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Abstract

Direct methanol fuel cell (DMFC) performance is limited by methanol permeation
through Nafion® membranes and interfacial resistances between membrane electrodg assemb
(MEA) layers. An analysis of several membrane systems showed that Nafion impregnated with
Silica nanoparticles and bilayer membranes incorporating two equivalent weights of Nafion
exhibited the most favorable balance between protonic conductivity ahdmoécrossover at
high methanol concentrations. In terms of MEA fabrication, spraying catalyst directly on the

membrane achieved closest contact between the membrane and catalyst.
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Chapter 1: Introduction

Advantages and Applications of Direct MethanoFuel Cells

Fuel cells have received widespread recognition as an alternative geegggation
technology that is highly efficient and that operates in a renewable fuel economy. This
electrochemicallybased energy technology operates with high efficiesityconverts chemical
energy directly to electricitfO'Hayre, et al., 2006nlike internal combustion engines, fuel
cells bypass any thermal step during energy converamhtherefore, they are not limited the
Carnotefficiency, which only permits approximately 40 percent of the convertedicAlem
energy to be used for work, depending on the temperatures employed.

Mechanically, fuel cells have no moving parts pravighigh durability, long lifetimes,
and silent performance. In addition to being mechanically rigid systems, fuel cells are not
consumed during operation like batteries. Instead, they continue to generate electricity as long as
fuel is fed to them. Duraliil in fuel cells is beneficial since loAgsting energy systenase
needed fothe global push for a sustainable future.

The direct methanol fuel cell (DMFC) is a highly contending energy technology for
application in portable micropower syste(foiu, et al., 2005; Farhat, et al., 2008)ethanol
is an energy dense fuel with a gravimetric power density that is at least double that of hydrogen
(O'Hayre, Cha et al.aD6). Additionally, methanol is much easier and safesttwe than
compressed hydrogdBchultz, et al., 2001)his lends to portability since methanol does not
require bulky storage capsules. DMFCs can also operate &thaperaturewhich are needed
for devices that are transported by humans. Adghight and compact DMFC that operates at

low temperatures, produces power as long as fuel is supplied, and that is easy to refuel promises
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to be a nexgeneration energy cearsion technology with benefits far exceeding conventional
batteries. Unlike lithium ion batterieshereare improvenent is merelyncrementally, DMFCs

are an example of radical innovation in the sense that as long as fuel is provided, it will churn out
electricity. Il n other words, DMFCs offer Aunl

portable micropower industry.

How a Direct Methanol Fuel Cell Works

i
e \/’15:;‘\] —

.\\-\_\_\_\_\_'_‘_.__-F"
Catalyst H,O

ANODE CATHODE

Hr
i

Bipolar
plate

<+— Bipolar
plate

I

MeOH + H,O Membrane 0,
(Mafion)

Gas diffusion layer

Figure 1: Schematic of Direct Methanol Fuel Cel(Hackquard, 2005)

Anode: CH;0H + H,O = CO, + 6H* + 6e-
Cathode: 3/20, + 6e” + 6H* = 3H,0

As shown in Figure IDMFCs generate an electrical current by spatially separating a
methanol oxidation reaction and an oxygen reduction reaction. Methanol is oxidized by water to

form carbon dioxideprotons, and electrors the anodeThese protons and electrons
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subsequently react with oxygen to reproduce watténe cathodeJpon separation of the two

redox half reactionghe electrongarticipating in the reactiotan be extracted and directed
through an external circuit, thus producing an electrical current. A potential load can be applied
on the electrical current to produce usable work to power an electrical device. Electrons flow
from the anode (oxidation electrode) to the cathode (redudgotr@de) so that oxygen will

have electrons to react with at the cathodic reaction. However, in order to complete the overall
oxidationreduction reaction, a medium is also required for proton transport. The direct
methanol fuel cell utilizes a polymeleetrolyte membrane (PEM) as its proton transport

medium. The standard material in industry for PEMs is N&flmetause it is a superior proton
conductor.

The proton exchange membrane (PEM) lies at the core of the cell. Since protons conduct
through Nafon at a rate that is at least three orders of magnitude less than the rate at which
electrons conduct through carbon cl@iha given potential drgghen the distance over which
protons conduatnust be minimizedTherefore, the thickness of PEMs is tygig between 50 to
250 um. Catalyst layers are directly adjacent to the PEM on each side. Catalysts are employed to
speed up the kinetics of the anodic and cathodic reactions. Moving outwards, the catalyst is in
contact with gas diffusion layers (GDLs). G®have two primarily roles. First, they provide
routes by which fuél agueous methanol at the anode, and oxygen or air at the catbaae
reach reactive catalytic sites, and by which byproducts of react@mnely carbon dioxide at the
anode and wateat the cathodecan diffuse back towards the bipolar plates and the outlet. To
serve this function, GDLs are highly porous layers to facilitate fluid flow. Second, GDLs extract
electrons from reaction as they are typically made of carbon cloth or cableos fivhich

conduct electricity at around 200 SénThe PEM, the catalyst layers, and the GDLs make up
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the hearof the fuel cell called the Membrane Electrode Assembly (MEA). The catalyst layers
and GDLs taken together make up the electrodes.

Bipolar phktes are current collectors that provide a conduit for electrons to flow through
an external circuit. The anodic plate harnesses the electrons received from the anodic reaction,
and directs these electrons to the cathodic plate through a circuit. Thdicgillate receives
electrons from the circuit, and conducts electrons through the GDL to the loci of oxygen

reduction.

Problems with Direct Methanol Fuel Cells

DMFC performance is limited by three primary problems: slow anode oxidation due to
carbon monoile poisoning of the catalyst, high methanol permeation from the anode to the
cathode, obstruction to fuel flow at the anode by carbon dioxide forn(&abnultz, et al., 2001)

Carbon monoxide is an extremely stable intermdspecies in the methanol oxidation
reaction at the anode. Therefore, carbon monoxide poisons the anode catalyst by clinging to
surface sites thus reducing the overall amount of active catalytic reactioavsiteblefor
methanol oxidation. For higleaction density at the anode, carbon monoxide must be removed
from catalytic sites. Although, platinum is typically the catalyst used for methanol oxidation,
ruthenium is often added to the anode catalyst since it forms powerful hydroxyl radtibals
wate that oxidize carbon monoxide to free tine catalytic sites. Additionally, high operating
temperature ractes carbon monoxide poisonifigobato, et al., 2006)

Nafion is limited by its poor methanol permeation and waterkeptaaracteristics
(Schultz, et al., 2001Water uptake compromises the mechanical strength of the membrane due
to the stress of unmanageable swelling and contraction and also fosters a domain for methanol

transport. Methangdermeates through Nafion membranes by means of vehicular diffusion
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through hydrated ionic chann€iSchultz, et al., 2001)he detriment of this fuel permeation
culminates in the oxidation of methanol at the cathode causilngtren of electrode potential
(Schultz, et al., 2001and consequently, reduced fuel cell power derfgitgiker, et al., 1999)

To minimize crossover, very dilute feed is used at the anode, specifically 1 M or 3 wt %
methanol. This reduces the energy density of DMFCs therefore one of the goals of this research

was to investigate designs in which higher methanol concentratiortslm®eimployed.

Nafion® Membrane

The industry standard for PEMs is Naffom supreme ion conductor developed and
manufactured by Dupofitlts perfluorinated backbone provides significant mechanical strength
and hydrophobicity. Pendent to the tetrafludhgéene (Teflon) backbone are perfluorovinyl
ether chains that end with a sulfonic acid functional giéigtnerWirguin, 1996; Mauritz, et
al., 2004) The sulfonic acid group is an exceptional-monducting moiety &écause its conjugate
base is highly resonance stabilized. if3;H loses a proton, Hthe negative charge is
distributed over three oxygen atoms providing high stabHigure 2 shows the molecular

structure of Nafion.

&chcp
a.T%x 4

CF,

/"'\.

Figure 2: Molecular structure of Nafion (Dyck, et al., 2002)
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Since sulfonic acid sites in Nafion are highly acidic they contribute hydrophilicity to an
otherwise hydrophobic organic macromolecule, thus, promoting the formaiiom dfisters in
Nafion. When coupled with sufficient water uptake, the pramnducting ion clusters expand to
become the dominant domain. In fact, hydration initiates the formation of continuous ionic
channels that give protons direct access throughl#ifien systen{Yang, et al., 2005)
Unfortunately, in DMFCs, these ionic channels are the same channels through which methanol
diffuses from the anode to the cathode aagisinwanted methanol crossover and the
concomitant lossf performance as well as fuel

An ideal equivalent weight for Nafion in fuel cells is required since too high a concentration
of hydrophilic sulfonic acid groups in Nafion
(Hickner, et &, 2004) A highly hydrophilic membrane can be overly sensitive to water. itemg
durability of membrane polymers is adversely affected by the large quantities of water adsorbed and
exuded in startip and shutdown sequences during fuel cell opsraRepetitious largecale
swelling and contraction can crack the catalyst layers, and in extreme cases, tear the membrane and
render it inoperable. Furthermore, excessive water uptake shapes a polyelectrolyte morphology that
is less conducive to protorahsport than less hydrated morpholodiesause of dilution of proton
moiety. For example, Rajendran R. (Rajendran, 2005eports that an equivalent weight (EW) of
800-1100 for Nafion promotes highest ionic conductivityeFcell reaction kinetics also suffer due
to high water transport as water accumulates at the cathode and decreases the driving force of the
overall reaction according to LeChatelieroés P
membrane to become@myy and allow methanol to diffuse through by osmotic drag. Therefore, a
desirable equivalent weight must demonstrate a favorable balance between protonic conductivity and

water uptak€Hickner, et al., 2004)
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Literature Review

Recent academic literature was surveyed to find applicable work on membrane electrode
assemblies, proton exchange membranes, and direct methanol fuel cells. Topics of interest
included membrane modification to reduce methanol crossover, membrane electrode assembly

fabrication techniques, and passisge DMFCs.

Membrane Modification

Methanol crossover occurs REMs of DMFCglue to the concentration gradient of
water and methanol across the membr&mngce methanol is fed at the anode, the resulting
concentration gradientrivesmass transfer from the anode side to the cathode side. This leads to
an electrode overpotentiahsie methanol that has permeated to the cathode side will oxidize to
liberate electrons at the electrode where reduction and absorption of electrons should occur
instead A lower potential drop between the electrodes reduces the attainable power density of
the fuel cell.

Reducing methanol crossover over the membrane involves reducing proton conductivity
as well. This is because the mechanism of methanol crossover through the membrane is the same
as the mechanism of proton transfer. It is very likely thattduhe dipolalipole attraction, the
OH present in methanol is attracted to th®Hand so methanol is transferred through the
membrane to the cathode side along with protoris ghd water molecules (8). So
modifications to the membrane materiatéduce methanol crossover would reduce conductivity
as well. A balance has to be found between the two when evaluating techniques for methanol

crossover reduction.
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Proton transport in the membrane is thought to occur with a combination of three

mechanismg¢Choi, et al., 2005) surface diffusion, Grotthuss diffusion and vehicular diffusion.

The three mechanisms are illustrated in Figlioelow:

Surface Vehicular Grotthuss

Surface wate

’:AF D
o)
© ~
2| & 9/
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: o K g
. ] =
o 8 \ o
i \ 4
A B Q . <+
¥
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=]
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A A

Figure 3: Diffusion Mechanisms in Nafia (Choi, et al., 2005)

Both protons and methanol travel through the same ionic channels in the membrane. The
ionic channels in the membrane can be divided into two regions: the surface region and the bulk
water region. The surface regiomigpulated withsulfonic acid siteatthe wall of the channels
and waterThe bulk water region is at the center of ionic channels and makes up the majority of
the crosssectional area of the channel.

Surface diffusionnvolves the hopping of protons between water molecules and sulfonate
groups. It occurs near the sulfonic acid sites, at the surface, and is the slowest of the diffusion
mechanisms due to the high Columbic interaction at the sufatami, 2006)Both vehicular
diffusion and Grotthuss diffusion talplace in the buliwater regiorand are relatively rapid.

Vehicular diffusion issn massenigration of proton carriers,4@" ions through the membrane.
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Grotthuss diffusion accounts for about 80% of the proton transport in the bulk Phatsas
hop fromone water molecule to another through the network of hydrogen bonds across the
membrane.

Effective membranes must exhibit a favorable balance between protonic conductivity and
methanol crossover. In order to tune the transport properties of membraruify sien
mechanisms for protons and methanol must be understood. Protons are transported through
ionomer membranes such as Nafion by means of surface, vehicular, and Grotthuss diffusion.
However, methanol ¢y migrates through Nafioean masseThereforethis research
hypothesized that altering the structure and properties of ionic channels in Nafion would change
the protonic conductivity and methanol permeability of the membrane to different extents.

For example, it is desirable to decrease the levetbicular diffusion to limit methanol
crossover while maintaining the ratesGrotiusand surface diffusion to prevent a sizeable
decrease in proton conductigdne of the ways to accomplish tlsisuldbe to decrease water
uptakeof the membraneReducig the water permeability of the membrane impedes vehicular
diffusion as less proton carriers are able to migrate through the membrane. Grotthuss diffusion
would be affected as well, but to a lesser extent becareees less othe amount of water in
the membraneAs long as there is some water in the membrane protons will be able to hop from
one water molecule to another. So when looking at techniques to reduce methanol crossover
through the membrane, it is important to focus on increasing the comnitofitGrotthuss
diffusion versusehicular diffusion.

It is hypothesized that the following points are important to imped@ntransporiand
hence methanol crossovelross Nafioomembranes

1 Increasing thickness of membrane
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1 Decreasing acidity of themembrane
1 Incorporating fillers and dopants into the membrane
In simplified terms, the flux of methanol across the membrane can be described as:

C
‘]MeOH =- DMeOH IJ_

yz

Increasing the thickness of the membrane would reduce the concentration gradient of
waterand methanol and so less methanol would crossover to the cathode.

Acid groups are negatively charged and therefore attract protons and encourage proton
transportDecreasing the acidity of the membrane would reducedheentration of protons
availablefor transportFurther it would reduce hydrophilicity of the membrane and hence water
uptake.So reducing the numband strength cécid groups would impede proton conductivity
and methanol crossover. Decreasing the acidity of Nafion membranes can loettiene
following ways:

1 Using a membrane with higher equivalergight
9 Substituting some of the sulfonic acid groups for carboxylic acid groups as carboxylic
acid is less acidic

In a report by Henslegtal. (Hensley, etl, 2007) using sulfonyl fluoride precursor
films (1100 EW), carboxylic/sulfonic acid Nafion membranes were prepared. The schematic in
Figure4 below summarizes the preparation. Contact with hydrazine reduces sulfonyl fluoride to
sulfinic acid. Oxidatio desulfinates the polymer, leaving carboxylic acid at the end of the side
chains. This is followed by annealing and cleaning.

Figure4 alsoshows proton conductivities obtained for various carboxylate contents.
There are a few trends visible from thisgtaAs the carboxylate content increases proton
conductivity decreases proportionally, but water permeability decreases exponentially. This
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would mean that overall methanol crossosey bereduced more than proton conductivity,
which is desirable. Decreag water permeability also implies that the contribution of Grotthuss

diffusion increases as compared to vehicular diffusion in the bulk phase.

Precursor
L — 0.002
90 0.0018
Reduction = 801 0.0016
o
e 70 4 R2I=09545 + 00014 > =
R-0-(CF,),-SO,H E = g
> 60 4 00012 5 <
= s 3
idati > e ¥
Oxidation £ 509 L 0.001 §_
2 404 +00008 = 3
@ 2 -
W an R s 9
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0 10 20 30
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Composite Nafion
P (% COOH-Substituted Groups)

Membrane

Figure 4: Preparation of Carboxylic/Sulfonic Acid Membranes & Performance(Hensley, et al., 2007)

The best balance between proton conductivity and low water permeability were achieved
when the carboxylate content wasi1P5%. The carboxylate content should not exceed 20% as
SAXS data showed théhe morphology of the membrane is significantly altered beyond it
(Hensley, et al., 2007)

Generally with carboxylic acid membranes, there is no preferential permeation of water
or methanol; both decrease with incregstarboxylateontent For unmodifiedNafion
membranes, and for Nafion membranes with low carboxylate contents the total flux of methanol

and water increases with increasing temperature and feed methanol conceiftnatiefore it
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was determined thatatoxylic acid membranes seem promising and are worth investidating
DMFC application

Some examples of dopants incorporated in the membrane include zirconia, silica, titania,
zeolites and montmorllonite. Theye incorporated into membrane pores by &etyaof methods.
The effect of incorporating inorganic dopants in the membrane depends on the nature of the
dopant in question. If the dopant is not acidic it simply acts as a barrier to both proton and
methanol flow as showschematicallyon the left sidef Figure5 below. The dopant in this case
is nonrconducting and acts as a barrier to both vehicular diffusion and Grotthuss diffusion. It
obstructs the former by preventing thehicular transporf hydronium ions. And it obstructs
the latter by distuiing the hydrogen bond network. This should be especially effective in

blocking methanol flow as methanol molecules are much larger than protons, but it will also

affect proton conductivity adversely.
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Figure 5: Silca Particle in Nafion: Non-acidic vs. Acidic

The image on the right sight side shows a dopant with a sulfated (acidic) surface. The
particle has an SO group attached that attracts protons and continues the hydrogen bond
network (shown by red arrow). This partieldl still block vehicular diffusion but it will only
slightly reduce Grotthuss diffusion, if at all. Depending on the acidity of the particles, it might

19|Page



even increase the proton exchange sites and so increase Grotthuss diffusion and overall
conductivity.

Sulfated dopants, such as sulfated zirconia and sulfated silica are especially popular in
current researc@alani, 2006)Extensive research has been done with these inorganic particles
in PEMFCs. Incorporation of sulfate@ania particles (Zr@S04?) into Nafion via the segel
method has shown increased water uptake and proton conductivity in hydrogen/oxygen fuel cells
due to the additional acid sitéShoi, et al., 2005)However, increased water uptake is
undesirable in DMFCs due to methanol crossover. The acidity of the membrane should be such
that overall methanol crossover is reduced while maintaining conductivity.

The inorganic content needed for the right balarasees. It is reported to be between 5
12% in literaturgJiang, et al., 2005pr DMFCs in general. Beyond 12% the morphology of the
membrane is altered significantly and proton conductivitgvw®rely compromised. Ladewig e
al. tested SIQZSG;H Nafion 117 membranes in hydrogen/oxygen fuel cells. Membranes with
16.7 wt % inorganic content showed an 89% reduction in methanol permeabiligCahrad 68%
reduction in proton conductivitfadewig, ¢ al., 2006) A 68% reduction in conductivity is too
much however and is undesirable.

Ren efal. reported fairly good results with&O,/Nafion membranes in DMFCs. Figure
6 shows the polarization curve.

So sulfated forms of silica doped into Nafimembranes have potential advantages for

DMFCs over plain Nafion membranes, as do membranes with up to 20% carboxylic acid content.
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Figure 6: Polarization Curve for S-ZrO ,/Nafion membranes(Ren, et al., 2006)

MembraneElectrodeAssemblyFabrication

Several factors in the membrane electrode assesiroliyglyaffect fuel cell performance.
This research sought to increase the quality of MEAS by tweaking specific properties so that
each spefic subsection of the MEA would be conducivertgrovedfuel cell performance.
Wilson and Gottesfeldavestressed the importance for close catalyst contact with the ionomer
(Wilson, et al., 1992)Since the conductivity of ptons through ionomers such as Nafion is
typically several orders of magnitude less than the conductivity of electrons in the carbon cloth
or carbon fiber material that makes up gas diffusion layers, then it is essential to provide good
contact between theatalyst and the membrane to encourage proton transport between the
spatially separated electrodes. In terms of charge transport, protonic transport limit reaction and
fuel cell performance much more than electron transport does. Wilson and Gottesfeld use
i mpedance analysis to show that Adirect appl.

improves the interfacial continuity between the ionomer in the membrane and the ionomer in the
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cat al y s(Wilsdn,atyak, 1992)Catalyzing membranes instead of GDLs facilitates proton
transport and increases the overall level of reaction and reduces the resistance of the assembly.

Although, Wilson and Gottesfeld used the decal method to transfer catalyst onto the
membranéWilson, et al., 1992)this research applied catalyst via the direct spray method since
this method even further reduced the resistance of the elec(Butgset al., 2008 his
research hypothesizedattthe direct spray method would achieve highly uniform catalyst layers
with high catalyst dispersiafong, et al., 2005%ince interfacial contact and adhesion between
the catalyst and the PEM are paramount for minimi@hgic lossegHan, et al., 2007then
steps such as varying catalyst deposition, changing Nafion loading in catalyst slurries, and
altering hotpressing protocol were taken to insure close interfacial contact and high levels of
threephase interface within the catalyst.

Another interesting method to facilitate adhesion between Nafion and catalyst is to
modify the surface of Nafion througbughening and gotdputtering(Han, et al., 2007)SEM
imaging of catalysmembrane interfaces have shown that roughening anesgattering vastly
increase the amount of intertwining of Nafion within the catalyst and the amount of interfacial
contact area between the two lay@ian, et al., 2007)

The threephase interface includes contaatongcatalyst, carbon particles or fibers, and
Nafion or ionomers. Electrical current in fuel cells is generated by spatially separating two redox
half-reactions, methanol oxidation aadygen reduction. Therefore, the catalytic reaction sites
must be in contact with the medium for electron transport (carbon cloth) so that electrical current
can be extracted. Additionally, reaction sites must be in contact with Nafion, the medium for
proton transport, so that the overall redox reaction can be completed. In the research of this

project, the issue of the thrpbase interface was investigated by varying Nafion loading in
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catalyst inksFigure7 below shows achematic of a phase interfacand sites where interfacial

contact is important.

Nafion + Water

Pt
particle

CH;0H
Gas

Layer

i Proton Exchange
1
' Membrane

Carbon particle

Figure 7: Three-Phase Interface in the Catalys{Hackquard, 2005)and Sites of Interfacial Contact

In addition to maximizing interfacial contact and thpFease interface, it is important to
inhibit cracking in the catalyst laye€racks are conduits for methanol to diffuse through the
anodic layemithout significant reactioto directly access the iomer membrane, thus,
increasing methanol crossover. This research sought to minimize cracking in the catalyst layer by
utilizing the minimum applied pressure in the-pogssing step that still provided sufficient
interfacialcontact between the GDL andetmembrane to reduce losses due to resist&ingpare
8 bdow shows an SEM image of a cracked catalyst |ayee. integrity of the catalyst layer is
compromised by cracks which reduce the amount of reaction sites and give methanol direct

access to the memdne at the anode causing increased methanol crossover.

2] nﬁﬂ.-um g

Figure 8: Scanning electron micrograph of a catalyst layer with cracks.
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J. Zhang et al. studied hptessing protocol thoroughly by varying parameters such as
temperaturepressure, and timg&hang, et al., 2007)). Zhang et al. found that overly high
pressures and hpressing times compromised the porosity and internal structure of GDLs, and
limiting the conduction of electrons. It is idealdperate at a hgiressing temperature of 135°C
since this is slightly above the glass transition temperature of N&i@ng, et al., 2007)his

allows Nafion to becomes slightly gi#tte during hotpressing and intertwineith the catalyst.

Passive Direct Methanol Fuel Cell

One of the potential advantagedsDMFCsis the high energy density afiethanol, which
is neededor portable applications. However, conventional DMFCs have external devices such
asa humidifier compresor, cooling system, heating system, and fuel ptmpmakehem
difficult to be useds portabla@levices. Furthermoretheseauxiliary components decrease the
achievable potential energy and power density due to parasitic power(ldsses al., 2005)
Therefore passive air-breathing DMFG thatoperate without the use of energy sapping
peripheral devicearedesirabldfor powering portabl@ppliancesA passive DMFC does all the
functions of the abovenentioned externaomponents such as the supply of methérel and
oxygen as well as the removal of products and heat, which minimizpartsgticoower losses.

A schematiof passive DMFGardwares shown in Figuré.
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Figure 9: Schematicof Direct Methanol Fuel Cell Hardware (Liu, et al., 2005)

Moreover vapor methanol feed is used for passive DMBGhatt can achievéhe most
potential energy and power density. idy by Kim et alshowed that vapefieedpassive
DMFCs not onlyhada higher performance and fueificiencybut also longelifespan than

liquid-feedpassiveDMFCs (Chen, et al., 2007)

Passive DMFCss. Active DMFCs

Since the desigrof active and passive DMBEGare quite different, the optimal design
parameters used active DMFCs are noappropriate for passive DMBEC-or examplea study
by Liu et al. showed that the performance of passive DMFC increatiedcrease in methanol
concentrationywhereador adive DMFC, increase in concentration does not increase the
performancédLiu, et al., 2005)This is due to the fact thabth active and passive DMB@re
affectedby methanol crossover. The relationship between methanobesysand concentration
for DMFCsis that aghe methanol concentration increggbe methanol crossover increase
which decreaseperformance. However, the performance of the passive DMFC increased with

increasing methanol concentration due to the irer@athe cell temperature. The incregsthe
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cell temperature was result otheenergy released from tlexothermiaeaction between
permeated methanol and oxygen on the catsaeSince the methanol oxidation reaction on
the anode side is a sloweetrochemical kinetic reaction, the energy produced from methanol
crossover at the cathode providemeenergy fortheactivation of methanol oxidation. The
energy produced by the methanol crossaffacts the performance of the passive DMFC, which
is operated at room temperatudee tolack of anexternal heating devicét has no influence on

the performance factive DMFG since itis already heated t;maptimal celttemperatureising

a heaterAs a result, the optimal methanol concentratiorafdive DMFC is1M; while for

passive DMFQt is 5M (Liu, et al., 2005) Another reason for this concentration difference is
that the liquid phase methanol concentration in the anode determines the performance. A vapor
phase in equilibrium with a liquid methanehter structure would have a higher concentration as

methanol ighe more volatile species.

Issues in Passive DMFCs

An important factor in the performancepdssive DMFGis oxygentransportation.
DMFCs are usually imnoxygenstanedconditionbecausehey haveno external means of air
movement at the cathode ssiacetheyrely onthe diffusion ofambient air for oxygen supply
In passive DMFCs, there is an increase in the cathode loss due to mass transfer resistance which
is caused by mass transport in GDL. The mass transport in the GDL is due to the oxygen
trarsportation from the ambient air to the cathode catalyst and the water transportation from the
cathode to ambient air. The water transportation to the ambient air from the cathode is due to
water concentration gradiemts a resultthe increase in the cattie resistancdecreasethe
performance of the de{Chen, et al., 2007)n order to decrease the cathode resistance, Chen et

al., enhanced the oxygen transport on the cathode side by using a porous metal foam current
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collector rather than the conventional or perforaf@dte current collector. The porous current
collector enhanced the oxygen transportation to the cathode due to an increase in the region of
transport area of the oxygen by the pores. The enhancement ohdrgggportation reduced the
cathode resistance, which increased the performance. However, Chen et al. found that larger
pores did not create good contact between the GDL and the current collector; the larger the pore
size, the higher was the internal stancgChen, et al., 2007)

Furthermore, the heat generated in the cell is mostly lost by the current collector. In
order to reduce heat loss it is desirable that the material for current collectors have low effective
thermd conductivity. Since the metal foam had a low effective thermal conductivity, less heat
was lost to thenvironmenttherefore the cell temperature was not decreased. This has a
favorable effect on the kinetics of electrochemical reacti@Ghen, et al., 2007)

Another important parameter to consider for passive DMFCs is water transportation. In
general, the proton exchange membrane must have enough hydration to allow proton
conductivity. Previous studies illustrated thaigaild-feed passive DMFC operates effectively at
high methanol concentrations since the only mechanism of methanol transport from the reservoir
to the anode catalyst is through diffusion. The lack of water in the methanol feed creates a water
management is®e for passive DMFCs due to the different water transportation mechanisms.
Figure 10 is a schematic of the different water transportation mechanisms in the DMFC

membrane.
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Figure 10: Schemcatic of water transportation mechanismri DMFC (Jewett, et al., 2007)

There are three main water transportation mechanisms in the PEM membrane: Diffusion,
Electrcosomotic Drag, and Hydraulic Permeation. The diffusion mechanism is due to species
concentratiorgradients, and this diffusion is the main reason for methanol crossover. The
transport of water increased as methanol concentration increased due to evaporation on the
cathode side. The electosmotic drag is due to proton conductivity across the mempndmeh
also increases with methanol concentration because more fuel is being oxidized at the anode.
Finally, the hydraulic permeation mechanism is caused by pressure gradients in the cathode side.
This is caused because the rate of water production freraxtygen reduction reaction is greater
than the rate of water evaporation. Since passive DMFCs are exposed to ambient air there is
evaporation of water from the cathode side to the ambient air. Therefore the pressure gradient
will drive the water from cdode to anod@lewett, et al., 2007)

In order to retain sufficient water in the membrane, the hydraulic permeation

mechanism is crucial because it creates a negative concentration gradient across the membrane.
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Studiesconducted by Peled et al. used a hydrophilic ligméder leakproof layer before and
after the cathode current collector to reduce water evaporation. Jewett et al. studied the effect of
adding thicker hydrophobic gas diffusion layers before the currdattar to increase the

hydraulic permeation mechanigdewett, et al., 2007)
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Chapter 2: Goals,Hypothesis, & Plan of Work

This chapter discusses the objective goals of our research, and the theory behind our
hypothesesn how to improve DMFC performance. In particular, energy losses are explained in
terms of the effect of kinetics, conduction, and transport in the shape of the \mitegya curve.

Also included is a detailed description of the membranes analyzeid stubly.

Goals

The objectives of this Major Qualifying ProjgdlQP) were to optimize membrane
electrode assembly performance by optimizing MEA fabrication techniquésyaesting
alternateproton exchange membraneith differentproperties. The focusas on decreasing
methanol crossover without impacting proton conductiwityadverselyBoth membrane
properties antMlEA fabrication play an important role DMFC performance

In order to evaluate fuel cell and membrane performance, some backgroendssary

on DMFC performance.

DMFC Performance

The polarization curve, also known as voltagerentdensity (\A1) curve, iscommonly
used to evaluate fuel cell performance. FidLiés a representation of a typical polarization

curve for Direct Methanol Fuel Cells.
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Figure 11: General Polarization Curve for DMFC

The xaxis plots the current density (mA/&nand the yaxis plots the voltage/). The y
intercept on the graph is tke-calledOpen Circuit Potential (OCP), whichtigically less than
the ideal voltage obtainable from a specific fuel cell system as determined by thermodynamics.
Thethermodynamic voltagier DMFCs is 1.12 V. However, DMFCs operate below the ideal
thermodynamicallydetermined voltage because of three primary forms of energy losses that
dominate at different current densities. The three forms of energy losses correspond to distinct
regionsof theV-I curve.

At low current densities, slow anodic and cathodic reactions result in activation losses
andfurthermethanol crossover cawssan electrode overpotential that results in a voltage drop.
Activation losses dominate in regiarof Figurell, which is termed thactivation region
Oxidation of methanol at the anode is slowed by the accumulation of carbon monoxide on the
catalyst surface. Carbon monoxide is a stable reaction intermediate in the anodic reaction and
occupies the active catalysarface sites of platinum, and therefore redtice overall amount
of reaction.To combat carbon monoxide poisonimgthenium is often added to the anode
catalyst, since it generates hydroxyl radicals that oxidize carbon monoxide to free up catalyst
sites to speed up reaction.
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The methanol crossover is another factor influencing the energy loss for the activation
region. The fuel consumption is proportional to the current deiitge egionais in the low
current density area, the fuel consumptigrite electrode is lowo that the methanol crossover
is significant Sinceproton flux is insignificant, Proton Exchange Membrane (PEM) lossgs
be negligible Therefore, the only losssaffecting Regiora are the losssat the anode and the
kinetic losses at the cathod&hich arestrongly affected byhe methanol fluxThe mmbination
of these two factors determines the energy losses in ragion

Regionb in Figurell represents th®hmic regionwhere performance lossase
primarily due tdimitations on protonic and electronic conduct{@iHayre, et al., 2006)The
V-1 curve in this region is characteristically linear with a slope that corresponds to the overall
resistance of the MEALhe slope of th®©hmicregion corresponds to the overall resistance of
the MEA. This regi on c &nalRbvberemis ttheevbltage (depgndedth mo s
variable, yaxis),l is the current density (independent variablaxis), andR is the resistance
(slope).

At high aurrent densities, energy losses duenttss transfanefficiencies dominate.
Regionc in Figure 1l is callal thetransport regiorsincelosses are caused by insufficient
transport of reactants to the catalytic reaction sites and insufficient removal of produots
dioxide and water

Thesdossesare expressed in the following equation:

V=Vo=m4+7c —Me =M (rhampan, et al2006)

where V = ideal voltage of DMFC

V, = actual voltage of DMFC
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da = anode lossr anode overpotential
dc= cathode lossr cathode overpotential
deL = Ohmic loss

d, = interface loss.

These losses are also shown schematicgaliygurel2 for the hydrogen/oxygen fuel cell,

in which cathode losses are dominant.

Electric Power
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i(Alem®)
Figure 12: DMFC potential energy loss diagram Datta, 2009

To gauge fuel cell performance, polarization curves are used to compare competing
systems. A specific region of interest lies between 0.3 V and 0.4 V since this region corresponds
to moreefficient use of fuel. These voltages correspond to power dertbidieare typically less
than and to the left of the maximum (peak) on the power density curve. ERjpresents a

graphical representation of this concept.
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Figure 13: General Performance Density and Polarizatin Curves for DMFC

The efficiency of DMFC at any voltage is determined by following equation:

In the equation aboVé is the efficiency, V ishe operatingvoltage, and Y is the
thermodynamic potential, i.e. 1.12 Yhis understanding of theharacteristic shape of the
current density/voltage curve with the respective pgatkanergy losses of the DMF@sovides
the necessary background information to develop a hypothesis for this experiment. The overall
goal for this experiment is to optir@ the performance of the DMFC by reducing methanol
crossoverand by improved interfacial contact via improved fabricatlarorder to reduce
methanol crossover, the diffusion coefficient for methamtb be reduced, hence the
conductivity of protons vilibe decreased as wgdince the diffusion coefficient for methanol is
proportional to the proton conductivity. Figuré shows a graphical representatioroaf
hypothesisvith respect to altering properties of the membréinfdembrane B isconsideredo
be the base cagBafion 115 membrandylembrane As a lower conducting membrane for
which the OCRHs higher and the slope in tlihmicregion is steeper. Membraneo@ the other
handis a higher conducting membrane. Although the OCP is lower, it pesfaell in the high

current density region artteslopeis flatter.
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Figure 14: Expected Polarization Curves for Membranes with Different Conductivities

It is hypothesized that reductiontime diffusion coefficient of methanatill improve the
performance in the low current density region since the energy losses associated with this region
is due to methanol crossovaand the resulting overpotential at the cathddl@vever, reduction
in diffusion coefficient also decreasgrotan conductivity which will decrease the performance
in the high current density regigsince the energy losses associated with this regetargely
due to PEM losses. Furthermore, if the proton conductivity is increased, the diffusion coefficient
will i ncrease and the performance in the low current density region will dedreas®

increased cathode overpotentialit® will increase in the high current density region.

Design of Experiments

First a baseline fgperformancevasestablishedby testing ommercial MEAs for
DMFCs, purchased from-EEK. ThenMEAs based oMNafion 115 membranes were fabricated
in the lab. Several parameters are involved in MEA fabrication; these were varied one at a time
to determine optimal MEA fabrication conditions for Nefimembranes. These fabrication
conditions were theatilized for the other membranes, with a few necessary modifications.
Besides the HEK MEA and Nafion 115 membranes, 5 other membranes tivese
investigateda hlayer membrane, bmemade silicamembraes anAldrich Silicamembrange
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anda DuPont Carboxylic Acid membrane. A description of each of these membranes is provided

below. The schematic in FigurEs below shows the experimental plan followed.

Bilayer
Find
E-TEK Set Base 0 Optimal T Carboxybolic acid
i Operating —> — MEA > L
Conditions s Fabrication Modification Homemade Silica
Techniques

Aldrich Silica

Figure 15: Design of Experiments

In order to accurately compare the performance of the various membranes, catalyzed
commercial electrodes were purchased feiettraChemand hotpressed to the membranes
instead of using the Direct Spray Method for catalyst deposition. Thigetied the variables

associated with spraying the catalyst.

MEA Fabrication

Several factors are important in MEA fabrication, the most important among them being
good interfacial contact between the membrane and the catalyst, and between the cathlyst and t
gas diffusion layer. Pressure is applied to press these layers together in close contact. However if
the pressure is too high the catalyst layer may develop cratdsing methanol to leak through
Thus a intact catalyst layer is equally importantisterfacial contact. Membrane, catalyst, and

gas diffusion layer properties also play a role in fabrication.

ElectroChei Gas Diffusion Electrodes

TheElectroChengas diffusion electrodes (GDEs) had a catalyst loading of the 4 fg/cm

with a carbon clothdcking. The cathode catalyst was Platinum supported on carbon and the
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anode catalyst was PlatinaRuthenium supported on carbon. The catalyst layers coated

with Nafion. It should be noted that the homemade MEv&semade with unsupported catalysts

E-TEK MEA

AnSeri & MEAD membrane el ectrode aBEKembl i es
They aredesignedor use in DMFCs. They came with the GDLs hotpressed to the catalyst layers
and just had to be assembled in the cell. FigGreelow is a photo of the-EEK MEA. The
catalyst area is almost a perfect squaith little warping of the membranendicating

sophisticated MEA fabrication techniquaésveloped by the manufacturer

Figure 16: Photo of an ETEK MEA

The membrane was Nafidl15 with unsupported Platinum on the cathode and

unsupported PlatinurRuthenium on the anode. The catalyst loading was 5 mg/cm
Membranes

Nafion 115
Nafion 115 membranes were purchased fromRower. They are transparent
membranes with a smooth surface. They have 1100 equivalent weight and are 5 mil, or 125

micrometers thick. Figur&7 shows acrosssectionof the membrane.
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ANODE CATHODE

125 microns

Figure 17: Schematic of Nafion 115 Membrane

Methanol and protons flow from the anode to the cathode. The blue line represents the
concentration gradient of tiprotonsacross the membrane, which should be constant because of

the constant adity throughout the membrane.

Bilayer
The bilayer membrane was purchased from Aldrich. It is a Nafion membrane, specifically
ANafion 3240. The membrane has an overall thi

PTFE fiber. Figure8 below shows @hoto of the membrarface

Figure 18: Photo of Bilayer Membrane from Aldrich

The PTFEsupportfiber is very visible in this photo and the actual membrane as well.

It protrudes out of the membrane. Thisatually two layercompositemembrane. One side of
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the membrane has equivalent weight 1500 and a thickness of 25 micronfetetbe other side

has equivalent weight 1000 and a thickness of 127 micrometers. The higher equivalent weight
side is smoother and shinier. Aldrilcommended using the higher equivalent side as the
cathode side. Figur below slows a schematic of the membrane, with the blue line showing

the proton concentration levels in the two layers, the higher equivalent weight side possessing

lower acidity.
ANODE CATHODE
Methanol
+ protons
_— >
1000EW 1500 EW,
127 micron 25 micron

Figure 19: Schematic of Bilayer Membrane- Orientation Recommended by Aldrich

Since the cathode side is less acidic than the anodeasidecentration gradient is
created to assist proton conduction from the anode to the cafffueléne between the anode
and cathode represents an interface. The overall flux of methanol over the membrane should be
lower than for Nafion 115 because of thereased thickness, presence of an interface, and
reduced flux are due to the presencehefRTFE fiber. The favorable concentration gradient of
protons however assists in methanol flux.

It was hypothesized that methanol crossover could be decreased even further if the
membrane sides were switched. That is, the recommended cathodeusitiee used as the

anode instead. Rer to the schematic in Figure B@low.
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Figure 20: Schematic of Bilayer Membrane Switched

If the anode side is less acidic the concentration gradieptdtonsis reversed. Creating
a negative concentration gradient would decrpas®n as well amethanol flux andould

result in improved performance at the low current density region.

Carboxylic Acid Membrane

A sample of Nafion 982 was obtained from DuPont. Tilsnbrane is manufactured for
the electrolysis of brinélhe membrane has macroscopic roughness and is thicker than Nafion
115.A thicker membranes should have less methanol crossover. The membrane is in dry sodium
form.

Figure21 below shows the structuod the membrane from the DuPont product
information documentin fact, ane side of the membrane has sulfonic acid groups and the other
side has carboxylic acid groups. The sulfonic acid side also has fabric which adds resistance.
(The anode and cathodelss denoted in the figure are recommended by DuPont for the
electrolysis of brine so they need not apply here). Using the carboxylic acid side on the anode
would create a negative concentration gradient for methanol as carboxylic acid is less acidic.

Thiswould reduce flux and increase performgratdeast in the lower current density region
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Also, the fabric on the cathode would prevent methanol crossover. Both sides were tested to test
this hypothesis.

Structure of Nafion® Membrane Structure (Cross Section)

Perfluorinated lonomers

(Chemical Stability)
Polymer Structure

-(CF,-CF,),-CF-CF,- * *

| Sulfonate Carboxylate
(o) (Low Resistance) migh lon Transport
Selectivity)
Surface . :<__ Surface
Modification . O - Modification
R . 0 .
= -Na+ = " Fabric
R SO;rNa . O » (Tear Resistance)
COO-Na* ) ]
Anode Side Cathode Side

Figure 21: Structure of Carboxylic Acid Membrane

Homemade Silica Nafion 115

Homemade Nafio-nanasilica membranes were made via the Sol Gel methiod.
method provides a relatively uniform and homogenous distribution of saicaparticlesvithin
the membrane. Nafion 115 membranes were used asshenembranelhe Nafion membrane
was impregnated with a precursor solution of tetraethylorthosilicate (TEOS) and methanol. The
membrane undergoes condensation reactions at an elevated tempé&hatym®duct is silica
nangarticles in the membrane pores, which should block methanol crosg®efar. to Figure

5).
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Aldrich Silica Membrane

Silica-polymer composite membranes were purchased from Siddmech. These
membranes are manufactured by Agtirithey are supposed to be a Nafion replacement in fuel
cells. Sulfonic acid groups are grafted on silica and this lends the membrane good proton
exchange propertigSigmaAldrich, 2007)while still limiting methanbcrossover due to the
silica. The membrane is very thin, at 60 microns.

The experimental methodologies and the results obtained with the different membranes

are described.
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Chapter 3. Experimental Methods

Since DMFCs deliver less power than hydrogen/oxygen fuel cells, fabrication conditions
play an important in DMFC performance. A slight variation in fabrication procedures would
result in a significant difference the power density delivered.

A number offactors are important in MEA fabrication. The smoothness and thickness of
the membrane, and the membrane surface morphology affect the ease with which the catalyst
may be deposited on the membrane. Membrsarelling is a concern in DMFC MEA synthesis;
dueto the high catalyst loading more solvent is needed, and the solvent weusbgane
swellingand warping Some other factors that affect MEA performance are whether the catalyst
is applied to the gas diffusion layer or the membrane, the propertiesgasiuiffusion layer,
solvent properties, and the evenness of the catalyst layer.

The fabrication procedure used was extrapo
for hydrogen/oxygen fuel cells by Elias and Ku(Ekas, etal., 2007) However, he catalyst
composition and hotpressing conditions were necessarily different for DMFCs.

First MEA fabrication methodbased orNafion 115membranesvere explored to
optimize performance and compare with the commerciBEE MEA performancéElias, et al.,

2007) After optimal fabrication conditions were determined for Nafion 115, a similar procedure
was applied for the other membranes: bilayer, carboxylic acid, silica, and Aldrich silica
membranes. De to differences in the membrane structures and properties, the treatment methods
and the hotpressing conditions were slightly different for each membrane. The catalyst

deposition protocol was kept fairly constant though.

43|Page



Nafion 115 Membrane

Membrane Préreatment
Membrane pretreatment involves cleaning the as received Nafion membrane. When the
catalyst is being applied to the gas diffusion lagleg membrane must be converted to proton
prior to catalyst application. This is also true when using theralébem gas diffusion
electrodes. When the catalyst is being applied to the membrane, the membrane may be converted

to proton form either before catalyst applicatorafter application.

Full Pretreatment Method

This method was used when the membraneocwsaserted to proton forrheforecatalyst
application. The aseceived Nafion membrane was cut into a square with each side measuring
2.0 inches. It was boiled in DI water for one hour, followed by boiling in 150 mL of 3 wt %
hydrogen peroxide for an hounda half, and then DI water again for one hour. It was converted
to proton form by boiling in 0.5M sulfuric acid for an hour and a half and then cleaned by boiling
in water for one hour again. The membrane was then stored in water until catalyst applicati
should be noted that O0boilingdéd denotes gentl e

membrane surface.

Posttreatment Method

This method was used when the membrane was converted to protcsfteroatalyst
application. The full pretreatment thed was followed until the sulfuric acid step. The
membrane was then stored in DI water until catalyst application. Plea&psaedix 1for step

by-step instructions for both methods.
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Catalyst Deposition

Catalyst Ink Preparation

Anode Catalyst IniSlurry Cathode Catalyst Ink Slurry
24mg (4mgci) Platinum:Ruthenium black 24mg (4mgcri) Platinum Black
2-3 Drops Deionized Water 2-3 Drops Deionized Water
35mg 10% 1100EW Nafion 35mg 10% 1100EW Nafion
5mL Methanol 5mL Methanol

Table 1. Catalyst Ink Ingredients

Separate catalyst ink slurries were prepared for the anode and the cathode. Each side had
a catalyst loading of 4mgchfor a 5¢cnf area. The Nafion loading for the catalyst layers was
0.7mgcn¥. Catalyspowders were wetted with deionized water to prevent combustion upon the
addition of methanol. To achieve the aforementioned catalyst and Nafion loadings, a mixture of
catalyst, deionized water, Nafion slurry, and methanol was prepared with proportiordirarc
to Tablel. These mixtures were sonicated iRisher Scientifi€ Solid State/Ultrasonic F$4
for three hours.

The inks were sprayed directly onto either a GDL or a membrane uBiadgef

Professional 150

Spraying Catalyst on tH@DL

The GDL was purchased from-EEK; the products called LT1400W, microporous
carbon cloth GDLThe atalyst was sprayed ontiee GDL. The flow rate of the ink spray was
minimized to prevent penetration of the ink through the GDL. In order to form a uniform layer,
catalyst was sprayed from side to side in a steady motion to insure that the same amount of
catalyst was deposited on the entire 5anea of the GDL. After each spraying round, the wet
catalyst was blow dried with a low flow rate of unheated air for 80rg#s to 1 minute. When
spraying was completed, the catalyzed GDL was placed in an oven for 90 minutes at 80°C.
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SprayingCatalystDirectly onto the Membrane

A proton exchange membrane (stored in water) was dried and flattened by pressing it
with Kim® wipesin flat metal plates for 10 minutes. This membrane was aligned and clamped
between two metal plates with a 5tsquare opening for catalyst deposition. Catalyst was
sprayed on one side at a tinkggure 22 shows a photo of a membrane being sprayet&igure
23 shows a sprayed membrane.

After each spraying round, the wet catalyst on the GDL or the membrane was blow dried
with a low flow rate of unheated air. To form a uniform layer, catalyst was sprayed from side to
side in a steady manner. To prevent cracking of the catalyst layeystaiad to be sprayed at a
low flow rate to minimize swelling of the membrane. Swelling occurred when methanol in the
ink diffused into the membrane. Repetitious swelling from catalyst application and contraction
from blow dryingcould cause microscopic acks in the catalyst layer. When spraying was

completed, the catalyzed membrane was placed in an oven for 90 minutes at 70°C.

Figure 22: Spraying homde made catalyst directly Figure 23: A catalyzed membrane upon
onto membrane using a spray gun completion of the spray step

46|Page



Posttreatment

Thi

s step was only foll owed-tfrcoeratmeembr avee sh o

denoted in the 6MembAfternhecatBlyzel membérant was reinoveds ect i o

from the oven, itvas boiled for one hour in 0.5M sulfuric acid, followed by heating in DI water

for one hour. It was then dried in the hotpress With wipes without any heat or pressure. It

was hotpressed immediately afterds.Figure24 below shows a schematic comparing the Full

Preteatment and the Pegtatment mthods.

Catalyst Application on Completely Pre-Treated Membranes

o B

Low boiling
deionized water
for 1 hour

> | &

01
Lowboiling 3%  Low boiling Low boiling Low boiling Apply catalystby spraying  Oven-dry at 70
Hydrogen Peroxide deionized water ~0.5M sulfuric deionized water  jnk on membrane or hot- Celsiusnflor 15

for 1.5 hours for 1 hour acidfor 1 hour  for 1 hour pressing membrane with hours
commercial electrodes

Fabrication via Post-Treatment Procedure

<
v

Low boiling
deionized water
for 1 hour

SN L

> &>

ol
Low boiling 3% Low boiling Apply catalyst by spraying  Oven-dry at 70 Low boiling Low boiling
Hydrogen Peroxide deionized water ~ ink on membrane Celsius for 1.5 0.5M sulfuric  deionized water
for 1.5 hours for 1 hour hours acidfor 1 hour  for 1 hour

Figure 24: Full Pretreatment Method vs. Posttreatment Method
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Hotpressing

Figure 25: Hotpress Madine

Hot-pressing is used for adhesion and transfer of catalyst on the membrane to obtain good
interfacial contact between the membrane and the catalyst. This is essential because it creates a
good continuity of Nafion between the membrane and the catalystithalow quick transport
of the protons from the anode to the cathode side. Therefore, the temperature, time span, and
pressure are all key parameters whengressing the membrane and the catalyst. The
temperature of the hqiresswasat the glass trasition temperature of Nafion, which is
approximately 135°C.

To hotpress the Nafion 115 membrane, first a Teflon sheet was placed on a metal plate.
Then the GDL was carefully placed on the center of the Teflon sheet. The membrane was placed
on top of theGDL and it was aligned so that the GDL was located at the center of the membrane.
If the membrane was warped, then the edges of the membrane could be taped to flatten the

membrane. Then another GDL was placed on top of the membrane with caution. lIitihavita
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the two GDLs are aligned completely together to ensuga distributionof the reactants to the
catalyst and removal of the unwanted products, such as carbon dioxide, from the Cxtabyst.
the GDLs are aligned,secondnetal plate was placedter the Teflon sheet. Meanwhile, the
hotpress machine should have been set t6(,3%nd as soon as the temperature was reached, it
was hotpressed at a pressure of 2 metric tons for @tes hen the membrane was removed
from the machine and cooled @minutesbefore assembling in the cdlinless stated otherwise,

a hotpressing pressure of 2 metric tons was applied for 2 minutes.

Fuel Cell Assembly

A setup of the apparatus of DirédethanolFuel Cellassemblys shown in

Figure26.
Current collector Gos dlfﬁ.lsnon. Iayer.
\ : Bipolar Plate .
\ MeOH n ,'/’ 02 i
Anode End Plate l
Bolts
(I)ﬂleltOH +C02 Blpolar Plate éaskei‘:' 02 + H20 Cathode End Plate
out

Figure 26: Fuel Cell Assembly

The center of the sketch is thEEA Membrane ElectrodAssembly, wich is the heart
of DMFC. The MEA consists ofjas diffusion layeranodeand cathodeatalystlayers and a

proton exchage membrane (such Akafion 115. The anode catalyst consistsRiatinum
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Ruthenium, and Nafion particles whehe methanol oxidation reaction takes place. The cathode
catalyst consistef Platinum and Nafion particles. The two catalggersareseparatedy the
proton exbange membrane that conducts protons fiteeranodeo cathode.

Attached to the catalyst layers on either side of the membrane are the gas diffusion layers
(GDLs). The primary purpose of GDLs is to collect and transport electrons, provide mechanical
suppat, distribute gases to and from the catalyst, and manage water. The GDLs are made of
carbon fiber paper or carbon fiber cloth. The GDLs can be treated with PTFE polymer, which
gives thenboth hydrophilic and hydrophobic characteristicssElows reactat gagsand
water vapor to pass through the pores to the catalyst while still preventing the GDLs from
becomingsaturatedy liquid water. It is also important to have a good contact between the MEA
and theGDL to ensure evedistributionof the reactant® the catalyst and removal of the
unwanted products, such as carbon dioxide, from the catalyst.

The next componegtarethe gaskes whichsecure a seal betwethebipolarplates and
themembraneTypical gasket materials aReTFEor silicone rubber. Té thickness of the gasket
is crucial, since it has to be thiekough tgrevent leakshowever it cannot be too thicksthat
would hinderelectrical contact between the plate and the MEA.

Thegaskets rest on thedalar platesThe bipolar plates are made of graphite and have a
serpentineehannel network etched on their surface. The channel network is the activate area of
the fuel cell since it regulates tamountof fuel in contact with the catalyghe serpentine
channel esures proper distribution of fuatross the celSonme essentigbropertieof the

bipolar platsinclude chemical stability, electrical conductivity, and impermeability to gases.
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The last componegtarethe current collectar The currentollectoss collectcurrent and
transporthe electrons vitghe external circuit frontheanode tahecathode proving electrical
power to theexternaldevice.

All of these components were assembled in the orden@snin Figure26 and then
sealedwith bolts A torqueof 60in-Ib andthen65in-Ib wasapplied to every nail in order to

have uniform pressure across the cell.

Fuel Cell Test Station Bscription

Computer = '
o ow rate
acquisition software Pressure gauge controller |
Humidifier @
CH,OH O ~
Syringe he O
pump Tank

Voltage/current | (=) Q X
controller v ~

7 —1 «— |—= Pressure controllers
® pmrc /’ o

Figure 27: Schematic of DMFC Test Station

A sketch of theODMFC stationis shown inFigure27 (Hackquard, 2005)while a

photograph is shown in Figure .28 photograph of the cell is shown in Figure 29.
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Figure 28: DMFC Test Station

Figure 29: Fuel Cdl in Test Station

The DMFC station consists tife cathodenumidifier, syringe pumgISCO 1000D)
voltage and current controlleyxygenflow ratecontroller,thermocouplesand temperature
controller.The thermocouples are located at the bottom ofitimeidifier and the cell to detect

the humidification temperature and the cell operating tempenagsipectively The cell is heated
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to thecell operating temperature by placing the heating rods into the side of the cell. The
operating temperature is maonédby the temperature controlld?ure oxygen is fed
continuouslythroughthe cathodehumidifier. The cathod@umidifieris used tanaintain

moisturein theoxygen stream in order t@epthe membrane humidifiedAt the cathode outlet,

water and oxygeridw out to a beaker filled with wateh dilute methanol solution is

continuouslyfed at a certain feed flow rate via the syringe ptaghe DMFCand it flows out

with carbon dioxidgroduced at the anode a beaker where it is collectéthecurrert is

monitored and recorded as a function of voltage by directly reading from the voltage and current

controller (load box). The voltage and current density were plottpdlarization curves.

Fuel Cell Activation

Activation of the prepared MEA is necesshgfore testing in order to provide enough
hydration to the membrane and activate the anode catalyst to optimize the performance of the
cell. It is necessary to activate the anode catalyst because of the slow reaction kinetics of the
methanol oxidation reaion at the anode and it was found in the stud@ludkraborty eél. that
performance increased with time as the anode catalyst was exposed to n{€haki@borty, et
al., 2007) The first step was to setthe cathdde mi di f i er t em@e@58Cor antdo
the fuel <cell temperature to 70ei@meddidlye oxygen
turned on to feed oxygen and methanol respectively to the fuel cell. The flow rate of oxygen was
set and monitored aD7mL/min using the oxygen flow rate controller. RefeAfpendix 2for
the oxygen flow rate controllerds calibration
Once the DMFC and the cathode humidifier reachediéseedtemperatures voltageof 0.3 V
was applied across the cell via the load box for at least 6 hours or until the current profile

reached steady state.
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Fuel Cell Test Conditios

Once the MEA wasctivated the operatingonditiors wereset Theinitial operating
conditonsusedwer based on Al eM.& thesig(HackHuard, @a0a)helcélls

temperature used wa@ C, and the cathode humidifier was85 C. The anod@éow ratewas

set to ImL/min of 1 M of methanol solution and the cathdttev ratewas 70mL/min of pure
oxygen. Theanode feed conditions used are also fairly common in literdthese operating
conditions were modified later to obtain optimal performance.

After stabilization, a potdral difference of 0.6 or 0.7 V was applied across the cell. The
resulting current was allowed to stabilize and then the reading was recorded. This way the cell
voltage washanged manually via voltage and current controller from open circuit potential
value to 0.2 Vwith a step of 0.1The corresponding current values were measuriee open

circuit potential wasletermine by setting the load box to no current.

Bilayer Membrane

As mentioned beforehé bilayer membrane is composed of two different edeit
weight Nafionlayers The chemical properties of the membrane are the same as Nafion 115 so
the same pretreatment, catalyst deposition, andtpeainent (if needed) procedures were

followed. SeeAppendix 1for more details.

Carboxylic Acid Membrane

The asreceived Nafion 982 membrane is in dry sodium form. It has to be converted to
proton form prior to use in DMFCs. But since one side of the mamethagsarboxylic acid
groups, sulfuric acid could not be used during pretreatment. Instead 0.5dvaaitiiwas used.

The membrane was boiled in the acid for 1.5 hours, followed by heating in DI water for 1 hour.
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This treatment procedure was used either before hotpressik{ettieoChentGDLs onto the
membrane, or after spraying the membrane with cat&@gsAppendix1 for more details.

Upon contact with liquid, Nafion 982 became extremely warpethawnin Figure30.
Therefore, flattening the membrane prior to hotpressing was necessary to ensure accurate GDL
alignments. The membrane was flattened by placing it in the hotpress machine t&ém®en

wipeswithout heat opressure.

Figure 30: Photo of a warped carboxylic acid membrane (N982)

In the case of hotpressing the catalyzed ElectroChem GDE to the membrane, a longer
hotpressing duration (2 metric tons for 5 minutes) was requiredier to transfer the catalyst

from the GDE onto the mendme.

Silica Membrane

Silica membranes were prepared by impregnating silica particles into the pores by the
SotGe | met hod, adapted f r(danani,RO0&A detailedlpeotedunei 6 s di ¢
for the prepartion of the membrane and membranefpeatment/post treatment is provided in

Appendix3.
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Silica membrane Preparation was divided into tipas Cleaning and Converting to
Sodium Form, Silica Impregnation, and Cleaning Surface Silica & Converting 8&ukton

Form.

Part 1. Cleaning & Converting to Sodium Form

The asreceived Nafion 115 membrane was cut into a 2.0 inches x 2.0 inches square and
purified in 3 wt% hydrogen peroxide followed by water. It was then converted to sodium form
by boiling in 1 Msodium hydroxide for 4 hours to increase mechanical strength for further steps.
It was rinsed in water for 30 minutes prior to placing the membrane in the vacuum oven for 12
hours at 119C. Just before placing the membrane in the overaiblotted genty with Kim®
wipes to wipe off excess water. This decreases the warping of the membrane in tAdeven.
mass of the dry membrane recorded.

The vacuum oven and the vacuum pump used were Precision Instruments Model 19 and
Duo Seal Vacuum Pump respectivelyne oven has an analogue scale for temperature; see
Appendix 4 for the temperature calibrati@xtrapolating from the calibration data, a setting of

3.75 was determined for 110°C.

Part 2: Silica Impregnation

Immediately after completion éfartl the membrane was immersed in a 2:1
methanol/water solution for one hour to swell the pores of the membrane in order to maximize
absorption of the precursor solution. The membrane was then immersed in a precursor solution
of 3:2 tetraethyorthosilicate/rtteanol solution. The silica content of the membrane was found to
vary with the duration of immersion in the precursor solution; the longer the immersion, the
greater the silica content obtained, but it was difficult to achieve more than 4% silica absorptio
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The length was varied fromi28 hours. The membrane was removed from the solution after the
prescribed time and again wiped lightly with Kim wipes to remove excess solution so that the
surface of the dried membrane is free from excess silica. It wesdin the oven for 24 hour at

110°C to complete the condensation reactions. The mass of the dry membrane was recorded and

the wt % silicavas calculated from the weight change

Part 3: Cleaning Surface Silica and Sulfation

The surface of the membrane vedsaned by heating in water followed by acetone to
remove excess silica. The next step was to boil the membrane in 0.5 M sulfuric acid for 1.5 hours.
This stepsulfatesthe silica i.e.Si0,/SO,” is formed in the pores of the membratieshould also
convert the membrane back to proton form. After rinsing in water the membrane is ready for
catalyst application, either directly on the membrane, or for hotpressing to a catalyzed GDL.
For some homemade silica MEABe sulfuric acid step was movedafber spraying
catalyst on the membr anter.e althmesn twa so fr esfielrircead ne
done to find out the effect of converting the membrane back to protoreftencatalyst
application (like unmodified Nafion 115 and bilayer membranes).
The schematic presented in FigB8desummarizes the most important steps for making

silica membranes.
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Part 1: Cleaning & Converting to Na* Form

Convert to Na+ form
Clean ; folicless Measure mass
meznbrane in3 | | mechanical strength | — Dry membrane 3 of dry
wt% hyd.rogen for further steps by i vz e membrane
peroxide boiling in sodium
hydroxide
Part 2: Silica Impregnation
Dry membrane in
Swell pores of membrane Impregnate with vACULIm o at Measure
by immersion in . 110°C for 24 hours
. ———> | precursor solution of | —— ; let —> | mass of dry
methanol /water solution to Tetraethylorthosilicate/ sl membrane
maximize absorption of methanol condensation
precursor solution reactions
Part 3: Cleaning Surface Silica & Sulfation
Hzat AR Sulfate and convert Obtain transparent and
and acetone to : .
membrane back to homogeneous Nafion — SiO, Sol
remove any > + ; —_— g f 2
= H* form by heating Gel membrane ready for catalyst
silicaon the in sulfuric acid application
surface
Figure 31: Silica-Nafion Membrane Preparation
Aldrich Silica

The Aldrichsilica membranes different from all other membranes, in that it is not
composed of Nafion. | t 6 s thbhsdifferert.athe mambthnep hy si c a
could not be purified using 3 wt % hydrogen peroxide as it dissolved. The manufacturer does not
specify anypretreatment procedure so it was just cleaned in water prior to catalyst application.

Catalyst could not be directly deposited on the membrane beatawse muchhinner
than Nafion 115. The lack of thickness caused the catalyst to penetrate the mexnbasalgst
could only be applied on the GDLhe glass transition temperature of this membrane is much
higher than that of Nafion, at 28D(SigmaAldrich, 2007)When the membrane was hotpressed
to the catalyzed EteroChem GDESs, more pressure was required to transfer the catalyst onto the

membrane. So it was hotpressed at’20&nd 2.5 metric tons for 5 minutes.
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Chapter 4: Results& Discussion

Through our results and discussion we show the analysis involved iropiexgghn
optimal MEA and a higiperforming PEM. Firstabaselindor performance and best operating
conditions were established using the commeEiBEK MEAS. Then the results obtained from
varying the different parameters involved in MEA fabrication techniguezsanalyzed to
determine optimal fabrication conditions. Finally the membranes most effective at blocking

methanol crossover are presented

Establishing Base Operating Conditions using HEK MEAs

The ETEK MEA was used to establish the optimum base operating condition such as
methanol feed concentration, fuel cell temperature, and cathode humidification temperature for

DMFCs.

Effect of Methanol Feed Concentration

The optimal operating methanol feed concentration is essential to determine because the
performance of the DMFC varies with the fuel concentration. From Figure 32, in the region of
interest (>0.3V), 1M methanol solutialeliveredthe highest performance. As expected, the
performance dropped as methanol concentration increased. This is due to increased methanol

crossover to cathode.

59|Page



Effect of Methanol Feed Concentration on E-TEK MEA at T=70°C
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Figure 32: Effect of Methanol Feed Concentration on ETEK MEA, Cathode humidifier at 85°C

Although most fuel cells operate at 1M concentration to optimize performance, higher
methanol concentrations are desirable to maximize the energy density of the fuel. Therefore 3M
methanol solution was determined as the optimal operetyconcentratiorAlso, operating at

1M producecconsiderable oscillations, which makes the data less reliable.

Effect of Cell Temperature

The recommended operating temperature range for-fekEMEA was 25°G 80°C.
An operating cell temperature withthat range needed to be established as a base condition.
From Figure 33, the cell performed better at a temperature of 80 °C than 70°C except at lower

current densities, although this differenseelatively small.
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Effect of Cell Temperature on E-TEK MEA at 3M MeOH
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Figure 33: Polarization and Performance Density Curves on Effect of Cell Temperature on-HEEK MEA

DMFCs perform better at higher temperatures because the kinetics at the electrodes are
promoted at higher temperatures. Althougbe3gields a higher cell performancecell
temperature of ML was set as the base condition because of the considerable oscillations at the

higher temperature, which makes it difficult to quantify data.

Vapor Methanol Feed

Vapor methanol feed is of interest for passive DMFCs. The hficaition at the cathode
should be sufficient to maintain moisture in the cell; the anode feed was set at 1 mL/min of 1 M
methanol/water solution. The anode feed tube was heated with hepi@tg vaporize the

methanol.
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When a potential difference was éipd across the cell there were huge fluctuations in the
current readings though. The OCP also fluctuated. The fluctuations were of a significant
magnitude and no data could be taken. Perhaps the feed was not sufficiently vaporized and the

methanol was amo-phase mixture. More residence time might be needed to vaporize the feed.

Effect of Cathode Humidifier Conditions

Since the feed fuel in DMFCs d@slute liquid methanol, there is no need for
humidification at the anode. It was hypothesized that dudutedinode feed, there is enough
humidification in the entire cell to operate without a cathode humidifier as well. Figure 34 below
shows the results for two cathode humidification temperatures, 85° and 35°C. At a cathode

humidification temperature of 35%6e humidification is fairly low and negligible.

Effect of Cathode Humidifier Temperature on E-TEK MEA at 3M MeOH at 70°C
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Figure 34: Effect of Cathode Humidifier Conditions
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Especially, in the lower current density region the MEA performed the same under both
humidification conditions. Hence furthergatiments were conducted at a cathode

humidification temperature of 35.

Base Operating Conditions

Based on the above, the best operating conditions were determined to be:

Cell Conditions Anode Conditions Cathode Conditions

Cell Temperature: PC | Concentration of feed Methanol = 3M | Oxygen flow rate = 70 mL/min

Flow rate of feed Methanol = 1 mL/min| Humidification temperature = 36

Figure 35 below shows the performance of thREEK MEA at the above conditions.

E-TEK MEA at 3M MeOH at 70°C
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Figure 35 E-TEK MEA Performance at Base Operating Conditions

The OCP was 0.62V and the current density at 0.3V was 258 riA/cm
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Optimizing Nafion 115 MEA Fabrication

Catalyst Ink Deposition: GDEApplication and MembraneApplication

Catalyst deposition methogsimarily affect the resistances of the interfaces between the
membrane, the catalyst, and the GDL. When analyzing interfacial resistance, the constant slope
region (Ohmic region) of the-Ycurve is of high interest since the slope of this region is
propational to the combined resistance of the proton exchange membrane, the-catalyst
membrane interface, and the catal@&L interface. Figure 36 shows that there are considerable
differences in the slopes of the Ohmic region for MEAs fabricated with conahelectrodes,

catalyzed GDLs, and catalyzed membranes.

Effect of Catalyst Application on Unmodified Nafion 115 at 3M MeOH
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Figure 36: Effect of Methods of Catalyst Application
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The resistances for the MEAs with the commercial electrode and the catalyzed GDLs are
relatively the same. This is exgied since both MEAs had catalyst applied directly onto the
GDL, and both of these electrodes werepr@ssed onto unmodified Nafion 115 with the same
hot-pressing protocol (2 minutes at 135°C and 2 metric tons of pressure). Since resistances are a
produd of the MEA fabrication procedure, then the ElectroChem electrode and thentaxiee
catalyzed GDL had the same resistance, and pa@ilelicregions in the-M curve, since they
were both fabricated the same way.

Membrane Electrode Assemblies (MEAs}wetatalyst sprayed directly on the membrane
performed better than MEAs with catalyst sprayed on GDLs and MEAs fabricated with
ElectroChem GDEs. MEAs with catalyzed membranes had slopes@hth&region that were
half that of the MEAs with GDL applicatn. The electrical conductivity of carbon cloth is 200
Scmi* while the protonic conductivity of Nafion is 0.1 S¢nThis means that electrons are
conducted at 2000 times the rate of protons and that protonic transport limits fuel cell
performance. Therefe, a close contact between the membrane and the catalyst is more
important than close contact between the GDL and the membrane since access of catalytic
reaction sites to the proton transporter (Nafion membrane) is more important than their access to
theelectron transporter (GDL). This close contact between the membrane and the catalyst was
best achieved when catalyst was sprayed directly onto the membrane.

The open circuit potential (OCP) is highest for the MEA fabricated with ElectroChem
GDEs. OCP isighly dependent on the integrity of the catalyst layer, which depends on the
catalyst deposition technique. If catalyst is applied directly onto the membrane, then it is more
likely to develop cracks due to swelling and contraction of the membrane dpraying and

drying. Catalyst layers of catalyzed membranes are also more susceptible to cracking-upon hot
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pressing. Cracks in the catalyst layer reduce the amount of overall reaction. At the anode, cracks
form a conduit for methanol to directly accessrtembrane, thus, increasing methanol

crossover and decreasing the OCP due to oxidation of methanol at the cathode. Therefore, Figure
36 shows that MEAs fabricated with ElectroChem GDEs exhibit a higher OCP than those with

fabricated by the direct spray methon the membrane.

Nafion Loading

Nafion is a necessity in catalyst ink in order to produce a-binase interface where
redox reactions occur. The trigidase contact provides separate transport media for protons and
electrons. Although, Nafion is raged for protonic conduction in the catalyst layer, the trade off
is that excess Nafion engulfs catalyst sites to prevent electronic conduction as the electronic
medium is blocked access to the loci of reaction. Figure 37 shows three schematics of catalys

layers with different Nafion loading.

Membrane  CHAYSULayer  Diffusion Layer

A)

Catalyst Intermixed
particles . Nafion

B)

Figure 37: Effect of Nafion Loading in Catalyst Area
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Schemati@ in Figure 37 shows a catalyst layer that is limited by low proton transport
since there is not enough Nafion ionomer to transport protons from reaction sites to the
membrane. Schematicshows an optimum Nafion loading where there is a high level of-three
phase interface, but not too much Nafion as to block electronic conductivity. Schematic
represents a catalyst layer where catalytic sites are engulfed by excess Nafion that block the path
from reaction sites to any electronic transport medium.

Catalystinks with Nafion loading of 0.7mgchperformed better than inks with Nafion
loading of 1.2mgcr. Figure 38 shows that the 1.2mgeéMafion loading blocked electronic
conductivity, since the slope of the correspondivgdurve in theOhmicregion was mah
higher than that of 0.7mgcmThis showed that there was a higher resistance within the entire
MEA for a Nafion loading of 1.2mgctn This resistance can be attributed to blocked electronic
conduction as excess Nafion displaces carbon particles tiiéd wiherwise contact catalytic
sites to form a threphase interface, which is conducive to the amount of charge transport.

Additionally, catalytic sites that are completely engulfed by Nafion are inactive sites and
reduce the total amount of reactioinefefore, not only is the resistance higher with a Nafion
loading of 1.2mgcr, but the open circuit potential is also lower also as less reaction occurs.
Figure 38shows that a Nafion loading of 0.7mgémrovides a higher OCP and exhibits less
activationlosses than a loading of 1.27mg&nThe two values for Nafion loading were chosen

based on literature, and results show that a loading of 0.7figdetter.
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Effect of Different Nafion Loafing on Unmodified Nafion 115 at 3M MeOH
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Figure 38: Effect of Nafion Loading in Catalyst Slurry for Homemade MEAs

Effects of HotPressing

Hot-pressing should be performed at the lowest possible pressure that provides sufficient
contact between the membrane and the catalyst. Open Circuit Potential (OCP) is highly
dependent on the integrity of the catalyst layéerefore, cracks in the catalyst layer reduce the
amount of overall reaction. At the anode, cracks form a conduit for methanol to directly access
the membrane, thus, increasing methanol crossover and decreasing the OCP due to oxidation of
methanol at theathode (over potential). Additionally, the interfacial contact between the

membrane and the catalyst layer is supremely important to produce a small slogeéhimtbe
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region of the polarization curve. During hartessing, Nafion is heated to above itssgl

transition temperature so that it intersperses throughout the catalyst to form close contact. The
goal is an intact catalyst layer that is wallick to the membrane. Achieving this goal involves
utilizing the minimum hepressing pressure (to prevenacking of the catalyst layer) that

provides sufficient catalyshembrane contact (to reduce the interfacial resistance).

Figure 39: Effect of Hotpressing Conditions

Figure 39 shows that 2 metric tons of pressure provided the best performance since it did
not crack the catalyst layer to the extent expected. The highest pressure provided a strong contact
between the GDL and the membrane, thus, limiting losses fronfiaisaf electronic
conductivity and demonstrating high current densities betweed.f\8 However, the slope of

the MEA hotpressed at 1 metric ton in tRdmicregion was less steep than that of the 2 ton
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