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Abstract

The main goal of this thesis was the experimentdlraodelling study of an active feed
Direct Methanol Fuel Cell (DMFC) working close tonbient conditions. Bearing in
mind that the passive DMFC systems emerge as f@ofor portable applications, the
study was extended for passive feed DMFCs.

A steady state, one dimensional model accountingdopled heat and mass transfer
processes along with the electrochemical reactimemurring in the fuel cell was
developed both for the active and passive feed DMHA@se simplified models using
low CPU and rapidly implemented reproduce withsfatitory accuracy experimental
data.

An experimental set-up to determine the cell pa&ion and power curves was
implemented. «In-house» developed active and yag$sed DMFCs with 25 cfnof
active area were designed. A detailed experimehimlacterization of the active DMFC
working close to room temperature is provided alk agsome results with the passive
cell.

The experimental polarization and power densitwesirwere successfully compared
with the model predictions and when it was possitile results were explained under
the light of the model predictions for oxygen camication profiles and for methanol
and water crossover. Both models were also validaith published data.

The effect of operating conditions (such as methtseal concentration and fuel and air
flow rates) and of design parameters (active arbBHusion layer materials and
thickness, catalyst loading and membrane thicknesshe fuel cell performance was
evaluated. Particular attention was devoted toitiflence of these parameters on
methanol and water crossover. The models predictdinrect trends of the effect of the
different parameters on these two cross flows amdequently on cell performance.
The influence of different anode and cathode flogldf designs on the active feed
DMFC was also studied.

The developed models were intensively used to geaiptimized conditions leading to
enhanced performances both for active and passM&Ed3. Tailored Membrane
Electrode Assemblies (MEAS) with different struesiand combinations of membrane
thicknesses, diffusion layers and catalyst loadiwgee designed and tested in order to

select optimal working conditions with high methooncentrations and relatively low




water and methanol crossover levels, situation wiitreased interest in portable
applications.
The results reported in this work are relevanttifier design, optimization and operation

of both active and passive Direct Methanol Fuel €gtems.

Keywords: Direct methanol fuel cell, Modelling, Heand mass transfer, Methanol

crossover, Water crossover, High methanol concieois Tailored MEAS




Resumo

O presente trabalho teve como objectivo o estugeranental e de modelagcéo de uma
célula de combustivel com injeccdo directa e aa®anetanol operando em condi¢des
proximas das ambientais. Tendo em conta a impaoa&rescente dos sistemas com
alimentacédo directa e passiva de metanol como &olpara as aplicacdes portateis
devido a sua simplicidade, optou-se por estendestodo a células de metanol com
alimentacgé&o passiva.

No decurso do trabalho, foi desenvolvido um modebitematico quer para a célula
activa quer passiva, em estado estacionario e alumensao incorporando o transporte
de calor e massa bem como as reaccfes electrogaime ocorrem no anodo e no
catodo da célula de combustivel. Estes modeloslifitagos, com baixo tempo de
CPU e de rpida implementagéo reproduzem satigfatente os dados experimentais
obtidos.

Foi desenvolvida neste estudo uma instalacdo ewpetal (incluindo uma estacao de
medida para células com injec¢do directa de metanoin sistema de controlo de
temperatura) para a determinagéo experimentaludaasde polarizacao e de poténcia.
Vérias células com uma area activa de 25 foram concebidas e construidas ao longo
do trabalho. Apresenta-se um estudo experimentalh@delo para a célula activa e
alguns resultados para a célula passiva.

As curvas de polarizagdo e de poténcia experimgefigam comparadas com sSucesso
com as previsdes dos modelos e sempre que possivesultados foram explicados a
luz das previsdes para os perfis de concentrac@xigénio e para o atravessamento de
metanol e de agua através da membrana. Ambos oslgesddram também validados
com dados da literatura.

O efeito das condicbes de operacdo (tais como a&eontiacdo de metanol na
alimentacdo ao anodo e os caudais de solucdo denohet¢ ar), bem como de
parametros de configuragdo (area activa, mateqgaes constituem as camadas de
difusdo e espessura da membrana polimérica), remgenho da célula activa e passiva
foi estudado detalhadamente. Dedicou-se parti@iarcao a influéncia dos diferentes
parametros no atravessamento de metanol e de &pmssada membrana que

condicionam a eficiéncia da célula de combustivel.




A influéncia da geometria dos canais distribuidodes combustivel e oxidante na
eficiéncia da célula foi igualmente estudada.

Os modelos desenvolvidos foram intensivamentezatilbs para estabelecer condicbes
de operacdo optimizadas que conduzem ao deseneoitonde células (e pilhas) com
melhores desempenhos, tanto em sistemas de algéerdgativa como passiva. Foram
propostas e testadas diferentes MEAs (conjuntosyeél®brana, camadas cataliticas e
camadas de difusdo) com diferentes configuracéesginando desempenhos
optimizados que permitem operar com elevadas ctragées de metanol, mantendo-se
em niveis relativamente baixos os fluxos de metar&@ua através da membrana. Estas
condi¢cdes de operacdo sdo de extremo interesseleracées portateis das pilhas de
metanol directo.

Os resultados obtidos nesta tese sdo de relevénatflidade significativas para o
design e construcdo de novas DMFCs, para a optaonzde condi¢cdes de operagao e
para a validacdo de modelos matematicos.

Palavras-chave: Célula de Combustivel de Metanad, Modelagéo, Transporte de
Calor e Massa, Atravessamento de Metanol, Atravessta de Agua, Concentragdes
Elevadas de Metanol, MEAs
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Resumeé

L'objectif de cette thése est I'étude expérimentelede modélisation d’'une pile a
combustible a utilisation directe et active du raéthi (Direct Methanol Fuel Cells:
DMFC) fonctionnant en conditions proches de la térajure ambiante. Une fois que
I'importance des systhemes avec alimentation pasgvmeéthanol comme une solution
d’interét pour les applications portables, est lds pn plus haute, on a décidé d’étudier
aussi les piles de méthanol passives.

On a dévelopé um modele mathématique pour la ptigeaet pour la pile passive en
régime permanent, a une dimension, qui integreaestert de chaleur et masse bien
comme les réactions electrochimiques de I'anodkiatathode. Ces modéles simplifiés
avec un temps de CPU baisse et de mise en oeyide reeproduisent convenablement
les données expérimentales.

Une instalation éxpérimentale a été mise en ceuans de travail pour obtenir les
courbes courant-tension et de puissance. Difféseptles DMFC avec un surface
active de 25 cont été concues et construites pendant le déremedu travail. Un
étude experimentale détaillée pour la pile d’alitagan active est présenté bien comme
guelques résultats obtenus avec la célule passive

Les courbes expérimentales courant-tension et thsgnce ont été comparées avec les
prévisions des modeles et, si possible les résuttat été expliqués par rapport aux
prévisions des profiles de concentration d’oxygénge I'’écoulement du méthanol et de
'eau a travers la membrane échangeuse de protessdeux modeles ont aussi été
validés avec des données expérimentales trouvéedalhttérature.

L’effet des conditions d’opération (concentratiom miéthanol et débits de méthanol et
air) et de plusieurs parameétres de configurationrfgse active, matériaux qui
constituent les couches de diffusion et épaissiudla membrane échangeuse de
protons) dans la performance de la pile activeassipe a été étudié en détail. On a
dévoué une attention particuliere a I'étude ddllience des différents parametres dans
I’écoulement de méthanol et eau qui passent arsdaenembrane et qui influencent le
fonctionnement et performance de la pile.

L'influence de la géométrie des canaux de distigoude méthanol et air dans la
performance de la pile a été également étudiée.
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Les modeéles développés on été utilisés pour étalds conditions d’opération
optimisées qui conduisent au développement de piec meilleures performances,
autant en systemes d’alimentation active que passiDifférentes MEAs (groupe
membrane, couches catalytiques et couches de idiffjusavec différentes
configurations et résultant en performances opéessqui permettent de travailler avec
hautes concentrations de méthanol et qui maintrdrieecross-over de méthanol et eau
dans des niveaux basses, on été proposées. G#isormnd’ opération sont d’extréme
importance dans les applications portables des DMFC

Les résultats présentés dans ce travail sont digi@nts pour de design et construction
de nouvelles piles DMFC, pour l'optimisation de ditions d’opération et pour la

validation de travaux de simulation numeérique etype de piles a combustible.

Mots Clés: Pile & combustible a utilisation diredteméthanol, Modélisation, Transfert
de Chaleur et Masse, Méthanol cross-over, Crossdw&Eau, Hautes Concentrations
de Méthanol, MEAS
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| 2
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CCP
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initial
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Motivation, objectives and thesis layout

Fuel cells are extensively being studied today beeaf their potential as an alternate
energy converter for a wide range of applicatidgngel cells have unique technological
attributes: efficiency, absence of moving parts @&y low emissions. In particular, the
proton-exchange membrane (PEM) fuel cells (FCs)atay in the focus of interest as
one of the most promising developments in powerveders. Among the different
types of PEMFCs the Direct Methanol Fuel Cells (DB4&f are being investigated with
a high degree of motivation as portable power ssidue to their higher power density,
instant recharging and smaller size than battefepresenting the market segment
closest to achieve widespread use by consumersjriaé power Direct Methanol Fuel
Cells (in particular the micro DMFCs) will probablyduce them to believe and accept
the fuel cells as an emerging technology, contimiguin this way for an energetic

paradigm shift.

The main motivation of the present work was tonsteely study small power direct
methanol fuel cells operating close to ambient d¢ants bearing in mind the portable
applications of this type of fuel cells. An intetgd approach was followed toward
DMFC optimization: the development of a mathematmadel incorporating the main
transfer processes as well as the electrochengaations, to validate the model and in
a last step to use the model to set—up optimizeditions leading to enhanced fuel cell

performances.

This PhD thesis results from the work carried outC&FT (Centro de Estudos de
Fendomenos de Transporte) in the Chemical Engingdbapartment of Faculty of
Engineering in Oporto University (FEUP), throughdbe period between February
2005 and August 2009.

The initial goals of this work were the modellingdaexperimental studies on an «in-
house» active feed direct methanol fuel cell (DMFA83sed on recent state-of-the-art,
concerning the DMFC development, it was verifie@tthhe passive feed DMFC
systems were, probably, the first to be commemsadli In this way, work with a

designed passive feed DMFC was also developed.
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This thesis is organized in seven principal Chapt@ihe first Chapter considers a
general introduction concerning the fuel cells,hwé systematic description of the

different fuel cell types.

Chapter 2 is devoted to the description of theatiraethanol fuel cells and to the
review of the state-of-the-art focused in experitaerand modelling studies. The
advances in new materials and new designs for DMR©sder to achieve the best fuel
cell performance are described. Recent work andrambs in passive DMFCs are also

presented.

The Chapters 3, 4 and 5, are devoted to the afdge@ direct methanol fuel cell. In
Chapter 3, the developed mathematical model foadive feed DMFC is presented.
The general model structure, the major model assangand the governing equations

and boundary conditions concerning the mass andehgtransport are described.

In Chapter 4 the experimental setup and experirh@nteedure as well as the active
feed fuel cell design are provided.

In Chapter 5, the experimental results obtained tie designed active feed DMFC are
presented as well as the model predictions for gbkarization and power density

curves.

In Chapter 6 the results of the study of a desigress$ive feed direct methanol fuel cell
are presented: model development, experimentapsetperimental results and cell
optimization.

Finally, the main conclusions of the present wakk summarized and lines of possible
future work are suggested in Chapter 7.

xliv



CHAPTER 1

1. INTRODUCTION

In this Chapter, basic elements involved in FudlSCg/stems are described. A brief
explanation of the importance of fuel cells in society and a historic perspective
of fuel cells is also, provided. A brief overviewtbe different fuel cell types, major

characteristics and advantages and disadvantage®sented as well as, market

perspectives for fuel cells.

1.1. Fuel cells

A fuel cell is an electrochemical device that coatusly converts chemical energy into
electric energy as long as fuel and oxidant arelsg (Fig. 1.1). Fuel cells therefore

have similarities both to batteries and to engiwgh batteries, fuel cells share the
electrochemical nature of power generation proegsbs with engines, they share the
continuously work consuming a fuel of some typefukl cell operates quietly and

efficiently and when hydrogen is used as fuel egates only power and water a so-
called zero emission engine. A difference betwearebcell and a battery is that a fuel
cell generates by-products and the system is redjuo manage those. A battery also
generates some heat but at a much lower rate $hatly does not require any special or
additional equipment.

Electricity

Oxidant

Waste heat Products

Figure 1.1 — Schematic representation of a fuel dgJenerating electricity from a fuel.
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A fuel cell can convert over than 90% of the chexheanergy of a fuel into electricity.
Typical reactants for fuel cells are hydrogen arggen, however neither of them has
to be in its pure form. Hydrogen may be preseritegiin a mixture with other gases,
such as carbon dioxide, nitrogen and carbon moeoxdd in hydrocarbons such as
natural gas and methane, or even in liquid hydhomas such as methanol. Ambient air
contains enough oxygen to be used as oxidant Ircélis.

1.2. Fuel cells in society

There are two major problems with using fossil $uethich meet about 80% of the
world energy demand. The first problem is that they limited in amount and sooner
will be depleted. This means that there will be igpdrity between demand and
availability of fossil fuels. The second problenthat fossil fuels, coal, oil and natural
gas are causing serious environmental problems#, asiconsumption and pollution of
water, air pollution, ozone layer depletion, climathange melting of ice, creation of
toxic wastes, damages in plants and animal lifegholdal warming. Using nuclear fuels
as an alternative, poses serious safety risksatieetamount of radiation contained in
their products. Renewable energy resources emsrgesalution for this global issue.
Renewable energy resources can provide many imteedravironmental benefits by
avoiding the impacts caused by using fossil fusl®@ergy sources and risks and can
help conserve fossil resources for future genarati®f course, renewable energy also
has environmental impacts. For example, biomas#plaroduce some emissions, and
fuel can be harvested at unsustainable rates. Wimds change the landscape, and
some have harmed birds. Hydroprojects, if theiraotp are not mitigated, can greatly
affect wildlife and ecosystems. However, these ictgpare generally much smaller and
more localized than those of fossil and nuclealsfugare must nevertheless be taken to
mitigate them. Despite the advantages of usingwahke energy these sources are
insufficient to produce the amount of world enedigmanded which has been growing
exponentially. As a result fuel cells appear aseéiiciently and environmentally
friendly solution and a complement to renewablergyneFuel cells can provide
increased efficiency, greater scaling flexibilitgduced emissions and other advantages

compared to conventional power technologies.
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Early in the 1970s Hydrogen Energy System had Ipgeposed as a solution for the
problems caused by using fossil fuels to producerggn Since then, during the last
quarter of last century, through research and deweént work in universities and
research laboratories around the world, foundatminthe Hydrogen Energy System
have been established.

Hydrogen is an excellent energy carrier with manigue properties. It is the lightest,
most efficient and cleanest fuel. Through electemcital processes, the hydrogen can
be converted to electricity in fuel cells with hegtefficiencies than conversion of fossil
fuels to mechanical energy in internal combustiogimes or to electrical energy in
thermal power plants. This unique property of hgdm has made hydrogen fuel cells
the power plant of choice for car companies andgsgulants companies. It is possible
that during the next years fuel cells can repléeeheat engines as hydrogen replaces
fossil fuels. However, the feasibility of hydroges energy carrier depends on price
advantage, production costs, transport, logistic storage.

The concept of hydrogen economy is not new, maignsst in the beginning of the
20" century described the production, storage andcgsjuin possibilities of hydrogen.
As shown schematically in Fig. 1.2, hydrogen fugiscare coupled with electrolysers
and renewable energy technologies to provide a tmslp closed-loop, pollution free
energy economy. When the sun is shining or the widlowing, the electricity
produced from solar and wind energy would be usegadwer cities directly while
production extra hydrogen on the side via elecsislyAnytime the wind stops or night
falls, however, the fuel cells could be dispatchedprovide on-demand power by
converting the stored hydrogen into electricity. ilWhhe hydrogen economy does not
become a reality, it is important to realize thatlfcells have found, and will continue
to find niche applications. These applications $th@ontinue to drive forward progress

for decades to come.
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Figure 1.2 — Schematic representation of hydrogercenomy.

1.3. History of fuel cells

Fuel cells are really not new! Sir William Robentd@e developed the first fuel cell in
England in 1838. Grove believed that if he did tbeerse of the electrolysis process
(use electricity to split water into hydrogen anygen) he would be capable to produce
electricity and water. He enclosed two platinumpstin separate sealed bottles. One
bottle containing hydrogen and the other oxygenekvtihese bottles were immersed in
dilute sulphuric acid, a current began to flow betw the two electrodes and water was
formed in the gas bottles. To increase the voltageluced, Grove linked several of
cell.

these devices in series and produced what he edférras a "gas battery"- the first fuel

In 1889, Ludwig Mond and his assistant Carl Langdempted to build the first
practical device using air and industrial coal gasedrich Wilhelm Ostwald, a founder
of the field of physical chemistry, provided muchtbe theoretical understanding of
how fuel cells operate. In 1893, he experimentd#yermined the interconnected roles
of the various components of the fuel cell: eled#® electrolyte, oxidizing and

reducing agents, anions, and cations. Grove hacukgted that the action in his gas
battery occurred at the point of contact betweegtsdde, gas, and electrolyte, but did
not explain further. Ostwald, drawing on his piamag work in relating physical

cell researchers.

properties and chemical reactions, solved the puzdl Grove's gas battery. His
exploration of the underlying chemistry of fuellsdhid the groundwork for later fuel
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Scientists and engineers soon learned that theyowave to overcome many hurdles if
this new technology was to be commercialized. Byehd of the nineteen century, the
internal combustion engine was emerging and thesypread exploitation of fossil fuels
sent the fuel cell the way of scientific curiosity.

Francis Thomas Bacon wrote a major Chapter in thed €ell story. In 1932, he
resurrected the machine developed by Mond and lraangee implemented a number of
modifications to the original design. He replacéd tplatinum electrodes by less
expensive nickel gauze. He also substituted thphsuic acid electrolyte for alkali
potassium hydroxide, a substance less corrositteetelectrodes. This device, which he
named the "Bacon Cell," was in essence the fikstliale fuel cell. After 27 years Bacon
produced a truly workable fuel cell. In 1959, Bad@amonstrated a machine capable of
producing 5 kW of power, enough to power a weldimagchine.

In 1955 a scientist working at General Electric Giodified the original fuel cell
design. Willard Thomas Grubb used a sulphonategspgkne ion-exchange membrane
as the electrolyte. Three years later another Gdnat, Leonard Niedrach, devised a
way of depositing platinum onto this membrane, Wwhittimately became known as the
"Grubb-Niedrach fuel cell.” GE and NASA developadttechnology together resulting
in its use on the Gemini space project. This waditst commercial use of a fuel cell.

In the early 1960s, aircraft engine manufacturexttP& Whitney licensed the Bacon
patents for the Alkaline Fuel Cell. With the go&reducing the weight and designing a
longer-lasting fuel cell than the GE PEM desigratP& Whitney improved the original
Bacon design. As a result, Pratt & Whitney won atect from NASA to supply these
fuel cells to the Apollo spacecraft. Alkali cellawe ever since been used on most
subsequent manned United States space missiohg]imgthose of the Space Shuttle.
The oil embargos of 1973 and 1979 helped to pusigaihe research effort of the fuel
cell as the United States Government was lookingafway to become less dependent
on petroleum imports. A number of companies andeguwent organizations began
serious research into overcoming the obstaclesdespread commercialization of fuel
cells. Throughout the 1970s and 1980s, a largearelseeffort was devoted to
developing the materials needed, identifying th&nopm fuel source and drastically
reducing the cost of this technology. During th&a$ fuel cell technology began to be
tested by utilities and automobile manufacturerschhical breakthroughs during the
decade included the development of the first maidetfuel cell powered vehicle in

1993 by the Canadian company, Ballard.
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1.4. Fuel cell description

Fuel cells work via an electrochemical reactiort tumverts the chemical energy stored
in a fuel directly into electricity. This conversianvolves an energy transfer step,
where the energy from the fuel source is passetgaio the electrons constituting the
electric current. This transfer has a finite ratd aust occur at an interface or reaction
surface. It is clear that the amount of electrigptpduced depends on the amount of
reaction surface area or interfacial area availédl¢éhe energy transfer. Larger surface
areas lead to larger currents. To provide largeti@a surfaces, fuel cells are made into
thin planar structures and the electrodes usetighty porous. One side is provisioned
with fuel (anode side) and the other with oxidaratiiode side). A thin electrolyte layer
separates the fuel and the oxidant electrodes msdres that the two half reactions
occur isolated from each other.

There are a variety of types of fuel cells whichliz¢ different electrochemical
reactions but the general process is always the.shigure 1.3 shows a cross sectional

view of a general fuel cell illustrating the magieps in electricity generation.

Anode Electrolyte Cathode

Figure 1.3 — Cross section of general fuel cell.

In step 1 the reactants, fuel and oxidant, areveledd into the fuel cell. Although this
step seems to be a simple one, it can be quite leampecause for a fuel cell to
produce electricity it must be continually supplieith fuel and oxidant and when
operated at high current densities the demandefistants is very high. The delivery of

reactants is more efficient using flow field plat®hich have many fine channels or
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grooves to carry the gas flow and distribute itrothee surface of the fuel cell. The
shape, size and pattern flow channels can infludme@erformance of the fuel cell.

In step 2 the electrochemical reactions take placdhe electrodes. The current
generated by the fuel cell is directly related twhfast the electrochemical reactions
proceed. Fast electrochemical reactions resulthigla current output from the fuel cell.
To increase the speed and efficiency of the elebgmical reactions, catalysts are used.
The electrochemical reactions occurring in the jonewv step either produce or consume
ions and electrons. The ions and electrons produrcede electrode must be consumed
at the other one. In step 3 the ions are conduttedigh the electrolyte and electrons
through the external circuit. In addition to elegty, all fuel cell reactions will generate
at least one product and heat. If these produetshar removed they will accumulate
over time preventing the new fuel and oxidant frbeing able to react. In step 4 the
products formed in the electrochemical reactioesramoved from the fuel cell.

An ideal fuel cell would supply any amount of cuntrevhile maintaining a constant
voltage determined by thermodynamics. In real fiedls, however, the actual voltage
output is less than the ideal thermodynamicallydigted voltage due to irreversible
losses. There are three major types of lossesvétioln, ohmic and mass transport
region) each of these associated with one of tee Iséeps mentioned above. Each type
of losses can be the predominant loss factor depgruh the cell voltage and current
density. The activation loss is due to electroclrainieaction since the reactions take
more energy to catalyze than in the ideal case.atkieation barrier is the major factor
contributing to inefficiency when operating a cell high voltage and low current
density. In the middle of operating range the pre@nt loss is the Ohmic loss and is
due to ionic and electronic conduction. At verythurrent densities, the major loss is
the concentration loss due to mass transport. Aamele of a fuel cell polarization

curve with the three losses is provided in Fig. 1.4
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Figure 1.4 — Schematic representation of fuel cgtlolarization curve.

1.5. Fuel cell types

Fuel cells are classified by their electrolyte mate At the present time, there are

several types of fuel cells that are being develdpe different applications. While all

different fuel cells types are based upon the sangerlying electrochemical principles,

they all operate at different range of temperatureprporate different materials and

often differ in their fuel tolerance and performantharacteristics, as shown in Table

1.1

Table 1.1 — Major characteristics of different fuelcell types.

Fuel cell Electrolyte Cha_rge Operating Fuel compatibility
type carrier temperature
PEMFC | Polymer membrane H* 20-80°C Hydrogen
DMFC Polymer membrane H* 20-80°C Methanol
Liquid potassium . 5000
AFC hydroxide OH 60-220°C Hydrogen
pAFc | Lquid phosphoric H* 200°C Hydrogen
acid
MCFC Molten carbonate COZ 650°C Hydrogen and Methang
SOFC Ceramic o> 600-10000c| _Hydrogen, Methane
and Carbon monoxide




Transport Phenomena in Direct Methanol Fuel CellsModelling and Experimental Studies

1.5.1. Polymer Electrolyte Membrane Fuel Cell (PEMFC)

Polymer Electrolyte Membrane fuel cells use a p@ymembrane as the electrolyte.
This polymer is permeable to protons who are théioharge carriers. The fuel used in
this type of fuel cells is hydrogen and the oxidante oxygen or from the air. At the
anode, the hydrogen molecule is split into hydrogers (protons) and electrons. The
protons pass through the electrolyte to the cathduke the electrons flow through an
external circuit and produce electric power. Oxygersupplied to the cathode and
combines with the electrons and the protons to ywedwater. The reactions at the

electrodes are as follows:

Anode reactiontd, — 2H* +2e (1.1)

Cathode reactio%Oz +2H" +2e - H,0 1.2)
: 1

Overall reaction:H , +§Oz - H,0 (1.3)

Compared to other types of fuel cells, PEMFCs gmeemore power for a given
volume or weight of fuel cell making them compaatdightweight. The operation
temperature is less than 100°C, which allows raad-up. Since this type of fuel cells
uses a solid material as electrolyte, the sealintbeanode and cathode gases is simpler
and therefore less expensive to manufacture. The slectrolyte has fewer problems
with corrosion thus leading to a longer cell andcktlife. Due to their advantages
PEMFCs are believed to be the best type of fuélasethe vehicular power source to

replace the Otto and Diesel internal combustioniressy

1.5.2. Direct Methanol Fuel Cell (DMFC)

Direct methanol fuel cell is similar to the PEMF@Gce the electrolyte is a polymer and
the charge carrier is the hydrogen ion (proton)wkler the DMFC draws hydrogen

from liquid methanol eliminating the need of a refier. In this point of work no further




Chapter 1: Introduction

information is given about DMFC since Chapter 2 devoted to an extensive
explanation of this type of fuel cell.

1.5.3. Alkaline Fuel Cell (AFC)

Alkaline fuel cells use an electrolyte that is @u@ous solution of potassium hydroxide
(KOH) retained in a porous stabilized matrix. Tlomeentration of the solution can be
varied with the fuel cell operating temperature,icihranges from 65 to 220°C. The
charge carrier for an AFC is the hydroxyl ion (H@at passes through the electrolyte
from the cathode to the anode where it reacts Wjtirogen to produce water and
electrons. Water formed at the anode migrates llackhe cathode to regenerate
hydroxyl ions. The reactions in this type of fuellgroduce electricity and heat. The

reactions that take place on the anode and casiddare:

Anode reactionH, +20H™~ - 2H,0+2e” (1.4)

Cathode reactio%oz +H,O+2e - 20H" (1.5)
. 1

Overall reaction:H +§Oz - H,0 (1.6)

Alkaline fuel cells are one of the most developechhologies and, as referred above,
have been used since the mid-1960s by NASA in tipelld& and Space Shuttle
programs.

AFCs are the cheapest fuel cells to manufacturausecthe catalyst that is required at
the electrodes can be any of a number of diffemmaterials that are relatively
inexpensive compared to the catalysts requiredotber types of fuel cells. Their
sensitivity to poisoning, which requires use ofgar cleansed hydrogen and oxygen, is
an insuperable obstacle at the present time. CeelgrAFCs operate at relatively low
temperatures and are among the most efficient dad$, characteristics that would

enable a quick starting power source and highdtfaliency, respectively.

10
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1.5.4. Phosphoric Acid Fuel Cell (PAFC)

The Phosphoric Acid Fuel Cells (PAFCs) use as rbtée the phosphoric acid that can
approach high concentrations. The ionic condugtigit phosphoric acid is low at low

temperatures, so PAFCs are operated at higher tataperanges.

The charge carrier in this type of fuel cell is thydrogen ion (proton). Similar to the
PEMFC, the hydrogen introduced at the anode i$ ispdi its protons and electrons. The
protons migrate through the electrolyte and comkwitk the oxygen, usually from air,

at the cathode to form water. The electrons artetbthrough an external circuit where
they can perform useful work. These reactions predelectricity and heat as by

product. The reactions that take place at the anadecathode side are:

Anode reactionH, — 2H* +2e (1.7)

Cathode reactio%Oz +2H" +2e - H,0 (1.8)
. 1

Overall reaction:H +§Oz - H20 (1.9

The high efficiency of the PAFC when operated iger@eration mode is one advantage
of this fuel cell type. In addition, CGcarbon dioxide) does not affect the electrolyte o
cell performance and can therefore be easily opénaith reformed fossil fuel. Simple
construction, low electrolyte volatility and longrin stability are additional advantages.
Such characteristics have made the PAFC a goodidzadfor early stationary

applications.

1.5.5. Molten Carbonate Fuel Cell (MCFC)

Molten Carbonate Fuel Cells (MCFCs) work quite eliéintly from other fuel cells since
they use an electrolyte composed of a molten nexuwfr carbonate salts. The two
mixtures that can be used are lithium carbonatepmtdssium carbonate. To melt the
carbonate salts and achieve high ion mobility tgrodhe electrolyte, the MCFCs

operate at high temperatures.

11
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When heated these salts melt and become conduotis@bonate ions (GH). These
ions flow from the cathode to the anode where tb@ybine with hydrogen to give
water, carbon dioxide and electrons. These elestpass through an external circuit
back to the cathode, generating electricity and.idee reactions that take place on the

anode and cathode side are as follows:

Anode reactioncO;” +H, - H,0+CO, +2e” (1.10)

Cathode reactiol€O, +%Oz +2e - COf (1.11)
. 1

Overall reaction:H , +§Oz - H,0 (1.12)

The Molten Carbonate Fuel Cell (MCFC) is in thesslaf high temperature fuel cells.
At the higher operating temperature, fuel reformifignatural gas can occur internally,
eliminating the need for an external fuel processaiditional advantages include the
ability to use standard materials for constructguch as stainless steel sheet, and allow
the use of nickel-based catalysts on the electrodlee by-product heat, from an
MCFC, can be used to generate high pressure stestroan be used in many industrial
and commercial applications. However, the high terare requires significant time
to reach operating conditions and responds slowlghtanging power demands. These
characteristics make MCFCs more suitable for comstower applications. The
carbonate electrolyte can also cause electrod@sior problems. Furthermore, since
CGO;, is consumed at the cathode and transferred tartbde, introduction of C{and

its control in air stream becomes an important asdor achieving optimum

performance.

1.5.6. Solid Oxide Fuel Cell (SOFC)

The Solid Oxide Fuel Cell (SOFC) is currently thighest temperature fuel cell in
development. To operate at such high temperatubhes electrolyte is a thin, solid
ceramic material (solid oxide) that is conductiveokygen ions (&), the charge carrier

in the SOFC. At the cathode, the oxygen molecules fthe air are split into oxygen

12
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ions with the addition of four electrons. The oxygens are conducted through the
electrolyte and combine with hydrogen at the anod&asing four electrons. The

electrons travel an external circuit providing &liecpower and producing heat.

Anode reactior2H, +20% — 2H,0 +4e” (1.13)
Cathode reactio®, +4e” — 20* (1.14)
Overall reaction2H, + 0O, - 2H,0 (1.15)

The high temperature operation of the SOFC endbbrs to tolerate relatively impure
fuels, such as those obtained from the gasificatibrroal or gases from industrial
process and other sources. However, the high teyes require more expensive
materials of construction and result in a significime required to reach operating
temperature and a slow answer to changes in @ggtidemand.

The SOFCs are, therefore, considered to be a lgadamdidate for high power

applications including industrial and large-scadatcal electricity generating stations.

1.6. Advantages and disadvantages

Fuel cells are a very promising energy technologi weveral possible applications
due to their many attractive properties when comgbawith conventional energy

conversion technologies, namely:

» Low Emissions — Fuel cells operating on hydrogenegate zero emissions
since the only products are water and unusedfamethanol is used instead of
hydrogen, some emissions are generated, includanigon dioxide. Although
these emissions are much lower than those of cahfgaconventional energy

conversion technologies.

> High efficiency — Since fuel cells do not use comstimn, their efficiency is not
linked to their maximum operating temperature. Assult, the efficiency of the

power conversion step (the actual electrochemieattion as opposed to the

13
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actual combustion reaction) can be significantlghler than that of thermal

engines.

Refuelling time — Fuel cell systems do not requeaeharging. Rather, fuel cell
systems must be refuelled, which is faster tharrgthg a battery and can

provide greater range depending on the size dftiirage tank.

No moving parts and long life — Since fuel cellggmot have any moving parts,

it may be expected to exhibit a long life.

Modular — fuel cells are modular so more power rhaygenerated simply by
adding more cells. Mass produced fuel cells magipeificantly less expensive
than traditional power plants.

Size and weight — fuel cells may be made in a tyanésizes which makes them
useful in a variety of applications, from poweriglgctronic devices to powering

entire buildings.

Despite their numerous advantages fuel cells ptedemome disadvantages:

» Hydrogen — Hydrogen which is of such benefit enwmentally when used in a

fuel cell, is also its greatest liability becausesi difficult to manufacture and
store. Current manufacturing processes are expeasigt energy intensive, and

often derive ultimately from fossil fuels.

Contaminants sensitivity — Fuel cells require ey pure fuel, free of specific
contaminants. These contaminants can deactivate fuleé cell catalyst

effectively destroying its ability to operate.

High cost catalyst — Fuel cells suitable for auttw®o applications typically
require the use of a platinum catalyst to promb& gower generation reaction

and platinum is a rare and expensive metal.

New technology — Fuel cells are an emerging tedygylSo the reductions in

cost, weight and size along with increases in bbéitg and lifetime are needed.

14
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1.7. Applications

As the understanding and technology for fuel cgtl®wv, and the concern over world
petroleum reserves and the environmental impatts @ombustion increases, fuel cells
emerge as one of the possible solutions to proslielen energy production. Since fuel
cells can be stacked to increase energy outputndéye on the demand, they have a
wide range of uses. There are three main sectoapplications where fuel cells could
play an important role in the future: transportatictationary power, and portable
power (Fig. 1.5).
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Figure 1.5 — Examples of fuel cell applications (Gotesy of Honda, Ballard, Samsung, Shell, Jadoo,
Motorola, Suzuki, Company's XX25, Pearl Hydrogen, ¥aymaha, DaimlerChrysler and Plug Power

Inc.)

1.7.1. Transportation

A key commercial application of fuel cells is togsthly replace the internal combustion
engine in transportation applications. A great adaxcitement and potential lies in the
market opportunity for fuel cell vehicles. Todayll af the major automobile

manufacturers and several related companies asdageng prototype fuel cell vehicles
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to investigate this possibility. Some of the conipaninvolved in the area are
DaimlerChrysler, Ford, General Motors, Honda, Hyaind/lazda, Mitsubishi Motors,
Nissan, PSA Peugeot, Citroen, Renault and ToyotenMoorporation. There are many
vehicles in various stages of demonstration an@ldpment. Since Ballard revealed the
world's first fuel cell bus in 1993, approximateélyenty five fuel cell buses have been
built and operated worldwide. Fuel cells can alsoubed in trucks, scooters, bicycles,
utility vehicles (wheel chair), golf carts, airpks) space shuttles, space orbiters and
locomotives. In the shipping area, development wisrkunderway in the area of
propulsion as well as auxiliary power for cruisepsh powered barges, ferry boats,
offshore supply boats, push-tow boats, oceangoings,tsubmersibles, and even
submarine tankers. Fuel cells have also been sigghés use as power sources for
ports, offshore oil platforms, underwater faciktie and for refrigeration on
containerships. For transportation applicationguef cells, one of the most important
developments involves fuel handling and fuel preses For example, the proton
exchange membrane fuel cell (PEMFC), which is abereid to be the primary
candidate for transportation propulsion applicajomeeds a pure, clean hydrogen fuel.
Therefore, stringent requirements must be placedhenprocessing of transportation
fuels like gasoline and methanol to eliminate coomuts that could poison the cells.
The development of compact, efficient, cost-effextihigh purity, hydrogen producing
reformer technology is a key requirement. An akike strategy to relieve the need for
on-board reformation of liquid transportation fuedsthe storage and direct use of
hydrogen. This approach will require significanvaxces in the storage of hydrogen
using metal hydrides, carbon nano-tubes, or crasthw, high pressure hydrogen tank
technology. A significant development of the hydengupply infrastructure would be

needed as well.

1.7.2. Stationary power

Fuel cells could potentially produce electricity ftomes, commercial, institutions, and
industry through stationary power plants. Sizesgeafrom 1 kilowatt to several
megawatts (enough to power institutions or fac&®ri&ome fuel cell developers for
stationary applications are Avista Labs (PEMFC)afabBallard (PEMFC), Fuel Cell
Energy (MCFC), Fuel Cell Technologies (SOFC), GEctdgen (PEMFC), General

16
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Motors (PEMFC), H Power (PEMFC), Idatech (PEMFCat8ushita Electric Industrial
Co Ltd (PEMFC), Nuvera (PEMFC), Plug Power, IncEMFFC) and UTC Fuel Cells
(PAFC, PEMFC). In residential applications, snfakl cell power plants could be
installed for the production of both electricity darneat or hot water for homes
utilization. Industrial applications refering torggral group of large-scale applications
that typically incorporate multiple buildings inde universities and colleges, prisons,
government or military facilities. In these apptioas, the ability to generate electricity
and heat onsite has multiple benefits including utikzation of heat for air cooling,
laundry facilities, cafeteria facilities, preheatimater for onsite boilers. Commercial
application refers to applications that are conekdd a business. Examples include an
apartment building or complex, an office buildirgirip mall or a hotel. Stationary
power applications of fuel cells will require thev&lopment of low-cost, reliable, and
efficient power inverter and grid interface techogy. Power inversion is required to
convert the direct current power produced ordigaby the fuel cell stack into the
alternating current on the utility grid. Also, corittechnology is needed to achieve
reliable and cost-effective operation of fuel cellsd to produce high-quality power.
The balance of plant considerations such as puwgbges, piping, controls, and power
electronics require advancement in reliability, tcoend optimization for fuel cell

applications.

1.7.3. Portable power

Fuel cells will change the telecommunication wogddwering cellular phones, laptops
and palm pilots hours longer than batteries. Con@gamave already demonstrated fuel
cells that can power cell phones for 30 days with@eharging and laptops for 20
hours. Other applications for fuel cells includeg@ea, video recorders, portable power
tools, and low power remote devices such as heaidg, smoke detectors, burglar
alarms, hotel locks and meter readers. Most of pbable applications have used
PEMFC although nowadays the Direct Methanol FuellsCes an area of intense
research and development. Some companies involvélteiarea of portable fuel cells
are Casio, Direct Methanol Fuel Cell Corporationtakhi, MTI Micro Fuel Cells,
Motorola, Panasonic, Samsung Advanced Institutéemhnology, Sanyo, Smart Fuel
Cells and Toshiba.

17



Chapter 1: Introduction

18



CHAPTER 2

2. DIRECT METHANOL FUEL CELLS: STATE-OF-THE-ART

This Chapter starts with a brief introduction réiogl the Direct Methanol Fuel Cell
Technology. Then the basic fundamentals of an adéed DMFC and of a passive
feed DMFC are presented. An intensive review onrédoent work done in active
and passive DMFC experimental and modelling studgesdescribed. Finally

examples of DMFC applications are reported.

The contents of this Chapter were partially pul@igin Oliveira, V.B, Falcéao, D.S.,
Rangel, C.M. and Pinto, A.M.F.RA comparative study of approaches to direct
methanol fuel cells modelling”, International Joalrof Hydrogen Energy, Vol. 32,
Issue 3, March 2007 415-424.

2.1.Introduction

Within the last years, the interest in fuel celfsab types has increased dramatically,
due to high efficiencies, nonexistence of gaseoolutants (sulphur dioxide and
various nitrogen oxides), simplicity and absence nodving parts leading to the
conclusion that a one possible alternative forriree combustion engines was found.
Particular attention was devoted to the polymercteddyte membrane fuel cells
(PEMFCs). Hydrogen emerges as the best fuel focelien terms of operating the fuel
cell itself, although the production, storage amstrihution of this fuel are complex
issues. Alternatively, the direct fuel cells (DF@#)ich use fuels (in liquid or vapour
form) directly without a reforming step have gainadreasing importance. The most
commonly used liquid fuels in direct fuel cells anethanol, ethanol and formic acid.
Although hydrogen can be used as a direct fuekethiguid fuels usually have much
higher volumetric energy density and are much easistore, transport and distribute.
DFCs usually have a compact design and potentaltyoffer up to 10 times the energy
density of rechargeable batteries. In addition, BRan be designed to operate at
ambient temperature, which significantly reducesrrttal management challenges for

small systems. These advantages make the technatboggtive to the rapid growing
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need for portable power sources which should irelodcro and small DFCs. The
major disadvantages of using direct fuel cellstheeslow anode kinetics arising from a
multi-step fuel oxidation process at the anode, taedfuel crossover from the anode to
the cathode. The crossover not only lowers the dtiékation, but also degrades the
cathode performance and generates extra heat.|dwesode kinetics results in higher
anodic overpotentials. Among different fuel optiomsethanol is an attractive one
because it is a liquid at room temperature, hagdanoxicity, high energy density, is
easy to handle, relatively easy to distribute aasd llow cost since it can be generated
from natural gas, coal, or biomass. Due to its irfgyd characteristics, the direct
methanol fuel cells (DMFCs) have received in thet Igears the most extensive

attention and efforts compared to other types ef ¢ells.
2.2.Operating principle of the DMFC

A direct methanol fuel cell (DMFC) is an electrontieal cell that generates electricity
based on the oxidation of methanol and reductiooxgfen using a polymer membrane
as the electrolyte. This polymer is permeable totgms who are the ionic charge
carrier.Figure 2.1 shows schematically a typical directhmgbl fuel cell, comprising
an anode flow channel (AF), an anode diffusion lay&D), an anode catalyst layer
(AC), a membrane (M), a cathode catalyst layer (GC3athode diffusion layer (CD)

and a cathode flow channel (CF).

CH:OH

H,0 |
CO-

ﬁo
00 8o @

=13

CH:OH 4 Anode PEM Cathode Air
H.0 l H.0
& Catalyst CO.

Figure 2.1 — Operating principle of a DMFC.
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The heart of a DMFC is the membrane electrode asyetMEA) formed by
sandwiching a polymer electrolyte membrane (PEMyvben an anode and a cathode.
Upon hydration the PEM shows good proton condugtivOn both sides of the
membrane the catalyst layers where the reactikesgkace and on each side of these,
two diffusion layers are put to provide the curreollection and to optimize distribution
of the different species toward the catalyst layErsally, on both sides of the MEA,
graphite plates with flow channels distribute tiggieous methanol solution and the gas
feed.

Methanol or aqueous methanol solution is fed toDMFC anode compartment (AF),
either in liquid or vapour phase. The reactantudiés through the anode diffusion layer
(AD) towards the anode catalyst layer (AC) wherésitonverted to carbon dioxide,
protons and electrons. The oxidation reaction googirat the anode catalyst layer is

given by:

CH,0H+H,0 - CQ+6H +6& (2.1)

The carbon dioxide generated from the oxidatiorctiea emerges from the anode
baking layer as bubbles and is removed via theflowing aqueous methanol, as the
membrane is almost impermeable of gases. The mand electrons are transported,
respectively, through the membrane and througlexiernal circuit to the cathode side.

Simultaneously, air is fed to the cathode compamtm@F) and the oxygen is

transported through the cathode diffusion layer Y@vards the cathode catalyst layer
(CC). Here the oxygen combines with the electromd protons to form water. The

reduction reaction taking place on the cathodevisrgby:

O,+4H" +4e - 2H,0 (2.2)

The water produced moves counter-currently towhaeddathode flow channel via the
cathode diffusion and catalyst layers and aisder some operating conditions, by back
diffusion toward the anode.

The two electrochemical reactions occurring at esicle are combined to form an

overall reaction as:

CH,OH +goz ~ CQ+2H,C (2.3)
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The operation temperature of a DMFC is less th&@?@pwhich allows rapid start-up.

2.3.Fundamentals of a DMFC

The present section deals with the fundamentakp@m processes of methanol, water
and heat, essential in DMFCs. The basic transpdrénpmena, along with

electrochemical kinetics are critical to addressfthur technical challenges in a DMFC:
i) low rate of methanol oxidation kinetics on theode, ii) methanol crossover through

the membrane, iii) water management and iv) heatageament.

2.3.1. Cell components

As referred, the heart of a DMFC is the membrareetedde assembly (MEA). A
schematic representation of a direct methanol éa#l MEA is shown in Fig. 2.2,

consisting of:

» adiffusion layer (AD) and a catalyst layer (AC}la¢ anode side;
» a polymer electrolyte membrane (M);

» a catalyst layer (CC) and a diffusion layer (CD)ret cathode side.

FEM

CH-OH

H-Cy

Figure 2.2 — Schematic representation of a direct ethanol fuel cell MEA.

The most important component of a PEM fuel celgcsiically a DMFC, is the polymer
electrolyte membrane (PEM) which must have a redfti high proton conductivity,
must be a barrier to the mixing of fuel and reactmases and must be chemically and

mechanically stable in the fuel cell environmengpitally, the membranes for DMFCs
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are made of perfluorocarbon-sulfonic acid ionomarcl results from the combination
of tetrafluorethylene with perfluorosulfonate moremn The perfluorinated sulfonic
acid membranes were developed by DuPont and saldruthe commercial name of

Nafion. Figure 2.3 shows the chemical structura bfafion membrane.

Yo e L

¥

R, ﬁs\m

F

E

Figure 2.3 — Schematic representation of the Nafiochemical structure.

The SQH (sulfonic acid) group is ionically bonded andtee end of the chain is an
SO ion with H" ion. This is the reason why this structure isezhibnomer. The groups
SGs are responsible for creating hydrophilic regiotimjs absorbing relatively large
amounts of water. The'Hons movement within the well hydrated regions esathese
materials proton conductive. Nafion membranes aadable in several thicknesses and
are marked with a letter N, followed by a 3 or gidhumber. The last one or two digits
represent the membrane thickness in mills, for gptaN117 has 7 mills (0.178 mm).
As already referred, on either side of the membiaeeplaced the anode and cathode
catalyst layer. In the reactions occurring in a BBJFgaseous and liquid reactants,
electrons and protons are presented. The reada&gesplace in a portion of the catalyst
surface where all three species have access. d@flectiravel through electrically
conductive solids, protons through ionomer and thactants through the voids.
Therefore the electrode must be porous to allowrdlaetants to travel to the reaction
sites. At the same time the products formed indleetrochemical reactions must be
effectively removed to allow the reactants access.

The most common used catalysts in DMFCs are PtfRin® anode side and Pt on the
cathode side. The microstructure of the catalystrias very important for the kinetics
of the electrochemical reaction and for the diffisbf species. Figure 2.4 shows an
example of the microstructures of the DMFC anode eathode, respectively, where
high surface areas for electrochemical reactioaxlkarly visible.
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Figure 2.4 — Anode catalyst layer (a) and cathodeatalyst layer (b) microstructures, taken from
reference [1].

The layers between the catalyst layer and the field plate are called, as already
referred, diffusion layers. These layers do notigipate directly in the electrochemical
reactions but have the following important functon

allow the access of reactants to the catalystactiea;
provide the removal of the products from the catiallgyer;
electrically connect the catalyst layer to the fliogld plate;

allow heat removal;

YV V V VYV V

provide mechanical support to the MEA, preventihgrom sagging into the
flow field channels.

According to these functions the required propsrié the diffusion layers are the

follow:

> sufficiently porous to allow flow of both reactaraisd products;

Y

electrically and thermally conductive;

» the porous facing the catalyst layer must not leebig since the catalyst layer
is made of discrete small particles;

> sufficiently rigid to support the delicate MEA, buiust have some flexibility to

maintain good electrical contacts.

These requirements are best met by carbon fibls=doaaterials such as carbon fibber
papers and woven carbon fabrics or cloths, showign2.5. Two structural parameters
of the diffusion layer affect the fuel cell perfaance: i) the tortuosity, which influences
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the species transport and ii) the surface propertiee wettability and roughness,
controlling the droplet/bubble attachment or cogeran the diffusion layer surface.
Carbon cloth is more porous and less tortuous ¢hamon paper, although carbon paper
has excellent electronic conductivity. Diffusion diee are generally made hydrophobic
to avoid flooding in their bulk since the hydroplmbharacter allows the excess water
in the cathode catalyst layer to be expelled frdra tell. To fulfill these goals,
typically, the gas diffusion layers are PTFE (petyafluoroethylene) treated. Although,
the anode diffusion layer of a DMFC should be hypihibc to facilitate the mass
transfer of the dilute methanol solution to the daoOne approach to transform the
anode diffusion layer more hydrophilic is to pdHidill the pores of the carbon porous

media with certain metal oxide compounds (for exi@maluminum oxide or niobium

oxide).

Figure 2.5 — Micrographs of commercially availablecarbon paper (a) and carbon cloth (b), taken

from reference [1].

2.3.2. Thermodynamics and polarization curve

The thermodynamic equilibrium potential of a DMF&hde calculated as follows [1]:

nF nF

where n represents the number of electrons involeegial to 6), F is the Farady
constant, thé\G, AH andAS values at 25°C and 1 atm are, respectively, kald, -
727 kJ/kg and -77 kJ/kgK. For the liquid feed DM#@ thermodynamic cell potential
is1.21V.
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The thermodynamic efficiency of a fuel cell is aefil as the ratio of maximum possible
electrical work to the total chemical energy:

n = 2C 100= - FAE,
AH AH

10C (2.5)

The theoretical thermodynamic efficiency of DMF@ches 97% at 25°C. However the
real energy efficiency is much lower after accoumtfor the inherent losses in a fuel
cell: voltage and fuel losses. The voltaic efficgns defined as the ratio of the actual

electric work and the maximum possible work and lbamvritten as:

,7 voltaic

— Wactual x100= _nFECellxloozﬂx 100:ﬁx 10 (2.6)
AG -nFAE AE

maximum

whereEcg is the cell voltage at a current of I. If the dsllrunning at 0.5 V, then the
voltaic efficiency is 41%. This low efficiency isagsed by substantial overpotentials
existed in the anode and cathode of a DMFC.

The fuel efficiency, due to methanol crossovedefined as:

17 el :%Xloo (27)

IceII +1 CH;OH

wherelcg is the cell current antlcn.on is the current caused by methanol crossover.

The total electric energy efficiency of a DMFC isen by:
I7 = I7fue| X”voltaicx”rev (28)

The energy efficiency of the PEMFC is relativelygliner due to its negligible fuel
crossover and overpotential for hydrogen oxidatonthe anode. In order to achieve
higher energy efficiency in DMFC it is necessargomtrol the methanol crossover.

The waste heat produced in the DMFC is given by:
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—AH (ICeII +1 CH3PH)
nF

QZICeIIXECeII_l XE -
Cell Cell

- lCeII X ECeII (2-9)

where the first term, on the right hand side, repnés the chemical energy of methanol
consumed power generation and by crossover andsébend the electric energy
generated.

As was mentioned before the thermodynamic equilibrcell potential for a DMFC is
1.21 V, although the real open circuit voltage iscimlower than this, largely due to the
methanol crossover. Figure 2.6 shows a polarizatiorve (voltage (V) vs. current
density (A/cn)) of a typical DMFC.
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Figure 2.6 — Schematic representation of a typicd MFC polarization curve.

The activation region or kinetic control regiondgtated by slow methanol oxidation
kinetics at the anode as well as slow oxygen redludtinetics at the cathode. The area
where the cell voltage decreases nearly linearlyetognized as the ohmic control
region. As the membrane in DMFC is usually well fagdd, the voltage loss in this
region is minimal. The last part of the curve ifereed to as the mass transport control
region, where either methanol transport on the argide results in a mass transport

limiting current, or the oxygen supply at the catbdecomes a limiting step.
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2.3.3. Methanol oxidation and oxygen reduction kinetics

Combined with the methanol crossover, slow anodetlds lead to a decreasing power
density, which in a DMFC is three to four times &whan in a hydrogen fuel cell.
While the anodic oxidation of hydrogen is a welldarstood fast reaction, the anodic
methanol oxidation is more complex. Although therthodynamic characteristics are
similar to the hydrogen reaction, the methanol tebeoxidation reaction is a slower
process and involves the transfer of six electtoribe electrode for complete oxidation
to carbon dioxide.

Many studies on the oxidation of small organic males at low temperatures have
been carried out [2-13]. Most of these studies hiagen carried out in a half-cell
configuration and on smooth electrode surfaces,oider to establish the best
electrocatalyst composition. These investigatioresewcombined with spectroscopic
techniques in order to elucidate the oxidation rae@dm and to investigate the
irreversibly adsorbed species on the electrodeaserfDuring these studies, it was
concluded that almost all electro-oxidation reawionvolving low molecular weight
organic molecules, such as CO (carbon monoxide)CiiyH (methanol), require the
presence of Pt-based (Platinum based) materigiéagling a high enough stability and
activity to be attractive as catalysts. A seconghitmn aspect to these molecules is that
all these electro-oxidation reactions give ris¢hte formation of strongly adsorbed CO
species in linear or bridge-bonded form.

As was mentioned before, the electro-oxidation ethranol to carbon dioxide requires
the transfer of six electrons, but it is highly ikaly that these electrons will transfer
simultaneously. It is also unlikely that partia¢etron transfer will lead to the formation
of a range of stable solution intermediates. Cjgatiere must be surface adsorbed
species present on the surface of the platinuniretatalyst across its useful potential
range, and it is these species which are respensiblthe poor catalytic activity of
platinum towards methanol electro-oxidation. Theuased mechanisms for methanol
oxidation on Pt based catalyst were reviewed bgdteset al. [13] and can be divided
in two major steps: i) adsorption of methanol foleml by several steps of
dehydrogenation/deprotonation and ii) dissociatodnwater to provide oxygen that
allows the adsorbed carbon containing intermeditdegenerate carbon dioxide. A

scheme for the first step is given by [14]:
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CH,OH+ Pt PtCH,OH+ H +1€é (2.10)
CH,OH + Pt » PtCHOH+ H +1¢ (2.11)
CHOH+ Pt - PtCHO+ H +1¢é (2.12)

A surface rearrangement of methanol oxidation megtiates gives carbon monoxide as

follows:

PtCHO - Pt- C= O+ H +16 (2.13)

In the absence of promoting element, water dis@haogcurs at high anodic

overpotentials on Pt with the formation of adsorkddl species:

Pt+H,0 - PtOH+ H' +16 (2.14)

Finally the reaction that produces carbon dioxide:

PtOH + PtCO— 2 Pt+ CQ+ H +1@ (2.15)

On a pure Pt surface, the dissociative chemisarptd water on Pt is the rate
determining step at low voltages, precisely in ploéential region which is of technical
interest [15]. As a result, an active catalyst foethanol oxidation should give rise to
water discharging at low potentials, to unstable €l@misorption and should also
catalyze the oxidation of carbon monoxide. The @alis of secondary materials that
can combine with platinum are seen as a mean toowepthe electrocatalytic behavior
of electrodes, either by minimizing the poisonimgation or by enhancing the main
oxidation reaction. Some of the advanced matetlels have been developed display
enhanced activities and the most likely possiblglanations for this are: i) the metal
modifies the electronic properties of the catalystakening the chemical bond between
platinum and the surface intermediate and ii) tleeosd element increases OH
adsorption on the catalyst surface, at lower overt@ls, and decreases the adsorption
strength of the poisoning species.

Much research efforts are being rendered on casatgsfind one which can avoid the

poisoning effect of the CO species [16, 17]. Onethdd most important and most
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investigated secondary materials is Ruthenium (RWimetallic alloy consisting of Pt
and Ru supported on carbon has thus far been otieeahajor research interests on
catalyst for direct methanol fuel cells. Other miale such as Sn (Tin), Os (Osmium),
W (Tungsten), Mo (Molybdenum) and other metals haiso been investigated for
methanol oxidation and CO poisoning [18-23] andehlagen found to have a promoting
effect on the catalytic activity for methanol oxida. For all these species it was found
that the determining factor for promotion is thernfiation of adsorbed oxygen
containing species, which is needed for the oxidatif intermediate adsorbates, on the
secondary metal at potentials lower than for platin

According to the mechanism mentioned above it cepied that Pt sites in Pt/Ru alloys
are involved in both the methanol dehydrogenattep and in the strong chemisorption
of methanol residues. At low electrode potentiadater discharging occurs on Ru sites

with the formation of Ru-OH groups at the catabstface:

Ru+ H,O- RuOH+ H+1e (2.16)

Finally the reaction producing carbon dioxide:

RUuOH+ PtCO- Ru P+ CO+ H+1 (2.17)

The nature of the catalyst support, catalyst parsize and the atomic ratio between
platinum (Pt) and ruthenium (Ru) are important destthat affect the anode catalyst
performance. Aricet al. [24] and Reret al.[25] found that thinner support layers and
even unsupported catalyst lead to better perforemanthe authors also found that
smaller particles and higher surface areas arefioeidor the process. Contrarily, the
atomic ratio between platinum and ruthenium seemnbave a lower influence. For
higher operating temperatures, the optimal perfocaahas been found with atomic
ratios in the region of 1:1. For lower temperatuaekigher relative platinum content
seems to be beneficial.

As was mentioned and explained before, most osthdies conclude that the reaction
can proceed according to multiple mechanisms. Hewat/is commonly accepted that

the more significant reactions are the adsorptibrmethanol and the oxidation of
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carbon monoxide adsorbed. So the following reactr@chanism, similar to the one
used by Meyerst al.[26], was used in the present work.

CH,OH+ Pt ( CH,OH)__ (2.18)
(CH,OH)_, -~ (COQ)  +4H +4¢€ (2.19)
(CO),,,+H,0- CQ+2H +2¢ (2.20)

This mechanism does not segregate the electrochkmxedation of water reaction
from the electrochemical oxidation of carbon mouexi This assumption does not
change the kinetic expression appreciably and péicgble for Pt/Ru catalyst where the
oxidation of water on Ru occurs much faster thaaxidation of carbon monoxide.
The kinetic expression used to described the mett@aadation reaction is taken from
Meyerset al.[26] as

kCél—iOH

_ CH;OH
IC(—:‘II - jal 0,ref

an.F
exp —2A— | dx 2.21
J (%45 o

a.n.F
Cél—iOH + eXp(F/;'I':C

where I, is the cell current densitg,is the specific surface area of the anofg:”"

is the exchange current density of methardoland A are constants in the rate

expression,C@,iOH is the methanol concentration at the anode cathlysr, a,is the

anodic transfer coefficient;, is the anode overpotential,.is the temperature on the

anode catalyst layer amlis the ideal law gas constant.

At the cathode, the reduction of oxygen to watewailg takes place on platinum
catalysts, pure or supported in carbon black. Algiothese catalysts are the most
widely used in low temperature fuel cells, due heitt intrinsic activity and stability,
there is still great interest in the developmentnodre active, selective and less
expensive electrocatalysts for the cathode reactimwever, there are a few options
that can be investigated to reduce the costs aimdgmve the electrocatalytic activity
of Pt, especially in the presence of methanol awss One of them is to increase Pt
utilization, this can be achieved either by inchegdts dispersion on carbon and the
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interfacial region with the electrolyte. Anothercsassful approach to enhance the
electrocatalysis of ©(oxygen) reduction is by alloying Pt with transitimetals. This
enhancement in electrocatalytic activity has bederpreted in different ways, and
several studies have been conducted to make arepth canalysis of the surface
properties of the proposed alloy combinations [2].-3

The oxygen electrochemical reaction has been hrggbmined in the last years
accompanying the development of PEMFCs [31, 32]this type of fuel cells the
oxygen reduction reaction is much lower than thedanhydrogen oxidation, therefore
it is very important to optimize the cathodic react Contrarily, in the DMFCs the
anodic methanol oxidation is much slower that thhadic oxygen reduction being the
first one assumed as the rate determining steprumdst operating conditions.

In the DMFC, a second reaction takes place at #tbode platinum catalyst, the
methanol oxidation reaction, arising from the matilacrossing trough the membrane
from the anode to the cathode side. So, methanwmlaban and oxygen reduction
compete for the same sites producing a mixed patemhich reduces the cell potential.
Although all reaction intermediates of the methaawridation can be found on the
catalyst layer, none of them is found in the caéhexhaust gas of a DMFC. This is due
to the fact that the oxygen stoichiometry is ugua#ry high allowing a full oxidation
of methanol to carbon dioxide. To achieve bettefgpmances in a DMFC, a significant
reduction in the methanol crossover is desireds Thin be achieved using membrane
materials less permeable to methanol, optimizinthar®l feeding strategies (possible
dynamic feedings) or using low methanol feed cotre¢ions. Another possibility is to
use different cathode catalyst materials or prongoglements for oxygen reduction
which simultaneously hinders the methanol chemisampwhile still maintaining the
proper catalyst characteristics (structure andgeursize).

The oxygen reduction reaction on the DMFC cathsddescribed using Tafel equation
taking in account the mixed potential:

Co, a.ncF
_ o,
leen + 1 con =l orer Cgfref eXp{ ETEC j (2.22)

where lcuon IS the leakage current density due to the oxidatbd methanol that

crosses the membrane,,, is the cell current densityl?, is the exchange current
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density of oxygen,ngC is the oxygen concentration on the cathode cdtdayser,
Co. s is the reference concentration of oxygen, is the cathodic transfer coefficient,

7. is the cathode overpotential afig. is the temperature on the cathode catalyst layer.

2.4. Two-phase flow phenomena

To ensure continuity and stabilization of the electemical reaction in an operating
DMFC, the carbon dioxide gas and the liquid watarstnbe removed rapidly and
efficiently to allow fresh fuel and oxygen to aeiat the catalyst layers. At the anode
and cathode, carbon dioxide gas and liquid water adhere to the surface of the
diffusion layer and block the pores, which in tutmader the diffusion of fuel and
oxidant to the catalyst layers. This can lead sewere cell performance loss. Hence,
investigation on the two-phase flow will serve aguide for the improvement of the
performance of DMFC [33-46].

Flow visualization is an effective way to investiga@uantitatively and qualitatively the
dynamic behaviour of carbon dioxide gas bubbleshan anode channels and liquid
water bubbles in the cathode of an operating DMK&Ithough the number of papers
published on DMFC has grown, few research workehseen reported in visualization

experiments due to its difficulty of implementation
2.4.1. Gaseous carbon dioxide in anode

On the anode side of a DMFC, carbon dioxide is pced as a result of the methanol
oxidation reaction. If the carbon dioxide cannoté&moved efficiently from the surface
of the gas diffusion layer (AD) it remains coveritigs surface and consequently induce
a decrease of the effective mass transfer areadtition, flow blockage results,
particularly in channels of small dimensions asunexgl for micro or compact portable
DMFCs. Therefore, gas management on the anodessateimportant and critical issue
in DMFC design. Argyropoulost al.[33, 34] were perhaps among the first to observe
the two-phase flow pattern in the anode of a DMFey used acrylic cells and a high
speed video camera for visually investigate thdaardioxide gas evolution process
inside an operating DMFC environment. The effecbpérating conditions on the gas

management using different gas diffusion layersb@a cloth and carbon paper), flow
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channel designs, cell sizes and exhaust manifoltfigiorations was studied. The
visualization studies showed that carbon paper éaslatively low ability to gas
removal. Increasing the methanol solution inletwfloate was beneficial for gas
removal. Increasing the current density leads toigher gas production and in the
formation of gas slugs, especially for low flowest which can block the channels and
lower the cell performance. The new flow channedsigh, proposed by the authors,
based on a heat exchanger concept was more effdotigas management and gave a
more uniform flow distribution in the channels thesimple parallel flow channel. This
study was, however, undertaken under low cell perémce. A few years later,
Nordlundet al. [35] developed a visual DMFC, comprising a tramspaanode and a
cathode endplate with an integrated heat exchaagga picture analysis methodology.
They took the data analysis a step further, simey tpresented a methodology to
acquire good visual data and to perform a highityuahd time effective analysis. In
particular, they demonstrated how a visual cellcombination with digital video
recordings and picture analysis can be used towgiteable insight into two-phase flow
in the anode of a DMFC. Bewet al. [36] developed a new method to analyse the
interaction of the flow distribution and the bublgeneration in an aqueous medium.
The method is based on the decomposition of hydrpgeoxide solution to oxygen and
water in aqueous media at the presence of a catBlysising an appropriate hydrogen
peroxide concentration, the gas evolution ratelmaset to the same order of magnitude
as in real DMFC. This method can simulate the baiblormation in the anode
compartment of a DMFC without any electrical cutrefhe current density to be
simulated can be adjusted by an appropriate setbhghe hydrogen peroxide
concentration independently of ohmic los#es no current conducting parts are needed,
the whole cell can be made of a transparent matgrgispex) to ensure a complete
visibility of the flow. The cell has a simple moduldesign in which different manifold
and flow fields can be tested. leti al. [37] developed a carefully designed transparent
DMFC to visualize, in situ, the bubble flow in theode of a DMFC. Figure 2.7 shows

a picture of the transparent fuel cell used inrtiirk.
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Figure 2.7 — A photograph of a transparent DMFC, aken from reference [37].

Normally, the transparent cells used in the vigaion studies are constructed with a
pair of stainless steel plates mated with a polymaate plate, forming a window to
allow direct observation of flow behaviour. The ymarbonate plate is concave in
design while the stainless steel plate had a magchonvex pattern to avoid flow
leakage. The channels are machined through thdestaisteel plate and the surface that
contacts with the MEA are coated with Cr (Chromiuangl Au (Gold) to minimize the
contact resistance.

They used two types of MEAs based on Nafion 11htwestigate the effects of the
backing pore structure and wettability on cell pia@ion and two-phase flow
dynamics. One employed hydrophobic carbon papekifganaterial and the other
hydrophilic carbon cloth. For the hydrophobic carlaper they observed that carbon
dioxide bubbles nucleate at certain locations anchflarge and discrete bubble slugs in
the channel (see Fig. 2.8, a)). For the hydropbaiton cloth it was shown that bubbles

are produced more uniformly and of smaller size (3g. 2.8, b)).

Figure 2.8 — Bubble behaviour on the anode side ug hydrophobic carbon paper (a) and
hydrophilic carbon cloth (b), taken from reference[37].
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Yanget al.[38, 39] used a transparent DMFC to investigafgeerentally the effect of
the single serpentine (SFF) and parallel flow Be(BFF) on the cell performance and
on carbon dioxide bubble behaviour. They found thatDMFCs equipped with SFFs
leads to better performances than those with PERMgs also found that gas bubbles
blocked the flow channels in the PFF at low methawution flow rates and high
current densities. Since fuel cells with PFFs hadrperformance they focused their
work on studying the effects of various SFF degigrameters, including open ratio and
channel length, on cell performance.

More recently, Liaoet al. [40] presented a study where a transparent DMFG wa
constructed to visualize the two-phase flow of agisemethanol solution and carbon
dioxide bubbles by using a high-speed video canidra.dynamic behaviour of carbon
dioxide gas bubbles including emergence, growthalestence and removal was
recorded in situ, and polarization curves were iobth to provide a fundamental
understanding of the relationship between the hebawf carbon dioxide gas bubbles
and the cell performance. A series of parametudiss, including aqueous methanol
solution flow rate, temperature, concentration aelll pressure difference between the
anode and the cathode was presented in order oa¢wdhe effects of these parameters
on carbon dioxide gas bubbles behaviour and onpegfbrmance. It was observed that
gas bubbles first emerge around the corner ondheup diffusion layer and the channel
ribs and formed large gas slugs by growth and scalece in the channel. The cell
performance was improved with increasing aqueoughanel flow rates, feed
temperature, feed concentration and pressure gitdaiéween the anode and cathode.
Experimental observation in a small DMFC test aidine by Lundinet al. [41]
indicated that the rate of bubble formation carrdsiuced by increasing the fuel flow
because more liquid is available for the carboxid® to dissolve in. The authors also
found that potassium hydroxide and lithium hydrexiadded to the fuel eliminate in
situ carbon dioxide gas formation at low concerdret, because of the consequent
greatly increased solubility. They presented a rhdlolst explains the rate of carbon
dioxide gas formation at the anode of a DMFC inicigda function of the cells output
current, operating temperature, operating pressueg flow rate, and the solubility of

carbon dioxide in fuel solution, which is also eoag function of temperature.
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A better understanding of the basic transport pmeaoa of carbon dioxide on the
anode side achieved through combined flow visutdinastudies and transport

simulations is essential to overcome this challesugg to inspire new design concepts.

2.4.2. Liquid water transport in the cathode

Another important aspect of the DMFC is the poditybof water flooding at the
cathode pores and channel structure due to watesgort through the membrane and to
the water production by the cathode reaction. Dne&tion of water within the cathode
catalyst layer and its transport through the caghdiffusion layer add another mass
transport resistance for oxygen on its flow towatigls reaction zone, and therefore
reduces the limiting cell current with respect e tathodic reactions. The importance
of flooding at the cathode side in PEMFCs has lmaphasized in literature [42-44].
Similarly, water flooding on the cathode side oDBIFC was identified as a critical
issue by Menchet al. [45]. A proper water level of water at the cathaglde is
necessary to hydrate the polymer membrane, inorgasi this way the proton
conductivity. However, a too large amount of watethe cathode side leads to water
flooding at the pores decreasing the cathode pwdoce. In order to accurately predict
critical operation conditions to avoid flooding,sualization of the cathode side is
essential to yield fundamental physics behind theding occurrence. As described
above, Luet al. [37] developed a carefully designed transparentFGMFig. 2.7) to
visualize, in situ, the bubble flow in the anodeaoDMFC and the cathode flooding.
The authors used two types of gas diffusion lay&®BLs), carbon paper and ELAT
carbon cloth (formed of carbon cloth type A andateel with Pt on one side). Flow
visualization of cathode flooding indicates thatrenavater droplets appear upon the
carbon paper GDL surface than upon the single-Bld&T GDL, due mainly to the
higher hydrophobicity of the latter material atwelted temperatures, as shown in Fig.
2.9.
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b)

Figure 2.9 — Water drop behaviour on the cathode de using carbon paper (a) and ELAT carbon

cloth (b), taken from reference [37].

Chen et al. [46] presented simplified models that are basedn@atroscopic force

balances and droplet-geometry approximations fedipting the onset of instability
leading to removal of water droplets at the diffusiayer / flow channel interface. They
carried out visualization experiments to obsene=ftrmation, growth, and removal or
instability of the water droplets at the selectetieiface of a simulated polymer
electrolyte fuel cell cathode.

In spite of these studies, much remains to be staled on the fundamental process of

flooding occurrence and its relation with the bagkiayer material.

2.5.Mass transport phenomena

2.5.1. Methanol crossover

In Direct Methanol Fuel Cells, methanol crossovecurs due to the inability of the

Nafion membranes to prevent methanol from permegaiis polymer structure.

Diffusion and electro-osmotic drag are the primeridg forces for methanol transport
through the membrane. As already referred, the anelhthat reaches cathode side
reacts with the platinum catalyst sites on the adh leading to a mixed potential,
which causes a decrease in cell voltage. Methaaahing the cathode also results in
decreased fuel efficiency thus lowering the enafggsity of the system. In order to
improve the performance of the DMFC it is necessargliminate or reduce the loss of

fuel across the membrane. In this section spediehtton is given in showing the
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studies found in the literature on the methanolssower and its influence on the
performance of a DMFC. Some possible solution®teesthis problem are presented.
There are a few experimental methods to deternfieerriethanol crossover from the
anode to the cathode side. Verbrugge [47] meadhedhethanol diffusivity of Nafion
equilibrated with sulphuric acid at room temperatlryy using a radioactive tracer
method. Kauranen and Skou [48] developed an apprtacthe measurement of the
permeability of methanol in proton exchange memésagquilibrated with a supporting
liquid electrolyte at elevated temperatures. Theetresponses of anodic peak currents
on two working electrodes allowed the estimatiorthef permeability of a Nafion 117
perfluorosulfate membrane. Tricadit al. [49] studied the proton conductivities and
methanol crossover rate in two commercially ava@abpartially fluorinated
membranes. The methanol crossover rate was motibyreneasuring the steady state
current at the cathode when methanol was introdutdedthe anode. Hikitat al. [50]
determined the methanol crossover rates by conislyaneasuring the concentration
of methanol, carbon monoxide and carbon dioxidtaénexhaust gas of the cathode

A common method to measure the methanol crossoveDMFC is the analysis of the
carbon dioxide content of the cathode exhaust. Hewg is necessary to point out that
during the operation of a DMFC a large amount abeoa dioxide is produced in the
anodic reaction and some of this can diffuse partia the cathode side. In this case the
amount of carbon dioxide present in the cathodewesihis a contribution of the carbon
dioxide resulting from the methanol crossover ottadaat the cathode side and of the
carbon dioxide that passes through the membrarnbket@athode side. In their work,
Dohleet al.[51] describe a method to separate the two carntabs under real DMFC
operating conditions and clearly define the amafntarbon dioxide due to methanol
oxidation on the cathode side. Ramya and Dhathaghrg52] directly measured
methanol flux rates across Nafion membranes byeatrechemical method, like cyclic
voltammetry and chronoamperometry. The membranmeeility was measured by
this technique for various methanol concentratiombe authors found that the
permeability of methanol is dependent on the comagan of methanol, the
permeability increases with an increase on the amethconcentration.

The need to evaluate methanol crossover by an reasid faster method than
conventional carbon dioxide analysis method hasmecsignificant. A potentiometric
method has been reported by Munichandraiadl. [53], showing that the slopeHtt),

of Ecel vVersust (time) curve, is proportional to the crossover rafethanol crossover
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rate has been calculated from the time requireddoh the equilibrium concentration of
methanol on either side of the polymer electroigEmbrane.

Jiang and Chu [54] estimated the amount of methamasover more accurately with a
method of gravimetric determination of barium caréke to analyse the amount of
carbon dioxide. The equivalent current of methammobsover was calculated from the
discharge current of the fuel cell and the sum f blarium carbonate precipitate
collected at the anode and the cathode exhaust W& method proposed by the
authors, the common experimental deviation of m@agunethanol crossover caused
by carbon dioxide permeation through the polymeectrolyte membrane can be
corrected. In the work presented by kihal. [55], the methanol crossover rate of PEM
and the efficiency of DMFC were estimated by meiaguthe transient voltage and the
current at the DMFC when methanol was introducedd the anode. The proposed
method simply yields an estimate of the methanosswver rate of PEM and the
efficiency of a DMFC and does not require fittingadyses. Han and Liu [56]
determined the methanol crossover rate in a DMFQGnkgsuring the carbon dioxide
concentration at the cathode exit in real timejitierent inlet methanol concentrations
and various operating conditions. Pagk al. [57] presented a practical way of
characterizing the mass transport phenomena of maembelectrode assemblies
(MEAS) through mass balance research in DMFC systéinis method could be used
to measure methanol utilization efficiency, the avatransport coefficient and the
methanol to electricity conversion rate of a MEA DMFCs. The research on the
DMFC MEA design was performed with the aim of redgcmethanol and water
crossover maintaining high power characteristicg.vBrying material properties, the
critical design parameters were identified for higtethanol utilization improving
power density through systematic experiments.

Due to the impact of methanol crossover on the DMie@ormance, its effects have
been studied in the literature under various opegatonditions, such as, methanol
concentration, cathode air pressure, temperatued, flow rate, membrane thickness
and equivalent weight and catalyst morphology.

In their work, Kauranen and Skou [48] studied th8uence of the temperature in
methanol permeability and found an increase ofdtossover rate with temperature.
Ravikumar and Shukla [58] found that in despitetloé fact that the increase in
temperature increases the methanol crossovernthease of temperature also leads to

an improvement of cell performance, since the ohneisistance and polarization
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reduce. The authors also found that the cathod#retke performance is significantly
lowered at higher methanol concentration leadin@ tdecrease in cell performance,
since higher methanol concentrations result in dnighates of methanol transport
through the membrane.

In their work, Cruickshank and Scott [59] studibd effects of methanol concentration
and oxygen pressure in cell performance and fohatltigher methanol concentrations
lead to a lower cell performance and attributed thi the fuel crossover phenomena.
They also found that pressurising the oxygen reditice methanol crossover leading to
higher methanol concentrations. Kiver and Vielst[@®] studied the effects of
methanol concentration, fuel cell temperature aatdlgst loading in cell performance.
A new catalyst support was found showing a goodopmance with a smaller noble
metal loading. Scotet al. [61] investigated the effect of cell temperatua, cathode
pressure and methanol concentration on the powdpbrpeance on a small-scale
DMFC. Higher power densities were achieved at highmperatures and cathode air
pressures. They concluded that the selection ohanel concentration, to obtain
maximum power density, depends upon the currensigerGurau and Smotkin [62]
measured the methanol crossover by gas chromatogespa function of temperature,
fuel flow rate and methanol concentration. Gagfeal. [63] presented investigations to
determine the dependence of the performance ottdimethanol fuel cells and the
methanol crossover rate on the operating conditionghe structure of the electrodes
and on the noble metal loading. It was shown thatfopmance and methanol
permeation depend strongly on cell temperaturecatidode air flow. Also, methanol
permeation can be reduced significantly by varyhmganode structure, but the changed
electrode structure also leads to somewhat lowarepalensities. The metal loading
was varied at the anode and cathode, affectinge¢leperformance. Furthermore, the
differences between supported and unsupportedystdalvere compared. They also,
discussed the optimum conditions for the DMFC ojp@naconsidering the various
important factors. Diet al. [64] developed a half-cell consisting of a norndalect
methanol fuel cell (DMFC) cathode and a membranataming with an electrolyte
solution to investigate the effect of methanol sm&r on the cathode behaviour. Open
circuit potentials, cyclic voltammetry profiles, lpazation curves and electrochemical
impedance spectroscopy, resulting from the oxygeluation reaction with/without the
effect of methanol oxidation reaction, were meagur@dhe steady-state results

confirmed that the presence of methanol at theod&tHed to a significant poisoning
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effect on the oxygen reduction reaction, especialinen the DMFC operates at higher
methanol concentrations and discharges at lowempats. Ramya and Dhathathreyan
[65] investigated the methanol permeability whea thembrane was processed at a
high temperature. Their work took into considenatibe conductivity of the membrane
and the methanol permeability studied as a funabbprocessing temperature for the
membrane. Reduced methanol permeability was obdemren the membranes were
processed at temperatures much above the glasstibartemperature but below the
degradation temperature of the membranes. The pdihtg of methanol decreased
despite of the thickness of the membrane on prowps&ecently, Parlet al. [57]
performed parametric investigations to reveal tiieces of operating conditions of fuel
cell systems such as methanol concentration, fuelf@ichiometry, operating current,
and cell temperature. The methanol utilizationcegficy and methanol to electricity
conversion rate were strongly affected by tempeeateurrent density, methanol
concentration, and the stoichiometry of fuel and ai

As the fuel crossover causes considerable celbgeliosses in the DMFC, different
approaches to minimise or eliminate methanol cnamsbave been carried out from
different points of view. An alternative is the mierane technology trying to obtain a
new methanol-impermeably polymer electrolyte [66-85

Puet al. [66] studied a composite electrolyte where a filfra methanol impermeable
protonic conductor, such as a metal hybrid, waslwarmed between proton permeable
electronic insulators, such as Nafion. They studiéfiérent electrolyte systems where
membrane was Nafion 115 with a metal hybrid Pdlé&dalm), and the influence of
interfaces modification with Pt via various techueg. The results obtained showed that
the methanol crossover was smaller than in thedNafiolymer and that the higher
performance was obtained with the system (N/Ptf#Ad)Pwhere N is the Nafion 115
membrane, treated by palladization and followeglayinization using electrochemical
methods common to the preparation of hydrogeneatsr electrodes.

Wainright et al. [67] studied the conductivity, water content aneétmanol vapour
permeability of the phosphoric acid-doped polybendazole (PBI). Experimental
results confirmed the low methanol crossover inEMMuel cell employing a doped
polybenyimidazole membrane. One year later, Wangal. [68] used the same
membranes and studied the methanol crossover angetformance of a DMFC. They
observed that the methanol crossover rate increasttd a decrease in the water

methanol ratio in the anode feed stream. Theseomythowever, found that methanol
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crossover increased with increasing current deresity decreased when temperature
increased. They present in their work, the inflleent increasing different operating
parameters in the methanol crossover and in thiorpeance of DMFCs using acid
doped PBI membranes.

Kiver and Kamloth [69] studied the methanol crossam substituted and crosslinked
POP membranes (sulphonate substituted polyoxipbeayg) using differential
electrochemical mass spectrometry. They comparedesults with those obtained with
different commercial membranes and it was foundt tthe superiority of POP
membranes was evident, with respect to methanohgesron, and especially attractive
since the POP film was only 0.2 to 0.3 mm thick.

In his work, Tricoly [70] investigated the influemof doping poly(perfluorosulfonated
acid) membranes with cessium in several degre¢geeomethanol permeability at room
temperature and found that the membrane permsatdit be drastically reduced by an
appropriate doping cessium ions.

Choi et al. [71] reported a new method for reducing methamotsover by a plasma
etching and palladium-sputtering on the Nafion memb surface. The plasma etching
of Nafion membrane increases the roughness of #mbrane surface and decreases
the methanol permeability. The sputtering of palladon the plasma-etched membrane
was found to further decrease the methanol crossove

Hobsonet al. [72] introduced a thin barrier layer of PBI at tNafion 117 surface by
screen printing and a reduction on methanol pertiigalvas shown whilst maintaining
proton conductivity at a level comparable to thithe parent material. Uchidat al.
[73] presented a new polymer electrolyte membrahera platinum nanocrystals were
highly dispersed in a Nafion 117 film to catalydee toxidation of the methanol
crossover with oxygen. An increase in the cathodiriial was observed resulting
from the reduced amount of methanol reaching thieocke.

In order to reduce the methanol crossover fromatiede to the cathode side in direct
methanol fuel cells (DMFC), Yangt al. [74] fabricated and characterized multilayered
membranes containing a thin layer of sulfonateq (ettheretherketone) (SPEEK) with
different sulfonation levels and thickness and twter layers of recast Nafion. With a
comparable polarization loss in DMFC, the multileg membranes show a significant
reduction in methanol crossover compared to thevendafion membranes since, the
thin middle layer of SPEEK blocks the methanol peation effectively without

adversely increasing the cell resistance signifigan
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Bettelneim et al. [75] report a study consisting on the wuse of
tetra(orthoaminophenyl)porphyrin as the methanotiéawhen electropolymerized on
a direct methanol fuel cell cathode. Using an ebettemical quartz cristal
microbalance and atomic force microscopy technighesauthors showed a reduction
on methanol permeability.

Lee et al. [76] incorporated layered double hydroxides (LDid)o polyelectrolyte
membranes in order to investigate the electrochalmeaction processes affected by
transport rates of methanol and protons in direethanol fuel cell applications.
Depending on different ion exchange capacities #&adLDH compositions, the
polyelectrolyte membranes gave different methanfflisilon coefficients and proton
conductivities. Decreasing the methanol diffusiaeféicient, the open circuit voltage
increased and the overall performance of DMFC wasraved by incorporating LDH
nanoparticles.

In their work, Tanget al. [77] prepared multi-layer self-assembly Nafion nieames
(MLSA Nafion membranes) by alternately assemblihgrged Pd particles and Nafion
ionomers onto Nafion membranes. The drastic deereafs methanol crossover
demonstrated the feasibility of the proposed pracespecially if 3 double layer of Pt
particles and Nafion ionomers was self-assembledhis condition, slightly adverse
effects on the proton conductivity of the origifddfion membrane occurred but the
methanol crossover had a considerable decrease.

Mu et al. [78] prepared charged Au nanoparticles by reflgxansolution of hydrogen
tetrachloroaurate trinydrate and protective cati@gents in ethanol/water. The charged
Au nanoparticles were self-assembled onto the NaRd2 membrane surface as
methanol barriers. All the self-assembled PEMs lhigther performance than original
Nafion 212 membrane and had higher performancesadilne decrease of the methanol
permeation current density and acceptable memlana@aeresistances.

Liang et al. [79] synthesized organically modified silicate nojgarticles, known as
diphenylsilicate (DPS), and showed that the syrleeds DPS has a nano-layered
microstructure. The authors utilized this mategalfiller for fabricating Nafion/DPS
composite membranes for mitigating the problem dathanol crossover in direct
methanol fuel cells. The DMFC performance tests aestrated that the use of the
Nafion/DPS composite membranes resulted in a lomsex of methanol crossover,
higher open-circuit voltage and better cell perfante than the pure Nafion membrane,

especially when working with a higher methanol crication.
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Jung et al. [80] examined methanol crossover through Pt/Ru@idafcomposite
membranes for the direct methanol fuel cell. Themposite membrane was
characterized by inductively coupled plasma-masstspscopy and thermo-gravimetric
analysis. The methanol permeability and proton ootdity of the composite
membranes were measured by gas chromatography mpeddance spectroscopy,
respectively. The proton conductivity of the comfpmanembrane decreased with
increasing number of Pt/Ru particles embeddedamtire Nafion membrane, while the
level of methanol permeation was retarded. ThelPp&ticles embedded in the Nafion
membrane act as a barrier against methanol crossgyvéhe chemical oxidation of
methanol on embedded Pt/Ru particles and by reduhbanproton conduction pathway.
Higuchi et al. [81] developed novel cross-linked sulfonated puigie (c-SPI)
membrane as an electrolyte for direct methanol éels (DMFCs). The cross-linked
SPI (c-SPI) was found to exhibit fairly low meth&permeation rate with sufficiently
high proton conductivity as the electrolyte memleréor DMFCs.

Yamauchiet al. [82] compared the performance of the membrandrelde assembly
for direct methanol fuel cells (DMFCs) composedagbore-filling polymer electrolyte
membrane (PF membrane) with that composed of a esaiah Nafion 117 membrane.
The use of a PF membrane allows the applicatioa bighly concentrated methanol
solution as a fuel without decreasing either the HiMperformance or the energy
density. In addition, the reduction of methanolssaver in the MEA using the PF
membrane allows a lower amount of cathode catédybie used, and the low electro-
osmosis of the PF membrane decreases the flowofatee cathode gas without
flooding, which also generates a more compact DMiEZem.

Gosalawitet al. [83] proposed Nafion and Montmorillonite (MMT) fationalized with
Krytox nanocomposite membrane (Krytox—-MMT—Nafiomgr DMFC applications.
When compared with normal Nafion membranes the membrane shows a reduction
on methanol crossover rate.

Zhong et al. [84] focused their work on the modification of feuated
poly(etheretherketone) (SPEEK) by coating a croksli chitosan (CS) layer on the
surface of SPEEK membrane, in order to decrease nikthanol crossover. In
comparison to the pure SPEEK and Nafion 117 menelstathe composite membranes
showed significantly stronger methanol barrier gty

Wu et al. [85] developed a series of proton-conducting memés for direct methanol

fuel cell (DMFC) applications via sulfonation ofdmnomethylated poly(2,6-dimethyl-
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1,4-phenylene oxide) (BPPO) base membranes. Beglidelow manufacture cost, the
membranes exhibited an excellent control on metharassover and swelling, and a
sound balance with high proton conductivities.

Since the methanol crossover is one of the mapslpms in DMFC, it is interesting to
have simple models that describe this phenomenorhexk the new membrane
materials reducing time and experimental work.He kast years some work has been
done in order to develop models that can descnldesatimate the methanol flux across
the membrane in DMFC [59, 86, 87].

Cruickshank and Scott [59] presented a simplifieddet to describe the methanol
permeation from the anode to the cathode sideugfrdNafion 117 membranes. The
model was also used to predict the DMFC cell v@tabaracteristics depending on
some key parameters obtained from measuring thegaion rates of methanol and
water across the membrane.

Barragan and Heinzel [86] described a simple méadladasily estimate the methanol
diffusion coefficient through the membrane of a DMFrom open circuit voltage
measurements using Nafion membranes as electrolyte.

In their work, Sandhet al. [87] developed a direct methanol fuel cell (DMR@Gass
flux model to predict the fluid phase superfici@lacity, methanol and water molar
fluxes, and the chemical species (methanol and ryvaienensionless concentration
profiles in the polymer electrolyte membrane, Nafid 7, of a DMFC. They concluded
that the methanol crossover flux decreases with earedise in the methanol
concentration at the anode side. This decreas@éanntethanol concentration at the
anode side of the DMFC can result from a low cotregion of methanol in the fuel fed
to the anode channel or from a higher reactionattehigher temperature resulting in a

higher current density.

Despite of the work done in understanding the nmetharossover phenomena, this
mechanism is still unclear. Some correlations asedubased on the assumption that
methanol is dragged by the protons like water &gded by the protons. More work is
needed to clarify this issue.

The investigations found in literature show thatimeol is readily transported across

Nafion membranes and in order to minimize the tffesf methanol crossover,

alternative membrane materials have been soughiohlanembranes still are the most
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usually used as solid polymer electrolyte in DMFGB)ce they are commercially
available and have lower costs when compared tooress.

An alternative to new membrane technology, in orterminimize the methanol
crossover rate, is to improve the activity of metbleelectro-oxidation catalysts, to use
different catalyst loadings and to employed différdiffusion layers materials with
different thicknesses. This approach was followetthe present work.

2.5.2. Water management

In order to compete with traditional batteries, tmest important requirement of a
portable DMFC system must be a higher energy derRRécent studies [87-96] indicate
that the water management is a critical challenge DMFCs to accomplish the
desirable energy levels. The amount and dispositibrwater within the fuel cell
strongly affects efficiency and reliability. As waescribed in the last section, another
important challenge to overcome in DMFC that emphgfion membranes is the
methanol crossover, which results in a fuel logk decrease the overall cell voltage due
to a mixed potential at the cathode. To solve prsblem, the anode fuel solution
should be very dilute, requiring a large amountvater to be carried in the system and
thereby reducing the energy content of fuel mixtlige presence of a large amount of
water floods the cathode and reduces its performaBo, an important engineering
issue is to remove water from the cathode to agewntre flooding and subsequently
supply water to the anode to make up water losstdueater crossover through the
membrane. Low water flux through the membrane srdble for DMFCs, as the anode
does not require an excessive amount of water migblnent and the cathode is less
susceptible to severe flooding.

Formally, the water flux through the membrane, edudy diffusion and electro-
osmosis, can be quantified in terms of net a watersfer coefficient-alfa value).
The ideal value of this net water transfer coeéintiis a negative value [90], which
means that no water is necessary from the anodeaie@ the water needed to oxidize
methanol comes from the water produced at the datkmle.

Izenson and Hill [88] presented the basic desidatiomships that govern the water
balance in a PEM fuel cell. Specific calculationsrevpresented, based on data from

hydrogen/air and direct methanol fuel cells andytebowed how the water balance
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operating point depends on the cell operating patars and on the sensitivity to design
conditions.

Lu et al. [89] reported a novel DMFC design based on a ckthgas-diffusion layer
coated with a microporous layer to build up therawylic pressure on the cathode side
and on a thin membrane, Nafion 112, to promote mizdek-flow under this difference
in hydraulic pressure. Such MEAs exhibit extraoadity low water flux through the
polymer membrane. The importance of the experinhevtek reported by the authors is
the fact that commercially available Nafion memiesiand MEA materials were used
and the cell operated with ambient air without poezation.

Sandhuet al. [87] developed a mass flux model to predict the fluidgehsuperficial
velocity, methanol and water molar fluxes, and themical species (methanol and
water) dimensionless concentration profiles in f@ymer electrolyte membrane,
Nafion 117, of a DMFC. This model can be used toegate the numerical data as a
function of different variables, such as the presdifference across the membrane,
methanol concentration, temperature, and positidghe membrane.

In their work, Liu et al. [90] described a new MEA design intended to adhiev
simultaneously, low water crossover, low methamoksover and high power density.
They performed extensive experimental parametudiss to elucidate the effects of
material properties, MEA fabrication processes amumkrating conditions. They
observed that the important material properties e membrane thickness and
structure of the cathode gas diffusion media. Tute@s suggest that the key operating
parameters are the methanol crossover and thedma#toichiometry, cell temperature
and current density.

Liu and Wang [91] based on a 3D two-phase model emigaly investigated an
interfacial liquid coverage model applied at theeiface between the cathode backing
layer and flow channel and its effects on the nattewtransport coefficient distribution
in a DMFC were explored under typical operatingdibans for portable applications.
The authors showed that interfacial liquid coveradgs a profound effect on the net
water transport coefficient through the membranealfecting water diffusion and
hydraulic permeation.

Shi et al. [92] analyzed water transport phenomenon in PEN e mechanism of
occurrence and development of a two-phase coumterdguflow with corresponding
transport phenomenon in the PEM. A one-dimensisteddy state model of heat and

mass transfer in porous media system with intexwdimetric ohmic heating was
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developed and simulated numerically to analyze magsport characteristics in the
PEM.

Xu and Zhao [93] proposed a measurement methodiegain in situ determination of
the water-crossover flux through the membrane IDMFC. With this method the
authors investigated the effects of various desigth geometric parameters as well as
operating conditions, such as the properties diat gas diffusion layer, membrane
thickness, cell current density, cell temperatdeed methanol concentration, and
oxygen flow rate, etc., on the water crossoverughothe membrane in a DMFC.

The water transport and the degree of cathode ifigoth DMFCs appear to be
significantly different from those occurring in PES. Therefore, it is critical to
optimize the cathode microporous (MPL) for DMFCststhat the anode water loss can
be reduced and the cell performance can be upgrddettheir work, Xu et al [94]
experimentally investigated the effects of both Fid-E loading in the cathode backing
layer as well as in the microporous layer (MPL) #mel carbon loading in the MPL on
both water transport and cell performance. The exm@antal data showed that with the
presence of a hydrophobic MPL in the cathode baclager, the water-crossover flux
through the membrane decreased slightly with arease in the PTFE loading in the
backing layer. However, a higher PTFE loading i& tfacking layer not only lowered
cell performance, but also resulted in an unsteldeharging process. It was found that
the PTFE loading in the MPL had a small effect ba twater crossover flux, but its
effect on cell performance was substantial. Theearpental results further showed that
increasing the carbon loading in the MPL signifttaiowered the water-crossover
flux, but a too high carbon loading would decretmecell performance as the result of
the increased oxygen transport resistance [94].nbst common GDLs commercially
available do not have MPL layers.

Xu et al.[95] developed a one-dimensional, isothermal tlhiage mass transport model
to investigate the water transport through the MERe liquid and gas two-phase mass
transport in the porous anode and cathode was fatetlibased on classical multiphase
flow theory in porous media. At the anode and caé¢hcatalyst layers, the simultaneous
three-phase (liquid and vapour in pores as wellliasolved phase in the electrolyte)
water transport was considered and the phase egehainwater was modelled with
finite-rate interfacial exchanges between differguitases. This model enables
quantification of the water flux corresponding tack of the three water transport

mechanisms through the membrane, such as diffusectro-osmotic drag, and
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convection. This model allows the numerical invgetion of the effects of MEA design
parameters on the water crossover and cell perfucenauinder various operating
conditions.

Liu et al. [96] experimentally studied various anode diffusinedia to reduce the water
crossover in a DMFC. A two-phase water transpordehovas also employed to
theoretically study the effects of those structumesvater transport and saturation level
in a DMFC anode. It was found that wettability bétanode microporous layer (MPL)
has a dramatic effect on water crossover or onviheger transport coefficientaf
through the membrane. Under different current dierssithe MEA with a hydrophobic
anode MPL had consistently low values, several times smaller than those with a
hydrophilic MPL or without an anode MPL. A modetiistudy of anode water transport
revealed that the liquid saturation in the anode wignificantly lowered with the
increase of the anode MPL contact angle, which tivas identified as a key parameter

to minimize water crossover in a DMFC.

The literature review concerning the water managanmea DMFC indicates that some
efforts have been made for studying water transfpwdugh Nafion type of membranes
used in DMFCs. However, most of previous studie® lggenerally been limited to the
cases without taking account the effects of MEAgdeand geometric parameters as
well as operating conditions. A general understagdof water crossover through the
membrane that is integrated with the MEA for DMRE$ar less understood. In order
to evaluate the water transport effect on DMFCsf@@nance it is necessary to use
different MEAs structures, with different membratiecknesses, diffusion layers
materials and thicknesses and catalyst layers ptogge The development of
mathematical model describing the water transpart also, fundamental to better

evaluate its effects on fuel cell performance.

2.6.Single cell performance — Polarization behaviour

The direct methanol fuel cell is a multiphase syst@volving simultaneous mass,
charge and energy transfer. All these processemtameately coupled, resulting in a
need to search for optimal cell design, such aw ffeeld design, and operating
conditions (cell temperature, methanol concentmatmathode pressure and methanol
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and air flow rate). A good understanding of thisnpdex, interacting phenomena is thus
essential and can most likely be achieved througbnabined mathematical modelling

and detailed experimental approach.

2.6.1. Operating conditions

An understanding of the interdependence of the atipgy conditions emerges as an
important role in optimizing the performance of MEC. In fact, some work had been

done in order to achieve optimal performances [05}1

2.6.1.1. Methanol concentration

The effect of the methanol concentration on the @MFerformance generally reflects

two phenomena. Increases on the methanol condentrigad to an increase on the
coverage of the electrocatalyst sites by methansfiecies, but also increase the
concentration gradient between the anode and catbioeé with a consequent increase
in the crossover through the Nafion membrane. Tdugliires a delicate balance among
the effects of methanol oxidation kinetics and raatil crossover in order to enhance
the performance of a DMFC. Another point that sbdag accounted for is the fact that
the polarization behaviour in the mass transfeioreg directly related to the methanol

concentration, so an increase in the limiting auirdensity is achieved with an increase
in methanol concentration. Generally, almost afl #xperimental studies reported in
literature [97, 99, 100, 104, 105] showed thatehsra general increase in the limiting
current with increase in concentration whilst at lourrent densities higher methanol
concentrations cause a reduction in voltage akedficurrent density. As previously

referred, the open-circuit voltage is much lowearththe thermodynamic equilibrium

cell voltage as a result of methanol crossover.lodt current densities and high feed
methanol concentrations the cell performance iglowhis is due to the fact that higher
methanol concentrations result in higher valuesethanol crossover. At the cathode
side, methanol reacts with the oxygen to form aeaiyotential. Hence, a higher

methanol concentration leads to a higher mixedmiatle causing thereby a lower cell

performance. It is also reported in literature tihat best performance is achieved with 1
to 2M methanol concentration, since usually methaonocentrations higher than these

values generate higher values of methanol crossover
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2.6.1.2. Fuel cell temperature

Most of the experimental studies were performechwiigh temperatures [97-105]
because higher temperatures lead to an increaseelinperformance, since the
electrochemical kinetics at the anode and cathetkevoured by increasing temperature.
However, higher cell temperatures also have negativects: the rate of methanol
crossover and the water loss from the anode tadtigode increase with temperature
and the membrane stability and the oxygen partedéqure decrease with temperature.
The effective influence of the cell temperatureinsthis way, a result of both positive
effect of temperature on the electrode kineticsthedcombined negative effects.

The increase of temperature also increases the-@pmrit voltage and reduces the
activation overvoltage according to the Arrhenieation, thus resulting in a higher
performance. However, if the operation temperasisgmilar to the boiling temperature
of the solution, the cell performance decreasas;essmall bubbles of the vapour
formed in the catalyst layer and diffusion layeryno@struct the fuel transport [99,103].

2.6.1.3. Methanol and air flow rate

Efficient removal of carbon dioxide gas bubbles Aqdid water produced on the anode
and cathode side, respectively, must be maintaimedlow reactants to reach catalyst
sites. Removal of carbon dioxide slugs and prewantif cathode “flooding” can be
attained by increasing flow rates. However, inareasflow rates requires more
pumping power. A very high flow rate at the cathod# dry out the polymer
membrane, decreasing proton conductivity and heeltgerformance.

According to several experimental studies [98,1981, 105], the cell voltage and power
slightly increases with the anode flow rate up tcedain value, after which a gradual
decrease in the limiting current is seen as th& fiate increases. This is due to the fact
that an increase in the anode flow rate is, undeaim conditions, accompanied by an
increase in the static pressure in the flow field higher static pressure tends to
increase the methanol crossover towards the catheadding to a decrease in the cell
performance [105].

The cell performance and cell power also increasie tive air flow rate up to a certain
value. From this optimum value on, any further @ase on the air flow rate has no

significant impact on the cell performance and powehen the cell is operating under
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lower air flow rate the oxygen concentration desesaalong the cathode flow channels
resulting in lower cell voltage and power. When #weflow rate is high enough, any
further increase will only slightly change the orwygconcentration profile, with a

negligible effect on the cell performance [103, [L04

2.6.1.4. Air pressure

In most experimental studies performed in the Jastrs [98-100, 102] high pressure
operation was chosen in order to achieve a higfopeance. A reduction in the air
pressure in the cathode of a DMFC will reduce pelformance due to a reduction in
the cathode potential, which may be accentuatethéyeffect of methanol crossover
from the cathode. The crossover of methanol casltghtly reduced by a high cathode
air pressure. However, some works [103, 105] sugdes high performance even at
atmospheric pressure by optimizing the structures @mpositions of the electrodes.

This less severe condition is favourable especfaliyortable applications.

2.6.2. Configuration parameters

To improve the levels of performance in DMFCs thare an increased interest in
reducing mass transport limitations, reductionhaf kinetic and ohmic limitations. In
this regard, some work has been done in order prawe the design of the reactant
flow fields [39, 98, 99, 103, 106, 107], the casilyoading [63, 99, 103] and the
characteristics of the backing layer in terms ahposition and thickness [63, 94, 98,
108, 109].

2.6.2.1. Flow field design

Once the reactants enter the cell, they must kekdited over the entire active area.
This is typically accomplished through a flow figlghich may be in a form of channels
covering the entire area in some pattern or posbugtures. The main task of these is
to guarantee distribution of fuel and oxidant ower reaction surface area as well as the
removal of products from the cell. Different typasflow fields for DMFCs have been
presented in the literature [39, 98, 99, 103, 1I%,]. The most commonly used are
parallel, serpentine, spot (or grid), and intetdigid channels as shown in Fig. 2.10.
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Parallel Spot {or grid)

Serpentine Interdigitated

Figure 2.10 — Representation of the most commonlysad DMFC flow fields.

The flow field most widely employed in direct metioh fuel cells is based on the

serpentine configuration. In such a configuratitwe, reactant is constrained to flow in a
zigzag way along parallel channels which are maahin a graphite plate. In general,
different flow field designs have advantages arghdivantages associated with their
application. Proper selection of flow fields witkspect to the DMFCs operational and
application conditions can help to achieve cost@arformance goals.

The parallel and the spot flow field design gergrgive comparable performance,

although at higher current densities, a highergthge at the same current densities is
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obtained when the cell uses the parallel design. [BBis may be partly due to an
increased cell resistance resulting from a redwmedact with the MEA in the spot
design. The results also suggest that the massféralimiting current for methanol
oxidation was reached earlier in the spot desigtholigh the use of a spot design
shows good results there are certain practicatdinons with this design, such as, the
fabrication which is more difficult and thus monegpensive. Under operation there is a
risk of puncturing of the MEA which occurs more duently if the spots are not
precisely aligned on the cathode and anode sides.

In the serpentine flow field the reactant is comsied to flow along parallel channels
and the reactant molecules have access to thegtoatates through diffusion across the
diffusion/backing layers. In the interdigitated @gsthe reactant is forced to enter into
the electrode pores and exit from them under aspreggradient. In this way the flow is
no more governed by a diffusion mechanism but besora forced-convection
mechanism. According to Aricét al. [106] the interdigitated flow field significantly
enhances mass transport and membrane humidificatiom DMFC, allowing higher
maximum power outputs compared to the serpentme fleld. The DMFC equipped
with serpentine flow field showed however lower hatol crossover, higher fuel
utilization and a slightly large efficiency at losurrent densities. When comparing the
serpentine and parallel flow field the results preged in the literature [39,107] showed
that a DMFC equipped with the serpentine flow fisltbwed better performance than
those with the parallel flow field. It is also beferund that gas bubbles blocked the flow
channels in the parallel flow field at lower metbhflow rates and higher current
densities. This phenomenon was never found in énpestine flow field conditions
tested in the work done by Yamryg al. [39]. Since the serpentine flow field exhibited a
better performance than the parallel flow fieldythiecused their studied on the effects
of the open ratio and channel length of the semperilow field on the cell performance
and pressure drop. The studies indicated that ples oatio and flow channel length
have important effects on the cell performance prebsure drop. When designing a
serpentine flow field, caution has to be takenrisuee an optimal open ratio and flow
channel length.

A comparison of these different flow fields, inrtes of advantages and disadvantages is
given in Table 2.1.
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Table 2.1 — Comparison of different flow fields usg in DMFCs

Flow field Advantages Disadvantages Referencs
Inhomogeneous reactant
Parallel Low pressure drops distribution and difficult | [39,98,107]
product removal
Similar to parallel flow
Similar to parallel flow field and hiah cell
Spot | g [98]
field resistance due to a reduced
contact to the MEA
Helpful to remove reactiorn _
_ High pressure drops
Serpentine | products and to enhancg _ [39,107]
between the inlet and outlé¢t
two-phase mass transport
High methanol crossover
Enhanced mass transport g
- and high pressure
Interdigitated and membrane ghp [106]

humidification

difference required betwee

channels

n

2.6.2.2.

As was mentioned in section 2.3.3, the common ysttédyers used in DMFC are made
by Pt/Ru on the anode side and Pt on the cathage i order to achieve high power
densities in a DMFC, some work has been done iardmdevaluate the influence of the

Catalyst loading

S

anode and cathode catalyst loading on the celbpaegnce [63, 99, 103]. There are also

some reports in literature on supported, normadybon-supported and unsupported

catalyst compositions [63].

It should be noted that there are two essentigbeates of the electrode that may be

affected when changing the catalyst loading: ebatr conductivity and electrode

thickness.

According to references [63, 99, 103] the cell perfance increases with the Pt/Ru

loading up to a certain value, after which anyHartincrease on loading has a slightly

reduction on the cell performance. At low curreansities the activation overvoltage is
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a major portion in the total overvoltage at thedmao the increase in the Pt/Ru loading
reduces the activation overvoltage at the anodeeasing the cell performance. With
the increasing Pt/Ru the thickness of the catddysr increases and therefore the mass
transfer resistance through this layer becomestagedn spite of this, the cell
performance increases with the metal loading bec#us thicker anode catalyst layer
creates a higher resistance to methanol transpertelty controlling the rate of
methanol reaching the membrane and reducing thkamel crossover. This reduction
leads to a reduction of the parasite current forndee to the oxidation of methanol at
the cathode side and consequently the cell periocenancreases. At high current
densities and with a loading above a critical valiie cell performance decreases,
suggesting that the concentration overvoltage chbgethe mass transfer of methanol
through the thicker catalyst layer at the anoderi@antly increases.

On the cathode side a reduction on the noble nhedding leads to a decrease in the
cell performance [63]. The reduction of the cathodtalyst layer leads to a reduction
on active surface area, an increase on resistaitg consequently a decrease in
electronic conductivity. An increase on the catialgading also causes an increase in
electrode thickness. A thicker electrode conduata higher mass transport resistance
but, on the other hand, may also be advantagedihe atathode, since mixed potential
formation may be avoided to some extent. In a #rickdectrode not all the catalyst
particles may be reached by the permeated methianplso more active sites are free
for oxygen reduction reaction.

With carbon supported materials the loading cameleiced without a decrease of the
electronic conductivity of the electrode. Howewie use of carbon supported catalyst
with a much lower bulk density is associated withigher thickness of the active layer
which is an important parameter for the cell perfance. A thicker electrode may lead
to a higher mass transport resistance of methaaoling to a decrease of the fuel cell
performance. On the other hand, this resistancelbeatso an advantage at the cathode
side since mixed potential formation may be avoidtedome extend. So, the use of
carbon supported catalysts and their optimizatiorthie electrode structure has the
potential to significantly reduce metal loading whiwill contribute to the cost
reduction in DMFCs [63].
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2.6.2.3. Diffusion Layers

The operation of the DMFC requires that the meth&as good access to the anode
while the carbon dioxide gas generated is able a@emaway freely from the catalyst
sites on the catalyst surface. Ideally, these flelwsuld be isolated such that discrete
paths for gas flow and for liquid flow exist, raththan a two phase flow with gas
bubbles moving against a liquid flow, induced bg #mode reaction and the electro-
osmotic transport of water and methanol. The sistplay to approach this ideal is to
make the carbon surface hydrophobic adding Tefiathé diffusion layer. The cathode
of the DMFC may be similarly affected by possiblelgems of flooding, but in
comparison to the anode this is a less criticaldsSome work has been done in order
to explore the effect of Teflon (PTFE) content ba tell performance [63, 94, 98, 108,
109]. According to the work developed in this arde DMFCs using untreated anode
diffusion layers produce the poorest performandee PTFE content decreases the
methanol crossover leading to an increase in then aprcuit voltage and the cell
performance. The presence of PTFE, also, incregsemternal resistance of the cell
which leads to a decrease of the cell performamcePTFE contents above 30%
[98,108].

In their work, Xuet al.[94] used carbon paper as anode diffusion laydrsandied the
effect of the anode diffusion layer thickness oe tell performance. The increase in
carbon paper thickness leads to an increase owredhhgerformance and the carbon
paper with the medium thickness (Toray-090 (TGPHQ®@026 mm) gave the best
performance in the entire current density regiob.lddv current densities, a further
increase in carbon paper thickness (TGPH120, 0.85 lmads to a cell performance
similar as that for TGPHO090, while at high curretgnsities the cell performance
dropped rapidly. The experimental results preskbtethe authors shown that when a
too thin carbon paper was used the voltages gatkkat the fuel cell were low in the
entire current density region. On the other hankerwa too thick carbon paper was
used, the fuel cell yielded a low limiting curretgnsity. Therefore, it can be concluded
that exists an optimal carbon paper thicknessrésatlts in the best performance.
Thicker gas diffusion layers lead to lower methacmhcentration at the anode catalyst
layer surface, since the diffusion path is londes.the current density is dependent on
the methanol surface concentration, lower perfocearare obtained for thicker anodes.

However thicker gas diffusion layers limits, alslle amount of methanol that crosses
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the membrane leading to an increase in fuel cefopmance. More work should be
done in order to evaluate these two opposite effeectDMFC performance.

The power and cell voltage of the DMFC has beersidemably increased in the last
years, but it must be further increased by imprguime anode catalyst activity and the
electrode structure. Similarly, the air stoichiomyetvas significantly reduced, but it is
still too high for practical systems in terms okggy losses for air management. High
flow rates are required to remove the large amouwftsvater and methanol diffusing
through the membrane in particular for high methlaconcentrations and high values
of current densities. Therefore, the development dpecific membrane electrode
assembly by changing the catalyst layer loadings ddfusion layer properties and
membrane thickness, with a low methanol and watessover, will be the key issue for
development a reasonable DMFC system. These pagesneduld increase the cell
voltage and reduce the air stoichiometry necesgarportable applications.

2.7.Mathematical Modelling

Fuel cell modelling has received much attentionrdhie last decade in an attempt to
better understand the phenomena occurring withie ¢ell. Different types of

approaches are available in literature [110], [1BIjalytical models are an adequate
tool to understand the effect of basic variables foel cell performance. Many

simplifying assumptions are made concerning vagiaptofiles within the cell to

develop an approximate analytical voltage versuseatl density correlation. Semi-
empirical models allow designers and engineerséddipt the fuel cell performance as a
function of different operating conditions (such peessure, temperature or fuel
concentration) using simple empirical equations.chMmistic models are transport
models using differential and algebraic equatiort®se derivation is based in the
electro-chemistry and physics governing the phemamaking place in the cell. These
equations are numerically solved by different mdthdrhese models while involving
extensive calculations, accurately predict the imd concentration of multiple species
in the cell. Mechanistic or theoretical models ¢@nsubcategorized as multi-domain
(sets of equations for each region of the DMFC}iagle-domain (or unified) models

(all the regions of interest are combined in a uaigomain).
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Single fuel cell models aim to describe quanti&vinteractions among the several
physical and electrochemical phenomena occurringgathe different layers and may
be classified in one of the three types enouncethlytical, semi-empirical and

mechanistic). Figure 2.11 categorizes the thimtymmodels reviewed according to the
features studied (dimension, polarization, transpoinenomena, thermal effects,
concentration effects, catalyst utilization, flowaninels geometry, methanol crossover,

two phase flow effects, dynamic effects and fudll stacks).

Concentration
[5,26,112,113,114,117,119,120,122,127-129,131,834:40,141,143-151,153]
24

;Two-phase flow

[5,26,59,112-118,120-123,125-127,129,131,132,184,33,140-143,149-151,153] " [129,136,143145146.148-150,153]

" Flow field
[119,129,144,146-148,150]

2 Dimensions<
[119,128,135,144-146,149)]

3 Dimensions Dynamic

[147] [122,123,151]
Catalyst Stacks
[5,26,112,113,114,117-122,127,134,135,137,140431126,148,150,151] [123,132,136]
Crossover Thermal
[5,59,112-114,119-122,126,127,131,132,134,135,44(143,146,148-151] [132,151]
Transport Polarization
[5,26,112,113-115,118-120,122,125,127-129,131,382|87,140-151,153] [5,26,59,112-123,125-129,131,132,134-137,140-181,15

@ Mechanistic B Analytical B Semi-Empirical

Figure 2.11 — DMFC model categorization based on aas of investigation.

2.7.1. Analytical models

Models described in references [59, 112-120] aramptes of analytical modeling.

They all rely on many simplifying assumptions, obst of them have the merit of
predicting voltage losses for simple designs aeg ttan be useful for rapid calculations
in these systems. Some of these models are notelgpuanalytical since they

incorporate one or more empirical correlations.

Scottet al. [112] developed a simple model to evaluate cetfgpmance describing

mass transport in the porous electrode structunestlae potential and concentration
distributions in the electrode regions. The modsb ancorporates the influence of
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methanol crossover from anode to cathode basedcomhbination of diffusion, electro-
osmotic drag and pressure.

Cruickshank and Scott [59] present a simplified eldd predict the DMFC cell voltage
characteristics depending on some key parametéaned from measured permeation
rates of methanol and water through Nafion 117 nramds.

Sundmacher and Scott [113] developed a steady gatkermal cell model accounting
for the essential mass transfer and charge tranppacesses in the different fuel cell
layers.

Kulikovsky [114-116] has reported analytical modblg employing a semi-empirical
approach to account for the limiting current bebavirhe general expression for the
voltage-current curve is based on exact solutiantli@ catalyst layer reaction and
includes the over potential due to transport litietain diffusion backing layer and the
one due to methanol crossover. Some of the modahypers are obtained by fitting
experimental data.

Scott and Argyropoulos [117, 118] presented a ameedsional model to predict the
current and potential distribution in a porous &tede of a DMFC which accounts for
internal limitations of mass transport. Some diffies arise when one tries to
implement this model since the results obtainedheyauthors can not be reproduced.
There is an error on the model development (equa® of reference [118]) as was
pointed out by Kulikovsky [152].

Guo and Ma [119] reported a two-dimensional anedytimodel to describe
electrochemical reactions on the anode and cathodemain transport phenomena in
the fuel cell including methanol crossover, diffusiof reactants in porous media layers
and fluid flow in the reactants distributor. In fathe model is one-dimensional since
the authors neglect the transport in the chanmettion (y — direction in Fig. 2.1). This
simple model was in agreement with the experimeddtd reportedTE90°C, methanol
concentration in the range 0.125M to 0.625M espigcfar current densities higher
than 0.01 A/crf). This model was in the present study tested éuhese operation
conditions and the discrepancy between predictamtsexperimental is higher namely
for low values of current densities, relatively lovalues of temperature and high
methanol concentration.

Garciaet al. [120] provided a very interesting model accountiogthe kinetics of the
multi-step methanol oxidation reaction at the anadtie diffusion and crossover of

methanol and the mixed potential of the oxygen loa tathode due to methanol
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crossover. Some of the kinetic and diffusional peeters are estimated by adjusting the
model to experimental data. This model has thetroébeing rapidly implemented and
therefore it is suitable for inclusion in real-tirmgstem level DMFC calculations. This

«semi-analytical» model was selected for a mor@ dagdy in the next section.

2.7.2. Semi-empirical models

Most empirical performance models combine theaa#ficdifferential and algebraic
equations with empirical determined correlationise Great advantage of these models
is their simple structure and the small computatiosffort to perform calculations.
However the estimated parameters from the expetahdata are normally specific to
certain types of cell and valid for a limited rangfeoperating conditions. The models
are very useful to perform quick predictions foriséing designs but fail to predict
Innovative ones.

The number of semi-empirical models developed iHTs is limited [121-126].
Kauranen and Skou [121] reported a model describoty the oxygen reduction and
the methanol oxidation in the cathode of a DMFC aodcluded that the oxygen
reduction current is reduced in the presence ofhametl oxidation due to surface
poisoning.

Sundmacheret al. [122] observed that pulsed methanol feeding coadtiieve a
significant increase of the time averaged cellagdtand a considerable reduction of the
methanol consumption in the fuel cell. The modes$ &hle of describing quantitatively
the behavior of the cell.

Simouglouet al.[123, 124] developed an empirical model usingstiadl methods and
providing one step-ahead predictions of the dynamatage response from
measurements of cell voltage and current densityttie fuel cell that the authors
designed in order to fit the model.

Argyropouloset al. [125] presented a model to predict the cell vatagrsus current
density for a liquid feed DMFC. The model is baseda semi-empirical approach in
which methanol oxidation and oxygen reduction kosetre combined with effective
mass transport coefficients for the fuel cell eledés. The implementation of this
simple model presents some difficulties since th@ioed results are not in accordance

with those of the authors. For example the effdctemperature in the polarization
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curve is unexpected since an increase in temperddads to a decrease in the cell
voltage for a given current density.

Dohle and Wipperman [126] developed a model to iptgmblarization curves and the

permeability of methanol trough a DMFC based oretac$ parameters adjusted from
experiments performed in a wide range of operatorglitions.

This semi-empirical model was selected for a mooégoind study in the next section.

2.7.3. Mechanistic models

The mechanistic models account for the detailedldomental phenomena such as heat,
momentum, multi-component mass transport and elgotmical processes. Since the
pioneering woks of Scodt al.[127] and Kulikovskyet al.[128] considerable effort has
been devoted to the development of mechanistic lmdoeDMFCs.

Most of the mechanistic models developed for DMRK@&se solved using the multi-
domain approach. In the past three or four yeatis thie introduction of CFD methods
to fuel cell modelling the single-domain approadgin to be used [147]. The single-
domain approach is appropriate to be used in mdédsional modelling since in this
case there is no need of using the internal boyrnmtarditions or continuity condition at
each interface which could become cumbersome iR2BD dimensions. The single-
domain approach lends therefore to be implememtedinmercial CFD codes.

Most of the developed models are one-dimensiomalyaing the different phenomena
across the fuel cell. More recently, various tworensional models [135, 144, 145,
148] have been developed. In a 2D model based mentuconservation equations,
Kulikovski [135] concluded that, near the fuel chah transport of methanol is
determined mainly by a pressure gradient. In theveadayers and in the membrane
diffusion transport dominates. “Shaded” zones, wlbere is a lack of methanol appear
in front of the current collectors.

Krewer et al. [147] presented a 3D model but only concerningahede of a DMFC.
The authors studied the residence time behaviodrcamcentration distribution in a
simplified rhomboidal anode flow bed. The simulaticesults compared well with
experimental results.

The electrochemical reactions taking place at a BMFe exothermic. Heat can be also
produced by irreversibilities in the cell (ohmic activation losses). Heat removal is a

critical issue for fuel cells. Depending on whethiee temperature profile is simulated
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or not, fuel cell models can be categorized asheaotal or non-isothermal.
Argyropouloset al. [132] developed a thermal energy one-dimensionathanistic
model for a DMFC stack based on the differentiariial energy equation. The model
allows the assessment of the effect of operatimgrpaters such as fuel and oxidant
inlet temperature, flowrate, pressure and curraemsiy and also of some design
parameters (active area, material properties anthgty) in the cell temperature along
the stack. Recently, Shultz and Sundmacher [15%¢ldped a non-isothermal, one-
dimensional, dynamic model using the multi-domappraach. In this model, mass
transport within the different porous structurestted DMFC was described using the
generalised Stefan-Maxwell equations. For the mamdyran activity model based on
the Flory-Huggins approach is used accounting Welltng phenomena, non-idealities
and phase equilibria between the pore liquid inghdePEM and the fluids inside both
of the catalysts layers. The model showed goodeageat to experimental data
obtained by the authors, concerning methanol cxessand steady state current-voltage
characteristics.

The performance of fuel cell strongly depends anftbw field effects directly related
to a non-uniform flow distribution in both the flofield plates. The main factors that
influence the flow distribution are the hydraulesistance, the flow field plate design
and the temperature profiles. Some of the mechanigviewed models have
incorporated flow field effects [26, 127, 129, 1344, 146, 147, 148]. Argyropoules

al. [129] investigated the pressure drop in the anad@ cathode flow fields. They
established an equation to determine the pressapead the two-phase flow.

Until now there is no reported study on a singledetaccounting for both flow and
temperature distribution and also only simple geoee of the flow field plate have
been considered.

In the early stages of fuel cell modelling (and DM odelling) only single phase flow
was considered. Dohlet al.[134] developed a one dimensional model for a vaped
DMFC. Kulikovski et al[128, 135]extended their hydrogen fuel cell model to both the
vapour fed and liquid fed DMFC. In all of these ratedonly one phase was considered.
Recently several works have been devoted to thdy sttitwo-phase flows in fuel cells
[127, 129, 131, 136, 145, 146, 148, 149, 150, 1B3jong these, Wang and Wang
[146] is the most comprehensive two-phase flow ratedirect methanol fuel cells. In
addition to the anode and cathode electrochemieattions the model considers

convection and diffusion of both gas and liquid g#¢®in the backing layers and flow
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channels. This model using the multi-domain apgdnofadly accounts for the mixed
potential effect of methanol oxidation at the cah@s a result of methanol crossover.
The model was solved numerically using CFD. Onghef main contributions of this
work is the two-phase flow modelling of the anodlee authors considered that the gas
phase at the anode is saturated with water andamethnd the liquid phase is saturated
with CO,. The gas phase concentration of the three specidsthe carbon dioxide
concentration in the liquid phase can be determimgdhermodynamic equilibrium
relationships.

Current two-phase models assume that both thedlignd gas phases are continuous.
However there is no visualization evidence of thisture. Experimental studies are
needed to visualize the evolution process of twasphflow both in the anode and the
cathode flow channels to further develop matherabtimdels.

A significant number of the DMFC mechanistic modeisorporate the influence of
methanol crossover. Some of these models such lale Btoal. [134] and Kulikovskyet

al. [128, 135] consider that the methanol crossing thembrane is completely
consumed in the cathode catalyst layer. Wang andig\jls46] considered the complete
oxidation of methanol at the cathode and assumedilte current density for methanol
crossover is dictated by the crossover flux. Thi@s concluded in their work that the
methanol crossover is driven diffusion, convectmaused by pressure gradient and
electro-osmosis. The three contributions occuredfitly under different operating
conditions. Methanol transport is dominated by roolar diffusion at zero and small
current densities. At high current densities thehaeol crossover flux becomes small
and both diffusion and electro-osmosis contribotéhie crossover. The mechanism of
methanol transport trough the membrane is unceame correlations are used based
on the assumption that methanol is dragged by tbmp like water is dragged by the
protons. More work is needed to clarify this issue.

Analytical, semi-empirical and mechanistic modelsdirect methanol fuel cells have
been reviewed. In spite of the modelling work onHQ developed in the past few
years, a number of unresolved issues demand fensite research. One of the most
important areas to investigate is the numerical silnag of two-phase flows (both in
the anode and the cathode) and also parallel expenial studies on visualization of
these phenomena. Improved and validated mechanistitels namely using the single-

domain approach are required to enable better desifjfuel cells. Some of the simpler
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models (either analytical or semi-empirical) can lieed under some conditions. The
validity of semi-empirical models is limited to arrow corridor of operating
conditions. Semi-empirical models give quick prealics for existing designs but fail to
predict innovative ones. Analytical models preduitage losses for simple designs and
they can be useful for rapid calculations in thegstems.

In addition, much effort should be directed towatits development of a coupled model
for methanol, water and heat transport processesukaneously in a DMFC. Such
models are extremely useful for the discovery @uendesign and operation regimes of
the DMFC system for portable application, where lingh energy density entails using
highly concentrated methanol (preferably pure metip maintaining low water and

methanol crossover, and improving high-voltage graneance.

2.8.Passive DMFC

Energy needs for portable electronics are risimidha in the past few years due to the
increasing functionalities of portable devices,eesglly cell phones. Nowadays the cell
phones incorporate graphics and games, interngiceerinstant messaging and are
helpful even to find a restaurant or museum. Cotioral batteries are soon becoming
inadequate for the increasing power and complewityportable electronics and

computers. The lifetime of portable devices id 8tilited to how long they can operate
as truly portable by the quantity of energy that ba stored within the batteries. Fuel
cell systems and particularly direct methanol ftedl (DMFC) are being considered as
a possible solution to replace the current batssrythe dominant power provider for
portable application. The passive and particuldig micro-DMFC are capable of

replacing the conventional batteries, due to tlmgh energy density and inherent
simplicity of operation with methanol as the liqdieel. This system is smaller, better,
less costly, environmentally safer and much mofieieft and can be used either in the
plane, train, and car or in remote areas whereetlseno electricity. The refuelling of

the passive DMFC is fast and the fuel can last re¢vaonths. The product is cost
competitive due to the large market size and ecoe®of scale.

The fuel and oxidant can be supplied to a DMFCniraetive and a passive way. Active
systems use extra components such as a pump oerhlavan for cooling, reactant and

product control, which allows the operation of a BMat favourable conditions with
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respect to temperature, pressure, concentratiorflandate. As was described before,
this improves flow mass transport and electrochahactivity, therefore higher current
density and power can be achieved. This type desysupply has greater costs and
lower system energy density so, it is better suitedarge fuel cells. Passive systems
use natural capillary forces, diffusion, convecti@ir breathing) and evaporation to
achieve all processes without any additional posegrsumption. They usually operate
at low current densities resulting in reduced cuplioads, less water management
issue, less heat production and lower required deélery rate. Therefore, by using a
well designed compact architecture, a passive ®sysse more suitable for portable
power sources.

The passive fuel cell system must be made smalcangact for portable applications,
and each application has different power, voltageé geometric design requirements.
Significant effort for future commercialization hsbe put in developing systems that
can achieve the optimum balance of cost, efficieneljability and durability. However,
miniaturization is not a simple scaling down of tlheger system. Furthermore, each
component of the fuel cell must be redesigned a#itleye towards miniaturization.

As was mentioned before, in the passive feed sy#itenfuel pump and air blower are
eliminated. The fuel is supplied to the anode ffael reservoir built in the anode and
the air to the cathode, normally by natural coneec{Fig. 2.12). However, this simple
design causes lower system performance due toitleuldy in getting a continuous
and homogeneous supply of reactants to the anadleathode. The lack of flowing
force to remove the bubbles that constantly bupdftom the formation of carbon
dioxide, in the anode reaction, will also hinderttier oxidation of fuel at the anode
surface. At the cathode, water droplet tends tédbup and block the active surface,

thus reducing the oxygen supply.
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Methanol reservoir

Anude PEM |Cathode .

-— Air

co .

Anode current collector Cathode current collector

AD AC CC

Figure 2.12 — Schematic representation of convential design of a passive DMFC.

System control associated with water and metharmhagement adds considerable
complexity to passive DMFC systems, particularlgsth being developed for portable
applications. It is desirable to recycle the wagbeoduced at cathode to anode for
dilution of fuel, but there is very little informan disclosed by established fuel cell
manufacturers on their advanced prototypes.

In a passive DMFC, the anode suffers from highvatbn overpotentials due to the
slow kinetics of methanol oxidation reaction. Thegative effect limits the rate of
electrode reactions, which reduces the cell voltagd severely affects the voltage
efficiency of the system. In practice, methanoldation at anode is promoted most
effectively by platinum-based electro-catalyst. #spive DMFC generally needs higher
loading of catalyst due to the slow kinetics of Inaetol electro oxidation reaction and
severe methanol crossover to the cathode side.riuntdely, the noble metal used as
catalyst in this type of fuel cells is high in castd this tends to discourage the progress
commercialization of portable DMFCs.

The most important challenges to overcome in passiystems are the methanol
crossover rate and the thermal and water management

Methanol crossover in passive DMFC is a fundamerablem to overcome in order to
stimulate the development of this system. High eatr@ation of methanol provides a
higher achievable energy density, but it also causswere methanol crossover through
the membrane and results in a mixed potential @tcithode generating, therefore, a

low cell performance. As already referred, methaomssover has two negative
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consequences: self-discharge of methanol, whickigwe additional heat instead of
electricity, and drastic reduction of the cathodadtage. Other important factor is the
temperature rise in the cell due to the oxidatl@rmethanol at the cathode that releases
heat. Moreover, the actual practical electrochelh@oargy recoverable from a passive
DMFC system is much lower than the theoretical ®@akince from the total energy
involved a small percentage can be expected atrielgc while the rest is converted
into heat. The heat produced has to be dissipatedise the accumulated heat in the
system might be a strong disadvantage for compatalpge systems.

Some work has been done in order to evaluate tieetedf methanol concentration,
methanol crossover and the heat and water managemehe cell performance [154-
161].

The passive feed systems have lower power denstss due to the inability to handle
the excess water evolved at the cathode and créssadhe anode. The presence of a
large amount of water floods the cathode and rexluise performance. So, a very
important engineering issue is to remove water friha cathode to avoid severe
flooding and subsequently supply water to the artodeake up water loss due to water
crossover through the membrane. As already refamresection 2.5.2, the water flux
through the membrane, caused by diffusion and relesmosis, can be quantified in
terms of a net water transport coefficieat\(alue). The ideal value of this net water
transport coefficient is a negative value, whichanmegethat no water is needed from the
anode and the water needed to oxidize methanol €@ the water produced on the
cathode side. The magnitude and spatial distributdd the net water transport
coefficient are very important for the design afionative water management strategies
in DMFCs, but with particular interest in micro DI@B. Some studies on water
management for a passive feed DMFC have been pegtbf162-165].

Kim et al. [162] propose a hew MEA structure to effectivegduce the methanol
crossover by adopting a composite membrane. Thetste was carefully designed to
enhance water back diffusion through the membraneiding diffusion layers with
hydrophilic nano-particles developed by the authdB®th novel structure and
conventional structure were built and tested, d&edrésults were compared to evaluate
the effectiveness of the new structure. The wasek lliffusion was measured and the
novel MEA proposed showed an impressive improvemenmpared with the

conventional structure.
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Songet al. [163] studied the water crossover behaviour irbadathing DMFC with
varying structural variables of membrane electrastgembly, such as the existence of a
microporous layer in the cathode diffusion layemifophobicity of the cathode backing
layer, and membrane thickness. They observed tlaa¢rwcrossover from anode to
cathode was lowered by the introduction of the oporous layer in the cathode
backing layer, the reduction of hydrophobicity bktcathode backing layer and the
reduction of the membrane thickness. They alsoddbat the methanol crossover was
lowered when reducing water crossover. The MEAgiesi for low water crossover
revealed improved stability under continuous openat

In their work, Jewetet al. [164] examined the effects of the membrane thiskneater
management system, air management system andffiasoi electrodes on the water
balance coefficient (this coefficient relates timeoant of water used per methanol used
in mole quantities), fuel utilization efficiencynergy efficiency and power density.
When the water balance coefficient is equal to ,zgm® system is losing 2 mol of water
for every 1 mol of methanol consumed (the net pcodef 2 mol created by the
reaction), which is water neutral operation. Tlsighie ideal state for the cell to operate
in. When the water balance coefficient is negatiliere is an excess amount of water
being lost or consumed, more than 2 mol of wateduyser mole of methanol used.
When the water balance coefficient is positivereahe an excess amount of water being
retained by the system, less than 2 mol of wated gp&r mole of methanol used. This is
the goal at which an external supply of water i$ muired. The authors used two
different membranes, Nafion 117 and Nafion 112 ¢y found that Nafion 117 cells
had grater water balance coefficients, higher fudization efficiency and greater
energy efficiency.

Scharferet al. [165] presented the measurement of the concemtratiofiles of water
and methanol in Nafion membranes by means of cahfRaman spectroscopy with
high spatial resolution. The experimental resultowed that the measurement
technique is suited to investigate the water andhamol| transport within fuel cell
membranes. They verified the influence of the mwfrate, the temperature and the
methanol concentration solution on the concentnapoofiles of water and methanol
using Nafion membranes. They found that the methemacentration profiles changed
with the air flow rate, with temperature and, agpented, were dependent on the

methanol concentration. The water concentratiofilpsoshowed a dependency on the
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air flow rate and almost no dependency on the teatpe and on the methanol
concentration.

Despite the number of modelling studies in DMFCdyoa few simulate passive
DMFCs [166-169] and only two of them take into aotbthermal effects [166, 169].
Since thermal management is a key issue in thalperDMFC system it is important
to develop new models accounting for this effed #mat can be a simple computer-
aided tool to the design and optimization of passivect methanol fuel cells.

Chenet al. [166] presented a one-dimensional model to desailpassive liquid-feed
direct methanol fuel cell combining the effectshafat and mass transfer. The model
provides the temperature profile along the diffetapers of a passive DMFC.

More recently, Cheet al.[169] presented a two-dimensional two-phase themualel
for passive direct methanol fuel cells (DMFC). Tihkerently coupled heat and mass
transport, along with the electrochemical reactioosurring in the passive DMFC are
modelled based on the unsaturated flow theory moymmedia. The model is solved
numerically using a home-written computer codenwestigate the effects of various
operating and geometric design parameters, inaudiethanol concentration as well as
the open ratio and channel and rib width of theresur collectors, on the cell
performance.

These two models [166, 169] have the disadvantafjesnsidering the catalyst layers
as interfaces, so it is not possible to obtaintémeperature and concentration profiles in
these layers, and the authors assumed that the anbelis well insulated so no heat is
lost from the anode side. This assumption may lg werealistic in a passive DMFC

working in a portable system.

As was discussed above, many challenges exisafsiye DMFC systems. Low water
crossover, low methanol crossover and high powesties are essential requirements
of a direct methanol fuel cell for portable applicas. It is extremely important to
develop new MEAs designs intended to achieve a#lettgoals simultaneously.
Extensive parametric studies should be performedldcidate the effects of material
properties, MEA fabrication processes and operatiognditions in passive feed
systems. It is, also, crucial to develop new modet®unting for the effects of coupled
heat and mass transfer, along with the electrochahreactions, preferably consisting
of a simple computer-aided tool to the design ampdintzation of passive direct

methanol fuel cells. Further research and develapnie this area could significantly
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improve power and energy density, efficiency, emst reliability for DMFC portable
applications.

2.9. Applications

The direct methanol fuel cells (DMFCs) can be usedverything that uses a battery,
like mobile phones, laptops or CD players. Like tiker types of fuel cells, DMFC
technology is a great source of clean alternathe¥gyy and has the advantage of using a
liquid fuel eliminating the need of fuel reformehjgh operation pressures and
temperatures and of lowering the system size anghive

The opportunities and demand for direct methanel éells in stationary applications
are also extraordinary. More than 2500 fuel cedtems have been installed all over the
world providing primary or backup power. Producingimediate stationary,
decentralized power by using direct methanol fuedl 'echnology for every electrical
need can reduce energy costs by 20% to 40% oveentianal energy service. Direct
methanol fuel cells are ideal for power generateither connected to the electric grid
to provide supplemental power and backup assurfamawitical areas, or installed as a
grid-independent generator for on-site servicergaa that are inaccessible by power
lines. DMFCs generators can be used to providewader or space heating for a
residential. These types of fuel cells are, alsnd incorporated into buses, trains,
scooters and golf carts. Luxury liners and tankgashts and fishing boats can power
themselves across the oceans using DMFCs havingoard power for personal
comforts without the dreadful noise and fumes ahbastion generators. Furthermore,
the use of methanol, a biodegradable fuel, wilcuesour oceans from the pollution
caused by the dumping of other fuels.

Possibly the most wide uses for direct methanol ¢edls are in the area of portable
power since this technology will change the telecmrting world, powering laptops
and palm pilots hours longer than batteries armhatig up to a month of talk time on a
mobile phone. Other applications for DMFC fuel seticlude pagers, video recorders,
portable power tools, and low power remote devisesh as hearing aids, smoke

detectors, burglar alarms, hotel locks and metmters (Fig. 2.13).

72



Transport Phenomena in Direct Methanol Fuel CellsModelling and Experimental Studies

Figure 2.13 — Direct Methanol Fuel Cell applicatios (Courtesy Toshiba, Samsung, Motorola,
Suzuki, Company's XX25, Yamaha, DaimlerChrysler, D€oMo and Fujitsu, Intermec, Panasonic,

Volkswagen).
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2.10. Summary and Scope of the present work

The fundamental transport processes of methanakrvead heat occurring in DMFCs
have been reviewed, along with a summary of reD&EC models and experimental
studies. Significant challenges still exist befoee DMFC can be ready to
commercialization and compete with the traditiobatteries. A better understanding of
the basic transport phenomena achieved through ioechiblow visualization studies
and transport simulations is essential to overctimese challenges and to encourage
new design concepts. Material problems remain asssue in DMFC research and
development, but in this area (membrane and catatgperties) already notable efforts
are made by various groups and companies.

Some effort is being directed towards the develogmé DMFC mathematical models
describing the transport phenomena occurring in DiFC, although only a few
models describe all the inside phenomena procebsggeneral, these models account
for the effects of the two-phase flow and multicament transport in channels and
porous regions (backing layers, catalyst layersy amembrane) along with the
electrochemical reaction presented in a DMFC. Tdieg included the mixed potential
effect of methanol oxidation at the cathode assalt®f methanol crossover and can be
solved numerically using CFD (Computational Fluigin@mics). These models can be
used to investigate the effects of various opegatind structural parameters on cell
performance, however the practical usefulness oD GRodels is relatively low
(computing times, for example, are still prohib&jy It is necessary to developed “old
fashioned” analytical and semi-empirical models iN@s applied mathematical
technigues and computing power) to obtain usekduced models. Despite all the
work done in DMFC modelling, there is still the dder reliable mathematical models
of complete fuel cells coupling, simultaneously,tihamol, water and heat transport
processes in a DMFC. Such models are helpful ferdiscovery of new cell designs
and operation regimes of the DMFC system. One @fothjectives of the present work
is the development of a model considering the &ffetcoupled heat and mass transfer,
along with the electrochemical reactions occurnmgan active and passive feeding
DMFC. The model should be used to predict the nmethaxygen, carbon dioxide and
water concentration profiles in the anode, cathet membrane as well as to estimate
the methanol and water crossover and the tempergitofile across the cell. The
model, describing the active feed DMFC, shouldvaltbe assessment of the effect of
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operating parameters (such as methanol and oxyagh doncentration, flow-rate and
current density) and the design parameters (chagewhetry, active area and material
properties) on the temperature and concentratioofilgg along the cell and
consequently on the cell performance. The modetHerpassive feed DMFC should,
also, allow the assessment of the effect of methaoacentration and material
properties on the temperature and concentratiofilggalong the cell and on the cell
performance. To further understand the physical ememical phenomena occurring
inside the DMFC, steady-state experiments weraethout and were used to validate
the developed models. The models were, also, usprbvide suitable operating ranges
adequate to different applications for differenegiing conditions and variable MEA
structures.

There is a lack of work published on DMFCs opegatihatmospheric pressure and low
temperatures and these less severe conditionsaaoeirble especially for portable
applications. It is also a main objective of theswork study the effect of operating
conditions, such as methanol feed concentratiorthanel and air flow rate, and the
effect of configuration parameters, such as gafusidn media, catalyst loading,
membrane thickness, and flow field designs on #ileperformance of an active feed
DMFC at ambient conditions (atmospheric pressuceaambient temperature).
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CHAPTER 3

3. MODEL FORMULATION FOR AN ACTIVE FEED DMFC

The necessity of formulation of adequate matheralatiodels is based on the need
to reach a deeper understanding of internal presgsesactions, mass transport, heat
transport) which can not be observed directly ipezdnents or the possibility to
apply mathematical optimisation methods to obtaintshas to where further
technical improvements may be required or benéficénd, finally, for the
development of optimal control and operating sgiae

In this chapter the development of a semi-anallticae-dimensional model
considering the effects of coupled heat and maasster, along with the
electrochemical reactions occurring in an activedieg DMFC are presented. The
main objective is to produce a simplified modelal#gsng the main heat and mass
transfer effects in a DMFC reproducing with satisfay accuracy experimental

data.

The contents of this Chapter were partially pul@igiin Oliveira, V.B, Falcédo, D.S.,
Rangel, C.M. and Pinto, A.M.F.R., “Heat and masangifer effects in a direct
methanol fuel cell: A 1D modelinternational Journal of Hydrogen Energy, Vol.
33, Issue 17, July 2008, 3818-3828.

3.1.General model structure

A schematic representation of an active-feed dimethanol fuel cell, with all the

layers considered in the model, is shown in Fifj, 8onsisting of

e an aluminium plate (AAP), a rubber plate (ARP), @mer plate (ACP), a
graphite plate with flow channels (AF), a diffusitayer (AD) and a catalyst
layer (AC) at the anode side;

* apolymer electrolyte membrane (M);
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» acatalyst layer (CC), a diffusion layer (CD), aghite plate with flow channels
(CF), a copper plate (CCP), a rubber plate (CRB)aamaluminium plate (CAP)

at the cathode side.

A CH:0OH
uTAF AirﬂTCF
¥ H-O
Section | Section I Section |l Section |
CH:COH
H+
H.O
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CH:OH 75— 15 Air s = T10
H.0 H.0
Co. Cco,

Figure 3.1 — Schematic representation of a DMFC

In an active-feed DMFC the fuel, methanol or aneags methanol solution, is supplied
to the reaction zone by a liquid pump and the axidair, by a mass flow controller.
From the AD through the AC and from the AC throubke M, methanol solution is

transported primarily by diffusion. In a similar ywthe transport of oxygen on the CD
and CC is enhanced by diffusion. After the eledtemical reaction of methanol
oxidation, which takes place in the AC, the carbdioxide produced moves
countercurrently toward the AF via the AD and ACt sufficiently high current

densities carbon dioxide emerges in the form oftydables from the surface of the AC.
In the CC, oxygen reacts with protons and electrgaserating water. The water
produced in CC moves counter-currently toward titevia the CD and CC and also

under some operating conditions, by back diffuseward the anode.
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3.2.Model assumptions

The direct methanol fuel cell is a multiphase syst@volving simultaneous mass,
charge and energy transfer. To make this complstesy simpler it is here prescribed
as a one-dimensional transport (along the x dwagtwvith the following simplifications

and assumptions:

» the fuel cell is assumed to operate under steatg-sbnditions;

» the transport of heat and mass through the gasswfi and catalyst layers is
assumed to be a diffusion-predominated processtladonvection effect is

negligible;

* mass transport in the diffusion layers and membisudescribed using effective

Fick models;

 the thermal energy model is based on the diffeaenthermal energy

conservation equation (Fourier’s law);
» pressure gradient across the layers is negligible;

» only the liquid phase is considered in the anode,sso carbon dioxide remains

dissolved in solution;
* gaseous methanol and water are considered in theds
» solutions are considered ideal and dilute;
* local equilibrium at interfaces is represented astipon functions;

» the catalyst layers are assumed to be a macro-remeogs porous electrode so
reactions in these layers are modelled as a honeogsrreaction;

» anode kinetics is described by step mechanism, avitite expression similar to
the used by Meyerst al.[26];

» the anodic and cathodic overpotentials are con#itantigh the catalyst layers;

» cathode kinetics is described by Tafel equation;
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* methanol and water transport through the membmmassumed to be due to the
combined effect of the concentration gradient betwe¢he anode and the

cathode and the electro-osmosis force;

+ the anode and cathode flow channels are treatem amtinuous stirred tank
reactor (CSTR). Accordingly, the composition anchperature inside the flow

channels are uniform and equal to their valuekeathannel outlet;

» the heat generation by electrochemical reactioesroag in the catalyst layers

is considered;

 when compared with the heat generated by electroiciaé reactions and
overpotential, the heat released by Joule Effedigniored;

» the contact thermal resistance between the graplates and the gas diffusion

layers is negligible;

* the anode and the cathode streams are acting adraesfer fluids so they

remove heat from the cell at their outlet tempeesyu

» the temperatures of the external walls of the €Blland T4 in Fig. 3.1) are

known;

» the heat flux generated in the catalyst layersssimed to be constant.

3.3.Governing equations and Boundary conditions — Anodand Cathode

3.3.1. Mass transport

Anode reaction:

Methanol oxidationCH;OH + H,O — CO, +6H " +6e” (3.1)

Cathode reaction:

Oxygen reductionO, +4H " +4e” - 2H,0 (3.2)

Methanol oxidation CH;OH +§OZ - CO, +2H,0 (3.3)
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The anode flow channels are treated as a continstousd tank reactor (CSTR), so the
methanol and water flux are described by

AF

N, =‘L—S(c,°—c,»’*) (3.4)

where j represents methanol or water and
AS = r']channelsxexw (35)

where NehanneisiS the channel number areland w are the width and length of the

channels, respectively.

In the anode diffusion and catalyst layer, the raeth and water flux are related to the

concentration gradient by assuming Fickian diffagib71] with an effective diffusivity
D{"*° in the AD and D{"*° in the AC. The methanol and water flux can be

determined from:

AD

N, =-D¢"4P dj , ] represents methanol or water (3.6)
X

and
AC

N, =-Df""° dj , ] represents methanol or water (3.7)
X

The concentration at the AF/AD and AD/AC interfagssgiven by assuming local
equilibrium with a partition coefficientK, and Ks, respectively. The boundary
conditions for Eqg. (3.6) and (3.7) are (see Fify) 3.

Atx=x,: C =K,C/", jrepresents methanol or water (3.8)
Atx=xs: C/“=C.7 =K,C/®, j represents methanol or water (3.9)
Atx=x5: C/©=C., jrepresents methanol or water (3.10)
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In fuel cells, all the fluxes can be related toirgle characteristic flux, the current
density or charge flux of the fuel cell. In the DMFthe methanol flux is related to the

current density and the permeation flux of methahodugh the membraneN@HpH)'

by:

— ICeII + Ng/lH3OH (311)

CH,OH G_F

At the anode side, the water flux is related to ¢bherent density and to the net water
transport coefficienty (defined as the ratio of the net water flux thotiglh membrane

from the anode to the cathode normalized by prottiax), by:

Nio = 'gle:" (a+1) (3.12)

The transport of methanol and water through the bmane is assumed to be due to the
combined effect of the concentration gradient dredelectro-osmosis force. The fluxes

can be determined from:

|
NM Deff:M CH4OH ~Cell (3.13)
CH40H CH4OH dx ¢ CH:OH
w (3.14)
NHMzo —a |6cell — DsfszM deO + Ny |Cel|

The electro-osmotic dragfn.on ,na ), in equations (3.13) and (3.14), is defined a&s th
number of methanol or water molecules dragged byhifdrogen ions moving through
the membrane.

The net water transport coefficient, can be calculated using the equation (3.14).

The concentration at the AC/membrane interfacévisngby assuming local equilibrium
with a partition coefficienKes. The boundary conditions for the integration ofi@tpns
(3.13) and (3.14) is given by

Atx=x,: CM" =K Cg',] represents methanol or water (3.15)
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In the cathode catalyst layer, the methanol, water oxygen flux are related to the
concentration gradient by assuming Fickian diffasifl71] with an effective

diffusivity D™ . The flux can be determined from:

ccC

N =-Dgfce d—’ , ] represents methanol, water or oxygen (3.16)
X

It is here considered that the entire methanol stngsthe membrane reacts at the
cathode catalyst layer so the concentration aCtBACD interface is zerdt is assumed
that there is no oxygen crossover, so the oxygewerdration in CC/M interface is
zero. The concentration of water and methanol atnilembrane/CC interface and the
concentration of water and oxygen at the CC/CDrfate are given by assuming local
equilibrium with a partition coefficientK; and Kg, respectively. The boundary
conditions for Eqg. (3.16) are:

Atx=x,: Ci°=C77 =K,C7, ] represents methanol or water &dff, =0 (3 17)

Atx=xs: C&ion 00,C55 =Cqp o andCgl =Cgg, (3.18)

At the cathode catalyst layer, the oxygen reactth whe electrons and protons to
produce water. However, part of oxygen fed is caredi due to methanol crossover to
form an internal current and a mixed potential. rEfere the oxygen flux is related to

the current density and the permeation flux of et through the membrane by

I ell
NOZ = UOZ 4(_:_F + UCI'OSSOZ Né/IH3OH (3.19)

where

U02 = 1and UCFOSSOZ = %

At the cathode side, the water flux is relatedhe water production from the oxygen
reduction reaction and methanol crossover oxidatoml to the net water flux

transported from the anode to the cathode by:
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I Cell

— M M
NHzO - UHzO +UcrosstO NCH3OH + NHzO (320)

where

UHzO = 2; UcrosstO = 2

In the cathode diffusion layer the oxygen and wéter are related to the concentration

gradient by

dce® .
N, =-D"®* == i represents oxygen or water vapour (3.22)
whereD*"" is the effective diffusion coefficient of oxygendawater in the CD.

The concentration at the CF/CD and CD/CC interfasegiven by assuming local
equilibrium with a partition coefficienKg and Ks. The boundary conditions for Eq.
(3.21) are

Atx=xg: C° =KgCs’ (3.22)

At X = Xg CiCF = Kgyi CiCD (323)

Like at the anode side, the cathode flow channel$raated as a continuous stirred tank

reactor (CSTR), so the oxygen and water vapourdhexdescribed by

CF

N, = qAS (co-ce) (3.24)

where i represents oxygen or water vapour and

AS = nchannels>< exw (325)

If dry air is fed to the cathode, the water vapeed concentrationC(,ﬂzo) Is zero.

To account for the effect of methanol crossovertiom cathode overpotential it is
assumed that the methanol crossing the membranpletty reacts electrochemically
at the cathode. In this way the internal currdri.on) due to methanol oxidation can

be written as
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| chson = 6FN2AH3OH (3.26)

where the methanol flux in the membram¢Y, .., ) is obtained from Eq. (3.13).

The volumetric current density expression for methaxidation is taken from Meyers

et al [26] as
. _ ) CHsOH kcé\l-(i:sOH F(aAOAFj
Ja= aIO,ref ex
CAC + A ex aA’?AF RTAC (327)
CH30H RTac

The current density is related to the volumetricrent density using the following

equation

i XG CH,OH k AS OH
ICeII = J- JAdX = J-alo,resf :

AC
& * Ceh,on +4 exp(

exp( AA1aF j dx
aniaF RTac
RTc

(3.28)

Equation (3.28) is used to calculate the anodepmiential for a givenl ce;, assuming

N as constant in the anode catalyst layer AC.

At the cathode, the electrochemical reaction is elled using Tafel equation for the
oxygen reduction taking in account the mixed po#nThe cathode overpotential can

then be determined from:

Cse acncF
— 102 Oz C,7C
Icen + Ichaon = g rer Cgfref eXF{ R j (3.29)

3.3.2. Heat transport

Based on the simplifications and assumptions dasdripreviously the following

overall heat transfer equation can be proposedRgea.1):

Q" +Q%° =Q, +Q, +Q* +Q°F (3.30)
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whereQ*F and Q" represent the heat transferred to the anode ahddmstream. The
total heat generated in the DMFC is equal to that Hesses to the surrounding
environment at the anode and cathode side pluhehe removed by the anode and
cathode fuel streams.

Complementarly, the following heat transfer balancan be written:

Q =Q,-Q* (3.31)
Q,=Q, Q< (3.32)
Q=Q% -Qs (3.33)
Q, =Q%° +Q, (3.34)

The energy balance for the anode and cathode streemmsidering a steady-flow
system with one inlet and one outlet, where thengha in kinetic and potential energies

are negligible and there is no work interactioe, aespectively,

AF ) AF o AF

QAF - q IOAS p (T5 _TAF) (335)
CF CF cCF

Q" = %(Tm _TCF) (3.36)

where p*" and p°F are thedensities of the anode and cathode streamsCpfdl and

Cp“" the specific heats for anode and cathode stre@spectively.
At the anode, heat generated by the electrochéneigetion in the AC is given by

Mj (3.37)

AC = -1
Q CeII,7A Cell [ 6F

In this equation the first term represents the keatto the activation and mass transfer
overpotentials at the anode and the second terneseqts the entropy change of the

anodic electrochemical reaction, witkH » denoting the anodic reaction enthalpy and

AG, the Gibbs free energy. This equation can be resmris:
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Q= lcat?n= B~ B (Tac—298) (3.38)
where
B =1 (AH2 - AGY), (3.39)
6F

_ ICeII
Bo = 6F (CpCOz — CPpchson —Cszo) (3.40)
and
The =1 ;T7 (3.41)

In a similar way, the heat generated at the CC beatletermined from
AH . -AG
QCC = (ICeII + ICH3OH )’7(: - lCeII —— (3-42)
4F
where the first term represents the heat due toaittevation and mass transfer
overpotentials and mixed potential caused by metharossover through the cathode
and the second term represents the entropy chahgjee ccathodic electrochemical
reaction, withAH¢ denoting the cathodic reaction enthalpy ak@., the Gibbs free

energy. This equation can be rewritten as

Qcc = (| cell + | chson )’7c —Bs— s (ch - 298) (3.43)
where
B = (AHE - G2), (3.44)
4F
lce
L= 40F” (ZCszo —Cpoz) (3.45)
and
Tee = Te ;Tg (3.46)
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In the anode aluminium, rubber and copper plates diffusion layer the heat flux
Q:andQ; can be related to the temperature gradient aceast layer, using the

Fourier’s law, as

o=-k'9T (3.47)

wherel represents AAP, ARP, ACP or AD

At the cathode side, the heat fluxsQ, andQs can be related to the temperature
gradient across the CAP, CRP, CCP, CD and M lag®rs

dT
=-K'— 3.48
Q o (3.48)

wheret represents CAP, CRP, CCP, CD or M.

Anode and Cathode flow channel

In a single cell DMFC the graphite plate has flolacnels machined on only one
surface, the surface contacting with the diffudieyer (Fig. 3.1). The establishment of
the heat transport equations involved the consiideraof sections 1 and 2 in the

graphite plate. Section 2 is treated as a finnefasel exchanging heat with the cannel
fluid [172] and can be found in Appendix B (10.Bwe consider that the heat removed
by the anode or cathode stream is equal to the gynuheat transfer from the fin (Eq.

3.49), we can relate the heat flux in section 1 seution 2.

QAF/CF ==Qfn = Npameid? finhAfin( Ty 1-/10) (3.49)

whereh represents the heat transfer coefficient, see AgigeB (10.6).
In section 1 the heat is transferred by condudiuosh the resulting equations are:

_KGd_T

Q= dx

(3.50)
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dT
=-K®— 3.51
Q =-K° (351)

Anode and Cathode catalyst layer

The differential equations describing the tempegafuofiles in these layers are:

d’T _ Q" (3.52)
de K ACéAC

dZT B QCC

dx> - K ccycc (3-53)

where Q”¢ and Q¢ are, respectively, the heat generated in the acaikddyst layer and
cathode catalyst layer.

The boundary conditions for Eq. (3.52) and (3.58)the temperatures at the wallg, (
T7, Tg andTg).

For these layers. Fourier's law gives

At X=X, : Q3=—KA°?1—: (3.54)
Atx=x,: Q= —ch?j—: (3.55)

dT . . , . : :
whered— is calculated using the temperature profile oledifrom the integration of
X

equations (3.52) and (3.53).
3.4.Cell performance
The determination of methanol and oxygen conceaotratat the catalyst layers, the

temperature profiles and the anodic and cathodierpmtentials from the model

equations enables prediction of the cell voltagactvcan be expressed as:

Veer = Ecer =14 =Mc = caRea (3.56)
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where

0E
Ecer =Uo, “Uchson +AT(6—TJ, (3.57)

n, andrn. are the anode and cathode overpotencials andgh#nrane resistanég,,,

Is given by
5M
Rear = P (3.58)

where o" is membrane thickness ardis the ionic conductivity of the membrane.

3.5. Analytical solutions

3.5.1. Mass transport

The methanol and water concentration profile in & be obtained combining Egs.
(3.4) and (3.11) or (3.4) and (3.12):

A® (lce
CéliOH = CgHsoH - qAF ( GCF” + Nnggon (3-59)
AF _ (~O,AF AS|Ce||
Clio =Cio ToF6F (a+1) (3.60)

Combining equations (3.6), (3.8) and (3.11) or Z3Jields the concentration profile in
AD. To obtain the concentration profile in AC wengoine Eqgs. (3.7), (3.9) and (3.11)

or (3.12). The solutions are respectively:

e N
C(?I-ZOH = K4C€|530H +L(X4 - X) * i ap (X4 - X) (3.61)

eff,AD eff ,AD
6FDCH3OH DCH3OH
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| ca (@ +1)
AD  _ AF Cell
Cio = KaCo + 6FDﬁf2f,OAD (X4 B X) (3.62)
AC  _ ~AC | cen NC'\3AH3OH
CCH30H - C5,CH30H +W(X5 - X)+ eff AC ()Q3 - X) (3.63)
6FDCH3OH CH30OH

lcarl@ +1
e

H>0

(3.64)

The concentration of methanol and water throughnieenbrane can be obtained by
using Egs. (3.13) and (3.14):

NM crson | cel
M _ AC CHaOH F (3.65)
Cenon = KeCoopon + DefM (XG - X)
CH3OH
I Cell 25| Cell
Cl o =KeCLL o +——— (X — %) - X5 — X
H20 6%6,H,0 6FD|326M ( 6 ) FDSZE)M ( 6 ) (3.66)

Combining Egs. (3.13), (3.15) and (3.17) we obtéiae expression to calculate the

methanol flux through the membrane:

eff M
N M —_ DCH3OH
CHsOH — 5M

(KGC AC — C;\{ICHSOH )+M (367)

6,CH30H F

The concentration of methanol, water and oxygeoutin the CC can be obtained
combining Egs. (3.16), (3.17) and (3.18):

|cen N

cC  _ (cCcC e CH3OH

CCH3OH - C?,CH3OH - 6ED " CC (X7 - X) + Deff cC (X7 - X) (3.68)
CH30OH CH3OH

CSSO = C7C,gzo + (X7 - X)(m =+ 05lca + oo j (3.69)

DETSC | 6F F 3F
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M

ICeII 3 N 3
Cs =Csa, —4FDeﬁ,cc( - )+§ St oo (X =x) (3.70)
Oz O

Combining equations (3.19), (3.21) and (3.22) 02@3 (3.21), and (3.22) we obtained

the concentration profile in CD:

_ I cen 3 N(“;”HsoH
CSZD = K8,02C§82 +W(X8 - X)+§W(X8 - X) (371)

cD _ cc
CHzO - K8vH20C8,H20 +

(x - x)(al ce , O5lcar , louon j (3.72)

D"CO | BF F 3F

H>0

The concentration of oxygen and water through tlirec@n be obtained using Egs.
(3.19) and (3.24) or (3.20) and (3.24):

CCF_CO _AS ICeII+3NM
0, T Yo qCF AF E CH30H (3-73)
S |
Ceo=C0% + ?;F [ag;e" + 0'5::09" + C;::H j (3.74)

From the solutions above we obtain a expressionatoulate th€.¢, o, » Crcron »

Cso, anda:

eff,M M
| cenC1 _ $crgon | cenCr + DCH30H ClC?,CHgOH

KsK4C2, i —
CAC = o CHsOH 6F F 5M (3 75)
6,CH30H DEM C .
CH3OH 61
1+75M
where:
oK b Ja ASK,K
C.= >+ - (3.76)

= [ eff,AD eff,AC
Denion Dehson q
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C 1ea0® | Eomonl cat0%® | DEon 0 KeCoGuon
cn = BFDGGIKs  FDghKs 0" D&iuon K+ 377
7,CH3OH — DEﬁ'M 5(:(; ( . )
1+ CH30H
M eff CC
o DCH3OH K7
Co Colear  C23NY
70,82 — Oz 4 2 cell | ~29TVCHsOH (3.78)
Kgo, Koo, 4F 2
where:
oP AS
C, = - 3.79
’ D(e)f'CDKs,Oz qCFKs,oz Koo ( )
Cilcala +1
Conio = KeKsKyCl g ——o = Cé'é ) (3.80)
where:
KeKsK4iA®  KeKsd™P  Kgo”©
Cs = : quF4 + I;effS,AD +D5eff,AC (3.81)
H>0 H20
CM — CI(-)IZO + a‘CeII + ICeII + ICH30H C (3 82)
= . )
"0 K, 0K7moKomo | BF  2F  3F
where:
5CD 5CC AS
G, = sico sicc T (3.83)
) KS,HZOKZHZODHTOCD K7,H20Dcf|33g?4 qCFKB,HZOKQ,HZOK 7,H,0
6FDe™™ (cM -CY
a=- ICH”20 ( 7,H205NI 6,H20 +6nd (384)
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3.5.2. Heat transport

Solving equation (3.47) for;Tand T, we obtained:

_(T-T)
Rr 1

where Ry 1 is the total thermal resistance

R:i=R+R+Rs

and R, R, Rsare the thermal resistance of AAP, ARP and ACP

R =",

(3.85)

(3.86)

(3.87)

(3.88)

(3.89)

The solution to Egs. (3.31), (3.33), (3.35), (3,38)48), (3.49) and (3.85) is:

Ts(A+ Ac)— ATar

_Tl B
AZR = lcai]a = Br = B2 (Tac —298) - (m-To) _ A(Ts —Tae) (3.90)
\T ,2

where

AF
A= q pHiSszo,l | (3.01)
Az = nchannelg finhAfin’ (392)
RT,Z = Rf,1+ %ectionl' (393)
R, =225 and (3.94)

KM
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Xa — X3

RSection =
K AF

(3.95)

Rr > is the total thermal resistancBg is the thermal resistance of the membrane and
Rsecion 1S the total thermal resistance of section |.

Solving Egs. (3.33), (3.38) and (3.48) and (3.38)43) and (3.48) the following

equations are obtained:

To - T. T, -
6R45=|MWA—@f¢ﬁﬁm—29®—(7 :) (3.96)
where R:is the thermal resistance of AD
R, = > % (3.97)
KAD
and
To —T T, - T,
- = 0= (| cell + | chzon )’70 = B:— s (ch - 298)"‘ ( ! 8) (3.98)
where Rsis the thermal resistance of CD
Ry = 20— (3.99)
KCD

The model simulations presented in this Chapteriar@@hapter 5 were obtained based
on the parameters listed in Table 3.1. The phygioaperties and the expressions used
to calculate the effective diffusion coefficientgqorosities, effective thermal
conductivities can be found in Appendix B (B.1, B&23 and B.4).

Is should be mentioned that all the parameters uszd carefully chosen from recent
literature, namely reference exchange current termnd transfer coefficients. In

numerous published works, there are numerous vdtuethe same parameter, and it
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seems that some authors use the parameters tteatfiigheir experimental results that

could be or not the most adequate to their opey@@sign conditions.

Table 3.1 — Values for the parameters used in theadel equations.

Parameter Value Reference
Uo, 1.24V [120]
U chson 0.03V [120]
0E/dT -1.4 x10*V/IK [166]
K 0.036 S/cm [120]
o 0.018 cm [120]
3", 0%, g, 0.20 cm real value
5" 50 0.015 cm [120]
o"¢, 5¢¢ 0.0023 cm [120]
g7 gCP 0.71 [173]
£ 0.81 [173]
£CC 0.86 [173]
a 1000 cmt [120]
| SHeoH 9.425x10° expl(35570' R)(1/353-1/T)) Alcm? [166]
12, 4.222x10° exp((73200/ R)(1/353-1/T)) Alcm?® |  [166]
k 75x10™ [120]
A 2.8x10° mol/cn? [120]
an 0.52 [120]
ac 1.55 [120]
Ka-6, Ke-on:0 0.8 assumed
Ke-s.0. 1.25 assumed
K7 0.001 assumed
q"* 0.33 cnils real value
q~ 1.67 cms real value
Nehannels 15 real value
W 5cm real value
Puair 1 atm [120]
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p&fepce £90CC* |(T175 x 58107 )/(27.772x P)] cntls [174]
Defion’ £202°((7.608x107 xT) /(10 x 9.489) cnls | [174]
Dékion £°"|[T° x 58x10*)/(33904x P)| cnfls | [174]
D, 49x10° exp(2436x (1/333-1/T)) cnf/s [120]
Do £"02%((6.205x107 xT)/(tomon x5.833)] cnfls | [174]
Die £0CC” (7175 5 62x10)/(25523% P)| cnfls | [174]
Def 20x10° exp(2060x (1/303-1/T))cn/s [87]
crison 25% Xchaom [120]

Ng 29exp1029% (1/333-1/T)) [166]
o 2cm real value
5PRP_ 5CRP 0.1 cm real value
O0"P ¢ 0.05cm real value
goedon! 0.15cm real value
KM 0.0043 W/cmK [173]

K AP 1.95+ 6.5% 10°T W/mK [173]

K <P 1.71+ 2.96 10°T W/mK [173]

K ¢ (1—£AC)><86.7+£AC( 0.34% 9.28 11‘3) W/mK | [173]

K ©© (1—5CC)>< 71+ gCC( 0.0034 7.68 115) WimK | [173]
Tar T1, Tua 343 K real value
Ter 293 K real value

3.6.Results and discussion

The developed model coupling the heat and massfénaprocesses occurring in the

DMFC is rapidly implemented with simple numericabls: Matlab and Excel. In this

section, examples of model predictions obtainedrafbplementation of the model are

presented. The conditions chosen to generate thelagions are similar to those used

by Brendaet al. [120] in their experiments. This work was selecsatce the authors

give a complete characterization of the MEA strustueporting data essential to use in

the present model. The cell used by them had aweaatea of 25 cfwith a Nafion

117 membrane. They used E-TEK 40% Platinum/C ab bobde and cathode gas
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diffusion layers. The anode catalyst loading wasd@cnf of Pt/Ru and the cathode
catalyst loading was 1 mg/érof Pt.

Predicted methanol concentration profiles acrosarsele and membrane, are depicted
in Figure 3.2, when the cell is feed with a 0.5Mtia@ol solution at current densities of
50, 100 and 150 mA/cm The concentration profile at the anode flow clenis
constant because it is treated as a CSTR. In tier tayers, the methanol concentration
decreases due to mass transfer diffusion, metltamsiumption in the catalyst layer and
the methanol crossover. The slope of the concemtrgirofile in the membrane is
higher for the lower current density showing a leigimethanol crossover for this
condition.

AF AD AC M

o
ol

o
N
Il

o
w
I

0.2

S S

0.1+

0 ‘
0.18 0.2 0.22 0.24
X (cm)

Methanol concentration (mol/drﬁ)

——0.0:Alcm” ! 0.10A/cm ——0.15Alcm’!

Figure 3.2 — Predicted methanol concentration profés in the cell for different current densities.
Operating conditions: temperature 70 °C, pressure atm, " = 0.33 cni/s and dF = 1.67 cni/s.

Figure 3.3 shows the predictions of the methanosswver as a function of current
density for different methanol feed concentratioAsthe cathode, the methanol that
crosses the membrane reacts with oxygen in a ¢orrosaction. Therefore the leakage
current formed due to methanol oxidation represdotd losses. Expressing the
methanol crossover in terms of a leakage curremtsgh more understanding idea of the
effect of the loss in efficiency due to methanassover. As can be seen in Fig. 3.3, the
leakage current can be reduced by running theatéliw methanol concentrations and
high current densities. The leakage current goe=eto at the limiting current density

value for all concentrations. This provides a chékt the transport equations, used in
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the development of this simple model, give a plgi§ic meaningful methanol
concentration profile, and influence of methanat@ntration in the anode feed on the

methanol losses.

0.08
0.06 1
0.04 1

0.02 1

0.00 0.05 0.10 0.15 0.20
Current density (A/cmz)
—0.IM—0.2M — 0.5M — 1M

Leakage current (A/crr?)

Figure 3.3 — Model prediction for methanol crossovefor different methanol feed concentrations.
Operating conditions: temperature 70 °C, pressure atm, " = 0.33 cni/s and dF = 1.67 cni/s.

Figures 3.4 (a) and (b) show the water concentraditross the anode, membrane and
cathode. As is evident from these figures, the watscentration in the anode and
membrane is higher than in the cathode. This iaume it is assumed that liquid water
exists at the anode, and water vapour, at the datbAdthough water diffusion occurs in
AD and AC and water consumption in AC, the watenaemtration profile across these
layers appears to be nearly constant. This carxpl@ieed by the fact that these layers
are full of water so, the water loss by consumptonl diffusion is irrelevant when
compared with the total amount of water presentt #fee simulated conditions
presented, the net water flow through the membi@wrs from the anode to the
cathode. In CC and CD, the water concentrationedsas according to the direction of
water diffusion in air, toward the cell exit. In Adhd CF the water concentration profile

is constant, because, as was already referred lgsrs were treated as CSTR.
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Figure 3.4 — Predicted water concentration distribtion in the cell at different current densities: (3

anode and membrane and (b) cathode. Operating cortdins: methanol concentration 0.5M,
temperature 70 °C, pressure 1 atm,f = 0.33 cni/s and " = 1.67 cnis.

Model predictions of the net water transport caetfit, a, are presented in Figure 3.5

as a function of current density for different negtbl feed concentrations. It should be

remembered that positive corresponds to a net water flow from anode to @sho

while negativea indicates that the net flow occurs in the opposite. Figure 3.5

shows that for all the methanol concentrations ugexl values ofa are positive,

although they are higher for low feed methanol emtiations. This occurs because for

low methanol feed concentrations there is almagags a higher water concentration at
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the anode side, especially for the lower valuesuofent density. The transport of water
due to electroosmotic drag and diffusion towards ththode is dominant. For high
methanol concentrations in the gas feed and lonentidensities the water production
in the cathode gives higher water concentrationshen cathode side. Therefore the
water transport from the anode to the cathodewseldaorresponding to small values of
a. As already explained in Chapter 2, working urider or even negative values of

(corresponding to a low water crossover) may berdgd to enable operation of a
DMFC under high concentration of methanol in thedfesolution, increasing therefore

the power density of the cell.

40 -
35 -
30 -
25 -
20 -
15 -
10 -

net water transport coefficient

0 T T T 1
0.00 0.05 0.10 0.15 0.20

Current density (A/cmz)
—0.5M — 1M —2M

Figure 3.5 — Model predictions of the net water trasport coefficient for different methanol
concentrations. Operating conditions: temperature @ °C, pressure 1 atm, o = 0.33 cni/s and ¢
=1.67 cnils.

In Figure 3.6, model predictions afas a function of methanol feed concentration for
different current densities are presented. It islev that the methanol concentration
has a large impact on tleevalues. High methanol concentrations result in V@awes of

a. It is also evident that for higher values of therent density the impact of methanol
concentration decreases. The model predicts threatarrends of the influence of the
current density on water crossover. The trendsigiestiby the model are in accordance
to the ones proposed by the authorsdtial. [90]. The developed model can be used to

perform further studies with different MEA struatsrto set-up operating conditions
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enabling low values of the water crossover and arethcrossover and relatively high

values for the methanol concentration.

25
20
15

10

net water transport coeefficien

0 I T T 1
0.5 1.0 15 2.0

Methanol concentration (moI/dn13)

—e—0.05A/cnf? —=—0.10A/cnf | —a— 0.15A/cnt

Figure 3.6 — Influence of methanol concentration othe net water transport coefficient at different
current densities. Operating conditions: temperatue 70 °C, pressure 1 atm,j = 0.33 cn¥/s and
q“F = 1.67 cnils.

As, we are aware up to now there is only one wbék provides alfa values measured
experimentally. To validate our model in termsloé het water transport coefficient, the
model predictions for alfa values are compared withrecent experimental data from
Liu et al. [175], for different cathode relative humiditieshe conditions used to
generate the simulations are the same as thoseteeéguy the authors. The fuel cell
temperature used was 60°C, ambient pressure, 2kam@tconcentration solution and
air were fed to the anode and cathode side, ragphgtat 0.33 ml/s and 1.67 ml/s. The
fuel cell area used for simulation is the same Wsetiu et al.[175] and is 12 cfh The
values of the net water transport coefficient fdfedent values of the cathode relative
humidity together with the absolute deviation betwenodel and experimental results
are presented in Table 3.2. The values presentéusriable correspond to a constant
current density of 0.15 A/cmAs can be seen from the values displayed, theemod
predictions show good agreement with the experiatatdta, with very low values of
absolute deviations.
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Table 3.2 - Comparison between model predictions, for the net ater transport coefficient, and

experimental data from Liu et al.[175] and absolute deviation for 60 °C, Nafion218t 0.15 A/cnf.

(Relatis:;fmidity) Data from Liu et al.[175] Model Absolute deviation
0 0.70 0.72 0.02
30 0.48 0.48 0.00
50 0.25 0.26 0.01
70 -0.15 -0.16 0.01
100 -0.70 -0.70 0.00

Figure 3.7 shows the temperature distribution ndhbtive section of the cell for a feed
methanol concentration of 0.5M methanol solutiod aperating at different current
densities. The data points represent the tempesaairthe several layer interfaces. It is
seen from Fig. 3.7 that, under the presented dpgrabnditions, the temperature in the
anode side is lower than that in the cathode. iBhiecause the heat generation rate by
the anodic overpotential is less than the endotiterheat demanded by the
electrochemical reaction of methanol oxidation.&Asesult some heat has to be taken
from the cathode.

344.9 AD AC M CC CD
344.7 — 1
g 344.5 L1
L 344.3-
=
S 344.1- S
L L 5
—
£ 343.9
(]
F  343.7-
343.5 ) S
3433 T T T T T
0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26
X (cm)

—e—0.05A/cnt '—=— 0.10A/cnf >—a— 0.15A/cnt !

Figure 3.7 — Prediction for the temperature distritution in the cell at different current densities.
Operating conditions: methanol concentration 0.5M pressure 1 atm, §" = 0.33 cni/s and " =
1.67 cni/s.
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In Figure 3.8, the predictions from the developeatigl and from the model described
by Brendaet al. [120] are presented. Comparing the two approaithes be seen that
both predictions are generally in good accordanitie tive experimental determined cell
performance. The present model however, predidteribe performance of the DMFC
cell studied by [120] mainly at low to moderateremt intensities, probably due to the
introduction of the mass transfer effects on théhade side and of the heat transfer

effects.

0.8

0.74 e

0.6 1

Cell potential (V)

0.5+

0.4 T T T T 1
0.000 0.005 0.010 0.015 0.020 0.025

Current density (A/cmz)
¢ 0.1M — model— model [120]

Figure 3.8 — Comparison of the presented model préations and the model developed by Brendat
al.; dots: experimental data from [120], lines: modebpredictions. Operating conditions: methanol
concentration 0.1M, temperature 70 °C, pressure 1ta, q"" = 0.33 cni/s and §" = 1.67 cnils.

In Figure 3.9 the predicted polarization curves @tM, 0.2M and 0.5M methanol
solutions, are presented. The open-circuit voltggedicted by the model, is much
lower than the thermodynamic equilibrium cell vgkkaas a result of methanol
crossover. This prediction is in accordance withezimental observations [120]. It can
be seen that, for low current densities and hidgéed methanol concentrations the cell
performance is lower. This is due to the fact thigher methanol concentrations result
in a higher methanol crossover. At the cathode, sitadhanol reacts with the oxygen to
form a mixed potential. Hence, a higher methanaokeatration leads to a higher mixed
potential, thereby causing a lower cell performamecording to Fig. 3.9, the model

predictions are close to experimental performancess presented by [1RO0
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Figure 3.9 — Comparison of the model predictions opolarization curves for different methanol
concentrations; dots: experimental data from [120]Jines: model predictions. Operating conditions:
temperature 70 °C, pressure 1 atm,f = 0.33 cni/s and " = 1.67 cnis.

Generally, DMFC models predict less accuratelyegerimental data at low voltages,
where complex phenomena, like water flooding, meguo. As can be seen in Fig. 3.9
the present model describes well the experimertallts for low current densities due
to the integration, on the model, of the mass teansffects at the cathode side. The
most significant discrepancies between the model experimental data are for
conditions near the limiting current densities dm¢he fact that the model neglects two
phase flow effects. When compared with models wlachount the two-phase flow
effects [146], the present one is less accuratéight current densities where the
influence of two-phase flow effects is more impaottaUnder these conditions, the
bubbles considerably reduce the limiting curremtsity of the cell. However the model
uses simple numerical tools, like Matlab, whichoa# the rapid prediction of the

DMFC performance.

3.7.Concluding remarks

In this Chapter a steady state, 1D model accoufitingoupled heat and mass transfer,
along with the electrochemical reactions occurimthe DMFC was presented.
The model allows the assessment of the effect @ratmg parameters (such as

methanol and oxygen feed concentration, flow-raig @urrent density) and the design
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parameters (channel geometry, active area and ialgbeoperties) on the temperature
and concentration profiles along the cell and cqueatly on the cell performance.
Special attention is devoted to the effects ofedédht parameters such as the methanol
feed concentrations and the current density om#iter balance between the anode and
cathode in the DMFC. The model predicts the cortexids of the influence of these
parameters and is in accordance with the trendsoged by Liwet al.[90, 175].

With this easily to implement model, suitable opi@g conditions can be set-up for
tailored MEAs in order to work at a high methanohcentration level without the
sacrifice of performance. The presented model @a hseful tool to improve DMFC
understanding and to optimize fuel cell design dsb& presented in Chapter 5. Since
the developed model is rapidly implemented withgemnumerical tools like, Matlab

and Excel it can be used in real-time system |IBMFC calculations.
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CHAPTER 4

4. EXPERIMENTAL SETUP FOR AN ACTIVE FEED DMFC

For the experimental investigations of the liqueed direct methanol fuel cells
(DMFCs), an active feed DMFC was used. The diffeostl geometries which have
been designed constructed and tested as well amdbessary equipment and

facilities for running the tests are presentecis thapter.

4.1.Fuel cell design

The in house fuel cell was designed bearing in ntedfollowing basic demands:

> use of standard state of the art materials whietagailable on the market;
> high flexibility, i. e. easy change of flow fieldsxchange media connections;

» easy handling in terms of assembly and connections;

The cell consists of the following elements (Fid.)4

three-layer membrane electrode assembly (MEA)

diffusion layers consisting of carbon-fibber-bagpedous materials
monopolar plates with flow fields

connector plates for electrical contacting

insulating plates

YV V. V V V V

end plates
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\Monopo]m‘ plates

Isolating plates

Figure 4.1 —3D CAD drawing of the active feed DMFC.

The fuel cell specifications, namely the cell comguats, their quantities and

dimensions and the materials used, are presenieabie 4.1.

Table 4.1 — Different elements of a fuel cell

Fuel cell — Specifications

Cell active area 25 cm
Total cell area 100 cm
Cell components Material Quantity | Dimensions (cm)
Monopolar plates graphite 2 10x10x0.35
Connector plates gold plated copper 2 10x10x0.05
End plates aluminium 2 10x10x1
Isolating plates rubber 2 10x10x0.1
Platinum/Ruthenium 4 mg/cm
Anode catalyst layer 1 5x5x()
or 8 mg/cm
Platinum black 4 mg/cfn
Cathode catalyst layef 1 5x5x()
or 8 mg/cM
Membrane Nafion 117, 115, 212 1 5x5x(*)
Diffusion layers Carbon paper, carbon cloth or ELAJT 2 5x5x(*)

(* this dimension depends of the catalyst loaditigthfs dimension depends on the used material.
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Figure 4.2 —Photograph of an «in-house» designed DMFC.

4.1.1. End Plates

For bracing the cell and applying the desired amsin the cell elements, 10 mm thick
aluminium plates are used (Fig. 4.3). Both endeglare connected by a total of 8 bolts
(diameter 6.2 mm), running through plastic buslogsrévent electrical contact between
the end plates. As a standard, the cell is assenagplying a torque of 5 Nm on the
bolts.

Figure 4.3 — Photograph of an end plate (aluminium)

4.1.2. Insulating Plates

To avoid electrical contact between connector plated the respective end plates, and
to ensure an even pressure distribution over theopalar plates, rubber plates

(thickness 1 mm) are put between the connectoreaddglates, respectively (Fig. 4.4).
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Figure 4.4 — Photograph of an isolating plate (rubér).

4.1.3. Connector plates

For the electrical connection of the graphite maapplates, gold plated copper plates
of 0.5 mm thickness are used (Fig. 4.5). Also aithfer electrical connectors are gold

plated to ensure minimal ohmic resistances at uarg@nnection points.

Figure 4.5 — Photograph of a connector plate.

4.1.4. Monopolar plates

The monopolar plates are made from graphite supflieSchunk Portugal, Lda. The
necessary flowbed structures for the reactantibligion over the MEA surface are
millcut into the plates. The flowbed area is 25°cifhe table 4.2 shows the different
flow field configurations used in the present work.
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Table 4.2 — Different flow field designs used.

Design 1
Number of channels 15
Type of channels Serpentine (SFF)
Channel length 50 mm
Channel depth 2 mm
Channel width 2mm
Channel ribs 1.5mm
Design 2
Number of channels 15

Multiserpentine (MSFF)
Type of channels

(3 serpentine channels)

Channel length 50 mm
Channel depth 2 mm
Channel width 2mm
Channel ribs 1.5 mm
Design 3
Number of channels 14
Mixed (MFF)

Type of channels _
(serpentine and parallel)

Channellength | -

Channel depth 2 mm
Channel width 2 mm
Channel ribs 1.7 mm

The influence of the flow field is treated in theegent work. A serpentine flow field
was selected, as based configuration for all tetstdollowing the generally accepted
idea that this design results in a better cell grarnce facilitating the removal of
reaction products, such as carbon dioxide on tleel@and water on the cathode side,
and enhancing two-phase mass transport [39, 10§, T@e flow fields, consisting of

machined one-pass serpentine grooves blocks, vekmetical for both anode and
cathode.
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4.1.5. Membrane Electrode Assembly (MEA)

In the remaining text, the abbreviation MEA alwagers to a membrane coated with
catalyst layers but without diffusion layers. TheEMs used were supplied by
Lynntech and had an active area of 25q®x5cm) and a total area of 110.67cm
(10.52x10.52cm). The membranes tested were madd&dion 117, 115 e 212.
Unsupported platinum black and platinum-rutheniuerevused as catalyst (Fig. 4.6).
The catalyst was Pt/Ru on the anode side with difgaof 4 mg/crh and Pt on the
cathode side with a loading of 4 mgfcm

Figure 4.6 — Photograph of a Membrane Electrode Assnbly (MEA)

An important physical parameter of the catalystetais the porosity and it can be
calculated from the catalyst loading, the ink cosifpon and some physical properties
of the used materials. The calculation is preseiriethe Appendix B. The porosity
values obtained are high, which is of course dddioea certain degree to achieve as
many accessible catalyst sites as possible fdiuttephases.

4.1.6. Diffusion layers

Different types of diffusion layers are usually dse DMFCs: carbon paper and carbon
cloth. As already referred, some authors [89, @pprt the use of these two materials
coated with a highly hydrophobic microporous lay@®tPL) enhancing fuel cell
performance through a minimised water crossovere Thost common GDLs
commercially available do not have MPL layers. Bgain mind that the one purpose

of this work was the optimization of a DMFC usinget materials available
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commercially, we therefore selected carbon paper @rbon cloth without MPL as
GDL materials and also used a single side ELATtedde from E-TEK which uses
treated carbon cloth.

For convenience, carbon paper, carbon cloth andTEtakbon cloth are denoted as CP,
CC and ELAT, respectively, in the present work.

Both, carbon paper and carbon cloth are carbom-bbsed porous materials, but
carbon paper is non-woven while carbon cloth is evofabric. Usually, carbon paper
has a uniform pore size with a peak arounduBOwhile the carbon cloth has a broad
pore size distribution from 5 to 1Q0n [176].

Both materials are commercially available and mayehdifferent denominations due to
their thickness. The anode gas diffusion layersdusere carbon cloth type A (CC)
from E-TEK or carbon paper TGPHO060 (CP) from Tobayh with a PTFE content of
30 wt.%.

The cathode gas diffusion layers used were ELADaarcloth (ELAT) from E-TEK,
carbon paper TGPHO060 (CP) from Toray or carborhdgpe A (CC) from E-TEK all
with a PTFE content of 30 wt.% (Fig. 4.7). The stunal properties of the diffusion
layers materials used can be found in Appendix &b6n cloth is more porous, less
tortuous and thicker than carbon paper [176-17B¢ ELAT material formed of carbon
cloth type A treated on one side is less porouskén and more tortuous that carbon
cloth.

The diffusion layers can be put on either sideha&f MEA, and the whole sandwich

structure can be mounted between the monopolasptdtthe fuel cell.

Carbon Paper Carbon Cloth

Figure 4.7 — Photograph of diffusion layers.
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4.2.Methanol Test Kit Testing Unit

The test unit used for experiments with DMFCs wasgetbped and bought to Fideris
Incorporated. In one compact unit, the Methanolt Kes (MTK) testing unit contains
six subsystems: methanol handling system, oxidasithgndling system, fuel cell heater
control system (optional), linear electronic lodt) capabilities and the hardwired
emergency stop system. To obtain the highest pedoce of the fuel cell test
equipment, Fideris Incorporated recommends opeératib all equipment using the
FCPower software. This software package has begtenvespecially for the fuel cell
researcher to provide complete control of all aspetfuel cell testing. Figure 4.8 and
4.9 show a schematic of laboratory-scale testitgcil

MTE Testing Unit

Figure 4.8 — Photograph of the experimental setup.
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Figure 4.9 — Schematic diagram of the experimentalet-up.

The major specifications of the Methanol Test Kittare displayed in Table 4.3.
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Table 4.3 — Specifications of MTK [179].

Methanol handling system

Liquid reactant control Micropump: Magnetic driveag pump Series 18(
Maximum pump rate 85 ml/min

Maximum temperature 95°C

Heating system capacity 400 W

Cooling system capacity 350 W

External reservoir capacity 1 Liter

Gas handling system

Reactant gas control Computer controlled mass @omtrol of oxidant
Maximum gas flow 10 I/min
Inlet gas pressure range 80-200 psi

Loadbank system

Type MOSFET variable resistance loadbank
Measurement Power, Voltage e Current

Control modes Constant, Pulse e Ramp

Maximum current rating 50 A

Maximum voltage rating 20V

Maximum power rating 100 W

Nominal short circuit resistance < 2.2)m

Corrosion protection All critical components amdyplated

Electrical Requirments

Voltage 120/230-240 VAC (field changeable)
Frequency 50-60 Hz
Power rating 800 W

Software

Software recommended by Fideris: FCPower

4.2.1. Methanol handling system

As shown in Fig. 4.10 the methanol handling systealudes an external reservoir

equipped with a low level float which will set aftseare alarm after a low level timeout
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period. A computer controlled variable speed redaing pump is used to pump the

methanol solution from the reservoir through thediiag system and fuel cell and

return it to the reservoir. The pump used is a retigalrive gear pump which allows a

maximum methanol solution rate 86 ml/min. Included in the recirculating loop are a
heater equipped with over temperature protecti@haunooling system which can cool

the methanol solution to ambient temperature. Atereal thermocouple allows the

measurement of the methanol solution as it entersuel cell. The user can enable the
methanol flow and methanol heater. These system&rmabled when their respective
box is checked (Fig. 4.11). The recirculation puspped can be set up to the maximum
speed as well as the temperature set point foméanol solution can be set from

ambient to 95°C.

MTK Testing Unit

External
Py Fuel Cell

External
Reservoir

)
S
o

Methanol Solution

ij Fan (™7 100 Watt Heater 8 Pump *Thcrmocouplc

Figure 4.10 — Schematic diagram of the methanol haiting system.
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METHAMOL CONTROL

Enable Methanal Flow = E nabled
Enable Methanal Heater 1~ Dizahled: Recir...
Enable water Makeup Pump I- Dizabled: Low L...
Enable Methanol Makeup Pump r Dizabled: Low L...
Recirculation Pump Speed [oopm) 2.000 Full Seale Flaw [mopm] aR.000
Raw Recirculation Pump Speed 144.529 Recirculation Pump Speed Minimumm [ of range) R.000
wiater M akeup Pump Speed [copm) 0.000 Full Scale Flow [copm) a5.000
R aw 'water Makeup Pump Speed 0.000
tdethanol takeup Pump Speed [copm] | 0,000 Full Scale Flow [copm) a5.000
Raw Methanol Makeup Pump Speed | 0,000
Setpoint Actual
Temperature [*C) 20.000 22280
Recirculation T ank Lewvel QK Recirculation T ank Lewel Timeout [zec) )
Recirculation T ank Level Alam
Wwhater Makeup Tank Level Whater Makeup Tank Level Timeout [zec) i}
wiater Makeup Tank Level Alarm [ ] Dizable Mazter On Alarm r
tethanol Makeup Tank Level tethanol Makeup Tank Level Timeout [sec) 5
tdethanol tMakeup Tank Level Alarm [ ] Dizable Mazter On Alarm I-
tethanol Temperature Deviation Alarm tethanol Temperature Deviation Max (% of zetpoint] | 5.000
Heater Block Temperature [*C) 2333
Heater Block, Temperature bax dlarm Heater Block Temperature Max [C) 100.000
Temperature Units T Heater Duty Cucle 0.000
Flaw Units copm Caalitg Fan Dty Cycle 0.000
K1 K2 k.3 Period [zec)
Heater PID 0.200 0.000 0.000 5.000

Figure 4.11 — MTK software panel with methanol contol option.

4.2.2. Gas handling system

To supply the fuel cell with an oxidant gas, the BMiE equipped with a gas handling
system. A pressure switch is included to ensurécserit pressure is available, and a
computer controlled solenoid valve allows for thedant gas to enter the system. An
internal pressure regulator controls the pressidréh® gas, which is necessary for
accurate metering of the gas through the mass éantroller (MFC) (Fig. 4.12). The
regulated inlet pressure is displayed on the fadrthe unit. The computer controlled
MFC allows a metered amount of gas, as set ondimpater, to be supplied to the fuel
cell. The user can enable de gas flow and setdkdlgw rate by imputing the desired
MFC flow rate in the space provided. The gas flatercan be set to a maximum of 10
I/min. The user can set the gas control mode teeeitonstant mode or stoichiometric
mode. All the experiments were conducted at constaae (Fig. 4.13).
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Figure 4.12 — Schematic diagram of the gas handlirgystem.
AlR CONTROL
Enable Gas Flow = Enabled
Gas Inlet Pressure QK
Gaz Inlet Walve State Open Gaz Minirium Threshald (% of range) 2000
Setpoint Actual
FAFC Flaww [Ipri) 1.000 0979 FFC Full Scale Flow [lpm) 10.000
FAFC Flow [raw) 815.000 a02.000
Flow Dreviation Alarm Flowy Dreviation Max (% of setpaint) 5.000
Gaz Uritz P Staichiometric R atio 2000
Gaz Name Ar E quivalence Factor [e-/mole] 4.000
Gas Control Mode Corigtant Stoichiometric Gas Constant 22,000
Calibration Gas Factaor 2.000 Cell Area [orf] 25,000
Actual Gas Factor 1.000 Mumber of Cells 1

Figure 4.13 — MTK software panel with air control gtion.

4.2.3. Loadbank system

The loadbank subsystem acts as a large variableermpogsistor. With the control
software, the user controls the amount of impedanceselecting either how much
current is passed through the loadbank, the volgess the loadbank or power
dissipated by the loadbank. To meet the requiresneinany given experiment, the user
can also set upper and lower limits on the curreoltage and power. The computer
constantly monitors both current and voltage ams$e¢hparameters are used to calculate
and track the amount of power that the loadbanttigsipating at any one time. The
computer program will not permit the power to extd®0 W. The set points for the
control parameters can be previously chosen. Theaets are used when running in

constant mode (Fig. 4.14).
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ELECTROMIC LOAD

Enable Load M E habled
Lower Limit | Setpaint Idpper Linit Actual
Current 4] 0.000 0200 50.000 01495
Yoltage [V 0.000 0000 20.000 0.443
Power ['] 0.000 0000 100.000 0.088
Control Mode Congtant Control Parameter Current
Loy High
Pulse Time [sec) 0.000 0.000
Pulse Value 0.000 0.000
Initial Walue | Final Yalue Period [zec)
Ramp 0.000 0.oon 0.000
Current Deviation Alarm Current Deviation Mawx [% of setpaoint] 5.000
Wolkage Deviation Alarm Woltage Deviation kMaw % of setpoint] R.000
Power D eviation Alarm Power Deviation Max [% of setpoint] R.000
Shunt Full Load Current (4] a0 Shunt Percentage 0.004
Faw Output 19

Figure 4.14 — MTK software panel with electronic lad option.

The current, voltage and power are known as comaoameters. The loadbank has

three different control modes to choose from cartsfaulse and ramp mode.

>

All the

Constant mode — to run in constant mode, set tiMralomode to constant,
select the desired control parameter and enteaigheopriate set point. Only the

set point for the control parameter is used.

Pulse mode — to run in pulse mode, set the contide to pulse, select the
desired control parameter and enter the pulse d&nghpulse low values for the
selected control parameter. It is also necessasetdhe pulse high time and

pulse low time (in seconds). The pulse width campéo 1000s.

Ramp mode — to run in ramp mode, set the contralarto ramp, select the
desired control parameter and enter the ramp limitid ramp final values for the
selected control parameter. The parameter candoeasing or decreasing. The
ramp period must be set (in seconds) with a loweit bf 0.5 and an upper limit

of 1000.

experiments were conducted at constant mode
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4.3.Fuel cell heater control system

Instead of using the fuel cell heater control frétnderis, an optional system was
designed and used in the present work. A heaststamce with 50W/m and 2 m of
length was placed across the fuel cell. To allam#orm heating of the fuel cell and to
minimize the heat loss to ambient a spongy materéd placed on the outside of the
heater resistance (Fig. 4.15). The resistance wasected to a digital temperature
controller allowing the control of the fuel celim@erature (Fig. 4.16). To measure and
control the fuel cell temperature two thermocouplese placed on the aluminium plate

on each side of the fuel cell (anode and cathaii) si

Figure 4.16 — Photograph of the front panel of theligital controller.

4.4. Experimental procedure

The start-up procedure was as follows:

1. Fill the reservoir with the methanol solution negdier the experiment;
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8.

9.

Turn on the oxidant gas supply for the system agrafythat it is held in the
operating range required for the test unit;

Turn on computer, the MTK unit and the FCPowensafe;
Set the methanol temperature, methanol flow ratiea@mflow rate value;
Set the fuel cell temperature value.

The cell was operated galvanostatically, so theectirapplied range values was
0 to maximum current allowed by the fuel cell, wahstep of 0.1A. At open
circuit conditions the cell was operated fifteemutes and at the other values of

current applied, the cell was operated three msigeeach the steady state.

For each value of current applied the cell voltages measured and power was

calculated;
Turn off the MTK system;

Close the FCPower software;

10. Turn off the gas supply.
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CHAPTER 5

5. EXPERIMENTAL AND MODELLING STUDIES OF AN
ACTIVE FEED DMFC

A detailed experimental study on the performanceanf«in-house» developed
DMFC with 25 cnf of active membrane area, working near ambientspresis
described. As was mentioned before there are dewgrarating and design
parameters that affect the fuel cell performandee ®perating parameters studied
were the methanol feed concentration, methanol amdflow rate and cell
temperature. The effect of design parameters ssgheanbrane thickness, catalyst
loading, flow field design and diffusion layers m@l and thickness was, also,
studied. The experimental polarization curves arecassfully compared with the
predictions of the steady state, one-dimensionalehaccounting for coupled heat
and mass transfer, along with the electrochemgattrons occurring in the DMFC
presented in Chapter 3. The operating conditiondiatl were selected bearing in
mind the present state of the art of DMFCs. Asrrete previously, there are few
studies on this type of fuel cells operating withphhmethanol concentrations, with
different membranes and gas diffusion layers andtnob them were performed
under high temperature and pressure. However, degsre conditions (ambient
temperature and pressure) are favourable espedmallgortable applications. The
main goal is to systematically vary commercial ME#aterials and check their
influence on fuel cell performance. The influené¢¢he different parameters on the
cell performance is explained under the light & pmedictions from the developed
model. Tailored MEAs (membrane electrode assembheish different structures
and combinations of gas diffusion layers (GDL), evdesigned and tested in order
to select optimal working conditions at high metblaconcentration levels without
significant performance losses. Model predictions tioe effect of different
parameters on the water management in an actidelfb#-C are also, presented.

The contents of this Chapter conducted to the pegman and submission of
papers: OliveiraV.B, Rangel, C.M. and Pinto, A.M.F.R., “Performarafea Direct

Methanol Fuel Cell operating near ambient condigdrsubmitted to Journal of
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Fuel Cell Science and Technology and Oliveira, Vi&ngel, C.M. and Pinto,
A.M.F.R., “Effect of anode and cathode flow fieksidin on the performance of a

direct methanol fuel cell” submitted to Chemicalgiireering Journal.

The contents of this Chapter were partially pul#ghn Oliveira, V.B, Rangel, C.M.
and Pinto, A.M.F.R., “Modelling and experimentalidies on a Direct Methanol
Fuel Cell working under low methanol crossover aridgh methanol

concentrations”, International Journal of Hydrogdfnergy 34 (2009) 6443-6451
and Oliveira, V.B, Rangel, C.M. and Pinto, A.M.F.RVater management in direct
Methanol Fuel Cells” International Journal of Hydgen Energy (2009)
doi:10.1016/j.ijhydene.2009.07.111

5.1.Results and Discussion

The performance of the design fuel cell was deteeshiby a set of tests in order to
obtain the cell polarization and power density egtvThe test consisted of applying a
load to the cell, measuring the corresponding geltaalue (recall Chapter 4) and then
calculating the cell power.

For each set of operating conditions, tests wertopeed until obtaining at least two
similar results. Tests were accepted if differermetsveen corresponding readings were
below 5%.

Active direct methanol fuel cells characteristigatequire high stoichiometric flow
rates in order to optimize their performance. Aatigely high anode stoichiometry is
needed to prevent the GQas clogging. At the cathode side excessive highidiity
effects are believed to induce GDL flooding at law flow rates near stoichiometry.
Following suggestions of previous works [38, 180] anode stoichiometry (for 150
mA/ cnf) between 15 and 40 and a cathode stoichiometayoafnd 6 were used.

In each section presented in the following partthaf chapter, due to the large amount
of tests performed and results obtained, a sulpsebnditions was selected and is
presented. The remaining results can be found peAgdix C.

Whenever is possible, and as already mentioned, ettpgerimental results were

explained under the light of the developed modélafaer 3).
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5.1.1. Effect of diffusion layers

Figures 5.1 and 5.2 show the comparison of therjgakion and power curves for
experiments performed without and with gas diffadiayers. It should be clarified that
the experiments without gas diffusion layer coroegpto the use of a three layer MEA
(membrane, anode and cathode catalyst layer) atidgas diffusion layer correspond
to a five layer MEA (membrane, anode and cathodalyst layer and anode and
cathode diffusion layer). In the tests reposte#igures 5.1 and 5.2 the methanol flow
rate was, respectively, 8 ml/min and 3 ml/min ahd &ir flow rate 3.6 I/min. In the
experiments with gas diffusion layers, carbon clighe A and ELAT (E-TEK) were
employed at the anode and at the cathode sidesatbsgly. As is evident from the plots
the presence of the gas diffusion layers both atahode and at the cathode side
strongly affects the cell voltage and power. Itlisar that the cell voltage and power
increase significantly with the introduction of eetwo additional layers on the fuel
cell. It should be noted that although the gasuditin layers do not directly participate
in the electrochemical reactions they have seviempbrtant functions. These layers
provide a pathway for reactants from the flow fieldannels to the catalyst layers,
allowing their access to the entire active argaathway for products from the catalyst
layers to the flow field channels. The GDLs alsectically connect the catalyst layers
to the graphite plates, allowing the electronsdmplete the electrical circuit, serve to
conduct heat generated in the electrochemical iogecin the catalyst layers to the
graphite plates and provide mechanical suppoiti¢dMEA preventing it from sagging
into the flow field channels. For these reasonsfulet cell performance is significantly
enhanced by introducing the diffusion layers on #mde and cathode side. As
described in Chapter 2, this finding is commonlgegted but there are no significant

published works treating it quantitatively.
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Figure 5.1 — Influence of gas diffusion layers on)acell performance and b) power density for
different methanol concentrations. Operating conditons: methanol flow rate 8 ml/min, air flow
rate 3.6 I/min and fuel cell temperature 20°C. Gasgliffusion layers materials: carbon cloth at the

anode and ELAT (E-TEK) at the cathode.
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Figure 5.2 — Influence of gas diffusion layers on)acell performance and b) power density for
different methanol concentrations. Operating conditons: methanol flow rate 3 ml/min, air flow
rate 3.6 I/min and fuel cell temperature 20°C. Gasgliffusion layers materials: carbon cloth at the
anode and ELAT (E-TEK) at the cathode.

5.1.2. Effect of operating conditions

All the results presented in this section were iolethin experiments with a DMFC with
the characteristics presented in the Table 5.1.
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Table 5.1 — Set of DMFC characteristics used to ahese the effect of the operating conditions on the

cell performance.

o Anode Carbon cloth type A
Diffusion layer
Cathode ELAT (E-TEK)
_ Anode 4 mg/crhPt/Ru
Catalyst loading
Cathode 4 mgl/ciPt
Anode Serpentine
Flow field design :
Cathode Serpentine
Membrane Nafion 117
5.1.2.1. Effect of methanol concentration

The set of operating conditions selected to studg effect of the methanol

concentration on the fuel cell performance is @diged in Table 5.2

Table 5.2 — Set of operating conditions used to alyae the effect of methanol concentration on the

cell performance.

CCH3OH (M)

Qcrsom (ml/min)

Qair (I/min)

0.25

0.5

0.75

3.6 20

3.6 20

0.25

0.5

0.75

1.5

N
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The influence of the methanol concentration ondilévoltage and power is shown in
Fig. 5.3. For the set of experiments selected théhamol flow rate was 8 ml/min and
the air flow rate 3.6 I/min. the cell temperaturasacontrolled at a temperature close to
room conditions (20°C). The plots presented sha tte best performance curve and
the higher cell power density correspond to the fs@ncentration of 0.75 M, especially
for medium to high current densities. For all éxperiments the open-circuit voltage is
much lower than the thermodynamic equilibrium calltage as a result of methanol
crossover. It can be seen that, at low currentsites and high feed methanol
concentrations the cell performance is lower. Thidue to the fact that higher methanol
concentrations result in a higher methanol crossca® shown in Fig. 5.4 were the
represented curves correspond to the model predgfior the methanol crossover for
different methanol feed concentrations. At the cdéhside, methanol reacts with the
oxygen to form a mixed potential. Hence, a highethanol concentration leads to a
higher mixed potential, causing a lower cell parfance.
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Figure 5.3 — Effect of methanol concentration on akell performance and b) power density.
Operating conditions: methanol flow rate 8 ml/min,air flow rate 3.6 I/min and fuel cell temperature
20°C.
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Figure 5.4 — Model predictions for the methanol cresover for different methanol feed
concentrations. Operating conditions: methanol flowrate 8 ml/min, air flow rate 3.6 I/min and fuel

cell temperature 20°C.

The developed model is also used to predict thargaltion and power curves for two

different methanol feed concentration (0.75M and),248 presented in Fig. 5.5 together
with the experimental data. As is evident from pihas, the model describes very well

the experimental results for low current densitigs to the integration, on the model, of
the mass transfer effects at the cathode sidemidst significant discrepancies between
the two curves are for conditions near the limitcugrent densities due to the fact that
the model neglects two-phase flow effects. The$ecesf are more important in these

conditions.
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Figure 5.5 — Comparison of model predictions on celperformance and power density; dots:
experimental data, lines: model predictions. Operang conditions: methanol flow rate 8 ml/min, air

flow rate 3.6 I/min and fuel cell temperature 20°C.

Model predictions of the effect of methanol concatiwn on the net water transport
coefficient,a, (from Eq. 3.84) are presented in Fig. 5.6 asnatfan of current density.
It is evident that the methanol concentration hakrge impact on the net water
transport coefficient. High methanol concentratigasult in low values ofx. This
occurs because for low values of methanol feed exnation, there is almost always a
higher water concentration on the anode side, edpefor the lower values of current
density. The transport of water toward the cathmddominant. For high methanol
concentrations, the water concentration on the @msde is smaller and the water
production in the cathode gives higher water cotraéon, in this side. The water
transport from the cathode to the anode side el dominant corresponding to
smaller or even negative values af The trends of the influence of methanol
concentration on water crossover predicted by tlesgmt model are in accordance to
those proposed by Liet al.[90] as shown in section 3.6, Chapter 3.
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Figure 5.6 — Model prediction for net water transpet coefficient for different methanol feed
concentrations. Operating conditions: methanol flowrate 8 ml/min, air flow rate 3.6 I/min and fuel

cell temperature 20°C.

5.1.2.2. Effect of fuel cell temperature

The set of operating conditions used for the stoidihe effect of temperature on cell

performance is presented in Table 5.3

Table 5.3 — Set of operating conditions used to alyae the effect of cell temperature on the cell

performance.

Ceron (M) Aeron (MI/Min) Gair (/min) Cell temperature (°C

20
40
0.75 8 3.6 60
70
80

20
40
0.75 3 3.6 60
70
80

20
40
0.75 3 1 60
70
80
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The polarization and power density curves are @ibth Figures 5.7 a) and b) for a
methanol feed concentration of 0.75M a methanoV flate of 8 ml/min, an air flow rate
of 3.6 I/min for different temperatures.

The maximum temperature used was 80°C, since tleeatipgn of a DMFC with
temperatures close to the boiling temperature efrttethanol solution decreases the
methanol concentration and consequently the fuepegformance due to the formation
of methanol vapour bubbles obstructing the fuehyaly.

As can be seen from the plots the fuel cell pertoroe and power density increases
with increasing temperature, due to an enhancewfetiie electrochemical kinetics on
the anode and cathode side. The open circuit vltdgp increases with temperature
according to the Arrhenius relation due to a reidacin the activation overvoltage.
According to equations (2.21) and (2.22) presentedection 2.3.3, an enhanced
electrochemical kinetics of the methanol oxidatenmd oxygen reduction leads to a
decrease of the anode and cathode overpotentiaarase confirmed by the model
predictions in, respectively, Fig. 5.8 and Fig.. A9decrease on the anode and cathode
overpotential leads to an increase of the fuelpaiformance and power.

However, increasing the fuel cell temperature camehnegative impacts on the cell
performance, due to an increase on the methanekaver as put in evidence in Fig.
5.10. Higher temperatures generate, also, an iserea the water crossover as shown
by the model predictions in Fig. 5.11. The addilowater on the cathode side increases
the liquid water fraction in both the cathode catland diffusion layer, causing an
increase in the concentration polarization. The brame stability also decreases with
an increase of fuel cell temperature and the oxympetial pressure decreases with an
increase of fuel cell temperature, due to an irsreaf water vapour partial pressure,
which causes both decreases in open cell poteanidl increases the concentration
overpotential.

The effect of temperature on fuel cell performarscthe result of both positive effects
on kinetics and the combined negative effects. Atiog to Fig. 5.7 for the set of
operating conditions studied, the positive effatttioe kinetics is more significant that
the referred negative effects of temperature. dughbe mentioned that for other set of
cooperating conditions the results may be differamce the negative effects of
temperature could be dominant leading to a decrebfgel cell performance with an

increase on fuel cell temperature.
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Figure 5.7 — Effect of fuel cell temperature on agell performance and b) power density. Operating

conditions: methanol flow rate 8 ml/min, air flow rate 3.6 I/min and methanol concentration 0.75M.
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concentration 0.75M.
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Figure 5.10 — Model predictions for the methanol assover for different methanol feed
concentrations. Operating conditions: methanol flowrate 8 ml/min, air flow rate 3.6 I/min and

methanol concentration 0.75M.
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Figure 5.11 — Model predictions for net water tranport coefficient for different fuel cell
temperatures. Operating conditions: methanol flow ate 8 ml/min and air flow rate 3.6 I/min,

methanol concentration 0.75M.

A comparison between the model predictions and ekgerimental results for two
different fuel cell temperatures (20°C and 60°Cpnssented in Fig. 5.12. As can be
seen, the model predicts with great accuracy thextebf fuel cell temperature on the

cell performance and power density.
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Figure 5.12 — Comparison of model predictions on tleperformance and power density; dots:
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methanol flow rate 8 ml/min and air flow rate 3.6 Imin.

5.1.2.3. Effect of methanol flow rate

The operating conditions used in the experimentalysof the effect of the methanol

flow rate are presented in Table 5.4.

Table 5.4 — Set of operating conditions used to alyae the effect of methanol flow rate on the cell

performance.

Ceron (M) Aeron (MI/Min) Gair (/min) Cell temperature (°C

20
16
14
0.25 12 3.6 20
10
8
3

20
16
14
0.75 12 3.6 20
10
8
3

10
0.75 8 1 20
3
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Figure 5.13 shows the results of a sub-set of @xeerts for different anode flow rates,
using a methanol concentration of 0.75 M and arflav rate of 3.6 I/min. As can be
seen from the plots, the cell voltage and poweghdly increase with the anode feed
flow rate. For this set of operation conditionggheér methanol flow rates lead to a high
methanol concentration along the flow channels andsequently high methanol
concentration in the catalyst layer, facilitatinge tanode reactivity. Also, higher flow
rates are more efficient in carbon dioxide bubbiemoval at the anode side [180],
leading the pathway free for the fuel and consetijienore fuel reaches the anode

catalyst layer.
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Figure 5.13 — Effect of methanol flow rate on a) deperformance and b) power density. Operating

conditions: methanol concentration 0.75M, fuel cellemperature 20°C and air flow rate 3.6 I/min.
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The model predictions of the methanol concentrapiariiles in the anode catalyst layer
are presented in Fig. 5.14 for the same set ofrerpats (corresponding to a current
density of 0.03 A/ctf). The curves represented in the figure show thgitér methanol
flow rates lead to a high methanol concentratiothin catalyst layer. These predicted
methanol concentration profiles explain the relapwsition of the curves represented in
Fig. 5.13.
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Figure 5.14 — Predicted methanol concentration praes in the anode catalyst layer (thickness
0.0023 cm) for different methanol flow rates. Opering conditions: methanol concentration 0.75M,

air flow rate 3.6 I/min and a current density of 003 A/cnt.

Model predictions of the methanol crossover for difeerent values of methanol flow

rate are presented in Fig. 5.15 as a function afeati density. As can be seen, higher
methanol flow rates result in higher values of mathi concentration on the cathode
catalyst layer and slightly higher methanol crossaates. However, for the range of

flow rates studies, the impact on the methanolsoesr is not significant.
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Model predictions for the methanol asssover for different methanol flow rates.

Operating conditions: air flow rate 3.6 I/min, methanol concentration 0.75M and fuel cell

temperature 20°C.

Model predictions of the effect of methanol flowtaaon the net water transport

coefficient @ value) are presented in Fig. 5.16 as a functioousfent density. It is

evident from the plots that the methanol flow re¢ems to have almost no effect on the

net water transport coefficient. As the methaneldfeoncentration (0.75M) is always

the same for all the tests, the amount of watéheatnode, largely in excess, does not

change significantly, leading to similar valuesiof
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Figure 5.16 — Model predictions for net water tranport coefficient for different methanol flow
rates. Operating conditions: air flow rate 3.6 I/mh, methanol concentration 0.75M and fuel cell
temperature 20°C.

Model predictions and experimental results, for twatues of methanol flow rate (20
ml/min and 8 ml/min) are presented in Fig. 5.17e Thodel predicts the correct trends
of the effect of the methanol flow rate on fuell gedrformance and power.
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Figure 5.17 — Comparison of model predictions on tleperformance and power density; dots:
experimental data, lines: model predictions. Operahg conditions: methanol concentration 0.75M,
fuel cell temperature 20°C and air flow rate 3.6 thin.
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5.1.2.4. Effect of air flow rate

The operating conditions used in the experimerntalysto evaluate the effect of the air

flow rate on fuel cell performance presented ar€ahle 5.5.

Table 5.5 — Set of operating conditions used to alyae the effect of air flow rate on the cell

performance.

Cenon (M) engon (MI/Min) Cair (/min) Cell temperature (°C

3.6
2
0.25 8 1 20
0.75
0.5

3.6
0.75 8 2 20
' 15

1

3.6
2
0.75 3 1 20
0.75
0.5

The plots in Fig. 5.18 show the effect of the & rate on the cell performance and
power density. The experiments correspond to a amelhconcentration of 0.75 M and
a methanol flow rate of 8 ml/min. For the set offlow rates studied, it seems that the
cell performance and cell power slightly increasthvan increase of the air flow rate.
When the cell is operating under lower air flowertlie oxygen concentration decreases
along the cathode flow channels resulting in lowselt voltage and power. Higher air
flow rates also lead to a more efficient water tetgoremoval on the cathode side and
consequently a higher oxygen concentration on #tkeode catalyst layer. When large
amounts of droplets are presented on the cathalte ey may obstruct the oxygen
molecules to reach the catalyst layer, reducingothggen concentration and the fuel
cell performance and power. When the air flow rateigh enough, any further increase
will only slightly change the oxygen concentratiprofile, with a negligible effect on

the cell performance.
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Figure 5.18 — Effect of air flow rate on a) cell pdormance and b) power density. Operating

conditions: methanol concentration 0.75M, fuel celltemperature 20°C, methanol flow rate 8

ml/min.

The model predictions of the oxygen concentratianiile in the cathode diffusion layer

are presented in Fig. 5.19 for the same set expetsn(corresponding to a current

density of 0.03 A/crd). As can be seen, from the plotted curves, thédrigir flow

rates lead to a slightly higher oxygen concentraiio the catalyst layer, leading to

slightly better performance.
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Figure 5.19 — Predicted oxygen concentration profl in the cathode catalyst layer (thickness 0.0023
cm) for different air flow rates. Operating conditions: methanol concentration 0.75M, methanol
flow rate 8 ml/min a current density of 0.03 A/cr.

Model predictions of the effect of air flow rate tre net water transport coefficiernt (
value) are presented in Fig. 5.20 as a functiocuafent density. An increase of the air
flow rate leads to an increase of the values ohtttevater transport coefficient. Higher
air flow rates remove higher quantities of watesduced at the cathode decreasing the
water concentration and contributing to an increalséhe water gradient across the
membrane. In this way, due to the water diffusiomchanism, more water is
transported form the anode to the cathode side.
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Figure 5.20 — Model prediction for net water transprt coefficient for different air flow rates.
Operating conditions: methanol flow rate 8 ml/min, methanol concentration 0.75M and fuel cell

temperature 20°C.

Model predictions and experimental results, for wvedues of air flow rate (3.6 I/min
and 1 I/min) are presented in Fig. 5.21, showingt thhe model predicts the correct
trends of the effect of the air flow rate on fuell @erformance and power.
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Figure 5.21 — Comparison of model predictions on tleperformance and power density; dots:
experimental data, lines: model predictions. Operahg conditions: methanol concentration 0.75M,

fuel cell temperature 20°C and methanol flow rate &nl/min.
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5.1.3. Effect of design parameters

A systematic study to elucidate the effect of deggrameters such as diffusion layer
material and thickness, catalyst loading, membithieckness and anode and cathode
flow field design on the performance of a DMFC pigesented. The set of operating

conditions used is summarized in Table 5.6.

Table 5.6 — Set of operating conditions used to alyae the effect of design parameters on the cell

performance.
Cenon (M) Qenon (MI/Min) Qair (I/min) Cell temperature (°C
20 3.6
8 3.6
20
8 1
0.75 3 3.6
8 3.6
3 3.6 60
3 1
8 3.6
2 3 3.6 20
3 1
5 3 3.6 20

5.1.3.1. Effect of anode diffusion layer material

The set of conditions displayed on Table 5.6 waslus the experiments performed to
study the impact of the anode diffusion layer oe ttell performance. As in the
previous sections a sub-set of tests was selected.

Several material and design parameters of the adibfdsion layer affect the fuel cell
performance: i) layer thickness; ii) the tortuositshich influences the species transport
and iii) the surface properties, the wettabilitydamoughness, controlling the
droplet/bubble attachment or coverage on the ddfusayer surface. Differences in
porosity, permeability, pore size distribution, fase wettability and liquid retention of

the two diffusion media result in different two-eaflow and transport characteristics.
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As already referred, the two types of gas diffusiayers commonly used as anode
diffusion layer in DMFCs are carbon cloth and carlqjmaper. Carbon paper has a
microscopically complex fibrous structure with paiee distribution ranging from a
few microns to tens of microns with a large fraotaf blocked passages. Carbon cloth,
in other hand, is a woven structure and is genecalarser than carbon paper. Carbon
cloth is more porous and less tortuous than caplaper [177, 178].

Some structural properties of the diffusion layexaterials used are presented in Table
5.7. As can be seen carbon cloth is more poross,t@tuous and thicker than carbon
paper [177, 178]. The ELAT material formed of carlwioth type A treated on one side
is less porous, thicker and more tortuous thataradboth.

Table 5.7 — Structural characteristics of the commio materials used as gas diffusion layers [177,
178].

Material Porosity Tortuosity Thickness (cm)
Carbon cloth (type A) 0.83 1.11 0.035
Carbon paper (TGPH060 0.78 2.75 0.019
Single-side ELAT 0.80 15 0.040

The flow fields used was the serpentine design ath ksides of the fuel cell. The
membrane used was Nafion 117 and Nafion 212 (DyRleatcatalyst was Pt/Ru on the
anode side with a loading of 4 mgfcand Pt on the cathode side with a loading of 4
mg/cnf. The anode gas diffusion layers used were carbath type A (CC) from E-
TEK or carbon paper TGPH060 (CP) from Toray botthwai PTFE content of 30 wt.%.
The influence of the anode gas diffusion layer malten the cell performance for three
different methanol flow rates (20 ml/min, 8 mil/mand 3 ml/min) is shown in Fig. 5.22.
The methanol feed concentration used was 0.75Maith8ow rate 3.6 I/min and the
fuel cell temperature 20°C.

On the anode side, gaseous carbon dioxide is peddoyg the anode reaction and must
be removed from the diffusion layer by the anoaevflIf the carbon dioxide bubbles
cannot be removed from the catalyst surface thegrahe surface decreasing therefore
the effective mass transfer area.

As can be seen from Fig. 5.22, for the set of domb studied the cell performance and

power curves are enhanced using the carbon clotheaanode diffusion layer. Since
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carbon cloth has a pore structure with a low taitiyoand a rough textural surface,
bubbles tend to detach from the surface maintainiveg area for reactant diffusion
relatively free from bubbles [33, 34]. The textuwkthe carbon paper surface with a
highly tortuous structure enhances the interactizetsveen the bubbles and the solid.
Hence the gas remains attached to the surfacentptma blockage of the flow channels
and lowering the methanol concentration at thelysttéayer (see Fig. 5.23).
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Figure 5.22 — Effect of anode diffusion layer mateal on a) cell performance and b) power density.
Operating conditions: methanol concentration 0.75M, air flow rate 3.6 I/min and fuel cell

temperature 20°C. Design parameters: Nafion 117 anBLAT (E-TEK) at the cathode gas diffusion

layer.
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Figure 5.23 — Predicted methanol concentration prdf in the anode catalyst layer (thickness 0.0023
cm) for different anode gas diffusion layer materi¢s. Operating conditions: methanol concentration
0.75M, methanol flow rate 3 ml/min, air flow rate 36 I/min and fuel cell temperature 20°C. Design

parameters: Nafion 117 and ELAT (E-TEK) at the catlode gas diffusion layer.

The influence of the anode gas diffusion layer malten the cell performance for two
different methanol concentrations (0.75M and 5M)sloown in Fig. 5.24. Model
predictions and experimental results are, alscsguied. The methanol flow rate used
was 3 ml/min, the air flow rate 3.6 I/min and thelfcell temperature 20°C. As can be
seen by the plots the model predicts the correctds of the effect of the anode gas
diffusion layer material on fuel cell performancedapower density for the different
methanol concentration levels.

As can be seen from Fig. 5.24, for high methanaiceatrations (5M), the cell
performance is enhanced using the carbon papdreasniode diffusion layer. When a
DMFC is operated with high methanol concentratidéage amounts of methanol
crossover are generated. Since the carbon pagdesssporous than carbon cloth, it
limits the amount of methanol that reaching thealgat layer and consequently the
methanol that crosses the membrane. The use adrcadper will probably induce less
significant levels of methanol crossover. This efffis shown in Fig. 5.25 confirming
that the methanol crossover rate through the membisalower when carbon paper is
used as anode diffusion layer material. Lower ntetharossover rates lead to higher
fuel cell performances. The carbon paper GDL aldubits a lower thickness (table

5.7) which, as already mentioned, corresponds lawar mass transfer resistance. As
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both materials have the same PTFE content the biditais probably similar and
therefore does not explain the differences in petformance.
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Figure 5.24 — Comparison of model predictions on a&ell performance and b) power density; dots:
experimental data, lines: model predictions. Operahg conditions: methanol concentration 0.75M
and 5M, methanol flow rate 3 ml/min and air flow rae 3.6 I/min. Design parameters: Nafion 117
and ELAT (E-TEK) at the cathode gas diffusion layer
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Figure 5.25 — Model predictions for the methanol asssover for different anode gas diffusion layer
materials. Operating conditions: methanol concentrtion 5M, methanol flow rate 3 ml/min, air flow
rate 3.6 I/min and fuel cell temperature 20°C. Degh parameters: Nafion 117 and ELAT (E-TEK)

at the cathode gas diffusion layer.

Model predictions of the effect of the anode gatusiion layer material on the net
water transport coefficient are shown in Fig. 5. P6e plots of the figure show that for a
given value of the current density, lower valuesiaire obtained for the thinner GDL
material (carbon paper). These results show tlemetls a tendency to an enhancement
of the transport toward the anode for low thickesssf the GDL.
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Figure 5.26 — Model predictions for net water tranport coefficient for different anode gas diffusion
layer materials. Operating conditions: methanol conentration 5M, methanol flow rate 3 ml/min,
air flow rate 3.6 I/min and fuel cell temperature D°C. Design parameters: Nafion 117 and ELAT

(E-TEK) at the cathode gas diffusion layer.

The effect of anode gas diffusion layer materiakceh performance and power density
for two different fuel cell temperatures (20°C &@fC) are provided in Fig. 5.27. The
methanol concentration used was 0.75M, the methiémwlrate 8 ml/min and the air
flow rate 3.6 I/min. As can be seen by the plats this methanol concentration, a better
performance is achieved using carbon cloth as agadediffusion layer both for low

and high fuel cell temperatures.
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Figure 5.27 — Effect of anode diffusion layer mateal on a) cell performance and b) power density.
Operating conditions: methanol concentration 0.75M,methanol flow rate 8 ml/min and air flow
rate 3.6 I/min. Design parameters: Nafion 117 and IFAT (E-TEK) at the cathode gas diffusion

layer.

5.1.3.2. Effect of cathode diffusion layer material

The set of conditions displayed on Table 5.6 waslus the experiments performed to
study the impact of the cathode diffusion layertba cell performance. As in the

previous sections a sub-set of tests was selected.
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The materials selected to study the effect of théhade diffusion layer on the cell
performance were ELAT carbon cloth (ELAT) from EREcarbon paper TGPH060
(CP) from Toray or carbon cloth type A (CC) fromlEK all with a PTFE content of
30 wt.%. In all tests, carbon cloth type A was usedanode diffusion layer. The
structural properties of the diffusion layers matisrused are presented in Table 5.7.
The flow field used was the serpentine design ithbgides of the fuel cell. The
membrane used was Nafion 117 and Nafion 212 (DyRleatcatalyst was Pt/Ru on the
anode side with a loading of 4 mgfcend Pt on the cathode side with a loading of 4
mg/cnf.

Figures 5.28 a) and b) show, respectively, thepmrization and power density curves
for two different air flow rates (3.6 I/min and /iniin), a methanol feed concentration of
0.75M, a methanol flow rate of 8 ml/min a the feell temperature of 20°C. It seems
clear that the carbon cloth material shows the pegbrmance. It should be noted that
the variation in performance with different gasfusfon media at the cathode results
from the cell internal resistance and the abilityfaxilitate the oxygen transport. The
carbon cloth electrode has an increased capacignove the liquid water, as reported
by Liu et al. [90] probably due to a boarder distribution of @aizes contributing
therefore to avoid severe flooding at the cathaatalgst layer. Decreasing the water
coverage on the cathode diffusion layer surfacé lvé@hefit the oxygen access to the
catalyst site. Also when compared to carbon pafbex, carbon cloth with its low
tortuosity imposes a lower transport resistancé Wigher oxygen concentration. When
compared to carbon cloth, the ELAT diffusion layes a slightly lower performance
probably due to a higher tortuosity. Due to theam@nce of oxygen polarization under
high current densities, the differences in perforogaand power for the curves are

higher at these conditions.
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Figure 5.28 — Effect of cathode diffusion layer magrial on a) cell performance and b) power
density. Operating conditions: methanol concentratin 0.75M, methanol flow rate 8 ml/min and cell

temperature 20°C. Design parameters: Nafion117 anchrbon cloth as anode gas diffusion layer.

The influence of the cathode gas diffusion layetemal on the cell performance for
two different methanol concentrations (0.75M and)58shown in Fig. 5.29. Model
predictions and experimental results are, alscsgmted. The methanol flow rate used
was 3 ml/min, the air flow rate 3.6 I/min and thelf cell temperature 20°C. As can be
seen by the plots the model predicts the correctds of the effect of the cathode gas
diffusion layer material on fuel cell performancedapower density. The more
significant discrepancies occur for high curremgsites and when carbon paper is used,
corresponding to conditions where two-phase flof®a$ are more important.
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The plots confirm that the cell performance is emea using the carbon cloth as

cathode diffusion layer, at higher methanol con@dians. Under these conditions the

increased capacity of carbon cloth for water rerh®/aven more important to facilitate

the oxygen

access to the active catalyst sitess Téads to a higher oxygen

concentration on the cathode -catalyst layer andsemurently higher fuel cell
performances, as can be seen in Fig. 5.30, whedelnpyedictions for the oxygen
concentration profile at the cathode catalyst lages plotted, for a methanol feed
concentration of 5M and a current density of 0.08n&.

Cell potential (V)

Power density (W/cnf)

0.0 T T T T T T T T 1
000 001 002 003 004 005 006 007 0.08
Current density (A/cmz)
e+ 075M,CP —075M;CP = 0.75M; ELAT— 0.75 M; ELAT
s+ 0.75M;CC —0.75M;CC x 5M;CP  ——5M;CP
5 M; ELAT 5M;ELAT e 5M;CC —5M;CC
0.020-
0.015-
0.010-
0.005-
0-000 T T T T T T T 1
000 001 002 003 004 005 006 007 0.08
Current density (A/cm?)
e 075M;CP —0.75M;CP = 0.75M; ELAT— 0.75 M; ELAT
s 0.75M;CC —0.75M;CC x 5M;CP —5M;CP
5 M; ELAT 5M;ELAT e 5M;CC —5M;CC

Figure 5.29 — Comparison of model predictions on aell performance and b) power density; dots:
experimental data, lines: model predictions. Operahg conditions: methanol concentration 0.75M

and 5M, methanol flow rate 3 ml/min and air flow rae 3.6 I/min. Design parameters: Nafion 117

and carbon cloth as anode gas diffusion layer.

157



Chapter 5: Experimental and modelling studies of aractive feed DMFC

0.009+
0.008+
0.007
0.006+
0.005+
0.004+
0.003+
0.002+
0.001+

0.000 \ ‘ ‘ ‘ ‘
0.0000 0.0005 0.0010 0.0015 0.0020 0.C 125

oxygen concentration (M)

X (cm)
—CP—ELAT —CC
Figure 5.30 — Predicted oxygen concentration prof in the cathode catalyst layer (thickness 0.0023
cm) for different cathode gas diffusion layer mateials. Operating conditions: methanol
concentration 5M, methanol flow rate 3 ml/min, airflow rate 3.6 I/min and fuel cell temperature

20°C. Design parameters: Nafion 117 and carbon clotas anode gas diffusion layer.

The model predictions of the net water transpodffoment (@) are presented in Fig.
5.31 for the three cathode gas diffusion layer maltetested (carbon cloth, ELAT and
carbon paper) and contribute to better explairréiselts shown in the previous Figures.
For the conditions studied, the net water transposdfficient is toward the cathode
(since alla values are positive) which means that a large amoluwater is present at
the anode side. The net water transport coeffiagehigher when the cell is operating
using carbon cloth as cathode gas diffusion laydiickv means that the water
concentration on this side is smaller and the gratdbetween the anode and cathode
side higher. In this situation more water is tramggd from the anode to the cathode
side. These results are in accordance with expatansince, as already mentioned, the
carbon cloth remove efficiently the water from ttethode side, decreasing the water

concentration at this side.
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Figure 5.31 — Model predictions for net water tranport coefficient for different cathode gas
diffusion layer materials. Operating conditions: meéhanol concentration 5M, methanol flow rate 3
ml/min, air flow rate 3.6 I/min and fuel cell tempeature 20°C. Design parameters: Nafion 117 and

carbon cloth as anode gas diffusion layer.

The effect of cathode gas diffusion layer mateoal cell performance and power
density for two different fuel cell temperature9{€ and 60°C) are provided in Fig.
5.32, for a methanol concentration of 0.75M. As barseen by the plots, for low fuel
cell temperatures the worst performance is achies@ay carbon paper as cathode gas
diffusion layer due to its poorest ability to reneothe water and the carbon dioxide
from the cathode side. Regarding the higher fukltemperatures, the three materials
used have similar performances as power densitieges. In these conditions, some
water passes to the vapour phase, reducing therdrabliquid water, and it seems that
the flooding may me avoid in some extend so theewweemoval problems are less

important.
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Figure 5.32 — Effect of cathode diffusion layer marial on a) cell performance and b) power
density. Operating conditions: methanol concentratin 0.75M, methanol flow rate 8 ml/min and air

flow rate 3.6 I/min. Design parameters: Nafion 11and carbon cloth as anode gas diffusion layer.
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5.1.3.3. Effect of membrane thickness

The set of operating conditions displayed on Tdbh& was used in the experiments
performed to study the impact of the membrane ttesk on the cell performance.

In this section, results from experiments usingé¢hdifferent Nafion membranes with
different thicknesses (Nafion 117 0.0187 cm, Nafidib 0.0153 cm and Nafion 212
0.0051 cm) are presented. In all cases, carboh tjpe A was used as both anode and
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cathode diffusion layers. The flow field design dhd catalyst load used were the same
employed in the previous reported tests.

Figure 5.33 a) and b) shows, respectively, thepmhrization and power density curves
for the three Nafion membranes and two differenthaeol flow rates (20 ml/min and 3
ml/min). The methanol feed concentration used w@SN), the air flow rate 3.6 I/min
and the fuel cell temperature 20°C. For the setcaditions studied the cell
performance and power curves are enhanced usickethNafion membranes for very
low and relative high current densities. It shobkel noted that methanol transport
through the cell is enhanced or diminished by uglifierent membrane thicknesses.
Figure 5.34 shows the methanol crossover rate ¢iiwrdie different membranes used.
As expected, thicker membranes generate lower metlcaossover rates, which lead to
an increase in the fuel cell performance. As carséen in Fig. 5.33 the fuel cell
performance is similar when Nafion 117 and Nafid®d Inembranes are used. This is
probably due to the fact that although the Nafidib generates a slightly higher
methanol crossover it has a lower internal massstea resistance, due to its lower
thickness. For intermediate current densities,differences in cell performances are
lower because within this operation range the highethanol crossover through Nafion
212 membrane is compensated by a lower internbhweds transfer resistance (lower
thickness). The plots from Fig. 5.33 also show érgterformances for higher methanol

flow rates (recall section 5.1.2.3).
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Figure 5.33 — Effect of membrane thickness on a) k@erformance and b) power density. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 20°C.
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Figure 5.34 — Model predictions for the methanol asssover for different membrane thicknesses.
Operating conditions: methanol concentration 0.75Mand 5M, methanol flow rate 3 ml/min, air

flow rate 3.6 I/min and fuel cell temperature 20°C.

The influence of the membrane thickness on the peiformance for two different
methanol concentrations (0.75M and 5M) is showhig 5.35. The methanol flow rate
used was 3 ml/min, the air flow rate 3.6 I/min &hd fuel cell temperature 20°C. As
expected the thinner membrane shows the worst npeaftce due to the generation of
large amounts of methanol crossover (Fig. 5.34). rAterred before, the most
considerable differences in the polarization cufegshe three membranes used were
found at low current densities and at high currdensity regime. The thicker
membrane, Nafion 117, revealed no appreciable tnassfer limit even in high current

regimes.
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Figure 5.35 — Effect of membrane thickness on a) k@erformance and b) power density. Operating

conditions: air flow rate 3.6 I/min, methanol flowrate 3 ml/min and cell temperature 20°C.

The model predictions of the net water transposdffament (@) are presented in Fig.
5.36 for the three Nafion membranes (Nafion 117/jddall5 and Nafion 212). For the
conditions studied, the net water transport cokeifichas positive values indicating that
the water transport is toward the cathode. Whenpaoimg the values ai for identical
values of current density and different membranekttesses, lower values of are
obtained with the thinner membrane, because th&taese of water back-flow from the

cathode to the anode via hydraulic permeation ishhmeduced in this case. This is a
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very important result bearing in mind the operatadra DMFC under high methanol

concentration.
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Figure 5.36 — Model predictions for the net water ransport coefficient for different membrane
thicknesses. Operating conditions: methanol conceration 0.75M and 5M, methanol flow rate 3

ml/min, air flow rate 3.6 I/min and fuel cell tempeature 20°C.

The effect of membrane thickness on cell perforreaand power density for two
different fuel cell temperatures (20°C and 60°@)@ovided in Fig. 5.37. As expected,
the worst performances are achieved using Nafi@r2émbranes for low and high fuel

cell temperatures.
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Figure 5.37 — Effect of membrane thickness on a) k@erformance and b) power density. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and air flow rate 3.6 I/min.

Model predictions and experimental results, for wvadues of methanol concentration
(0.75M and 2M) are presented in Fig. 5.38. The am@hflow rate used was 3 ml/min,
the air flow rate 3.6 I/min and the fuel cell temgtare 20°C. The model predicts the
correct trends of the effect of the membrane thesknon fuel cell performance and

power density.
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Figure 5.38 — Comparison of model predictions on aell performance and b) power density; dots:
experimental data, lines: model predictions. Operahg conditions: methanol concentration 0.75M

and 5M, methanol flow rate 3 ml/min and air flow rate 3.6 I/min.

5.1.3.4. Effect of Catalyst loading

Based on the set of operating conditions testedpaesented in Table 5.6, a sub-set of
results was chosen to be presented in this sedfimmthe set of tests presented in the
following, a single serpentine flow field designdacarbon cloth type A for both anode

and cathode were used.
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The catalyst loading used on the anode and catetet#rode was, respectively 4
mg/cnf (SL - standard loading) Pt/Ru and Pt and 8 m@/gtl - high loading) Pt/Ru
and Pt-B.

The influence of the catalyst loading on the celifprmance for two different methanol
flow rates (20 ml/min and 3 ml/min) is put in evwde by the plots in Fig. 5.39, for a
methanol feed concentration of 0.75M. The reductibnoble metal loading leads to a
decrease in the cell performance. There are thssenéal properties of the electrode
that may be affected when reducing the catalystitmga the catalytically active surface
area, the electronic conductivity and the thickrnefsthe electrode. The reduction of the
catalyst loading conducts to a reduction of thalgat layer that leads to a reduction on
the active surface area, an increase on resistaily consequently a decrease in
electronic conductivity. An increase on the catalgading leads to an increase on the
catalyst active surface, more active sites forrttethanol oxidation, a decrease of the
anode overpotential and consequently an increadbeirfuel cell performance. The
effect of the catalyst loading on both anode anithatke overpotential is shown in
Figures 5.40 and 5.41, respectively, for a methasmicentration of 0.75M. As
expected, higher catalyst loadings result in lowatues of anode and cathode
overpotentials. An increase on the catalyst loadiagses an increase in the electrode
thickness. A thicker electrode leads to a highessmnaansport resistance but, on the
other hand, it may also be advantageous, specalihe cathode, since mixed potential
formation may be avoided to some extent. In a #riékectrode, less catalyst particles
are reached by the permeated methanol flux, so autiee sites are free for the oxygen
reduction reaction. The cathode overpotential geme leading to an increase of the

fuel cell performance.
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Figure 5.39 — Effect of catalyst loading on a) cefperformance and b) power density. Operating
conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 20°C.
Design parameters: catalyst loading SL (4 mg/cfhand HL (8 mg/cnf).
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Figure 5.40 — Model predictions for the anode oveuential for different catalyst loadings.
Operating conditions: methanol flow rate 3 ml/min, air flow rate 3.6 I/min and methanol

concentration 0.75M. Design parameters: catalyst &iing SL (4 mg/cnf) and HL (8 mg/cnT).
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Figure 5.41 — Model predictions for the cathode ovpotential for different catalyst loadings.
Operating conditions: methanol flow rate 3 ml/min, air flow rate 3.6 I/min and methanol

concentration 0.75M. Design parameters: catalyst &ing SL (4 mg/cnf) and HL (8 mg/cnft).

The influence of the catalyst loading for threefedi#ént methanol concentrations
(0.75M, 2M and 5M) is shown in Fig. 5.42. A beti@erformance is obtained, as

expected, for the highest value of catalyst loadfieg the three values of methanol

concentration tested.

170



Transport Phenomena in Direct Methanol Fuel CellsModelling and Experimental Studies

The model predictions for the methanol crossover @esented in Fig. 5.43 for the
methanol concentration of 0.75 M and 5M for the texels of catalyst loading. With

the increasing catalyst loading, the thicknessefdatalyst layer increase and therefore

the mass transfer resistance through this layesrbes greater. In spite of this, the cell
performance increases with the metal loading bec#us thicker anode catalyst layer

creates a higher resistance to methanol transpentelty controlling the rate of

methanol reaching the membrane and reducing théamelt crossover as is well

brought out by the curves shown in the figure. Thduction leads to a reduction of the

parasite current formed due to the oxidation of haetl at the cathode side and

consequently the cell performance increases.
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Figure 5.42 — Effect of catalyst loading on a) cefperformance and b) power density. Operating

conditions: air flow rate 3.6 I/min, methanol flowrate 3 ml/min and cell temperature 20°C. Design
parameters: catalyst loading SL (4 mg/crf) and HL (8 mg/cnf).
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Figure 5.43 — Model predictions for the methanol avssover for different catalyst loadings.
Operating conditions: methanol concentration 0.75Mand 5M, methanol flow rate 3 ml/min, air
flow rate 3.6 I/min and fuel cell temperature 20°C.Design parameters: catalyst loading SL (4
mg/cnt) and HL (8 mg/cn).

The model predictions of the net water transposdffoament (@) are presented in Fig.
5.44 for the two catalyst loadings tested (SL (4amg) and HL (8 mg/cr)), and for
the methanol concentrations of 0.75M and 5M. Ferabnditions studied, the net water
transport coefficient has positive values meanirag the water transport is toward the
cathode. When comparing the valuesoofor identical values of current density and
different catalyst loadings, the valuesooére slightly lower for the HL catalyst loading,
probably because higher loadings on the cathodelsatl to more active sites free for
the oxygen reduction reaction and more intense fatenation decreasing the water

concentration gradient between the anode and catsidd.
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Figure 5.44 — Model predictions for the net water ransport coefficient for different catalyst

loadings. Operating conditions: methanol concentrabn 0.75M and 5M, methanol flow rate 3
ml/min, air flow rate 3.6 I/min and fuel cell tempeature 20°C. Design parameters: catalyst loading
SL (4 mg/cnf) and HL (8 mg/cnf).

The effect of catalyst loading, for two differenief cell temperatures (20°C and 60°C)
and two catalyst loadings, on cell performancepaiovided in Fig. 5.45. As expected,

the lower performances are achieved using the loatlyst loadings for the lower and

higher fuel cell temperatures.
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Figure 5.45 — Effect of catalyst loading on a) cefperformance and b) power density. Operating
conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and air flow rate 3.6 I/min.
Design parameters: catalyst loading SL (4 mg/cthand HL (8 mg/cnf).

Finally, the comparison between model predictiond experimental results, for two
values of methanol concentration (0.75M and 5M) &ordthe two catalyst loadings
tested are presented in Fig. 5.46, showing oncie dlgat the model predicts the correct

trends of the effect of the catalyst loading on tuedl performance and power density.
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Figure 5.46 — Comparison of model predictions on aell performance and b) power density; dots:
experimental data, lines: model predictions. Operahg conditions: methanol concentration 0.75M
and 5M, methanol flow rate 3 ml/min and air flow rate 3.6 I/min. Design parameters: catalyst
loading SL (4 mg/cnf) and HL (8 mg/cn).

5.1.3.5. Effect of anode flow field

In this section, the results from the experimestatly of the effect of the anode flow
field design on the fuel cell performance are pness based on the set of operating
conditions tested and presented in Table 5.6.
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Three anode flow fields (single serpentine (SFFltiserpentine (MSFF) and an
original design mixed serpentine and parallel (MRkgre tested by keeping the same
cathode flow field the single serpentine desigre iembrane used in all the tests was
Nafion 117, the anode and cathode catalyst loadias) 4 mg/crh and the anode and
cathode diffusion layers were carbon cloth type A.

The data plotted in Fig. 5.47 were obtained in expents with a 0.75M methanol
solution fed at three flow rates (3, 8 and 20 mi)h@nd at a fixed fuel cell temperature
of 20°C and an air flow rate of 3.6 I/min. As isdant from this figure, for the same
methanol flow rate the performance of the fuel egllipped with MFF is slightly better
than that with SFF and much better than that wiBA®A. The SFF has as the advantage
of forcing the reactant flow to traverse the entadive area of the corresponding
electrode thereby eliminating areas of stagnant.floHowever, this channel layout
results in a relatively long reactant flow pathnte a substantial pressure drop and
significant concentration gradients from the flawet and outlet. Although the MSFF
design reduce the reactant pressure drop relabive single serpentine design, the
reactant pressure drop through each of the sengenkiannels remains relatively high
due to the relatively long flow path of each chdntieus the reactant concentration
changes significantly from the flow inlet regionttee exit region. The MFF design is
divided in several sections with separate inlet antllet, and each of flow sectors has
parallel flow channels, which are further sub-deddinto few sets of channels
connected in series. This design gives combinedratdges from grid, parallel and
serpentine design since it generates lower presioms preventing the formation of
stagnant flow areas, distributing reactants moi@umly with higher average reactant
concentrations. The advantages of the MFF, merdidnefore, are slightly more
important when the fuel cell is operating at higirrent densities, were the anode
produces a large amount of carbon dioxide bubfibs. bubbles formation raises the
pressure drop, so it is advantageous to use ardesigimizing additional pressure
drops.
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Figure 5.47 — Effect of anode flow field design om) cell performance and b) power density.
Operating conditions: methanol concentration 0.75Mair flow rate 3.6 I/min and cell temperature
20°C.

Results from experiments conducted with three diffie methanol concentrations
(0.75M, 2M and 5M) fed at a methanol flow rate ah8min, at a fuel cell temperature
of 20°C and air flow rate 3.6 I/min are plotted kig. 5.48. For a methanol feed
concentration of 0.75M the best performance is eadd with MFF while for the

methanol concentration of 2M and 5M the best paréorce is achieved with MSFF. A
DMFC operating with high methanol concentrationsnegates large amounts of

methanol crossover which causes a mixed potentidhe cathode side and decreases
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the fuel cell performance. So, it seems that thee afsa MSFF with reduced pressure
drop when compared to the SFF and reduced dead »dren compared to the MFF, is

favorable for high methanol feed concentrations.
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Figure 5.48 — Effect of anode flow field design om) cell performance and b) power density.
Operating conditions: air flow rate 3.6 I/min, methanol flow rate 3 ml/min and cell temperature
20°C.

The polarization and power curves representeddn3-49 concern experiments with a
methanol feed concentration of 0.75M, a metharwt ftate of 8 ml/min a air flow rate
3.6 I/min and two different fuel cell temperatur@)°C and 60°C). For a DMFC

operating at 20°C, similar performances are acliewith the SFF and the MFF designs
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with a slight better performance for the lattere3é results are explained by the same
reason mentioned previously, related to the facit tthis design combines the
advantages from the grid, the parallel and theesgnpe designs, generates low pressure
drops and enhances two-phase mass transport, @ajosviefficient removal of the
reaction products. For 60°C the three designs asethode flow channels (SFF, MSFF
and MFF) give similar performances for low curretgnsities. For high current
densities the MFF and the SFF have slightly bgigformance than the MSFF. An
increase on fuel cell temperature leads to an asereof the electrochemical reaction
rate, more methanol is oxidized at the anode smieraore carbon dioxide is formed.
The MSFF design with a relatively long flow patheafch channel and a corresponding
reactant pressure drop generates a less unifotnbditon of reactant which may cause
the appearance of a less uniform distribution obdbes. It seems that this non

homogeneity induces a slower gas removal for hitdraperatures.
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Figure 5.49 — Effect of anode flow field design om) cell performance and b) power density.

Operating conditions: methanol concentration 0.75M,methanol flow rate 8 ml/min and air flow

rate 3.6 I/min.

5.1.3.6. Cathode flow field

Based on the set of operating conditions testedpaadented in table 5.6, the three

cathode flow field designs were tested by keepirgggame anode flow field having a

single serpentine flow field (SFF).
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The design of the cathode flow field affects theraass transfer rate and the drainage.
If the water is not efficiently removed from thetloade at a sufficient rate, flooding
may occur and transport of reactants is hinder8d][1

Although in the anode side the advantages of thé &ems to be superior that the
disadvantages, in the cathode side the oppodibeisl since the performance for all the
conditions tested using the MFF is lower. FigureS055.51 and 5.52 show the
polarization and power curves for the three difféi@thode flow fields.

Polarization and power curves obtained from expenis: with 0.75M methanol
solution fed at 8 ml/min, at a fixed fuel cell teenature of 20°C and two air flow rates
(1 I/min and 3.6 I/min), are presented in Fig. 5.60r the same air flow rate, the best
performance is obtained when the multi-serpentio field (MSFF) is used, probably
because this design has the advantages of thentegeéesigns at the cathode side,
ensuring adequate water removal by the gas floautiir the several channels and no
formation of stagnant areas at the cathode suidaeeto water accumulation. These
results are in accordance with the simulation tesafbtained by Junet al. [179]. The
effect of the methanol flow rate is as expecteghr performances for higher methanol

flow rates.

181



Chapter 5: Experimental and modelling studies of aractive feed DMFC

0.7}
0.6 7
§ 05+ & .
Q . [y ‘ ‘
= 0.4+ = T3 s s
% ‘ 'y N ’ g ‘
Q'037 A"Agg;;lll
= 6 L S
8 0.2 4 P ® o o
0.1
0.0 T T T T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 018
3) Current density (A/lcm?)
* 3.6 min; SFF = 3.6 Imin; MSFF 4 3.6 IImin; MFF
e 1 Imin; SFF x 1 Umin; MSFF 1 Vmin; MFF
0.020+
€ .
o | ]
< 0.015-4 s ="
2 A EEE L
2 g 8 .
50.010* ,tAAAA‘AAA
o L
© :
= 0.005- 8
(@) B
o =
0.000 = T T T T T T T ]
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 18
b) Current density (A/cmz)
* 3.6 min; SFF = 3.6 Imin; MSFF 4 3.6 Imin; MFF
e 1 Imin; SFF x 1 Umin; MSFF 1 Vmin; MFF

Figure 5.50 — Effect of cathode flow field designroa) cell performance and b) power density.
Operating conditions: methanol concentration 0.75M, methanol flow rate 8 mil/min and cell

temperature 20°C.

The data plotted in Fig. 5.51 were obtained in expents with 0.75M, 2M and 5M
methanol solution fed at 3 ml/min, at a fixed fgell temperature of 20°C and an air
flow rates 3.6 I/min. For a methanol feed concemnaof 0.75M the best performance
is achieved with MSFF while for the methanol coricaions of 2M and 5M the higher
performances are achieved with MSFF and SFF. WHeMEC operates with a 0.75M
methanol solution, a large amount of water is preaethe anode side and the net water
flux tends to be toward the cathode side generatinge accumulation of water at the

cathode side. Since the MSFF is a design whiclwallan efficient water removal this
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flow field gives the best performance. For the 2hdl &M methanol solution, the water

concentration at the anode side is smaller anaviter production at the cathode give

higher concentrations generating lower water cnmsoThe use of MSFF or SFF

configurations seem to generate similar performgnsece both designs have good

mass transfer ability and can exclude water dudadéohigh pressure drop. Contrarily,

the MFF design seems to be inefficient in watepdnemoval at the cathode side, since

this design induces lower pressure drops. Presbore effects at the cathode side are

essential to correct water removal.
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Figure 5.51 — Effect of cathode flow field designroa) cell performance and b) power density.

Operating conditions: air flow rate 3.6 I/min, methanol flow rate 3 ml/min and cell temperature

20°C.
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Results from experiments conducted with a meth&é®id concentration of 0.75M, a
methanol flow rate of 8 ml/min a air flow rate 3/éin and two different fuel cell
temperatures (20°C and 60°C), are plotted in FBR.5As can be seen from the plots
both MSFF and SFF give enhanced performances. & a better performance is
achieved using MSFF as cathode flow field desighijlevfor 60°C a slight better
performance is achieved using SFF. These resultdbeaexplained under the light of
the pressure effects on water removal, as explabede. The serpentine design due to
the pressure-driven mass flow in the channels allaworrect water removal and forces
the reactant flow to traverse the entire activa dhereby eliminating areas of stagnant
flow. The use of MFF shows the worst performanage tb the fact that oxygen and
water may flow in one or more of the many chanmesailting in a bad distribution of
reactant It should, also, be mentioned that theusstnof water in the cathode side is
smaller for 60°C than for 20°C, since at this terapuee more water vaporizes and is
removed by the gas stream. In this way a fuel @edrating at 60°C should have less
problems of flooding, so the single serpentine ff@ids seems to be more adequate in

this conditions, leading to the best performance.
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Figure 5.52 — Effect of cathode flow field designroa) cell performance and b) power density.
Operating conditions: methanol concentration 0.75M,methanol flow rate 8 ml/min and air flow
rate 3.6 I/min.

5.1.4. Tailored MEAs (Membrane Electrode Assemblies)

As already referred, reducing the membrane watdr rapthanol transport from the
anode to the cathode of a DMFC is of significanpamiance to achieve higher cell
performances and consequently increased power t@snsiollowing the results

presented in the previous sections, the next gaaltailoring a MEA to achieve a better
performance with higher methanol feed concentration
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One membrane named commercial Nafion 117 was oemesidwith 30 wt% carbon
cloth type A (E-TEK) as gas diffusion layer on theode and ELAT (E-TEK) on the
cathode side with 4mg/dmPt/Ru and Pt as catalyst load for anode and cathod
respectively. One tailored MEA with a thinner mear Nafion 212, a 30% wet-
proofed carbon paper TGPHO60 as anode gas diffdayer and a 30% wet-proofed
carbon cloth type A as cathode gas diffusion laged 4 mg/crh Pt/Ru and Pt as
catalyst load for anode and cathode respectivel/also proposed.

A methanol feed concentration of 5M was used takheit is possible to work with
high methanol concentration without significantrda®e of fuel cell performance. As
verified in the previous results with high methanodncentrations and thinner
membranes, the net water transport coefficient tdwiae cathode is reduced. A single
serpentine flow field design was used both for @nald cathode sides.

The next three figures emerge as a result of thé/ses made previously to predict the
influence of different operating conditions and foguration parameters on the cell
performance, on the net water transport coefficaat on the methanol crossover.
Figure 5.53 shows the experimental and predicteldrigation and power density
curves for the two types of MEAs, using the sel@ateethanol concentration of 5M.
The tailored MEA has a slightly better performamecel power density especially for
medium to high current densities. This is due te flact that in this region,
concentration overpotential is a major portionhe total overvoltage so a decrease in
membrane thickness leads to a reduction on massféraresistance. Working with
thinner membranes has advantages such as thedosteand the possibility of working
with a favorable water transport direction. Deciregishe membrane thickness enhances
back transport of water, from the cathode to thedapan essential operating condition
when working with high methanol concentrations [89]. According to the suggestions
of Liu et al. [90], it is possible to reduce the methanol cressousing thinner
membranes and thicker gas diffusion layers.
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Figure 5.53 — Comparison of model predictions on tleperformance and power density; dots:
experimental data, lines: model predictions. Operahg conditions: methanol concentration 5M,

methanol flow rate 3 ml/min, air flow rate 3.6 I/min and fuel cell temperature 20°C.

Model predictions of the methanol crossover fortihe MEAs tested (commercial and
tailored) are presented in Fig. 5.54 as a funatibcurrent density. As can be seen, and
as already mentioned, higher methanol crossoves rate achieved using commercial
membranes. The tailored membranes are thinner wdaolducts to a higher methanol
crossover, but the anode diffusion layer matersa&duis carbon paper and this material
was found to limit the amount of methanol that rescthe cathode side. In overall, the
tailored MEA can reduce the methanol crossover eatd enhance the fuel cell
performance. With this MEA modification it is posk to work a DMFC with high
methanol concentrations and low methanol crossoates. This is one of the major
goals on the DMFC development.
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Figure 5.54 — Model prediction for the methanol cresover for different MEAs. Operating
conditions: Operating conditions: methanol concentation 5M, methanol flow rate 3 ml/min, air

flow rate 3.6 I/min and fuel cell temperature 20°C.

The model predictions of the net water transpodffoment (@) are presented in Fig.
5.55 for the two MEAs tested (commercial and tatr For the operating and design
conditions studied, the net water transport coeifichas positive values for the entire
range of current densities. When comparing the eglof a for identical values of
current density and the two MEAS, lower valuesoofre obtained with the thinner
membrane (tailored MEA), as expected. As alreadified, the use of carbon paper as
anode gas diffusion layer, also, limits the amafnwater that reaches the cathode side
reducing the net water transport coefficient. Witts MEA modification it is possible
to work a DMFC with low net water transport coeffiats and consequently low water
crossover rates. This is another major goal tdxe-C development.

The results obtained seem to point out optimizeaditons for operation of DMFCs

with tailored MEAs and high methanol concentratiwith an increased performance.
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Figure 5.55 — Model prediction for the net water tansport coefficient for different MEAs.
Operating conditions: methanol concentration 5M, methanol flow rate 3 mbhin, air flow rate 3.6

I/min and fuel cell temperature 20°C.

5.2.Concluding remarks

The performance of a direct methanol fuel cell apeg near atmospheric pressure has
been studied to systematically evaluate the effetteperating parameters such as
methanol concentration, fuel cell temperature, imeth and air flow rates and design
parameters on the DMFC performance.

The effect of the design parameters such as thdeagas diffusion layer media, the
cathode gas diffusion layer media, the membrarckniess, the catalyst loading and the
anode and cathode flow field design on the direethanol fuel cell performance and
power, has been, also, experimentally investigatéast of the obtained results were
explained under the light of the predictions of thethanol crossover rate, the methanol
and oxygen concentration profiles, the net wasardport coefficient and the anode and
cathode overpotential from the developed and vidatlaenodel presented in Chapter 3.
Based on the results presented in this chapteanthe concluded that the fuel cell
performance significantly increases with the intrctibn of the gas diffusion layers. For
this specific cell design and operating condititmes optimum methanol concentration is
0.75 M with air as oxidant. Higher values of metbieaind air flow rates have a positive
effect on cell voltage and power. The effect of &iveflow rate is less pronounced than
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the impact of methanol flow rate. Regarding thegleparameters it was found that the
choice of material to be used as anode gas diffuiger depends on the methanol
concentration. Using carbon paper instead of cadioth for anode diffusion layer
increases the cell performance for higher methaaontentration levels. In opposite for
low methanol concentration, the use of carbon ciogitead of carbon paper increases
the fuel performance. When a fuel cell is operatgti high methanol concentration,
large amounts of methanol crossover are gener8iade carbon paper is less porous
than carbon cloth limits the amount of methanot titasses the membrane reducing in
some extend the major loss on performance when imgpri fuel cell with high
methanol concentrations. For the cathode side,gusambon cloth instead of carbon
paper and ELAT as gas diffusion layer increasesctieperformance. Increasing the
membrane thickness leads to a lower methanol cresgate through the membrane
increasing the fuel cell performance. Thicker anadgalyst layers create a higher
resistance to methanol diffusion reducing the mmathacrossover. Thicker cathode
catalyst layers enable an increase of the numbeataflyst particles available for the

oxygen reduction.

The effect of anode and cathode flow field designtiee direct methanol fuel cell
performance, operating near ambient pressure, leen,balso, experimentally
investigated. It has been shown that various flmhdfdesigns have a large impact on
the fuel cell performance and power due to thdiiedgnt ability to provide fuel and
remove produced water and carbon dioxide. Baseith@mesults of these experiments,
for this specific cell design and operating cormuif, it can be concluded that the fuel
cell performance significantly increases with tree wf MFF as the anode flow field
design and MSFF as the cathode flow field design.tke three values of methanol
flow rate tested, for low values of fuel cell temgtere and low values of methanol
concentration the use of MFF as anode flow fieldigle has a positive effect on cell
voltage and power. For high values of fuel cell penature the three anode flow field
designs used show similar performances. For highluega of methanol feed
concentrations, an important operating condition dgortable applications, the use of
MSFF as the anode flow field design conducts teetteb performance. Similarly, for
the two values of air flow rate tested, for lowwed of fuel cell temperature and low
values of methanol concentration the use of MSFEatisode flow field design has a

positive effect on cell voltage and power. For higllues of fuel cell temperature the
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use of SFF as cathode flow field design conducts better performance. For higher
values of methanol concentration the use of SFRVMBEF as cathode flow field design
shows similar performances. The results presera@dbe used for the validation of
CDF models.

Reducing the membrane water and methanol tranfpaontthe anode to the cathode of
a DMFC is of significant importance to achieve lghcell performances and
consequently increased power densities, esped@ilportable applications. Based on
the experimental results, a tailored MEA was prepot achieve low methanol and
water crossover and high power density, operatiriggln methanol concentrations. The
resulting MEA provides a basic element for futurdilBC systems using high

concentration or pure methanol.
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CHAPTER 6

6. PASSIVE FEED DIRECT METHANOL FUEL CELL

The imminent introduction of the passive DMFCshe tnarket strongly motivated
the development of the work presented in this drapt

As was mentioned before, models are a fundamewmalfor the design process of
fuel cells and fuel cell systems. Based on the rhddeeloped for the active feed
direct methanol fuel cell, a steady state, one-dsimal, multi-component and
thermal model is described and applied to simulageoperation of a passive direct
methanol fuel cell. The model takes into accoumt tihermal and mass transfer
effects, along with the electrochemical reactionsuoring in the passive DMFC.
The model can be used to predict the methanol, exygarbon dioxide and water
concentration profiles in the anode, cathode anchlonane as well as to estimate the
methanol and water crossover and the temperatofgepacross the cell. The model
was validated with data from experiments condudte@n «in-house» designed
passive DMFC and with recent published data [1B6}.the experimental studies of
the passive feed direct methanol fuel cells (DME@% necessary equipment and
facilities for running the tests were installed eTlast part of the experimental setup
section describes the passive feed DMFC designddcanstructed for this work.
Steady state experiments at ambient pressure, taos®m temperature at different
methanol concentrations were carried out. The efiedesign parameters (such as
the membrane thickness, catalyst loading, diffusiayers materials and
thicknesses) on the fuel cell performance and regemtransport coefficient was

studied under the light of the developed modettierpassive DMFC.

The contents of this Chapter conducted to the pedfman and submission of two
papers: Oliveira, V.B, Rangel, C.M. and Pinto, AZNR., “One-dimensional and
non-isothermal model for a passive DMFC” submittednternational Journal of
Heat and Mass Transfer and Oliveira, V.B, RangeMCand Pinto, A.M.F.R.,
“Water management in a passive DMFC” submitted todal of Power Sources.
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6.1. Model Formulation for a passive feed DMFC

6.1.1. General model structure

A schematic representation of a passive feed dimathanol fuel cell is shown in Fig.

6.1, consisting of

* an acrylic plate (AAP) containing the fuel tankc@pper plate (ACP), a diffusion
layer (AD) and a catalyst layer (AC) at the anode;s

e a polymer electrolyte membrane (M);

e a catalyst layer (CC), a diffusion layer (CD), gper plate (CCP), and an acrylic
plate (CAP) at the cathode side.
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Figure 6.1 — Schematic representation of a passiGMFC.

In a passive-feed DMFC the fuel, methanol or aneaga methanol solution, and the
oxidant are supplied to the reaction zone by natgavection. From the ACP through
the AD and from the AC through the M, methanol soluis transported primarily by
diffusion. In a similar way the transport of oxygem the CCP, CD and CC is enhanced
by diffusion. After being produced by methanol @tidn, which takes place in the AC,
the carbon dioxide produced moves counter-currethyard the fuel tank. At
sufficiently high current densities carbon dioxiglmerges in the form of gas bubbles

from the surface of the AC. In the CC, oxygen reaeith protons and electrons
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generating water. The water produced in CC movesteo-currently toward the open
channels of the CCP and also under some operatnditons, by back diffusion

toward the anode.

6.1.2. Model assumptions

As already referred, the direct methanol fuel dglla multiphase system involving

simultaneous mass, charge and energy transferowinty the modelling studies

presented in Chapter 3 for the active feed DMF@e&dimensional model is presented
now, for the passive feed DMFC, with the followisigplifications and assumptions:

« the fuel cell is assumed to operate under steatg-sbnditions;

e the transport of heat and mass through the gassdfi and catalyst layers is
assumed to be a diffusion-predominated process thadconvection effect is
negligible;

 mass transport in the diffusion layers and membiangescribed using effective

Fick models;

» the thermal energy model is based on the diffembtitiermal energy conservation

equation (Fourier’s law);
» pressure gradient across the layers is negligible;

* only the liquid phase is considered in the anode,sso carbon dioxide remains

dissolved in solution;
* gaseous methanol and water are considered in theds
» solutions are considered ideal and dilute;
* local equilibrium at interfaces is represented astipon functions;

» the catalyst layers are assumed to be macro-horeogenporous electrodes so
reactions in these layers are modelled as a honeogsrreaction;

e anode kinetics is described by step mechanism, avitite expression similar to the
used by Meyerst al.[26];

« the anodic and cathodic overpotential is constanauigh the catalyst layers;
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» cathode kinetics is described by Tafel equation;

* methanol and water transport through the membraressumed to be due to the
combined effect of the concentration gradient betwthe anode and the cathode

and the electro-osmosis force;

* on the anode side, the heat and mass transfertbfinm@ from the bulk solution to

the ACP is assumed to be driven by natural convecti

+ on the cathode side, the heat and mass are trdoetfeeen the CCP and the ambient

by natural convection;

» the heat generation by electrochemical reactiomsirong in the catalyst layers is

considered:;

e when compared with the heat generated by electnoicla reactions and
overpotential, the heat released by joule effecignored;

» the temperatures of the external walls of the(@glland T in Fig. 6.1) are known;

» the heat flux generated in the catalyst layersssimed to be constant.

The major differences between the two models (acivd passive feed DMFC) regard
the end plate, current collector plate and the flhd channels. The passive feed does
not have the flow field layer. The end plates amdenby different materials and the
current collector plates have holes. In the pastsed systems, and as already referred,
the fuel and the oxidant supply is made by natwa@hvection instead of forced
convection (active feed) having the two models,tfos reason, different correlations

and equations.

6.1.3. Governing equations and Boundary conditions — Anodand Cathode

6.1.3.1. Mass transport

Anode reaction:

Methanol oxidationCH;OH + H,O — CO, +6H " +6e” (6.1)
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Cathode reaction:

Oxygen reductionO, +4H " +4e” - 2H,0 (6.2)
Methanol oxidation CH;OH +§OZ - CO, +2H,0 (6.3)

The transport processes of methanol and water flenfuel tank to the ACP are

described by

N, =hxe (o -c) (6.4)

massj

P

where | represents methanol or water and ]

represents the mass transfer

coefficient of the specigs

In the anode copper plate, diffusion and catalyged, the methanol and water flux are
related to the corresponding concentration gradidayt assuming Fickian diffusion

[171] with an effective diffusivityD§"*“" in the ACP,D{"*" in the AD andD;"*° in

the AC. The methanol and water fluxes can be déteahfrom:

dcie” .
N; =-D{"A dj , j represents methanol or water, (6.5)
X
AD
N, = —Dje“'ADd—', j represents methanol or water (6.6)
X
and
AC
N, = —Dje“'ACd—’, j represents methanol or water (6.7)
X

The concentration at the AAP/ACP, ACP/AD and AD/AQerfaces is given by
assuming local equilibrium with partition coeffiots K,, K3 andKy, respectively. The
boundary conditions for Eq. (6.5), (6.6) and (&® (see Fig. 6.1)
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Atx=x,: Cz5" =K,CM", jrepresents methanol or water (6.8)
Atx=xs: C3f =K3C3f", j represents methanol or water (6.9)
Atx=xs: Ci§ =K4Ci?, j represents methanol or water (6.10)
Atx=xs: C{°=CZL, jrepresents methanol or water (6.11)

In fuel cells, all the fluxes can be related toirgle characteristic flux, the current

density or charge flux of the fuel cell. In the DMFthe methanol flux is related to the

current density and the permeation flux of methahodugh the membraneN@HpH)'
by:
NCH3OH = e + N(’;AHSOH (6.12)

6F

At the anode side, the water flux is related to ¢beent density and to the net water
transport coefficienty (defined, as before, as the ratio of the net wit@rthough the

membrane from the anode to the cathode normaligeldebprotonic flux), by:

I Cell

N0 = o (@+1) (6.13)

As well as for the model presented in Chapter 8,tthnsport of methanol and water
through the membrane is assumed to be due to thbiged effect of the concentration

gradient and the electro-osmosis force. The fliweesbe determined from:

M
CH,OH | e

N(';AHP,OH = _ng\cﬁH dx + gCH?,OH = (6.14)
NM = gleel _ _pettm dCiio +n, Y (6.15)
"0 T 6F "0 dx F

The electro-osmotic dragfn.on ,na ), in equations (6.14) and (6.15), is defined a&s th

number of methanol or water molecules dragged byhifldrogen ions moving through

the membrane.
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The net water transport coefficieat, can be calculated using the equation (6.15).
The concentration at the AC/membrane interfacévisngby assuming local equilibrium
with a partition coefficienKs. The boundary conditions for the integration ofi@tpns
(6.14) and (6.15) is given by

Atx=xs: Ci) =KsCs¥,]| represents methanol or water (6.16)

In the cathode catalyst layer, the methanol, water oxygen flux are related to the
concentration gradient by assuming Fickian diffasifl71] with an effective

diffusivity D™ . The flux can be determined from:

ccC

d—; , ] represents methanol, water or oxygen (6.17)

As for the active feed DMFC it is here considereak the entire methanol crossing the
membrane reacts at the cathode catalyst layer esocdhcentration at the CC/CD

interface is zero. It is assumed that there is rggen crossover, so the oxygen
concentration in CC/M interface is zero. The comiadion of water and methanol at the
membrane/CC interface and the concentration of .watel oxygen at the CC/CD

interface are given by assuming local equilibriuithva partition coefficienkKg andKy,

respectively. The boundary conditions for Eq. ( 4ré:

Atx=xs: Csj =KeCs]j,] represents methanol or water &bff;, =0 (6.18)
Atx=x%;: Cdion 00,C5% =Cyh0 andCS =Cyrg, (6.19)

At the cathode catalyst layer, the oxygen reacth whe electrons and protons to
produce water. However, part of oxygen fed is caredi due to methanol crossover to

form an internal current and a mixed potential. rféf@e the oxygen flux is related to

the current density and the permeation flux of rmeth through the membrane by

I ell
NOz =Uo, A::_F + Ucrosso, Nng30H (620)
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where

UOz = land UCFOSSOz = %

At the cathode side, the water flux is relatedhte water production from the oxygen
reduction reaction and methanol crossover oxidatioml to the net water flux

transported from the anode to the cathode by:

| cen
Nh.0 =UH204_Ie:+UcrosstO NCMH3OH + N,Tzo (6.21)

where

Un.0 = 2, Ucrossho = 2

In the cathode diffusion layer and cathode coppeteghe oxygen and water fluxes are

related to the corresponding concentration gradibnt

dc®® .
N, = -D°"P d—lx i represents oxygen or water vapour (6.22)

CCP
N; = —Df“'ccpd(;—, i represents oxygen or water vapour (6.23)
X

whereD®" P and D" are the effective diffusion coefficients of oxygamd water in

the CD and CCP.

The concentration at the CC/CD and CD/CCP intedasegiven by assuming local
equilibrium with a partition coefficienK; and Ks. The boundary conditions for Eq.
(6.22) and (6.23) are

Atx=x;: Cg’ =K7,Cs°,i represents oxygen or water vapour (6.24)

Atx=xs: Cs " =KgCsl,i represents oxygen or water vapour (6.25)

Like at the anode side, the transport process gfex from the air to the CCP is

described by
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N, =hC,.,(CP -c5™) (6.26)

massi

wherei represents oxygen ankf.., represents the mass transfer coefficient of the

assi

species

It is assumed that the air at the CCP is in a atddrstate, then the water vapour feed
concentration CQHZO) Is equal to water vapour concentratioﬁg'ﬁjg) and can be
determined from the saturated pressure of moist air

To account for the effect of methanol crossovertiom cathode overpotential it is
assumed that the methanol crossing the membranpletty reacts electrochemically
at the cathode. In this way the internal currdr;on ) due to methanol oxidation can

be written as
ICH3OH = GFN(’;AH3OH (627)

where the methanol flux in the membrai¢, .., ) is obtained from Eq. (6.14).

The volumetric current density expression for methaxidation is taken from Meyers
et al.[26] as

(6.28)

jrmaign e exp(aRAzAFj
Cél—iOH +A ex;{aAﬂA j AC

TAC

The current density is related to the volumetricrent density using the following

equation
% X KCAC
i H,OH aaaF
lcen = .[ jadx= '[ alc():,rZ?OH = exp( S?’A jdx (6.29)
X X CAC oy + Aexp| TAIAT A '
3 RTac

Equation (6.29) is used to calculate the anodepmtential for a givehce, assuming

N as constant in the anode catalyst layer AC.
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At the cathode, the electrochemical reaction is elled using Tafel equation for the
oxygen reduction taking in account the mixed po#nThe cathode overpotential can

then be determined from:

Cos acncF
— 102 Oz C,7C
|Ce|| + ICH3OH - IO,ref Cgfref eX[{ RTCC j (6_30)

The mass transfer coefficient in Eq. (6.4) can étemnined from [172]:

2
1/6
sh=mesd _| ggo5,  0387xRa
D ( )8/27

1+(0.492/ S9°*°

(6.31)

whereRa s the Rayleigh numberRa= Gr x Sc), Scthe Schmidt numberSc=v/D)

gACL®
cv? )

andGr is the Grashof numb({rGr =

6.1.3.2. Heat transport

Based on the simplifications and assumptions desdripreviously, the following

overall heat transfer equation can be proposedHge®.1):

Q*+Q° =Q +Q, (6.32)
The total heat generated in the DMFC is equal ®hbat losses to the surrounding

environment at the anode and cathode.

Complementarly, the following heat transfer balancan be written:

Q:=Q" -Q (6.33)
Q. =Q%° +Qs (6.34)

At the anode, heat generated by the electrochem@aation in the AC is given by
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AH, —-AG
#j (6.35)

AC = -1
Q cel7a = el ( 6F

In this equation the first term represents the keatto the activation and mass transfer
overpotentials at the anode and the second terneseqts the entropy change of the
anodic electrochemical reaction, witkH » denoting the anodic reaction enthalpy and
AGA the Gibbs free energy.

In a similar way, the heat generated at the CC beatletermined from

Mj (6.36)

Co=(lgy +1 =1
Q (! cen CH,OH MNe Cell( AF

where the first term represents the heat due toaittevation and mass transfer
overpotentials and mixed potential caused by metharmssover through the cathode
and the second term represents the entropy chaihtjee acathodic electrochemical
reaction, withAH¢ denoting the cathodic reaction enthalpy a¥@c, the Gibbs free
energy.

In the anode acrylic plate section | and diffusiayer the heat fluxQ, can be related to

the temperature gradient across each layer, usengdurier’s law, as
dT
=-K'A.— 6.37
Q Aadx (6.37)

wherel represents AAR:ioniOr AD andA, represents the active area

In the anode acrylic plate section Il the heat flx can, also, be related to the

temperature gradient across this layer, using Newiaw, as
Q = —hnea AAT (6.38)

At the cathode side and membrane, the heat fllQesndQ; can be related to the

temperature gradient across the CD and M layers as
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Q=—KtAa3—: (6.39)

wheret represents CD or M.

In a passive DMFC the copper plate has holes madham the surface, to allow the

reactant to reach the catalyst layers (Fig. 6.hp &stablishment of the heat transport
equations, in this layer, involved the consideratxd two zones. In one zone the heat is
transferred by conduction and in the other (halles)heat is transferred by convection.

Using the thermal resistance concept [172] we get:

AT
Q= were (6.40)
otal
t 1 + 1 since the resistances are in parallel
I:\>(otal I:\><:0nd I:\><:0nv (641)
_ 0
Reond = A XK (6.42)
Reonv = 1 and
o A10|ES X hheat (643)
Aa = Al + Aholes (644)

The differential equations describing the tempermprofiles at the anode and cathode

catalyst layers are:

dZT QAC
dx? = K AC5AC (6.45)
dZT B QCC
dx? - K ccycc (6'46)

where Q”¢ and Q¢ are, respectively, the heat generated in the acakddyst layer and
cathode catalyst layer.

The boundary conditions for Eq. (6.45) and (6.4@)the temperatures at the wallg, (
T5, Te andT7).
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For these layers. Fourier's law gives

dT
At X=Xy Q1=—KACAaE (6.47)

AtX=Xs: Qs = —KCCAz—: (6.48)

T . : . : : :
Where(;— is calculated using the temperature profile oledifrom the integration of
X

equations (6.45) and (6.46).
Finally, the heat transfer from the AAP sectionndaCCP to the ambient air can be

described using the Newton’s law as

The heat transfer coefficient, due to natural cotiva (Eq. 6.38), can be determined
from [172]:

(6.50)

2
1/6
Ny Pheal _ {0'82& 0387xRal" 27]
K

(1+(0.492/ Pr)*¢)”

whereRais the Rayleigh numberRa= Gr x Pr), Pr the Prandtl numberRr=v/K),

gpaATL
NE

Gr is the Grashof numb{rGr = j andL is the length of the active area, cm.

6.1.4. Cell performance

The determination of methanol and oxygen conceaotratat the catalyst layers, the
temperature profiles and the anodic and cathodierpmtentials from the model

equations enables prediction of the cell voltagaictvcan be expressed as:

Veer = Ecet =14 =1~ can Ree (6.51)

where
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0E
Ecei =Uo, ~Uchion + AT(EJ , (6.52)

n, andz. are the anode and cathode overpotencials andeéh#rane resistané®,,

is given by
5M
Rear = P (6.53)

where o™ is membrane thickness ardis the ionic conductivity of the membrane.

6.1.5. Analytical solutions - Mass transport

The methanol and water concentration profiles inPA&ection 1l) can be obtained
combining Egs. (6.4) and (6.12) or (6.4) and (6.13)

1 |
CAA:' = CO 3 - ( — + N N 3 j (654)
CH30H CH30H hr,:‘:SPSCH3OH 6F CH30H
ICeII
CMP=co " (g+1
H20 H20 h/.\AP 6F ( ) (655)

'massH 0

Combining equations (6.5), (6.8) and (6.12) or 3p yields the concentration profile in
holes section of the ACP. The concentration prefie the AD are obtained by
combining Egs. (6.6), (6.9) and (6.12) or (6.13)eBolutions are:

| Cell N N 3
CS%T)H = KZC@SSOH +6FDW(XZ - X) + DZ:,/?S (X2 - X) (6.56)
CH3OH CH3OH

lcen @ +1
cigg =ttt + el D)

(6.57)
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M

lce N
Céion = KeCithion +———aip (X =X)+ o (%6 = X) (6.58)
6FDcyon Dehion
| ce +1
Ci = KeCihy + ! la )(Xs ~x) (6.59)

6FD;o°

The methanol and water concentration profile in A can be obtained combining
Egs. (6.7), (6.10) and (6.12) or (6.7), (6.10) &énd 3):

NM

—_ I Cell CH3OH
Coiton = KeCygion + 6FDZMAC e =)+ Déton (=) (6.60)
e +
Ci% =KaCip o +M(X4 - x) (6.61)

6FD; ¢

The concentration of methanol and water throughnieenbrane can be obtained by
using Egs. (6.12) and (6.16) or (6.13) and (6.16):

M _ crson | ce
M _ AC Neton F (6.62)
Cehon = K5C5,CH3OH + Def M (X5 - X)
CH3OH
CM ZK.CA 4 | cen (xs - X)- ndlcen (% - X) 6.63
H20 5H20 GFDﬁfzfoM FDlifzfoM ( . )

Combining Egs. (6.12), (6.16) and (6.18) leads moexpression to calculate the

methanol flux through the membrane:

eff M
— DCH3OH

CHsOH — 6 M

ot | ce
S (6.64)

The concentration of methanol, water and oxygeautjn the CC can be obtained by
combining Egs. (6.17), (6.18), (6.19), (6.20) a@2{):
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M
I N
cC — ~CC Cell CH30H
CCH3OH - C6,CH3OH - 6ED S CC (X6 - X) + Deff cC (Xﬁ - X) (6.65)
CH3OH CH3OH

CC _ ~CC
CHzO - CG,HzO +

(XG - X)(O'l cell 0.5l cen N | chaom j (6.66)

Do\ 6F F 3F

_ | cen 3 N(“;”HSOH
cse=Ces +W(X7 - x)+E N (x7 = x) (6.67)

Combining equations (6.21), (6.22) and (6.24) o2@) (6.22), and (6.24) gives the
concentration profile in CD.

M

cD _ cC ICeII 3 NCH3OH
CO2 =Ko, C7’O2 +W(X7 - X)+§ D(e)fz'f,CD (X7 - X) (668)
_ (X7 —X) lcer _ O5lcer | chson
CY = K7moClo + DETCo ( s T E e j (6.69)

The concentration of oxygen and water through tki# @an be obtained using Egs.
(6.21), (6.23) and (6.25), (6.20) or (6.23) an@%.

M

| 3N
CCP _ CD Cell CH30H
CSP = Kgo,Con, o e (xs — X)+§—Dgf'” (x5 — ) (6.70)

ccP _ cD
CHzO - K&HZOCS,Hzo +

(% - x) (m cer , O5lcer , lonon ] (6.7)

De".CCP | BF F 3F

H20

From the solutions above a expression to calcthe€.: ¢, on » Cocron » Cro,+ Coto s

Celi,oanda is obtained
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eff M M
_ | cenC1 _ choom | cenCr + Dehion C1Co chison

KaK3K,C2

o _ 43Kl on 6EF = SM 6.72)

5,CHsOH DM Kk .C '

1+ —CH:OH 51
5M

where:
c - JAC . K,o"° N K K307 + K4K3K3 (6.73)

= .

Dgf,f,;gCH Dgf,j;éﬂ ng;gCHP hr;\;:sPsCH30H
_ | cen0<© + Ecrson | cen 0°° Dg:!\OAH 5CCK5C£8H30H

ov . OFDEGIKs  FDEEKs 9" DyionKe 6.74

6,CHsOH — D&M 5CC (6749

CH3OH
CH3OH "6

cc Co, + Cal e + C23Nghom

"*  Kgo,Kro,  4F 2 (6.75)
where:

5P 5¢cP 1

C, = + _ 6.76

? Dc_e):f PK70, Dce)zf “PKs0, K700 hﬁaCsZOZ Keo: Ko, ( )

Cilcala +1
Cngzo = K2K3K4C|c-)|zo _$ (6.77)
where:
ACP AD AC
672
Pinaeet o Do Di.o Di.o
sat

oM - Cho + alg, + | cen + chon C (6.79)

6,H,0 K8’HZOK7,HZO KG 6F 2F 3F 4 .

where:
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C4

and

" KomoKeD

_eFDiy!

a =

| celn

(6.80)

(6.81)

The model simulations presented in Chapter 6 se@iB8rwere obtained based on the

parameters listed in Table 6.1 and presented in AgiRds.

Table 6.1 — Values for the parameters used in theadel equations.

Parameter Value Reference
Uo, 1.24V [120]
U chsom 0.03V [120]
0E /0T -1.4 x10*V/IK [166]
K 0.036 S/cm [120]
oM 0.018 cm [120]
g AAPsediont I 0.50 cm real value
s S 0.015 cm real value
07 0% 0.0023 cm real value
M0 P 0.71 [173]
he 0.81 [173]
£ 0.86 [173]
a 1000 cntt [120]
ot 9.425x10° expl(35570' R)(1/353-1/T)) Alem® | [166]
| oer 4.222x10° exp((73200' R)(1/353-1/T)) Alcm? |  [166]
k 75x10™ [120]
A 2.8x107° mol/cn? [120]
an 0.52 [120]
ac 1.55 [120]
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Ka-s, K7-g 1.0 0.8 assumed
K7-8.0, 1.25 assumed
Ks 0.001 assumed
L 5cm real value
D5 e £e0cc” (1175« 58x10%)/(27.772xP)| cntrs | [174]
D oc? (T x 5.8x10)/(27.772% P)| cnéis [174]
DS AcP |(7.608x107 x T /(1.0 x 9.485)| cris [174]
Delon’™ £204% ((7.608x107 xT /(1.0 x 9.485) cniss | [174]
DEeh £°°” [T 175 x 58x107)/(33.904x P)| cis [174]
DM, 49%10° exp(2436x(1/333-1/T)) cnfls [120]
DSfAcP 1(6.295%107 xT )/(pcwon x 5833 crrls [174]
Dl £701¢*((6.295x107 xT )/(ewon x 5833 cnfls | [174]
i/ S £0CC” (1175 5 62x10)/(25523% P)| enfls | [174]
DEf 2.0%10° exp(2060x (1/303-1/T)) cné/s [87]
chsoH 2.5% Xcrz0H [120]
Ny 29exp1029x (1/333-1/T)) [166]
o"°P 5P 0.05 cm real value
KM 0.0043 W/cmK [173]
K AP 1.95+ 6.5% 10°T W/mK [173]
K °° 1.71+ 2.96< 10°T W/mK [173]
K" (1-£2¢)x86.7+£°( 0.34% 9.28 16) wimk | [173]
K ¢ [173]

(1—gCC)x71+gCC(o.0034+ 7.68 115) W/mK

6.2. Experimental Setup for a passive feed DMFC

6.2.1. Fuel cell design

A passive feed DMFC was «in-house» developed faligwhe basic demands:

> use of standard state of the art materials availablthe market;

> high flexibility, i. e. easy change exchange meaxianections;
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» easy handling in terms of assembly and connections.

The cell consists of the following elements:

» membrane electrode assembly (MEA);

Y

diffusion layers;

» connector plates for electrical contacting and withes to allow the reactants
supply;

» isolating plates;

» end plates.

presented in Figures 6.2. and 6.3.

Figure 6.2 — 3D CAD drawing of the passive feed DME..

The fuel cell specifications, namely the cell comguts, their quantities and

dimensions and the materials used, are display&dbie 6.2.

212



Transport Phenomena in Direct Methanol Fuel CellsModelling and Experimental Studies

Table 6.2 — Different elements of the passive fe&MFC.

Fuel cell — Specifications
Cell active area 25 ¢cm
Total cell area 100 cm
Cell components Material Quantity | Dimensions (cm)
Connector plates gold plated copper 2 10x10x0.05
End plates acrylic 2 10x10x1
Isolating plates rubber 2 10x10x0.1
Anode catalyst layer Platinum/Ruthenium 4 mgicn 1 5x5x0.0023
Cathode catalyst layer Platinum black 4 mg/cm 1 5x5x0.0023
Membrane Nafion 117 and 115 1 5x5x(*)
Diffusion layers carbon cloth 2 5x5x0.035

(*) this dimension depends on the material used.

Figure 6.3 — Photograph of an «in-house» designeadsgsive feed DMFC.

6.2.1.1. End Plates

Two 10 mm thick acrylic plates are used for bracihg cell and apply the desired
tension on the cell elements, (Fig. 6.4 and Fig).@oth end plates are connected by a
total of 8 bolts (diameter 6.2 mm), running throygastic bushes to prevent electrical
contact between the end plates. As a standara@ethis assembled applying a torque of
5 Nm on the bolts. The anode end plate, contadfiitigg the copper plate, contains a

chamber with 5 mm were the methanol solution i©pohiced (Fig. 6.4).
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a) b)

Figure 6.5 — Cathode end plate (acrylic) (a) photagph, (b) 3D CAD drawing.

6.2.1.2. Insulating Plates

To avoid electrical contact between connector plaied the end plates, a rubber plate
(thickness 1 mm) is placed between both platess Tiibber plate has a hole in the

centre, 5 cm x 5 cm, to allow the flow of the reats (Fig. 6.6).

Figure 6.6 — Photograph of the isolating plates.
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6.2.1.3. Connector plates

For the electrical connection two gold plated copplates of 0.5 mm thickness are
used. Also all the electrical connectors are gdlated to ensure minimal ohmic
resistances at various connection points. The ataonglate has 36 holes in the centre,

5 cm x 5 cm, with a diameter of 6 mm to allow teaatants supply (Fig. 6.7).

Figure 6.7 — Photograph of the connector plates.

6.2.1.4. Membrane Electrode Assembly (MEA) and diffusion lagrs

As before, the abbreviation MEA always refers te thembrane coated with catalyst
layers but without diffusion layers. The MEAs usedre similar to those used in the
active feed DMFC with an active area of 25°d cm x 5 cm) and a total area of 100
cn’. The membranes tested were made by Nafion 117.aBdUnsupported platinum
black and platinum-ruthenium were used as caté@lgsall Fig. 4.6).

Carbon cloth and carbon paper (recall Fig. 4.7)ewesed both as anode and cathode
diffusion layers. To achieve a higher hydropholititese layers are coated with PTFE
with a content of 30 wt%.

The diffusion layers are put on both sides of th&AV and the whole sandwich
structure mounted between the connector platelseofuel cell. The physical properties

of all the materials used can be found in the ApipeB.
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6.2.2. Methanol Test Kit Testing Unit

The test unit used for the active feed DMFC (désdhiin section 4.2) was also
employed for the passive DMFC, although in thisecamly with the loadbank

subsystem acting as a large variable power resestatescribed in detailed in section
4.2.3.

6.2.3. Experimental procedure

The start-up procedure performance was:

1. The fuel cell tank in the AAP (regarding the Figufe3 and 6.4) was filled with
the methanol solution needed for the experiment;

2. The computer, the MTK unit and the FCPower softweeee turned on;

3. The cell was operated galvanostatically, so theeotirapplied range values was
0 to maximum current allowed by the fuel cell, wattstep of 0.1A. At the open
circuit conditions the cell was operated fifteemuates and at the other values of
current applied, the cell was operated three mmut&il reaching the steady

state conditions.

4. For each value of current applied, the cell voltages measured and the power

calculated;
5. The MTK system was turned off;

6. The FCPower software was closed.

6.3. Experimental and Modelling studies for a passive & DMFC

6.3.1. Results and Discussion

As in the experimental studies reported in Chapierfor each set of operating

conditions, different tests were performed untilaiting agreement.
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6.3.1.1. Model validation

In this section, examples of model predictions imlgéh after implementation of the
model are presented. The conditions chosen to genére simulations are similar to
those used by the authors in the experiments.

To validate the model developed for a passive BBMFC a set of experiments was
performed with five different methanol concentragpl1M, 2M, 3M, 4M and 5M, using
a Nafion 115 membrane. A 30 wt% carbon cloth typ€EATEK) gas diffusion layer
was used on the anode and on the cathode sidendife @atalyst loading of 4 mg/ém
Pt/Ru and a cathode catalyst loading of 4 m§/Birwas used. Since in passive DMFC
systems the temperature rises with time due teldetrochemical reactions, in order to
minimize this effect on the results presented is #ection all the experiments were
conducted at a controlled temperature, ensuringrestant temperature value during
each experiment.

In Fig. 6.8, the predicted polarization curves i to 5M methanol solutions are
presented. The open-circuit voltage is much lowantthe thermodynamic equilibrium
cell voltage as a result of methanol crossover. flieécell performance increases with
an increase of the methanol feed concentrationcaksbe seen in Fig. 6.8, the present
model describes well the experimental results fiothe range of current densities due

to the integration, on the model, of the mass feareffects at the cathode side.
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Figure 6.8 — Comparison of the model predictions of) polarization curves and b) power for

different methanol concentrations; dots: experimeral data, lines: model predictions.

Another set of experiments were performed with difterent methanol concentrations,
1M and 5M. A Nafion 117 membrane, a 30 wt% carblathctype A (E-TEK) as gas

diffusion layer on the anode and cathode side aml@matalyst loading of 4 mg/ém

Pt/Ru and a cathode catalyst loading of 4 mg/etwas used.

The experimental and the predicted polarizatiorvesirfor 1M and 5M methanol

solutions are presented in Fig. 6.9. The model iptieds are in agreement with

experimental data, for the two values of methareddf concentrations used. As

expected, for low current densities, higher methatancentrations lead to lower
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performances due to higher methanol crossover. mathanol that crosses the
membrane reacts with the oxygen, at the cathodg ®ddorm a mixed potential. Higher
methanol concentration leads to a higher mixedntiate thereby causing a lower cell
performance. For high current densities the moreeotrated methanol solution shows
a better performance, due to an enhance on theanwdtloxidation reaction and

consequently a decrease on the anode overpotential.
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0.1 8
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Figure 6.9 — Comparison of the model predictions o) polarization curves and b) power for

different methanol concentrations; dots: experimeral data, lines: model predictions.

In Fig. 6.10, data from Pan [160] were used todaé the model. This work was

chosen since the operating and design parametedswese similar to those reported in
the present work. In Fig. 6.1@he predicted polarization curves for 1M and 3M
methanol solutions, for a fuel cell temperatur@®efC, are presented. Model predictions
are close to experimental data presented by P&j.[16
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Figure 6.10 — Comparison of the model predictionsof different 1M and 3M methanol

concentrations; dots: experimental published data]60], lines: model predictions.

Figure 6.11 shows the predictions of the methano$sover as a function of current
density for different methanol concentrations. Aeady referred the methanol that
crosses the membrane reacts with oxygen on thedmagide forming a mixed potential
and consequently a parasite current. This parasiteent named leakage current
represents fuel losses. According to Eq. (6.28 niethanol crossover can be expressed
in terms of a leakage current witch gives a morgeustanding idea of the effect of the
loss in efficiency due to methanol crossover. Aa b& seen in Fig. 6.11, and as
expected, the leakage current increases with metltancentration and decreases with
current density. In this way, the leakage currentl @onsequently the methanol
crossover can be reduced by running the cell atnt@thanol concentrations and high

current densities.

220



Transport Phenomena in Direct Methanol Fuel CellsModelling and Experimental Studies

0.14-
e 0121
°
< 0.10- \
& 0.08- \
5
O 0.06- \
)
(@)]
S 0.04- \
4
o \
@ 0.02-
000 T T T T T T 1
000 001 002 003 004 005 006 0.7
Current density (A/cm?)
— 1M —2M —3M —4M —5M

Figure 6.11 — Model prediction for methanol crossoer for different methanol feed concentrations.

Predicted methanol concentration profiles acrosardele and membrane, are depicted
in Fig. 6.12, when the cell is feed with a 3M meiblasolution at current densities of
10, 30 and 50 mA/cfn During the time considered for the analysis, ¢thacentration
profile at the methanol reservoir in the anode laclate slightly decreases near the
interface with the copper plate due to the fact tha diffusion of methanol occurs by
natural convection (see Eq. (6.4)). In the othsrels, the methanol concentration
decreases due to mass transfer diffusion, metltamsiumption in the catalyst layer and
the methanol crossover through the membrane tothardathode side. As can be seen
by the plots of the concentration profile in themfxane presented in this figure, the

methanol crossover rate in the membrane decreaethe increase of current density.
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Figure 6.12 — Predicted methanol concentration prdes in the cell for different current densities.
Operating conditions: methanol concentration 3M.

Figure 6.13 shows the water concentration acrosardgle and membrane. As is
evident from this figure, water diffusion occurs ACP, AD, AC and M and water
consumption in AC, so the water concentration peofiecreases across these layers.
The slope of the concentration profile in the meanbris higher than in the other layers
showing a significant water crossover toward thbade side.
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Figure 6.13 — Predicted water concentration distrilation in the cell at different current densities.

Operating conditions: methanol concentration 3M.
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Model predictions of the net water transport caggfit,a, are presented in Fig. 6.14 as
a function of current density for different methbhf@ed concentrations. Figure 6.14
shows that for all the methanol concentration ubkedvalues ofr are positive, although

they are higher with low methanol concentrationfisToccurs because for low
methanol concentrations there is almost alwaysgaehni water concentration at the
anode side, especially for the lower values ofentrdensity. The transport of water due
to electro-osmotic drag and diffusion towards trethode is dominant. For high
methanol concentrations and low current densitieswiater production in the cathode
gives higher water concentrations at the cathode. siherefore the water transport

from the anode to the cathode is less significamesponding to smaller valuesaof

200
180~
160
140~
120+

100 -
80
60 -
40 ¥

20 A
0
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.7

Current density (A/cmz)

net water transport coefficient

—ImM —2M —3M —4M —5M

Figure 6.14 — Model predictions of the net water @nsport coefficient, a, for different methanol

concentrations.

In Fig. 6.15, model predictions af (from Eq. 6.8} as a function of methanol feed
concentration for different current densities arespnted. It is evident that the methanol
concentration has a large impact ondhealues. High methanol concentrations result in
low values ofa. It is also evident that for higher values of tduerent density the impact

of methanol concentration decreases.
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Figure 6.15 — Influence of methanol concentrationrothe net water transport coefficient at different
current densities.

Figure 6.16 shows the temperature distributionhm dctive section of the cell (anode
diffusion and catalyst layer, membrane and cathzadalyst and diffusion layer) for a
methanol concentration of 3M and operating at cgffé current densities. For the three
values of current density chosen, the temperaturhe anode side is higher. This is
because the heat generation rate by the anodicpatestial is higher than the
endothermic heat demanded by the electrochemiealtiom of methanol oxidation.
With an increase in current density the differebeéwveen the anode and the cathode

side increases as is evident in Fig. 6.16.
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Figure 6.16 — Prediction for the temperature distrbution in the cell at different current densities.

Operating conditions: methanol concentration 3M.

6.3.1.2. Water Management in a Passive DMFC — model simulains

As already referred the water management is adsayeion the passive DMFCs. In the
following, the results of a simulation study usiagdeveloped model for passive
DMFCs are presented. Particular attention is paithée water distribution across the
cell. The influence of methanol concentration, meanbk thicknesses, gas diffusion
layers properties and catalyst loading on the regemtransport coefficient and on the
cell performance is put in evidence. As a resulthelse modelling results, a tailored
MEA was proposed to achieve low methanol and watessover and high power
density, operating at high methanol concentratidi®e model was validated with an
«in-house» designed passive DMFC.

Model predictions of the net water transport casffit, a, (from Eq. 6.81) are
presented in Fig. 6.17 as a function of currentsgnfor the two methanol feed
concentrations studied (1M and 5M). As can be deam the plots, the methanol
concentration has a large influence on the watssaver @ values). Low values ak
are achieved using high methanol concentrations. iy be explained by the fact that
lower methanol feed concentrations result in highater concentrations on the anode
side. The concentration gradient of water betwéenahode and cathode side is higher,

so the transport of water toward the cathode témd® dominant. For higher methanol
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concentrations the amount of water present on tioele side is smaller and the water
production in the cathode gives higher water cotreéons in this side. In this
situation, the water transport from the anode ®dhathode is still dominant but, since

the water concentration gradient is smaller theesbfa are smaller.
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Figure 6.17 — Influence of methanol concentrationronet water transport coefficient.

To analyse the effect of the anode gas diffusigarlanaterial and thickness on fuel cell
performance and on the net water transport coefficiwo different materials were
used: carbon cloth and carbon paper, both matewdls a PTFE content of 30%.
Regarding the carbon cloth, Type A (E-TEK), thicksef 0.35 mm and carbon cloth
Type C (E-TEK), thickness of 0.65 mm were usech@gimulations. For carbon paper,
Toray TGPH-030, thickness of 0.09 mm and Toray T&RH, thickness of 0.026 mm
were considered in the model predictions.

Carbon paper and carbon cloth with relatively hpgine sizes enhance the mass transfer
across the anode and contribute for a uniformlyribigtion of reactants over the entire
electrode. Both, materials are carbon-fiber-basmdys materials, but carbon paper is
non-woven while carbon cloth is woven. Carbon clstmore porous, less tortuous than
carbon paper. The differences in porosity, pernigabpore size distributions, surface
wettability and liquid retention between these tmaterials result in different two-

phase flow and transport characteristics.
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Figure 6.18 a) and b) shows, respectively, thecefté the anode gas diffusion layer
material on the fuel cell performance and on thewster transport coefficient. The

plots from the figure show that a slightly bett@rfprmance is obtained with carbon
cloth as the anode gas diffusion layer (GDL), pldpaue to a thicker thickness of this
layer relatively to the carbon paper. Thicker gdiision layers lead to lower values of
methanol and water crossover due to the fact thiekdr electrodes had higher mass
transport resistances reducing the amount of ware methanol reaching the

membrane. As the cell performance is dependenthenntethanol crossover, lower
performances are obtained for thinner anodes. Tdts pf the figure 6.18 b) show that
lower values ofx are obtained for the thicker GDL material. Thessutts show that the

use of thicker gas diffusion layers leads to anaeskment of the water transport

toward the anode decreasing the values. of
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Figure 6.18 — Influence of anode gas diffusion laystructure on a) fuel cell performance and b) net

water transport coefficient. Operating conditions: methanol concentration 5M.

The same materials were used as cathode gas difflesrer to evaluate their effect on
fuel cell performance and on the net water trartspmefficient as can be seen in figures
6.19 a) and b), respectively. The cathode GDL tiesls seems to have a negligible
effect on cell performance. It should be noted that variation in performance with
different gas diffusion media results mainly frohretability of facilitating the water
removal. All the GDL materials have the same PTHKitent and therefore the

wettability is probably similar. Accordingly, thdgts of the Fig. 6.19 b) show that for
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the studied conditions the effect of the cathodeLGdih the net water transport
coefficient is negligible.
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Figure 6.19 — Influence of cathode gas diffusion ya&r structure on a) fuel cell performance and b)

net water transport coefficient. Operating conditions: methanol concentration 5M.

To predict the effect of the anode catalyst layefuel cell performance and on the net
water transport coefficient the anode catalyst ilmgdPt/Ru) was varied from 4 to 8
mg/cnt and on the cathode catalyst loading was fixed agicnt Pt. As already
referred, three essential properties of the eldetimay be affected when changing the

catalyst loading: the active surface area, thetreleic conductivity and the thickness of
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the electrode. The reduction of the anode catédystr leads to a reduction on the active
surface area, an increase on resistivity and comesgly a decrease in electronic
conductivity.

The predicted polarization curves are presentedrign 6.20 a). A slightly better
performance is obtained for the highest value dR#Ptoading. The cell performance
increases with the metal loading because the thiekede catalyst layer creates a
higher resistance to methanol transport therebyralling the rate of methanol reaching
the membrane and reducing the methanol crossotes.réduction leads to a reduction
of the parasite current formed due to the oxidatibmethanol at the cathode side and
consequently the cell performance increases. Aldugher catalyst loading leads to a
thicker electrode and to an increase in the catalydace area. More active sites are
presented for the methanol oxidation reaction tieda overpotential decreases and the
fuel cell performance increases.

The model predictions for the effect of the anodéalyst loading on the net water
transport coefficient are presented in Fig. 6.20As)can be seen, smaller values of the
net water transport coefficient are obtained far ighest value of Pt/Ru loading. This
may be due to the fact that higher values of catdbading lead to a large methanol and
water consumption due to the anodic reaction. Is Way the water concentration
decreases at the anode side and also decreasemthumt of water that crosses the
membrane toward the cathode side. Also, thickectreldes lead to a higher mass
transport resistance limiting the amount of walbat trosses the membrane.

The influence of the catalyst loading on the celiffprmance is less significant for the
passive DMFC relatively to the active fuel cello@aé figures 5.39, 5.42, 5.45, 5.46).
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Figure 6.20 — Influence of anode catalyst layer latings on a) fuel cell performance and b) net water

transport coefficient. Operating conditions: metharl concentration 5M.

The model predictions of cell performance for dif@ cathode catalyst loadings are
presented in Fig. 6.21 a). Two values were usedh®rcathode catalyst loading (Pt) 4
and 8 mg/crh The other electrode, anode side, was fixed agimt Pt/Ru. From the

plots, it is evident that lower cathode catalystdings lead to a slight decrease in the
fuel cell performance. This is due to the fact et reduction of the cathode catalyst
layer leads to a reduction on the active surfaea.akn increase on the catalyst loading
causes an increase on the active surface areanagghanced of the oxygen reduction

reaction. This may be very advantageous at theodathsince mixed potential
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formation may be avoided to some extent. In a #riékectrode, less catalyst particles
are reached by the permeated methanol flux, so autiee sites are free for the oxygen
reduction reaction.

Model predictions of the effect of cathode catalgstding on the net water transport
coefficient are shown in Figure 6.21 b). The cathodtalyst loading seems to have an
irrelevant effect on the net water transport coedfit.
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Figure 6.21 — Influence of cathode catalyst layeiohdings on a) fuel cell performance and b) net

water transport coefficient. Operating conditions: methanol concentration 5M.
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To evaluate the effect of the membrane thickned&feon 117 membrane (thickness of
0.18 mm) a Nafion 115 membrane (thickness of O0.h#%) and a Nafion 212
membrane (thickness of 0.051 mm) were used in thdehpredictions.

Figure 6.22 a) and b) shows the effect of the mamdrthickness on the fuel cell
performance and on the net water transport coefftcirespectively. The Nafion 115
membrane had a slight better performance than Nafih7 and a much better
performance than Nafion 212. It should be noted thimner membranes have lower
performances because they have higher methanolthossgh crossover, in spite of
lower ohmic resistances. In this way, the effecthef membrane thickness on the fuel
cell performance must be a combined effect of th&tive and the negative effects. For
this condition and for the Nafion 115 membranesegiéms that the positive effect on the
ohmic loss is more relevant that the negative efiemethanol crossover.

When comparing the values of the net water transy@fficient for identical values of
current density and different membrane thickneskmser values of the net water
transport coefficient are obtained with the thinmembrane, because the resistance of
water back-flow from the cathode to the anode wadraulic permeation is much
reduced in this case. The trends of the influencenembrane thickness on water
crossover predicted in this paper are in accordémtlee ones proposed by Soeigal.
[163] and Jewettt al.[164].
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Figure 6.22 — Influence of MEA thickness on a) fuetell performance and b) net water transport

coefficient. Operating conditions: methanol concemation 5M.

6.3.1.3. Tailored MEAS

Based on the results and major conclusions of theiqus section, the next goal is to
propose a tailored MEA in order to achieve highesl fcell performances with higher
methanol concentrations, and lower methanol andnaibssover rates.

One membrane named commercial Nafion 117 is coresddeith a 30 wt% carbon

cloth type A (E-TEK) as gas diffusion layer on theode and cathode side, with
4Amg/cnf Pt/Ru and 4 mg/cimPt as catalyst load for anode and cathode, rasphct
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One tailored MEA with a thinner membrane, Nafior22iad a 30 wt% carbon cloth
type C (E-TEK) as gas diffusion layer on the anadd cathode side, an anode catalyst
loading of 8 mg/crhPt/Ru and a cathode catalyst loading of 8 mg/fem

Figures 6.23 a) and b) show the cell performancktha net water transport coefficient
for the two MEAs, using a methanol concentratiorbbf. As can be seen, for all the
range of current densities studied, the tailoredAMias a better performance and a
lower value of the net water transport coefficiefite general significant increase on
performance when using thinner membranes is passiecause a higher catalyst
loading and a thicker GDL both on the anode antozie side were used. A thicker
GDL and catalyst layer on the anode side act asthanol and water barrier decreasing
the methanol and water crossover and, consequendsgasing the current density.
Thicker cathode catalyst layer enable an incredsheo number of catalyst particles
available for the oxygen reduction. Thinner membgralso, allow operating a passive
DMFC with low values of net water transport coa#fitts which is the goal to an
adequate water management in passive DMFCs. Thiésebtained seem to point out
optimized conditions for operation of passive DMR@ish tailored MEAs and high
methanol concentrations with an increased perfoceamd are in accordance to those
reported in literature [163, 164].
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Figure 6.23 — Influence of MEA properties on a) fulecell performance and b) net water transport
coefficient for commercial Nafion 117 and tailoredNafion 212. Operating conditions: methanol

concentration 5M.

6.3.1.4. Active feed DMFC vs. Passive feed DMFC

The performance of the DMFC is strongly dependenth@ mode of reactants supply,
and it is generally accepted that active DMFCsqrarance is higher than passive ones
due to higher mass transport rates in the cells.

The comparison between active and passive DMFQoeelbrmance and power density
is displayed in Fig. 6.24. The active DMFC was apedl with a methanol flow rate of 3
ml/min and air flow rate 3.6 I/min. For the two uak of methanol feed concentration
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(2M and 5M) the active mode outperforms the passive This is due to the fact that
the active systems have higher mass transport ami@do the fact that in the passive
DMFC there is an inefficient water removal on thethode side, since the cathode
compartment is fully open to ambient air at roomperature. The water accumulates at
the cathode side leading to a lower performancelanding conditions may occur.

As can be seen by the plots presented in Figuia$ &) and b), in passive DMFC
systems, higher methanol concentrations (5M) leddgher fuel cell performances and
power densities, contrarily to the active feed DMR&here higher methanol
concentrations lead to lower fuel cell performancé&kis may be due to the fact that in
active feed systems large values of methanol cvessare generated due to the higher
mass transport rates, more methanol reaches thebraeen and consequently more
methanol passes toward the cathode side. Thistisitugeveals one advantage of the
passive DMFC, their ability to work with higher rhanhol concentrations leading to
higher energy densities, needed for portable agpbics.

As already referred, both active and passive DMi&Tesns generate large amounts of
water at the cathode side and in some conditimwlihg problems may occur. In the
active feed the flow of air can remove water mdfeciently. In the passive feed, the
cathode is opened to the atmosphere and air islisdppnly by natural convection
leading to a less intense water removal. One plessiblution to reduce the water
crossover in is to use highly concentrated methapobitions. It was found that this
situation is advantageous in passive DMFC sincadrignethanol concentrations lead
to higher fuel cell performances. As already refdrihe use of new MEA designs with
the aim to reduce the water flooding at the cathd@d®ing lower net water transport
coefficients, and consequently to enhance stabiftyanother possible solution in
passive DMFC. With a correct water management sipa systems by using new
MEAs designs and high methanol concentrations engwre methanol solutions the
power requirements needed for portable applicatiomsld be achieved using the
passive feed DMFCs.
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Figure 6.24 — Comparison of the experimental resust for a) polarization curves and b) power, with

different reactants feeding. Structural parameters:Nafion 115. Structural parameters: anode and

cathode diffusion layer 30% wet-proofed carbon cldi type A, anode catalyst loading 4mg/cf

Pt/Ru, cathode catalyst loading 4mg/cfmPt. Operating conditions: temperature 20°C, methaal

flow rate 3 ml/min and air flow rate 3.6 I/min.

6.3.2. Concluding remarks

Reducing the methanol and water crossover fromatiale to the cathode side on a

passive DMFC is of significant importance to impeasell performances and obtained

higher power densities. Thus, it is crucial to &etinderstand the mechanism of water

and methanol crossover through the membrane usehisaype of fuel cells.
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The model developed for the active DMFC was adafidtie passive DMFC and was
presented in this chapter.

The model can be used to predict the methanol,exgmd water concentration profiles
in the anode, cathode and membrane, as well astioate the methanol and water
crossover and the temperature profile across tHe Ewlarization curves are
numerically simulated and successfully comparedh wakperiments for different
methanol feed concentrations. The model predicth atcuracy the influence of the
methanol feed concentration on the cell performasceé the correct trends of the
current density and methanol feed concentratiormethanol and water crossover. The
model is rapidly implemented and is therefore flgdor inclusion in real-time system
level DMFC calculations. Due to its simplicity theodel can be used to help seek for
possibilities of optimizing the cell performanceabpassive DMFC by studying impacts
from variations of the design parameters such asbrane thickness, catalyst loading,
diffusion layers type and thicknesses.

Changes in the structure of the diffusion layemsthie catalyst loadings and membrane
thicknesses were found to be effective ways torobmtater crossover. Increasing the
thickness of catalyst layer by increasing the gatdbading could contribute to lower
the loss in performance due to methanol cross®@&creasing the membrane thickness
leads to a lower net water transport coefficienthasresult of the enhanced transport of
water, from the cathode to the anode. Thicker amadediffusion layers seem to have a
better performance due to low methanol and wat@ssaver. Higher methanol
concentrations lead to lower fuel cell performandas to higher methanol crossover,
but generate higher performances for high curremtsities. Also, higher methanol
concentrations lead to a decrease on the net waesport coefficient. Finally a
tailored MEA is proposed to achieve low methanal amter crossover and high power
density. A thick anode diffusion and catalyst layer reduce methanol and water
crossover, a thicker cathode to enhance oxygertiseaand thinner membranes to
reduce ohmic losses are suggested. The resulsnpeesprovide very useful and actual
information for future passive DMFC systems usinghhconcentration or pure

methanol.
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CHAPTER 7

7. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The main objective of this thesis was to gain aitkl understanding of the transport
phenomena occurring in a direct methanol fuel tajether with the electrochemical
reactions occurring at the anode and cathode.

One main motivation of the work was to compensatetfie lack of experimental
characterization of DMFCs (both active and pas$aexl) operating under conditions
close to ambient pressure and temperature, beirimind the portable applications of
this type of fuel cells.

The fulfilment of the work objectives involved thalowing steps:

» development of a mathematical model both for aciivé passive feed DMFCs;

* implementation of an experimental rig (comprisimgaequired fuel cell station
and a temperature control system) and the designcanstruction of direct

methanol fuel cells (both active and passive feed);

» validation of the developed models both with datanf literature and with

experimentally obtained results;

* intensive use of the developed models to set-uinapng conditions leading to

enhanced fuel cell performances (both for active @assive feed).

Conclusions from the several parts of this reseamth recommendations for future

work are discussed below.

7.1Conclusions

A steady state, 1D model accounting for coupled ard mass transfer was developed,
firstly for an active feed DMFC and afterward adaptor a passive feed fuel cell.
Emphasis was put on a reduced model, with an easilgndable structure and a
detailed modelling of heat and mass transfer phemam The model allows the
assessment of the effect of operating conditionshsas methanol feed concentration,

methanol and air flow rates and current density) ahdesign parameters (active area
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and material properties) on temperature and coretén profiles and consequently on
cell performance. Special attention was devoteth&influence of these parameters
both on methanol and water crossover, two fundaahé&gues on DMFC development.
The models predict the correct trends of the edfettthe different parameters on these
two important flows.

Both models (for active and passive DMFCs) descnb# the experimental results for
low to medium current densities, due to the integna on the model, of the mass
transfer effects at the cathode side. The mostifeignt discrepancies between the
model and experimental conditions occur near thetiig current densities, and for
active feed DMFC, due to the fact that the modeailects two-phase flow effects.
Under these conditions, the carbon dioxide bubbbesthe anode side, and water
droplets, on the cathode side, considerably redliedimiting current density of the
cell. However the model uses simple numerical tolite Matlab, which allows the
rapid prediction of the DMFC performance and caraheseful tool to improve DMFC
understanding and to optimize fuel cell design.

The obtained results in the detailed experimentalysof the active feed DMFC were in

accordance with the general trends accepted bscibatific DMFC community:

* The fuel cell performance significantly increaseithwthe introduction of the
diffusion layers, meaning that a five layer MEAnmich more efficient than a
three layer one;

» The optimal methanol concentration was found t0&M, higher methanol
concentrations resulted in lower cell performandes to higher values of the

generated methanol crossover;

* For the conditions studied the fuel cell performeaaod power density increased
with increasing temperature due to an enhancemernheo electrochemical

kinetics on the anode and cathode side;

» High values of methanol and air flow rates haveositive impact on fuel cell
performance. The impact of the air flow rate isslesgnificant under the
operating conditions studied;

* Regarding the choice of the anode diffusion layatemal, higher performances
are obtained for lower methanol concentration rboa cloth is used while for
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higher methanol concentration the best option rbara paper. For the cathode
diffusion layer the use of carbon cloth is adequate

» Thicker membranes generate lower values of methaoskover, increasing the

fuel cell performance;

» Thicker anode and cathode catalyst layers leadntanerease in fuel cell

performance.

The effect of the anode and cathode flow field gieson the active feed DMFC
performance was also studied. It was concluded that fuel cell performance
significantly increase with the use of an origidakign, the MFF (mixed flow field) as
the anode flow field and MSFF (multi serpentinenflbeld) as the cathode flow field

design. These results can be very useful for thidateon of CDF models.

Reducing the membrane water and methanol crossoessential to achieve increased
power densities, a fundamental requirement for ceraialization of portable DMFCs.
Based on the experimental results, a tailored ME#s wroposed to achieve low
methanol and water crossover and high power denspgrating at high methanol
concentrations. The resulting MEA provides a basétnent for future DMFC systems

using high concentration or pure methanol.

The results obtained with the passive feed DMFGaglabthat changes in the structure
of the diffusion layers, in the catalyst loadingsdamembrane thickness, constitute
effective ways of control water and methanol cressoln particular, decreasing the

membrane thickness and working with high methanatentrations lead to a lower net
water transport coefficient resulting from the emted transfer of water from the

cathode to the anode. Thicker anode gas diffusigars seem to contribute to increase
performance due to the ability of generating lowthmaaol crossover values. Increasing
the thickness of the catalyst layer by increasiggdatalyst loading could, also, result in
a decrease in the loss of performance due to mathanssover. Based on these
findings, a tailored MEA was proposed to achiews lnethanol and water crossover,
providing a basic element for passive DMFCs, angabdity of working at high

concentration or even pure methanol.
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7.2Suggestions for future work

Regarding the modelling of DMFCs it is necessaryntave one step forward in cell
optimization and develop a CFD tool (both for agtand passive feed cells) in order to
explore the two-phase flows effects occurring kaitthe anode and cathode. The model
needs to be validated with carefully designed \lizaton studies. The CFD tool will
enable the optimization of the flow channels camfagion to incorporate in new cells
together with the tailored MEA proposed by using simpler numerical tool developed
in the present work.

In parallel to the model refinement, more experitaework, especially, for the passive
feed fuel cell is needed. Further studies must drfopmed namely under completely
uncontrolled temperature conditions and using highgethanol concentrations.

Innovative gas-liquid separators, at the anode sigeuld also be tested.

One of the main gains of this work was to systecadlyi vary commercial MEA

materials and check their influence on the celfqrerance of a DMFC operating close
to room temperature. An interesting suggestionfddure work should be the further
modification of some structural properties of thes gliffusion layer following some
recent published studies, such as for example tiw@duction of the so called
microporous layers (MPL) and to test these novelAViiesigns both experimentally

and numerically.
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Appendix A: Uncertainty analysis

Consider generically a parameter Y by a function afeasured variables;(y..., W):

Y = (Y Vo) (A1)

If the uncertainty of each of the measured varglderepresented by, ..., dy,, one

can evaluate the uncertainty of parameter Y a®udl(general uncertainty analysis

approach):
(ovy =(§7le} {STY@ZJ +...+(§7Y5yn] (A2)

The evaluation of uncertainty of the parameters #iffgtct the experimental results is
described in detail in the following sections.

A.1. Methanol concentration

The methanol solutions used in the tests performitd an active and passive feed

DMFC were prepared following the equation:

C

\/ini ial
= M (A.3)

final
Vfinal

According to the general uncertainty approach,uheertainty of the resulting variable

(Ciina)) can be calculated as follows:

ac, > (acC, ’
(&: final )2 = ( e J\/initial j +{ e d‘/final] (A4)

6V aVfinal

initial
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where the Viniiar and Niina refer to uncertainties of the corresponding messur
variables. The two partial derivates are expandete following equations. Notice that

both sides of each expanded equation were divigieddovariableCying).

1 10C, 1
- (A.5)
(Cfinal ] aVinitial \/initial
1 aC final 1
- (A.6)
(Cfinal ] aVfinal Vfinal

Equation A.3 can, thus, be rewritten in the form:

2 2 2
& final — J\/initia| + J‘/final (A 7)
C final Vinitial Vfinal

A final algebraic manipulation yields an expressfonthe relative uncertainty of the

methanol concentration:

2 2
&:final — (d\/initial ] +(§\/finalJ (A8)
C final Vinitial Vfinal
Regarding the active feed DMFC, all the methandltsans prepared have the same

Viinal (2000 ml £ 0.6 mI)

Table A.1 — Values of parameters and uncertaintieeegarding the methanol concentration for the

active feed DMFC.

Methanol .
: Vinitiar (M) Migiiar (M) — (%)
concentration (M) o
0.25 20 0.038 0.19
0.5 40 0.06 0.15
0.75 60 0.08 0.14
1 80 0.5 0.63
15 120 1 0.83
2 160 1 0.63
3 240 1 0.42
> 400 5 1.25
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All the methanol solutions prepared, for the pas$aed DMFC, have ¥ny of 50 ml +
0.06 ml.

Table A.2 — Values of parameters and uncertaintieseegarding the methanol concentration for the
passive feed DMFC.

Methanol X
: Vinitial (M) Mg (M) — (%)
concentration (M) o
1 2 0.01 0.51
2 4 0.03 0.76
3 6 0.03 051
4 8 0.04 0.51
> 10 0.02 0.23

A.2. Air flow rate

The air flow rate was set using the MTK unit andPie@er Software using a mass flow
controller, so the uncertainty associated with gasameter depends on the uncertainty
of the mass flow controlleldFC), the uncertainty of the data acquisitiaiéta) and
the uncertainty of the measuremew@Ré¢ad. According to the general uncertainty
approach, and after algebraic manipulation, theedamty of the resulting variable

(0. ) can be determined as follows:

2 2 2
Sy _ J[(ch +(6Dataj +(5Readj A9
qair qair qair qair

Since the uncertainty of the data acquisitioDdta) and the measuremerdRead are

much lower than the uncertainty of the mass flomticler (MFC), they were
neglected in the calculation of the overall undatia The uncertainty of the mass flow

controller @FC) is £ 001% xrange. As already mentioned in Chapter 4 the rarige o
the MFC is from 0 to 10 I/min.
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Table A.3 — Values of parameters and uncertaintiesegarding the air flow rate.

q,, (I/min) MFC (I/min) Herson (%)
CH,OH
3.6 0.2 5.56
2 0.2 10
15 0.2 13.33
1 0.2 20
0.75 0.2 26.68
05 0.2 40

A.3. Methanol flow rate

The methanol flow rate was set using the MTK umitl &CPower Software using a
magnetic micropump, so the uncertainty associatiéia tiis parameter depends on the
uncertainty of the micropumpd{IP), the uncertainty of the data acquisitiadDéta)
and the uncertainty of the measureme¥egad. According to the general uncertainty
approach, and after algebraic manipulation, theedamty of the resulting variable

(Qcnon ) Can be calculated as follows:

& 2 2 2
CHOH _ AMP N data N JORead (A.10)
Uch.om Uch.oH Ucn.on Uch.oH

Since the uncertainty of the data acquisitidddta), the uncertainty of the micropump

(MP) and the uncertainty of the measuremediRe@d are very low the overall

uncertainty is near zero, so this uncertainty wergetted.

A.4. Current

The current was set using the MTK unit and FCPo®eftware using a loadbank
system, so the uncertainty associated with thiarpater depends on the uncertainty of
the loadbank dLB), the uncertainty of the data acquisitiadéta) and the uncertainty
of the measurementiRead. According to the general uncertainty approactd after
algebraic manipulation, the uncertainty of the Itasg variable (cei) can be determined

as follows:
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2 2 2
Ol ey :\/[JLBJ +[5Dataj +(5Re adj (A11)
ICeII ICeII l Cell l Cell
Since the uncertainty of the data acquisitidDdta) and the measuremerdRead are
much lower than the uncertainty of the loadbankesys(dLB), they were neglected in

the calculation of the overall uncertainty. The enainty of the loadbank systerdg)

is + 5%x | o, .

Table A.4 — Values of parameters and uncertaintiesegarding the current.

a
| cen (A/em?) AB (Alc) —=L (%)
Cell
0.02 + 5%x% 1 S
0.04 + 5%x% 1 S
0.06 + 5% | S
0.08 + 5% | S
0.10 + 5%x1 3)
0.12 + 5% x | o 5
A.5. Potential

As already referred, all the tests were perfornmethe galvanostatic way. The current
was set and the corresponding potential was mehdwyrehe loadbank system. It is
therefore considered that we consider that thertaiogy associated with this parameter
depends on the uncertainty of the data acquisiidata) and the uncertainty of the
measurement Read. According to the general uncertainty approachd after
algebraic manipulation, the uncertainty of the Iwsy variable Ece) can be

determined from:

2 2
Eco _ \/( éDataj .\ ( JReadj (A.12)
ECeII ECeII ECeII
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Since the uncertainty of the data acquisitiddta) is much lower than the uncertainty
of the measurementdRead, it was neglected in the calculation of the oilera

uncertainty.

Table A.5 — Values of parameters and uncertaintiesegarding the potential.

o =
Ecen (V) ARead(V) —<L (%)
Cell
0.1 0.0005 0.50
0.3 0.0005 0.17
0.5 0.0005 0.10
0.7 0.0005 0.07
0.9 0.0005 0.06
A.6. Power
The power density presented in the results wasrdeted by:
P =lcaVee (A.13)

According to the general uncertainty approach,uheertainty of the resulting variable
(P) is given by:

, (0P o op ’
(P) —( dcwj +(—6V é\/c;e”j (A14)

al Cell Cell

where thed e and e refer to uncertainties of the corresponding meabsuagiables.
The two partial derivates were expanded, both stdesach expanded equation were
divided by the variabl® and after some algebraic manipulation of Eq. A.ieldg the
following expression for the relative uncertainfytiee power density.

®_ \/(hj N (%j (A.15)
P I Cell VCeII
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Table A.6 — Values of parameters and uncertaintiesegarding the fuel cell power.

a E P
P (W/cnf e —cel = (%
( /C ) ICeII ECeII P ( )
0.01 0.05 0.0050 5.02
0.02 0.05 0.0017 5.00
0.03 0.05 0.0010 5.00
0.04 0.05 0.0007 5.00
0.05 0.05 0.0006 5.00

A.7. Fuel Cell Temperature

As already referred in Chapter 4 the fuel cell temafure was controlled by using a
digital controller (OSAKA) (Fig. 4.16) and a theromuple type K (range 1200°C). The
uncertainty associated with the fuel cell tempertepends on the uncertainty of the
thermocouple §TC) and the uncertainty of the measuremeiead. According to the
general uncertainty approach, and after algebrainipulation, the uncertainty of the

resulting variableTce) can be calculated as follows:

2 2
Ol :\/(JCJ +(5Readj (A.16)
TCeII TCeII TCeII

The uncertainty of the thermocoup C) is £ 04% % range.

Table A.7 — Values of parameters and uncertaintiesegarding the fuel cell temperature.

Teen (°C) STC (°C) JRead(°C) % (%)
Cell
20 4.8 0.5 24.13
40 4.8 0.5 12.06
60 4.8 0.5 8.04
70 4.8 0.5 6.89
80 4.8 0.5 6.03

A.8. Methanol solution temperature

The methanol solution temperature was set by uthegMTK unit and FCPower

Software using the methanol handling system anchentocouple type K. The
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uncertainty associated with this parameter dependhe uncertainty of the methanol
handling system qMHS), the uncertainty of the data acquisitio@Déta), the
uncertainty of the measuremedRgead and the uncertainty of the thermocoupd Q).
According to the general uncertainty approach, after algebraic manipulation, the

uncertainty of the resulting variablé, .,,) can be determined by:

2 2 2 2
Olch,om _ AMHS N data N ORead N orc (A.17)
Tengon Tengon Tenon Tengon Tengon

Since the uncertainty of the data acquisitidDdta) and the measuremerdRead are

much lower than the others, they were neglectedhe calculation of the overall

uncertainty. The uncertainty of the methanol harglfiystem gMHS) is + 5%x T, o, -

Table A.8 — Values of parameters and uncertaintiesegarding the methanol solution temperature.

Tenon (°C) AMHS (°C) OTC (°C) % (%)
20 + 5% % Ty on 4.8 24.51
40 * 5% Ty o 48 13.00
60 + 5% % Ty on 4.8 9.43
70 + 5% % Ty on 4.8 8.49
80 * 5%xTe on 4.8 7.81
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In this Chapter all the physical properties andapeaters needed for model

simulations can be found.

B.1. Physical properties

B.1.1. Densities

The densities of all liquid, gases and solid materare assumed to be independent of

temperature and pressure.

Table B.1 — Densities

Species | Density,p; (kg/m®) Reference
Water (1) 1000 [172]
Air (g) 1.186 [172]
Platinum, Pt 21450 [172]
Ruthenium, Ru 12400 [173]
Carbon
(base material for carbon 2000 [173]
paper and carbon cloth)
Teflon, PTFE 2190 [173]
Nafion 1970 [173]
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B.1.2. Specific heat

The heat capacities, for all materials, are necggeathe heat balances. Literature data

are given in the next table.

Table B.2 — Specific heat

Species | Cp; (I/molK) Reference
Liquid
75.29 [172]
water (1)
Methanol
80.96 [172]
()
Carbon

dioxide | 4.187x(4.728+0.01754 ~1.338x10°T? +4.097x10°T?) | [182]
()

Water
33.58 [172]
vapour (g)
Oxygen
) 4.187x (6.713— 879x107°T + 417x107°T? - 2.544x% 10‘9T3) [182]
g
Air 29 [172]

B.1.3. Thermal conductivities

For liquid water and air data for different temparas are given in the literature [182].
The thermal conductivity shows a linear increaséhwiemperature and linear
regressions yield the expressions presented.
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Table B.3 — Thermal conductivities

Species | K; (W/mK) Reference
Liquid water 0.341+ 926x107*T [182]
Air 0.0034+ 76x10°T [182]
Graphite 98 [178]
Aluminium 237 [178]
Rubber 0.13 [178]
Copper 401 [178]
Carbon paper untreated 1.7 [178]
Carbon cloth untreated 0.15 [178]
Teflon, PTFE 0.35 [178]
Nafion 0.43 [173]
Platinum, Pt 71 [178]
Ruthenium, Ru 117 [178]
B.1.4. Specific enthalpies
Table B.4 — Standard enthalpies of formation
Species | HOJ- (J/mol) Reference
Liquid water (1) -285830 [182]
Methanol (1) -238660 [182]
Carbon dioxide (g) -393510 [182]
Water vapour (Q) -241820 [182]
Oxygen (g) 0 [182]
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B.1.5. Gibbs free energy

Table B.5 — Standard Gibbs free energy

Species | GOJ- (J/mol) Reference
Liquid water (1) -237080 [182]
Methanol (1) -166270 [182]
Carbon dioxide (g) -394000 [182]
Water vapour (g) -228588 [182]
Oxygen (g) 0 [182]

B.1.6. Viscosities
Accordingly to the data [172] for air viscosity fdlifferent temperatures a nearly

dependence is evident between this two parametelsadinear regression yields the

expression presented above.

Table B.6 — Viscosities

Species j K (Pa.s) Reference

4209

Water (I) | 107 x exp(— 24.700+ +0.04527 - 3.376x10°T 2) [174]

Methanol
(0

4826

1073 x exp(— 39.350+ +0.10910F —1.127x107*T 2) [174]

Air (9) 10° x (465+ 0.04647) [172]

B.1.7. Liquid molar volumes

For the calculations of the diffusion coefficients the anode side the liquid molar

volumes of water and methanol are necessary.

274



Transport Phenomena in Direct Methanol Fuel CellsModelling and Experimental Studies

Table B.7 — Liquid molar volumes

Species | V;j (J/mol) Reference
Water (1) 18.7x10°° [174]
Methanol (1) 425%x10°° [174]

B.1.8. Parachors

For the calculations of the diffusion coefficieimsthe anode side the parachors values

of water and methanol are necessary.

Table B.8 — Parachors values

Species j P (cng®*/s?) Reference
Water 51 [171]
Methanol 85.3 [171]

B.1.9. Diffusion volumes

For the calculations of the diffusion coefficierts the cathode side the diffusion

volumes of water, air and oxygen are necessary.

Table B.9 — Diffusion volumes

Species v (cm*¥mol) Reference
Water 12.7 [171]
Air 20.1 [171]
Oxygen 16.6 [171]
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B.1.10. Tortuosity

Table B.10 — Tortuosity

Species | T Reference
Carbon cloth 1.11 [177]
Carbon paper 2.75 [177]

B.2. Diffusion coefficients
B.2.1. Anode diffusion and Catalytic layer

The binary diffusion coefficients of the mobile sm@s in the anode diffusion and
catalytic layer are calculated using the Tyn-Caluethod [174] for diffusion

coefficients in liquid solutions at infinite dilatn (in [m?/s]):

Dy = 8.93x10‘12(—vi2j X[ﬂj xL (B.1)
i R Hj

Here component is the solute angl is the solvent. The molar volumas are in
cm3/mol, the viscositiegr in cP and the temperatuffein K. P is so-callegharachors,
which are related to the liquid surface tensiort,dan also be estimated frongr@ups
contribution method developed by QUAYLE [174]. Faater and methanol this
method leads to parachor values presented in &BleAccording to the literature, if
water is the solute, the parachor and molar volwalaes of water shall be doubled
(water is treated as a dimer).

As the mass transport takes place within a poraatsixyn effective diffusion coefficients
are needed. To convert the gained values into tefeecoefficients, it has to be
accounted for the morphology of the solid matriypresented by the tortuosity

coefficient, 7[171]:
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Di?ﬁ =— Dij (B-Z)
where Dj is the usual diffusion coefficient in a binary gystandsis the porosity.

B.2.2. Cathode diffusion and Catalytic layer

In the cathode layers it is assumed that all madjlecies (oxygen, water vapour and
methanol) are ideal gases. The diffusion coefficien the cathode diffusion and
catalytic layer are calculated using the Fullehe&dter and Giddings equation [171] for

diffusion coefficients in binary gas mixtures (ocnj?/s)):

10 xTP(U/ M, +1/M )2
| PlEu ) + (0, ) [

(B.3)

Here componeritis the solute angis the solvent. The molar makkis in g/mol, the
pressuré in atm, the temperatufein K and the diffusion volumeSw in cn/mol.

Like in the anode side, the mass transport takaseplithin a porous matrix, effective
diffusion coefficients are needed. To convert thenem values into effective

coefficients should be used equation (2).
B.3. Porosities of fuel cells materials

For many purposes it is necessary to know the velinactions of several combined
materials, such as the PTFE-treated carbon papersarwon cloths used for the
diffusion layers and the material forming the cgdtllayers. As in the model all
material balances are formulated for the free va@lumthe porous materials forming the

respective fuel cell layers, the porosities aremrsisl parameters.
B.3.1. Diffusion layers

Accordingly to the description of carbon cloth azatbon paper materials supplied by

E-TEK, it is possible to estimate the porosity of tidreated material.
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Table B.11 — Porosities of the common materials us@s gas diffusion layers.

Material Porosity
Carbon paper 0.78
Carbon cloth 0.83

The porosity of a gas diffusion layer may be eas#yculated using the following

equation [178]:

Wa

e=1-
,Oreal XJ

(B.4)

whereW, is the areal weight in g/cingea is the solid phase density in gftand Jis
the thickness in cm.
As the carbon paper and carbon cloth are PTFEetietite real porosity has to be

calculated as a function of the PFTE content.

wetatea _ tOtal volume- carbonvolume- PTFE volume
£ =

total volume (B.5)
carbonvolume= (1— s“””eated)xmtal volume (B.6)
PTFEvqume:( Werre £ Ca"b"“j(l—g”“‘re"j“e")><total volume (B.7)
—Wprre  OpTre
Substituting equations (6) and (7) in (5) one gets
glretated — guntreated _ Werre Pearbon () _ guntreated) (B.8)

1-Werre  Opree

wherewpree is the PTFE mass content, normally is 0 86

is the porosity of the gas
diffusion layer material after the treatment withAE and&™*®the porosity of the

gas diffusion layer material before the treatmeitih WTFE.
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B.3.2. Catalytic layers

The porosity of the catalytic layer in another impat parameter and it can be

calculated as:

o= total volume- catalystvolume

total volume (8.9)
S
catalystvolume= ¥ = A" X Wea (B.10)
Peat Peat
total volume= A’ x o (B.11)
Substituting equations (B.10) and (B.11) in (B.Ag@ets
Wca
o-—= (B.12)
£= Peat
o

wherew., is the catalyst loading anglis the thickness of the catalytic layer.
In the anode side the catalyst loading is a mixhe®veen platinum and ruthenium. In
this way, the density of the mixed anode catalgst be calculated from the mass

fractions of both metals and their densities.

B.4. Effective thermal conductivities

B.4.1. Diffusion layers

As the diffusion layers are porous structures rtbtective thermal conductivities have
to be calculated accounting for the present maseaad reactants as well as their
volume fractions. In table B.3 thermal conductestiof the untreated materials are
presented. Using this value and the volume frastmfincarbon fibres and PTFE as well
as the porosity, the effective thermal conductivién be calculated accounting for the
material filling the pores and for the temperatunethe anode diffusion layer (AD) the

pores are assumed to be filled with a liquid migfwwhich mainly consists of water. In
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the cathode diffusion layer (CD) the pores are ragslto be filled with air. The

resulting expressions are:

K AD _— (1_ guntreated)K]_ + (1_ gtreated)K pre + fumreatedeater (Bls)

KCD = (1_ guntreated)Kj + (1_ gtreated)K pre + guntreatedKair (814)

wherej is carbon paper or carbon cloth

B.4.2. Catalytic layers

Like the diffusion layers the catalytic layers gperous structures, so a similar
procedure has to be done. Using the values presentable B.3 and the porosity, the
effective thermal conductivity can be calculatedaamting for the material filling the

pores. The resulting expressions are:

K AC = (1_ g)KPt—Ru + éKwater (815)

KEC = (1 £)Kpr + &Ko (B.16)
The thermal conductivity of the mixed anode catatgn be calculated from the mass

fractions of both metals and their thermal condliigis.

B.5. Heat transfer in finned surfaces

If we consider a fin of constant cross-sectionaaaA, and lengthd®™®™"" that is
attached to the surface with a perfect contact Wwdaflow from the surface to the fin
by conduction and from the fin to the surroundingdmm by convection with the same
heat transfer coefficient). In the ideal case of zero thermal resistancen@niie
thermal conductivity, the temperature of the finllvide uniform and equal to the
temperature of the badg (Ta or Tc see Figure 3.1). The heat transfer from the fith wi

be maximum in this case and can be calculated B3] [1
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inn,max = hAfin (Tb _Too) (Bl?)

whereT,, is the medium temperaturés(or Tiosee Figure 3.1).

In reality, however, the temperature of the finlwlilop along the fin and thus the heat
transfer from the fin will be less because of tkeerdasing temperature difference from
the fin base to the fin tip. To account for thieef on heat transfer we need to define

the fin efficiency as [172]

_ Actualheat tranter ratefrom thefin _ Qi
Idealheat tranfer ratefrom thefin if  Qfin max (B.18)
theentirefin wereat tempertureT,

fin
or
Qfin = Nehannetd] fin NAdin (Tb - Too) (B.19)

whereAy, is the total surface area of the fin. If we copsithe case of constant cross-

section of very long fin the fin efficiency can bepressed as [172]

1
in = _[we (B.20)
KA
were
A= wte (B.21)
P - 2)( (WX 5secxionll ) (822)
and
(B.23)

Afin = 2>< WX 5sedionll

Theh that appears in equations (B.17), (B.19) and (Bi2the heat transfer coefficient
of water or air if is related to the anode or cdihside. The heat transfer coefficient is

calculated using the set of equations presentdteinext section.
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B.6. Heat transfer coefficients in the anode and cathodehannels
To calculate the heat transfer coefficients indghede and cathode channels we use the

correlations for forced convection inside tubesnwaminar flow [172]. Therefore the

hydraulic diameter is

_ 4>< Achannel

D B.24
" I:)channel ( )
were
4 (B.25)
Achannel - Jsedlonll x e
and
_ (B.26)
Pchannel - 2539dl0n|l + Ze
The maximum liquid and air velocity is
AF
va o= Q (B.27)
Abhannel X Nchannels
and
NV E— (5:29)
Abhannel X Nchannels
The maximum Reynolds number, for anode and cathsde,
A
Ref, = Ymax X Dn X Do (B.29)

Hu.0

and
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C .
RS = 5 " Lo (B.30)

For the values assumed to the anode and cathoderdli® the Reynolds number is
inferior to 2300 which means laminar flow. For suitbw conditions the Nusselt

number as representation of the heat transfericaeft, h, defined as

hxD
Nu = "K h (B.31)

Can be calculated from the correlation [172]

U= 186(R9< Prx Dhjm (B.32)
W

The Prandtl numbers are

Py = “Pues A0 (8.33)

and

PL, = CPair X Mair (B.34)

air
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Appendix C: Experimental Results of an active fee@®@MFC

In this Chapter all the experimental results pernfed with the «in-house»
developed active feed DMFC are presented. The tsesué very important and
useful for evaluate the effect of different opaergtand design parameters on fuel

cell performance and for the validation of matheoaimodels.

C.1. Effect of operating conditions

All the results presented in this section were ioletd with a DMFC with carbon cloth
type A and ELAT (E-TEK) as, respectively, anode aathode gas diffusion layer. The
catalyst loading used was 4 mgfcof Pt/Ru and Pt, respectively, at the anode and
cathode side. The membrane used was Nafion 117/Aeadgle serpentine flow field

both for anode and cathode.

C.1.1. Methanol concentration

Table C.1 — Set of operating conditions used to aly@e the effect of methanol concentration on the

cell performance.

Cenon (M) Aeron (MI/Min) Qair (I/min) Cell temperature (°C

0.25

0.5

0.75

0.25

0.5

0.75

15

N
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Figure C.1 — Effect of methanol concentration on a)ell performance. Operating conditions:

methanol flow rate 8 ml/min and air flow rate 3.6 Imin.
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Figure C.2 — Effect of methanol concentration on a)ell performance. Operating conditions:

methanol flow rate 3 ml/min and air flow rate 3.6 Imin.
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Figure C.3 — Effect of methanol concentration on a)ell performance. Operating conditions:

methanol flow rate 3 ml/min and air flow rate 1 I/nin.

C.1.2. Fuel cell temperature

Table C.2 — Set of operating conditions used to alyzse the effect of cell temperature on the cell

performance.

Ceron (M) demon (MI/Min) Oair (I/min) Cell temperature (°C

20
40
0.75 8 3.6 60
70
80

20
40
0.75 3 3.6 60
70
80

20
40
0.75 3 1 60
70
80
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Figure C.4 — Effect of fuel cell temperature on agell performance. Operating conditions: methanol

flow rate 8 ml/min and air flow rate 3.6 I/min.
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Figure C.5 — Effect of fuel cell temperature on agell performance. Operating conditions: methanol

flow rate 3 ml/min and air flow rate 3.6 I/min.
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Figure C.6 — Effect of fuel cell temperature on agell performance. Operating conditions: methanol

flow rate 3 ml/min and air flow rate 1 I/min.

C.1.3. Methanol flow rate

Table C.3 — Set of operating conditions used to alyse the effect of methanol flow rate on the cell

performance.

Ceron (M) eron (MI/MiN) Oair (/min) Cell temperature (°C

20
16
14
0.25 12 3.6 20
10
8
3

20
16
14
0.75 12 3.6 20
10
8
3

10
0.75 8 1 20
3
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Figure C.7 — Effect of methanol flow rate on a) céperformance. Operating conditions: methanol

concentration 0.25M and air flow rate 3.6 I/min.
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Figure C.8- Effect of methanol flow rate on a) celperformance. Operating conditions: methanol

concentration 0.75M and air flow rate 3.6 I/min.
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Figure C.9 — Effect of methanol flow rate on a) céperformance. Operating conditions: methanol

concentration 0.75M and air flow rate 1 I/min.

C.1.4. Air flow rate

Table C.4 — Set of operating conditions used to alyse the effect of air flow rate on the cell
performance.
Ceron (M) eron (MI/MiN) Oair (/min) Cell temperature (°C
3.6
2
0.25 8 1 20
0.75
0.5
3.6
0.75 8 2 20
1.5
1
3.6
2
0.75 3 1 20
0.75
0.5
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Figure C.10 — Effect of air flow rate on a) cell pdormance. Operating conditions: methanol

concentration 0.25M and methanol flow rate 8 ml/min
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Figure C.11 — Effect of air flow rate on a) cell pdormance. Operating conditions: methanol

concentration 0.75M and methanol flow rate 8 ml/min
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Figure C.12 — Effect of air flow rate on a) cell pdormance. Operating conditions: methanol

concentration 0.75M and methanol flow rate 3 ml/min

C.2. Effect of design parameters

In this section is presented a systematic studg dorder to elucidate the effect of the
design parameters on the fuel cell performance.sEtef operating conditions used is

presented in the table C.5.

Table C.5 — Set of operating conditions used to alyse the effect of design parameters on the cell

performance.

Ceron (M) Qeron (MI/Min) Oair (I/min) Cell temperature (°C

20 3.6
3.6
1
3.6
3.6
3.6 60
1

20

0.75

3.6
3.6 20
1

W W W| O W| W| 0| W| 00|

3.6 20
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C.2.1. Anode diffusion layer material

Table C.6 — Set of design parameters used to anatythe effect of the diffusion layer material on

the cell performance.

Anode Carbon cloth or carbon paper
Diffusion layer
Cathode ELAT
Anode 4 mg/crhPt/Ru
Catalyst loading
Cathode 4 mg/chPt
Anode Serpentine
Flow field design
Cathode Serpentine
Membrane Nafion 117 or 212
0.9
0.8
< 07
5 06
€051 1 g,
S04 Itz
o A A X ; [ = " n
= 0-37 A A % b 4 ; ® : 9 2
) A % " m g
O 0.24 4 % % 2 2
0.1
0.0 T T T T T T T 1
000 001 002 003 004 005 006 007 0. 8
a) Current density (A/cmz)
+ 20 mimin; CP = 20 mlmin; CC 4 8 ml/min; CP
e 8 mimin; CC x 3 ml/min; CP 3 mlmin; CC

Figure C.13- Effect of anode diffusion layer mategl on a) cell performance. Operating conditions:

methanol concentration 0.75M, air flow rate 3.6 I/nm and cell temperature 20°C. Design

parameters: Nafion117.
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Figure C.14 — Effect of anode diffusion layer matéaal on a) cell performance. Operating conditions:

methanol concentration 0.75M, methanol flow rate 8nl/min and cell temperature 20°C. Design

parameters: Nafion117.
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Figure C.15 — Effect of anode diffusion layer mateaal on a) cell performance. Operating conditions:

methanol flow rate 3 ml/min, air flow rate 3.6 I/min and cell temperature 20°C. Design parameters:

Nafion117.
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Figure C.16 — Effect of anode diffusion layer mateal on a) cell performance. Operating conditions:

methanol concentration 0.75M, methanol flow rate 8nl/min and air flow rate 3.6 I/min. Design

parameters: Nafion117.
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Figure C.17 — Effect of anode diffusion layer mataal on a) cell performance. Operating conditions:

methanol concentration 0.75M, air flow rate 3.6 I/mfm and cell temperature 60°C. Design

parameters: Nafion117.
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Figure C.18 — Effect of anode diffusion layer mateaal on a) cell performance. Operating conditions:

methanol concentration 0.75M, methanol flow rate 3nl/min and cell temperature 60°C. Design

parameters: Nafion117.
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Figure C.19 — Effect of anode diffusion layer mataal on a) cell performance. Operating conditions:

methanol concentration 2M, air flow rate 3.6 I/minand cell temperature 20°C. Design parameters:

Nafion117.
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Figure C.20 — Effect of anode diffusion layer mateal on a) cell performance. Operating conditions:

methanol concentration 2M, methanol flow rate 3 mbhin and cell temperature 20°C. Design

parameters: Nafion117.
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Figure C.21 — Effect of anode diffusion layer mateal on a) cell performance. Operating conditions:

methanol concentration 0.75M, air flow rate 3.6 |/nrm and

parameters: Nafion212.

cell temperature 20°C. Design
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Figure C.22 — Effect of anode diffusion layer mataal on a) cell performance. Operating conditions:

methanol concentration 0.75M, methanol flow rate 8nl/min and cell temperature 20°C. Design

parameters: Nafion212.
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Figure C.23 — Effect of anode diffusion layer mataal on a) cell performance. Operating conditions:

methanol flow rate 3 ml/min, air flow rate 3.6 I/min and cell temperature 20°C. Design parameters:

Nafion117.
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Figure C.24 — Effect of anode diffusion layer mataal on a) cell performance. Operating conditions:

methanol concentration 0.75M, methanol flow rate 8nl/min and air flow rate 3.6 I/min. Design

parameters: Nafion212.
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Figure C.25 — Effect of anode diffusion layer mateal on a) cell performance. Operating conditions:

methanol concentration 0.75M, air flow rate 3.6 I/nm and cell temperature 60°C. Design

parameters: Nafion212.
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Figure C.26- Effect of anode diffusion layer mateal on a) cell performance. Operating conditions:

methanol concentration 0.75M, methanol flow rate 3nl/min and cell temperature 60°C. Design

parameters: Nafion212.
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Figure C.27 — Effect of anode diffusion layer mataal on a) cell performance. Operating conditions:

methanol concentration 2M, air flow rate 3.6 I/minand cell temperature 20°C. Design parameters:

Nafion212.
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Figure C.28 — Effect of anode diffusion layer mataal on a) cell performance. Operating conditions:

methanol concentration 2M, methanol flow rate 3 mbhin and cell temperature 20°C. Design

parameters: Nafion212.

C.2.2. Cathode diffusion layer material

Table C.7 — Set of design parameters used to anatythe effect of the diffusion layer material on the

cell performance.

=

Anode Carbon cloth

Diffusion layer
Cathode ELAT, carbon cloth or carbon pape
Anode 4 mg/crhPt/Ru

Catalyst loading
Cathode 4 mg/chPt
Anode Serpentine

Flow field design
Cathode Serpentine

Membrane

Nafion 117 or 212
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Figure C.29 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 20°C.

Design parameters: Nafion117.
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Figure C.30 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and cell temperature 20°C.

Design parameters: Nafion117.
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Figure C.31 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: air flow

rate 3.6 I/min, methanol flowrate 3 ml/min and cell temperature 20°C. Design

parameters: Nafion117.
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Figure C.32- Effe

ct of cathode diffusion layer mateéal on a) cell performance. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and air flow rate 3.6 I/min.

Design parameters:

Nafion117.
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Figure C.33 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 60°C.
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Figure C.34 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: methanol concentration 0.75M, methandilow rate 3 ml/min and cell temperature 60°C.

Design parameters:

Nafion117.
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Figure C.35 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: methanol concentration 2M, air flow rate 3.6 I/min and cell temperature 20°C. Design

parameters: Nafion117.
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Figure C.36 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: methanol concentration 2M, methanol flav rate 3 ml/min and cell temperature 20°C.

Design parameters: Nafion117.
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Figure C.37 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 20°C.

Design parameters: Nafion212.
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Figure C.38 — Effect of cathode diffusion layer madrial on a) cell performance. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and cell temperature 20°C.

Design parameters: Nafion212.
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Figure C.39- Effect of cathode diffusion layer mateéal on a) cell performance. Operating

conditions: air flow rate 3.6 I/min, methanol flowrate 3 ml/min and cell temperature 20°C. Design

parameters: Nafion212.
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Figure C.40 — Effect of cathode diffusion layer marial on a)
Operating conditions: methanol concentration 0.75M,methanol

rate 3.6 I/min. Design parameters: Nafion212.

cell performance and b) power.

flow rate 8 ml/min and air flow
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Figure C.41 — Effect of cathode diffusion layer madrial on a) cell performance and b) power.

Operating conditions: methanol concentration 0.75Mair flow rate 3.6 I/min and cell temperature

60°C. Design parameters: Nafion212.
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Figure C.42 — Effect of cathode diffusion layer madrial on a) cell performance and b) power.

Operating conditions: methanol concentration 0.75M, methanol flow rate 3 ml/min and cell

temperature 60°C. Design parameters: Nafion212.
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Figure C.43 — Effect of cathode diffusion layer madrial on a) cell performance and b) power.
Operating conditions: methanol concentration 2M, ai flow rate 3.6 I/min and cell temperature

20°C. Design parameters: Nafion212.
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Figure C.44— Effect of cathode diffusion layer mateéal on a) cell performance and b) power.
Operating conditions: methanol concentration 2M, méanol flow rate 3 ml/min and cell

temperature 20°C. Design parameters: Nafion212.
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C.2.3. Effect of membrane thickness

Table C.8 — Set of design parameters used to anadythe effect of the membrane thickness on the

cell performance.

Anode Carbon cloth type A
Diffusion layer
Cathode Carbon cloth type A
Anode 4 mg/crhPt/Ru
Catalyst loading
Cathode 4 mg/chPt
Anode Serpentine
Flow field design
Cathode Serpentine
Membrane Nafion 117, 115 or 212
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— 7 § i 3
D 0o $
& 02 tse.
0.1
00 T T T T T T T 1
0.00 001 002 003 004 005 006 007 0.8
a) Current density (A/lcm?)
* 20 m/min; Nafion 117 = 20 m/min; Nafion 115  a 20 mi/min; Nafion 212
o 8 mimin; Nafion 117 x 8 mimin; Nafion 115 8 mi/min; Nafion 212
4 3 mimin; Nafion 117 = 3 ml/min; Nafion 115 3 mi/min; Nafion 212

Figure C.45 — Effect of membrane thickness on a) lteperformance and b) power. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 20°C.
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Figure C.46 — Effect of membrane thickness on a) lteperformance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and cell temperature 20°C.
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a) Current density (A/lcm?)
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e 2 M; Nafion 117 x 2M; Nafion 115 2 M; Nafion 212
A 5 M; Nafion 117 = 5 M; Nafion 115 5 M; Nafion 212

Figure C.47 — Effect of membrane thickness on a) lteperformance and b) power. Operating

conditions: air flow rate 3.6 I/min, methanol flowrate 3 ml/min and cell temperature 20°C.

312



Transport Phenomena in Direct Methanol Fuel CellsModelling and Experimental Studies

Cell potential (V)

*xx

P & x
0.5“\,). ‘%xxxx%xx
04140, E¥F vy
. AAA:.. vang(%%z(%x%

AA”"‘.
A‘A:’Oo

0.0 T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0..2

Current density (A/cm?)

= 20°C; Nafion 115 4 20°C; Nafion 212
x 60°C; Nafion 115 60°C; Nafion 212

* 20°C; Nafion 117
e 60°C; Nafion 117

Figure C.48 — Effect of membrane thickness on a) lteperformance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and air flow rate 3.6 I/min.
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Figure C.49 — Effect of membrane thickness on a) lteperformance and b) power. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 60°C.
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Figure C.50 — Effect of membrane thickness on a) lteperformance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 3 ml/min and cell temperature 60°C.
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Figure C.51- Effect of membrane thickness on a) deperformance and b) power. Operating

conditions: methanol concentration 2M, air flow rate 3.6 I/min and cell temperature 20°C.
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Figure C.52 — Effect of membrane thickness on a) lteperformance and b) power. Operating

conditions: methanol concentration 2M, methanol flav rate 3 ml/min and cell temperature 20°C.

C.2.4. Effect of catalyst loading

Table C.9 — Set of design parameters used to anatythe effect of the catalyst loading on the cell

performance.
Anode Carbon cloth type A
Diffusion layer
Cathode Carbon cloth type A
Anode 4 mg/crhor 8 mg/cm Pt/Ru
Catalyst loading
Cathode 4 mg/chror 8 mg/cr Pt
Anode Serpentine
Flow field design
Cathode Serpentine
Membrane Nafion 117
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Figure C.53 — Effect of catalyst loading on a) ceflerformance and b) power. Operating conditions:

methanol concentration 0.75M, air flow rate 3.6 I/rm and cell temperature 20°C.
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Figure C.54- Effect of catalyst loading on a) ceperformance and b) power. Operating conditions:

methanol concentration 0.75M, methanol flow rate &nl/min and cell temperature 20°C.
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Figure C.55 — Effect of catalyst loading on a) ceflerformance and b) power. Operating conditions:

air flow rate 3.6 I/min, methanol flow rate 3 ml/min and cell temperature 20°C.
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Figure C.56— Effect of catalyst loading on a) cepjerformance and b) power. Operating conditions:

methanol concentration 0.75M, methanol flow rate &nl/min and air flow rate 3.6 I/min.
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Figure C.57- Effect of catalyst loading on a) ceperformance and b) power. Operating conditions:

methanol concentration 0.75M, air flow rate 3.6 I/rm and cell temperature 60°C.
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Figure C.58 — Effect of catalyst loading on a) ceflerformance and b) power. Operating conditions:

methanol concentration 0.75M, methanol flow rate 3nl/min and cell temperature 60°C.
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Figure C.59 — Effect of catalyst loading on a) ceflerformance and b) power. Operating conditions:

methanol concentration 2M, air flow rate 3.6 I/minand cell temperature 20°C.
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Figure C.60 — Effect of catalyst loading on a) ceflerformance and b) power. Operating conditions:

methanol concentration 2M, methanol flow rate 3 mihin and cell temperature 20°C.

319



Appendix C: Experimental results of an active feedMFC

C.2.5. Effect of anode flow field

Table C.10 — Set of design parameters used to ansdythe effect of the anode flow field on the cell

performance.
Anode Carbon cloth type A
Diffusion layer
Cathode Carbon cloth type A
Anode 4 mg/crhPt/Ru
Catalyst loading
Cathode 4 mg/chPt
Anode Serpentine, multi-serpentine or mixeg
Flow field design
Cathode Serpentine
Membrane Nafion 117
0.8
0.71
S 06
8 051 By
goa flg.,
8 N k B B ™ g
03 % ] - & & A A
% X X % £ g < : Q PN
O 02 X =B
0.1
00 T T T T T 1
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a) Current density (A/lcm?)
* 20 mimin; SFF = 20 mi/min; MSFF 4 20 mimin; MFF
e 8 ml/min; SFF x 8 mimin; MSFF 8 mimin; MFF
4 3 mimin; SFF = 3 m/min; MSFF 3 mimin; MFF

Figure C.61 — Effect of anode flow field design om) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 20°C.
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Figure C.62 — Effect of anode flow field design om) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and cell temperature 20°C.
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Figure C.63 — Effect of anode flow field design om) cell performance and b) power. Operating

conditions: air flow rate 3.6 I/min, methanol flowrate 3 ml/min and cell temperature 20°C.
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Figure C.64 — Effect of anode flow field design om) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and air flow rate 3.6 I/min.
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Figure C.65 — Effect of anode flow field design om) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 60°C.
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Figure C.66 — Effect of anode flow field design om) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 3 ml/min and cell temperature 60°C.
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Figure C.67 — Effect of anode flow field design om) cell performance and b) power. Operating

conditions: methanol concentration 2M, air flow rate 3.6 I/min and cell temperature 20°C.
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Figure C.68 — Effect of anode flow field design om) cell performance and b) power. Operating

conditions: methanol concentration 2M, methanol flav rate 3 ml/min and cell temperature 20°C.

C.2.6. Effect of cathode flow field

Table C.11 - Set of design parameters used to aps¢ the effect of the cathode flow field on the del

performance.
Anode Carbon cloth type A
Diffusion layer
Cathode Carbon cloth type A
Anode 4 mg/chPt/Ru
Catalyst loading
Cathode 4 mg/chPt
Anode Serpentine
Flow field design
Cathode Serpentine, multi-serpentine or mixgd
Membrane Nafion 117
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Figure C.69 — Effect of cathode flow field designroa) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, air flowrate 3.6 I/min and cell temperature 20°C.
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Figure C.70 — Effect of cathode flow field designroa) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and cell temperature 20°C.
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Figure C.71 — Effect of cathode flow field designroa) cell performance and b) power. Operating

conditions: air flow rate 3.6 I/min, methanol flowrate 3 ml/min and cell temperature 20°C.
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Figure C.72 — Effect of cathode flow field designroa) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 8 ml/min and air flow rate 3.6 I/min.
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Figure C.73 — Effect of cathode flow field designroa) cell performance and b) power. Operating

conditions: methanol concentration O.

75M, air flowrate 3.6 I/min and cell temperature 60°C.
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Figure C.74 — Effect of cathode flow field designroa) cell performance and b) power. Operating

conditions: methanol concentration 0.75M, methandilow rate 3 ml/min and cell temperature 60°C
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Figure C.75 — Effect of cathode flow field designroa) cell performance and b) power. Operating

conditions: methanol concentration 2M, air flow rate 3.6 I/min and cell temperature 20°C.
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Figure C.76 — Effect of cathode flow field designroa) cell performance and b) power. Operating

conditions: methanol concentration 2M, methanol flav rate 3 ml/min and cell temperature 20°C.
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