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Improved fuel utilization in microfluidic fuel
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Abstract

Presented in this paper is a computational analysis of a membraneless microfluidic fuel cell that uses the laminar nature of microflows to
maintain the separation of fuel and oxidant streams. The fuel cell consists of a T-shaped microfluidic channel with liquid fuel and oxidant
entering at separate inlets and flowing in parallel without turbulent or convective mixing. Recent experimental studies have established
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roof-of-concept of such fuel cells and have also shown that their performance is greatly limited by poor fuel utilization. Impro
tilization while minimizing fuel-oxidant mixing in microfluidic fuel cells is the focus of this study. A concise electrochemical mo

he key reactions and appropriate boundary conditions are presented in conjunction with the development of a computational flu
CFD) model of this system that accounts for coupled flow, species transport and reaction kinetics. 3D numerical simulations sh
uel cell is diffusion limited, and both microchannel and electrode geometry play key roles in system performance. Three cross
eometries are investigated, and a high aspect ratio rectangular geometry results in a two-fold increase in fuel utilization compared
eometry with the same hydraulic diameter. By tailoring the flow rate to the axial length of the fuel cell, fuel utilization is increased
sing the numerical simulation to guide the electrode design process, an extended tapered-electrode design is proposed. Simu

apered-electrode microfluidic fuel cell demonstrate a fuel utilization of over 50%.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Micro-sized power sources are needed for small, portable
evices capable of operating for long periods without
echarging, such as cell phones and laptop computers through
o more specialized devices such as remote sensors, global po-
itioning devices, and in vivo diagnostic medical devices. It is
redicted[1] that battery technology will not keep pace with

hese growing portable-power demands, particularly with the
ext wave of wireless technology, broadband mobile comput-

ng. Microstructured fuel cells have the potential to bridge the
ap between battery technology and growing portable-power
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demands, by providing longer duration per weight and
ume, quasi-instant recharge, and constant discharge. R
developments in the field have benefited from micromanu
turing technology and biological and chemical lab-on-a-
concepts that have been a driving force behind the rece
velopments of many microfluidic devices[2]. Other emergin
application areas for microfluidics include electronic cool
aerospace, and printing[3].

Since all reactions taking place in fuel cells are sur
based, the increase in the surface-to-volume ratio acco
nying miniaturization leads to a fundamental improveme
power density[4,5]. There are, however, mechanical limits
the miniaturization of conventional fuel cells[6]: machining
graphite bipolar plates becomes difficult, and decreasin
size of the membrane and substrate decreases their su

378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.11.029



58 A. Bazylak et al. / Journal of Power Sources 143 (2005) 57–66

Nomenclature

A pre-exponential factor
Ci concentration of celli
Cmixed

i concentration of perfectly mixed solution at
cell i

C0
i concentration of solution at celli in the absence

of mixing
Di diffusion coefficient
E potential at electrode
Ea activation energy
Erev reversible potential
F Faraday constant
h channel height
Ji flux of speciesi
k rate constant
n number of electrons
N total number of cells
P static pressure
R gas constant
Rcell ionic resistance of electrolyte
Ri net rate of production of speciesi
t time
T temperature
U average fluid velocity
v rate law
�v velocity vector
�x diffusive mixing region width
y distance fluid travels downstream
Yi local mass fraction of speciesi

Greek
α charge transfer coefficient
η overpotential
ρ fluid density
υ kinematic viscosity
χ apparent reaction order

Chemical formulas
CO2 carbon dioxide
(COOH)ads adsorbed COOH
e− electron
H+ proton
HCOOH formic acid
O2 oxygen
Pt platinum
Pto occupied platinum site

ing strength. In addition, the performance of miniaturized
conventional fuel cells is limited by the Ohmic polarization
introduced by the membrane and related water management
issues. Novel architectures are crucial for the success of mi-
croscale fuel cells[4].

Recently introduced membraneless microfluidic fuel cells
[7–9] take advantage of the laminar nature of microflows to
maintain the separation of fuel and oxidizer streams without
the use of a membrane. A schematic of a microfluidic fuel
cell and its operation are given inFig. 1. The geometry is that
of a T-intersection, or T-mixer, which is commonly used in
analytical microfluidic chips. The cross-stream mixing rate
in such T-intersections is diffusion limited, and many studies
have focused on increasing the mixing rate in such geometries
[2]. The microfluidic fuel cell, on the other hand, exploits the
nature of this flow to achieve the separation of fuel and oxi-
dant streams. The separation of fuel and oxidant is required
to restrict reactions of oxidation and reduction to the appro-
priate electrode. Fuel is introduced at one inlet, and oxidant is
introduced at the second inlet. Electrodes are placed along the
walls to complete the fuel cell, and oxidation at the anode and
reduction at the cathode, together provide the cell potential.
The fluid facilitates protonic conduction from one electrode
to the other, and the electrons generated at the anode take
an external path through an applied load. The length of the
reaction channel is limited by the mixing of the two streams.
The operation of the fuel cell will begin to fail when the two
streams become mixed to the point that oxidation and reduc-
tion are no longer restricted to the appropriate electrodes.

Choban et al.[9] were the first to demonstrate a mem-
braneless fuel cell using formic acid and oxygen as reac-
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ants. They demonstrated that when two streams are flo
n parallel in the laminar regime, the streams remain s
ated, eliminating the need for a membrane. Ferrigno e
8] demonstrated a millimeter-scale fuel cell using vanad
s reactants. The advantage of this design is that it use
ame species (vanadium) as fuel and oxidant, which c
egenerated from a mixture of the products[8]. Choban e
l. [7] reported a Y-shaped microfluidic membraneless
ell system using formic acid and oxygen as reactants, w
eached a current density of 0.4 mA cm−2. The advantage o
his system is that it uses acidic solutions to minimize
rotonic resistance in the fluid. Both systems[7,8] were re-
orted to be diffusion limited. In this work, a microchan
eometry with a high aspect ratio in the cross-stream d

ion, similar to that of Ferrigno et al.[8], is investigated
s well as a square geometry similar to that of Choba
l. [7]. Microfluidic fuel cells have several advantages o
onventional fuel cells: eliminating the membrane remo
elated Ohmic losses, water management and sealing i
nd since the fuel and oxidant streams flow together in
ame channel network, the fuel cell size is reduced, th
ign is simplified, and the manifolding requirements are
educed. In addition, research in this area can capitaliz
ecent advances in numerical, experimental, and microf
ation techniques[10]. Microfluidic fuel cells have the fu
her advantage of using liquid fuels, which have high en
ensities compared to gaseous fuels[1], particularly impor

ant in the context of portable-power applications. Howe
urrent designs show relatively poor fuel utilization, on
rder of 1%[7] to 10%[8]. Microchannel geometries a
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Fig. 1. Numerical simulation and schematic of a microfluidic fuel cell with fuel and oxidant entering at separate inlets and remaining separated as they flow
downstream. The flow rates and length scales were selected to illustrate the mixing process.

tailored electrode placements are investigated to consider-
ably improve current designs. Modelling can provide insight
into the parameters and geometry required to improve the
performance of this technology.

In this work a numerical analysis of a membraneless mi-
crofluidic fuel cell is presented. This work is one of the first
computational fluid dynamic (CFD) analyses of this technol-
ogy. The model accounts fully for three-dimensional con-
vective transport in conjunction with anodic and cathodic
reaction kinetics. Appropriate boundary conditions for the
CFD modelling of this system are developed here and im-
plemented into the numerical model. A numerical investiga-
tion of the coupled flow, species transport and electrochem-
ical aspects in this system is conducted. The results provide
insight into the running parameters and both microchannel
and electrode geometries required to achieve significantly
improved performance. Finally, using the numerical simu-
lation to guide the electrode design process, an extended
tapered-electrode design is proposed, and its performance is
investigated.

2. Hydrodynamic and mass transport model

A three-dimensional CFD model is applied to simulate the
c of the
m es,
t , and
a s
a me
a flow.
N uity
e iven
b

∇

whereP is the static pressure,ρ the fluid density,�v the velocity
vector, andυ the kinematic viscosity. The conservation of
species equation is given by

∇ · (ρ�vYi) = −∇ · �Ji + Ri (3)

whereYi is the local mass fraction of speciesi andRi is the net
rate of production of speciesi by chemical reaction. For the
dilute approximation that is used in this model, the diffusion
flux of speciesi is given by Fick’s law:

�Ji = −ρDi∇Yi (4)

whereDi is the diffusion coefficient for speciesi into the
mixture.

3. Reaction model

3.1. Formic acid oxidation

Formic acid is an attractive fuel for fuel cells, as it has been
reported to be electrochemically more active than methanol
[12]. The oxidation of formic acid is a well-studied, yet com-
plex chemical reaction. The challenge is to provide a reason-
able model for this highly non-linear, dual-pathway mech-
anism[13,14]. A platinum (Pt) catalyst is modelled due to
i n as
w
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T d the
P n Eq.
( he
oupled flow, species transport, and chemical aspects
icrofluidic fuel cell. Due to the moderate liquid velociti

he internal heating due to viscous dissipation is ignored
n isothermal system is assumed[3]. The following equation
re solved for laminar flow in an inertial reference fra
t steady state for incompressible and isothermal fluid
eglecting body forces, the Navier Stokes and contin
quations for incompressible and isothermal flow are g
y [11]:

∂�v

∂t
+ ∇ · (�v�v) = −1

ρ
∇P + ∇ · (υ∇�v) (1)

· �v = 0 (2)
ts well-studied nature in regards to formic acid oxidatio
ell as use in conventional fuel cells.
The oxidation of formic acid (HCOOH) on Pt occurs vi

ual pathway mechanism[15]. With the proper catalyst, th
xidation of formic acid favors the direct pathway, the de
rogenation reaction[15–18]through which carbon dioxid
CO2) is formed directly according to the generally accep
echanism proposed by Capon and Parsons[19]:

to + HCOOH→ (COOH)ads+ H+ + e− (5)

COOH)ads→ CO2 + H+ + e− + Pto (6)

he rate determining step occurs between HCOOH an
t electrode with the transfer of one electron, as shown i

5) [14,16]. Modelling the oxidation of formic acid entails t
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formulation of the rate constant and rate law governing the
reaction. The rate constant in a chemical reaction is given by
the Arrhenius equation:

k = Ae−Ea/RT (7)

whereA is the pre-exponential factor,Ea the activation en-
ergy,Rthe gas constant, andT the temperature. The chemical
reaction is also governed by the rate law, which is unique to
each chemical reaction[20]. The rate law can also be affected
by the coverage of platinum sites by carbon monoxide and
by (COOH)ads from the second step of the direct pathway,
Eq.(6). However, since the second step in the dehydrogena-
tion reaction is believed to be faster than the rate determining
step[14], it is assumed that the coverage of platinum sites
by (COOH)ads is negligible. It is also assumed that the fuel
cell will be operated at a potential where poisoning is not
an issue, so that coverage by carbon monoxide is negligible.
Therefore, the rate law is given by[14]:

v = k[HCOOH]χ exp

(
αnFη

RT

)
(8)

where [HCOOH] is the concentration of HCOOH in the so-
lution, χ the apparent reaction order,α the charge transfer
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3.2. Oxygen reduction

The protons released from the oxidation reaction at the an-
ode diffuse through the solution in the cross-stream direction
towards the cathode. At the cathode, the oxygen (O2) from
the oxidant stream, the protons and the electrons that travel
through the external circuit combine to produce water in the
oxygen reduction reaction:

O2 + 4H+ + 4e− → 2H2O (9)

Neglecting the structural sensitivity of the Pt surface, a rate
constant ofk= 250 cm s−1 is assumed for our model[22].
Based on this assumption, poisoning of the platinum surface
is neglected, and the rate law can be written as

v = k [O2] exp

(
−αFη

RT

)
(10)

where [O2] is the concentration of O2 in the solution. The
reversible potential for oxygen reduction at standard state is
1.46 V. From the definition of overpotential,η =−0.66 V at
an electrode potential of 0.8 V. At this electrode potential, the
charge transfer coefficient isα = 0.5[22].

Both the formic acid oxidation and oxygen reduction re-
actions were assumed to be first-order reactions. Several as-
sumptions have been made in order to present a reasonable
m om-
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oefficient,n the number of electrons released at that pa
lar step,F the Faraday constant, andη the overpotential.

In the rate determining step, one electron is released, t
ore n= 1 in Eq.(8). The reversible potential of formic ac
xidation isErev =−0.07 V (standard hydrogen electrod
o forE= 0.6 V reported by Fonseca et al.[16], the overpo
ential is given byη = 0.67 V. According to the law of ma
ction [21], the rate determining step is a first-order re

ion, makingχ = 1. According to Capon and Parsons[19],
he charge transfer coefficient for the oxidation of for
cid on platinum isα = 0.51. Similarly, Jiang and Kucern

14] reported the experimentally determined Tafel slop
e 132 mV dec−1 at 60◦C, which resulted in a charge tran

er coefficient ofα = 0.497. The charge transfer coeffici
ssumed for our model,α = 0.497, is in keeping with the
orks[14,19].
For the rate determining step of the formic acid o

ation reaction, Fonseca et al.[16] reported a rate con
tant of k∼= 10−2 cm s−1 on a platinum catalyst modifie
ith lead adatoms at an electrode potential of 0.6 V (
al hydrogen electrode) at 18± 2◦C. Pletcher and Sol

17] reported a rate constant for the rate determining
f k= 1.0± 0.5× 10−2 cm s−1 at a potential of 0.6 V at roo

emperature for the oxidation of formic acid on a platinum
de with lead adatoms. Pletcher and Solis[17] and Fonseca
l. [16] both used the same coverage of 50% of lead ada
n their Pt surfaces, and obtained rate constants withi
ame order of magnitude. The rate constant assumed f
odel,k= 1× 10−2 cm s−1, is in keeping with these work

16,17].
odel for the implementation of redox reactions into the c
utational model. Surface poisoning has been neglecte
ominance of rate determining steps has been assume
lectrochemical parameters have been approximated
n empirical results.

. Membraneless microfluidic fuel cell

The model was implemented in Fluent, a comme
nite-volume based CFD package. Dual processors
sed to calculate the solutions generated from a hexa
esh, with typical run times of 2 h. In all simulations, a
raulic diameter of 100�m was used for the inlet and out
hannels. Simulations involving the hydrodynamic and m
ransport model are presented, followed by simulation
luding the reaction model.

The fuel and oxidant cross-stream diffusive mixing
uantified with the hydrodynamic and mass transport m
he operation of the fuel cell will begin to fail when the t
treams become mixed to the point that oxidation an
uction are no longer restricted to the appropriate electr
he extent to which the fuel and oxidant become diffusi
ixed is proportional to the diffusivity of the fuel in the s

ent. The diffusivity also affects the mass transport of the
o the electrodes. The binary mixture is assumed dilute
he diffusion coefficient is constant throughout. A diffus
oefficient ofD= 5× 10−10 m2 s−1 is assumed, which is
ypical value for the diffusion of relatively small molecu
n an aqueous solution[2,20].
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Fig. 2. Liquid transport in the microfluidic fuel cell: (a) schematic illustrating the location of theX–Z cross section of interest for the axial velocity contour
plot of the square geometry (100�m× 100�m), (b) corresponding axial velocity contour plot, (c) schematic illustrating the location of theX–Z cross section
of interest for the axial velocity contour plot of rectangular geometry (550�m× 55�m), and (d) corresponding axial velocity contour plot.

Pressure was applied to drive the flow, and a no-slip ve-
locity condition is applied to the walls. These boundary con-
ditions result in the formation of boundary layers with steep
cross-stream velocity gradients, apparent in the velocity pro-
files plotted inFig. 2. These cross-stream velocity gradients
greatly affect the diffusive mixing. Near the walls, the fluid
flows relatively slowly. As a result, cross-stream mixing is
more pronounced in the near-wall regions, and the mixing
region takes on an hour-glass shape as shown inFig. 1. The
calculated width of the diffusive mixing region at the walls of
the fuel cell is in agreement with the theoretically predicted
[23] and experimentally validated[8] trend represented by

the following expression:

�x ≈
(

Dhy

U

)1/3

(11)

whereh is the channel height,y the distance the fluid flows
downstream, andU the average flow speed. Down the cen-
ter of the channel, the diffusive mixing region grows more
slowly, following a one-half power scaling[23]. Several
works have focused on the inclusion of electrokinetic phe-
nomena in microfluidic systems[24–26], but due to the high
ionic concentrations employed here, electrokinetic effects

F e locat rodes
p tangula (d) Geom
3 f the ch
ig. 3. A schematic diagram of the microfluidic fuel cell system: (a) th
laced on the top and bottom channel surfaces, (c) Geometry 2 is rec
is rectangular with electrodes placed along the left and right walls o
ion of theX–Z cross section of interest, (b) Geometry 1 is square with elect
r with electrodes placed on the top and bottom channel surfaces, andetry
annel.
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Fig. 4. Formic acid bulk concentration normal to the anode wall for various downstream positions (at the anode midpoint). The concentration is reduced to
zero at the electrode surface, indicating that the reaction kinetics are fast compared to the diffusion in this system.

are negligible. The challenges in modelling microfluidic fuel
cells lie in capturing the three-dimensional mixing dynamics
and the reaction and electrode kinetics.

Fig. 3shows a schematic of the microfluidic fuel cell with
different geometries, all of which have a hydraulic diameter
of 100�m. Geometry 1 shown inFig. 3(b) and Geometry 2
shown inFig. 3(c) have electrodes placed along the top and
bottom walls with a 20�m spacing between the electrodes to
account for the diffusive mixing regions. A high aspect ratio
is used for Geometry 2, and a low aspect ratio is used for
Geometry 3, whose electrodes are placed along the left and
right walls of the channel.

Fig. 4 shows the concentration profiles of formic acid at
the midpoint of the anode when the electrode kinetics were
included in the model. The concentration was reduced to zero
at the electrode surface, indicating that the reaction kinetics
were fast compared to the diffusion in this system. This result
is in keeping with experimental results[7,8]. Since the fuel
cell is diffusion limited, the geometry of the microchannel
plays a predominant role in the efficiency of the cell.

Although the fuel and oxidant streams do not experience
turbulent or convective mixing, they do experience diffusive

mixing. The formic acid and oxygen concentration bound-
ary layers developed at the electrode surfaces, along with the
diffusive mixing regions are illustrated inFigs. 5–7, for Ge-
ometries 1–3, respectively.Figs. 5–7(b) shows the formic acid
mass fraction contour plot, showing the diffusive mixing be-
tween fuel and oxidant streams at the outlet in the absence of
electro-oxidation reactions. As expected, the diffusive mix-
ing region takes on an hour-glass shape due to the slower
velocities at the walls.Figs. 5–7(c) shows the formic acid
mass fraction contour plots combining the effect of diffusive
mixing and the electro-oxidation at the anodes. A thicker
concentration boundary layer is apparent near the wall ad-
jacent to the electrode surface and is due to the combined
wall/end effects. Similarly,Figs. 5–7(d) shows the oxygen
mass fraction contour plots combining diffusive mixing and
the electro-reduction at the cathode. Due to a constant dif-
fusion coefficient and diffusion limited electrodes, the de-
pletion and mixing of oxygen in (d) is a mirror image of
the depletion and mixing of formic acid in (c). In each case
the Reynolds number is 20, based on the hydraulic diameter,
which is 100�m in each case. A length of 6 mm downstream
was chosen as the outlet in each case for comparison pur-

F ll with G H
m l and o ss fract
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c tom, rig
ig. 5. Depletion and mixing of HCOOH and O2 in the microfluidic fuel ce
ass fraction contour plot showing diffusive mixing between the fue

ontour plot showing combined diffusive mixing and electro-oxidatio
ombined diffusive mixing and reduction at the cathodes (top and bot
eometry 1: (a) the location of theX–Z cross section of interest, (b) HCOO
xidant streams without electro-oxidation reactions, (c) HCOOH maion
anodes (top and bottom, left), and (d) O2 mass fraction contour plot showi

ht).
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Fig. 6. Depletion and mixing of HCOOH and O2 in the microfluidic fuel cell with Geometry 2: (a) the location of theX–Z cross section of interest, (b) HCOOH
mass fraction contour plot showing diffusive mixing between the fuel and oxidant streams without electro-oxidation reactions, (c) HCOOH mass fraction
contour plot showing combined diffusive mixing and electro-oxidation at the anodes (top and bottom, left), and (d) O2 mass fraction contour plot showing
combined diffusive mixing and reduction at the cathodes (top and bottom, right).

poses. Fuel utilization was determined from the ratio of fuel
mass flow rate at the outlet to the fuel mass flow rate at the
inlet. With an inlet velocity of 0.1 m s−1, the square geometry
provides a fuel utilization of 3%, whereas the rectangular ge-
ometries with aspect ratios of 1:10 provide a fuel utilization
of 8%. These results are in agreement with recent experimen-
tally determined fuel utilizations on the order of 1% for the
square geometry presented by Choban et al.[7] and 10% for
the rectangular geometry presented by Ferrigno et al.[8]. Al-
though Geometries 2 and 3 provide similar fuel utilization,
there is significantly less cross-stream fuel-oxidant mixing in
Geometry 2, illustrated inFig. 6(b). Both geometries exhibit
a mixed region of similar width, but the volume of fluid in the
mixed region is significantly less in Geometry 2. The degree
to which the reactants are mixed is an indication of how much
potential there is for improved fuel utilization. The percent-
age of mixing is quantified using the following expression
[27]:

% mixed=

1 −

√
(1/N)

∑N
i=1(Ci − Cmixed

i )
2

√
(1/N)

∑N
i=1(C0

i − Cmixed
i )

2




×100 (12)

whereN is the total number of cells,Ci the concentration of
cell i,Cmixed

i the concentration of the perfectly mixed solution
at cell i, andC0

i the concentration at celli if no mixing or
diffusion were to occur. With an inlet velocity of 0.1 m s−1,
at the outlet of the fuel cell, Geometries 1–3 resulted in 14%,
8% and 19% mixing respectively (measured at the outlet).
These results indicate that particularly for Geometry 2, there
is an opportunity to utilize much more fuel.

The effect of the inlet velocity magnitude for Geometry
2 is shown inFig. 8. With respect to an analysis of fuel uti-
lization and mixing, reducing the inlet velocities is effec-
tively equivalent to increasing the length of the microfluidic
fuel cell. Decreasing the inlet velocity from 0.1 to 0.02 m s−1

causes the fuel utilization to increase non-linearly from 8%
to 23%. This increase in fuel utilization is highly signifi-
cant in the context of values provided in previous studies
[7,8]. The mixing region at the outlet reached 20�m wide,
which is equivalent to the separation distance between the
electrodes. Decreasing the inlet velocity further would result
in fuel cross-over. It is noteworthy, however, that the per-
centage mixed at the outlet increased only 3% (from 8% for
the 0.1 m s−1 inlet velocity to 11% for the 0.02 m s−1 inlet
velocity), indicating that further improvements in fuel uti-
lization are possible by extending a tapered electrode beyond
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ig. 7. Depletion and mixing of HCOOH and O2 in the microfluidic fuel ce
ass fraction contour plot showing diffusive mixing between the fue

ontour plot showing combined diffusive mixing and electro-oxidatio
ombined diffusive mixing and reduction at the cathodes (top and bot
eometry 3: (a) the location of theX–Z cross section of interest, (b) HCOO
xidant streams without electro-oxidation reactions, (c) HCOOH maion
anodes (top and bottom, left), and (d) O2 mass fraction contour plot showi

ht).
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Fig. 8. Effect of increasing the inlet velocity on fuel utilization and diffusive mixing region width for Geometry 2, measured at the outlet of a 6 mm long
microfluidic fuel cell.

Fig. 9. A Schematic diagram of the microfluidic fuel cell system with Geometry 2 extended with tapered electrodes.

the 6 mm length (while maintaining channel cross-sectional
dimensions).

The schematic of Geometry 2 with extended tapered elec-
trodes is given inFig. 9. The concept is to taper the electrodes
to match the growth of the mixing region, and thereby exploit
unused and unmixed fuel while avoiding fuel cross-over. With
an inlet velocity of 0.02 m s−1, this electrode design results
in a fuel utilization increase from 23% to 52%.Fig. 10 il-

lustrates the formic acid and oxygen concentration boundary
layers developed at the electrode surfaces, along with the
diffusive mixing regions for the extended electrode geom-
etry. Compared to the species mass fraction contour plots
shown inFig. 6, where the fuel cell length extended to only
6 mm, the contour plots shown inFig. 10 illustrate that the
fuel utilization has been significantly improved with the ex-
tended geometry and tapered electrodes.Fig. 11 illustrates

Fig. 10. Depletion and mixing of HCOOH and O2 in the microfluidic fuel cell with Geometry 2 extended with tapered electrodes: (a) the location of theX–Z
cross section of interest, (b) HCOOH mass fraction contour plot showing diffusive mixing between the fuel and oxidant streams without electro-oxidation
reactions, (c) HCOOH mass fraction contour plot showing combined diffusive mixing and electro-oxidation at the anodes (top and bottom, left), and (d) O2

mass fraction contour plot showing combined diffusive mixing and reduction at the cathodes (top and bottom, right).
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Fig. 11. Depletion of HCOOH in the microfluidic fuel cell with Geometry 2 with tailored electrodes: (a) tailored electrode placement, (b) HCOOH mass
fraction contour plot on theX–Yplane atz= 13.75�m (quarter plane), (c) HCOOH mass fraction contour plot on theX–Yplane atz= 27.5�m (mid-plane) and
atX–Z planes along the downstream channel (y= 2, 6, 12 and 18 mm). Length scales were adjusted to illustrate the depletion of HCOOH in the downstream
direction.

the depletion of formic acid as the fuel flows downstream.
Fig. 11(a) shows the tailored electrode placement.Fig. 11(b)
is the formic acid mass fraction contour plot on theX–Yplane
at a depth ofz= 13.75�m (quarter plane).Fig. 11(c) is the
formic acid mass fraction contour plot on theX–Yplane at a
depth ofz= 27.5�m (mid-plane). Due to the concentration
boundary layers near the top and bottom walls of the channel,
the formic acid concentration is more depleted in the quar-
ter plane compared to the mid-plane.Fig. 11(c) also shows
formic acid mass fraction contour plots atX–Z planes along
the downstream channel at positionsy= 2, 6, 12, and 18 mm.
Similar to the fuel mass fraction contour in theX–Y plane,
the contours in theX–Z planes also illustrate the depletion of
formic acid as the fuel travels downstream.

Geometry 2 yields a total current of 0.059 mA, and when
this geometry is extended with tapered electrodes the total
current increases to 0.13 mA corresponding to an average
current density of 1.1 mA cm−2. It is noteworthy that the ex-
perimentally measured output power would be expected to
be less than the theoretical prediction due to the effects asso-
ciated with non-constant overpotentials and fluid properties.
Furthermore, the resistivity of the fuel cell would change as
the liquid flows downstream where the electrolyte concentra-
tion weakens. These results indicate that extending the length
of the fuel cell geometry with tapered electrodes provides a
larger total current and an improved use of reactants.

5. Conclusions

This work is one of the first CFD analyses for this emerg-
ing technology. Recent experimental studies have estab-
lished proof-of-concept results; however, poor fuel utilization
greatly limits the performance of current designs. Improving
fuel utilization while minimizing fuel-oxidant mixing in the
microfluidic fuel cell was the focus of this study. A concise
electrochemical model of the key reactions and appropriate
boundary conditions for the microfluidic fuel cell have been
developed and implemented into the numerical model. A nu-
merical investigation of the coupled flow, species transport
and chemical aspects provided insight into the running pa-
rameters and cell geometry required to achieve significantly
improved performance.

The geometry of the cell plays a critically important role
in the performance of the cell, which was limited by the mass
transport of reactants through the concentration boundary
layers to the electrodes. Three geometries were investigated.
The straight and rectangular channel geometries simulated
in this study are in keeping with current designs. The rectan-
gular geometry with a high aspect ratio in the cross-stream
direction is the most promising design for the microfluidic
fuel cell, as the reactants demonstrate the least percentage of
mixing and the best fuel utilization at the outlet of the fuel
cell. With the same hydraulic diameter as the square geome-
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try, the overall fuel utilization increases by more than a factor
of two over the square geometry.

Lowering the inlet velocity results in a significant im-
provement in fuel utilization with a minimal increase in cross-
stream mixing at the outlet. Decreasing the inlet velocity from
0.1 to 0.02 m s−1 causes the fuel utilization to increase non-
linearly from 8% to 23%, and only causes an increase of 3%
in cross-stream mixing at the outlet. Power output require-
ments and the diffusive mixing of fuel and oxidant, how-
ever, ultimately limit the degree to which the velocity can be
reduced. Based on our analysis, a tapered-electrode design
was suggested. Numerical simulations indicate that signifi-
cant improvements result from the tapering of the electrodes
towards the outlet of the microfluidic fuel cell, while main-
taining constant channel cross-sectional dimensions. By tai-
loring the electrode shape to the reactant concentration profile
for an extended cell geometry, the fuel utilization increased
from 23% to 52%, producing an average current density of
1.1 mA cm−2.
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