCP, 0.70 V and−0.68 V, respectively, when th
athode is alkaline and anode acidic, and when the ano
cidic and the cathode is alkaline. The liquid–liquid junc
otential (LJP) formed at the interface between the a
nd alkaline streams may reduce or increase the open c
otential, depending on which stream is acidic and w

s alkaline. The LJP may be estimated using the Hende
quation[39], yielding a maximum value of 32 mV in o
0.02 V [36] (1)

1.23 V [37] (2)

−0.81 V [38] (3)

0.40 V [37] (4)

= 1.21 V (5)

C experiment run in the alkaline media (Fig. 2b) compared
o that run in acidic media (Fig. 2a). Overpotentials of th

ndividual electrodes in different media, as deduced f
ig. 2c and d, are in agreement with those reported
iously [28–30]. Multiple tests with the same LF-FC we
un over several days without any drop in activity or p
ormance. No issues with carbonate formation were
ountered in this LF-FC, as any carbonate that does
s immediately removed from the system by the flow
treams.

.4. LF-FCs in mixed-media 1: acidic anode, alkaline
athode

After studying LF-FC performance while operating
ll-acidic and all-alkaline media (Fig. 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 correspondingI–V curves of
individual electrode performances. For both experiments the fuel stream is 1.0 M methanol in 1N KOH (a, c) and in 1N H2SO4 (b, d) and the oxidant stream is
oxygen-saturated 1N KOH (a, c) and 1N H2SO4 (b, d).

“mixed-media” systems in which one stream is acidic while
the other stream is alkaline. Note that in mixed-media con-
figurations the neutralization reaction of OH− and H+ to
water occurs at the liquid–liquid interface between the fuel
and oxidant stream. This reaction is mildly exothermic,
but we never observed an increase in temperature in the
cell or in the outlet stream. The LF-FC cell dimensions
and operation conditions used the result in residence times
and diffusional mixing zone widths that are such that lo-
cal heating effects on the performance can be neglected in
the flowing microfluidic fuel cell studied here. Two con-
figurations were considered: an acidic anode stream com-
bined with an alkaline cathode stream (mixed-media 1) and
an alkaline anode stream combined with an acidic cathode
stream (mixed-media 2). In the first configuration, the over-
all cell reaction, Eq.(6), can be obtained from Eqs.(1)
and(4):

Mixed-media 1: acidic anode, alkaline cathode

Anode : 2CH3OH + 2H2O → 2CO2 + 12 H+ + 12 e− E0 = 0.02 V [38] (1)

Cathode : 3O2 + 6H2O + 12e− → 12OH− E0 = 0.40 V [37] (4)

Overall : 2CH3OH + 3O2 + 8H2O → 2CO2 + 12OH− + 12H+ ∆E = 0.38 V (6)

The maximum theoretical OCP is 0.38 V in this mixed-
media configuration 1. An OCP of less than 0.1 V is observed
due to the overpotentials on the cathode and anode. The en-
ergy liberated in the methanol oxidation and oxygen reduc-
tion reactions is mostly consumed by the water ionization
reaction. This configuration, which couples an electrolytic
reaction with a galvanic reaction, is thus incapable of yield-
ing useful amounts of energy, and was not studied any further.

3.5. LF-FCs in mixed-media 2: alkaline anode, acidic
cathode

In contrast, in mixed-media configuration 2, use of an alka-
line anode stream (Eq.(3)) and an acidic cathode stream (Eq.
(2)) allows energy to be obtained both from the methanol ox-
idation/oxygen reduction reactions and from the acid/alkali
electrochemical neutralization reactions, as evident from the
overall cell reaction (Eq.(7)):
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Mixed-media 2a: alkaline anode, acidic cathode (region I,
Fig. 3b)

Anode : 2CH3OH + 12OH− → 2CO2 + 10H2O + 12e− E0 = −0.81 V [38] (3)

Cathode : 12H+ + 12e− + 3O2 → 6H2O E0 = 1.23 V [37] (2)

Overall : 2CH3OH + 3O2 + 12OH− + 12H+ → 2CO2 + 16H2O ∆E = 2.04 V (7)

The coupling of two galvanic reactions in this config-
uration yields a desirable high theoretical OCP of 2.04 V.
However, because of the overpotentials resulting from the
slow kinetics of oxygen reduction and methanol oxidation,
the open circuit potential is reduced to a measured value
of 1.4 V (Fig. 3a). For comparison, typical PEM-based di-
rect methanol fuel cells (DM-FCs) typically have OCPs
of 0.5–0.7 V and would be operated at a cell potential of
0.35–0.45 V (see, for example, 1). Note that sustained high
potentials at usable current densities directly translate into
higher power densities.

This LF-FC run in the acidic cathode/alkaline anode con-
figuration is still limited by oxygen mass-transfer. The poor
oxygen supply causes the cathode potential to drop from
around 0.8 V at open circuit to about−0.2 V (both versus
Ag/AgCl) at about 7 mA/cm2 (region I inFig. 3b), the same
current density at which the all-acidic LF-FC reaches its
cathode-limited performance regime (Fig. 2d).
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commonly observed for the methanol oxidation under these
conditions[29,34].

Operating in this mixed-media configuration, with an al-
kaline anode and an acidic cathode, resulted in a higher over-
all cell potential than those obtained for the all-acidic and
all-alkaline LF-FC experiments. For example, at a potential
of 0.8 V, the mixed-media configuration provides a current
density of 7 mA/cm2, whereas both the all-acidic and all-
alkaline cells already start from a lower OCP, and thus have
cell potentials that are significantly lower than those of the
mixed-media configuration. Moreover, a current density of
7 mA/cm2 is unattainable for the all-alkaline configuration,
while the all-acidic configuration has a cell potential of less
than 0.35 V at this current density.

Fig. 4shows the power density curves of the three LF-FC
experiments performed in different media combinations at
the anode and cathode. While the all-acidic and all-alkaline
LF-FC experiments have maximum power densities of 2.4
and 2.0 mW/cm2, respectively, both at a cell potential of
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v ns,
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At higher current densities, a unique phenomenon for
ells is observed. Once the potential of the cathode o
F-FC in this mixed-media configuration reaches appr
ately−0.2 V versus Ag/AgCl, an unusual tail in the aci

athode polarization curve (region II inFig. 3b) appears. Th
ell potential remains almost constant at 0.35–0.40 V
he 8–40 mA/cm2 current density range. This phenome
ccurs when the proton reduction (Eq.(8)) becomes an ad
itional cathode reaction. At high current densities, pro
eduction surpasses oxygen reduction (Eq.(2)) to become th
redominant cathode reaction. The ability of proton reduc

o occur at current densities much higher than the oxyge
uction limiting current density is due to the much larger c
entration of protons, [H+] = 1 M versus [O2] ≈ 2 mM, lead-
ng to the overall cell reaction of Eq.(9):

ixed-media 2b: alkaline anode, acidic cathode (regio
ig. 3b)

node : 2CH3OH + 12OH− → 2CO2 + 10H2O + 12e−

athode : 12H+ + 12e− → 6H2

verall : 2CH3OH + 12OH− + 12H+ → 2CO2 + 10H2O

In this high current density regime of this mixed-me
F-FC (region II,Fig. 3b), the current density continues to
rease at a constant cathode potential until the anode be
he limiting factor. The anode potential slightly increa
ver the 8–40 mA/cm2 range until a rapid increase at c
ent densities larger than 42 mA/cm2 due to the mass-transf
imitations (Fig. 3b). Such mass-transfer limited behavio
E0 = −0.81 V [38] (3)

E0 = 0.0 V [37] (8)

∆E = 0.81 V (9)

s

bout 0.5 V, the mixed-media experiment results first
ocal power density maximum of almost 5 mW/cm2 at a cel
otential of about 1 V. Within this sub-10 mA/cm2 regime

he mixed-media fuel cell clearly outperforms both the
cidic and all-alkaline fuel cell. At current densities ab
0 mA/cm2 the mixed-media fuel cell reaches an even hig
lobal maximum power density of 12.0 mW/cm2 due the un
sual tail in the cathode potential caused by proton re

ion. The higher power densities in the mixed-media LF
re a direct result of higher overall cell potentials due to
nprecedented ability to operate the cathode and ano
ifferent pH in an LF-FC.

On first sight, the higher power densities of the mix
edia LF-FC configuration may look very promising. Th
igher power densities and higher cell potentials of the mi
edia LF-FC come, however, at a significant price. In the

iously discussed all-acidic and all-alkaline configuratio

he OH− and H+ species, respectively, are reactants at
he electrodes, but there is no net generation or cons
ion. In any future all-alkaline or all-acidic LF-FC-bas
uel cell system, these alkaline and acidic streams w
e recirculated with the continuous replenishment of
ant and fuel. In contrast, in the mixed-media LF-FC,
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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
(Al) and in all-acidic (Ac) media are included. (b) Corresponding individual
electrode performance curves for the mixed-media configuration: Anode
(top) and cathode (bottom). For this experiment, the fuel stream is 1.0 M
methanol in 1N KOH and the oxidant stream is an oxygen-saturated 1N
H2SO4 solution.

OH− and H+ species are both being consumed in the net
overall cell reaction (Eqs.(7) and(9)), thus requiring con-
tinuous replenishment of these reagents in any future LF-
FC-based fuel cell system. Most of the observed extra power
density for the mixed-media configuration is supplied by the
electrochemical acid–base neutralization reaction where pro-
tons are reduced on the cathode (Eq.(8)) and hydroxide ions
are consumed when methanol is oxidized at the anode (Eq.

Fig. 4. Power density curves for overall cell performance of an LF-FC oper-
ating in alkaline (1N KOH), acidic (1N H2SO4), and mixed-media (anode:
1N KOH and cathode: 1N H2SO4). For all experiments the fuel stream is
1 M methanol, and the oxidant stream is an oxygen-saturated solution in the
respective media.

(2)). The consumption of H2SO4 and KOH thus must be taken
into account when comparing the different LF-FC configu-
rations with respect toenergy 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
cathode, respectively, at a rate of six for each molecule of
methanol (Eqs.(2)and(8)). The maximum theoretical energy
density (based on the reaction of 1 M of methanol with ambi-
ent oxygen, consuming six equivalents of H2SO4 and KOH)
is 495 W h/kg, much lower than the theoretical value for the
all-alkaline and all-acidic LF-FCs in which only methanol
is consumed (6000 W h/kg). Even when lighter sources for
acid and base would be used, i.e. HCl and NaOH, the maxi-
mum theoretical energy density is only 866 W h/kg, only 1/7
of the maximum in which only methanol is consumed. When
practical limitations are considered, the actual energy density
attainable with a mixed-media LF-FC would be comparable
or possibly lower than that of a lithium ion battery (around
150 W h/kg).

4. Conclusion

The experiments described in this paper show that mem-
b ted in
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B elec-
t re-
raneless LF-FCs are media flexible; they can be opera
ll-acidic, all-alkaline, or even mixed-media configuratio
o changes to the fuel cell are needed when changing
ant or fuel stream composition. In contrast to PEM-ba

uel cells, the lack of a membrane in an LF-FC eliminates
ssue of membrane clogging by carbonates. Any carbo
hat do form are immediately removed from the system
he flowing streams. Uniquely, the LF-FC enables individ
ailoring of the composition of fuel and oxidant streams,
llowing the oxidation and reduction kinetics at the an
nd cathode, respectively, to be maximized independe
he LF-FC cell can thus be run in a mixed-media confi
ation in which the anode can be acidic while the cath
s alkaline, or vice versa, to improve individual electrode
etics and thermodynamics. Certain combinations of a
nd cathode stream composition, however, will result in

ow OCPs, while other combinations will lead to highly
ired high OCPs as a result of the pH dependence of sta
lectrode potentials. In this work, we showed that the a
node/alkaline cathode mixed-media configuration lea
n approximately 0 V measured OCP, while the alkaline
de/acidic cathode mixed-media configuration leads to a
igh measured OCP of 1.4 V.

The performance of LF-FCs run in all-acidic and
lkaline conditions, like in our previous work[16,18,19],

s still limited by mass-transfer and a low oxygen c
entration at the cathode to maximum current densitie
0 mA/cm2 and maximum power densities of 2.5 mW/cm2.
etter performance of the LF-FCs as a result of better

rode kinetics both for methanol oxidation and oxygen
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duction under all-alkaline conditions could not be observed
due to the dominating mass-transfer limitations at the cath-
ode. Once the mass-transfer limitation at the cathode in the
present LF-FC designs is addressed, further characterization
of the all-alkaline LF-FC is needed to utilize the benefits of
superior reaction kinetics in alkaline media.

For the LF-FC operated in the alkaline anode/acidic cath-
ode mixed-media configuration, a large OCP of 1.4 V was
measured, which, in light of the known overpotentials at both
the cathode and the anode, is in good agreement with the
theoretical OCP of 2.04 V. These large potentials result in
a rather unusual phenomenon for fuel cells; at high current
densities, once the oxygen has been depleted from the oxi-
dant stream, proton reduction becomes the cathode reaction.
Much higher current densities, as high as 40 mA/cm2, are
obtained. The high current densities and a higher OCP (and
thus higher potentials under load conditions) resulted in a
maximum power density of 12 mW/cm2. On first sight, this
mixed-media LF-FC seems to outperform the all-acidic and
all-alkaline LF-FCs. Most of the observed extra power den-
sity for this mixed-media LF-FC configuration is supplied,
however, by the net consumption of protons on the cathode
and hydroxide ions at the anode. Taking into account the
consumption of H2SO4 and KOH a maximum theoreticalen-
ergy density for this mixed-media LF-FC configuration can
be calculated that is merely one-fifth of the maximum energy
d nly
m oes
n s.

th-
o l me-
d raint
o ay
h ith
u s. For
e ich
b ctiv-
i
d of a
p erm
s
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r st-
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w f the
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based cathode reported by Nuzzo et al.[10]. Investigations
to address cathode limitations as well as the development of
LF-FC-based fuel cell system designs involving recirculation
are in progress.
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