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bstract

We propose new membraneless microfluidic fuel cell architectures employing graphite rod electrodes. Commonly employed as mechanical pencil
efills, graphite rods are inexpensive and serve effectively as both electrode and current collector for combined all-vanadium fuel/oxidant systems.
n contrast to film-deposited electrodes, the geometry and mechanical properties of graphite rods enable unique three-dimensional microfluidic
uel cell architectures. Planar microfluidic fuel cells employing graphite rod electrodes are presented here first. The planar geometry is typical of
icrofluidic fuel cells presented to date, and permits fuel cell performance comparisons and the evaluation of graphite rods as electrodes. The planar

ells produce a peak power density of 35 mW cm−2 at 0.8 V using 2 M vanadium solutions, and provide steady operation at flow rates spanning
our orders of magnitude. Numerical simulations and empirical scaling laws are developed to provide insight into the measured performance and
raphite rods as fuel cell electrodes.

We also present the first three-dimensional microfluidic fuel cell architecture with multiple electrodes. The proposed fuel cell architecture,

onsisting of a hexagonal array of graphite rods, enables scale-up/integration of microfluidic fuel cell technology as well as power conditioning
exibility beyond that of the traditional fuel cell stack. When provided the same flow rate as the planar cell, the array cell generated an order of
agnitude higher power output. The array architecture also enabled unprecedented levels of single pass fuel utilization, up to 78%.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Technical development and miniaturization efforts in the area
f portable electronics have generated unprecedented demand
or small and efficient power supplies. The cost tolerance asso-
iated with the development of new solutions for small-scale
ower generation is therefore relatively high [1]. Microstruc-
ured fuel cells are considered a technology with the potential
o facilitate these accelerating power requirements [2]. Proton
xchange membrane (PEM) fuel cells based on hydrogen pro-
ide competitive power densities, but the energy density of such

uel cell systems is limited by on-board fuel storage. In general,
iquid fuels enable higher energy density than gaseous fuels.
irect methanol fuel cells, for example, are capable of combin-
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ng relatively high power densities and energy densities [3–5].
here are, however, several challenges associated with these, for

nstance, methanol crossover through the membrane and slow
node kinetics, which reduce efficiency and open-circuit voltage
6].

Microfluidic fuel cells, also called laminar flow-based fuel
ells or membraneless fuel cells, provide an alternative avenue
owards miniaturized power supplies. A microfluidic fuel cell
s defined here as a device that confines all fundamental com-
onents of a fuel cell to a single microstructured manifold. In
he case of non-specific catalysts or active sites, such fuel cells
xploit the relatively low rates of diffusive mixing inherent to co-
aminar microfluidic flow to maintain the separation of anolyte
nd catholyte streams flowing side-by-side, thereby eliminating

he need for a physical barrier such as a membrane [7]. Ionic
onduction is facilitated by a supporting electrolyte contained
ithin the reactant streams. Mixing of the two streams occurs by

ransverse diffusion only, and is restricted to an interfacial width

mailto:dsinton@me.uvic.ca
dx.doi.org/10.1016/j.jpowsour.2007.02.087
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Nomenclature

a chemical activity
c concentration (mol m−3)
d rod diameter (m)
D solute diffusivity (m2 s−1)
Dh hydraulic diameter (m)
E electrochemical potential (V)
E◦ standard redox potential (V)
F Faraday’s constant (C mol−1)
h channel height (m)
I current (A)
J current density (A m−2)
l active length of rod (m)
n number of electrons
p pressure (Pa)
Q flow rate (m3 s−1)
QJ current source (A m−3)
R universal gas constant (J mol−1 K−1)
Rs ohmic resistance (�)
s inter-electrode spacing (m)
T temperature (K)
U mean velocity (m s−1)
V electric potential (V)
w Channel width (m)
W pumping power (W)

Greek letters
η fuel utilization
μ dynamic viscosity (kg m−1 s−1)
σ electrical conductivity (S m−1)

Subscripts
e electrode
ox oxidized species
red reduced species
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The power output of a single planar microfluidic fuel cell
0 initial value

t the center of the channel. This inter-diffusion zone [8] has an
ourglass shape with a maximum width at the channel walls
7]. Anode and cathode are integrated on the walls of the man-
fold sufficiently far away from the co-laminar inter-diffusion
one in order to prevent fuel crossover. The microfluidic fuel
ell design avoids many of the issues encountered in polymer
lectrolyte membrane-based fuel cells [9], including membrane
umidification, membrane degradation, and liquid water man-
gement. In addition, the co-laminar configuration allows the
omposition of the anolyte and catholyte streams to be chosen
ndependently [10], thus providing an opportunity to improve
eaction rates and cell voltage. Another significant benefit asso-
iated with microfluidic fuel cells is cost. Single microfluidic
uel cells can be manufactured by inexpensive, well-established

icromachining and microfabrication methods and the cost

ssociated with membrane and auxiliary systems, which is sig-
ificant for most other fuel cells, is eliminated. Incorporation of

i
e
a
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his technology in applications will require scale-up, that is, the
ntegration of multiple microfluidic fuel cells, and this has yet
o be addressed.

Proof-of-concept microfluidic fuel cells based on vanadium
edox species [11], formic acid [12–14], methanol [10,15,16],
ydrogen [17–19], and hydrogen peroxide [20] have recently
een developed. The majority of these devices employed a sin-
le Y- or T-shaped co-laminar microfluidic network featuring
uel and oxidant dissolved in aqueous streams of supporting
lectrolyte and electrodes placed on opposite channel walls par-
llel to the inter-diffusion zone. The current density of these
uel cells was primarily restricted by the rate of mass trans-
ort to the active sites [21], typically in the cathodic half-cell
15]. For cells using dissolved oxygen in the cathodic stream,
he maximum power density reported to date, 5 mW cm−2 [10],
as predominantly limited by the low solubility of oxygen

2–4 mM). The integration of an air-breathing porous cathode
tructure allows gaseous oxygen transport from the ambient
ir, a source of oxygen that has significantly higher diffusiv-
ty and concentration than dissolved oxygen. Jayashree et al.
14] developed the first microfluidic fuel cell with integrated air-
reathing cathode, using a graphite plate anode covered with Pd
lack nanoparticles and a porous carbon paper cathode covered
ith Pt black nanoparticles. Peak power density, 26 mW cm−2,
as achieved with 1 M formic acid in 0.5 M sulfuric acid. Air-
reathing designs yet require a blank cathodic electrolyte stream
ith flow rate similar to the anodic stream in order to prevent

uel crossover and facilitate ionic transport between the elec-
rodes. The air-breathing feature also reduces the feasibility of
cale-up by three-dimensional stacking of individual cells.

The use of alternative oxidants, soluble at higher concentra-
ions than dissolved oxygen, provides another avenue towards
mproved performance of mass-transfer limited microfluidic fuel
ells. Vanadium redox batteries [22,23] utilize two different
queous vanadium redox couples, V2+/V3+ and VO2+/VO2

+, as
uel and oxidant, respectively, dissolved in dilute sulfuric acid.
his combination of vanadium redox pairs is also suitable for
icrofluidic fuel cell operation for several reasons: they have

igh solubility and enable relatively high redox concentrations
p to 5.4 M [24]; they provide well-balanced electrochemical
alf-cells in terms of reaction rates and transport characteristics;
hey have a large difference in formal redox potentials resulting
n a high open-circuit voltage (up to ∼1.7 V at uniform pH)
11]; the reactions are facilitated by plain carbon electrodes that
o not require any precious metal catalysts such as Pt or Pd;
nd the all-vanadium system enables electrolytic regeneration of
uel and oxidant from the used solutions without complex sep-
ration schemes. The highest power density of all microfluidic
uel cells published to date, 38 mW cm−2, was achieved using
anadium redox couples [11]. As in other microfluidic fuel cell
echnologies, however, system integration is challenging, and
he energy density is limited by the solubility of the fuel and
xidant.
s inadequate for most practical applications. The feasibility of
nlarging a single planar cell, i.e. increasing the geometrical
rea of electrodes and microchannel, is limited by structural
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Fig. 1. Schematic of a graphite rod-based microfluidic fuel cell of the planar
cell type. The cell employs vanadium redox couples as fuel (V2+, violet) and
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onstraints, increased fuel/oxidant inter-diffusion, and increased
hmic losses if the average distance between anodic and cathodic
ctive sites becomes large. In order to produce adequate power,
ultiple independent planar cells could be accommodated on
single plane, and then these planes could be stacked as in

ypical PEM fuel cells. The volumetric power density of such
evices would however be limited by the volume of the sealing
nd structural elements separating the cells. In traditional PEM
uel cell stacks, which are limited by similar issues [25], the bi-
olar plates serve as structural and electrical components. The
nherent advantage of non-planar electrode–electrolyte inter-
aces has been recognized and demonstrated for such cells
sing, e.g. waved membrane-electrode assemblies [25]. In con-
rast, the microfluidic fuel cells presented to date contain

ostly non-participating structural material such as glass or
oly(dimethylsiloxane) (PDMS). The scale-up of microfluidic
uel cell technology in a volumetrically efficient manner remains
challenge.

The objective of this study is to develop membraneless
icrofluidic fuel cell architectures employing low-cost graphite

od electrodes. Graphite rod electrodes provide reaction sites
nd current collection within a single stand-alone structure that
equires no additional catalyst or electrode support materials.
xperimental as well as numerical and analytical methods are
pplied to a planar microfluidic fuel cell architecture employ-
ng graphite rod electrodes. A three-dimensional microfluidic
uel cell architecture consisting of a hexagonal array of graphite
ods is presented. Significant performance gains in terms of both
eak power output and fuel utilization are demonstrated with
rototypes of both planar and three-dimensional architectures.

. Experimental

.1. Microfabrication

.1.1. Planar cell
A schematic of the planar cell configuration is given in Fig. 1.

he cells were manufactured in house, and consist of two layers:
substrate that contains the graphite rod electrodes, and a poly-
eric top layer that contains the channel structure. Graphite rods
ere embossed in the base substrate according to the follow-

ng procedure: a 2 in. × 3 in. microscope glass slide was coated
ith a 1 mm layer of polyurethane (PMC-790; Smooth-On Inc.,
aston, PA) and cured for 2 h on a hot plate at 65 ◦C. Upon
olidification, the polyurethane substrate was placed in an alu-
inum substrate holder. Two 0.5 mm-diameter graphite rods

Mars micro carbon, type HB; Staedtler, Germany) were fitted
n a different custom-made aluminum holder with two paral-
el grooves that uniformly separated the rods by 1.0 mm and
eld them in place. The holder was sprayed with universal mold
elease (Smooth-On Inc.) before use. Both parts were heated
n a hot plate to 160 ◦C and mechanically pressed together to
use the graphite rods into the softened polyurethane layer. The

ssembly was removed from the hot plate with the pressure still
pplied, and allowed to cool down. The aluminum plates were
hen removed, leaving the graphite rods embossed in the hard-
ned polyurethane layer. The substrate was finished by grinding

c
p
a
i

xidant (VO2
+, yellow), shown in representative colors (For interpretation of

he references to color in this figure legend, the reader is referred to the web
ersion of the article.).

own the rods to achieve a flush, flat electrode surface. Wires
ere attached to one end of the rods using conductive epoxy

Circuit Works CW2400; ITW Chemtronics, Kennesaw, GA).
The top layer of the planar cell, containing the Y-

haped microchannel, was fabricated by replica molding in
oly(dimethylsiloxane) (PDMS; Dow Corning, Midland, MI)
ollowing established soft-lithographic protocols [26], and pro-
ess specifics described elsewhere [27]. The channels were 2 mm
ide and either 50 or 150 �m high. A master that defines the

hannel pattern was created by photolithography in negative
hotoresist (SU-8 50; Microchem, Newton, MA). This structure
as cast into a slab of PDMS, which was peeled off the master

fter curing. Inlet/outlet holes were punched in the PDMS before
ssembly. The PDMS slab was placed over the polyurethane sub-
trate and the two were aligned precisely under a microscope.

hile operating the cell, a reversible seal was accomplished by
ressing the two parts together with an aluminum clamp. This
ype of bond allows cleaning of the cell and substitution of the
hannel structure, such that the substrate may be re-used after
ach trial. Alternatively, an irreversible seal that does not require
lamping can be obtained by plasma-treating the PDMS, which
enders hydrophilic channel walls and facilitates covalent bind-
ng to the substrate. The electrodes of the assembled fuel cell
ad a planar active area of 0.165 cm2 (0.5 mm wide and 33 mm
ctive length). Overall, the above described fabrication proce-
ure is rapid and economical. A set of planar cell units can be
abricated in less than 4 h with a total material cost of US$ 2 per
ell.

.1.2. Three-dimensional array cell
The inherent advantage of non-planar electrode–electrolyte

nterfaces has, as noted earlier, been recognized before in the

ontext of PEM fuel cell. The array architecture fuel cell pro-
osed here and shown in Fig. 2 uses cylindrical graphite rods
s electrodes. This cell comprises of 29 graphite rods mounted
nside a 2 mm × 7 mm × 39 mm cavity that was CNC-machined
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Fig. 2. Three-dimensional vanadium-based microfluidic fuel cell with the array
architecture. Graphite rods are mounted in a single CNC-machined cavity. The
c
fi
a

i
s
a
o
o
i
t
S
e
w
(
h
i
c
e

2

w
f
M
c
V
W
b
o
1

V
t

d
w
(
b
c
w
c
i
q
d
p
a
e
o
p
h
d

(
m
p
r

2

f
2
t
d
u
v
(
w
o
t
o

u
t
o
r
o
f
1

3

3

p
f

ell comprises 12 anodes and 12 cathodes that are essentially independent. The
ve rods in the center of the device are exposed to co-laminar inter-diffusion of
nolyte and catholyte and are not electrically connected.

n a 6 mm × 19 mm × 44 mm block of Delrin. Delrin was cho-
en as it is a heat resistant, inflexible and chemically resilient
cetal polymer. To hold and separate the graphite rods, an array
f holes in a hexagonal pattern were drilled in the end plates
f the cavity. The 0.5 mm diameter graphite rods were fitted
n the cavity through the holes and sealed using positive pho-
oresist (SPR 220-7.0; Rohm and Haas, Marlborough, WA).
eparate wires were attached to the anodes and cathodes at the
nd of the rods using conductive epoxy. Inlet and outlet holes
ere drilled in the sides of the Delrin block and Teflon tubes

Upchurch Scientific, Oak Harbor, WA) were inserted for fluid
andling. A thin slab of PDMS formed the top wall of the cav-
ty, and during operation the seal was ensured by an aluminum
lamp. The total active area exposed to the fluid was 7.3 cm2 per
lectrode.

.2. Preparation of vanadium solutions

Vanadium-based fuel (V2+) and oxidant (VO2
+) solutions

ere prepared according to the following procedure: fresh sul-
uric acid supporting electrolyte solution was prepared from

illipore Milli-Q water (Millipore, Billerica, MA) and con-
entrated sulfuric acid (EMD Chemicals Inc., Gibbstown, NJ).
anadium sulfate oxide hydrate (VOSO4·XH2O; Alfa Aesar,
ard Hill, MA) was dissolved in the supporting electrolyte

y sonication at 50 ◦C until a clear blue VO2+-solution was
btained. Two different solutions were prepared: 1 M VO2+ in

M H2SO4, and 2 M VO2+ in 2 M H2SO4.

The required V2+ and VO2
+ solutions were generated from

O2+-solution in an electrolytic flow cell with carbon felt elec-
rodes divided by a Nafion membrane. The VO2+-solution was

t
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c

Sources 168 (2007) 379–390

ivided into three equal parts by volume: one part (200 mL)
as added to the positive half-cell and the remaining two parts

400 mL) were added to the negative half-cell. Given the insta-
ility of the V2+ solution in contact with air, it was necessary to
ontinuously purge the negative half-cell with N2. The solutions
ere pumped through the cell while applying a fixed electrolytic

urrent of 10 A. The cell voltage was 1.5–1.7 V while charg-
ng. Charging was complete after 50 min when the cell voltage
uickly rose above 2.0 V, which was also confirmed by the sud-
en color change in the two compartments. The fully charged
urple V2+ solution and yellow VO2

+ solution were removed
nd stored under an N2 blanket in air-tight bottles. The current
fficiency during charging was calculated to be 99.7%. The use
f carbon electrodes ensured that no H2 or O2 bubbles were
roduced during the experiment. The solutions demonstrated
igh stability under storage for several months with only minor
egradation.

The anolyte and catholyte can be regenerated from the mixed
used) solution collected from the outlet(s) of the fuel cells (nor-
ally a 50/50 mixture of V3+ and VO2+ when stabilized) by

ouring equal parts into the positive and negative half-cells and
epeating the charging procedure.

.3. Fuel cell diagnostics

The steady co-laminar flow of vanadium solutions required
or fuel cell operation was driven by a syringe pump (PHD
000; Harvard Apparatus, Holliston, MA) via flexible Tygon
ubing (planar cell) or Teflon tubing (array cell). Polarization
ata were obtained at room temperature by chronoamperometry
nder stepwise potentiostatic control from 0.0 V to open-circuit
oltage in 0.1 V increments, using a PARSTAT 2263 potentiostat
Princeton Applied Research, Oak Ridge, TN). The cell current
as monitored until steady state was reached, which usually
ccurred within 120 s. Current densities and power densities for
he planar cells reported here are based on the planar active area
f the electrodes (0.165 cm2).

The combined ohmic resistance of the planar cells was eval-
ated by electrochemical impedance spectroscopy (EIS) using
he same potentiostat. An ac amplitude of 5 mV rms was applied
ver the frequency range from 50 kHz to 0.5 Hz. The ohmic cell
esistance was recorded as the high-frequency real axis intercept
f the Nyquist plot of impedance. The EIS data were averaged
rom measurements at four different flow rates (2.5, 10, 60 and
20 �L min−1) using 1 M solutions at 0.5 V cell voltage.

. Theory

.1. Numerical current distribution analysis

A primary current distribution model of a 2D cross-sectional
lane (Fig. 1) of the co-laminar flow channel was developed
or the planar cells in order to quantify in-channel ionic resis-

ance between anode and cathode. The current density (�J) and
otential (V) distribution in the channel are coupled and can be
olved for simultaneously by considering the electrolyte as a dc
onductive medium with electrical conductivity σ governed by
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hm’s law:

� = −σ∇V (1)

he potential distribution is described by Poisson’s equation;

∇(σ∇V ) = Qj (2)

here Qj represents internal current sources. By assuming
sotropic conditions, negligible Joule heating (strong convec-
ive heat transfer), and no homogeneous reactions (Qj = 0), Eq.
2) turns into the Laplace equation:

2V = 0 (3)

his governing equation is subject to Neumann boundary condi-
ions (uniform current density normal to the surface) at the anode
nd cathode surface, and electric insulation at the remaining
oundaries (see Fig. 1). The domain was discretized by adaptive
eshing and the equations solved for the 2D potential distri-

ution using a direct stationary linear solver available within
he commercial software package COMSOL Multiphysics 3.2
COMSOL Inc., Stockholm, Sweden) under mesh indepen-
ence control. The total in-channel ohmic resistance was finally
btained by integrating the normalized local current density over
he entire domain, i.e.:

s = 1

σd2l

∫
Ac

J∗2 dA (4)

ere, d and l are the diameter and active length of the graphite
od electrodes, respectively, and the current density (J) is nor-
alized with respect to the current density at the electrodes, Je,

s J* = J/Je.

.2. Transport limitation analysis

The theoretical maximum current density of a microfluidic
uel cell, assuming rapid electrochemical reactions, is controlled
y the rate of convective/diffusive transport of reactants to the
urface of the electrodes. In the transport controlled regime, the
oundary condition on the surface of the electrode is defined by
ero concentration [28]:

e = 0 (5)

concentration boundary layer that depends on the flow charac-
eristics will thus develop in the channel, starting at the leading
dge of the electrode. To approximate the total flux of reactant to
he electrode and sequentially the current, one can consider the
imiting case of internal, fully developed laminar flow between
wo flat plates with one reacting wall, which is a pseudo-3D case
hat neglects the effects of the side walls of the channel. There
s no analytical solution to the described convective/diffusive

ass transport problem available in the literature; however, the
xtensive body of empirical heat transfer correlations may be
sed together with the heat and mass-transfer analogy to derive

pproximate scaling laws. The scaling laws employed here were
dapted from the analysis provided by Kjeang et al. [29], which
ocused on the generation of a redox couple at an embedded
lectrode in a microfluidic channel flow. Only the most relevant

d
u

I
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etails are provided here, and the reader is referred elsewhere
29] for the derivations. The analysis is based on dimensionless
caling of the mean velocity;

∗ = UD2
h

lD
(6)

here U is the mean velocity, Dh the hydraulic diameter, and D is
he diffusion coefficient (D ≈ 10−10 m2 s−1). There are two dis-
inct regimes: (i) the high U* regime, which covers most practical
ow rates experienced in microfluidic fuel cells; and (ii) the low
* regime for low flow rates in channels with small hydraulic
iameter. In the high U* regime, the transport-limited current is
roportional to the cubic root of the mean velocity [29]:

= −1.849Fdc0

(
l2D2U

Dh

)1/3

(7)

oreover, the current is proportional to the electrode diameter
nd the initial vanadium concentration (c0), and scales as the
quare of the cubic root of the active length and the inverse
ubic root of the hydraulic diameter. This analysis is based on
he following assumptions: pseudo-3D momentum and species
ransport neglecting transverse components, and constant bulk
oncentration equal to the initial concentration. Alternatively,
q. (7) can be written in terms of flow rate (Q):

= −1.849Fdc0

(
l2D2Q

Dhhw

)1/3

(8)

or high-aspect ratio channels, Dh ≈ 2h, and the current scales
s h−2/3 and w−1/3 versus the channel height and width, respec-
ively, at constant flow rate. In addition, if we introduce the
imensionless current;

∗ = I

Fdlc0D/Dh
(9)

e obtain a linear correlation between I* and U*1/3:

∗ = −1.849U∗1/3 (10)

his equation is capable of predicting the transport-limited
urrent independently of initial concentrations and channel
eometry within the high U* regime.

In the low U* regime, the flux of reactant entering the channel
s equal to the rate of the electrochemical reactions, such that all
eactant molecules are converted into product species and useful
urrent. We assume that diffusion is strictly two-dimensional
nd neglect transverse diffusion in the cross-stream direction. In
his case, the maximum current is directly proportional to inlet
oncentration and flow rate [29]:

= −Fc0Q (11)

gain, we can use the dimensionless quantities I* and U* to

erive a relationship that is valid for high-aspect ratio channels
nder any conditions within the low U* regime:

∗ = − 1
2U∗ (12)
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he transition point between the high U* regime and the low U*

egime occurs at U*1/3 = 1.9 [29].

. Results and discussion

.1. Planar cell operation

A set of planar microfluidic fuel cells, as shown schematically
n Fig. 1, were fabricated and vanadium solutions of concen-
rations 1 and 2 M were freshly prepared using the procedures
escribed in Section 2. Graphite rods, i.e. common mechan-
cal pencil refills that are available off-the-shelf, were used as
lectrodes without additional catalyst or electrode support mate-
ials. Note that small amounts of clays are typically used to bind
he graphite in pencil leads; the exact composition depends on
ardness and is not supplied by manufacturers.

.1.1. Open-circuit voltage and redox concentrations
The appropriate anodic and cathodic vanadium redox reac-

ions and standard redox potentials are [30]:

3+ + e− ↔ V2+ E◦ = −0.255 V versus SHE (13)
O2
+ + 2H+ + e− ↔ VO2+ + H2O

E◦ = 0.991 V versus SHE (14)

c
v
w
V

ig. 3. Experimentally determined polarization curves for the planar cells using 1 M
0 �m (B and D) high microfluidic channels. The legend indicates flow rate per strea
Sources 168 (2007) 379–390

fuel cell based on these two half-cell reactions thus has a
heoretical reversible cell potential of 1.246 V. Portions of the

2+ and VO2
+ solutions were characterized separately in a

hree-electrode electrochemical cell with a graphite rod working
lectrode. The measured open-circuit potentials (OCPs) were
0.317 and 1.116 V (1 M), and −0.309 and 1.192 V (2 M) (ver-

us SHE), respectively. The maximum cell potentials for fuel cell
peration based on these solutions are 1.43 V (1 M) and 1.50 V
2 M). By assuming that the open-circuit potentials are reversible
otentials, their departure from the standard potentials is related
o the solution concentrations by the Nernst equation [31]:

= E◦ − RT

nF
ln

(
ared

aox

)
(15)

n our case, T = 298 K, n = 1 for both redox pairs, and a is the
ctivity. If we assume equal activity coefficients, the activity
atio can be approximated by the redox concentration ratio.
sing this analysis, the following redox concentration ratios
ere obtained: 92% V2+/8% V3+ and 99.2% VO2

+/0.8%
O2+ (1 M); 89% V2+/11% V3+ and 99.8% VO2

+/0.2% VO2+

2 M). These highly biased concentration ratios explain the
nhanced cell potentials measured here. The cell potential

an be increased beyond 1.50 V by the use of high-purity
anadium solutions, e.g. Ferrigno et al. [11] achieved 1.67 V
ith approximately 99.9% VO2

+/0.1% VO2+ and 99.9%
2+/0.1% V3+ concentration ratios at 1 M.

(A and B) and 2 M (C and D) vanadium solutions in 150 �m (A and C) and
m.
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.1.2. Polarization
The performance of the planar cell architecture was evaluated

or four different combinations of channel height and vanadium
oncentration: (i) 150 �m and 1 M; (ii) 150 �m and 2 M; (iii)
0 �m and 1M; (iv) 50 �m and 2 M. Polarization data were
easured by chronoamperometry under potentiostatic control at

teady state conditions. The amperometric measurements were
emarkably steady and predictable with an initial current peak as
he cell potential was applied that decreased continuously over
ime towards the steady state current. Furthermore, repeated tri-
ls showed highly reproducible trends with an average standard
eviation of less than 2%. The polarization data were repro-
ucible under galvanostatic control, indicating that the same
nternal conditions are established independently of the control

ethod. The planar cells were successfully operated at flow rates
panning four orders of magnitude. Fig. 3 shows polarization
ata at flow rates between 2.5 and 300 �L min−1 per stream. The
pen-circuit voltages measured in the fuel cells were 1.19–1.41
nd 1.24–1.46 V for 1 and 2 M solutions, respectively. Although
–17% less than the values measured in the electrochemical cell,
hese open-circuit voltages are significantly higher than those
ossible in methanol/oxygen or hydrogen/oxygen fuel cells [30].

he obtained values were generally higher for the 150 �m chan-
el height than for the thinner 50 �m channel. The polarization
rends at low flow rates show typical signs of mass-transfer lim-
tations as the cell voltage drops quickly at a limiting current.

d
c
o
t

ig. 4. Power density curves for planar cell operation using 1 M (A and B) and 2 M (
icrofluidic channels, based on the polarization data in Fig. 3. The legend in A and B
Sources 168 (2007) 379–390 385

he impact of mass-transfer limitations from the bulk solu-
ion is reduced by enhanced convective transport at high flow
ates, as indicated by the increasing current densities at higher
ow rates. At 300 �L min−1, for example, there was no indica-

ion of bulk transport limitations. The slope of the polarization
urves is steadier at high flow rates, which indicates that the pro-
uced current was limited by a combination of ohmic resistance,
aradaic electrochemical impedance, and species transport to
nd from the active sites. Given the same flow rate, the convec-
ive velocity in the 50 �m channel was triple that in the 150 �m
hannel. The result of the increased velocity was a thinner dif-
usion layer and higher maximum current density, particularly
n the case of 1 M solutions. A more quantitative analysis of
hese transport effects is provided through the transport lim-
tation analysis in Section 4.1.6. The highest current density
roduced was 92 mA cm−2 at 300 �L min−1 and 2 M vanadium
olutions.

.1.3. Power density
The corresponding power density data shown in Fig. 4 were

btained by multiplying the current density by the cell volt-
ge. The most prominent effect identified here is the strong

ependence of power density on both flow rate and vanadium
oncentrations. These results indicate that the power output
f these devices is primarily controlled by transport charac-
eristics and that the electrochemical reactions are relatively

C and D) vanadium solutions in 150 �m (A and C) and 50 �m (B and D) high
indicates flow rate per stream, also representative for C and D.
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ast. In the context of the evaluation of graphite rods as car-
on microfluidic fuel cell electrodes, this is an encouraging
esult.

Peak power was generally achieved within a cell voltage
ange of 0.6–0.9 V, which can be considered a competitive range
ompared to most other types of fuel cells. The highest peak
ower density in this study, 35 mW cm−2 at 0.8 V, was obtained
or the 150 �m cell at the highest flow rate (300 �L min−1) and
M vanadium concentrations. This level of power density is sim-

lar to that of previous vanadium-based microfluidic fuel cells
11] although the flow rate used here was only 1/5 as high. More-
ver, this power density is 35–100% higher than air-breathing
ells [14,16] and seven times higher than the best cells based on
issolved oxygen [10].

Points of peak power density for each curve are plotted for
omparison in Fig. 5A versus the logarithm of the flow rate. It is
oteworthy that the 150 �m cell was capable of reaching higher
eak power densities than the 50 �m cell at high flow rates of
M vanadium, despite lower maximum current densities. This

eature is attributed to the higher open-circuit voltage measured
or the larger channel, which indicates superior electrochemi-
al characteristics and larger electromotive force. The effect of
hannel height is nevertheless more dominant at 1 M concentra-
ions, where the 50 �m cell performs significantly better than
he 150 �m cell. In addition, the improvements in power den-
ity upon switching from 1 to 2 M vanadium are much larger
or the 150 �m cell than the 50 �m cell; at 300 �L min−1, for
xample, the peak power of the 150 �m cell was enhanced by
30% compared to a mere 49% for the 50 �m cell. The differ-
nce between the two cells is related to the stronger convective
ransport experienced by the 50 �m cell, as will be discussed
urther in Section 4.1.6. The continuous slope of peak power
ensity versus flow rate shown for all cases in Fig. 5A demon-
trates the ability to tune the flow rate to satisfy unsteady power
equirements of applications. The response time of the fuel cell
o a transient duty cycle is expected to be on the order of 1–10 s,

epending on the flow rate regime.

The pumping power required to sustain steady co-laminar
ow in high-aspect ratio channels can be estimated based on

aminar flow theory as the pressure drop multiplied by the flow

l
t
b
p

ig. 5. Experimental results of peak power density (A) and maximum fuel utilization
indicated in the legend), plotted vs. the logarithm of the flow rate per stream.
Sources 168 (2007) 379–390

ate according to Ref. [32]:

= �pQ = 32μlQ2

whD2
h

= 8μlQ2

wh3 (16)

y neglecting the pressure drop associated with inlet channels
nd off-chip tubing as well as other losses, and using the dynamic
iscosity (μ) for water, the pumping power required for the
ighest flow rate and smallest channel under study becomes
≈ 20 �W. This power requirement is less than 1% of the power

utput of the fuel cell, and can therefore be neglected.

.1.4. Fuel utilization
The coulombic single pass fuel utilization is defined as the

urrent output divided by the flux of reactant entering the chan-
el:

= I

nFc0Q
(17)

The geometry of the planar cells is well suited to achieve
igh fuel utilization at low flow rates. Specifically, the mixing
nterface between the streams is perpendicular to the electrode
urfaces, and the high-aspect ratio ensures that the electrode area
s large compared to that of the mixing interface [7]. This con-
guration limits inter-diffusive fuel/oxidant crossover, thereby
nabling operation at low-range flow rates and high fuel uti-
ization. The maximum single pass fuel utilization obtained for
he planar cells is presented in Fig. 5B as a function of flow
ate for all cases under study. As expected, the fuel utilization
as maximized for the lowest flow rates, and decreased with
ow rate. The moderate penalty in power density associated
ith the transition to low flow rates (Fig. 5A), from ∼30 down

o ∼10 mW cm−2, is offset by a large boost in fuel utilization
rom ∼1 to ∼40%. The highest fuel utilization obtained here
as 63% (1 M, 2.5 �L min−1, 50 �m). This level is remark-

bly high: the highest fuel utilization presented to date for other
icrofluidic fuel cells was 33% [14], although the fuel utilization
evels at practical flow rates and cell voltages were typically less
han 1%. Highly practical operational characteristics in terms of
oth power density and fuel utilization were achieved here, in
articular with the 50 �m cell operating at 2.5 �L min−1 with

(B) for planar cells with different channel heights and vanadium concentrations
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Fig. 6. Numerically determined electrical potential distribution inside the
microfluidic channel of a single cell (obtained from the primary current distri-
bution model). Red and blue colors represent high and low electrical potentials,
r
t
r

2
1
t

4

a
w

R

S
o
t
r
t
i
t
e
w
t
g
c
t
t
b
e
b
c
t
f
c
e
m
a
c
c
p
t
c
t
t
t
r
e

Table 1
Ohmic resistance of planar cells with channel height h and 1 M vanadium solu-
tions, obtained by the scaling law (Eq. (18)), the primary current distribution
model (Eq. (4)), and electrochemical impedance spectroscopy (EIS)

h (�m) Scaling (�) Model (�) EIS (�)
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espectively, and the arrows show the current distribution facilitated by ionic
ransport (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.).

M vanadium. This configuration enabled a power density of
1 mW cm−2 at 0.6 V combined with a single pass fuel utiliza-
ion of 38%.

.1.5. Ohmic resistance
The ohmic resistance in the channel is proportional to the

verage charge transfer distance between anode and cathode,
hich can be approximated by the following scaling law:

s = s

σhl
(18)

ince the inter-electrode spacing (s) is relatively large (1 mm),
hmic resistance in microfluidic fuel cells is generally higher
han in membrane-based fuel cells. One way to reduce ohmic
esistance is to increase the concentration of the supporting elec-
rolyte. For example, the conductivity of dilute sulfuric acid
ncreases from 35 S m−1 for 1 M to 58 S m−1 for 2 M concen-
ration at 25 ◦C [30]. A primary current distribution model that
ssentially considers the channel a 2D electrostatic conductor
as developed (Section 3.1) in order to obtain a prediction of the

otal ohmic resistance in the flow channel of the planar cells with
eometry shown in Fig. 1. The results obtained for the 150 �m
ell are given in Fig. 6: the normalized ionic current distribu-
ion between anode and cathode is shown by the arrows; and
he normalized electrical potential distribution is shown in the
ackground, with red and blue colors representing high and low
lectrical potential, respectively. The electrical potential distri-
ution modeled here is induced by ohmic resistance, and is partly
ontributing to the losses in electrochemical cell potential. The
otal in-channel ohmic resistance was integrated using Eq. (4)
or the two planar cell geometries studied here. Electrochemi-
al impedance spectroscopy was performed experimentally to
stimate the overall ohmic resistance of the cell. This measure-
ent includes contributions from in-channel ionic resistance

s well as electrical series resistance introduced by electrodes,
ontacts and wires. The results from the scaling analysis, the
urrent distribution model and the EIS investigation are com-
ared in Table 1. As expected, the scaling law underestimates
he in-channel resistance compared to the results obtained by the
urrent distribution model, which includes the effects of elec-
rode and cell geometry. The difference between the results from

he model and the EIS study indicate the magnitude of the addi-
ional electrical series resistance component included in the EIS
esults. The ohmic resistance of the graphite rods was ∼3 � per
lectrode, as measured with a multimeter across a 60 mm long

c
b
c
o

50 6 8 22
50 17 23 24

ndividual rod, which only constitutes a fraction of the overall
esistance measured by EIS. The majority of the ohmic resis-
ance is therefore associated with ionic charge transport in the
hannel and external electrical contacts. Interestingly, the EIS
esults were very similar for both channel heights, unlike those
btained by the current distribution model. Given the large dif-
erence between EIS and model results for 150 �m, we believe
hat the resistances measured by EIS are dominated by the
lectrical contact resistance component, and that the agreement
etween EIS and model results for 50 �m is serendipitous. The
n-channel resistance should therefore be much smaller than pre-
icted by the other methods. This inevitably raises the question
hether or not the charge transfer mechanism proposed here is

ntirely valid for this type of microfluidic fuel cells. It is possible,
or instance, that some local depletion or accumulation of ions
asks the in-channel ohmic resistance. A thorough EIS inves-

igation of these phenomena is currently under development by
ur group.

.1.6. Transport limitation analysis
Scaling laws for the convective/diffusive transport-limited

urrent density were presented in Section 3.2. Two transport
egimes were identified: the low U* regime and the high U*

egime, based on the dimensionless mean velocity given in Eq.
6). The transport-limited current is proportional to the flow rate
n the low U* regime and scales as the cube root of the flow rate
n the high U* regime. The maximum current densities measured
xperimentally for the 150 �m planar cell with 1 M solutions are
ompared to the scaling laws in Fig. 7A. In this case, the maxi-
um current density follows the scaling laws very closely in both
ow regimes, except at the highest flow rate (300 �L min−1).
his operating case is therefore predominantly limited by con-
ective transport from the bulk fluid, rather than any reaction
inetics associated with graphite rod based electrodes. Fig. 7B
hows experimental data for all four cases studied here, plotted
ogether using the dimensionless quantities I* and U*1/3 to repre-
ent maximum current density and mean velocity, respectively.
sing these variables, the scaling curves in both U* regimes col-

apse into a single function, which is linear above the transition
oint to the high U* regime at U*1/3 = 1.9. The experimental cur-
ents are entirely transport-limited at low flow rates for all cases.
t high flow rates, however, the transport-limitation is generally
ot reached. This effect may be explained as follows: the rate
f convective transport increases with flow rate, vanadium con-

entration and inverse channel height. As convective transport
ecomes stronger (see Fig. 7B), demand on the electrochemi-
al and electrical aspects of the cell increases, and thus effects
f non-ideal reaction kinetics and ohmic resistance become sig-
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ig. 7. Transport limitation analysis: (A) maximum current density measured ex
eight, and (B) for different vanadium concentrations and channel heights based
lso plotted are the empirical scaling laws for the transport-limited cases at hig

ificant. This is especially noticeable in the 50 �m cell which
xperiences the highest velocities for a given flow rate. In these
ases, the current is not strictly transport limited, but is controlled
y a combination of factors related to transport, electrochemistry
nd ohmic resistance. In sum, the current density was predom-
nantly limited by convective/diffusive transport as opposed to
eaction kinetics. The ability to reach transport-limited opera-
ion over a wide range of flow rates demonstrates the viability
f graphite rod electrodes as core fuel cell components.

.2. Array cell operation

Three-dimensional array architecture fuel cells with design
hown in Fig. 2 were fabricated according to the procedure
escribed in Section 2.1.2. The array cell design is based on 29
raphite rods of 0.5 mm diameter assembled inside a single cav-
ty. The average spacing between the rods was 200 �m, and thus
he flow characteristics within the available space are microflu-
dic in nature and similar to those of the planar cells. Although
he inter-diffusion zones located in between the central rods in
he array cell are non-planar, the width of these inter-diffusion
ones is expected to grow at a similar rate as for the planar cells.
o compensate for the inter-diffusion zone, the five central rods
re electrically insulated (see Fig. 2). This inter-diffusion zone
s flanked by 12 individual anodes and 12 individual cathodes.
or the purposes of this study, all 12 electrodes of each type
ere connected in parallel. This simple configuration enabled
erformance comparison with the planar cells; however, alterna-
ive electrode connection combinations are numerous. The array
rchitecture inherently provides many more options with respect
o power conditioning than a conventional stack. Conceivably
lectrode connections could be made dynamically via control
lectronics in response to load, and thus enable dynamic power
onditioning at the fuel cell level. With respect to scalability, the
rray cell configuration may be readily expanded in both verti-

al (preferable) and horizontal directions to increase capacity.
cale-up of these cells requires only an enlarged cavity, in con-

rast to the volumetric costs of additional substrates and fluid
elivery networks associated with stacking planar cells.

o
g
T

entally for a planar cell with 1 M vanadium concentrations and 150 �m channel
imensionless variables for maximum current density (I*) and flow rate (U*1/3).
low U*.

.2.1. Open-circuit voltage and redox concentrations
The V2+ and VO2

+ solutions utilized for the array cell were
imilar to the 1 M solutions used in the planar cell study except
or the redox concentration ratios. The open-circuit potentials,
easured in a three-electrode electrochemical cell, were −0.272

nd 1.061 V (versus SHE). The maximum cell potential for fuel
ell operation based on these solutions is 1.33 V. Using the
ernst equation, Eq. (15), the following redox concentration

atios were obtained: 64% V2+/36% V3+ and 94% VO2
+/6%

O2+. The feed concentration was therefore limited to 0.64 M.

.2.2. Polarization
Polarization data were measured for the array cell according

o the procedure previously described for planar cell operation.
ig. 8A shows polarization data at flow rates between 10 and
000 �L min−1 per stream, plotted as cell voltage versus current.
lso plotted for comparison are the results of planar cell oper-

tion at 300 �L min−1 (150 �m channel and 1 M vanadium).
he open-circuit voltages measured in the array cell ranged

rom 0.84 V at 10 �L min−1 to 1.36 V at 2000 �L min−1. This
ncreasing trend is attributed to the more uniform solution dis-
ribution encountered at high flow rates. Operation at flow rates
ess than 10 �L min−1 was found to be impractical due to the
harp drop in cell voltage induced by increased inter-diffusion
nd non-uniform flow. The cross-sectional flow area in the bun-
le is about 30 times larger than the 150 �m planar cell, and the
ean convective velocity is therefore 30 times less at a fixed flow

ate. The overall shape of the polarization curves are similar to
he ones measured for the planar cells, and as before, some trans-
ort limitation behavior is apparent at lower flow rates. However,
he currents obtained with the array cell are notably higher than
or planar cell operation at the same flow rate. The maximum
urrent measured here was 86 mA at 2000 �L min−1.

.2.3. Power output

The power curves obtained experimentally for array cell

peration are shown in Fig. 8B together with the power curve
enerated by the 150 �m planar cell (at 300 �L min−1 and 1 M).
he array cell produced more power than the planar cell at all
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ig. 8. Polarization (A) and power (B) curves obtained experimentally for array
he data are compared to planar cell operation using 1 M solutions at 300 �L m

ow rates above 10 �L min−1, and its power output increased
ubstantially with flow rate. Fig. 9A presents peak power as
function of logarithmic flow rate for the array cell and pla-

ar cell. At a fixed flow rate of 300 �L min−1, the array cell
roduced seven times more power (17.4 mW) than the planar
ell (2.5 mW). This is considered an appropriate performance
omparison, given that the ‘cost’ in terms of fuel and oxidant
upply is identical. The array cell also operated effectively at
ow flow rates; for example, the array cell produced 6.9 mW at
0 �L min−1, which is nearly three times more than the planar
ell could produce at 300 �L min−1, a 10 times higher flow rate.

The highest power output measured for the array cell was
8 mW at 0.6 V and 2000 �L min−1. Based on the total active
rea of the array cell, this power level is equivalent to a moderate
ower density of 3.8 mW cm−2. This relatively low power den-
ity compared to those of the planar cells is attributed to several
actors: the significantly lower V2+ concentration (0.64 M); the
igher in-channel ohmic resistance; the non-uniform flow dis-
ribution; and most importantly, the lower convective velocity at

xed flow rate.

In the context of a fuel cell stack, volumetric power den-
ity is a more relevant metric. For the array cell, the volumetric
ower density based on the entire volume of the cavity was

h
t
a
p

ig. 9. Peak power (A) and maximum fuel utilization (B) determined experimentall
hat of the planar cell with 1 M vanadium concentrations and 150 �m channel height.
peration at flow rates per stream as indicated, using 0.64 M vanadium solutions.
flow rates in a 150 �m high channel.

2 mW cm−3. Though this volumetric power density is nomi-
ally higher than for the planar cells at 1 M, a direct comparison
s ambiguous at this stage since no attempt has been made to
uantify and minimize the “overhead” volumes of supporting
nfrastructure (i.e. walls, substrates and fluid manifolds). Suf-
ce it to state that the proof-of-concept three-dimensional cell
ith its uniquely scalable array architecture demonstrated an
rder of magnitude higher power output than the planar design.

.2.4. Fuel utilization
The maximum coulombic single pass fuel utilization of the

rray cell is shown in Fig. 9B as a function of the logarith-
ic flow rate, and compared to planar cell operation (150 �m

nd 1 M). The array cell is capable of reaching higher fuel uti-
ization levels than the planar cells due to its reduced relative
nter-electrode spacing. The highest fuel utilization obtained by
he array cell was 78%, which is remarkably high. In addition, at
ny given flow rate above 30 �L min−1, the fuel utilization capa-
ility of the array cell was approximately one order of magnitude

igher than for the planar cell. Practical operational charac-
eristics were identified at 30 �L min−1; at this flow rate, the
rray cell produced 6.6 mW at 0.5 V combined with 43% single
ass fuel utilization. Fuel-efficient array cell operation at low-

y for array cell operation using 0.64 M vanadium concentrations, compared to
The data are plotted vs. the logarithm of the flow rate per stream.
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ange flow rates is a key finding for future research in this field:
s microfluidic fuel cell technology transitions from proof-of-
oncept planar cell structures to integrated three-dimensional
rchitectures with multiple cells, fuel utilization becomes an
ncreasingly important parameter.

. Conclusions

New membraneless microfluidic fuel cell designs were
emonstrated based on graphite rod electrodes. Low-cost
raphite rods, available as mechanical pencil refills, provided
oth reaction sites and current collectors for the combined all-
anadium fuel and oxidant system without additional catalyst
equirements. Planar single cells, comparable to existing fuel
ell designs, were manufactured and evaluated experimentally
o confirm the viability of the proposed graphite rod electrodes.
lanar cell operation was demonstrated for flow rates span-
ing four orders of magnitude with a maximum power density
f 35 mW cm−2. Empirical transport analysis verified that the
erformance was primarily restricted by convective/diffusive
ransport from the bulk. Particularly effective planar cell opera-
ion was shown at low flow rates, achieving unprecedented levels
f fuel utilization up to 63% per single pass.

Unlike film-deposited electrodes, graphite rod electrodes
nable unique three-dimensional array cell integration. Our
roof-of-concept three-dimensional microfluidic fuel cell archi-
ecture, based on a hexagonal array of graphite rods, produced
n order of magnitude more power than the planar cell at simi-
ar flow rates. Furthermore, highly efficient array cell operation
as demonstrated at low to moderate flow rates, achieving even
igher fuel utilization than the planar cell. The array cell, with
ultiple anodes and cathodes, provides great power condition-

ng flexibility in series and/or parallel configurations, as well as
nique scalability by vertical expansion without additional fluid
anifold requirements or performance loss. We expect that fuel

ell performance would further benefit from increasing the con-
entration and purity level of both supporting electrolyte and
anadium redox species, and by optimizing the rod diameter
nd characteristic spacing of the array cell.
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