Microfluidic Fuel Cell for off-the-grid Application s

Seyed Ali Mousavi Shaegh

School of Mechanical and Aerospace Engineering

A thesis submitted to Nanyang Technological Univeity
in partial fulfilment of the requirements for the degree of
Doctor of Philosophy

2012



Abstract

The present doctoral thesis studies air-breathirgoftuidic fuel cells with
separated fuel and electrolyte streams as well membraneless fuel cell with
selective electrodes. In order to gain more insigiid the physio-chemical
reactions, numerical simulation of the in-house eli@yed air-breathing
microfluidic fuel cell is formulated and solved ngiCOMSOL Multiphysics. The
results from the simulation show that fuel streamthee anode side and its
interaction with the electrolyte stream has sigaifit impact on the total fuel cell
performance. As the first step for improving thedlodynamic manipulation of
the fuel stream, a flow-through porous anode igduced. The effects of flow
architecture on fuel utilization and the whole gadirformance are investigated.
Experimental results show that the flow-throughgoer anode improves the cell
current in a long-term performance test as comptoettie conventional design
with flow-over planar anode. Because of the impcbgerrent generation, the rate
of carbon dioxidegeneration in the cell increases. At high curreangities,
carbon dioxide produced in the channel emergesibisiés that block and hinders

reactant transport to the active sites of the anode

Consequently, a new fuel cell design with fuel rese above the anode is
introduced to address the issue of bubble formafidws design shows a higher
and more stable long-term performance comparetddlow-through design. In
addition, the air-breathing microfluidic fuel celith fuel reservoir can use fuels
with a high concentration. This new design provideplatform for stacking

multiple cells.



Although the overall performance of air-breathingelf cells has been
improved significantly with the development routeemtioned above, fluidic
handlings of fuel and electrolyte streams in mikcndic fuel cells are still the
main challenges from the perspective of practiggiliaations. Consequently, a
paradigm-changing membraneless fuel cell with d logen circuit potential of
0.60 V using hydrogen peroxide as both the fuel taedoxidant is introduced. In
this design, hydrogen peroxide is both the elecamreptor and the electron donor
over selective electrodes. Moreover, oxygen ancemwate the environmentally
friendly products of the electrochemical reactionghin the cell. Since a
separating electrolyte medium is removed from the €ell, the whole system has
the advantage of a very simple design of flow dediure which facilitates the
potential integration of such device with actuaplagations. Mixing of anolyte
and catholyte is not an issue and fuel recyclingloapossible due to a single fuel
stream. Design challenges remain only with the lsgis of high performance
selective electrocatalysts. Further developmenthed membraneless hydrogen
peroxide based fuel cell would open a new avenuéhi® field of micro power
generation in lab-on-chip devices, point-of-carel@ations, and off-the-grid

sensing.
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Chapter 1 Introduction*
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Chapter 1

1.1 Background and Motivation

Advancement in miniaturization technology leadsh® emergence of a new
class of power generating devices for low-powerliagpons [1]. Small-scale
energy conversion schemes are referred to as npoweer generation [2].
Generally, micro power generation can be categdrias (i) chemical-based
conversion including micro internal combustion emg and micro gas turbine
engines [2]; (ii) electrochemical-based conversanh as batteries and fuel cells
[3]; and (iii) solid-state direct energy conversisnch as thermoelectric and
photovoltaic microstructures [2].

The proliferation of portable microelectronic deascand off-the-grid sensors
used in biological, environmental and security nanmg applications leads to a
high demand for miniaturized and reliable electriqggower sources. A
miniaturized high-energy-density power source tonta@n long-term operation is
a critical requirement for these applications. 8inelectrochemical power
generators do not have moving parts and can becéabd by relatively simple
fabrication processes [4], they are suitable posairces for the applications
mentioned above.

Currently, the major power sources for portablectetsics and off-the-grid
applications are batteries [3]. Demands for lorgparation time without frequent
recharging has motivated the research communignt@ance the energy density
of batteries, or to deploy alternative power sosireech as micro fuel cells [3]. A
power consumer usually has two different demandaso() low-power-demand
mode where the device is in sleep or in monitorragen, and (ii) high-power-
demand mode where the device requires high powetrémsmitting data or

actuation [5]. To meet the energy requirements aith bow-power-demand and
2



Chapter 1
high-power-demand modes, a fuel cell can work ursteady-state operating

conditions to recharge a secondary battery fobthret-power occasions.

Fuel cell technology can potentially take advantageguels with energy
densities of an order of magnitude higher than thaiatteries [6]. Nevertheless,
if the weight or volume of the ancillary componentsactant reservoirs and
fluidic handling channels are considered, the athga of high energy density
remains only for few mobile systems [7]. Conseglyenininiaturization is
necessary to make a fuel cell compatible for thegration with small and
portable power consumers. Bibliographic analysipublished academic papers
shows a recent trend of rapid growth in miniaturaa of fuel cells using micro
fabrication technologies, Figure 1.1.

In order to exploit a miniaturized fuel cell or acno fuel cell (MFC) as a
long-lasting power source, key challenges and magures have to be addressed.
Micro fuel cells generally exploit proton exchangeembrane running on
methanol or hydrogen with close or open (air-bregthcathode [8, 9]. One of the
main issues of current fuel cells is associatetl Wie proton exchange membrane.
Keeping high proton conductivity of membranes sashNafion for different
operation modes is challenging. Water managemaei# fatither complexity to the
fuel cell system. Fuel crossover through the memdris another detrimental
issue that degrades the overall cell performaneeslliidg and shrinkage of the
membrane during water uptake and dehydration defdlhm membrane resulting
in packaging failure. Consequently, miniaturizatmina fuel cell system is more
than just downsizing a large-scale fuel cell asdaiixiliary components by using

microfabrication techniques.
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Ideal integrated MFC system should be highly indejgat from conditioning
systems using passive and self-regulating fuelamtidielivery schemes. Different
components of a MFC should be fabricated in a mtmolmanner in connection
with fuel and oxidant delivery systems. Typical ratarization and integration
research activities on MFCs are the developmentonolithic structure with
integrated electrodes and membrane on porous rsiliéth minimum membrane
humidity conditioning and high proton conductiviftO], microreactors for
hydrogen production from methanol [11], self-reguig hydrogen generator
based on metal hydrides [6, 12], passive or setli@tion fuel/oxidant delivery
with built-in CO;, bubble removal system [13-15] and membraneledsctlis [7,
16-18].

Membraneless fuel cells are generally fabricated isingle compartment.
The membrane is removed entirely from the fuel selicture. The removal of the
membrane enhances the flexibility in cell miniazation [18]. Membraneless fuel
cells are generally classified into two main catego (i) fuel cells with selective
electrodes such as biofuel cells, micro direct muetth fuel cell with a selective
air-breathing cathode for oxygen reduction [18-Zdfje compartment fuel cells
running on hydrogen peroxide as both fuel and oxidts6], and (ii) micro fluidic
fuel cells in which mixing of fuel and oxidant iestricted to a confined liquid-
liquid interface.

Miniature bio fuel cells use enzyme catalysts, aad run on oxygen and
glucose. Because of their biocompatibility and vew power density on the
order of 1 pW/cri miniature bio fuel cells are potentially suitalite powering
medical sensors and transmitters implanted in thayl47]. In addition to low

power outputs, bio fuel cells require particulandions of pH, temperature and
4
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reactant concentration for the survival of the htatysts restricting the range of
their application.

Micro direct methanol fuel cells with a selective-lareathing cathode for
oxygen reduction has a power output of up to 2 | 8VPD], which is very low for
most practical applications.

One-compartment fuel cells run on hydrogen peroxadeboth fuel and
oxidant with selective electrodes has recently gdiention as an environmentally
friendly and carbon-free mean of power generatjo, 22, 23]. Since only one
reactant is utilized in the fuel cell, fluidic hdimd) does not need further auxiliary
components such as two separate reservoirs andleortygidic channels which
add enormous flexibility to the design and the ifzddron of a fuel cell system.
Hydrogen peroxide-based fuel cells can be selextes strong platform for micro
fuel cell technology with a performance not achevéefore. Further
developments for enhancing the reaction kineticsukkhbe carried out for this
fuel cell type.

The development of laminar flow-based fuel cell &), known as
microfluidic fuel cell [24] or membraneless fuelld&7], is an attempt to provide
a simplified fuel cell design with a higher levdlintegration. Although the total
number of research works on micro fuel cells hashed a plateau from 2009,
Figure 1.1, but micro fluidic fuel cells have gaitiention in recent years, Figure
1.2. Since its introduction in 2002, many invedigas have been focused on
further explorations of the coupled hydrodynamid atectrochemical reactions in

microfluidic fuel cells, Figure 1.2.
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Figure 1.1 Bibliographic analysis of publicatiorsng keyword of Micro
Fuel Cell. Data were extracted from online versibrsciVerse Scopd¥

of Elsevier B.V. SciVerse Scoplis a bibliographic database containing
abstracts and citations for academic journal asicl

Microfluidic fuel cells take advantage of the lamiilon of fuel and oxidant
streams in an aqueous supporting electrolyte incaochannel. Charge transport
between the electrodes occurs inside the chanreblttmough the co-laminar
liquid-liquid interface. Since the membrane is reww from the cell structure, a
LFFC resembles a microelectrochemical reactordutiteon to power generation,
a modified design of LFFC can provide a simple bohvenient and reliable
platform for characterizing the performance andadility of electrodes and
catalysts [25].

Current designs of microfluidic fuel cells arelstdr from deployment in real
applications. Since a solid state membrane doesxisttin microfluidic fuel cells,

electrochemical reactions are highly twisted wigklfodynamic conditions of fuel
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Figure 1.2 Bibliographic analysis of publicationsing keyword of Microfluidic Fuel
Cell. Data was extracted from online version of\V@cse Scopud' of Elsevier B.V.
SciVerse Scopd¥ is a bibliographic database containing abstract$ tations for
academic journal articles.

and oxidant streams flowing in a cell. More invgations should be carried out to

study the effect of cell hydrodynamic conditionsedectrochemical reactions.

1.2 Objectives and Scope

The first objective of this project is to gain igits into key parameters and
their effect on the overall performance of membiasee microfluidic fuel cells.
The major research effort is focused on unfoldifg thighly interrelated
hydrodynamic and electrochemical phenomena that éxia microfluidic fuel
cell. The second objective is the search for a oatalyst to improve the overall
performance of membraneless hydrogen peroxide-tfasédells.

To achieve the above objectives, the research otk the corresponding

thesis are organized into the following chapters:
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Chapter 2 includes the literature review on the state ofdhteand provides
perspective on further development opportunitiesiiofluidic fuel cells.

Chapter 3 describes the fabrication and experimental methfmlsthe
characterization of air-breathing microfluidic fuedlls reported in this thesis.

Chapter 4 provides detailed insight into the physico-chempteenomena in
an air-breathing fuel cell using numerical simwati

Chapter 5 explores the effect of flow architecture on thef@enance of
microfluidic fuel cells with flow-over and flow-tlmugh porous anodes.

Chapter 6 proposes a new design for air-breathing microituiiel cells
with fuel reservoir to improve the overall performea and mass transport within
the cell.

Chapter 7 investigates a proof-of-concept of exploiting avreatalyst for the
cathode side of a membraneless fuel cells usingolygth peroxide as both fuel
and oxidant.

Chapter 8 summarizes and provides a perspective on potdutiake works.

The information and data provided in the thesis ld@pen new avenues for
further development of membraneless fuel cellsplantable applications such as

off-the-grid sensors and labs on a chip.
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Chapter 2 Microfluidic Fuel Cells: Literature Review and
Potential Opportunities*

*This chapter was partly published in:
Mousavi Shaegh S.A., Nguyen, N.T., Chan, S.H., 208 Treview on membraneless
laminar flow-based fuel cells. International JouiwfaHydrogen Energy 36, 5675-5694.

Abstract:

This chapter reviews the flow architectures of wilcridic fuel cells. The
review offers better understanding of the influentéydrodynamic manipulation
on the overall performance of these fuel cellsatidition, state of the art of

published designs and further development oppdrésnare discussed.
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2.1 Operation of a Microfluidic Fuel Cell

Microfluidic fuel cells or membraneless laminar vildbased fuel cells
(LFFCs) follow the basic electrochemical principleE membrane-based fuel
cells. The only difference is that the membrana akarge transport media and as
a separator of electrodes is replaced by a ligguad interface in a microchannel.
Microchannels are defined here as channels withaaacteristic dimension less
than 1 mm and greater than 1 um [26]. The manimuabdf fluid flow in

microchannels is based on microfluidic technology.

2
The ratio of surface area to volun%g =R, increases with miniaturization,
f

where Rs; is the scale factor. Thus, surface phenomena ddeiaver volume
based phenomena in microscale. Microfluidic systeake advantage of the scale-
dependence of interface properties to exploit e&ewahge of applications [27]. As
the size of fluidic systems decreases, laminamregat low Reynolds numbers
governs the behavior of fluid flow in microchannelss mentioned above,
surface-based effects such as surface tension seous drag dominate over
volume-based effects, offering new interesting pscale phenomena. For
instance, a stable liquid-liquid interface can lbli@ved in a microchannel with
co-laminar streams.

As shown in Figure 2.1(a), when two separate stseainfuel and oxidant are
introduced into a microchannel, a parallel co-lamiffow with a stable liquid-
liquid interface is established. This interfaceygl#he role of a separator between
fuel and oxidant streams. Current collectors aretteddes with appropriate
catalyst layer on the surface are deposited oncti@nnel walls where the

electrochemical reactions take place. To obtaimgeh&ransport between the two
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electrodes, both fuel and oxidant solutions coadeha high ionic conductivity by
adding supporting electrolyte. The supporting etdgte contains hydroxide or
hydronium ions such as diluted solutions of potasshydroxide or sulfuric acid.
Ohmic losses are mainly attributed to the ionicistasce Rejectrolyte Of the
electrolyte and the external resistance of eleesahd connectiorfRyerma When

currenti is drawn from the cell:

hr =i >(Relectrolyte +Rexternal) (21)

The Ohmic resistance of the supporting electroly¢épends on anode-to-
cathode spacing as the charge-transport lethgthoss-sectional area of the charge
transportA, and the ionic conductivity:

d

&Iectrical = ;\ (2 . 2)

Typical bulk through-plane conductivity of Nafidnas proton exchange
membrane is around 0.1 S/cm at 100% relative huyi@iRH) and room
temperature [28] with a typical membrane thicknasS0 to 200 um. In contrast,
the conductivity of 0.5 M sulfuric acid as a comme&upporting electrolyte is in
the order of 0.2 S/cm. Anode to cathode spacing imembraneless LFFC is
generally in the range of 0.5 mm to 1.5 mm resgltma higher total Ohmic loss
as compared to conventional PEM fuel cells. A seripbncept map” is plotted in
Figure 2.2 to provide an overview on the interagtiphenomena and their

influence on the performance of a microfluidic faell.

11
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Figure2.1 Flow-over designs; (a) Schematic sketch of embmaneless LFFC with side-
by-side streaming in an Y-shape channel; (b) A-@sssection of the channel, schem
sketch of configuration of both electrodes at bottwall; (c) Cross section of thahanne
showing depletion boundary layers over anode atttbda and interdiffusiomone at th
liquid-liquid interface with vertical electrodesdgide walls; (d) Cross section of chah
with top-bottom electrodes configuration; (e) Crasection of achannel with bot
electrodes on the bottom wall in a grooved chanffielCross section of ahannel witl
graphite rods as electrodes.

loading product(s) and
—_— generated bubbles

N

Fuel utilization

Figure2.2 A general and simplified concept map to descthie effect of crosselatec
active mechanisms on the performance of a memtassi&@minar flow-based fuel cell.

2.2 Membraneless LFFCs Designs and Flow Architectures

The interface between two streams with supportiegtelytes represents a
virtual membrane by providing (i) an ion conductivedia and (ii) effective and
controlled mixing of reactants across the cell. Mesmmeless LFFCs can benefit

from the following features of microfluidics:

12
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(i) The membrane is eliminated thus reducing tlze sif the cell and enhancing
the flexibility in cell design and fabrication [1Z8].

(i) Since both streams flow through a single ctendesign considerations for
fuel and oxidant delivery systems are less comgtdahus simplifying sealing
and packaging. Furthermore, the composition of &rel oxidant streams can be
tailored individually to maximize reaction kinetiasanode and cathode [29].

(i) Membrane-related issues such as water managemmembrane fouling and
membrane damage partially disappear [17, 30].

(iv) Membraneless LFFC as a power source is cotleatvith other microfluidic
systems such as lab-on-chip devices.

Low fuel utilization per single pass and low povesitput are considered as
the major drawbacks of membraneless LFFCs. Sintte ddectrodes and streams
are usually placed in a single channel, the floeh#ecture of the streams has
significant effects on the performance of membraselLFFC. In the past, many
investigations were carried out to study the inflcee of flow architecture and
electrode arrangements on the performance of a naer@less LFFC.

Depending on the type of implemented electrodesnionaneless LFFC are
categorized as (i) flow-over type with planar eledes, (ii) flow-through type
with three-dimensional porous electrodes, and mandess LFFC with air-
breathing cathode. All designs exploit common fuegl oxidants and can be
fabricated by conventional methods with the samellef precision. All designs

can use either alkaline or acidic electrolytes.

13
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2.3 Flow-over Electrodes
2.3.1 Electrode Location

As shown in Figure 2.1, two electrodes of a meméless LFFC are usually
implemented in a microchannel. The fuel and oxiddrédams come into contact
in two configurations: side-by-side streaming witrtical fuel-oxidant interface
and vertically-layered streaming with horizontaklfoxidant interface. For both
streaming configurations, the two electrodes capdsationed on top and bottom
walls, Figure 2.1(b), side walls, Figure 2.1(c),bath electrodes on bottom wall,
Figure 2.1(d). In addition, the electrodes can bsgitmned in a grooved channel,
Figure 2.1(e), to control the effect of bubble fatran on liquid-liquid interface.
An array of electrodes can also be implementetienchannel as shown in Figure
2.1(f).

For the vertical interface of co-laminar streamsyvdy-induced reorientation
of the interface may occur, if fuel and oxidaneams have different densities. As
both streams flow down the channel, the densed fisi forced by gravity
mismatch to gradually occupy the lower portionlad tmicrochannel [31]. Due to
this reorientation, the operation of a membranelé43C begins to fail since fuel
oxidation and oxidant reduction are no longer ret&td to the right electrodes.
Thus, for a horizontal liquid-liquid interface, th@smatch of densities may speed
up the broadening phenomenon of inter-diffusionezdnthe denser fluid is on
top.

Flow-over designs generally provide streaming ofl fand oxidant over
planar electrodes. Only a fraction of fuel and axidstreams adjacent to the
catalyst layer participate in electrocatalytic teats. Due to the lack of effective

convective mass transport, a depletion boundaryerlayith low reactant

14



Chapter 2

concentration grows over both electrodes. To erd&nal utilization in flow-over
designs, a flow-through electrode was implemenbegrovide a larger active area

for electrochemical reactions Figure 2.1(f) [30].

2.3.2 Carrier Substrate

Microchannels are typically fabricated by rapidtptgping techniques, using
standard photolithography, soft lithography or tasgcro-machining. In some
designs of membraneless LFFCs with side-by-sideastmg, the channel
structures are fabricated using poly dimethylsilex@2DMS) molding and sealed
to a solid substrate with electrodes [32, 33]. Bealing the channel, glass or
PDMS treated with oxygen plasma can be used. Intiaddthe channels are
made hydrophilic by exposing them to oxygen plasBMS is useful for
making microfluidic devices due to its propertiegls as easy fabrication (rapid
prototyping, sealing, easy interconnects), trarapayr in the UV-visible regions,
chemical inertness, low polarity, low electricalndactivity, elasticity and low-
cost fabrication [34].

Due to the relatively high diffusivity of hydrogeand oxygen in PDMS (

D,, =1.4° 10* cnf/s andD, =34  10°cnT/s at 35C) [35], gas reactants can be

supplied through thin layers of PDMS to a pair téceqodes separated by a
channel containing sulfuric acid or sodium hydrexids electrolyte [36, 37].
Using this concept, the power densities of thescelinning on dissolved
hydrogen/oxygen [37] and hydrogen/air [36] were uab 0.7 m/Wcrh as

restricted by permeation rate of hydrogen throuDMB.
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Figure 2.3 Carrier substrate with different layers of meameless LFFCs: (a) értica
electrodes with vertical liquid-liquid interfaceb)(PMMA based membranelet$FC
with horizontal electrodes; (c) Silicon-based matrannel for membranelet&FC with
horizontal flow-over electrodes.

Choban et al. [29] used graphite as a substrateetee three functions:
current collector, catalyst support, and edificgdment. As shown in Figure
2.3(a), the graphite plates are placed side-by-sitle a spacer to form the flow
channel. The catalyst is applied to the graphittesl before assembling. To seal
the channel, 1-mm thick polycarbonate slabs withim film of PDMS were used
as the gasket.

Polymethylmethacrylat§PMMA) is another polymeric material frequently
used in micro fuel cells [8]. PMMA is one of theetmoplastic polymers that are
linearly-linked and can be softened by applyingtheaove the glass transition
temperature [38]. PMMA has a non-crystalline stuet with 92% light
transmittance in the visible spectrum. This maltealso has other excellent
properties such as low frictional coefficient, highemical resistance and good
electrical insulation. All the above features amdperties make PMMA a good
substrate for microfluidic devices, especially fivose involved in chemical

applications [38].
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A PMMA substrate can be micro-machined in many waysh as X-ray
exposure and subsequent development, hot embaassth¢aser machining [38].
In case of laser machining, the cross section ®fmticrochannel depends on the
shape of laser beam, its moving speed, laser pawerthermal diffusivity of
substrate material. Since energy of a laser beana lizaussian distribution, thus a
cross section of an engraved channel by laser smhas a Gaussian shape
[38].

Li et al. [39] used an infrared GQaser to engrave channels in PMMA to
fabricate a membraneless fuel cell. In their dediigree PMMA sheets are used to
form the channel, Figure 2.3(b). A slit is cut id-mm thick middle sheet using
the same laser. The channel is covered by two PMkiets using a dry adhesive
layer. The bottom layer works as the electrode sugmnd liquid sealing plate. A
100 nm gold layer was sputtered on the surface@PtMMA sheet to reduce the
contact resistance. This gold layer acts as theeticollector. The surface of the
PMMA sheets was mechanically treated with fine gaper (1200 grit) to
improve the surface roughness and the adhesidmeajdld layer to the substrate.
Outlet and inlet holes were machined in the top PMBheet. Pt-Ru and Pt
catalyst inks were wet-sprayed on the gold layan&ike anode and cathode with
a loading of 4.5 mg/cfrespectively.

Rigid microchannels were also fabricated in siliaging photolithography
[40, 41]. Since silicon is stable against thermefiodnation, silicon channels and
substrates can be used to investigate temperatpendent oxidation and fuel cell
performance [40]. In this design, platinum is defgakson the adhesion layer using
E-beam evaporation technique. Exploiting standdrdtqdithography for silicon

processing, the design benefits from the easehoicktion where parameters can
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be varied. Therefore, optimization of microchandehension can be carried out

in a relatively short time period [40], Figure ZB(

2.4 Fuel and Oxidant Delivery Schemes

Fuel and oxidant concentrations over anode anddatdecrease because of
the on-going electrooxidation of fuel and electduretion of oxidant within a cell.
Thus, because of the lack of convective mass toahgpreplenish fresh reactants
to the catalytic active area, a depletion boundaygr over the catalyst-covered
electrodes is formed [42].

The current density is a function of reactant cohegion. If effective
replenishment of depletion layer does not hapgden eéactant concentration over
the active area of electrodes decreases and cargggthe current density drops
dramatically. In this way, only the first few mittieters of the electrode contribute
the most to current collection [43]. In additiohetlength of the channel must be
restricted in order to control diffusive mixing asdnsequently parasitic losses
[44].

To overcome the limitation of mass transport tovacsites, Yoon et al. [42]
introduce three methods to enhance the performaihaenembraneless LFFC by
controlling the depletion boundary layer, as showifrigure 2.4. Mass transport
to the planar active areas on the channel walls bmrenhanced by (i) using
“multiple inlets” to add fresh reactants to the raghannel and to replenish the
depletion zones; (ii) removing the depleted zomeubh multiple outlets, and (iii)
implementing herringbone ridges to supply the depléayers with fresh reactant
from the middle of the microchannel. Adding ridgesone wall increases 10 to

40% current density.
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Approaches (i) and (i) are most appropriate fohating the reactant
conversion rate because they remove or replenipltetiten zones providing a
continuous high concentration of reactants above #ttive area. These
approaches are suitable for enhancing the powesitgeApproach (iii) is suitable
for enhancing fuel utilization in a single pasglieg to higher reactant conversion
efficiency. However, in terms of packaging and fedion, approaches (i) and (ii)
benefit more from a single-height design, but rezgjanore space for the multiple
inlets/outlets. It is noteworthy that the pumpinteryy for approaches (i) and (ii)
is larger than approach (iii).

The idea of passive control of the depletion lageachieve a higher current
density without consuming additional power ledrnwgestigations on the effect of
multiple consecutive electrodes on the current itieasd fuel utilization [45, 46].
Lim et al. [45] proposed that each electrode canntemle of an array of
microelectrodes in length with a specific spacingtween microelectrodes.
Splitting the length of an electrode into two or macsections can avoid the
continuous growth of the depletion layer. Theredy5% increase in maximum
power density compared to a single-electrode dewitk identical active area
was achieved. Lee et al. [46] optimized the eleriength and gap between the
consecutive electrodes using numerical simulatibna omembraneless LFFC
running on 2,2'-azino-bis(3-ethylbenzthiazolineuipbonic acid) (ABTS) and
oxidized ABTS. Incorporating the very small eled@s within the membraneless
LFFC should maximize the current density while dasing the amount of

unspent fuel.
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Figure2.4 Three approaches for imphog mass transport to control the depletion |
over electrodes: (a) Multiple inlets to add freshatants; (b) Miltiple outlets to take o
periodically the depleted zone; (eitégrated herringbone ridges to supply reactants
the middle of channdb the depleted zone by transverse, spiraling fleproduced aft:
[42].

2.4.1 Flow-Through Designs

In a flow-through design, the reactant streams pidwseugh a three-
dimensional porous electrode including the catelgtitive area. In some designs,
as depicted in Figure 2.5, the whole streams gasaigh a three-dimensional
(3D) electrode. In other designs, the fuel and axidstreams are divided into sub-
streams, providing the so-called “multiple inletgproach to refresh the depletion
boundary layer, Figure 2.5(b). Because of the @ffediffusive/convective mass
transport through the 3D electrodes, the depldbomndary layer is replenished
continuously resulting in a higher rate of fuellinéition and a greater power
output. Flow-through design can provide an appraxaty constant concentration
of reactant over active site for electrocatalysis.

Salloum et al. [47] proposed a membraneless LFF@ wporous disk
electrodes, Figure 2.5(a). The carrier substrat@absicated in PMMA. Formic

acid in sulfuric acid as fuel stream was introdutte@dugh an inlet from the centre

of the disk and undergoes oxidation through a ppenmode made of carbon paper

covered with catalyst nanoparticles. The oxidardgash, potassium permanganate
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in sulfuric acid, is introduced concentrically tbgh a ring of inlets. Oxidant was
reduced and then mixed with the oxidized fuel ar@tram gap between anode
and cathode preventing a short circuit due to baskbf the oxidant.

The improvement of ion transport was improved duednvection increases
the fuel utilization up to 58% and enables contbfuel and oxidant flow rate
independently. Experimental results indicate thaincreasing the fuel flow rates,
fuel utilization decreases from 58% at 100 pul/norde6 at 5 ml/min. Increasing
the concentration of sulfuric acid as supportingceblyte, increases the
maximum power density from ~1.5 mW/€ro ~3 mW/cm due to decreasing
Ohmic losses. The concept of the so-called “mudtipllets” was developed by
Sinton’s research group [48].

A flow-through design for adding fresh reactantsweoposed without using
a fluidic network. The whole cell was fabricatedRDMS. As shown in Figure
2.5(b), hydrophilic porous fiber-based carbon pajsed for making gas diffusion
layer in proton exchange membrane fuel cell (PEMR@}¥ cut into strips and
placed in two compartments. High porosity of carlpaper, ~ 87% (HGP-H 90
from Toray) provides a large surface area for ebdettemical reactions and
enhances fuel utilization due to the improved diiffe/convective mass transport
[48]. Running the cell on all-vanadium redox spscia peak power density of
131 mW/cmi with a net power of 16 Watts was obtained at avfl@te of

300 pl/min.
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Figure2.5 Flow-through designs: (a) Radial flow architeetfor a membranelessFC.
reproduced after [47]; (b) Three-dimensional fldwetugh porous electrodes with so-
called "'multiple inlets” concept.

2.4.2 Air-breathing Designs

Mass transfer and low diffusivity of oxygen dissadvin agqueous media
(2x10° cnf/s) limits the performance of membraneless LFF@&saddition, low
concentration of dissolved oxygen in aqueous mgddamM) cannot sufficiently
replenish the depletion boundary layer over thaade. Exploiting a gas diffusion
electrode (GDE) on a side wall of channel facéditata cell to access a high
concentration of oxygen in air (10 mM) with a di#fuity of 0.2 cnf/s, which is
four orders of magnitude higher than that in aqseunedia.

Proof-of-concept of membraneless LFFC with an a@athing cathode was
proposed by Kenis’ research group in 2005 [49].sAewn in Figure 2.6(a) and
Figure 2.6(b), gas diffusion electrode (GDE), mati€oray carbon paper covered
with catalyst ink containing platinum black nandpdes, was implemented on
the wall as an air-breathing cathode. The chanmal made of PMMA which is
glued to a graphite plate covered with palladiucklnanoparticles as the flow-

over anode.
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Since the oxidant stream is eliminated in this glgsa stream of electrolyte is
needed to separate the fuel stream from directsxpato the cathode avoiding
fuel crossover losses and catalyst poisoning. At of 1 M formic acid was
used as fuel while a solution of 0.5 M sulfuricca@vailable in both fuel and
electrolyte streams facilitated proton conductiaroas the channel. A peak
current density of 130 mA/cmand a power density of 26 mW/Emere achieved
using 300 ml/min at a fuel-to-electrolyte flow ratgio of 1:1.Anode and cathode
potentials obtained using a reference electrodealed that oxygen concentration
is not the source of limiting performance for antaieathing membraneless LFFC
[50].

To provide a quantitative comparison, the perforceaf membraneless
LFFCs based on different electrode designs isdigteTable 2.1. Since the fuel
type has significant effects on cell kinetics, omlgmbraneless LFFCs running on
formic acid or methanol are discussed. Table 2s® grovides some design
features and the maximum power density of thred &e#l types, including
LFFC with flow-over anode, LFFC with flow-througm@de and LFFC with air-
breathing cathode.

Table 2.1 shows that the order of magnitude for plosver density of

membraneless LFFCs varies from 0.1 mW/am 1 mW/cni for the flow-over

Figure2.6 Membraneless LFFCs with air-breathing cathof®sSchematic illustration for ¢h
arrangement of fuel and electrolyte streams inctiennel, reproduced after [49Db) Cros
section and carrier substrate of the channel degpict (a).
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design, and from 1 to 10 mW/érfor flow-through design. The low performance
of flow-over designs is mainly attributed to lowidant concentration at catholyte
and the growth of depletion layer over electrodéfie improvement of
performance for flow-through design is associateith ihe enhancement of
catalytic reaction through porous and 3D electrode® to the effective
replenishment of reactant over active sites. Thenmaason for higher
performance of membraneless LFFCs with air-bregtlelectrodes is the higher
rate of oxygen transport to cathode from ambient $ince oxygen is provided
from air through GDE, the oxygen concentration otleg active site of the

cathode is almost constant, enhancing the cureamgrgtion.
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Table2.1 Performance of LFFCs running on formic aciagnethanol, reproduced after [24]

Design Fuel/Oxidant Electrolyte Electrode Maximum Maximum Design features
structure current density power density
(mA/cm?) (mW/cm?)
Choban et al. [29] Methanol (1 M) Sulfuric acid Flow-over 40 12 Mixed media
Dissolved oxygen or Potassium hydroxide operation
(1 M)
Choban et al. [51] Methanol (1 M) Sulfuric acid (0.5 M) Flow-over 8 2.8 _
Dissolved Q
Cohen et al. [40] Formic acid (0.5 M) Sulfuric acid Flow-over 15 0.18 Stackable microchannels
Dissolved Q (0.1 M)
Choban et al. [52] Formic acid (2.1 M) Sulfuric acid Flow-over 0.8 0.17 _
Dissolved oxygen (0.5 M)
Li et al. [39] Formic acid (0.5 M) Sulfuric acid Flow-over 15 0.58 Laser-machined
Dissolved Q (0.1 M)
Morales-Acosta et Formic acid Sulfuric acid Flow-over 115 3.3 Pd/MWCNTSs as cgdtl
al. [53] (0.1,0.5 M)

Dissolved oxygen

Salloum et al. [47] Formic acid Sulfuric acid (0.5-1 M) Flow-through 5 2.8 Seqtial radial flow
(0.04 M)
Potassium
permanganate
(0.01 M)
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Table 2.1 (cont.)Performance of LFFCs running by formic acid or naeithi, reproduced after [24].

Design Fuel/Oxidant Electrolyte Electrode/flow Maximum Maximum
structure current density  power density  Design features
(mAlcm?) (mW/cm?)
Kjeang et al. [33] Formic acid Sodium hydroxide  Flow-through 230 52 3D structure of
(1.2 M) (2.8 M) electrodes
Sodium hypochlorite
(0.67 M)

Jayashree et al. [49] Formic acid (1 M) Sulfuric acid Air-breathing 130 26 _

Air (0.5 M)
Jayashree et al. [50] Methanol (1 M) Sulfuric acid Air-breathing 120 17 _

Potassium hydroxide (0.5 M)
(2 M) Air

Brushett et al. [54] HCOOH (1 M) Sulfuric acid Air-breathing 130 26 _

Air (0.5 M) or

potassium hydroxide
(1 M)

Hollinger et al. [55] Methanol (1 M) Sulfuric acid (1 M) Air-breathing 655 70 Methanol @ 80 C with

0O, O, feed to the cathode
Whipple et al. [56] Methanol Sulfuric acid (0.5 M) Air-breathing 62 4 Using f8& as

(0.1-15 M) methanol-tolerant catalyst
Air for cathode
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Table2.2 Design features of three different electroddigectures with maximurpowe
density running by formic acid or methanol.

Reference Maximum Design features and comments
power density
(mMW/cm?)

Flow-over electrode
Choban et al.[29] 12 at flow rate ofSide-by-side streaming, Y-shape, channel
3 ml/min  per length of 29 mm, channel height of 1mm
inlet flow and channel width of 0.75 mm, Pt/Ru and Pt
black nanoparticles in Nafion-based ink
solution applied to graphite plate as anode
and cathode, Fuel utilization <10%.

Flow-through electrode
Kjeang et al. [33] 52 at 0.4 V andSide-by-side streaming, T-shape, channel
flow rate of 60 length of 12mm, channel height of 0.3 mm,
pl/min perinlet  channel width of 3mm, electrodeposited Pd
and Au on carbon paper strips to make flow-
through anode and cathode, Fuel utilization
of 85% at peak power density and 100% at
lower voltages.

Air-breathing cathode

Hollinger et al. 70 at flow rate of Vertically layered streaming, T-shape

[55] 0.3 ml/min per geometry, channel length of 48 mm, channel

inlet width of 3.3 mm, Pt/Ru and Pt nanoparticles

in Nafion-based ink solution brushed on
carbon paper as electrodes, graphite plates
as current collectors, implementation of a
nanoporous separator at the fuel-electrolyte
interface, running at 80 °C with,Qupply of
50 sccm, hot pressed thin film of Nafion
over cathode to alleviate fuel crossover
effects.

2.5 Performance Limiting Factors

To identify the performance limiting factors of mieraneless LFFCs,
experimental and theoretical approaches includsiggua reference electrode [50,
51] and numerical simulation of the coupled tramspphenomena and
electrochemical reactions have been reported [@354-63]. The main objective
of using a reference electrode is to measure thimage losses due to different
limiting parameters of an electrochemical systerchsas reaction kinetics, mass

transfer and Ohmic resistance of individual eled#o [64]. The reference
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electrodes can be used to identify and to provaletiens for the problems in a
fuel cell [64].

Choban et al. [51] utilized external reference tetetes to identify the
limiting factors of a membraneless LFFC. The curwmitage curve shows the
mass transport limitation at high current densitlmst this experiment does not
identify whether this limitation takes place at #n@de or the cathode. By using
an external Ag/AgCI reference electrode, connettethe membraneless LFFC,
the individual contribution of each electrode lesshe overall cell performance
was determined. The results showed that the massport at the cathode is the
limiting factor at high current densities for thepecific design due to the low
solubility of oxygen in water-based electrolyte 51

Jayashree et al. [50] used an external Ag/AgClresiee electrode to identify
the mass transfer limited electrode in a membrasdl&FC with an air-breathing
cathode running on 1 M methanol. Supporting eléges of 0.5 M HSO, or 1 M
KOH were used to investigate the effect of acidialkaline electrolyte on the
whole cell performance. The shape of cathode aaan curve confirmed that
the gas diffusion electrode allowed higher rat@xfgen transport to the cathode

as compared to a membraneless LFFC running onldessoxygen.

2.5.1 Inter-diffusion mixing zone and fuel crossover

In addition to the low oxidant concentration oviee tcatalytic areas and the
slow mass transfer [65], diffusive mixing at thquid-liquid interface can be
considered as another major issue. Two consequefaifusive mixing which
degrades the overall cell performance and effigieae: (i) reduction in the
fuel/oxidant concentrations of fuel/oxidant stream#h decreasing current

density, and (ii) fuel crossover to cathode sidmlieg to degradation of open-
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circuit potential. Since platinum is usually usemt bxygen reduction at the

cathode side, fuel crossover and fuel oxidationr ®ecan block the catalytic
active sites. The adsorbed CO intermediates dextbasrate of electroreduction
of oxygen at the cathode.

At low Reynolds number Re< 1), two separate streams can be brought
together allowing particles and ion to diffuse [66here are two mechanisms
facilitating proton transport from anode to catho@gediffusive transport due to
the gradient in proton concentration between anadd cathode and (ii)
electromigration due to the voltage gradient betwtbe electrodes. By balancing
the charge flux generated by a given voltage grached the highest attainable
charge flux the voltage required to produce anvedent charge flux is [67]:

_RT
zF

Vv (2.3)

whereR andT are the universal gas constant and the temperatsgectivelyz
is the valence of the species dhis Faraday’'s constant.

At room temperature and=1, a voltage drop of 25.7 mV across the
thickness of the ion conductor has the same etiscthe maximum chemical
driving force provided by the concentration gradi€&ince membraneless LFFCs
generally work at room temperature, the chargesprart across the channel filled
by electrolyte is dominated by electrical drivingrde rather than the chemical
potential driving force.

Inter-diffusion width between two streams is highlgpendent on the mean
residence time of streams in the channel. The mesidence time is determined
by the dimensions of the channel width, the chaheaht, the channel length and

the input flow rate [68]. In co-laminar streams widifferent viscosities, the
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channel width is mainly occupied by the more visduid, which also moves
with a slower mean velocity [68].

Diffusive broadening is the main cause of reactemassover. The main
effects of fuel crossover are the reduction of frglcentration over the anode and
the decrease of open-circuit potential due to mpatential.

In a detailed study, Sprague et al. [69] calculateel parasitic crossover
current at both anode and cathode of a membraneEEEBE with top/bottom
arrangement of planar electrodes running on aquexidant and fuel. The model
utilizes the Poisson-Nernst-Plank (PNP) equatidras provides a more general
treatment of reactant crossover. Other models & pghst assumed that the
crossover reactant is fully utilized over the elede producing crossover current
[70]. The new model can capture the concentratltange of crossover reactant
along the opposite electrode. Results from this ehatiow that decreasing the
channel height (electrode-to-electrode spacingyesses fuel crossover and
decreases open-circuit potential. Calculations veargied out for the narrowest
channel with a height of 50 um in two cases withaotl with the crossover
current. At the given operating conditions of a rbemneless LFFC, the open-
circuit potential drops from 0.9 V without crossove 0.1 V with crossover. The
potential distribution across the channel was ficamtly affected by the reactant
crossover. These observations suggest a recortsothecd common assumptions

used in the modeling and simulation of reactansswower in fuel cells.

2.6 Optimization of Channel Geometry

Since membraneless LFFCs generally exploit co-lamflows in a single
channel, flow structure has significant effects the interaction between two

streams. Bazylak et al. [71] established a 3D CFbDdeh to simulate a
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membraneless LFFC. In their numerical simulaticypted electrochemical and
mass transport phenomena were solved to simula&eddpletion and mixing

regions of formic acid and dissolved oxygen. Nuarresults showed that both
microchannel and electrode geometry play key rfilesnass transport and inter-
diffusion zone. Among different designs, a rectangith both high aspect ratio
(length/width) and tapered electrodes was propoggdan optimum design,

Figures 2.7(a) and 2.7(b). Using the extended reléetdesigns, fuel utilization

was improved by 50% while minimizing fuel-oxidantxmg in membraneless

LFFC. The areas of cathodes and anodes and thbagageen them must be set
precisely to avoid the overlap between the diffasivmixed region and the

electrodes. Numerical analysis revealed that byedesing the inlet velocity from

0.1 to 0.02 m/s, the fuel utilization increasesrfr8% to 23% while there is only
3% increase in cross-stream mixing at the outlet.

In a numerical optimization of channel geometryp#du et. al [72] explored
the effect of a -shape geometry on fuel utilization and mixing \Widstreams of
0.5 M formic acid in 0.1 M EBO; and 1.25 mM dissolved £n 0.1 M sulfuric
acid were separated by a stream of 0.1 M sulfuid solution working as proton-
conducting fluid. Three streams are introduced thi cell from three separate
inlets, Figures 2.7(c) and 2.7(d). Optimizing tharnel dimensions and reaction
surface areas, fuel utilization can be improvedupyto 86%. Because of the
restricted mixing of fuel and oxidant through thetpn-conducting channel, this

flow configuration is suitable for portable applicas with random motions.
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Figure 2.7 Electrode geometry optimization: (a) Tapered etmis
after [71]; (b) Cros section of channel presented in (a); (c) Intrauy
a blank electrolyte stream into the channel; (dpsSrsection
channel illustrated in (c), reproduced after [72].

Sun et al. [73] introduced a blank electrolyte atneof 0.5 M HSQ, into a -
shaped microchannel to separate two streams d¥l Zdrmic acid and 0.144 M
potassium permanganate as shown schematicallygurds 2.7(c). Experimental
results indicated that the optimized flow rate camhance the open-circuit
potential which is an indication for controllingethdiffusion crossover of fuel.
Using the concept of blank electrolyte stre&alloum and Posner [74] proposed
a counter-flow membraneless LFFC with 2 M sulfuacid as separating
electrolyte stream to control diffusive mixing dd BhM vanadium redox species
in 1 M sulfuric acid, Figures 2.8(a). A peak powdemsity of 5 mW/crh was
observed at a fuel/oxidant flow rate of 3d0min and electrolyte flow rate of

30 I/min.
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Another strategy to reduce the fuel crossover iplementing a thin
nanoporous separator at the interface of the treausts [55, 75], in the expense of
increasing design and packaging complexity andidabon cost. Hollinger et al.
[55] positioned a thin layer of polycarbonate witld5 um pore size and density
of 6 x 10 pores/cr at the fuel-electrolyte interface which reduces liguid-
liquid contact between two streams by 98.8%, Figu8€b). The separator is not
selective to methanol and may also reduce the prisémsport across the channel.
The diffusion coefficient of protons in an aquesnsdium (" water= 9.31x10
®n¥ls) is one order of magnitude higher than that ethanol (Bueon waten=
1.58x10° m?/s). Moreover, proton diffusion is facilitated byetpotential gradient
between the electrodes while the only driving foimemethanol transport is the
concentration gradient across the channel. Heheesdparator has a greater effect
on the mitigation of methanol crossover than th@idraproton transport
phenomenon. This design improvement decreases ldwrogle-to-electrode
distance. The rate of fuel diffusion to the elelgt® decreases significantly. The
catalyst layer of the cathode was covered by a [dyer of Nafion using a hot
press process. Since the diffusion coefficient etlranol in Nafion is one order of
magnitude lower than that in watéDyeon nafiony = 3.0 x 10° m?/s vs. Dyeon
waten= 1.58 x 10° m?s), this layer of Nafion can reduce the rate ef thethanol
diffusion to cathode catalyst.

Another method to alleviate fuel crossover by réayiche mass transport is
using low fuel concentration. With this method, thiving force for fuel diffusion
decreases. The combination of the two methods allaoperation over a wide
range of fuel concentrations. The maximum poweisitgrcan then be improved

by a factor of 2.5. The peak power density of glsircell operating at 8 with
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1 M of methanol and £supply and without a separator and Nafion on #ikarle

is 28 mW/cm. Adding either Nafion on cathode or a separatdraenes the
maximum power density to more than 40 mWiciBxploiting both means, the
peak power density reaches 70 m\Wcm

Fuel can diffuse through the fuel-electrolyte ifdee to reach the cathode,
deacreasing the performance. To address this i¥gipple et al. [56] developed
a fuel (methanol) tolerant catalyst for the oxyggectroreduction reactions. For
this purpose, ruthenium-selenium chalcogenides§B) improved the cathode
performance in the presence of 1 to 7 M methanchdynuch as 30-60 %. The
improvement of oxygen transport at the cathode slde to the change in
solubility and diffusivity can be considered as @sgible explanation for the
observed increase in performance of$+based cathode. However, the absolute
performance of the cell with R8g, is lower than a cell with Pt cathode by a
factor of 4 (~ 4 mW/crhvs. ~ 16 mWi/crf). In this concept, fuel crossover is not a
concern anymore and the electrolyte can be elimthas a separating stream. The
elimination of electrolyte can reduce the size,ghtiand the complexity of the

whole fuel cell. A much higher fuel concentraticandoe used, so that the energy

Figure 2.8 Different approaches of controlling inter-dgfan zone; (a) Using cro$®w
configuration with electrolyte stream to controffasive mixing at the fuebxidan
interface, reproduced after [74]; (khplementation a nonporous separator and ¢
Nafion layer to control fuel crossover at the ifdee of ce-laminar flows and ow
cathode side, reproduced after [55].
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density of the cell can be improved.

2.7 Gas Bubble Formation

Since membraneless LFFCs exploit the laminar flegime at very low
Reynolds numbers, the interface of co-laminar stseare not affected by the
velocity fluctuations. But other factors includitmubble generation within the
channel may disturb the interface leading to unodied mixing and performance
degradation.

In addition to controlling the flow rate of two eams to reduce diffusive
mixing and fuel crossover, several methods have Ipeeposed to stabilize the
liquid-liquid interface such as using a grooved nmehannel [32], introducing a
third electrolyte stream between oxidant and fuetasns [73], using porous
separator at the liquid-liquid interface [55], opizing the channel geometry and
tailoring the electrode geometry [62, 72, 76].

Oxygen generation occurs in membraneless LFFC tpgran HO, due to
the spontaneous decomposition ofCHi[77]. Parasitic oxidation of ¥D, at the
cathode of a membraneless LFFC running on formid also generate bubbles
[32]. In addition to oxygen generation, carbon dilexis generated from oxidation
of formic acid and methanol [78]. Choban et al.][@Bgued that the bubble
formation, especially the formation of GBubble would degrade the performance
of a membraneless LFFC. Bubbles generated in thenneh reduce the
performance by (i) decreasing the effective eleldrarea and (ii) the destruction
of the liquid-liquid interface. Bubbles attach toeetchannel wall resulting in
blockage. In addition, generation and detachmerdubbles and slug flow cause
an intermittent flow field through the channel tlean disturb the liquid-liquid

interface [78]. In conclusion, crossover effectsl dhe decrease of open-circuit
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potential are the consequences of bubble generdfiomhermore, to conduct a
valid numerical simulation of membraneless LFFCblida generation and the
associated two-phase flow must be taken into adcoun

Shyu et al. [78] visualized the oxygen bubbles poedl due to the
decomposition of hydrogen peroxide in a microreagtdh platinum-deposited
electrodes. Two streams of water and hydrogen pdgoxere introduced into a
Y-shaped microchannel. Evaluation of the mixingeavas used to examine the
effect of bubbles on the concentration distributbértwo streams.

Analysis of mixing and flow visualization revealédat bubble generation
depends on the flow rate, the solubility of thecspg the concentration of the
species and the cell current density. Generatiten ghgases such as oxygen or
carbon dioxide depends directly on the cell curensity. The produced gas
(solute) can dissolve in the medium (solvent). $hkibility of carbon dioxide is
90 ml in 100 ml of water at room temperature. Oa ¢ime hand, COformed in
the channel dissolves in the flowing stream andaisied away from the system
[65]. On the other hand, gas bubbles can appe#inanstream if the liquid is
saturated. In this case, a membraneless LFFC rgratitow flow rates is more
prone to bubble generation.

Oxygen solubility in water (0.91 mg/100 mL) is musmaller than that of
carbon dioxide (178.2 mg/100 mL). Thus, the present G bubbles in a
microchannel affect the performance more signifiganKjeang et al. [32]
fabricated a membraneless LFFC using a groovedochannel in PDMS running
on formic acid and hydrogen peroxide as fuel anda, respectively. The aim
of using the grooved microchannels shown in Fig2rHe) is to capture the

oxygen bubbles formed by the parasitic electrochahreactions over a cathode
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while stabilizing the co-laminar flow. Li et al [B9eported that the Obubbles

generated from the parasitic decomposition gDHresult in fluctuation of the
open-circuit potential. As a rule of thumb, theeetfof gas solubility in both fuel
and oxidant streams at a given flow rate must Bentanto account to avoid

bubble generation in a membraneless LFFC.

2.8 Fuel, Oxidant and Electrolytes

2.8.1 Fuel Types

Membraneless LFFCs have a wide range of fuel optidhe available fuels
are hydrogen (b [36, 41, 79], methanol (G@H) [29, 50], ethanol (&s0H)
[54] formic acid [40, 73], hydrogen peroxideB}) [77] vanadium redox species
[17, 80], and sodium borohydride (NaBH54] and hydrazine (pH,) [54].

Among the aqueous fuels, formic acid and methantil vespective energy
densities of 2.08 kWh/l and 4.69 kWh/l attracted renattention for use in
membraneless LFFC due to the ease of access andwélestudied
electrocatalysis. A formic acidiCfuel cell has a high theoretical electromotive
force of 1.45 V, while the corresponding value athanol is 1.2 V.

Cohen et al. [40] tested a membraneless LFFC rgnminformic acid as fuel

with platinum as catalyst and dissolved oxygenxagdamt:
HCOOH® 2H +2 +CQ & 0.22 (2.4)
AH" +0, +4e® 2H O B 1.2¢ (2.5)
Using formic acid as fuel can provide a large opeadit potential and high

electrochemical efficiency [40]. The main disadeay® of formic acid is carbon

monoxide poisoning of the Pt-based catalyst.
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Usually, vanadium redox couples dissolved in a supmy electrolyte such as
sulfuric acid, \F/V** as anolyte and V@/VO** as catholyte are used to form all-
vanadium fuel/oxidant system for membraneless LFIFCS 30, 48, 74]. A

membraneless LFFC can follow anodic and cathodioxeeactions [48]:
V¥+e =vV" B =-0.496Vvs SC (2.6)
VO; +2H" +e ¥ VO'+H O B =0.750V vs SC (2.7)

The advantages of this redox combination for mlaidic fuel cells are [24,
48]: (i) in providing well-balanced electrochemidsdlf-cells in terms of reaction
rates and transport characteristics, (ii) high lsidily and relatively high redox
concentration up to 5.4 M, (iii) high open-circutltage (up to ~1.7 V at uniform
pH) due to the presence of large difference in &rnedox potentials, and (iv)
utilization of bare carbon electrodes without poesi metal catalyst to facilitate
the reactions.

The energy density of a vanadium redox fuel celinsted by the solubility
of the vanadium redox species. To address thisatgiy a new alkaline
microfluidic fuel cell was demonstrated by Kjeangaé [33] using formic acid
and hypochlorite oxidant. The reactant solutionsew@btained from formic and
sodium hypochlorite. Both are available and stasldighly concentrated liquids,
leading to a fuel cell system with high overall eyyedensity. Formate (HCOQ®
oxidation and hypochlorite reduction were estalgidsin alkaline media on porous
Pd and Au electrodes, respectively. The resultEate the rapid reaction kinetics
at low overpotentials while preventing gaseous,@@rmation by carbonate
absorption.

Brushett et al. [54] utilized 3 M hydrazine as fueth 0.5 M of sulfuric acid
as electrolyte in an air-breathing flow architeeturFor this hydrazine
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membraneless LFFC, a maximum power density of 80enfwas achieved at
room temperature. The anode catalyst loading was)/tnf supported Pt. The
flow rate of fuel and electrolyte were 0.3 ml/mikoreover, with the same
operating conditions, hydrazine was tested withgexy flow rate of 50 sccm
instead of quiescent air. No considerable improvemes observed for the peak
power density and maximum current density indicatinat this membraneless
LFFC configuration is not restricted by oxygen spaort.

The direct hydrazine acidic membraneless LFFC @i Ipromising micro-
scale power source for applications where the ga$etot a major concern. The
theoretical open-circuit potential of a hydrazingf@el cell is 1.56 V. In addition,
the end products of complete electrooxidation afirhgine/Q are nitrogen gas
and water which make the hydrazine fuel cell an-feendly zero-emission
energy convertor [54]. Also, Brushett et al. [54pd 1 M sodium borohydride in
1M KOH as fuel on Pt anode. Sodium borohydridehwainergy density of
9295 Wh/kg is unstable in acidic media, but higbtgble in alkaline media. A
peak power density of 101 mW/émwas recorded for both fuel and electrolyte
streams (1 M KOH) flow at 0.3 ml/min with air-bréatg cathode. This high
performance is mainly credited to the improved teteatalytic activity of Pt

towards the oxidation of the borohydride anions.

2.8.2 Oxidant Types

Oxidant for a microfluidic fuel cell can be disset oxygen in aqueous form
[29, 39, 51, 65], air [18, 49, 50, 54, 56], hydroggeroxide [32, 77], vanadium
redox species [17, 30, 80], potassium permangafite 73], and sodium

hypochlorite [33].
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Basically, the cathodic half-cell electrokinetisssiower than the anodic one.

The oxygen reduction reaction (ORR) is sluggishm@letion of ORR requires

many individual steps and significant molecularrgamization, so the majority of

activation overvoltage loss takes place at the othth At standard ambient
temperature and pressure (298.15 K, 1 atm), théamge current densities for
oxygen reduction reaction (ORR) on Pt is six oradrsmagnitude lower than that
of the hydrogen oxidation reaction (HOR). When dissolved oxygen is used as
oxidant, the slow electrokinetic reactions in caka@re coupled with low oxygen
concentration resulting in a low power density.effative oxidants soluble at
higher concentration than dissolved oxygen can sl dor improving the mass
transport limitation of dissolved oxygen in eletyte.

In general, fuel cells using liquid oxidants haverenpower output. Choban
et al. [65] replaced oxygen saturated in 0.5 Mwsudfacid by 0.144 M potassium
permanganate as oxidant and used 2.1 M formic aifilel. The results showed
that the cell operation using potassium permangapaiduced a current density
with one order of magnitude higher due to the higba&ubility of potassium
permanganate in aqueous media [52].

Li et al. [39], utilized saturated oxygen in 0.1M4SO, solution as oxidant
with 0.5 M HCOOH in 0.1 M KSQO, solution as fuel. The relatively low
maximum power density of 0.58 mWé&nwas caused by insufficient supply of
oxygen from oxidant stream to the cathode.

Gaseous air was also used as oxidant in air-breathicrofluidic fuel cells
[18, 49, 50]. Since the concentration of oxygerain (0.2 cn/s) is 4 orders of
magnitude higher than in aqueous media (Zxd®¢/s) [49], the air cathode

designs can provide higher maximum power density@ower output.
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2.8.3 Electrolytes

In most membraneless LFFC designs, fuel and oxidaat dissolved in
electrolyte and then delivered into the channehgisyringe pumps. The main
reason for adding electrolyte to the streams entoance the ionic conduction and
to decrease the Ohmic losses between the anodihamathode. Adding sulfuric
acid to both streams in a membraneless LFFC prevadsource of protons closer
to the cathode. Because of the proton consumptidheacathode, a gradient of
protons is maintained [65]. Experimental resulgsoréed by Choban et al. [65]
revealed that using 0.5 M sulfuric acid as a sugppgrelectrolyte can provide a
maximum current density of 0.9 mW/énfor comparison, the maximum current
density of the LFFC with water as electrolyte wastj0.2 mW/crh at the
maximum volumetric flow rate of 0.8 ml/min.

Lack of the membrane allows the cell to operatbath acidic and alkaline
media, as well as in “mixed-media” where the cathdin acidic and anode is in
alkali media, or vice versa [29]. This flexible at® of media allows the designer
to tailor the composition of cathode and anodeaste individually, and to
optimize the individual electrode kinetics as vadlthe overall cell potential [29].

The pH of the electrolyte affects the reaction ko at the individual
electrodes the and electrode potential [29]. Tleetadlyte is typically a strong
acid or a strong base. For instance, sulfuric acighotassium hydroxide have
highly mobile hydronium or hydroxide ions, respeely [24]. Typically,
operation of a fuel cell in alkaline media can ldadelectrooxidation of the
catalyst-poisoning carbon monoxide species on tiwgl@ improving the kinetics
of ORR at the cathode [29]. However, due to thepil of carbonate formation

resulting in clogging the membrane, the long-tetabiity of membrane-based
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fuel cells is restricted and limits the use of thatkali-compatible membranes for
liquid fuel cell operations [29].

Bruhsett et al. [54] examined the performance cbeeathing membraneless
LFFC operated on ethanol and methanol under adidiSO;) and alkaline
(KOH) conditions. Methanol and ethanol showed imvpbopen circuit potential
and maximum power density in alkaline media (1.2nd 0.7 V, 17.2 mW/cf
and 12.1 mW/cf) compared to acidic media (0.93 V and 0.41 V, 1a\@/cnf
and 1.9 mW/crf). The improved performance in alkaline media wassed by
the enhanced kinetics of alcohol oxidation and exygeduction.

Choban et al. [29] investigated the influence oidiac(H,SOy), alkaline
(KOH) and acidic/alkaline media on the cell potahtand power output of a
membraneless LFFC running on 1 M methanol and Wisdaxygen. The results
indicate that the process in both acidic and allkalnedia was cathode-limited,
which can be attributed to the low oxygen conceiatnain the solution. The
oxygen solubility in acidic media was about 1 mMile the oxygen solubility in
alkaline media was approximately 25% lower, resglin an earlier drop of the I-
V curve [29]. There is no issue with carbonate fation due to the immediate
removal of any formed carbonates from the systerthéylowing streams.

A maximum theoretical OCP is 0.38 V expected foraardic anode stream
and an alkaline cathode stream. However, an OUéssfthan 0.1 V was observed
due to the overpotentials on the cathode and anadether words, the energy
liberated in the methanol oxidation and oxygen o#éida reactions is mostly used
by water ionization reaction. In this configuratiothe electrolytic reaction
combined with a galvanic reaction is incapable afdpicing a large amount of

energy [29].
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In the case of alkaline anode and acidic catholde,combination of two
galvanic reactions yields a high theoretical OCR.6# V. However, the practical
OCP is only 1.4V due to the slow kinetics of oxygeduction and methanol
oxidation. The power density of mixed media is leigthan those obtained for all-
acidic and all-alkaline membraneless LFFCs.

Most of the observed additional power density fbe tmixed media
configuration is supplied by the electrochemicatidzase neutralization reaction
where protons are reduced at the cathode and hgdrans are consumed at the
cathode. Therefore, the consumption ofSB, and KOH must be taken into
account while comparing the different membranelddsC configurations.

While the cell is running under alkaline anode vathdic cathode conditions,
both OH and H are consumed at the anode and cathode at a rabe iohs for
each molecule of methanol. Based on the reactiod ®f of methanol with
ambient oxygen, consuming six equivalents @6€, and KOH, the maximum
theoretical energy density is 495 Wh/kg. This valsemuch lower than the
theoretical value of 6000 Wh/kg for the all-alka&iand all-acidic LFFC where
only methanol is consumed [29].

Hasegawa et al. [77] utilized the mixed media apphoto operate a
microfluidic fuel cell on hydrogen peroxide as bdtiel and oxidant, in alkaline
(NaOH) and acidic (kF50Oy) media, respectively. This design produced aixelit
high power density up to 23 mW/émThe drawback of this design is the
spontaneous decomposition of hydrogen peroxide lm d¢athode and the
associated generation of oxygen bubbles that mstyrdhi the co-laminar flow
interface.

The overall reaction for this design is:
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H,O,(aq) + HQO, (aq) + 2 H (aq) + OH (a@ ,O +3H (2.8)
which involves the disproportionate reaction of,Gd together with the
combination of H and OH ions. SQ?ion neutralizes Naion electrically at the
acidic/alkaline bipolar electrolyte interface. Cegsently, the products of this

fuel cell type are water, oxygen, and salt.

2.9 Challenges and Opportunities for Further Developmets

Amongst the different designs of membraneless LFR&&ailable in the
literature, membraneless LFFC with air-breathinghcde seems to be a
promising design for practical operations. Sincggen is supplied through a gas
diffusion electrode, optimization activities can fmused on the fuel stream.
Almost all reported designs of air-breathing mitumfic fuel cells run on high
flow rate of fuel and electrolyte to increase thaximum power density while
fuel utilization per single pass drops. A fuel realation scheme must be
integrated with the fuel cell to increase the ollezaergy density. This scheme
may add complexity to the system design. Invesbgain long-term performance
has been ignored in the literature. Current dessgiffier from incompatibility with
stacking schemes for making interconnected celies& issues must be addressed
for practical applications. In current designs 8fraicrofluidic fuel cells, three
reservoirs are needed to contain fuel, oxidantlectelyte as well as waste. As
space is a design constrain, integration of theservoirs with the fuel cell system
would add more complexity to the design and makeathole structure bulky and
difficult to integrate with other micro devices. @refore developing a one-
compartment fuel cell with selective electrodesning on a single reactant as
both fuel and oxidant is of great importance artdrigst. Such a fuel cell does not

need continuous pumping of reactants streams ftp tkeefuel separated from the
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oxidant. Auxiliary components can be kept minimghe whole fuel cell can be

fabricated in a very compact and cost-effective wapaking it easy to be

integrated with a power consumer

In order to address the above mentioned issuessdbpe of this thesis is

organized into the following activities:

In Chapter 4, a numerical simulation of anode agitiade was carried out to
better understand the interaction between masspeaahand electrochemical
processes within the cell. The model shows thatfleel utilization is a major
issue that must be addressed. The fuel utilizatéde can be improved by
optimizing the flow architecture of the fuel cell.

Chapter 5 reports the improvement of fuel utiliaatper single pass in an air-
breathing microfluidic fuel cell with flow-throughnode. Higher performance
compared to a flow-over design was achieved byngagareful attention on
the coupled mass transport to reactive sites amcklctrochemical kinetics.
As fuel utilization increases, mass transport todenreactive sites could be
affected by the formation of GObubbles, a by-product of formic acid
electrooxidation.

In Chapter 6, a novel design of air-breathing nflardic fuel cell was
fabricated and characterized to improve mass tahs$p the anode site and
consequently the overall cell performance. Ohmigsés are decreased by
reducing the spacing between the electrodes. Téssgd of air-breathing
microfluidic fuel cell can provide a suitable platin for the realization of
interconnected cells for a larger amount of power.

In Chapter 7, the proof-of-concept of an one-cortmpant fuel cell running on

hydrogen peroxide as both fuel and oxidant was ldpee. The fuel cell
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shows a superior performance compared to other compartment
membraneless fuel cells reported in the literatires design can open a new
avenue for further development of micro fuel celts on-chip power

generation.
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Chapter 3Experimental Methods

Abstract
This chapter describes experimental procedure f@edharacterizing the

performance of different microfluidic fuel cellsp@rted in chapters 4 to 6. For all
experiments, different concentrations of formicdacontaining 0.5 M sulfuric

acid as supporting electrolyte and a stream oM sulfuric acid were used.
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3.1 Electrochemical Reactions

The generation of electricity in a LFFC follows @l®chemical reactions
over electrodes. For all experiments described hapters 4 to 6, different
concentrations of formic acid (0.5 M, 1 M and 3 étntaining 0.5 M sulfuric acid
as supporting electrolyte were used as fuel argparate stream of 0.5 M,BO,
was introduced to the fluidic channel to separageftiel stream from the cathode
side.

Introducing the electrolyte stream into the chartmed two main functions.
The first function is to avoid the mixed potentihle to the oxidation of formic
acid at the cathode that can dramatically reduegérformance [56]. The second
function is the prevention of catalyst poisoningeda formic acid oxidation at the
Pt-supported cathode. Both catalyst poisoning aixécdnpotential on the cathode
are the consequences of fuel diffusion from thedanto the cathode. Fuel
diffusion can be minimized by the fine adjustmentuel-electrolyte interface and
their flow rates.

Formic acid has a lower energy density of 2104 W4l compared to
methanol with an energy density of 4900 Wh/I [83bwever, formic acid has
faster electrooxidation kinetics at room tempemt{i3]. Formic acid is also a
strong electrolyte, so this fuel can enhance pratansport at the anode side, and
it is safe for the environment [82].

The electro-oxidation of formic acid on Pt and stdd Pt-group metal
surfaces is a dual pathway mechanism [82]. Thet fpathway is via
dehyrogenation reaction which is the direct andfe® path for generating active

species of Hand releases electrons:

HCOOH® CQ+ 2H +2& E°=0.199 V vs SHI (3.1)
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The second reaction pathway is via dehydration oftesd CO is produced as

a poisoning intermediate which can block the acsites for direct pathway:

HCOOH® CO- H,O (3.2)
H,0® OH+ H'+ € (3.3)
CO+OH® CQ +H +& (3.4)
Overal: HCOOH® CQ+ 2H + 2 (3.5)

Adsorbed OH groups in step (3.3) oxidize the adsd®@O intermediate into
the gaseous CCend product in step (3.4). Within the potentialga of interest
for fuel cell, OH groups are not readily adsorbedtoo Pt. Consequently
dehydrogenation pathway is the desired reactiomimwithe potential range of
interest [82]. Palladium (Pd) has the tendency mfaking the O-H bonds of
formic acid over the whole potential region. Aseault, oxidation of formic acid
on Pd surfaces mostly proceeds through the dehgdedipn reaction step [81].
Pd is added to Pt to enhance reaction of Equa8al),(while Ruthenium (Ru)
addition is expected to enhance the reaction obEgu (3.4) [83].

Oxygen is supplied through the gas-diffusion caehtom the ambient air.
This catalytic oxygen reduction reaction is a maldctron process with a number
of elementary steps. Without considering diffenes@ction intermediates, oxygen

reduction reaction (ORR) occurs as:

O,+4H +4e® 2H C E°=1.229V vs SHI (3.6)

3.2 Electrode Fabrication
In order to fabricate the anode, catalyst ink wiapared using high-surface-
area Pd black particles (99.9% metal basis) frofa-Akesar or Pt-Ru 20:20 atom.

wt% alloy (E-TEK) were mixed with carbon nanopdds (Vulcan X72) with a
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loading of 1 mg/crhto improve the dispersion of Pd particles. Nafsmiution
with a loading of 3 mg/cm(for Pd) or 1.5 mg/ch(for Pt-Ru) was used as a
binder. To have a low-viscosity ink, isopropanolswadded to the mixture
followed by ultrasound sonication for 1 hour.

The catalyst ink was spread manually over a 10xi{peece of plain Toray
carbon paper with a porosity of 78% [84] and a dgpimeasured thickness of
280 um. The carbon paper was then dried under a fumod for 20 minutes and
subsequently kept in an oven at a temperature SC8for 1 hour. To make
electrode strips, carbon paper was cut in the reduize to work as the anode.

Cathodes were fabricated using plain carbon paBer. the experiment
described in chapter 4, the carbon paper was dipped a 5%
polytetrafluoroethylene (PTFE) solution for 2 miesit After drying at room
temperature, the paper was baked at 250°C for 8anmd at 350°C for another 30
min to achieve a hydrophobic surface. The PTFEimgaivoids liquid leakage
from the channel through the porous carbon paper time environment. The
immersion of carbon paper in the PTFE solution eleses its porosity, depending
on the concentration of the PTFE solution [84]. B86 PTFE solution, the
porosity reduction is less than 1% [84].

The cathode has a double-layer catalyst loadiny [Be first layer contains
0.3 mg/cni platinum nanoparticles supported on Vulcan XC ABatAesar). The
second layer, which is exposed directly to theteddge stream of 0.5 M sulfuric
acid, has a loading of 2 mg/émlatinum and approximately 0.1 mg/tidafion.

For the experiments of Chapters 5 and 6, commergadbon-fiber-based

cathode (Alfa-Aesar) was used to provide consistestilts. Teflofi content of
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the cathode is high enough to prevent leakage frenchannel through the gas-

diffusion electrode.

3.3 Experimental Conditions

The flow rate of the fuel and the electrolyte stneavere kept constant at a
fixed fuel-to-electrolyte ratio of 1:1. Fuel cellsere tested with fuel flow rates of
10, 20, 50, 100, 200 and 500 ul/min. Both fuel aatelctrolyte streams were
delivered by a syringe pump (KD Scientific). To ea® repeatable results, the
following procedure was applied. Prior to runnihg experiment at a given flow
rate, the syringe pump was driven for a fixed pemd time, from 5 minutes at
200 pl/min to 20 minutes at 20 pl/min. This steprnaats that flow conditions
including liquid-liquid interface and velocity figlinside the cell were stabilized.
In addition, this step ensures that the syringe pwan reach the steady-state
operational conditions prior to the experiment. Atgmtial scanning rate of
5 mV/s with a potential step of 0.01 V was used.

The characterization of the fuel cells was caroetl at room temperature of
25°C. The current at different cell potentials was suead with an electric load
system (PGSTAT 302 with GPES Manager as interfaftevare), Figure 3.1.

To evaluate the combined Ohmic cell resistancetrelehemical impedance
spectroscopy (EIS) was carried out at the openitikoltage (OCV) and a flow
rate of 200 pl/min. Frequency range of EIS was flathHz to 100 kHz with an
AC amplitude of 10 mVrms. The intercept of highefuency impedance spectrum
and the real axis indicates the total cell resttatin OCV condition, there is no
disturbance in the channel. For instance, bubbleemggion due to current
generation may alter the lamination of two streamshange the cross-sectional

area of charge transport from anode to cathodealdabricated cells, OCV was
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Figure 3.1. A schematic of the experimental setup.

monitored for 10 to 20 minutes before each exparin@ensure the stable liquid-

liquid interface in the channel.
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Chapter 4 Numerical Simulation of an Air-breathing
Microfluidic Fuel Cell*

*This chapter was partly published in:
Mousavi Shaegh SA, Nguyen, N.T., Chan, S.H., 2@k0 Air-breathing laminar flow-
based formic acid fuel cell with porous planar amoéxperimental and numerical
investigations. Journal of Micromechanics and Méergineering 20 (10), pp. 105008.

Abstract
In this chapter, numerical simulation was carriedl @ provide insight into

the coupled electrochemical and mass transportgehenon in a microfluidic fuel
cell. In order to have a quantitative understandihghe experimental results, a
three-dimensional model based on finite elemenhote{FEM) was established.
The model solves the coupled electrochemical reastand transport phenomena
within the fuel cell under the same experimentatdittons and with the same
geometry. The results obtained from this simulapoovide an avenue for further

optimization measures.
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4.1 Fuel Cell Design and Fabrication

Because of the laminar nature of the reactant retreathe channel, flow
architecture and the interaction of reactant-etefgrplay an important role on the
overall cell performance. In order to improve theemll performance and to
increase fuel utilization for electricity generatjathe flow architecture and the
associated limiting transport properties within @arbreathing microfluidic fuel
cell must be identified. In addition, modeling ofcnofluidic fuel cells reduces the
time and effort for design, fabrication and chagaeation of new microfluidic
fuel cells. To have a quantitative understandingha experimental results, a
three-dimensional model based on Finite Elementhbtet(FEM) using the
commercial software (COMSOL Multiphysics) was ebthizd.

A microfluidic fuel cell was fabricated and chaexized to validate the
numerical simulation, Figure 4.1. In a T-shapedncied, fuel containing 1 M
formic acid and 0.5 M sulfuric acid was introducedo the channel from the
bottom inlet. Inlet of the electrolyte stream istbe top. The electrodes has a top-
bottom arrangement. The model solves the coupletrechemical reactions and
transport phenomena within the fuel cell under ¢hme experimental operating
conditions with the same geometry. The channeltwadtd length are 2 mm and
50 mm, respectively. The channel height of 0.9 mas wngraved in the PMMA
sheet by adjusting the power and scanning speghleolaser machining system
(Universal M-300 Laser Platform, Universal Lasest®yns Inc., AZ, USA).

A piece of plain Toray carbon paper with a width2ofhm and a length of
40 mm was placed at the bottom of the channel tkvas the anode. The final

active area of the anode measures 2 mm x 30 mm.aé¢tiee area was coated
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Figure 4.1 Schematic of the air-breathing micrdaficifuel cell: (a) Eplodec
view of the fuel cell; (b) Details of the assembtedl (not to scale).

with platinum-ruthenium (Pt-Ru) alloy nanopatrticle@erking as an electrocatalyst
with a total active electrode area of 0.6°cm

A 1-mm thick PMMA sheet was cut by the same lagstesn to serve as the
cover for the channel. This PMMA layer has a 2 mB80xmm slot to hold the
cathode made of Toray carbon paper. The gas difiusiectrode (GDE) was
assembled on the PMMA sheet using epoxy (Aralditmtsmann, USA). Before
bonding the two PMMA sheets, both PMMA surfacesem@echanically treated
by a piece of fine sand paper to improve the saerfaoghness for better adhesion.
The two PMMA pieces were then bonded together ushigroform. Electrically
conducting copper wires were attached to the @defy using conductive silver

epoxy (Chemtronics, USA). The electrodes were aligrand positioned to
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@

(b)

Figure 4.2 Fabricated fuel cell: (a)rrAngement of inlets a
outlet; (b) GDE and wires attached to the anodecatitbde.

maintain the 0.6 chmactive surface area on both electrodes. The fuel a
electrolyte inlets were cut by the laser system laanek a diameter of 1.3 mm. A
single outlet with a diameter of 2 mm was cut ore ttop layer. Fluidic

interconnects were glued to the cell using epoxyeatve. Tubing with an inner
diameter of 0.062 inch and an outer diameter o2®ihch (Cole—Parmer) was
used for delivering the fuel, electrolyte and wagtéer the final assembly, the
LFFC was tested for leakage with de-ionized (DItexaFigure 4.2 depicts the

assembled LFFC.

4.2 Model Formulation and Theory

The model developed in this chapter does not ainfully describe all
transport phenomena and electrochemical reactioitginwthe fuel cell. A
complete simulation of all physicochemical interacs in a microfluidic fuel cell
is highly complex with a large-degree of non-linBai85]. In order to manage the
problem, some simplifications are needed. The fafukis numerical simulation

is to capture the impact of key transport phenonmnthe cell performance. New
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solutions for performance improvement can be okthinith better understanding
of the cell operation.

Key assumptions made for this simulation are listedollow:

(i) For both fuel and electrolyte streams, incorspiigle fluid flow is

assumed. Effect of gravity is neglected.

(i) Isothermal and steady state conditions ares®red. Since liquid
velocities are very moderate, internal heating bseaof viscous dissipation is
ignored. Therefore, an isothermal system is assyitigd

(i) Physical properties of the electrodes andetdyte are homogeneous.
Other assumptions will be described in details eguired in the following

sections.

4.3 Hydrodynamic Equations

Electrical double layer (EDL) is formed at the migéee of the electrodes and the
electrolyte. EDL consists of the inner Stern laged the outer diffuse layer. EDL
has a critical role in charge transfer across tbet®de-electrolyte interface [86].
Because of the potential gradient across the eléesr;, electric body force (EBF)
is created resulting in electroosmotic pressurg. [8prague et al. [86] showed
that EBF effects on ion concentration distributiand velocity field in a
microfluidic fuel cell is negligible. Consequentlyhe effect of EBF is not
considered in the Navier-Stokes equation and eleetrtrality condition for the
whole fluid is assumed. Simulation of ionic migaatiis neglected because of the

high concentration of the acid supporting electe[35].
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Figure 4.3. Schematic of the computational domain

To solve the flow field in the channel and throutite porous anode,
continuity and Navier—Stokes equations are solved the steady-state and
laminar flow condition Re <10):

N.(ru)=0 4.1)
RL.(uu) = - %N p+R.(Wu) (4.2)

wherep is the static pressura,is the velocity vector, is the fluid density, and

is the kinematic viscosity. The system is considexg an isothermal system. The
viscous dissipation due to the low liquid veloatithrough the channel (<

1 cm/s) can be ignored. Since the anolyte andrelgtg are dilute solutions, the
input density of anolyte and electrolyte are takesnthat of water. Density of a
solution of 1 M HCOOH containing 0.5 M,80;, used as fuel is 1031 kgim
while the density of a solution of 0.5 M8, used as electrolyte stream is 1028
kg/n.

To solve the flow distribution in the porous meddarcy’s law is used [88]:
u=-—Np (4.3)
m

wherek is the intrinsic permeability of the porous medidrinsic permeability is

known as the permeability of a single phase flomtrinsic permeability is
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independent of the nature of the fluid, and depemdthe structure of the porous
medium [88]. Darcy’s law is based on the homogdionaof the porous medium
and fluid into one single medium [89]. So, a detigeometrical description of
the pores is not required to solve the Darcy’s rhollecording to equation (4.3),
a pressure gradient is the driving force for flomthe porous media.

Since a horizontal liquid-liquid interface is edtslhbed in the channel, effects

of gravity-induced reorientation on hydrodynamios aeglected [90].

4.4 Mass Transport and Electrochemical Model

Formic acid is oxidized at the anode, which is iempénted on the bottom
wall of the channel. The electrooxidation of fornaicid to carbon dioxide (G
on a metal surface is assumed to take place viebpath mechanism [81]. In the
current model, the direct pathway is assumed tdhbedominant oxidation of
formic acid.

The catalytic oxygen reduction reaction (ORR) isnalti-electron process
with a number of elementary steps, entailing défgmreaction intermediates [91].
Without considering the reaction intermediates, thg/gen reduction at the
cathode is considered.

Anode and cathode are both made of porous carbper gavered by a thin
layer of catalyst particles. The catalyst layerésted in the model as a boundary.
The corresponding electrochemical reactions taleegpbver this boundary. So the
effect of these reactions on the species concenmtrappears as the source teé8m

in the equation of conservation of species:

N.(-DNC+ Gu)=$ (4.4)
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where§ is the net rate of change of specig€sby electrochemical reactions over

anode and cathode, and represents the rate ofroedsspecies per cubic meter.
D; is the diffusion coefficient of species “in the corresponding media referring
to formic acid at the anode and oxygen at the cithd®he value ob for anodic
and cathodic reactions are considered as format ditfusivity in aqueous media
(water) and oxygen diffusivity through gas diffusi@lectrode (GDE) and the
aqueous media of electrolyte respectivélys the concentration of corresponding
species at the anode and the cathode.

The rates of formic acid electrooxidation at thedeand electroreduction of
oxygen at the cathode are given by:

b

o c, a,Fh a_m
= o ex - exp- 4.5
S nF C P—RT - (4.5)

i ref

wherejo is the exchange current density at the referemaetant concentration; C
ef , i 1S the reaction order of specia$ for the elementary charge transfer step.
Since the rate determining step is a first-ordectien, = 1 is chosen [71],a
and . are the anodic and cathodic charge transfer oerffis,R is the universal
gas constant and is the operating temperature and is considered esnstant
parameterk is the Faraday’s constant, andgs the activation overpotential.
Oxygen from atmosphere diffuses through the GDEetach the catalyst
layer. Therefore, diffusion transport through thBEsis considered in the model.
To determine the oxygen concentration through ti¥EGEquations (4.4) and
(4.5) are solved with input values and appropritendary conditions as listed in
Tables 4.1 and 4.2. On the catalytic surface, dméynormal flux to the surface
contributes to power output of the cell [60] angjiigen by:
nN.(-DNC+ Gu)= $ (4.6)
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Due to the porous nature of cathode and anode,bthary diffusion
coefficients utilized in the porous media are coed for the porosity | and

tortuosity () of the media as follows [92]:
ff _~ €

The released protons from hydrogen oxidation attiwde diffuse across the
channel to react with oxygen. Proton transfer @ dathode side is facilitated by
the potential gradient between the electrodes [B5hddition to proton diffusion
to the cathode, formic acid can diffuse and re&ehdathode at low flow rates.
Formic acid adjacent to the cathode catalyst camoidized decreasing the
cathode voltage due to the mixed potential. In thisdel, the effect of fuel
crossover on the cathode and the simulation of wlaste products are not

considered.

4.5 Boundary Conditions

To determine the flow field through the channeg fhel-to-electrolyte flow
rate ratio of 1:1 is chosen while the outlet bougdeondition is set on zero
pressure. The inlet velocities are set in the madebrding to the experimental
flow rates mentioned in Chapter 3. Three differBatv rates Q:=500 pl/min,
Q2=100 pl/min andQ3;=10 ul/min with the respective inlet velocity of 6,2 and
0.12 mm/s were used in the simulation.

Formic acid with a concentration of 1 M is setla inlet as anolyte stream
for all simulations, while the concentration ofrfuc acid at the inlet of electrolyte

stream is set to be zero. The outlet conditiorisas convective mass transport.
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Table 4.1 Constants and parameters used in therrmatngmulation

Parameter Description Values Units
Co, ncoon Reference concentration of formic acid 500 mol m?>
Co, 02 Reference concentration of oxygen 85 mol m*
Co, 02 Reference concentration of oxygen 85 mol ni®
Dozwatery  Diffusivity of oxygen in water 2.1x10° m? s*
Dozen  Diffusivity of oxygen in air 2.1 x10° m* st
Ducoon  Diffusivity of formic acid as anolyte 2.546 x1d m?s?
Dozwatery  Diffusivity of oxygen in water 2.1x10° m? s*
Doz Diffusivity of oxygen in air 2.1 x10° m* st
N, Number of transferred electrons at anode 2 --

Ne Number of transferred electrons at cathodé --

F Faraday’s constant 96485 C

joa Exchange current density at anode 600 A m?

joc Exchange current density at anode 5 x10° A m?

K In-plane permeability of carbon paper ~ 1x10% m’

K Electrical conductivity of electrodes 300 ( m)?

R Universal gas constant 8.314 Jmol'K™

T Temperature 298 K
Porosity of carbon paper used as GDE an@.7 --
anode

U Viscosity 10° kg m*s?
Density of anolyte and electrolyte stream 1000 kg m*

Tortuosity of carbon paper

3
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Table 4.2 Boundary conditions used for hydrodynaraid electrochemical
reactions

Boundary conditions to solve Equations (4.1) and)(4

u=(0,u)whereu,is the inlet velocity (0.006, 0.0012, 0.00012 m/s)

u = (0,0)at the walls

p = 0at the outlet (gauge pressure)

Boundary conditions to solve Equation (4.4) for @mand cathode reactions:

C = G,at the inlet of anolyte stream

C =0at the inlet of electrolyte stream

(- N C+ cu).n= Oat the non-catalytic walls

(- DN C).n= 0at the outlet

The upper surface of the GDE is exposed to the emhlaiir and has an inlet
concentration equal to the oxygen concentrationaihosphere. The bottom
surface, working as the catalytic surface, hasamid flux of S, determined by
Equation (4.5). All parameters and the boundarydit@ns used in the numerical
model are listed in Table 4.1 and Table 4.2. Thigcal values as input data are

compiled from [60, 92-95].

4.5.1 Cathode and Anode Overpotentials
In order to solve Equation (4.5), species concéntraand activation
overpotential must be known for both electrodesttifesmore, both voltage and

the corresponding cell current density must beuatat to plot thé-V curve. To
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obtain thel-V curve, cell current is fixed and the correspondiraitage is
calculated [96] by taking into account the diffdrg@olarization losses based on

the experimental data of the fabricated cell. Thperating potential can be
corrected from the ideal voltag&’(T, P), by the various polarizations [28]:

EceII = EO(T’ P)_ha,a-Iha,c

-h -h ma-}ﬁ mJ'h } (4.8)
where E°(T, P) is the theoretical equilibrium open-circuit pofahtof the cell,

calculated from the Nernst equation. The varialfiesand /, . represent the

activation overpotentials at the anode and theockthThe Ohmic los&, occurs

due to the resistance of the electrode materialisti@ electrical interconnects.
The mass transfer or concentration polarizatiothatanode and the cathode are

presented a#, ,and/

m,c?

respectively. Crossover effect of fuel and oxédiz

through the electrolyte or internal short circurighe cell can be presented hy

which is responsible for the departure of the thgoal equilibrium open-circuit
potential from the Nernst equilibrium voltage.

Experimental data in Figure 4.4 show that theradassharp voltage drop at
high current densities for the given geometry aperation conditions. Therefore,
mass transfer overpotential can be neglected tpl$ynthe model. Effect of cross
over (mixed potential) at anode and cathode siddsother parasitic losses can be
taken into account in the open-circuit potentialanied from the experiment. In
this case, Equation (4.8) can be considered asmiesapirical equation and
simplified to:

E -l

= EOCV -h (49)

cell aa acl_h r
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Figure 4.4 Experimentapolarization curves of the fuel c
running on three flow rates of formic acid.

where E,, is the experimental open-circuit voltage obtainemrf the |-V curve

at a given flow rate, Figure 4.4. According to Eijpra (4.5), the current density is
dependent on the concentration of the fuel and dk&lant. The species
concentration can be calculated at a fixed curdensity with corresponding

activation overpotentialy, ,and /4, ., while the flow rate is known.

ach
Figure 4.4 shows that the maximum current dengityit{ng current) is not
determined by mass transfer overpotential, espg@ahigh flow rates. The only
exception is the flow rate of;=10 pl/min with a short drop observed at the
limiting current. The main overpotential losses amainly associated with
activation and Ohmic losses. The Ohmic losses tribwed to the electrolyte
proton conductivity and the resistance of the etelets and external connections.

Ohmic losses of the cell are calculated by:

hr =i >(Relectrolyte +Rexternal) (410)
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whereReeciroyteiS referred to the ionic resistance of the elégteo To have a good
ionic conductivity across the channel from anodedthode, 0.5 M sulfuric acid
was mixed with 1 M of formic acid. The ionic conduity of 0.5 M sulfuric acid

is on the order of 0.2 S/cm [50]. Based on an antm cathode spacing of

1.4 mm, a solution resistance of O/7xnTwas obtained. Cell potential minus
activation and electrolyte losses results in thesés of external resistance
(Rexterna). A value of 4.9wis considered for the external resistance, inclydie

resistance of wiring and the electrical contacts.

To solve Equation (4.9E.cv and/1, were obtained from the experimental data
while the anodic and cathodic activation overpo&sit/s, .and /1, .were taken

from the simulation. The voltage calculated usingu&ion (4.9) is called
Veell, mode

Triangular mesh elements were used for the wholeetdimensional
geometry in COMSOL. The total number of elements w&170 which could
produce mesh-independent results. Stationary maadi solvent was used under
the solver parameter menu with Direct (PARDISO oficore) system solver.
This PARDISO out of core enables a computer totliseapacity of its RAM and
hard disk to store date during computation. It nsetrat more elements (finer
mesh) could be used for computation.

The model was initially run to solve the Navierd8s equations. Then flow-
field results were used to solve the mass transpuattelectrochemical equations.
The stopping criterion for the iterations was setlk10°. The I-V curve was
obtained by changing the cell current. The run tioreeach cell current varied

between 8 to 10 minutes using a dual core Inte RIXBA.
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4.6 Numerical Results and Conclusions
4.6.1 Polarization Losses in the Fuel Cell

Figure 4.5 shows the relative contribution of diffiet polarization losses to
the total polarization at a flow rate of 100 pl/nana corresponding inlet velocity
of 1.2 mm/s. Cathodic overpotential has the largestribution in voltage losses,
especially at low current densities, because ofdlnggish electroreduction of
oxygen. Anodic loss is negligible compared to cditb@ne. Ohmic loss is linear
and increases with increasing current density. Tigige indicates the activation
overpotentials can be predicted in a good agreemigmexperimental data.

The discrepancy between the simulated and the iexpetal data occurs at
high current densities. This discrepancy is marelated to concentration losses.
A mismatch between the simulated, Figure 4.6, dmel éxperimental data
occurred at limiting current densities, Figure 448.low flow rates, the slow
replenishment of depletion boundary layer over ancedn lead to significant
concentration polarization losses. A part of cotiagion polarization is attributed
to the generation of local carbon dioxide bubblesrahe anode because the
electrooxidation of fuel was not taken into accoumthe model. These bubbles
block the active sites of the anode for a shorfevdund hinder fuel transport to the
catalytic particles, but can be dissolved in theah or washed away by the

stream.
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Figure 4.5 Contributions of different polarizatitossesat flow
rate of 100 pl.

This model is selected as a platform to calcula¢ecbncentration distribution
at different flow rates to gain a better understagof the transport mechanism
within the cell. The obtained results can be usealtimize the design in terms of

electrode arrangement, flow architecture and tleel msaterials.
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Figure 4.6 Simulated voltage-current polarizatiarrve of the fuel cellai

different flow rates.
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4.6.2 Concentration Distribution of Fuel

Equation (4.5) indicates that the concentratiorfuel and oxidant plays an
important role on the current density of a fuell.cElood understanding of the
species transport through the anode and the catteodbelp to develop strategies
for enhancing the performance and fuel utilization.

Figure 4.7 shows the concentration distributiorfayfic acid entering the
channel at a concentration of 1000 mdl/fL M) for three flow rates of
Q=500 pl/min,Q,=100 ul/min, andQs=10 ul/min with the corresponding mean
velocities of 6, 1.2 and 0.12 mm/s, respectivelye T-shaped cross-section of the
channel is located at thxey plane which cut through the center of the chafmel
=1/2w) of a widthw. After entering the channel, the concentrationths fuel
decreases due to (i) diffusive mixing to the elggte stream, and (ii) the
consumption at the anode.

At the highest flow rate of;=500 pl/min, the mixing region is limited to a
very thin zone in the middle of the channel dug¢hi high Peclet numbePé =
850). At lower flow rates 0Q3=100 pl/minandQs=10 pl/min Pe= 170 and 17),
diffusion is apparent at the liquid-liquid interéacAt Qs=10 pl/min, the fuel can
diffuse across the electrolyte stream and reacledtieode side due to the low rate
of replenishment.

Fuel is consumed over the anode forming a depld&oamdary layer. At high
flow rates, the depleted fuel is replenished rapimt the supply of fresh fuel. As
the feeding flow rate decreases, a zone with losV éoncentration is formed. At
the flow rate ofQs;=10 pl/min, the growth of the depletion boundaryelaover

anode is obvious. Since the anode is placed inttidechannel fronx=1 cm to
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x=4 cm, the depletion boundary layer grows rapidbifx=1 cm indicating a low

fuel concentration over the anode.

Figure 4.7 shows the concentration distributiorioomic acid at the entrance
(x=1 cm), centrex=2.5 cm), as well as at the end of the anode el@et=4 cm)
for the three flow rates. The anode was made akeepof carbon paper with a
thickness of 280 um. The upper surface of the aregmsed to the flow was
covered with a catalyst layer. In Figure 4.8 toufeg4.10, the location of catalyst
layer is aty = -600 um, while the liquid-liquid interface is iiedted by (0,0) at the
height of the channel, Figure 4.3.

For all flow rates, the concentration of the fuerass the porous anode
remains constant. At the vicinity of the catalystdr, the concentration drops due
to the fuel consumption. At the flow rate Q=500 pl/min, the consumed fuel is
replenished by the fuel stream, and the fuel camaton over the anode does not
change significantly. In other words, the massdpant boundary layer remains
thin over the electrode.

At the flow rate of Q,=100 pl/min and especially at the flow rate of

Figure 4.7 Concentration didtation of formic acid though the channel and ovesde &
the maximum current density of the correspondiog ftate. 70
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Qs= 10 pl/min, the fuel concentration at the vicindf the anode drops and the

depletion boundary layer grows. For the flow rate @;= 10 pl/min, the
concentration of formic acid over the anoge=(-600 um) in the center of the
electrode X = 2.5 cm) is almost zero. This fact reveals that jihe first few
millimeters of the electrode has significant cdnition to current generation.

Sharp drop of fuel concentration over the anodeyat-600 pum for
Qs= 10 pl/min, Figure 4.10, is related to rapid fuelnsomption over the
electrode. This trend is observed @s= 100 ul/min, Figure 4.9, but because of
faster replenishment of depletion boundary laylee, decline is not very sharp.
The anode is made from carbon paper with thickeé&00 um, which occupies
the channel height from -800 um to -600 um. Thalgat layer is over the carbon
paper at the channel height of -600 um. The shaxp df formic acid
concentration from -500 um to the center of thenclehatx = 1 cm is because of
diffusion mixing of formic acid and electrolyte sam. The sharp decrease of
formic acid concentration from -500 um to -600 pumd arom -700 um to -
600 um is because of formic acid oxidation over ¢hectrode and lack of fast
replenishment of the depletion zone due to theflow rate of formic acid.

At higher flow rates of 100 and 500 pl/min, thelfgencentration over the
anode is high enough to produce current, but onpad of the stream at the
vicinity of the electrode is consumed. In this gdke core fuel stream with a high
concentration just passes through the channel watititontributing to current
generation. Therefore fuel utilization at these flea rates can be low.

An improved configuration can provide a largeriactcatalytic areas for
electro-oxidation of fuel enhancing the fuel utliibn as well as the fuel cell

performance. Since the formic acid diffuses in he electrolyte through the
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Figure 4.8. Concentration profile of formic acidwmn in the middle of th
y-z plane for the fuel-to-electrolyte flow rate ratibl:1 andQ;=500 pl/min.

liquid-liquid interface, the concentration of forenacid drops gradually over the
anolyte stream.

Fuel concentration on the cathode is highly depeinde the flow rate of co-
laminar flows. AtQ;=500 pl/min, the fuel concentration at the endhef tathode
(x=4 cm) is almost zero, because the corresponésigence time of the flow in
the channel of approximately 10 second is shohnin that 01Q,=100 pl/min and
Q3=10 pl/min (approx. 50 and 500 seconds).

In contrast, the corresponding values of fuel catregion ofQ,=100 pl/min
and Q;=10 pl/min are 120 and 260 mofimThis fuel crossover is significant at

lower flow rates and has two consequences.
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Figure 4.9 Concentration profile of formic acidwan at the middle of thg-z plane
for the fuel-to-electrolyte flow rate ratio of 1ahdQ;=100 pl/min.

Figure 4.10 Concentration profile of formic acid solution thie middle c
the y-z plane for the fuel-to-et#rolyte flow rate ratio of 1:1 a
Q=10 pl/min.
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First, the concentration of fuel in the anolyteeatn decreases leading to

lower current density. Second, the electrooxidatainformic acid over the
cathode can result in a mixed potential and dees#ise open-circuit potential

and the overall cell performance.

4.6.3 Concentration Distribution of Oxidant through the Fuel Cell

Microfluidic membraneless fuel cells with a streash oxidant such as
dissolved oxygen in sulfuric acid usually sufferorfr the low oxygen
concentration over the cathode leading to low eurdensity [60]. The strategy of
using gas diffusion electrode as air-breathing ad¢haims at providing higher
oxygen content at the cathode [49]. In the numkrtaulation, the cathode
catalyst layer is considered as a boundary onrtheriside of the channel where
reduction of oxygen takes place, Figure 4.3. Atsg/gen can diffuse through the
gas diffusion cathode into the aqueous stream$ienchannel. The simulated
oxygen concentration through the gas diffusiontedele is shown in Figure 4.11.

Figure 4.12. to Figure 4.14 show a sharp drop gfer concentration in the

electrolyte rather than in the electrode. This ghdrop is attributed to the

Figure 4.11 Concentratiorigtiribution of oxygen though the gas diffusion &lede an
over in the channel at the maximum current dertdithe corresponding flow rate.
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Figure 4.12 Concentration profile of oxygen at thiedle of they-z plane fo
the fuel-to-electrolyte flow rate ratio of 1:1 a@g=500 pl/min.

difference in the higher diffusion coefficient ofxymen in porous media
(Do, oo =€/t 2 10°nT /s) as compared to watéb, o, =2  10°nTs).

The convective transport of co-laminar streamsdmshe channel also affects the
transport of oxygen through the channel. At highaw rates ofQ;=500 pl/min
and Q,=100 pl/min, the transported oxygen cannot difftsehe anolyte stream
and washed away with the electrolyte stream. At tbe flow rate of
Qs=10 pl/min, oxygen has more time to diffuse to &nelyte stream. The oxygen
concentration over the catalyst layer at the enthefanodex = 4 cm) is around
35 mol/nt. For the case d@s in Figure 4.14, there is a slight drop in the jbeobf
oxygen concentration §=-600 um. The porous anode occupies the channal fro

-600 um to -860 um and the decrease is mainlyegléd the slower rate of

oxygen diffusion in the porous ano@® .., = 2.6~ 10*° nf /s)as compared to

a pure aqueous media.
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Figure 4.13 Concentration profile of oxygen at thieldle of they-z plane for th
fuel-to-electrolyte flow rate ratio of 1:1 aqgt=100 pl/min.

Figure 4.14 Concentration profile of oxygen at thieldle of they-z plane fo
the fuel-to-electrolyte flow rate ratio of 1:1 a@g=10 pl/min.
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4.6.4 Fuel Utilization and Power Density

Figure 4.15 shows the effect of increasing the ftate from 10 to 500 pl/min
on fuel utilization at different flow rates. The pnovement of power density at
higher flow rates is associated with (i) the highettage generated due to the
lower mixed potential at the cathode and (ii) thghbr rate of electrochemical
reaction to generate current due to the availgbdftreactants in the vicinity of
the catalytic active sites. Current generation ¢kieranode is highly dependent on
the concentration of formic acid. Beside the lovelfeoncentration over the
anode, the low open-circuit potential is anothesom for the low power density
of Q3=10 pl/min.

The fuel utilization is defined as:

J
e  =— 4.11
fuel nFv ( )

fuel

wherev, represents the supply rate of the fuel in mol/$ggure 4.15 clearly

shows that a higher fuel supply rate leads to & pigwer density but lower fuel
utilization. At the flow rates of 10 pl/min, 100 I/pin and 500 pl/min, the
experimental fuel utilizations of the cell at maxim power density are 38.9%,
6.23% and 1.03%, respectively. At the same flonegatthe numerical fuel
utilizations of the cell at the corresponding powensities are 49.6%, 7.21% and
1.95%, Figure 4.15. There is a good agreement lestwexperimental and
numerical results, but a quantitative differenceoliserved for the flow rate at
10 pl/min. Concentration loss can reduce the celleqtial at high current
densities and especially at low flow rates. Siree dimulation does not include

the impact of concentration losses on the celligak error in calculating the cell
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Figure 4.15 Comparison of numerical and experiniefuel utilization a
maximum power density.

potential could be introduced. Moreover, experiraknincertainties could be
another source for this discrepancy.

As shown in Figure 4.7 to Figure 4.10, for the floates of 100 and
500ul/min, the fuel concentration over the anode a&ctwvea is high enough to
produce more current, but only a part of the str@athe vicinity of the electrode
is consumed. The core of the fuel stream with d ligncentration just passes
through the channel without any contribution toreant generation. The high fuel
utilization of the cell at 10 pl/min is credited tioe longer residence time in the
channel.

As the flow rate of the streams decreases almostamiers of magnitude
from 500 to 10 pl/min, the corresponding maximunwep density only drops
from approximately 7.9 to 3.9 mW/éniThe fuel utilization increases from 1.03%
to 38.9%.

The porous anode presents more active area tham-parous and planar
anode. The use of porous carbon paper in the chaemees the purpose of
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Figure 4.16 Flow field simulation: (a)irBulated velocity field in the channel with
porous anode; (b) Velocity profile across the clerfor the porous and ngmorous
anodes at a flow rate of 500 pl/min.

replenishing the depletion boundary layer. Howeweimerical simulation of the
flow field with the porous anode reveals that tletoeity of liquid in a porous
medium is almost zero, Figure 4.16. Thus, thereoisffective advective mass

transport through the porous anode to provide freabtants to the active sites.

4.7 Conclusions

Advective mass transport across the channel froenntiddle of the fuel
stream to the side walls, where reactive areasl|@gated, does not occur
effectively. Consequently, depletion boundary lageer the planar electrode
cannot be replenished. The reactant concentratropsdgradually along the
anode. As the flow rate decreases, depletion boyrdger grows and only a part

contributes to current generation. In addition, thel in the core of the fuel
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stream passes through the channel without beindynesticing fuel utilization. As

a general design consideration, a compromise betwegh fuel utilization rate
and high power density needs to be met. Hydrodyoananipulation of the fuel
stream can improve advective mass transport temegtl the depletion layer over
the anode. The next chapter shows how flow ardhiteccan improve the

performance of air-breathing microfluidic fuel cell
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Chapter 5 Air-breathing Microfluidic Fuel Cell with
Flow-Through Anode*

*This chapter was partly published in:
Mousavi Shaegh SA, Nguyen, N-T, Chan, SH, Zhou, Aivsbreathing membraneless
laminar flow-based fuel cell with flow-through arednternational Journal of Hydrogen
Energy 2011, 37(4), pp. 3466-3476.

Abstract

This chapter describes the detailed characterizaifoa laminar flow-based
fuel cell (LFFC) with air-breathing cathode. Thdeefs of flow-over and flow-
through anode architectures, as well as operatingittons such as different fuel
flow rates and concentrations on the fuel utilizatiand power density are
investigated. Formic acid with concentrations & Bl and 1 M in a 0.5 M and
sulfuric acid solution as supporting electrolyter@vased as fuel with varying flow
rates of 20, 50, 100 and 200 pl/min. Because ofirtiproved mass transport to
the catalytic active sites, the flow-through anat®wed improved maximum
power density and fuel utilization per single passcompared to a similar flow-

over planar anode investigated in Chapter 4.
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5.1 Introduction

In a microfluidic fuel cell, reactants are directeda channel with reactive
walls by a convective flow. The reactants subsetiyefiffuse to the catalytic
sites on the walls. The steady-state diffusiontlhimass transport to a reactive
site in a pressure-driven flow is known as the Grgwoblem and is usually
divided into two main regimes: thentrance regimeand thefully developed
regime [97]. Graetz numbefGz= zh' P€') represents the ratio between the
convective time scal€f. =zU™) and the diffusive time scal@, =h*D*)[97],
wherez is the axial position along the channel dng the channel height which
represents the characteristic length sdaéss(UhD™*) is the Peclet number atd
is the axial flow velocity in the channel [97].

For a microfluidic fuel cell with flow-over electdes, consumption of fuel
and oxidant forms depletion layers with low reattanncentration over the
electrodes. As reactant flow rate increases, ddfusime scale becomes much
greater than the axial convective time scale, tegulin a diffusion-limited
performance Gz<<1), Figure 5.1. Therefore, a thin depletion boundager ()
over the electrode (<< h) is formed and a mass transéstrance regimeppears
[97]. Running on a high flow rate of reactant, hmwer density is achieved from
the cell, but because of the rapid convective ntesmssport to the cell exit, a
portion of the reactant does not reach the reacsives. The low reactant
consumption makes the performance becomes diffustmminated. As reactant
utilization increases, a bulk depletion of readaakes place through the channel,
and a mass transfer ifully developed regimarises. In this regime, reactant
consumption is high indicating high fuel/oxidaniiaation. But the power density

drops as compared to the operation in higher flates, Figure 5.1. Transition
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from entrance regimet high flow rates tdully developedegimeat low flow
rates reveals a trade-off between power density fagdutilization, which has
been reported frequently [30, 43, 63, 98].

To understand the relationship between fuel utitmaand power density,
interaction between mass transport and electroct&nreactions should be
considered as well. The Damkoéhler number is defiagdhe ratio between the
time taken by the mass transport and the time tdlkemhe reaction over the
reactive sites [97]. For the purely diffusive massisport, the Damkohler number
is defined adDa=kC**hD', wherek, C, X and D are the rate constant,
concentration, order of reaction and diffusivity.

To evaluate the effect of flow architecture on te#l performance, Kjeang
and co-workers selected three fuel cell designsinghon all vanadium redox
solutions as fuel and oxidant [24]. The vanadiudoxefuel and oxidant provide a
well-balanced electrochemical half cells for reawctrates and transport kinetics
with no catalyst [24]. The three designs have diffé electrode structures and
flow architectures. The one with planar flow-overghite rod electrodes has a
diffusion length of 150 um [30], while the other eorhas flow-over porous
electrodes with a diffusion length of 120 um [86pr the design with flow-
through porous electrodes [48], diffusion length36fum was assumed which is
the average fiber spacing of the porous carbonrgageed electrodes [80].

Diffusion length scale to reactive sites should dexreased to improve
reactant utilization. Decreasing the channel heightusing porous electrodes
decrease the diffusion length scale. As shown igufé 5.1, decreasing the
diffusion length scale increases the maximum posesrsity and fuel utilization

per single pass at a given flow rate. Improvemarterms of power density and
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Figure 5.1GzDa plot for representative microfluidic fuel cellsuét and oxidant are 2 M vanadium
redox species (V/V*', VO, /VO?") in 2 M sulfuric acid as supporting electrolyteo batalyst was
used. Values in the parentheses refer to maximusepdensity, fuel utilization at cell potential of
0.8 V and flow rate (mW/cm2, %, pl/min). X flow-over planar graphite electrodes) gxploited
flow-over porous carbon paper while ) refers to flow-through porous carbon paper etsigs. To
calculateDa number for fuel stream, constant rate (k) andudiffity (D) for V?*/V** were assumed
be 1.7 x 16 m/s and 2.4 x 18 n'/s, respectively [85].

fuel utilization is achieved for the design witlowi-through porous electrodes.
This performance improvement is an indication oharced mass transport
through theextended reactive sitesf the porous electrodes with continuous
replenishment of depleted reactants.

In this chapter, the diffusion length scale at teode is reduced by
implementing aflow-through anode in an air-breathing LFFC. This design
provides a platform to explore the impact of anofiosv architecture on the
overall performance and the fuel utilization pergée pass. Similar to the work of
Yoon et al [42] , the present flow-through anode has infifitel entry points in a
simple design. An air-breathing LFFC withptanar flow-overanode was also
fabricated with the same dimensions and using #mesmaterials to create a

benchmark platform for performance evaluation.
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Carbon dioxide is a product of formic acid or metblaelectrooxidation. At

high current densities, carbon dioxide bubbles aggyear in the channel. Bubble
dynamics influences local species transport, lidigdid mixing and crossover
[32]. The effect of bubbles on cell performancedmees significant as the flow
rate decreases. While the investigations availahlethe literature usually
exploited fuel rates of 300 ul/min and higher [88, 55] for characterization, the
present investigation attempted to characterize peeformance and fuel
utilization per single pass at medium to low floates of less than 200 pl/min. In
addition, to investigate the role of fuel concetitra on cell operation at low flow
rates, potential sweep voltammetry and chronoanmpeiry experiments were run
on two fuel solutions of 0.5 M and 1 M formic asmth 0.5 M sulfuric acid as

supporting electrolyte.

5.2 Fabrication and Characterization

Electrode fabrication and cell characterization eveescribed in detail in
Chapter 3. Both planar and flow-through designsewabricated from the same
materials with the same geometrical dimensionsssnitated otherwise. Anode
and cathode of both planar and flow-through deslgnge the same reactive area
of 3x30 mm.

A groove with the same size of the anode and depth4 mm is machined
into the graphite plate by a desktop 3D miling tiae (Rolan8DG
Corporation, model MDX-40A) to accommodate the anadd works as a current
collector, Figure 5.2. To enable the fuel to pds®ugh the anode, a slit was
machined through the graphite current collectagufe 5.3.

The main flow channel was made of poly(methyl metjate) (PMMA)

(Margacipt&) with a thickness of 1.5 mm. PMMA is resistanstofuric acid and
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Figure 5.2. Schematic dhe fabricated fuel cell architecture with ple
flow-over anode; (a) exploded view; (b) cross-smwl view, not to scale.

formic acid at room temperatures. The volume of¢hannel in both designs is
135 microliters. The depth of the channel is deteech by the thickness of the
PMMA plate. Since half of the channel is filled kvituel, the amount of fuel in
the channel is about 65 ul while another half @& tihannel is filled only with
supporting electrolyteDouble-sided adhesive was used to attach the chamne
the graphite plate which accommodates the anode.

The main objective of this investigation is theat@nship between the flow
architecture and the fuel cell performance. In ptdemake a direct comparison,
two fuel cells were fabricated from the same materio have similar initial

OCVs and Ohmic resistance.
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To evaluate the combined Ohmic cell resistancestrelehemical impedance
spectroscopy (EIS) was carried out at the openstipotential (OCV) and a flow
rate of 200 ul/min. Frequency of EIS ranges from 9z to 500 kHz with an AC
amplitude of 10 mV rms. The intercept of high-frequy impedance spectrum
with real axis indicates the total cell resistant€.03+0.33 and 1.83+0.32
for planar and flow-through designs, respectiv@lgese values reveal that both
fuel cell designs have almost the same Ohmic losSegire 5.4 depicts the

assembled cell.

Figure 5.3. Schematic of the fabricated fuel cethdecture with planar flow-
through anode; (a) Cross-sectional view; (b) Exptbdiew, not to scale.
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Figure 5.4. A view of the fabricated fuel cell witlow-over anode. Fuel inlet is on the
other side of the cell, not shown in this view.

5.3 Results and Discussions

To find the optimum range of flow rate that prodsiGge maximum power
density, linear sweep voltammetry for both desigvess carried out and the
corresponding power densities were plotted. As shaw Figure 5.5, the
maximum power density has only an increase of 10&67&6 for planar and flow-
through design as the flow rate increases from#208in to 400 pl/min. For flow
rates lower than 200 pl/min, the maximum power dgmsduces dramatically as
the flow rate decreases. Therefore, flow rates 00 j2/min, 2100 pl/min,
50 pl/min, 20 pl/min with corresponding Reynoldsmher of 2.96, 1.48, 0.74 and
0.296 were selected to investigate the effect oflarflow architecture on fuel cell
performance.

As a comparison, the present maximum power dersfitg9 mW/cnt is
lower than the maximum power density of 26 mW/@han air-breathing design
with planar anode at 300 pl/min [49]. But at a loilew rate of 100 pl/min, the
present maximum power density of 18 mWdsimuch higher than 10 mW/ém
from [49]. The previous cell had a channel heigh onm, an anode length of

20.5 mm and a total active area of 0.6Zamith 10 mg/cmi of Pd catalyst
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Figure 5.5 Maximum power density vs. running floater for planar and flowhrougt
(FT) design with 1 M formic acid.

particles on graphite plate. These differences lwarattributed to the usage of
catalyst-covered carbon paper as anode and theehdimensions in the present

study.

5.3.1 Fuel Cell Performance Running on 1 M Formic Acid

The typical current-potential and current-powervesrat different flow rates
for planar and flow-through designs are shown igukés 5.6 and 5.7. Three
distinctive regions with the dominant losses ofivation, Ohmic and mass-
transport are obvious for both designs. As the flate decreases, the OCV drops
mainly because of the widening inter-diffusion megiand the resulting mixed
potential over the cathode. Generally, flow-throudésign exhibits a higher
performance as compared to the planar design. istarice, at a flow rate of
200 pl/min, or a Peclet number of 880, flow-ovesida has respective maximum
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power density and current density of 19.4 mW/and 90 mA/crfy while the

flow-through design has the corresponding values 265 mW/cmi and
120 mA/cnf. The maximum power density of the planar designflfow rates of
200, 100, 50 and 20 pl/min are 19.4+4.34, 17.945.341+3.34 and
9.87+3.54 mW/crh compared to 26.5+4.20, 19.8+4.20, 13.4+1.81 and
11.4+1.20 mW/crh of the flow-through design. Along with the dataosim in
Figure 5.5, these results provide an evidence ler improvement of mass

transport in fuel cell with flow-through anode.
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Higher power densities of flow-through design arainty credited to the
quick replenishment of used reactants. In additibowv-through architecture
allows the improved utilization of the reactiveesitinside the porous electrode.
Since the fuel is supplied from the bottom, a reédy constant concentration of
fuel over the anode can be provided. The flow-cM@ode was made of porous
carbon paper, but numerical simulation showed thatfull depth of the anode
does not contribute to current generation becafisbeolack of advective mass
transport. As observed in Chapter 4, growth of eieh boundary layer on a
flow-over anode only benefits the first few millitees of the electrode.

For both designs, mass-transport losses becamiéicagh at potentials lower
than 0.4V for all flow rates, except the high flovate of 200 ul/min.
Accumulation of reaction products, such as carbooxide and slow
replenishment of depletion boundary layer can ke rttajor reasons for mass-
transport losses.

The buildup of carbon dioxide over the anode magults in bubble
generation. Carbon dioxide bubbles generated inctienel create two main
problems [78]. First, they can fill the channel arihinge the interface of the two
streams, or even mix up the two streams completelsulting in a crossover
phenomenon. Mixing of fuel with electrolyte stre@auses parasitic current and
decreases the overall cell current [99]. Seconbblas block the active sites for
fuel oxidation and the effective area of anode cedu Periodic growth and
detachment of bubbles within the channel leadsscodtinuous flow field along
the channel causing an unstable fuel cell opera@nsome anomalies can be

observed in Figure 5.7.
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5.3.2 Fuel Cell Performance Running on 0.5 M Formic Acid

In order to investigate the effect of fuel concahtm on the cell
performance, 0.5 M formic acid was used as fuel.sAswn in Figure 5.8 and
Figure 5.9, the OCV of both designs at lower flates of 20 and 50 pl/min are
slightly higher than that of 1 M formic acid becausf the lower fuel
concentration gradient from anode to cathode.

In agreement with the results using 1 M formic adite maximum power
density of the planar design is lower than thattlué flow-through design.
Maximum power densities at flow rates of 200, 160, and 20 pl/min are
17.8+1.38, 17.5+1.34, 16.1+1.73 and 7.70+0.52 m\W/cespectively, while the
flow-through design has the corresponding powersidies of 20.5+2.06,
18.4+0.68, 16.7+0.51 and 10.4+1 mWfcm

The sharp drop of cell potential for the flow-owksign running at low flow
rates of 20 and 50 pl/min, Figure 5.8, comparethé&cell potential of the flow-
through design running at the same flow rates, rféigu9, is highly associated
with the slow local transport of species to acsutes and the sluggish removal of
carbon dioxide from catalytic areas. In contrase, flow-through design shows a
better polarization behavior. In the very low flowte regime, the fuel cell
performance is dominated by diffusive transportrfrine bulk [80].

Running the cell on 50 pl/min of formic acid showsCoulombic fuel
utilization of 43+x3% per single pass as calculdigdquation (4.11) at the point

of maximum power density for both planar and fldwstugh designs.
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The sharp drop at 20 pl/min, Figure 5.8, is babiadsociated with very low

flow rate with planar flow-over anode. At low flovate of 20 pl/min of formic
acid with 0.5 M concentration, fuel can be depleted, fast over the electrode. In
addition, accumulation of by-products from formmdioxidation can hinder fuel
transport to active sites of the anode. Consequemtharp drop in cell current is
observed. The slight retrieval of cell current atgmtials lower than 0.2 V can be
related to removal of CQObubble(s) form the cell channel by stream dragdor
which more anode active sites are able to haveibatibn in current generation.
For the same flow rate with flow-through anode, ufeg 5.9, the continuous
replenishment of the anode from bottom can fatdithe mass transport to active
sites and avoid a sharp drop in current generation.

Figure 5.10(a) shows that the current at cell gaikonf 0.4 V decreases as
the flow rate decreases. At each flow rate, fotfed@nt tests show a similar trend.

However, experimental results using 1 M formic agtdows a slight
improvement compared to 0.5 M formic acid. For plenardesign at 200 pl/min
of 1 M formic acid, the average current and theoeissed fuel utilization are
41.4+5.63 mA and 6.31+1.1%. For the same desigrb@nd/min of 1 M formic
acid, the current and fuel utilization are 32.0#%A and 49.9+8.2%, Figure
5.10(b). In this case, the amount of fuel introdliceo the channel decreases by
400%, but the current only shows a drop of 22%. Tanclusions may be drawn
here. First, the number of available sites for tetexidation is far lower than
required.Second, the residence time of the fuel at the Mjciof catalytic active
area may play a critical role [100]. As the flowteralecreases to 50 pl/min, the
fuel residence time in the channel increases foued and may increase the

probability of more successful interactions betwkes and the active sites.
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5.4 Long-term Performance

The scanning process of potential sweep voltammietnn OCV to zero
potential took up to 3 minutes for each experiméltie cell experienced a
transient mode of operation during the measurenidrdgrefore, potential sweep
voltammetry represents a complex and time-deperfdantion of a large number
of coupled physical and chemical parameters. Ia tlaise, the discrimination of
the effect of an individual phenomenon on the peliformance becomes very
difficult, and in some cases even impossible.

To distinguish the effect of flow architecture dretcell performance, a long
term performance test (chronoamperometry experimeas carried out at the
flow rate of 100 pl/min. Since the cell potential fixed during a long term
operation, effect of flow architecture, flow ratedafuel concentration can be
observed more clearly.

To limit the degradation of performance due to oartmonoxide poisoning, fresh
cells were used for long term performance at a wellage of 0.4V and the

maximum power density. A rapid degradation in cotrigeneration was observed,
probably because of the formation of carbon mor®XdO) as an intermediate
species, which can occupy the active sites.

Further experiments were carried out at a cellqtaieof 0.2 V to capture the
effect of flow architecture on the long-term perfance of the fuel cell. At this
cell potential, the anode has a higher overpotewtigch facilitates the oxidation
of carbon monoxide. Therefore a more stable perdoga was observed.

As shown in Figure 5.11, operating at two fuel @ntcations of 0.5 M and
1M, flow-through design has a higher average atrraedensity of

34.2+2.69 mA/crh and 52.3+14.1 mA/cmand an average fuel utilization of

99



Chapter 5

16.3+4.6% and 21.4+1.68% as compared to the pliswgn with corresponding
values of 25.1+1.11 mA/cmand 35.5+2.2 mA/c and fuel utilization of
11.1+0.7% and 15.7£0.7%.

Because of the enhanced mass-transport charactera&t the anode side,
overall cell current density with flow-through amodinning on 0.5 M formic acid
at 0.2 V (34.2 mAict)) is almost the same as that of the cell with flover a
planar anode (35.47 mA/@nrunning on 1 M formic acid at a fuel flow rate of
100 pl/min.

The improved cell current indicates that flow-thgbuanode can exploit more
fuel for electrooxidation reaction. Since fuel mroduced to the channel through
the electrode, the depletion boundary layer isemphed effectively. In contrast
to the planar design, more fuel molecules havecttance to come into contact
with the catalytic active area. In a planar destpe,fuel volume in the middle of
the channel just passes through without interadfiitiyg the catalyst layer.

For all four sets of experiments, a gradual curdagradation was observed.
The degradation is associated with CO poisoningthef anode catalyst and
accumulation of C@on the catalytic active sites. The fluctuationsyrba related
to intermittent feeding of fresh reactant to thevacsites because of the formation
of CQO,bubbles as a product of formic acid electrooxidatio

The solubility of CQ in water at room temperature is 178 mg/100 ml,ciwhi
is equivalent to 0.0404 M. If carbon dioxide anatpns are assumed to be the
only products of the electro oxidation of formicidacthe concentration of the
produced carbon dioxide during one minute operatibeell with planar anode
running on 100 pl/min of 1 M formic acid and 0.5é\ectrolyte and a total flow

rate of 200 pl/min (with the average current dgnsft34.2 mA/cn) is estimated
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as9.8" 10° M. At this flow rate, the saturation threshold @O, dissolution in

the channel is 8.1x10M which is almost the same as the concentratiothef
produced carbon dioxide. As a result, the fluctuadi in current are not
significant. If the amount of C{generated in the channel is beyond the saturation
threshold, bubbles start to form in the channekr&fore, the fluctuations shown

in Figure 5.11(a) can be associated to the emeigibgles in the channel.

As observed in Figure 5.6 to Figure 5.9, fluctuasicof current densities
higher than 40 mA/cfwere observed. The main cause for this behavithds
formation of CQ bubbles. Since flow-through design has a highel diilization
rate, the chance of bubble generation is highehigtt flow rates, bubbles formed
in the channel could detach from the anode and &shed away towards the
outlet. However, at a moderate flow rate, bubbéeain attached to the channel
walls. Bubbles can block the anode active sites raddice the current density.
Therefore, the partial channel block may changerdinge of the average current
density from experiment to experiment as reflectedhe error band of the

average current density for flow-through desigming on 1 M formic acid.
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5.5 Conclusions

This chapter discusses the performance of two ra@thing laminar flow-
based fuel cells running on formic acid with flowen and flow-through anode
architectures. Medium to low flow rates of fuel asléctrolyte were utilized to
explore the impact of the flow architecture on therformance. Improved
maximum current density and fuel utilization in LE&ERvith flow-through anode
demonstrated the enhanced mass-transport at the ande. This approach can
utilize a higher fraction of the fuel introducedttee channel as compared to the
flow-over anode. However, the flow-through desigpeziences a higher pressure
drop. For practical applications, an air-breatHungl cell should be able to operate
at medium to low flow rates with high power denstyd fuel utilization. In the
case of using formic acid and methanol, the foramtf CQ bubbles at high
current densities plays an important role on thié performance. On the one
hand, cell operation at low flow rates and high podensity is a requirement. On
the other hand, removal of reaction products angblas from the active sites,
which can decrease the overall performance, isalettging problem at low flow
rates. Consequently, a trade-off between powerityesusd flow rate exists for the
current designs of air-breathing LFFCs. Breakings thrade-off needs a
revolutionary design to enable a cell operates abva flow rate with high
performance.

For practical long-term operations, fuel cells ddcuave high efficiency and
power by running at higher potentials, e.g. 0.4Dvrability and performance of

the anode can be improved by incorporating appatgcatalysts.

103



Chapter 5

The next chapter provides a novel solution for edsing the problem of the
bubble formation, opening a new direction for pblkesipractical applications of

LLFCs.
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Chapter 6 An Air-breathing Microfluidic Fuel Cell with
Fuel Reservoir*

*This chapter was partly published in:
Mousavi Shaegh S.A., Nguyen, N.T., Chan, S.H.,bkeathing Microfluidic Fuel Cell
with Fuel Reservoir, Journal of Power Sources 2@92pp. 312-317.

Abstract

This chapter describes the design and characternzaf an air-breathing
microfluidic fuel cell with a stationary fuel res®ir above the anode replacing
the conventional continuous fuel stream. Unlikeeothir-breathing microfluidic
designs, the fuel is not in direct contact withcelelyte stream allowing the use of
high fuel concentration. In addition, Ohmic losaes minimal because of the low
anode-to-cathode spacing. Since the fuel passesghrthe catalyst layer over the
anode, depletion boundary layer does not form. dwgd mass transport
compared to previous microfluidic designs is oledilbvecause of the uniform fuel
concentration over the anode and efficient bubbieaval from the anode active

sites.
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6.1 Introduction

As observed in Chapter 5, fuel utilization increhge a fuel cell with flow-
through anode. But the chance of carbon dioxidebleubbrmation in the flow
channel also increases the hindering of fuel transjp the active sites and the
disturbing of the fuel-electrolyte interface. Indatbn, bubble formation in the
channel increases the total Ohmic loss becauskeofeduced area available for
charge transport between the electrodes. An aathirey microfluidic fuel cell
should be able to operate at medium to low flovesawith a high power density
and high fuel utilization. In the case of usingnfiic acid or methanol, removal of
reaction products and bubbles from the active siseemes difficult at lower flow
rates. In addition, utilization of fuel with highorcentration degrades the cell
performance dramatically because of the large fexterbetween the fuel and the
electrolyte stream and the subsequent diffusiveangiand fuel crossover in the
current designs [49]Breaking this trade-off requires a different fuadlidery

solution for air-breathing microfluidic fuel cell.

6.2 Fuel Cell Fabrication

A design of air-breathing microfluidic fuel cell thifuel reservoir above the
anode and a stream of electrolyte is proposeddcead the issues of fuel delivery
and bubble formation, Figure 6.1. A uniform fuehcentration is supplied over
the reactive sites of the anode and the bubbledbearleased freely to the fuel
reservoir.

The anode of the fuel cell was made of plain Taragbon-fiber-based paper
with a typical thickness of 280 um and a porosityapproximately 78%. This

carbon paper was originally used as gas-diffusientede for proton exchange
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membrane fuel cells (PEM fuel cells). The anodeaios a catalyst layer made of
palladium black (Pd) with a loading of 7-8 mg€ifi01]. To make the catalyst
ink, high-surface-area Pd black particles (99.9%ambasis) from Alfa-Aesar
were mixed with carbon nanoparticles (Vulcan X7Zhva loading of 1 mg cif
Nafion solution with a loading of 3 mg éhwas used as the binder. Isopropanol
was added to the mixture followed by ultrasoundication for 1 hour to obtain a
low viscosity of the ink. The resulting catalyskiwas spread over a piece of
carbon paper with a size of 10x10%manually and dried under a fume hood for
20 minutes and subsequently kept in an oven anpagature of 86C for 1 hour.
The cathode was made of carbon-fiber-based papase in Chapter 5 [101].
The cathode was purchased from Alfa Aeser (stockdN875) which is originally
designed to be used as a cathode for direct mdthaiaells.

The microfluidic fuel cell consists of a 0.5 mmaehkisilicon-rubber layer to
form the flow channel. Similar to the designs régdrin Chapter 5, the fluidic
channel has a length and width of 30 mm and 3 nespeactively. The channel
depth is determined by the thickness of the siliadsber, which was cut using a
CO, laser machining system (Universal M-300 Laserf®iat, Universal Laser
Systems Inc.). Since the channel is made in flexdiicon rubber, the device is

self-sealing.
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Figure 6.1 Air-breathing microfluidic fuel cell vhitfuel reservoir: (a) The exploded view;
(b) The assembled cell and the operation of théraathing microfluidic fuel cell with a
pressurized fuel reservoir. Electrolyte streamnisoduced into the channel through an
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Figure 6.2 A view of the fabricadefuel cell with fue
reservoir on top the anode.

As shown in Figure 6.1, iarder to accommodate the electrodes in the current
collectors, a slit was machined into the same gtajhates using a desktop three-
dimensional milling machine (Rolafi®G Corporation, model MDX-40A).
Electrode strips were fixed on the edges of theusing a conductive epoxy
containing  silver particles  (CircuitWorks Conductive Epoxy from
Chemtronic8). Both electrodes were aligned with the channeh&intain 0.9 crh
anodic and cathodic catalytically-active surfaceaarThe flow channel was
sandwiched between two graphite current collectbisidic interconnects for
handling the streams were glued to the graphiteeplasing a fast drying epoxy.
The fabricated cell was inspected for leakage u$dgwater from Millipore

system. The assembled cell is shown in Figure 6.2.

6.3 Characterization

The fuel cell characterization tests were carriatlusing fuel containing formic
acid with 1 M and 3 M concentrations including M5sulfuric acid as a
supporting electrolyte and 0.5 M sulfuric acid e electrolyte stream. For all

experiments discussed in earlier chapters, 1 Mifoaunid was used as a baseline
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Figure 6.3 Open-circuit potential versus time afiling the fuel reservoir and applyi
pressure of 3 mbar. Fuel concentration is 3 M.

concentration. In addition, it was discussed tisagi high fuel concentration does
not improve the overall cell performance becauskwffuel utilization at single
pass for the cells with flow-over and flow-throughodes. In order to investigate
the influence of fuel concentration on the ovepaliformance of this new design
of fuel cell, 3 M formic acid was used for the cheterization experiments.

The flow rate of the electrolyte stream was kepistant for all experiments.
Electrolyte stream was delivered by a syringe puKip Scientific). Fuel was
supplied from the chamber above the anode, whevastdirectly exposed to the
anodic catalyst layer. The performance of the fuedl was characterized under
atmospheric condition and under a gauge pressiBenifar.

For all experiments running under the conditiogafige pressure, electrolyte
was first introduced into the flow channel usingyainge pump to avoid fuel

crossover to the cathode side. Then, the chambesrfiled with the fuel and
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connected to a pressure regulator (PPC4-ui, FIUIEA). Figure 6.3 shows the
changes of open-circuit potential after filling theel reservoir. For all
experiments, the open-circuit potential (OCV) wasnitored until it reaches a
stable value. Figure 6.4 shows the EIS curve ofctleat open-circuit potential.
This design has an average Ohmic resistance of Gubich is lower than the

resistance of the cells discussed in Chapter 5.

Figure 6.4. Impedance spectra obtained at openitpotential.

6.4 Results and Discussions

Figure 6.5 compares the performance of the fuel oeder the two
conditions. At atmospheric pressure, mass transpgatpotential dominates the
performance. A current density of 50 mAf&and a maximum power density of
14 mW/cnf were obtained. The behavior is characteristicaanass transport-
limited operation, because of the pure diffusivessn&ransport to the reactive
sites. At a gauge pressure of 3 mbar, a limitingenu density of 140 mA/cfrand
a maximum power density of 29 mW/€mwere achieved. Higher maximum power
density is an indication of improved mass transporthe active sites due to the

convective mass transport. The open-circuit poaerdf the cell running under
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Figure 6.5 Polarization curves for the hieathing microfluidic fuel cell wi
atmospheric and pressurized fuel reservoir at gegavessure of 3 mbargth running o

3 M formic acid at room temperature of 25°C. Scagmiate was 5 mV/sec. J and ()
refer to current-potential curve and current-poave at no pressure applied, whilg (
and () refer to current-potential curve and current-poagrve at a pressure of 0.BRe
applied to fuel reservaoir.

gauge pressure was observed to drop slightly. @fiect is associated with the
fuel crossover to the cathode side.

To investigate the effect of fuel concentrationtba cell performance, 1 M
and 3 M formic acid were used. The gauge presduleeduel reservoir was kept
constant at 3 mbar for both concentrations. A maxmmpower density of
18 mW/cnf was obtained using 1 M formic acid which is quitenparable to the
maximum power density of 20 mW/érfrom of the flow-through design running
at 100 pl/min as described in Chapter 5.

Figure 6.6 clearly shows that the increment of fr@centration from 1 M to

3M can improve the current density from 18 mWcto 29 mW/cm. For

conventional air-breathing microfluidic fuel cellsth co-laminar interface in the
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Figure 6.6 Polarization curves for an breathing microfluidic fuel cell wit
pressurized fuel reservoir, running on 1 M and 8rmic acid at room temperatt
of 25°C and an applied pressure of 3 mbar. Scarrabegwas 5 mV/sec. [ and ()
refer to current-potential curve and current-poaave using M HCOOH, while
() and () refer to current-potential curve and current-powarve using M
HCOOH in the fuel reservoir.

middle of the channel, a high fuel concentratiooreéases the diffusive fuel
crossover and decreases the performance [49]. itnh design with the fuel
reservoir, fuel-electrolyte interface is restricud a high fuel concentration can
be used. Unlike the flow-over planar anodes, depieboundary layer is not
formed on the reactive sites in this flow archieet and a uniform fuel
concentration is provided over the anode. Presstithe fuel reservoir can be
optimized according to the fuel concentration toergome mass transport
limitations and to improve fuel utilization. Thetamed maximum power density
of 18 mW/cnf is comparable to the maximum power density of 28/om?* from
the previous flow-through design of Chapter 5 @ fuOmin.

To observe the long-term performance of the aiettrieg microfluidic fuel

cell, a chronoamperometry test was conducted fils ognning on 1 M and 3 M
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Figure 6.7. Chronoamperometry test for anba@athing microfluidic cell with fu
reservoir containing 1 M and 3 M formic acid. Preesof reservoir with M fuel was 3.:
mbar while the pressure of the reservoir with 3 Bs\8 mbar.

formic acid, Figure 6.7. For the case of 1 M, tlservoir containing 0.8 ml
formic acid was pressurized slightly higher thartha case of 3 M fuel to avoid
mass-transport limited operation. An average cairensity of 68.8 mA/cfand
a corresponding fuel utilization of 22% were ack\wver a time period of 8
minutes. The corresponding estimated fuel flow ratas 95 pl/min. This
performance has improved compared to the air-birggattell with flow-through
anode running on 100 ul/min of 1 M formic acid whohiel utilization and
average current density are 16.3% and 52.3 mA/ozspectively.

In addition, using 1 ml of 3 M fuel, the cell pradkdl an average current
density of 86 mA/crhand a fuel utilization of 9% over a time spanesf minutes.
As shown in Table 6.1, the improved fuel utilizatiand current density compared

to the designs with flow-over and flow through aesdreported in Chapter 5 were
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Table 6.1. Performance comparison of different glesiof air-breathing microfluidic
fuel cells studied in this these. Fuel is a 1 Mriar acid. Flow rate for flow-over and
flow-through anodes is 100 pl/min. while flow rdte fuel reservoir on top of anode is
96 ul/min.

Flow-over Flow-through Fuel reservoir
anode anode on top of anode

Average current density

(mA/cnf) from long 35 52 68

term test at cell voltage

of 0.2V

I 0
Fuel Utilization (%) 11 16 22

from long term test at
cell voltage of 0.2 V

mainly credited to the enhanced mass transportugfirahe anode. Since the
catalyst layer is located on top of the electrd@i®, bubbles were produced in the
reservoir and released into the fuel chamber. Gpresgly, bubble formation in
the channel is no longer a major issue. Furthermomntinuous fuel supply is
provided over the anode and the issue of low fegelenishment does not exist. In
conventional designs of air-breathing microfluidigel cells with flow-over
anodes, fuel flow rate should increase to overctimeslow mass transport to the
depleted regions over the anode. As a result, dkk Utilization per single pass
drops.

The large fluctuations in current density of 3 Meogtion over 100 second
could be caused by bubble formation in the chaanel the subsequent release
through the outlet. Since the catalyst layer wasapover the carbon paper, there
is a chance for catalyst particles to penetrateutin the electrode and reach the
other side. Consequently, formic acid could be i@ed over the electrode
exposed to the flow channel and bubbles could foknbubble can block the
channel for a short period until it is washed te thhannel outlet by the drag force

of the electrolyte stream.
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6.5 Conclusions

In this chapter, the issue of bubble removal frtwa flow channel of an air-
breathing microfluidic fuel cell was addressed. Bles from formic acid
electrooxidation were released into the fuel chamhénlike the flow-over
anodes, depletion boundary layer over the anodenetisormed and a uniform
fuel concentration was supplied. Since fuel wasothiced to the anode through
the top side wall of the channel, the channel deydl reduced and the whole
design could be further miniaturized leading toosavdr Ohmic resistance as
compared to the designs with flow-over anodes.

It is worth mentioning that fuel density increasssts concentration becomes
higher. In a vertically-layered liquid-liquid inflecce, where the dense stream is on
top of the another stream with lower density, fastexing between the two
streams may occur [90]. In the current flow arattitee, after the introduction to
the channel though the porous anode the fuel iskathover the electrolyte
stream. The chance of fuel crossover to the catlsatke can be enhanced. For
further developments, as a substitute for the leiglstrolyte flow, a thin layer of
Nafion can be coated over the cathode to decrdasecioss-sectional area
between the fuel and the active sites of the catlasdreported in [55].

Through optimizing the anode catalyst and the piresef the fuel reservoir,
higher fuel utilization per single pass can be eebd. Carbon paper-based anode
can be treated to become hydrophobic to increasayblied pressure to the fuel
chamber and to avoid the probable leakage froneléetrolyte stream to the fuel
channel.

The design allows the use of a fuel cartridge fassive delivery. An ideal

stacking scheme is to connect several anodes itgyke $uel reservoir containing
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highly concentrated fuel through a microfluidic wetk. But to achieve this goal,

some modifications for bubble handling from anosiee should be considered.
Results from Chapter 4 to Chapter 6 reveal thdtdek overall performance
can be improved greatly by hydrodynamic manipuratd the reactants streams.
All conventional microfluidic fuel cells need to V& three reservoirs for fuel,
oxidant, or electrolyte in case of using air-braajhcathode, and waste products
to provide continuous flows of reactants. In addificontrolling fuel cross over
and diffusive mixing needs careful attention of @ging reactant streams through
the channel. From fluidic handling point of viewich design constraints hinder
the integration of the fuel cell system with a powmnsumer in practical
applications. Addressing this issue may need allyothfferent approach in
designing a membraneless fuel cell. In the neaptdr, a fuel cell is realized in a
single compartment where the whole system can nuang reactant as both fuel

and oxidant.
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Chapter 7 Membraneless Hydrogen Peroxide Fuel Cell
with Selective Electrodes*

*This chapter was partly published in:
Mousavi Shaegh S.A., Nguyen, N.T., Mousavi Ehteshath M., Chan, S.H.,,

Membraneless hydrogen peroxide fuel cell using $tansBlue as cathode material,
Energy & Environmental Science, 2012. 5(8): p. 83238.

Abstract
This chapter reports the proof-of-concept for a hhigerformance

membraneless micro fuel cell running on hydrogeroxide as both fuel and
oxidant in a single chamber. The key concept i®tham selective electrodes for

separated oxidation and reduction mechanisms.
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7.1 Introduction

The previous chapters show that fuel flow rate af air-breathing
microfluidic fuel cell should decrease to an optimaue to achieve a higher fuel
utilization per single pass. Because of diffusiv&ing of fuel with electrolyte, the
flow rate should be kept above a threshold. Fluiianagement of fuel and
electrolyte (or oxidant) streams add complexityite system design. Such design
constraints prohibit the implementation of micradic fuel cell in practical

applications.

7.2 Membraneless One-Compartment Direct Hydrogen Peroxie
Fuel Cell

Hydrogen peroxide is a carbon-free energy carhat tan be used as both
fuel and oxidant in a fuel cell. The whole fuellsistem benefits from the simple
design [16, 22]. Hydrogen peroxide can be produmed two-electron reduction
of oxygen, and also by the two-electron oxidatidnwater which are both
plentiful in the environment [102]. Hydrogen perdsiis fairly nontoxic, and can
be easily transported in aqueous phase [102]. Enfdssil fuels, hydrogen
peroxide produces water and oxygen through its meosition or through the
redox reactions. In this way, if hydrogen peroxideproduced using natural
sources such as wind and solar energy, it can hsidered as a green energy
carrier [22].

Table 7.1 compares four energy carriers in termsnefrgy density and cost.
Hydrogen peroxide has the lowest cost. Energy tdew$ihydrogen peroxide is
comparable to hydrogen but is still lower than raathii. Methanol is not used for

fuel cell in very high concentrations. Methanol b diluted to obtain the
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Table 7.1. Free energy, volumetric energy density energy cost of four energy
carriers generated at the fuel cell system.

Fuel Free energy®  Volumetric Fuel cost®  Energy cost®
(-kJ/mol) energy density
(kW hil) ($/kW)
Hydrogen -237 1.83° 6.9%/kg 200
Methanol -703 4.8 10.2%/kg 6
H.,0, -120 1.45 1.8%/ton (bulk) 1.84
NaBH, -1273 8.70 55%/kg 10.2

(a) From Sanli and Aytacg [103]. (b) Gaseous hydnagepressure of 69 MPa.

optimum performance and to control fuel crossowearathode side. Consequently,
the practical volumetric energy density of methasshuch lower than 4.8 kwhil.
In response to the question if aqueous hydrogeoxjmkr can be used as a
stand-alone energy source [102], two scenarios Heen followed. The first
scenario revolves around the exploitation of hydrogperoxide dissolved in
alkaline and acidic supporting electrolytes repnésg fuel (electron donor) and
oxidant (electron acceptor), respectively. In sualkaline/acidic bipolar
electrolyte, fuel and oxidant should be kept separan a membrane-based [103]
design or in a microfluidic channel [77] where d#ive mixing is limited to a
confined liquid-liquid interface. Using 1 M8, in 6 M KOH as fuel and 2 M
H,0, in 1.5 M HSO, with Ni/C and Pt/C as catalysts at anode and ciatlsides
in a Nafion-membrane fuel cell, a power density 25 mW/cmi with a
corresponding current density of 14 mAfcand a cell potential of 0.55 V was
achieved. In a microfluidic fuel cell running orv8.M H;O; at Pt electrodes with
NaOH/HSOy electrolytes at a flow rate of 24 pL/s, a maximpawer density of
23 mW/cnf with corresponding current density of 76 mAfcand a cell potential

of 0.3 V was obtained [77].
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There are few issues with using such alkaline/aclapolar electrolytes.

Firstly, there is a mismatch between the suppomtiegtrolytes of the anolyte and
the catholyte. Secondly, precious metals such aar@tcertainly efficient for
reduction of HO, to water, but concurrently they facilitate the edir
decomposition of KD, to oxygen [77, 103, 104]. In addition, it is worth
mentioning that the exothermic neutralization of &hd OH due to diffusive
mixing of the reactant and electrolyte consumpjfizsj.

In order to address the above issues, AHsystem can exploit the one-
compartment design using electrodes with diffeneactivity to oxidation and

reduction [22, 23]:

Anode: HO® Q +2H +2¢ E°=- 0.68V (7.1)
Cathode: H Q +2H +2® 2H E°=1.77V (7.2)
Total: 2H,Q® 2H O +Q (7.3)

The theoretical electromotive force for the abozactions is 1.09 V which is
comparable to the theoretical open-circuit volt§@€V) of a hydrogen-oxygen
fuel cell (1.23 V) and a direct methanol fuel ¢ali21 V).

Yamazaki et al. [16] developed an alkaline fuel @8th a maximum open-
circuit potential of 0.13 V using Pt, Pd, Ni and Aires as selective anode and
Ag wire as selective cathode. Yamada et al [22jeased the OCV of the alkaline
fuel cell to 0.16 V using Ag-Pb alloy nanopartickscathode.

In a recent work, Yamada et al. [23] developed @dia fuel using an iron
phthalocyanine complex as cathode and Ni mesh @deatJsing [Felll(Pc)CI] as
a cathode in an acetate buffer containing 300 my@,HpH = 3), OCV of 0.5V
with a maximum power density of 10 pW/erand a limiting current density of

210 pA/ent were achieved. Since,8, production can be realized under acidic
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environment via the two-electron reduction of Osing solar energy [22],
operation under acidic conditions is highly dedealbpo establish a hydrogen
peroxide-based energy production and storage.

In this chapter, a new one-compartmenOH fuel cell is proposed using
silver (Ag) or nickel (Ni) anodes with ferric femganide (Fg'[Fe"(CN)gs)
known as Prussian Blue coated on carbon-fiber-bpsper as cathode catalyst.
Iron (Ill) atom links to nitrogen, while iron (llatom links to carbon. Prussian
Blue has a basic cubic structure consisting ofriageiron (1) and iron (Il1)
located on a face centered cubic lattice [105]s8&lan Blue is widely available
and very cost effective compared to precious mefatsssian Blue (PB) is a
renowned catalyst for 4@, reduction under acidic conditions and its
electrocatalytic reduction of hydrogen peroxide fmosensing and analytical

applications has been studied extensively [105].106

7.2.1 Preparation of Prussian Blue (PB)

The procedure of chemical preparation of PB waptedbfrom Ref. [104]. In
order to prepare Prussian Blue, the required amobéira.5 M FeC{ (Sigma-
Aldrich) in 0.1 M HCI (Sigma-Aldrich) was added gravise to a solution of
Ks[Fe(CN)] from Sigma-Aldrich in 0.1 M HCI at room temperedu The
immediate formation of dark blue colloid was obsetvThe solution was stirred
for 1 hour. The produced PB was collected by firathrough a PTFE filter with
an average pore size of 0.22 um from Wattman. Tdleated PB was washed
with 0.1 M HCI until the filtrate become colorle$3B was removed from the filter
and kept in an oven at 100 °C for 3 hours.

To make PB supported on carbon, the required anmfvtiican XC-72 was

suspended in 0.1 M HCI and agitated in an ultradowater bath. The required
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Figure 7.1 Powder X-ray diffraction (XRD) patterfae carbon-
supported and (b) unsupported Prussian Blue.

amount of K[Fe(CN)] in 0.1 M HCI and 0.5 M FeGlfrom in 0.1 M HCI were
added drop-wise to the carbon slurry, respectivEhe remaining procedure was
the same as above.

Both unsupported and carbon-supported synthesizBd s&mples were
analyzed using a powder X-ray diffraction (XRD) tgys (PANalyticaf,
Netherlands). Applied potential and current werek¥0and 40 mA with a scan
speed of 0.067 degree/second and a step size dl@dree. As shown in Figure
7.1, the diffraction patterns showed pronouncekped 2 = 17.4°, 2 = 24.6°,

2 = 35.2° and 2 = 39.4°, respectively, corresponding taFe(CN)]s. xH.O

[104]. The XRD peaks for both carbon-supported ansupported PB remained
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identical indicating that the modification procekses not affect the structure of

PB. There was also no reaction between PB and iarbo

7.2.2 Electrochemical Characterization of Prussian Blue

The electrocatalytic reduction of.8, over Prussian Blue was examined in a
three-electrode cell with a rotating ring-disk ghascarbon electrodeSmall
portions of unsupported and carbon-supported PRBtieal containing Nafion
(2 ul) were placed on the glassy carbon electrotdle a diameter of 4 mm and
dried under an incandescelight bulb for 30 minutes. The preparation of the
catalyst solution follows the same procedure regubim Section 7.2.1. Figure 7.2
shows the cyclic voltammetry (CV) results 0f®4in a supporting electrolyte of
0.1 M HCI (pH=1) containing 0.5M #,. Cyclic voltammogram of the
unsupported PB in 0.5 M HCI solution in the absenicE,O, indicates that there
is no specific catalytic current of,B, reduction in the cathodic sweep. Cyclic
voltammograms of unsupported PB in the presend¢,0f demonstrated smooth
trends at all rotating speeds. In the characteozaexperiments of carbon-
supported PB over the rotating ring-disk glassyoarelectrode in the presence of
H,0O,, rapid bubble formation was observed before thet€x¥. Large fluctuations
were observed in the cyclic voltammogram of theboarsupported PB in the
presence of kD, due to mass transport limitation. Rapid emergesfcbubble,
even at high rotating speed of 2500 rpm is caugetthd quick decomposition of
H,0, to oxygen and water in the presence of carboncpest

The onset potential of @, reduction under acidic condition on the glassy
carbon electrode with PB is 0.6 V. In order to haekective electrodes, the onset
potential for HO, oxidation on an electrode of interest should heelothan that

of H,O, reduction over PB. For example, the onset poteotibl,O, oxidation on
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Figure 7.2 Cyclic voltammograms of,8, on glassy carbon electrode modified
unsupported PB. The measurements were performad equeous electrolyte of (VL
HCI containing 0.5 M KO,. Scan rate of 10 m/s was selected.

a nickel (Ni) electrode and on a silver (Ag) eled& in alkaline medium wei.
-0.09 andca. -0.11 V [16]. These values are lower than 0.6 Werkfore, Ni and
Ag electrodes were selected as potential anodese3PB is not stable under
alkaline conditions, the selectivity of Ni and Alg&trodes compared to PB should

be examined in an acidic medium.

7.2.3 Fabrication of the One-compartment Fuel Cell

PB coated electrodes were prepared by sprayindguicsoof PB containing
Nafion on a piece of carbon paper (HGP-H 90 frommayp The solution was
made by adding 4 ml Isopropanol and 1.2 ml DI watem Millipore (Direct Q)
to 24 mg of PB. The solution was agitated in amastiund water bath for 30

minutes. Subsequently, 100 ul of Nafion with a @rication of 5% was added to
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the solution and agitated for 30 minutes. Nafiorswaed as a binder while the
deposited PB catalyst ink over the glassy electnoileout Nafion content was
washed easily from the surface of the electrode.

The resultant solution was sprayed on a piece diocafiber-based paper
(HGP-H 90 from Toray) using a painting gun (Badgerdel 100 LG)connected
to a regulator to reduce the supplied gas pres3ime spraying process was done
under the light of an incandescent light bulb talfate the evaporation of water
and isopropanol from the carbon paper. To maketaysa layer with a uniform
loading of ca. 10 mg/chmover the carbon paper, frequent spraying with
subsequent drying under the light was repeated thai whole solution was
sprayed on the carbon paper.

Silver anode was made of a thin silver plate fragnfa-Aldrich while nickel
anode was a metallic mesh. Anode and cathode wareeised in a solution of

0.5 M H0O, with a supporting electrolyte of 0.1 M HCI, Figure3. Electrodes

Figure 7.3. A schematic figure of one-compartmerl fcell running on kD, as
both fuel and oxidant. Supporting electrolyte i4 Bl HCI dissolved in 0.5/1
H.O,. Anode comprise®f a silver foil or a nickel mesh. Cathode is maud
Prussian blue coated on carbon paper.
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were connected to an electric load system (PGST@X \@ith GPES Manager as
interface software) using alligator clips. A potahscanning rate of 10 mV/s and
a potential step of 10 mV was set. The charactgoizavas carried out at room

temperature of 25°C.

7.3 Results and Discussions

For all fabricated cells, the open-circuit potenf@CV) was monitored for 5
minutes. As shown in Figure 7.4, the fuel cell wiibkel anode showed an OCV
of 0.60 V which degraded slowly. Silver producestable OCV of 0.53 V. These
results are superior to the maximum OCV reportedipusly for both acidic and
alkaline mediums in a single-compartment fuel oatining on HO, [16, 22, 23].
The maximum OCV in acid condition reported pregigus 0.5V using nickel
anode and [F&Pc)CI] cathode [23].

Linear potential sweep voltammetry with a scan cdté0 mV/s was carried
out to examine the potential-current characteristithe single-compartment fuel
cell. As shown in Figure 7.5, the fuel cell reprasea maximum power density of
ca. 0.8 mW/crhat 0.3 V with silver anode and a maximum powersitgrof ca.
1.55 mW/cmi at 0.3V with nickel anode. These results are tders of
magnitude higher than the best results reportedthm literature which is
10 pW/enf [23]. In addition, PB coated on carbon paper is/\&able in acidic
condition which is compatible to J@, production through the electrochemical
two-electron reduction of Othat requires highly acidic conditions [22]. No

leaching of the PB was observed.
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Figure 7.4 Open—circuit potential of the single-pamment HO, fuel cell witt
nickel and silver anodes and unsupported PB caatezhrbon paper as cathc
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Figure 7.5 Current-potential and current-power earof the singleompartmer
H,O; fuel cell with nickel and silver anodes with unsapgpd PB coated on cark
paper as cathode. Performance tests wereedaout under acidic condition us
0.1 M HCl and 0.5 M KED..
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In order to investigate the stability of the fuellca chronoamperometry test

at 0.2 V was carried out. As observed in Figure 6l cell with nickel anode
was able to generate a higher current at the begjnof the test which is in
agreement with the results from Figure 7.5. In @sitto a silver anode, a slow
degradation in the performance was observed. Attineent operating conditions
(pH, catalyst loading, anode materials, an@Hconcentration), silver anode may
show a more stable long term performance. Howdwenave a fair comparison,
the effect of the flat planar surface of the sila@ode and the mesh structure of
the nickel anode must be considered for futurestigations.
Figure 7.7 shows individual anodic and cathodicapeation curves

obtained versus an external Ag/AgCI reference mddet This plot reveals that

silver anode contributes more to limiting the oWehael cell performance. This

—=— Nickel anode
—o— Silver anode

Cell potential @ 0.2 V

Current density (mA/cm %)

0 500 1000 1500 2000 2500 3000 3500 4000
Time (Seconds)

Figure 7.6 Chronoamperometry test at cell poterdfaD.2V. Performance tests we
carried out under acidic condition using 0.1 M @t 0.5 M HO..

may be associated with the electrochemical kinetia mass transport. Since no

significant mass transport limitation was obseniadFigure 7.7, the main
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Figure 7.7 Steady-state anodic and cathodic paléoiz data for the single-compartménél
cell measured in situ at room temperature undesndamperometry control, using a platir
electrode as counter electrode and an external @l feference electrode.

contribution may be related to the electrochemkaadtics. In this case, there is a

huge potential for further improvements of cataledection.

7.4 Conclusions

A high performance membraneless@d fuel cell using Prussian Blue as
cathode and silver and nickel as anode materialaninacidic medium was
realized. Open-circuit potential and maximum powgensity is improved
significantly compared to the past results repoitedhe literature. The current
design provides a strong platform for further depebtents. Prussian Blue is
highly stable in acidic environment and has a hafgctroactivity towards the
reduction of HO,. In the future, other materials can be exploreddwer anode
overpotential. The current fuel cell design is aliié for on-chip power generation
schemes such as powering portable lab-on-chip ésVit07] and off-the grid

micro sensors. Fuel crossover and mixing of fuel axidant is not an issue in this
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design. Unlike conventional microfluidic fuel celontinuous streams of fuel and

oxidant are not required to keep the fuel separated the oxidant
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Chapter 8 Conclusions and Future Work

8.1 Summary of Accomplishments

There is a clear need for the development of p@awsarces that can operate for a
long time. Micro fuel cells can be used as a regdrafor secondary batteries of
micro devices to increase their operation time.yTt@n take advantage of fuels
with high energy density. Since a fuel cell is ddased as an engine to convert
chemical energy of a fuel and an oxidant to eleatrienergy through
electrochemical reactions, its design is more cemplcompared to
electrochemical energy storage such as a batterprder to keep a fuel cell
operating continuously for a long time, many fuontlities must be met. A fuel
cell system comprises of some auxiliary componamis a fuel cell engine. In
order to use a fuel cell for an application witmited space, the whole fuel cell
system should be miniaturized. Such miniaturizagffiorts have been done and
widely reported. However, the implementation anggnation of micro fuel cells
in practical applications require further reseaanld development.

The focus of this doctoral thesis has been mainé development of two
platforms of one-compartment fuel cells which hdess design constraints
compared to the conventional two-compartment fedsc

In the first platform, an air-breathing microfluedfuel cell was the main
focus. The corresponding research activities atedias following:
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Numerical simulation of physico-chemical processesithin the cell

A numerical model to simulate transport phenomema @lectrochemical
reactions of a customized fuel cell was establisfibe effect of flow architecture
was investigated. Better understanding of phenonadfeting the overall fuel
cell performance was obtained.

Detailed characterization of an air-breathing micrdluidic fuel cell
with flow-over and flow-through anodes
Effect of flow architecture and fuel concentratiam the overall fuel cell
performance was studied. Using flow-through anodjeroves the fuel utilization.
Long term operation was investigated for both flavehitectures and different
fuel concentrations. Chronoamperometry results cestnated that flow
architecture has a significant impact on the overall performance. Bubble
formation in the fluidic channel due to electroatidn of formic acid at the
anode was the main issue limiting the fuel celf@@anance.

Investigation of the air-breathing microfluidic fuel cell with fuel
reservoir
In order to address the issue of bubble formatiowdnventional design of air-
breathing microfluidic fuel cells, a novel desigrtiwa fuel reservoir above the
anode was investigated. Bubbles were formed inrékervoir and do not affect
the cell performance. In addition, this design isleato use fuel of high
concentrations. The mass transport to anode sidenmaroved.
In the second platform, research activities revdlaeound a single compartment

fuel cell with selective electrode:
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A proof-of-concept membraneless single-compartmerfuel cell using
hydrogen peroxide as both fuel and oxidant with Prasian Blue as cathode
material
Performance of this single-compartment fuel cellswdaracterized. Superior
performance was observed compared to the resytstesl in the literature. The
results are very promising and may open a new avedobu making a new

generation of micro power generators.

8.2 Future Directions

Some future research work directions have beenestigg in the conclusion
section of each chapter. This thesis potentiallgnspnew research directions for
the development of micro fuel cells. In order te wsmicrofluidic fuel cell as a
power generator, sufficient durability and hightsys integration with a power
consumer must be considered. Thus, future resemthities may include the
following topics:

In the case of using hydrocarbon fuels such asamnetror formic acid, bubble

formation in the fuel cell can be an issue at higinrent densities. Bubble

dynamics plays a critical role in mass transporthef fuel to electrocatalytic
active siteslIn-situ analysis of bubble formation over anode electrsded
light on better hydrodynamic manipulation of straaim the fluidic channel.

Despite the previous investigations [78, 108]sisiill not clear how bubbles

are nucleated and grow over a catalytic surfacdissolved in a microfluidic

channel. In addition, a numerical simulation of gibgchemical processes
including two-phase flow analysis is very critidal a microfluidic fuel cell

and has not been reported.
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A detailed analysis of the fuel cell with fuel resar is needed. Effect of
varying electrolyte flow rate, channel depth antd, fuel concentration and
applied pressure need to be investigated in defaitierent fuels and alkaline
electrolytes can be explored. A numerical simukatwould provide further
insights into fuel and oxygen consumption as weliLeel/electrolyte interface.
There are a number of research activities on natselection and synthesis
for membraneless one-compartment hydrogen perdxaleell. An improved
power density should potentially lead to a hugeketawith niche applications
such as sensors connected in a wireless netwodnforonmental monitoring
and micro robots. New materials with lower actigatoverpotentials must be
explored especially for the anode side. There ameynkey questions about the
effect of temperature, pH, B, concentration and catalyst structure on the
kinetics and rate of the redox reactions. In addjtia detailed study on half-
cell reactions is needed for a better understandinghe fuel cell mixed
potential. From the physical chemistry point ofwjdundamental studies can
be carried out on new catalysts synthesis to iser¢e overall performance

and long term operation.

135



References

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

A. H. Epstein, Senturia, S.D., "MicroenginegrinMacro power from
micro machinery,'Scienceyol. 276, pp. 1211-1211, May 23, 1997.

S. K. Chou, Yang, W. M., Chua, K. J., Li, Jhahg, K. L., "Development
of micro power generators - A reviewApplied Energyyol. 88, pp. 1-16,
2011.

C. K. Dyer, "Fuel cells for portable applicat®" Journal of Power
Sourcesyol. 106, pp. 31-34, 2002.

T. S. Zhao, Ed.Micro Fuel Cells California: Academic Press, 2009.

D. Erickson, D. Sinton, and D. Li, "A miniatzed high-voltage integrated
power supply for portable microfluidic applicatighkab on a chipyol. 4,
pp. 87-90, 2004.

S. Moghaddam, P. W. Eakkachai, R. I. Masel, &hdShannon, "An
enhanced microfluidic control system for improvipgwer density of a
hydride-based micro fuel cellJournal of Power Sourcesol. 195, pp.
1866-1871, Apr 2010.

A. Heller, "Miniature biofuel cells,Physical Chemistry Chemical Physics,
vol. 6, pp. 209-216, Jan 2004.

N. T. Nguyen, Chan, S.H. , "Micromachined pobm electrolyte
membrane and direct methanol fuel cells-A reviewdurnal of
Micromechanics and Microengineeringl. 16, pp. R1-R12 2006.

A. Kundu, Jang, J.H., Gil, J. H., Jung, C.Reel.H.R., Kim, S.H., Ku, B,
Oh, Y.S., "Micro-fuel cells--Current development darapplications,"”
Journal of Power Sourcesopl. 170, pp. 67-78, 2007.

S. Moghaddam, Pengwang, E., Jiang, Y.B., GarAi.R., Burnett, D.J.,
Brinker, C. J., Masel, R.l.,, Shannon, M.A., "An iiganic-organic proton
exchange membrane for fuel cells with a controlleghoscale pore
structure,"Nat Nanoyol. 5, pp. 230-236, 2010.

A. V. Pattekar and M. V. Kothare, "A microréac for hydrogen
production in micro fuel cell applications,Microelectromechanical
Systems, Journal ofpl. 13, pp. 7-18, 2004.

S. Moghaddam, E. Pengwang, R. I. Masel, andAMShannon, "A self-
regulating hydrogen generator for micro fuel céllidournal of Power
Sourcesyol. 185, pp. 445-450, 2008.

J. Yeom, Jayashree, R. S., Rastogi, C., Shanko A., Kenis, P. J. A,,
"Passive direct formic acid microfabricated fuellse Journal of Power
Sourcesyol. 160, pp. 1058-1064, 2006.

N. Paust, S. Krumbholz, S. Munt, C. Muller, Koltay, R. Zengerle, and
C. Ziegler, "Self-regulating passive fuel supply small direct methanol
fuel cells operating in all orientationsJournal of Power Sourcesol.
192, pp. 442-450, 2009.

D. D. Meng and C. J. Kim, "An active micro-elat methanol fuel cell with
self-circulation of fuel and built-in removal of @bubbles,"Journal of
Power Sourcesjol. 194, pp. 445-450, 20009.

S.-i. Yamazaki, Z. Siroma, H. Senoh, T. lor®, Fujiwara, and K.
Yasuda, "A fuel cell with selective electrocata$ystising hydrogen
peroxide as both an electron acceptor and a fuelrnal of Power
Sourcesyol. 178, pp. 20-25, 2008.

136



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

R. Ferrigno, Stroock, A.D., Clark, T.D., Mayeavl., Whitesides, G.M.,
"Membraneless vanadium redox fuel cell using lamit@v," Journal of
the American Chemical Societgl. 124, pp. 12930-12931, 2002.

S. Tominaka, Ohta, S., Obata, H.Momma, T.,kasd ., "On-chip fuel
cell: micro direct methanol fuel cell of an air-btking, membraneless,
and monolithic design,Journal of the American Chemical Society).
130, pp. 10456-10457, 2008.

S. Tominaka, H. Nishizeko, S. Ohta, and T. KasdOn-chip fuel cells for
safe and high-power operation: investigation ofolatd fuel solutions,"
Energy & Environmental Scienogl. 2, pp. 849-852, 2009.

S. Tominaka, H. Nishizeko, J. Mizuno, and BaRa, "Bendable fuel cells:
on-chip fuel cell on a flexible polymer substrateEnergy &
Environmental Sciencepl. 2, pp. 1074-1077, 2009.

S. Tominaka, S. Ohta, T. Osaka, and R. AlKIRrpspects of on-chip fuel
cell performance: improvement based on numericalkition,"Energy &
Environmental Sciencegl. 4, pp. 162-171, 2011.

Y. Yamada, Y. Fukunishi, S.-i. Yamazaki, andFsikuzumi, "Hydrogen
peroxide as sustainable fuel: electrocatalystspfoduction with a solar
cell and decomposition with a fuel celChemical Communicationspl.
46, pp. 7334-7336, 2010.

Y. Yamada, S. Yoshida, T. Honda, and S. FukuzuProtonated iron-
phthalocyanine complex used for cathode material loydrogen peroxide
fuel cell operated under acidic condition&hergy & Environmental
Scienceyol. 4, pp. 2822-2825, 2011.

E. Kjeang, Djilali,N., Sinton, D., "Microfluid fuel cells: A review,"
Journal of Power Source2008.

F. R. Brushett, M. S. Thorum, N. S. Lioutas,  Naughton, C. Tornow,
H.-R. M. Jhong, A. A. Gewirth, and P. J. A. Kerlig, Carbon-Supported
Copper Complex of 3,5-Diamino-1,2,4-triazole asah©de Catalyst for
Alkaline Fuel Cell Applications,"Journal of the American Chemical
Societyyol. 132, pp. 12185-12187, 2010.

K. V. Sharp, Adrian, RJ, Santiago, J G, Mollb/, "Liquid flows in
microchannels,” iINCRC Handbook of MEM3M. Gad-el-Hak, Ed., ed
New York: CRC Press, 2002, pp. 6-1 to 6-38.

J. Atencia, Beebe, D.J., "Controlled microflai interfaces,'Nature, vol.
437, pp. 648-655, Sep 2005.

M. M. Mench,Fuel Cell EnginesNew Jersey: John Wiley & Sons, 2008.
E. R. Choban, Spendelow, J. S., Gancs, L.,ckéwski, A., Kenis, P. J.
A., "Membraneless laminar flow-based micro fuellsebperating in
alkaline, acidic, and acidic/alkaline medi&lectrochimica Actayol. 50,
pp. 5390-5398, 2005.

E. Kjeang, McKechnie, Jonathan, Sinton, Da®llali, Ned, "Planar and
three-dimensional microfluidic fuel cell architerts based on graphite
rod electrodes,Journal of Power Sourcespl. 168, pp. 379-390, 2007.
S. K. Yoon, Mitchell, M.,Choban, E.R. and KeniP.J. A., "Gravity-
induced reorientation of the interface between tigoids of different
densities flowing laminarly through a microchanhélab on a chipyol.
5, pp. 1259-1263, 22nd September 2005 2005.

137



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

E. Kjeang, Brolo, Alexandre G., Harrington,AD, Djilali, N., Sinton, D.,
"Hydrogen peroxide as an oxidant for microfluidier cells,"Journal of
The Electrochemical Societyol. 154, pp. B1220-B1226, 2007.

E. Kjeang, Michel, Raphaelle, Harrington, Da&vA., Sinton, David,
Djilali, Ned, "An alkaline microfluidic fuel cell &sed on formate and
hypochlorite bleach,Electrochimica Actayol. 54, pp. 698-705, 2008.

J. N. Lee, Park, C., Whitesides, G.M. , "Soltvecompatibility of
poly(dimethylsiloxane)-based microfluidic devicegfalytical Chemistry
vol. 75, pp. 6544-6554 2003.

T. C. Merkel, Bondar, V.l., Nagai, K., FreemaD., Pinnau, I. , "Gas
sorption, diffusion, and permeation in poly(dimdsipxane),"Journal of
Polymer Science, Part B: Polymer Physiasl, 38, pp. 415-434 2000.

S. M. Mitrovski, Nuzzo, R.G. , "A passive midluidic hydrogen-air fuel
cell with exceptional stability and high performan¢ Lab on a chipyol.
6, pp. 353-361 2006.

S. M. Mitrovski, Elliott, L.C.C., Nuzzo, R.G."Microfluidic devices for
energy conversion: Planar integration and perfooeaasf a passive, fully
immersed H2-O2 fuel cell Langmuirvol. 20, pp. 6974-6976 2004.

S. H. Chan, Nguyen, N.T., Xia, Z., Wu, Z. ,éilopment of a polymeric
micro fuel cell containing laser-micromachined floannels, Journal of
Micromechanics and Microengineeringgl. 15, pp. 231-236 2005.

A. Li, Chan, S.H., Nguyen, N.T., "A laser-micnachined polymeric
membraneless  fuel cell," Journal of Micromechanics and
Microengineeringyol. 17, pp. 1107-1113, 2007.

J. L. Cohen, Westly, Daron A., Pechenik, Aledar, Abrufia, Héctor D.,
"Fabrication and preliminary testing of a planar nmbeaneless
microchannel fuel cell,Journal of Power Sourcespl. 139, pp. 96-105,
2005.

J. L. Cohen, Volpe, D.J., Westly, D.A., Peclei\., Abruia, H.D. , "A
dual electrolyte H2/O2 planar membraneless micnocbbfuel cell system
with open circuit potentials in excess of 1.4 YAngmuirvol. 21, pp.
3544-3550 2005.

S. K. Yoon, Fichtl, G.W., Kenis, P.J.A. , "Aa¢ control of the depletion
boundary layers in microfluidic electrochemicalatais "Lab on a Chip
- Miniaturisation for Chemistry and Biologyol. 6, pp. 1516-1524, 2006.
R. S. Jayashree, Yoon, Seong Kee, BrushddiieRR., Lopez-Montesinos,
Pedro O., Natarajan, Dilip, Markoski, Larry J., kerPaul J. A., "On the
performance of membraneless laminar flow-based de#$,” Journal of
Power Sourcesjol. 195, pp. 3569-3578, 2010.

J. R. Hayes, Engstrom, A.M., Friesen, C., fogonal flow membraneless
fuel cell," Journal of Power Sourcesgol. 183, pp. 257-259, 2008.

K. G. Lim, Palmore, G. Tayhas, R., "Microflicd biofuel cells: The
influence of electrode diffusion layer on perforroayi Biosensors and
Bioelectronicsyol. 22, pp. 941-947, 2007.

J. Lee, Lim, K.G., Palmore, G.T.R., Tripathd., "Optimization of
Microfluidic Fuel Cells Using Transport Principlégynalytical Chemistry,
vol. 79, pp. 7301-7307, 2007.

138



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

K. S. Salloum, Hayes, Joel R., Friesen, Cody Posner, Jonathan D.,
"Sequential flow membraneless microfluidic fuel Icelith porous
electrodes, Journal of Power Sourcesgol. 180, pp. 243-252, 2008.

E. Kjeang, Michel, R., Harrington, D.A., Djlla N., Sinton, D., "A
microfluidic fuel cell with flow-through porous elerodes "Journal of the
American Chemical Societypl. 130, pp. 4000-4006 2008.

R. S. Jayashree, Gancs, L., Choban, E.R., dinA., Natarajan, D.,
Markoski, L.J., Kenis, P.J.A., "Air-breathing lamam flow-based
microfluidic fuel cell,” Journal of the American Chemical Sociewp|.
127, pp. 16758-16759, 2005.

R. S. Jayashree, Egas, D., Spendelow, J.$ar&§jan, D., Markoski, L.J.,
Kenis, P.J.A., "Air-breathing laminar flow-basededit methanol fuel cell
with alkaline electrolyte,Electrochemical and Solid-State Lettevs). 9,
pp. A252-A256, 2006.

E. R. Choban, Waszczuk, P., Kenis, P.J.A, 'f@ti@rization of limiting
factors in laminar flow-based membraneless micrhofueells,”
Electrochemical and Solid-State Letters|. 8, pp. A348-A352, 2005.

E. R. Choban, L. J. Markoski, A. Wieckowskinda P. J. A. Kenis,
"Microfluidic fuel cell based on laminar flowJournal of Power Sources,
vol. 128, pp. 54-60, 2004.

D. Morales-Acosta, Rodriguez G, H., GodinemjsLA., Arriaga, L. G.,
"Performance increase of microfluidic formic acidief cell using
Pd/MWCNTSs as catalystJournal of Power Sourcespl. 195, pp. 1862-
1865, 2010.

F. R. Brushett, Jayashree, R.S., Zhou, W.Rni& P.J.A., "Investigation
of fuel and media flexible laminar flow-based fuells,” Electrochimica
Acta,vol. 54, pp. 7099-7105, 2009.

A. S. Hollinger, Maloney, R.J., Jayashree, .RMatarajan, D., Markoski,
L.J., Kenis, P.J.A., "Nanoporous separator and fie& concentration to
minimize crossover in direct methanol laminar flavel cells,"Journal of
Power Sourcesjol. 195, pp. 3523-3528, 2010.

D. T. Whipple, Jayashree, R.S., Egas, D., ANante, N., Kenis, P.J.A,,
"Ruthenium cluster-like chalcogenide as a methatotérant cathode
catalyst in air-breathing laminar flow fuel cellglectrochimica Actayol.
54, pp. 4384-4388, 2009.

M. H. Chang, Chen, F., Fang, N.S., "Analysisnembraneless fuel cell
using laminar flow in a Y-shaped microchannelgurnal of Power
Sourcesyol. 159, pp. 810-816, 2006.

W. Y. Chen, Chen, F., "Theoretical approacteestudying the single and
simultaneous reactions in laminar flow-based memddess fuel cells,”
Journal of Power Sourcesopl. 162, pp. 1137-1146, 2006.

F. Chen, Chang, M.H., Hsu, C.W., "Analysisroémbraneless microfuel
cell using decomposition of hydrogen peroxide in Yashaped
microchannel,'Electrochimica Actayol. 52, pp. 7270-7277, 2007.

F. Chen, Chang, M.H., Hsu, C.W., "Analysisneémbraneless formic acid
microfuel cell using a planar microchanndtléctrochimica Actayol. 52,
pp. 2506-2514, 2007.

A. S. Bedekar, J. J. Feng, S. Krishnamoortdy,G. Lim, G. T. R.
Palmore, and S. Sundaram, "Oxygen limitation inroflaidic biofuel

139



cells," Chemical Engineering Communicationgl. 195, pp. 256-266,
2008.

[62] E. Khabbazi, A. J. Richards, and M. HoorfaNumerical study of the
effect of the channel and electrode geometry on pgbgormance of
microfluidic fuel cells,"Journal of Power Sourcesol. In Press, Accepted
Manuscript.

[63] S. A. Mousavi Shaegh, Nguyen, N.T., Chan, S!IAn Air-breathing
laminar flow-based formic acid fuel cell with posowplanar anode:
experimental and numerical investigationdgurnal of Micromechanics
and Microengineeringvol. 20, p. 12, 2010.

[64] W. He, Nguyen, T.V., "Edge fffects on referenelectrode measurements
in PEM fuel cells,"Journal of The Electrochemical Sociewgl. 51, pp.
A185-A195, 2004.

[65] E. R. Choban, Markoski, L.J., Wieckowski, AKenis, P.J.A.,
"Microfluidic fuel cell based on laminar flowJournal of Power Sources,
vol. 128, pp. 54-60, 2004.

[66] J. P. Brody, Yager, P., "Diffusion-based egti@an in a microfabricated
device,"Sensors and Actuators A: Physiocad). 58, pp. 13-18, 1997.

[67] R.P.O'Hayre, Cha, S.W., Colella, W., Prikz,Fuel cell fundamentals
Hoboken, New Jersey: John Wiley & Sons, Inc., 2006.

[68] A. E. Kamholz, Weigl, Bernhard H., FinlaysoBruce A., Yager, Paul,
"Quantitative Analysis of Molecular Interaction ia Microfluidic
Channel:&nbsp; The T-Senso’halytical Chemistryyol. 71, pp. 5340-
5347, 1999.

[69] I. B. Sprague, Byun, D., Dutta, P., "Effectb Reactant Crossover and
Electrode Dimensions on the Performance of a Micidit Based
Laminar Flow Fuel Cell,Electrochimica act£010.

[70] S. A. Vilekar and R. Datta, "The effect of lmgden crossover on open-
circuit voltage in polymer electrolyte membraneIfgells,” Journal of
Power Sourcesjol. 195, pp. 2241-2247, 2010.

[71] A. Bazylak, D. Sinton, and N. Dijilali, "Impred fuel utilization in
microfluidic fuel cells: A computational studyjJournal of Power Sources,
vol. 143, pp. 57-66, Apr 2005.

[72] D. H. Ahmed, Park, H.B., Sung, H.J., "Optimgeometrical design for
improved fuel utilization in membraneless micro Ifwell," Journal of
Power Sourcesjol. 185, pp. 143-152, 2008.

[73] M. H. Sun, Velve Casquillas, G., Guo, S.S.j,Sh Ji, H., Ouyang, Q.,
Chen, Y., "Characterization of microfluidic fuelllcbased on multiple
laminar flow,"Microelectronic Engineeringyol. 84, pp. 1182-1185, 2007.

[74] K. S. Salloum, Posner, J.D., "Counter flow nieameless microfluidic
fuel cell," Journal of Power Sourcesgol. 195, pp. 6941-6944, 2010.

[75] L. J. Markoski, "The laminar flow fuel cell: portable power solution,"
presented at the 8th Annual International Sympostmmall Fuel Cells
2006, Small Fuel Cells for Portable Applicationgyashington, DC, 2006.

[76] A. Bazylak, Sinton, D., Dijilali, N., "Improvedfuel utilization in
microfluidic fuel cells: A computational studyjJournal of Power Sources,
vol. 143, pp. 57-66, 2005.

140



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

S. Hasegawa, Shimotani, K., Kishi, K., WatamalH., "Electricity
Generation from Decomposition of Hydrogen PeroXidgectrochemical
and Solid-State Letterspl. 8, pp. A119-A121, 2005.

J. C. Shyu, Wei, C.S., Lee, C.J., Wang, C!Gyestigation of bubble
effect in microfluidic fuel cells by a simplified iorofluidic reactor,”
Applied Thermal Engineeringpl. 30, pp. 1863-1871, 2010.

S. M. Mitrovski, Elliott, L.C.C., Nuzzo, R.GMicrofluidic devices for
energy conversion: Planar integration and perfooeaasf a passive, fully
immersed H2-O2 fuel cell (Supporting Information)gngmuir,vol. 20,
2004.

E. Kjeang, Proctor, B.T.M., Brolo, A.G., Hamgton, D.A., Dijilali, N.,
Sinton, D., "High-performance microfluidic vanadiuradox fuel cell,"
Electrochimica Actayol. 52, pp. 4942-4946, 2007.

S. Uhm, Lee, H.J., Lee, J, "Understanding ulyiteg processes in formic
acid fuel cells,'Phys. Chem. Chem. Phygp,. 9326 - 9336, 2009.

C. Rice, Ha, S., Masel, R. I, Waszczuk, Pig®owski, A., Barnard,
Tom, "Direct formic acid fuel cells,Journal of Power Sourcespl. 111,
pp. 83-89, 2002.

C. Rice, Ha, S., Masel, R. I., Wieckowski, ACatalysts for direct formic
acid fuel cells,"Journal of Power Sourcespl. 115, pp. 229-235, 2003.
G.-G. Park, Sohn, Young-Jun, Yang, Tae-HyuwolY, Young-Gi, Lee,
Won-Yong, Kim, Chang-Soo, "Effect of PTFE contents the gas
diffusion media on the performance of PEMFQQ@urnal of Power
Sourcesyol. 131, pp. 182-187, 2004.

D. Krishnamurthy, E. O. Johansson, J. W. Leaxd E. Kjeang,
"Computational modeling of microfluidic fuel cellwith flow-through
porous electrodes,Journal of Power Sourcespl. 196, pp. 10019-10031,
2011.

I. B. Sprague and P. Dutta, "MODELING OF DIF6B CHARGE
EFFECTS IN A MICROFLUIDIC BASED LAMINAR FLOW FUEL
CELL," Numerical Heat Transfer Part a-Applicationsl. 59, pp. 1-27,
2011.

P. Dutta, A. Beskok, and T. C. Warburton, "NERICAL
SIMULATION OF MIXED ELECTROOSMOTIC/PRESSURE DRIVEN
MICROFLOWS,"Numerical Heat Transfer, Part A: Applicationgl. 41,
pp. 131-148, 2002/01/01 2002.

D. A. Nield, Bejan, A.Convection in porous med&pringer, 2006.

G. H. Guvelioglu and H. G. Stenger, "Compuaéil fluid dynamics
modeling of polymer electrolyte membrane fuel géllournal of Power
Sourcesyol. 147, pp. 95-106, 2005.

J. Xuan, M. K. H. Leung, D. Y. C. Leung, and M/ang, "Towards
orientation-independent performance of membranetessofluidic fuel
cell: Understanding the gravity effect®pplied Energyyol. 90, pp. 80-
86, 2012.

C. Song and J. Zhang, "Electrocatalytic Oxydeduction Reaction," in
PEM Fuel Cell Electrocatalysts and Catalyst Layefsindamentals and
Application,J. Zhang, Ed., ed: Springer, 2008, pp. 89-129.

141



[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

R. O'Hayre, Fabian, Tibor, Litster, Shawn,nRriFritz B., Santiago, Juan
G., "Engineering model of a passive planar air tieg fuel cell cathode,"
Journal of Power Sourcesopl. 167, pp. 118-129, 2007.

L. J. Zhang, Z. Y. Wang, and D. G. Xia, "Biraltic PtPb for formic acid
electro-oxidation,"Journal of Alloys and Compoundsl. 426, pp. 268-
271, 2006.

R. Chen and T. S. Zhao, "Mathematical modebthg passive-feed DMFC
with heat transfer effect,Journal of Power Sourcespl. 152, pp. 122-
130, 2005.

J. P. Feser, A. K. Prasad, and S. G. Advadmpéerimental characterization
of in-plane permeability of gas diffusion layersJburnal of Power
Sourcesyol. 162, pp. 1226-1231, 2006.

S. H. Chan, K. A. Khor, and Z. T. Xia, "A cotepe polarization model of
a solid oxide fuel cell and its sensitivity to tbleange of cell component
thickness,"Journal of Power Sourcesgol. 93, pp. 130-140, 2001.

T. Gervais and K. F. Jensen, "Mass transpad surface reactions in
microfluidic systems,'Chemical Engineering Sciencegl. 61, pp. 1102-
1121, 2006.

J. Xuan, M. K. H. Leung, D. Y. C. Leung, M. Nand H. Wang,
"Hydrodynamic focusing in microfluidic membraneledsel cells:
Breaking the trade-off between fuel utilization awdrrent density,"
International Journal of Hydrogen Energyol. In Press, Corrected Proof.
J. Xuan, M. K. H. Leung, D. Y. C. Leung, and Wang, "Laminar flow-
based fuel cell working under critical conditiorighe effect of parasitic
current,"Applied Energyyol. In Press, Corrected Proof.

V. Rao, C. Cremers, U. Stimming, L. Cao, 8nSS. Yan, G. Sun, and Q.
Xin, "Electro-oxidation of Ethanol at Gas Diffusidiectrodes A DEMS
Study,” Journal of The Electrochemical Societyol. 154, pp. B1138-
B1147, 2007.

S. A. Mousavi Shaegh, N.-T. Nguyen, S. H. &hand W. Zhou, "Air-
breathing membraneless laminar flow-based fuel wélh flow-through
anode,'International Journal of Hydrogen Energy

D. Robert S, "Can agueous hydrogen peroxielaiged as a stand-alone
energy source? [hternational Journal of Hydrogen Energyol. 35, pp.
1049-1053, 2010.

A. E. Sanli and A. Aytac, "Response to Diksebp: Direct
peroxide/peroxide fuel cell as a novel type fudl,'ténternational Journal
of Hydrogen Energyol. 36, pp. 869-875, Jan 2011.

G. Selvarani, S. K. Prashant, A. K. SahuSkdhar, S. Pitchumani, and A.
K. Shukla, "A direct borohydride fuel cell emplogirPrussian Blue as
mediated electron-transfer hydrogen peroxide redmatatalyst,"Journal
of Power Sourcesjol. 178, pp. 86-91, 2008.

A. A. Karyakin, "Prussian Blue and Its Analas: Electrochemistry and
Analytical Applications,"Electroanalysisyol. 13, pp. 813-819, 2001.

F. Ricci and G. Palleschi, "Sensor and bigsermpreparation, optimisation
and applications of Prussian Blue modified ele@stBiosensors and
Bioelectronicsyol. 21, pp. 389-407, 2005.

142



[107] J. P. Esquivel, M. Castellarnau, T. SennLBchel, J. Samitier, and N.
Sabate, "Fuel cell-powered microfluidic platform r fdab-on-a-chip
applications,'Lab on a chip2011.

[108] J.-C. Shyu and C.-L. Huang, "Characterizatafnbubble formation in
microfluidic fuel cells employing hydrogen peroxjdournal of Power
Sourcesyol. 196, pp. 3233-3238, 2011.

143



