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Abstract

This paper reports the fabrication, characterization and numerical simulation of an
air-breathing membraneless laminar flow-based fuel cell with carbon-fiber-based paper as an
anode. The fuel cell uses 1 M formic acid as the fuel. Parameters from experimental results
were used to establish a three-dimensional numerical model with COMSOL Multiphysics.

The simulation predicts the mass transport and electrochemical reactions of the tested fuel cell
using the same geometry and operating conditions. Simulation results predict that the oxygen
concentration over an air-breathing cathode is almost constant for different flow rates of the
fuel and electrolyte. In contrast, the growth of a depletion boundary layer of the fuel over the

anode can be the major reason for low current density and low fuel utilization. At a low flow

rate of 10 1 min~!

, simulation results show a severe fuel diffusion to the cathode side, which
is the main reason for the degradation of the open-circuit potential from 0.78 V at 500 wl min™

t0 0.58 V at 10 ul min~! as observed in experiments. Decreasing the total flow rate 50 times
from 500 xl min~! to 10 1 min~! only reduces the maximum power density approximately
two times from 7.9 to 3.9 mW cm2, while fuel utilization increases from 1.03% to 38.9%
indicating a higher fuel utilization at low flow rates. Numerical simulation can be used for
further optimization, to find a compromise between power density and fuel utilization.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A membraneless laminar flow-based fuel cell (LFFC) is an
emerging category of micro fuel cells [1]. This fuel cell
concept utilizes the effect of stable liquid interface in co-
laminar flows at microscale. Since a LFFC uses a liquid—liquid
interface to separate the fuel and oxidant, some membrane-
related problems such as flooding and dry-out are eliminated.
A proper selection of the flow channel design and flow rate is
required to avoid issues related to the dynamic liquid-liquid
interface such as diffusion mixing of the reactive streams.
Low oxygen solubility in aqueous media is a major reason
for the low performance of LFFCs [2]. To address this
issue, some solutions were utilized with high concentration
and high solubility of oxidants such as hydrogen peroxide
[3] or vanadium redox couples [4]. Air-breathing capability

0960-1317/10/105008+12$30.00

would allow the practical use of micro fuel cells and their
entry into the commercial market. The air-breathing LFFC
with an integrated air-breathing gas diffusion cathode [5-7]
would further simplify the device design and avoid the need
for an external reservoir for the oxidant solution. These LFFCs
benefit from the high concentration of oxygen in air of 10 mM
and the higher diffusion coefficient of oxygen in air of
0.2 cm? s=! compared to the respective values in aqueous
media of 2-4 mM and 2 x 107 cm? s~! [5].

In the air-breathing LFFC, instead of an oxidant stream
a stream of electrolyte is used to form the fuel-electrolyte
interface and to separate the fuel stream from the cathode side,
figure 1. On one hand, diffusive mixing between the fuel and
the electrolyte reduces the fuel utilization in a single pass and
degrades the performance due to the lower concentration of
the fuel in the vicinity of the anode. On the other

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Schematic of the microfluidic fuel cell: (a) the different layers; (b) details of fuel cell architecture (not to scale).

hand, diffusive mixing leads to fuel crossover and mixed
potential at the cathode. Therefore, controlling the dynamic
fuel-electrolyte interface is a major design consideration and
the main objective for the optimization of a LFFC.

In order to decrease fuel crossover, Hollinger et al [8]
implemented a thin nanoporous separator (polycarbonate with
0.05 pm pore size and a pore density of 6 x 10% pores cm™2) at
the fuel-electrolyte interface which reduces the liquid—liquid
contact between the two streams by 98.8%. Applying this
method and using a thin layer of Nafion over the cathode to
decrease the fuel diffusion to the catalyst layer, the peak power
density is increased by a factor of 2.5 from 28 to 40 mW cm >
at 80 °C running by methanol.

Tominaka et al [9] reported a micro direct methanol fuel
cell with an integrated air-breathing cathode. The whole cell,
which is a channel with an open top, was fabricated in silicon
as a monolithic structure that omits the electrolyte stream
to separate the fuel stream from the cathode. Palladium—
cobalt (Pd—Co) alloy electro-deposited on a thin layer of gold
works as the current collector. With sulfuric acid (H>SOy)
as the supportive electrolyte, the open-circuit voltage and the
maximum power reach 0.5 V and 1.4 uW, respectively.

One strategy for further miniaturization and to achieve a
more practical design for commercialization is the elimination
of the electrolyte stream. Whipple et al [7] developed
a fuel-tolerant catalyst for the oxygen electro-reduction

reactions using ruthenium—selenium chalcogenides (Ru, Se, ).
However, the absolute performance of the cell with (Ru,Se,)
is lower than the cell with a platinum (Pt) cathode by a factor
of 4 (4 mW cm™? versus 16 mW cm™2). But with this
concept, methanol crossover is not a concern anymore, and
the electrolyte can be eliminated as the separating stream.
Also, a much higher fuel concentration can be used so that the
energy density of the cell can be improved.

To consider different strategies and design considerations
for the performance optimization, a quantitative determination
of species concentration distribution within the fuel cell is
inevitable. Some works on modeling and numerical simulation
have been carried out to provide a better understanding of
electrochemical reactions and mass transport in conventional
LFFCs with the aqueous fuel and oxidant streams in a
microchannel [11-15]. In a recent study, Jayashree et al [10]
predicted the concentration of formic acid in the microchannel
of an air-breathing LFFC for a cell potential of 0.3 V. Their
simulation was based on a three-dimensional (3D) finite-
element-method (FEM) model implemented in Femlab 3.2
from COMSOL. Diffusive mixing and fuel utilization for the
fuel-to-electrolyte rate ratios of 1:1 and 1:5 were investigated.

In the current study, an air-breathing LFFC with a porous
anode was fabricated and characterized experimentally for
three different flow rates. A 3D model was established in
COMSOL in order to solve the species transport equations with
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corresponding electrochemical reactions over the anode and
the air-breathing cathode. This model provides quantitative
explanation for the performance of the fuel cell at different
flow rates and different operating conditions. Also, in order
to determine the contribution of different polarization losses
in the current—voltage polarization curve, anodic and cathodic
activation polarization losses were calculated and discussed.
Good quantitative agreement between the experimental and
numerical results in terms of the predicted current—voltage
curve and fuel utilization indicates that the model can be
used as a platform to investigate different flow architectures in
various operating conditions for the optimization of the fuel
cell.

2. Fabrication of the fuel cell

Figure 1 depicts the schematic of our air-breathing LFFC.
The fuel cell is mainly made of two pieces of PMMA which
were machined by a CO, laser. The bottom layer is a 2 mm
thick PMMA sheet with engraved micro channel for the fuel
stream. The channel width and length are 2 mm and 5 cm,
respectively. The channel height of 0.9 mm was engraved
in the PMMA sheet by precisely adjusting the laser power
and scanning speed of the laser machining system (Universal
M-300 Laser Platform, Universal Laser Systems Inc., AZ,
USA). A piece of plain Toray carbon paper with a typical
thickness of 280 pm, a porosity of approximately 78% [18], a
width of 2 mm and a length of 4 cm was placed at the bottom
of the channel to work as the anode. The final active area of the
anode measures 2 mm x 30 mm. The active area was coated
with platinum-ruthenium (Pt—Ru) alloy nanoparticles working
as an electrocatalyst. Itis to be noted that the electro-oxidation
of formic acid on Pt and selected Pt-group metal surfaces is a
dual pathway mechanism. Adsorbed carbonate monoxide can
be produced at the formic acid dehydration pathway which is
a poisoning intermediate and can block the dehydrogenation
pathway, which is the direct path for generating an active
intermediate of H" and releasing electrons [16, 17]. Since
utilization of Pt—Ru can increase the rate of formic acid electro-
oxidation [16], catalyst ink was prepared using 10 mg cm™2
of Pt-Ru 20:20 atom wt% alloy (E-TEK) and 1.5 mg cm~2
of Nafion (5 wt% Nafion 5112, DuPont). After extensive
ultrasound mixing, the ink was spread on the top surface of
the anode to produce the 0.6 cm? active area for formic acid
oxidation.

A 1 mm thick PMMA sheet was cut by the same CO,
laser system to work as the cover for the channel. This
PMMA layer has a 2 mm x 30 mm slot to hold the cathode
made of Toray carbon paper. The carbon paper was dipped
in a 5% polytetrafluoroethylene (PTFE) solution for 2 min.
After drying at room temperature, the paper was baked at
250 °C for 30 min and at 350 °C for another 30 min to
prepare a hydrophobic surface. The PTFE coating avoids
liquid leakage from the channel through the porous carbon
paper to the environment. It is noteworthy that the immersion
of the carbon paper in the PTFE solution decreases its porosity
depending on the content of the PTFE solution [18]. For 5%
PTFE content, the porosity decrease is less than 1% [18].

(b)

Figure 2. Fabricated fuel cell: (a) arrangement of inlets and outlet;
(b) GDE and wires attached to the anode and cathode.

The cathode has a double-layer catalyst loading [6]. The first
layer contains 0.3 mg cm~2 platinum nanoparticles supported
on Vulcan XC 72 (Alfa-Aesar). The second layer, which is
exposed directly to the liquid electrolyte (0.5 M sulfuric acid),
has aloading of 2 mg cm~2 platinum and approximately 0.1 mg
cm~2 of Nafion to enhance the proton conductivity. The gas
diffusion electrode (GDE) is assembled on the PMMA sheet
using epoxy (Araldite, Huntsmann, USA). Before bonding the
two PMMA sheets, both PMMA surfaces are mechanically
treated by fine sand papers to improve the surface roughness
for better adhesion. The two PMMA pieces were then bonded
together using chloroform. Electrically conducting copper
wires were attached to the electrodes using conductive silver
epoxy (Chemtronics, USA). The electrodes are aligned and
positioned to maintain the 0.6 cm? active surface area on both
electrodes. The fuel and electrolyte inlets were cut by the
laser system and have a diameter of 1.3 mm. A single outlet
with a diameter of 2 mm was cut on the top layer. Fluidic
interconnects were glued to the cell using epoxy adhesive.
Tubing with an inner diameter of 0.062 inch and outer diameter
of 0.125 inch (Cole—Parmer) was used for delivering the fuel,
electrolyte and waste. After the final assembly, the LFFC was
tested for leakage with de-ionized (DI) water. Figure 2 depicts
the assembled LFFC.

3. Characterization of the fuel cell

Our LFFC is running by a solution of 1 M formic acid with
0.5 M sulfuric acid (supportive electrolyte) as a fuel and a
stream of 0.5 M sulfuric acid as an electrolyte. Formic acid,
compared with methanol, has a faster kinetics of electro-
oxidation at room temperature [20]. Also, formic acid is
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a strong electrolyte, so it can enhance both electronic and
proton transport at the anode side, and also it is common to
the environment [21].

The electrolyte stream separates the fuel from direct
exposure to the cathode. The flow rate of the fuel and that
of the electrolyte streams are kept constant at a fixed ratio
of 1:1. The fuel cell was tested with the fuel flow rates of
10,100 and 500 1 min~!. Both fuel and electrolyte streams
were delivered by a syringe pump (KD Scientific). Introducing
the electrolyte stream into the channel has two main functions.
The first function is to avoid mixed potential due to the
oxidation of formic acid at the cathode that can dramatically
reduce the performance [7]. The second function is preventing
the catalyst poisoning due to formic acid oxidation at the
Pt-supported cathode. Both catalyst poisoning and mixed
potential on the cathode are the consequences of fuel diffusion
from the anode to cathode across the channel. Fuel diffusion
can be minimized by the fine adjustment of fuel and electrolyte
streams.

The generation of electricity in the LFFC follows the
electrochemical reactions at the anode and cathode. At the
anode, formic acid decomposes and creates electrons and
protons:

HCOOH — CO, +2H" +2¢~ Ey=022V. (1)

Oxygen diffusing into the catalyst layer of the gas
diffusion electrode reacts with electrons coming from the
anode and protons travelling across the channel to form water.
The catalytic oxygen reduction reaction (ORR) is a multi-
electron process with a number of elementary steps, entailing
different reaction intermediates [19]. Without considering the
reaction intermediates, the oxygen reduction at the cathode is
considered as

O, +4H* + 4¢~ — 2H,0 Ey=1.229V. 2)

The characterization was carried out at room temperature
of 25 °C. The current at different cell potentials was measured
with an electric load system (Solartron Analytical, Solartron
Group Limited, UK). The results were evaluated with the
MultiStat electrochemistry software (Scribner Associates Inc.,
USA). Data were recorded after a stable condition of the flow
rate is reached. Based on the dimension of the flow channel
and the flow rates, the residence time of the fuel from the
inlet to the outlet of the cell ranges approximately from 10 to
500 s. Thus, a potential scanning rate of 5 mV s~! can provide
enough time to capture effects such as diffusive mixing at the
interface of the laminar streams.

4. Modeling the transport and electrochemical
phenomena

To have quantitative understanding of the experimental results,
a three-dimensional model based on the FEM software
(COMSOL Multiphysics) was established. = The model
solved the coupled electrochemical reactions and transport
phenomena within the fuel cell at the same experimental
operating conditions and the same geometry.

4.1. Hydrodynamic equations

To solve the flow field in the channel and through the porous
anode, Navier—Stokes and continuity equations are solved for
the steady-state, laminar flow (Re <10). The isothermal
condition inside the channel and negligible body forces are
assumed:

V.(pu)=0 3)

V. (uu) = —~Vp+V - V), @)
0

where p is the static pressure, u is the velocity vector, p is
the fluid density and v is the kinematic viscosity. The system
is considered as an isothermal system because the viscous
dissipation due to the low liquid velocities through the channel
(u < 1 cm s™!) can be neglected [11]. Since the anolyte and
electrolyte are dilute solutions, the input density of the anolyte
and electrolyte are considered as that of water.

To solve the flow distribution in the porous media, Darcy’s
law is used [22]:

k
u=——Vp, 5)
nw

where k is the intrinsic permeability of the porous media.
Intrinsic permeability, which is known as the permeability for
the single phase flow, is independent of the nature of the fluid
and dependent on the geometry of the medium [22].

4.2. Mass transport and the electrochemical model

The electro-oxidation of formic acid to carbon dioxide CO,
on a metal surface is accepted to take place via a dual
path mechanism, dehydrogenation and dehydration [17].
In the current model, the direct pathway is assumed to
be the dominant mechanism for the oxidation of formic
acid as indicated in (1). The catalytic ORR is a multi-
electron process with a number of elementary steps, entailing
different reaction intermediates [19]. Without considering the
reaction intermediates, the oxygen reduction at the cathode is
considered as denoted by (2).

The electrochemical reaction takes place over electrodes.
Both anode and cathode are made of porous carbon paper
covered by a thin layer of catalyst particles. The catalyst
layer is treated as a boundary, where the corresponding
electrochemical reactions take place over these boundaries.
So the effect of these reactions on the species concentration
appears as the source term, S, in the equation of conservation
of species:

A\ (—D,VC, + C,u) =5, (6)

where §; is the net rate of change of the species ‘i’ by
electrochemical reactions over the anode and cathode and
represents the rate of consumed species per cubic meter. D; is
the diffusion coefficient of the species ‘i’ in the corresponding
media, which refers to formic acid in the anode and oxygen
in the cathode. So the values of D for anodic and cathodic
reactions are considered as formic acid diffusivity in aqueous
media (water) and oxygen diffusivity through the GDE, which
is made of carbon paper, and the aqueous media of electrolyte,
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Table 1. The value of input constants for the simulation.

Parameter  Description Values used Units
Coucoon  Reference concentration of formic acid 500 mol m™3
Co0, Reference concentration of oxygen 85 mol m~?
Do,w,0) Diffusivity of oxygen in water 2.1 x107° m? s~
Do, (air) Diffusivity of oxygen in air 2.1 x 1073 m? s~!
Ducoon Diffusivity of formic acid as anolyte 2.546 x 10™°  m?s™!
n, Number of transferred electrons at the anode 2 -

ne Number of transferred electrons at the cathode 4 -

F Faraday’s constant 96 485 C mol™!
Joa Exchange current density at the anode 600 Am™?
Joe Exchange current density at the anode 5x 107! A m™2

k In-plane permeability of carbon paper 1 x 10712 m?

K Electrical conductivity of electrodes 300 (Qm)~!
R Universal gas constant 8.314 Jmol~! K~!
T Temperature 298 K

o, Anodic charge transfer coefficient, anode and cathode 0.5 -

o, Cathodic charge transfer coefficient, anode and cathode 0.5 -

e Porosity of carbon paper used as a GDE and anode 0.7 -

u Viscosity 1073 kgm™' 57!
o Density of anolyte and electrolyte stream 1000 kg m™3
T Tortuosity of carbon paper 3 -

respectively. C is the concentration of the corresponding
species in the anode and cathode.

The rate of formic acid electro-oxidation in the anode and
the electro-reduction of oxygen in the cathode are given by

5 = (nJ_OF> (CCi )ﬂi [exp (a;??n) - <_ )}(7)

where jo is the exchange current density at the reference
reactant concentration C; , and f; is the reaction order of
the species ‘i’ for the elementary charge transfer step. Since
the rate determining step is a first-order reaction, B = 1 is
chosen [11], @, and «, are the anodic and cathodic charge
transfer coefficients, respectively, R is the universal constant,
T is the operating temperature and considered as a constant
parameter, F is the Faraday constant and 5 is the activation
overpotential.

Oxygen from the atmosphere diffuses through the GDE
to reach the catalyst layer. To determine the oxygen
concentration through the GDE, equations (6) and (7) are
solved with input values and appropriate boundary conditions
listed in tables 1 and 2.

On the catalytic surface, only the normal flux to the surface
contributes to the power output of the cell and is given by

’I’L-V-(—DUVC,'+C,‘U):S,'. (8)
Due to the porous structure of the cathode and anode, the
binary diffusion coefficients utilized in the porous media are

corrected for the porosity (&) and tortuosity (7) of the media
as follows [23]:

o Fn
RT

Uyref

©))

In addition to proton diffusion to the cathode side, formic acid
can diffuse and reach the cathode at low flow rates. Formic acid
adjacent to the cathode catalyst can be oxidized decreasing the
cathode voltage due to the mixed potential. In this model the
effect of fuel crossover on the cathode is not considered.

Table 2. Boundary conditions used for hydrodynamic and
electrochemical reactions, reproduced after [10].

Boundary conditions to solve equations (3) and (4)
u = (0, uy), where uy is the inlet
velocity (0.006, 0.0012, 0.000 12 m s™!)
u = (0, 0) at the walls
p = 0 at the outlet
Boundary conditions to solve equation (6)
for anode and cathode reactions:
C = () at the inlet of anolyte stream
C = 0 at the inlet of electrolyte stream
(—DVC + Cu) - n = 0 at the non-catalytic walls
(—=DVC) - n = 0 at the outlet

4.3. Boundary conditions

The fuel-to-electrolyte flow rate ratio of 1:1 is chosen while
the outlet hydrodynamic boundary condition is set on zero
pressure. The software is run for three different flow rates,
500, 100 and 10 ul min~', which can be addressed as Q;, 0>
and Q3 with the corresponding inlet velocities of 0.006, 0.0012
and 0.00012 m s~!, respectively.

To solve the mass transport, the constant concentration of
formic acid (1 M) is set at the inlet for the anolyte stream for
all simulations, while the concentration of formic acid at the
inlet of the electrolyte stream is set to be zero. Also, the outlet
condition is convective mass transport. For the GDE, the upper
surface exposed to the ambient air has an inlet concentration
equal to the oxygen concentration of the atmosphere (0.21
Pam/RT) [24], while the bottom surface, working as a
catalytic surface, has an inward flux of Sp, from equation (7).
At the liquid-liquid interface between two streams, the
continuity condition was applied for velocity and species
concentration. All used parameters to solve the required
equations are listed in tables 1 and 2, where the values are
compiled from [23-27].
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4.4. Cathode and anode overpotential

In order to solve equation (7), species concentration and
activation overpotential must be known for both electrodes.
Furthermore, to draw the /-V curve, both voltage and
corresponding cell current density must be considered. To

Electrolyte

X=1cm

Anode

<&
<

X=2.5cm

obtain the /-V curve, the cell current is fixed and the
corresponding voltage is calculated [28] by taking into account
the different polarization losses based on the empirical data of
the fabricated cell. It is noteworthy that for any fuel cell, the
operating potential can be calculated as the departure from the
ideal voltage caused by the various polarizations [29]:
Ecen = Eo(Tv P) — Na,a — |77a,c| —Mr — Nm,a — |77m,c| — Nx,
(10
where E°(T, P) is the theoretical equilibrium open-circuit
potential for the cell, calculated from the Nernst equation.
N4« and n, . represent the activation overpotentials at the
anode and cathode. 1, is the Ohmic loss and occurs
because of the resistance to the flow of electrons through
the electrode materials and the electric contacts. The mass
transfer (concentration) polarizations at the anode and cathode
are presented as 7, , and n, ., respectively. The crossover
effect of the fuel/oxidizer through the electrolyte or internal
short circuits in the cell can be presented by 17,, which is
responsible for the departure of theoretical equilibrium open-
circuit potential from the Nernst equilibrium voltage.
Experimental data in figure 3(a) show that there is no
sharp drop of the voltage at high current densities for the given
geometry and operation conditions. Therefore, to simplify

mol/m?

Q,

X=4cm

»
>

Figure 5. Concentration profiles of formic acid for three flow rates of Q;, Q, and Q3 with an inlet concentration of 1000 mol m=3 (1 M).
The T-shaped cross-section of the channel is located at the x—y plane that cut through the center of the channel (z = %W) with a width of W.

6
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the modeling, mass transfer overpotential can be neglected.
Also the effect of the mixed potential of the cathode and other
parasitic losses can be taken into account in the open-circuit
potential, which is obtained from experiment. So equation (11)
can be considered as a semi-empirical equation and simplified
to

(1)

where Eqcvy is the experimental open-circuit voltage obtained
from the /-V curve at a given flow rate figure 3(a). According
to equation (7) the current density is dependent on the
concentration of the fuel and the oxidant. So the species
concentration can be calculated at a fixed current density
with the corresponding activation overpotentials, 1, , and 1, c,
while the flow rate is known.

Figure 3(a) shows that the maximum current density
(limiting current) is not determined by the mass transfer
overpotential, especially for Q; and Q,. The only exception
is the flow rate of 10 pul min~! with a short drop observed
at the limiting current. So the main overpotential losses
are mainly associated with activation and Ohmic losses.
The Ohmic losses are mainly attributed to the electrolyte
proton conductivity and external resistance of electrodes and
connections. Ohmic losses of the cell are calculated by

Ecen = Eocv — Naya — |na,c| — Nrs

12)

where Relecirolyte 18 caused by the ionic conductivity of the
electrolyte. To determine the ionic conductivity across the
channel from the anode to cathode, 0.5 M sulfuric acid is
mixed with 1 M of formic acid. The ionic conductivity of
0.5 M sulfuric acid was measured to be 0.2 S cm™! [6].

Based on an anode to cathode spacing of 1.4 mm, a
solution resistance of 0.7 © cm? is obtained. Cell potential
minus activation and electrolyte losses leaves the losses of
external resistance Rexeernal- A Vvalue of 4.9 Q is considered
for external resistance, obtained from the electrochemical
impedance spectroscopy (EIS) of the cell, including the
resistance of wiring and the electrical contacts.

To solve equation (11), Eocy and 7, are obtained from
the experimental data, while the anodic and cathodic activation
overpotentials, 1, , and 7, ., are obtained from the simulation.
In this case, the voltage calculated using equation (11) is
called Vcell.model-

nr=1- (Releclrolyte + Rexternal)s

5. Results and discussion

5.1. Current—voltage polarization curve

The cell potential was calculated using equation (11) at three
flow rates of 10, 100 and 500 pl min~', figure 3(b). For
most data points, there is agreement between experimental
and numerical results. At high current densities, especially for
10 nl min~"', the fluctuations are attributed to the generation of
carbon dioxide bubbles over the anode due to electro-oxidation
of formic acid, figure 3(a). These bubbles can block the active
sites of the anode for a short while but can be dissolved in
the stream or washed away by the stream drag force before
growing large enough to block the channel. The difference
between the experimental and numerical results mainly arises
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Figure 6. Concentration distribution of formic acid through the
channel for three flow rates at three cross sections:

(@) 0, =500 uL min~'; (b) Q> = 100 uL min~' and

(c) @3 = 10 uL min~'. Height coordinate is in the y-direction and
the three cross sections are on the centerline of the (y—z) plane

(Z = %W). The porous anode is from —880 to —600 pm.

from the concentration losses, which are not taken into account
in the simulation.



J. Micromech. Microeng. 20 (2010) 105008

S A M Shaegh et al

mol/m’
Q, 85

80
ﬂ 70

Q 60

2
40

Cathode _ Q,

« > 30
F_ , 2%
N 0

X=2.5cm

X=1cm

X=4cm
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To have a more quantitative visualization of the
contribution of the three polarization losses (activation, ohmic
and concentration) in decreasing the cell potential, individual
losses were plotted in figure 4. Cathodic overpotential due
to the sluggish electro-reduction of oxygen has the largest
contribution in voltage drop, especially at low current
densities. Anodic loss is negligible as compared with the
cathodic one. Ohmic loss is linear and increases with growing
current density.

5.2. Concentration distribution of formic acid

The typical open-circuit voltage of an air-breathing LFFC
with similar fuel and electrolyte is in the range of 0.7-0.9
V [5]. Since the microfluidic fuel cell takes advantage of co-
laminar streams, changes in the flow rate affect the transport
of reactants and consequently the cell performance.

As figure 5 shows, at the highest flow rate Oy, due to the
high Peclet number of the stream (Pe = 850), the mixing region
is limited to a very thin zone at the middle of the channel,
while for O, and Q3 (Pe = 170 and 17), diffusion at the
liquid-liquid interface is obvious. At O3, the fuel can diffuse
across the electrolyte stream and even reach the cathode side.

The catalyst layer over the carbon paper of the anode is
inside the channel from x = 1 to 4 cm. Fuel consumption over
the anode produces a depletion boundary layer. At high flow
rates the depleted fuel is replenished by the stream rapidly.
Decreasing the feeding flow rate leads to the formation of a
zone with low fuel concentration. At the flow rate of Qj3,
the growth of the depletion boundary layer over the anode is
obvious.

The fuel cell characteristics shown in figure 3 clearly
show three typical regions of activation loss, ohmic loss and
concentration loss. Numerical results in figure 5 indicate
that the lower diffusive mixing at a high fuel flow rate
allows a higher fuel concentration at the anode side leading
to the decrease of concentration loss. At medium current
densities, all curves are almost parallel indicating the same
ohmic resistivity, which is determined by the concentration

of the electrolyte solution, the conductivity of the electrode
and electrical interconnects and the spacing between the two
electrodes. In the region of concentration loss, the curve of Q3
in figure 3 shows a higher loss due to the depletion of the fuel
as depicted in figure 5. At the high fuel flow rate of 500 ul
min~', the region of concentration loss is almost non-existent.

A more quantitative illustration of numerical results in
figure 5 as concentration distribution in figure 6 obviously
reveals that by decreasing the flow rate, the content of
formic acid over the cathode increases. Decreasing the
flow rate increases the residence time of the fuel and the
electrolyte in the channel and enhances diffusive mixing at
the interface [11]. Figure 6(a) shows that fuel
concentration over cathode at the end of the cathode
(x = 4 cm) is almost zero. The underlying reason
is that the residence time of flow in the channel
(~10s) is so short compared to O, and Q3 (~50 and ~500 s).
The corresponding values of the fuel concentration of Q, and
Q3 are 120 and 260 mol m~3, respectively. The fuel crossover
is significant at lower flow rates and has two consequences.
First, the concentration of the fuel in the anolyte stream
decreases and has an impact on decreasing the current density.
Second, the electro-oxidation of formic acid over the cathode
can result in a mixed potential and reduces the open-circuit
potential. The numerical model shows that the main reason
for the drop of the open-circuit potential from 0.78 V with Q;
to 0.58 V with Q3 is fuel crossover and the mixed potential at
the cathode.

5.3. Concentration distribution of oxygen

The objective of using a GDE as an air-breathing cathode
is to provide higher oxygen content at the cathode. In the
numerical simulation, the cathode catalyst layer is considered
as a boundary at the inner side of the channel where the electro-
reduction of oxygen takes place, figure 1.

As figure 7 shows, oxygen can diffuse through the GDE
to reach the catalyst layer. Although the oxygen cations are
formed over the cathode catalyst layer and supposed to be
fixed, oxygen can pass through the GDE and reach the lig-
uid and then diffuse into the aqueous streams in the channel. It
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Figure 9. The experimental and simulated fuel utilization versus
maximum power density.

is evident that the oxygen concentration through the GDE is
almost constant.

Furthermore, figure 8 shows that unlike a LFFC with
oxidant stream, the oxygen concentration in the vicinity of the
cathode active area is almost constant. For all three flow rates,
a sharp drop of the oxygen concentration of the electrolyte
rather than that of the electrode is observable. This sharp drop
is attributed to the difference in the higher diffusion coefficient
of oxygen in porous media (Do,Gpg) = £ x 2 x 1077 m*s™!)
and in water (2 x 1072 m? s71).

The flow rate of the laminar streams inside the channel can
affect the oxygen transport through the channel. At the higher
flow rates of Q; and O, the transported oxygen to the channel
cannot diffuse to the anolyte stream and is washed away with
the electrolyte stream. Ata very low flow rate (Q3), oxygen has
more residence time inside the channel to diffuse to the anolyte
stream. The oxygen content over the catalyst layer of the anode
at the distance of x = 4 cm (the end of the anode) is around
35 mol m3. Diffusion of oxygen across the channel may
result in oxygen crossover. The oxygen crossover to the anode
may facilitate electro-reduction of oxygen and cause mixed
potential resulting in a lower open-circuit potential. Since
the voltage of the anode is very low compared to the cathode
potential, the effect of oxygen reduction on cell potential is
minor.

5.4. Fuel utilization and power density

Figure 9 shows the effect of raising the flow rate from 10 to
500 ul min~! on fuel utilization versus maximum power
density under different flow rate conditions. The improvement
of power density at higher flow rates can be associated with
(a) the higher voltage generated due to the lower mixed
potential at the cathode and (b) the higher rate of
electrochemical reaction to generate current because of the
higher availability of reactants in the vicinity of the catalytic
active sites. According to equation (7), current generation over
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Figure 10. Flow field simulation: (a) simulated velocity field in the channel with the porous anode and (b) velocity profile across the

channel for the porous and non-porous anodes at a flow rate of 500 ©l min~".

the anode is highly dependent on the concentration of formic
acid. Beside the low fuel concentration over the anode, the
low open-circuit potential is another reason for the low power

density of Qs.
Fuel utilization is determined as [31]:
! 13
Efgel = ——,
fuel nkF quel

where [ is the current generated by the fuel cell, Qg is the
fuel rate supplied to the cell in mol s~! and # is the number
of electrons transferred for every mol of the fuel. In the case
of formic acid, n = 2, F = 96485 C mol~! is the Faraday
constant. Figure 9 clearly shows that a higher fuel flow rate
leads to a high power density but a low fuel utilization.

At the flow rates of 10, 100 and 500 ul min~!,
the experimental fuel utilizations of the cell at maximum
experimental power density are 38.9, 6.23 and 1.03%,
respectively. At the same flow rates, the numerical fuel
utilizations of the cell at the corresponding power densities
are 49.6, 7.21 and 1.95%, as depicted in figure 9. It is obvious
that there is a good trend between experimental and numerical
results, but a quantitative difference is observed for the flow
rate of 10 ul min~'. Concentration (mass transport) loss
can decrease the cell potential at high current densities and
especially for 10 ul min~!. Since the simulation does not
include the impact of concentration losses on the cell potential,
error in calculating the cell potential could be introduced.

10

1

Moreover, experimental uncertainties can be another source
for this difference.

As figures 5 and 6 illustrate, for the flow rates of 100 and
500 wl min~!, the fuel concentration over the anode is still hi ¢h
enough to produce more current, but only a part of the stream
in the vicinity of the electrode is consumed. It seems that
the core part of the flow including a high concentration of the
fuel just passes through the channel without any contribution
in producing current. The high fuel utilization of the cell at
10 ul min~! is contributed by the longer residential time in
the channel leading to more fuel consumption.

As the flow rate of the laminar streams decreases
almost two orders of magnitude from 500 to 10 pl min~!,
the corresponding maximum power density only drops
from approximately 7.9 to 3.9 mW cm™2. In this case,
fuel utilization increases from 1.03 to 38.9%.  Unlike
the conventional LFFCs, whose performances usually drop
dramatically with decreasing fuel and oxidant flow rates
[2, 30], the power output of a LFFC with an air-breathing
cathode is less sensitive to the flow rate compared to
conventional LFFCs. An air-breathing LFFC with optimized
flow architecture operating in very low flow rates seems to be
a suitable power source for practical operations.

The anode is made of porous carbon paper, which can
present more active area rather than a non-porous and planar
anode. The implementation of carbon paper in the channel is
supposed to replenish the depletion boundary layer. However,
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Figure 11. Steady-state chronoamperometric measurement at
0.25 V cell potential and 100 uL min~! flow rate.

the numerical simulation of the flow field within the channel
with the porous anode reveals that the velocity of liquid in
porous media is almost zero, figure 10(a). In other words, there
is no effective advective mass transport through the porous
anode to provide fresh reactants to the active sites.

Using the concept of the ‘flow-through porous electrode’
[30] to design the anode can promote the replenishment of
the depletion layer by enhanced advective transport to develop
the fuel utilization. Also, a new configuration of the channel,
which can facilitate the mass transfer from the core part of the
fuel stream to the active area of the anode, without disturbing
the interface, can be considered as a strategy to develop the
fuel utilization at high flow rates.

Figure 11 depicts the long-term stability of the current
generated by the air-breathing fuel cell evaluated by a
potentiostatic test at 0.25 V cell voltage and 100 I min~!
flow rate. After a brief transient period, the cell current
density is stable over the 2 h of experiment with an average
value of 7.92 mA cm~2. The fluctuations could be caused
by CO, bubbles occupying active sites in the porous anode.
Since CO, bubbles can be dissolved in the aqueous media,
the occupied micro pores with carbon dioxide in the electrode
can be refilled with the fuel again. This phenomenon of CO,
generation and replenishment could cause fluctuations in the
generated current.

6. Conclusions

This paper reports on the fabrication, characterization and
simulation of an air-breathing LFFC running on formic acid
with an integrated porous planar electrode as an anode
inside the channel. The fuel cell was fabricated using laser
micromachining and characterized at three different flow rates.
The experimental results demonstrate that at high flow rates
the open-circuit voltage is higher, but low fuel utilization is
achieved imposing some requirements for fuel recirculation
for real applications. The high rate of fuel utilization at
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high cell potentials is desirable to achieve high overall energy
conversion efficiency. As a general design consideration, a
compromise between high fuel utilization rate and high mass-
limitation loss needs to be met. Exploiting a flow-through
porous anode can provide advective mass transport to replenish
the depletion layer over the anode to develop fuel utilization
and current density. Operation in low flow rates results in
high fuel utilization. Optimizations of air-breathing LFFC for
operation in low flow rates to achieve high fuel utilization can
eliminate the requirements for fuel utilization. In this case, an
air-breathing LFFC has more possibilities as a power source
for micro-power applications.
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