JIAICIS

COMMUNICATIONS

Published on Web 10/15/2002

Membraneless Vanadium Redox Fuel Cell Using Laminar Flow
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This communication describes a small redox fuel cell fabricated
using a design that omits the membrane normally used to separate
anodic and cathodic compartments. This design exploits the laminar
flow? that occurs in liquids flowing at low Reynolds number (Re)
to eliminate convective mixing of fuels. Two separate streams
one oxidizing and one reducing flow parallel to one another =
through the channel, and no membrane is needed to separate thes £

/0.5 mm | mm

e ) ~ Bl Carbon-on-gold electrodes
streams (only diffusive exchange occurs across the interface betweer™
them). We demonstrate this concept by operating a millimeter-scale [ L1  Glassslide
redox fuel cell that uses the redox couples V(V)/V(IV) (cathodic 0 PDMS/SU-8 slab
compartment) and V(III)/V(Il) (anodic compartmefity and that > V(V) stream

presents naddedmechanical nor electrical resistance between the
two aqueous solutions. *=+P V(I stream
Previous work on fuel cells that do not require a membrane has Figure 1. Schematic design of a single cél.
used selective catalysts or enzymes to restrict reactions of oxidant
and reductant present in a mixture to the appropriate electrdtle.  case for our two solutions) and flow rate, the interface between
An example from Dyérused a mixture of @and H; another, by the two miscible aqueous liquids is located midway between the
Willner et al.?*%was a biofuel cell with enzymes as catalysts.  two electrodes (Figure 1). At this interface, some redox species
Figure 1 shows a schematic representation of a single cell. We are inevitably lost by diffusive mixing and reaction. A good
used soft lithography to fabricate a channel with two inlets and approximation of the ratio between the wasted species at the
one outlet either in poly(dimethylsiloxane) (PDMS) using soft boundary and the used species at the electrodes is given by the
lithography (for thick channelsh ~ 200xm) or in SU-8 photoresist  ratio between the height of the channel and the width of the
using conventional lithography (for thin channetsz 50 um);12:13 electrodes. When the channel is pth thick and the electrodes
details of fabrication are given in the Supporting Information. We are 500um wide, this ratio is 1/10; that is, one molecule is wasted
used graphite rather than metals as the electrodes to reducdor 10 molecules used. The diffusively mixed region has an

electrolysis of water during the operation of the ¢éll. hourglass shape that is broader near the top and bottom walls than
The vanadium system has two redox couples with a large in the center of the chann®&l.We predict’~1° that near the top
difference in formal potentialsy1.0 V/INHE for V(V)/V(IV) (as and bottom walls, the width of the intermixed region between the
VO,*/VO?*) and —0.25 VINHE for V(llI)/V(ll). 1> We prepared two streamsAx, will grow as the cube root of the residence time
these two redox species by electrolyzing &t M solution of in the channel. At the highest flow speeds usedyPS ! or U =

VOSQ, in 25% HSO; in two half-cells separated by a Nafion  12.5 ¢cm s1), Ax ~ 32 um at a distancg = 2 cm; at the lowest
membrane. (The concentrations used in the fluidic fuel cell were flow speeds used (0.Q7L s~ or U = 1.4 mm s%), Ax &~ 89 um.
~1 M for both V(V) and V(Il), and 102 M for V(lIl) and V(IV)). The diffusively mixed region does not overlap with the electrodes,
When the V(V) and V(lIl) solutions were flowing at 28 s~ 1 in which are separated by 1 mm.
the channel, the cell generated a maximum open-circuit voltage Figure 2 shows the curves of potential versus current density
(i.e., the potential when no net current was flowing) of 1.52 V in  gbtained with two channels: one had a thickness ofi50and a
a 200x#m thick membraneless structure; it generated 1.59 V in a flow rate of 0.07uL s7%, and the other had a thickness of 200
50-um thick system at a flow rate of 0.Qi_ s~1.16 These voltages and a flow rate of 25L s™% Impedance measurements gave an
are approximately 90% of the experimental value (1.67 V) obtained internal resistance of & for a 25% HSQO, electrolyte for the 200-
using two platinum wires separated by a membrane in a two- ym thick channel; this measurement is close to the theoretical value
electrode configuration. The permeation of trough the PDMS (2.6 Q) calculated using the expression derived for a coplanar and
slab is sufficiently slow, as compared to the residence time of the interdigitated electrode geomet§The fuel cell having a thicker
solution in the channel, that it does not affect the open-circuit channel delivered 35 mA crd at 1.1 V (i.e., 38 mW cm? at a
potential. flow rate of 25uL s™1), or ~3 mA for the cell with the dimensions

As the two half-cells of the fuel cell are not physically separated shown in Figure 1. These values compare well with those obtained
by a membrane, they are defined only by the laminar flow of the using a macroscopic fuel cell (geometrical dimension of the
two streams of fuel. For two fluids with the same viscosity (the electrodes~ 9 cn¥) reported by Kummer et & (35 mA cnt? at

*To whom correspondence should be addressed. E-mail: gwhitesides@ 800 mV). The thmr_]er SyStem_] & 50/_4m) delivered 3 mA c_:mz

gmwgroup.harvard.edu. at the same potential; we attribute this lower current density to the
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16 This work demonstrates some of the advantages and disadvan-
1 one cell tages of a fuel-cell design that substitutes laminar flow for a
1.4 — II membrane in separating anodic and cathodic half-cells. We believe
z 1.2 - { E E that this concept can be generalized to other electrochemical systems
= b (e.g., electrolysis reactors, electroanalytical systems).
s 1.0
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Figure 2. Polarization curve of two vanadium membraneless fuel cells (1) Laminar flow of multiple, distinct solutions in microchannels has been
) ' used for a range of functions. [Kenis, P. J. A.; Ismagilov, R. F.; Takayama,

(a) h = 2004m (the flow rate was 2L s™, Re= 25), @) h = 50um S.. Whitesides, G.; Li, S.. White, H. $\cc. Chem. Re00Q 33, 841.

(the flow rate was 0.07L s, Re= 0.07).h is defined as the height of Te{kayama, S. ‘()stt‘Jni,'E.;‘Leduc,yP.; Naruse, K.; Ingber, D.QE.; Whitesides,
the channel; its width is 2 mm. The potential is measured between two G. M. Nature 2001, 411, 1016. Li, S.; Macosko, C. W.; White, H. S.
Au/graphite electrodes positioned with their proximate edges separated by Sciencel993 259, 957. Hatch, A.; Kamholz, A. E.; Hawkins, K. R.;

a distance of 1 mm~1 M solutions of V(V) and V(II) in 25% HSO, Munson, M. S.; Schilling, E. A.; Weigl, B. H.; Yager, Rat. Biotechnal

2001 19, 461. Weigl, B. H.; Yager, PSciencel999 283 346.]

electrolyte are used in the channel. :
(2) Kummer, I. T.; Oei, D.-GJ. Appl. Electrochem1985 15, 619.

lower flow rate used. With three cells ¢ 200m) in the series, (3) Skyllas-Kazacos, M.; Rychick, M.; Robins, R. U.S. Patent 4 786 567,
the system reached an open-circuit voltage of 4.35 V (i.e., 1.46 V 1988.

per cell). Three cells in series delivered 80 mA¢€mt 2.4 V (i.e, (4) Sum, E.; Skyllas-Kazacos, M. Power Source985 15, 179.

192 mwW sz); using this level of power, we were able to Iight a 5) gsum E.; Rychick, M.; Skyllas-Kazacos, NI. Power Source$985 16,
LED. (6) Dyer, C. K.Nature 199Q 343 547.

The polarization curves in Figure 2 demonstrate that a redox (7) mallouk, T. E.Nature199Q 343 515.
fuel cell can be operated in the absence of a separation membrane (8) Priestnall, M. A.; Kotzeva, V. P.; Fish, D. J.; Nilsson, E. M.Power

by taking advantage of laminar flow. A drawback of the present Sourcef2002 106, 21 and references cited. Other references are provided
R f th L ) ilizati f fuel. The fuel in the Supporting Information.
version of the system s its poor utilization of fuel. The fuel q) (57 E ; willner, 1.; Kotlyar, A. BJ. Electroanal. Chem999 479, 64.

utilization (the ratio of the amount of fuel consumed at the (10) katz, E.; Filanovsky, B.; Willner, INew J. Chem1999 23, 481.
electrodes and converted to current to the total amount of fuel (11) chen, T.; Barton, S. C.; Binyamin, G.; Gao, Z. Q.; Zhang, Y. C.; Kim,

delivered to the cell) was-0.1% wherh = 200um (as compared H. H.; Heller, A.J. Am. Chem. So@001, 123 8630.

to 0.5% in the cell described by Kummer etz)ilit rose to~10% (12) The channels in PDMS or made of SU-8 were 2 mm wide and were 200
’ 21 Thi . . L . or 50 um thick. The interelectrode distance was 1 mm. The electrodes

whenh = 50 um.?! This efficiency is limited, we believe, by mass were 1.7 cm long and 500m wide.

transport. The kinetics of electron transfer in this system is (13) Duffy, D. C.; McDonald, J. C.; Schueller, O. J. A.; Whitesides, G. M.

sufficiently rapid that the concentration of fuel species near the Anal. Chem199§ 70, 4974. _
(14) The contact of a V(II) solution with a metallic surface (for example, Au)

surfaces of the electrodes i§ depleted. We expect that by qptimizing generates bubbles of gas on the surface.
the contact of the fuel with the electrodes, and by using new (15) The electrode reaction of the V(V)/V(IV) system at graphite electrode
methods for mixing?23this efficiency will improve. changes from irreversible to quasi-reversible on increasing the sulfuric
. . . . . acid concentration from bt6 M (~30%); the redox potential of the V(II)/
This low efficiency notwithstanding, the device demonstrates a V(Ill) system does not vary over this range [Kaneko, H.; Nozaki, K.;
design that is interesting for a number of reasons: (i) It demonstrates Wada, Y.; Aoki, T.; Negishi, A.; Kamimoto, MElectrochim. Actal 991,
a design for a miniaturized cell, the fabrication of which is simpler 36, 1191]'_ ) . )

. . . . L (16) The solutions in the channels were either pumped by syringe pump or
than that required if a membrane were included. (ii) It eliminates injected by gravity. In the experiments we describe, the cell was operated
ohmic losses due to the membrane’ and pr0b|ems due to its fou"ng in a mode in which the solutions of redox components were discarded

. . . after use; we have not demonstrated coupled regeneration of the fuels
or damage. (iii) It uses the same species (vanadium) as oxidant [Bergens, S. H.; Gorman, C. B.; Paimore, G. T. R.; Whitesides, G. M.
and reductant, both of which can be regenerated from a mixture of Sciencel994 265 1418].
the products without separatiére (iv) It allows the active (17) Ismagilov, R. F.; Stroock, A. D.; Kenis, P. J. A.; Whitesides, G.; Stone,

. . . H. A. Appl. Phys. Lett200Q 76, 2376.
electrochemical region to have a small cross sectie®.1 mn¥). (18) Kamholz, A. E.: Schillng, E. A.: Yager, Biophys. J2001, 80, 1967.

(v) It is compatible with microfluidic systems used for other (1) ax~ (DhyU)¥3~ (Dhn) Here,D s the diffusivity of the electroactive
purposes. (vi) It is a general format for electrochemistry in speciesD ~ 1075 cn¥/s), his the height of the channeis the distance
microsystems. (vii) It is comparable in its performance to a g%"fg?dgﬂ‘g’gtﬁ'r‘fe"ha”“w is the average speed of the fiow, ands

macrosystem in terms of current density and electrochemical (0) geimont, C.; Girau'“’ H. HJ. Appl. Electrochem1994 24, 475.

potential, although lower in the efficiency with which it utilizes  (21) comparing the volumetric power density of this system with an AA battery

fuel2 (viii) It can be configured in either series or parallel is instructive. A battery of this size delivers approximately 2.8 Ah and

. . . . . has a volume of 14 mL. This membraneless fuel cell would require 2 L

configurations for high-voltage or high-current power supplies. of each fuel to deliver the same power. If fuel consumption were 100%
The cell can be miniaturized further, but with associated efficient, the cell would still require 200 mL of each fuel to deliver

. . . . . . comparable power.
inefficiencies. For example, reducing the size of the channel will (22) Stroock, A. D.: Dertinger, S. K. W.: Ajdari, A.: Mezic, I.: Stone, H. A

increase the viscous losses in pressure pumping. Making the width Whitesides, G. MScience2002 295 647—651.

of the channel smaller will increase losses in fuel by diffusive (23) Stroock, A. D.; Dertinger, S. W. K.; Whitesides, G. M.; Adjari, Anal.
mixing in the interfacial region, and decrease the open-circuit Chem 2002 74, 5306-5312.
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