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ABSTRACT

Improving the durability and utilization efficiency of the platinum-on-carbon
(Pt/C) catalyst is of vital importance to the commercialization of polymer electrolyte
membrane fuel cells (PEMFC). This body of work provides molecular level insights to
aid the fulfillment of this goal. Task 1 describes the use of molecular dynamics (MD)
simulation in an effort to understand the Pt/C degradation issue from the nano-adhesion
point of view. The roles of catalyst nanoparticle size, shape, Pt/C surface oxidation and
the extent of ionomer film hydration are investigated to study their effects on nano-
particle adhesion. It is found that the adhesion force strengthens as the Pt size goes up.
Nanoparticles of tetrahedral shape exhibit relatively stronger connection with the carbon.
The hydroxylated surface enhances nano-adhesion and epoxidized surface diminishes the
adhesion. The presence of ionomer film strengthens the adhesion. Task 2 uses MD
simulations to investigate the microstructure of the catalyst layer, which is essential
information needed for increasing the catalyst utilization rate. The ionomer film
thickness, hydration level, surface oxidation of Pt/C, presence of Pt or PtO catalysts are
key variables studied for their effects on the catalyst layer microstructure and transport
properties. It is concluded that the oxidation of the carbon surface and the presence of Pt
or PtO catalyst drastically influence the ionomer film configuration and the water
distribution on the surface. The thickness of the ionomer film is directly related with its
ability to retain water. Task 3 describes experimental work exploring the effect of

radiation damage on the microscopic characterization of the catalyst layer of PEMFCs. It

Vv



also provides information on the feasibility of in-situ nano-adhesion measurements inside
the SEM. It is found that the radiation damage of the catalyst sample usually starts from
the interface of Pt/C and primarily occurs in the form of mass loss accompanied by
atomic displacement and edge curl. The results indicate the low reliability of the in-situ
nano-adhesion measurement. All three tasks serve to expand the fundamental
understanding of the microstructure of the catalyst layer, which contribute to the

development of a more durable, less expensive and better performing PEMFC.
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CHAPTER 1: INTRODUCTION

Due to the fact that natural fossil fuel resources are being depleted and the
negative consequences caused by use of fossil fuels as a power source, such as severe
pollution, extensive mining of the world’s resources, and political control and domination
of countries that have extensive resources’, a new power source is needed that is energy
efficient, has low pollutant emissions and has an unlimited supply of fuel. Hydrogen can
fulfill all of the global power needs while meeting the efficiency and environmental
expectations. Technological improvements to fuel cells, which are the devices that
convert chemical energy stored in hydrogen to electrical energy, are necessary before the
widespread adoption of the hydrogen powered economy.

Polymer electrolyte membrane fuel cells (PEMFCs) are the most popular type of
fuel cell, due to their high energy conversion efficiency and power density, fast startup
and low/zero emission level?. Yet, despite these advantages, there are still several
hurdles that prevent PEMFCs from being competitive to existing power sources. The
high cost associated with the use of carbon supported catalysts and system early failure
due to component degradation are two of the major hurdles that mitigate the advantages
inherent in PEMFCs for commercial applications®. The need for improving the carbon

supported catalyst durability as well as increasing catalyst utilization rate is pressing.



Carbon Supported Catalyst Degradation

The U.S. Department of Energy (DOE) lifetime targets for 2015 are 5000 h for
transportation power systems and 40,000 h for stationary power systems®, while the
current PEMFC technology yields only 1700 h and 10,000 h, respectively. One of the
major causes of the relatively short lifetime of fuel cells is degradation of the fuel cell
components?, especially the degradation of carbon support catalysts®.

Carbon supported platinum catalysts (Pt/C) have remained among the most
preferable carbon support catalysts materials for PEMFCs. They have very high kinetics
for the hydrogen oxidation reaction (HOR) and one of the best electrode performances at
low temperature and in the acidic environment inside PEMFCs’. However, both the
platinum catalyst and carbon support suffer from deactivation. For example, previous
studies have found that platinum (Pt) particles suffer from poor durability and will
rapidly lose electrochemical surface area (ESA) under operation8'13. The process is
usually accompanied by the of Pt nanoparticle growth (Pt deactivation). Ferreira et al.
proposed three fundamentally different mechanisms of Pt deactivation: (i) platinum
dissolution and redeposition (the Ostwald ripening process), (ii) coalescence of platinum
nanoparticles via platinum nanocrystalline migration on the carbon support and (iii)
platinum particle agglomeration triggered by detachment of Pt particles from the carbon
support (caused by carbon corrosion)®. Recently, Mayrhofer et al. proposed a new
corrosion mechanism for Pt catalyst, demonstrating that whole Pt particles can detach
from the support and dissolve into the electrolyte without redeposition**. Huang’s group

also reported the observation of detachment of small Pt clusters from the carbon support



in their MD simulations™. In addition, TEM images of catalyst materials before and after
testing indicate that many platinum particles are not sufficiently anchored to the carbon
support and move into the ionomer portion of the catalyst layer before testing, such as
potential cycling’®. Furthermore, Groves et al. has attributed the Pt catalyst detachment
and agglomeration to the weak interaction between the Pt and carbon support'’. This
mechanism is also mentioned in several review papers regarding the durability

enhancement of carbon supported platinum catalysts®°.

Experimental evidence also
substantiates the link between binding energy and catalyst durability. For example,
doping fullerenes with nitrogen increases the binding energy and also shows an increase
in dispersion of platinum, a resistance to agglomeration of nanoparticles, and a less
significant deterioration of activity when compared with pure carbon cases®®®. This
example also indicates that surface functional groups on the carbon support catalysts can
influence the catalyst durability by changing the binding energy between the support and
the catalyst.

The oxidation of both the carbon support and platinum nanoparticles is another
well-accepted phenomenon that could cause Pt/C degradation during PEMFC operation®.
Activated carbon is subject to oxidizing conditions in its various applications, i.e. the
carbon surface can be covered by different surface oxygen groups or even experience
CO, evolution during operation’’. Both can greatly change the chemical and textural
characteristics of the carbon support surface and thus further influence the interaction

between the carbon support and the Pt nanoparticles. It is believed that CO, evaporation

results in a weaker interaction between the carbon support and the Pt nanoparticles, as a



result of which, Pt will be lost from the electrode and aggregate to larger particles,
resulting in a reduction in the electrochemically active surface area and corresponding
loss of catalyst activity’®. However, there are different opinions on how the presence of
surface oxygen groups affects the interaction between the carbon support and the Pt
nanoparticles. According to Giordano and co-workers, the surface oxygen-containing
complexes facilitate the CO, evolution, which results in a weakened interaction between

2829 Colmenares et al. has also achieved

the carbon support and the metal nanoparticles
similar conclusions recently®. Kinoshita and Bett, however, believe that oxidation of
carbon to CO is inhibited by the formation of stable carbon oxides®’. In other words,
stable carbon surface oxides can prevent the Pt nano-particle loss due to CO; evolution.

Similar to the carbon support, the catalyst metal also undergoes oxidation by
direct reaction with oxygen or by reactions through water oxidations in aqueous solution,
which is regarded as one of the most important interfacial processes in surface science,
electrocatalysis, and corrosion science®. The role of oxidized Pt compounds in the
reactivity of Pt is still under debate. It has been suggested that oxidized Pt surfaces are
more reactive than metallic Pt for CO oxidation®®. Dam et al. showed that Pt
dissolution in fuel cells is reduced when a protective oxide layer is present®. Hull et al.
reported high reactivity for PtOx(Shell)/Pt(core)-carbon nanotube catalysts®’. However,
Gasteiger et al. believe that the formation of PtO and subsequent Pt dissolution are the
reason for the temporal decay in the performance of Pt-based fuel cell electrodes™®.

Many of the Pt/C degradation mechanisms discussed above originate in

detachment of the Pt nanoparticle from the substrate surface, which could possibly arise



from a weak binding energy between the catalyst and the carbon support. When the
interaction between Pt and its substrate is not strong enough, nanoparticle detachment
could easily happen under certain conditions. For example, the mechanical vibration
during the automobile transportation when fuel cells are used as an alternative energy
source in vehicular applications could cause shearing stresses between the bipolar plate
(BP), gas diffusion layer (GDL) and membrane electrode assembly (MEA), which may
lead to the deformation of MEA including the catalyst layer. The deformation of
materials surrounding the Pt nanoparticles on the carbon substrate may cause the Pt
nanoparticle to detach from the carbon substrate, especially in cases when Pt
nanoparticles are not sufficiently anchored to the carbon support. Also, the surface
texture change may affect the adhesion between the catalyst and the support and causing
subsequent catalyst detachment and agglomeration.

Investigating the nanoparticle adhesion between Pt and its carbon support could
help us characterize the strength of the nanoparticle interaction with the substrate, and
thus allow us to estimate how easily catalysts could be detached from the carbon support,
providing both a better fundamental understanding of the mechanisms in ESA loss as
well as shedding light on addressing practical issues such as how to improve the Pt/C

catalyst durability.

Increasing Carbon Support Catalyst Utilization Rate

A more efficient utilization of all catalyst present®® requires a fundamental
understanding of the catalyst layer nanostructure. The key to excellent performance with

low catalyst loading is the creation of an optimized contact area between the
5



membrane/catalyst/support/vapor interfaces in the catalyst layer to ensure good electronic

and ionic conductivities®. Wilson et al.*

, proposed the ‘thin film catalyst layer’ (5-10
um*+#?) that possesses optimized properties of thinness, uniformity and the proper ratio
of ionomers and supported catalyst in the catalyst layer of PEMFCs and found a
substantial increase in the specific activities of the Pt catalyst compared to the
conventional catalyst layer. They specifically emphasized the effect of catalyst layer
thickness on fuel cell performance.

The catalyst layer typically contains recast ionomer in order to provide a pathway
for proton transport from the catalyst nanoparticle to the polymer electrolyte membrane
(PEM). This ionomer is thought to form a film on the catalyst support. Cheng et al.
illustrated the necessity of a thin ionomer film (less than 15 nm, usually proportional to
the radius of an agglomerated particle that is composed of the ionomer, gas voids, liquid

water and catalyst***

) around the supported catalyst by showing that low Pt catalyst
utilization can result from catalyst particles being covered by “thick Nafion layers or
clumps” from scanning and transmission electron microscopy (SEM/TEM) images of the
thin film catalyst®. Nafion, a perfluorosulfonic acid polymer electrolyte, is the current
industry standard used in proton exchange membranes. It is also used as “recast
ionomer” in the catalyst layer to form the ionomer film. Recently, Samsung has been
working on increasing the catalyst utilization with ionomer nano-dispersion, which is a
technique that allows control of ionomer dimension in the catalyst layer to ensure that it

is thin and homogeneously distributed around the Pt/C nanoparticle?. In their report,

they introduce the concept of an interfacial bonding layer to represent the thin interface



between the catalyst layer and the membrane electrolyte. They illustrate the importance
of the microstructure of this interfacial bonding layer on proton transfer®®. A schematic
of the interface between the catalyst layer and the polymer electrolyte membrane is
shown in Figure 1. The red rectangular denotes the location of interfacial bonding layer
of the anode. The details of the microstructure in this area remain unknown. However, it
is clear that the performance of fuel cell can be improved if a better control of the
structure in the interfacial bonding layer and the catalyst layer as a whole is possible. A
fundamental understanding of the structure/property relationships at work in the catalyst
layer can provide guidance for the further development of optimized devices.

In addition to the thickness of the ionomer film, there are other features that
influence catalyst utilization and fuel cell performance. The oxidation states of both
platinum nanoparticle and the carbon support are among them. The carbon supported
platinum catalyst (Pt/C) undergoes oxidation under PEMFC operation'®, which can
greatly change the chemical nature of the surface as well as the surface roughness, both
of which may impact interactions with catalyst nanoparticles and the ionomer film.

Another feature that influences catalyst utilization and fuel cell performance is the
humidity level, which has a strong effect on the morphology of the hydrated ionomer
film. The effect of humidity level on the morphology of the “bulk” hydrated membrane

has been extensively studied both experimentally and theoretically*’®.

It is generally
accepted that hydrated Nafion exhibits a morphology with nanophase-segregation,
consisting of a hydrophobic domain (fluorinated polymer backbone) and a hydrophilic

domain (water, sulfonate groups, etc.)®®. The isolated hydrophilic domain of the Nafion



at lower water contents will increase in size and eventually form continuous channels at
higher hydration levels®’. However, most of these studies have been focused on the bulk
phase, which might exhibit different features compared with the Nafion thin film located
at the interface. Theoretical work has been published on the molecular-level structure of
membrane/catalyst/vapor and membrane/support/vapor interfaces previously by our
group®. However, the local nanoscale structure of the membrane/catalyst/support/vapor
interfaces, especially under the influence of variations of film thickness and surface

oxidations, remains unexplored.

Purpose of This Work

Improving carbon supported catalyst durability and increasing carbon support
catalyst utilization rate are two inherently related tasks, which are closely connected with
the catalyst layer interfacial structure and are influenced by a set of synthesis and
operating variables such as the ionomer film thickness, film hydration level, oxidation
state of the contacting surface, etc. The work presented here contains three tasks to
address the above mentioned issues. Task 1 calculated the nanoparticle adhesion
between the catalyst and their carbon support to tackle the carbon support degradation
issue. Task 2 examines the microstructure and properties of the interfacial layer of the
catalyst under various operation conditions such as loss of Pt catalyst (Pt detachment),
presence of surface oxidation, different thicknesses of the ionomer film as well as
different hydration levels. In these two tasks, molecular dynamic simulations were
conducted as the major investigating tool. Experimental investigation of the structure

and energetics of the nanoparticles and ionomer film of the PEMFC catalyst layer via
8



electron microscopy is equally important. It provides us with direct evidence of the
nanoscale structure and energetics. However, the inevitable feature of the electron
microscope, i.e. the electron radiation damage, might introduce uncertainty and
inaccuracy to the acquired experimental results. To understand the effect of electron
radiation damage on the measurement of nano-adhesion between nanoparticles and its
effect on the nano-structure characterization, task 3 is included as the last portion of this
dissertation. In task 3, experimental work is presented as a preliminary attempt to
evaluate the possibility of measuring the Pt/C nanoparticle adhesion in-situ from the SEM
chamber. This task also helps to understand the effect of radiation damage on
microscopic characterization of the catalyst layer. The information from these studies
could be applied to the development of more durable Pt/C catalyst and optimizing the

interfacial structure of the catalyst layer.



CHAPTER 2: SIMULATION METHODOLOGY

Molecular dynamics (MD) simulations is a computer simulation based on
classical physics at the atomistic level. It generates information such as atom positions
and velocities by numerically solving the Newton’s equation of motion given an
intermolecular potential. In the MD simulations, the force and potential between
interacting atoms are defined by a molecular mechanics force field, an input. The
technique is widely applied in chemical physics, material science and modeling of
biomolecules®®.

In the molecular dynamics portion of the work (Tasks 1 and 2), classical
molecular dynamics simulations in the canonical (NVT) ensemble are performed using
an in-house code written in Fortran 90 and parallelized using MPI. A non-cubic
parallelogram shape for the volume is used in this simulation to accommodate the
crystallographic unit cell of the graphite surface. The simulation box has an x-length of
14.7 nm, y-length of 17.3 nm and z-length of 40.0 nm. The z-length was chosen to be
sufficiently large to avoid non-physical contributions from periodic images of the system
in the z-dimension. The angle from x-axis to y-axis is equal to 60°. The Nosé-Hoover
thermostat is employed to maintain the system at a constant temperature of 298 K™,
The two timescale r-RESPA method is incorporated to integrate the equations of motion

with 1 fs for the large time step size and 0.1 fs for the intramolecular degrees of

freedom’?.
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Molecular Dynamics simulations require as input initial geometries as well as
interaction potentials between all atoms. In the following section, we first describe the
geometry of the unoxidized Pt nanoparticles, unoxidized carbon surface, oxidized Pt
nanoparticle, oxidized surfaces and ionomer. We then present interaction potentials for
all components in the simulation including the ionomer (Nafion), water, hydronium ions,

pristine and oxidized graphite and pristine and oxidized Pt nanoparticles.

Molecular Models

Platinum Nanoparticle Model

Catalytic activity of Pt nanoparticles is strongly dependent on the particle size,
shape and morphology. With advances in modern synthetic technology, Pt nanoparticles
can be synthesized with various shapes (cubes, tetrahedrons, octahedrons, decahedrons,
icosahedrons) bounded by different number of facets and with different defects?® ">,
Many of these shapes have been found successfully synthesized in a Nafion recast film

75-77

with high yields In this work, four Pt nanoparticle shapes—cubic, tetrahedral,
truncated octahedral and octahedral nanoparticles—were simulated. For each shape,
three nominal sizes—2 nm, 4 nm and 6 nm—were simulated. The number of atoms in
the nanoparticle ranged from 56 (2 nm tetrahedron) to 14896 (6 nm cube). As to the
choice of nanoparticle size, we followed Ferreira et al®, who performed a size distribution
analysis of 200 Pt nanoparticles in the pristine Pt/C sample and powders scraped from the

cycled membrane electrode assembly (MEA) cathode surface. They found a mean

particle diameter of 2.8 nm for pristine Pt/C and 5.9 nm for the cycled sample.
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The model nanoparticles were obtained from the bulk Pt crystal with an fcc
structure, with corresponding lattice parameters (a=b =c¢ =0.392420 nmand a = =y =
90°) and space group of Fm-3m’®. The various shaped nanoparticles were obtained by
making cuts in the bulk crystal along the appropriate planes. The cutting planes were
different depending on the shape and were always parallel to the face that had to be
exposed in each case. For example for the cubic shape, three cuts were made with planes
parallel to the {1 0 0}, {0 1 0} and {0 0 1} faces. Thus a cubic particle enclosed by six 1
0 0 faces was built. The Pt models used in this work are defect free. While it is known
that there are slight changes in lattice parameter as the size of the Pt nanoparticle
decreases, that effect was not incorporated here”. Snapshots of the isolated Pt
nanoparticles used in the simulation are shown in Figure 2. It should be mentioned that
in this work Pt nanoparticles remain isolated since this work focuses on the interaction
between Pt and its carbon support rather than the interaction among Pt nanoparticles.

The agglomeration of Pt nanoparticles has not been considered in the simulations.

Pristine Carbon Support Model

Although carbon black (amorphous carbon) such as Vulcan XC-72 from E-TEK
has been commonly used in industry as the carbon support for PEM fuel cells at the
current stage ¥°, the carbon electrode is modeled as graphite here. The choice is justified
as follows. First, compared with the amorphous carbon, graphite possesses more 7 sites
(sp>-hybridized carbon), which play the role of anchoring centers for Pt* and thus result
in a strengthened metal-support interaction and resistance of Pt to sintering®®. Second,

with advances in catalyst structure, graphitized carbon support with enhanced catalyst
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activity has improved®®®. Third, increasing attention is paid on the application of
graphitic carbon (e.g. graphite nanofibers) as the catalyst support®®. Last but not the
least, there is a strong similarity in the structure of graphite and graphite nanofibers and
the preponderance of data is available for the graphite model. The model is thus built by
first obtaining a unit cell structure with corresponding unit cell parameters (a = 0.2461
nm, ¢ = 0.6708 nm, Z = 4) and space group (P6s/mmc)®. The unit cell is extended in X,
y, z directions until the targeted size is achieved. The final structure used in our
simulations contains seven layers to meet our cut-off distance (2.1 nm). The employment
of the 7-layer graphite model is further justified by a calculation of the contribution of
each graphite layer to the potential energy result. According to the calculation, it is found
that at equilibrium separation distance (~ 0.3 nm), the first and second layer of the
graphite contribute more than 99% to the results. And with the separation distance
increasing, the role of the latter layers of graphite become important, for example, at 1.3
nm separation distance, the first three layers contribute 70%, 20% and 7% to the results
respectively; and at largest separation distance, an almost even contribution of each layer
to the result is obtained. However, since the potential energy approaches zero at large
separation distance, the contribution distribution does not really matters. Thus, 7 layers
are believed to be sufficient for the graphite model in the simulation. The lateral
dimensions of the graphite slab are 17.3 nm and 14.7 nm. A snapshot of the graphite
model used in our simulation is shown in Figure 3. In this work, we did not include

textural defects on the pristine graphite surface, only the perfect graphite model is
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considered. Snapshots and interactive structures of every system simulated and presented

in this thesis are available in an online archival site®.

Oxidized Platinum Nanoparticle Model

The oxidized platinum nanoparticle is modeled as PtO. Ono et al. reported that
PtO is the dominant species stabilized on Pt nanoparticles supported on nanocrystalline

9% " The PtO model has not been used in MD simulation before to the author’s

oxides
best knowledge. The precise structure of the PtO model is obtained according to Imai et
al., who performed in situ and real-time monitoring of oxide growth at the surface of Pt
nanoparticles in agueous media, and proposed a molecular model of surface oxides on Pt
111 model surface®. Considering the fact that the PtO model is based on Pt 111 surface,
we chose the Pt nanoparticle in a tetrahedron shape, since the tetrahedron Pt nanoparticle
exposes four 111 faces. The nominal size of the tetrahedron Pt nanoparticles is chosen to
be 4 nm, which is within the range of nanoparticle size distribution in the Pt/C sample®.
Atomic oxygen atoms are then placed at every fcc-hollow site on the surface layer of Pt
with a Pt-O bond length of 2.0 A*.. The finished PtO model thus has one monolayer of
atomic oxygen atoms covered on the surface of the platinum nanoparticle. The inner core
of the PtO nanoparticle is not affected by oxidation. A snapshot of the isolated PtO
nanoparticles used in the simulation is shown in Figure 4. It should be pointed out here
again that the agglomeration of PtO nanoparticles has not been considered in this work,

and our nanoparticles remain isolated. The internal structure of the PtO nanoparticle is

considered rigid as well.
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As for the charge transfer from Pt to the absorbed oxygen species, X-ray
absorption near edge structures (XANES) analysis indicated that the charge transfer is
small and constant and is about 0.5 electrons per oxygen®*. XANES analysis also
indicates that the electronic alteration only occurs at the surface®!. Based on these facts,
the partial charge on the oxygen of PtO (total of 484 oxygen atoms in a 4 nm PtO) is
fixed to be -0.5 e, and the partial charge on the Pt atoms that are in direct contact with the
oxygen atom (total of 244 atoms in a 4 nm PtO) is 0.9918 e. For Pt atoms that are not on
the surface, the charge is zero. This distribution results in a PtO nanoparticle with net

zero charge.

Oxidized Carbon Support Model

The oxidized carbon support is modeled as a seven-layer graphite slab with
surface epoxy groups or surface hydroxyl groups on the top graphene layer. The epoxy
and hydroxyl functional groups are chosen as a relevant and appropriate form of carbon
oxidation based on the results from NMR as well as predictions of first-principles

atomistic modeling that has been verified by atomic force microscopy®*

. The oxygen
atom is located 1.9 A above the top carbon layer. The hydrogen atom of the hydroxyl
group is 2.2 A above the carbon grid. The bond length of O-H in the hydroxyl group is
0.96 A as reported®”. The graphite slab is identical as the model we used for pristine
graphite. The graphite slab is either oxidized by epoxy groups or by hydroxyl groups.
Mixed oxidation is not considered. In this work, we did not include vacancies and

topological defects on the oxidized carbon surface, although a separate study of those

effects would also be interesting. For each functional group, three oxidation extents—
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10%, 25% and 50%—were chosen based on the results of Schniepp et al®®, who observed
C/O ratio between 2:1 to 10:1 for epoxidized/hydroxylated graphite surface. It should be
pointed out here that only the top layer of carbon is considered when the number of
oxygen atom at each oxidation extent is determined. It should also be noted here that
CO, evolution, which is considered as an independent carbon corrosion reaction that
occurs concurrently but is unrelated with the formation of surface oxides?’ is not
investigated in this work. Snapshots of the oxidized graphite are shown in Figure 5. As
was the case for the PtO nanoparticle, the internal structure of the oxidized carbon
surfaces is held rigid.

The oxidized surfaces are electrically neutral, but there is charge distribution at
the surface. Based on the lack of information on charge distribution for the oxidized
graphite, quantum chemical calculations were performed for a graphene fragment
containing 24 carbon atoms with hydrogen capped on the edges and one functional group
(epoxy or hydroxyl) located in the center ring. The optimized geometry and the partial
charge on each atom were determined via Gaussian03 using the B3LYP functional

9.9 " The electron distributions were

supplemented with standard 6-311G (d,p) basis set
mapped onto partial charges by performing the natural bond orbital (NBO) analysis®.
Details on the partial charge of all the atoms in the oxidized graphite are listed in Table
1. The determination of the partial charges of the oxidized graphite surface was the only

first principles work done in this current contribution. All other potential parameters

were taken from the literature.
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Nafion, Water and Hydronium lon Models

Recast polymer electrolyte is frequently included in the catalyst layer in order to
provide a path for proton transport from the catalyst particle to the proton exchange
membrane. In this work, Nafion, as the most common perfluorosulfonic acid PEM
material used industrially, is selected as the recast polymer electrolyte. The model of
Nafion used in this work has been previously used to study the bulk hydrated
membrane®®*®. The model consists of 15 monomers with an equivalent weight (EW; the
molecular weight of the repeat unit) of 1144. See Figure 6. The film thickness is chosen
to be nominally 1 nm in the nano-adhesion calculation session (task 1) to avoid the Pt
particle being totally buried in the film (our smallest Pt particle measures 2 nm).
Experimentally, there is an optimal recast Nafion content in the catalyst layer'®, because
too little Nafion fails to provide a path for proton transport and too much buries the
catalyst particles, presenting a mass-transfer barrier for the hydrogen fuel (at the anode).
This thin film is an attempt to represent the desirable triple phase boundary of
Nafion/Pt/gas and the choice of 1 nm thickness is believed to be optimal for the nano-
adhesion calculation in this work. The system is analyzed at the A = 3, 6, 9, 15
H,O/HSO3; nominal hydration levels for the pristine Pt/C system. These hydration levels
span the range from minimally hydrated to well hydrated®. For the oxidized Pt/C
system, only the hydration levels of A = 3 and 9 H,O/HSO3; were investigated based on
the results obtained from the non-oxidized Pt/C system. The number of each component
in the non-oxidized Pt/C system of different hydration levels and different Pt sizes is

listed in Table 2. The number of each component in the oxidized Pt/C system is the
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same as that of the 4 nm Pt systems. A TIP3P model with a flexible OH bond is used for

I 102,103

the water mode . The hydronium ion is similar to that of Urata et al, we use the

same partial charges for the oxygen and hydrogen atoms™®*.

Force Fields and Potentials

In the adhesion analyses, the LJ interaction potential are widely accepted and used

in modeling adhesive contacts'®?%".

The interaction of the carbon of graphite and
platinum of the nanoparticle with other atoms in the non-oxidized system are represented

r",n)108-110.

It is worth pointing out here that although the LJ parameters for Pt were
originally developed for the simulation of adsorption of Pt on graphite walls, our previous
work has proven that it’s also suitable to describe the interaction between Pt and organic
molecules, such as Nafion, water and hydronium ion based on the fact that our
simulations results match quite well with the results obtained from atomic level
experiments (scanning tunneling microscope; core-level spectroscopy, i.e. XPS, XES,
XAS; He atom scattering spectrum) as well as quantum mechanical calculations
(DFT)™. It should also be noted that we are aware of the phenomena of deformed
nanoparticles with a neck when detaching from the adhesive substrates'?. In those
simulations, the classical Johnson, Kendall, and Roberts (JKR)'™® and the Derjaugin,
Muller, and Toporov (DMT)™ theories are used to describe the adhesive contact
between the substrate and nano-particles. However, both JKR and DMT theories are
developed for the adhesion of elastic spheres on flat surfaces and their models fail to

describe kinetic effects*™®
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changing process during detachment is accompanied by rupture of adhesion bonds

formed between the nanoparticle and the substrate™?.

In other words, the interaction
between the nanoparticle and substrate should be large enough to form adhesion bonds so
that the nanoparticle shape has to be changed to resist the detachment process. However,
the binding energy between Pt and carbon surfaces calculated by the density functional
theory has shown that no formal bond is formed between the platinum atom and the
pristine carbon surface'’. There is also no formal bond formed between PtO and oxidized
graphite since the equilibrium distance between the bottom layer of PtO and the top layer
of the oxidized graphite is much larger than the distance required to form a bond between
them. Taking the hydroxylated graphite as an example, the equilibrium distance between
the hydroxylated graphite and PtO is 2.60 A while the bond length of the bond formed
between hydroxylated graphite and PtO (the ‘O-H’ bond) measures 0.983 A in average

according to a recent neutron diffraction study'®

. Similarly, in the epoxidized graphite
case, the bond length between ‘O-O’ is around 1.47 A™' and the equilibrium distance is
2.69 A. Moreover, the presence of the oxide layer on the PtO nanoparticle surface serves
as a protective film which actually prevents the nanoparticle from dissolution®®. Based
on the above factors, nanoparticle shape transformation**? during detachment process is
not considered in our simulations.

In the oxidized Pt/C systems, the intramolecular and intermolecular nonbonded
interactions are composed of a Lennard-Jones (LJ) potential and a Columbic interaction.

Although the force field applied in the work is non-polarizable, it is widely adopted in

characterizing the microstructure, morphology and properties of the key components
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(catalyst layer and polymer electrolyte) of the fuel cells, including systems with oxidation

108-111.118-122 * The results obtained

of Pt and Pt alloy supported nanoparticles over carbon
from those simulations were able to match the results from experiment or quantum
mechanical simulations quite well****#". The force field is thus justified to use in this
work. These classical MD simulations do not allow for ionization of water molecules nor
charge delocalization of the hydronium ion to Zundel or Eigen ions. While the presence
of these larger ions is crucial for modeling proton transport, it is unclear whether they
will have a significant impact on film and nanoparticle adhesion. Given current
computational resources, in order to examine the changes in film morphology due to
oxidation, these approximate, classical force fields have been used. As explained in the
previous paragraph, the internal structure of the graphite layers as well as the PtO
nanoparticle are rigid. Their interactions with the dynamic atoms in the system (of
Nafion, H,O and H;O") are represented by LJ potentials and Columbic interactions.
Details about the LJ parameter of PtO and the oxidized graphite are listed in Table 1.

109 et al., Lamas et al.° and

The LJ parameters for oxidized graphite are taken from Wu
Liem et al.'® The LJ parameters for PtO are taken from Callejas-Tovar et al**2. The
potentials for Nafion, water and the hydronium ions used in this work is identical to that
of our previous work®. The Nafion model is fully atomistic except for CFs, CF,, and CF.
These CF groups are treated as united atom to reduce computational costs 2! The
atoms of Nafion, water and hydronium ions are charged, which allows us to take into

account the forces among ions. We have included bond stretching, bending, torsion,

intramolecular and intermolecular nonbonded interactions via the Lennard-Jones (LJ)
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potential and Columbic interactions. The potential parameters of the Nafion model have

been reported previously®®'%,

The bond distance, bond angles and force constants of
hydronium ion are the same as in the TIP3P model*®., Structural diffusion of protons is
not allowed in our simulation given this potential; however this is not a limitation for the
measurement of adhesion energies and forces.

The Lorentz-Berthelot mixing rules are invoked for all interspecies interactions,
in order to maintain uniformity in the interaction potential and to remain consistent with
the Nafion potential, which used them in its parameterization'?***", For the calculation of
the electrostatic interactions, the spherically truncated, charge neutralized method of

Wolf et al. is applied®.

Simulation Procedure

In task 1, the nanoparticle supported over the graphite surface was initialized at
the bottom of our simulation box with the catalyst nanoparticle (Pt or PtO) sitting in the
center of graphite surface at the equilibrium distance of the bare system. The equilibrium
distance between the catalyst nanoparticle and graphite is obtained by plotting the LJ
potential of the catalyst and graphite versus different separation distances ranging from 0
to 20 nm. The initial configuration of Nafion, water molecules and hydronium ions were
randomly placed around the catalyst in the system. In order to avoid a physical overlap,
equilibration involved first a brief period (20 ps) of growing the atoms of Nafion, water
and hydronium ion, by gradually increasing the LJ collision diameter. “Growing” of
atoms is a standard technique for molecular simulation of dense but non-crystalline

systems, which allows one to recreate a reasonable molecular-level initial estimate of the
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structure that does not contain any overlap of atoms that could potentially result in
unphysical large forces. This structure is thoroughly equilibrated before any data
production begins. Figure 7 is a snapshot of an equilibrated system containing a 2 nm
cubic Pt nanoparticle at the hydration level of A = 3 for the non-oxidized system. The
equilibrated system displays several characteristic features. The Nafion molecules form a
film on the surface. Some of Nafion forms a film around the nanoparticle. Water
molecules and hydronium ions cluster around the sulfonic acid groups. Some small
fraction of water molecules enter the vapor phase.

After the system is equilibrated, the catalyst nanoparticle is pulled from the
graphite surface along the z-axis at a constant speed of 0.01 nm fs™ to mimic the real
detachment process. The choice of constant speed is based on the two facts: firstly, the
maximum adhesion force depends weakly on the pulling velocity while the nanoscale
intermittent behavior of species during the detachment process depends strongly on the
pulling velocity™*. It is thus believed that the effect investigated in task 1, i.e. the
nanoparticle size, shape and the introduction of hydrated polymer on the nanoparticle
adhesion etc. will not be affected by the choice of pulling velocity. Secondly, many
experiments involving the measurement of nano-adhesion use constant pulling

velocity™***3.

To be compatible with the experiments and to keep our systems
comparable, constant pulling speed is applied throughout the simulation. The potential
energy and force for the nanoparticle are computed at each separation between

nanoparticle and surface. The reported potential energy of the nanoparticle is the sum of

all interactions between catalyst atoms and all other atoms in the carbon support and film.
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The reported force on the nanoparticle is the z-component (normal to the graphite
surface) of the force between catalyst atoms and all other atoms in the carbon support and
film. For the readers to understand the results better, a list of major assumptions made in
the nano-adhesion calculation is summarized in Table 3.

The same equilibration procedure of the simulation systems is applied for
microstructure characterization in task 2. In the data production section, the radial
distribution functions (RDFs) are calculated instead of the nano-adhesion force and
binding energy. In this set of simulations, the microstructure of the Nafion ionomer film
is investigated and a new variable ‘film thickness’ is introduced to study the film

thickness effect on the ionomer film conformation.
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CHAPTER 3: RESULTS AND DISCUSSION

The results and discussion section are organized into three tasks. In task 1, results
of particle detachment simulations are presented. In each of these simulations, a
nanoparticle is gradually detached from the carbon substrate surface. When present, the
ionomer film is allowed to relax during the detachment process. These detachment
simulations provide (i) binding energies, (ii) forces of adhesion, and (iii) molecular-
mechanisms for polymer relaxation during the detachment process. The variables of
interest include size and shape of nanoparticle, type and extent of oxidation of the
nanoparticle and the substrate, as well as the presence and degree of hydration of the
ionomer film.

In task 2, results of simulations in which the nanoparticle is allowed to remain at
rest on the surface are presented. These simulations provide binding energy of the
ionomer film as well as information regarding the nanoscale morphology of the hydrated
film. The variables of interest in these simulations include film thickness, degree of
hydration, type of oxidation of the nanoparticle and the substrate, and presence of the
nanoparticle.

In task 3, results of experimental work examining radiation damage of the catalyst
layer during characterization by microscopy are presented. This work provides a
radiation damage mechanism of the catalyst layer of the PEMFCs, which is useful for
interpreting the microscopic images of the CL sample. The results of this task also serve

as preliminary research for measuring the nano-adhesion force inside a microscope. The
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signal intensity change with the beam dose accumulation is monitored under different
high voltages, scan speeds and sample compositions. EELS and EFTEM results are also

included as key components to understand the CL radiation damage mechanism.

Task 1 Nanoparticle Adhesion

We begin the results and discussion section of the nano-adhesion calculation by
presenting results from the bare system, in which there is no Nafion or water present.
The results of the bare system do not require MD simulations, simply energy and force
evaluations as a function of separation between the catalyst nanoparticle and the carbon
support surface, which is different from any other systems that contain water and
ionomers. The inclusion of the dry systems is intended to provide a baseline by which
the impact of water and polymer film can be measured. In the following discussion, we
use the term “bare” to indicate the absence of a polymer film on the surface and “clean”

to indicate the absence of oxidation on the surface.

Bare Systems

In Figures 8(a) and (b), the potential energy and normal force between the Pt and
graphite (non-oxidized bare system) are plotted as a function of separation between the
nanoparticle and surface for several nanoparticle sizes of cubic shape. Here the
separation distance is defined as the distance between the center of carbon atoms forming
the top layer of graphite and the center of Pt atoms forming the bottom layer of
nanoparticle. The ‘bare system’ curve represents the cumulative LJ interaction between

the nanoparticle and the surface. As shown in figure, when Pt and graphite are far apart,
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the interaction energy and force are zero. As the distance of separation decreases, there
are dispersive interactions that give rise to a potential energy well and a corresponding
attractive (negative) force. There is a minimum in the energy well at a distance where the
nanoparticle is resting on the surface. The minimum in this energy well corresponds to
the “binding energy”. At separations smaller than this equilibrium distance, the force is
positive and the energy quickly increases due to repulsion between the C and Pt atoms.
The “adhesion force” refers to the minimum in the force curve, or the inflection point in
the potential energy.

For a cubic particle of size varying from 2 to 6 nm, the well is deeper for larger
particles, simply because there are more Pt atoms in larger particles contributing to the
attractive interaction. In Figures 8(a) and (b), the net energy and force are plotted on a
per particle basis rather than a per atom basis. On a per atom basis, the difference in the
force and energy curves as a function of nanoparticle size is reduced, but the curves do
not perfectly overlap, because the distribution of distance between Pt and C atoms is
different for nanoparticles of different size. It should be pointed out that the binding
energy per atom increases in magnitude as the size of the particle decreases, because in
small nanoparticles a greater fraction of the Pt atoms are located closer to the minimum
in the Lennard-Jones pairwise interaction potential. For example, these three sizes of
nanoparticle cubes, the binding energy per Pt atom is -0.0031,-0.00163,-0.00109 aJ/Pt
atom respectively with increasing size. It is also observed that the position of the

equilibrium distance (where the force is zero) is relatively insensitive to nanoparticle size,

26



since this position is largely dictated by repulsion between the top layer of graphite and
the bottom layer of Pt.

From a quantitative point of view, the binding energies for these cubic
nanoparticles on clean graphite range from -16.3 to -2.1 aJ for the 6 nm to the 2 nm
nanoparticles respectively. This range of binding energies can be alternatively expressed
as -9815 to -1242 kJ/mole of nanoparticles or as -0.66 to -1.9 kJ/mole of Pt atom.
Similarly, the adhesion forces for these nanoparticles on clean graphite range from -93.8
to -11.9 nN (per particle) for the 6 nm to the 2 nm nanoparticle respectively.

In Figures 9(a) and (b), the potential energy and normal force between the Pt and
graphite (bare system) are plotted as a function of separation between the nanoparticle
and surface for several nanoparticle shapes with nominal size of 2 nm. The number of Pt
atoms in each nanoparticle varies and is reported in Table 4. The cube has the most Pt
atoms with 666 and the tetrahedron, made by cutting the 2 nm cube into a tetrahedral
shape has only 56 atoms. The depth of the energy well corresponds to the number of Pt
atoms in the nanoparticle except for the pair of “tetrahedron and octahedron”. The
tetrahedron has a slightly deeper energy well compared with the octahedron although it
has the least number of atoms. This might be attributed to the fact that more atoms are
located closer to the minimum in the Lennard-Jones pairwise interaction potential in
tetrahedral Pt compared with the octahedron. However, plots of the energy on per Pt
atom basis show a much smaller difference between particles of varying shape but do not
fall on a unique master curve because the distribution of distances of Pt atoms from the

graphite surface is a function of the nanoparticle shape. The binding energy on a per Pt
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atom basis are reported in Table 5. We observe that the binding energy on a per particle
basis does not have an obvious relationship with the total number of atoms in each shape.
Instead, it is related with the ratio of number of atom at the bottom portion to the upper
portion. When a larger portion of atoms are located in the bottom layer, it has a stronger
binding energy. Thus the tetrahedron, (the majority of whose atoms are located closer to
the bottom) has the highest binding energy.

Figure 10 shows the binding energy and adhesion force between the PtO and
oxidized graphite surface in the bare system as a function of separation between the
nanoparticle and surface for several extents of oxidation of the graphite surface. The
separation distance here is defined the same as that in the non-oxidized system, i.e. the
distance between the center of carbon atoms forming the top layer of graphite and the
center of Pt atoms located at the bottom of PtO nanoparticles to be consistent with the
non-oxidized Pt/C systems. In this system, the potential energy is the sum of cumulative
LJ and Coulombic interactions between all the atoms of the oxidized graphite and PtO.
As shown in the figure, the potential energy and force curve in the oxidized Pt/C system
follow the same trend as that of the non-oxidized Pt/C system. As a reference, the
binding energy and adhesion force calculated between a PtO particle and the clean and
bare graphite surface are respectively -2.96 aJ (1 aJ = 10™*8J) and -15.36 nN. Quantitative
values of the binding energy and adhesion force for all other systems are shown in Table
6 and Table 7.

There are two obvious features in Figure 10. First the position of the minimum is

shifted to greater distances relative to the clean graphite surface, which is reasonable
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given that there are now two layers of oxides between the Pt of the nanoparticle and the C
of the graphite. Second, the depth of the energy wells is shallower for the oxidized
materials relative to the clean graphite surface. Because electrostatic interactions are
typically much stronger than dispersive interactions, the intuitive expectation is that the
binding energy should be stronger in the presence of oxidized surfaces, at least in those
cases where the exposed layers of charge on the nanoparticle and surface are of opposite
sign. However, we do not observe this behavior. In the case of the epoxidized surface,
the top atomic layer of the surface are epoxy oxygen atoms and the bottom atomic layer
of the nanoparticle are oxygen atoms, both of which are negatively charged. Electrostatic
repulsion resulting in weaker binding is to be expected. Moreover, as the degree of
epoxidation on the surface increases, the binding energy continues to weaken. However,
in the case of the hydroxylated surface, hydrogen atoms with positive partial charge are
exposed. Still, we observe a reduction in binding energy, though we do observe that as
the degree of hydroxylation on the surface increases, the binding energy does strengthen,
as it should. Therefore, the initial reduction in binding energy must be due to a loss in
dispersion energy resulting from the greater separation between nanoparticle and surface.

The trends in the adhesion force are of course related to those in the binding
energy, but their manifestation still requires some explanation. The change in the
position of the minimum of the force curves is a direct consequence of the change in the
position of the minimum in the energy due to the presence of the oxide layers. The
adhesion forces are all weaker for the oxidized systems relative to the clean system, as

were the binding energies. However, the trend in the adhesion force with respect to
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oxidation is different than that observed for binding energies. For the hydroxylated
surfaces, both binding energy and adhesion force increase in magnitude with increasing
degree of hydroxylation.  In contrast, for the epoxidized surfaces, the binding energy
decreases while the adhesion force increases in magnitude with increasing degree of
epoxidation. The explanation for this apparent discrepancy can be found in the long-
range repulsion between the epoxidized surfaces and the oxidized nanoparticle. There
the binding energy actually becomes positive before decaying to zero at large separation
from the positive side. This long-range electrostatic repulsion results in a maximum in
the potential energy curve. This feature is absent in the clean graphite and hydroxylated

graphite systems which are attractive at large separations.

Wet Systems

In this section, we discuss the results of catalyst nanoparticle adhesion on wet
systems. These systems contain a film of Nafion on the graphite surface at various
hydration levels. This recast Nafion serves as a path for proton transport from the
catalyst nanoparticle to the proton exchange membrane. It also acts as a binder for the
nanoparticles. Sufficient Nafion is placed to form a uniform film of 1 nm thickness.
However, none of the simulation snapshots reveal a uniform film, since the hydrated
Nafion aggregates into clusters and does not remain distributed on the hydrophobic clean
graphite surface. Furthermore, nominal water contents of A = 3, 6, 9 and 15 H,O/HSO3
are investigated. Previous simulations of hydrated Nafion at the membrane/vapor
interface or at the membrane/catalyst/vapor and membrane/graphite/vapor three-phase

interfaces show that virtually all of the water is retained in the membrane for A = 3
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through 21 H,O/HSO3, with roughly only one molecule or less entering the vapor phase

at any instant in time®,

In this work, we use the nominal water contents, but it is
observed that much of the water leaves the film and enters the vapor phase. This is
consistent with experimental observations that the ability for Nafion to retain moisture
decreases as the membrane thickness decreases™’. It should be pointed out here that the
evaporation of water molecules into the vapor phase does not affect the relationship
between the A value and hydration level, i.e., it is still true that a higher A value represents
a higher hydration level. We have verified this by calculating the average number of
water molecules retained in the Nafion film (indicated by ‘effective A’ value) for the 2 nm
cubic Pt systems and all the oxidized Pt/C systems of different A values. Results are
presented in Table 8. In the oxidized Pt/C system, the amount of water retained in the
film depends on the type and degree of oxidation on the surface, however, the
relationship between the A value and hydration level is still true, i.e. higher A value
represents a higher hydration level.

Calculation of the binding energy and adhesion forces from the wet simulations
involves two components. The first is the energy and force between the rigid carbon
support surface and the rigid catalyst nanoparticle. These energies and forces vary
smoothly with separation as shown in Figures 8, 9 and 10. (This is the only contribution
present in the dry systems.) The wet systems have a second contribution to the binding
energy and adhesion forces, which are due to the interaction between the catalyst

nanoparticle and the dynamic molecules in the system, including the Nafion, water

molecules and hydronium ions. If these particles remained as a film, their contribution to
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the binding energy and adhesion force would remain unambiguous. Since some of the
water enter the vapor phase, the reported binding energy will of necessity include some
energy from water adhered to the catalyst surface. It is worth pointing out here that
compared to the dry system, the wet system exposed interesting phenomena such as
polymer bridging etc., which makes the calculation of potential and force more
complicated and difficult to estimate by simple back-of-the-envelope calculations.

«» Effect of Nafion at different humidity levels on catalyst adhesion

Figure 11 shows the potential energy versus separation distance curve for
systems containing a cubic Pt particle of 2 nm with varying water content. In Figure 11,
it is clear that when Nafion and water are introduced to the system, the binding energy
becomes stronger. Another immediately apparent feature of Figure 11 is that the curves
now contain fluctuations. On the smallest time scale (on the order of femtoseconds),
these fluctuations are due to the dynamics of the mobile components (Nafion, H,O and
Hs;0"). At larger timescales (on the order of tens of picoseconds) these fluctuations are
due to dynamics of relaxation processes of polymers in the system. Thus we observe
non-monotonic trends in the binding energy as a function of separation. The molecular-
level origin of this behavior will be discussed shortly.

In Figure 12 (a)-(f), a series of snapshots describing the detachment of the 2 nm
cubic Pt nanoparticle from the wet surface (A=3) exposes the nature of this polymer
relaxation. The nanoparticle is removed at a relatively high constant velocity. In this
process, the polymer is both being stretched by the movement of the nanoparticle and is

also undergoing internal relaxation both on the surface of the graphite and the surface of
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the nanoparticle. As the separation increases, the polymer is further stretched until, in the
case of Figure 12, it releases the nanoparticle and snaps back to the graphite surface.

In Figure 13, the force curves for the 2 nm cubic Pt systems are presented at
different hydration levels. The degree of fluctuation in the forces is much greater than
that in the binding energy, and is so large that it obscures the interpretation of the data.
The origin of these fluctuations, large when compared to experiment, is due to the very
high temporal resolution (sampling frequency) of the simulations, which is 1 ps. Because
of this extraordinarily high temporal resolution, the curve captures fluctuations due to the
short-time scale dynamics of the polymer film. It also provides an abundance of data,
greater than 10° data points for any given simulation. Thus some filtering of the data is
necessary in order to observe the dependence of the force on properties such as degree of
hydration.

A filtered result of Figure 13 is shown in Figure 14. Several filtering procedures
were explored. A method is required preserves key features of the curves, such as the
depth of the attractive well, but at the same time is capable of averaging out the temporal
fluctuations. The filter used in this work is a combination of piecewise polynomial fitting
and local averaging. The piecewise polynomial fitting is used at short lengths scales, less
than 1 nm, to maintain the correct shape of the attractive well. Beyond 1 nm, local
averaging is employed, which reduces the noise in a given spatial region, but also is
capable of retaining distinct features due to observed molecular events. The local

averaging was performed over a region of 1 nm and iteratively applied.
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One can now study the binding energies of Figure 11 and the filtered adhesion
forces of Figure 14 to understand the role of Nafion and water on nanoparticle adhesion.
Compared to the bare system, Nafion at all water contents acts as a binding agent,
increasing the magnitude of the binding energy and the adhesion force. The binding
energy is increased by a factor of 4.31, 5.40, 4.63 and 4.61 for the A = 3, 6, 9 and 15
respectively. The adhesion forces is increased by a factor of 1.40, 1.33, 1.26 and 1.32 for
the A = 3, 6, 9 and 15 respectively. However, it should be point out here for the second
time that strengthening the metal-support interaction by introducing a thicker film is not
encouraged because an excess of Nafion film in the catalyst layer will become a barrier
for the reactant gas to access the reaction site and resulting in a malfunctioning fuel cell.
It is worth noting that that at large separations, the energy does not return to zero because
the Pt nanoparticle has dragged water (and in some cases Nafion) from the surface with
it. The forces do return to zero at large distances because the distribution of the water
around the Pt nanoparticle is uniform and does not exert a net force in the normal
direction to the graphite plane (or any other direction for that matter).

Even at short distances, the dependence of the binding energy and adhesion force
between the nanoparticle and the surface as a function of water content is nonlinear. As
we can observe in the inset of Figure 14, the adhesion force decreases in magnitude from
A=3,6,and 9. In other words, in this range of water contents, the strength of adhesion
weakens with increasing hydration. However, for the A = 15 system, the maximum
adhesion was slightly strengthened while it still does not exceed the maximum adhesion

in A= 3 system.
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In an attempt to better understand the role that water plays in nanoparticle
adhesion, it is important to separate out physical trends from statistical variation. In this
work, only a single detachment event was performed for each combination of particle
size, shape and water content. Therefore, our sampling is limited to a single event. As
shown in Figure 15, the distribution of Nafion, water and hydronium ion around the Pt
and graphite surface varies not only as a function of water content, but would also vary
from one independent realization of the detachment event to another. Thus we report
real, observed simulation results, which we believe to be typical and characteristic of
each system. However, we also acknowledge that there is statistical variation that has not
been quantified by this work. For example in some cases, the stretching of polymers as
the Pt nanoparticle is removed from the graphite surface is observed (as shown in Figure
12) and in other cases, it is not observed. However, all phenomena reported here are
observed in a sufficient number of different cases (a total number of 20 simulations were
performed) for one to reliably accept that we did not observe a rare one-in-a-million
event. For example, the phenomenon of polymer bridging is observed in many of these
simulations.

With these cautionary disclaimers behind us, in Figure 15, we observe that as
Nafion aggregated into non-uniform clusters on the graphite surface, part of the cluster
maintained contact with the Pt nanoparticle at A =3, 6, and 9. However, at A = 15 there is
preferential adsorption of a water cluster around Pt surface, which excludes Nafion. This
phenomenon was also observed previously for Pt nanoparticles embedded in a “bulk”

Nafion membrane, where the water density increased near the Pt surface**. Therefore,
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the most hydrated system has the least Nafion coverage on the Pt nanoparticle. Since
Nafion is the major contributor to the increased adhesion in the system, it is
understandable that when the Nafion-Pt interaction becomes weaker, the adhesion force
becomes weaker. While this explanation has taken care of the question of why the more
hydrated systems (A = 6, 9 and 15) exhibit a weakened adhesion relative to A = 3, it
cannot explain the phenomena that the most hydrated system (A = 15) has a slightly
stronger adhesion when compared with the A = 9 system.

Figure 16 provides a reasonable answer to this question, namely that the adhesion
between Pt and graphite is not only related to the interaction between Pt and Nafion, it is
also related to the adhesion between Nafion and the graphite surface. In Figure 16(a)-
(d), a snapshot at a large separation (30 nm) is shown for the 2 nm cubic nanoparticle at A
=3, 6,9 and 15 respectively. At A =3, all of the Nafion stays on the graphite surface. At
A = 6, some of the Nafion remains on the graphite surface but some is attached to the Pt
nanoparticle. AtA =9 and 15, most of the Nafion has detached from the graphite surface.
That is the detachment of the Pt nanoparticle has led to the delamination of the Nafion
film from the graphite surface. It just so happens in the individual realizations given here
that only partial delamination occurs at A = 15, allowing for bridges of polymer to
remain, which serve to strengthen the adhesion force. No such bridges remain at this
large separation in the simulations at A = 6 and 9.

For the oxidized Pt/C system, the same data filtering procedure is applied to
reduce the noise of the force curve. Due to the fact that the Nafion ionomer film has a

possibility of totally delaminate from the epoxidized carbon surface when the degree of
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oxidation is higher than 25% (more details will be given in task 2), the 50% epoxidized
surface is not investigated for the nano-adhesion calculation. Thus, only 5 oxidized
carbon surfaces i.e. 10%-50% hydroxylated surfaces and 10%-25% epoxidized surfaces
are investigated. The corresponding potential and filtered force curves are shown in
Figure 17. The clean graphite-clean 4 nm tetrahedron Pt system is also included as a
reference. After examining the figures, it is observed that several primary features such
as the strengthened binding energy and the curve fluctuation remain true after the
introduction of wet film. However, there are several unique features that are only
observed in the oxidized graphite systems. For example, we noted that at the largest
separation distance (distance = 35 nm), none of the potential curves in the oxidized
systems returns to zero. In the previous section, we have attributed this feature largely to
the fact that there are Nafion polymers attached to the Pt nanoparticle at the end of
simulation (see Figure 16). Nevertheless, in these oxidized systems, we did not observe
any of Nafion polymer attached to the PtO at the end of simulation for all systems (see
Figure 18 (f)). After further examination of the system, it is found that the non-zero
potential at the end of the separation process is due to electrostatic interactions. (In the
clean systems, the nanoparticle and graphite surface were uncharged.) By comparing the
energy curves with the clean graphite-Pt system, one observes that the oxidation of Pt and
carbon support has extended the interaction range between the nanoparticle and the
carbon surface’®:. The deepening of the binding energy and extending of its range is a

desirable characteristic for a film that is intended to function as a binder.
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On unoxidized surfaces, a dependence of the binding energy and adhesion force
on degree of hydration in the film was observed*®. To investigate this effect, simulations
were also performed at a higher water content of A = 9. Figure 19 plots the binding
energy (a) and adhesion force (b) at hydration level of A = 9 for the PtO nanoparticle on
six surfaces. For the oxidized systems, the binding energy and adhesion force curve at A
= 9 are very similar to the A = 3 system. All the adhesion forces in A = 9 systems are
enhanced compared with the corresponding system in A = 3. However, from the binding
energy point of view, epoxidized systems and hydroxylated systems show different
trends. For the epoxidized system, the binding energy is enhanced for both oxidation
levels (10% and 25%) with increasing hydration. However, for the hydroxylated system,
the binding energy is enhanced by the addition of water at low oxidation extent (10%)
and diminished at high oxidation extent (25% and 50%). An explanation for the complex
behavior of the hydroxylated system is given below. Quantitative values of binding
energy and adhesion force are also listed in Table 6 and Table 7.

In the interest of generating a more finely resolved understanding of the role of
hydration on nanoparticle adhesion, one surface, the 50% hydroxylated surface, was
simulated at A = 3, 6, 9 and 15. Figure 20 plots the binding energy (a) and adhesion
force (b) at hydration levels of A = 3, 6, 9 and 15 for the PtO nanoparticle on the 50%
hydroxylated surface. The bare surface with no hydrated film at all is also included for
comparison. Relative to the bare surface, the magnitude of the binding energy is
increased by a factor of 10.14, 10.63, 9.75 and 9.93 for the A = 3, 6, 9 and 15 system

respectively. Another feature apparent in Figure 20 is that the introduction of mobile
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components (Nafion, H,0, and H30") has shifted the equilibrium energy distance to the
left, which is not observed in our previous non-oxidized graphite-Pt system. One also
notices from Figure 20 (a) that the binding energy for the system first experiences a
slight increase from A = 3 to A = 6 and then a decrease when the hydration level is higher
than A = 6. This is caused by the polymer conformation on the oxidized graphite surface:
at low hydration levels (A = 3 and 6), the polymer stays relatively flat and covers most
space on the surface (see snapshots in Figure 21 (a) and (b)), which corresponds to the
relatively stronger binding energy; while at high hydration levels, the polymer chains
began to ball up (see snapshots in Figure 21 (c) and (d)) and resulted in a weaker
connection with the hydroxylated graphite surface, which corresponds to the weakening
in binding energy.

Figure 20(b) is the corresponding force curves of Figure 20(a). It is observed
that with increasing hydration level, the strength of adhesion is increased by a factor of
15.59, 16.47, 16.85 and 19.97 for A = 3, 6, 9 and 15 respectively, which displays a
monotonic relationship between the hydration level and the adhesion force. As observed
in the non-oxidized graphite and Pt system, the magnitude of the adhesion force largely
depends on two aspects: the interaction between the polymer binding agent (the Nafion
film) with the carbon surface, and the interaction between the polymer binding agent with
the nanoparticle. Since in this system, the interaction between the Nafion and the
hydroxylated graphite surface is strong, and no polymer detachment from the oxidized
graphite surface is observed at any hydration levels. The magnitude of the adhesion force

largely depends on the interaction between the PtO and the Nafion polymer. After
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examining the snapshot (see Figure 22), it is observed that the connection between PtO
and the Nafion polymer is largely realized by the interaction between the sulfonic acid
group on the Nafion side chain and the water molecules attached on the PtO surface.
Therefore, the more water molecules attached to the PtO surface, the stronger the
connection between PtO and Nafion chain will be. The number of water molecules
hydrogen bound to the nanoparticle increases with degree of film hydration, from 2, 22,
31 to 73 respectively for the A =3, 6, 9, 15 systems.
s Effect of catalyst nanoparticle shape on catalyst adhesion

In this section, we investigate the effect of nanoparticle shape at two hydration
levels, A = 3 and A = 15. It is true that different nanoparticle shapes expose different
faces of the catalyst (Pt) crystal. It is likely that the guiding principle in terms of
nanoparticle shape should be the choice of face that yields the highest electrochemical
activity. Nevertheless, it remains important for nanoparticles of any shape to adhere to
the surface. Additionally, due to the limit of lack of reliable oxidized Pt models, the
catalyst shape in the oxidized system is not investigated.

In Figure 23, the adhesion force for four nanoparticle shapes is presented at A = 3.
For comparison purposes, the adhesion curves from the bare system are also included.
From Figure 23, it is observed that the maximum adhesion is enhanced with the
introduction of the wet film for all particle shapes. While all the other shapes are able to
reach equilibrium at around the same position in the bare and wet systems, the tetrahedral
Pt has shifted its equilibrium distance from 0.32 nm to 0.39 nm (see Table 9). After

examining a snapshot for the tetrahedron at 3.9 nm, it is noticed that a layer of Nafion has
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slipped between the Pt nanoparticle and the graphite surface, which is the cause of the
equilibrium distance shift.

It is also interesting to observe the effect of nanoparticle shape on the ability to
form polymer bridges, since it is at least partially through these bridges that the film
fulfills its role as a binder. We intuitively expect the nanoparticle shapes with more Pt
atoms to more strongly adhere to the polymer and encourage the formation and retention
of bridges. In Figure 24 (a)-(d), snapshots of the systems with the nanoparticle (cube,
tetrahedron, truncated octahedron and octahedron respectively) at a separation distance =
7.5 nm are shown. In Figure 25 (a)-(d), snapshots of the systems with the nanoparticle
(cube, tetrahedron, truncated octahedron and octahedron respectively) at a separation
distance = 12.0 nm are shown. From Figure 24, we can see that polymer bridges have
formed in systems with three shapes of nanoparticles, all but the octahedron. In Figure
25, we observe that the polymer bridge has disappeared from the truncated octahedron at
a separation of 12 nm. Thus we partially observe our expected trend. The particles with
the most Pt atoms, the cube (24 (a)) and the truncated octahedron (24 (c)), maintain
bridges at 7.5 nm and the particle with the most Pt atoms, the cube (25 (a)), maintains
polymer bridges at 12 nm. However, contrary to the simple rule that polymer binding to
the Pt nanoparticle should be a function of number of Pt atoms in the nanoparticle; it is
observed that the nanoparticle with the fewest Pt atoms, the tetrahedron, also maintains
bridges through 12 nm. Apparently there is something to the tetrahedral shape that

allows stronger adhesion to the polymer.
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Figure 26 provides a close-up of the cubic and tetrahedral Pt nanoparticles at a
separation of 12 nm, in order to better observe the polymer conformation on the Pt
surface. As shown in Figure 26 (a), the interaction between the cubic nanoparticle and
Nafion is achieved through a tiny part of Nafion chain (mostly carbon) at the bottom of
the cube (the majority of the polymer that were on the surface at distance = 7.5 nm have
detached from the catalyst as the distance increased). In Figure 26 (b), the interaction
between the tetrahedral nanoparticle and Nafion is achieved through several sulfonic acid
groups attached both on the bottom and side of catalyst surface, interacting with water
and hydronium ions. Obviously, the interaction involves both Coulombic attraction
(interaction between hydronium ion and sulfonic acid groups) and LJ attraction will be
stronger than LJ attraction alone. Thus the hydrated tetrahedral system has a long-range
effect due to its unique ‘anchor-like’ structure, i.e. its base area is much larger compared
to the upper point, which allows the Pt particles to act like an anchor and more securely
bind polymers during the detachment process.

Having observed the impact of nanoparticle shape on nanoparticle adhesion at a
relatively low nominal water content of A=3, we now turn our attention to a higher water
content of A=15 in order to determine if the observations are independent of water
content. Figure 27 shows the filtered force results for the wettest systems (A=15) studied
here. Most of the results are consistent with the finding obtained at the low hydration
level (A=3). For example, the adhesion is enhanced by the introduction of the hydrated
polymer film into the system, relative to the bare system. Moreover, was seen with

nanoparticle size, as the hydration level goes up, more polymer will be brought away
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during detachment, which results in more fluctuations in the binding energy and adhesion
force as a function of separation. However, we do not observe anomalous behavior for
the tetrahedral nanoparticle as was observed at the lower water content.

In Figure 28 (a) and (b) top and side views of a snapshot for the 2 nm tetrahedral
nanoparticle at A=15 are shown before the detachment process starts (after the system is
fully equilibrated). As was the case for the cubic nanoparticle in Figure 15, at high water
contents the tetrahedral nanoparticle is surrounded by water and is isolated from Nafion.
Thus, it is not surprising that we do not see the bridging effect between Nafion/Pt and
Nafion/graphite. In fact, as shown in Figure 28 (c), there is no polymer bridging with the
tetrahedral particle at high water contents even at the very small separation distance of
1.5 nm. Without this polymer bridging, the tetrahedral particle detaches relatively easily
from the surface.

«» Effect of nanoparticle size on catalyst adhesion

In this section, we investigate the effect of nanoparticle size at two hydration
levels, A = 3 and A = 15. 1t is true that different nanoparticle size changes the ratio of
catalyst surface area to catalyst volume and thus impacts the amount of catalyst that must
be present in the system. Again, it is likely that the guiding principle in terms of
nanoparticle size should be optimizing electrochemical activity. However, in this section,
we show that adhesion is a function of nanoparticle size and thus may be considered as a
factor in selecting catalyst nanoparticle sizes for optimal performance. Due to the same
reason, i.e. lack of reliable molecular model on the oxidized Pt nanoparticle, the effect of

nanoparticle size is only investigated for non-oxidized Pt/C systems.
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Figure 29 and Figure 30 show the size effect of Pt nanoparticle on adhesion force
at two different water contents, A = 3 and A =15. We noticed that for both hydration
levels, the adhesion is a function of Pt size. As the nanoparticle size goes up, the
adhesion force gets stronger, at both hydration levels. At A = 3, the adhesion force is
increased in magnitude by a factor of 1.40, 1.24, and 1.14 for the 2 nm, 4 nm and 6 nm
nanoparticles respectively. At A = 15, the adhesion force is increased in magnitude by a
factor of 1.40, 1.43, and 1.31 for the 2 nm, 4 nm and 6 nm nanoparticles respectively.

+«» Effect of oxidation of the Pt/C surface on the catalyst adhesion

In this section, the effect of surface oxidation of the carbon surface is
investigated. Two different functional groups are introduced to the graphite surface and
the binding energy and adhesion force is calculated and compared with that of the non-
oxidized Pt/C systems. The catalyst nanoparticle in this section in modeled as PtO.

It is observed in Figure 17 that the binding energy is more favorable with the
hydroxylated surface and becomes even more favorable as the degree of hydroxylation
increases. Thus is demonstrated the idea that the intentional introduction of a specific
surface functional group such as the hydroxyl group on the carbon surface can enhance
adhesion between nano-particles and graphite, which may improve the practical
performance of the Pt/C catalyst in a fuel cell device. Recently, a solution sonochemical
oxidation method was used to introduce surface functional groups containing —C-OH, -
C=0, -C-0-C- etc. on carbon nanotubes (CNT), where Pt nanoparticles were deposited,
leading to enhanced electro-catalytic activity in the oxygen reduction reaction in fuel

cells relative to unmodified CNTs®'.
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Figure 17(b) provides the corresponding force curve for the A = 3 systems
discussed earlier. It is shown in the figure that the adhesion force for both epoxidized
and hydroxylated system increases with the oxidation extent. Quantitative values for
adhesion forces at A = 3 are listed in Table 7. One feature worth noting in Figure 17(b)
is that unlike the hydroxyl systems, the epoxy systems exhibit a repulsive force after the
PtO is detached from the surface. This repulsive force indicates that the PtO nanoparticle

experiences an electrostatic barrier to adhesion to the surface.

Conclusions of Task 1

The purpose of task 1 was to study the catalyst nanoparticle detachment
mechanism from the nano-adhesion point of view. Molecular dynamics simulations were
performed on various systems containing non-oxidized catalyst nanoparticles of different
sizes, shapes and Nafion thin film at four hydration levels of A = 3, 6, 9 and 15 to
investigate that how the catalyst size, shape and its surrounding environment will affect
the adhesion. Additionally, the effects of oxidation state of both the catalyst and carbon
support surface is also investigated on the nanoparticle adhesion.

For the non-oxidized systems, we found that bigger nanoparticles yield better
adhesion regardless of the humidity level.  Additionally, nanoparticle shape of
tetrahedron has a significant influence on nanoparticle adhesion. It acts like an anchor
while detaching from the surface, which decreases its possibility of detaching from the
surface and allows it to keep connected with its support through the bridged polymers.
However, no significant effect on the nanoparticle adhesion was observed for all the other

shapes (cube, octahedron and truncated octahedron). The slightly difference in adhesion
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force for these three shapes are due to the atom quantity difference in each shape. As for
the effects of Nafion film, it acts like a binder to keep Pt nanoparticles in place. The
hydrophobic backbone will interact with the carbon support and the hydrophilic side
chain can interact well with the Pt surface as well as the water molecules and hydronium
ions that are attached on it. The hydration level has a rather complicated effect on
adhesion: at low hydration levels, due to the fact that water molecules will accumulate in
the vicinity of the Pt nanoparticle, Nafion polymer will be excluded causing a reduction
of polymer-Pt interaction, and as a result of which, the adhesion force will decrease as the
hydration level goes up. Furthermore, the extent of the decrease will be affected by the
interaction between graphite surface and Nafion as well. When the humidity level
increases beyond a certain point, polymer delamination occurs, the extent of delamination
can influence the strength of interaction between Nafion and graphite. Nafion chains are
more flexible at high humidity levels and there is a better chance for the hydrophobic
backbone to transform to a more favorable configuration on the graphite surface, thus
only partial delamination may occur. Partial delamination allows polymer chains to form
bridges between graphite surface and Pt nanoparticle, which can enhance the adhesion
force. The adhesion between the Pt catalyst and its support can be strengthened by
controlling the nanoparticle size and shape as well as controlling the Nafion content and
its humidity level in catalyst layer.

To investigate the impact of oxidation on nanoparticle adhesion for Pt/C catalysts
in PEMFC catalyst layers, molecular dynamics simulations were performed on various

systems containing PtO nanoparticles and two different kinds of oxidized graphite
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surfaces (epoxidized and hydroxylated graphite) at different oxidation extents with the
presence of Nafion thin film at four hydration levels of A = 3, 6, 9, and 15. For the bare
system (without a polymer film) adhesion between the PtO nanoparticle interacts more
weakly than the Pt nanoparticles on unoxidized graphite. With the epoxidation of the
graphite surface, the adhesion of PtO weakens further due to the electrostatic repulsion
between the exposed oxygen atoms. However, with the hydroxylation of the graphite
surface, the adhesion of PtO strengthens due to the electrostatic attraction between
hydrogen on the surface and the oxygen on the nanoparticle.

The presence of the Nafion film acts like a binding agent, enhancing the binding
energy and adhesion force between PtO and the hydroxylated surfaces. As the degree of
hydroxylation increases, the adhesion force increases. The effect of hydration on the
hydroxylated system depends on the degree of hydroxylation, i.e., at low oxidation extent
(10%), a slight increase in the magnitude of binding energy is captured from A =3 to A =
9; at higher oxidation extents (25% and 50%), the magnitude of the binding energy show
a decrease from A = 3 to A = 9, which can be traced to changes in polymer conformation
on the hydroxylated graphite due to the presence of varying amounts of water.

The impact of a Nafion film on an epoxidized surface is very different than that
on the hydroxylated surface. At low levels of epoxidation, the adhesion is enhanced;
however, at higher levels of epoxidation, where the film either partially or fully
delaminates, there is no benefit to adhesion. The effect of hydration on the epoxidized

system is to enhance binding with increased water content.

47



The extent and type of oxidation on a carbon support surface has a strong impact
on the adhesion of the catalytic nanoparticles. We observe that it is possible to strengthen
the adhesion of the film and catalyst nanoparticle to the surface by controlling the type
and extent of oxidation as well as the humidity level in the catalyst layer of the PEMFC.
This understanding provides a new perspective toward developing a more durable
catalyst layer as well as for accounting for environmental conditions resulting in loss of

electrochemical surface area.

Task 2 Microstructure and Properties of the lonomer Film

In this task we discuss the microstructure and properties of the ionomer film of
the catalyst layer. The results and discussion are organized into two parts. In the first
part, a set of molecular dynamics (MD) simulations composed of an oxidized
nanoparticle (4 nm PtO), various oxidized carbon substrates and a polymer binder at
various degrees of hydration were conducted to study the effect of oxidation on the
adhesion of the polymer film. The variables investigated in these simulations include the
type (hydroxyl or epoxy) and extent of oxidation (10%-50% for hydroxyl and 10-25% for
epoxy), the presence of polymer electrolyte binding film and extent of hydration. In this
analysis, the binding between the polymer film and the carbon surface is most clearly
revealed. In the second part, the nanoscale configuration of the hydrated Nafion film is
investigated as a function of four variables: (1) film thickness, (2) surface oxidation, (3)

presence of catalyst and (4) hydration level.
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Part 1. Effect of Surface Oxidation on the lonomer Film Conformation

Figure 31 show the equilibrium binding energy between the hydrated Nafion
membrane and the oxidized rigid system (oxidized graphite and PtO) at different
oxidation levels of graphite. From Figure 31, it is clear that some oxidation on the
carbon surface (oxidation extent = 10%) enhances the strength of binding between the
hydrated membrane and the substrate for both epoxidized and hydroxylated surfaces at
both hydration levels. In other words, slight oxidation is beneficial for the stability of the
interface of PEMFC catalyst layers from the binding energy point of view. However,
after the oxidation extent exceeds 10%, the epoxidized and hydroxylated systems show
different trends. For the epoxidized system, the magnitude of the binding energy begins
to decrease with the increase of oxidation extent, which describes weaker binding
between polymer film and graphite surface. In contrast, the hydroxylated system shows a
plateau in binding energy after 10% oxidation. Therefore, from the binding energy point
of view the hydroxylated graphite surface actually helps the hydrated membrane to fulfill
its role as a binding agent. Snapshots showing the polymer conformation at A = 3 for
both epoxidized and hydroxylated graphite surface at oxidation rates of 10% and 50% are
shown in Figure 32 (a)-(d) to further illustrate the point. Figure 32 (a) and (b) represents
the 10% and 50% the epoxidized system respectively. These pictures confirm the results
in Figure 31. At the epoxidation extent of 50%, the binding energy is sufficiently weak
that the film delaminates from the oxidized graphite surface. The only point of contact

between the polymer and the surface is through the PtO nanoparticle. In contrast, from

49



Figure 32 (c) and (d), the polymer film adheres to the hydroxylated graphite surface at
both extents of oxidation.

The observations in Figures 31 and 32 are quite surprising. Bare graphite is a
hydrophobic material. ~ Oxidation of the surface introduces polar groups, which
intuitively should serve to more strongly bind, a polar molecule like Nafion, which has a
sulfonate ion (g = -1 e) at the end of every side chain. This intuitive behavior is observed
for the hydroxylated surface, although the effect seems to reach a plateau. However, for
the epoxidized surface, the intuitive behavior is only observed at low oxidation levels.
Further oxidation makes the surface even less favorable than the bare (completely
unoxidized) graphite surface.

The different behavior of the polymer film on the surface of epoxidized and
hydroxylated graphite can be explained by the different distribution of charge at the two
surfaces. In the case of hydroxylation, the top most atomic layer of the graphite presents
a positive charge (the partial charge of the hydrogen atom). However, in the case of
epoxidation the top most atomic layer of the surface presents a negative charge (the
partial charge of the oxygen). Thus the simulation introduces a fixed charge distribution
in the oxidized graphite that results in a reorientation of the dynamic molecules in the
film. The effects of this charge distribution are shown in Figure 33, which presents the
charge distribution normal to the surface starting from the top layer of graphite (located at
a position of 2.037 nm). The charge shown in the vertical axis is all the atoms located on
that specific layer. Figure 33 (a) presents the charge distribution for a 50% hydroxylated

graphite surface at different humidity levels. From the figure, it is noticed that after the
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black line (representing total charge for the layer of hydrogen atoms in the hydroxyl
group), there is a slightly positive charge peak (from a minority of hydrogen of adsorbed
water), a negative peak (from oxygen of adsorbed water) and a positive peak (from the
majority of hydrogen of adsorbed water). After a careful examine of the orientations of
H,O and Hs;O" on the oxidized graphite surface, it is found that the water molecules
prefer the orientation with the oxygen atoms in direct contact with the oxidized graphite
surface and the two hydrogen atoms facing the vapor phase. This is an intuitive
orientation since it allows the oxygen of water to hydrogen-bond with the hydrogen of the
hydroxyl group. An illustrative snapshot is included in Figure 33 (al). A similar
orientation is observed for hydronium ions in this layer with two of the three hydrogen
atoms arranged away from the surface as illustrated in the second snapshot in Figure 33
(a2). The unique orientation of both water and hydronium ions on the hydroxyl surface is
caused by the positively charged hydroxyl atoms on top of the graphite surface.
Therefore, Coulombic attraction results in the most stable orientation of water and
hydronium ions with hydrogens facing the vapor phase. The positively charged hydrogen
in both water and hydronium ions attract the sulfonic acid groups in the Nafion side
chain, as a result of which, the polymer is strongly anchored on the hydroxylated graphite
surface, which explains why the Nafion membrane remained adhered to this surface.

The same mechanism can be applied to explain the behavior on the epoxidized
surface as well. At low oxidation rate, the graphite surface is not fully covered by the
oxygen atoms from the epoxy group, which leaves some of the carbon atoms in the

epoxidized graphite exposed to the water and hydronium ions. Since the epoxidized
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carbon atoms are positively charged, water and hydronium ions simultaneously orient
with the oxygen atoms in direct connect with the carbon atoms on the graphite surface,
leaving their hydrogen atoms facing the vapor phase (Figure 33 (b1)), which become the
anchor site for the side chain of the Nafion membrane. However, at higher extents of
oxidation, the surface is dominated by the negatively charged oxygen atoms in the epoxy
group, which tend to orient the water and hydronium ions with hydrogen atoms in direct
contact with the oxidized graphite surface, leaving the negatively charged oxygen atoms
from water and hydronium ions facing the vapor phase. See snapshots in Figure 33 (b2)
and (b3). The backbone of the Nafion membrane is hydrophobic and only weakly
interacts with water. The significant interaction between Nafion and the aqueous layer is
therefore through the sulfonate anions located on the end of each side chain. The
negatively charged sulfonate groups repel the exposed negatively charged oxygen of the
water molecules hydrogen-bound to the epoxy groups. In extreme conditions, this
electrostatic repulsion results in delamination of the film.

In Figure 33 (c), the charge distribution is reported at a low water content (A= 3)
for surfaces with various extents of epoxidation and hydroxylation. In general, we
observe a damped oscillatory charge distribution extending out to 5 nm. Interestingly,
much of the long-range structure of the charge distribution is the same for both extents
and types of oxidation. The charge distribution in the first couple peaks, however, does
depend on type and extent of oxidation. For example, at lower extents of hydroxylation,
we observe a negative charge peak at 2.4 nm, whereas at the higher extent, we observe a

positive charge peak. This is because at lower extents, water molecules are able to
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approach hydroxyl groups from the side and form favorable interactions with the oxygen
atom of the hydroxyl group.

In Figure 33 (d), the charge distribution is reported at a higher water content (A =
9) for surfaces with various extents of epoxidation and hydroxylation. Comparison of
Figures 33 (c) and (d) shows that the increase in degree of hydration enhances the charge
distribution effect in general. We do observe at high water content that the charge
distribution is more pronounced in the 25% than the 50% epoxidized surface, opposite of
the trend observed at low water content. The mechanism behind this can be understood
by considering that, as more water and hydronium ions are introduced to the system, and
multiple layers of water and hydronium ions are present on the surface, the water layer
begins to show more bulk-like water properties, including a more random orientation of

water*3®

and thus the charge effect is less obvious for the 50% case. This trend is more
obvious for the epoxidized surface than for the hydroxylated surface because the water
retention ability of the epoxidized surface is greater. That the epoxidized surfaces retain
more water is confirmed in Table 8, where the actual water content in the film (effective

A value) is listed. The effective A value is higher for the epoxy system at the same

oxidation extent.

Part 2. Nano-Characterization of the Nafion lonomer Thin Film

In this part, nanoscale morphology of the hydrated ionomer film resting on the
carbon support is investigated. The characterization of the Nafion thin film is done

through presenting results of RDFs, coordination numbers, snapshots, film effective A
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values and surface areas. A complete description of the nanostructure of the ionomer
film is created through the careful integration of these various pieces of information.

The logical organization of this part of simulations is readily apparent in Table
10. The effects of hydration, film thickness and surface oxidation on film morphology
are investigated for systems with no catalyst (1% simulation group), comprising runs 1
through 12. Unoxidized systems containing a Pt nanoparticle (2" simulation group)
comprise the next four runs. Oxidized systems containing a PtO nanoparticle (3"
simulation group) comprise the final eight runs.

The RDFs describes the distribution of the density of a particular species as a

139 " In this work, five RDFs are calculated

function of distance from a reference particle
to describe the hydrophilic domain in the Nafion film, including the sulfonate-sulfonate
(S of SO37/S of SO3), sulfonate-water, (S of SO;/0 of H,0), sulfonate-hydronium ion (S
of SO57/0 of H;0"), hydronium ion-water (O of H;0"/O of H,0) and water-water (O of
H,O/O of H,O) RDFs. We note that in Figures 34 through 48, all five RDFs for all
twenty-four simulations are presented in a complete and methodical manner, organization
are listed in Table 11. In this document, selected RDFs are presented and discussed.
Note, we choose to present RDFs with units of density rather than the normalized
(dimensionless) pair correlation functions (PCF), because the systems are inhomogeneous
and the normalization constant that would relate the RDF to the PCF is poorly defined
and varies from one system to the next.

A quantitative measure of the number of molecules of a given species within the

first shell can be obtained by integrating the RDF over the first peak. This provides a
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“coordination number” between pairs of species. The upper limit of integration is
defined by the position of the first minimum following the first peak. This minimum is
located at 6.9 A for the sulfonate-sulfonate RDF, 6.0 A for the sulfonate-water RDF, 5.5
A for the sulfonate-hydronium ion RDF, 4.2 A for the hydronium ion-water RDF and 5.1
A for the water-water RDF. Coordination numbers for these five pairs for all twenty-four
simulations are reported in the last five columns of Table 10.

% Catalyst-Free Surfaces

The first simulation group contains a total of 12 simulations. A full simulation
matrix for three types of graphite surfaces (pristine, epoxidized, hydroxylated), two
hydration levels and two film thicknesses are performed in this group of simulations.

In a bulk membrane, the hydration level of a membrane is well-defined, A is the
number of H,O per HSO3 (most of which have dissociated into SO3” and HzO"). In a
film, which is in equilibrium with a gas phase, some water will leave the film in order to
form an equilibrated vapor phase. The concept of an effective hydration level for a film,
Letf, 1S Introduced based on the fact that the ability for Nafion to retain moisture decreases
as the membrane thickness decreases*>’. The same phenomena has been observed in our
previous simulations'?**. The value of A reported in Table 10 gives the number of H,O
per HSO3 in the simulation volume. The value of A reported in Table 10 gives the
number of H,O per HSO;3 in the ionomer film, which does not include those water
molecules that have entered the vapor phase. It is clear in Table 10 that A IS always
smaller than the nominal A and that any increase in A corresponds to an increase in Aeff

when all other variables are held constant.
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Before we engage in a quantitative analysis of the RDFs and coordination
numbers, it can be useful to visually inspect snapshots that show a concrete realization of
the conclusions deduced below. Two typical snapshots are shown in Figure 49 (a)-(f) to
illustrate the morphology change of the hydrated Nafion film with respect to the humidity
level change. These snapshots correspond to a 2 nm Nafion film on a 25% epoxidized
graphite surface at hydration levels of A = 3 Figure 49 (a)-(c) and A = 9 Figure 49 (d)-
(f). For each hydration level there is a top view of the film, a side view of the film, and a
side view of the aqueous domain. The vapor phase water molecules and the carbon
surface are omitted for a clearer view. The films were initially uniformly distributed over
the carbon surface. During equilibration, the films underwent a relaxation that results in
the inhomogeneous distribution over the carbon surface. The distribution is irregular in
both the directions parallel to the surface as well as the direction normal to the surface. A
noticeable increase in the water cluster size is observed from A =3 to A =9.

In bulk Nafion membranes, the aqueous domains contain water, the sulfonate
groups and the hydronium ions. At low hydration levels, the aqueous clusters are small
and poorly connected. In these small aqueous clusters, the sulfonate groups are more
isolated from each other and the hydronium ions are tightly bound to the sulfonate
anions®®. As the hydration level increases, the aqueous clusters grow in size and become
better connected. This change in nanostructure of the aqueous domain is reflected in all
five of these RDFs. Larger water clusters allow (1) increased aggregation of the
sulfonate groups, (2) increased hydration of the sulfonate group by water molecules, (3)

decreased association between the sulfonate group and the hydronium ion as the
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hydronium ion is able to explore more space in the aqueous domain, (4) increased
hydration of the hydronium ion by water, and (5) increased water-water association®. In
the first twelve simulations (all of which have no catalyst), there are six pairs of
simulations in which nothing is changed but the water content. In all six cases, through
an examination of Table 10, we observe that all five of these trends are obeyed. As the
hydration level is increased, we observe (1) an increase in the sulfonate-sulfonate
coordination number, (2) an increase in the sulfonate-water coordination number, (3) a
decrease in the sulfonate-hydronium ion coordination number, (4) an increase in the
hydronium ion-water coordination number and (5) an increase in the water-water
coordination number. Thus all the expectations for the effect of hydration level on the
nanostructure of the Nafion thin film based on the behavior of the bulk membrane are
met. In addition to the coordination numbers presented in Table 10, the effect of
hydration level can also be observed directly in the RDFs, of which the sulfonate-
sulfonate is presented in Figure 34 and all five RDFs are presented in Figures 34
through 38.

We begin the analysis of the effect of film thickness on film morphology with a
comparison of snapshots in Figure 50 (a) and (b). These snapshots correspond to a
pristine (unoxidized) graphite surface at A = 9 for a film thickness of 1 nm (a) and 2 nm
(b). The vapor phase water molecules are omitted for a clearer view. It can be seen that
proportionally more water molecules are retained in the thicker film, which is both visible
to the eye and reflected from the film effective A values (Table 10), i.e. the film effective

A increases from 3.8 (1 nm) to 7.8 (2 nm) for the pristine graphite system at the hydration
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level of A =9. Thus, one of the major effects of the film thickness on the morphology of
the hydrated film is an enhanced ability to retain moisture with increasing film thickness,
which is consistent with the experimental results*®.

Additionally, a thicker film has more contact points on the carbon support and is
less prone to ball up as shown in Figure 50. In Figure 50 (c) and (d), the film thickness
difference in the 1 nm film and 2 nm film for the pristine graphite surface at the hydration
level of A =9 are presented. The yellow dashed lines, separated by a distance of ~2.6 nm,
are put there as the benchmark for the film thickness, which surprisingly indicate that the
nominal 1 nm and 2 nm film do not have much difference in thickness. The result is not
predicted since the 2 nm film is made by overlapping two 1 nm films, thus the 2 nm film
would be exactly twice as thick as the 1 nm film, if the ionomer film kept their original
contact points with the carbon support during the simulation. The explanation lies in the
fact that what we describe as film thickness is actually the extent of ionomer film
coverage on the surface. Nominal thickness refer to the ionomer film uniformly spread
over the graphite surface; it is apparent that a certain degree of film ball-up occurred in
both films regarding the fact that the carbon support in both cases is not 100% covered by
the ionomer film (see Figure 50 (a) and (b)), although the ionomer film is initially
evenly spread over the carbon surface. The inhomogeneous distribution of the ionomer
film around the carbon support was also reported experimentally and was identified as
one of the major reasons for the poor transport of protons as well as the low utilization of
catalyst nanoparticles®. In the thinner film (1 nm), the phenomena of film balling up is

more severe, which diminishes a large number of contact points between the ionomer
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film and the carbon support. Thus a thicker film (more contact points) is desirable for
achieving a better path for proton transport from the catalyst to the PEM, although too
thick a film will bury the catalyst nanoparticles, presenting a mass transfer barrier to the
vapor phase fuel.

To quantify the ionomer distribution, we have reported a film surface area in
Table 10. This surface area is based on the use of a zero-volume probe to measure the
exposed surface area of the atoms in the hydrated film, including Nafion, hydronium ions
and those waters that remained in the film. For a perfectly laminar film, doubling the
thickness would have a negligible effect on the surface area, since the area of the top and
bottom of the film would not have changed. In these cases, some balling up of the film
always occurs and an increase in film thickness results in a drastic increase in film
surface area. In five of the six pairs of simulations in which nothing is changed but the
film thickness, doubling the film thickness results in greater than a doubling of the film
surface area. In the sixth pair (the hydroxylated surface at A= 3), the surface area of the
thicker film is almost doubled.

The observations from the snapshots, namely that with increasing film thickness
we should observe better water retention and less balling-up, impact the RDFs in opposite
ways. Greater water retention argues for larger aqueous clusters, but a flatter film argues
for smaller, better distributed water clusters. The RDFs and the coordination numbers
reflect these competing trends. For all six comparable pairs of simulations, the sulfonate-
sulfonate coordination numbers are lower and the sulfonate-hydronium ion coordination

numbers are greater with increasing film thickness, consistent with better distributed
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water channels. However, for all six comparable pairs of simulations, there is better
hydration of both the sulfonate and hydronium ions by water and increased water-water
association, consistent with more water retained in the film.

To sum up this section, there are three major features for the effect of thickness on
the morphology of the Nafion film: First, the ability to retain water is noticeably
enhanced for the thicker film. Second, films of nominal 1 nm and 2 nm uniform
thickness ball-up and expose portions of the support surface, with the fraction of exposed
surface decreasing with increasing amount of ionomer. Third, the film thickness
influences the morphology of the aqueous domain through which proton transport occurs.

It is well known that both the graphite surface and the catalyst undergo oxidation
during operation'®. The effect of oxidation is usually considered as a drawback that
reduces fuel cell durability. However, suggestions are also available in the literature
which indicates that appropriate surface oxygen groups can enhance the performance of
the Pt/C catalysts®"*%%2>_ Most of the available papers focus on discussing the effect of
surface oxidation on the Pt/C degradation. There remains a lack of published work
discussing the effect of oxidation on the Nafion film morphology, which is the subject of
this section. There are three carbon support surfaces discussed in this section, the pristine
graphite surface, a graphite surface with 25% epoxidation and a graphite surface with
25% hydroxylation. The key difference between these surfaces lies in the charge
distribution on the surface. The pristine graphite surface presents no significant charge
(at least relative to the other two cases). The epoxidized surface presents the oxygen,

which contains a negative partial charge. The hydroxylated surface presents the
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positively charged hydrogen atoms of the —OH groups. As has been shown previously,
this charge distribution has a dramatic impact on film adhesion’*°. Small amounts of
epoxidation and hydroxylation enhance adhesion. Large extents of epoxidation actually
result in delamination, whereas large extents of hydroxylation continue to promote
adhesion of Nafion. Based on Figure 31, we expect the 25% hydroxylated surface to
enhance adhesion relative to the pristine surface and 25% epoxidized surface to impact
structure but not to strongly impact the overall energy of adhesion. In our simulations,
we have occasionally observed delamination for the 1 nm film on 25% epoxidized
graphite surface (Figure 51) but never for the 2 nm film. This is consistent with our
finding in the previous section that a thicker film experiences less balling-up and
therefore has an enhanced tendency to remain laminated to the carbon support.

In the previous section (part 1), we argued that the charge distribution in the
direction perpendicular to the oxidized graphite surface plays an important role in
determining the film conformation and adhesion. The charge distributions at the contact
layer (where the ionomer film are in direct contact with the graphite surface) are the most
important, since it reflects the orientation of those charged specious (mostly water
molecules, hydronium ions and sulfonate groups), which directly determine if preferable
hydrogen bonds can be formed to enhance the adhesion between the film and the support.
To have an idea of what the contact layer looks like, snapshots showing atoms in the film
that are in direct contact with the oxidized surface are shown in Figure 52 for a 1 nm film
at A = 9 on the hydroxylated (a) and epoxidized (b) surfaces. It is observed in the

snapshot that more negatively charged sulfonic acid groups are present on the
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hydroxylated graphite surface contributing to the adhesion between the film and the
hydroxylated surface. Also more water molecules are in direct contact with the
hydroxylated surface and are oriented in such a way that they form favorable hydrogen
bonds with the surface (The distribution of specific conformations of water and

hydronium in 1 nm films was presented previously.**

). The aggregation of the sulfonate
groups and water molecules near the hydroxylated surface result in an aqueous partial
monolayer on the hydroxylated surface. Unlike the hydroxylated case, the epoxidized
surface does not easily form bonds with the sulfonate group of the ionomer film due to
Coulombic repulsion. Thus, the only way for the ionomer film to stay on the epoxidized
surface is through the hydrogen bond with water and hydronium ions that are attracted to
the surface. This is why there are less contact points between the epoxidized surface and
the ionomer film. As the film thickness increases, the effect of this interfacial charge
diminishes. Thus the 2 nm films show less change as a result of the surface oxidation,
especially for the low hydration level systems.

The presence of an enhanced aqueous layer at the hydroxylated carbon surface
should be manifested in the RDFs and associated coordination numbers. The sulfonate-
sulfonate RDF appears most sensitive to surface oxidation. For all four sets of
simulations in which nothing but the surface oxidation is changed, there is greatest
sulfonate-sulfonate aggregation on the pristine surface, followed by the hydroxylated

surface and then the epoxidized surface. Thus the charged surface appears to result in a

more uniform distribution of sulfonate atoms over the surface, but the enhanced water at
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the hydroxylated surface allows for some regrouping. There is very little impact of
surface oxidation evident in the other four RDFs.

The distribution of water in the thin film is however affected by surface oxidation.
It is observed that A of the film on the epoxidized graphite surface is generally higher
compared with the film on the hydroxylated graphite surface. This is consistent with our
previous observations: the hydrophilic domain of the ionomer film is located near the
hydroxylated graphite surface; the water molecules are either trapped between the
graphite surface and the hydrophobic portion of the ionomer film or located on the
hydroxylated graphite surface that is far away from the ionomer. Only the water
molecules that are trapped between the film and the support are counted for the
calculation of Aer  From the snapshots shown in Figure 53, it is clear that in the
hydroxylated system, there is almost no water molecule in the upper portion of the
Nafion film (the region that located far away from the oxidized graphite surface).
However, in the epoxidized system, water molecules have a more even distribution
within the film, both the lower portion (the region that is close to the oxidized graphite
surface) and the upper portion of the film.

% Unoxidized Systems with Nanoparticles

The second simulation group contains a total of four simulations, each including a
pristine graphite surface and a single Pt nanoparticle. The simulations include two
hydration levels (A = 3 and 9) and two film thicknesses (1 nm and 2 nm). The purpose of
these simulations is to observe the impact of the presence of a Pt nanoparticle on the

observations reported for the unoxidized and catalyst-free systems above. The five RDFs
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for each simulation are reported in Figures 39 through 43. The corresponding
coordination numbers are reported in Table 10.

In previous work, we examined the impact of a platinum nanoparticle embedded
in a bulk Nafion membrane on the nanostructure of the aqueous domain*®. We found
that typically there is a higher water and sulfonic acid group density near the platinum
nanoparticles. The result is also confirmed by a molecular dynamics study of the PEM-
Ptyse-graphite interface, which argues that the strong interaction of sulfonic sites with Pt
provides hydrophilic sites near the platinum nanoparticle and favor the location of stable

water clustering near the Pt catalyst'*°

. In the present work, the same trend of water and
sulfonic acid density change near the platinum nanoparticles are observed.

The effect of the presence of a nanoparticle is likely restricted to the local
proximity of the nanoparticle. The characteristics averaged over the entire film in the
simulation, such as those in the RDFs and the coordination number should have at best a
weak response to this introduction. Such is the case. The most significant difference in
coordination numbers that we observed between systems with and without the Pt
nanoparticle occurred for the 2 nm films, in which the sulfonate-sulfonate, sulfonate-
hydronium, and water-water coordination numbers increased, while the sulfonate-water
and hydronium-water coordination numbers decrease. The rationale is as follows: the Pt
nanoparticle has a strong attraction to water molecules, as a result of which, a
considerable amount of water molecules relocate themselves to be close to the Pt

nanoparticle. This causes the water molecules near the sulfonic acid group and

hydronium ion to decrease, and resulting in the drop in the hydration of sulfonate and
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hydronium ions. Poorer hydration of the sulfonate group results in enhanced association
of the sulfonate with hydronium ions. The water-water coordination number increases
due to the aggregation of water around the Pt nanoparticle.

Snapshots illustrating the water distribution after introducing the Pt catalyst are
shown in Figure 54. Obviously, after the introduction of Pt nanoparticle, the Pt
nanoparticle attracted a considerable amount of water molecules to its surface, resulting
in the majority of the surface of the Pt nanoparticle covered by a water layer, which
contributes to the increase of water-water coordination number.

% Oxidized Systems with Nanoparticles

The third and final simulation group contains a total of eight simulations, each
including an oxidized graphite surface and a single PtO nanoparticle. The simulations
include a complete simulation matrix for two hydration levels (A = 3 and 9), two film
thicknesses (1 nm and 2 nm) and two types of oxidation (25% hydroxylation and 25%
epoxidation). The purpose of these simulations is to observe the impact of the presence
of a PtO nanoparticle on the observations reported for the oxidized and catalyst-free
systems above. The five RDFs for each simulation are reported in Figures 44 through
48. The corresponding coordination numbers are reported in Table 10.

We observe that in addition to water molecules, a considerable amount of
sulfonate groups and hydronium ions form preferentially around the PtO nanoparticle due
to the strong electrostatic attractions between the negatively charged oxygen atoms on
PtO and positively charged hydronium ions, which bring sulfonate groups with them to

some extent. This aqueous surface layer is thus different from that at the Pt nanoparticle
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surface, which seemed largely composed of water molecules, see Figure 55 (a) and (b).
It is clear that compared with the Pt surface (Figure 55 (a)), there are more sulfonate
groups and hydroniums ions on the PtO surface (Figure 55 (b)).

To the extent that this nanoparticle acts as a hydrophilic anchor, the enhancement
of water, hydronium ions and sulfonate groups directly at the surface of the nanoparticle
can be propagated out to portions of the hydrated ionomer film not directly in contact
with the nanoparticle, forming a better connected hydrophilic domain. Figure 56 (a) and
(b) illustrate this point, through a comparison of the aqueous domain in a film in which
no catalyst particle is present (a) and on in which an oxidized catalyst particle is present
(b). Figure 56 not only shows that more sulfonate group and hydronium ions are located
at the PtO surface but also a more continuous and larger hydrophilic domain. For most
systems, water retention in the membrane also increases as a result of the presence of the
PtO particle, based on comparison of the Aef for the eight pairs of simulations in which
nothing is changed but the presence of the nanoparticle. But since the enhancement of
water retention due to the presence of the nanoparticle is relatively localized and modest
in magnitude, most of the various changes in RDFs reported in the previous section as a
result of an increase in hydration are not observed.

It is found that all of the effects of film thickness on film nanostructure in the
catalyst-free systems remain true in the PtO system. For example, the sulfonate-sulfonate
coordination number decreases and the sulfonate-hydronium ion coordination number
increases with increasing film thickness due to the flatter conformation for the thicker

film. The coordination numbers of sulfonate-water, hydronium-water and water-water
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increase due to better water retention. Thus, it is concluded that the introduction of PtO
catalyst doesn’t change the effect of film thickness. Additionally, the introduction of PtO
nanoparticles also has negligible influence to the conclusion of surface oxidation on the
film conformation due to the reason that the effects of the introduction of PtO is restricted

to a local area near the catalyst.

Conclusions of Task 2

The purpose of part 1 of this task was to study the impact of oxidation on polymer
film and nanoparticle adhesion for Pt/C catalysts in PEMFC catalyst layers. Molecular
dynamics simulations were performed on various systems containing PtO nanoparticles
and two different kinds of oxidized graphite surfaces (epoxidized and hydroxylated
graphite) at different oxidation extents with the presence of Nafion thin film at four
hydration levels of A =3, 6, 9, and 15. For the polymer electrolyte binding energy on the
oxidized graphite surface, it is found that the epoxy and hydroxyl groups have very
different effects on the binding energy of the polymer film. At a low extent of oxidation
(10%), both surface oxides increase the binding energy between the Nafion polymer and
the oxidized graphite surface. At high oxidation extents (25% and 50%), the
hydroxylated graphite surface shows an increase in the magnitude of the binding energy,
while the epoxidized graphite surface shows a decrease resulting eventually in film
delamination. The dramatically different behavior of polymer on the two oxidized
graphite surfaces is caused by the water/hydronium ion orientation on the oxidized

graphite surface.

67



In part 2 of task 2, the effects of hydration level (A = 3 and A = 9), film thickness
(2 nm and 2 nm), carbon support type (hydroxylated, epoxidized and pristine) and the
presence of catalyst (Pt or PtO) on the morphology and property of the ionomer film in
the catalyst layer of a PEMFC were investigated. Molecular dynamics simulations were
performed for a total of 24 simulations. In the first set of simulations, the effect of
hydration, film thickness and carbon support oxidation on the structure of the ionomer
film are explored for systems with no catalyst. It is found that systems that are initialized
with a uniform distribution of ionomer film on the surface relax to form highly irregular
patches of hydrated ionomer on the surface, in which inhomogeneity in the film is found
in both the lateral and perpendicular directions relative to the graphite surface. It is also
found that the morphology of the aqueous domain in Nafion thin films change with
degree of hydration in a qualitatively similar manner to bulk Nafion membranes,
although the degree of water retention in these film is significantly lower. Specifically,
high hydration level results in larger aqueous cluster size and thus a better connected
hydrophilic domain, which will benefit the transport of proton. The thicker films retain
more water and are less susceptible to delamination. Hydroxylation of the carbon support
enhances ionomer film adhesion relative to the pristine surface. On the other hand,
epoxidation of the carbon support can result in partial film delamination.

The most significant effect of presence of a Pt nanoparticle on the pristine
graphite surface is the attraction of water molecules on the Pt nanoparticle surface, which
forms an aqueous nanodomain on the Pt nanoparticle surface. In all simulations we

observed good contact between the nanoparticle and the ionomer film. Breakages in the
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pathway for proton transport from the catalyst to the membrane are therefore more likely
to occur at points on the support surface where the catalyst is not located.

The impact of the presence of a PtO nanoparticle on an oxidized carbon surface is
due to the charge distribution on the PtO surface, which creates a strong attraction not
only to water molecules but also to sulfonate groups and hydronium ions. This changes
the conformation of the nearby ionomer film, resulting in a better connected aqueous
domain around the nanoparticle.

The insights from these simulations provide a molecular-level basis for the
experimental observations that there is an optimal content of recast ionomer in the
catalyst layer. If too little ionomer is present or if the film is not sufficiently hydrated,
there is no pathway for proton transport from the catalyst to the PEM. Of course, if there
is too much ionomer, the catalyst maybe buried under the film and rendered unreachable
by the fuel in the vapor phase. This part also implies that epoxidation of the carbon
surface during operation can result in ionomer film delamination, which reduces the

binding energy of the catalysts, a possible precursor to catalyst detachment.
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Task 3 Microscopic Analysis of Nafion Radiation Damage

In contrast to the tasks 1 and 2, the results of task 3 are based on experimental
investigations of the catalyst layer. This work represents a preliminary study to
investigate the possibility of measuring the nano-adhesion experimentally. Additionally,
it helps to understand the effect of radiation damage on microscopic characterization of
the catalyst layer. Nano-scale characterization often involves the use of Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)). However,
while providing useful nanoscale information, the electron beam used in SEM and TEM
can cause temporary or permanent change in the surface or bulk structure of the
specimen™®!. Here, a detailed investigation of the radiation damage mechanism of the CL
of PEMFCs, which contains both Nafion and carbon-supported platinum (Pt/C) catalyst,

is conducted.

Background

As mentioned in previous tasks, characterizing the microstructure of the catalyst
layer (CL) helps to elucidate microstructure-related process occurring during operation
and degradation mechanisms contributing to PEMFC performance loss. Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) are essential and
powerful analytical and imaging techniques for the evaluation of microstructural and
microchemical changes that determine fuel cell performance stability. Many research
groups take advantage of TEM and SEM in investigating the microstructural changes in

the MEA of PEMFC %% However, while providing useful nanoscale information, the
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electron beam used in SEM and TEM can cause temporary or permanent change in the
surface or bulk structure of the specimen'®!, especially for soft materials such as
Nafion*’. Under this constraint, the effects of radiation damage on the CL samples
should be monitored and understood in order to ensure that the morphological effects
being studied are intrinsic to material and not a consequence of the damage imposed by
the electron beam damage. Verifying the effect of electron beam on the sample
morphology modifications becomes even more important for in-situ experiments in the
SEM chamber or in dynamic environmental TEM, which require that the image
conditions (incident energy, beam current, aperture, working distance, scan speed etc.) be
adjusted constantly to keep the sample stable*®14°,

Qualitative aspects of the mechanism of radiation damage in pure Nafion are well
understood. For example, it is reported that the major component of Nafion exhibits

150151 However, a detailed

substantial mass loss and instability under irradiation
understanding of the radiation damage mechanism of the CL of PEMFCs, which contains
both Nafion and carbon-supported platinum (Pt/C) catalyst, is not yet available. In the
work described here, high angle annular dark field (HAADF) STEM images of CL
samples containing 44 wt% Nafion were recorded as a function of the integrated beam
dose using a Zeiss MERLIN SEM operated in scanning transmission (STEM) mode to
investigate the effect of high-voltage scan speed on CL radiation damage. The choice of
Nafion composition (44 wt%) is based on the experimental optimized Nafion content in

the CL™. Radiation damage of CL samples with other Nafion content (29 and 76 wt%)

and pure Nafion are also investigated to study the effect of components and composition
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of the substance on radiation damage, which is believed to be relevant’®?. High
resolution low loss electron energy loss spectrum (EELS) is recorded to confirm the mass
loss of Nafion. Energy filtered transmission electron microscope (EFTEM) analysis is

applied as key component to understand the radiation damage mechanism in CLs.

Experiment Details

% Preparation of CLs and samples for TEM and STEM measurements

Catalyst layers were prepared by a ‘thin film decal” methods with several different
Nafion to PYC ratios (29%, 44% and 76% of Nafion loading) by weight® ',

1.1 minor modifications to the standard decal method are made:

Following Sun et a
however the resulting CL samples should have similar characteristics to those of the CLs
in MEAs since they experienced the standard procedure of MEA fabrication process.
Catalyst inks were prepared by mixing a carbon support catalyst (XC-72, 20% Platinum
on Vulcan) with distilled water, 5% Nafion solution (EW 1100, lon power, Inc.) and
isopropanol. The mixer was first ultrasonically agitated for 10 min and then stirred
overnight to form a homogeneous ink. The catalyst ink was then brushed onto a decal
surface of PTFE and dried until all the solvent evaporated. The samples with 76 wt%
were dried at 80 °C in the vacuum oven; 44 wt% and 29 wt% samples were dried at room
temperature. The process of brushing and heating is repeated until sufficient amount of
material is deposit for testing. The catalyst layer formed on the decal was then hot

pressed at 454 kg/cm? and 140 °C for 10 min. After hot pressing, the decals were soaked

for 2 hours in 0.5 M sulfonic acid and immersed in deionized water for another 2 hours at
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80 °C. The CLs were finally dried at room temperature. For comparison, pure Nafion
film is also included to study the effect of Pt loading.

For the preparation of TEM and STEM samples, a small sample was first cut from
the MEAs and then embedded in a low viscosity epoxy resin. The epoxy block is then
sectioned with a Leica ultramicrotome at room temperature. The resultant film thickness
is about 80 nm. The ultramicrotomed samples are finally transferred onto nickel-based
TEM grids with 600 meshes.

% HAADF STEM measurements

The magnitude of the High-Angle Annular Dark-Field (HAADF) signal is linearly
proportional to the mass-thickness of the specimen®®. Therefore, thicker regions of the
sample or areas with high density will appear bright, whilst a hole through the sample in
the beam path will appear darker. To make measurements the probe beam (incident | =
197 pA; EHT = 15 KV, 20KV and 30 KV), is scanned at TV rates (351.85 um?s™, 35.30
pum?s™t and 2.31 pm%™) in a square raster (8.22 um*8.59 pm) across the CL sample or
pure Nafion sample for time periods varying from a few seconds up to of the order of
several minutes. An image of the exposed area is then recorded. During the photo-
recording, the beam is blanked for one or two seconds to provide a zero-signal (‘black
level’) reference. The recorded STEM image is then analyzed by a histogram which
identifies both the zero signal baseline value and the signal level in the irradiated region,
which permits the brightness of the irradiated area to be properly determined. This
procedure is then repeated, as required, to increase the deposited beam dose while

simultaneously measuring the change in STEM image brightness. The relative change in
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sample thickness with irradiation can then be found by plotting the signal intensity as a
function of the beam dose deposited. To ensure that the intensity change is caused by
radiation damage instead of system noise, five frames under the same irradiation
conditions as those used for CL samples were acquired for Ferritin, which is stable under
irradiation damage®™’.
% EFTEM and EELS analysis of the 44 wt% Nafion CL sample

Transmission electron microscopy was used to study the CL sample structure
before and after radiation damage as well as to provide information on chemical
composition. A ZEISS LIBRA-120 equipped with an in-column (Omega) energy filter
was used for high-resolution imaging. TEM experiments were performed at an
acceleration voltage of 120kV, with an emission current of 5 pA, to ensure well-
controlled electron-beam-induced sample damage so that the damage details can be
captured before the whole sample is eaten up by the beam (usually a higher emission
current is chosen for a high quality image, in which case, the Nafion sample will be eaten
up by the beam very quickly). This equipment is especially suitable for acquiring
electron energy loss (EELS) spectra and energy filtered TEM (EFTEM) images using
electrons of specific energy loss, including elemental maps. For energy filtered imaging
of Pt, the energy slit is adjusted to only allow electrons which have a specific amount of
energy loss (Pt-O, 3 edge 57 eV) to pass through.

For quantitative carbon, fluorine and sulfur mapping, a conventional three-
window method was used with the two pre-edge windows providing background

estimation. A typical energy window has a width of 20eV in the three-window imaging.
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EELS spectrum is collected within a 1-micron-diameter area, followed by plural

scattering removal.

Experiment Results

% HAADF-STEM images, low loss EELS and signal intensity plots vs. beam
dose
A series of HAADF-STEM images are shown in Figure 57 to illustrate the
radiation damage process for the CL sample with 44 wt% Nafion. It is shown in the
figure that with the beam dose increasing; the CL sample is damaged in such a way that
the hole in the bottom left corner of the raster becomes larger, which indicates an obvious
mass loss of CL component during the beam irradiation process. The elapsed time from
Figure 57(a) to Figure 57(d) is 271 sec. Low loss EELS spectrums recorded for the 44
wt% Nafion CL sample in a chronological sequence confirm the mass loss of polymer
with the beam dose increasing (Figure 58 (a)) by showing that the interband transition
peak from m-n* (~6 eV) and the bulk plasmon peak® (~ 21 eV) decrease with the
increase of beam dose. An EELS spectrum including the zero-loss peak is also included
in Figure 58 (b) for the reader to have an idea of the sample thickness. The reason we
believe that the 6 eV transition peak in the low loss EELS spectrum is a fingerprint for
Nafion is based on the fact that the other two components in our sample do not have this
characteristic peak according to their existing low loss EELS spectra®*®*®,
To study the effect of incident energy on the CL radiation damage, beam dose vs.

signal intensity plots of 44 wt% Nafion CLs at the scan speed of 35.30 pm?s™ are shown

in Figure 59. The common curve behavior at all scan speeds is the presence of a plateau
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at the initial accumulation of beam dose, followed by a gradual decrease with increasing
beam dose to a second plateau. The first plateau can be explained by the fact that there
exists a critical dose for the mass loss/structure loss for the sample undergoing radiation
damages™**. It is noticed from the figure that this critical dose is relatively insensitive to
the incident energy change. The second plateau indicates that radiation damage will
reach stable status after certain amount of beam dose, which indicates that most of the
materials that are sensitive to radiation damage are gone. The presence of different
slopes in the dropping part of the curve at different incident energies might be attributed
to the different interaction of electrons with the sample at different incident energies. Itis
also observed that the lowest incident energy has the most drastic signal intensity change
(high radiation damage). This observation matches the conclusion of Egerton et al**!, i.e.
the inelastic damage cross section is inversely proposal to the incident electron speed.
When the incident current is fixed, higher incident energy yields higher speed electrons,
which penetrate the thin sample with less inelastic collisions and thus less inelastic
damage (mass loss) to the thin sample. The sample used in our experiment has a
thickness of 0.51 times mean free path (1), which indicates that it is thin enough to avoid
multiple scattering. Thus, it is suggested that radiation damage can be reduced by using
high incident energy for thin samples (usually in the range of 0.3-1.0 times 1).

Figure 60 shows the signal intensity as a function of beam dose for 4 different
Nafion wt% samples at the scan speed = 35.30 um?s™ and EHT = 20 kV. It is noted that

the Nafion composition in the sample will affect the degree of radiation damage: the CL

sample with the lowest Nafion content (29 wt%) is most vulnerable to radiation damage
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while the pure Nafion sample appears to be relatively more resistant to radiation damage
for the same beam dose deposition. One possible explanation could be that the platinum
nanoparticles in the CL sample play the role of facilitating the radiation damage process
i.e. Pt acts like the catalyst. Therefore, it is not surprising that for the CL samples of high
Pt/C composition (low Nafion content), there are more radiation active sites, as a result of
which, the Nafion polymer in the CL samples of high Pt/C composition is more
vulnerable compared with the samples of low Pt/C composition. Based on this
explanation, it is expected that the Nafion located in the interface of Pt/C and Nafion will
experience mass loss ahead of those located in the bulk. EFTEM images with Pt atoms
highlighted taken in a chronological sequence well illustrates this point and are discussed
shortly (section 3.2). From the first plateau of the curves, it is noticed that the critical
beam dose varies with the Nafion content, the critical beam dose for 29 wt%, 44 wt%, 76
wt% CL and 100 % Nafion is 1.98*10" C.m? 3.81*10" C.m®, 2.06 *10’ C.m? and
1.26*10” C.m™ respectively. It is also interesting to observe that while the pure Nafion is
relatively resistant to the beam radiation damage (since it undergoes the least signal
intensity change with the same beam dose), it is the first to suffer from radiation damage
compared with the CL samples.

To study the effect of scan speed on radiation damage, signal intensity change
was plotted against time at three different scan speeds for samples of 44 wt% Nafion at
EHT = 20 kV (see Figure 61). One observation from Figure 61 is that at higher scan

speeds (351.85 um?s™ and 35.30 pm?s™), the signal intensity barely changed while at low
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scan speed (2.31 um?s™) the signal intensity changed drastically within the same amount
of time. The scan speed is inversely related with the accumulated beam dose through
&

D = ANCEnt w time Q)

dosa
Vecan

where D, .. is the accumulated beam dose, I;,.:s.n: IS the incident current, V..., is the

scan speed and time is the recording time. Thus it is obvious that a high scan speed

results in low beam dose on the sample when other conditions are fixed. Since beam
dose is proportional to the amount of radiation damage’®*, a high scan speed is preferred
from the perspective of reducing the extent of radiation damage.
s Analytical TEM Images and Element Map of The 44 wt% CL after Damage

Figure 62 shows a series of EFTEM images of a 44 wt% Nafion CL sample taken
in a chronological sequence with the Pt element highlighted (appears bright). Based on
the fact that holes in the sample also appear bright, an EFTEM image filtered at 0 eV is
included in Figure 63 to confirm that we are looking at real platinum particles instead of
holes (the bright spots represents for Pt will appear dark in the 0 eV image). Figure 63
confirms that most of the bright spots in the image are Pt particles. Based on the above
observation, the features in Figure 62 are discussed. One of the most obvious features
revealed in Figure 62 is that some of the platinum particles detached from the sample
and were lost during the recording process. For example, refer to the ‘circular’ and
‘triangular’ mark in Figure 62. It is believed that the detachment of platinum particles is

caused by the following mechanism: with the accumulation of beam dose, Nafion in the
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CL sample starts to suffer from radiation damage and for those Nafion located around the
platinum particle, the radiation damage process is facilitated because of the existence of
platinum (catalyst). Since Nafion in the CL sample not only serves as the media for
proton transport, but also serves as a binding agent to keep the platinum nanoparticle in
position, it is possible that the platinum nanoparticles will detach from the surface due to
lack of enough support. This explains why the CL sample that contains a high
composition of Pt/C (catalyst) undergoes more drastic brightness intensity change as it
appears in Figure 60. It has been suggested that an alternative cause of the loss of Pt
nanoparticles would have something to do with the electrostatic repulsive force between
the Pt and the surrounding environment after a certain amount of accumulation of charges
on the sample surface. It is also worth pointing out that the high energy electrons can
displace platinum particles off the specimen surface during the recording process
("electron beam sputtering™) but this is not the cause of platinum detachment observed in
Figure 62. This is because electron beam sputtering is categorized as elastic scattering
damage, and it only occurs when the incident energy exceeds some threshold value.

%! the threshold value for platinum should be well above 200 keV.

According to Egerton
And for the TEM microscope we use, the highest possible incident energy is 120 keV,
which rules out the electron beam sputtering mechanism in this case.

Another interesting feature observed in Figure 62 is that the edge area of the
sample (near the sample edge) is more vulnerable to radiation damage, where the sample

suffers from mass loss and the edge area curls. By comparing Figure 62 (a) and (c), one

can easily observe the fact the sample from the edge area are eaten up by the electron
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beam, i.e. the black area (hole) on the left side of the image has been expanded while the
image has not been shifted right (refer to the position of the rectangle in the image, which
remains at the same position in Figure 62 (a) and (c)). The reason for this could be the
edge area is relatively thinner compared with the middle area.

The RGB image combining element maps of fluorine, carbon, sulfur of the 44
wt% Nafion CL sample before and after radiation damage is shown in Figure 64 to study
the variation of CL sample content before and after radiation damage. Obviously, the
distribution of carbon changed drastically after exposed to electron beam. From Figure
64 (b), it is noticed that at the edge of the burned hole, there is a carbon-rich zone (red
area), which is believed to be the residue after radiation damage. Additionally, atomic
displacement of fluorine is also obvious as shown in Figure 8 (b), where it accumulates in
a place near the edge. It also should be mentioned that the element map for oxygen and
platinum is not included in this RGB image because the most suitable ionization edge for
the detection of oxygen and platinum occurs at relatively high energy losses (Pt: My s-
2122 eV and O: K-532 eV), where the intensity are relatively low and it is difficult to
obtain spectral information with an optimize signal-to-noise ratio based on our sample

thickness.

Conclusions of Task 3

The objective of task 3 was to investigate the microscope radiation damage
mechanism of the catalyst layer of PEM fuel cells so that the researchers can be more
cautious of their electron microscope results. For example, measuring the nano-force

between the platinum catalyst and the carbon support of fuel cell electrode catalyst has
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drawn research interest as one of the possible means to improve the fuel cell durability.
With the aid of nano-force measurement sensors and electron microscope (SEM), it is
now possible to conduct the measurement inside an SEM. However, this kind of
measurement will require careful and slow operations, as a result of which, the sample
need to be exposed to the beam for quite a long time, in which case, the radiation damage
becomes important because it could drastically influence the accuracy of the
measurement by destroying the Nafion polymer around the particles, which serves as a
binding agent in the catalyst layer of PEM fuel cell.

After a series of careful investigations of the electron beam damage on samples of
PEMFC catalyst layers, it is found that radiation damage to the CL of PEMFC usually
occurs in the form of mass loss accompanied by variation of sample content and atom
displacement of light atoms (such as Fluorine) in the Nafion polymer. Thin or defective
areas of the CL sample appear more sensitive to radiation damage. The mass loss of the
sample edges is accompanied by edge curl, which can cause ambiguity in imaging and
quantitative measurement such as EELS spectrum. Moreover, existence of platinum
particles in the CL sample facilitates the radiation damage of the surrounding Nafion,
resulting in the detachment of the platinum nanoparticles due to lack of support. The
feature makes the in-situ measurement of nano-adhesion inside the microscope inaccurate
considering the binding agent role of the ionomer film around the catalyst nanoparticles
as we illustrate in task 1. The measured nano-adhesion is estimate to be smaller than the

real one to an unknown extent. Several strategies for mitigating the radiation damage are
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also proposed, such as choosing a relatively higher voltage for a thin sample, a faster scan

speed or lowering the beam dose within the reasonable imaging range.
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CHAPTER 4: CONCLUSIONS

In this section of the disseration, we provide (i) summaries of each of the three
tasks presented in the results and discussion section, (ii) a forward-looking statement on

the significance and impact of this work and (iii) a description of promising future-work.

Summary of Task 1

Molecular dynamics simulations were performed to study the catalyst
nanoparticle detachment mechanism from the nano-adhesion point of view in this task.
The effects of nanoparticles sizes, shapes, Nafion thin film at different hydration levels (A
= 3, 6, 9 and 15) and the oxidation state of Pt/C on nanoparticle adhesion were
investigated.

It is found that bigger nanoparticles yield better adhesion at all humidity levels.
Additionally, nanoparticle shape of tetrahedron has a stronger connection to the carbon
support compared to other shapes due to its ‘anchor-like structure’. As for the effects of
Nafion film, it acts like a binder to keep nanoparticles in place. The hydration level has a
rather complicated effect on adhesion: at low hydration levels, the adhesion strength is
dominated by the interaction between the nanoparticle and the polymer chain. Increasing
the humidity level weakens this interaction and as a result of which, the adhesion force
decreases as the hydration level goes up. At high hydration levels, the adhesion strength
is dominated by the interaction between the graphite surface and Nafion. When the

humidity level increases beyond a certain point, polymer chains become more flexible to
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adjust to a more favorable configuration that yields a stronger connection with the carbon
support, which can enhance the adhesion force.

As for the effect of surface oxidation on Pt/C, it is found that both the oxidation
type and extent have effects on the nanoparticle adhesion. Generally speaking, the
introduction of oxidation weakens the nano-adhesion between the carbon support and the
catalyst. With the epoxidation of the graphite surface, the adhesion of PtO weakens
further due to the electrostatic repulsion between the exposed oxygen atoms. However,
with the hydroxylation of the graphite surface, the adhesion of PtO strengthens due to the
electrostatic attraction between hydrogen on the surface and the oxygen on the
nanoparticle.

The effect of oxidation extent on nano-adhesion is closely related with the
ionomer film configuration on the surface, which will be influenced by the oxidation type
and the humidity level of the system. At low levels of oxidation, the ionomer film stays
firmly on the surface and the connection is stronger when the hydration level goes up. As
a result of which, the binding energy for both epoxidized and hydroxylated surface
increases. At high oxidation extent (25% and 50%), the binding energy decreases from A
= 3 to A = 9 for the hydroxylated surface because the excess of water weakens the
connection between the film and the hydroxylated surface. While for the epoxidized
surface, as the degree of oxidation increases, the film is partially or fully detached from

the surface, and its role as a binding agent is not fulfilled at those oxidation extents.
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Summary of Task 2

Additional molecular dynamic simulation work was presented in task 2. Part 1
studied the impact of Pt/C oxidation on polymer film in PEMFC catalyst layers. Systems
containing PtO nanoparticles and two different kinds of oxidized graphite surfaces
(epoxidized and hydroxylated graphite) at different oxidation extents with the presence of
Nafion thin film at four hydration levels of A = 3, 6, 9, and 15 were investigated. Similar
to the effect of oxidation of Pt/C on nanoparticle adhesion, it is found that the effect of
oxidation of Pt/C depends on the oxidation type and degree of oxidation. At a low extent
of oxidation (10%), both surface oxides increase the binding energy between the Nafion
polymer and the oxidized graphite surface. At high oxidation extents (25% and 50%), the
hydroxylated graphite surface shows an increase in the magnitude of the binding energy,
while the epoxidized graphite surface shows a decrease resulting eventually in film
delamination. The dramatically different behavior of polymer on the two oxidized
graphite surfaces is caused by the water/hydronium ion orientation on the oxidized
graphite surface.

In part 2 of task 2, the effects of hydration level (A = 3 and A = 9), film thickness
(2 nm and 2 nm), carbon support type (hydroxylated, epoxidized and pristine) and the
presence of catalyst (Pt or PtO) on the morphology and property of the ionomer film in
the catalyst layer of a PEMFC were investigated. 24 simulations were grouped into three
sets, they are i) systems with no catalysts, ii) unoxidized systems with Pt catalyst and iii)
oxidized systems with PtO catalysts. In the first set of simulations, it is found that the

ionomer film tends to form highly irregular patches of hydrated ionomer on the surface,
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in which inhomogeneity in the film is found in both the lateral and perpendicular
directions relative to the graphite surface. It is also found that the morphology of the
aqueous domain in Nafion thin films change with degree of hydration in a qualitatively
similar manner to bulk Nafion membranes, although the degree of water retention in
these film is significantly lower. Additionally, the thicker films retain more water and are
less susceptible to delamination. As for the effect of surface oxidation, hydroxylation of
the carbon support enhances ionomer film adhesion relative to the pristine surface while
epoxidation of the carbon support diminishes film adhesion.

In the second set of simulations, it is found that the presence of a Pt nanoparticle
on the pristine graphite surface attracts water molecules on the surface, which forms an
aqueous nanodomain on the surface. Good contact between the nanoparticle and the
ionomer film is observed which leaves the breakages in the pathway for proton transport
from the catalyst to the membrane to occur at points on the support surface where the
catalyst is not located.

In the third set of simulations, the impact of the presence of a PtO nanoparticle is
revealed. It is concluded that due to the charge distribution on the PtO surface, the PtO
surface not only shows an strong attraction to water molecules but also to sulfonate
groups and hydronium ions. As a result, the nearby ionomer film is in a better connection

with the aqueous domain around the nanoparticle.

Summary of Task 3

In task 3, the radiation damage mechanism of the catalyst layer of PEMFCs is

investigated. It is found that radiation damage to the CL of PEMFC usually occurs in the
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form of mass loss accompanied by variation of sample content and atom displacement of
light atoms (such as Fluorine) in the Nafion polymer. Thin or defective areas of the CL
sample appear more sensitive to radiation damage. The mass loss of the sample edges is
accompanied by edge curl. Moreover, the platinum particles in the CL sample will
facilitate the radiation damage of the surrounding Nafion. Several strategies for
mitigating the radiation damage are also proposed in this task, such as choosing a
relatively higher voltage for a thin sample, a faster scan speed or lowering the beam dose

within the reasonable imaging range.

Significance and Impact

The work presented here helps to better understand the nano-scale level structure
and properties in the catalyst layer of the PEMFCs, which are difficult to visualize by
experiment. The calculation of nano-adhesion between the catalyst and carbon support
provides us with a new perspective of understanding the degradation mechanisms of
carbon supported catalysts. The characterization of the Nafion ionomer film in the
catalyst layer of PEMFCs is essential to increase the catalyst utilization rate, which will
greatly reduce the current cost of the PEMFCs.

The experimental work deals with an unavoidable fact regarding the use of the
powerful microscopic tools (SEM and TEM), which is the radiation damage. While we
have to rely on the electron beam to obtain molecular level features of the sample, we
have to live with the sample damage incurred by the electron beam. The experiments
performed in the work shed light on the effect of radiation damage on the PEMFC

catalyst layer sample characterization, especially to in-situ experiments such as
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observation of nano-particle agglomeration, nano-adhesion measurement, etc. Without
understanding the effect of radiation damage on the sample, it is meaningless to perform
those experiments.

A meaningful contribution was made through this study to future hydrogen
economy and catalyst industry involving the use of carbon supported catalysts. In this
work, it has been shown that increasing the nano-adhesion force between the catalyst
nanoparticle and its carbon substrate will effectively avoid the catalyst nanoparticle
detachment and thus enhance the durability of the carbon supported catalyst. To do this,
we can choose specific shapes and sizes of catalyst nanoparticles. We can also
intentionally introduce specific functional groups onto the carbon surface, which will
provide more stable anchor sites for the catalyst nanoparticles. Furthermore, the nano-
adhesion between the catalyst and carbon support can also be strengthened by controlling
ionomer film structure since we now know the factors that would influence its
conformation and how the ionomer structure would influence the transport of proton and

other species.

Future Work

From the point of view of understanding the degradation of carbon-supported
catalysts and increasing catalyst utilization rate, future work involving systems
containing more than one catalyst nanoparticle, carbon support with other defects such as
vacancies and other textural anomalies due to carbon corrosion (e.g. pitting) would be
useful. Additionally, in this work, the carbon support is simulated as graphite. However,

there are other candidates such as carbon nanotube and carbon fiber, which are known to
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be more resistant to carbon corrosion. It would be interesting to know how the nano-
adhesion would change when the carbon substrate is replaced by those alternative carbon
support materials. Similarly, different forms of catalysts can also be used in the nano-
adhesion calculation. To reduce susceptibility to poisoning, Pt alloys are widely used as
the cathode catalyst in PEMFCs. Nano-adhesion calculations involving Pt alloys or even
other promising catalyst materials such as bio-inspired FePc-Py catalysts, which has
recently drawn the industry attention, would be useful. Moreover, in the real catalyst
layer, ionization of water molecules and charge delocalization of the hydronium ion to
Zundel or Eigen ions occur. These larger ions are crucial for modeling proton transport;
it is unclear whether they would have an impact on nanoparticle adhesion or ionomer film
adhesion. Although simulations involving those species are beyond the scope of classical
MD simulations, ab-initio MD simulations are capable of solving these problems. It is
encouraged to include those effects in the future investigation. Last but not least, it
would also be interesting to get the diffusivity of the specious such as the hydronium ions
in the ionomer layer to see how the transportation property is related with the ionomer
structure.

Experiments taking advantage of high-precision nano-scale force sensors can be
conducted to experimentally measure the nano-adhesion between the support and
catalyst. A comparison of that with the simulation data presented in this work will be
interesting.  Furthermore, to avoid or mitigate the radiation damage effect on the
microstructure characterization inside microscopes, cryo-electron microscope is

encouraged to use for imaging. Currently, there is a lack of sufficient connection
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between the simulation results such as the ionomer film conformation located at the
interface of electrode and electrolyte with its real conformation. It is important to verify

the simulation results using experiments.
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Tables

Table 1 Partial Charges and Lennard-Jones Parameters.

Partial charges and Lennard-Jones parameters for all the atoms in the oxidized

graphite surfaces and oxidized platinum (PtO) nanoparticle.

epoxidized graphite? Co C1 C2 C3 @)
partial charge (e) 0.0 0.25 0.5 0.75 -0.5
e/k (K) 28 28 28 28 54.43
o (A) 3.4 3.4 3.4 34  3.05
hydroxylated graphite® C CH 0 H
partial charge (e) 0.0 0.10 -0.32 0.22
&/k (K) 28.0 28.0 54.43 0.0
6 (A) 3.4 3.4 3.05 0.0
oxidized platinum® Pt Pt1 @)
partial charge (e) 0.0 0.9918 -0.50
e/k (K) 2336 2336 77.75
6 (A) 241 241 3.165

a. The number after ‘C’ represents the number of ‘C-O’ bonds formed on that particular carbon atom, for

example, ‘CO’ represents for the carbon atom that has no epoxy functional group attached to it.

b. ‘CH’ represents for the carbon atom that has the hydroxyl group attached to it, and ‘C’ represents for the

clean carbon atom.

c. ‘Ptl’ represents Pt atoms located on the nanoparticle surface and ‘Pt’ represents Pt atoms located in the

core of PtO nanoparticle.
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Table 2 The Number of Mobile Components in the Non-Oxidized Nano-Adhesion Measurement Systems.

110

Pt size 2nm 4 nm 6 nm
2 (H,O/SO3H) 3 6 9 15 3 6 9 15 3 6 9 15
number of Nafion 14 13 12 10 14 13 12 10 12 11 10 9
number of H,O 420 975 1440 2100 420 975 1440 2100 360 825 2100 1890
Number of H;0" 210 195 180 150 210 195 180 150 180 165 150 135




Table 3 The Major Assumptions made in the Simulations of Task 1.

Assumptions:

1. The carbon electrode is modeled as pristine, epoxidized and hydroxylated graphite,.
2. The graphite model is defect free and contains 7 layers.

3. The catalyst nanoparticle is defect free and oxidation free.

4. Slight changes in the catalyst lattice parameter due to size are ignored.

5. The internal structures of catalyst and carbon electrode are rigid.

6. There is only one catalyst nanoparticle in the simulation box.

7. The CF groups in the Nafion molecules are treated as united atoms.

8. Structural diffusion of proton is not allowed.
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Table 4 The Number of Atoms in Each Pt Nanoparticle.

2nm 4 nm 6 nm

cube 666 4631 14896
tetrahedron 56 364 1540
truncated octahedron 314 2735 8000
octahedron 80 660 2240
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Table 5 The Binding Energies for the 2 nm Pt Nanoparticle.

2 nm Pt shape

binding energy per Pt atom basis

binding energy per Pt particle basis

cube

tetrahedron

truncated octahedron

octahedron

-0.0031 aJ

-0.0044 aJ

-0.0013 aJ

-0.0017 aJ

-2.0633 aJ

-0.2467 aJ

-0.4115 aJ

-0.1369 aJ
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Table 6 Binding Energies for All Oxidized systems and Clean Graphite-Pt System.

A bare 3 9
clean graphite-Pt system -0.53 aJ -6.53 aJ -7.22 al
10% hydroxylated graphite-PtO system -1.44 a) -15.9 aJ -16.0 aJ
25% hydroxylated graphite-PtO system -1.73 al -19.1a) -17.3al
50% hydroxylated graphite-PtO system -2.45 al -24.9 aJ -23.9 al
10% epoxidized graphite-PtO system -1.48 aJ -14.9 aJ -15.8 al
25% epoxidized graphite-PtO system -1.45 aJ -11.6 aJ -13.7 &l
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Table 7 Adhesion Forces for All Oxidized Systems and Clean Graphite-Pt System.

A bare 3 9
clean graphite-Pt system -0.29 nN -6.21 nN -7.36 nN
10% hydroxylated graphite-PtO system -6.97 nN -55.8 nN -88.2nN
25% hydroxylated graphite-PtO system -9.44 nN -122 nN -150 nN
50% hydroxylated graphite-PtO system -13.9nN -217nN -234 nN
10% epoxidized graphite-PtO system -7.05nN -12.3 nN -46.5 nN
25% epoxidized graphite-PtO system -9.00 nN -73.3nN -141 nN
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Table 8 Average Number of Water Molecules Retained in the Catalyst Layer.

Average number of water molecules retained in the catalyst layer for the 2 nm

cubic Pt systems (non-oxidized) and all the oxidized Pt/C systems at different hydration

levels.
effective A 3 6 9 15
2 nm cubic Pt/clean graphite system? 2.65 4.32 6.48 11.71
10% hydroxylated system 2.60 I 6.78 P
25% hydroxylated system 2.70 P 7.69 P
50% hydroxylated system 2.75 4.97 7.35 115
10% epoxidized system 2.89 P 7.73 P
25% epoxidized system 3.00 P 8.94 P
50% epoxidized system 3.00 5.76 8.60 14.0

a. All the other systems in the table contain a 4 nm tetrahedral PtO nanoparticle.

b. Not all combinations of oxidized carbon surface and hydration level were studied.
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Table 9 Equilibrium Distances and Adhesion Forces.

Comparison of equilibrium distance and adhesion force for 2 nm Pt nanoparticle

of different shapes at hydration level of A = 3.

bare system A =3 system baresystem A =3 system adhesion
Pt shape equilibrium  equilibrium adhesion adhesion force gain per
distance distance force force atom basis
cube 0.33nm 0.32 nm -11.88 nN -16.62 nN 0.007 nN
tetrahedron 0.32nm 0.39 nm -1.37 nN -3.79 nN 0.043nN
truncated octahedron 0.32nm 0.32 nm -2.19nN -6.44 nN 0.014 nN
octahedron 0.31 nm 0.30 nm -0.68 nN -3.09 nN 0.030 nN
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Table 10 Simulation Conditions and Coordination Numbers.

Simulation conditions, including surface oxidation, catalyst, film thickness, nominal and effective hydration levels, film

surface area, and coordination numbers of S of SO3/S of SO5 within 6.9 A, S of SO57/0 of H,0 within 6.0 A, S of SO3/0 of

HsO" within 5.5 A, O of H;0*/0 of H,0 within 4.2 A and O of H,0/O of H,O within 5.1 A.

run | carbon surface catalyst nominal nominal effective film S(S0O3) S(SO3) S(SO3) O(H,0) O(H,0)
# nanoparticle film hydration (A | hydration surface - - - - -
thickness = H,O per | e area S(S03) | O(H,0) | O(H;0" | O(H;0") | O(H,0)
(nm) HSO) (10° A%
1 | pristine no catalyst 1 3 2.3 1.16 5.0 2.8 1.6 1.3 1.8
2 | pristine no catalyst 1 9 3.8 1.08 7.7 3.7 1.3 1.6 55
3 | pristine no catalyst 2 3 2.6 2.32 2.3 3.4 2.6 15 1.9
4 | pristine no catalyst 2 9 7.8 2.64 2.4 7.1 2.3 2.9 6.0
5 | epoxidized no catalyst 1 3 1.7 1.13 2.9 2.3 1.7 1.0 1.8
6 | epoxidized no catalyst 1 9 4.2 1.13 3.5 4.2 1.4 2.0 5.4
7 | epoxidized no catalyst 2 3 2.6 2.39 2.3 3.4 2.5 1.4 1.9
8 | epoxidized no catalyst 2 9 7.7 2.67 2.5 7.0 2.4 2.8 6.0
9 | hydroxylated no catalyst 1 3 2.3 1.17 3.2 2.2 1.6 1.1 2.1
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Table 10 (continued)

run | carbon surface catalyst nominal nominal effective film S(S0O3) S(SO3) S(SO3) O(H,0) O(H,0)
# nanoparticle film hydration (A | hydration surface - - - - -
thickness = H,O per | e area S(S03) | O(H,0) | O(H;0" | O(H;0") | O(H,0)
(nm) HSO5) (10° A%
10 | hydroxylated no catalyst 1 9 3.4 1.08 6.6 3.8 1.4 1.6 5.2
11 | hydroxylated no catalyst 2 3 2.3 2.33 2.3 3.0 2.8 1.3 1.9
12 | hydroxylated no catalyst 2 9 7.5 2.65 2.6 6.6 2.4 2.8 5.7
13 | pristine Pt 1 3 2.2 1.14 5.1 2.8 1.7 1.3 1.6
14 | pristine Pt 1 9 3.9 1.09 6.3 4.4 1.3 1.7 5.2
15 | pristine Pt 2 3 25 2.30 3.1 2.7 3.0 1.3 2.3
16 | pristine Pt 2 9 8.0 2.66 2.7 6.6 25 2.7 6.2
17 | epoxidized PtO 1 3 1.8 1.14 5.5 1.9 1.6 0.9 1.0
18 | epoxidized PtO 1 9 55 1.19 5.8 4.7 1.3 2.1 4.2
19 | epoxidized PtO 2 3 2.6 2.37 2.8 2.9 2.8 1.3 2.0
20 | epoxidized PtO 2 9 8.5 2.71 2.4 6.6 2.4 2.6 5.7
21 | hydroxylated PtO 1 3 2.3 1.17 6.0 2.2 1.7 1.2 2.0

119




Table 10 (continued)

run | carbon surface catalyst nominal nominal effective film S(S0O3) S(SO3) S(SO3) O(H,0) O(H,0)

# nanoparticle film hydration (A | hydration surface - - - - -
thickness = H,O per | e area S(S03) | O(H,0) | O(H;0" | O(H;0") | O(H,0)
(nm) HSO5) (10° A%

22 | hydroxylated PtO 1 9 3.2 1.05 6.5 2.7 1.6 1.4 5.5

23 | hydroxylated PtO 2 3 2.6 2.37 2.3 3.2 2.7 1.4 2.2

24 | hydroxylated PtO 2 9 7.8 2.68 2.6 6.3 2.5 2.6 5.9
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Table 11 Organization of Radial Density Distribution Figures.
The content of the figures of a complete set of fifteen radial density distributions

presented task 2 is summarized in the table below.

pristine & oxidized carbon  pristine carbon surface  oxidized carbon surface
surfaces in the absence of & Pt catalyst & PtO catalyst
catalyst nanoparticles nanopatrticle nanoparticle
S of SO57/S of SO5 Figure 34 Figure 39 Figure 44
S of SO;/0 of H,0O Figure 35 Figure 40 Figure 45
S of SO57/0 of H;0* Figure 36 Figure 41 Figure 46
0 of H;0"/0 of H,0 Figure 37 Figure 42 Figure 47
O of H,0/0 of H,0 Figure 38 Figure 43 Figure 48
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Figures

Figure 1 Interface of the Catalyst Layer and Electrolyte Membrane.

A schematic showing the interface of the catalyst layer and electrolyte membrane
in polymer electrolyte membrane fuel cells. Color legend: blue is the Nafion ionomer,
gold is the catalyst nanoparticles, grey is the carbon support. The green arrow denotes

the proton passage and the red rectangular indicates the interfacial bonding region.
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(a) (b) (c) (d)

Figure 2 Pt Models.

Molecular models for the platinum nano-particle. (a) tetrahedron (b) cube (c)

octahedron (d) truncated octahedron. Color legend: pink is platinum.
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Figure 3 Clean Graphite Model.

Graphite model. (a) Single plane of graphite model with the graphite unit cell in
the top left corner and a top view close-up of the graphite layer in the bottom right corner
(b) seven-plane graphite model used in our simulation with a side view close-up in the
top left corner and top view close-up in the bottom right corner. Color legend: grey is

carbon.
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Figure 4 PtO Model.

Molecular models for the oxidized platinum nano-particle. Color legend: pink is

platinum, red is oxygen.
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Figure 5 Oxidized Graphite Models.

Oxidized graphite model. (a) 10 % epoxidized graphite model with the epoxy
functional group shown in the bottom right corner. (b) 10 % hydroxylated graphite with
the hydroxyl functional group shown in the bottom right corner. Color legend: grey is C,

red is O and white is H.
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Figure 6 Nafion Model.

Nafion model. A single chain is shown. Color legend: grey is CFy, orange is

sulfur, red is oxygen.
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Figure 7 The Equilibrated Cubic Non-Oxidized Pt System.

Snapshot of an equilibrated system contains a 2 nm cubic Pt nanoparticle at the

hydration level of A=3. (a) top view (b) side view.
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Figure 9 Potential and Force Curves for Bare Systems-Effect of Pt Shapes

Potential and force curves for bare systems contain a 2nm Pt of different shapes.

(a) potential curve (b) force curve.
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Figure 11 Potential Curves for Non-Oxidized Pt/C Systems.

Potential curves for non-oxidized Pt/C systems contain a 2 nm cubic Pt and

different hydration levels.
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Figure 12 Snapshot of Pt Detachment Process.

Snapshots illustrating the process of Pt detachment from the graphite surface for a

system includes a 2 nm cubic Pt at the hydration level of A=3.
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Force curves for systems contain a 2 nm cubic Pt and different hydration levels.
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Filtered force curves for systems contain a 2 nm cubic Pt and different hydration

levels.
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Figure 15 Snapshots of Equilibrated Non-Oxidized Pt/C Systems.

Equilibrated systems contain a 2 nm cubic Pt and different hydration levels at

equilibrium distance (0.32 nm). (a) A =3 (b) A=6 (¢) A=9 (d) A= 15.
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Snapshots of systems contain a 2 nm cubic Pt and different hydration levels at

Separation distance =30 nm. (a) A=3 (b) A=6 (c) A=9 (d) A =15
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Figure 17 Potential and Force Curves for Oxidized Systems at the hydration level of A = 3.

Binding energy (a) and adhesion force (b) curves for all surfaces at the hydration

level of A = 3.
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Figure 18 Snapshots Depicting PtO Detachment Process.

Snapshots illustrating the process of PtO detachment from the graphite surface for

a system including a 25 % hydroxylated graphite surface at the hydration level of A=3.
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Figure 20 Potential and Force Curves for 50% Hydroxylated Systems.

Binding energy (a) and adhesion force (b) curves for the 50 % hydroxylated

surface at hydration levels of A =3, 6, 9 and 15
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Figure 21 Snapshots of 50% Hydroxylated Systems.

Snapshots of 50 % hydroxylated system at the hydration level of A = 3, 6, 9 and

15 showing the polymer conformation at the oxidized graphite surface. (a) A =3. (b) A =

6. ()L=9. (d)r=15.
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Figure 22 Snapshot of PtO Detachment with Close-up.

Snapshots of 50 % hydroxylated system at the hydration level of A = 9 during

detachment process. (a) full system (b) close-up of the nanoparticle.
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Figure 23 Force Curves of Pt/C systems for Bare and Wet systems (A = 3).

Force curves for systems contain a 2 nm cubic Pt and different shapes at hydration

level of A = 3.
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Figure 24 Snapshot of Pt/C systems at the Separation Distance of 7.5 nm.

Snapshots of systems contain a 2 nm Pt nanoparticle at the hydration level of A =
3 at separation distance = 7.5 nm. (a) cube (b) tetrahedron (c) truncated octahedron (d)

octahedron.
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Figure 25 Snapshots of Pt/C systems at the Separation Distance of 12 nm.

Snapshots of systems contain a 2 nm Pt at the hydration level of A = 3 at
separation distance = 12 nm. (a) cube (b) tetrahedron (c) truncated octahedron (d)

octahedron.
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Figure 26 Snapshot of Pt detachment with close-up.
Close-up of systems contain a 2 nm Pt at the hydration level of A = 3 at separation

distance = 12 nm. (a) cube (b) tetrahedron.
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Figure 27 Force Curves for Pt/C Systems for Bare and Wet Systems (A = 9).

Force curves for systems contain a 2 nm cubic Pt and different shapes at the

hydration level A = 15.
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Figure 29 Force Curves for Cubic Pt/C Systems at the Hydration Level of A = 3.

Force curves of systems contain a cubic Pt of various sizes at the hydration level

of A =3.
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Force curves of systems contain a cubic Pt of various sizes at the hydration level
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151



L
T
o L
rf ’
-

. o
L
A

— hydroxylated graphite 1=3
..... hydroxykated graphite =3
— = apoxidfized gaphie i=3
= apozidized gaphie =3

binding energy (aJ)

degree of oxidation (% )

Figure 31 Binding Energies Between lonomer Film and Oxidized Carbon Support.

Binding energy between the hydrated Nafion membrane and the oxidized rigid

system (oxidized graphite and PtO) at different oxidation levels of graphite.
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Figure 32 lonomer Film Conformations on the Oxidized Carbon Support.

Snapshot showing the polymer conformation at the hydration level of A = 3 for
both epoxidized and hydroxylated graphite surface at oxidation rate 10% and 50%. (a)
10% epoxidized system. (b) 50% epoxidized system. (c) 10% hydroxylated system. (d)

50% hydroxylated system.
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System charge distribution curves in the z-direction starting from the top carbon

layer surface.

(@) charge distribution curves of 50% hydroxylated graphite surface at

different humidity levels with inserted snapshots illustrating the water and hydronium

ions orientation on the OG surface. (b) charge distribution curves of 50% epoxidized

graphite surface at different humidity levels with inserted snapshots illustrating the water

and hydronium ions orientation on the OG surface. (c) charge distribution curves for all

the oxidized systems at the hydration level of A = 3. (c) charge distribution curves for all

the oxidized systems at the hydration level of A = 9.
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Figure 35 Radial Density Functions of Sulfur-Water for No Catalyst Systems.

Radial density functions of sulfur-water clusters for the systems with no catalyst

nanoparticles.
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Figure 36 Radial Density Functions of Sulfur-Hydronium lons for No Catalyst Systems

Radial density functions of sulfur-hydronium ions clusters for the systems with no

catalyst nanoparticles.
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Figure 37 Radial Density Functions of Hydronium lon-Water for No Catalyst Systems

Radial density functions of hydronium ion-water clusters for the systems with no

catalyst nanoparticles.
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Figure 38 Radial Density Functions of Water-Water for No Catalyst Systems
Radial density functions of water-water clusters for the systems with no catalyst

nanoparticles.
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Figure 39 Radial Density Functions of Sulfur-Sulfur for Pt Catalyst Systems

Radial density functions of sulfur-sulfur clusters for the systems with Pt catalyst

nanoparticles.
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Figure 40 Radial Density Functions of Sulfur-Water for Pt Catalyst Systems

Radial density functions of sulfur-water clusters for the systems with Pt catalyst

nanoparticles.
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Figure 41 Radial Density Functions of Sulfur-Hydronium lons for Pt Catalyst Systems
Radial density functions of sulfur-hydronium ions clusters for the systems with Pt

catalyst nanoparticles.
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Figure 42 Radial Density Functions of Hydronium lon-Water for Pt Catalyst Systems
Radial density functions of hydronium ion-water clusters for the systems with Pt

catalyst nanoparticles.
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Figure 43 Radial Density Functions of Water-Water for Pt Catalyst Systems
Radial density functions of water-water clusters for the systems with Pt catalyst

nanoparticles.
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Figure 44 Radial Density Functions of Sulfur-Sulfur for PtO Catalyst Systems

Radial density functions of sulfur-sulfur clusters for the systems with PtO catalyst

nanoparticles.
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Figure 45 Radial Density Functions of Sulfur-Water for PtO Catalyst Systems

Radial density functions of sulfur-water clusters for the systems with PtO catalyst

nanoparticles.
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Figure 46 Radial Density Functions of Sulfur-Hydronium lons for PtO Catalyst Systems

Radial density functions of sulfur-hydronium ions clusters for the systems with

PtO catalyst nanoparticles.
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Figure 47 Radial Density Functions of Hydronium lon-Water for PtO Catalyst Systems

Radial density functions of hydronium ion-water clusters for the systems with PtO

catalyst nanoparticles.
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Figure 48 Radial Density Functions of Water-Water for PtO Catalyst Systems

Radial density functions of water-water clusters for the systems with PtO catalyst

nanoparticles.
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Figure 49 Snapshots of 1 nm lonomer Film on 25% Epoxidized Carbon Surface.

A series of snapshots of the 1 nm Nafion film from the 25% epoxidized graphite
system at hydration levels of A =3 and A = 9. (a)-(b) are the top view and side view of
the system of the hydrated Nafion film at hydration level of A = 3. (c) is the same as (b)
except the atoms from the Nafion polymer are not shown. (d)-(e) are the top and side
view of the system at the hydration level of A =9. (f) is the same as (e) except the atoms
from the Nafion polymer are not shown. The epoxidized graphite surface is not shown in
the system for a better view. Color legend: grey is the united atom CFy, green is oxygen
in the hydronium ion, red is oxygen in water and Nafion, white is hydrogen and orange is

the sulfur.
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Figure 50 Snapshots of 1 nm and 2 nm lonomer Film on Pristine Graphite Surface.

Snapshots of the hydrated Nafion films on the pristine graphite system at the
hydration level of A =9. (a) top view of the 1 nm film (b) top view of the 2 nm film (c)
side view of the 1 nm film (d) side view of the 2 nm film. Yellow dashed lines in (c) and
(d) are the benchmark for film thickness and are separated by a distance of 2.6 nm. The
water molecules located 7 A away from the film are omitted for a clearer view. Color

legend as in Figure 49 with the addition that graphitic carbon is gray.
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Figure 51 Partial Delamination of 1 nm lonomer Film on 25% Epoxidized Surface.

Snapshots showing the partial delamination phenomenon of the 1 nm hydrated
Nafion film on the 25% epoxidized graphite system at the hydration level of A = 3. Color

legend as in Figure 49.
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Figure 52 Interfacial Bonding of Sulfonic Acid Groups to the Oxidized Carbon Support.

Snapshots depicting the interfacial bonding of sulfonic acid groups to the oxidized
graphite surface for the systems that contain a 1 nm thick Nafion film and the hydration
level of A = 9. (a) hydroxylated graphite surface (b) epoxidized graphite surface. The
carbon represents graphite is hidden for a better view of the interfacial structure. Color
legend as in Figure 49 with the additions that pink is the surface oxygen (hydroxyl or
epoxy) and blue is the hydrogen from the hydroxyl group. Color of pink and blue are
used instead of red (oxygen) and white (hydrogen) to avoid confusion with the water
molecules on the surface. This is the only place that pink and blue are used to represent

oxygen and hydrogen. One should not confuse this with the color legend in other figures.
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Figure 53 Snapshots Show the Water Molecules and Hydronium lons within the Nafion

Hydration Film

Snapshots show the water molecules and hydronium ions within the Nafion
hydration film. The system studied contains the 1 nm thick Nafion film and the hydration
level of A = 9. Only the sulfur atoms from the Nafion film are shown in this pair of
snapshots for a better view of the water and hydronium ions distribution. (a) 25%

hydroxylated system (b) 25% epoxidized system. Color legend as in Figure 49.
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Figure 54 Snapshots Show the Water Distribution on the Pt Catalyst

Snapshots show the water distribution on the Pt catalyst. Water molecules that
are not in the vicinity of Nafion film are hidden in the snapshot. The system studied is
the 2 nm hydrated Nafion film on the pristine graphite surface at the hydration level of A
= 9 with a 4 nm Pt nanoparticle. The snapshot located on the right is the close up for the
area around the Pt nanoparticle. Color legend as in Figure 49 with the addition that

platinum is pink.
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Figure 55 Snapshots Show the Differences in the Aqueous Domain Surrounding the

Nanoparticles

Snapshots show the differences in the aqueous domain surrounding the
nanoparticles. For clarity, water, hydronium ions and only the sulfur atoms of Nafion are
shown. (a) Pt system. (b) PtO system. Color legend as in Figure 49 with the addition

that platinum is pink and oxygen of PtO is red.
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Figure 56 Snapshots Show the 25% Epoxidized Graphite System with the Hydration Level

of .= 9 and 1 nm Nafion Film

Snapshots show the 25% epoxidized graphite system with the hydration level of A
= 9 and 1 nm Nafion film. (a) no Pt system. (b) PtO system. The graphite surface is
omitted and only water molecules, hydronium ions and sulfur atoms are shown in the
hydrated film. Color legend as in Figure 49 with the addition that platinum is pink and

oxygen of PtO is red.
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Figure 57 Radiation Damage of the 44 wt% Catalyst Layer Sample.

HAADF-STEM images (EHT = 15 kV scan speed = 35.30 um?s™) of 44 wt% CL
sample taken with the exposure time (t) increasing . (a) t=45s. (b) t = 90s. (c) t = 196 s.

(d)t=271s.
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Figure 58 EELS Spectrums.
Low loss EELS spectrum recorded from 44 wt% Nafion CL sample. (a) Data

below 3 eV are truncated because they are unreliable due to errors in zero-loss

subtraction. (b) EELS spectrum including the zero-loss peak for the 44 wt% Nafion CL

sample.
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Figure 59 Effect of High Voltages on Signal Intensity Change.

Beam dose vs. signal intensity plots of 44 wt% Nafion CL samples at different

high voltages for scan speed = 35.30 pm?s™.
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Figure 60 Effect of Nafion Composition on Signal Intensity Change.

Beam dose vs. signal intensity plots of samples of different Nafion composition

for scan speed = 35.30 pm?s™.
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Figure 61 Effect of Scan Speed on Signal Intensity Change.

Beam dose vs. signal intensity plots of 44 wt% Nafion CL samples at different

scan speeds.
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Figure 62 EFTEM Images Depict the Loss of Catalyst Nanoparticles.

EFTEM images of 44 wt% Nafion CL sample filtered at 57 eV. (a) —(f) are taken

in a chronological sequence. The total elapsed time from frame (a) to frame (f) is 9 min.
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Figure 63 EFTEM images of 44 wt% Catalyst Layer Sample.

Comparison of EFTEM images of 44 wt% Nafion CL sample, (a) is filtered at 0

eV and (b) is filtered at 57 eV.
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Figure 64 RGB Images Depict the Composition Change Before and After Radiation Damage.

RGB image of the 44 wt% Nafion CL sample before (a) and after (b) radiation

damage. Red represents carbon, green is for fluorine.
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