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A membraneless microfluidic fuel cell stack architecture is presented that reuses reactants from one
cell to a subsequent one, analogous to PEMFC stacks. On-chip reactant reuse improves fuel utilization
and power densities relative to single cells. The reactants flow separately through porous electrodes and
interface with a non-reacting and conductive electrolyte which maintains their separation. The reactants
remain separated downstream of the interface and are used in subsequent downstream cells. This fuel
cell uses porous carbon for electrocatalysts and vanadium redox species as reactants with a sulfuric acid
supporting electrolyte. The overall power density of the fuel cell increases with reactant flow rate and
decreasing the separating electrolyte flow rate. The peak power, maximum fuel utilization, and efficiency
nearly double when electrically connecting the cells in parallel.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The rapid advancement of portable electronic devices has sig-
nificantly increased their power demands [1-3]. Current state of
the art battery technologies are a major contributor to the over-
all weight and size of the portable system due to their low energy
densities. Liquid and gaseous fuels exhibit higher energy densities
compared to battery systems, and offer greater flexibility in their
storage, handling, and system implementation [4]. Miniaturized
polymer membrane fuel cells that use fuels present a small scale
and portable solution with high fuel conversion efficiency [5-14].
However, like their full scale counterparts, miniaturized fuel cells
suffer from complications with membrane and electrode durability
[15-22], water management at the cathode [23-25], and reactant
crossover [26-29]. Such challenges increase the overall cost and
maintenance and reduce the system’s reliability.

More recently, micron scale membraneless fuel cells have been
developed as alternative portable power sources [30-32]. Microflu-
idic membraneless fuel cells avoid the use of a semi-permeable
membrane by leveraging laminar interfaces between the liquid
streams to separate the reactants. Membraneless fuel cells offer
greater flexibility with fuel and oxidant selection than membrane-
based cells because they do not have the inherent crossover
issues [33]. Membraneless fuel cells have been demonstrated with
vanadium [31,34-36], formic acid [30,37], hydrogen saturated elec-
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trolytes [38-40], gaseous streams [40-42], peroxide [43], methanol
[44,45], ethanol [46], borohydride [47], hypochlorite [48], and have
been tested in both basic and acidic media [48-51].

Microfluidic fuel cells have primarily relied on parallel flowing
laminar streams of fuel and oxidant[32,52]. The parallel flow design
requires careful consideration of the development of both the vis-
cous and concentration boundary layers, because the flow rates are
linked to the power density and fuel utilization [32,33]. The power
density of parallel flow fuel cells increases with increasing flow rate
[32]. Higher flow rates generate higher power because they reduce
the concentration boundary layer thickness at the electrodes result-
ing in lower mass transport losses [53,54]. The improvements in
power density come at the expense of fuel utilization because the
fuel and oxidant reach the end of the cell before they are con-
sumed. Membraneless fuel cells typically exhibit higher Ohmic
losses than membrane-based systems which results in lower power
densities. The increased Ohmic loss is attributed to the increased
electrode spacing. In co-flowing laminar streams, unreacted fuel
and oxidant mix by transverse diffusion at the laminar flow inter-
face, which results in reactant depletion [51,55,56]. For a given
length of laminar flow fuel cell, diffusive mixing of the fuel and
oxidant decreases with increasing flow rate because the reactants
are advected downstream with greater velocity (higher effective
Peclet number). Although larger flow rates result in less mixing of
the streams at the interface and higher power output from the cell,
the fuel and oxidant may reach the end of the cell before they are
consumed, resulting in a net reduction in fuel utilization.

Various architectures have been presented to overcome the
abovementioned challenges of boundary layer growth and diffusive
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broadening at the interface. Kjeang et al. increased electrocatalyst
surface area using sheets or stacks of graphite rods in a vanadium
redox fuel cell in an effort to improve fuel utilization [34,35]. Cohen
et al. introduced a planar tapered flow that delays the onset of
reactant depletion to reduce wasted reactant [38]. Sun et al. intro-
duced a parallel flowing electrolyte between the reactant streams
in order to reduce reactant mixing [39]. Yoon et al. used additional
downstream inlets in an effort to replenish the depletion zones
at the sidewall electrodes [57]. Membraneless fuel cells have also
been studied from both a computational and analytical approach to
identify and characterize the relationship of flow conditions to the
cell’s power output and fuel utilization [58-61]. Recent membrane-
less fuel cell architectures show more active effort to overcome
challenges with mixing and depletion of reactants. Brushett et al.
[49,50] and Jayashree et al. [42,62] applied gas diffusion layers
with gaseous streams to mitigate challenges with reactant mix-
ing. Hollinger et al. used a non-selective nanoporous separator
between fuel and oxidant to overcome challenges with reactant
cross diffusion and mixed potentials [63]. Kjeang et al. [36] and
our previous work [37] used a flow through architecture with
porous electrodes that increased reaction surface area availability
to increase fuel utilization at higher flow rates, and alleviate defi-
ciencies with mass boundary layer depletion zones common in flat
plate electrode designs. In our previous works we also introduced
a sequential flow field where the fuel and oxidant flow in series
[37], and a counter flow pattern where a non-reacting electrolyte
separates the fuel and oxidant to independent outlets [64]. Both
of the sequential and counter flow designs featured concise ionic
interfaces where advection occurs in the direction of concentration
gradients which mitigates diffusion of reactants even at low Peclet
numbers. Although various fuel cell architectures as well as fuel
and catalyst selection have provided improvements in power den-
sity and fuel utilization, these two figures of merit are still strongly
linked to the flow rate in the system. Existing membraneless sys-
tems have failed to provide high power density and complete fuel
utilization analogous to a stacked PEM membrane-based system.
In this work, we present a membraneless microfluidic fuel cell
that, for the first time, enables stacking of reaction zones analo-
gous to membrane-based fuel cell stacks. This design keeps the
reactants separate and enables the reactants to be reused, increas-
ing the fuel utilization of the cell and effectively decoupling the
power density from the fuel utilization. The cell presented here
integrates two reactant and electrolyte interfaces on a single fluidic
chip allowing for multiple passes of the reactants. Fig. 1 shows the
flow pattern in the multi-pass microfluidic fuel cell. The shortened
ion exchange zone reduces reactant mixing and the non-reacting
electrolyte ensures their separation. The reactants are reused at a
downstream reaction zone, effectively increasing the overall inter-
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Fig. 1. Top view schematic of the multi-pass fuel cell. After reacting through the
porous electrodes in cell 1, the fuel and the oxidant are redirected by an electrolyte
to cell 2. Arrows represent flow direction.

facial area. In this manner the fuel utilization is decoupled from the
flow rate which will ultimately yield higher overall power density
and thermodynamic efficiency. In this flow configuration, the fuel
and the oxidant are first introduced through a porous electrocata-
lyst. At the interface junction between the anode and the cathode,
an electrolyte splits equally to direct the fuel and oxidant through
independent channels leading from cell 1 into cell 2. The exact flow
pattern is repeated in cell 2, and terminates with the fuel and oxi-
dant flowing to independent outlets. Each interface is treated as
an individual electrochemical cell with its own porous anode and
cathode, and external contact for current sourcing.

The multi-pass design (i) separates the reactants throughout the
device, (ii) provides a high conductivity ionic exchange zone that
reduces reactant diffusive mixing, and (iii) uses porous electrocata-
lysts to increase available reaction surface area. This design results
in an effective increase in the ionic exchange cross-sectional area
by repeating interfaces, similar to a stacked PEM fuel cell archi-
tecture, exhibiting reduced reactant mixing compared to a single
extended diffusive interface. It is difficult to maintain the stability
of an extended interface due to an increase in downstream diffusive
mixing and susceptibility to perturbations in elongated channels.
Fig. 2 shows flow visualization optical micrographs of the fuel cell
design cell under various ratios of the flow rate of the reactants to
that of the separating electrolyte. It is preferential to use lower sep-
arating electrolyte flow rates as to not overwhelmingly dilute the
reactants at each subsequent interface, and to increase the overall
gravimetric power density and reduce pumping power associated
with carrying a non-reacting electrolyte. The Reynolds number at
each micrograph in Fig. 2 is defined as Re =UDy,/v, where U is the
average fluid velocity in the channel, Dy, is the hydraulic diameter
of the channel, and v is the kinematic viscosity of the fluid. The
purpose of the visualization is to investigate the onset of reactant
mixing due to decreased separating electrolyte flow rate. Fig. 2D
suggests that even at electrolyte flow rates of only 6% the reactant
flow rates, separation between the two streams is complete and
little reactant crossover occurs. We have previously demonstrated
that various separating electrolyte flow rates achieve similar fuel
cell polarization, and concluded that the minimal electrolyte flow
rate be used to separate reactants [64].

2. Experimental methods
2.1. Fuel cell construction and characterization

The fuel cell consists of three PMMA layers fabricated using
a carbon dioxide laser ablation system (M360, Universal Laser
Systems, Scottsdale, AZ). The bottom layer has holes cut out for
inserting 0.127 mm sections of platinum wire (SPPL-010, Omega
Engineering, Stamford, CT) that serve as current collectors. The
wires come in contact with the electrodes which are 1 mm tall and
8 mm long stacked sheets of Toray carbon paper (E-TEK, Somerset,
NJ) housed in the middle layer. The distance between the parallel
carbon anode and cathode electrodes is 1 mm. The active projected
electrode area in the cell is 0.08 cm?, and all absolute current and
power numbers are normalized by this area. The top layer of the fuel
cell seals the assembly with holes cut out for fluidic access. Liquids
are delivered to the cell using 1.5 mm tubing (Tygon™ EW-06418-
02, Cole Parmer, Vernon Hills, IL) bonded to the ports with quick
dry epoxy. The three PMMA layers are adhered using double sided
adhesive Mylar (3M, St. Paul, MN).

The electrolyte and both reactants are delivered to the fuel
cell by two independent programmable syringe pumps (KDS200,
KD Scientific, Holliston, MA). Reactant flow rates ranged from
50 to 500 wlmin~!, and electrolyte flow rates ranged from 0 to
250 wlmin~!. We record polarization data for cell 1 and cell 2 using
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Fig. 2. Optical micrographs showing reactant separation under various flow rate ratios of the reactants (red and blue) to that of the electrolyte (clear) in wlmin-1. (A) 50:50,
(B)200:50, (C) 500:50, and (D) 800:50, where 50 wl min~'corresponds to Re =6. Arrows represent the flow direction, and the channel width is 800 pm. The reactants remain
separated even at large Re numbers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

a source meter (Model 2410, Keithley Instruments, Cleveland, OH)
and a potentiostat (VersaSTAT 4, Princeton Applied Research, Oak
Ridge, TN) respectively. We hold cell 1 at a fixed current density, and
then completely polarize cell 2 by galvanostatic steps. We report
the average cell 2 voltage after it equilibrates for 10-15s. We then
step the cell 1 current density, and repeat the polarization for cell
2.

2.2. Chemistry

We use vanadium redox species in acidic media (V2*/V3* at the
anode and VO,*/VO?* at the cathode) to characterize the fuel cell.
While vanadium as a fuel exhibits lower energy densities than alco-
hols or organic acids, its high activity on bare carbon and its high
open circuit potential make it an appealing selection for testing
new microfluidic fuel cell architectures. We prepare 50 mM V2* and
VO,* in 1M sulfuric acid through electrolysis of VO2*.

Reactants for the cell are obtained by first preparing 50 mM
vanadium(IV) oxide sulfate hydrate (CAS 123334-20-3, Sigma
Aldrich, St. Louis, MO) in sulfuric acid (CAS 7664-93-9, EMD Chem-
icals, Hibbstown, NJ) diluted to 1M in 18.3 M2 deionized water
(Millipore, Billerica, MA). After mixing, a clear blue solution indi-
cates the presence of the vanadium(IV) ion. An in-house electrolytic
cell was fabricated using PMMA for the housing, Toray paper for
the electrodes, and a Nafion membrane (NRE212, Fuel Cell Store,
Boulder, CO) as the ion exchange medium [35]. The electrolytic cell
generates the oxidation states vanadium(Il) and vanadium(V) from
the stock vanadium(IV) [65]. At the cathode of the electrolytic cell
the reaction:

VOt +2H* + e~ < V3* 1+ H,0, E°= 0.337VvsSHE (1)

occurs, followed by

V3t te o V2, E°— —0.255VvsSHE (2)
At the anodic half cell the reaction:

VO** +H,0 < VOt +2H* +e~, E°= 0.991VvsSHE (3)

occurs. To obtain V2* as the fuel, the charge balance requires that
the anodic half cell of the electrolysis setup be twice the volume of
its cathodic counterpart. A nitrogen gas stream is constantly intro-
duced to the cathodic half cell to maintain vanadium(ll) stability
[34].

At the fuel cell anode the oxidation reaction

V2t o V3t 1e”, E°= —0.255VvsSHE (4)
occurs and at the cathode the reduction

VO,* +2H" +e~ < VO** +H,0, E°= 0.991VvsSHE (5)
occurs [65].

3. Results and discussion

In this section we present polarization results for two cells
stacked fluidically in series and electrically in parallel and compare
it to the performance of a single cell. We also present the effects of
reactant and separating electrolyte flow rate on the polarization of
each fuel cell in the device, and investigate how the polarization of
cell 1 affects that of cell 2. We conclude with a discussion on fuel
utilization and overall efficiency of stacked microfluidic fuel cells.

3.1. Stack polarization

The multi-pass fuel cell allows for on-chip reactant recycling
and can be analyzed as a single microfluidic fuel cell. It is similar to
a PEM stack with bipolar plates in that the reactants pass serially
through several reactive zones. We electrically connect cell 1 and
cell 2 in parallel, i.e. a common anode and common cathode. When
the reactants are subjected to two ion exchange zones the effec-
tive cross-sectional area of the fuel cell doubles. This area increase
results in an effective reduction in overall Ohmic losses since the
fuel cell resistance can be approximated as R=g/cA, where g is the
length between the electrodes, o is the conductivity of the solution
inthe gap,andAis the cross-sectional area of the ion exchange zone.
Fig. 3 compares polarization and power density curves between a
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Fig. 3. Polarization and power density curves for single and stacked cell (common
anodes, common cathodes) configurations. By doubling the number of interface
zones, both the maximum power density and maximum fuel utilization nearly
double.
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single and the multi-pass microfluidic fuel cells electrically con-
nected in parallel. In this case the reactant and the separating
electrolyte flow rates are 500 and 25 pwlmin~!, respectively. The
Ohmic loss differences are distinct between the two cases, where
the slope of the linear region of the stacked cell is approximately
half that of the single cell. We do not readily observe any curvature
in the polarization curves that would typically be associated with
activation or mass transport losses. Vanadium redox species exhibit
fast electrode kinetics on bare carbon, and at 500 wlmin~—! mass
transport losses are delayed and the majority of the polarization
curve reflects the Ohmic losses.

The peak power density (and its respective current density)
increases from 7.5 to 16 mW cm~2 upon doubling the number of
fuel cell passes. The maximum fuel utilization also increases from
6% to 11%, calculated as:

i-A
= nFcqQ

where i is the maximum measured current density, A is the top
projected electrode area, n is the number of electrons transferred,
F is Faraday’s constant, C is the concentration of the fuel, and Q is
the fuel flow rate. This design presents the first example of a mem-
braneless microfluidic fuel cell that reuses reactants, in contrast to
multichannel systems that employ common manifolds for inlets
and outlets, as shown by Hollinger et al. [63].

The vanadium fuel utilization values reported here are lower
than large scale, membrane-based [66] and microfluidic mem-
braneless [36] fuel cells, which report utilization values larger than
90%. In this work we are characterizing our architecture using
low vanadium concentrations and higher flow rates. Both of these
parameters result in decreased reaction rates at the electrode sur-
face, and thus lower fuel utilization. While the fuel concentration
and flow rate can be tuned to achieve near complete utilization, the
focus of this study is to enable higher power density from larger
flow rates and increased fuel utilization from reactant reuse.

(6)

3.2. Individual fuel cell polarization

While the primary interest is the power output of the overall
stack, it is important to understand how the polarization of one cell
in the stack influences that of downstream cells [67,68]. Fig. 4A-C
shows polarization data for cell 1 and cell 2 at reactant/electrolyte
flow rate ratios of 50/25, 500/250, and 500/25 (in I min~1), respec-
tively. Cell 2 is downstream of cell 1 and its potential is dependent
on the local reactant concentration and flow conditions which are
modified by the operation of cell 1; therefore cell 2’s polarization
is noted as a function of the current density of cell 1 in each figure.
Here we detail the effects of reactant and electrolyte flow rate on
the potential output of the individual fuel cells.

In all three flow rate cases, we observe lower maximum current
densities from cell 2 as we increase the current density from cell
1. For example, in Fig. 4B, cell 2’s maximum current density drops
from 22.5 to 12.5 mA cm~2 when we increase cell 1’s current den-
sity from zero (open circuit potential) to 20 mA cm~2. We attribute
this decrease in cell 2’s current density to lower reactant concen-
trations onset by dilution and utilization from cell 1. Lower reactant
concentrations in the fuel cell result in current density losses due
to lower reaction rates [69], and Nernstian potential losses due to
a decrease in species activity and net Gibbs free energy [70].

The decrease in cell 2’s maximum current density due to cell
1 is accentuated at low flow rates. For example, Fig. 4A shows
that at the 50 wlmin~! reactant flow rate, cell 2’s highest current
density is approximately 25% of cell 1's current. At high reactant
(500 wImin—1) and low electrolyte (25 I min~1) flow rates shown
inFig. 4C, we observe nearly equivalent maximum current densities
from both cell 1 and cell 2 over the entire range of cell 1's cur-
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Fig. 4. Polarization curves at (A) 50 wlmin™' reactant and 25 plmin™" separat-
ing electrolyte flow rate, (B) 500 wlmin™! reactant and 250 wlmin~' separating
electrolyte flow rate, and (C) 500 wlmin™! reactant and 25 plmin~! separating
electrolyte flow rate. The current density i; denoted in the legend reflects the gal-
vanostatic state of cell 1 during cell 2’s polarization. In all three cases higher current
densities from cell 1 decreases the maximum current density of cell 2.

rent density. At low reactant flow rates, cell 1 uses a larger fraction
of the available reactants and results in lower reactant concentra-
tions exiting cell 1. This effect results in a drastic decrease in cell
2’s current density with larger cell 1 current densities.

We also consider the effect of the separating electrolyte flow
rate on the individual cell polarization. Fig. 4B and 4C, show that
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Fig. 5. Comparison of overall fuel utilization for cell 1 (open symbols) and both
cells (filled symbols) for 50 wlmin™! (@) and 500 wlmin~! (M) reactant flow rate.
The separating electrolyte flow rate is 25 wlmin~!. The increase in fuel utilization
is an advantage of recycling the reactants.

we observe very similar polarization curves for cell 1 at the flow
rate cases 500/250 and 500/25. Since the reactions occur prior to
the three stream interface, the first cell’s operation is not dependent
on the separating electrolyte flow rate, consistent with our previous
findings [64]. However, polarization curves with varying separating
electrolyte flow rates are not equivalent in cell 2. At larger separat-
ing electrolyte flow rates, we observe a decrease in cell 2’s current
density with increasing cell 1 current density. For example, com-
paring Fig. 4B and 4C, we see that cell 2’s current density decreases
by 5mAcm2 (at cell 2=0.4V and cell 1 at maximum current den-
sity) when higher electrolyte flow rates are used. As the separating
electrolyte flow rate increases we expect (i) enhanced mass trans-
port at cell 2’s electrode surfaces which results in higher current
densities and (ii) decreased reactant availability in cell 2 due to
dilution from the added electrolyte which reduces reaction rates
and results in lower current densities. From the polarization curves
in Fig. 4B and 4C, it is apparent that larger electrolyte flow rates are
detrimental to the performance of downstream cells. Under these
conditions, the losses due to reactant dilution dominate enhance-
ments of mass transport.

In parallel flow membraneless designs, species mixing by dif-
fusion induces potential losses due to reactant crossover and
depletion. In the current architecture the concentration gradients
at the interface are aligned with the bulk fluid flow. At each reaction
zone reactant diffusion is dependent on the local Peclet (Pe) num-
ber, where Pe=(v/D) x Re, and (v/D) is the Schmidt number (ratio
of kinematic viscosity to diffusivity), and Re is the Reynolds num-
ber. In dilute aqueous solutions, we estimate the Peclet number
as Pe=1000 x Re, and thus our smallest Pe number would approx-
imately equal 6000. We can therefore deduce that cross species
diffusion in the reaction zone is small.

3.3. Fuel utilization

We calculate the overall fuel utilization from a two cell system
as:

_(_h i\
o = (nFCQ + nFCQ) A (7)

Fig. 5 plots the fuel utilization from cell 1 alone as well as the
overall fuel utilization using Eq. (7) for the flow rate cases of 50/25
and 500/25. The fuel utilization is plotted as a function of the cell 1
current density and the maximum current from cell 2. We observe
that fuel utilization increases linearly with increasing cell 1 current
density, consistent with Eq. (7). We also note that the fuel utiliza-
tion decreases with increasing flow rate, consistent with previous
observations [52,63,64]. The maximum fuel utilization from cell 2
- when cell 1 current density is zero (i.e. no fuel is used in cell 1) -
is approximately equal to the maximum fuel utilization from cell 1,
regardless of the flow rate. This result shows that both cells operate
nearly identical if treated individually. The near doubling of power
density (Fig. 3) and fuel utilization (solid over open symbols) shown
in Fig. 5 is due to equal contributions from both cells. Fig. 5 shows
that the fuel utilization for two cells is twice as large as a single
cell when high flow rates (500/25) are used. When the lower flow
rates are used (50/25), the fuel utilization is larger for two cells than
for a single cell. For example, at low flow rates (50/25), the com-
bined fuel utilization at 2.5mA cm~2 is 3.2 higher than the single
cell. In contrast, at higher flow rates (500/25) the fuel utilization
for the combined cells is approximately twice that of the single cell
across all current densities. If we operate at low current densities,
higher flow rates reduce the polarization influence from one cell
to the next. Fig. 5 suggests that we can increase fuel utilization by
increasing the number of passes at high flow rates. In this configu-
ration we can achieve both high fuel utilization and power output
from the fuel cell.

4. Conclusions

The performance of parallel flow based laminar flow fuel cells
are limited by mass transport boundary layer growth over flat plate
electrodes and diffusive broadening at the interface of fuel and oxi-
dant. High flow rates are used in a effort mitigate these challenges
but result in wasted reactants that advect out of the system before
completely reacting. In this work, we use porous electrocatalysts
to maximize reaction surface area and brief ionic interface zones
where reactant diffusion and mixing are mitigated. The multi-pass
fuel cell design successfully recycles reactants from one cell to the
other through the use of multiple interfaces, which increases both
the overall fuel cell power and efficiency of the fuel cell. This work
represents the first example of reusing reactants using stacked
microfluidic fuel cell architectures, analogous to membrane-based
stacked fuel cell systems. The influence of one interface on the next
is prominent at low reactant flow rates and high current densities.
The power of cell 2 decreases with decreasing reactant flow rate,
increasing electrolyte flow rate, and increasing upstream cell cur-
rent density. When the two interfaces are interconnected to form a
single cell, we observe that peak power density and fuel utilization
is doubled relative to single cell. This design allows independent
and uncoupled control over desired potentials and current densities
through prescribing a specific number of interfaces.
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