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Microfluidic fuel cell architectures are presented in this thesis. This work represents the
mechanical and microfluidic portion of a microfluidic biofuel cell project. While the
microfluidic fuel cells developed here are targeted to eventual integration with
biocatalysts, the contributions of this thesis have more general applicability. The cell
architectures are developed and evaluated based on conventional non-biological
electrocatalysts. The fuel cells employ co-laminar flow of fuel and oxidant streams that
do not require a membrane for physical separation, and comprise carbon or gold
electrodes compatible with most enzyme immobilization schemes developed to date. The
demonstrated microfluidic fuel cell architectures include the following: a single cell with
planar gold electrodes and a grooved channel architecture that accommodates gaseous
product evolution while preventing crossover effects; a single cell with planar carbon
electrodes based on graphite rods; a three-dimensional hexagonal array cell based on
multiple graphite rod electrodes with unique scale-up opportunities; a single cell with
porous carbon electrodes that provides enhanced power output mainly attributed to the

increased active area; a single cell with flow-through porous carbon electrodes that
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provides improved performance and overall energy conversion efficiency; and a single
cell with flow-through porous gold electrodes with similar capabilities and reduced
ohmic resistance.

As compared to previous results, the microfluidic fuel cells developed in this
work show improved fuel cell performance (both in terms of power density and
efficiency). In addition, this dissertation includes the development of an integrated
electrochemical velocimetry approach for microfluidic devices, and a computational
modeling study of strategic enzyme patterning for microfluidic biofuel cells with

consecutive reactions.
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Organization

This dissertation has the following organization: Chapter 1 provides an introduction,
including the overall objectives, motivation of the work, an overview of previous
research, and specific objectives of this dissertation based on current research trends. The
bulk of the work presented in this thesis is contained in the Appendices. Each Appendix
(A-G) includes a complete scientific journal publication. These seven peer-reviewed
journal papers are either published, in press, or currently under review. Chapter 2
summarizes each one of them and explains how they are connected in order to meet the
objectives of this thesis. Finally, Chapter 3 provides a brief summary of the overall

contributions, conclusions, and suggested future work.



Chapter 1

Introduction

1.1 Aims and Motivation

1.1.1 Objective

The objective of this work is to develop novel fuel cell architectures that provide
enhanced power output and efficiency. Specifically, the objectives are to develop
microfluidic fuel cell architectures based on co-laminar flow of fuel and oxidant solutions
in a membraneless configuration, and to evaluate their performance using traditional
electrocatalysts and project their capability towards the integration of biocatalytic
electrodes.

This dissertation represents the mechanical and microfluidic components of a
collaborative strategic project in the Institute for Integrated Energy Systems (IESVic) at
the University of Victoria. The overall objective of the collaborative project is to marry
the forefront methods of molecular biology and microfluidic technology to develop
practical biofuel cell systems with novel architectures that result in advanced
functionality. The IESVic biofuel cell initiative is a multidisciplinary collaborative effort
that brings together faculty and researchers within the Department of Chemistry,
Department of Biology and Department of Mechanical Engineering, and combines their

expertise in the fields of electrochemistry, polymer science, surface chemistry, molecular
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biology, fuel cell technology, microfluidics, microfabrication, and transport phenomena.

To put the objectives of this dissertation in this larger context, a general overview of fuel
cells for portable power applications is provided in Section 1.1.2, followed by an
overview of current biofuel cell technologies in Section 1.1.3. As the contributions from
this dissertation apply more generally to the field of microfluidic fuel cells, a detailed

literature review of these technologies is provided in Section 1.2.

1.1.2 Overview of Fuel Cells for Portable Power

Many different types of fuel cells are currently under development, with a variety of
targeted applications ranging from miniature power supplies to large-scale combined heat
and power plants. With the exception of limited small scale commercialization of some
stationary units, most of these fuel cells have not yet gone beyond the field trials stage.
Small fuel cells for portable electronic equipment are considered rather close-to-market
for a number of reasons [1]: it is unlikely that the technical development of batteries will
keep pace with the accelerating power demands; small, microstructured fuel cells enable
higher overall energy density than batteries; and the market for portable electronics has
an inherently higher cost tolerance. There are still some technical challenges, though,
related to small fuel cell development. Hydrogen-based fuel cells require hydrogen
storage units that are currently too bulky for portable device applications, and alcohol-
based fuel cells, with compact fuel storage solutions, suffer from reduced cell voltage due

to slow electrochemical kinetics and fuel crossover from anode to cathode.

1.1.3 Overview of Biofuel Cells

Fuel cells that utilize biological catalysts are collectively termed biofuel cells [2-4]. There

is a common misunderstanding that biofuel cells are named as such because they use



3
biological fuels, which is ambiguous since the same fuel (e.g. methanol) can be produced

from both biological and non-biological sources. A biofuel cell mimics electrochemical
processes occurring in nature to harvest a useful electrical current, without the use of
precious electrocatalysts such as platinum. The oxidative metabolism of ethanol in the
human liver, principally catalyzed by the alcohol and aldehyde dehydrogenase enzymes,
exemplifies a bioanodic process. There are two main categories of biofuel cells;
microbial biofuel cells and enzymatic biofuel cells. Oxidoreductases (redox enzymes),
separated and purified from suitable organisms, exhibit superior catalytic turnover rates
compared to the more complex biocatalytic microbes [5]. Oxidoreductases have many
advantages in relation to conventional catalysts: enzymes can be produced by low-cost,
renewable fermentation; the optimum temperature for enzyme activity is near-ambient;
the inherent electrochemical overpotentials are generally low; the biocatalytic enzymes
are available for a variety of fuels and oxidants; and perhaps most importantly, each
individual enzyme is specific to a particular substrate. The specificity of enzyme catalysis
introduces a wide range of additional benefits: fuel and oxidant streams can be combined
in a single manifold; no proton exchange membrane is needed; sealing and manifolding
as well as fluid delivery requirements are greatly reduced; and fuel crossover is
eliminated. Full exploitation of these advantages would allow extremely cost competitive
and efficient units.

Conventionally, biocatalytic enzymes are placed in a two-compartment
electrochemical cell containing buffered solution with concentrated substrate and oxidant
in the anolyte and catholyte compartments, respectively. These compartments are

generally separated by an ion-exchange membrane or a salt bridge [2]. Each compartment
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also includes a redox couple acting as a diffusional electron mediator (cofactor), which is

necessary for efficient catalyst utilization. Palmore et al. [6] introduced NAD as a
cofactor in state-of-the-art bioanodes reaching an open-circuit potential of 0.8 V versus a
conventional Pt cathode and a maximum power density of 0.67 mW cm™. The rate of
electron transfer is generally confined by the rate of diffusion of these redox species and
the ion permeability of the membrane that separates the two compartments [4]. Moreover,
enzymes in solution are only stable for a few days. Recently, several novel
methodologies have been developed for the functionalization of electrode surfaces and
immobilization of active enzymes in order to improve electron transfer characteristics
and stability: covalent polymer tethering of cofactor units to multilayered enzyme array
assemblies; cross-linking of affinity complexes formed between redox enzymes and
immobilized cofactors on functionalized conductive supports; and non-covalent coupling
by hydrophobic/hydrophilic or affinity (e.g. antigen-antibody) interactions [7]. Minteer’s
group [8-10] created a biocatalytic anode through encapsulation of alcohol
dehydrogenase enzymes in a modified Nafion matrix, which was shown to be kinetically
limited by the diffusion of the NADH cofactor within the membrane structure [9].
Despite this limitation, improved power densities ranging from 1.16 to 2.04 mW cm™
were obtained using an electrochemical cell with a Pt cathode [8]. A Nafion-immobilized
biocathode based on bilirubin oxidase enzyme was also developed to complement the
bioanode [10]. This pair of bioelectrodes was inserted in an electrochemical cell, and the
performance was analyzed using buffered ethanol/NAD"* anolyte and air-saturated
catholyte with and without a membrane separator. The complete biofuel cell initially

produced 0.83 mW cm™ with the half-cells separated by a membrane, which was reduced
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to 0.39 mW cm? after removal of the membrane. The reduced performance of the

membraneless configuration was attributed to incomplete specificity of the system.
Enzymes encapsulated in a modified Nafion matrix are expected to have a lifetime of
more than 90 days [10], though the lifetime of the biofuel cell was reduced to about 30
days due to degradation of the cathodic redox mediator.

Encapsulation of enzymes in polymer matrices results in an unorganized
immobilization pattern that may degrade the kinetics. Willner and Katz [7] emphasize the
advantage of organizing proteins in ordered and defined nanostructures with the
immobilized cofactor aligned and oriented with the conductive support structure.
Unprecedented electrical conductivity was demonstrated using Au nanoparticles
functionalized with the FAD and PQQ cofactors for reconstitution of apo-glucose oxidase
and apo-glucose dehydrogenase enzymes, respectively, on an Au electrode surface [11,
12]. Heller’s team reported a complete biofuel cell powered by glucose/oxygen with
redox hydrogel-wired biocatalytic anode and cathode [13] in a compartment-less
configuration [14], exhibiting the highest open-circuit voltage to date (0.88 V). This
voltage is higher than the equivalent for platinum, but corresponded to a relatively low
power density (0.35 mW cm™). They also demonstrated the capability of operation in a
biological environment by insertion of bioelectrocatalyst-coated carbon fibers into a
grape [15], and compatibility with physiological conditions [16, 17]. Similarly
constructed biofuel cell electrodes have also been tested in serum [18, 19], albeit with
reduced power output and stability caused by deactivation of the enzyme by urate [20].

The performance of current bioanodes and biocathodes must be improved in order

for biofuel cells to reach their full potential and become competitive on the small fuel
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cells market. Improved immobilization and redox mediation schemes, more efficient

wiring, and improved alignment and orientation would increase both stability and current
density. Another possible avenue would be to identify and develop new enzyme proteins
with higher turnover rates by genetic engineering. Early applications will likely focus on
applications where the specific advantages of biocatalysis are required. For example,
biofuel cells are promising candidates for certain biochemical applications related to lab-
on-chip technologies or micro total analysis systems since they can use solutions
available in those applications to generate power on-chip. Given their compatibility with
physiological conditions, biofuel cells are also considered promising for low-power in
vivo biomedical applications such as self-powered glucose sensors and power supplies for
prosthetic valve actuators as well as skin-patch-based power sources for receiver-
amplifier-transmitter units and miniaturized drug delivery systems. Glucose monitoring
devices based on microfluidic nanoliter-sample fluid delivery systems, in conjunction
with enzyme microcells equipped with electrically wired glucose oxidase for coulometric
glucose measurements, are now available off-the-shelf (Abbott Laboratories, Abbott
Park, IL). Implantable biofuel cells have effectively unlimited energy capacity when
utilizing blood-supplied glucose and oxygen available in the subcutaneous interstitial
fluid. The combination of inexpensive microfabrication, low-cost enzymatic catalyst, and
the absence of precious metals and other expensive components, would enable integrated
biofuel cell units that can be disposed of and replaced at the end of their lifetime. Pending
the success of these specialized applications, biofuel cells may be scaled up to meet the

power and lifetime requirements of more wide-spread applications.
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The current densities of biocatalytic electrodes using enzymes immobilized in

redox hydrogels are frequently controlled by the diffusive transport of reactant from the
bulk solution to the active polymer matrix, for both glucose bioanodes [17, 21] and
oxygen biocathodes [14, 22, 23]. Moreover, biocathodes based on bilirubin oxidase or
laccase enzymes have outperformed platinum in terms of reduced overpotential and
enhanced activity towards oxygen reduction [14, 22, 23]. Biofuel cells stand to benefit
from development of microfluidic fuel cell technologies through (i) enhancing convective
mass transport, enabling the enzymatic turnover rates to reach their full capability
without the constraints associated with pure diffusional transport, and (ii) harnessing the
high surface to volume ratio inherent to microstructured devices to promote the surface-

based electrochemical reactions catalyzed by the immobilized enzymes.



1.2 Review of Microfluidic Fuel Cells

1.2.1 Definition and Fundamentals
Microfluidic fuel cells, sometimes called laminar flow-based fuel cells or membraneless
fuel cells, describes a group of fuel cells capable of operation within the framework of a
microfluidic chip. A microfluidic fuel cell is defined as a fuel cell with fluid delivery and
removal, reaction sites and electrode structures all confined to a microfluidic channel.
This type of fuel cell operates without a physical barrier, such as a membrane, to separate
the anode and the cathode, and can use both metallic and biological catalysts. In the most
common configuration, a microfluidic fuel cell utilizes the laminar flow characteristics of
microfluidic flows at low Reynolds numbers to delay convective mixing of fuel and
oxidant. Two aqueous streams, one containing the fuel (anolyte) and one containing the
oxidant (catholyte), are allowed to flow side-by-side down a single microfluidic channel.
The anolyte and catholyte also contain supporting electrolyte that facilitates ionic
transport within the streams, thereby eliminating the need for a separate electrolyte.
Mixing of the two streams occurs by transverse diffusion only, and is restricted to an
interfacial width at the center of the channel. The mixing width can be controlled by
modification of channel dimensions and flow rate [24], and the electrodes are integrated
on the walls of the manifold with sufficient separation from the co-laminar inter-diffusion
zone in order to prevent fuel crossover. The position and orientation of the electrodes also
influences fuel utilization as well as ohmic resistance in the channel.

The microfluidic fuel cell design avoids many of the issues encountered in
polymer electrolyte membrane-based fuel cells, for example humidification, membrane

degradation, and fuel crossover. The co-laminar configuration also allows the
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composition of the anolyte and catholyte streams to be chosen independently, thus

providing an opportunity to improve reaction rates and cell voltage. In addition to
compactness, miniaturization of fuel cells has a further advantage: since electrochemical
reactions are surface-based, the performance of the fuel cell benefits from a high surface-
to-volume ratio, which scales as the inverse of the characteristic length. The most
prominent benefit related to microfluidic fuel cells, however, is the economical aspect.
Microfluidic fuel cells can be manufactured by inexpensive, well-established
micromachining and microfabrication methods and the cost associated with the
membrane, which is significant for most other fuel cells, is eliminated. In addition,
microfluidic fuel cells are normally operated at room temperature and require no
auxiliary humidification, water management, or cooling systems. Before it is possible to
capitalize on the advantages of microfluidic fuel cells, however, significant progress is
required in terms of energy density and fuel utilization.

Since the invention by Choban et al. in 2002 [25], the field of microfluidic fuel
cells has generated an array of scientific publications and the technology is now being
developed commercially by a recent start-up company (INI Power Systems, Morrisville,

NC) with core technology licensed from the University of Illinois at Urbana-Champaign.

1.2.2 Microfluidic Fuel Cell Developments

Proof-of-concept microfluidic fuel cells have been demonstrated based on hydrogen [26-
28], methanol [29-31], formic acid [32-36], hydrogen peroxide [37] and vanadium redox
species [38] as fuel. The majority of these devices employed a Y- or T-shaped
microfluidic channel design featuring two aqueous co-laminar streams with fuel and

oxidant dissolved in a supporting electrolyte and electrodes on opposite channel walls
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parallel to the inter-diffusion zone. The power density of these fuel cells was

predominantly restricted by the rate of mass transport to the active sites, typically in the
cathodic half-cell, and the overall system performance suffered from low fuel utilization.
The all-liquid nature of most microfluidic fuel cells enables the use of an external
reference electrode to characterize individual half-cells and measure ohmic resistance in
situ during fuel cell operation. Using this experimental approach, the overall cathodic
mass transport limitation of dissolved oxygen-based systems was unambiguously verified
[30]. For early devices using formic acid in the anodic stream and dissolved oxygen in
the cathodic stream, the maximum power density levels achieved were only about 0.2
mW cm [34, 35], primarily constrained by the low solubility of oxygen in the aqueous
electrolyte (2-4 mM). Similar power densities were obtained using dissolved hydrogen as
fuel [26]. The combination of gaseous reactants and poly(dimethylsiloxane) (PDMS)
material provides an interesting opportunity for microfluidic fuel cell fabrication and
design, attributed to the relatively high gas permeability of PDMS. This feature enables
gaseous reactant supply through thin layers of PDMS to a pair of electrodes separated by
an electrolyte channel [27, 28]. The power output of the device (0.7 mW cm™) was
restricted by the permeation rate of hydrogen through the polymer and oxygen crossover.
Cohen et al. [26] demonstrated that the open circuit potential of a hydrogen/oxygen fuel
cell could be raised well beyond the standard cell potential of 1.23 V by implementation
of an alkaline dissolved hydrogen stream and an acidic dissolved oxygen stream in a co-
laminar microfluidic fuel cell. The media flexibility was also explored by Kenis’ group
by operating a methanol/oxygen fuel cell under all-acidic, all-alkaline, and mixed-media

conditions [29]. In contrast to membrane-based fuel cells, the microfluidic fuel cell
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design eliminated the issue of membrane clogging by carbonates formed in alkaline

media. The methanol/oxygen fuel cell produced a room-temperature peak power density
of 5mW cm™ at 1.0 V cell voltage under mixed-media conditions (alkaline anolyte and
acidic catholyte), compared to 2.4 and 2.0 mW cm? for all-acidic and all-alkaline
conditions, respectively. Operation under mixed-media conditions, however, causes
exothermic neutralization of OH™ and H™ at the co-laminar flow interface with reduced
ionic strength as a result. Hasegawa et al. [37] used the mixed-media approach to operate
a microfluidic fuel cell on hydrogen peroxide as both fuel and oxidant, in alkaline and
acidic media, respectively. This fuel cell produced relatively high power densities, but the
electrochemical reactions required net consumption of supporting electrolyte, which has a
negative effect on both overall energy density and cell resistance via reduced ionic
conductivity. An acidic hydrogen peroxide solution was also employed as the oxidant in a
laser-micromachined microfluidic fuel cell device [33] with power densities up to 2 mW
cm?, partially restricted by instabilities caused by oxygen evolution from hydrogen
peroxide decomposition. Two methods to stabilize the co-laminar liquid-liquid interface
have recently been proposed; a liquid-liquid interface less susceptible to mixing was
provided by magnetic techniques [39], or by adding a third stream containing a blank
electrolyte to further separate the anolyte and catholyte streams [32].

One way to address the oxygen solubility limitation is to integrate an air-breathing
porous cathode structure that allows gaseous oxygen transport from the ambient air, a
source of oxygen that has significantly higher diffusivity and concentration than
dissolved oxygen. Jayashree et al. [36] introduced the first microfluidic fuel cell with

integrated air-breathing cathode, using a graphite plate anode covered with palladium
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black nanoparticles and a porous carbon paper cathode covered with platinum black

nanoparticles. The air-breathing cell architecture requires a blank cathodic electrolyte
stream (without dissolved oxidant) to provide sufficient separation between the inter-
diffusion zone and the cathode, and to facilitate ionic transport to the cathodic reaction
sites. A peak power density of 26 mW c¢m™ was achieved with 1 M formic acid in 0.5 M
sulfuric acid anolyte and a blank 0.5 M sulfuric acid catholyte flowing at 0.3 mL min™
per stream. The air-breathing cell architecture was also evaluated using methanol [31], a
fuel that enables higher overall energy density than formic acid. Despite the modest
power densities obtained with 1 M methanol fuel (17 mW cm™), this study demonstrated
significantly improved reaction kinetics for both methanol oxidation and oxygen
reduction by switching from an acidic to an alkaline supporting electrolyte. The air-
breathing cells also enabled significantly higher coulombic fuel utilization than the cells
based on dissolved oxygen, up to a maximum 33% per single pass at 0.1 mL min™ [36].
However, in the context of microfluidic fuel cells, the air-breathing feature reduces the
flexibility of scale-up by three-dimensional stacking of individual cells, and requires a
recirculation scheme to acquire practical fuel utilization and overall energy conversion
efficiency.

The use of alternative oxidants soluble at higher concentrations than dissolved
oxygen provides another avenue towards improved performance of typically mass-
transfer limited microfluidic fuel cells. An all-vanadium microfluidic fuel cell design
based on soluble vanadium redox species was introduced [38]. Vanadium redox fuel cells
utilize two different aqueous vanadium redox couples, V**/V** and VO?*/VO,", as fuel

and oxidant, respectively, dissolved in dilute sulfuric acid. This combination of redox
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pairs offers several advantages for microfluidic fuel cell operation: they provide well-

balanced electrochemical half-cells in terms of reaction rates and transport
characteristics; they have high solubility and enable relatively high redox concentrations;
they have a large difference in formal redox potentials resulting in a high open-circuit
voltage (up to ~1.7 V at uniform pH); and the reactions are facilitated by bare carbon
electrodes without precious metal catalysts. Excluding the works presented in this thesis,
the highest power density of the microfluidic fuel cells reported to date was 38 mW cm™.
This performance was achieved using the vanadium redox system at 1.5 mL min™ flow
rate [38]. The fuel utilization at this flow rate was however limited to ~0.1%, and the
energy density of such a fuel cell system would ultimately be limited by the solubility of
the vanadium redox species.

Mathematical and computational modeling is an important tool in the analysis of
the transport phenomena and electrochemical reactions that take place inside a
microfluidic fuel cell. This area was first demonstrated by Bazylak et al. [40] using
computational modeling to analyze microfluidic fuel cells with different cross-sectional
channel geometries and electrode configurations. It was found that a high aspect ratio
(width/height) channel geometry with electrodes placed orthogonally to the co-laminar
flow interface on the top and bottom walls would enable significantly improved fuel
utilization and reduced inter-diffusional mixing width. A similar computational model
was developed by Chang et al. [41, 42], extended with Butler-Volmer electrochemical
reaction kinetics, with the capability of predicting complete polarization curves. The
results obtained for a dissolved oxygen-based cell confirmed the cathodic mass transport

limitation and they recommended high aspect ratio channels or a thicker cathode catalyst
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layer to improve the performance. This work was complemented by an in-depth

theoretical study of the cathode kinetics of the same fuel cell [43], and a Butler-VVolmer
model of the hydrogen peroxide fuel cell [44]. No modeling efforts to date have been
applied to the air-breathing microfluidic fuel cell architecture or the vanadium redox
system.

Overall, the development of co-laminar microfluidic fuel cells to date has been
tremendous, given that it is a relatively new invention. Research so far has resulted in
operational devices with promising performance in terms of power density and open-
circuit voltage, but little has been done in order to design practical, efficient and
competitive devices with high energy density and high fuel utilization. The most
prominent constraint identified for current microfluidic fuel cells is their low energy
density, defined as energy output per system volume or mass. The core physics of the co-
laminar flow configuration require that both streams are liquid and contain an electrolyte.
Although reactants may be added to the system at high concentration, the energy density
of all devices presented hitherto has been low compared to other microstructured fuel
cells due to the impractical single-pass use of liquid electrolyte without any form of
recirculation or recycling. The implementation of a recirculation system for the
electrolyte is a challenging task due to the space constraints and inevitable
mixing/contamination issues. Moreover, although fuel utilization data (excluding the
present work) up to 33% per single pass have been presented, the fuel utilization at
practical flow rates and useful cell voltages has generally been below 10%. In addition,
there is a lack of engineering solutions for important functions such as the integration of

fuel and oxidant storage, waste handling, and low-power microfluidics-based fluid
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delivery (normally driven by a syringe pump via external tubing) using integrated

micropumps and microvalves.

The power output of a single planar microfluidic fuel cell is inadequate for most
practical applications. The feasibility of enlarging a single planar cell, i.e. increasing the
geometrical area of electrodes and microchannel, is limited by structural constraints,
increased crossover, and increased ohmic losses if the average distance between anodic
and cathodic active sites becomes large. In order to produce adequate power, multiple
independent planar cells could be accommodated on a single plane, and then these planes
could be stacked as in typical PEM fuel cells. The volumetric power density of such
devices would however be limited by the volume of the sealing and structural elements
separating the cells. In traditional PEM fuel cell stacks, which are limited by similar
issues [45], the bi-polar plates serve as structural and electrical components. The inherent
advantage of non-planar electrode—electrolyte interfaces has been recognized and
demonstrated for such cells using, for example, waved membrane-electrode assemblies
[45]. In contrast, the microfluidic fuel cells presented to date contain mostly non-
participating structural material such as glass or PDMS. The scale-up of microfluidic fuel

cell technology in a volumetrically efficient manner remains a challenge.

1.2.7 Microfluidic Biofuel Cell Developments

The immobilization of enzymes on conductive supports enables integrated microfluidic
biofuel cell designs. Biofuel cells with non-selective electrochemistry, i.e. cells using
diffusional redox mediators, can utilize the co-laminar microfluidic fuel cell design
previously described, which also enables the tailoring of independent anolyte and

catholyte compositions for optimum enzymatic activity and stability. Full selectivity of
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both anodic and cathodic half-cells (i.e. co-immobilized redox relays and enzymes based

on suitable immobilization schemes with electronic coupling) allows microfluidic biofuel
cell operation in a single, combined fuel and oxidant channel with mixed reactants. A
microfluidic system would also be favourable for stability studies since the reactant
concentrations can be kept constant by continuous flow. The number of microfluidic
biofuel cells presented to date is very limited. Togo et al. [46] developed a microfluidic
bioanode based on vitamin Kz-mediated glucose oxidation by the glucose dehydrogenase
enzyme. The bioanode was immobilized inside a fluidic chip containing a PDMS-coated
conventional platinum cathode. The flow cell produced 32 pW cm™ at 0.29 V when an
air-saturated pH 7-buffered fuel solution containing 5 mM glucose and 1 mM NAD™ was
introduced at 1 mL min™ flow rate. The current density of the proof-of-concept cell
declined by 50% over 18 hours of continuous operation, probably due to swelling effects.
This report was preceded by an earlier contribution from Minteer’s group; a microchip-
based bioanode with NAD-dependent alcohol dehydrogenase enzymes immobilized in a
tetrabutylammonium bromide treated Nafion membrane [9]. The bioanode was
assembled on a glass substrate under a PDMS microchannel that was used to deliver the
fuel solution containing ethanol and NAD™ in phosphate buffer. When operated versus an
external platinum cathode, the microfluidic bioanode produced an open-circuit voltage of
0.34 V and a maximum current density of 53 pA cm™, expected to be limited by the rate
of diffusion of NADH within the membrane. To the author’s knowledge, Minteer’s group
is continuing this research towards an integrated microfluidic fuel cell based on their
unique enzyme immobilization technique. This technology is currently licensed to

Akermin, Inc. of St Louis, MO, under the trademark “stabilized enzyme biofuel cells”,
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which is considered state-of-the-art microfluidic biofuel cell technology in terms of both

power density and stability.
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Chapter 2

Summary of Contributions

The main contributions in this dissertation are contained in the seven journal papers
provided in Appendix A-G. This chapter summarizes these contributions and explains

how they are connected towards the overall objective of this work.

2.1 Integrated Electrochemical Velocimetry for Microfluidic Devices

Most microfluidic velocimetry techniques require optomechanical supporting
infrastructure that is substantial with respect to both cost and size, and incompatible with
on-chip integration. The primary objective of this study was to demonstrate an advanced
integrated electrochemical velocimetry methodology for microfluidic devices with direct
electrical output. A second more project-focused objective of this study was to fabricate
and integrate microfluidics with patterned electrodes and obtain quantitative
electrochemical measurements in the microfluidic environment.

The proposed methodology was based on amperometric monitoring of the
transport-limited reduction rate of a reversible redox species at an embedded microband
working electrode. Three microband electrodes, including working, counter and reference
electrodes, were all integrated on-chip for complete miniaturization of the sensor.
Experimental results were complemented by a theoretical framework including a full 3D

electrochemical model as well as empirical mass transfer correlations and scaling laws.
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When the sensor was operated in the convective/diffusive transport controlled mode, the

output signal exhibited a predictable function of velocity in two distinct regimes: (i) in
the low velocity regime, the signal was directly proportional to flow rate; and (ii) in the
high velocity regime, the signal scaled as the cube root of the mean velocity. The
proposed velocimetry technique is applicable to all practicable pressure-driven laminar
flows in microchannels with known cross-sectional geometry.

Overall, this study provided preliminary testing and evaluation of microfluidic
electrochemical cells, experimental setup and in situ measurements for future
microfluidic fuel cell devices. This work also included the development of a complete
microfabrication procedure of micropatterned gold electrodes integrated on the walls of
microfluidic networks that could be implemented for microfluidic biofuel cells with
enzymes immobilized on gold.

For further information, the reader is directed to Appendix A or [47].

2.2 Hydrogen Peroxide as an Oxidant for Microfluidic Fuel Cells

The performance of microfluidic fuel cells can be improved by employing aqueous
oxidants that are soluble at higher concentrations than dissolved oxygen. Like common
fuels such as methanol and formic acid, hydrogen peroxide is available at high
concentrations and has high solubility in aqueous media, enabling balanced half-cell
configurations. In this study, a novel microfluidic fuel cell design was developed with the
goal of harnessing these advantages. As fuel cell performance critically depends on both
electrode and channel architecture, several different prototype cells were developed and
results compared. High-surface area electrodeposited platinum and palladium electrodes

were evaluated both ex situ and in situ for the combination of direct H,O, reduction and
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oxygen reduction via the decomposition reaction. Oxygen gas bubbles produced at the

fuel cell cathode introduced an unsteady two-phase flow component that, if not
controlled, resulted in perturbed co-laminar flow and reduced fuel cell performance. A
grooved channel design was developed in this study that restricted gas bubble growth and
transport to the vicinity of the cathodic active sites, thereby enhancing the rate of oxygen
reduction, and limiting fuel and oxidant crossover. The proof-of-concept H,O,-based
microfluidic fuel cell produced power densities up to 30 mW cm™ and a maximum
current density of 150 mA cm, when operated on 2 M H,0, oxidant together with
formic acid-based fuel.

Using the microfabrication methodology developed in the previous contribution,
this study provided hands-on experience of microfluidic fuel cell fabrication and
experimental evaluation in a co-laminar flow configuration. It also provided the
opportunity to develop a creative solution for microfluidic fuel cell systems constrained
by gaseous reaction products or decomposition that may otherwise lead to crossover
problems and reduced performance.

For further information, the reader is referred to Appendix B or [48].

2.3 Planar and Three-Dimensional Microfluidic Fuel Cell Architectures

Based on Graphite Rod Electrodes

The objective of this contribution was to develop membraneless microfluidic fuel cell
architectures employing low-cost graphite rod electrodes. Commonly employed as
mechanical pencil refills, graphite rods are inexpensive and serve effectively as both
electrode and current collector for the combined all-vanadium fuel/oxidant system. In

contrast to film-deposited electrodes, the geometry and mechanical properties of graphite
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rods enable unique three-dimensional microfluidic fuel cell architectures. Planar

microfluidic fuel cells employing graphite rod electrodes were first developed,
incorporating a typical microfluidic fuel cell geometry that permitted fuel cell
performance comparisons and the evaluation of graphite rods as electrodes. The planar
cells produced a peak power density of 35 mW cm™ at 0.8 V using 2 M vanadium
solutions, and provided steady operation at flow rates spanning four orders of magnitude.
Numerical simulations and empirical scaling laws were also developed to provide insight
into the measured performance and graphite rods as fuel cell electrodes. This contribution
also demonstrated the first three-dimensional microfluidic fuel cell architecture with
multiple electrodes. The proposed fuel cell architecture, consisting of a hexagonal array
of graphite rods, enables scale-up/integration of microfluidic fuel cell technology as well
as power conditioning flexibility 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
magnitude higher power output. The array architecture also enabled unprecedented levels
of single pass fuel utilization, up to 78% per single pass.

Overall, this contribution demonstrated both planar and three-dimensional
microfluidic fuel cell architectures based on graphite rod electrodes. In the context of the
biofuel cell project, the vanadium redox system provided a practical model system for
experimental prediction of the appropriateness of these fuel cell architectures for biofuel
cell application. Given that most enzyme immobilization schemes are compatible with
carbon substrates, the graphite rod-based fuel cell architectures would be viable for

microfluidic biofuel cells, however the planar surface morphology and relatively large
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diameter of graphite rods may not be ideal in terms of surface to volume ratio and

associated power density of such a device.

For further information, the reader is directed to Appendix C or [49].

2.4  High-Performance Microfluidic Vanadium Redox Fuel Cell

The objective of this contribution was to investigate the performance benefits associated
with the integration of porous electrodes in a microfluidic fuel cell. Towards this end, a
new microfluidic fuel cell was developed with high-surface area porous carbon electrodes
and high aspect ratio channel. This fuel cell also employed the vanadium redox system as
fuel and oxidant. The fuel cell exhibited a peak power density of 70 mW cm™ at room
temperature, significantly higher than all previously reported microfluidic fuel cells.
Efficient low flow rate operation essentially free from crossover was also established
with single pass fuel utilization levels up to 55%. In the low flow rate regime, the power
generated by the fuel cell was primarily controlled by transport from the bulk fluid,
independent of electrode structure and porosity. At medium to high flow rates, however,
fuel cell performance was controlled by a combination of factors including
convective/diffusive transport, electrochemical kinetics, ohmic resistance, and active
area. When compared to the planar fuel cell architecture based on graphite rods, the
device with high-surface area porous electrodes generated up to 72% higher power
density. The improved performance is attributed to the increased active area (20-30 times
higher than the corresponding planar area) and improved transport characteristics
facilitated by partial flow inside the top portion of the porous electrodes, although the
penetration depth of the porous medium and associated utilization of available active area

was limited.
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The porous electrode fuel cell design facilitated cost-effective and rapid

fabrication, and would be applicable to most microfluidic fuel cell architectures and
fuel/oxidant combinations (with electrocatalyst addition). The redox hydrogel enzyme
immobilization technique developed by Heller’s group [13] would be compatible with
this microfluidic fuel cell design, provided the similarity of the porous carbon material
employed here and the fibrous carbon used as substrates for the redox hydrogels.

For additional information, the reader is referred to Appendix D or [50].

2.5 A Microfluidic Fuel Cell with Flow-Through Porous Electrodes

Microfluidic fuel cells have additional characteristics that have yet to be exploited
through creative fuel cell design. Specifically, the reactants, products and electrolyte are
all in the same liquid phase, and the reaction zones are simple solid-liquid interfaces.
These characteristics provide potential for a variety of three-dimensional fuel cell
architectures. In this contribution, a microfluidic fuel cell incorporating flow-through
porous electrodes was developed, resulting in high active surface area and highly three-
dimensional reaction zones. The proposed microfluidic fuel cell had two unique features
as compared to the previous microfluidic fuel cell with porous electrodes [50]: (i)
hydrophilic electrode treatment that promotes liquid saturation of the porous electrode;
and (ii) a three-dimensional flow-through architecture that improves utilization of the
active area through enhanced transport. The flow-through design is based on cross-flow
of fuel and oxidant solutions through the electrodes into an orthogonally arranged co-
laminar exit channel, where the waste solutions provide ionic charge transfer in a
membraneless configuration. The flow-through architecture enables uniformly distributed

flow at low mean velocity directly through the porous electrode and provides enhanced
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rates of convective/diffusive transport without substantially increasing the parasitic loss

required to drive the flow. Improved performance as compared to previous microfluidic
fuel cells was demonstrated using the all-vanadium redox system, including power
densities at room temperature up to a remarkable 131 mW cm™. In addition, the flow-
through architecture enabled unprecedented levels of overall energy conversion
efficiency as relatively high levels of fuel utilization and cell voltage were achieved
concurrently. When operated at 1 pL min™ flow rate, the fuel cell produced 20 mW cm™
at 0.8 V combined with an active fuel utilization of 94%. Finally, this contribution
demonstrated in situ fuel and oxidant regeneration by running the flow-through
architecture fuel cell in reverse.

This contribution is anticipated to have a significant impact on the development of
microfluidic fuel cells, given the high performance levels of the relatively un-optimized
device. The flow-through fuel cell architecture has tremendous potential for biofuel cell
implementation. The performance levels demonstrated in this contribution were largely
restricted by ohmic resistance, but since the overall ohmic resistance is proportional to
the current density, this limitation would not be experienced by biofuel cells.

For more information, please refer to Appendix E or [51].

2.6  An Alkaline Microfluidic Fuel Cell Based on Formic Acid and

Hypochlorite Bleach

The objective of this contribution was to identify and demonstrate an alternative all-liquid
fuel and oxidant combination that enables high energy density while maintaining the
advantages of the microfluidic fuel cell architecture with flow-through porous electrodes.

The new fuel and oxidant combination was subject to the following restrictions: all



25
reactants and products must be available and stable at high concentration in the liquid

phase; the reactants must provide at least two electrons per molecule; spontaneous and/or
electrochemically activated decomposition into gaseous products must be prevented; the
fuel and oxidant may not react vigorously upon mixing; and if the anodic and cathodic
supporting electrolytes are different, the fuel and oxidant species must be stable in both
electrolytes. A unique anodic half-cell was demonstrated based on alkaline formate that
utilized carbonate absorption to prevent gaseous CO, formation. This work also
demonstrated a cathodic half-cell based on sodium hypochlorite solution, commonly
known as hypochlorite bleach, which is also unique in a fuel cell environment. Both half-
cells provided high current densities at relatively low overpotentials and were completely
free of gaseous components. The proof-of-concept all-liquid microfluidic fuel cell
incorporating the flow-through porous electrode architecture previously developed for the
all-vanadium redox system produced power densities up to 52 mW cm? at room
temperature using 5% formic acid fuel and 5% sodium hypochlorite oxidant. It also
demonstrated the capability of combining high power density with high single-pass fuel
utilization at practical cell voltages. Unlike the all-vanadium redox system, both formic
acid and hypochlorite are available and stable in the liquid phase at high concentration,
which facilitates a unique microfluidic fuel cell system with high overall energy density.
The overall purpose of this contribution was to verify the fuel/oxidant flexibility
of the flow-through architecture fuel cell, and to further support this novel fuel cell
concept beyond the solubility limitation of the vanadium redox species. Another key
contribution of this work was the electrodeposition methodology developed to obtain

high-surface area porous gold electrodes with uniform coating and reduced overall ohmic
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resistance. In a biofuel cell context, this feature broadens the application of the flow-

through architecture by the additional compatibility with gold-supported enzyme
immobilization schemes.

For more information, please refer to Appendix F or [52].

2.7  Strategic Enzyme Patterning for Microfluidic Biofuel Cells

Patterning multiple enzyme electrodes to harness consecutive reactions represents a
significant opportunity for biofuel cell technologies, particularly with respect to fuel
utilization. The objective of this study was to determine a strategic enzyme patterning
strategy that captures this opportunity. Towards this end, a generic computational model
of species transport coupled with heterogeneous chemical reactions and Michaelis-
Menten enzyme kinetics was established and verified based on typical microchannel
geometries. This was the first computational study of microfluidic fuel cell technology,
and the results were intended to provide guidelines for the design and fabrication of
microfluidic biofuel cells exploiting consecutive reactions. Separated and mixed enzyme
patterns in different proportions were analyzed for various Peclet numbers. High fuel
utilization was achieved in the diffusion dominated and mixed species transport regimes
with separated enzymes arranged in relation to individual turnover rates. However,
results indicated that the Peclet number must be above a certain threshold value to obtain
satisfying current densities. The mixed transport regime was shown to be particularly
attractive while current densities were maintained close to maximum levels. Optimum
performance was achieved by mixed enzyme patterning tailored with respect to
individual turnover rates, enabling high current densities combined with nearly complete

fuel utilization.
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This contribution has its main application for microfluidic biofuel cells exploiting

consecutive reactions with multiple enzymes. Based on its highly generalized approach,
the results are expected to be applicable to most immobilization schemes and cell
architectures.

For further information, please refer to Appendix G or [53].
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Chapter 3

Conclusions and Future Work

3.1 Conclusions and Contributions

This dissertation was devoted to the development, design and evaluation of microfluidic
fuel cell architectures. While the microfluidic fuel cells developed here were targeted to
eventual implementation with biocatalysts, the contributions of this thesis have more
general applicability. The proposed cell architectures were evaluated based on
conventional non-biological electrocatalysts and model electrochemical fuel and oxidant
systems. The development was aided primarily by experimentation but also included
microfabrication and modeling components: most contributions in this thesis
incorporated design, microfabrication implementation, experimental verification, and
numerical/analytical justification. Some of these components were carried out in
collaboration with other graduate students and undergraduate students under the umbrella
of the multidisciplinary IESVic biofuel cell project. Most notably, Jonathan McKechnie
provided important input in the microfabrication of several cells, and the use of graphite

rod electrodes. The key contributions of this dissertation can be summarized as follows:

Q) An integrated electrochemical velocimetry technique for microfluidic networks

with direct electrical output was realized by means of embedded microband
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electrodes and a redox couple in solution. As demonstrated experimentally and

verified theoretically and numerically, a functional relationship between mean
velocity and the reductive current drawn from the working electrode was obtained
for operation in the transport controlled mode. Two velocity regimes were found:
in the high velocity regime, the amperometric signal scales as the cube root of
mean velocity, whereas in the low velocity regime, the signal is directly
proportional to the flow rate. The proposed velocimetry technique can resolve
mean flow velocities for the full range of laminar pressure-driven flow rates in

microfluidic channels with known cross-sectional geometry.

Microfluidic fuel cell operation based on hydrogen peroxide oxidant was
demonstrated. A novel microfluidic fuel cell design was developed with a
grooved channel geometry that utilizes gas evolution and unsteady two-phase
flow characteristics to enhance local transport rates and time-averaged current
density, and restricts oxygen bubble growth and expulsion to the channel section
directly above the cathode in order to enhance the rate of oxygen reduction and

prevent detrimental fuel and oxidant crossover effects.

Planar and three-dimensional microfluidic fuel cell designs were demonstrated
based on graphite rod electrodes. Low-cost graphite rods, available as mechanical
pencil refills, provided both reaction sites and current collectors for the combined
all-vanadium fuel and oxidant system without additional catalyst requirements.

Planar single cells, comparable to existing fuel cell designs, were manufactured
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and evaluated experimentally to confirm the viability of the proposed graphite rod

electrodes. The proof-of-concept three-dimensional microfluidic fuel cell
architecture, based on a hexagonal array of graphite rods, produced an order of
magnitude more power than the planar cell at similar flow rates. Furthermore,
highly efficient array cell operation was demonstrated at low to moderate flow
rates, achieving unique levels of fuel utilization per single pass. The array cell,
with multiple anodes and cathodes, provides additional power conditioning
flexibility in series and/or parallel configurations, as well as unique scalability by
vertical expansion without additional fluid manifold requirements or performance

loss.

A microfluidic vanadium redox fuel cell employing porous electrodes with high
active surface area was also demonstrated. Operation at high flow rate resulted in
unprecedented peak power densities, up to 72% higher than with planar
electrodes, and operation at low flow rate resulted in high overall fuel utilization
without crossover effects. The improved performance is attributed to the
increased active area and improved transport characteristics facilitated by partial
flow within the top portion of the porous electrodes. This work projects that the
integration of similar high-surface area porous electrodes or catalyst supports
would boost the performance of most other microfluidic fuel cell architectures
including biofuel cells. In particular, the integration of electrode features with
characteristic length scale on the order of 10 um (about one order of magnitude

smaller than the channel dimension) enables substantially increased active area
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combined with enhanced transport characteristics, and reduces transport

limitations.

A microfluidic fuel cell architecture incorporating flow-through porous electrodes
was presented. In contrast to previous work, the flow-through architecture was
designed to direct the flow of fuel and oxidant solutions uniformly through the
porous electrode structures prior to combination of the waste streams in a co-
laminar format. This strategy achieved utilization of the full depth of the porous
electrode and associated active area, and provided enhanced species transport
from the bulk to the active sites. Performance levels were demonstrated that are
unprecedented to date in microfluidic fuel cells: two to four times higher power
density than the previously developed cell with porous electrodes, near complete
fuel utilization, and high operational cell voltages. The fuel cell also had the
capability to combine these three characteristics during steady state operation,
resulting in an overall energy conversion efficiency of 60% per single pass. In
addition, proof-of-concept in situ regeneration of the initial fuel and oxidant
species was established by running the fuel cell in reverse. The demonstrated
flow-through fuel cell architecture would make an ideal candidate for biofuel cell
implementation. The flow-through electrode architecture may also find utility in

analytical chip-based electrochemical detection.

The feasibility of an alkaline formate anode coupled with an alkaline hypochlorite

cathode in an all-liquid microfluidic fuel cell architecture with flow-through



(vii)

32
porous electrodes was demonstrated. Both half-cells were unique in terms of

application in a fuel cell. In contrast to the vanadium redox system, formic acid
and hypochlorite are both available in liquid form at high concentrations, thereby
enabling a microfluidic fuel cell system with high overall energy density. The
proof-of-concept formate/hypochlorite microfluidic fuel cell concurrently
achieved high power densities and near-complete fuel utilization at relatively high
cell voltages, and therefore enabled high overall energy conversion efficiency.
The new alkaline formate and hypochlorite fuel cell concept demonstrated here,
or either one of its individual half-cells, may also find applications using
conventional membrane-based fuel cell designs. Another key contribution was the
electrodeposition methodology developed to obtain high-surface area porous gold
electrodes. In a biofuel cell setting, this feature broadens the applicability of the
flow-through architecture by the additional compatibility with gold-supported

enzyme immobilization schemes.

A strategic enzyme patterning methodology was proposed to provide guidelines
for the design and fabrication of microfluidic biofuel cells exploiting consecutive
reactions with multiple enzymes. A generic numerical model of species transport
coupled with heterogeneous chemical reactions and Michaelis-Menten enzyme
kinetics was developed and verified to evaluate different patterning strategies.
Optimum overall performance in terms of high current density and near-complete
fuel utilization was achieved by a mixed enzyme patterning strategy that accounts

for individual enzymatic turnover rates. Based on the highly generalized
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approach, the results are expected to be applicable to most immobilization

schemes and cell architectures.
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3.2 Future Work

The central future work component required to meet the overall objective of the IESVic
biofuel cell initiative is to integrate a bioanode and/or a biocathode in the proposed
microfluidic fuel cell architectures and analyze the performance experimentally. The co-
laminar fuel cell configuration enables tailored conditions for optimum enzyme activity
and stability in both half cells. Furthermore, the specificity of the enzymes may be
measured by comparing data from operation under co-laminar reactant flow to operation
under mixed reactant flow. Enzyme immobilization in the redox hydrogels developed by
Heller’s group [13], or a similar version thereof, is well-suited for the biofuel cell
architectures proposed here for several reasons: the electrodes are typically transport
limited and have low overpotentials; the immobilization strategy is compatible with both
carbon and gold substrates; the thickness of the redox hydrogel film is on the order of 1-
10 pum which is similar to the fiber diameter and smaller than the average pore size of the
porous electrodes; and it provides a wetted matrix that enables depth-wise reactant
transport and utilization of a high enzyme loading and internal active area. The flow-
through architecture is particularly well-suited for this type of biofuel cells given its high
overall performance demonstrated with the vanadium model system.

The following recipe would make a useful approach for an experimental
feasibility study: starting with one electrode (either a bioanode or a biocathode),
immobilize an enzyme-containing redox hydrogel on a prefabricated porous carbon
electrode, and after drying and stabilizing the film, evaluate the performance by slow
scan cyclic voltammetry (CV) in a conventional electrochemical cell containing a

buffered fuel or oxidant solution at optimum conditions. Then transfer the same electrode
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to a prefabricated flow cell and seal the structure. Run a slow scan CV for flow cell

operation with the same solution at the same conditions, using the opposite in situ
electrode as counter electrode and an external reference electrode. Finally, compare the
data obtained in the flow cell to the data previously measured in the stationary cell with
the same electrode. This approach provides a just comparison as it eliminates the
variability associated with the deposition of the hydrogel film, and can be extended to a
complete bioanode and biocathode pair that correctly represents a microfluidic biofuel
cell.

With respect to the individual contributions of this dissertation some additional

future work is proposed below:

Q) For the integrated microfluidic redox velocimetry method, it would be useful to
investigate alternative redox species that are more practical than the ruthenium
hexamine and available at low-cost, and to extend the experimental study with
various electrode and channel geometries for further verification of the numerical

predictions.

(i) The performance of hydrogen peroxide-based cathodes, as well as overall fuel cell
performance, would further benefit from a catalyst optimization study within the
framework of a microfluidic fuel cell, including platinum and palladium

nanoparticles and various high-surface area Au electrodes.
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Graphite-rod based fuel cell performance would likely benefit from increasing the

concentration and purity level of both supporting electrolyte and vanadium redox
species, and by optimizing the rod diameter and characteristic spacing of the array
cell. There is also ample opportunity for a numerical modeling extension of this
work that includes electrochemical reaction kinetics, as well as a thorough
experimental/theoretical electrochemical impedance spectroscopy (EIS) analysis

under various operating conditions.

The performance of the vanadium redox fuel cells with porous electrodes would
be enhanced by increasing the concentration and purity level of both supporting
electrolyte and vanadium redox species, incorporating highly conductive current

collectors, and optimizing the porosity of the carbon electrodes.

Similarly, the performance of the flow-through architecture fuel cell would likely
benefit from increasing the concentration of the vanadium redox species,
optimizing the microstructure and porosity of the flow-through carbon electrodes,
and most importantly, reducing the combined ohmic resistance of the cell. In
addition, developing the membraneless regeneration capability towards an

integrated microfluidic redox battery could have significant impact.

The performance of the formate/hypochlorite fuel cell would be further enhanced
by reducing the combined ohmic resistance of the cell, specifically the on-chip

electrical contact resistance, and by performing a catalyst screening study for
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hypochlorite reduction to reduce the activation overpotential and enhance the

electrochemical kinetics while preventing gas evolution. Alternatively, a modified
cell architecture could be developed that accommodates small amounts of gas
evolution without compromising the co-laminar flow and transport characteristics
associated with the flow-through porous electrodes. Other possible advancements
include employing higher fuel and oxidant concentrations in the fuel cell,
switching to potassium hydroxide electrolyte and optimizing its concentration,
and evaluating other liquid hydrocarbon fuels such as methanol. Although no
performance degradation was observed during the proof-of-concept study, a long-
term stability test should be performed to analyze the possibility of electrode
contamination from the carbonate species. The new alkaline formate and
hypochlorite fuel cell concept, or either one of its individual half-cells, may also
find applications using conventional membrane-based fuel cell designs with

consideration of membrane clogging by carbonates.

The most appropriate extension of the strategic enzyme patterning study is an
experimental verification of the advantages associated with mixed enzyme
patterning by implementing some of the proposed patterning strategies in a multi-
enzyme microfluidic fuel cell with consecutive reactions. A useful approach for
this experimental study would be to employ an array of enzymes that have the
same cofactor, such as the methanol or alcohol dehydrogenase, formaldehyde

dehydrogenase, and formate dehydrogenase enzymes, which are all NAD-
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dependent and can be immobilized in the same matrix in different proportions, for

complete oxidation of methanol to carbon dioxide.
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Abstract We present a new electrochemical veloci-
metry approach with direct electrical output that is
capable of complete device-level integration. The
steady reduction rate of a reversible redox species at an
embedded microband working electrode is monitored
amperometrically. Only one working electrode of
arbitrary width is required; all three electrodes,
including counter and reference electrodes, are inte-
grated on-chip for complete miniaturization of the
sensor. Experimental results are complemented by a
theoretical framework including a full 3D electro-
chemical model as well as empirical mass transfer
correlations and scaling laws. When the sensor is
operated in the convective/diffusive transport con-
trolled mode, the output signal becomes a predictable
function of velocity in two distinct regimes: (i) in the
low velocity regime, the signal is directly proportional
to flow rate, and (ii) in the high velocity regime, the
signal scales as the cube root of the mean velocity. The
proposed velocimetry technique is applicable to all
practicable pressure-driven laminar flows in micro-
channels with known cross-sectional geometry.
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1 Introduction

Recent developments in miniaturized total analysis
systems and lab-on-chip technologies (Reyes et al.
2002; Auroux et al. 2002) have motivated increased use
of electrochemical detection techniques (Nyholm
2005). Applications such as separation of analytes,
sorting and sizing of cells and DNA hybridization and
quantification all rely on advanced methods for
detection. Electrochemical methods are attractive for
the small physical dimensions required for capillary
electrophoresis (CE) systems: the noise generated
actually decreases with electrode surface area and the
instrumentation is less expensive than for other
detection techniques (Baldwin 2000). Amperometry is
the most widely reported CE detection mode (Qiu
et al. 2005), combining inherently high selectivity with
the high resolution and efficiency achievable with CE
separation. This method relies on oxidation or reduc-
tion of electrochemically active species by applying a
fixed potential to a working electrode (WE) and
recording the faradaic current. Requiring only electri-
cal infrastructure, electrochemical detection strategies
are appropriate for device-level integration and mini-
aturization as embedded microelectrodes may be
readily incorporated by conventional microfabrication
methods.

Microscale flow visualization has played a central
role in the development of microfluidic theory and
applications (Sinton 2004). Most quantitative visuali-
zation techniques developed to date are applied to
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velocimetry, that is, to measure the mean velocity, flow
rate and/or velocity profile. The goal of all these
methods is to alter the fluid sufficiently such that its
velocity can be measured without disturbing the actual
fluid motion. Achieving truly non-intrusive visualiza-
tion based measurements becomes increasingly chal-
lenging as the channel dimensions are reduced. Most
visualization methods are either particle based or scalar
based. In particle based methods, bulk fluid motion is
inferred from the detected velocity of marker particles.
Micro-particle image velocimetry (uPIV) is the most
mature technique, capable of acquiring high spatial/
temporal resolution two-component velocity field data
(Meinhart et al. 1999; Santiago et al. 1998). Scalar
based methods, collectively termed scalar image ve-
locimetry (SIV), include fluorescence, phosphores-
cence, photobleaching and photochromic reactions
(Sinton 2004). In SIV, molecular tracers are injected
into the bulk fluid and the motion is inferred from the
observed velocity of the conserved scalar. Both parti-
cle- and scalar based visualization techniques require
optomechanical supporting infrastructure that is sub-
stantial with respect to both cost and size. Although
well-suited to research, visualization based velocimetry
techniques are not compatible with on-chip integration.

Electrochemical velocimetry has previously been
developed to measure flow characteristics in macroscale
channels and ducts (Ranz 1958), but the integration of
these techniques with microfluidic applications is
uncommon. Electrochemical methods are attractive for
small channels with laminar flow. A general advantage
of electrochemical velocimetry for microfluidic appli-
cations is the lack of large scale supporting infrastruc-
ture required by other microscale flow visualization
techniques (Sinton 2004), which enables flow sensors
with minimum footprint. Disadvantages of electro-
chemical methods include: the requirement of active
reacting solutes and/or electrolyte; microfluidics must
be designed and fabricated to include the electrode
layer and avoid undesired fluid—electrode contact; these
methods are not generally applicable to electrokinetic
flows; and they do not directly resolve the cross-
sectional velocity profile. The latter limitation can be
mitigated if the velocity profile may be determined from
conventional laminar flow theory given the measured
bulk average velocity. The transport-limited current
from a microdisc electrode in a flow cell (Booth et al.
1995) or from microelectrodes in cylindrical microholes
(Zosel et al. 2003) has previously been shown to corre-
late with the flow rate. Ayliffe and Rabbitt (2003)
developed a convection based flow sensor using elec-
trochemical impedance spectroscopy. Paeschke et al.
(1996) placed interdigitated microband electrodes on a
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silicon wafer microchannel structure and projected that
the flow rate could be estimated using redox mediators
and potential pulses. Several time-of-flight methods
have recently been introduced. Amatore et al. (2004)
used paired microband electrodes and a redox couple
operating in generator—collector mode to quantify the
pressure-driven flow rate in a microchannel. The time
delay between generation and collection was measured,
and the average velocity was assumed to be equal to the
electrode separation divided by the time delay. The
streamwise diffusion of the redox species was ignored
and the accuracy of the results was not quantified. Other
time-of-flight methods presented to date exploit ther-
mal pulses (Yang et al. 1991), temperature-dependent
fluorescent dyes (Fu and Li 2006) and electrochemically
produced tracers (Wu and Sansen 2002) between up-
stream and downstream cells. An elegant flow rate
measurement technique based on amperometric oxygen
sensors was developed by Wu and Ye (2005). Simulation
and experimental results show that the response ratio of
two thin, closely spaced WEs is related to the flow rate.
This approach is independent of initial oxygen concen-
tration, but the results showed limited sensitivity and
range.

In this study, we present and demonstrate a novel
electrochemical in situ velocimetry approach for mi-
crofluidic chip based systems that fully exploits the
convective/diffusive transport of a solute redox couple.
The amperometric signal from a single, embedded
working electrode is analyzed as a direct function of
the mean velocity in the channel. The experiments are
complemented by a complete theoretical framework
employing (i) a full electrochemical model imple-
mented computationally in 3D (including a 2D sym-
metry assumption with quantified relative error) that
combines heterogeneous redox electrochemistry and
mass transport theory, (ii) an empirical mass transfer
model for sensor operation in the transport controlled
mode and (iii) scaling laws that quantify sensor oper-
ation in the high and low velocity regimes. We propose
the following improvements over existing designs: ro-
bust electrochemistry; reduced number of electrodes;
case-specific, tailored sensor design; enhanced sensi-
tivity; and extended operational range.

2 Experimental
2.1 Microfabrication
Microfluidic flow cell assemblies were prepared using

in-house microfabrication techniques. The base sub-
strate was patterned with microband electrodes
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according to the following procedure: a thin layer of
negative photoresist (SU-8 25; Microchem, Newton,
MA) was spin-coated (Specialty Coating Systems,
Indianapolis, IN) with ramping at 2,000 rpm/30 s on a
pretreated glass substrate followed by a two-step soft
bake on covered contact hot plates at 65°C/5 min and
95°C/10 min. A photomask that defines the desired
electrode pattern was generated in CAD software and
printed by a high-resolution image setter on a trans-
parency. The substrate, placed under the photomask,
was then exposed to columnated UV light (Tamarack
Sci., Corona, CA) for 30 s, post-exposure baked at
65°C/3 min and 95°C/S min, and finally, immersed in
SU-8 developer liquid (Microchem) to dissolve the
unexposed portions of the photoresist. Gold (Sigma-
Aldrich, Oakville, Canada) was coated over the whole
substrate in a two-stage process: a thin (20 nm) adhe-
sive coating of chromium (Kurt J Lesker, Clairton, PA)
was evaporated under vacuum at 0.3-0.6 As!; and
then a substantially thicker (150 nm) gold coating was
evaporated at 0.6-0.8 A s over the chromium layer.
After cooling, the substrate was soaked in an acetone
bath for 2 h to lift off the gold-coated photoresist
sections, thus revealing the final microband gold elec-
trode structure adhered to the glass substrate (Fig. 1).
The top part of the flow cell, containing the 100 pm
high and 1 mm wide rectangular channel structure, was

Fig. 1 a Schematic diagram
of a microfluidic flow cell (a)

assembly: plasma-treated, POMS slab with

fabricated by replica molding in poly(dimethylsilox-
ane) (PDMS; Dow Corning, Midland, MI), following
established soft-lithographic protocols (Duffy et al.
1998). The specific equipment and procedure em-
ployed is detailed elsewhere (Coleman et al. 2006).
Holes for inlet and outlet tubing were punched in the
PDMS prior to assembly. Both surfaces were plasma-
treated (Harrick Sci., Pleasantville, NY) for 30 s to
yield silanol surface groups that covalently bind glass
to PDMS and render hydrophilic channel walls. The
PDMS slab was aligned perpendicularly to the micro-
band electrodes on the bottom substrate, leaving the
external gold contacts exposed, as illustrated in Fig. 1a.
The final flow cell shown in Fig. 1b includes external
wires attached to the contacts using silver conductive
epoxy (MG Chemicals, Toronto, Canada) and Tygon®
flexible tubes for fluid delivery. The channel has a
rectangular cross-section: 4 =100 um high and
d=1mm wide; the microband electrodes are
w = 500 pum wide, separated by 500 pm gaps.

2.2 Electrochemistry

Fresh 0.2 M potassium sulfate (K,SO,) electrolyte
solutions containing 2.5 or 5 mM of each ruthenium
hexaammine [Ru(NH;)2"?*] solute redox species ob-

tained from Ru(NH;)¢Cl, and Ru(NHj3)eCl; salts

pre-fabricated substrate with microchannel

micropatterned electrodes,
brought into contact with the
elastomeric microfluidic
channel structure. RE, WE

and CE represent reference, [

Glass slide with Au

working and counter
electrodes. b Complete flow
cell assembly with three
embedded Au electrodes on
the bottom surface of the
channel (running left to right)

electrode pattern

@ Springer



406

Microfluid Nanofluid (2007) 3:403-416

(Sigma-Aldrich) were prepared from Millipore Milli-Q
water (Millipore, Billerica, MA) and potassium sulfate
(K5SO,, AnalaR; BDH, Poole, UK) and used within
24 h. Redox couples and supporting electrolytes can be
chosen from many tabulations (e.g., Bard et al. 1985),
though attention must be paid to possible interferences
with the process chemistry of the system. While
reversible systems such as Ru(NH;)z"?*, Fe(CN)g> ™,
ferrocene/ferrocinium or hydroquinone/p-benzoqui-
none are preferred, suitable modeling and calibration
such as is done here should also allow less reversible
couples to be used. In general, the use of K,SO, sup-
porting electrolyte is preferred to acidic electrolytes in
order to achieve maximum separation of the
Ru(NH3)z"** and the hydrogen redox potentials. All
solutions were degassed with argon for 30 min prior to
and during the experiments. Steady flow of solution
through the microchannel was facilitated by a syringe
pump (Harvard Apparatus, Holliston, MA) operating
in refill mode, providing a vacuum pressure at the
outlet reservoir. The flow cell was mounted inside a
custom-made Faraday cage (optional) and driven by a
PARSTAT 2263 potentiostat (Advanced Measure-
ment Technology, Oak Ridge, TN). The potential of
the integrated WE was controlled in order to maintain
operation in the transport dominated regime, and its
steady-state amperometric response was recorded. The
reference (RE) and counter (CE) electrodes can be
placed either internally or externally; although, in the
most elegant configuration in terms of miniaturization,
all three electrodes are integrated on-chip. As shown in
Fig. 1, the RE is positioned upstream of the WE, such
that it senses the equilibrium potential of the redox
couple ahead of any electrochemical perturbation at
the WE. The CE is located downstream of the WE to
avoid disturbances in redox concentration from any
extraneous electrochemical processes. In the case of
external RE and CE, Ag/AgCl (1 M KCl) and plati-
num mesh electrodes, respectively, were immersed in
the inlet reservoir. All active surfaces were cleaned by
electrochemical cycling in blank electrolyte from —0.2
to +0.2 V versus the external RE before starting the
experiments. In the case of integrated RE, the poten-
tials are quoted relative to the equilibrium potential of
the redox pair.

3 Theory
3.1 Electrochemical model

A computational electrochemical model that combines
heterogeneous redox electrochemistry and subsequent
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convective-diffusive transport was developed and
implemented in a commercial code. The model yields
full 3D concentration field data and accurate predic-
tions of the amperometric signals for both transient
and steady-state operational modes. Pressure-driven
flow of aqueous solutions in microchannels is typically
laminar. For example, the Reynolds number in a
channel with hydraulic diameter Dy, ~ 0.2 mm (as in
the flow cell in Fig. 1) results in Re~10 for a mean
velocity of U~50 mm s'. The continuum assumption is
appropriate for liquid flows on this scale, justifying the
use of continuous flow theory and established compu-
tational fluid dynamics (CFD) methods (Erickson
2005). In this context, conservation of mass and
momentum for a Newtonian fluid are described by the
continuity and Navier-Stokes equations for incom-
pressible, steady, laminar flow:

V.i=0 (1)
pii - Vii = pg — Vp + uVZii (2)

No-slip boundary conditions are implemented at the
channel walls. Uniform velocity and constant pressure
are prescribed at the inlet and outlet, respectively, and
the system of equations is implemented and solved
computationally using the commercial software pack-
age COMSOL Multiphysics 3.2 (COMSOL, Stockholm,
Sweden). In the fully developed region, the classical
parabolic velocity profile (Poiseuille flow) is obtained.

To simulate electrochemical operation of the flow
sensor, the concentration distributions of the solute
redox species in the microchannel and the rate of
electron-transfer reactions at the embedded electrodes
must be addressed. The high concentration of sup-
porting electrolyte leads to several benefits: electro-
migration of the low-concentration redox species can
be ignored, the thickness of the electrical double layer
can be assumed negligible relative to other character-
istic lengths, activity coefficients may be assumed
independent of redox concentration, and the potential
drop in the channel can be neglected. The redox
reaction

Ru(NH,);*" + ¢~ &-Ru(NHs)s*
-1

has a formal redox potential of E° " = —-0.15 V versus
Ag/AgCl (1 M KCI) (Muzikar and Fawcett 2004).
Equal concentrations of the oxidized and reduced
species in the presence of a supporting electrolyte
ensures that the standard, formal, and equilibrium
potentials may be taken to be equal; the overpotential
(n) is the departure of the potential from this value.
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The forward and backward rate constants show the
usual Tafel potential dependence of first-order
electrode kinetics (Newman and Thomas-Alyea 2004):

F

Forward:k; = k° exp (— [;QTH) (3)
1-pBF

Backward:k_; = k° exp <(R/;)'7> 4)

For modeling purposes, we use the standard rate
constant, k° = 1.44 cm s™!, and exponential charge
transfer coefficient, f = 0.48, recently reported by
Muzikar and Fawcett (2004) for Ru(NH3)2"*" in
0.02 M perchloric acid on a gold electrode. The rate
of the reaction is written as

Vv = k] CRu(NH3)63+ — k_1 CRu(NHg)()Z*' (5)

Note that the concentrations in Eq. 5 are computed at
the surface of the WE where the charge transfer takes
place. Provided that there is no surface adsorption, the
fluxes of the redox species at the WE are equal and
opposite, and assuming that the diffusion coefficients
are equal (similar sized molecules), the sum of the two
concentrations must be constant:

CRu(NH3)* T CRu(NH3) > = €0.Ru(NH;3)>* T C0,Ru(NH;) -

(6)

Electron exchange between the oxidized and re-
duced species may also occur in solution, but Eq. 6
remains valid. If the inlet concentrations (cy) are of the
same magnitude, we obtain

CRu(NH3)62+ = 2C0 — CRu(NH3)63+' (7)
By manipulation of Egs. 5-7 we can now eliminate one
of the redox concentrations, drop the subscript and
arrive at

v=kic—k_1(2¢c) — ¢). (8)
The local Faradaic current density at the electrode is
proportional to the reaction rate:

i=—nFv. 9)

Total electrical current is obtained by integration of
the current density over the electrode surface (S), i.e.,

I= / ids. (10)

S

In summary, the amperometric signal generated at
the WE with applied overpotential # is obtained by
combining Egs. 3-10 into

1= / —anO{eXp (—%)c
s
—exp (%) (2¢ — c)}dS. (11)

This equation relates the amperometric signal to the
redox concentration in the WE proximity, however, it
does not provide current as a function of mean
velocity or flow rate. The redox concentration near
the WE ultimately depends on the flow characteristics
and channel geometry by means of the convective
diffusion equation for solute species conservation with

passive scalar treatment and constant density
(Probstein 2003):
% +ii-Ve =DV, (12)

Here, the source term has been neglected due to the
absence of net homogeneous reactions. The diffusion
coefficient is assumed to be independent of concen-
tration and equal to D = 9.1 x 10°cm?s™!, deter-
mined for Ru(NH3)z"** in 0.1 M KCI by rotating
disk voltammetry (Marken et al. 1995). Electro-
chemical reactions (Eq. 8) are applied as boundary
conditions confined to the exposed electrode sur-
faces. All other surfaces are treated as impermeable
walls subject to a Neumann condition, with a Di-
richlet condition at the inlet and a convective flux
condition at the outlet. Temperature effects are
negligible, provided that the current generation is
low and that the electrodes are situated on glass,
which provides an efficient heat sink in hybrid
PDMS/glass microfluidic systems (Erickson et al.
2003).

The convective diffusion equation coupled with the
electrochemical boundary condition was solved com-
putationally using COMSOL Multiphysics 3.2 on the
microchannel domain using the velocity field obtained
from decoupled Navier—Stokes simulations. The
amperometric signal from the WE is calculated by
boundary integration according to Eq. 8. A steady-
state solution is sufficient to retrieve the amperometric
signal as a function of flow rate, whereas a transient
approach is used to analyze the dynamic behaviour and
response time. Mesh optimization and convergence
were assured in all simulations.
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3.2 Mass transfer model

An empirical mass transfer model was developed for
sensor operation in the transport controlled regime,
based on established heat transfer correlations in
conjunction with the heat and mass transfer analogy.
The purpose of this analysis is to seek a closed form
relationship for the amperometric signal as a function
of mean velocity. The rate of a heterogeneous chemical
reaction is related to the rate of mass transfer by the
Damkohler number (Da). For a reversible electro-

chemical reaction, this dimensionless similarity
parameter is defined as
-1
Da = V(D@ > . (13)
y|,

For sufficiently large overpotentials, the rate of the
electrochemical reaction is much faster than the rate of
species diffusion to the surface (Da > > 1) and the
boundary condition at the WE surface becomes
(Probstein 2003)

cs ~ 0. (14)

This condition describes the transport controlled
regime: all molecules approaching the WE surface
react instantaneously and the current is limited by
the convective/diffusive transport of reactant. A
concentration boundary layer that depends on the
flow characteristics will thus develop in the channel,
starting at the leading edge of the WE (x = 0). To
approximate the total flux of reactant to the WE and
sequentially the amperometric signal, one can con-
sider the limiting case of internal, fully developed
laminar flow between two flat plates with one
reacting wall. There is no analytical solution to this
mass transfer problem available in the literature, but
there is an extensive body of textbook examples
available for mathematically similar heat transfer
problems. For a particular geometry, the results from
convection heat transfer can conveniently be used for
convection mass transfer by replacing the Nusselt
number (Nu) with the Sherwood number (Sh) and
the Prandtl number (Pr) with the Schmidt number
(Sc) (Incropera and De Witt 1990). The classical
Graetz problem (Graetz 1885) of heat transfer de-
scribes the temperature profiles in a fully developed
tube flow where the wall temperature suddenly
changes from one fixed value to another fixed value,
taking the thermal entry length into account. The
Nusselt numbers are, in principle, infinite at x =0
and decay towards their fully developed value with
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increasing axial coordinate, x. The equivalent Graetz
solution for flow between two heated flat plates with
equal and uniform temperature distribution was
developed by Nusselt (1923), based on infinite series
with tabulated eigenvalues. The following empirical
equations for the average Nusselt number in the
thermal entry region is found to yield results within
+3% of Nusselt’s theoretical solution (Kakac et al.
1987):

1.849x*~1/3 x*<0.0005

Nu={ 1849513 1 0.6 0.0005<x*<0.006 (15)
7.541 4 0.0235 /x* x* >0.006

where x* = W is a dimensionless axial coordinate.

Using the heat and mass transfer analogy we obtain

1.849U*1/3 U*1<0.0005
1.849U%13 1 0.6 0.0005<U*'<0.006  (16)
7.541 + 0.0235U* U*1>0.006

where we introduced the dimensionless velocity
UD

U* = W =-—5. The average mass transfer

coefficient for molar flux, Ay, is obtained from

hyirDh
5

The average molar flux based on the logarithmic mean
concentration difference is determined by

Sh = (17)

7. = hy (cs = Cm)y—o — (&5 —

Cm)x:w
T In [(Cs - Cm)x:(]/(cs - Cm)x:w] . "

Here, the subscript m indicates bulk mean values. With
the boundary condition ¢, = 0 and bulk mean

concentration at x =0 equal to the inlet

concentration, we get

- = Crmx—w — C

Ty = hyp —22=w — 20 (19)
In [co/Cmp—w]

For the case of constant surface temperature

convective heat flux, the bulk mean temperature
changes according to (Incropera and De Witt 1990)

Ts - Tm X=w PW 7
((T—T))O = exp (‘mchm>- (20)
s m)xy= P

This equation can be extended to mass transfer upon
the implementation of the heat and mass transfer
analogy, arriving at



Microfluid Nanofluid (2007) 3:403-416

409

(Cs — Cm) sy _ Pw -
(CS - Cm)x:O - UAL hMT

Pw
UA,

ﬁm). 1)

= Cpx=w = €0 EXP <—
Finally, the total current generated at the WE is given by

[ = nFJ,A = Fdwhyp —5=w — 0
In [co/Cmr—w]

(22)
For a given geometry, Eq. 22 provides an estimate of
WE current as a direct function of mean velocity in
closed form.

3.3 Scaling laws

Scaling laws for the amperometric signal were derived
in two specific regimes: the high U  regime (high
velocity, large hydraulic diameter and small WE width)
and the low U" regime (low velocity, small hydraulic
diameter and large WE width).

3.3.1 High U" regime

Scaling laws for the high U" regime can be obtained by
further simplification of the mass transfer model. To
derive a simple power law, two additional assumptions
are required: (i) bulk mean properties are equal to the
free stream value, and (ii) the Sherwood number pre-
viously used for high U" is valid for all U" under study.
In other terms:

Cm = Co (23)

- D
Ayt = 1.849 — U*1/3, (24)
Dy

Since the concentration difference is now constant,
logarithmic mean averaging is not required, and the
average molar flux is given by

Js = BMT(CS — C()). (25)

By noting that ¢, = 0, the total amperometric signal
becomes

[ =nFJ,A = —1.849FdwcoD£ U*'/3 = —1.849Fdwcy
h

24 1/3 221 /3
x;(zl;h) __1.849ch0<wghU> . (26)

We now have a functional relationship for the
amperometric signal in terms of inlet concentration,

geometrical parameters and mean velocity. The
current is proportional to inlet concentration, I o< cy,
and scales as I o w”® versus WE width and I « U"?
versus mean velocity. For high aspect ratio channel
geometries with hydraulic diameter approximated by
Dy, = 2h, the current is also proportional to channel
width, I < d, and scales as I < k™' versus channel
height. Furthermore, if we introduce the dimensionless
current

I
r=——~- 27
FdwcoD /Dy’ 27)
we obtain a linear relationship between I" and U™ for
all inlet concentrations and sensor/channel geometries

under study:

I' = —1.849U"1/3, (28)

The sensitivity of the amperometric signal to changes
in mean velocity is defined as the partial derivative of /
with respect to U, which is equal to

(29)

ou ~ 3 D, U?

oI 1.849 <w21)2)”3
— F Co

at high velocities. Thus, the sensitivity scales as

9L U~2/3 versus mean velocity and is proportional to

inlet concentration.

3.3.2 Low U regime

In the low U" regime, the operation of the sensor
reaches a point where all of the incoming reactant is
consumed at the WE, such that the total flux entering
the channel is equal to the total flux sensed by the WE:

/cudA: /JSdA (30)

x=0 WE

Evaluation of the integrals leads to

coUA. = —I/F = I = —FcyUA.. (31)

Thus, the current is independent of WE width and
proportional to each of the following variables at low
velocities: inlet concentration, mean velocity and
cross-sectional area. The signal is therefore also
proportional to flow rate. Eq. 31 can also be written
in terms of the dimensionless variables I and U". For
high aspect ratio channels with Dy, ~ 2k and A, = dh,
we obtain
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1
I'=—--U". 32
JU (32)
The transition point from the high U" regime to the low
U regime is found by setting the I variables in Eqgs. 28

and 32 equal:

1
—5U = —1.849U*1/3. (33)

By solving this equation, the transition point becomes

UP = (2% 1.849)Y* =19

(34)
U'=(2x1.849)? =71.
The low U solution is thus valid in the range 0 < U" <
7.1. The high U solution is applicable to U" > 7.1,
provided that the flow remains laminar.

The sensitivity in the low U regime equals

ol
@ = —FC()AC, (35)

which is independent of velocity and proportional to
both inlet concentration and cross-sectional area.

4 Results and discussion

Three-dimensional computational simulations based
on the electrochemical model were performed for

various flow cell geometries and operating conditions
to establish an appropriate configuration for veloci-
metry. The domain, initially the entire microchannel,
was reduced significantly by noting that current flows
at the upstream RE are negligible and do not perturb
the uniform inlet concentrations. Moreover, the reac-
tions occurring at the CE need not be included, since
this electrode is placed downstream in relation to the
WE and will not influence the amperometric signal.
Large aspect ratio geometries offer the possibility of
reduced dimensionality, which is advantageous for
analysis of results and comparison with theory. Full 3D
simulations on the channel geometry of the flow cell in
Fig. 1 (10:1 aspect ratio) were compared to 2D simu-
lations in which end effects of the far walls were ne-
glected. It was concluded that the 2D model is
adequate for aspect ratios larger than 10:1, with errors
less than 2%. Two-dimensional simulations also en-
abled significantly increased spatial resolution in the
two dominant dimensions.

Concentration field data obtained using the 2D
steady-state electrochemical model are plotted in
Fig. 2. Negative overpotentials reduce Ru(NH;)z",
leading to Ru(NH3);* depletion and Ru(NH3)Z"
accumulation in the WE proximity. The concentration
of the depleted species becomes approximately zero at
the WE interface, although the reversibility of the re-
dox couple provides a small shift towards non-zero
values. The reduction rate of the Ru(NH;)z" species at
the WE depends on the concentration gradient estab-

Fig. 2 Computational proof- ¢ [mM]
of-concept: steady-state

Ru(NH3)3" concentration 3
distributions obtained from

the electrochemical model in U=0.1mmis; 1=-33pA 4.5

the symmetry plane of a flow
cell operating at negative WE
overpotential. The magnitude
of the WE current (/)
increases with mean velocity
(U). Conditions: ¢y = 5 mM,
n=-02V,h=100 pm, w =

U =1 mmis;
500 um, d = 1 mm e

!
H
\

I=-8.5pA e S

!
I |

U=10mm/s; 1=-18.8 pA

)
m
gi
Q
m
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lished by the flow. Specifically, increased velocity re-
sults in reduced concentration boundary layer thick-
ness and increased cross-stream diffusion of reactant.
The amperometric signals, obtained by boundary
integration of the flux at the WE surface, demonstrate
that the magnitude of the current increases with
velocity, thus serving as a theoretical proof-of-concept
for flow cell design.

The flow sensor could be designed for operation in
the rate controlled regime, the transport controlled
regime or in a mixed regime. That is, the current drawn
from the WE can be limited by either the rate of the
chemical reactions or the rate of species transport to
the active sites. The transport controlled regime is
generally preferred, given that fewer parameters will
influence the measured amperometric signal. As shown
by the scaling laws in Sect. 3.3, these parameters in-
clude inlet concentration of redox species, diffusion
coefficient and mean velocity. For the case of fixed
inlet concentration and diffusion coefficient, the signal
will therefore be a function of velocity only. Operation
in the transport controlled regime has other advantages
as well: uncertainties in parameters such as rate con-
stant and charge-transfer coefficient are unimportant;
mass transfer models (Sect. 3.2) and scaling laws
(Sect. 3.3) are appropriate; the response exhibits a
higher signal-to-noise ratio; potential loss due to ohmic
resistance can be ignored; the signal is independent of
minor surface defects; and most importantly, the sen-
sitivity of the amperometric response as a function of
flow rate is much higher.

Potential vs. RE [V]

Cyclic voltammograms were generated experimen-
tally for diagnostics of electrode performance. Figure 3
presents the curves obtained at 50 mV s~ scan rate for
two separate runs with external and internal RE and
CE. These well-defined curves with redox couple oxi-
dation and reduction peaks situated near the formal
redox potential confirm that no competing reactions
are present and that the reversible behaviour of the
redox couple is preserved. The potential shift from
external to internal RE curves is close to the expected
0.15 V. A small shift towards more negative potentials
is observed for both curves, which is an inherent fea-
ture of the micro flow cell configuration not encoun-
tered in conventional -electrochemical cells. The
similarities between the curves for external and inter-
nal RE and CE show that the miniaturization of the
system via on-chip integration of these electrodes does
not mitigate its electrochemical performance. It is also
desirable to maintain operation in the transport con-
trolled regime with a lower bound at the characteristic
reversible peak separation, 59 mV. Simulation results
evaluated at different overpotentials reveal that Iyl =
0.2 V provides 99% overall transport controlled current,
suitable for reliable sensor operation with negligible
change due to possible variations in electrochemical rate
parameters. Competing reactions are generally more
likely to be introduced for large overpotentials, resulting
in an upper bound for the WE potential.

The dynamic behaviour of the flow sensor was
investigated computationally using the transient elec-
trochemical model. Results from a typical case are
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plotted in Fig. 4. At t < 0, there is no overpotential
applied to the WE and the fully developed laminar
flow is steady at a mean velocity of 1 mm s'. In this
case, the amperometric response is zero due to the
cancellation of the forward and backward rate terms
when the redox concentrations are equal. As the switch
to constant Iyl = 0.2 V is initiated at ¢t = 0, a current
spike is generated that gradually diminishes with time.
On the order of 7, ~ 100 ms, the amperometric re-
sponse is fully stabilized at the steady-state value. The
response time needed to reach steady-state is even
shorter for higher velocities and smaller channel cross-
sections. Since inertial effects are relatively insignifi-
cant in microfluidic systems, the time scale required to
establish steady flows, 14 is relatively fast. It can be
estimated by balancing unsteady inertial forces with
viscous forces for pressure-driven flow (Squires and
Quake 2005) according to

pDy?
u

(36)

‘EfN

For / =100 pm channels, hydrodynamic steady-state is
reached within 7 ;~ 10 ms. The amperometric response
to changes in flow dynamics should therefore be
smooth with overall response time limited by the sta-
bilization time for the amperometric signal, 7, ~ 100
ms.

Transient results were obtained experimentally with
the potentiostat in reductive amperometric mode,
incorporating recurrent overpotential pulses at —-0.2 V
with 10 s time intervals, with results shown in Fig. 5.
Each time the overpotential is switched on, a distinct

Positive overpotentials

' —_l ) Time(s]

0.5 1 1.5

WE current [uA]
o

A A A A A A A A A A A AAAALALA

25 Negative overpotentials

-35 &

Fig. 4 Dynamic amperometric response obtained using the
transient electrochemical model. Iyl = 0.2 V is switched on at ¢
= 0. Conditions: U = 1mm s, ¢g = 5mM, & = 100 pm, w =
500 pm, d = 1 mm

@ Springer

reduction current spike is generated due to the pres-
ence of reactant in the WE proximity. The current is
stabilized near the steady-state value after less than 1 s,
in agreement with the transient modeling results pre-
sented in Fig. 4. After this initial transition period, the
current is indeed very stable and the steady-state data
are registered at the end of each 10 s interval. The
steady-state modeling results (dashed lines in Fig. 5)
are in good agreement with the experimentally mea-
sured reduction current. In general, the option of
applying positive overpotentials and thereby oxidizing
the redox pair was found to be less reliable than the
operation in reduction mode. The reduction current
mode (7 < 0) was therefore applied in all tests.
Steady-state operation is the preferred mode for
reliable velocimetry with reproducible data. Experi-
mental data were obtained 10 s after the application of
the overpotential to ensure steady operation. The
reductive amperometric signals for two different redox
concentrations are presented in Fig. 6 as a function of
mean velocity. Several aspects of these results are
noteworthy. First, the slope of the curves reveals a
functional relationship between velocity and measured
current, which is the basis of the flow sensor operation.
This variation of the output signal is significant through
a velocity range of two orders of magnitude. Secondly,
the smooth features of the data obtained at 2.5 mM,
unobstructed by noise, show that this concentration is
sufficiently high for detection of a wide range of
velocities. Finally, the experimental results are in good

o [ R . i . 2k
i-lo—
e 1
c
2 30}
£ [
5]
w B
3_40_
-50
_601"1-'1 R ER STI TR PR R |
0 10 20 30 40 50 60

Time [s]

Fig. 5 Amperometric signal obtained experimentally (solid line)
with recurrent potential pulses applied to the WE. Steady-state
modeling results (dashed line) are plotted for comparison.
Conditions: U =2mm s, ¢g=5mM, 4 =-02V, h = 100 pm,
w =500 um, d = 1 mm
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0 + Experimental data
Electrochemical model
— — — — Mass transfer model
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WE current [uA]

| 1 1 | |
400

Mean velocity [mm/s]

Fig. 6 Amperometric signals determined experimentally (sym-
bols) plotted in relation to results from the electrochemical
model (solid lines), the mass transfer model (dashed lines) and
the scaling law (dash-dot lines). As indicated in the figure, two
different inlet concentrations were used: ¢y = 2.5 and ¢y =
5.0 mM. Other conditions: # =-0.2 V, A =100 pm, w = 500 pm, d
=1 mm

agreement with the electrochemical model. The small
systematic discrepancy of ~10% is expected from
uncertainties in diffusion coefficients and cross-sec-
tional channel dimensions. The repeatability of the
experiments was found to be very high, provided that
the electrode surfaces were free from impurities. For
consecutive experimental trials using the same solu-
tion, the change was < 1%; whereas the average vari-
ation between fully separated trials on different days
with different solutions was about 3%.

In relation to the electrochemical model, the mass
transfer model uniformly overestimates the current
somewhat due to the ¢, = 0 assumption and the im-
posed effect of the non-reacting opposite wall. The
difference is yet less than 6% in the entire velocity
range considered for this geometry. The results ob-
tained from the high U" scaling law overshoots up to
10% compared to the electrochemical model because
of the additional assumption of c,, -, = ¢o. The scal-
ing results are most accurate in the high velocity re-
gime where this assumption is appropriate. Further
analysis is provided in Fig. 7, where the data for ¢y =
25mM is plotted in the dimensionless quantities

1/3
I = m and U*/3 = (%) , identified through

the scaling derivations in Sect. 3.3. The scaled data
for different inlet concentrations collapse (omitted
from Fig. 7 for clarity), showing that the current is
proportional to inlet concentration. All curves are
linear with a slope similar to that predicted by the high
U scaling law in the range shown, confirming that the
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Fig. 7 Normalized amperometric signal (I') as a function of the
dimensionless velocity parameter U . Conditions: ¢, = 2.5 mM,
n=-02V,h=100 pum, w = 500 pm, d = 1 mm

amperometric signal does indeed scale with velocity to
the power of 1/3 (I «< U"?). In summary, any of the
proposed theoretical methods can be used to obtain
calibration curves: the electrochemical model is the
preferred one, followed by the empirical mass transfer
model. The accuracy of the scaling law is satisfactory
for quick approximations.

The flexibility of the proposed amperometric ve-
locimetry technique with respect to cross-sectional
channel geometry and width of the microband WE is
demonstrated in Fig. 8. The technique is applicable to
any cross-sectional channel geometry. The computa-
tionally obtained curves for different channel heights
have similar shapes although the magnitude of the
signal for the 25 pm channel is greater, since the
concentration gradients generated at a given velocity
are larger in thinner channels. Modification of the
width of the microband electrodes introduces another
degree of freedom for sensor design. Figure 8a shows
the effect of increasing WE width from 0.5 to 2.0 mm
for 25 and 100 pm high channels. Increasing WE
width raises the magnitude of the signal for both
channels. On the other hand, if the specific application
is constrained w.r.t. planar area, our results indicate
that a WE width as small as 0.1 mm is sufficient, al-
though the signal loses some of its strength. Variables
I and U™ provide effective dimensionless scaling for
WE current and mean velocity, respectively. It is
noteworthy, however, that these variables depend
further on the geometry of the WE and the micro-
channel. The linearity shown in Fig. 8b demonstrates
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Fig. 8 Real (a) and normalized (b) amperometric signal as a
function of mean velocity and dimensionless velocity parameter
U™, respectively, obtained using the electrochemical model for
selected geometries: the numbers in the legend represent
channel height in pm and WE width in mm. The mass transfer
scaling laws for high and low U" are plotted for comparison in
(b). Other conditions: ¢ =5 mM, n =-02 V,d =1 mm

the validity of the high U" scaling law for all geome-
tries under study: the amperometric response scales to
the power of 2/3 with WE width (I < w*?) and -1/3
with hydraulic diameter (I o« Dy"?), or —1/3 with
channel height (I « 47') for high aspect ratio chan-
nels. There is, however, one exception: at low U, a
combination of low U, small D, and large w causes
departure from the general trend. This is the transi-
tion to the low U regime, in which all the reactant
that enters the channel is completely consumed at the
WE. The transition occurs at U = 1.9, equivalent to
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U" = 7.1, as determined theoretically in Sect. 3.3. The
curves in Fig. 8b also show the validity of the low U"
scaling law below the transition point and that the
electrochemical model provides accurate predictions
in both regimes.

The sensitivity of the amperometric signal, defined
as the change in output current to a change in mean
velocity, is of key importance for sensor design. The
shape of all calibration curves presented so far indicate
that the sensitivity has a maximum for low flow rates.
A more detailed study of sensitivity, including both
computational and experimental data, is shown in the
log-log plot of Fig. 9. The range considered here
comprises velocities of four orders of magnitude: from
0.1 to 100 mm s™'. Several conclusions concerning the
sensitivity can be drawn from this figure: it remains
sufficiently high over the entire range of flow rates; as
already mentioned, it is reduced as the velocity in-
creases; it is generally enhanced for thin channels and
wide electrodes; it follows the scaling lines at high U,
confirming that the sensitivity scales with velocity to
the power of -2/3 (2L o U?/); and it reaches a
geometry dependent upper bound for low velocities.
This upper sensitivity bound is directly related to the
transition to the low U regime at U = 7.1. Within the
low U’ regime, the sensitivity is independent of
velocity and proportional to cross-sectional area, as
shown by the jump between the two low U  scaling
lines. The amperometric signal is therefore propor-
tional to both mean velocity and cross-sectional area,
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3G —w—— EC model (100/2.0)
—@— EC model (25/0.5)

I: ——p—— EC model (25/2.0)
_______ Scaling, high U* (100/0.5)
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Fig. 9 Selected sensitivity data as a function of mean velocity.
Results from the electrochemical model plus experimental data
are presented in relation to scaling lines in the high (dash-dor)
and low (solid) U" regimes. The numbers in brackets represent
channel height in pm and WE width in mm. Conditions: ¢y =
S5mM,n=-02V,d=1mm
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as proposed theoretically in Sect. 3.3.2, and by exten-
sion also to the flow rate. If possible, operation in the
low U" regime is recommended from a sensitivity point
of view.

5 Conclusions

An electrochemical velocimetry technique suitable
for microfluidic networks was realized by means of
embedded microband electrodes and a redox couple
in solution. A functional relationship between mean
velocity and the reductive current drawn from the
WE was identified for operation in the transport
controlled mode. The measured amperometric signal
is proportional to the bulk redox concentrations,
indicating that high concentrations provide stronger
signals. However, experimental results reveal that a
few millimolar is sufficient for effective sensor oper-
ation. For practical applications, calibration curves
may be obtained computationally from the electro-
chemical model, empirically from the mass transfer
model or experimentally using a syringe pump with
known flow rate. Scaling laws, capable of providing
quick estimates, were developed based on a dimen-
sionless velocity, U’. Two velocity regimes were
found with transition point at U = 7.1. In the high
U’ regime, the amperometric signal scales as the
cube root of mean velocity, cube root squared of WE
width and inverse cube root of hydraulic diameter,
whereas in the low U’ regime, the signal is inde-
pendent of electrode width and directly proportional
to the flow rate.

The proposed velocimetry technique is applicable to
any cross-sectional channel geometry. The sensitivity
of the amperometric response varies inversely with
flow rate, which effectively normalizes the relative er-
ror of the measurements. High overall sensitivities
were demonstrated, in particular in the low U regime.
The flexibility of the sensor design introduces addi-
tional advantages: by tuning its channel and electrode
geometry, the sensitivity can be optimized towards a
specific application and its functionality can be ex-
panded over a wide range of flow rates. In fact, this
velocimetry technique can resolve all practicable
Reynolds numbers experienced for laminar pressure-
driven flow in microfluidic networks with known cross-
sectional geometry.
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We demonstrate a microfluidic fuel cell incorporating hydrogen peroxide oxidant. Hydrogen peroxide (H,0,) is available at high
concentrations, is highly soluble and exhibits a high standard reduction potential. It also enables fuel cell operation where natural
convection of air is limited or anaerobic conditions prevail, as in submersible and space applications. As fuel cell performance
critically depends on both electrode and channel architecture, several different prototype cells are developed and results are
compared. High-surface area electrodeposited platinum and palladium electrodes are evaluated both ex situ and in situ for the
combination of direct H,O, reduction and oxygen reduction via the decomposition reaction. Oxygen gas bubbles produced at the
fuel cell cathode introduce an unsteady two-phase flow component that, if not controlled, can perturb the co-laminar flow interface
and reduce fuel cell performance. A grooved channel design is developed here that restricts gas bubble growth and transport to the
vicinity of the cathodic active sites, enhancing the rate of oxygen reduction, and limiting crossover effects. The proof-of-concept

microfluidic fuel cell produced power densities up to 30 mW cm™

and a maximum current density of 150 mA cm™2, when

operated on 2 M H,0, oxidant together with formic acid-based fuel at room temperature.
© 2007 The Electrochemical Society. [DOI: 10.1149/1.2784185] All rights reserved.
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Small fuel cells have received much interest in recent years as
potential power supplies for the next generation of portable elec-
tronic devices.! Overall fuel cell performance based on two- or
three-phase interface catalysis is enhanced with miniaturization, pro-
vided the active surface-to-volume ratio is inversely proportional to
the characteristic length. One class of microstructured power supply
is microfluidic fuel cells,”'® also called laminar flow-based fuel
cells and membraneless fuel cells. A microfluidic fuel cell is defined
here as a device that confines all fundamental components of a fuel
cell to a single microstructured manifold. An image and schematic
of a microfluidic fuel cell are shown in Fig. 1. In the case of non-
specific catalysts or active sites, these fuel cells exploit the charac-
teristics of microfluidic co-laminar flow to separate anolyte and
catholyte without the requirement of a physical barrier, i.e., mem-
brane. Both streams contain supporting electrolyte that provides
high conductivity for ionic transport. Interdiffusion between the two
streams is restricted to an hourglass-shaped zone in the center of the
channel, with maximum width at the channel walls scaling as the
cube root of diffusion coefficient, channel height, downstream posi-
tion, and inverse mean Velomty ’ Fuel and oxidant crossover is
limited by positioning the anode and cathode on channel walls with
adequate separation from the co-laminar interdiffusion zone. Given
low rates of interdiffusion, the co-laminar configuration allows
anolyte and catholyte compositions to be optimized 1ndependently
in order to improve kinetics and cell potential. Microfluidic fuel
cells avoid some commonly encountered challenges in polymer
electrolyte membrane-based fuel cells, 18 including membrane hu-
midification control, membrane degradation, and liquid water man-
agement.

Proof-of-concept microfluidic fuel cells have been developed
based on a variety of fuels Vanad1um redox species, 2311 form1c
acid, %1% methanol,”® hydrogen ® and hydrogen perox1de
The current density of these fuel cells was predommantly controlled
by the rate of mass transport to the active sites,’ typically in the
cathodic half-cell.® Fuel cells based on dissolved oxygen were _Par—
ticularly limited by the low solubility of oxygen (2-4 mM) 210
Jayashree et al. 14 developed an integrated air-breathing cathode that
allows gaseous oxygen transport from the ambient air, a source of
oxygen that has significantly higher diffusivity and concentration
than dissolved oxygen. The highest power densny of air-breathing
microfluidic fuel cells to date (26 mW cm‘z) was achieved using

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.
* E-mail: dsinton@me.uvic.ca

1 M formic acid fuel and a graphite plate anode covered with Pd
black nanoparticles. Air-breathing designs require a blank cathodic
electrolyte stream that prevents fuel crossover and facilitates ionic
transport between the electrodes. They are also dependent on free
convection of oxygen from the ambient air which may reduce flex-
ibility with respect to operating environments and scale-up opportu-
nities.

The performance of microfluidic fuel cells can be improved by
employing aqueous oxidants that are soluble at higher concentra-
tions than dissolved oxygen. For example power densities up to
38 mW cm™2 " and 70 mW cm™2 ? have been obtained using vana-
dium redox couples as both fuel and oxidant. These redox fuel cells
benefit from balanced anodic and cathodic streams. Similarly, Hase-
gawa et al.'? demonstrated a microfluidic fuel cell employing hydro-
gen peroxide (H,0,) as both fuel and oxidant. The operation of that
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Figure 1. (Color online) Image of a microfluidic fuel cell with Pd electrodes
using formic acid (HCOOH) fuel and hydrogen peroxide (H,0,) oxidant.
The schematic cross-sectional view of the channel shows the interdiffusion
of anolyte and catholyte that is characteristic of co-laminar flow. The chan-
nels employed here were 2 mm wide and 70-170 wm high, and the elec-
trodes were 0.5 mm wide and 10 mm in active length.
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cell, however, was dependent on net consumption of supporting
electrolyte, with low overall energy density as a result.”!? Like com-
mon fuels methanol and formic acid, H,O, is available at high con-
centrations and has high solubility in aqueous media, enabling bal-
anced half-cell configurations. A microfluidic fuel cell design is
developed here with the goal of harnessing these advantages. Estab-
lished soft lithography techniques are employed for channel fabrica-
tion and electrode masking. H,O, cathodes with different catalyst
compositions and surface morphologies are produced via elec-
trodeposition, and their electrochemical performance is evaluated
both ex situ in a three-electrode electrochemical cell and in situ in a
microfluidic fuel cell coupled with a generic formic acid-based an-
ode.

Experimental

Electrochemistry.— Formic acid anolyte and hydrogen peroxide
catholyte of different compositions were prepared using phosphate
supporting electrolyte in Millipore Milli-Q water (Millipore, Bil-
lerica, MA). Specifically, the anolyte was prepared from potassium
hydrogen phosphate (K,HPO,; ACP Chemicals Inc., Montreal,
Canada) and concentrated formic acid (HCOOH; Sigma-Aldrich,
Oakville, Canada) to the desired concentrations of 1 M HCOOH in
1-3 M phosphate (pH 6-8), and the catholyte was prepared from
phosphoric acid (H3PO,; ACP) and 30% hydrogen peroxide (H,O,;
EMD Chemicals Inc., Gibbstown, NJ) to 1-3 M H,0, in -2 M
phosphate (pH 0-1). All electrochemical experiments were driven
by a PARSTAT 2263 potentiostat (Princeton Applied Research, Oak
Ridge, TN) using a Ag|AgCl (sat. KCI) reference electrode (0.190 V
vs SHE) and a platinum mesh counter electrode, where applicable.
Individual electrode potentials in this article are given vs the
Ag|AgCl reference electrode unless otherwise stated. Planar gold
electrodes subject to catalyst electrodeposition were cleaned in pira-
nha etch (3:1 w/w H,SO4:H,0,) for 2 min, followed by rinsing in
Millipore water, and electrochemical cycling in 1 M hydrochloric
acid (HCl; Anachemia, Montreal, Canada) between —0.5 and 0.6 V
at 100 mV s~ for 20 cycles. Platinum (Pt) was electrodeposited
from a near-neutral plating bath containing 1.0% w/w chloroplatinic
acid (H,PtClg; Sigma-Aldrich) and 6.0% w/w ammonium phos-
phate (pH 8) prepared from ammonium hydroxide (NH,OH; EMD)
and H5PO, in Millipore water. The plating solution was heated to
75°C and sonicated for 2 h until the bright yellow precipitate
formed upon mixing of the constituents was fully dissolved and the
solution turned into a uniform clear orange color. Palladium (Pd)
was plated from an acidic plating bath consisting of 1.0% w/w pal-
ladium(IT) chloride (PdCl,; Sigma-Aldrich) and 1 M HCI in Milli-
pore water, dissolved as a clear brown solution after 30 min sonica-
tion. The target Au electrode was immersed in the plating bath, and
characterized by cyclic voltammetry at 50 mV s~!. Electroplating
was carried out under potentiostatic control until the desired loadin%
was deposited, assuming 60% coulombic deposition efﬁciency.l
The obtained electrodes were rinsed thoroughly with Millipore wa-
ter before further use. Scanning electron micrographs were captured
by a Hitachi S-3500N scanning electron microscope with a tungsten
filament operated at 15 kV.

Fuel cell fabrication and testing.— Proof-of-concept microflu-
idic fuel cells were assembled using in-house microfabrication tech-
niques. The fuel cell shown in Fig. 1 comprises two layers: a sub-
strate upon which electrodes are formed, and a polymeric top layer
housing the channel structure. The substrate was a 1 in. X 1 in.
commercial 1000 A gold slide (EMF Corp., Ithaca, NY) subject to
gold etching combined with photolithography to attain the desired
electrode structure. The electrode structures were patterned with
negative photoresist (SU-8 25; Microchem, Newton, MA) over the
gold, as previously reported,” and the uncovered parts were re-
moved by immersion in gold etching solution (Type TFA; Transene
Company Inc., Danvers, MA) for 20 min and chromium etching
solution (0.8 M K;[Fe(CN)4] in 3 M NaOH) for 1 min followed by
thorough rinsing in Millipore water. The remainder of the photore-
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sist was removed by sonication in acetone, until the desired gold
electrodes were revealed. Wires were attached to the electrodes us-
ing conductive epoxy (Circuit Works CW2400; ITW Chemtronics,
Kennesaw, GA) prior to catalyst electrodeposition. The T-channel
structure required for the co-laminar flow was molded in poly(di-
methylsiloxane) (PDMS; Dow Cornin% Midland, MI), following
established soft-lithographic protocols”™ and in-house developed
procedures.22 Ports for fluid handling were punched in the PDMS
prior to assembly. The electrodeposited substrate and PDMS channel
structure were plasma treated (PDC-32G; Harrick Sci., Pleasantville,
NY) for 30 s to yield silanol surface groups that covalently bind
glass to PDMS and render hydrophilic channel walls. When the two
were aligned under a microscope and brought into contact, an irre-
versible seal was obtained.

Steady co-laminar flow of aqueous fuel and oxidant solutions
required for fuel cell operation was driven by a syringe pump (PHD
2000; Harvard Apparatus, Holliston, MA) via Teflon tubing (Up-
church Sci., Oak Harbor, WA). Polarization data were obtained at
room temperature by chronoamperometry under stepwise potentio-
static control from 0.0 V to the open-circuit voltage by 0.1 V incre-
ments. The cell current was monitored for 60 s at each potential to
ensure steady state conditions. Current densities and power densities
reported here were time averaged over the 60 s measurement inter-
val and calculated based on the planar active area of the electrodes
(0.05 cm?).

Results and Discussion

The half-cell reaction scheme for a cathode based on hydrogen
peroxide in acidic media includes a combination of direct hydrogen
peroxide reduction and indirect oxygen reduction following decom-
poszigion. The reactions and associated standard potentials at 298 K
are

H,0, + 2H* + 2¢” = 2H,0 E°=1776 V vs SHE  [1]
H,0, = 0, + 2H" + 2™ E° =0.682 V vs SHE [2]

0, + 4H* + 4~ = 2H,0 E°=1229V vsSHE  [3]

The standard potential for direct hydrogen peroxide reduction, Re-
action 1, is more positive than most other oxidizers (e.g., oxygen or
permanganate), therefore potentially establishing a higher electro-
motive force for fuel cell operation. However, the oxidation of per-
oxide to oxygen, Reaction 2, is facile on both Pt and Pd, and both
Reactions 1 and 2 occur together. The effect of this is that the open
circuit potential is a mixed potential, occurring at about 0.85 V on
Pt in acid solution. Net reduction of hydrogen peroxide occurs only
negative of this, so the actual overpotential for direct hydrogen per-
oxide reduction is relatively high. The combination of the two reac-
tions is the catalyzed decomposition of hydrogen peroxide to oxy-
gen and water, 2H,0, — 2H,0 + O,. (The uncatalyzed reaction,
not requiring a Pt or Pd surface, is very slow on the time scale of
these experiments.) Downstream recapture of O, and its reduction to
water, Reaction 3, can reduce some of the losses from Reaction 2.

In order to evaluate the feasibility of hydrogen peroxide oxidant
for microfluidic fuel cells, a suitable anodic half cell that does not
constrain the overall fuel cell performance was required. Anodic
systems based on formic acid have previously exhibited relatively
high performance in terms of both current density and power density
in microfluidic fuel cells'* as well as polymer electrolyte membrane
fuel cells based on liquid fuels, such as the direct formic acid fuel
cell.** The half-cell reaction and standard potential at 298 K of a
formic acid-based anode are

CO, + 2H* + 2¢” = HCOOH E° =-10.199 V vs SHE [4]
A fuel cell based on hydrogen peroxide reduction and formic acid

oxidation thus has a standard cell potential of 1.975 V.

Electrocatalytic analysis.— Pure Pt and Pd electrodes were
plated on gold and the electrochemical response of the deposits was
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Figure 2. (Color online) Cyclic voltammograms for Pt and Pd electrodepo-
sition on planar Au electrodes, measured at 50 mV s~! scan rate (fourth cycle
shown).

characterized ex situ in typical formic acid and hydrogen peroxide
solutions. Bath electroplating generally progresses via a three-
dimensional nucleation and growth model. > Nucleation can be ei-
ther instantaneous or progressive: for instantaneous nucleation, all
nuclei form at the same instant and grow with time; for progressive
nucleation, on the other hand, new nuclei are formed as older nuclei
grow and overlap. Since nucleation usually occurs at defects, dislo-
cations, or edges, it is possible to control this behavior and synthe-
size specific morphologies by using substrates with known surface
structure. The shape and size of the deposit also depends on kinetic
parameters, e.g., whether the process is rate controlled or mass
transport controlled. By careful tuning of the overpotential, one can
obtain fractal growth leading to high surface area deposits.19 The
combination of the high catalytic surface area and the absence of
adhesive agent (e.g., Nafion) makes this tuned electroplating meth-
odology particularly suitable for microfluidic fuel cell applications.

Cyclic voltammograms shown in Fig. 2 were measured for Pt
and Pd electrodeposition on planar Au electrodes from the open-
circuit potential (OCP; 0.35 V) to =0.70 V (Pt), and from OCP
(0.36 V) to =0.10 V (Pd). The large potential shift between the two
curves was primarily caused by the pH difference of the plating
baths. Deposition of Pt was expected to start around —0.3 V, with an
increasing current toward the peak at —0.5 V. This is a well-known
characteristic for nucleation and diffusion controlled growth.19 At
the peak, the active sites available on the WE surface limit the
deposition current, forcing it back down toward a steady, diffusion-
limited value. However, at —0.6 V there was a sharp increase in
current due to the onset of hydrogen evolution, which concealed the
deposition current. At these potentials, co-deposition of hydrogen
took place, which can interfere with the quality and efficiency of the
Pt deposition. As shown in Fig. 2, operation at near-neutral pH en-
abled the separation of Pt deposition and hydrogen evolution, a fea-
ture that was not possible in acidic solution due to the positive shift
of the hydrogen standard potential. The plating bath employed for
Pd was of a standard acidic type, in which it was not possible to
completely separate Pd deposition and hydrogen evolution peaks
(Fig. 2). An alkaline plating bath for Pd (not shown here) was also
evaluated, however, the obtained catalyst structures had lower elec-
trocatalytic activity than the ones from the more commonly used
acidic bath.

The electrodeposition of Pt and Pd was carried out under poten-
tiostatic control at —0.5 V and 0.0 V, respectively, where the depo-
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Figure 3. Scanning electron micrographs of the surface morphology of the
electrodeposited Pt (A) and Pd (B) electrodes, and a side view (C) of the Pd
electrode, captured at 1500X, 3500X, and 300X magnification, respectively.

sition current was essentially transport limited in both cases and
hydrogen co-deposition was negligible. The deposition charge was
monitored until the desired catalyst loading was obtained
(0.5-10 mg cm™2). The current generally increased with time,
which corresponded to the growth of the active surface area during
the plating process. Figure 3 shows scanning electron micrographs
of the obtained surface morphologies. The Pt morphology (Fig. 3a)
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Figure 4. (Color online) Separate anode and cathode polarization data mea-
sured in a three-electrode electrochemical cell with electrodeposited Pt and
Pd working electrodes. The anolyte was 0.2 M HCOOH in 0.2 M phosphate
(pH 4) and the catholyte was 0.2 M H,0, in 0.2 M phosphate (pH 1).

was quite smooth with uniformly distributed grains and pores on the
order of a few micrometers. The Pd surface structure (Fig. 3b) ex-
hibited a more distinct fractal character with large features on the
order of micrometers as well as features on the order of hundreds of
nanometers and smaller. The active surface areas of the obtained Pd
electrodes were therefore generally higher than for the Pt deposits.
The expanded view of the Pd electrode (Fig. 3c) shows preferred
growth at the edges of the gold and at some defects in the center,
which reflects nucleation and diffusion-controlled fractal growth.
Moreover, the edges of the electrode are exposed to a higher rate of
diffusive transport that further promotes local growth under
transport-limited plating conditions. The edge formations were
~40 pm high in the case of 5 mg cm™2 Pd loading.

The electrocatalytic activity of the Pt and Pd electrodes toward
hydrogen peroxide reduction and formic acid oxidation was ana-
lyzed by cyclic voltammetry and chronoamperometry. Polarization
data for individual electrode performance in a three-electrode elec-
trochemical cell containing either H,O, or HCOOH in phosphate
electrolyte are shown in Fig. 4. The potential gap between the two
sets of curves indicates that this fuel and oxidant combination is
feasible for fuel cell operation. The Pt and Pd deposits were equally
effective catalysts for H,O, reduction. The OCP for this half cell
was relatively low, owing to the parasitic nature of Reaction 2. The
observed rate of gaseous oxygen evolution via Reactions 1 and 2
upon immersion of the electrodes in the H,O, solution was higher
for Pd than for Pt. The activation overpotential for HCOOH oxida-
tion was essentially zero. Pd showed significantly higher activity
than Pt in this case, in agreement with previous reports. 2

Fuel cell testing.— Planar microfluidic fuel cells were fabricated
according to the procedure outlined in the experimental section. The
cell design is shown schematically in Fig. 1; fuel (HCOOH) and
oxidant (H,0,) solutions enter the main channel via separate inlets
and flow in a co-laminar configuration in parallel with the anode and
cathode downstream toward the single outlet. The high-aspect ratio
cross-sectional geometry of the channel (2 mm wide and
70-170 pm high) with electrodes placed perpendicularly to the co-
laminar flow interface delays interdiffusion of the streams and en-
ables high fuel utilization.* The supporting electrolyte provides high
ionic conductivity within the streams, which facilitates rapid ionic
charge transport between the electrodes. An array of different fuel
cells was fabricated to study fuel cell performance as a function of
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Figure 5. (Color online) Sample chronoamperometric curve for microfluidic
fuel cell operation measured at 0.1 V cell voltage using 1| M HCOOH in 2 M
phosphate (pH 7) anolyte and 3 M H,0, in 2 M phosphate (pH 0) catholyte

flowing at 300 wL min~".

the following parameters: cathode catalyst and loading, channel
height and cross-sectional shape, and concentration and pH of fuel
and oxidant solutions. A generic anode was employed in all cells,
consisting of 5 mg cm™2 electrodeposited Pd, and the HCOOH con-
centration was fixed at 1 M. Polarization data were measured for all
fuel cells under stepwise potentiostatic control. A selected current
transient is presented in Fig. 5, showing an initial peak and then
decay toward steady state over ~ 10 s. The time scale for stabiliza-
tion is attributed to initial gas evolution partly blocking the active
sites and the formation of concentration boundary layers for reac-
tants as well as products, and is two orders of magnitude larger than
the residence time in the channel at this flow rate. The unsteady
oscillation pattern is attributed to the formation, growth, and expul-
sion of gas bubbles over the electrodes associated with O, evolution
from peroxide oxidation at the cathode as well as product CO, evo-
lution at the anode. The level of unsteadiness during the chrono-
amperometric measurements can be quantified by two methods: the
variability, defined by the ratio between the maximum and average
currents; and the standard deviation about the mean. In this case, the
variability and standard deviation were 1.8 and 13%, respectively.
The fuel cell design, incorporating a channel structure with three
walls of optically transparent PDMS, enabled direct observation of
these phenomena. Anodic CO, gas evolution started at low-to-
moderate current densities (20 mA cm™2), in contrast to previous
microfluidic fuel cells using HCOOH fuel,*'* and was found to
increase further with current density. The air-breathing HCOOH-
based microfluidic fuel cell introduced by Jayashree et al* operated
under similar current densities, and exhibited peak power at 1 M
HCOOH, however CO, evolution was not addressed in that study.
The solubility of CO, in water is relativel;/ high (0.15% w/w at
25°C and 1 atm partial CO, pressure,2 neglecting the pH-
dependent acid-base reactions) compared to the rate of product CO,
formation experienced in the fuel cells, e.g., for the case shown in
Fig. 5, the CO, turnover rate is approximately 0.05% w/w vs the
flow rate of the anolyte, which is only one-third of the solubility
limit. The flow cells under study, however, present different condi-
tions than a generic solubility test and observations here indicate
that the high local rates of CO, dissolution in microfluidic fuel cells
can result in significant gas bubble formation below the solubility
limit. Extensive O, evolution was also observed at the cathode, par-
ticularly at high current densities. The solubility of O, in water is
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Figure 6. (Color online) Fuel cell power density curves measured experi-
mentally using different combinations of anolyte and catholyte flowing at
300 pL min~!. The numbers on the legend indicate HCOOH/phosphate and
H,0,/phosphate molar concentrations of anolyte and catholyte, respectively.
The lines are third-order polynomial curve fits to the experimental data (sym-
bols). Both electrodes contained 5 mg cm™ Pd and the channel was 170 pm
high.

one order of magnitude less than for COQ,23 and thus the extensive
O, bubble evolution is expected from H,0, oxidation.

Figure 6 shows power density curves obtained using a proof-of-
concept fuel cell design with 5 mg cm™ Pd electrodes and a
170 pm high microchannel. Here, the effects of H,O, concentration
as well as anodic and cathodic supporting electrolyte concentrations
were evaluated using a fixed HCOOH concentration (1 M) and flow
rate (300 wL min~!). The fuel cell produced 10 mW cm™2 when all
concentrations were 1 M. The power density was improved by 33%
by increasing both anodic and cathodic phosphate concentrations to
2 M, attributed to improved reaction kinetics and ionic conductivity
as well as enhanced electromotive force and open-circuit voltage
achieved by increasing the pH difference between the two streams.
Increasing the H,O, concentration to 2 M provided an additional
33% increase in peak power density. Increasing the concentration
further to 3 M did not, however, result in significant further im-
provement. We also investigated the use of a more alkaline anodic
stream (3 M phosphate; pH 8), which improved performance by
only 15% compared to the 2 M case, still without net consumption
of supporting f:lf:ctrolyte.7 In sum, a balanced pair of solutions that
provided high power density at moderate concentration was 2 M
H,0, in 2 M phosphate (pH 0) together with 1 M HCOOH in 2 M
phosphate (pH 7). This pair is denoted “standard solutions™ in the
following paragraphs.

The performance of various fuel cell designs was investigated
using these standard solutions at fixed flow rates (60 and
300 wL min~!). The parameters examined here were channel height,
cathodic catalyst composition, the geometry of the electrode both at
the fractal level and on the scale of the channel height (edge forma-
tions); and cross-sectional channel shape, as shown schematically
for the six prototype cells in Fig. 7a. These parameters influence the
boundary layer thickness, transport of reactants to the active sites,
current collection, gaseous bubble formation, and rate of removal of
bubbles through both advection and reaction. Bubble dynamics, in
turn, influence local species transport as well as fuel and oxidant
mixing and crossover. Figures 7b and c¢ show the experimental
power density data for each cell at the two different flow rates.
Among the cells with Pd cathodes (cells I-I1I), the cell with 170 pm
channel height (cell I) generally produced more power than the
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70 pm cell (cell II). The relative size of the edge formations to the
channel height, which is larger in the 70 wm cell, directed the ma-
jority of the flow to the interelectrode spacing. As observed visually,
gas bubble stagnation over the electrodes limited the performance of
the 70 wm cell, while the cell with a higher channel facilitated im-
proved transport and bubble expulsion characteristics. The dynamic
two-phase flow characteristics introduced by gas evolution can be
beneficial for local transport rates and time-averaged current
density,27 but were found here to also perturb the co-laminar flow
interface and cause unfavorable crossover effects if not controlled.
Increasing the Pd loading from 5 (cell I) to 10 (cell III) mg cm™
caused the performance to drop drastically at low flow rate (Fig. 7b)
due to severe crossover effects attributed to expedited O, evolution.
This crossover effect at high Pd loading was less severe at high flow
rate (Fig. 7c), where bubble growth was restricted and expulsion
was promoted by the increased flow rate. The average variability of
the chronoamperometric data, given in Table I, provided a measure
of the degree of crossover in each cell. Variability levels between 1.5
and 2 were observed routinely; these levels are related to the initial
peak (Fig. 5) combined with convective transport and concentration
boundary layer growth. Values above 2, however, are attributed to
increased crossover effects. The electrode with high Pd loading (cell
III) exhibited the largest variability at both flow rates.

The crossover problem was mitigated by depositing a thin ad-
layer of Pt over the Pd cathode (in cells IV and VI), thus reducing
the rate of O, production. The cells with Pt on the cathode (cells
IV-VI) showed reduced crossover at low flow rates (Fig. 7b) and
also markedly improved performance at high flow rates (Fig. 7c).
This effect is also evidenced in lower variability in Table 1. The cell
with a pure Pt cathode (cell V) generally performed better than the
Pt/Pd cell with 70 wm channel (cell IV). This is attributed to a lack
of Pd edge formations that negatively impacted species transport
over the bulk of the electrode surface with the 70 wm channel
height, consistent with the observations from Pd electrode cells
(cells I-II). The best overall performance was achieved with the
Pt/Pd cell with a grooved cross-sectional geometry (cell VI). Polar-
ization and power density curves for this cell are studied separately
in Fig. 8 using standard solutions at four different flow rates. Op-
eration was demonstrated for flow rates spanning three orders of
magnitude, with maintained open-circuit voltage near 1.1 V and cur-
rent densities up to 150 mA cm™2. Unlike the other fuel cell designs
(cells T-V), this fuel cell is capable of steady operation without
crossover issues at flow rates as low as 3 wL min~!, equivalent to a
residence time of ~20 s. This capability is attributed to the cross-
sectional shape of the channel: the channel sections directly above
the electrodes are higher (140 pwm) than the center part of the chan-
nel over the interelectrode spacing (70 wm). Gas evolved from each
electrode is trapped in the high channel sections directly above the
respective electrode. The result is a source of O, to the cathode, and
a containment of CO, over the anode. In addition, the grooved chan-
nel design enables preferential flow (higher velocity and transport
rate) over the electrodes, in contrast to the other cells (I-V) with
uniform channel height. Employing this cell design, detrimental
crossover effects are minimized and the mixing interface is confined
and stabilized in the center of the channel sufficiently far away from
the edges of the electrodes; the produced O, is captured and con-
strained within the direct vicinity of the cathodic active sites. The
maximum power density measured here was 30 mW cm™? at
300 pL min~!, which is comparable to air-breathing cells
(26 mW cm™2)" and higher than cells based on dissolved oxygen
(~0.2 mW cm2);% all of which were also utilizing HCOOH as
fuel.

Conclusion

Microfluidic fuel cell operation based on hydrogen peroxide
(H,0,) oxidant was demonstrated employing electrodeposited plati-
num and palladium electrodes with high surface area. The cathode
design of these fuel cells allows some recapture of O, that is pro-
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Figure 7. (Color online) Schematic (A) of the six different fuel cell designs (I-VI) studied here, and associated power density curves obtained experimentally
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Figure 8. (Color online) Polarization (A) and power density (B) curves obtained experimentally at flow rates ranging from 3 to 300 pL min~'. Fuel cell (VI)
(Pt/Pd cathode and 140/70 pm channel) was employed using standard solutions (1 M HCOOH in 2 M phosphate and 2 M H,0, in 2 M phosphate).



B1226

Table 1. Average variability measured for fuel cells (I-VI) using
standard solutions at 60 and 300 pL min~'.

Variability
Flow rate
(pL/min) 1 11 11 v \Y% VI
60 3.1 2.1 6.5 1.8 1.6 2.0
300 1.8 1.7 2.5 1.7 1.5 1.6

duced by parasitic oxidations of H,O,. We developed a membrane-
less microfluidic fuel cell design with a grooved channel geometry
that (i) utilizes gas evolution and unsteady two-phase flow charac-
teristics to enhance local transport rates and time-averaged current
density, and (i) restricts oxygen bubble growth and expulsion to the
channel section directly above the cathode in order to enhance the
rate of oxygen reduction and prevent detrimental fuel and oxidant
crossover effects. Our proof-of-concept H,0O,-based microfluidic
fuel cell demonstrated competitive power density and current den-
sity levels that were comparable to air-breathing designs and signifi-
cantly higher than cells based on dissolved oxygen. In addition,
H,0,-based cells are acquiescent to operation where natural convec-
tion of air is limited and anaerobic conditions prevail, for example,
in submersible and space applications. The performance of
H,0,-based cathodes, as well as overall fuel cell performance,
would further benefit from a catalyst optimization study within the
framework of a microfluidic fuel cell, including Pt and Pd nanopar-
ticles and various high-surface area Au electrodes.
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Abstract

We propose new membraneless microfluidic fuel cell architectures employing graphite rod electrodes. Commonly employed as mechanical pencil
refills, graphite rods are inexpensive and serve effectively as both electrode and current collector for combined all-vanadium fuel/oxidant systems.
In contrast to film-deposited electrodes, the geometry and mechanical properties of graphite rods enable unique three-dimensional microfluidic
fuel cell architectures. Planar microfluidic fuel cells employing graphite rod electrodes are presented here first. The planar geometry is typical of
microfluidic fuel cells presented to date, and permits fuel cell performance comparisons and the evaluation of graphite rods as electrodes. The planar
cells 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
four orders of magnitude. Numerical simulations and empirical scaling laws are developed to provide insight into the measured performance and
graphite rods as fuel cell electrodes.

We also present the first three-dimensional microfluidic fuel cell architecture with multiple electrodes. The proposed fuel cell architecture,
consisting of a hexagonal array of graphite rods, enables scale-up/integration of microfluidic fuel cell technology as well as power conditioning
flexibility 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

magnitude 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.

Keywords: Microfluidic fuel cell; Membraneless fuel cell; Laminar flow-based fuel cell; Vanadium redox couple; Graphite rod; Array architecture fuel cell

1. Introduction

Technical development and miniaturization efforts in the area
of portable electronics have generated unprecedented demand
for small and efficient power supplies. The cost tolerance asso-
ciated with the development of new solutions for small-scale
power generation is therefore relatively high [1]. Microstruc-
tured fuel cells are considered a technology with the potential
to facilitate these accelerating power requirements [2]. Proton
exchange membrane (PEM) fuel cells based on hydrogen pro-
vide competitive power densities, but the energy density of such
fuel cell systems is limited by on-board fuel storage. In general,
liquid fuels enable higher energy density than gaseous fuels.
Direct methanol fuel cells, for example, are capable of combin-

* Corresponding author. Tel.: +1 250 721 8623; fax: +1 250 721 6051.
E-mail address: dsinton@me.uvic.ca (D. Sinton).

0378-7753/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2007.02.087

ing relatively high power densities and energy densities [3-5].
There are, however, several challenges associated with these, for
instance, methanol crossover through the membrane and slow
anode kinetics, which reduce efficiency and open-circuit voltage
[6].

Microfluidic fuel cells, also called laminar flow-based fuel
cells or membraneless fuel cells, provide an alternative avenue
towards miniaturized power supplies. A microfluidic fuel cell
is defined here as a device that confines all fundamental com-
ponents of a fuel cell to a single microstructured manifold. In
the case of non-specific catalysts or active sites, such fuel cells
exploit the relatively low rates of diffusive mixing inherent to co-
laminar microfluidic flow to maintain the separation of anolyte
and catholyte streams flowing side-by-side, thereby eliminating
the need for a physical barrier such as a membrane [7]. Ionic
conduction is facilitated by a supporting electrolyte contained
within the reactant streams. Mixing of the two streams occurs by
transverse diffusion only, and is restricted to an interfacial width
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Nomenclature

chemical activity
concentration (mol m—3)

rod diameter (m)

solute diffusivity (m?s~1)
hydraulic diameter (m)
electrochemical potential (V)
standard redox potential (V)
Faraday’s constant (C mol 1)
channel height (m)

current (A)

current density (A m~2)
active length of rod (m)
number of electrons

pressure (Pa)

flow rate (m3 s~ 1)

current source (A m~3)
universal gas constant (Jmol~! K~1)
ohmic resistance (£2)
inter-electrode spacing (m)
temperature (K)

mean velocity (m s’l)
electric potential (V)
Channel width (m)

pumping power (W)

CESECE NI
=

(Q(Q"B:N&N:‘djmg

SRR R

Greek letters

n fuel utilization

I dynamic viscosity (kgm™!s™!)
o electrical conductivity (S m )

Subscripts

e electrode

0Xx oxidized species
red reduced species
0 initial value

at the center of the channel. This inter-diffusion zone [8] has an
hourglass shape with a maximum width at the channel walls
[7]. Anode and cathode are integrated on the walls of the man-
ifold sufficiently far away from the co-laminar inter-diffusion
zone in order to prevent fuel crossover. The microfluidic fuel
cell design avoids many of the issues encountered in polymer
electrolyte membrane-based fuel cells [9], including membrane
humidification, membrane degradation, and liquid water man-
agement. In addition, the co-laminar configuration allows the
composition of the anolyte and catholyte streams to be chosen
independently [10], thus providing an opportunity to improve
reaction rates and cell voltage. Another significant benefit asso-
ciated with microfluidic fuel cells is cost. Single microfluidic
fuel cells can be manufactured by inexpensive, well-established
micromachining and microfabrication methods and the cost
associated with membrane and auxiliary systems, which is sig-
nificant for most other fuel cells, is eliminated. Incorporation of

this technology in applications will require scale-up, that is, the
integration of multiple microfluidic fuel cells, and this has yet
to be addressed.

Proof-of-concept microfluidic fuel cells based on vanadium
redox species [11], formic acid [12—14], methanol [10,15,16],
hydrogen [17-19], and hydrogen peroxide [20] have recently
been developed. The majority of these devices employed a sin-
gle Y- or T-shaped co-laminar microfluidic network featuring
fuel and oxidant dissolved in aqueous streams of supporting
electrolyte and electrodes placed on opposite channel walls par-
allel to the inter-diffusion zone. The current density of these
fuel cells was primarily restricted by the rate of mass trans-
port to the active sites [21], typically in the cathodic half-cell
[15]. For cells using dissolved oxygen in the cathodic stream,
the maximum power density reported to date, 5 mW cm~2 [10],
was predominantly limited by the low solubility of oxygen
(2-4 mM). The integration of an air-breathing porous cathode
structure allows gaseous oxygen transport from the ambient
air, a source of oxygen that has significantly higher diffusiv-
ity and concentration than dissolved oxygen. Jayashree et al.
[14] developed the first microfluidic fuel cell with integrated air-
breathing cathode, using a graphite plate anode covered with Pd
black nanoparticles and a porous carbon paper cathode covered
with Pt black nanoparticles. Peak power density, 26 mW cm™2,
was achieved with 1 M formic acid in 0.5 M sulfuric acid. Air-
breathing designs yet require a blank cathodic electrolyte stream
with flow rate similar to the anodic stream in order to prevent
fuel crossover and facilitate ionic transport between the elec-
trodes. The air-breathing feature also reduces the feasibility of
scale-up by three-dimensional stacking of individual cells.

The use of alternative oxidants, soluble at higher concentra-
tions than dissolved oxygen, provides another avenue towards
improved performance of mass-transfer limited microfluidic fuel
cells. Vanadium redox batteries [22,23] utilize two different
aqueous vanadium redox couples, V2*/V3* and VO**/VO,™, as
fuel and oxidant, respectively, dissolved in dilute sulfuric acid.
This combination of vanadium redox pairs is also suitable for
microfluidic fuel cell operation for several reasons: they have
high solubility and enable relatively high redox concentrations
up to 5.4 M [24]; they provide well-balanced electrochemical
half-cells in terms of reaction rates and transport characteristics;
they have a large difference in formal redox potentials resulting
in a high open-circuit voltage (up to ~1.7V at uniform pH)
[11]; the reactions are facilitated by plain carbon electrodes that
do not require any precious metal catalysts such as Pt or Pd;
and the all-vanadium system enables electrolytic regeneration of
fuel and oxidant from the used solutions without complex sep-
aration schemes. The highest power density of all microfluidic
fuel cells published to date, 38 mW cm™2, was achieved using
vanadium redox couples [11]. As in other microfluidic fuel cell
technologies, however, system integration is challenging, and
the energy density is limited by the solubility of the fuel and
oxidant.

The power output of a single planar microfluidic fuel cell
is inadequate for most practical applications. The feasibility of
enlarging a single planar cell, i.e. increasing the geometrical
area of electrodes and microchannel, is limited by structural
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constraints, increased fuel/oxidant inter-diffusion, and increased
ohmic losses if the average distance between anodic and cathodic
active sites becomes large. In order to produce adequate power,
multiple independent planar cells could be accommodated on
a single plane, and then these planes could be stacked as in
typical PEM fuel cells. The volumetric power density of such
devices would however be limited by the volume of the sealing
and structural elements separating the cells. In traditional PEM
fuel cell stacks, which are limited by similar issues [25], the bi-
polar plates serve as structural and electrical components. The
inherent advantage of non-planar electrode—electrolyte inter-
faces has been recognized and demonstrated for such cells
using, e.g. waved membrane-electrode assemblies [25]. In con-
trast, the microfluidic fuel cells presented to date contain
mostly non-participating structural material such as glass or
poly(dimethylsiloxane) (PDMS). The scale-up of microfluidic
fuel cell technology in a volumetrically efficient manner remains
a challenge.

The objective of this study is to develop membraneless
microfluidic fuel cell architectures employing low-cost graphite
rod electrodes. Graphite rod electrodes provide reaction sites
and current collection within a single stand-alone structure that
requires no additional catalyst or electrode support materials.
Experimental as well as numerical and analytical methods are
applied to a planar microfluidic fuel cell architecture employ-
ing graphite rod electrodes. A three-dimensional microfluidic
fuel cell architecture consisting of a hexagonal array of graphite
rods is presented. Significant performance gains in terms of both
peak power output and fuel utilization are demonstrated with
prototypes of both planar and three-dimensional architectures.

2. Experimental
2.1. Microfabrication

2.1.1. Planar cell

A schematic of the planar cell configuration is given in Fig. 1.
The cells were manufactured in house, and consist of two layers:
a substrate that contains the graphite rod electrodes, and a poly-
meric top layer that contains the channel structure. Graphite rods
were embossed in the base substrate according to the follow-
ing procedure: a 2 in. x 3 in. microscope glass slide was coated
with a 1 mm layer of polyurethane (PMC-790; Smooth-On Inc.,
Easton, PA) and cured for 2h on a hot plate at 65 °C. Upon
solidification, the polyurethane substrate was placed in an alu-
minum substrate holder. Two 0.5 mm-diameter graphite rods
(Mars micro carbon, type HB; Staedtler, Germany) were fitted
in a different custom-made aluminum holder with two paral-
lel grooves that uniformly separated the rods by 1.0 mm and
held them in place. The holder was sprayed with universal mold
release (Smooth-On Inc.) before use. Both parts were heated
on a hot plate to 160 °C and mechanically pressed together to
fuse the graphite rods into the softened polyurethane layer. The
assembly was removed from the hot plate with the pressure still
applied, and allowed to cool down. The aluminum plates were
then removed, leaving the graphite rods embossed in the hard-
ened polyurethane layer. The substrate was finished by grinding

50 or 150 um

Fig. 1. Schematic of a graphite rod-based microfluidic fuel cell of the planar
cell type. The cell employs vanadium redox couples as fuel (VZ*, violet) and
oxidant (VO,*, yellow), shown in representative colors (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of the article.).

down the rods to achieve a flush, flat electrode surface. Wires
were 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-
shaped microchannel, was fabricated by replica molding in
poly(dimethylsiloxane) (PDMS; Dow Corning, Midland, MI)
following established soft-lithographic protocols [26], and pro-
cess specifics described elsewhere [27]. The channels were 2 mm
wide and either 50 or 150 wm high. A master that defines the
channel pattern was created by photolithography in negative
photoresist (SU-8 50; Microchem, Newton, MA). This structure
was cast into a slab of PDMS, which was peeled off the master
after curing. Inlet/outlet holes were punched in the PDMS before
assembly. The PDMS slab was placed over the polyurethane sub-
strate and the two were aligned precisely under a microscope.
While operating the cell, a reversible seal was accomplished by
pressing the two parts together with an aluminum clamp. This
type of bond allows cleaning of the cell and substitution of the
channel structure, such that the substrate may be re-used after
each trial. Alternatively, an irreversible seal that does not require
clamping can be obtained by plasma-treating the PDMS, which
renders hydrophilic channel walls and facilitates covalent bind-
ing to the substrate. The electrodes of the assembled fuel cell
had a planar active area of 0.165 cm? (0.5 mm wide and 33 mm
active length). Overall, the above described fabrication proce-
dure is rapid and economical. A set of planar cell units can be
fabricated in less than 4 h with a total material cost of US$ 2 per
cell.

2.1.2. Three-dimensional array cell

The inherent advantage of non-planar electrode—electrolyte
interfaces has, as noted earlier, been recognized before in the
context of PEM fuel cell. The array architecture fuel cell pro-
posed here and shown in Fig. 2 uses cylindrical graphite rods
as electrodes. This cell comprises of 29 graphite rods mounted
inside a2 mm x 7 mm x 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
cell comprises 12 anodes and 12 cathodes that are essentially independent. The
five rods in the center of the device are exposed to co-laminar inter-diffusion of
anolyte and catholyte and are not electrically connected.

in a 6mm x 19 mm x 44 mm block of Delrin. Delrin was cho-
sen as it is a heat resistant, inflexible and chemically resilient
acetal polymer. To hold and separate the graphite rods, an array
of holes in a hexagonal pattern were drilled in the end plates
of the cavity. The 0.5 mm diameter graphite rods were fitted
in the cavity through the holes and sealed using positive pho-
toresist (SPR 220-7.0; Rohm and Haas, Marlborough, WA).
Separate wires were attached to the anodes and cathodes at the
end of the rods using conductive epoxy. Inlet and outlet holes
were drilled in the sides of the Delrin block and Teflon tubes
(Upchurch Scientific, Oak Harbor, WA) were inserted for fluid
handling. A thin slab of PDMS formed the top wall of the cav-
ity, and during operation the seal was ensured by an aluminum
clamp. The total active area exposed to the fluid was 7.3 cm? per
electrode.

2.2. Preparation of vanadium solutions

Vanadium-based fuel (VZ*) and oxidant (VO,*) solutions
were prepared according to the following procedure: fresh sul-
furic acid supporting electrolyte solution was prepared from
Millipore Milli-Q water (Millipore, Billerica, MA) and con-
centrated sulfuric acid (EMD Chemicals Inc., Gibbstown, NJ).
Vanadium sulfate oxide hydrate (VOSO4-XH,>O; Alfa Aesar,
Ward Hill, MA) was dissolved in the supporting electrolyte
by sonication at 50°C until a clear blue VO?**-solution was
obtained. Two different solutions were prepared: 1 M VO?* in
1M H,S04, and 2M VO** in 2M H,S04.

The required V>* and VO,* solutions were generated from
VO?*-solution in an electrolytic flow cell with carbon felt elec-
trodes divided by a Nafion membrane. The VO?*-solution was

divided into three equal parts by volume: one part (200 mL)
was added to the positive half-cell and the remaining two parts
(400 mL) were added to the negative half-cell. Given the insta-
bility of the V2* solution in contact with air, it was necessary to
continuously purge the negative half-cell with N». The solutions
were pumped through the cell while applying a fixed electrolytic
current of 10 A. The cell voltage was 1.5-1.7V while charg-
ing. Charging was complete after 50 min when the cell voltage
quickly rose above 2.0 V, which was also confirmed by the sud-
den color change in the two compartments. The fully charged
purple V2* solution and yellow VO,* solution were removed
and stored under an N blanket in air-tight bottles. The current
efficiency during charging was calculated to be 99.7%. The use
of carbon electrodes ensured that no H, or O, bubbles were
produced during the experiment. The solutions demonstrated
high stability under storage for several months with only minor
degradation.

The anolyte and catholyte can be regenerated from the mixed
(used) solution collected from the outlet(s) of the fuel cells (nor-
mally a 50/50 mixture of V3* and VO** when stabilized) by
pouring equal parts into the positive and negative half-cells and
repeating the charging procedure.

2.3. Fuel cell diagnostics

The steady co-laminar flow of vanadium solutions required
for fuel cell operation was driven by a syringe pump (PHD
2000; Harvard Apparatus, Holliston, MA) via flexible Tygon
tubing (planar cell) or Teflon tubing (array cell). Polarization
data were obtained at room temperature by chronoamperometry
under stepwise potentiostatic control from 0.0 V to open-circuit
voltage in 0.1 V increments, using a PARSTAT 2263 potentiostat
(Princeton Applied Research, Oak Ridge, TN). The cell current
was monitored until steady state was reached, which usually
occurred within 120 s. Current densities and power densities for
the planar cells reported here are based on the planar active area
of the electrodes (0.165 cm?).

The combined ohmic resistance of the planar cells was eval-
uated by electrochemical impedance spectroscopy (EIS) using
the same potentiostat. An ac amplitude of S mV rms was applied
over the frequency range from 50 kHz to 0.5 Hz. The ohmic cell
resistance was recorded as the high-frequency real axis intercept
of the Nyquist plot of impedance. The EIS data were averaged
from measurements at four different flow rates (2.5, 10, 60 and
120 pL min~!) using 1 M solutions at 0.5 V cell voltage.

3. Theory
3.1. Numerical current distribution analysis

A primary current distribution model of a 2D cross-sectional
plane (Fig. 1) of the co-laminar flow channel was developed
for the planar cells in order to quantify in-channel ionic resis-
tance between anode and cathode. The current density (} ) and
potential (V) distribution in the channel are coupled and can be
solved for simultaneously by considering the electrolyte as a dc
conductive medium with electrical conductivity o governed by
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Ohm’s law:

J=—-oVV (1
The potential distribution is described by Poisson’s equation;
~V(eVV) = 0, @

where Q; represents internal current sources. By assuming
isotropic conditions, negligible Joule heating (strong convec-
tive heat transfer), and no homogeneous reactions (Q; =0), Eq.
(2) turns into the Laplace equation:

ViV =0 (3)

This governing equation is subject to Neumann boundary condi-
tions (uniform current density normal to the surface) at the anode
and cathode surface, and electric insulation at the remaining
boundaries (see Fig. 1). The domain was discretized by adaptive
meshing and the equations solved for the 2D potential distri-
bution using a direct stationary linear solver available within
the commercial software package COMSOL Multiphysics 3.2
(COMSOL Inc., Stockholm, Sweden) under mesh indepen-
dence control. The total in-channel ohmic resistance was finally
obtained by integrating the normalized local current density over
the entire domain, i.e.:

Ry=—5 [ J*dA 4

Here, d and [ are the diameter and active length of the graphite
rod electrodes, respectively, and the current density (J) is nor-
malized with respect to the current density at the electrodes, Je,
asJ =J/..

3.2. Transport limitation analysis

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

ce =0 &)

A concentration boundary layer that depends on the flow charac-
teristics will thus develop in the channel, starting at the leading
edge of the electrode. To approximate the total flux of reactant to
the electrode and sequentially the current, one can consider the
limiting case of internal, fully developed laminar flow between
two flat plates with one reacting wall, which is a pseudo-3D case
that neglects the effects of the side walls of the channel. There
is no analytical solution to the described convective/diffusive
mass transport problem available in the literature; however, the
extensive body of empirical heat transfer correlations may be
used together with the heat and mass-transfer analogy to derive
approximate scaling laws. The scaling laws employed here were
adapted from the analysis provided by Kjeang et al. [29], which
focused on the generation of a redox couple at an embedded
electrode in a microfluidic channel flow. Only the most relevant

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

*

_ung

=D ©

where U is the mean velocity, Dy, the hydraulic diameter, and D is
the diffusion coefficient (D~ 10~ m2 s~!1). There are two dis-
tinct regimes: (i) the high U” regime, which covers most practical
flow rates experienced in microfluidic fuel cells; and (ii) the low
U" regime for low flow rates in channels with small hydraulic
diameter. In the high U" regime, the transport-limited current is
proportional to the cubic root of the mean velocity [29]:

A
> (7)

I = —1.849ch0<
Dy

Moreover, the current is proportional to the electrode diameter
and the initial vanadium concentration (cgp), and scales as the
square of the cubic root of the active length and the inverse
cubic root of the hydraulic diameter. This analysis is based on
the following assumptions: pseudo-3D momentum and species
transport neglecting transverse components, and constant bulk
concentration equal to the initial concentration. Alternatively,
Eq. (7) can be written in terms of flow rate (Q):

2D? 1/3
I = —1.849Fdc 0
Dphw

®)

For high-aspect ratio channels, Dy & 2h, and the current scales
as h~%3 and w~!/3 versus the channel height and width, respec-
tively, at constant flow rate. In addition, if we introduce the
dimensionless current;

= L (€]
FdlcoD/ Dy

we obtain a linear correlation between I and U*173:
I = —1.849U*173 (10)

This equation is capable of predicting the transport-limited
current independently of initial concentrations and channel
geometry within the high U” regime.

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

I =—FcoO (11

Again, we can use the dimensionless quantities /* and U to
derive a relationship that is valid for high-aspect ratio channels
under any conditions within the low U regime:

=iy (12)
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The transition point between the high U” regime and the low U”
regime occurs at U3 =1.9129].

4. Results and discussion
4.1. Planar cell operation

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

4.1.1. Open-circuit voltage and redox concentrations
The appropriate anodic and cathodic vanadium redox reac-
tions and standard redox potentials are [30]:

V* 4te” oVt E° = —0.255V versus SHE (13)
VO,* 4+ 2H" + ¢~ < VO** + H,0
E° =0.991V versus SHE (14)
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A fuel cell based on these two half-cell reactions thus has a
theoretical reversible cell potential of 1.246 V. Portions of the
V2* and VO,* solutions were characterized separately in a
three-electrode electrochemical cell with a graphite rod working
electrode. The measured open-circuit potentials (OCPs) were
—0.317and 1.116 V (1 M), and —0.309 and 1.192'V (2 M) (ver-
sus SHE), respectively. The maximum cell potentials for fuel cell
operation based on these solutions are 1.43V (1 M) and 1.50 V
(2 M). By assuming that the open-circuit potentials are reversible
potentials, their departure from the standard potentials is related
to the solution concentrations by the Nernst equation [31]:

RT
E=FE - (ared)

Aox

as)

In our case, T=298 K, n=1 for both redox pairs, and a is the
activity. If we assume equal activity coefficients, the activity
ratio can be approximated by the redox concentration ratio.
Using this analysis, the following redox concentration ratios
were obtained: 92% V**/8% V3* and 99.2% VO0,%/0.8%
VO (1M); 89% V**/11% V3* and 99.8% V0,*/0.2% VO**
(2M). These highly biased concentration ratios explain the

enhanced cell potentials measured here. The cell potential
can be increased beyond 1.50V by the use of high-purity
vanadium solutions, e.g. Ferrigno et al. [11] achieved 1.67V
with approximately 99.9% VO0,%/0.1% VO>** and 99.9%
VZ+/0.1% V3* concentration ratios at 1 M.
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Fig. 3. Experimentally determined polarization curves for the planar cells using 1 M (A and B) and 2M (C and D) vanadium solutions in 150 pm (A and C) and
50 wm (B and D) high microfluidic channels. The legend indicates flow rate per stream.
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4.1.2. Polarization

The performance of the planar cell architecture was evaluated
for four different combinations of channel height and vanadium
concentration: (i) 150 wm and 1 M; (ii) 150 pm and 2 M; (iii)
50 wm and 1M; (iv) 50 wm and 2 M. Polarization data were
measured by chronoamperometry under potentiostatic control at
steady state conditions. The amperometric measurements were
remarkably steady and predictable with an initial current peak as
the cell potential was applied that decreased continuously over
time towards the steady state current. Furthermore, repeated tri-
als showed highly reproducible trends with an average standard
deviation of less than 2%. The polarization data were repro-
ducible under galvanostatic control, indicating that the same
internal conditions are established independently of the control
method. The planar cells were successfully operated at flow rates
spanning four orders of magnitude. Fig. 3 shows polarization
data at flow rates between 2.5 and 300 wLL. min~! per stream. The
open-circuit voltages measured in the fuel cells were 1.19-1.41
and 1.24-1.46V for 1 and 2 M solutions, respectively. Although
1-17% less than the values measured in the electrochemical cell,
these open-circuit voltages are significantly higher than those
possible in methanol/oxygen or hydrogen/oxygen fuel cells [30].
The obtained values were generally higher for the 150 pm chan-
nel height than for the thinner 50 wm channel. The polarization
trends at low flow rates show typical signs of mass-transfer lim-
itations as the cell voltage drops quickly at a limiting current.
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The impact of mass-transfer limitations from the bulk solu-
tion is reduced by enhanced convective transport at high flow
rates, as indicated by the increasing current densities at higher
flow rates. At 300 uL min~!, for example, there was no indica-
tion of bulk transport limitations. The slope of the polarization
curves is steadier at high flow rates, which indicates that the pro-
duced current was limited by a combination of ohmic resistance,
faradaic electrochemical impedance, and species transport to
and from the active sites. Given the same flow rate, the convec-
tive velocity in the 50 wm channel was triple that in the 150 pm
channel. The result of the increased velocity was a thinner dif-
fusion layer and higher maximum current density, particularly
in the case of 1 M solutions. A more quantitative analysis of
these transport effects is provided through the transport lim-
itation analysis in Section 4.1.6. The highest current density
produced was 92 mA cm~2 at 300 wL min~—! and 2 M vanadium
solutions.

4.1.3. Power density

The corresponding power density data shown in Fig. 4 were
obtained by multiplying the current density by the cell volt-
age. The most prominent effect identified here is the strong
dependence of power density on both flow rate and vanadium
concentrations. These results indicate that the power output
of these devices is primarily controlled by transport charac-
teristics and that the electrochemical reactions are relatively
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Fig. 4. Power density curves for planar cell operation using 1 M (A and B) and 2M (C and D) vanadium solutions in 150 um (A and C) and 50 wm (B and D) high
microfluidic channels, based on the polarization data in Fig. 3. The legend in A and B indicates flow rate per stream, also representative for C and D.
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fast. In the context of the evaluation of graphite rods as car-
bon microfluidic fuel cell electrodes, this is an encouraging
result.

Peak power was generally achieved within a cell voltage
range of 0.6-0.9 V, which can be considered a competitive range
compared to most other types of fuel cells. The highest peak
power density in this study, 35 mW cm~2 at 0.8 V, was obtained
for the 150 wm cell at the highest flow rate (300 wL min~!) and
2 M vanadium concentrations. This level of power density is sim-
ilar to that of previous vanadium-based microfluidic fuel cells
[11] although the flow rate used here was only 1/5 as high. More-
over, this power density is 35-100% higher than air-breathing
cells [14,16] and seven times higher than the best cells based on
dissolved oxygen [10].

Points of peak power density for each curve are plotted for
comparison in Fig. 5A versus the logarithm of the flow rate. It is
noteworthy that the 150 wm cell was capable of reaching higher
peak power densities than the 50 wm cell at high flow rates of
2 M vanadium, despite lower maximum current densities. This
feature is attributed to the higher open-circuit voltage measured
for the larger channel, which indicates superior electrochemi-
cal characteristics and larger electromotive force. The effect of
channel height is nevertheless more dominant at 1 M concentra-
tions, where the 50 wm cell performs significantly better than
the 150 wm cell. In addition, the improvements in power den-
sity upon switching from 1 to 2M vanadium are much larger
for the 150 wm cell than the 50 wm cell; at 300 wL min~!, for
example, the peak power of the 150 wm cell was enhanced by
230% compared to a mere 49% for the 50 wm cell. The differ-
ence between the two cells is related to the stronger convective
transport experienced by the 50 pm cell, as will be discussed
further in Section 4.1.6. The continuous slope of peak power
density versus flow rate shown for all cases in Fig. SA demon-
strates the ability to tune the flow rate to satisfy unsteady power
requirements of applications. The response time of the fuel cell
to a transient duty cycle is expected to be on the order of 1-10s,
depending on the flow rate regime.

The pumping power required to sustain steady co-laminar
flow in high-aspect ratio channels can be estimated based on
laminar flow theory as the pressure drop multiplied by the flow
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rate according to Ref. [32]:

32ulQ?  8ulQ?

W=A =
rQ u)hD}Q1 wh3

(16)

By neglecting the pressure drop associated with inlet channels
and off-chip tubing as well as other losses, and using the dynamic
viscosity (u) for water, the pumping power required for the
highest flow rate and smallest channel under study becomes
W =20 wW. This power requirement is less than 1% of the power
output of the fuel cell, and can therefore be neglected.

4.1.4. Fuel utilization

The coulombic single pass fuel utilization is defined as the
current output divided by the flux of reactant entering the chan-
nel:

1
= nFcoQ 17

The geometry of the planar cells is well suited to achieve
high fuel utilization at low flow rates. Specifically, the mixing
interface between the streams is perpendicular to the electrode
surfaces, and the high-aspect ratio ensures that the electrode area
is large compared to that of the mixing interface [7]. This con-
figuration limits inter-diffusive fuel/oxidant crossover, thereby
enabling operation at low-range flow rates and high fuel uti-
lization. The maximum single pass fuel utilization obtained for
the planar cells is presented in Fig. 5B as a function of flow
rate for all cases under study. As expected, the fuel utilization
was maximized for the lowest flow rates, and decreased with
flow rate. The moderate penalty in power density associated
with the transition to low flow rates (Fig. 5A), from ~30 down
to ~10mW cm™2, is offset by a large boost in fuel utilization
from ~1 to ~40%. The highest fuel utilization obtained here
was 63% (1M, 2.5 uLmin’l, 50 wm). This level is remark-
ably high: the highest fuel utilization presented to date for other
microfluidic fuel cells was 33% [ 14], although the fuel utilization
levels at practical flow rates and cell voltages were typically less
than 1%. Highly practical operational characteristics in terms of
both power density and fuel utilization were achieved here, in
particular with the 50 wm cell operating at 2.5 wL min~! with
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Fig. 5. Experimental results of peak power density (A) and maximum fuel utilization (B) for planar cells with different channel heights and vanadium concentrations

(indicated in the legend), plotted vs. the logarithm of the flow rate per stream.
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0.15 mm

Cathode

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,
respectively, and the arrows show the current distribution facilitated by ionic
transport (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.).

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

4.1.5. Ohmic resistance

The ohmic resistance in the channel is proportional to the
average charge transfer distance between anode and cathode,
which can be approximated by the following scaling law:

s
~ ohl

Since the inter-electrode spacing (s) is relatively large (1 mm),
ohmic resistance in microfluidic fuel cells is generally higher
than in membrane-based fuel cells. One way to reduce ohmic
resistance is to increase the concentration of the supporting elec-
trolyte. For example, the conductivity of dilute sulfuric acid
increases from 35Sm™! for 1M to 58 Sm~! for 2M concen-
tration at 25 °C [30]. A primary current distribution model that
essentially considers the channel a 2D electrostatic conductor
was developed (Section 3.1) in order to obtain a prediction of the
total ohmic resistance in the flow channel of the planar cells with
geometry shown in Fig. 1. The results obtained for the 150 pm
cell are given in Fig. 6: the normalized ionic current distribu-
tion between anode and cathode is shown by the arrows; and
the normalized electrical potential distribution is shown in the
background, with red and blue colors representing high and low
electrical potential, respectively. The electrical potential distri-
bution modeled here is induced by ohmic resistance, and is partly
contributing to the losses in electrochemical cell potential. The
total in-channel ohmic resistance was integrated using Eq. (4)
for the two planar cell geometries studied here. Electrochemi-
cal impedance spectroscopy was performed experimentally to
estimate the overall ohmic resistance of the cell. This measure-
ment includes contributions from in-channel ionic resistance
as well as electrical series resistance introduced by electrodes,
contacts and wires. The results from the scaling analysis, the
current distribution model and the EIS investigation are com-
pared in Table 1. As expected, the scaling law underestimates
the in-channel resistance compared to the results obtained by the
current distribution model, which includes the effects of elec-
trode and cell geometry. The difference between the results from
the model and the EIS study indicate the magnitude of the addi-
tional electrical series resistance component included in the EIS
results. The ohmic resistance of the graphite rods was ~3 €2 per
electrode, as measured with a multimeter across a 60 mm long

R (18)

Table 1

Ohmic resistance of planar cells with channel height 4 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 (pm) Scaling (£2) Model (£2) EIS (R2)
150 6 8 22
50 17 23 24

individual rod, which only constitutes a fraction of the overall
resistance measured by EIS. The majority of the ohmic resis-
tance is therefore associated with ionic charge transport in the
channel and external electrical contacts. Interestingly, the EIS
results were very similar for both channel heights, unlike those
obtained by the current distribution model. Given the large dif-
ference between EIS and model results for 150 pm, we believe
that the resistances measured by EIS are dominated by the
electrical contact resistance component, and that the agreement
between EIS and model results for 50 wm is serendipitous. The
in-channel resistance should therefore be much smaller than pre-
dicted by the other methods. This inevitably raises the question
whether or not the charge transfer mechanism proposed here is
entirely valid for this type of microfluidic fuel cells. It is possible,
for instance, that some local depletion or accumulation of ions
masks the in-channel ohmic resistance. A thorough EIS inves-
tigation of these phenomena is currently under development by
our group.

4.1.6. Transport limitation analysis

Scaling laws for the convective/diffusive transport-limited
current density were presented in Section 3.2. Two transport
regimes were identified: the low U" regime and the high U"
regime, based on the dimensionless mean velocity given in Eq.
(6). The transport-limited current is proportional to the flow rate
in the low U" regime and scales as the cube root of the flow rate
in the high U" regime. The maximum current densities measured
experimentally for the 150 pm planar cell with 1 M solutions are
compared to the scaling laws in Fig. 7A. In this case, the maxi-
mum current density follows the scaling laws very closely in both
flow regimes, except at the highest flow rate (300 wL min™").
This operating case is therefore predominantly limited by con-
vective transport from the bulk fluid, rather than any reaction
kinetics associated with graphite rod based electrodes. Fig. 7B
shows experimental data for all four cases studied here, plotted
together using the dimensionless quantities I and U"'/3 to repre-
sent maximum current density and mean velocity, respectively.
Using these variables, the scaling curves in both U" regimes col-
lapse into a single function, which is linear above the transition
point to the high U" regime at U"!/3 = 1.9. The experimental cur-
rents are entirely transport-limited at low flow rates for all cases.
At high flow rates, however, the transport-limitation is generally
not reached. This effect may be explained as follows: the rate
of convective transport increases with flow rate, vanadium con-
centration and inverse channel height. As convective transport
becomes stronger (see Fig. 7B), demand on the electrochemi-
cal and electrical aspects of the cell increases, and thus effects
of non-ideal reaction kinetics and ohmic resistance become sig-
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Fig. 7. Transport limitation analysis: (A) maximum current density measured experimentally for a planar cell with 1 M vanadium concentrations and 150 wm channel
height, and (B) for different vanadium concentrations and channel heights based on dimensionless variables for maximum current density (I") and flow rate (U"13).
Also plotted are the empirical scaling laws for the transport-limited cases at high and low U".

nificant. This is especially noticeable in the 50 pm cell which
experiences the highest velocities for a given flow rate. In these
cases, the current is not strictly transport limited, but is controlled
by a combination of factors related to transport, electrochemistry
and ohmic resistance. In sum, the current density was predom-
inantly limited by convective/diffusive transport as opposed to
reaction kinetics. The ability to reach transport-limited opera-
tion over a wide range of flow rates demonstrates the viability
of graphite rod electrodes as core fuel cell components.

4.2. Array cell operation

Three-dimensional array architecture fuel cells with design
shown in Fig. 2 were fabricated according to the procedure
described in Section 2.1.2. The array cell design is based on 29
graphite rods of 0.5 mm diameter assembled inside a single cav-
ity. The average spacing between the rods was 200 wm, and thus
the flow characteristics within the available space are microflu-
idic in nature and similar to those of the planar cells. Although
the inter-diffusion zones located in between the central rods in
the array cell are non-planar, the width of these inter-diffusion
zones is expected to grow at a similar rate as for the planar cells.
To compensate for the inter-diffusion zone, the five central rods
are electrically insulated (see Fig. 2). This inter-diffusion zone
is flanked by 12 individual anodes and 12 individual cathodes.
For the purposes of this study, all 12 electrodes of each type
were connected in parallel. This simple configuration enabled
performance comparison with the planar cells; however, alterna-
tive electrode connection combinations are numerous. The array
architecture inherently provides many more options with respect
to power conditioning than a conventional stack. Conceivably
electrode connections could be made dynamically via control
electronics in response to load, and thus enable dynamic power
conditioning at the fuel cell level. With respect to scalability, the
array cell configuration may be readily expanded in both verti-
cal (preferable) and horizontal directions to increase capacity.
Scale-up of these cells requires only an enlarged cavity, in con-
trast to the volumetric costs of additional substrates and fluid
delivery networks associated with stacking planar cells.

4.2.1. Open-circuit voltage and redox concentrations

The V2* and VO,* solutions utilized for the array cell were
similar to the 1 M solutions used in the planar cell study except
for the redox concentration ratios. The open-circuit potentials,
measured in a three-electrode electrochemical cell, were —0.272
and 1.061 V (versus SHE). The maximum cell potential for fuel
cell operation based on these solutions is 1.33 V. Using the
Nernst equation, Eq. (15), the following redox concentration
ratios were obtained: 64% V2*/36% V3* and 94% VO,*/6%
VOZ*. The feed concentration was therefore limited to 0.64 M.

4.2.2. Polarization

Polarization data were measured for the array cell according
to the procedure previously described for planar cell operation.
Fig. 8A shows polarization data at flow rates between 10 and
2000 wL min~! per stream, plotted as cell voltage versus current.
Also plotted for comparison are the results of planar cell oper-
ation at 300 wL min~! (150 wm channel and 1M vanadium).
The open-circuit voltages measured in the array cell ranged
from 0.84 V at 10 wL min~! to 1.36 V at 2000 wL min~'. This
increasing trend is attributed to the more uniform solution dis-
tribution encountered at high flow rates. Operation at flow rates
less than 10 wL min~! was found to be impractical due to the
sharp drop in cell voltage induced by increased inter-diffusion
and non-uniform flow. The cross-sectional flow area in the bun-
dle is about 30 times larger than the 150 wm planar cell, and the
mean convective velocity is therefore 30 times less at a fixed flow
rate. The overall shape of the polarization curves are similar to
the ones measured for the planar cells, and as before, some trans-
port limitation behavior is apparent at lower flow rates. However,
the currents obtained with the array cell are notably higher than
for planar cell operation at the same flow rate. The maximum

current measured here was 86 mA at 2000 wL min~!.

4.2.3. Power output

The power curves obtained experimentally for array cell
operation are shown in Fig. 8B together with the power curve
generated by the 150 pm planar cell (at 300 wL min~! and 1 M).
The array cell produced more power than the planar cell at all
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Fig. 8. Polarization (A) and power (B) curves obtained experimentally for array cell operation at flow rates per stream as indicated, using 0.64 M vanadium solutions.
The data are compared to planar cell operation using 1 M solutions at 300 pL min~! flow rates in a 150 pum high channel.

flow rates above 10 wL min~!, and its power output increased
substantially with flow rate. Fig. 9A presents peak power as
a function of logarithmic flow rate for the array cell and pla-
nar cell. At a fixed flow rate of 300 pL min~!, the array cell
produced seven times more power (17.4 mW) than the planar
cell (2.5 mW). This is considered an appropriate performance
comparison, given that the ‘cost’ in terms of fuel and oxidant
supply is identical. The array cell also operated effectively at
low flow rates; for example, the array cell produced 6.9 mW at
30 wL min~!, which is nearly three times more than the planar
cell could produce at 300 wL min~!, a 10 times higher flow rate.

The highest power output measured for the array cell was
28 mW at 0.6 V and 2000 wL min~!. Based on the total active
area of the array cell, this power level is equivalent to a moderate
power density of 3.8 mW cm™2. This relatively low power den-
sity compared to those of the planar cells is attributed to several
factors: the significantly lower V>* concentration (0.64 M); the
higher in-channel ohmic resistance; the non-uniform flow dis-
tribution; and most importantly, the lower convective velocity at
fixed flow rate.

In the context of a fuel cell stack, volumetric power den-
sity is a more relevant metric. For the array cell, the volumetric
power density based on the entire volume of the cavity was
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52mW cm 3. Though this volumetric power density is nomi-
nally higher than for the planar cells at 1 M, a direct comparison
is ambiguous at this stage since no attempt has been made to
quantify and minimize the “overhead” volumes of supporting
infrastructure (i.e. walls, substrates and fluid manifolds). Suf-
fice it to state that the proof-of-concept three-dimensional cell
with its uniquely scalable array architecture demonstrated an
order of magnitude higher power output than the planar design.

4.2.4. Fuel utilization

The maximum coulombic single pass fuel utilization of the
array cell is shown in Fig. 9B as a function of the logarith-
mic flow rate, and compared to planar cell operation (150 pm
and 1 M). The array cell is capable of reaching higher fuel uti-
lization levels than the planar cells due to its reduced relative
inter-electrode spacing. The highest fuel utilization obtained by
the array cell was 78%, which is remarkably high. In addition, at
any given flow rate above 30 wL min~!, the fuel utilization capa-
bility of the array cell was approximately one order of magnitude
higher than for the planar cell. Practical operational charac-
teristics were identified at 30 pL min~—!; at this flow rate, the
array cell produced 6.6 mW at 0.5 V combined with 43% single
pass fuel utilization. Fuel-efficient array cell operation at low-
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Fig. 9. Peak power (A) and maximum fuel utilization (B) determined experimentally for array cell operation using 0.64 M vanadium concentrations, compared to
that of the planar cell with 1 M vanadium concentrations and 150 wm channel height. The data are plotted vs. the logarithm of the flow rate per stream.
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range flow rates is a key finding for future research in this field:
as microfluidic fuel cell technology transitions from proof-of-
concept planar cell structures to integrated three-dimensional
architectures with multiple cells, fuel utilization becomes an
increasingly important parameter.

5. Conclusions

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

Unlike film-deposited electrodes, graphite rod electrodes
enable unique three-dimensional array cell integration. Our
proof-of-concept three-dimensional microfluidic fuel cell archi-
tecture, based on a hexagonal array of graphite rods, produced
an order of magnitude more power than the planar cell at simi-
lar flow rates. Furthermore, highly efficient array cell operation
was demonstrated at low to moderate flow rates, achieving even
higher fuel utilization than the planar cell. The array cell, with
multiple anodes and cathodes, provides great power condition-
ing flexibility in series and/or parallel configurations, as well as
unique scalability by vertical expansion without additional fluid
manifold requirements or performance loss. We expect that fuel
cell performance would further benefit from increasing the con-
centration and purity level of both supporting electrolyte and
vanadium redox species, and by optimizing the rod diameter
and characteristic spacing of the array cell.
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Abstract

‘We demonstrate a new microfluidic fuel cell design with high-surface area porous carbon electrodes and high aspect ratio channel, using soluble
vanadium redox species as fuel and oxidant. The device exhibits a peak power density of 70 mW cm~2 at room temperature. In addition, low flow
rate operation is demonstrated and single pass fuel utilization levels up to 55% are achieved. The proposed design facilitates cost-effective and
rapid fabrication, and would be applicable to most microfluidic fuel cell architectures.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Microstructured fuel cells [ 1] are considered the most promis-
ing technology capable of facilitating the next generation
of portable power supplies. These devices benefit from the
increased surface-to-volume ratio accompanying miniaturiza-
tion. Recently developed microfluidic fuel cells, or laminar
flow-based fuel cells, exploit the laminar nature of microscale
flows to maintain the separation of fuel and oxidant streams
flowing side-by-side (Fig. 1). The anolyte and catholyte are also
good ionic conductors, thereby eliminating the need for a sepa-
rate electrolyte. Mixing of the two streams occurs by transverse
diffusion only, and is restricted to an interfacial width at the cen-
ter of the channel. The inter-diffusion zone at a co-laminar flow
interface has an hourglass shape, with maximum width (3,) at the
channel walls, scaling as the cube root of diffusion coefficient
(D), channel height (H), downstream position (z) and inverse
mean velocity (U) [2]:
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The co-laminar configuration offers a wide range of benefits:
fuel and oxidant streams may be combined in a single manifold;
no ion exchange membrane is needed; sealing and manifolding
as well as fluid delivery requirements are reduced; and issues
related to fuel crossover and water management are eliminated.

The first microfluidic fuel cell was presented by Choban et
al. [3], followed by proof-of-concept devices based on vana-
dium redox couples [4], formic acid [5-7], methanol [8-10],
hydrogen peroxide [11], and hydrogen [12-14]. The power
density of these cells was predominantly limited by the rate of
mass transport to the active sites [15]. For cells using formic
acid and methanol, peak power (5mW cm™2) [9] was primarily
restricted by low solubility of oxygen in the cathode stream.
Jayashree et al. [7] addressed this limitation by incorporating
an air-breathing cathode that allowed gaseous oxygen transport
from the ambient air, thus achieving considerably higher power
output (26 mW cm™?2). Vanadium redox couples are a promising
alternative that enable improved power density as well as regen-
eration of fuel and oxidant [4]. Vanadium redox fuel cells utilize
two soluble vanadium redox couples, V2+/V3*+ and VO2+/VO,t,
as anolyte and catholyte, respectively, providing a balanced
electrochemical system in terms of species transport character-
istics and reaction rates. Benefits include: the aqueous fuel and
oxidant combination is soluble at relatively high concentrations
up to 5.4M [16]; precious-metal electrocatalysts (such as Pt
and Pd) are not required; the reactions do not evolve gaseous
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products; and a relatively high open-circuit voltage (~1.5V)
can be obtained at uniform pH. Ferrigno et al. [4] reported a
maximum power density of 38 mW cm™2 with 1M vanadium
solutions in 25% sulfuric acid flowing at 1.5mLmin~! per
stream over Au-supported carbon electrodes. This is the highest
power density of a microfluidic fuel cell previously reported.

Fuel utilization, a critical measure of overall fuel cell perfor-
mance, has been low for most microfluidic fuel cells (frequently
less than 1%) [5,6,12], usually restricted by geometrical con-
straints and the use of high flow rates. In this paper, we present a
new microfluidic fuel cell design employing porous carbon elec-
trodes with high-surface area, high aspect ratio (width/height)
channel geometry, and vanadium redox couples with relatively
high concentration as fuel and oxidant. We demonstrate how the
porous electrode material improves mass transport to the active
sites and therefore generates higher current density than planar
electrodes at high flow rates. We also investigate the feasibility
of operation in the low flow rate regime, where the high aspect
ratio comes into play, in order to improve fuel utilization.

2. Methods
2.1. Microfabrication

The microfluidic vanadium redox fuel cell, shown schemati-
cally in Fig. 1, was assembled using in-house microfabrication
techniques. The base substrate was patterned with carbon strip
electrodes according to the following procedure: a 2in. x 3in.
microscope glass slide was coated with 1 mm polyurethane
(PMC-790; Smooth-On Inc., Easton, PA) and cured for a few
hours on a hot plate at 65°C to solidify. High-surface area
porous carbon electrodes were cut to size (40 mm long and
400 wm wide) from sheets of Toray carbon paper (B-2 Designa-
tion TGPH-090; E-TEK, Somerset, NJ) with typical thickness
260 um, typical density 0.49 gcm™> and 78% porosity. The
carbon strips were fitted in a custom-made aluminum holder
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Fig. 1. Schematic of the microfluidic vanadium redox fuel cell with high-surface
area porous carbon electrodes. Aqueous vanadium redox species are employed
as fuel (V2 purple) and oxidant (VO,*: yellow). The solution colours shown
are representative of the employed solutions.

with grooves that uniformly separate the bands by 1.2mm
and hold them in place. The holder was sprayed with uni-
versal mold release (Smooth-On Inc., Easton, PA) before use.
The polyurethane substrate was placed in a different aluminum
holder and heated to 160 °C on a hot plate. When fully heated,
the two aluminum plates were mechanically pressed together
to fuse the carbon strips into the softened polyurethane layer.
The assembly was removed from the hot plate with the pressure
still applied, and allowed to cool down. The aluminum plates
were then removed, leaving the carbon electrodes embossed in
the hardened polyurethane layer. Wires were attached to the end
of the carbon electrodes using conductive epoxy (Circuit Works
CW2400; ITW Chemtronics, Kennesaw, GA).

The top part of the fuel cell, containing the Y-shaped 120 pm
high and 2 mm wide microchannel, was fabricated by replica
molding in poly(dimethylsiloxane) (PDMS; Dow Corning, Mid-
land, MI) following established soft-lithographic protocols [17],
and specifics described elsewhere [18]. In short, a 120 pm high
master that defines the channel pattern was created by pho-
tolithography in negative photoresist (SU-8 50; Microchem,
Newton, MA). This structure was cast into a slab of PDMS,
which was peeled off the master after curing. Inlet/outlet holes
were punched in the PDMS before assembly. The PDMS slab
was placed over the polyurethane substrate and the two were
aligned precisely under a microscope. While operating the cell,
a reversible seal was accomplished by pressing the two parts
together with an aluminum clamp. This type of bond allows
cleaning of the cell and substitution of the channel structure, such
that the substrate may be re-used after each trial. Alternatively, an
irreversible seal that does not require clamping can be obtained
by plasma-treating the PDMS, which renders hydrophilic chan-
nel walls and facilitates covalent binding to the substrate. The
electrodes of the assembled fuel cell had a geometrical active
area of 0.108 cm? (400 wm width and 27 mm active length).

Overall, the described fabrication procedure is rapid and eco-
nomical. An array of fuel cells can be fabricated in less than 4 h
with a total material cost of US$ 3 per cell.

2.2. Preparation of vanadium solutions

Fresh 2M sulfuric acid supporting electrolyte solution
was prepared from Millipore Milli-Q water (Millipore,
Billerica, MA) and concentrated sulfuric acid (EMD Chem-
icals Inc., Gibbstown, NJ). Vanadium sulfate oxide hydrate
(VOSO4-XH;O; Alfa Aesar, Ward Hill, MA) was dissolved in
the supporting electroyte by sonication at 50 °C until a clear blue
VOZ* -solution of concentration 2 M was obtained.

A large-scale electrolytic flow cell with 4in. x 6in. carbon
felt electrodes separated by a Nafion membrane was used to gen-
erate the required V2* and VO,* solutions. The VO?*-solution
was divided into three equal parts by volume: one part (200 mL)
was transferred to the positive half-cell and two parts (400 mL)
were poured into the negative half-cell. The negative half-cell
was continuously purged with nitrogen, given the instability
of the V>* solution in contact with air. The solutions were
pumped through the cell while applying a fixed current density
of 65mA cm ™2 (10 A). The cell voltage was 1.5-1.7 V while
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charging. Charging of the solutions was complete after 50 min
when the cell voltage quickly rose above 2.0 V, which was also
confirmed by the sudden color change in the two compartments.
The fully charged purple V2* solution and yellow VO, solution
were removed and stored under a nitrogen blanket in air-tight
bottles. The current efficiency during charging was calculated
to be 99.7%. No hydrogen or oxygen bubbles were produced
during the experiment, attributed to the use of carbon electrodes.

The vanadium solutions can be regenerated from the solution
collected at the outlet reservoir of the fuel cell (normally a 50/50
mixture of V3* and VO** when stabilized) by pouring equal
parts into the positive and negative half cells and repeating the
charging procedure.

2.3. Fuel cell diagnostics

Steady pressure-driven co-laminar flow of vanadium solu-
tions through the fuel cell was driven by a syringe pump (PHD
2000; Harvard Apparatus, Holliston, MA) via Tygon flexible
tubing. Polarization data were obtained by stepwise poten-
tiostatic chronoamperometry from 0.0V to the open circuit
voltage by 0.1V increments, using a PARSTAT 2263 poten-
tiostat (Princeton Applied Research, Oak Ridge, TN). The cell
current was monitored until steady state was reached, which
usually occurred within 180s. Current densities are based on
the geometrical active area of the electrodes (0.108 cm?).

The combined ohmic resistance of the fuel cell and the
overall active surface area of the electrodes were evaluated by
electrochemical impedance spectroscopy (EIS) using the same
potentiostat. An ac amplitude of 5 mV rms was applied over the
frequency range from 50 kHz to 0.1 Hz. Impedance spectra were
recorded at three different flow rates (10, 60 and 300 nL. min—!;
Re=0.4, 2 and 10), each one at three different cell voltages
(0.0, 0.5 and 1.2 V). The ohmic cell resistance was measured
as the high-frequency real axis intercept of the Nyquist plot of
impedance. Each impedance spectrum was fitted to the conven-
tional equivalent circuit with a solution resistance in series with
a parallel combination of a CPE-element and a charge-transfer
resistor. The double-layer capacitance was extracted from the
CPE parameters and the resistances using the procedure devel-
oped by Brug et al. [19]. The overall active surface area of the
electrodes was calculated assuming a capacitance of 7 wF cm ™2
for a flat surface, which is typical for activated carbon fibers in
sulfuric acid electrolyte [20]. All measurements were averaged
from the nine impedance spectra.

3. Results and discussion
3.1. Theoretical open-circuit voltage

The vanadium redox reactions for the anodic and cathodic
half-cells are [21]:

V7 = V3t 4e™, E° = —0.255V versus SHE

VO, +2H" +e~ = VO** 4+ H,0,
E° = 0.991V versus SHE

The overall cell reaction has a theoretical standard cell potential
of 1.246V at 298 K. Samples of the V>* and VO,* solutions
were characterized individually in a three-electrode electro-
chemical cell with a graphite rod working electrode. The
measured open-circuit potentials were 1.192 and —0.309 V
(versus SHE), respectively. Assuming that the open-circuit
potentials are reversible potentials, their departure from the stan-
dard potentials is related to the solution concentrations by the
Nernst equation:

RT
E=E —""In (““"d) )

nF Aox

Here, T=298 K, n=1 for both redox pairs, and a is the activ-
ity. We assume equal activity coefficients for the redox species
and agy =2 equal activity coefficients, the activity ratio can
be approximated by the redox concentration ratio. In our case,
the redox concentrations are highly biased (99.8% VO,%/0.2%
VO?* and 89% V**/11% V3*), thereby increasing the theoreti-
cal cell potential to 1.50 V. The cell potential can be increased
beyond 1.50 V by the use of high-purity vanadium solutions, e.g.,
Ferrigno et al. [4] achieved 1.67 V with approximately 99.9%
VO,*/0.1% VO** and 99.9% V>*/0.1% V3* solutions at 1 M.

3.2. Polarization

Fuel cell performance was evaluated using 2M vanadium
in 2M H»SOy4. Polarization data were obtained at steady-state
under potentiostatic control. Repetitive trials were performed
with an average standard deviation of 2%. We were also able
to reproduce the polarization data using galvanostatic control,
indicating that the same internal conditions are established inde-
pendently of the control method. Moreover, the results presented
here were reproducible within 20%, on different days with dif-
ferent cells and solutions. The polarization curves in Fig. 2a
show operation of the fuel cell at flow rates spanning four orders
of magnitude. The fuel cell had an open-circuit voltage (OCV)
ranging from 1.25 to 1.38V, obtained at 1 and 60 pL min~!,
respectively. These OCVs are 83% and 92% of the theoreti-
cal OCV of 1.50V, determined by separate characterization of
anolyte and catholyte in a three-electrode electrochemical cell.
The polarization data show that current density increases with
flow rate, which indicates that mass transport limitations are
significant and that the electrochemical redox reactions are rela-
tively fast. On the other hand, the change to more negative slopes
at higher current densities typically associated with diffusion
control was not observed, which indicates Kinetic or mixed con-
trol. Current densities up to 243 mA cm™2 were generated at the
highest flow rate.

A combined ohmic resistance of 9 2 on average was deter-
mined by electrochemical impedance spectroscopy, including
the effects of in-channel ionic resistance plus electrical resis-
tance in electrodes, contacts and wires. Ferrigno et al. [4]
reported an internal resistance of only 3 €2 under similar geo-
metrical conditions. This low ohmic resistance, compared to
our case, is attributed to the use of stronger supporting elec-
trolyte (25% H2S0O4) and the integration of highly conductive
current collectors (Au). The performance of our fuel cell design
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Fig. 2. Measured polarizarion (a) and power density (b) curves for the microflu-
idic fuel cell employing 2 M vanadium solutions at room temperature and flow
rates as indicated.

becomes partially hindered by its relatively high ohmic resis-
tance, in particular at high current densities, where the IR-drop
is large (e.g. ~200 mV at 200 mA cm™?). It is noteworthy, how-
ever, that the slopes of the polarization curves are still a factor
of 5 or more away from pure ohmic control.

3.3. Power density

Fig. 2b presents power density curves based on the polariza-
tion data. The maximum power density increases substantially
with flow rate, confirming that the performance is partially con-
trolled by the rate of convective transport. The highest power
density observed was 70 mW cm—2,at0.6 V and 1000 pL min~!
flow rate. This level of peak power density is higher than pre-
vious vanadium redox fuel cells [4] and air-breathing fuel cells
[7,10], and an order of magnitude higher than dissolved oxygen-
based fuel cells [3,5,6,8,9,12]. Operation of the fuel cell at flow
rates above 1000 wL min~! is impractical, as the limited gain
in power density cannot justify the declining fuel utilization. In
order to evaluate the benefit associated with the high-surface
area porous carbon electrodes, we fabricated an otherwise sim-
ilar fuel cell with planar graphite electrodes. A comparison at
300 pL min~! revealed that the porous electrodes generated a
72% higher peak power density (59 mW cm™2) than the pla-
nar electrodes (35 mW cm™2) under similar conditions. On the
other hand, the peak power densities generated by the porous

and planar electrode configurations are approximately equal
at low flow rates: at 2.5 pLmin~!, both configurations pro-
duced 10mW cm~2. In the low flow rate regime, the power
generated by the fuel cell is primarily controlled by transport
from the bulk fluid. Complete depletion occurs at the electrodes
and the concentration boundary layer thickness is on the order
of the channel height, independent of electrode structure and
porosity. At medium to high flow rates, however, fuel cell per-
formance is controlled by a combination of factors including
convective/diffusive transport, electrochemical kinetics, ohmic
resistance, and active area. A theoretical estimate of the total
active area of the porous electrodes was obtained through ide-
alization of the structure as a repeatable 3D network of fibers.
For 10 wm diameter fibers, 78% porosity and 260 pm thickness,
the average fiber spacing becomes 36 pm, leading to an overall
surface area 23 times larger than the planar area. The active sur-
face area was also calculated from impedance data according to
the method described in Section 2.3, and found to be 27 times
the planar area, in good agreement with the theoretical estimate.
Moreover, for fluid flow over fibrous media with comparatively
large hollow spaces and large average fiber spacing (Fig. 1), the
no-slip condition at the fluid/structure interface does generally
not apply, as shown both analytically [22,23] and experimentally
[24]. An effective slip velocity exists at the interface, accom-
panied by a small parallel drift velocity profile inside the top
portion of the porous medium. The magnitude of the drift veloc-
ity and its penetration depth both depend on the permeability
of the material and the mean velocity in the channel. For fuel
cell operation, this effect contributes favorably to the replenish-
ment of the concentration boundary layer and overall rates of
convective/diffusive transport to the active sites. In summary,
the improved performance of the porous carbon electrodes over
the planar electrode design here and other microfluidic fuel cell
designs [3—14] is dominated by an order of magnitude higher
active surface area combined with enhanced transport charac-
teristics. The rate at which the power density increases with
flow rate for the porous electrode design compared to the pla-
nar design illustrates that the combination of strong convective
transport and high-porosity electrodes is particularly attractive
for microfluidic fuel cells.

3.4. Fuel utilization

The geometry of the cell is well suited to achieve high fuel
utilization at low flow rates. Specifically, the mixing interface is
perpendicular to the electrode surfaces, and the high aspect ratio
ensures the electrode area is large compared to that of the mixing
interface [25]. The maximum Coulombic fuel utilization per
single pass and peak power densities obtained experimentally
are plotted together in Fig. 3 as a function of flow rate. As the flow
rate is reduced, fuel utilization increases with a corresponding
decrease in peak power density. Balanced performance, in terms
of both power density and fuel utilization, is achieved at low
to moderate flow rates. The highest fuel utilization measured
here was 55% (at 1 pL min~!), which compares favorably to
previous vanadium cells (<10%) [4], air-breathing cells (<33%)
[7], and dissolved oxygen-based cells (<15%) [8]. At this low
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Fig. 3. Maximum fuel utilization per single pass (green line) and peak power
density (red line) obtained experimentally at room temperature as a function of
(logarithmic) flow rate per stream.

flow rate, broadening of the mixed region over the electrodes
resulted in a reduced OCV (1.25V), and operation at flow rates
below 1 wLmin~! proved impractical due to this effect. The
drop in OCV experienced experimentally at the limiting flow
rate indicates that the inter-diffusion width was on the order of
the inter-electrode spacing (1.2 mm). The ability to reach fuel
utilization up to 55%, although the electrodes only cover 40%
of the substrate surface under the channel (Fig. 1), indicates that
favorable transverse diffusion of reactants takes place within the
channel. Operation of the fuel cell at low flow rates thus involves
two types of transverse diffusion effects: (i) useful transport of
reactant from the center of the channel to the electrodes and (ii)
unfavorable broadening of the inter-diffusion zone.

4. Conclusions

This work demonstrated a microfluidic vanadium redox fuel
cell employing porous electrodes with high active surface area.
Operation at high flow rate resulted in a peak power density
of 70mW cm™2 and operation at low flow rate resulted in a
maximum fuel utilization of 55%. The described microfluidic
fuel cells are fabricated by rapid and inexpensive microfabri-
cation methods, and do not require expensive materials such
as platinum and gold. We expect performance would further
benefit from increasing the concentration and purity level of
both supporting electrolyte and vanadium redox species, incor-
porating highly conductive current collectors, and optimizing the
porosity of the carbon electrodes. We project that the integra-
tion of similar high-surface area electrodes or catalyst supports
would boost the performance of most other microfluidic fuel
cell architectures as well. In particular, the integration of elec-
trode features of characteristic scale 10-100 pm, about one order

of magnitude smaller than the channel dimensions, enables
substantially increased active area combined with enhanced
transport characteristics, which delays otherwise commonly
encountered transport limitations.
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Abstract: A microfluidic fuel cell architecture incorporating flow-through porous electrodes is
demonstrated. The design is based on cross-flow of aqueous vanadium redox species through the
electrodes into an orthogonally arranged co-laminar exit channel, where the waste solutions provide
ionic charge transfer in a membraneless configuration. This flow-through architecture enables
utilization of the three-dimensional active area inside the porous electrodes and provides enhanced rates
of convective/diffusive transport without increasing the parasitic loss required to drive the flow.
Prototype fuel cells are fabricated by rapid prototyping with total material cost estimated at 2 USD/unit.
Improved performance as compared to previous microfluidic fuel cells is demonstrated, including power
densities at room temperature up to 131 mW cm™ In addition, high overall energy conversion
efficiency is obtained as relatively high levels of fuel utilization and cell voltage are achieved
concurrently. When operated at 1 pL min" flow rate, the fuel cell produced 20 mW cm™ at 0.8 V
combined with an active fuel utilization of 94%. Finally, we demonstrate in situ fuel and oxidant

regeneration by running the flow-through architecture fuel cell in reverse.

Keywords: Microfluidic fuel cell; membraneless fuel cell; laminar flow-based fuel cell; vanadium
redox couple; flow-through electrode; porous electrode



1. Introduction
The high energy density demand in portable applications is making microstructured fuel cells an

217 or laminar flow-based fuel cells,

increasingly attractive technology.! Microfluidic fuel cells,
represent a relatively new type of small scale fuel cell technology based on inexpensive
microfabrication methods and low-cost materials. A microfluidic fuel cell is defined as a device that
incorporates all fundamental components of a fuel cell to a single microfluidic channel and its walls.
These fuel cells operate without a membrane, and the most common configurations rely on the laminar
nature of microscale flows to maintain sufficient separation of fuel and oxidant streams. Ionic charge
transfer is facilitated by a supporting electrolyte contained in the co-laminar streams. Inter-diffusion is
restricted to an interfacial width at the center of the channel, and the electrodes are positioned
sufficiently far away from this inter-diffusion zone to prevent crossover effects. Microfluidic fuel cells
provide a number of unique advantages: fuel and oxidant streams may be combined in a single
microchannel; no ion exchange membrane is needed; sealing, manifolding, and fluid delivery
requirements are reduced; and issues related to membrane hydration and water management are
eliminated.

Microfluidic fuel cell devices have been demonstrated based on a number of fuels, including

7,16,17

vanadium ions,”'*" formic acid,**'*"* methanol,>*"" hydrogen, and hydrogen peroxide,"

combined with oxidants such as vanadium ions,”'*'* oxygen,*®!'""'#!%7 or hydrogen peroxide.'"" The
power densities of these cells were mainly restricted by the solubility of the reactants and the associated
rate of convective/diffusive mass transport to the active sites.” Cell designs using oxygen have the
benefit of ‘free’ oxidant available in the ambient air. Such air-breathing designs require a blank cathodic
electrolyte stream and have shown moderate power densities. The highest power density levels of the
microfluidic fuel cells reported to date were achieved using vanadium redox couples in both half-cells;

VZ/V¥ as anolyte and VO**/VO," as catholyte.”'*"* These vanadium redox fuel cells benefit from a

rapid and balanced electrochemical system in terms of species transport characteristics and reaction



rates, as well as a relatively high open-circuit voltage (~1.5 V). In addition, the vanadium redox
reactions take place on carbon electrodes without any additional electrocatalyst and associated cost.
The capability of reaching high levels of fuel utilization per single pass has been a major challenge

,14’15 we demonstrated that a

associated with microfluidic fuel cell technology to date.” In previous work
high aspect ratio (width/height) cross-sectional channel geometry in combination with the all-liquid
vanadium redox system enabled fuel utilization levels around 50% per single pass at low flow rates.
Although an improvement over previous designs, fuel utilization was still limited by geometrical
constraints, and high fuel utilization could only be achieved at low cell voltages. It was also
demonstrated that incorporating porous electrodes'” provided up to 72% higher power density than
planar electrodes; an improvement attributed to the increased active area and the enhanced species
transport characteristics resulting from some flow penetration within the porous medium. In order to
reach practical energy conversion efficiency, however, it is necessary to sustain high levels of fuel
utilization at high power densities, and perhaps more importantly, at high operational cell voltages.
Microfluidic fuel cells have additional characteristics that have yet to be exploited through fuel cell
design. Specifically, the reactants, products and electrolyte are all in the same liquid phase, and the
reaction zones are solid-liquid interfaces. These characteristics provide potential for a variety of three-
dimensional fuel cell architectures. In this work, we present a microfluidic fuel cell incorporating flow-
through porous electrodes that effect three-dimensional reaction zones. The proposed microfluidic fuel
cell has two unique features: (i) hydrophilic electrode treatment that promotes saturation of the porous

electrode, and thus increases the effective active area; and (ii) a three-dimensional flow-through

architecture that improves utilization of the active area through enhanced transport.

2. Methods

2.1. Microfabrication

Microfluidic fuel cell prototypes of the flow-through electrode architecture as well as the established
architecture’> with electrodes mounted on the bottom of a co-laminar flow channel were assembled

using in-house developed microfabrication techniques. The previously established architecture will be



termed ‘flow-over’, to differentiate it from the ‘flow-through’ architecture developed through this work.
The fabrication procedures for the two designs differ somewhat and are presented separately in the
following subsections.

2.1.1. Flow-through architecture fuel cell

Porous carbon strip electrodes were cut to size (20 mm long and 1 mm wide) from sheets of Toray
carbon paper (B-2 Designation TGPH-090; E-TEK, Somerset, NJ) with typical thickness 300 pm
(measured), typical density 0.49 g cm™ and 78% porosity. The carbon strips were rendered hydrophilic
by annealing (~1 s) in a propane flame. The heat treated carbon strips were fitted in custom-sized
grooves (20 mm x 1 mm x 300 um, separated by 1 mm), fabricated by replica molding in
poly(dimethylsiloxane) (PDMS; Dow Corning, Midland, MI) according to established soft-lithographic
protocols.'® A 300 pm high master that defines the two grooves plus the channel structure was created
by photolithography in negative photoresist (SU-8 50; Microchem, Newton, MA). The master had a
dual-layer structure. The first layer was 150 um thick and encompassed all flow channels and electrode
grooves. The second layer, which was also 150 pm thick and patterned on top of the first layer, included
electrode grooves and the channel pattern from the inlets to the electrodes. Upon casting of this dual-
layered master into PDMS, a negative imprint was obtained that accommodated both electrode grooves
and complete fluid manifolding. As shown schematically in Figure la, the obtained PDMS part was
placed face up on a 1” x 3” microscope glass slide for structural support, and the heat treated carbon
strip electrodes were fitted in its grooves, thereby finalizing the bottom part of the fuel cell. The top of
the cell was sealed with a flat layer of PDMS, with previously punched holes for the inlets, outlet, and
electrical contacts. An irreversible seal was created by plasma-treating both PDMS parts, which renders
hydrophilic channel walls and facilitates covalent binding upon assembly. The holes in the top PDMS
part were aligned with the grooves of the bottom part during assembly of the final device (Figure 1a).
The electrodes of the assembled fuel cell had an active volume of 0.3 mm x 1 mm x 12 mm (3.6 pL).
Wires were attached to the exposed ends of the carbon electrodes using PELCO® conductive silver 187

(Ted Pella Inc., Redding, CA). The co-laminar flow of vanadium solutions through the fuel cell was



driven by a syringe pump (PHD 2000; Harvard Apparatus, Holliston, MA) via Teflon® tubing (1/16”
diameter; S.P.E. Limited, North York, ON, Canada) to the inlets and a larger Tygon" tube (3 mm
diameter; Fisher Sci., Pittsburgh, PA) from the outlet to the outlet reservoir. The described fabrication
procedure is relatively quick and economical. Excluding external wires and tubes, the fuel cell
contained only PDMS and carbon paper, and the total estimated material cost is 2 USD per cell.

2.1.2. Flow-over architecture fuel cell

Fuel cells with the established flow-over architecture'> were fabricated according to the procedure
outlined in section 2.1.1, with the following modifications: The flow-over unit consisted of two parts. A
bottom PDMS part contained the electrodes and a top PDMS part accommodated the microfluidic
channel network. The bottom part was a PDMS slab with two custom-shaped grooves (20 mm x 1 mm x
300 um) separated by 1 mm. The carbon strip electrodes were fitted into these grooves. The top part
contained a T-shaped 150 pm high and 3 mm wide microchannel that was aligned with the carbon
electrodes during assembly.

2.2. Preparation of vanadium solutions

Vanadium stock electrolyte was purchased from Highveld, South Africa, and received as 2 M
vanadium redox species (50/50 V>/VO*) in 4 M sulfuric acid with proprietary stabilizing agents. The
V?* and VO," solutions used as anolyte and catholyte, respectively, were generated from the stock
electrolyte in a large-scale electrolytic flow cell with carbon felt electrodes divided by a Nafion
membrane, as previously described."

2.3. Fuel cell diagnostics

Polarization data were measured after flow stabilization at a given flow rate by chronoamperometry
under stepwise potentiostatic control from 0.0 V to the open circuit voltage by 0.2 V increments, using a
PARSTAT 2263 potentiostat (Princeton Applied Research, Oak Ridge, TN). The current generated by
the cell was monitored until steady state was reached (30-300 s, depending on the flow rate). Anodic
and cathodic polarization were measured using the opposite in-channel carbon electrode as counter

electrode and an external saturated calomel reference electrode (SCE) placed in the outlet reservoir. Due



to the three-dimensional architecture, it is somewhat awkward to define an area with which to
characterize the performance of the flow-through cell in terms of current density. Specifically, the flow-
normal area of each electrode is 300 pm x 12mm (0.036 cm?), while the vertically-projected area of
each electrode is significantly larger (1 mm x 12 mm = 0.12 cm?). Current densities and power densities
reported here were calculated based on the larger, vertically-projected area of the electrodes.

The ohmic resistance of the fuel cell was measured by electrochemical impedance spectroscopy (EIS),
using the same potentiostat. Impedance spectra were recorded for each flow rate at the open-circuit cell
voltage, by applying an ac amplitude of 5 mV rms over the frequency range from 50 kHz to 0.1 Hz. The
combined ohmic cell resistance was obtained from the high-frequency real axis intercept of the Nyquist
plot of impedance.

3. Results and discussion

Microfluidic vanadium redox fuel cell operation is based on the following anodic and cathodic redox
reactions and associated standard redox potentials at 298 K: '

Ve o vV E°=-0.496 V vs. SCE (1)

VO, +2H +¢ < VO*" + H,0 E°=0.750 V vs. SCE )

The overall cell reaction has a theoretical standard cell potential of 1.246 V. The cell potential can

%15 The theoretical

however be increased beyond 1.50 V by the use of high-purity vanadium solutions.
maximum current density of a microfluidic fuel cell is controlled by the rate of convective/diffusive
transport of reactants and products in the liquid phase to and from the surface of the electrodes. In the
limiting case, the concentration of reactant is zero at the surface, and a concentration boundary layer is
formed in the channel that limits the flux of reactant to the surface depending on the flow
characteristics. Overall fuel cell performance, usually measured by power density, is however
influenced by other factors as well. In our previous study of microfluidic vanadium redox fuel cells with
planar electrodes based on graphite rods,'* it was found that the performance of the cell was controlled

by a combination of species transport, electrochemical kinetics and ohmic resistance. Improved

performance was enabled by the implementation of porous electrodes;'"” the overall electrochemical



kinetics were improved by the increased active surface area, and the rate of species transport to the

active sites was enhanced by a partial flow velocity inside the top portion of the porous medium,

although the penetration depth was limited.

(@)

(d)

Figure 1. Schematics of: (a) fabrication and (b) operation of the microfluidic fuel cell architecture with
flow-through electrodes; and cross-sectional geometry of (c) the flow-through architecture and (d) the
established flow-over architecture fuel cell, employing aqueous vanadium redox species as fuel (V>" -
purple) and oxidant (VO," - black). The solution colors shown are characteristic of the employed

solutions.



The microfluidic vanadium redox fuel cells employed here are shown schematically in Figure 1.
Figures 1c-1d provide a schematic comparison of the new flow-through architecture (c¢) to the
established flow-over architecture (d). In contrast to the flow-over cell, the flow-through cell is
designed to direct the flow of vanadium fuel and oxidant solutions uniformly through the porous
electrode structures. This strategy achieves utilization of the full depth of the electrode and associated
active area, and provides enhanced species transport from the bulk to the active sites. The electrolyte
streams enter the fuel cell on each side via a deep (300 pm) feed section that distributes the flow
towards the side of the porous strip electrode (Figure 1b). The flow is guided at a low mean velocity
from the feed section orthogonally through the 300 um deep and 1 mm wide porous electrode into the
less deep (150 pum) co-laminar exit section, where it is brought downstream to the outlet at a
significantly higher mean velocity. The co-laminar exit section, which effectively employs the waste
solutions as an ionic charge transfer medium, was given a high aspect ratio (width/depth) cross-
sectional profile to confine the inter-diffusion/crossover zone to the center of the channel. In the flow-
over cell (Figure 1d), diffusive mixing in the co-laminar channel represents loss of reactant, or
fuel/oxidant cross-over. In contrast, in the flow-through cell (Figure Ic), the reactants are consumed
prior to reaching the central channel, and the co-laminar streaming merely separates the waste products
of the electrodes while providing proton transport. With respect to flow distribution in the flow-through
cell, the pressure drop over the porous electrode is an estimated two orders of magnitude higher than the
serially connected distribution channel. Thus assuming an effectively uniform pore distribution, a
spatially uniform flow rate of reactant through the porous electrode is expected.

The microfluidic fuel cell prototype with flow-through porous electrodes was operated at flow rates
spanning three orders of magnitude, from 1 to 300 pL min™ per stream, using 2 M vanadium ions in 4
M sulfuric acid electrolyte. An advantage inherent to the use of the optically transparent PDMS material
in combination with the distinctive colors of the vanadium species is that fuel cell operation under co-
laminar flow can be observed visually. Figure 2a shows an image of the fuel cell operating at open-

circuit, i.e. no current was drawn from the cell. The anolyte (V™ - violet) and catholyte (VO," - black)



streams passed through the electrodes orthogonally and filled the co-laminar exit section between the
electrodes from both sides. The microfluidic co-laminar flow characteristics were maintained towards
the outlet and diffusive mixing was restricted to the center of the channel. The absence of
electrochemical reactions at the open-circuit voltage was confirmed by the uniform colors. The image in
Figure 2b corresponds to steady state operation at 0.8 V cell voltage. As current was drawn from the
cell, the violet color of the anolyte changed to light green (V>") and the black color of the catholyte
changed to turquoise (VO*"), as the solutions passed through the electrodes. The distinct color change
provided an optical indication that much of the initial vanadium species had undergone electrochemical

reaction, and that mixing of the streams was still restricted to the center of the channel.

Figure 2. Images obtained during steady state operation of the microfluidic fuel cell with flow-through
porous electrodes at (a) open-circuit and (b) 0.8 V cell voltage. The vanadium electrolytes contain V"
(purple) and v (light green) at the anode, and VO," (black) and vVO** (turquoise) at the cathode. The
flow rate was 1 uL min™ per stream. Dashed lines indicate the extent of the porous electrodes.

3.1. Polarization
Steady state polarization data were obtained at room temperature under potentiostatic control. The

results were also reproducible under galvanostatic control, and the average standard deviation of



repeated experimental trials was less than 1% with the same cell and within 7% using different cells.
The stability of the current generated by the fuel cell was evaluated by an extended potentiostatic
experiment performed at a practical cell voltage (0.8 V) in the low flow rate regime (1 pL min™), the
result of which is shown in Figure 3. After a brief transient period, the current density was quite steady
throughout the entire 10 h time period, showing typical variations of + 2%. No performance degradation
was detected during this test; in fact, the highest hourly-averaged current density in the steady phase
was recorded during the 8™ hour. Deviations about the average current density are attributed to the low
flow rate and the associated unsteady reactant feed; at higher flow rates, the current density is expected

to have less noise.
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Figure 3. Flow-through fuel cell steady state chronoamperometric data measured at 0.8 V cell voltage
and 1 pL min™ flow rate.

The polarization curves in Figure 4 show steady state operation of the new fuel cell prototype at four
different flow rates from 1 to 300 pL min'. The highest flow rate used here corresponds to Reynolds
numbers from Re ~ 10 in the porous medium up to Re ~ 20 at the outlet of the co-laminar exit channel.
The open-circuit voltage of the fuel cell was 1.53-1.55 V, and current densities up to 326 mA cm™ were
generated. Several trends can be identified based on these data: As expected, the current density
increased with flow rate, which is a consequence of mass transport combined with relatively fast

electrochemical redox reactions. However, the steep negative slope observed at the lowest flow rate,



associated with predominant mass transport control, becomes less significant as the flow rate is
increased. Above 60 pL min™' the polarization curves become more linear and further increasing the
flow rate results in only marginally increased performance. This effect is attributed to the parasitic
ohmic voltage loss caused by series resistance in the cell, which is proportional to the current density.
The combined ohmic resistance, including both in-channel ionic resistance and electrical resistance in
electrodes, contacts and wires, was measured by electrochemical impedance spectroscopy (EIS) to be

5

27.6 Q at 300 uL min™. This value is higher than for previous cells”"> and constitutes 70% of the

average slope of the corresponding polarization curve (39.6 Q).
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Figure 4. Flow-through fuel cell polarization data obtained under potentiostatic control at steady state
and room temperature, using four different flow rates (as indicated).

Individual anodic and cathodic polarization curves are presented in Figure 5 versus an external SCE
reference electrode at two different flow rates. This type of plot is normally used in fuel cell analysis to
assess which one of the electrodes is limiting the overall fuel cell performance. In this case, a highly
symmetric polarization pattern was observed, indicating that neither of the electrodes imposed an
overall restriction on the cell, and that the electrochemical system was well-balanced with respect to
both electrochemical kinetics and mass transport. This desired characteristic confirms the viability of

the proposed flow-through porous electrode architecture for microfluidic fuel cells.
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Figure 5. Steady state anodic and cathodic polarization data for the flow-through fuel cell measured in
situ at room temperature under potentiostatic control, at two different flow rates (10 and 60 uL min™),
using the opposite fuel cell electrode as counter electrode and an external SCE reference electrode.

3.2. Power density

Power density curves, calculated from the polarization data given in the previous section, are shown
in Figure 6. These results demonstrate high levels of power density, which will be compared with other
designs in Section 3.3. The overall power density increases considerably with flow rate, which again
confirms the partial mass transport control. The highest power density obtained here was 121 mW cm™
at 0.8 V and 300 pL min™'. Operation at higher flow rates would be possible, but with limited gain due
to the high ohmic resistance. The parasitic power loss associated with pumping the solutions through the
porous electrodes was estimated from the pressure drop for flow within porous media. Due to the low
Reynolds number of the cross-flow (Re ~ 107), this pressure drop is quite small. The total pumping
power required to sustain the flow through the porous electrodes and the surrounding channel
structure'® is therefore estimated to be less than 1% of the fuel cell output power under typical

conditions.
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Figure 6. Flow-through fuel cell power density curves obtained from room temperature fuel cell
polarization data at four different flow rates (as indicated).

3.3.  Performance comparison

The performance of the microfluidic fuel cell with flow-through porous electrodes is compared to
previous results obtained using flow-over architecture cells with planar'* and untreated porous'
electrodes mounted on the bottom of the co-laminar flow channel. Also, in order to evaluate the
performance benefits associated with hydrophilic heat treated porous electrodes, a flow-over cell
incorporating hydrophilic porous electrodes was fabricated. In Figure 7, a performance comparison
based on (a) peak power density and (b) active fuel utilization at 0.8 V is provided. All plots are given
as a function of flow rate per stream, which can be considered a measure of operational cost in terms of
reactant supply. Compared to the previously reported flow-over cells using untreated porous electrodes,
the flow-through architecture produced notably high power densities across all flow rates tested: the
level of improvement ranges from two times at high flow rates to four times at low flow rates. These
power density levels confirm that a larger portion of the total active area was being utilized and that the
convective/diffusive species transport to the active sites has been improved considerably. The flow-over
fuel cell with hydrophilic porous electrodes also generated higher power density than the previous fuel

cell with untreated porous electrodes, but generally less than the flow-through architecture. At the

highest flow rate, however, the flow-over cell produced the highest peak power density, 131 mW cm™,



as compared to 120 mW cm™ provided by the flow-through cell. The slope of the peak power density
curve for the flow-through cell shows diminishing returns at high flow rates. This limitation of the flow-
through cell is attributed to the ohmic resistance (27.7 Q) that is significantly higher than the flow-over
cell (19.9 Q), as measured by EIS at 120 uL min™. Overall, these results highlight the importance of the
hydrophilic porous electrode treatment, the effectiveness of the flow-through architecture, and the

potential for significantly increased performance by reducing the ohmic resistance in the flow-through

cell.
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Figure 7. Performance comparison between the flow-through fuel cell and flow-over fuel cells (with
electrodes mounted on the bottom of the co-laminar flow channel), in terms of (a) peak power density
and (b) active fuel utilization at 0.8 V cell voltage, as a function of the flow rate (logarithmic). The
vanadium redox concentrations were 2 M in all cases.



In addition to high power density levels, high Coulombic fuel utilization per single pass is desirable.
Figure 7b presents active fuel utilization measured at a practical cell voltage of 0.8 V as a function of
flow rate for the four fuel cell designs under study. The flow-through architecture provided higher fuel
utilization than all the other designs. The highest fuel utilization measured at this cell voltage was 94%,
obtained with the flow-through architecture at 1 uL min'. At such high levels of fuel utilization, fuel
and oxidant crossover is irrelevant, given that essentially all the reactants have been consumed while
passing through the electrodes. The ability to combine high fuel utilization with high power density at
high operational cell voltage is unique to the flow-through microfluidic fuel cell architecture presented
here. At 0.8 V, for example, the fuel cell produced 20 mW cm™ combined with 94% active fuel
utilization under steady state operation. Based on the theoretical standard cell potential (1.246 V), this is
equal to an overall single pass energy conversion efficiency of 60%.

If the reactions described in Eq. (1) and (2) are completed for all respective species, the fuel
utilization is considered 100%. It is noteworthy, however, that the produced species still constitute a
redox pair (i.e. V**/VO®), and thus there is potential to gain further electrons from their reaction at the
respective electrodes. Through this effect nominal fuel utilization over 100% was in fact observed at
low flow rates and low operational cell voltages (<0.4 V). The data presented in Figure 7b were
measured at a more practical cell voltage of 0.8V, where the current contribution from the secondary
redox reaction is negligible.

3.4. Insitu regeneration

With the flow-through microfluidic fuel cell architecture demonstrated here, there is the additional
opportunity for in situ regeneration. The initial fuel and oxidant species can be regenerated by running
the cell in an electrolytic format, i.e. pumping waste solution back into the cell and applying an
electrolytic cell voltage. Figure 8 shows images obtained during reverse operation. Although an air
bubble was present in the central channel, it was possible to establish proof-of-concept regeneration
with this cell. While holding the cell potential at 0.0 V (i.e. open-circuit) and running the reverse flow at

1 uL min™, the cell current was zero and the solutions were green in both half-cells (Figure 8a).



Thereafter, the applied cell potential was held constant at 1.5 V while running the cell in reverse for 30
min (Figure 8b). In this case, purple V2" and black VO," were identified in the anodic and cathodic half
cells, respectively, and a steady regeneration current with a time-averaged current density of 45 mA cm’
? was measured. Our current focus is to study the operation in the regenerative mode and investigate the
feasibility and roundtrip efficiency of a regenerative microfluidic fuel cell, i.e. a microfluidic battery,

based on the fuel cell architecture demonstrated here.

Figure 8. Images demonstrating the in Situ regeneration capability of the new microfluidic fuel cell
architecture when operated on the all-vanadium redox system. Fully mixed waste solution (~50/50
V¥*/VO™) is flowing in the reverse direction from right to left at 1 uL min™ per stream, and a cell
voltage of (a) 0.0 V (open-circuit) and (b) 1.5 V is applied to the cell. Dashed lines indicate the extent of
the porous electrodes.



4.  Conclusions

In this work, a microfluidic fuel cell architecture incorporating flow-through porous electrodes and
employing the all-vanadium redox system was presented. In contrast to previous work, the flow-through
architecture is designed to direct the flow of fuel and oxidant solutions uniformly through the porous
electrode structures prior to combination of the waste streams in a co-laminar format. This strategy
achieves utilization of the full depth of the porous electrode and associated active area, and provides
enhanced species transport from the bulk to the active sites. Performance levels were demonstrated that
for microfluidic fuel cells are unprecedented to date: power densities up to 131 mW cm™, near complete
fuel utilization, and high operational cell voltages. The fuel cell also had the capability to combine these
three characteristics during steady state operation, resulting in high overall energy conversion
efficiency. We expect performance would further benefit from increasing the concentration of the
vanadium redox species, optimizing the microstructure and porosity of the flow-through carbon
electrodes, and most importantly, reducing the combined ohmic resistance of the cell. In addition, proof-
of-concept in situ regeneration of the initial fuel and oxidant species was established by running the fuel

cell in reverse.
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Abstract

An alkaline microfluidic fuel cell is demonstrated employing formic acid-based fuel and
sodium hypochlorite oxidant, also known as hypochlorite bleach. Both formic acid and
sodium hypochlorite are available and stable as highly concentrated liquids, thereby
facilitating fuel cell systems with high overall energy density. The alkaline anodic half-
cell prevents gaseous CO, formation via carbonate absorption, while sustaining the rapid
kinetics associated with formic acid oxidation in acidic media. Both half-cells provide
high current densities at relatively low overpotentials and are free of gaseous products
that may otherwise limit microfluidic fuel cell performance. The microfluidic fuel cell
takes advantage of a membraneless architecture with flow-through porous electrodes.
Power densities up to 52 mW cm™ and overall energy conversion efficiencies up to 30%
per single pass are demonstrated at room temperature using 1.2 M formate fuel and 0.67
M hypochlorite oxidant. The alkaline formate/hypochlorite fuel and oxidant combination
demonstrated here, or either one of its individual half-cells, may also be useful in

conventional membrane-based fuel cell designs.

Keywords
Microfluidic fuel cell; membraneless fuel cell; laminar flow-based fuel cell; formic acid;

formate; carbonate; hypochlorite; bleach; flow-through porous electrode



1. Introduction
A microfluidic fuel cell is defined as a device that incorporates all fundamental
components of a fuel cell within a single microfluidic channel and its walls. Since its
invention in 2002, microfluidic fuel cell technology has developed rapidly [1-22] and is
now considered a candidate for commercial small-scale portable power generation.
Microfluidic fuel cells operate without a membrane, and the most common configurations
rely on the laminar nature of flow in microstructures to maintain sufficient separation of
fuel and oxidant streams, flowing side-by-side in a co-laminar format. Supporting
electrolyte contained in both co-laminar streams facilitate ionic conduction between the
electrodes. Mixing by diffusion is restricted to an interfacial width at the center of the
channel, depending on mean velocity and channel geometry. The electrode spacing is
typically an order of magnitude larger than the inter-diffusion width. Microfluidic fuel
cells have several advantages as compared to traditional proton exchange membrane
(PEM)-based fuel cells: fuel and oxidant streams may be combined in a single
microchannel; fuel and/or oxidant crossover can be mitigated by adjusting the flow rate
of the co-laminar streams; no ion exchange membrane is required; sealing, manifolding,
and fluid delivery infrastructure requirements are reduced; and issues related to
membrane hydration and water management are eliminated. In addition, microfluidic fuel
cells may be manufactured using inexpensive microfabrication methods and low-cost
materials.

Microfluidic fuel cells with room-temperature power densities on the order of 100
mW cm” have been demonstrated [15, 16]. Operation at high power densities has,

however, resulted in low overall energy conversion efficiency due to low single-pass fuel



utilization. To mitigate this problem, a new microfluidic fuel cell architecture with flow-
through porous electrodes was recently developed by our group [15]. The flow-through
design is based on cross-flow of reactant through the porous electrodes into a co-laminar
center channel with orthogonally directed flow in which the waste solutions facilitate
ionic charge transfer in a membraneless configuration. This cell architecture enables
improved utilization of the three-dimensional active area inside the porous electrodes and
provides enhanced rates of convective/diffusive transport to the active sites without
increasing the parasitic loss required to drive the flow. When operated on 2 M vanadium
solutions, the flow-through design demonstrated a high level of overall energy conversion
efficiency, as a relatively high level of fuel utilization and cell voltage were achieved
concurrently. The overall energy density of a microfluidic fuel cell system based on
vanadium redox species is however limited by the solubility and concentration of these
ions, and the associated redox reactions can only provide one electron per ion.

In the context of fuel and oxidant combinations for microfluidic fuel cell systems
with practical energy density, the following attributes are desirable: both reactants and
products are available and stable at high concentration in the liquid phase; the reactants
provide at least two electrons per molecule; spontaneous and/or electrochemically
activated decomposition into gaseous products are prevented; the fuel and oxidant do not
react upon mixing; and if the anodic and cathodic supporting electrolytes are different,
both fuel and oxidant species are stable in both electrolytes.

Several different fuels have been employed in microfluidic fuel cells presented to
date. These include hydrogen [7, 18, 19], methanol [5, 6, 11], formic acid [4, 8, 12, 13],

vanadium redox species [9, 14-16], and hydrogen peroxide [10]. Most liquid hydrocarbon



fuels produce carbon dioxide (CO;) as the end product after complete electrochemical
conversion. Typically, CO, evolves as a gaseous product in acidic or neutral media [13]
unless the current densities are low enough to fully dissolve it in the fuel or electrolyte
stream [4]. Formic acid is an established fuel with high energy density that has previously
been used in both PEM-based direct formic acid fuel cells [23, 24] and microfluidic fuel
cells [4, 8, 12, 13], and its electrochemical kinetics on palladium catalyst are fast, thereby
allowing much higher power densities than other hydrocarbon fuels such as methanol
[25]. In contrast to acidic and neutral media, alkaline media have the capability of
absorbing large amounts of CO; as carbonates with the additional benefit of automated
carbon sequestration. An alkaline formate fuel from concentrated formic acid therefore
accomplishes all the criteria for an all-liquid microfluidic fuel cell system with high
energy density.

The oxidants employed in microfluidic fuel cells to date have been oxygen [4-8,
18, 19], air [11, 12], vanadium redox species [9, 14-16], and hydrogen peroxide [10, 13].
Among these, only hydrogen peroxide is available as a highly concentrated liquid. Direct
hydrogen peroxide reduction on common catalysts such as platinum and palladium is
however accompanied by vigorous oxygen gas evolution from its decomposition [13].
Alternative liquid oxidants that have been employed in fuel cells or flow batteries include
permanganate [4, 26] and hypochlorite [27, 28]. Permanganate is a strong oxidant that
enables high current densities and highly positive reduction potentials in acidic media
[29]. Reports have shown, however, that product manganese dioxide precipitate can clog
the pores of a microporous electrode in the absence of stirring [26]. The use of

permanganate oxidant in microfluidic fuel cells that incorporate both microporous



electrodes and microscale channels should therefore be avoided. Hypochlorite, in
contrast, does not produce any precipitate, and has shown benign electrochemical
characteristics as an oxidant in magnesium, zinc and aluminum semi-fuel cells [27, 28]
using palladium/iridium and platinum catalysts. Hypochlorite oxidant has many useful
characteristics for microfluidic fuel cell implementation: relatively high standard
reduction potential and rapid kinetics; high solubility in aqueous media; highly soluble
reduction product (chloride); and finally, no gaseous decomposition reactions take place
when the hypochlorite is stabilized in alkaline electrolyte [27]. Furthermore, hypochlorite
solution is produced in large quantities as domestic bleach. Sodium hypochlorite bleach
is considered relatively safe and is available at very low cost. Hypochlorite therefore
meets all the criteria of an all-liquid microfluidic fuel cell with high energy density.
Additionally, the product sodium chloride is common and non-toxic.

In this work, a microfluidic fuel cell based on alkaline formate and hypochlorite
bleach is presented. Both palladium and gold porous electrodes are formed via
electrodeposition on a porous carbon substrate. The electrochemical responses of the
porous electrodes are characterized in a stationary three-electrode cell prior to in Situ tests

and fuel cell implementation.



2. Experimental

2.1.  Preparation of solutions

Alkaline formate fuel solution was obtained by adding 5wt% concentrated formic acid
(HCOOH; Fisher Sci., Fair Lawn, NJ) to a 10wt% (2.8 M) sodium hydroxide (NaOH)
electrolyte prepared by dissolving NaOH pellets (EMD Chemicals, San Diego, CA) in
Millipore Milli-Q water (Millipore, Billerica, MA). After stabilization the obtained
solution contained 1.2 M formate and 1.6 M OH". Alkaline hypochlorite (C1O") oxidant
solution (0.67 M) was prepared by dissolving 10wt% (2.8 M) NaOH pellets directly in a
5% sodium hypochlorite solution (NaOCI; Caledon, Georgetown, Canada) or 5.25%
hypochlorite bleach (Javex-5; Colgate-Palmolive, Toronto, Canada). The gold (Au)
plating solution consisted of 17 mM potassium gold cyanide (KAu(CN),; Degussa,
Frankfurt, Germany) dissolved in Millipore Milli-Q water, followed by the successive
addition of 0.4 M citric acid (C¢HgO7; Matheson Coleman & Bell, Montreal, Canada) and
0.4 M sodium citrate (Na;CsHsO7; Merck, Montreal, Canada) to a final pH of 3-5. The
palladium (Pd) plating solution consisted of 1.0wt% palladium(Il) chloride (PdCly;
SigmaAldrich) in 1 M hydrochloric acid (HCI; Anachemia, Montreal, Canada) in
Millipore Milli-Q water. All chemicals used were ACS grade except the hypochlorite
bleach.

2.2.  Electrodeposition

Porous carbon electrodes subject to catalyst deposition were cut to 25 mm x 1 mm strips
from sheets of Toray carbon paper (B-2 Designation TGPH-090; E-TEK, Somerset, NJ)
with typical thickness 300 pm (measured), typical density 0.49 g cm™ and 78% porosity.

A 20 mm long section of the carbon strips were rendered hydrophilic by annealing (~1 s)



in a propane flame, and the hydrophilic electrodes were supported on glass slides with
wires attached using PELCO®™ conductive silver 187 (Ted Pella Inc., Redding, CA)
covered by regular epoxy. The strip electrodes were rinsed thoroughly in Millipore Milli-
Q water before and after each plating sequence. Electrodeposition of Au and Pd on the
porous carbon electrodes was performed by immersing the hydrophilic electrode parts in
a bath containing either Au or Pd plating solution, together with a Pt mesh counter
electrode and a saturated calomel reference electrode (SCE). The carbon working
electrode was aligned with the counter electrode to obtain a uniform current distribution
during plating. All electrochemical experiments in this study were driven by a PARSTAT
2263 potentiostat (Princeton Applied Research, Oak Ridge, TN), and all individual
electrode potentials are given versus the SCE (sat. KCI) reference electrode (0.241 V vs.
SHE). Each electrodeposition experiment started with a cyclic voltammogram (3 cycles)
of a bare porous carbon electrode in the Au plating solution from the open circuit
potential (OCP) to -1.1 V, followed by electroplating under potentiostatic control at -1.1
V for 60 min. The Au loading of the obtained porous gold electrodes was not assessed.
Porous Pd electrodes were obtained by electrodeposition of Pd on the fresh Au layer by a
similar procedure [13]: a cyclic voltammogram (3 cycles) was measured with the porous
Au electrode in the Pd plating solution from the OCP to -0.1 V, followed by
electroplating under potentiostatic control at 0.0 V until a desired loading of 5 mg cm™
had been deposited, typically after 20-30 min, calculated in real time by integrating the
current profile and assuming a 60% coulombic plating efficiency [30]. Scanning electron
micrographs were captured by a Hitachi S-3500N scanning electron microscope with a

tungsten filament operated at 15 kV.



2.3.  Fuel cell fabrication

An array of microfluidic fuel cells with flow-through porous electrodes was assembled
using in-house developed microfabrication techniques detailed in a previous study [15].
In short, one 20 mm long porous Pd anode and one 20 mm long porous Au cathode were
cut from the electrodeposited strip electrodes and fitted in custom-sized grooves (20 mm
x 1 mm x 300 um, separated by 1 mm), fabricated in a poly(dimethylsiloxane) (PDMS;
Dow Corning, Midland, MI) part. The PDMS part had a dual layer structure: a 300 pm
deep section that defined the two electrode grooves plus the two inlet channel structures,
and a 150 pm deep layer accommodating the co-laminar flow channel between the
electrodes, leading towards the outlet. The fourth wall of the microfluidic device was
provided by a flat layer of PDMS, with previously punched holes for the inlets, outlet,
and electrical contacts, which was sealed irreversibly on top of the other PDMS part after
plasma-treating. External wiring was contacted to the exposed ends of the carbon strip
electrodes using PELCO® conductive silver 187 covered with regular epoxy.

2.4.  Fuel cell testing

The co-laminar flow of formate and hypochlorite solutions through the fuel cell was
driven by a syringe pump (PHD 2000; Harvard Apparatus, Holliston, MA) via Teflon”
tubing (1/16” diameter; S.P.E. Limited, North York, ON, Canada) to the inlets and
through a larger Tygon® tube (3 mm diameter; Fisher Sci., Pittsburgh, PA) from the
outlet to the outlet reservoir. The desired flow rate was adjusted and the co-laminar flow
was stabilized before initiation of the electrochemical measurements. Cell polarization
data were measured by chronoamperometry under stepwise potentiostatic control from

the open circuit cell voltage down to 0.0 V by -0.2 V increments, using the PARSTAT



potentiostat. The current transient generated by the cell was monitored until steady state
was reached, which typically occurred within 180s. Polarization of individual electrodes
was measured versus an external SCE reference electrode placed in the outlet reservoir,
using the opposite fuel cell electrode as counter electrode. Current densities and power
densities reported here were calculated based on the geometric active area of the
electrodes (0.12 cm?), in keeping with previous studies [15]. The ohmic resistance of the
fuel cell and its individual electrodes was measured by electrochemical impedance
spectroscopy (EIS), using the PARSTAT 2263 potentiostat. Impedance spectra were
recorded at the open-circuit cell voltage, by applying an ac amplitude of 5 mV rms over
the frequency range from 50 kHz to 0.5 Hz with 30 log spaced data points. The ohmic
resistance was detected as the high-frequency real axis intercept of the Nyquist plot of

impedance. For in situ EIS measurements, the flow rate was fixed at 60 pL min™.
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3. Results and discussion

3.1.  Reaction scheme

At the pH used here, the fuel exists predominantly as formate (HCOO"), the oxidant as
hypochlorite (CIO") and the CO, as carbonate. The reactions, written in terms of these
species, lead to the following standard electrode potentials (vs. SCE) at 298 K ((1)

calculated from Gibbs’ energies of formation in [31] and (2) taken from [32]):

Anode:

HCOO + 30H <> COs> + 2H,0 + 2¢” E°=-1.17V (1)
Cathode:

ClO" +H,0 +2¢” <> ClI' + 20H" E°=057V (2)

Overall cell reaction:

HCOO + ClO + OH™ <> COs* + CI + H,O =

o = 1.74V 3)
Note that the actual electrode and cell potentials also depend on pH and concentration of
the aqueous species according to the Nernst equation. The formation of carbonates
involves some net consumption of OH’, which is available at high concentration in the
alkaline electrolyte.

3.2.  Electrodeposition of porous electrodes

To reduce the activation overpotentials of the proposed electrochemical reaction scheme,
suitable catalysts need to be added to the electrodes. In this study, palladium (Pd) and
gold (Au) were selected as the catalysts for anodic formate oxidation and cathodic
hypochlorite reduction, respectively. Pd and Au were electrodeposited on porous carbon

paper substrates in order to develop porous Pd and Au electrodes compatible with the

unique co-laminar flow mechanism of the microfluidic fuel cell with flow-through porous
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electrodes [15]. Coating of the carbon fibers with Au may also be advantageous towards
reducing the overall ohmic resistance of the electrodes, which was relatively high for the
bare porous carbon electrodes used previously with this cell architecture [15]. Figure la
shows a typical cyclic voltammogram of a bare porous carbon electrode in the gold
cyanide plating bath. The overpotential for Au plating is relatively high; plating
effectively started at -0.6 V, which was about 800 mV negative of the open circuit
potential (OCP). Hydrogen evolution started at about -1.0 V on the first scan and at -0.8
V on consecutive scans. The difference between the three cycles is associated with the
fresh Au deposit on the carbon electrode that reduced the overpotential for hydrogen
evolution, which is relatively high on bare carbon. Au plating below -0.8 V was therefore
accompanied by hydrogen evolution. The viability of potentiostatic Au plating on porous
electrodes was evaluated at three different potentials: -0.7 V, -0.9 V and -1.1 V, with
results shown in Figure 1b. The plating current at -0.7 V was essentially free from
hydrogen evolution and therefore quite low, although it showed a linear increase over
time attributed to the nucleation and growth of Au grains. The plating currents measured
at -0.9 V and -1.1 V were dominated by hydrogen evolution, which also increased over
time as the surface area of the Au deposit was enlarged. Images of the final Au deposits
captured by scanning electron microscopy (SEM) are presented in Figure 2. These
images provide a useful illustration of the microstructure and degree of coverage
achieved in the deposition of Au on the porous carbon electrodes. With respect to the
electrochemical performance of a porous electrode, both high coverage and high specific
surface area are desirable characteristics. Figure 2a shows the granular Au structure

obtained at -0.7 V. At -0.9 V (Figure 2b), a similar granular structure was observed with
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significantly higher loading. The image of the deposit obtained at -1.1 V (Figure 2c)
indicates a high degree of coverage with different surface morphology. Most importantly,
the Au deposit appeared much more uniform over the observable depth of the porous
electrode at -1.1 V compared to the other potentials.

The porous Au electrode deposited at -1.1 V was further analyzed with images
obtained at three different magnifications, shown in Figure 3. These images demonstrate
the quality of the obtained Au deposit in the context of fuel cell implementation: the outer
surfaces of the electrode were uniformly coated (Figure 3a); all observable fibers
throughout the 3-D porous matrix showed effectively complete coverage (Figure 3b); and
the surface morphology had dendritic features with size < 1 um indicating a high specific
surface area (Figure 3c). The improved 3-D coverage at high overpotentials is attributed
to the continuous hydrogen gas evolution introducing a local two-phase flow component.
Specifically, as hydrogen bubbles were released from the porous matrix, fresh plating
solution was introduced into the matrix. In sum, electrodeposition of Au on porous
carbon electrodes was shown to be very effective at -1.1 V. Similarly fabricated porous
Au electrodes were also used to make porous Pd electrodes, by coating an additional Pd
layer (5 mg cm™) following our previously described Pd electrodeposition methodology
[13], with details outlined in Section 3.2.

3.3.  Exsitu half-cell characterizations

The porous Pd anodes and Au cathodes were characterized electrochemically in a
stationary three-electrode electrochemical cell in the alkaline formate or hypochlorite
solutions, respectively, to analyze their performance and suitability for microfluidic fuel

cell implementation. Cyclic voltammograms measured ex situ for a porous Pd anode, a
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porous Au cathode, and a porous Pd cathode are shown in Figure 4. The Pd anode
produced high current densities up to 340 mA cm™ at quite low overpotentials, in the
absence of convective motion. As expected, no gas evolution was observed in this anodic
half-cell, indicating that the product is carbonate, without any CO,. The OCP of this half-
cell was measured to -0.99 V, within 0.2 V of the standard potential of reaction (1). The
ohmic resistance of the Pd anode was measured as 3.6 Q by electrochemical impedance
spectroscopy (EIS), as described in Section 3.4.

The Au and Pd cathodes also delivered notably high current densities up to 230 and 330
mA cm”, respectively, despite the lack of convective transport. The Au cathode,
however, exhibited a 250 mV higher overpotential than the Pd cathode for the
hypochlorite reduction reaction (2). As shown, Au is not an ideal catalyst for
hypochlorite reduction, but it does have a significant advantage with respect to
integration in microfluidic fuel cells: in contrast to the Pd electrode that produced a small
amount of gas during these tests, no gas evolution was observed on the Au electrode. The
OCP for hypochlorite reduction was measured to 0.38 V (Au) and 0.46 V (Pd). The
oxidation of water to oxygen can occur above 0.38 V at pH 14.4, the nominal pH of this
solution, explaining the gas evolution in the case of Pd. The measured OCP was again
within 0.2 V of the standard reduction potential (0.57 V). While not ideal for this
reaction, the alkaline electrolyte is required to stabilize the hypochlorite solution. The
ohmic resistance of the cathodes was measured by EIS as 3.0 Q (Au) and 2.9 Q (Pd). The
electrical resistance of the Au coated electrodes was thus reduced by more than 50%

compared to the bare carbon strip electrodes (7-9 Q). Overall, these half-cell experiments
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indicate that the alkaline formate anodic half-cell and the hypochlorite cathodic half-cell
are well-suited to implementation in a fuel cell.

An additional half-cell test was performed with the ACS-grade hypochlorite
solution replaced with a low-cost household bleach product (Javex-5; Colgate-
Palmolive), containing 5.25% sodium hypochlorite. The obtained cyclic voltammograms
closely matched those in Figure 4.

3.4.  Microfluidic fuel cell implementation

A microfluidic fuel cell with flow-through porous electrode architecture was fabricated,
incorporating an electrodeposited porous Au electrode as cathode and an electrodeposited
porous Pd/Au electrode as anode. The assembled cell is shown in Figure 5. The
transparency of the PDMS enables observation of the flow, and detection of any
intermittent disturbances. As gaseous products can destabilize the co-laminar flow [13],
the Au cathode was chosen over the Pd cathode (that produced a small amount of gas in
the ex situ experiments) for implementation in the fuel cell. The fuel and oxidant streams
enter the microfluidic fuel cell device (Figure 5) through separate inlets and approach the
electrodes via the deep (300 um) distribution channels. From the distribution channels,
the flow is directed orthogonally into the porous electrodes. The cross-flow through the
porous media has two orders of magnitude higher pressure drop than the flow in the
distribution channels [15], and is therefore expected to be uniformly distributed
throughout the available cross-sectional area of the electrodes. In addition, the high cross-
sectional area open to the cross-flow provides low mean velocities inside the porous
electrodes, which enables ample opportunity for high coulombic fuel utilization. Both

anodic and cathodic streams enter the center channel through the electrodes on both sides
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at the same flow rate. The two streams are directed towards the outlet in a co-laminar
format. The center channel is relatively shallow (150 um) and has a small cross-sectional
area in order to provide high mean velocities and reliable co-laminar flow. In this way
mixing of the waste streams is limited to a relatively small diffusion width in the centre,
while the electrolyte provides effective ionic transport. The flow-through electrode
architecture thus achieves utilization of the full depth of the electrode and associated
active area, which is 20-30 times larger than the vertically projected area of the electrode
[16], and provides enhanced species transport from the bulk to the active sites as well as
effective ionic transport in a membraneless configuration.

3.5.  Microfluidic fuel cell performance

The assembled microfluidic fuel cell device with flow-through porous electrodes was
operated at flow rates ranging from 2 to 300 uL min™ per stream, using formate anolyte
and hypochlorite catholyte. The cell exhibited very stable co-laminar flow without any
gas evolution or other disturbances and the open circuit cell potential was steady between
1.37 and 1.42 V, depending on the flow rate used. These cell potential levels are similar
to the estimated cell potential from the ex situ experiments (1.37 V), calculated as the
difference in OCP between the Pd anode and the Au cathode. The combined ohmic
resistance of the cell was measured using EIS at open circuit and 60 pL min™ as 24.1 Q.
This resistance measurement includes the solution resistance with respect to ionic
transport in the co-laminar center channel and the electrical resistance in electrodes,
contacts and wires. By incorporation of an external reference electrode (SCE) in the
outlet reservoir, we were also able to measure the ohmic resistance of the individual

electrodes in situ using the same technique, resulting in 7.0 Q for the anode and 12.8 Q
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for the cathode. These values are somewhat higher than the corresponding ex situ
measurements (3.6 Q and 3.0 Q, respectively), primarily attributed to high electrical
contact resistance on the chip. The solution resistance was estimated to 4.3 Q by
subtracting the electrical resistance from the combined ohmic cell resistance, which is in
agreement with previous studies using acidic electrolyte [14].

Room-temperature polarization data were obtained under potentiostatic control at
steady state conditions. Figure 6 presents three different polarization curves obtained at 2,
10 and 60 pL min™. The current densities increased with flow rate up to a maximum 230
mA cm” at 60 pL min”, indicating partial mass transport control and relatively fast
electrochemical kinetics; however, increasing the flow rate above 60 pL min’
(polarization curves not shown here) resulted in no significant performance
improvements. Based on these observations, electrochemical kinetics and ohmic
resistance were dominating at high flow rates. The parasitic combined ohmic resistance
of the cell contributed almost 50% to the average slope of the polarization curve (51 ) at
60 pL min™', and about 70% to the linear part of the curve at practical cell voltages of 0.8
V and below. At low flow rates, the potential loss associated with ohmic resistance was
not as severe: it was less than 30% at 10 pL min™ and only about 8% at 2 pL min™'. At
these flow rates, the current densities were primarily controlled by the rate of reactant
supply. The cell was not operated below 2 uL min™, although the stability of the co-
laminar flow is expected to be maintained at least down to 0.3 pL min™ [15].

The relatively low current densities produced in the high cell voltage range (1.0-
1.4 V) indicate significant activation overpotential for the electrochemical reactions,

which is common to most fuel cell systems. This effect was further analyzed by
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employing the external reference electrode (SCE) to measure the performance of the
individual electrodes in situ under the same flow conditions, using the opposite electrode
as counter electrode. Separate anodic and cathodic polarization curves are presented in
Figure 7. This type of analysis is often used to diagnose overall fuel cell performance and
to identify half-cell-specific limitations. Given the significant differences related to the
electrochemistry of the formate oxidation and hypochlorite reduction reactions, the
anodic and cathodic polarization curves are surprisingly well-balanced. The symmetry
outlined by the two curves justifies the viability of the formate/hypochlorite fuel and
oxidant combination and also confirms the uniform transport characteristics of the flow-
through architecture. Both electrodes responded well to fuel cell operation at cell voltages
below 1.0 V, where neither of them caused an overall restriction to the cell. The
activation overpotential was shared by the two half-cells but dominated by the cathode.
These results are in good agreement with the ex Situ measurements, where the activation
overpotential was quite high on the Au cathode.

Power density curves calculated based on the polarization data at 2, 10 and 60 pL
min™ are provided in Figure 8. The overall power density increased significantly with
flow rate, which again confirms the partial mass transport control. The highest power
density measured in this study was 52 mW c¢cm™ at 0.4 V and 60 pL min™". This level of
power density compares favorably to most other microfluidic fuel cells reported to date
and demonstrates the high capacity of the proposed formate/hypochlorite fuel and oxidant
combination. The power densities measured here did not however reach the levels
obtained with the vanadium redox system in the same cell architecture [15] due to the

lower cell voltages and reactant concentrations. The feasibility of the
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formate/hypochlorite system in the flow-through electrode architecture is more evident in
the low flow rate regime. Even at the lowest flow rate (2 uL min™), a useful peak power
density of 18 mW cm™ was generated at 0.6 V cell voltage. Fuel cell operation in this
regime is very efficient due to the high levels of fuel utilization enabled by the flow-
through electrode architecture and practical cell voltages achieved concurrently. The fuel
utilization with respect to the hypochlorite component, which had a lower molar
concentration (0.67 M) than the formate solution (1.2 M), was as high as 85% at the point
of peak power and effectively 100% at low cell voltages. Based on the theoretical
standard cell potential of 1.74 V, the overall energy conversion efficiency at 0.6 V was
~30% per single pass. The highly energy efficient microfluidic fuel cell performance
previously demonstrated with the vanadium redox system was thus maintained with the
new formate/hypochlorite system.

The fuel cell performance measured here can also be compared to the ex situ half-
cell characterizations provided by the cyclic voltammograms in Figure 4. In contrast to
the steady state fuel cell data, these predictions are based on unsteady operation (50 mV
s scan rate) without flow, and the ohmic resistance was only about 3 Q per electrode. A
fuel cell based on the performance measured in the ex situ experiments would
theoretically have an open circuit voltage of 1.37 V (Au cathode) or 1.45 V (Pd cathode),
and would produce peak power densities of 81 mW c¢m™ (Au cathode) and 143 mW cm™
(Pd cathode) at 0.35 V and 0.55 V cell voltage, respectively. These power density levels
are much higher than those obtained in the microfluidic fuel cell, despite the lack of
convective transport. This comparison indicates that the high capacity inherent to the

formate/hypochlorite system was not fully exploited in the proof-of-concept microfluidic
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fuel cell, primarily due to its high parasitic ohmic resistance. While electrode
contamination from the carbonate species is a possibility at high fuel concentrations, no
detectable deterioration was observed in these tests.

Finally, we also assembled a prototype microfluidic fuel cell with a Pd cathode, to
evaluate the performance gains compared to the cell with a Au cathode, envisaged by the
ex situ measurements. The cell generated an initial peak power density of 59 mW cm™ (at
a flow rate of 60 uL min™), 13% higher than the previous cell, but the gas bubbles
growing on the Pd cathode made its operation unstable shortly thereafter. To enable
reliable fuel cell operation with a Pd cathode, some design modifications need to be
undertaken. Potentially a grooved channel geometry for gas removal could be
incorporated, as previously demonstrated [13]. An alternative strategy is to evaluate other
catalysts for the hypochlorite reduction that do not produce gas. Both platinum [27] and a
combination of palladium and iridium [28] have been used effectively for hypochlorite

reduction but their application in microfluidic fuel cells needs to be assessed.
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3 Conclusions

This work demonstrated the feasibility of an alkaline formic acid-based anode coupled
with an alkaline hypochlorite cathode in a microfluidic fuel cell architecture with flow-
through porous electrodes. Both half-cells were unique in terms of fuel cell
implementation. In contrast to the vanadium redox system, formic acid and sodium
hypochlorite are both available as highly concentrated liquids, thereby enabling a
microfluidic fuel cell system with high overall energy density. The proof-of-concept
formate/hypochlorite microfluidic fuel cell concurrently achieved high power densities
and near-complete fuel utilization at relatively high cell voltages, and therefore enabled
high overall energy conversion efficiency. The performance would be enhanced further
by reducing the combined ohmic resistance of the cell, specifically the on-chip electrical
contact resistance, and by performing a catalyst screening study for hypochlorite
reduction to reduce the activation overpotential and enhance the electrochemical kinetics
while preventing gas evolution. Other advancements under investigation include
employing higher fuel and oxidant concentrations in the fuel cell, switching to potassium
hydroxide electrolyte and optimizing its concentration, and evaluating other liquid
hydrocarbon fuels such as methanol. The new alkaline formate and hypochlorite fuel cell
concept demonstrated here, or either one of its individual half-cells, may also find

applications using conventional membrane-based fuel cell designs.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Electrodeposition of gold on porous carbon electrodes: (a) cyclic
voltammogram of a bare substrate in gold plating solution measured at 50
mV s”, and (b) potentiostatic deposition curves at three different
potentials (as indicated vs. SCE).

Scanning electron micrographs showing the microstructure of the porous
gold electrodes electrodeposited on carbon paper substrates at (a) -0.7 V,
(b)-0.9 V and (¢) -1.1 V (SCE), captured at 2000x magnification.
Scanning electron micrographs of a porous gold electrode electrodeposited
at -1.1 V (SCE), captured at (a) 60x, (b) 800x and (c) 6000x
magnification.

Cyclic voltammograms measured ex situ for formate oxidation on a porous
palladium anode and hypochlorite reduction on porous gold and palladium

cathodes in a stationary three-electrode electrochemical cell. The anolyte
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Figure 5.

Figure 6.

Figure 7.

Figure 8.

and catholyte consisted of 1.2 M formate and 0.67 M hypochlorite,
respectively, in alkaline solution. The scan rate was 50 mV s™',

Labeled images of the assembled microfluidic fuel cell with flow-through
porous palladium and gold electrodes.

Fuel cell polarization curves measured experimentally at steady state and
room temperature, for operation at three different flow rates (as indicated).
Fuel cell polarization data of anode and cathode measured in situ at room
temperature and 60 pL min’ flow rate, using the opposite fuel cell
electrode as counter electrode and an external reference electrode (SCE).
Power density curves for formate/hypochlorite fuel cell operation at steady
state and room temperature, measured at three different flow rates (as

indicated).
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Electrodeposition of gold on porous carbon electrodes: (a) cyclic
voltammogram of a bare substrate in gold plating solution measured at 50
mV s”, and (b) potentiostatic deposition curves at three different

potentials (as indicated vs. SCE).
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Figure 2. Scanning electron micrographs showing the microstructure of the porous
gold electrodes electrodeposited on carbon paper substrates at (a) -0.7 V,

(b) -0.9 V and (¢) -1.1 V (SCE), captured at 2000x magnification.
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Figure 3. Scanning electron micrographs of a porous gold electrode electrodeposited
at -1.1 V (SCE), captured at (a) 60x, (b) 800x and (c) 6000x

magnification.
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Figure 4.
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Cyclic voltammograms measured ex sSitu for formate oxidation on a porous
palladium anode and hypochlorite reduction on porous gold and palladium
cathodes in a stationary three-electrode electrochemical cell. The anolyte
and catholyte consisted of 1.2 M formate and 0.67 M hypochlorite,

respectively, in alkaline solution. The scan rate was 50 mV s™',
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Figure 6. Fuel cell polarization curves measured experimentally at steady state and

room temperature, for operation at three different flow rates (as indicated).
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Abstract

The specific character of biological enzyme catalysts enables combined fuel and oxidant channels and simplified non-compartmentalized fuel
cell assemblies. In this work, a microstructured enzymatic biofuel cell architecture is proposed, and species transport phenomena combined with
consecutive chemical reactions are studied computationally in order to provide guidelines for optimization. This is the first computational study of
this technology, and a 2D CFD model for species transport coupled with laminar fluid flow and Michaelis—Menten enzyme kinetics is established. It
is shown that the system is reaction rate limited, indicating that enzyme specific turnover numbers are key parameters for biofuel cell performance.
Separated and mixed enzyme patterns in different proportions are analyzed for various Peclet numbers. High fuel utilization is achieved in the
diffusion dominated and mixed species transport regimes with separated enzymes arranged in relation to individual turnover rates. However, the
Peclet number has to be above a certain threshold value to obtain satisfying current densities. The mixed transport regime is particularly attractive
while current densities are maintained close to maximum levels. Optimum performance is achieved by mixed enzyme patterning tailored with

respect to individual turnover rates, enabling high current densities combined with nearly complete fuel utilization.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Biofuel cell; Enzyme kinetics; Biocatalysis; Microfluidics; Numerical modeling; Consecutive reactions

1. Introduction

Inrecent years, the demand on the power supplies of portable
electronic equipment such as laptops and cellular phones has
substantially increased due to additional technical features and
miniaturization efforts. Well-developed lithium ion battery tech-
nology currently powers most of these applications. Itis unlikely,
however, that improvements in battery technology will keep pace
with the accelerating power demand [1]. In order to enable fur-
ther advances, other alternatives such as fuel cells have to be
considered. The high cost associated with the development of
new small-scale fuel cell power supplies are surpassed by the
growing portable power needs of the mobile workforce and the
major industries that now support them [2]. Direct methanol fuel
cells exhibit relatively high power and energy densities [3], but
there are several problems associated with these, for instance

* Corresponding author. Tel.: +1 250 721 8623; fax: +1 250 721 6051.
E-mail address: dsinton@me.uvic.ca (D. Sinton).

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.07.092

methanol crossover and slow anode kinetics reduce efficiency
and open-circuit voltage [4-5]. Recently, this technology has
been challenged by emerging microscale biofuel cell designs.
A biofuel cell is not necessarily a fuel cell that uses a biolog-
ical fuel, although that might very well be the case. Biofuel cells
always involve biological molecules or living cells to catalyze
the chemical reactions, replacing conventional transition metal
catalysts such as platinum. The underlying concept is to control
electrochemical processes occurring in nature to provide useful
electrical current. Chemical energy can be converted to electri-
cal energy by coupling the biocatalytic oxidation of organic or
inorganic compounds to the chemical reduction of an oxidant
in a controlled environment. There are two main types of bio-
fuel cells; microbial biofuel cells and enzymatic biofuel cells.
Microbial fuel cells utilize entire living cells or microorganisms
combined with redox intermediates to catalyze the oxidation of
a fuel. Microbe catalyzed processes involve several fairly com-
plex steps with various intermediates [6] and are quite inefficient
[7]. In an enzymatic biofuel cell, the chemical reactions are cat-
alyzed by biological redox enzymes that can be separated and
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Nomenclature

Ac cross-sectional area (m?)

c concentration (mol m—3)

D solute diffusivity (m2s~ 1)

Dy hydraulic diameter (m)

Da Damkaohler number

F Faraday’s constant (C mol 1)
FU fuel utilization

g constant of gravity (ms~2)

h channel height (m)

i current density (A m~?)

J species molar flux (mol s~ m~2)
k rate constant (s—1)

keat turnover number (s_l)

Kn sensitivity (mol m?)

L axial length of electrode (m)

L. characteristic length (m)

M molar mass (kg mol~!)

Na Avogadro’s number (mol™1)

p pressure (Pa)

Pe Peclet number

R turnover rate (mol s~! m~2)

Re Reynolds number

t time (s)

T temperature (K)

u bulk velocity (m )

7} mean bulk velocity (m s

Vout output voltage (V)

1% volumetric flow rate (m3s~!)

v specific activity (molkg~!s™!)
w channel width (m)

Wou  output power (W)

W, pumping power (W)

X direction of main flow (axial)

y direction across channel (transverse)
Z number of electrons

Greek letters

7 kinematic viscosity (kgm™!s™1)
I density (kgm™3)

Subscripts

in inlet value

max maximum value

out outlet value

ref reference value

0 bulk value

Superscripts

A methanol dehydrogenase (MDH)
ADH  alcohol dehydrogenase

B formaldehyde dehydrogenase (FalDH)
C formate dehydrogenase (FDH)

purified from suitable organisms, thus extracting the actual part
of the cell that enables catalytic operation [8]. Enzyme catalysts
are specific to particular substances (fuels) and the presence of
other substances does not, in general, impact the rate of cataly-
sis. This specificity of enzyme catalysis enables the combination
of fuel and oxidant streams in a single manifold [8], with multi-
ple benefits in the context of fuel cell design and operation: no
proton exchange membrane is needed, sealing, manifolding and
fluid delivery requirements are greatly reduced, ohmic losses
and water management issues associated with proton exchange
membrane fuel cell (PEMFC) technologies are eliminated [9],
as are two-phase transport issues associated with gas diffusion
layers [10]. With fuel and oxidant streams fully mixed in the
same channel, fuel crossover is also not a problem. Cost reduc-
tion is possibly the main aspect that can make biological fuel
cells competitive for small-scale power supplies. Firstly, the pro-
ton exchange membrane is a costly component of conventional
fuel cell assemblies [11]. Secondly, the cost of platinum, which
is already high, is expected to increase further with increased
demand and production [12]. Biological enzymes, on the other
hand, are derived from naturally abundant organisms and can
be produced using low-cost fermentation techniques [13]. Other
benefits are operation near or at room temperature and compact
units produced by inexpensive and well-established microfab-
rication methods. Channels down to 10 pm in diameter can be
fabricated, greatly improving the active surface-to-volume ratio
of the device and consequently its power density, which remains
quite limited with current biofuel cell designs. As with all fuel
cell technologies, however, stability is a key issue for biofuel
cells [13]. Enzymatic biofuel cells must withstand extended use,
varied duty cycles, a range of environmental conditions and must
reach lifetimes satisfying the demands of advanced applications,
preferably on the order of years. Possible applications range
from miniaturized portable electronic equipment [2] and sen-
sors to integrated lab-on-chip power supplies [14] and advanced
in vivo diagnostic medical devices with reactants available in
the ambient environment [13].

In most enzymatic biofuel cells developed to date, enzymes
are placed in solution and the electron transfer from the enzyme
biocatalysts to the electrode is mediated by a redox couple. The
rate of electron transfer is generally limited by the ability of
the redox species to diffuse back and forth. Several methods to
improve electron transfer rates by immobilization of enzymes
on electrode surfaces have been presented, for example: cova-
lent enzyme—electrode polymer linkages, layered electrodes
obtained by functional monolayers and non-covalent coupling
by hydrophobic/hydrophillic or affinity interactions [15]. Elec-
tron mediators (co-factors) extracting electrons from the active
sites of the enzymes are necessary for efficient flow of electrical
current [8]. Alcohol dehydrogenase enzymes were immobilized
in Nafion by Moore et al. [14] and their ethanol fuelled anode
reached an open-circuit voltage of 0.34 V and current densities
of 53 WA cm 2 using an external platinum cathode. The highest
open-circuit voltage (0.71 V) and power density (1.5 mW cm™?2)
for a methanol/oxygen biofuel cell was observed when the bio-
catalyst was immobilized close to the anode and utilized its
electron mediator [16]. To achieve this, complete oxidation of
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Fig. 1. Proof-of-concept microfluidic biofuel cell design.

methanol to carbon dioxide by three different enzymes was
engaged. Patterning multiple enzyme electrodes to harness con-
secutive reactions represents a significant opportunity for biofuel
cell technologies, particularly with respect to fuel utilization.

The biocatalysts of interest here are covalently linked directly
to the electrode surface via electron mediators (cofactor) that are
immobilized in contact with the active enzyme sites. Biomimetic
dyes are used as electron mediators; they insert into the binding
site on the enzyme and bind specifically and irreversibly without
interfering with the catalytic activity of the enzyme. An illustra-
tion of the proof-of-concept microfluidic biofuel cell is shown
in Fig. 1, with a schematic depiction of the surface-bound bio-
catalysts. The simple flat-plate microchannel design facilitates a
high surface-to-volume ratio, effectively one-dimensional flow
behavior, rapid cross-stream diffusion and straightforward sur-
face preparation. Prior to assembly, an electrically conducting
material is deposited on the interior surfaces to form the anode
and cathode, and the enzymes are tethered directly to these lay-
ers.

The focus of this study is to model species transfer associ-
ated with heterogeneous chemical reactions and enzyme kinetics
based on the microchannel geometry in Fig. 1. The first aim is
to determine whether the process is diffusion limited or reac-
tion rate limited. Secondly, various enzyme-electrode patterns
coupled with coherent bulk velocities are investigated in order
to realize efficient fuel cell operation. This is the first computa-
tional study of this technology, and the results are intended to
provide guidelines for the design and fabrication of microfluidic
biofuel cells exploiting consecutive reactions. The long-term
objective is to integrate the forefront of molecular biology with
advanced microfabrication techniques to produce practical bio-
fuel cell systems with novel architectures that result in advanced
functionality.

2. Method
2.1. Enzyme kinetics
An enzyme converts one chemical species (the substrate)

into another one (the product). The substrate concentration dis-
tribution in the combined fuel and oxidant feed stream of a

microfluidic biofuel cell depends on the rate of the heteroge-
neous chemical reactions taking place on the biocatalytic elec-
trode surfaces. For now, we ignore the coupled effects of oxidant
transport and cathode kinetics and instead focus on the anodic
process. The Damkohler number represents the ratio of reaction
velocity to diffusive velocity defined as

k v—1
a = CO
D/L.

ey

In this equation, & is a rate constant for heterogeneous reactions,
co the bulk concentration, v the overall order of reaction, D the
diffusion coefficient and L. is a characteristic length. There are
two common scenarios:

(1) Da > 1: diffusion limited scenario
The reaction rate is fast compared to substrate diffusion
to the catalyst site. Substrate transport is occurring at its
maximum rate with approximately zero concentration at the
reaction surface.
(2) Da « 1: reaction rate limited scenario
Diffusion of species is fast compared to the reaction rate.
The concentration of substrate at the reaction surface is
approximately equal to the bulk concentration.

To determine if the biofuel cell is diffusion limited or reaction
rate limited, an appropriate system to model is the well-known
horse liver alcohol dehydrogenase (ADH) enzyme kinetics for
ethanol oxidation to acetaldehyde. The ADH catalyzed reaction
is a one-step process, namely

CH;CH,OH22Y CH3CHO + 2H* + 2¢~

Wild type horse liver ADH has a maximum turnover number for
catalytic ethanol oxidation of kAPH = 1555~ for pH from 8
to 10 [17]. It is a dimer with an irregular shape which makes
it difficult to measure its size. The unit cell of a P2; space

group of a crystal structured form of ADH is reported to be

55.05 x 73.63 x 92.49 A (B=102.6°) [18]. As a rule-of-thumb,
its molecular cross-sectional area can be estimated to be around
Ac=10"1m?. If we assume that the electrode surface cover-
age of enzymes is complete, the maximum turnover rate for the
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heterogeneous reaction can be calculated as
kcat
AcNa
The surface concentration of enzymes is in our case equal to
[E]=(AcNa)~'. Thus, we get
RADH _ k& _ 155
M ANA 10710 % 6.02 x 107

=2.6 x 10 ®molm 257!

Rmax = kcat[E] = (2)

The one-dimensional diffusive species flux is defined as

ac
D—
ox
If we consider a microchannel #=20 pm in height with a bulk

ethanol concentration of 500 mM, the maximum diffusive flux
of ethanol becomes

o . _905x10°
J=—D—=Z107" ——
h 20 x 107°
Thus, species diffusion is about four orders of magnitude faster
than the reaction rate, indicating that the system is reaction rate
limited (Da <« 1). Even if the turnover rate was improved by
a factor of 100, the anodic process would still be reaction rate
limited.
The methanol fuelled biofuel cell oxidizes methanol to car-
bon dioxide via the simplified three-step process

J=— 3

=25x 10 2molm 257!

CH;OH " 'HCHO+2H* + 2¢~

HCHO + H,0™M'HC00™ + 3HT + 2¢~

HCOO™ 25C0, + HY + 2¢~

The turnover numbers and average sizes of the three cat-
alytic enzymes participating in this process are expected to be
of the same order of magnitude as for ADH, and all systems
are therefore expected to be reaction rate limited. These new
enzymes appear less frequently in the literature and there is rel-
atively little appropriate data. Table 1 presents a summary of the

information available in enzyme databases. The relatively low
MDH activity is strongly enhanced by a 50 kDa activator protein
from the same organism, resulting in a 40-fold increase in the
MDH turnover rate (included in the tabulated value) [20]. A pro-
tein purified from Methylococcus capsulatus has been shown to
improve the specific activity of FalDH [23]. There are also higher
specific activities available for FDH purified from Pseudomonas
oxalaticus with cofactor methylene blue or NAD [24]. Turnover
numbers are normally not available in the literature, but can be
calculated based on the specific activity, v, as described by the
Michaelis—Menten model for first-order, steady-state enzyme
kinetics [25],

Umax €0
v =

= — 4
Ko + o “

The sensitivity Ky, is a measure of the changes in reaction
velocity when the substrate availability is reduced, in fact, Ky,
represents the substrate concentration value at which the reac-
tion velocity is half-maximum, v = v,y /2. Catalytic oxidation
of primary alcohols by alcohol dehydrogenases using cofac-
tors in fact resembles two-substrate reactions described by the
Theorell-Chance mechanism, where a ternary complex is pre-
sumably formed but its breakdown to yield the first product is
very fast so that the ternary complex is kinetically insignif-
icant [26]. With the cofactor bound to the enzyme, one can
assume that the binding of substrate is the rate-limiting step as
in an ordinary one-substrate mechanism, expressed in the clas-
sic Michaelis—Menten model of two-stage enzyme—substrate
action,

E+S <:—'>Es£>E +P
—1

The single substrate S binds reversibly to the enzyme E in the
first stage, and the single product P is formed in the second
stage. The sensitivity in Eq. (4) combines the effects of forward
rate constant k, back rate constant k_; and product formation
rate constant k. Fig. 2 shows a typical Michaelis—Menten curve
with normalized variables v/vmax and co/Kn. If the sensitivity
is small relative to the bulk concentration, cg, the specific activ-
ity is close to its maximum value. This implies that fuel cell

Table 1
Enzyme data valid for enzymes in solution

MDH [20] FalDH [21] FDH [22] ADH [17-19]
EC number 1.1.1.244 1.2.1.46 1.2.1.2 1.1.1.1
Organism B. methanolicus P. putida P. putida sp. 101 E. caballus
Substrate Methanol Formaldehyde Formate Ethanol
Product Formaldehyde Formate CO, Acetaldehyde
Cofactor NAD NAD NAD NAD
Number of subunits 10 4 6 2
Molecular weight (kDa) 430 250 280 -
Specific activity (wmol min~! mg~!) 10.4 8.3 243 -
Max substrate conc. (M) 0.5 - - -
Required ions Mg?*, Zn** - - -
Optimum temperature (°C) - 30-40 40 -
Optimum pH - 8.5 8 8-10
Sensitivity (mM) 0.99 0.2 0.62 7
Diameter (nm) 15 10
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Fig. 2. Normalized Michaelis—Menten curve for enzyme kinetics.

operation near maximum specific activity is possible even with
concentrations almost as low as Ky,. For example if co =5Kp,,
we get v = 0.83vmax, which is only 17% short of the maximum
value.

Specific activities found in the literature are often given in
terms of catalytic turnover numbers per unit mass of protein
in the enzyme sample. Assuming that the enzymes are fully
purified, the actual molecular turnover number can be calculated
as

kcat = VM (5)

The enzyme molecular mass, M, is also available in enzyme
databases. Using Eq. (5§) the maximum turnover numbers may
be estimated as follows,

10.4 x 107°
MDH : kA = % X 430 x 106 = 75571
B 8.3 x 1076 6 i
FalDH : Keat max = —e0 = 250 x 10° =355
c 2.43 x 1076 6 o
FDH : kot max = BT — x 280 x 10° =115

We denote methanol, formaldehyde and formate oxidation with
superscripts A, B and C, respectively. Note that the use of tab-
ulated values for these calculations can be treacherous, as the
values vary depending on variations in molecular structure and
ambient conditions such as temperature and pH. Although these
turnover numbers are expected to be order-of-magnitude cor-
rect, a targeted experimental study in this area would be very
beneficial. To determine the flux of substrate and product to
and from the electrode surface for a reaction rate limited sys-
tem, we require estimates of the average size of the enzyme
molecules and the average surface coverage. For an order-of-
magnitude estimate we assume complete monolayer surface
coverage and size equivalent to the cross-sectional area used
for ADH, A. = 10-16 m2, for all three enzymes. The turnover

rates are then

75
MDH : Ria = —¢ —
10710 % 6.02 x 10

=12x 10 °molm—2s!

35
FalDH : Rpw = —¢ o
10716 x 6.02 x 10

=57x 10" molm 25!

11
10716 x 6.02 x 10?3

=1.9x 107" molm 25!

FDH :

C _
Ripax =

If all the electrons released by the chemical reactions are cap-
tured by the electron mediators, the maximum current density
at each enzyme patch is obtained by

imax = ZFRmax (6)

Here, z represents the number of electrons released by oxidation
of one substrate molecule. Note that all turnover parameters
and current densities also depend on bulk concentration and
enzyme sensitivity via the Michaelis—-Menten model for first-
order enzyme catalysis given in Eq. (4). The actual turnover
rates and current densities are thus written as

€0

R=Rpux—— 7
mdem—i-C() @)

. . o

= S — 8

1 lmame+CO (8)

As before, if the substrate concentration is high compared to the
sensitivity (co > K, ), the Michaelis—Menten kinetic effects can
be neglected. This is not always the case in consecutive chemical
processes, as some concentrations will approach zero, especially
if effectively complete fuel utilization is achieved.

A complete biofuel cell must also contain a cathode, where
the protons and electrons released at the anode are captured
in order to provide a closed electrical circuit. The need for
high pressures and temperatures make conventional O,-reducing
cathodes incompatible with biocatalytic anodes. For consistency
with the specificity of the biofuel cell concept, the cathodic
chemical reaction should also be catalyzed by suitable redox
enzymes. Two options are considered in this work, either
reduction of oxygen to water catalyzed by the bilirubin oxi-
dase enzyme or peroxide reduction to water catalyzed by the
catalase—peroxidase enzyme. Peroxide is preferable from an oxi-
dant supply point-of-view given that it is miscible with water
in all proportions and can easily be added to the liquid mix-
ture in the microchannel. Oxygen for the cathodic reaction can
also be dissolved in water, but only in relatively low concen-
trations. Alternatively, using a gas permeable backing material
such as poly(dimethylsiloxane) (PDMS) [27], oxygen from the
ambient air could diffuse through the backing layer to supple-
ment the dissolved oxygen for the cathodic reaction. Oxygen
has the advantage of being available in the ambient air whereas
peroxide must be continuously supplied from a reservoir. The
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overall cell potential is however limited by the potential dif-
ference between the anode and cathode redox couples, and it
appears that the theoretical potential difference achievable with
peroxide is somewhat higher than for oxygen. Moreover, the sin-
gle enzyme cathodic reactions described here are expected to be
faster than the anodic reactions [28,29]. The focus of this study
is the biofuel cell anode, and its inherent kinetics are assumed
to be independent of the cathode characteristics.

2.2. Species transport

The diffusion coefficient of small molecules in water at room
temperature is normally around D~ 10~ m? s~!, but increases
exponentially with temperature. An enzymatic biofuel cell oper-
ating at its optimum temperature, say 40 °C, is likely to experi-
ence somewhat faster diffusion. Kulikovsky [30] recommends
a reference value of Dyer=1.58 x 1072 m?s~! at T..s=298K
for methanol in water in void pores, and use the temperature
dependence

Dmeon/n,0(T) = Dret exp(0.026236(T' — Tref)) ©))

At optimum temperature (40°C) we get D=2.34x 107
m? s~1. This value is assumed to be valid for all solutes.

Total species flux by diffusion and advection is described by
J = —DVc + cii (10)

The ratio of advection to diffusion is defined by the Peclet num-
ber

(11)

The average bulk velocity is denoted by i, and L is a character-
istic length. For high Peclet numbers, we may neglect diffusive
flux at the inlet and outlet, and species transport becomes propor-
tional to the local concentration. With this assumption, a useful
analytical expression for the species concentration distribution
may be derived. Taking heterogeneous chemical reactions into
account and assuming maximum reaction rates, the species bal-
ance in a channel with rectangular cross-section can be written
as

Cinfthw =Y " Rh. L/w + couithw (12)
J

In this relationship, cj, is the inlet concentration, i the average
velocity, 4 the channel height, w the channel width, L the length
of each active enzyme patch and cqy the outlet concentration.
For a single reaction process with only one type of enzyme fully
covering the anode surface, the species balance at downstream
position x in the microchannel becomes

Cinith = Rpyaxx + c(x)ith (13)
Solving for the concentration, we get

Rmax
X
ith
This analytical result will be used to assess the accuracy of the
numerical model.

(14)

c(x) = cin —

The biofuel cell system is expected to exhibit low Damkohler
numbers (reaction rate limited) and therefore essentially con-
stant substrate concentration in the cross-stream direction. In
order to get complete fuel utilization, we can then design the
microchannel to match zero concentration at the outlet. But
because of degrading enzyme kinetics it is rather inefficient to
use concentrations close to zero. Moreover, the advective flux
is reduced for near-zero concentrations and the diffusive part
should again be added. Thus a 2D computational model incor-
porating diffusive flux and concentration dependent enzyme
kinetics is required. Fuel utilization based on total flux for a
single reaction process is calculated as

s)

To determine overall fuel utilization for a consecutive process
we need to include the other reaction steps as well. For methanol,
two electrons are released in each step, so for complete fuel uti-
lization we get six electrons per methanol molecule. Overall fuel
utilization in terms of electrons doing actual work can therefore
be defined as

6J4

FU=1-— out + 4'](])3ut + 2J0Cllt

6.4

(16)

For instance, 100% FU for the first step in a three-step process
with 0% FU for the secondary steps would result in an overall
FU of 33% using this equation.

In electrochemical devices, cross-stream transport may
appear due to water involvement in the chemical reactions and
electro-osmotic drag. But in microscale biofuel cells where dif-
fusion is fast compared to reaction rates such effects do not
intervene with substrate transport and may readily be neglected.

2.3. CFD model

A numerical model that solves the Navier—Stokes equations
for the laminar velocity profile of the bulk flow and the con-
vective diffusion equation for solute species transport is imple-
mented in the commercially available software package FEM-
LAB 3.1. The 2D channel geometry under study is 2 =20 pm in
height and L =30 mm long, which is considered fixed throughout
the analysis. The continuum assumption is appropriate for liquid
flows in microchannels of this scale, justifying the use of contin-
uous flow theory and established computational fluid dynamics
methods [31]. The Navier—Stokes equations for conservation of
mass and momentum for steady incompressible flow are given as

V-u=0 (17
08 —Vp+uVii=0 (18)

No-slip boundary conditions are applied at the channel walls
with uniform inlet velocity # and constant outlet pressure. The
flows modeled here exhibit low Reynolds numbers (Re &~ 1073),
and are steady and fully developed over the majority of the
computational domain. Gravity effects are neglected, and the
flow is assumed to be isotropic and isothermal throughout the
domain. The convective diffusion equation for solute species



E. Kjeang et al. / Journal of Power Sources 158 (2006) 1-12 7

conservation, with passive scalar treatment and the assumption
of infinite dilution, is written as
ac!

ot pii - Vel = V(pDV{) (19)

o
¢’ represents molar concentration of solute, and one separate
convective diffusion equation is needed for each of the partici-
pating species. Source terms can readily be ignored since there
are no homogeneous chemical reactions. Dirichlet boundary
conditions are used at the inlet, that is, constant primary
substrate concentration cj, =500mM representing a fuel
reservoir and zero secondary species concentrations. Neumann
boundary conditions are assigned to the cathode surface at
y=h, describing an impermeable wall with zero concentration
gradients (dc’/dy)| y=h = 0. At the anode surface at y=0 we
have concentration dependent flux due to the heterogeneous
chemical reactions. Incorporating Michaelis—Menten kinetics
for the enzyme catalyzed reactions, the boundary conditions
can be written as D(3c'/dy)|y=0 = Ri . (c'/(Ki + ') for
sinks and D(dc'/3y)|y=0 = — Riax(c/ /(K + ¢/)) for sources
with i #j. Purely advective flux is applied for all solutes at the
outlet, (3¢’ /dx)|,—; = 0.

The governing equations are coupled through velocity and
chemical reactions, and can be solved either sequentially or
simultaneously. The boundary conditions for the species con-
servation equations depend on concentration, which is one of
the outputs of each iteration, and must be updated accordingly.
For a consecutive process the anode boundary conditions may
also depend on the concentration of other species. For example,
the second species in a two-step process is produced at the same
rate as the first species is consumed, i.e. its boundary condition
at the production site will depend on the reaction kinetics of
the first species. To solve all the governing equations of a con-
secutive system simultaneously thereby becomes very memory
intensive. For improved efficiency, it is preferable to solve the
equations sequentially as follows:

(1) Navier—Stokes equations — u, p

(2) u, ¢® — convective diffusion eq. for species A — ¢ (iter-
ate)

3) u, c®, B — convective diffusion eq. for species B— ¢
(iterate)

@) u, B, € — convective diffusion equation for species
C — ¢ (iterate)

B

These types of multiphysics problems are conveniently tack-
led using a finite element based methodology, which can handle a
wide range of coupled non-linear physical problems with depen-
dent boundary conditions. A direct solver type that converts
the non-linear governing equations to linear systems is applied,
using a non-iterative, fast and unconditionally stable (always
converging) approach.

Mesh optimization is an important part of problem solv-
ing using CFD. Simple elongated unstructured triangular ele-
ments with manually refined sections are used for this study,
mostly because of their flexibility. A thorough mesh convergence

analysis was performed for simple one-step ethanol oxidation
catalyzed by ADH enzymes. The substrate concentration was
intentionally kept high such that Michaelis—Menten kinetics can
be ignored. Mesh control was assessed by comparing numer-
ical results to the analytical solution derived in Section 2.2.
The selected mesh, including local mesh refinements in regions
with high gradients, showed an accurate concentration profile
as compared to the analytical result in Eq. (14) and was also
computationally viable in the context of direct solver memory
limitations.

3. Results and discussion

Maximum current densities obtained from Eq. (6) are i$,, =
4pAcm~2forFDH, i = 11 pAcm~2 for FalDHand i}, =
24 wA cm~2 for MDH. Ethanol oxidation by ADH can reach
a maximum current density of iAPH — 50 wA cm=2, which is
close to the value reported by Moore et al. [14], 53 A cm ™2 for
Nafion immobilized enzymes. However, Moore’s group points
out that their biofuel cell anode is mass transfer limited because
of slow species transfer through the pore network of the Nafion
structure, and does not fully utilize its feasible kinetics. With
electron mediator cross-linking as in our case, enzymes exposed
directly to the fuel facilitate much faster mass transfer and con-
sequently higher current densities. Using enzyme kinetics data
for enzymes in solution, as in this model, is therefore likely to
underestimate reaction rates, and provide a conservative esti-
mate of fuel cell performance.

Fig. 3 presents the concentration distribution in the chan-
nel for an ethanol fuelled ADH anode with the selected mesh,
and also shows the extremely large aspect ratio of the geometry
(1500:1). The inlet velocity is in this case tailored for 50% the-
oretical fuel utilization. The substrate concentration decreases
linearly with axial length, with an outlet value of 254 mM,
near the predicted 250 mM for ~50% fuel utilization. The dis-
crepancy from the analytically predicted value appears when
Michalis—Menten kinetics with relatively high sensitivity are
introduced; marginally reducing the reaction rates even at high
substrate concentrations. The average current density, deter-
mined by boundary integration, is approximately equal to iﬁlgz{.
As shown by the contours in Fig. 3, the substrate concentration

¢, mM

500
i 450

¥, pm Cathode
i’ 400

5
< 10 350
0

() 10 20 a0 °°°

Anode

Fig. 3. Ethanol concentration in the microchannel with an ADH catalyzed anode
at y=0, plotted with magnified channel height. True channel geometry is shown
above (aspect ratio 1500:1). Conditions: ¢j, =500mM, &z = 1.56 x 103 ms™!,
h=20x 107%m, L=0.03 m.
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is roughly constant in the cross-stream direction, indicating a
reaction rate limited process.

To estimate the required pumping power for the microchannel
flow, we calculate the pressure drop given from laminar flow
theory [32] as

Ap — 32uLli 20)
P = Dﬁ

With hydraulic diameter Dy =2h the pressure drop becomes
Ap=5.9Pa. The pumping power is equal to the pressure drop
multiplied by the volumetric flow rate

Wp = VAp = iihwAp 21

Furthermore, the overall power output of the fuel cell can be
estimated as

Wout = IVou S iLwVoy (22)

Per unit width, we get W,/w = 1072 Wm™! and Woy/w =
1072Wm™! (Vo = 1 V). The pumping power is thereby neg-
ligible.

A similar anode model is also established for three-step
consecutive methanol oxidation to carbon dioxide. Six useful
electrons are released in this process as opposed to only two for
the one-step ethanol process. Considering the molecular mass
of methanol and ethanol, respectively, the energy density of
methanol is much higher. In fact, 4-5 times more useful elec-
trons can be captured per unit mass of fuel. The methanol inlet
concentration is set to 500 mM and the velocity is reduced rel-
ative to the ADH model because of additional steps and slower
kinetics. As a starting point, the enzymes are distributed along
the anode surface in three discrete, equally sized zones of 10 mm
in length (case 1). The anode surface boundary is therefore
divided into three parts and the turnover rates of MDH, FalDH
and FDH are implemented in a stepwise fashion and assumed
to be completely substrate specific. One electrical contact is
required for each enzyme zone to avoid potential losses, and
the zones have to be sufficiently separated to prevent leak cur-
rents. We assume this spacing to be thin compared to the zone
lengths and apply the same microchannel geometry, material
properties and other boundary conditions as in the ADH study.
The solid lines of Fig. 4 present the resulting concentration dis-
tributions for a 50% methanol fuel utilization predictive inlet
velocity. This figure effectively illustrates the reaction rate lim-
ited consecutive anodic process in a microchannel. The methanol
concentration decreases linearly over the MDH enzyme zone,
allowing the formaldehyde product concentration to increase
at the same rate. Downstream of the MDH zone, the leftover
methanol concentration remains constant. On the FalDH enzyme
surface, formaldehyde is consumed to create formate on a one-
to-one basis. The slope of the concentration curves is less steep,
indicating slower kinetics than for MDH. Formate is slowly con-
sumed on the FDH surface while the other concentrations are
constant. Carbon dioxide formed on this surface is assumed to be
dissolved or vented off in a way that does not disturb the kinetics
of the FDH enzymes. The substrate concentrations at the out-
let are 5, = 277mM, B, = 104mM and c§,, = 80 mM for

MDH FalDH FDH
500 ——= T T T

450} A\ 1
400¢ \ 1
3501 ) 1
300( \ 1

£ 250}
(1} Formaldehyde 7
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150+ S (R (R -0 | —
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100} Fe \ m—
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0 ry = .
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Fig. 4. Species concentration at the anode surface from inlet to outlet. Solid lines
indicate results for an inlet at x=0, whereas dashed lines correspond to results
for an extended inlet section (—0.01 <x<0m). Conditions: ci’?‘ = 500 mM,
"51 = OmM,ci(;1 =0mM,i =24 x 10 %ms™!,h=20 x 10~© m. Enzyme pat-
terning: [A=[B=1€=0.01 m (case 1).

the initial case without an extended inlet section (solid lines).
The average current density is close to the maximum values for
the individual enzymes, but ideally, the outlet concentrations
should all be zero. Nonzero quantities indicate unused fuel and
incomplete fuel utilization, which in this case is FU=25%. The
reason why cf?m is much larger than the predicted 250 mM is
that there is a significant diffusive flux (about 5%) entering the
domain at the inlet. To isolate this effect, an extended 1 cm long
non-catalyzed section is added to the inlet region in the numer-
ical model. Results with an extended inlet region are shown as
dashed lines in Fig. 4 and compared to the previous results. The
outlet concentrations are now ca, = 252mM, ¢, = 128 mM
and ¢§,, = 80 mM with overall fuel utilization FU =27%. The
main difference is that all species are allowed to diffuse across
the interior boundary at x=0, even though the methanol flux
entering the domain at x=—0.001 m is purely advective. In
reality, the fuel reservoir and electrodes ought to be separated

MDH  FalDH FDH
500 e ; : —

4501 \ ]
400} 1N [
350f J
300 A\ ¢k |
| Methanol e ——— e e
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Fig. 5. Species concentration at the anode surface from inlet to outlet for

various average velocities (i = 2.4 x 10~%ms~! for dotted lines, 1 = 0.8 x

10~® ms~! for dashed lines and &t = 0.3 x 1075 m s~ for solid lines). Enzyme

patterning: LA =32mm, LB =6.7mm, L€ =20.1 mm (case 2).
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Fig. 6. Current densities (a) and fuel utilization (b) vs. Peclet number. Enzyme patterning: L =3.2mm, LB =6.7 mm, L€ =20.1 mm (case 2).
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Fig. 7. Concentration distributions at the anode surface for two bulk velocities;
high (z = 8 x 107" ms~') and low (7 = 3 x 1077 ms~!). Enzyme patterning:
mixed 1:1:1 (case 3).

in this manner by some inlet feed section with no chemical
reactions.

In order to improve fuel utilization, we have to take advan-
tage of the difference in turnover rates for the various enzymes.
The zones with low turnover rates should be extended at the
expense of the high rate zones. Since each reaction generates an

25
—#— Overall
20 —%— MDH
—+—FalDH
%~ FDH
15

equivalent number of electrons, the optimal lengths of the zones
correspond to the ratio 1/R™:1/RB:1/RC. Assuming that R = Riyax
everywhere, we get

(Rip) "
L' = max L, i=AB,C,

j=A,B,C (23)

1

> j(Rhax)

For the three-step methanol process, the optimal lengths become
LA =3.2mm, LB =6.7 mm and L€ = 20.1 mm, which are applied
in case 2. Fig. 5 shows concentration profiles with respect to
these zone lengths, obtained for three different bulk velocities.
Again, an extended inlet section is used. For the same velocity as
in case 1 (dotted lines), the methanol concentration remains high
and the other concentrations are low throughout. Case 1 does
actually perform better than case 2 at high velocities. In order
to reach high fuel utilization the velocity must be reduced, as
can be seen by the improved methanol concentration drop as the
velocity is cut down. Simultaneously, as we reduce the velocity,
Pe numbers approach unity and an increased fraction of diffu-
sive flux enters the non-catalyzed inlet section. An important
issue to note in the case of low Pe is that the secondary species
are able to diffuse back into the inlet section. For the lowest
velocity (it = 0.3 x 10"®ms~!), both formaldehyde and for-
mate are able to diffuse back all the way to the fuel reservoir.
Back diffusion of secondary species will in principle have no
effect on fuel utilization, but it can reduce current densities due
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Fig. 8. Current densities (a) and fuel utilization (b) vs. Peclet number. Enzyme patterning: mixed 1:1:1 (case 3).
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to a lack of secondary fuel at the enzyme sites. Current densities
at the individual enzyme zones as well as the overall current
density are shown in Fig. 6a, where the Peclet numbers are
based on the characteristic length scale for streamwise diffu-
sion, L, =0.01 m. The current densities decrease rapidly as the
rate of diffusion overrides the rate of advection (Pe<1). On
the other hand, all current densities are remarkably stable in the
advection dominated regime. Fuel utilization is near 100% in the
diffusion dominated and mixed regimes, as indicated in Fig. 6b,
unaffected by back diffusion. It is also shown that the enzyme
turnover rates cannot keep up with the species transport as the
velocity reaches some threshold value, causing less fuel efficient
operation with unused fuel at the outlet.

Another option for the anode enzyme patterning is to mix
all three types throughout the entire electrode surface using
only one electrical contact, which is preferable from a fabri-
cation point-of-view. The simplest option is to mix the enzymes
on a 1:1:1 molecular basis, denoted by case 3, such that each
enzyme covers one third of the surface area and the turnover rates
become

1 c
R= *Rmax

- 24
3 Knm+c 24)

Concentration profiles for case 3 are presented in Fig. 7 for
two different bulk velocities. In general, the concentration distri-
butions are similar to the results of case 1, where a large flux of
secondary species is leaving the domain at the outlet. To measure
this effect, current densities (a) and overall fuel utilization (b) are
given in Fig. 8 as functions of the Peclet number. High current
densities are obtained in the advection dominated regime but the
fuel utilization for high Pe is poor. The fuel efficiency is only suf-
ficient in the diffusion dominated regime. It is therefore difficult
to find an appropriate balance between these two parameters
for the mixed enzyme electrode design, unless the individual
enzyme surface coverage ratios are modified. Matching the sur-
face coverage to the turnover rates, as in case 2, we utilize the
ratios 1/R*:1/RB:1/RC. The new turnover rates adopted in case
4 are calculated by

(Rmax)_1 c

R= . —1 max ’ ]:A,B,C (25)
Z (R] ) Km +c
J max
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Fig. 9. Concentration distributions at the anode surface for two bulk velocities;
high (z = 8 x 107" ms™) and low (2 = 3 x 1077 ms~!). Enzyme patterning:
mixed 1/R™:1/RB:1/RC (case 4).

The concentration profiles obtained for case 4 are shown in Fig. 9
for the same velocities as in Fig. 7. The rate of methanol con-
sumption is slower than in case 3 as the MDH fraction is reduced,
but significant improvements are attained in terms of secondary
species outlet concentrations. Fig. 10 presents current densi-
ties and fuel utilization for case 4. In this case, fuel utilization
remains high and steady for a wider range of Peclet numbers.
Maximum current densities are lower than for case 3 but can be
realized for most Pe above unity. It is possible to combine high
current densities with high fuel usage for this enzyme patterning
strategy. For example, Pe = 1.5 provides 7.0 wA cm ™2, which is
99% of the maximum current density for case 4, at 99% fuel
utilization.

To summarize the results obtained for the anodic three-step
methanol oxidation process, Fig. 11 presents a comparison of
current densities and fuel utilization for cases 1—4 at low Peclet
numbers. The diffusion dominated regime (Pe< 1) is not rec-
ommended due to low current densities. Fuel cell performance
is generally better in the mixed regime (1 < Pe <2) where rea-
sonably high current densities are met by nearly complete fuel
utilization, with case 4 showing superior characteristics. In the

0.9
0.8
0.7
0.6

0.4
0.3
0.2
0.1

o 2 4 6 8 10 12

(b) Pe

Fig. 10. Current densities (a) and fuel utilization (b) vs. Peclet number. Enzyme patterning: mixed 1/RA:1/RB:1/RC (case 4).
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Fig. 11. Current density (a) and fuel utilization (b) comparison for enzyme arrangements according to cases 1-4.

advection dominated regime, cases 1 and 3 are the preferable
choices although fuel utilization is poor.

4. Conclusions

A microstructured enzymatic biofuel cell architecture for
consecutive chemical reactions was proposed, and species trans-
port coupled with laminar flow and Michaelis—Menten kinetics
was studied in 2D using a numerical approach. Biofuel cell
performance was shown to be limited by the reaction rates
associated with enzyme kinetics. Turnover rates for individ-
ual enzymes were key parameters throughout this analysis and
directly determined the realizable current densities. The pump-
ing power required for the microchannel flow was determined
to be negligible compared to the predicted output power of the
unit cell.

The current densities obtained for one-step enzyme catalyzed
ethanol oxidation were generally higher than for consecutive
methanol oxidation. If maximum current density is the only
target, one-step ethanol oxidation is thereby recommended.
Methanol is, however, the more attractive fuel in terms of energy
density, as 4-5 times more electrons can be captured per unit
mass of fuel. Four separated and mixed electrode enzyme pat-
terning strategies were presented, and tested with various bulk
velocities to optimize overall current density and fuel utiliza-
tion. Nearly complete fuel utilization was accomplished in the
diffusion dominated and mixed species transport regimes. Local
current densities are high and steady in the advection dominated
regime, but become significantly reduced for low velocities
because of back diffusion and fuel supply shortcomings. The
mixed transport regime is therefore particularly attractive for
biofuel cell operation, with particularly superior characteristics
shown for mixed enzyme patterning that accounts for individual
turnover rates. Overall current density is mainly limited by the
slow turnover rates for formate and formaldehyde oxidation by
FalDH and FDH. Finding new or modified enzymes with higher
turnover numbers is a sound strategy to improve the perfor-
mance of this technology. Inclusion of proper enzyme—electrode
tethering is expected to enhance current densities, and accu-
rate measurements of individual turnover numbers for tethered
enzymes are desired for further advancements.
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