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NAFION®/PROTON EXCHANGE MEMBRANE FUEL CELL/SYNCHROTRON/

VACUUM ULTRAVIOLET RADIATION

Nafion®, a polymer electrolyte membrane for proton excleamgmbrane fuel
cells (PEMFCs), is modified by using vacuum ultdet (VUV) synchrotron
radiation in an ultrahigh vacuum (UHV) chamber. rarthe photo-degradation of
Nafion which is generated in different weather atads, the performance of the
PEMFC using the degraded Nafion exhibits worthlassither fuel cell durability or
proton conductivity. In the VUV irradiations, thegraded membranes are exposed to
the monochromatic photon beam of 100 eV from syoicbn radiation with various
photon fluences covering the threshold fluence. fhiineshold fluence is determined
by the mathematical model based on small angle yXaad neutron scattering
(SAXS/SANS). The irradiated membranes are thentoacted technically by using
hot-pressing processes subject to membrane elecassembly (MEA) to measure
the fuel cell performance in terms of current-vgiameasurements. The relatively
improvement of the fuel cell performance with th&edent VUV fluences indicates
the modifications of the degraded membranes aftadiations. Moreover, several
characterization techniques are applied to vetiy structural evolution of Nafion

upon the VUV irradiations, in comparison with ther®Asputtering and the
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polychromatic synchrotron irradiations, such assm®sectrometry, small angle X-ray
scattering and photoemission spectrosd®BS). The surface modifications upon the
VUV irradiations are identified. The major modifittans are the removal of the
fluorine and/or oxygen-containing functionalitiesorh the photo-degradation
mechanism, such as C-O, C=0 or COOH, and the dewelnt of the surface
metallicity of Nafion. Our characterization resuéigree very well with the density
functional theory (DFT) computational calculatiomsd directly relate to the
improvement of the proton exchange membrane fuélpeeformance. Our surface
modification technique can be applied for furtharface cleaning methods beyond

ordinary cleaning methods of the chemical cleans¢hie degraded Nafion.
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CHAPTER |

INTRODUCTION

1.1 Introduction of Energy Sources

The world’s energy consumption is rapidly growinghile the worldwide
energy sources are limited. At the same time, tably increases in the energy
demand related to per capita consumption in albnatleads to more environmental
impacts, i.e., air pollution, global climate changad emission of green house gases.
In 2010, the green house gases are continuousigased not only in the developed
countries but also in the developing countries.p8singly, the shared green house
gases releasing from Thailand is ~ 1% or is tHe 28st gas releasing country in the
world (Rogers and Evans, 2011). Searching for radiitre energy sources with an
environment-friendly technology that will replacaspline as the main product of
crude oil is the most critical challenges in neaufe. We are entering to the new
energy revolution based on the hydrogen fuel, ngifiehergy Revolution”. To this
day, there are many available energy supplies for demand such as wind,
geothermal, water, sun, nuclear and fossil fuelwelcer, they have some drawback
for applications due to the different in the topmgnry and climate in each region. The
wind power, for example, requests the differentthe climate of each area. The
steady change in the temperature is an essengaireenent to make the energy.
Therefore, it has been scantly used in Europe sglGermany, Spain, France,

Portugal, UK, Italy and Denmark (World Wide Eneryssociation, 2011).



For the geothermal energy, which can be extractad heat in the deep earth,
the environmental impact must be taken into comattn. Using the geothermal has
been limited in some developed countries becaus@adisoning ores, such as sulfur
in the form of hydrogen sulfide, spread out on ¢ineund and possibly dissolve in
water to form an acid have an effect on the ecolagg the agriculture products
(Hancock and Skinner, 2000). For using the energymf water, widespread
application is the hydropower plant. The applicatean be achieved by converting
mechanical energy into electricity. Most countieslude Thailand construct dams to
generate the electric power, which requires the roodious area supply for
management. This trouble has led to the global ghan the forest and the severe
affect to the animals and plants (Cave, 1998).Haumore, with the combination of
the global warming, the volume of water availabbe the hydropower plant may
inadequate in the future when the consumable vaatdralso the electric energy are
simultaneously increased (World Wind Energy Assomm 2011).

One of the alternative power sources is thus tloeliesel or biogases from
wastrels because of its low operating cost fortbwgd electricity. However, their
manufacturing process involves the generation @f hlydrocarbon species. This
hydrocarbon is the main component that acceletageglobal warming (Koven, et
al., 2011). Moreover, the biodiesel productions agdrom the crops such as palm,
chaff and bean. Using this energy source conselyusutfers from an inadequate
agriculture product for foods (Dong, 200Another drawback of the biodiesel and
biogas is the energy consumption of the producti®ecause the biofuel processes
consume much of energy (e.g., mass transportatibrgquires further development

in terms of output-per-input energy consumptions.
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Figure 1.1  World’'s nuclear reactordrfternational Atomic Energy Agen, 2012).

One of theremarkable energy souss is the sun powelt provides the energy
for all living thingson Earth. However, the storage of the solar energy duase
troubles. ®lar energy is not availablet night, making energy storage an import
issue in order to provide the continuous availgbilof energ (Biello, 2009).
Moreover, the solar ceresearches and developmehts/e not been accomplishe
The solar cells have been u limitedly in some developed countries. The m:
disadvantage of this device is the high operatiog}. Therefore, rost of the regular
energy source in the developing and undevelopedtdes is tend to be the
inexpensiveenergy source without emphasizing thetarnative environme-benign.
In an alternative waythe powerful energy source for the power pis known to be
the electric energgenerate by nuclear reactiont has been reported théhere are

436 currentlynuclear reactors around the world aswn in Figure 1.
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Figure 1.2  Capital costs / megawatt in millions of dollarso{c 2011).

Even though the nuclear power plants generate émgigy density and lower
the capital cost (shown in Figure 1.2) which is #@ssential requirement for many
industrial sectors, the preparation of the nucfaeal terribly affects the environments
as expected. Because the ionizing particles libdréiom the nuclear source are the
harmful activity to the living organisms, extragihe electricity from the nuclear
power as well as their by-product management hasticolously been considered. In
fact, it is always difficult either to remove theaked radioactive, or to purify the
environment (U.S. Nuclear Regulatory Commissiori, 130

Presently, the high regularity Fukushima nucleargroplants in Japan suffer
from an excessive earthquake (9.Q)Mear the east of Honshu and followed by a
massive Tsunami. Until now, the electric powerlased but the emphatic problem is
to remove the nuclear radioactive (i.e., iodine)1f8Bdm the exploded plants (shown
in Figure 1.3). At that time, many food productsnizominated with radioactive

materials have temporally been banded in ChinatifS¢area and Taiwan.



Figure 1.3  Fukushima nuclear power plants explosion (DailysK2011).
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Figure 1.4  Worldwide energy consumption in 2010 (BP P.L.C120

From these serious problems, the requirement ofggnsource has been

turned back to the global energy resource proviaethe simple fossil fuels such as

crude oil and natural gas.
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Figure 1.5 The Air Transport Associatiol(IATA) crude oil price reports. Tt
price is now rising up to 11C due to the political problem and financisanction in

Iran and Libyan crisiSCAPA Center for Activation, 2011).

The requirement of these fuels is increased wiir tprice is continuousl
increased. Figure 1.4 depicts the worldwide eneansumption in 2C0. As describe
above, the major concerning in the fossil f applicationis the environments:
impact. The byproductsor residue of the fossil fuelseegularly compose of the
carbon-cordining species which enhais the global warming.

Moreover, it is well known that these conventiohals are not going to la
more than 93.9ears in the face of accelerated increasing denratide develope:
and developing countri (BP P.L.C, 2010)With the political confliction problem i
the Middle East, thenternationaAir Transport Association (IATA) revealed that tt
average oil price for 2011 is now $110 per bam@el5% increase over the previc
forecast (shown in Figure 7). Moody’s investors services also reported that
persistent oil prices around $100 a barrel will kezathe global economic recove

and hit hardest the auto, airline, gaming and afitical sectors



This energy crisis is one of the most concernirgblams and directly affects
our life style in near future. For instance, thisexypectedly price encourages the
scientific researches to develop alternative enesgyrces. The number of the
researches and developments in this purpose hagbeéentially increased.

Among the energy sources researches this dayyieigcextracted from the
electrochemical reaction of the fuel cell is expécto be a superior energy source
because of its high energy conversion, efficienag w pollution It is well known
that the energy density of fuel cell is higher thle energy density generated by the
combustion engines because fuel cells producerigiggtdirectly from chemical
energy. Fuel cells are also known to be the hydrdgehnology that uses hydrogen
as a fuel. In addition, hydrogen is the modern netdtgy used for the energy
revolution in near future. But the chronicle of hygen begins with the Big Bang
theory of universe creation 15 billion years agdew hydrogen atoms were first
formed. Up to date, the hydrogen content in owr ikfincreased especially in the fuel

cells applications. And also the fuel cell applicatneeds hydrogen.

1.2 Introduction to Fuel Cell Technology

Fuel cell is an electrochemical device that corsvefiemical energy from a
fuel into electric energy. Without any harmful esims, fuel cell is therefore an
extremely environmentally friendly device. Unlikatteries operation, fuel cells use
an external fuel such as hydrogen and externalapxiduch as oxygen or air to
support the operation. This advantage allows theimoous operation as long as the
fuel and oxidant are supplied. Presently, there raamy fuel cell researches and

development for transportation, power plant andgiibe electronic devices.
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First demonstration of a fuel cell by Grove in 2Barbir, 2005).

The first fuel cell was established by an Englistestist named Sir William

Robert Grove in 1839. Grove’s simple fuel cell astss of two rods of platinum

electrode placed within the hydrogen and oxygentghss submerging in a bath of

dilute sulfuric acid electrolyte solution and cootesl with the external load as shown

in Figure 1.6.This reverse water electrolysis reaction generabéisage of about 1V.

Up to date, fuel cells have been continuously deved.

Fuel cell is classified into five types based oa type of electrolyte they use,

1.

2.

3.

4.

5.

Polymer electrolyte membrane fuel cells (PEMFC)
Alkaline fuel cells (AFC)

Phosphoric acid fuel cells (PAFC)

Molten carbonate fuel cells (MCFC)

Solid oxide fuel cells (SOFC).

In general, the fuel cells can be classified inmterof their operating

temperature. The first three types are low tempeeadnd the last two types are high

temperature fuel cells. The description of fuel tgles are shown in Table 1.1.



Table 1.1 Classification of fuel cells.

Suitable applications
Fuel Operating

Efficiency Small
cell temperature Domestic Large scale Trans-
(%) scale
types O power cogeneration port
power
AFC 50-90 50-70 % % X
PEMFC  50-120 40-50 % X
PAFC 175-220 40-45 X % X X
MCFC 600-650 50-60 X v X
SOFC  800-1000 50-60 v v X

1.2.1 Polymer electrolyte membrane fuel cells

Polymer electrolyte membrane (or proton exchangenibnane) fuel cells
(PEMFCs) have initially been established by Genetattric for the Gemini space
mission during the mid 1960s. The electrolyte meanbs are based on polystyrene
sulfonic acid (PSSA). At that time, the PEMFCs stéfl from the high operating cost
due to the essentials of more platinum catalyst mechbranes. The fuel cells were
then noticeably developed until now. The platinietatyst has been reduced from 28
mg/cnf to 0.2 mg/crA while maintaining current densities. Nevertheletise
breakthrough of the fuel cells technology is intweér of the discovery of the
perfluoropolymer namely Nafion by DuPdMt The details of this polymer will be

discussed in Chapter lIl.



Figure 1.7
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The PEMFCs have been widely used as the electneepsource for the

vehicle and the small combined heat and power (C$yBj)ems because of the low

operating temperature.

1.2.2 Fuel cell applications

As fossil fuels are running out, hydrogen is betimg superlative world’s fuel.

Due to its high efficiency and low emission, fuellds the future energy generator.

The advantages of fuel cells impact particulartprsgly on combined heat and power

(CHP) and on mobile power systems, especially fehicles and electronic

equipments such as portable computers, mobile Helegs. The portable and

automobile applications are the major scientifelds in which fuel cells are used.

Figure 1.7 summarizes the fuel cell applications.
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1.3 Scope and Limitations of the Study

This thesis focuses on the surface modificationthef Nafion membrane,
which is used in the PEMFCs, from the photo-degradamechanism. It has been
generally accepted that most of polymers can ummdphpto-degradation in different
weather conditions. Exposure the membrane to d&eatlight in the surrounding of
air for a long period of time inevitably resultsthre acceleration of the degradation.

Using the degraded membrane leads to the lowermgthe PEMFC
performance and also the fuel cell failure. The rneme deterioration is one of major
fuel cell problems, either in terms of performancen terms of durability. Due to the
high cost of new membrane, the modification of degraded membrane is therefore
an alternative way to solve this problem. Basedtte assumption of that if light
causes the membrane degradation, the membranealsisalbe modified by the same
type of light. More specifically, the light usedrfthe membrane modification is the
high intensity of the vacuum ultraviolet (VUV) rations from the synchrotron
radiation. Various photon doses irradiate on théase of the degraded membrane,
which contain the existence of some contaminationgesiduals, in an ultrahigh
vacuum (UHV) system. It is expected that the swfatructure of the irradiated
membranes would be modified upon the VUV irradiatitoses.

The performance of the PEMFC using these irradiategimbranes has
subsequently been verified by the PEMFC performatess in term of the
polarization curves. These structural changes halg® been investigated by
photoemission spectroscopy (PES), atomic force amempy (AFM), mass

spectrometry and small angle X-ray scattering (SAXS
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Due to the low performance of the PEMFC using tegrdded membrane
compared with the fresh membrane, the performancehe VUV recovered
membrane is suppose to be inferior to that of teehf Nafion membrane. However,
the relative improvement of their performance alsg éhe dynamical changes at their
surface has been succeeded. These investigatigggestuan avenue for direct

experimental test of the degraded Nafion membréee EUV irradiations.



CHAPTER I

PROTON EXCHANGE MEMBRANE FUEL CELLS

2.1 Basic Principle of PEMFCs

Among the various types of fuel cells, the protanl@nge membrane fuel cell
is the most preferable choice as the electric p@warce for transportations and small
electric devices because of their essential sintpliquick start-up and ambient
temperature operations. The PEMFCs also exhibit-bjgerational efficiencies unlike
internal combustion engines, in which the efficieilimited by the Carnot’s law.

The electrolyte of PEMFCs is a solid polymer thkbves transportation of
protons and resists the electrons to pass thougingUa solid and immobile
electrolyte makes the fuel cell simple and offdre advantage of low weight and
volume, compared to other type of fuel cells. PEMFsperate at a temperature of
80°C and only require hydrogen, oxygen and watéurotion.

A schematic diagram of a PEMFC is shown in Figurg. A significant
component of this type of fuel cell is the membratectrode assembMEA) that
composed of a thin (typically 50-200 um) cationofpn) exchange membrane
(usually hydrated to promote proton transport) vatacious metal catalyst (typically
platinum) electrodes pressed directly onto the spgpmembrane surface.

Adjacent to the electrodes are carbon fiber papeardoon cloth gas diffusion
layers (GDLs), which assist in distributing gaghe catalyst and removing products

from the electrodes (e.g., water from the air cdé)o
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Figure 2.1  PEMFC components. (Ismail, Naim and Zubir, 2009).

Additionally, the combination of the carbon clotasgdiffusion layer and the
active catalyst layer is called the gas diffusideceodes (GDESs) (Francisco, Cabot
and Brillas, 2007). By sandwiching the polymer #lglgte membrane with the GDEs,
the MEA is fabricated. The MEA is then connectedhwiwo graphite flow-field
plates and two collector plates. This complete IsiREMFC is connected with the
gas-flow systems and external electronic loaderth&tinterface between anode and
the electrolyte, the fuel is converted into proi@#) and electron ( a process
which is made possible by a catalyst that is typid2t-based.

Polymer electrolyte membrane allows protons to fibmough, but prevents
electrons from passing through. Electrons traveh&cathode via an external circuit
producing electrical current and™fbns (proton) pass through the membrane from
anode to cathode, where they combine with oxygelecates and electrons to form

water. The basic fuel cell reactions taking placa PEMFC are
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At the anode: H, - 2H* + 2e” (2.1)
At the cathode: %Oz + 2H* + 2e” - H,0 (2.2)
Overall: H, + %Oz - H,O0. (2.3)

2.2 Fuel Cell Components

Fuel cells generate electricity from hydrogen arggen without any harmful
emissions and therefore in an extremely environaignfriendly way. As described
earlier, the heart of a fuel cell is a polymer,tpmeconductive membrane. The surface
of the membrane is connected electrically with perelectrodes. The reactant gases
are fed from the back and must reach the interf@teeen the porous electrodes and
the membrane, where the electrochemical reactakeslace at the catalyst layers, or
more precisely, on the catalyst surface. A protathange membrane is placed at the
center of the PEMFC. Hydrogen fed to the anode siézes into protons and
electrons at the catalyst. The protons pass thalysatlayer, while the electrons
remaining behind give a negative charge to the dgein-side electrode. During the
proton migration, a voltage difference builds upween the electrodes. When they
are connected, the potential difference producerext current that can drive an
engine.

Finally, the protons recombine with the electrond axygen into water at the
cathode. Besides the produced electric energy, dhlg by-product is water.
Additionally, heat is produced by the electrochaahiceactions and the contact

resistances in the fuel cell, which can be usedpacce or service water heating.
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2.2.1 Electrode

A fuel cell electrode is a thin catalyst layer [@ed between the ionomer
membrane and porous, electrically conductive saftestrit is the layer where the
electrochemical reactions take place.

More precisely, the electrochemical reactions tgkace on the catalyst
surface. There are three kinds of species thatcgmate in the electrochemical
reactions, namely gases, electrons and protonss, The reactions occur on a portion
of the catalyst surface where all three specie® lscess. Electrons travel through
electrically conductive solids, including the cgsdlitself, but it is important that the
catalyst particles are electrically connected te sbstrate. Protons travel through
membrane; therefore the catalyst must be contdbttive membrane. And finally, the
reactant gases travel only through voids; theretbeselectrode must be porous to
allow gases to travel to the reaction sites. Atshme time, product water must be
removed; otherwise the electrode would be floodeti@event oxygen access.

As shown graphically in Figure 2.2a, the reactiteise place at the three-
phase boundary, which compose of ionomer, solid, \&id phases. However, this
boundary has an infinitesimally small area (essdiytit is a line not an area) that
would result in infinitely large current densitiéxactically, due to the gas permeation
through the polymer, the reaction zone is larganth single three-phase boundary
line. The reaction zone can be enhanced eitherrbyghening” the membrane
surface, or by incorporating ionomer in the catiallgger (as shown in Figure 2.2b). In
an extreme case, the entire catalyst surface maypbered by a thin ionomer layer

(Figure 2.2c), except for some allowance for eleatrcontacts.
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Figure 2.2  Graphical representations of the reaction sitesi{i8, 2005).

Obviously, the ratios between the catalyst areaclwviovered by ionomer to
catalyst area opened to void to catalyst area congpother catalyst particles or
electrically conductive support must be optimiZElde most common catalyst in PEM
fuel cells for both oxygen reduction and hydrogeidation reactions is platinum. In
the early days of PEMFC development, large amoohBt catalyst were used (up to
28mg/cnd). In the late 1990s, with the use of supportedlgat structure, the catalyst
was reduced to 0.3-0.4 mg/enit is thecatalyst surface area that matters, not the
weight, so it is important to have small platinuartgcles (4 nm or smaller) with large

surface area finely dispersed on the surface alystsupport.

2.2.2 Membrane

The membrane has two functions. Firstly, it actaraglectrolyte that provides
ionic conduction between the anode and the catlboiés an electronic insulator.
Secondly, it serves as a separator for the twaalbcgases. Solid polymer
membranes used in PEMFC are simpler, more reliabte easier to maintain than
other membrane types (Ismail, Naim and Zubir, 200%)e fuel cell must operate
under conditions in which the by-product water does evaporate faster than it is

produced, because the membrane must be hydrated.
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Figure 2.3  Chemical structure of NafiSn(Mecadi.com, www).

Dehydration of the membrane reduces proton condtyctiOn the other hand,
excess of water can lead to flooding of the elelgso

Typically, the membranes for PEMFCs are made ofiygocarbon-sulfonic
acid ionomer (PSA). This is essentially a copolymktetrafluorethylene (TFE) and
various perfluorosulfonate monomers. The best-knovembrane material is NafiBn
made by DuPont, which uses perfluoro-sulfonylflderiethyl-propyl-vinyl ether
(PSEPVE) as shown in Figure 2.3. Similar materiase also been developed and
sold as either a commercial or development protlyabther manufacturers such as
Asahi Glass (Flemion), Asahi Chemical (Aciplex), |@me Engineers ("C"
membrane), and Dow Chemical. W.L. Gore and Assesidtave developed a
composite membrane madg of a Teflon-like component providing mechanical
strength and dimensional stability and a perfluolfosic acid component providing

proton conductivity.
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2.3 Fuel Cell Thermodynamics

Because a fuel cell is an energy convertor, thembdynamics of the fuel
cell, such as energy transfer, effect of tempeeaturd efficiency, play an important
role as well as the fuel cell electrochemistry.

The following subsections provide basic principlé the fuel cells

thermodynamics, which gives the potential for react

2.3.1 Heat of reaction
The overall reaction described in Equation (2.3kimilar to the hydrogen
combustion reaction. Combustion is an exothermoc@ss, which means that there is

energy released in the process. The reaction canrgressed as
1
H, + 502 — H,0 + heat. (2.4)

The heat (or enthalpy) of a chemical reaction & difference between the

heats of formation of products and reactants.

AH = (b0 — (s, = 5 (o, @5)
Note that(hy) is the heat of formation. In liquid water (at 25°Ch¢)y,0 iS -
286 kJ/mol. And heat of formation of elements is dwgfinition equal to zero.
Therefore, at 25°C and atmospheric pressure, tinaley is
AH = —286 kJ/mol. (2.6)
Note that the negative sign for enthalpy of a cloameaction, by convention,
means that heat is being released in the reactios,is an exothermic reaction.

Equation (2.4) may now be rewritten as

H, + 0, - H;0(1) + 286 k] /mol. (2.7)
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A positive sign is used because the enthalpy isgolan the right side of the
reaction, clearly meaning a product of the reactibmis equation is valid at 25°C
only, meaning that both the reactant gases angrbauct water are at 25°C, where
the water in the atmospheric pressure is in ligoin. The enthalpy of hydrogen
combustion reaction in Equation (2.6) is also chllee hydrogen’s heating value,
which is the amount of heat that may be generayealdbmplete combustion of 1 mol
of hydrogen. However, if hydrogen is combusted sitifficient excess of oxygen (or
air) and allowed to cool down to 25°C, the produater will be in the form of vapor
mixed with unburned oxygen and/or nitrogen in cdbat air was used. The
measurement should show that less heat was re|leasasctly 241 kJ. This is known

as hydrogen’s lower heating value (Barbia, 2005)

H, +20; - H;0(g) + 241 k] /mol. (2.8)

2.3.3 Theoretical electrical work

Hydrogen heating value is used as a measure ofemeput in a fuel cell.
This is the maximum amount of (thermal) energy thay be extracted from
hydrogen. However, in every chemical reaction semieopy is produced, not all of
the hydrogen’s higher heating value can be condart® useful work-electricity. A
portion of the reaction enthalpy (or hydrogen’shag heating value) that can be
converted to electricity in a fuel cell correspondssibbs free energy and is given by
the following equation:

AG = AH — TAS. (2.9)

Note thatAS is the difference between entropies of productkraactants:

1
AS = (spu,0 — (SOu, — > (sp)o,- (2.10)
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Table 2.1 Enthalpies and entropies of formation for fuell cedactants and

products.

h (kJ/mol) s (kJ/mol-K)
Hydrogen, H 0 0.13066
Oxygen, Q 0 0.20517
Water (liquid), HO (1) -286.02 0.06996
Water (vapor), HO (g) -241.98 0.18884

The values oh; ands; for reaction reactants and products at atmospheric
pressure and 25°C are shown in Table 2.1. Therefdr5°C, out of 286.02 kJ/mol
of available energy, 237.34 kJ/mol can be conveméa electrical energy and the

remaining 48.68 kJ/mol is converted into heat.

2.3.4 Theoretical fuel cell potential
According to the definition of electrical work:
Wei = qE, (2.11)
where
W, = electrical work (J/mol)
q = charge (Coulomb/mol)
E= electric potential (Volt).
The total charge transferred in a fuel cell reacper mol of H consumption
is equal to:
q = nNaqe (2.12)

where
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n = number of electrons per molecule gf +H2 electrons per molecule

NA = number of molecule per mol (Avogadro’s numbe6.622x1023

molecules/mol)

qel = charge of 1 electron (£6x1071° Coulombs/electron)
The product of Avogadro’'s number and charge of dctebn is known as
Faraday’s constant:
F = 96,485 Coulombs/electron-mol. (2.13)
Electrical work is therefore:
W,, = nFE. (2.14)
The maximum amount of electrical energy generateaifuel cell corresponds
to Gibbs free energyG:
W, = —AG. (2.15)
The theoretical potential of fuel cell is then:

_AG _ 237340]/mol
~ AH  2x96,485 A s/mol

E =1.23V. (2.16)

Consequently, at 25°C, the theoretical PEMFC patkrg equal to 1.23 V,

which is the maximum potential of the fuel cell.

2.4  Fuel Cell Electrochemistry

The heart of the fuel cell operation is the fuel edectrochemistry that has
generated on the anode and the cathode. More @hgdise electrochemical reactions
occur on an interface between the ionically condactlectrolyte and electrically

conductive electrode.
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2.4.1 Reaction rate

Electrochemical reactions involve both a transfeelectrical charge and a
change in Gibbs energy. The rate of an electrootemeaction is determined by an
activation energy barrier that the charge must@wae in moving from electrolyte to
a solid electrode or vice versa. The speed at whichelectrochemical reaction
proceeds on the electrode surface is the rate athwthe electrons are released or
consumed, which is the electrical current. Curesrisity is the current (of electrons
or ions) per unit area of the surface. From Farad&w, it follows that current
density is proportional to the charge transferred the consumption of reactant per
unit area:

i = nFj (2.17)
wherenF is the charge transferred (Coulombs/mol) pisdthe flux of reactant per
unit area (mol/s ch).

The reaction rate can easily be measured by argemeasuring device placed
external to the cell. However, the measured curoerdurrent density is actually the
net current, that is, the difference between fodvand reverse current on the
electrode. In general, an electrochemical reactiovolves either oxidation or
reduction of the species:

Red = Ox + ne~ (2.18)
Ox + ne™ — Red. (2.19)

On an electrode at equilibrium conditions, whenemternal current is being

generated, both processes, oxidation and reductcmur at equal rates:

Ox + ne™ < Red. (2.20)
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The consumption of the reactant species is prapumati to their surface

concentration. For the forward reaction of Equat®i20), the flux is defined as

jt = keCox (2.21)
where
k¢ is forward reaction (reduction) rate coefficiesubd
Cox Is surface concentration of the reacting species
Equivalently, for the backward reaction of Equat{@r0), the flux is:
jb = kpCra (2.22)
where

k;,, = backward reaction (reduction) rate coefficiemtg
Crq = surface concentration of reacting species.
These reactions either releases or consumes eiectibhe net current
generation is the difference between the electrelessed and consumed:
i = nF(k¢Cpx — KpCra)- (2.23)
At equilibrium, the net current is equal to zeribhaugh the reaction proceeds
in both directions simultaneously. The rate at Whibese reactions proceed at

equilibrium is called the "exchange current derisity

2.4.2 Reaction constants and transfer coefficient
From the transition state theory (Atkins, 1998§ thaction rate coefficient for
an electrochemical reaction can be expressedwasctidn of the Gibbs free energy:

k=T (_AG) 2.24
~n “PURT ) (2.24)

wherekg = Boltzmann’s constant ard= Planck’s constant.
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Generally, the Gibbs free energy for electrochehreactions consists of both
chemical and electrical terms. In that case, fardaiction reaction:
AG = AG, + oggFE, (2.25)
and for oxidation reaction:
AG = AG., — 0o FE. (2.26)
The subscript¢h” denotes the chemical component of the Gibbs dresrgy,
a is a transfer coefficienk is the Faraday's constant, aRds the potential. The
forward (reduction) and backward (oxidation) reaactrate coefficients in Equation

(2.23) can be expressed, respectively:

oargFE
ke = Kk, fexp[ Rd ] 2.27)
aoxFE
ky = kObeXp[ ¥ ] (2.28)
2.4.3 Current potential relationship—Butler-Volmer equation
By introducing into Equation (2.23) the net curredensity is obtained:
Aag4FE aoxFE
i=nF {ko fCox€Xp [—] Ko.bCra€Xp [ ]} (2.29)

At equilibrium, the potential is referred K, and the net current is equal to
zero, although the reaction proceeds in both doestsimultaneously. The exchange

current density is then

RdFE ] (XOXFE ]

i, = nFk, fCOXexp[ = nFk, bCRdexp[ (2.30)

By combining the Equations (2.29) and (2.30), atreh between the current

density and potential is obtained

i=i, {exp l_aRdFéi ) — exp [wl} (2.31)
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This is known as the Butler-Volmer equation, whEgdas equilibrium (or
reversible) potential. Note that the equilibriumtgadial at the fuel cell anode is 0 V
by definition (Bockris and Srinivasan, 1969), ahd equilibrium potential at the fuel
cell cathode is 1.229 V and it does vary with terapee and pressure. The difference
between the electrode potential and the equilibjuatential is called "overpotential”.
It is also the potential difference required to gy@te current.

Generally, the Butler-Volmer Equation is valid footh anode and cathode

reaction in a fuel cell:

.. _aRd,aF(Ea - Er,a) an,aF(Ea - Er,a)
1 = lO,a exp RT — exp RT

} (2.32)

and

. _aRd,cF(Ec - Er,c) aOX,CF(EC - Er,c)
1. = IO,C exp RT — exp RT

}. (2.33)
The overpotential on the anode is positi¥g % E;,) which makes the first
term of the Equation (2.32) negligible in companisaith the second term, that is, the

oxidation current is predominant and the equatiay e reduced to:

toxaF(Ea — Er,a)l | (2.34)

I = _io,aEXp[ RT
Note that the resulting current has a negative,sigmnch denotes that the
electrons are leaving the electrode (net oxidats@ction).
Similarly, the overpotential on the cathode is niega(E. < E;.), which

makes the first term of the Equation (2.33) mucigda than the second term.

Therefore, the reduction current is predominanttaedequation may be reduced to:

—ORg,c F(Ec - 1:-':r,c
RT '

ic =1pcexp (2.35)
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2.4.4 Voltage losses
If a fuel cell is supplied with reactant gases, the electrical circuit is not
closed (show in Figure 2.4a), it will not generatey current, and one would except
the cell potential to be at, or at least closetlte, theoretical cell potential for given
conditions (temperature, pressure, and concentratib reactants). However, in
practice this potential, called the open circuitgmbial or open circuit voltage (OCV),
is significantly lower than the theoretical potahtiThis suggests that there are some
losses in the fuel cell even when no external cunegenerated. When the electrical
circuit is closed with a load (such as a resistorit, as shown in Figure 2.4b, the
potential is expected to drop even further as atfan of current being generated, due
to unavoidable losses. Thus, there are differemiiskiof voltage losses in a fuel cell
which are offered by the following factors, for exale
1. kinetics of the electrochemical reactions
2. internal electrical and ionic resistance
3. difficulties in getting the reactants to reantsites
4. internal currents
5. crossover of reactants
Note that, although mechanical and electrical ezwis prefer to use voltage
losses, electrochemical researchers use termsasugplolarization or over potential.
They all have the same physical meaning-differdretveen the electrode potential
and the equilibrium potential. From the electrockstm point of view, this difference
is the driver for the reaction, and from a mechaln@r electrical engineer’s point of

view, this represents the loss of voltage and power
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Figure 2.4  Fuel cell with a load: (a) load disconnected;l@a®d connected.

2.4.4.1 Activation polarization

Some voltage difference from equilibrium is needéd get the
electrochemical reaction going, as shown previoursEquation (2.31). This is called
activation polarization, and it is associated walnggish electrode kineticslhe
higher the exchange current density results inldineer the activation polarization
losses. These losses happen at both anode andleattmwvever, oxygen reduction
requires much higher over potentials, and it isuctmslower reaction than hydrogen
oxidation.

At relatively high negative over potentials (i.pgtentials lower than the
equilibrium potential), such as those at the fuell cathode, the first term in the
Butler-Volmer equation becomes predominant, whidlows for expression of

potential as a function of current density.

RT i
AVact,c = Er,c —E. = o Fln <1_> (2.36)
c 0,c
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Similarly, at the anode at positive over potenti@ls., higher than the
equilibrium potential) the second term in the Bui®lmer equation becomes

predominant:

RT i
AVacra = Ea —Era = ﬁln <1_> (2.37)
a 0,a

In electrochemistry, the reversible potential o€ thydrogen oxidation
reaction is zero at all temperatures (Bard andkrean] 1980).The standard hydrogen
electrode is then used as a reference electroderefine, for hydrogen anodes
E.. = 0 V. Activation polarization of the hydrogen oxidati reaction is much
smaller than activation polarization of the oxygeduction reaction.

A simplified way to show the activation lossesdsuse the so-called "Tafel
equation" expressed as

AV, = a + blog(i), (2.38)

where
RT | RT
a= —2.3Elog(10) ,andb =2.3 —
Termb is called the Tafel slope. Note that at any givemperature the

Tafel slope depends solely on transfer coefficientf these activation polarizations

were the only losses in a fuel cell, the cell potdmwvould be:

Ecen =Ec.—E; =E. — AVact,c - AVact,a (2.39)
Ecen = E R 1 : al 1 : 2.40
cell — r (XCF n iO,C (XaF n io,a " ( . )
If anode polarization is neglected, the previousagign becomes:
RT i
Ecen = Er — Eln <£>, (2.41)

which is the same form as the Tafel Equation (2.38)
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2.4.4.2 Internal currents and crossover losses

Although the electrolyte is not electrically contlue and is practically
impermeable to reactant gases, some small amouhydrbgen will diffuse from
anode to cathode, and some electrons may also dirighortcut" through the
membranes. Because each hydrogen molecule contamselectrons, this fuel
crossover and the so-called internal currents ssergially equivalent. Each hydrogen
molecule that diffuses through the polymer elegtolmembrane and reacts with
oxygen on the cathode side of the fuel cell resitéwo fewer electrons in the
generated current of electrons that travels thrargbxternal circuit.

These losses may appear insignificant in fuel opkration, because the
rate of hydrogen permeation or electron crossoseseveral orders of magnitude
lower than hydrogen consumption rate or total elesitcurrent generatetHowever,
when the fuel cell is at open circuit potentialvdnen it operates at very low current
densities, these losses may have a dramatic efifecell potential. The total electrical
current is the sum of external current and curfesses due to fuel crossover and
internal currents. The total current can be exmedga term of current densityi, (
current/unit area):

I = lagt + 1j0ss (2.42)
If this total current density is used in the eqouiatihat approximates the cell

potential (Equation (2.42)), the following equati@sults:

RT  floys +1
Econ = Er — —1n (e"t—“’”) (2.43)

Ig
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Therefore, even if the external current is equakéoo, such as at open
circuit, the cell voltage may be significantly lomt@an the reversible cell potential for
given conditions. Indeed, open circuit potentialREMFCs is typically below 1 V

(depending on operating pressure).

RT /i
Beatocy = Br = —In (42). (.44)

2.4.4.3 Ohmic (resistive) losses
Ohmic losses occur due to the resistance of the ilorthe electrolyte and
resistance of electrons through the electricallydztative fuel cell components. These
losses can be expressed by Ohm'’s law:
AVohm = iR; (2.45)
Wherei = current density anR; = total cell internal resistance (which includesic,
electronic, and contact resistan@ecnt
Ri = R; + Rje + Ry, (2.46)
Electronic resistance is almost negligible, evenemvhgraphite or
graphite/polymer composites are used as curreneatots. lonic and contact
resistances are approximately of the same ordenamnitude (Barbir, Braun and

Neutzler, 1999). Typical values f& are 0.1-0.22-cnt.

2.4.4.4 Concentration polarization

Concentration polarization occurs when a reactamgpidly consumed at
the electrode by the electrochemical reaction s ttoncentration gradients are
established. Accordingly, the electrochemical rneacpotential changes with partial

pressure of the reactants, and this relationshgpven by the Nernst equation:
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RT. /Cg
AV = —1n (—) (2.47)

where
Cg = bulk concentration of reactamhol /cm3
Cs = concentration at the surface of the catalyst,/cm3
According to Fick’'s Law, the flux of reactant is oportional to

concentration gradient:

D:-(Cg—C
N = % A. (2.48)
where N = flux of reactants, mol/s

D = diffusion coefficient of the reacting species)’ts
A = electrode active area, €m
6 = diffusion distance, cm
In steady state, the rate at which the reactantiespes consumed in the

electrochemical reaction is equal to the diffudior (Equation (2.17)):

i
=5 (2.49)
By combining Equations (2.48) and (2.49), the fwilag relationship is
obtained:

. nF-D-(Cg—Cyg)
i= S .

(2.50)

The reactant concentration at the catalyst surfage depends on current
density-the higher the current density, the lowlee surface concentration. The
surface concentration reaches zero when the rateonoSumption exceeds the
diffusion rate-the reactant is consumed faster thaan reach the surface. Current

density at which this happens is called the lingitburrent density.
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A fuel cell cannot produce more than the limitingrent because there are
no reactants at the catalyst surface. ThereforeCfe= 0,i =i, and the limiting
current density is then:

 nFDCy
1, = 5

_ (2.51)

By combining Equations (2.47), (2.50), and (2.54&),relationship for

voltage loss due to concentration polarizatiorbgmed:

RT. / i,
AVeone = —In ( ) (2.52)

1, — 1
Additionally, an empirical equation better descsiltbe polarization loss

was expressed as (Kim, Srinivasan and Chambefl@8g):

i
AV, B ¢ exp (H) 2.53)

wherec andd are empirical coefficients (values of 3x10-5 V andd = 0.125 A/cr

have been suggested (Larminie and Dicks, 2003).

2.4.5 Cell potential-polarization curve

Figure 2.5 summarizes the proportions betweenhtettypes of losses in the
fuel cell. Activation losses are by far the largés$ses at any current density.
Activation and concentration polarization can ocatiboth anode and cathode. The
cell voltage is therefore:

Veenl = Er = (AVaet = AVeonc)a — (AVaet — AVeonc)e — AVohm:  (2.54)

Figure 2.6 shows how the cell polarization changstie is formed, by

subtracting the activation polarization losses, whriosses, and concentration

polarization losses from the equilibrium potential.
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Figure 2.6  Voltage losses in fuel cell and resulting polaiacurve.

The equation for the fuel cell polarization cursehe relationship between the

fuel cell potential and current density, as illagdd in Figure 2.6, and can be written

as

RT  /i+ipe\ RT. / ip \
Ecen = Er — Eln <1—) - ﬁln <iL ) —1R; (2.55)
0
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2.4.6 Fuel cell efficiency
The fuel cell efficiency is defined as a ratio beén the electricity produced

and hydrogen consumed.

h=od (2.56)
W, :
Electricity produced is simply a product betweettage and current.
Wy =1-V, (2.57)

wherel is the current in Amperes andis the cell potential in Volts. Hydrogen

consumed is (Faraday’s Law) directly proportiomattrrent:

Nu, = —, (2.58)

whereNy, is in mol/s and

Wy, = AH—, (2.59)

where

Wy, = energy value of hydrogen consumed in Joules@eond (Watts),

AH = hydrogen'’s higher heating value (286 kJ/mol).

It should be noted th&@H/nF has dimension of Volts, and faH = 286
kJ/mol it has a value of 1.482 V, which is the sfledl thermoneutral potential. By

combining Equations (2.56) through (2.59), the fuedl efficiency is
n=——. (2.60)

Explicitly, the PEMFC efficiency is simply directlproportional to cell
potential. Once the polarization curve of the foell has been recorded, the fuel cell

efficiency has also been obtained by using Equd2d0).



CHAPTER Il
NAFION ® MEMBRANES:

PROPERTIES AND APPLICATIONS

3.1 Introduction

Nafion® is a sulfonated tetrafluoroethylene based fluolpper-copolymer
invented by Dupont de Nemours & Co. This membranehe first of a class of
synthetic polymers with ionic properties named tiorer". In fuel cell application,
the Nafion membrane is a vital component serving agparator to prevent mixing of
fuel and air, and being an electrolyte to transpgwdtons from the anode to the
cathode. The unique properties of the Nafion membnasult from perfluorovinyl
ether groups terminated with sulfonate groups antetrafluoroethylene (TeflGi
backbone (Mauritz and Moore, 2004). Hence, the dfainembrane exhibits the
physical and chemical properties of its Teflon basderial with ionic characteristics.

The excellent properties may be summarized indahevings:

1. Chemical stability: Nafion is extremely resistaotahemical attack, like
Teflon. Only metallic alkali metals (sodium in padiar) can attack

Nafion directly under normal conditions of temperat and pressure.
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2. Thermal resistance: Nafion has relatively high vigk temperature
compared to many polymers. It is used in some eagfplins at
temperature up to 190°C.

3. High proton conductivity: Unlike Teflon, Nafion leghly ion-conductive
and exhibits zero electronic conductivity. It fuocs as a cation
exchange polymer due to its sulfonate groups aptiymer side chain in
a swollen form.

4. Super-acid catalyst: The sulfonic acid groups agdcto the Teflon
backbone within Nafion function as an extremelpsty proton donor due
to the stabilizing effect of the large polymer matattached to the
sulfonic acid.

5. Nafion is very selective and highly permeable tdexarlhe solfonic acid
groups in Nafion have very high water-of-hydratiosp they very
efficiently absorb water. Interconnections betwede sulfonic acid

groups lead to very rapid transfer of water throtighNafion.

From these excellent properties, Nafion has redeaveonsiderable amount of
attention as a proton conductor for the PEMFCs.comtrast, these remarkable
properties are due to the strongest single bonadrganic chemistry of carbon and
fluorine in the polymer backbone, C-F bonds caneh@wond dissociation energy up
to 130 kcal/mol (O'Hagan, 2008), which higher tlwdiher carbon-halogen and even

carbon-hydrogen bonds.
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3.2 Applications of Fluoropolymer Materials

The existence of tetrafluoroethylene at the polymain chains results in the
mechanical and chemical strength of the membramenfany applications. The
ethylene-tretrafluoroethylene (ETFE), for examptme of seven fluoropolymers
generated from the invention of PTFE or the plasticre commonly known as
Teflon, is very stable material, non-deformableraiile and especially fireproof.
Modern establishment projects such as the Alliaenastadium (Munich, Germany),
Eden Project (Cornwall, UK) and the Water Cube (PAWhitects, Beijing, China)
have contributed significantly to the disseminatioh knowledge as a building
material ETFE. More specifically, the ETFE is usedthe material for the roof and
walls of these modern projects as depicted in [E@ut. In many laboratories, Nafion
has essentially been used as a polymer suppardoganic photocatalysts due to the
mechanical strength and chemical stability.

For Nafion, alternative to the PEMFC applicatidnstmembrane has also an
unrivalled memory for contortions. Such a specralperty has been used to design
the special suit that can change its size at tffferent temperature. Scientist in
General Motors (GM) found that this "yoga polymeill revert to each shape at the
appropriate temperature (Xie, 2010).

In this article, Nafion becomes softer as it istedaAt 140°C, it was stretched
into a particular shape, which was locked in thiper’'s "memory" as it cooled to
107°C and stiffened. Stretching and cooling it &uicore allowed two other shapes to
be memorized, so that when heated to the apprefgeatperature the Nafion formed

the corresponding shape.
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Figure 3.1  ETFE applications; Allianz arena stadium (a), Ed&oject (b) and

Water cube (c).

Furthermore, Nafion’s superior properties allowest broad application.
Nafion has found use in chlor-alkali production, takéon recovery, water
electrolysis, plating, surface treatment of methkteries, sensors, drug release, gas
drying or humidification, and super-acid catalyds the production of fine
chemicalsHowever various applications of Nafion are consdeas well, the major
boom is to use it as the proton conductor in th&PEs. Until now, from the late
1960s, among the various kinds of new polymer sdgte membranes, Nafion is still
being used as the benchmark membrane for PEMFGcapphs due to its unique
and excellent properties such as high proton candiyc chemical resistance and

mechanical stability.
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3.3 Early Developments of Nafion

The idea of using organic cation exchange membrasesolid electrolytes
was first described by William Thomas Grubb and DMedrach in 1959. NASA’s
interest in fuel cells as power sources for spgg@i@ations gave great impetus to
polymer fuel cell development with the testing dfpolic membranes (Kordesch and
Simader 1996)The membranes generated power densities of 0.05 k\W/nf and
lifetimes of 300 - 1,000 h, as well as low mechahgtrength. General Electric (GE)
improved the power density by developing partiailyfonated poly(styrene sulfonic
acid) membranes, which improved power densitigs4o 0.6 kKW/m.

The first PEMFC application was reported by GE awimary power source
for the GEMINI series of spacecraft during the @b0s (Rikukawa and Sanui,
2000). At that time, the electrolytes were based pohy(styrene sulfonic acid).
Although, the fuel cell was a 1-kW power plant,rertely expensive materials were
used and the fuel cells required very pure hydroged oxygen.Moreover, the
membranes exhibited brittleness in dry state. Thezethey were later replaced with
crosslinked polystyrene-divinyl  benzene sulfonicidacmembranes. But the
membranes lacked stability and underwent degradatial suffered other problems.
Consequently, the proton conductivity of this meama was insufficient for high
power density fuel cell applications (< 100 mW#fm

In 1966, the poly(styrene sulfonic acid) membramese replaced by the
perfluorinated ionomer (PFI) material namely Nafidhis was a real breakthrough in
membrane developments for PEM fuel cells. At tladyestage of development the
most improved membranes showed lifetimes of up,@@@h at low current densities

and temperatures of 50°C (Steck, 1995)
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In fact, the Nafion membrane was discovered inl#te 1960s by Walther
Grot (DuPont) (Arico, Srinivasan and Antonucci, 2001). Unlikbet Teflon
structure, the sulfonic acid functional groups ate&ached. The acid molecules are
fixed to the polymer and cannot leak out, but thetgns of these acid groups are free
to migrate through the membrane. The chemical wtracof Nafion is shown in
Section 2.2.2 (Figure 2.3)afion possessed inherent chemical, thermal, arthoxe
stability and it displaced the unstable polystyrendfonic acid membranes. The
advent of Nafion in the late 1960s gave an imp&iube PEM industry. For example,
the second GE PEMFC unit using Nafion, powered Bi@satellite spacecraft in
1969

With the commercial Nafion120, a lifetime of ove®,600h was achieved
(Savadogo, 1998). Nafion120 has an equivalent tapgamolecular weight of 1200
(x =6-10 and y = z = 1) and a dry state thickre#sz60um, whereas Nafion117 and
Nafion11l5 have equivalent repeat unit moleculargives of 1100 and thicknesses in
the dry state of 175 and 136n, respectively. The Nafion family of membranes
extended the lifetime by four orders of magnituded soon became standard for
PEMFC to this today. The Dow and Asahi Chemical panies also synthesized
advanced perfluorosulfonic acid membranes with tehaide chains. These polymer
membranes have higher conductivity than Nafiontbete is no large-scale industrial

electrochemical system using them.
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3.4 Nafion Morphology

Even though the chemical structures, mechanicalcemnical properties of
Nafion have already been investigated, the exaclysbn the proton transport in the
hydrated form of Nafion that directly related taetmorphological changes has not
been accomplished.

However, there are many different structural modefailable for describing
the morphological change of the hydrated stateaffdd such as the polymer-bundle
model (Rubatat, Rollet, Gebel and Diat, 2002) ane tylindrical water-channel
model (Klaus and Chen, 2008ut the most common structural model is the cluster
network model or the Gierke’s model (Gierke, Muma &Vilson, 1981)Based on the
Gierke’s model, the ionic clusters formed in thefibla matrix, and suggested the
formation of inverted micelles with S8 groups forming hydrated clusters embedded
in the fluorocarbon phase with diameters of 40-50fore recently, Gebel et al.
proposed a conceptual description for structuralwgion that depends on the water
content of Nafion as depicted in Figure 3.2.

For dry Nafion, isolated spherical ionic clustemsrevcalculated to have a 15 A
diameter and an intercluster spacing of 27 A. Ti@neter is significantly smaller
than the intercluster distance, which explainsitive ionic conductivity observed at
low water content. Absorption of water induces tbhemation of isolated spherical
pools of water having a diameter of 20 A with tlmnic groups located at the
polymer/water interface. The interaggregate distaisc~ 30 A indicating that the
spherical water pools are still isolated as evidenioy the low ionic conductivity of

the membrane.
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Figure 3.2  Structural evolution of Nafion depending on watentent (Yang, Sui,

Peckham and Holdcroft, 2008).

As the water content increases, the diameter ofltrster increases up to 40 A
while the inter-cluster distance increases onlygimaily. For a water volume fraction
Xy larger than 0.2, a large increase in ionic conditgtis observed indicating a
percolation threshold of ionic aggregates has bbeached.

Between X = 0.3 and 0.5, the structure is believed to benéaf of spherical
ionic domains connected with cylinders of watepdised in the polymer matrix. The
ionic domain diameter increases from 40 to 50 Ad ahe increase of ionic
conductivity as water content increases suggest bt the connectivity and the

diameter increase.
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Figure 3.3  Schematic illustration of the cluster-network miodef Nafion,

contributed by SAXS measurements.

At X, values larger than 0.5, an inversion of the molqin occurs and the
membranes correspond to a connected network oflikedpolymer aggregates
surrounded by wateDespite the fact that a spherical shape would lezgetically
favorable for the polymeric domains, apparentlysitnot possible to obtain such
morphology at X values larger than 0.5 because the polymer volasseciated with
each ionic group is too large compared to the @eedistance between ionic groups
along the polymer chain. Betweenr X 0.5 and 0.9, this connected rod-like network
swells. The conductivity measurements indicate ftiat structure of the highly
swollen membrane is close to the one observed é&fluporsulfonate ionnomer
(PFSI) solutions.

According to the membrane researches on a smalk axgay scattering
(SAXS) (Page, Landis, Phillips and Moore, 2006) tmorphological model of
Nafion had been performed. The scattering proflesw that there are two complex
separated domains within the Nafion membrane iradd/hydrated forms: crystalline

and ionic domains.



45

The crystalline domain composed of relatively longs hydrophobic of PTFE
segments between side chains, while the ionic donmailicated by the ionomer peak,
is the ionic aggregation from the hydrophilic saifmacid groups as shown in Figure
3.3. Note that the intensively details of the SAXSults, correspond to the vacuum

ultraviolet (VUV) irradiations, have been discusse@hapter V.

3.5 Degradation Mechanism of Nafion

In general, the Nafion membrane can undergo polyhegradation with and
without fuel cell operation. During PEM fuel celperation, the Nafion membrane
degradation occurs regularly by the generation tvhee radical species (such as He
and OHe) especially in the present of, D, and Pt(Yu, Sha, Liu, Merinov and
Shirvanian, Article in press). The radical attachaiast the polymer electrolyte
membrane is one of the severe problems in the PERipilications. And they are
involved in the chemical degradation of Nafion.

In polymer science, on the other hand, the polyrsarsalso undergo photo-
degradation in normal conditions without the fuell operation. Such a condition that
accelerates the degradation is the weather conditiben expose the polymer to
direct sun light for a long period of time in ther®unding air (i.e., the deformation
of rubber and tire)-or the Nafion membrane, the photo-degradation beagctivated
by UV radiation(Danilczuk, Perkowski and Schlick, 201@)Ithough the membrane
is the one of the most chemical-resistant polyretming the membrane in different
weather conditions may encounter the membrane datioa. Subsequently, a similar
to most natural and synthetic material, the membregacts with some reactive

species in air and being the organic contaminamth® membrane.
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A good representative photo-degradation mechansmfor example, the
deterioration of fluorinated ethylene propylene BffEn the terrestrial orbit. This
polymer is used as the thermal blankets to proprdéection from direct solar heat in
space projectsSpacecraft in low orbit, however, are usually satgd to significant
levels of high energy radiation, including UV raita.

In low earth orbit region, the incident UV wavelémgxtends below 290 nm
to the VUV region, where the Lymanemissions of atomic hydrogen occur at 121
nm. It was reported that exposure of FEP to UVatains resulted in the formation of
three radical species (Rasoul, Hill, George anddiiell, 1998) When these species
were exposed to oxygen in surrounding air, perogg fadical§P0OO -) were formed.

Because polymer is the large organic moleculeschvis composed of long
molecular chains in the polymer matrix, no wondeithiese macromolecules are
sensitive against excessive energy transfer. Theigxtremely long molecular chains
can be broken easily receiving a quantum of enelggve a certain level. The
minimum energy to open the covalent bond of thenngarbon chain is in the range of
5-10 eV (Czvikovszky, 2004), which is also in th® tegion. Furthermore, gamma
ray or electron beams representing a high riskegfadation to all kind of polymers.

In general, polymers may undergo photo-oxidatiod anbsequently photo-
degradation. These processes consist of severp$ it chain initiation, chain
propagation, chain branching and chain terminatibne initial step is the light
absorption which leads to the polymer alkyl radid@al) initiation,

P+A->P-+4P- (3.1)

whereA = incoming photons during irradiation, aRdepresents the polymers.
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The next step is the chain propagation. The frdeahreacts with oxygen to
produce polymer peroxy radic@OO -), followed by the formation of polymer oxy

radical (PO -) and hydroxyl radicalHO -) by photolysis in the photo blanching

process:
P-+0, > POO - (3.2)
POO - +PH —» POOH + P - (3.3)
POOH — PO - + - OH (3.4)
PO -— Chain scission reactions, (3.5)

wherePOOH = polymer hydroperoxide
The polymer could either reach the final step of tthain termination in
Equation (3.6) or continually undergo the polyméaia scission as described in

Equations (3.4) and (3.5).

POO - 4p. ' Cross-linking reactions (3.6)

POO - +POO -
P-+P- } {to non radical products

It is important to note that the hydroxyl radicaén react with other chains in
the polymer. This chain reaction is known to be tkactive radicals attack in
polymers, resulting in chemical changes and aldaaas the polymer degradation.

For perfluorosulfonic acid polymer (PFSA) such asfibh and (FEP), the
photo-degradation takes place in both the polynaakbone (main chain) and side
chain. Consequently, the mechanical strength and the icorductivity of Nafion
have been decreased with radiation doses. In tlaetPTFE main chains of Nafion
can undergo degradation when subjected to radiafiba possible primary event in
the radiation damage of the main chains of Nafiould either be fluorine removal or

chain scission as shown in Figure 3.4 (WheelerRamper, 1982).
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Figure 3.4  Free radicals formation in PTFE could either b®fine removal (a) or

chain scission (b).

These free radicals are sensitive to surrounditigeaelements in air such as
oxygen and hydrogen to form an acid fluorigeCF,C(O)F) and transform
to (—CF,COOH) in the higher degree of humidity, as describedthe chain
propagation process in Equation (3.3).

However, the carbon double bond formation can swneebccurred in the
final form of the polymer, instead of the incorpmwa of the surrounding
contaminants. Nevertheless, these free radicafsdbons cause the chemical change
and degrade the polymer properties.

For the vinyl group at the side chain, the polymide chain shows additional
decomposition effects: the concentrations of sulfumd oxygen decrease. The
decreases in oxygen and sulfur concentrationsasterfthan the decomposition of the
main chain polymer (Schulze, Lorenz, Wagner andz@a) 1999). The degraded
Nafion membrane exhibits low proton conductivitydamas more brittleness due to
the decrease in the mechanical strength. Sincalitigy of the proton conduction of
Nafion depends directly on the surface state, cingng the surface state resulting in

the changes in its proton conductivity and alsoptormance of the PEMFCs.
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Obviously, the surface characterization technigpés/ a crucial role in
solving the membrane problems and also the devedopraf the membranes for
PEMFCs. The studies of the surface structural chang the Nafion membranes can
be performed by using various characterization riggles. The basic concepts of

these characterizations have been described imetkiechapter.



CHAPTER IV

RESEARCH METHODOLOGY

Since the proton conductivity of the Nafion memigralirectly depends on the
surface state (i.e., surface roughness, catalgsitmition on the membrane-electrodes
interface and surface active areas for the PEMIECtreichemical reaction), changing
in the surface state inevitably affects the protmmductivity of the membrane,
mechanical strength, chemical stability and als@ tREMFCs performance.
Obviously, the surface characterization techniquél the combination of the fuel
cell performance tests play a crucial role forshedies of the membrane conductivity
and durability and fuel cell performance.

In this thesis, for the primary process, the meméranust be cleaned by
chemicals in order to reduce the surface impurityomme precursor species which are
assigned to be the contaminants on the polymer. fikfier preparations, the
membranes have been treated by the VUV synchreoadiations in order to modify
the surface of the membranes and eliminate the inemgacontaminants. Since the
VUV modification causes the modification to a demth typically 5-10 nm, the
irradiated membranes have consequently been exdnbyaising powerful surface
characterization techniques of photoemission spsctpy (PES), atomic force
microscopy (AFM), mass spectrometry and small aXgiay scattering (SAXS). The
performance of the PEMFCs, using the irradiated brames, has also been

investigated by the PEM fuel cell performance tests
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4.1 Sample Preparations

The pretreatment of the Nafion membranes was dgriedbchemical cleaning
method. Due to the sturdy chemical structure ofidafthis polymer has a strong acid
resistance and withstand to these chemicals. Th& eftective cleaning method is
therefore to boil the membrane in strong acid. Mepecifically, sulfuric acid
(H.SOy) has been used for this propose. This process oimetsme called
"sulfonation”. The sulfonated Nafion has an incregsn the acid groups and able to
conduct more protons.

After the membrane pretreatment, the sulfur comeéioh on the surface of
Nafion has been increased and the organic and lroetaipurities have been
eliminated. It should be noted that there are adgtléour steps of the typical chemical
cleaning processes as shown in the following steps:

1. Boiled in 5% of hydrogenperoxide solution ®}) at 80°C for 60 minutes

to clean the membrane surface from organic containoims.

2. Boiled in deionized (DI) water at 80°C for 60 miesito remove bO..

3. Membrane sulfonation by boiling Nafion in 10% 030, at 80°C for 60
minutes to remove metallic impurities and incread®e sulfur
concentration on the membrane surface.

4. Boiled in deionized water again at 80°C for 60 nésuto remove acid.

The membranes before and after pretreatment amensho Figure 4.1.As

described earlier, the membranes had been storetrmal condition (exposure
Nafion to the UV radiation in the surrounding air & long period of time (~2 years)

in different weather conditions) before chemicaligtreated.
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e ‘ (b)
Figure 4.1 The degraded Nafion membrane before pretreatmantafd the

Nafion membrane after chemical pretreatment (b).

According to the membrane degradation in SectidntBe Nafion membranes
have undergone photo-degradation. Over time, thandc impurities were built up on
the Nafion membrane causing the original colorradgally change from translucent
to yellow, brown, then even black. This mechanisntypically called the yellowish
discoloration of polymers. After chemical pretreatiy the brownish color is
vanished and the membranes became nearly transp@tenpretreated membranes
have then been cut into three sizes of square shapg cnt for the fuel cell
performance test and x8.8 cnf for the PES, mass spectrometry and shuttering
and 1x2 cnf for SAXS measurements). Before VUV irradiatiortsese membranes

are dried in vacuum with the base pressure of*iBar for 24 hour.

4.2 VUV lrradiations
It has been generally accepted that that VUV raatiatcan be introduced for
the structural modification of polymers and evemmsenductors. Using VUV as an

excitation source is an essential method for pitbtmdraphy.
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The development of 157 nm (7.9 eV) lithography ludered significant
challenges with the materials involved in the teatbgy (Lee et al., 2005).

Because the chemical bonds in polymers can probaélbroken by UV
radiation, these chemical changes depend on thdiation doses on the polymers, or
the "fluence" of the UV irradiation. The UV radiati fluence is defined by the
multiplication of the number of photons impactimgthe unit area of the sample and
the irradiation time.

F=DT (4.1)
whereF = radiation fluence (photons/émD = photon current density = number of
incident photons per area in 1 second fgand T = irradiation time (s).

In addition to examine the chemical changes duxiby irradiation without
any oxygen reactions, the experiment has been rnpeefb in an ultra high vacuum
(UHV) chamber.This method is accomplished by connecting the pampmand

sample load-lock systems to the irradiation chamber

4.3 Photoemission Spectroscopy

The most straightforward method to investigate tebeic properties is to
remove the electrons from the solid, and to meatheen far from the interacting
system. This is the general idea of a photoemisspattroscopy (PEShh general,
there are many applications implicated with the Rg&ctra in various fields such as
semiconductors engineering, surface chemistry ardsigs. Although the
photoemission phenomenon was discovered by Hertz si887, the PES technique

is still be largely used.
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Figure 4.2  Schematic view of the photoemission (bottom) amverse

photoemission (top) processes (Grioni, 2006).

The versatile method of angle resolved photoemisspectroscopy (ARPES),
for example, with the contribution of modern syrmathon technology and a new
generation of electron analyzers reveals a two-dsiomal "ARPES intensity map" of
the measured intensity. This representation iseqafipealing because it is directly
comparable with the calculated band structure (Mesama et al., 2011). In this
perspective, only a very brief account of traditibaspects of PES for the Nafion
polymer membranes is considered thereby probingsthectural changes on their
surface. In contrast, the PES is a photon in-edeabut experiment.

In Figure 4.2, the interaction of a monochromaeain of UV or soft X-ray
with a sample generates photoelectrons with a bdistdbution of emission angles
and kinetic energies. The target may be indiffdyeatsolid, a liquid or a gas, but in
the following the more common case of a solid iesidered. The emitted electrons

are then collected over a broad (PES) or a narARPES) acceptance angle.
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The subsequent measurement of the distributionraftic energies, typically
performed by an electrostatic analyzer, yieldsecspm or energy distribution curve
(EDC). The EDC represents the number of photoelastmeasured as a function of
kinetic energy. It is important to note that theare two available photon sources to
perform energetic photons for the PES measurem@nigboratory source and a
synchrotron radiation source). For the investigatid core-level states, called X-ray
photoemission spectroscopy (XPS), the typical latmwy sources are X-ray source
from anode materials of aluminium (Al;Kz: 1486.6 eV) and magnesium (Mgake:
1253.6 eV). For the investigation of valence bandtes, called ultraviolet
photoemission spectroscopy (UPS), the typical lalooy VUV sources are rare gases
like helium (He }: 21.23 eV and He J140.82 eV).

Presently, the use of synchrotron radiation for tRES has become
increasingly important because it allows measurgésnirat cannot be performed by
usual VUV or X-ray sources in the laboratory. Matedicated synchrotron facilities
have been installed worldwide, e.g. BESSY in Geyn@erlin), Maxlab in Sweden
(Lund), the Advanced Light Source in the USA (Béekg Australian Synchrotron in
Melbourne, Spring-8 in Japan (Osaka) and Siam Phaight Research Institute
(SLRI) in Thailand, among many others appropriatedES experiments.

The main difference of the synchrotron compareloratory sources is that
the photon energy can be selected by use of a rhomoator from a continuous
spectrum over a wide energy range. This advantdfpesonew technique of the
dynamic photoemission spectroscopy. For examples Nafion surface can
simultaneously be characterized with the syncheshiadjustable photon fluence of

the VUV treatments.
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Figure 4.3 A modern PES experiment. The kinetic energy of the
photoelectrons can be analyzed by use of electrostaalyzers. The whole setup is

evacuated to UHV, typically P ~ TBmbar (Hufner, 2003).

The PES is thus a powerful tool for surface charazation in different
scientific researches. With the concept of photdroduced by Einstein in 1905, the
basic principle of the PES is based on one of ¢uis famous publications, so called
"the photoelectric effect". The principle of a mad®ES is illustrated in Figure 4.3.

When a photon is absorbed, its energy is transfetwean electron, which
jumps from its initial state at ener@yto an excited state. If the photon is sufficiently
energetic, the final state lies above the vacuwml land the photoelectron can escape
from the solid. Energy conservation then determthesphotoelectron kinetic energy
at the surface of the samig

E'x =hv—¢s +E;, 4.2

wherehv is the photon energy amg, is the work function of the sample.
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Because of this energy conservation, structurehenenergy distribution of
the photoelectrons reproduce the structures imtkapied density of states (DOS). In
fact, PES spectra are being invisible in the unpel states region, which can be
measured by an absorption technique such as Xhsgrption (XAS) or by inverse
photoemission (IPES) (Hufner, 2003). For PES mesamsant, it is important to
employ the binding energ¥§) of an energy level, which is generally referredhe
Fermi level rather than the initial-state eneEgyThe energy conservation of PES is
then expressed in term of this binding energy

E'x = hv — ¢s — |Eg|. (4.3)

For the case of a metallic sample in a metallicspeneter, the energy levels
and kinetic energies are shown in Figure 4.4. Tleynamic equilibrium between
sample and analyzer requires that their electremetal potentials or Fermi levels be
equal as shown. In a metal at absolute zero, theniFlevel being the highest
occupied level. And the work functiogg is the energy separation between the
vacuum level and the Fermi level. When the sanplennected to the analyzer, the
respective vacuum levels for sample and analyzed met be equal. Thus, electrons
that travel from the surface of the sample to thalyzer feel an accelerating or
retarding force with the potential equal ¢Q — ¢, whered is the analyzer work
function. For this reason, an initial kinetic enel, at the surface of the sample can
be expressed in term of the electron kinetic en&ggy the analyzer,

E'y = Ex + b — s (4.4)

Consequently, the binding energies in a metalliddscan be expressed in
term of the work function of analyzer

|Egl =hv—E— ¢ (4.5)
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Figure 4.4  Energy level diagram for a metallic sample in &leal equilibrium
with an electron analyzer. An analogous diagrano alsplies to semi-conductor or
insulating sample, with the only difference beihgtEg lies somewhere between the

filled valence bands and the empty conduction bahdsve (Fadley, 1978).

In more complex situations where semiconductingneulating sample such
as polymers are involved, it is not so simple toate the Fermi level, which lies
somewhere between the filled valence bands ancemmety conduction bands. In
order to satisfy the measured electronic structafédbese materials, the PES results
should be compared with the results of the electkamsity of state (DOS) calculated

by theoretical calculation as discussed in the &extion.
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4.4  Computational Calculations

Because the quantum n-body problem cannot be solwedytically, the
interpretation of atomic and molecular properteshtainable by means of computer
approximations. This application is called the comagional chemistry. For example,
whenever the PES provides the experimental probbethe valence spectra of
molecules, polymers and solids, theoretical eleatrgtructure calculations are often
compared to the PES spectra in both to understamdettures observed and to test
the calculations.

Computational chemistry is in fact a branch of clsty that uses principles
of computer science to facilitate the calculatiodMany powerful computational
programs available this day are included; GAMES$&n@&al Atomic and Molecular
Electronic Structure), CADPAC (Cambridge Analytic8lerivatives Package),
AMBER (Assisted Model Building with Energy Refinentgand GAUSSIAN. They
have been conducted for these objectives. For mdoemation, recent quantum
chemistry programs in both academic and commessiallable have been proposed
with many different algorithms. (Young, 2001)lost of the computer programs
include the Hartree-Fock (HF), post-Hartree-Foabnsity functional theory (DFT),
molecular mechanics and semi-empirical quantum tglenethods. Recently, the
GAUSSIAN is the one of the most significant comnmrsoftware available in the
computational chemistry. The program containingwinde variety codes dadb initio,
density functional theory (DFT), semiempirical amablecular mechanic (MM)
simmulations for chemists, chemical engineers, hBousts, physicists and other

scientists worldwide. (Atkins and Friedman, 2005).
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In this thesis, the GAUSSIAN software has been utedcalculate the
electronic structure of Nafion via the density ftiogal theory (DFT) calculations, in
order to testify the calculations with their phatossion spectra from the PES
experiments. The details of the Gaussian calculatiand comparisons will be

discussed in Chapter V.

4.4.1 Density functional theory

Density functional theory (DFT) is a quantum mecgbahmodeling method
used in physics and chemistry to calculate thetreic structure (principally the
ground state) of many-body systems, in particulesma, molecules and the
condensed phases. It has been very popular fanlaitm in solid state physics since
the 1970s. However, the DFT was not consideredrate@nough for calculations in
quantum chemistry until the 1990s, when the appnakions used in the theory were
greatly refined to be a better model with the abotions of the exchange and

correlation interactions.

4.4.1.1 Derivation and formalism

The popularity of the DFT calculation arose frone ttifficulties to solve
the Schrodinger equation for many-body systems, revhibe electron-electron
interaction energyi(r;, r;) must be added, as shown in Equation (4.6).

hz N N N
S Y WA Y VE ) Y UGH|W =By, (46
i=1 i=1 i=1 j<i

where m is the electron mass. The three termsanbthckets define, in order, the

kinetic energy of each electron, the interactioergy between each electron and the

collection of atomic nuclei, and the interactiorergy between different electrons.
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The Hamiltonian} is set to be the electronic wave function, whishai
function of each of the spatial coordinates for hearf the N electronsy =
Y(ry, ...,Ty), andE is the ground-state energy of the electrons. Tiourgl-state
energy is independent of time. This is the timeepehdent Schrodinger equation.

Although the electron wave function is a functidreach of the coordinates
of all N electrons, it is possible to approximat@s a product of individual electron
wave functionsy = Y )Y(r,), ..., P(ry). In the case of a single molecule of £0
for example, the requirement of the full wave fumietis a 66-dimensional function (3
dimensions for each of the 22 electrons). On tiherobhand, a nanocluster of 100 Pt
atoms, the full wave function requires more the0@G8, dimensions! These numbers
should begin to present an idea about why solvimg $chrodinger equation for
practical materials has occupied many brilliantasifor a good fraction of a century.

In more complex systems, the wave function for gayticular set of
coordinates cannot directly be obtainékhe quantity that can, in principle, be
measured is the probability that the N electrormsadra particular set of coordinates
Iy, ..,Ty. This probability is equal to*(ry, ..., rn)W(Try, ..., Tx). A further point to
notice is that the electron labeling in the materia., electron #1, electron #2,..., is
not necessary.

Moreover, even if the labels have been considetasd,not easy to assign
these labels. This means that the quantity of ghysnterest is really the probability
of a set of N electrons in any order with coordésat, ...,ry. A closely related
quantity is the density of electrons at a particplasition in spacey(r). This can be

written in terms of the individual electron wavenéions as
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The term inside the summation is the probabilitattlan electron in
individual wave function};(r) is located at position. The factor of 2 appears
because electrons have spin and the Pauli exclusiowiple states that each
individual electron wave function can be occupigdwo separate electrons with the
different spins. The point of this discussion iattthe electron density(r), which is
a function of only three coordinates, containseagamount of the information that is
actually physically observable from the full wawmé€tion solution to the Schrodinger
equation, which is a function of 3N coordinates.

The concepts of the reduction of 3N coordinatesrily 3 coordinates by
means of the electron density based on two fund@henathematical theorems
proved by Kohn and Hohenberg and the derivatioa sét of equations by Kohn and
Sham in the mid 19603 he first theorem demonstrates that "the grount saergy
from Schrodinger equation is a unigue functional tbé electron density". In
particular, there exists a one-to-one mapping betwbe ground state wave function
and the ground state electron density. Thus, tleungt state energfl can be
expressed in term of the function of electron dgnsi

E=E[n()] . (4.8)

The Schrodinger equation can be solved, for theirgtostate energy, by
finding a function of three spatial variables ok tklectron density rather than a
function of 3N variables of the wave function. Téfere, for one unit of molecule of
Nafion that contains C, F, O, S and H (> 65 ator®,theorem reduces the problem

from 1500 dimensions to a problem with just 3 disiens.
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Unfortunately, although the first Hohenberg-Kohredrem rigorously
proves a functional of the electron density that ba used to solve the Schrodinger
equation, the theorem states nothing about whautietional actually is. The second
Hohenberg-Kohn theorem defines an important prgpafrthe functional states that
"the electron density that minimizes the energythaf overall functional is the true
electron density corresponding to the full solutadrthe Schrodinger equation”. If the
"true” functional form are obtained, the electra@mnsity can be varied until the energy
from the functional is minimized, giving a prest¢mgm for finding the relevant
electron density. This variational principle is dse practice with approximate forms
of the functional.

A useful way to describe the Hohenberg-Kohn theoreito consider the
functional in terms of the single-electron wave diions,s;(r). Because the wave
functions collectively define the electron densit{r), as shown in Equation (4.7).
Thus, the energy functional can be written as

E[{Wi}] = Exnown[{Wi}] + Exc[{Wi}], (4.9)

where theE o wn[{W;}] terms include four contributions:
h? e?
Exnown[{Wi}] = _EZ J- Ui VA dPr + j V(@)n(r)d®r + 7][ n(®)n(r)d’rd*r’
i

+Eion (4.10)
The terms on the right are, in order, the electkoretic energies, the
Coulomb interactions between the electrons andtindei, the Coulomb interactions

between pairs of electrons, and the Coulomb intieras between pairs of nuclei.
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The term in the complete energy functioBlc[{;}], is the exchange-
correlation functional, and it is defined to inctudll the quantum mechanical effects
that are not included in the "known" terms.

To solve the minimum energy from this equation, thgk of finding the
corrected electron density has been expressedrimstef a set of equations that

involves only a single electron. The Kohn-Sham &quoa have the form

2

STV + V) + Ve | D = @ @11)

By comparing with Equation (4.6), the Kohn-Sham atpuns are missing
the summations because the solutions of the KolamSéquations are single-electron
wave functions that depend on only three spatialaites,s;(r). On the left-hand
side of the Kohn-Sham equations there are threenpats,V, Vi andVgc. The first of
these also appeared in the full Schrodinger equatial in the "known" part of the
total energy functional given in Equation (4.10his potential defines the interaction
between an electron and the collection of atomicleiuThe second is called the

Hartree potential and is defined by

n(r’ )
It —

This potential describes the Coulomb repulsion betwthe electron being

Vu(@) = f (4.12)

considered in one of the Kohn-Sham equations aaddtal electron density defined
by all electrons in the problem.

The last potential in the Kohn-Sham equatidg,, defines exchange and
correlation contributions to the single electroruaipns. This exchange-correlation
potential can formally be defined as a "functiomrivative” of the exchange-

correlation energy and includes all the many-plariicteractions:
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8Exc(T)

V(1) = () (4.13)

Becausé/y, andVy. depend om(r), which depend ow;(r), which in turn
depend onV(r), V4(r), Vxc(r), To solve the Kohn-Sham equations, the Hartree
potential must be defined, and to define the Harfetential we need to know the
electron density. But to find the electron densityyz must know the single-electron
wave functions, and to know these wave functionsmuest solve the Kohn-Sham
equations. To break this circle, the problem isallgureated in an iterative way as
outlined in the following algorithm:

1. Define an initial, trial electron densityy(T).

2. Solve the Kohn-Sham equations defined usingtribk electron
density to find the single-particle wave functiops(r).

3. Calculate the electron density defined by théic&ham single
particle wave functions from stepiZgs(r) = 2 Y Wi () y; ()

4. Compare the calculated electron densitys(r), with the
electron density used in solving the Kohn-Sham #&gos,n(r). If the two densities
are similar, then this is the ground-state electdemsity, and it can be used to
compute the total energy. If the two densities @difeerent, then the trial electron
density must be updated in some way. Once thimedthe process begins again
from step 2. This self-consistent process will tegated and calculated by using the
computational software. However, the most imporfaanrt of this process is to define
the sufficient exchange-correlation term that isy\difficult and also known to be the
challenging procedure in the DFT calculations whéne exact functional for

exchange and correlation are not known excepti®iree electron gas.
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4.4.1.2 Exchange-correlation functional

To solve the Kohn-Sham equations, the exchangelation functional
must be satisfied. Although this model has to bénaoted value in any real material,
the uniform electron gas provides a practical wayse the Kohn-Sham equations.
The exchange-correlation potential at each posisoset to be the known exchange-
correlation potential from the uniform electron gaghe electron density observed at
that position. This approximation uses only the alodensity to define the
approximate exchange-correlation functional andsitso called the local density
approximation (LDA). In the LDA, the local exchangerrelation potential is defined
as the exchange potential for the spatially unifefectron gas with the same density
as the local electron density:

VA @) = Ve " ()] (4.14)

The LDA results do not exactly solve the true Sdimger equation
because the electron density functional from théoum electron gas model is not the
true exchange-correlation functional. Explicitlipetdevelopment of functionals that
more faithfully represent nature remains one of n@st important areas of active
research in the quantum chemistry community.

Further approximation is a general gradient appnaxion (GGA), which is
the one of the important known classes of funcliddeyond the LDA. The GGA
functional uses information of the local electra@msiity and the local gradient in the
electron density. The functional is expressed im$eof the local electron density and

the gradient in the electron density:

VEEA®) = Vi In(E), Vn ()] (4.15)
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In addition, it is possible to treat the exchanget ;m the DFT calculations
by using spatially localized basis functions callédybrid” functionals. The
functionals combine the exact results for the ergleapart of the functional and the
approximations for the correlation part. Thus, #xact exchange energy, which can

be expressed in terms of the Kohn-Sham orbitaksxpgessed as

E exchange (F) —

1 j FErS |Zoccupied state (p*(F’)(P(F)l ' (4.16)

@) T F— 7|
One of the most common hybrid functionals in theTDfalculation is the
B3LYP functional. The character "B" stands for Beckwho worked on the exchange
part of the problem, while the "LYP" stands for |.&&ang, and Parr, who developed
the correlation part of the functional, and theitdBydescribes the particular way that
the results are interweave together. The B3LYP amgh-correlation functional can

be expressed as:

B3LYP _ y7LDA exchange LDA GGA LDA

+as (VA = vEP4), (4.17)

wherea; = 0.20, a, = 0.72, a; = 0.81 are the empirical parameters determined by
fitting the predicted values to be a set of atomndraenergies, ionization potentials,

proton affinities and total atomic energies; (Bgck893).VgA

is the generalized
gradient approximation: the Becke 88 exchange fanat (Becke, 1998), and¢4 is

the correlation functional of Lee, Yang and Paed].Yang, and Parr, 1988).
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4.4.2 Gaussian computational programs

Since the derivation of the DFT calculations ddseuliabove can be solved by
iterations, the computer software named Gaussian@8NVemployed in this thesis.
Generally, this program includes various algorithtascalculate the physical and
chemical phenomena such as the electron groun@ staérgy, structures and
molecular orbitals. The DFT is also included instlsioftware. Moreover, there is
additional software to simplify the computer codesned GaussView. And the data
collecting program to summarize the ground staergynin terms of the density of

state named GaussSum. The DFT calculations wili®@issed in Chapter V.

4.5 Mass Spectrometry

Mass spectrometry methods have experienced a lgteadreasing use in
polymer analyses due to their high sensitivity (£l0nol suffice for analysis),
selectivity (minor components can be analyzed withimixture), specificity (exact
mass and fragmentation patterns serve as parliculgpecific compositional
characteristics), and speed (data acquisition plesgiithin seconds).

Mass spectral analyses involve the formation okgas ions from an analyte
(M) and subsequent measurement of the mass-toehatgp (m/z) of these ions.
Depending on the ionization method used, the sanspt®nverted to molecular or
guasi-molecular ions and their fragments. The nspestrometer separates the ions
generated upon ionization according to the massiéwge ratio (or a related property)
to give a graph of ion abundance of mrhe exact m/z value of the molecular or
guasi-molecular ion reveals the ion’s elemental position and allows for the

compositional analysis of the sample under study.
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Figure 4.5 A simple quadrupole mass spectrometer consistingnoon source,
focusing lenses, a quadrupole mass filter, and can detector (Montaudo, and

Lattimer, 2002).

4.5.1 lonization methods

In general, there are three major preparation nosthaf gaseous ions. (i)
Volatile materials are generally ionized by intdi@at of their vapors with electrons,
ions, or strong electric fields. (ii) Strong electfields can also ionize nonvolatile
materials. In addition, ions from nonvolatile amermally labile compounds can be
desorbed into the gas phase via bombardment oppeopriately prepared sample
with fast atoms, ions, or laser photons and viadragating. (iii) Alternatively, liquid
solutions of the analyte may directly be convertedgas phase ions via spray
techniques. Method (i) can be applied only to moemrand low-mass oligomers or
in conjunction with degradation methods (principatiyrolysis). Methods (i) and
(i), on the other hand, are amenable to intadymers. For the Nafion polymer case,
the sufficient ionization method is to use an eagcgon of an argon gas and an even
intense synchrotron light. This technique was aubtio the surface modification of

Nafion (Ramdutt et al., 2007).
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Figure 4.6  Stability conditions, expressed in termsUo¥s.V plots, for three ions

with masses < np < Nk.

4.5.2 Quadrupole mass analyzers

Quadrupole mass analyzers in the mass spectromesist of four parallel
circular or hyperbolic rods, shown in Figure 4.5ack pairs of opposite rods are
electrically connected and supplied voltages of shene magnitude but different
polarity. The voltage applied to each pair constdta direct current (DC)J, and a
radiofrequency (rf) componerifcoswt. Typical values are several hundred volts for
U, several thousand volts fér and megahertz fas. Since the total potential of each
rod is +U + Vcoswt) or —(U + Vcoswt), the rf field periodically alternates the rods’
polarity.

lons (e.g., Af) are accelerated along the z-axis before entettiegspace
between the quadrupole rods where they experi¢receadmbined field resulting from
the rod potentialsA cation is drawn toward the negative pole and weesa; if the
rod potential changes sign before the ion disclgrtie ion changes direction, thus

oscillating through the rods.
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Whether an ion succeeds passing through the rodssoharges on them is
controlled by the DC and rf voltages, as shownigufe 4.6 for ions of three different
masses (< m, < ng). The values ot/ andV leading to stable trajectories through
the quadrupole lie within the area defined by Yhaxis and the solid lines @n
dotted lines (r¥), or bullet lines (rg). The quadrupole is scanned along the scan line,
i.e., with the ratidJ/V kept constant; the slope of this line determires resolution.
Gradually increasingy andV successively brings ions;mm,, and m through stable
trajectories. IfU = 0, the scan line overlaps with tfieaxis; the resolution is zero, and
all ions pass the quadrupole. The ion of magéas a stable trajectory (i.e., it can be
transmitted through the quadrupole) at thandV values lying within the dotted
curve. Any otheltU andV values lead to unstable trajectories (i.e., talthasge at the
rods).

At the end of the mass analyzer, ion detector eas lzonnected. The detector
converts ions of a given m/z value into a measeraldctrical signal whose intensity
is proportional to the corresponding ion currenhdAthe mass spectra of analyzed

materials can be collected and performed in thepeten software.

4.6 Small Angle X-ray Scattering

Small angle X-ray scattering (SAXS) belongs to mifa of X-ray scattering
techniques; wide angle X-ray scattering (WAXS), dikd angle X-ray scattering
(MAXS), small angle X-ray scattering (SAXS), andralsmall angle X-ray scattering
(USAXS), as shown in Table 4.1. This technique éaensively been used to study
the structural features such as size and volunaidra and covering studies from

biochemistry, biophysics and material sciencegiad and industrial research.
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Table 4.1 Subareas of scattering as a function of the sauhgtiector distance R

assuming an X-ray wavelengthiof 0.15nm

Subarea R[m] Focus

WAXS 0.05-0.2 arrangement of chain segments
MAXS 0.2-1 liquid-crystalline structure
SAXS 1-3 nanostructure 3 nm - 50 nm
USAXS 6-15 nanostructure 15 nm -in

It is well known that the application of X-ray statng for the study of
materials, including soft matters such as polymepastics, foods, and
pharmaceuticals, has a long tradition. Presently, development of both powerful
detectors and brilliant X-ray sources from synctuotradiation suggest an avenue for
the SAXS experiment.

A basic experimental set-up of SAXS is similar tee tX-ray diffraction
experiment, where the intensity of the scatteredayX-from a sample has been
measured with the scattered angle. The structuteeoample can be characterized
by the scattering pattern, i.e., a graph of thetemsd intensity Ij and the scattering
vector (@) as shown in Figure 4.7. Although the SAXS expeninis simple, the
interpretation of the SAXS scattering pattern ig tbomplicated procedure and
requires mathematical simulation model.

In this thesis, however, the SAXS experiment hanbmnducted to examine
only the structural change between the pristine brame and the irradiated
membrane. This structural change gives rough mestiiat are sufficient for

comparison.
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Intensity

Scattering vector (q)

Figure 4.7  SAXS profile of a hydraded-fresh Nafion membram¢racted from

the data processing program SAXSIT.

4.6.1 Theoretical basis

The theoretical basis of the SAXS experiments basethe scattering theory
as described in the following subsection. It shoodédnotes that the SAXS in this
thesis is performed in order to examine the stmattichange in the Nafion
membranes by using basic concept of the X- rayestad) without concerning further

theoretical modeling and intensive morphologicalgsis.

4.6.1.1 Interaction between X-ray and matter

The interaction between X-ray and matter can becrdesd using
electromagnetic theory. Consider the simple case) & classical point, of the elastic
interaction of X-ray with an electron in Figure 4.8

The electron has its own angular frequengy= \/k/_m and an X-ray
beam propagates along the z direction with non-ekxctric componerii, oscillating
in XY plane. This electric component can be writésn

E, = Eyeltkoz—ot) (4.18)
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Radiation
source

Figure 4.8  Schematic diagram of X-ray scattering with an etec

The electric field interacting on the electron &gim is E, = Eye™ 't and
the corresponding electric force g = —eE, = —eE,e™®t. Newton equation of
motion will contain the electric force and the élaforce,

d?x

me = —eEpe 1t — mwix. (4.19)

The general solutions of the equation of motioms ar

1\ 1
x(t) = ‘Eoe“"”a—(mg ~ o))’ (4.20)

2
. e w
a(t) = Eoe_lwtam. (4.21)

According to the general expression of radiatioeldfi an accelerated
electron will irradiate its own electromagnetic wav he electric component at the

positionr and for a given time can be expressed as

E(ft) = — I [fxa(t—r/c)] (4.22)

41e,C%r3
Thus, the modulus for the electrical field at tieeettor’s position is

2 2 ik
E(f,t) = Eje it © ® sina e , (4.23)
4megme? (w3 — w?) r
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where « is an angle between the observation directioand the direction of
accelerationk. Obviously, the scattered electric field depends tbe transverse
component of acceleration. Therefore the elecieic fat the direction of the observer
is related to the transverse acceleratiap = asina), as seen in the angular
component in Equation (4.23Jhe first factor, = e?/4me,mc? is called classical
radius of the electrom, = 2.8179x10"™ m. The second term?/(wZ — w?) is the
frequency factor. Two cases can be distinguishedhd natural frequency of the
electron is much higher than the electromagnegid firequencyw, > w), as occurs
for visible light, the blue-shift phenomenon foublsky has been presented. On the
other hand, whem, < w (as occurs essentially for X-rays), the frequefamtor is

equal to -1. This is the case of Thompson scatggerin

ikor

E(T,t) = —Ege @t ro sina (4.24)

4.6.1.2 Scattering vector
Because an atom contains many electrons, it isezoamt to define the
average position of the electron as the arbitrasgitipn (r,) and the following

Thompson scattering equation (4.24) transforms to

 eikolF=Tal _
E,(f,t) = —Ege i@t ————elKoTr sina, (4.25)
Ir_rnl
and, for unpolarized X-rays,
- oikolf=Ful _
E,(f t) = —Eje 1 9t————elkoTh_ | (4.26)
|I'—I'n|

wherer represents the position of the detector with retspe the origin of the

reference frame.
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Detector

Source

Figure 4.9 Scheme of the geometry for the calculation of skattering at the

detector in the direction of

Suppose that the magnitude of the distaids lower than the distande
term|r — r,| is now simplified to bér — r,| ~ r — £ - r,, ¥ being the unit vector af.
The spherical wave in Equation (4.26) becomes

elkolF—Fnl eikor

Tn, (4.27)

R
o®
L
5
=]

IF—Tal T
where k = k,t as shown in Figure 4.9

The amplitude of electric field scattered by theceion inr,, becomes

ikor

E,(T,t) ~= —Eoe‘i‘*’thxeiﬁ'Fn = E(F, t)eldTn, (4.28)
whereq = ﬁo —kis the scattering vector.
For the elastic scattering, the magnitude of tleedent wave number and

scattered wave number is eqab| = [k |.
The magnitude of the scattering vector can be aspck in the angular

dependent form.
- — —\2
q=Iql = (ko - k) = koz + k? — 2kok cos 260

41
= 2k?(1 — cos 20) = Tsin 0. (4.29)
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According to the Bragg’s equation describing a tecetg from a crystal
latticeA = 2d sin 6, whered is the spacing between the planes in the atonticda
the scattering vector can be expressed in terrmekize of particlg = 2m/d. Note
that the smallg value results in a large particle size. Therefd&XS is the
appropriate technique to study macromolecule sirast such as molecular
distribution, domain size and conformation of thelymer as well as ionic

aggregation in Nafion.

4.6.1.3 Structural determination of Nafion by SAXS

There are several SAXS models for determining tlaéidd structure. But
the exact models still a controversial topic in gudymer science. Based on the most
common structural model of Nafion named the clustgwork model (Gierke et al.,
1981), modern computer calculations this day hasenbconducted to improve this
model. Presently, the water-channel model repdriellaus and Chen (Klaus et al.,
2008) is the applicable simulation model for givemnified view of the structure of
Nafion. The model naturally accounts for many oé thutstanding properties of
Nafion, in particular its high proton conductiviand water permeability. The details

of this model will be discussed in Chapter V.

4.6.2 Experimental technique

The SAXS experiments in this thesis are carried authe BL2 of the
Synchrotron Light Research Institute (SLRI), shown Figure 4.10. The main
instrument in this beamline is double multilayermachromator (DMM). This DMM
has been constructed to monochromatizes, or filtdrs incident polychromatic

beams to have the energy of 8 keV.
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Figure 4.10 Set up instrumental component of SAXS beamline #AXS
measurement of SLRI. The left hand side illustrétessample holder. The right hand

side illustrates the SAXS detector.

Sy, | | | 20

neutron or -

light source | | Pinholes and/or
lenses to Sampl Detector
collimate/focus ampile
beam

Figure 4.11 SAXS experimental setup

After monochromatization, the beam has been cotiéchdy collimators and
the beam size has been adjusted by slits. The rmomoatized X-ray hits the sample
and then scatters in the different directions. Adow to the scattering theory, the
SAXS experiments generally follow the procedurslaswvn in Figure 4.11:

1. Irradiate a sample with a well-collimated beam a@ime type of
radiation (X-rays, neutrons or light).

2. Measure the resulting intensity as a function ofjlanbetween the
incoming beam and scattered beam.

3. Determine the structure from the observed scatqraitern.
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Figure 4.12 Example of a polarization curve showing the losassociated with

irreversibility in a fuel cell (Yamaki, 2010).

Scattering pattern is appeared from the interferepfcthe secondary waves

that are emitted from various structures (electrmnsX-rays and light, or nuclei for
neutrons). For the case of the Nafion, the SAXShoat have been used to study the
membrane structure and the morphological changesn uphe membrane
modifications by VUV irradiations. Recently, twoaes separation of the membrane,
described by the SAXS profile, have been reportddus et al., 2008, Page et al.,

2006, and Tsao, Chang, Jeng, Linc and Lin, 2005)

By using the SAXS experiment, it is expected that structural change upon
VUV treatment to the degraded Nafion membrane camlserved. Finally, by the
combination method of the mass spectrometry, tliectsf of the VUV from the

synchrotron radiation on the Nafion membrane haantverified.
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4.7 Fuel Cell Performance Test

The performance of the PEMFC can be characterigeddans of in situ or ex
situ techniques. The most effective characterimatechniques also indicate why a
fuel cell performs well or poorly. One of theselterjues is the current-voltage or the
polarization measurement, as described in Chapter The electrochemical
characterization technique provides an overall ttedive evaluation of fuel cell
performance and fuel cell power density. The vatagtput of the fuel cell for a
given current density loading is obtained by comingcan electronic loader to the
fuel cell during operation. The current-voltagevaufrom this measurement indicates
the performance of the fuel cell. Figure 4.12 shale standard J-V curve of the
PEMFC. Explicitly, high-performance fuel cells wakhibit less loss and therefore a
higher voltage for a given current load. The expental of the fuel cell performance

test will be discussed in Appendix C.



CHAPTER V

RESULTS AND DISCUSSION

The initiation of the measurements in this thesithe method of searching a
reliable quantity of photons that affect the membratructure based on structural
models of Nafion reported by Gierke et al. (198hy &Klaus et al. (2008). This
guantity plays an important role for the vacuunmaviolet (VUV) treatments and can
be described in terms of the "photon fluena8énerally, the photon fluence is an
incident photon flux integrated over exposed tinkscause the effects of irradiation
depend not only on the fluence but also on thectitra of the irradiated materials, the
morphology of the degraded Nafion membranes hagsengially been elucidated
before taking the VUV treatments. These VUV effeats then compared with the
effects of the argon ion sputtering, the zero-olgrchrotron on the Nafion surface
radiation by means of mass spectrometry, in ordeddtermine the appropriate
method for the membrane modification. To examires rttorphological change upon
the VUV irradiations, small angle X-ray scatterif§AXS) technique has been
conducted. Consequently, the improvements of thMRE using the degraded
Nafion membranes after VUV irradiations have bemrestigated by using the fuel
cell performance test system. Finally, the evohagiof the electronic structures of the
degraded Nafion during irradiation are characterizey the photoemission

spectroscopy (PES) and the computational (DFT utations.
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Figure 5.1  Cluster-network model for the hydrated polymerspreed by Gierke

et al. in 1981 and Kumar and Pineri in 1986.

5.1 Structural Model of Nafion

Over the last 30 years, numerous scattering anfdadifon studies were
performed and many researches on the Nafion moogkabere reported. However, a
universally accepted morphological model for thédsstate structure of Nafion has
not been successfully discovered due to the lowtaklynity and the complexity of
co-organized crystalline and ionic domains in thadymer. The generally accepted
picture is only an aggregation of the polar penb#ther side chains containing
sulfonic acid groups due to Coulombic interactignalled the ionic aggregation)
which leads to a nanophase separated morphologgseThonic domains are
distributed over the nonpolar PTFE matrix.

In addition, randomly distributed crystalline domsiwhich have a crystal
structure similar to PTFE are detect&adsed on the SAXS studies of morphological
model of Nafion named "the cluster-network modefarted by Gierke et al. (1981),
the clusters of sulfonate terminated side chaiesoaganized as inverted micelles in
the swollen form. These micelles are interconnebted network of short and narrow

channels which allow water and ion transport, asvshin Figure 5.1.
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H20 channel Crystalhte

Figure 5.2  Parallel cylindrical water nanochannel model (&t al., 2008).

These solvent-swollen clusters are closely rel&etthe ionic conductivity of
Nafion. The Gierke’s model motivated numerous sisdof the phase-segregated
morphology of Nafion. However, this technique h#fallties in determining more
than just the position of the Bragg or ionomer pigathe arrangement of the micelles.
Thus, only information about the distance betwdes ¢enters of the micelles is
available, but not on the size of the micelles (yabal., 2008). Moreover, there are
no morphological models in thgast that can describe the fast diffusion of watet
protons through Nafion and its persistence at lenvderatures.

More recently, the structure of Nafion has beeristli by using NMR and
SAXS by Klaus et al. (2008)I'hey have offered a new model providing the best
explanation to date for the membrane’s structure l@ow it functions, namely "the
cylindrical water channel model”. This model sudgethat Nafion has a closely
packed network of nanoscale cylindrical water cldgsmmunning in parallel through
the material. In contrast, hydrophobic (water-hgitinackbone structures cluster
together to form long rigid cylinders about 2.5 oareters in diameter with the

hydrophilic "hairs" to the inside of the water-¢it tubes as shown in Figure 5.2.
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From the water channel model, there are two phesaration in Nafion which
is similar to the Gierke’s cluster network modetept the shape of the ionic clusters.
This model described the shape of the ionic clussethe cylindrical water channels,
rather than other models such as the spheroidalh@dineri, Duplessix and Levelut,
1981; loselevich, Kornyshev and Steinke, 2004) loees-like network of water
channels (Starkweather, 1982; Krivandin, Glagolgliatalova and Kotova, 2003).
This water channel model also explain how condigtieontinues even well below
the freezing point of water, while other modelsahich the water clusters have the
other shapes or connectivities did not match thasmed scattering curves.

Therefore, the cylindrical water channel is expédte be the most promising
morphological model of Nafion presentliyor this reason, the structural parameters
from this model are introduced to be the initiatgraeters for calculating the photon
fluences on the membranes in the VUV treatments. Ciiculated VUV fluences can

be obtained as shown in the following steps.

5.1.1 Nafion structural parameters of the cylindrial water channel
model
1. The diameters of the water channels vary from 18t 3.5 nm up to
the degree of the membrane humidity. And the awethgmeter of the
channel is 2.4 nm at 20%Rh.
2. The section of the channels is 0.8 nm. Therefdre,volume of each
channel istr*h =7(1.2)(0.8) = 3.6 nm°.

3. Because the density of water is equal tg/mm’ =33 my,o/nm’, the

channel can gather amount of wate¥3=3.6=120 my, .



Table 5.1

channel model.
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Morphological quantities of Nafion modeled by tbdindrical water

lonic water channel

Crystallite structure

Dry Hydrate Average Dry Hydrate Average
Diameter (nm) 1.8 3.5 2.4 3.0 8.0 5.5
Section (hm 0.8 0.8 0.8 50 50 50
Area (nnf)
Transversg 2.54 10.18 4.52 7.07 50.27 23.76
plane
Sagittal plang 1.44 2.80 1.92 150 400 275
Volume (nrﬁ’) 2.03 8.14 3.62 353.50 2513.50 1188.00

Transverse plane

Sagittal plane

Figure 5.3  Transverse and sagittal planes of Nafion membrane.

4. At high degrees of membrane humidity suchas 7.5, the number of

the backbone chains containing

120 my,/7.5 my,o = 16 chains per channel.

in each channel gsale to

5. At 16%Rh, the crystallites have a diameter of 3¥8wiith the length of

50 nm
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From these reports, the essential parameters #rptioton fluence are
summarized in Table 5.1. It is important to notest the effect of VUV irradiations
depend on the direction of incident photon on themranes, which are defined by

transverse and sagittal planes of incident phoasrshown in Figure 5.3.

5.1.2 Threshold fluence

In polymer science and plasma physics, the effeictadiation depend on the
total number of incident particles or ions per w@arga over exposure times rather than
only the number of incident particles or ions peituarea. For this reason, the
definition of the radiation fluence has been amgphecause increasing in the fluence
results in the increment of the irradiation effeots the materials. Furthermore, the
VUV fluence for Nafion is directly related to thadiation dose of the membrane
because the membrane absorbs all incident phoidrerefore, the radiation dose
which defined as the radiation effect to the matsrcan be expressed in term of the
photon fluence to the Nafion polymer.

In this thesis, the effects of VUV irradiations asxamined with the
assumption states that there is at least one photpacting on the smallest units of
the Nafion membrane during irradiations. Based lom ¢ylindrical nano-channels
model, the smallest molecular unit is assumed tthbedried ionic channel that has
possibly been obstructed by the contaminants inpti@o-degradation mechanism
prior to the VUV irradiations such as the oxygetermene molecules as described in
Section 3.4. By using the definition of fluenceg thumber of the employed photons
for irradiation can be calculated from the phothremces as shows in the following

calculations.
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From Table 5.1, the irradiated area is consideoeoetthe area in the sagittal
direction of the dried ionic channel because thadiations have been performed in
an ultrahigh vacuum chamber where the membranenspletely dried. Therefore,
the effective area of irradiation is

A = 1.44 nm? (5.1

If one photon is entered in this area over the toheradiation, the structure
of the membrane is initially changed. The corresjog “threshold” photon fluence
can be expressed as

1 photon in time of irradiation 5
Fihreshold = 3 = 0.694 photons/nm* (5.2)

This threshold fluence is assigned to be the inwalue for the VUV
irradiations and the photoemission spectroscopysjREeasurements. The first PES
measurements, performed at the beamline 4 (BL4e Heeen considered as the
preliminary results of the electronic structuretié membranes during irradiations;
while the high performance PES measurements hase performed after relocate
the PES systems to the new beamline 3.2a (BL3.2a).

To examine the evolutions of the electronic streestaf Nafion during the
VUV irradiations, moreover, the membranes have bemdliated by using several
photon fluences, which cover the threshold fluefidee trial photon fluences and the
corresponding number of incident photons for tHeative irradiation areas are show
in Table 5.2. These corresponding incident photoas easily be calculated by

multiplying the fluence with the irradiated aread@scribed in Equation (5.1).
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Table 5.2 Irradiation data for VUV irradiations and PES maasnents.

Trial photon fluences Trial photon fluences Number of incident
(photons/nrf) (photons/crf) photons per unit cell

0.0 0.0 0.00

0.4 4.0x10" 0.58

0.8 8.0x10" 1.15

1.2 1.2x10" 1.73

2.4 2.4x10" 3.46

3.2 3.2x10" 4.61

It is important to notes that the VUV fluences amailar to the fluences for
the PES measurements. The insignificant differdrate/een the trial photon fluences
and the calculated fluence in Equation (5.2) arfea® the difficulty to control these
fluences during the PES measurements, which depamdble acquisition times of
each PEScan. Nevertheless, these trial fluences covethifeshold fluence and can
be used to modify the surface structure of the abtkept Nafion. The calculations of

the photon fluence are shown in the following s&tti

5.1.3 Photon fluences for the VUV irradiations

The preliminary PES measurements and the VUV iatazhs are performed
at the BL4 in order to calculate appropriated photluences. After moving the
experimental system to the BL3.2a, further pragcnB&ES measurements have been
elucidated in order to clarify the effects of VU adiations to the membranes and
spectra quantitatively analysis. Note that theseS RBeasurements have been

investigated after the fuel cell performance tests.
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Table 5.3 The beam size for two experimental systems (PE&suorement and

VUV irradiation).

Beam length at BLY Beam length at BL3.22
(cm) (cm)
ARPES chamber Irradiation ARPES chamber Irradiation
chamber chamber
Ver- Hori- Ver- Hori- Ver- Hori- Ver- Hori-
tical zontal | tical zontal | tical zontal | tical zontal
FWHM | 0.024| 0.060| 0.08( 0.10§ 0.010 0.030
Full 0.056| 0.141| 0.189 0.247 0.024 0.071
Beam area at BL4 (¢in Beam area at BL3.2a (¢n
FWHM 1.44x10° 8.40x10° 3.00x10*
Full 7.952x10° 4.64x10° 1.66x10°
Photons flux at BL4 (photons/s) Photons flux aBBla (photons/s)
ARPES chambey Irradiation ARPES chambef Irradiation
chamber chamber
Slit=10 3.17x10° 3.1%10° 4.15¢10 4.15¢10
um
Slit=20 1.38x10° 1.38x10°
um
Slit=100|  5.14x10" 5.14x10'"
um
Photon flux densitat BL4 (D) Photon flux density at BL3.2a (D
(photons/sscr) (photons/secrf)
ARPES chamber Irradiation ARPES chamber Irradiation
chamber chamber
Slit=10 3.99x10" 3.99<10" 2.51x10'° 2.51x10™
um
Slit=20 8.36x10™ 8.36x10"
um
Slit=100|  1.11x10" 1.11x10"
um

Wcalculated by th&hadow VUI ray tracing program

@From http:// www.slri.or.th
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Generally, the different experimental setup betwdenBL4 and the BL3.2a
cause to the difference design for the size of gheton beam, resulting in the
difference in the photon flux density. The corrasfiog fluences for these two
stations have been collaborated separately. Eacwhath have two experimental
segments The PES were performed in the angle exbqliotoemission spectroscopy
(ARPES) chamber and the VUV irradiation were perfed in the irradiation
chamber. Basically, the essential parameters ®fltlence calculations are the beam
size of the photon beam and the photon flux as shawrable 5.3. The calculations

of the photon fluences at the BL4 are shown infoflewing section.

5.2 VUV Irradiations of the Degraded Nafion at theBL4

The photon flux, P (the flow of photons impacting the membranes) at the
BL4 is obtained by measuring the current of theidect photon beam on the
photodiodes. This electric current is related te thoton flux by means of the
electron-hole pairsnteraction. This quantity depends on the expertalesetup of
each beamline such as the slit width (10 um) aadtioton energy (100 eV). The slit
width is assigned to have the minimum value in otdereduce the charging effect
during the PES measurements. And the photon engiggt to the energy of 100 eV,
which is in the range of VUV region. Thus, the meas photon flux at the BL4 is
P =4.59x10° photons/s (5.3)
Because the photon flux recorded from the photaBo@nd the PES
measurements are different, it must be normalizgdhle electron current in the

storage ring @.
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Table 5.4 Electron currents {) of the storage ring at the BL4, SLRI. Theid
measured during the PES measuremenipe§l and during the photodiodes

measurement {lgiode-

Electron current of the PES measurement Electron current of photodiodes
at the BL4 (! peg measurement at the BL4 (dioged

88.30 mA 127.72 mA

Furthermore, in the SLRI synchrotron facility, tlife-time of the beam results
from the attenuation of the electron currents. pheton flux has been normalized to
be the average photon flux at the standard electorent (100 mA). The electron
currents recorded during the PES measurementharghbtodiodes measurement are
shown in Table 5.4. Although the average valueO8 A due to the difficulty to
take the experiment at the standard electron cyries average photon flux given by
these parameters is acceptable.

Nevertheless, the average photon flux in this thissi

le pES

88.30
) = 49510 x (52)

P =PX
(PES,BL4) ( 127.72

Ie diodes
= 3.17x10° photons/s (5.4)
To enlarge the irradiated areas of the membrandesrdoahe fuel cell
performance tests, the VUV irradiations have beenfopmed at the irradiation
chamber (43 cm far away from the ARPES chambet)leTa.2 shows that the beam
size of this chamber is almost 6 times larger tt@n beam size of the ARPES.
However, the beam has inadequate size for the nergant of the active area for the

fuel cell performance tests (1 n
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5.2.1 Slit factor

For this requirement, the VUV irradiations haverbearried out by scanning
the exposed membranes vertically within the lengthl cm, and tilting the
membranes horizontally to have the exposed length om. The methods for the
VUV irradiation at the BL4 have been demonstratedppendix A.

Moreover, the photon flux can be increased by msiregy the slit width. It is
feasible to adjust the slit width because the dhgrgffect is realized to be an
insignificant parameter for the VUV irradiationorRhis reason, the slit width in the
VUV irradiation is assigned to be 100 um. Howetkere is no direct information of
the photodiodes measurement that provides the plilobo at 100 um. In fact, the slit
width has only been assigned to be 10 um and 20Newertheless, assuming that the
photon flux linearly relates to the slit width, tpaoton flux for the slit width of 100
pm can be obtained by multiplying the photon flax 10 um with the slit factor.
Consequently, the slit width, the photon flux déngiD) and the corresponding
photon fluences (F) have also been calculated usiisgquantity as shown in the
following procedure.

The slit factor for the VUV irradiations can be aioted by the photon flux
which is measured at the slit width of 10 and 2®& as shown in Table 5.5.
Obviously, when the slit width increases by facto? (from 10 to 20um), the
resulting photon flux is increased by factor = 3.2herefore, the relatively slit factor
for 100 um is equal to 3.245 = 16.2. Consequently, the photons flux of VUV
irradiation at the BL4 for the 100m slit width is

P = (3.7x10°) x 16.2 = 5.14x10'° photons/s (5.5)
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Table 5.5 Relation between the electron currents and thealized photon flux

measured at S = 10 and gén. These quantities have been used for the slibffac

calculations.

Slit width = 10um Slit width = 20um

Photon flux
(photodiodes) le.giodes | lemeasure| NOrmalized | Photon flux lediodes | lemeasue| NOrmalized

(photons/s) (mA) (mA) | photon flux | (photodiodes)| (mA) (mA) | photon flux
(photons/s)| (photons/s) (photons/s)

459x10° | 127.72| 88.30| 3.17x10° | 1.51x10% | 123.50| 84.12 | 1.03x10'°

5.2.2 Photon flux density
The photon flux expressed in Equation (5.5) is thieed to calculated the
photon flux density (D) defined as
D = P/A, (5.6)
whereA is the exposed areas of the sample at the irradiahamber at the BL4,
A = (0.188%0.247) = 0.046 cm? (5.7
Thus, the photon flux density is

D = (5.14x10'°)/0.046 = 1.11x10'? photons/s - cm? (5.8)

5.2.3 Photon fluences
Accordingly, the photon fluences can be calcula@ecbrding to the definition
of the fluence,
F =DT. (5.9)
By setting exposed times (T), the correspondingg@ihduences for the VUV
irradiation at the BL4 can be calculated as shawmable 5.6. Note that these results

are similar to the trial photon fluences shown ablEe 5.3.
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Table 5.6 The corresponding photon fluences for the VUV draéions at the

BLA4.
Irradiation time Corresponding photon fluence
(second) (photons/crf)
0 0.0
36 4.0x10"
72 8.0x10"
108 1.2x10"
216 2.4x10"
288 3.2x10"

5.3 Other Surface Modification Techniques

In order to compare the modification affects on thembrane surface with
these VUV fluences (at 100eV), several surface fiwadion techniques such as*Ar
sputtering, VUV irradiations with the variation photon energies and the zero-order
synchrotron radiation have been performed. The eoisgn of these results ascribes
the usable techniques for the membrane modificatiors supposed that the best
membrane modification technique shouldn’t lower ttieemical and mechanical

properties of the membrane after modification.

5.3.1 Argon ions (Ar) sputtering

According to the Af sputtering of Nafion provided by Cho (Cho, Cho,, Oh
Kim and Ha, 2006), the single fuel cell performangsing the ion sputtered
membranes was increased, with the maximum powesityenp to 0.62 W/cr
(which was 2 times higher than that of the fuel csing the untreated membrane).
The improvement of the fuel cell performance is tlu¢he surface roughening after
ion bombardments. The increase in the roughnestises the increase of the surface

active area between electrolyte and catalyst.
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Figure 5.4  Mass spectra of the Nafion membrane excited by2tBekeV of AF.

The major fragments are CF, £EF; and SGQH.

In this thesis, the low energies#sputtering (0-3 keV) for the Nafion surface
modification have been performed. During bombardmtre fragmentations of the
molecular species of Nafion are characterized bgsnspectrometry. This technique
employs the residual gas analyzer (RGA) to analligemolecular species of Nafion
during Ar ions bombardment in vacuum chamber, it base pressure of ~0
mbar. The mass spectra indicate that the fragmensatdf Nafion species compose of
the CF, CE, CR and S@H fragments, which generate from the Nafion baclkison
and side chains during sputtering as well as taedstrd molecule (Ar, COANH,O
and H) in vacuum. The mass spectra of Nafion excitedtt®y 2.0 keV Af, for
example, are depicted in Figure 5.4.

Interestingly, the mass intensities of all molecidpecies are increased with
increasing the ion energy. It is concluded that sheface modification of Ar

sputtering is extremely affects to the Nafion meanies.
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Figure 5.5 Intensity (in terms of area under curve) of thefibia molecular
species (CFCR; and SQ@H) is plotted as a function of ion energy. The peatage of
elongated C-S bond in the simulation, which coroesis to the intensity of the
molecular species in the sputtering measuremesits)creased with increasing the

energy of argon ions.

To verify the sputtering effects, The Asputtering results are also compared
with the computational study of the Abombardment on Nafion by the molecular
dynamic (MD) simulations (Yana et al., 2011). Tresearch using the computational
code named the assisted model building with eneegfinement (AMBER) to
simulate the structural changes upon various ioesgees (0.5-3.0 keV). In contrast,
the atomic level of the Nafion surface modificatibas been simulated using 1024
units of the Nafion side chains. The effect of itve bombardment was described by
the C-S bond stretching, which is directly relatedhe S@ fragmentations of the
experimental results. From this result, the MD ghtion is in agreement with the

Ar" sputtering results as shown in Figure 5.5.
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Figure 5.6  AFM images of the Nafion with no sputtering (aftea 0.50 keV (b),
2.25 keV (c) and 3.00 keV Awsputtering (d), respectively. These pictures viaken
with the field of view of 5000 nm and also convert® the 3-Dimensional of no

sputtering (e) and 2.25 keV sputtering (f), respety.

To display the surface Nafion after bombardmeitts, hicroscopy technique
has been considered. Particularly, atomic forcerosmopy (AFM) has been
conducted. The tapping mode of the AFM measuremeitits5000 nm field of view
reveals the change in the surface roughness omdémabrane after sputtering. The
membrane roughness is increased with increasingpthenergy as shown in Figure
5.6. From these Arsputtering technique, it is expected that theamarfroughening

results in the increment of the surface active afddafion.
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Therefore, their interfacial area connection betwt® electrolyte membrane
and the catalyst has been increased. And the psafare of PEMFC using this
modified membrane should consequently éehanced. However, the surface
modification by sputtering technique has some issuweh as pores interception at the
surface and the reduction of the hydrophobicity tbe membrane after ion
bombardments. These effects are the affectatiorthirdecrease in the membrane
conductivity, as reported by Ramdutt and his cokeos (Ramdutt et al., 2007). From
this issue, it is suggested that the® Asputtering technique is an inappropriate

modification technique for the degraded Nafion.

5.3.2 Photon bombardments

Since the AT sputtering is suggested to be an inapplicable fivadion
technique for the degraded Nafion, the surfacdrtreat with mildly conditions such
as the subtle source of photon has been consideéved. the contribution of the
synchrotron source at SLRI, the variation of photmergies have easily been
adjusted by the grating monochromator. The photsmnbwith the energy range of
UV from synchrotron radiation is expected to be iy surface modification of the
polymer rather than the Arion bombardments. Note that the UV synchrotron
techniques are also largely used in the polymeomasuch as the radiation graft
polymerization of styrene into PTFE film by UV (Asaet al., 2007).

For this modification, the zero-order synchrotraght (the polychromatic
photon beam that contains various photon enerdias)been used as an exciting
source. During exposure the membranes to the zee-dight, the membrane
fragmentations are also detected by the residuslagalyzer (RGA) similar to the

fragmentation measurements of thé Aputtering.
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Figure 5.7  Mass spectra of Nafion membrane excited by 2.0 & sputtering,

zero-order synchrotron light, 100 eV VUV radiatiand without excitation.

Moreover, this mass spectrometry results have bespared with the photon
bombardments exciting by the monochromatic beafr0éteV, which is in the range
of the VUV radiation. Figure 5.7 summarizes the panson of the mass results
excited by Af sputtering, zero-order irradiation and VUV irraitia with the energy
of 100 eV. These results are also compared withnhss spectra of the unexcited
membrane (before irradiation). Explicitly, the masssults show that the Ar
bombardment cause to an excessive fragmentatiagheoNafion molecular species

because of the highest mass intensity in compamsttnother excitations.
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The very large interaction with the Nafion impligst the ions bombardment
may not suitable for the membrane surface modiboatiue to the reduction of the
proton conductivity, though the surface roughness/en increased with ions energy.

On the same effect, the zero-order synchrotrordigiteon generates small
fragments compared with the ion sputtering. Howetee main Nafion molecular
species such as g@have always been detected by this excitation. G&msbe ascribed
that the zero-order irradiation also causes to &stge change the structure of the
Nafion at the main chains similar to the"Arombardment, results in the decrease in
the mechanical property of the membrane after sanfaodification.

On the other hand, while the Asputtering and the zero-order synchrotron
radiations have an excessive effect to the sudad&afion, the VUV irradiation is the
gentlest effect. Implicitly, the VUV irradiation the preferential surface modification
technique for this membrane.

Note that the electron electronic structures of\ladion characterized by the
photoemission spectroscopy of various photon easr@0-160 eV) are demonstrated
in Appendix B. These results show that the eleatrastructure of the Nafion
membrane have been changed after irradiations wattous energies of VUV
synchrotron radiations. However, due to the lownaigto noise ratio spectra
measurements at the BL4, the results have been arethponly to examine the
changes in the PES intensitypt for quantitatively calculations such as aredeun
curves. As described in Section 5.1.2, the rigorB&S measurements have been
performed at the BL3.2a because of the higher REShsity and resolution. The
analysis electronic structure using the PES measmts at the BL3.2a and using

computational calculations will be discussed intes 5.6 and 5.7.
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5.4 Small Angle X-ray Scattering

In order to study the morphological changes insrdgerials, small angle X-
ray scattering (SAXS) technique has been condudteds well known that the
complex structure can be characterized by scatteeichniques where the variation of
nano-scale size and configuration of materials len monitored by the selected X-
ray energy. For Nafion, there are many researches enn#nostructure of the
membranes (Tsao et al., 2005), (Barbi, Funari, KBeh6charnagl and Stribeck,
2003). However, the complete structural implememtaof the Nafion and also the
degraded Nafion membranes has not been attained.

According to the basis of SAXS analysis (Page et a006), Nafion
membrane has two different structures. The comglease-separated morphology of
Nafion, consists of crystalline and ionic domaiissdescribed in Chapter Ill. Due to
the electron density differences between the ialmmains and the PTFE matrix, a
scattering maximum appears in small-angle X-raytegag profiles at q~1-2 nh
which has been termed the "ionomers peak". Whilerg low angle peak or shoulder
is often observed at q = 0.4 Hmwhich has been attributed to scattering from the
locally ordered crystalline composed of relativébng runs of PTFE segments
between side chains (teamed the "crystallites peak”

In this thesis, the SAXS study is performed in ordeexamine the irradiation
effect to the surface of the degraded Nafion menwaraAlthough the surface
morphology of the membrane provided by SAXS is vawynplicated, it is expected
that the structural transfiguration of the degratliadion after VUV irradiations can
be investigated. And the enhancement in the iooimain after irradiation which

results in the improvement of the PEMFC can besati by this method.
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Figure 5.8  SAXS images of the unirradiated membrane in theddstate (a) the
VUV irradiated membrane in the dried state (b), timérradiated membrane in the

hydrated state (c), and the VUV irradiated membiariee hydrated state (d).

Figure 5.8 illustrates the SAXS patterns of therddgd membranes before
and after VUV irradiations in dried and hydratedtss. The hydrated membrane can
be achieved by dipping the membrane in the de-emhiater for 60 minutes. The
membranes are treated by VUV irradiation with tHetpn fluence of 1.210™
photons/crA The scattering patterns appear anisotropic Soajtedue to the
membrane photo-degradation prior to the VUV treaimén particular, the two
equatorial bands on the top and the bottom of #teem are attributed to scattering
arising from the oriented ionic domains at the anilé acid group side chain, while
the small band near the center is attributed talibteibution of the crystalline domain
at the polymer backbone. With the contribution &\ treatment, the orientation of
the ionic domain in the hydrated state is rearrdragedepicted in the improvement of
the ionic bands distribution (d) in comparison twe tscattering patterns of the
untreated membrane (c). At this point, the surfemetaminants may be responsible
for ionic channel alteration and they have possiisen eliminated by the VUV
irradiations. However, the rearrangement of thecialomain after VUV treatment is

not clear and requires further studies.
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Figure 5.9  SAXS profiles of the untreated and the treated brames in dry and
hydrated states integrated in the horizontal diwac{a) and the untreated and the

treated membranes in dry and hydrated states atthm the vertical direction (b).

The development of the ionic water nanochannelsalssbeen demonstrated
in the SAXS profiles in Figure 5.9 where the saatieintensity is plotted as a
function of the scattering vectay,= 4msin 6/A. There are two characteristic peaks
relates to the phase separation of the periodicphubogy structures within the
membrane. Eventually, the measuring peak around0d5 nnmt* is the crystallite
peak of the polymer main chains. And the small pemiund q = 1.6-1.8 nhis the
ionomer peak. For the dry state, no different ie gtattering vector has been
detected. However, the different in the peaks betwéhe irradiated and the
unirradiated membranes has been detected. Theersogttpeak of the hydrated

membrane move to lower scattering vector, comptrdidat of the dried membrane.
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Because the decreasing in the scattering veci®irelated to the increase in
the domain size of the materials, these scatteesglts indicate the extension of in
the hydrated ionic sites upon VUV irradiations. Thaension is up to 6%, compared
to the scattering vector of the unirradiated meméralowever, this phenomenon is
still being unclear because the VUV modificatiorscur at the surface, while the
SAXS measurement probes the bulk structure of teenlbnane. The change of the
ionic domain size is possibly due to either the VieWects or an inhomogeneous
structure of the membrane prior to the VUV irraaiat At this point, only the change
of the bulk structure of the membrane after VU\adhiation such as the polymer
cross-linking has been examined by the SAXS measemés.

According to the SAXS results using gamma ray iatons reported by Tsao
(Tsao et al., 2005), the Nafion membrane has umdegotymer cross-linking after the
irradiation. This formation caused to the reductiminthe inter-lamellar distance
between the crystalline domains and decreasinigarnanic cluster domain size.

In this thesis, however, no significant changethacrystallite peaks from the
intensity integration of both the horizontal ance tlhertical direction have been
observed after irradiation. Obviously, the crystaty of the degraded membrane with
and without the VUV irradiation has not been chahdkhis result indicates that the
Nafion membranes do not undergo the polymer crioggig. On the other hand, the
VUV irradiations have an effect only on the surfambich is occupied by the
membrane contaminations in the photo-degradaticcharesm.

For this reason, with gentle VUV fluences perforgnin this thesis, the SAXS
results confirm that the VUV irradiation is the appriate method for the membrane.

These results are also in agreement with the seBoltn mass spectrometry.



105

PEMEC

Figure 5.10 Schematic diagram of single PEMFC operation.

5.5 Fuel Cell Performance Test

To examine the PEMFC performance, the PEMFC testygiem has been
conducted. As illustrated in Figure 5.10, this sgstconsists of Hand Q supplies,
electronic load device, single PEM fuel cell and domputer controlling system. The
operation of the fuel cell test system is similarthe PEM fuel cell operation. The
system has been connected with a tunable electtoadt device, where the voltage
(V) has simultaneously been recorded with the fusl current density (J). The
performance of the PEMFC is demonstrated by thelgmaf the fuel cell current
density and the cell voltage (J-V or the polarizatcurve).

Before performance test, the membrane electrodarddyg (MEA) using the
irradiated Nafion has been constructed by hot-prgsss described in Section 2.4. In
this PEMFC operation, the inlet gases have beenidiiiea before entering to this
fuel cell in order to optimize the electrochemicadactions and the proton

transportation through the membrane.
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Figure 5.11 Polarization curves and the fuel cell power dgneitthe single fuel

cell using the irradiated Nafion membranes with-sitie and two-side irradiations.
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Figure 5. 12 The improvement of the maximum power density & BEMFC as a

function of the photon fluences.
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During PEM fuel cell operation, the single PEMFC asnnected with an
electronic load device to control the fuel cellremt density. Figure 5.11 shows the
polarization curves of the fuel cell using the Viixadiated Nafion with the different
fluences (0-3.210™ photons/crf), which cover the threshold fluence (6:040"
photons/crf) as described in Section 5.2 and also shows thesmonding fuel cell
power density.

According to the relation between the fuel cellgmital and efficiency given
by Equation (2.60), the performance of the PEMF@gidhe irradiated Nafion
membranes explicitly increases with increasing peton fluences in the VUV
irradiations. The maximum current density at 0.6 V is 0.4 Alcfihe maximum
power density of a fuel cell is up to 0.28 Wfcfor the VUV irradiation with the
fluences ~ 2.410 photons/crh (two-side irradiation at 0.6 A/cth

However, the maximum power density of the PEMFGhgghese modified
membranes in one-side and two-side of VUV irradiadi have been demonstrated in
Figure 5.12. These quantities are obtained by piyitig the cell current density with
the cell potential.

Although the performance of the PEMFC using thadiaited membranes are
lower than that using the fresh membrane (Tian,, Ghang, Luo and Shan, 2008),
the VUV moadification exhibits the improvement oktlperformance with increasing
the photon fluences and even compared to the neisiegraded membrane. It is
expected that this improvement is occurred on thefase of the irradiated
membranes. The surface effects of VUV irradiatidreve been investigated as
indicated in the comparison of the current density0.6V for one and two-side

irradiations in Figure 5.13.
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Figure 5.13 Current density at 0.6 V of the fuel cell using VUrradiated

membranes.

The higher performance of the two-side irradiatcampared with the one-side
irradiation certainly results from the surface niiwdition effect by VUV irradiations.
This result confirms the surface effect, which lieady investigated by the PES and

the SAXS measurements.

5.6 Photoemission Measurements

The rigorous PES measurements have been perfortribé 8L3.2a, where
the PES system has been upgraded. Many powerfitedeguch as U60 undulator
and the new grating monochromators have been uedradsupport the efficacious
measurements. This combination serves the improneaig¢he signal-to-noise ratios,
resulting in the better PES intensity. Specialyy PES measurement of the insulating
materials such as the Nafion polymer electrolytentm@ne requires higher intensity

to specify the PES peaks.
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5.6.1 The photon fluence calculation for the BL3.2a

Before PES measurements, it is important to ndtasthe photon flux in the
BL3.2a can be obtained by the different manner ftbencalculation in Sections 5.2.
In contrast, this quantity can be calculated frone tphotodiode’s current gl
Furthermore, the gold mesh has been installed leehee sample’s position and the
monochromator in order to recording the photonenitr(l) simultaneously with the
measurement of the for the photon fluence calculations and also réicay the ),
during the PES measurements. While this lused to calculate the photon fluences,
the |, is also used to normalize the PES intensitieeémh scan. Because the photon
beams cannot pass through the photodiodes to thelsait should be suitable to
normalize the PES intensity by the photon curreztected by the gold mesh rather
than the photodiodes. The details of the normadimabf the PES spectra will be
described in the next section.

The photon flux is defined as the photoelectrorrsupé time per the quantum
efficiency of the photodiodes.

I
p=—=, (5.10)
eQs

wheree is the electric charges (x@&0*° C) andQ, is the quantum efficiency of the
photodiodes at a given photon energy (100 eV). aherage photodiodes current
have been performed within 50records. The average photodiodes current and the
average photon current at the measuring electroeruare shown in Table 5.7.

The measured quantum efficiency of the photodiofi@g at the photon
energy of 100 eV is

Qs =7.287 . (5.11)
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Table 5.7 The average photodiodes and gold mesh currentsufober of photon

calculation.

Average electron curren Average photodiodes Average photon current
at the BL3.2a current () (Ip)

122.08 mA 4.84x10 A 1.42x101 A

The following photon flux is expressed as

I 4.84x1011

P = =
eQs (7.287x1.6 x 10719)

= 4.15%107 photons/s. (5.12)

Notes that this photodiodes’s current in the PEStesy is lower than the
expected value of the BL3.2a due to the problenthefcylindrical focusing mirror
(M2Cy), which is placed before the PES chambehat time. However, the photon
current at the chamber that placed before thisamican be measured. The photon
current with the silt width of 50 pm is equal t®2x10° A. Explicitly, the current
will be decreased when decreasing the slit widtlvrdéo 10 um. According to the
linearly relation of the photon flux and the slitdth in Table 5.4, the photon flux at
that chamber should be equal to>14'" photons/s. This value is really higher than
the photon flux at the BL4 (3.%7.0° photons/s). It is guarantee that the photon flux
at the BL3.2a is higher than the photon flux atBh&. The problem in the lowering
current is due to the alignment of the M2Cy. At time of measurement, the photon
flux at anywhere of the BL3.2a after the M2Cy waduced. The resulting currents
measured at the PES system were then reduced epthdbon flux at the PES system
had been decreased. Nevertheless, the PES meastsemeee performed at the PES

system so the calculation demonstrated in Equ#fidi?) is acceptable.
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Thus this photon flux has been used to calculageptioton flux density and
also the photon fluences for the PES measuremehtsh can subsequently be used
to determine the measuring time of the PES anadhesponding PES spectra for a
given photon fluence. Additionally, before analyslee PES spectra have been

normalized to be the comparable spectra.

5.6.2 Normalization of the PES intensity

Because the number of photons attenuates simuliahewith the electron
current in the storage synchrotron ring at SLRermfhjection, the intensity of the
photoelectron has also been reduced with the megstimes. For this reason, the
PES spectra of Nafion should be normalized by thetgn current ) of each
individual scan.

Because the photon currents have been recordelebgrogram that collect
the data from the gold mesh (at the XPS chambdrichwdiffers from the PES data
acquisitions program (at the ARPES chamber), therded number of scan gfdlso
differ from the number of scan of the PES measurgsad hus, the measuregthat
correspond to the number of the PES scans mustleeted through the overall data.
It should be noted that the PES measurements &tedeto the J measurements
because thg, land the PES measurement have the same measum@@di shown in
Table 5.8. Thus, the relatively for each PES scan can be obtained by the following
calculations.

The scanning time interval in one complete scanther |, and the PES
measurement can easily be calculated by dividiegRES measuring time with the
corresponding number of scans. And thét each the PES scan can be obtained by

linear fit of |, within entirely scans as shown in Figure 5.14.
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Table 5.8 The correspondence between the time of the PESureraents at the

ARPES chamber and the time of theneasurements at the XPS chamber.

Measuring PES measurements |, measurements
times (min.) (at the ARPES chamber) (at the XPS chamber)
Number of  Scanning time of Number of Scanning time of
scans each scan (min.) scans each scan (min.)
164 200 0.82 9896 0.01657
1.05E-010+ photon current (1)
—~ 1.00E-010 — Linear fit of Ip
< ]
—  9.50E-011-
c .
q:) 9.00E-011-
S i
©  8.50E-011-
S 4|Equation Y=a+vb*><‘
5 8.00E-011+ g:;?dht:al Sum ':‘;:;2"332"2"3
e | of Squares
O 7.50E-011 e Son
1 Value Standard Erro
TOOE-0LL{ e e seo
0 50 100 150 200

Number of PES scans

Figure 5.14 Linear fit of |, with the number of PES scans. Slope as well ascaért

intercept has been used to calculate the corresppilfor the PES normalization.

Consequently, the corresponding photon currenteémh PES measurement
can be obtained by this relation,

slope

calculated I, = vertical intercept + —

time of PES measurement (5-13)
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Table 5.9 The corresponding photon currents for the PES nsitg

normalization.

Number of scan Time interval in 1 scan Photon aur¢a)
1 0.00 1.00x10™
2 0.82 1.00x10*
3 1.64 1.00x10™
4 2.46 1.00x10™*
5 3.28 9.99x10"
6 4.10 9.98x10"
7 4.92 9.97x10*"
8 5.74 9.96x10"
9 6.56 9.95¢10*"
10 7.83 9.94x10™

For example, theylfor the first 10 PES scans are shown in Table 5.9.
Obviously, the J for each scan is approximately closed to each reth€hese

guantities are used as the normalization factoe&mh corresponding PES recorded.

5.6.3 PES spectra and binding energy adjustments

It is well known that binding energy of insulatimgaterials tends to move
toward higher binding energy during the PES measeant because of the sample
charging effect. This uncontrollable phenomenomindtes from the photoelectron
accumulation on the surface of insulators and esilasd to be one of major for the

peak identification in the PES measurement.
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The practicable method to reduce the charging eféecdescribed in Section
5.2, is to reduce the incident photon flux by naing the slit width that placed in
front of the PES sample position. However, thisuatipent causes to the decrease in
the PES signal-to-noise ratio and also resultshen difficulty to identify the PES
peaks of the membranes. In addition to correctctieging, the peak positions have
been adjusted with respected to the referent posithccording to the ultraviolet
photoelectron spectroscopy of polytetrafluoroethgl¢PTFE) (Ono et al., 2005) and
polyvinylidene fluoride (PVDF) (Morikawa et al., @0), the binding energy of the
fluorine 2p state (f;) appears around 10 eV. However, the binding gfifr the
Nafion membrane can shift from this position. Aduhiglly, the position of
depends on the bonding types and the covalent atoms

For the degraded Nafion, the PES valence band repettthe membrane,
including the F, and C-O/C-H contaminations, have not been repofited standard
binding energy of &, is obtained by referring any,fpeaks of each the PES scans to
the Fp peaks position of the first PES scan. In this mesment, the resulting first
PES scan indicates that the binding energy of thesFequal to 10.4 eV. This peak
position is in agreement with the results gf Ealculations reported by Bittencourt,
Lier, Ke and Suarez-Martinez (2009). After the lgd energy adjustments, the
corrected peak positions are shown in Figure 5.15.

Because the photon fluences for the VUV irradiadioand the PES
measurements are similar, the changes of the etectstructures of the degraded
Nafion during irradiations can simultaneously bearcltterized by the PES
measurements. As a matter of fact, these changeskeen investigated by the PES

method.
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Figure 5.15 PES spectra of the degraded Nafion of the diffeflaginces of VUV
irradiations, compared to tHeOS result from the DFT calculations. Peak A is
assigned to thesEstate, peak B is the C-F band, peak C is the mikand of the f,
C-O and C-H, peak D is the C-C band of the Nafiammthain and peak E is the

conjugated C=C bond.

xc, w0+ A)

y =yl

Figure 5.16 Schematic Gaussian fit formula in OriginLab8.5.

Figure 5.15 shows the evolution of the PES speufirthe degraded Nafion
membrane. Explicitly, the PES spectra are dramltiaghanged with the VUV
irradiation fluencesThe details of the PES peak analysis and the el@ctstructure

calculations of the membrane will be discussedhartext section.
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Figure 5.17 The f'measurement PES spectra of the degraded Nafion.

5.6.4 PES peak analysis
By using the Gaussian fitting method from the paaklyzer module in the
OriginLab8.5 computational software, the peaks tomsiof the PES of Nafion can be

identified by using the formula of Gaussian fittisgexpressed as

—41n(2)(x—x¢)?
Ae w2
y=Yyo+ = , (5.14)

Wldn?2

where A is the peak altitude, is the peak center position, awds the peak width as
depicted in Figure 5.16.

Figure 5.17 shows the curve fitting of th& dcan of the PES measurement,
which is assigned to be the PES spectra of thdirn@igunirradiated) membrane.
There are six resonant peaks presented in the p&$a. According to the valence
band spectra of Nafion reported recently, (Onol.et2805), (Morikawa et al., 2000)
and (Choi, Manohara, Morikawa and Sprunger, 200®, peak appears at highest

binding (~ 33eV) is originated fromyx&
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Figure 5.18 PES spectra of the degraded Nafion irradiated whth fluence of
2.4x10™ photons/crh The new peak appears at the lowest occupied §eieled

"X").

The next peak around 28 eV is thg @rbital from the main chain. The peak at
17 eV is originated from the bonding orbital ofs€. The following peak is the C-F
bonding interaction. The peak appears at ~ 9-12dkle mixing bands of the,§; C-
F, C-C and/or C-H bonds, with the contributionsS®fand O. It is expected that
expected that this mixing band is originated frdra temaining surface contaminants
by the photo-degradation. And the lone pair of fine atom (k,) and the peak
appearing at the lowest binding energy is the bmpdirbital of C-C bonds of the
main chain and the antibonding orbtals of the GaRds.

Additionally, the PES measurements also reveal th@in a subsequent
exposure the degraded Nafion membrane to the Vld\atian, a new feature near the

Fermi level (labeled "X") is generated as showFfigure 5.18.
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The new peak appears at the lowest binding regiothe PES spectra
indicates that the chemical structure of Nafion basn changed during the VUV
irradiations. This peak is assigned to be the carbouble bonds (C=C). More
generally, it is well known in the polymer sciertbat breaking of the C-F and/or C-H
bonds may have the generation of carbon-carbonledamnds in polymers.

This structural change also indicates the increnm@nimetallicity of the
membrane surface as can be seen in the other pkoited materials (Ohtomo,
Muller, Grazul and Hwang, 2002; Yoshimatsu, Yasah&umigashira and Oshima,
2008 and Sing et al., 2009).

The generation of C=C bonds provides evidence of-lzonding band
formation in the polymer chain due to the fluoriswed or hydrogen removal during
the VUV irradiations in vacuum. It is also indicdte¢hat with increasing the
irradiations fluences, the C=C bond peak exhili$t $0 the lower binding energy
region and consequently seemed to come acrosseti@ Fevel at higher fluences as
shown in Figure 5.19.

The generation of the C=C double bonds during iatazhs of the degraded
Nafion is considered to have the different resudtrf which of the irradiation results
of the polytretrafluoroethylene (PTFE) (Ono et &005). Although the backbone
chains of Nafion compose of the PTFE chains, PEsilte shown that the C=C
formation is an insignificant degradation mechanisnthe PTFE films during the
irradiation.

On the other hand, PES results of polyvinylidermille (PVDF) excited with
the 75 eV VUV irradiation, reported by E. Morikaw®orikawa et al., 2000),

demonstrated the presence of C=C bonds formatitmsrpolymer.
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Figure 5.19 The PES spectra of the degraded Nafion inducedWy irradiations
of 0.0, 6.%10" and 8.%10™ photons/crh The C=C bonds (peak X) exhibits move

toward lower binding energy region with increasihg fluences.

This double offered a way to introduce the formatiof fully conjugated
double bonds after loss of hydrogen and/or fluoratems. Consequently, the
reduction of the unit-cell volume of the irradiaggolymer was discovered.

In general, the degree of double bond conjugatimongly influences the
position of the highest occupied molecular orbdlOMO) in PES spectra. The
higher the degree of conjugation has led to th& shithe HOMO band (thus the
threshold energy in PES) toward a lower bindingrgneThus, the PVDF results are

almost similar to the PES results in this thesis.
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Figure 5.20 Plot the PES peak positions ofsFC-F, kp, and C=C bonds with the
irradiation fluences. The C=C bonds moves towavetlobinding energy, while other

peaks move toward higher binding energy due to s&auoimarging..

To clarify the shift of the C=C bond upon the VUMédnces, the position of
the binding energy of the different components afidh (Fp, C-F, Ky and C=C) are
plotted as a function of photon fluences, showifrigure 5.20. Obviously, all peaks
except the peak of the C=C bond move toward highetding energy regions because
of the sample charging with increasing in the VUdehces. On the other hand, the
C=C peak moves with the different direction. Timdicates that the C=C bond can be
used as the indicator for the surface modificatisthout any troubles of the charging
effect. Therefore, the shift of the C=C bonds iatks the chemical changes of the
Nafion surface during irradiations. This phenomersoonsistent with the other PES

reports(Morikawa et al., 2000 and Choi et al., 2000).
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Figure 5.21 Area under curves of the PES measurements ofd@bgeaded Nafion.
The dramatic decrease in the fluorine peaks indgcalhe fluorine removal during

VUV irradiations.

Moreover, the quantitative analysis (in terms ofaaunder curves) of the
peaks can be obtained by using the integrate pelkilation in the OriginLab8.5
computer software. As shown in Figure 5.21, all RE&nsities involving the fluorine
atoms (s, C-F and B, peaks) are decreased. This indicates the decirate
fluorine atom with increasing the VUV fluences. Bdhat the fluorine removal is in
agreement with the PES of the PVDF, (Morikawa et2000 and Choi et al., 2000),
and also the PES of PTFE (Wheeler et al., 1982).cdmbined effects of the fluorine
and/or contaminants removal and the generation =€ GCouble bonds with an
increasing in the photon fluences demonstrate lieenecal changes of the membrane.
Since the PES measurement is known to be the susfacsitive technique, these
membrane irradiations are therefore expected t@ laav effect especially on their

surface.
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In conclusion, the Nafion surface state evolutiowited by the VUV
irradiations has been characterized by the PESureragnt. It is also suggested that
the modifications take responsibility for the PEMK@provement in terms of the
increase in the metallicity, which may increas¢hi@ Pt catalyst on the surface, and of
the eliminating of the surface contaminants. Toeobs these structural changes, the
fluorine removals have been compared with the tesfilom the theoretical

calculations as described in the next section.

5.7 Theoretical Calculation of the Electronic Struture of Nafion

In order to verify the electronic structure of Nafiin the PES measurements,
theoretical calculation of the electronic structbhesre been investigated. As described
in Section 4.4, the calculation based on the DFEutation, which is a quantum
mechanical modeling method used in physics and tignto study the electronic
structure (principally the ground state) of manydyposystems. For Nafion, the
determination of the chemical structure plays arpartant role for the DFT
calculation where the chemical bonds and chaincitres serve as the input
parameters for this calculation.

As described in Section 3.1, the molecular strectfrNafion consists of the
Teflon backbone chains and the sulfonic group teateid at the side chain. The
Nafion molecule is illustrated in Figure 2.3. Thackbones of the Nafion membranes
contain 5-13 groups of the gFwhich represent the different peak positionshe t
DFT calculations. On the other hand, the side cb&iNafion is fixed to have double

ether perfluoro side chains as shown in Figure.5.22
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Figure 5.22 Nafion chemical structure for m = 5 (left) and m18 (right) after

optimization.

In the DFT calculations, the Gaussian03W computaticalculation employs
the B3LYP exchange-correlation functional and 6-3bésis set. Two different
Nafion backbones structure have been consideremtder to examine the electron
density of state (DOS) of each molecule. The membgeometry optimization have
been taken with the parameter m = 5 and 10. Itmportant to notes that the
optimization is one of the jobs providing in theuSsian. Optimization means that the
calculation will be repeated for different locatsoaf the atomic nuclei until no force
acts on the atoms, that is the optimal, minimunrgneonfiguration of the atoms is
found. Once calculation, the nuclei are moved atiogrto the forces acting on them.
Such an optimization needs to be carried out terdehe the optimal bond lengths
(and angles in larger molecules).

After the DFT geometry optimization, the DOS of Maf is extracted by
using the Gausssum2.0 computer integration progréhe results indicate the
different in the DOS of these two different backesrof Nafion, as shown in Figure

5.23.
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Figure 5.23 The electron density of state (DOS) of the twofeddnt chemical

structure (m =5 and 10).

Obviously, there are also two different peak possi between them. The
binding energy of , of the long chain appears at 10.58 eV which cldsete by
binding energy in the PES measurements, while flo¢ shain appears at 12.0 eV.
This calculation implies that the binding energypeleds on the concentration of
atoms in the membrane (or in term of the numben)of

Moreover, there is an additional difficulty for demining the reference peak
position from the DFT calculation. Since the cadtidns have been accomplished
within only one unit of the Nafion molecules duett® limitation of the memory
requirement of the program, only one unit of molaciwcalculation in this thesis
differs from the actual units of molecule of Nafigm ~1000). It is also evident that
the difficulty of finding the referent peak posti@rises from the discrepancies of the
DFT calculations. In fact, the degraded Nafion meanbs have the surface
contamination. The remaining contaminants can agraffect the valence band

structure by altering the PES peak positions.
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Figure 5.24 The chemical structure of Nafion (m = 5) providbg the DFT
calculation with, (a) side-view and (b) front-viest Nafion before optimization, (c)

side-view and (d) front-view of Nafion after optiration.

Thus, the right referent peak position should beaioled from the PES
measurement at the first scan rather than usin@Hie calculation because the exact
number of atoms in the degraded Nafion moleculestiis ambiguousFor this
purpose, the DFT calculations have only been usedetify the changes in the
chemical structure with the irradiation fluencestenm of the density of state of the

Nafion membranes.
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Figure 5.25 The DOS spectra extracted from the DFT calculatbrihe Nafion

membrane. The DOS result is similar to that restuitwn in Figure 5.23.

5.7.1 DFT analysis

To investigate the electronic structure of Nafiamidg irradiation, the PES
results have been compared with the results froenthieoretical calculations. As
described in the DFT calculation, the calculatias lbeen accomplished by using
modern computational software simulation named &an®3W. It provides the
powerful tools for chemistry, engineering, physi&sd material science such as
molecular geometry and electronic structure optaman. Figure 5.24 shows the
molecular structures of Nafion before and afteiroations.

It is clearly that the Nafion structures have bebanged after optimization.
While the DOS result is shown in Figure 5.25. Ferthore, the changes of the
electron density of state of Nafion after VUV irfaiion can be examined by the DFT
calculations. By removing the fluorine atoms frohe tNafion membrane, the DOS

spectra have been changed.
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Figure 5.26 The DOS spectra of the Nafion membranes. The lzions are

performed by removing the fluorine atoms from 0 40% of a single Nafion

molecule.
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Figure 5.27 DOS spectra of Nafion near HOMO region and thegrdated peak

intensity near HOMO, which contained the C=C bantlse area under peak is

linearly increased with the degree of the fluomemoval.
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Figure 5.28 Comparisons between DOS spectra of the differeagrek of the

fluorine removal (0-30%) and the PES spectra ofdwadluring VUV irradiations.

More specifically, the intensity of the DOS of tGeC bands is increased with
the degree of the fluorine removals. Figure 5.26sitates the DOS spectra of the
Nafion membrane upon the degree of the fluorineosahfrom the backbone and the
side chains using the ground state calculationsd e changes of the electronic
structure near the HOMO region of Nafion have beemmarized in terms of the
peak intensity as shown in Figure 5.27. These tatioms show that the C=C bands
formation arises from the loss of the fluorine asomithout any reactions of the

surrounding reactive species as occurred in thgpal photo-degradation.
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It is suggested that the Nafion molecules have lbeamanged to a new stable
form containing the C=C bonds after the fluorinenoal. Figure 5.28 shows the
electronic structural changes of the calculated @®Safion, in comparison with the
PES spectra of the irradiated Nafion membranes.n/he fluorine atoms have been
removed from Nafion surface (10-30%), the calcua®OS spectra indicates the
reliable decrease in the fluorine peaks (in betfaRd Fyp). Interestingly, DOS spectra
of the fluorine removal also show the generatiom®i peak near the HOMO. This
new peak during irradiation is indeed the C=C dellands formation.

In this comparison, because the VUV irradiations performed in the UHV
system where the reaction of the surrounding readjpecies is inconsequential to the
rearrangement of the irradiated membrane, the ml@lesystem of Nafion are then
reorganized to have the minimum energy when thess lthe fluorine atoms.
Therefore, the C=C band is arisen after the fllowremoval in the PES measurement
and also the VUV irradiations.

Explicitly, the DOS calculations agree very welklwthe PES results and also
correspond to the similar set of the photon flusnoé the VUV irradiations as
described in the previous section. Consequently,stirface of the degraded Nafion
membranes has been modified by the VUV irradiationise followed fuel cell
performance test of the modified membrane is camem to exhibit better power

density than the fuel cell using the degraded mandar



CHAPTER VI

SUMMARY

This thesis focuses on the surface modificationthed degraded Nafion
membrane, which undergoes the photo-oxidation ouader UV and visible light
activation. The reaction is known to be the magaction in the photo-degradation of
many polymer materials. For Nafion, the degradatianses to the reduction of the
membrane conductivity and durability and subsedueldwering the PEMFCs
performance. Although the degraded or contamingi@ds of the membrane can
generally be removed by the chemical cleaning ndsthiv is difficult to remove some
permanent species such as the oxygen containirgespé-urthermore, the disposal
of the degraded membrane has an environmental [ssteuse the main component
of Nafion is the fluorine compound. Spreading tlkement without chemical
managements has led to the environment impactseXxamnple, fluoride in drinking
water is known for both beneficial and detrimerg#fects on health. Fluorosis - a
disease caused by ingestion of fluoride in exdessugh water, food and air and is a
serious health problem (Nagendra Rao, 2003). Fesetlreasons, recovering of the
degraded Nafion membrane plays an essential rolinédomembrane managements in
order to solve the environment problems by redudhey replacement of the new
membrane. Moreover, the modified membrane may ingrdahe fuel cell

performance, resulting in the reduction of the @dthe fuel cell materials.
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Although UV radiation amounts to only 3% of the alotradiations that
reaching on earth, it's energetic enough to intoedichemical reactions and
weathering of polymers (Massey, 2007). Therefone, éxposure of the degraded
membrane to UV radiation in an ultrahigh vacuumhwitt oxygen reaction is an
interesting method for the membrane surface madiba. This UV process is
supposed to be the same process of the photo-geigrachnd being the suitable
surface modification technique. More specificalthe degraded membranes are
exposed to various photon fluences (0.0-31D'* photons/crf) (100 eV) of the
vacuum ultraviolet (VUV) from the synchrotron ratilien. The consequences of the
VUV irradiations have also been satisfied by sevetaracterization techniques
(PES, SAXS, AFM and mass spectrometry) and the REME&rformance has been
verified by a single PEMFC performance test systévioreover, the surface
modification effects of VUV irradiations have be@ompared with the surface
modification effects excited by various ‘Aenergies (0.0-3.0 keV) and the zero-order
synchrotron radiation.

The topic initiation is the establishment of theydeled Nafion membrane by
the photo-oxidation reaction. More specificallyetmembranes were degraded in
different weather conditions for a long period afme (2 years). In essence,
weathering is the natural tendency of materialgetimrn (corrode, oxidize, chalk,
permeate, delaminate, depolymerize, flex crackcalis, etc.) to their elemental
forms. Thus, the membranes have undergone photadksgpn, as observe in the

yellowish discoloration and the membrane brittlenes
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It is expected that this photo-degradation can noouthe membrane surface,
which directly affects the interfacial area of #lectrolyte membrane and the catalyst
and subsequently the lowering in the PEMFC perfoicea The next step is the
membrane treatments by chemical cleans and VUMiati@ns. The photon fluences
for the VUV irradiations are assigned to have addehe fluences which cover the
threshold fluence. The threshold fluence is catedlafrom the cylindrical water
channels model of Nafion presented by Klaus g&i08).

In addition to verify the surface alteration afiteadiations, mass spectrometry
has been used to display the molecular fragmentagon the VUV irradiation, zero-
order synchrotron irradiation and Asputtering. The surface effect of Asputtering
and VUV irradiation are compared with the mass 8patetry results. The mass
spectra show that the Asputtering has an excessive effect on the memimariace
compared to each other. In contrast, the ionsantem with the membrane is very
large. This means that the ion beam induces arregly high-density excitation as
shown in the AFM images and the mass spectrometry.

The molecular fragmentations induced by Aputtering contain the CF, €F
and Ck fragments, which are extracted from the main camepts of the Nafion
backbones and also contain $50from the Nafion side chains. Consequently, the
membranes suffer from the chain scission and tleicteon of the mechanical
strength. Thus, using Abombardment is an inappropriate technique forstiréace
modification of the degraded Nafion. On the othandh the mass spectra induced by
the VUV irradiation show the different surface etfeUnlike the Af sputtering, the

VUV irradiation behaves a mildly surface modificatifor the Nafion.
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Only minute Nafion fragments have been detectedinduthe VUV
irradiations, implying that the backbone chaindNafion have not been cleaved after
irradiations. For this reason, the mechanical stinecof the membrane has not been
reduced in this irradiation. Moreover, the surfat®afion has only been modified by
VUV irradiations without any chain scission in tphelymer. The effective effect of
the VUV irradiations is supposed to be the striatanodification in the membrane
surface. This effect involves the change of thetedehemical reaction rate at the
interface between the electrolyte membrane andcttalyst. However, the bulk
structure of Nafion should be verified before thef@ce characterization.

Interestingly, the shift of the ionomer peak of theglrated membrane toward
lower scattering vector indicates that the ionigragation of the irradiated membrane
is expanded. The degree of expansion of the indliimembrane eventually is higher
than that of the non-irradiated membrahlee expansion offers the possibility to build
up the interconnecting water channels. This phemomes a significant factor for
understanding the PEMFC improvement because thé& iemrpansion strongly
depends on the ability to swollen water and ina@aaghe water channel connection
in the membrane, resulting in the increase in thmetom conductivity of the
membrane.

Although the proton conductivity depends on the aadwanels ionic
aggregation inside the membrane, the modificatioth® surface structure bears high
PEMFC performance because the fuel cell electrosta@meactions take place at the
surface boundary of the electrolyte membrane aedc#talyst electrodes. Therefore
this thesis focuses on the surface changes of #ii@eMNmembranes after irradiations

rather than the bulk membranes.
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In order to examine the membranes ability afteadiations, the PEMFC
performance test station has been conducted. TiMFEEperformance, which is
expressed in terms of the fuel cell polarizationveuJ-V), shows that both one-side
and two-side VUV irradiations exhibit high curredensity with the irradiation
fluences. This result also shows the enhancemetitecoPEMFC performance when
using the irradiated membranes.

By using the two-side irradiated membrane takemh wie fluence of 2410
photons/crf, the PEMFC possesses the maximum power dens2g (@/cnf). By
comparing with the non-irradiated and the one-gidaliated membranes at the same
current density (0.2 A/cfly, the power density of the two-side irradiated rbeame
increases ~ 47% compared to the power densityeohém-irradiated membrane and
13% higher than that of the one-side irradiatiohergfore, the higher power density
of the two-side irradiated membrane confirms thHz surface of the degraded
membrane has been modified by the VUV irradiations.

The possible effects in the surface modificatioe #ne fluorine removal
and/or the elimination of the surface contaminasush as C=0 and C-H bonds,
which may deposit on the membrane in the photoaiad reaction. Eliminating the
surface degraded components has led to the enhant@mthe proton conductivity.
This process is possibly called the VUV surfacecieg process. Although the UV
irradiations have been largely applied in the r@oia chemistry, the membrane
surface modification by VUV irradiations in UHV ggens is an unprecedented
method. Alternatively, the mass spectrometry ankSAtudies have been confirmed

the gently surface effects to the membrane aftadiations.
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As of now, the surface electronic structures of ithediated membrane have
been characterized by means of the PES. From astatlje synchrotron source, the
evolution of the surface state in the valence baladtronic structure of the degraded
membranes during VUV irradiations can be charaoteri The PES results show the
dramatic decrease of theyFspectra and the generation of the new peak near th
Fermi level with higher fluences irradiations.

This peak is assigned to be the carbon double Womdation (C=C). The
appearance of the C=C bond indicates the reductidhe fluorine concentration in
the Nafion backbones during VUV irradiations. Adulially, it is suggested that the
C-C bond in the membrane transforms to the C=C l@obhbnd without any chain
scissions as occur in other severe modificationshrigue such as the ion
bombardments, gamma and the zero-order synchrotezhations. In vacuum, on the
other hand, no reactive atoms such as oxygen orobggd associate the fluorine
vacancy sites after fluorine removal. Therefore, itiain chains of the polymer have
not been broken after the VUV irradiations. The matructural change in the
irradiated membrane is indeed the fluorine remotta, elimination of the surface
contaminants and the C=C double bonds. These sestdtcompared with the DFT
calculations.

Moreover, the subsequently modification is the s&féect of the chain
transformation from the C-C bonds to the C=C bomsich is the stable bonds
formation and the reactive species cannot actitatais stable form. This mean the
polymer have the stable form after VUV irradiatioasd directly results in the

improvement of the membrane mechanical stability.
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Interestingly, the binding energy of the double d®Mmormation shifts toward
lower binding energy region with the irradiatiorudhces. This structural change
indicates the increment of the membrane metalli@iat and Gebel, 2008 and Choi
et al., 2000). Due to the high surface metalliafythe modified membranes, it turn
out that increasing in the metallicity results Ire tcapability to contain more the Pt
catalyst on the membrane surface. However, thiagmenon still not being clear and
needs some further researches.

Consequently, the VUV irradiation of the degradednmbranes is an
appropriated method for the improvement of theaaefof the membrane. Because
the hydrogen oxidation reaction and the oxygen ctdu reaction in the fuel cell
operation take place at the interface between aotrede and an electrolyte, the
improvement in the membrane-electrodes interfada, the membrane surface
modifications, plays a crucial rule for increasthg electrochemical reaction and also
improves the performance in PEMFC.

For the degraded Nafion membrane, the VUV irradraihave an effect to the
surface by changing the surface state and consttguesult in the elimination of the
membrane contaminants from the photo-degradatiochamesms. Finally, this thesis
summarize that the degraded Nafion surface candubfied by the VUV synchrotron
irradiations in the UHV system. This synchrotroradiation technique suggests an
avenue for the improvement of the performance eREMFC and also for the future

energy developments.
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Figure A.1 VUV irradiation chamber (center): The system isnstoucted
separately at 43 cm far from the main ARPES chan(leéirhand side). Due to the
water remaining in the Nafion membranes, loadirggrttembrane into the irradiation
chamber cause to increase in the pressure. Thuy remuum pumps (two turbo
molecular pumps, one ion pump and one scroll puamp)xonnected to the irradiation
chamber in order to increase pumping speed. The fr@ssure of the chamber which

contains one Nafion membrane is down-ta0’ mbar.

At the Beamline-4 (BL4), the VUV irradiations areerfprmed at the
irradiation chamber which placed at the distance#3away from the center of the
ARPES chamber as shown in Figure A.1. At this pmsjtthe synchrotron beam size

is larger than the beam size at the ARPES chamber.



151

Table A.1. The beam sizes at the BL

ARPES chamber Irradiation chamb
Horizonta Vertical Horizontal Vertical
FWHM 0.06( 0.024 0.105 0.080
Full-size 0.141 0.056 0.247 0.188
Beam

Figure A.2 The irradiated area expansion in horizontal dicectt the irradiatiol

chamber.

The beam sizes at these two chambers are calculgiad the ray tracin
program named ShadowVUI. The resulting beam simeswammarized in Table A.

Because the active area of the MEAs is equax1 cn?, these irradiated are
is not enough to cover the aspiring active areavéd@r, the irradiated area can
expanded by tilting the sample horizontally as degal in Figure A.2, and scanni
the sample vertically all over the range of 1

From this Fgure, the tiledangle can easily be obtain via the basic geon

1.05%2.35

— i1
0 = sin ( n

) = 14.4° . (A.1)
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Figure A.2 Photon probe for the beam position specificatiohe Tiop of this
device connected with the tiny tungsten wire. Bgrsting the wire vertically (up and
down), the current output intensity responds to phetoelectrons can be used to

specify the initial beam position for the Nafion VUrradiations.

Note that the multiplying quantity 2.35 is necegdartransform the beam size
representation from the full width at half maximyfWHM) to the full size of the
beam. Additionally, because the irradiation is perfed in the UV radiation, the
beam exhibits invisible to observe by the humanseyiis problem results in the
difficulty to trace the beam during irradiation fitve vertical scan.

Therefore, the photon probe is constructed to $pdbie initial scanning

position of the VUV irradiations. This device isostm in Figure A.2.
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Figure A.3 The photoelectron current obtained by the photoybe within the

irradiation chamber.

Figure A.4 VUV sample holder: To reduce the vacuum prepanatithe holder is
designed to be capable to holding three samplesiae loading time. Moreover, the

holder can rotate around its vertical axis to pevihe two-side irradiations.
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This initial position is obtained by checking thibgpoelectron current of the
probe as shown in Figure A.3. The high photoelecitarrent causes to the high
irradiation effect. And subsequently, the initi@asning position of the membrane
can be specified.

After the initial irradiation position has been siiied, the photon probe is
moved down to the lower part of the chamber. Anel shmple holder (shown in
Figure A.4) at the top of the chamber is moved ddwrthe initial position. The
holder made from two aluminum sheets that can edd&0° around its vertical axis.

The rotatable holder is design for two-side irréidiass.
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Due to the adjustable photon energy of the synobmolight, the electronic
structural changes of the Nafion with different fr energies can easily be
examined. Although the PES experiments were takethe BL4 which have low
photoelectron intensity, these PES results have lbeed relatively to examine the
relative surface chemical evolution of the degratliedion membranes with various
photon energies. Since the grating #1 at the Blo#iges the energy range from 40 to
200 eV. However, due to low intensity at high pmoenergy of the monochromator
system in the BL4 the PES spectra at the photomggnbeyond 160 eV are
unobtainable. Thus, the PES spectra of Nafion eddiy the photon energies (at the
1% 10" and 28' scans) of 40, 80, 120 and 160 eV are shown inrégB.1a., B.1b.,
B.1c., B.1d., and B.1e., respectively. Note thatRES results are demonstrated after

the sample charging correction.

40 eV

scan #20

_scan #10

S ~e~——

S

Normalized intensity (a. u.)
N
s

Binding energy (eV)
Figure B.1la PES spectra of Nafion excited by the photon enegy0 eV: At

higher fluences (in terms of the number of scamg, dpectra is broadened due to the

generation of the new C=C peak as observe in ttf&dpectra of 100 eV.
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Figure B.1b PES spectra of Nafion excited by the photon en&fg$0 eV: The

major change of thes spectra is the decrease @iuttrene-containing peaks.

1 scan #1

_
=}
<
< | scan #20
>
=
[
3 scan #10 f
"\,
E i A AN V/«//\/ WAy
MmNV Mnn ! '
'8 TV A MY A
N
©
IS
=
o
b

40 30 20 10 0
Binding energy (eV)

Figure B.1c PES spectra of Nafion excited by the photon enefg$20 eV: The

peak intensity decrease faster than the PES pe eV.
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Figure B.1d PES spectra of Nafion excited by the photon enefg¥60 eV: The

signal to noise ratio is higher than the resultseobed in lower excitation energies.

These PES results conclude that the fluorine intteniecrease rapidly with
increase the irradiation times (and also relatethéophoton fluence). Although the
photon fluence depends on the photon flux (whicplicitly depends on the photon
energy), the PES spectra of all excited energiesvdine dramatic decrease in the
fluorine and the contaminant species such as C&HG®, which have the binding
energy near the;k as shown in Figure B.2.

Consequently, whatever photon energy use in the lAE&urement and the
VUV irradiations, the surface state changes ofrti@nbrane have significantly been

observed.
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PES of Nafion with the different excitation energies

1 ”’/‘/V‘f“W\’\VNW P A

\\\;%0 eV

Normalized intensity (a. u.)

160 eV

Binding energy (eV)

Figure B.2 Comparison of the PES spectra using 40, 80, 12D 1860 photon

energy at the BL4: The spectra are taken at tHe <2f@an. Note that although the
irradiation time of these spectra are similar, rtipdioton fluences are different. These
results indicate the decrease only in the intengiiyn various photon energies in the
range of VUV radiation. The structural evolution tfe membrane should be
described in term of the photon fluence as showheénPES experiments in Chapter

V.
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After VUV irradiations, the membranes are then satgd to the single

PEMFC performance test station. The methods op#drormance test are shown in

2
-

the following Figures

Figure C.1  Fuel cell gas diffusion electrodes (GDEs): The GBd&nposes of
0.4mg/cnf of Pt catalyst depositing on the carbon cloth. GREs are cut to have the

area of X1 cnf.

Figure C.2 Membrane electrode assembly preparations: (ajl@nto increase the
electrochemical reaction at the interface of themim@ne and the electrodes, the
GDEs have been coated with 5% wt of Nafion soluti@) The coated GDEs are
heated with 70°C for 1hr. within the oven. (d) Thembranes and electrodes are then

subjected into the membrane electrode assemblytbpriessing apparatus.
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Figure C.3 Completed MEA after hot-pressing process with teenperature
130°C for 90 sec and the pressure of 1000 psig pil@ssure is approximately in the

range of the pressure in the natural gas pipe(i8@3-1000 psig.).

Figure C.4 The MEAs are then installed in the single PEM faell system as
shown. The MEA is placed at the middle of the fuel. (a) and (b). A single unit of
the fuel cell consists of two graphite flow-fieldages conducting plates which
covered by the current collector plates. Moreovke silicone gaskets have been
placed between the MEA and the conducting platesrder to electrically separate
the fuel cell cathode and anode. Theard Q pass through the gases channel in the
conducting plate to the carbon cloth of the MEA dndld up the electrochemical

reactions at the membrane-catalyst-gas interface.
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Figure C.5 (a) and (b) the single fuel cell has been brougtd the test system.

The system contains an electronic loader, gas ftmmtroller, humidifier and

computer control unit. The controls unit has fuoctio control the gas flow-rate and
also controls the fuel cell electric loader. (c) &ihconnected, the first fuel cell
exhibits the open circuit voltage (OCV) without aelectric loads. (d) In-house
computer software provided by Thailand Center otdience in Physics (ThEP)
displays the PEM fuel cell during the bake-in opieraat the current load of 0.06 A.
This method is used for warm-up the fuel cell tacte to the steady state before
measurement. For 1 énfuel cell active area, it requires the baking tifr& h. The

steady state of the fuel cell is supposed to bestae that the voltage output of the

fuel cell does not change significantly with theipg time.
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Table D.1 Nafion properties, all values taken with membranaditioned at 23°C,
50% relative humidity (RH). (MD - machine directiomD - transverse direction

(Odgaard, 2007).

Membrane types Typical thickness am)
N-111 25
N-112 51
NE-1135 89
N-115 127
N-117 183

Other properties

Conductivity (S/cm) 0.083
Acid Capacity (meq/g) 0.89
Specific Gravity 1.98
Tensile Strength, max. (Mpa) 43 in MD, 32in TD
Tear Resistance - Initial (g/mm) 6000 in MD, TD

According to the classification of the perfluoropmler membranes provided
by DuPont", Nafion was prepared by an extrusion-cast membraarufacturing
process. Since then DuPont has been active in a@wgl the membrane’s
performance by varying the equivalent weight (EWiy @hickness. Note that the
equivalent weight is a term which has been usegkureral contexts in chemistry. In
polymer chemistry the EW of a reactive polymerhs tass of polymer which has
one equivalent of reactivity (the mass of polymédrich corresponds to one mole of
reactive side-chain groups or grams polymer/moléosic acid). The EW of the
Nafion membrane is directly related to the ion-exule capacity (IEC) and is defined

as the molar mass of the polymer per sulfonic goodip.
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EW = — (D1)

To date, the Nafion membranes are manufacturedundvailable in different
EW in the range between 1500 and 800, correspondimgn-exchange capacities in
the range 0.6-1.25 meq/g; the thickness is indnge 25-25@m.

The coding in this type of polymers is determingdtbe first two digits,
which give the equivalent weight divided by 100,dathe last digit giving its
thickness in ml (1 mil = 25.4um) in the dry state. Nafion 117 membrane, for
example, employs the polymer with equivalent weigiht 100 and has a thickness of
7 mils (= 183um). Nafion membranes employing polymer with EW 6Q%re lised
in Table D.1. 1100 equivalent weight Nafion is lay the most commonly used, and
unless otherwise specified the use of the termddaivill refer to 1100 equivalent
weight Nafion. These membranes are widely used BEMIPCs due to their high
proton conductivity and moderate swelling in wgtdauritz and Moore, 2004).

Table D.1 also show their physical properties. Teest common membranes
used today in HPEMFC is the thinnest Nafion 112 and 111, and defil7 is most

preferred for membrane DMFC.
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Nafion, a polymer electrolyte membrane of a fuel cell, can be modified by low energy Art beam bombard-
ment to increase its interfacial area with a catalyst. Recent experiments indicated that the sputtered sulfonate
could lead to a decrease of hydrophilicity of Nafion when bombarded by a low energy Ar™ beam. To investi-
gate the surface modification at the atomic level, molecular dynamic (MD) simulations and experiment were
carried out. The effects of Ar* at 0.5-3.0 keV, and doses in the range of 10'%-10"* ions cm 2 on the damage
of the Nafion surface after bambardment were deduced fram the simularions. This was assessed through both
the chemical and physical changes of the Nafion side chain. The potential dissociation of the C-S bond after
bombardment was analyzed in terms of the elongated bond population. The percentage of the extended
€-5 bond in the system was calculated to determine the possibility of sulfonate sputtering. Real-time determi-
nation of the amount of molecular species defragged under Art ion bombardment by quadrupole mass
spectroscopy {QMS) was used. The percentage of the amount of potentally broken C-S bonds after bombard-
ment derived from MD simulations was found in a correlation with sputtering of SOs fragments obrained
from the experiments. The calculated results confirm the thresholds at 2.0 keV as observed in experiment.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Many of today's energy sources, including oil, natural gas, and
coal, are extremely limited in supply. An alternative source of energy,
from fuel cell energy, produces reliable power for commercial and in-
dustrial use with higher efficiency and virtually no pollution. The re-
search into fuel cell developments has been focused on the efficiency
of polymer electrolyte membranes (PEM) in increasing electricity
production efficiency and reducing the cost of PEM fuel cells. The
direction of research is not only on the development of alternative
low-cost PEM [1-4], but also on the improvement of commercial
PEM and Nafion, with the optimum chemical and physical properties.

The Nafion membrane has been modified by several approaches.
The improvement of stabilized membranes at high temperatures

* Corresponding author at: Computational Simulation and Modeling Laboratory
(CSML}, Department of Chemistry and Center for Innovation in Chemistry, Faculty of
Science, Chiang Mai University, Chiang Mai 50200, Thailand.

E-mail address: piyaram@gmail.com (P. Nimmanpipug).

0257-8972/8 - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2012.02.051

was introduced to improve fuel cell durability and reliability [5,6].
To reduce costs of PEM fuel cells with low platinum catalyst loading
and alternative catalysts have been developed [7-10]. Furthermore,
the modification of the Nafion membrane surface by experimental ion
beam bombard ment results in an increase in the interface of the catalyst
and electrode area. Cho et al. [11] and Prasanna et al. [12] studied Ar™
ion beam bombardment on the surface of a Nafion membrane in
order to increase the effective area of the catalyst/electrolyte interface
[11] and to reduce the Ptloadings for the electrodes [12]. The roughness
and hydrophobicity of the Nafion® 115 membrane surface were found
to significantly increase while the proton conductivity of the membrane
was not affected by bombardment with Ar* ions (between 10'> and
10'7 ions cm™ 2 at 1 keV). The membrane bombarded with an ion den-
sity dose of 10"® ions cm~?at 1 keV exhibited the maximum ion energy
density. Beyond the optimum ion energy and dose, the fuel cell perfor-
mance decreased probably due to the loss of catalyst powders buried in
the deep fissures on the membrane surface.

To simulate surface change from ion bombardment at a high ener-
gy range, Fekete et al. [13] modeled the effects of ion implantation
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into Nafion, using TRIM module of the SRIM program [13]. In this vi-
sual study, a selected series of the positive ions with energies of 20-
320 keV, was used to bombard the target polymer. They found that
the ion energies of 100-200 keV can affect the outer 0.5-3 pm of the
surface layer. The depth of the implanted ions in Nafion increases as
the ion energies increased. Additionally, the collisions between ions
and polymer moiety can alter the permeability of the Nafion membrane.

Atomistic simulation as molecular dynamic (MD) simulation of-
fers another choice for investigating the molecular changes of this
phenomenon since MD simulation involves with the numerical solu-
tions of the classical equations of motion. This computational method
can help in the understanding of the properties of molecules, in terms
of structure and the microscopic interactions [14,15]. Thus, it is neces-
sary to study of the interactions between impacted ions and target
polymers. The MD simulation technique can applies for the studies
of the modification of synthetic and natural polymers by atom/ion
bombardment [16-18). Végh et al. [16] reported that the MD results
by repeated impact in order to mimic higher ion doses can exhibit a
formation of a heavily cross-linked and dehydrogenated damaged
layer of polystyrene model. Also, sputtering yield of carbon after
bombardment analyzed in terms of the ratic of carbon per Ar™ is con-
sistent with the observed experiment. Sinnott et al. [17] studied of the
MD simulations of modification of poly(methyl methacrylate) or
PMMA surface by 1 keV Ar atom bombardment. They indicated that
the deposition of Ar atoms on PMMA produces chemical changes
within the PMMA substrate and etches the surface. In Ref. [18], the
low energy ion bombardment on naked DNA was studied using MD
simulations. They proposed a useful technique for analysis of bond-
breaking occurring in nucleotides. Also, changes in bond lengths
and visibly distorted structures of bombarded nucleotides were clear-
ly observed from the MDD} results.

In this study an atternpt has been made to darify the effects of ion im-
plantation into the Nafion membrane on propetties of bembarded Nafion.
To study the theoretical account of the ion bombardment on the Nafion
surface, at correlated low ion energy and ion doses reported by Cho et
al. [11] and Prasanna et al. [12], MD simulations of Art bombardment
on Nafion were investigated in the present study. A concrete explanation
of the ion bombardment on medified Nafion will be considered here, The
chemical and physical changes on the Nafion surface, resulting from the
bombardment, will be compared with the experimental data in order to
increase understanding into the effects of this treatment. The understand-
ing of this microscopic phenomenon will help with the design of the fuel
cell membranes using a molecular level perception.

2. Methodology
2.1. Preparation of the Nafion madel

The optimized structure of the Nafion side chain (CF30CF,CF(CF3)
OCF,CF,505; Fig. 1} was taken from previous works [19,20]. The

building unit was used to construct a Nafion model for MD simula-
tion. The Nafion model consists of 1024 side chains confined in a
monoclinic MD box (Fig. 1). The total number of atoms in the simula-
tion cell is 5224 atoms. The position of the side chains in the MD box
was introduced based on the X-ray crystallographic data for trifluor-
omethanesulfonic monohydrate [21].

The energy structure of the model was minimized until the
gradients were lower than 0.005 kcal/mol ~!. The optimized Nafion
model was used for subsequent MD simulations. The NPT ensemble
which a number of particles, pressure and temperature were kept
constant in the simulation was applied to the equilibration process
of the system using Materials studio (MS) versicn 4.4 program
package [22]. The COMPASS force field, a powerful force field that
supports atomistic simulations of polymers, was used for all calcula-
tions [23,24]. The potential function of COMPASS force field was
shown in Eq. ¢ [24].

Bt = Ly [kalb=D,)" + ks (b—bo)’ + ka(b—b0)]
+Z [kaf6—60)” +K5(0—60)" + ka(6—885)]
+ % [kl(l —cose) +k(1—cos2¢) + kg (1— cosBd:]]
+Th e+ E k(b—by){b' —bo) + % k(b—by) (0—80)
+§(b—bo)[k|cos¢+k2 6052¢+k3c053¢] 1
+ % (8—65) [kl 05 + Ky COS26b + Kz COS 3¢}
+ T KE—00)6—80) + 32 k6—60)(6'~60) o3

a &
949 10 ry0

8, e ST, M { e L R 1 G i I
% Ty 7§ “[ (fﬁ Fy

The functions are divided into two categories, bonded and non-
bonded terms. Bond (b), angle (8), torsion angle (¢), and the cross-
coupling terms include combinations of two or three internal coordi-
nates are represented for bonded term. The 1J-9-6 function used for
the van der Waals (vdW) term and a Coulombic function used for
an electrostatic interaction are represented for nonbonded interac-
tion term.

The MD time step was set at 1.0 fs, the pressure was set at 1.0 bar,
and the target temperature was set at 298 K. The temperature of the
whole system was gradually increased to the target temperature, in
the first 60 ps, using Berendsen algorithm [25]. This was further per-
formed at 298 K for 440 ps, and the last structure was kept for ion
bombardment simulations. The dimensions of equilibrated Nafion
model were 80x60x 75 A3 with a density of 204g cm ™3 (Fig. 1),
corresponding to the value observed for Nafion® 115 commercial
data by the DuPont company.

75;\ »

60 A

i % i v

A 4

80A

Fig. 1. Structure of Nafion side chain (left) and MD box of Nafion model (right).
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2.2. MD simulations of ion borbardment on Nafion model

Two sets of MD simulations of the Ar* ion bombardment on the
Nafion model were carried. These aimed to investigate the effect of
the initial kinetic energy (KE) of the Ar™ ions; and the effect of the
Ar* ion dose on the bombarded Nafion. In the first set, six of MD sim-
ulations using canonical (NVT} ensemble with constant number of
particles, volume, and temperature were performed at 353 K and
each case study was repeated for three times to obtain a statistical av-
erage of the depths of implanted Ar* ions within the Nafion model.
The initial KE of the Ar* ions was assigned at 0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0 keV, by varying the initial velocities of the Ar* ions, as com-
puted from a typical kinetic energy function. The ion dose of
1% 10" ions cm ™~ corresponded to 45 Ar™ ions in the simulated sys-
tem was used. These then generated Ar* ion beam were projected
along the x-axis of the Nafion model, as shown in Fig. 2. All ion bom-
bardments were performed at normal incidence but at random posi-
tions of the surface. In this study, non-periodic simulation was
employed to investigate non-uniform ion bombardment scenario. In
order to examine the effect of the ion dose in the bombardment on
the Nafion, in correlation with experiments [11,12], the Ar* ions
should be varied from 1x10™ to 1x10" ionscm™? with a KE of
1 keV. From the simulation, the bombardment using 45 Ar™t shows
strong inter-ion Ar ion-ion interaction during projection. In this
study, Nafion model surface was generated with exposed area dimen-
sion of 6075 A2 To avoid the edge effects of boundary potential and
geometry in the simulation, the ion bombardment was limited to the
central area away from the cell edge. The initial coordinates of Ar* in
each simulation were randomly generated with their projection to
the surface in a distance of 18-25 A from the center. To impose the
doses of 10"-10"7 ions cm ™2, 45-4500 ion impacts should be simu-
lated. However, from the simulation, the bombardment using 45 Ar™
shows strong Ar ion-ion interaction during projection. Consequently,
successive simulations were conducted to mimic the experimental
study. For examples, to study of ion dose of 5x 10" ions cm ™2, five
successive simulations were conducted by using 45 Ar™ in each sim-
ulation. In each dose of the Ar+ ions, the NVT-MD simulations were
performed at 353 K, which is the working condition of a fuel cell.
Each simulation was repeated three times to eliminate bias in the cal-
culations. All bombardment simulations were performed with 1fs
time step, and, the simulation time for one ion impact trajectory
was 1 ps.

2.3. Experimental study of the Ar* ion bembardment on Nafion

The investigations of Ar™ ion bombardment on Nafion mem-
branes were carried out in a sample preparaticn chamber of a photo-
emission experimental station of the beamline 3.2a at the
Synchrotron Light Research Institute. Smaller pieces (0.5x0.5 cm?)
of Nafion® 115 membranes were used for this work. The samples
were chemically treated in 2 wt.% H,0, solution at 80 °C for 60 min
to remove organic impurities, then rinsed with de-ionized water at
80 °C for 60 min, followed by sulfonation in 10 wt.% H,S0, at 80 °C

for 60 min to remove metallic impurities and to increase the sulfonic
acid group, and finally in de-ionized water at 80 °C for 60 min to re-
move the acid. The membranes were dried under vacuum at room
temperature for over 2 days before intreducing the samples into the
sample preparation chamber, via the load-lock systems to prevent
breaking UHV condition. It should be noted that the base pressure
of the preparation chamber was 2 107 '° Torr, however due to the
high out gassing rate of the membranes, the vacuum pressure rose
up to about 1x10~2 Tarr.

A cold cathode ion sputter gun was used to generate the ion bom-
bardment. To praduce Ar* ions, pure Ar gas was let in to the ion sput-
ter gun, raising the vacuum pressure up to about 2 x 10~ 5 Torr. The
energy of the ion was varied from 0.5 keV to 3.0 keV, and the flux of
the bombarding ions was measured using a Faraday cup located adja-
cent to the membrane sample. Quadrupole mass spectrometry (QMS)
was used for real-time determination of the amount of molecular spe-
cies that were defragged by ion bombardment.

3. Results and discussions
3.1. Effects on energies/doses of Ar* ions on Nafion surface

From previcus experiments [11,12], the effects of Ar* bombard-
ment on Nafion membrane were analyzed by studying the morphol-
ogy, roughness and hydrophobicity of the surface. To investigate
material characteristics at the atomistic level, the Nafion model after
bormbardment simulations was characterized in terms of damage pro-
file and the implanted Ar* ion depth. The long-range modification of
molecular arrangement in Nafion models with six different values of
initial KE of Ar* bombarded on Nafion was considered as shown in
Fig. 3. The ion implantation depth varies with the ion's initial KE.
The Ar™ ions are randomly trapped in the Nafion structure.

Generally, the traditional force fields cannot describe the bond for-
mation and dissociation of covalent bonds distinctly during the simu-
lation since it does not explain the behavior of electrons in atom.
Although, the reactive empirical function such as a AIREBO potential
proposed in Ref. [17] can allows for that of hydrocarbon. However,
the traditional force field has been proven that it can be used to de-
scribe the change of covalent bonds in simulation technique using
the equilibrium bond distances [18]. Thus in this work, instead of
using reactive empirical function, bond breaking criteria were pro-
posed and statistical analysis was performed to correlate the analysis
with experimental evident. The dynamics of bombarded chains are
distinctly different from the bulls region. The collisions result in a
change of the surface structure which increases surface roughness
and area. Material surface damage occurring within the Nafion
model has an irregular shape with different sizes and depths along
the x-axis of the Nafion. Penetration depths of Ar* in the Nafion
model, with respect to initial KE values, are shown in Fig. 4. The
distances were measured from material surface to the maximum
Ar*-trapped position.

It is clear that the size and depth of the surface damage, as well as
implantation depth of Ar* in the Nafion madel, are in proportion to

Fig. 2. Model of Ar* ion bombardment on Nafion model viewed along XY plane and YZ plane.
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KE = 0.5 keV
KE = 1.5 keV

KE = 2.5 keV

KE = 1.0 keV

KE = 2.0 keV

KE = 3.0 keV

Fig. 3. The surface damage and Ar* implantation within the Nafion model after Ar* bormbardment at different KEs in YZ plane (left) and XY plana (right) at 1x 10" ions em~2

the initial KE value of the Ar* ions. These MD results correspond with
the MC results observed by Felkete et al. [13] in which increasing the
KE of bombarded ions increased the damage depth on the Nafion
and the depth of irnplanted Ar™ ions. This is reasonable since the col-
lision of high KE particles on the target is more forceful than that of a
low KE.

The morphology of the bombarded Nafion surface of each
model, viewed along YZ plane, shows that surface area of the dam-
age cavity was extended as the Ar™ ion dose increased (Fig. 5). The
depth of damage cavity within the Nafion model, viewed along XY
plane, shows that the damage cavity was also deeper into the
Nafion model as of the Ar™ ion dose increased. The influence of
ion dose on the surface modification is higher than the influence
of ion energy. These results may have occurred as the Ar™ ion
dose density was increased and the number of times the Ar*
beams directly struck the central area of Nafion model. This also in-
creases the depth of the implanted Ar™ ions in the Nafion model.
The results obtained from this study are consistent with the rough-
ness profile of the bombarded Nafion determined from surface
images [11].
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Fig. 4. Depths of Ar* implantation within the Nafion model after Ar* bombardment at
different KEs at 1x10™ ions cm™2 Standard error and deviation was obtained from

three repetitions of dynamic simulations.

32, Effect of Ar* ion bombardment on hydrophobicity of Nafion

Hydrophobicity of the bombarded Nafion was previously investi-
gated by determining the water contact angle [11,12]. This is an im-
portant property of Nafion since a hydrophobic surface can reduce
the water content absorbed in the modified Nafion, while the proton
conductivity of all membrane was almost constant [11]. In this study,

Dose = 1x10' jons cm?

Dose = 5x10 ions cm-2

Dose = 1x10'3 jons cm2

Fig. 5. The surface damage and Ar* implantation within the Nafion model after Ar*
bombardment at three different doses at energy of 1 keV in YZ plane (left) and XY
plane (right).
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the hydrophobicity of the bombarded Nafion was examined using
505 sputtering from the Nafion surface. Since the polar SO5 group
of the Nafion side chain can strongly bind with water molecules, it
therefore adsorbs the water molecules within the Nafion.

Basically, the bond-breaking of a covalent bond can occurs if it is
significantly elongate from the equilibrium distance [18]. Therefore,
the potentially breakable C-S bond of the Nafion was used as a crite-
rion for analysis of the SO5 sputtering. In this work, the sputtering
rate of SO3 fragment was calculated from sampling 10 side chains
in each of bombarded and unbombarded Nafion madel to analyze
the fluctuation of C- 3§ bond distances. In simulation time of 1 ps,
the motion of Ar* reaches a steady state which implies all ion energy
deposition on the surface. Structural data of the bombarded side
chain located in the damage cavity, and unbombarded side chains
were collected every 0.05 ps until reach into 1.00 ps for analysis
(Table 1). Ten Nafion side chains of sampling were chosen from ex-
posed part (10 A from the surface} of the model. In other words, 10
chains are sampling of totally 128 side chains which is equal to 7.81
percentage of surface. The mean values of the C-S bond distances
of unbombarded and bombarded side chains are 1.82 and 1.92 A,
respectively.

The fluctuation of C- S bond distances was analyzed in terms of
standard deviation (5D). The SD value of 0.12 A was found in unbom-
barded side chains while a higher value of 0.30 A was found in bom-
barded side chains. The potentially broken C-$ bond in the model
was numbered in two alternative ways to ensure and validate the re-
sults. One was in terms of the percentage of the amount of C- S bond
with an average distance higher than 2.22 A (1.92 4+ 0.30 =2.22). The
other is the percentage of the amount of C-§ bonds that have an SD
value higher than 0.30 A, Additionally, the breaking of the C- S band
can observes from the relative C- 5 bond energies profile computed
from the COMPASS force field as shown in Fig. 6(c). It is obvious
that the relative C-5 bond energies are very much higher than the
minimum (ca. 27 keal mol™!) as the €S bond distances are larger
than 2.22 A, leading to the disscciation of the C-5 bond. The number

Table 1
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of C-5 bond with distance longer than 2.25 A was also analyzed in
Fig. 6(d). The results of both criteria show similar tendency. In addi-
tion, interestingly, the use of C-S bond breaking criteria in our
study; 2.22 and 2.25 A, is essentially the same as C-§ distance of its
transition state calculated by density functional theory reported by
Venuvanalingam et al. [26].

The results can imply that the Ar* ion bombardment on Nafion
can cause increased hydrophobicity of Nafion as reported by Cho et
al. [11] and Prasanna et al. [12]. The sputtering rate of SO7 fragments
was examined from six MD simulations with a varied initial KE of Ar™*
ions ranging from 0.5 to 3.0 keV. These theoretical data were com-
pared with experimental data derived from mass spectrometry. The
sputtering rates of the SO3 fragment obtained from the experiment
and computation are shown in Fig. 6. The percentage of the amount
of potentially broken C-5 bends after bombardment was derived
from MD simulations and sputtering of 505 fragments obtained
from experimental data showed the same trends. The sputtering
rate increased as the initial KE of Ar* ions increased. In addition,
the calculated results confirm the thresholds at 2.0 keV as observed
in experiment. Although the sputtering rate calculated from each
MO result is higher than that observed from the experiment, the sput-
tering rate of SO; computed from this work can still be used to de-
scribe the effect of initial KE of Ar™ ions on the sputtering rate of
507 fragments of Nafion. The different values of sputtering rates de-
rived from simulations and the experiment explain that the percent-
age of the amount of potentially brolcen C— 5 bonds is computed from
damage side chains in the specific damage zone. On the other hand,
the experimental sputtering rate was measured from the amount of
damage fragments that were sputtered out of a sample in both the
overall bambarded and unbombarded regions. Moreaver, in the sim-
ulations, all Ar™ ions were forced to directly strike the Nafion model
with the same initial KE for all Ar™ ions; while the experimental
Art ions generated from an lon source can move in all possible
directions, depending on the repulsion forces, before they hit the
specimen.

Fluctuation of the C-§ bond distance in bombarded and unbombarded Nafion side chain analysis from trajectory of systems during simulation time of 1ps at 1 keV,

1x 10" jons cm ™2 and number of chains.

C-5 bond distance of unbombarded Nafion side chain (A)

C-5 bond distance of bombarded Nafion side chain (A)

Side chain no. 1 2 3 4 5 6 7 8 i 10 1 2 3 4 5 13 7 8 9 10
time (ps)

0.00 180 204 201 175 201 178 161 168 172 191 167 203 164 179 183 165 189 167 208 217
0.05 184 168 156 18 169 167 177 185 165 163 160 147 175 160 220 163 169 152 163 203
010 181 203 212 201 202 182 166 160 190 187 266 187 105 213 187 241 148 187 182 182
015 159 206 182 199 200 176 158 180 167 167 185 202 178 263 278 151 253 209 287 244
0.20 192 182 174 207 183 206 176 155 179 1.66 184 139 204 227 236 251 235 198 153 240
025 165 172 143 183 1586 204 159 1383 196 181 130 138 193 246 221 235 238 259 162 201
030 193 208 169 205 175 192 161 165 184 180 217 215 165 182 190 167 248 247 220 238
035 187 191 211 18 175 174 159 168 185 176 178 215 218 175 275 208 227 254 232 242
0.40 181 179 179 152 184 165 164 161 206 184 163 232 188 219 289 180 201 209 159 263
045 182 177 178 211 187 168 163 165 188 190 158 165 145 227 214 234 177 195 225 2326
0.50 187 176 166 19 182 173 205 159 203 150 171 175 154 197 185 180 1687 252 193 226
055 177 177 209 206 1.84 184 167 162 201 198 204 146 213 205 245 232 3203 169 207 186
0.60 185 164 182 201 187 171 179 156 207 187 149 165 152 188 200 161 157 148 226 188
0.65 172 167 181 208 188 173 174 156 194 186 169 154 224 182 218 172 170 1839 167 178
0.70 187 160 182 201 184 188 180 158 194 1387 176 177 168 19 148 203 145 228 170 190
0.75 179 164 174 203 186 160 171 159 201 189 188 139 200 178 206 198 167 202 200 194
0.80 204 152 182 206 176 172 180 160 195 18 179 165 190 162 184 201 15 179 188 182
0.85 180 167 1.84 201 152 188 1.8 159 205 1.87 170 182 202 171 222 206 158 187 206 138
0.9 182 166 173 207 184 179 172 161 207 1380 175 144 198 137 222 182 156 183 209 134
095 202 162 168 198 191 172 183 170 207 182 175 162 231 208 265 206 148 189 157 170
1.00 180 164 179 211 198 189 183 161 200 1383 166 173 159 158 214 203 165 184 190 206
Mean 185 177 182 200 188 177 172 164 193 184 178 173 186 184 219 197 184 189 198 207
Average of mean 182 192

SD 011 017 018 009 o008 012 012 008 013 009 027 028 025 031 036 028 036 032 031 027
Average of 5D 012 0.30

Maximiim 204 208 212 211 202 206 205 185 207 188 266 232 231 263 289 251 253 259 287 263
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Fig. 6. Comparison of potentially broken C- § bonds after bombardment simulations and sulfonate fragment sputtering observed from experiment. Statistical analysis of potentially
broken C- S bonds based on different criteria (a) 5D value more than 030 Aand (b) distance average plus SD value more than 2.22 A (c) relative C- § bond energies of C—S bond
(d) potentially broken C—§ bond based on C-§ distance elongated more than relative C-5 bond energies.

4. Conclusion

MD simulations and real-time determination of the amount of
molecular species defragged under Ar* ion bombardment by quadru-
pole mass spectroscopy (QMS) were carried out to understand micro-
scopic properties and this information can reveal the chemical and
physical changes of Ar™* initial energy and doses on Nafion modifica-
tion. The variation of Ar™* kinetic energies of 0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0¢V, at a dose of 110" ions cm ™2, was applied to the MD

184
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Fig. 7. Damaged cavity volume of Ar* implantation within the NMafion model after Ar*

bombardment at different KEs at 110" jons em ™2 Standard error and deviation was
obtained from three repetitions of dynamic simulations.

simulation to study the initial energy effect. While the variation of
Art doses of 1x10™, 5x10™, and 1x10" ionscm™2 at 1.0keV
was designed to study the ion dose effect. From the MD simulation
of low energy Ar* beam bombardment on the Nafion side chain clus-
ter model, the Ar* bombardment on the Nafion surface can increase
the surface area determined in term of three dimensional volumne as
shown in Fig. 7. The energy and dose of Ar* affect the surface rough-
ness of the Nafion, and the Ar™ energy potentially breaks the C-5
bond, leading to SO5 sputtering decreasing the hydrophilicity of the
bombarded Nafion. The percentage of potentially C- S bonds broken
in the system for all Ar* energies are in agreement with the experi-
mental SO5 sputtering measured by in-situ mass spectroscopy. As
the higher initial kinetic energy from of Ar* was applied, percentage
of elongated C- 5 bond analysed from MD trajectories increase but
reach a local peak at 2.0 keV, then slightly decline down afterward
confirming the thresholds at 2.0 keV as observed in experiment.
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