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Abstract

One of the most popular types of fuel cells is the polymer electrolyte fuel cell (PEFC) with
hydrogen as fuel. This generation of the fuel cell is used extensively to convert chemical energy
of hydrogen fuel to electricity. It can be used in various applications, from stationary applications
to vehicles, due to its small size, low temperature, and pressure. However, the cost and durability
of PEFCs remain a barrier to large-scale commercialization. The central R&D target for large-
scale PEFC commercialization focuses on lowering the cost without compromising its
performance. A significant part of the price and performance of PEFC is linked directly to the
catalyst layers. The performance of the catalyst layer is strongly influenced by the ionomer, an
ionically charged polymer. This is due to the undeniable influence of ionomers on material
transport (oxygen and proton). The ionic moiety, located on the ionomer side chains, helps in
proton transport. In addition, oxygen molecules diffuse through the ionomer agglomerates.
Therefore, the ionomer local structure has a noticeable influence on ion and oxygen transport.
Since the fabrication process of the catalyst layer can affect the ionomer structure in electrodes of
PEFCs, this process has a significant impact on the performance of the catalyst layers. As a result,
the catalyst layer fabrication process has a considerable effect on the performance of PEFCs.
Instead of empirically guided electrode fabrication, a theory-based knowledge of ionomer
morphology alteration throughout the catalyst layer fabrication process is required for establishing
a manufacturing guideline for high-performance electrodes for PEFCs. For this purpose, the
Nafion ionomer, the most commercialized fluorinated ionomer for PEFCs, is modelled during the
catalyst layer fabrication steps by the molecular dynamics method (MD) in this thesis. Herein, we
study the Nafion ionomer morphology changes at three main stages of catalyst layer fabrication,

which are Nafion structure in dispersion media, Nafion orientation in catalyst ink, and evolution



of Nafion ionomer morphology during the drying of catalyst ink in the transformation process of

catalyst ink to the catalyst layer.

First, the molecular assembly of Nafion ionomer in a variety of solvents with various dielectric
constants (e=2.38 to 109) is modelled using all atomistic molecular dynamics to study the
aggregate structure of Nafion in practical dispersion systems. Our investigation demonstrates that
a range of morphologies exists based on the solvent polarity, unlike the common assumption that
Nafion aggregates have an elongated form in all dispersion media. The presence and clustering of
ion pairs in Nafion dispersions, which is not previously observed in PFSA ionomer dispersions, is
demonstrated in this work. A new aggregation phase diagram for different Nafion dispersion
systems is introduced for the first time. Based on this diagram, Nafion can have three different
morphology types depending on the dielectric constant of the applied solvent. I. In the low polar
solvents (&r < 45), the ionic clusters of side chains cause cross-linked ionomer aggregations. Il. In
medium polar solvents (g ~ 57), Nafion has a two-dimensional lamella-like structure. I11. The high
polar solvents (er > 78) generates tightly packed elongated aggregates. Also, a novel phenomenon
of solvent microphase segregation in water/IPA mixture caused by PFSA's surfactant-like

hydrophilic/hydrophobic properties is discovered.

We also studied the assembly of the Nafion ionomer on planar Pt, planar graphite, and graphite/Pt
nanoparticles substrates in water, IPA, and water/IPA to gain a better understanding of the
macroscopic, microscopic structures of Nafion ionomer found in popular catalyst inks. The Pt
surface causes the creation of ion-pairs on the substrate in high dielectric solvents such as water,
while sulfonic acid is fully dissociated in the water dispersion system. Herein, we showed that the
interaction of ionomers with graphite is solvent independent. Nonetheless, ionomer coverage for

planar Pt varies considerably, ranging from 72 percent for pure water to 28 percent for pure IPA.



Furthermore, increasing the aqueous concentration results in more homogeneous ionomer
coverage on the Pt surface. Adding Pt NPs to the surface of graphite reduces the ionomer coverage
of graphite in IPA and water/IPA environments by 12 to 15%. Pt NPs have a lower ionomer
coverage than planar Pt in aqueous media. As a result, while modelling catalyst ink or catalyst
layer problems, the combination of graphite/Pt and the surface shape of the catalyst must be
explored. In IPA, some NPs are completely covered by ionomer; however, some are bare. By

adding water to the environment, the ionomer coverage of Pt NPs becomes more homogeneous.

In the last part of this work, we used fully atomistic molecular dynamics to simulate the dynamic
changing of the ionomer structure during solvent evaporation. The examined solvents in this study
are pure water, a 50/50 blend of water and IPA, and pure IPA. To investigate the structure of
ionomers on the catalyst, we simulated a drying process of ionomer dispersion on a platinum (111)
substrate. This work examines ionomer surface coverage, sulfonic group abundance at the
interface, ionic clusters' existence and their sizes, and polymer density variation from Pt/ionomer
to polymer/fluid interfaces throughout the drying process. Surface coverage analyses show that the
ionomer has the lowest coverage (20-48 percent) on the platinum substrate in pure IPA during and
after drying. The ionomer surface coverage changes dramatically (from 25% to 82%) in the
water/IPA sample because of a change in the nature of the solvent since IPA is more volatile

compared to water.
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Chapter 1: Introduction

1.1. General introduction

For centuries, people have utilized coal, oil, and natural gas, all of which are fossil fuels, to meet
their energy demands. Over the past several decades, energy demands, which were mainly fulfilled
by fossil fuels (~80%) [1], have increased tremendously due to increasing population, improving
living standards, and expansion of industries. Increased amounts of carbon dioxide and other
greenhouse gas emissions from the use of fossil fuels have strong impact on climate change thus
on human lifestyles . Such a reliance on fossil fuels and resulting climate change is accelerating
the humankind toward a disaster that can be averted only by the adoption of both clean energy
sources and efficient energy conversion devices. Typical weather, rainfall, sea levels, ocean
acidification levels, Arctic glaciers, extreme weather events, animal habitats, and species
population levels all change as climate patterns change. These alterations break nature's delicate
equilibrium. Climate change has a wide range of negative repercussions for humans, particularly
impoverished people. On the other side, as the world population grows and more people lead
energy-intensive lifestyles, we will require more energy to power our lives. In addition to climate
change, the use of fossil fuels for transportation results in urban pollution due to release of
particulate matters and unburnt hydrocarbons. These tailpipe emissions contribute significantly to
poor urban air quality, which in turn has direct, adverse impact on human health including chronic
pulmonary diseases and even death [2]. We must be creative in order to accommodate this
increasing demand. In recent years, researchers have concentrated on various methods of utilising
clean and renewable energy sources such as tidal, wave, sun, wind, and renewable fuels like
hydrogen. Renewable energy sources, on the other hand, have unique hurdles (e.g. lack of world

wide or continues availability of solar and wind energy) that limit their widespread use. Therefore,



in order to properly transition from the current fossil-fuel energy paradigm to renewable energy
sources, clean energy sources and high energy conversion devices must work together in the
energy system[3]. Alongside the energy system that contains different clean sources, storing
energy is another essential element for the situations intermittent sources of electricity. Batteries
are one of the solutions to storing energy. Nevertheless, protracted recharging time limits its value,
particularly in the transportation system. One of the best techniques for storing and converting
energy without recharging or refueling issues is polymer electrolyte fuel cells (PEFCs). A fuel cell
is a device, which converts the chemical energy of a fuel to electrical energy through an
electrochemical reaction[4]. Fuel cells are known to generate electricity with higher efficiency than
combustion based processes and are being used for a variety of applications such as portable
electronics, automotive, and space shuttle [5]. Therefore, along with batteries, fuel cells are
considered as a good alternative to internal combustion engines, which use non-renewable energy

less efficiently while producing tailpipe emissions leading to urban air pollution.

Of the different types of fuel cells, PEFCs which use hydrogen as fuel are at the forefront of energy
power systems as a replacement for internal combustion engines in vehicles as well as to provide
electricity for stationary applications [6]. One advantage of hydrogen-based PEFCs is that it
operates at moderate temperature (¢ U w T8 ) and low pressure in comparison with the other
types of fuel cells [5], thereby, requiring less exotic materials and also have faster response time.
In addition, PEFCs are high-efficiency energy converters that produce only water as a by-product.
The five main components of a PEFC are: a porous anode, a porous cathode, an electrolyte
membrane between the cathode and the anode, and a bi-polar plate on either side. [5]. Each
electrode of a PEFC (cathode and anode) comprise two functional layers — an electronically

conducting porous carbon layer known as gas diffusion layer and a porous hanocomposite catalyst



(a) ~  Electric Current ~
€

—> >
0
A
*e
€ & s Air Y
0 o
*
3 ©
D)+
e ~
Air
H,
0
N
H,0 4% Air
H,
Flow Qas . Micro :::tl;)ldest Polymer | Cathode| Micro Qas | Flow
field | diffusion | porous YSt| electrolyte | catalyst| porous| diffusion field
layer layer |lYer | membrane |layer layer | layer

1-10 microns

<— 2030 nm —>

O ¢ Q

Pt catalyst Tonomer Carbon

L¢y,

2-5 nm
HOR VO 0 cQ
ORR TO 1Q 0 ° ¢00
Total ¢O U ©° 00

Figure 1-1 a. Schematic diagram depicting internal structure of PEFC fuel cells, internal structure of the
electrodes, and electrochemical reaction. b. zoomed view of the catalyst layer, ¢. Local CL structure depicted
includes porous carbon support, Pt catalyst nanoparticles on the surface, and an ionomer coating on top.



layer (CL). Figure 1-1 shows a schematic figure of one cell of PEFCs. The hydrogen oxidation
reaction (HOR) takes place in the anode side while the total reaction is completed by oxygen

reduction reaction (ORR) in the cathode side and water is the product of this device.

Cost and durability of PEFCs remain key technological barriers to large-scale commercialization.
Lowering the cost without compromising the performance is the main R&D target for PEFC
commercialization at wider scale. Both cost and performance are directly linked to the PEFC
catalyst layers. A majority of the cost is attributed to the expensive but highly active platinum
catalyst (Pt), which is available as 2-5 nanoparticle supported on a conductive carbon black support
and denoted as Pt/C. It is generally accepted that the CL is comprised of aggregates of Pt/C catalyst
that are covered by an ultra-thin film of ionomer (Figure 1-1). Carbon agglomerates and ionomer
layer conduct the electrons and protons, respectively. In addition, oxygen molecules diffuse
through the ionomer layer (€ 4 to 10 nm) to reach the catalytically active Pt/ionomer interface. In
fact, the polymer density can impact diffusion of O, and the ionic domains can affect proton
transport. Facile transport of these species is needed for high performance without much transport
losses, which would impact the efficiency. Therefore, ionomer structure and assembly in the
catalyst layer has strong impact on the material transport (oxygen and proton), which in turn can
impact the fuel cell performance. On the other hand, a majority of the cost is due to the precious
platinum catalyst used in both electrodes, but especially the cathode [7]. For maximum utilization
of the expensive platinum catalyst, the ionomer coverage of the catalyst must be maximized. Pt
catalyst not in direct contact with ionomer may be inaccessible to protons. Although it is known
that Pt catalyst inside the micropores of carbon support can still be accessible by protons if pores
are hydrated. Nonetheless, higher coverage of the catalyst is desirable for ionic accessibility. On

the other hand, sulfonic groups of the ionomers are known to coordinate with Pt catalyst blocking



the reaction sites, thereby effectively poisoning the catalyst. Hence, the ionomer/catalyst
interfacial engineering is a delicate balance [8]. In an effort to reduce cost by decreasing the Pt
content of the cathode, researchers at General Motors, Toyota and Nissan independently have
observed an unexplained increase in electrode resistance, which they attributed to local mass
transport of oxygen through the nanometers thin film of ionomer covering the Pt nano-catalyst[9]—
[11]. Understanding the structure and properties of these ionomeric thin films is considered to be

one of the most important problems for the PEFC research and development [12], [13].

The ionomer plays an important role in local and long-distance transport of reactants and products
of the electrochemical reaction, i.e. the transport of oxygen (on the cathode side), the conduction
of protons, and transport of water. Long-distance transport of oxygen occurs through the pores of
the catalyst layer and then locally by diffusion through the few nanometers thin ionomer film. The
overall porosity of the catalyst layer and the thickness of the ionomer film are affected by the
catalyst layer fabrication process, as discussed later. The protonic conduction is influenced by the
percolating network of the ionomer, and its internal ionic domain structure and connectivity of the
domains. These ionic domains are also responsible for water transport since water molecules are
attracted to the ionic moiety. Thus, the shape and size of the pores, thickness, shape and orientation
of the ionomer film and catalysts design play critical role in the performance of a fuel cell [14],
[15]. Fluorinated ionomers are the mostly commonly used ionomers in PEFCs. These ionomers
containing sulfonic groups are employed in numerous polymer electrolyte based electrochemical
devices including fuel cells, water electrolysers, chlor-alkali reactors, sensors, and actuators[16],
[17]. Nafion is the most well-known and commonly employed example of such ionomers, formally

classified as perfluorovinyl sulfonic acid (PFSA) ionomer [16], [18]. This ionomer has a



hydrophobic 6"0O backbone to which a side-chain terminating in hydrophilic sulfonic groups

are attached[16], [18].

—[(CFy - CF3) , — (C|F = CF3)n] —
0

|
CFy — CIF —~ O(CF3) ,S03H

CF;
In a solid form, commonly it used as polymer electrolyte membrane. The formation of percolating
network of sulfonic group clusters - when sufficiently hydrated - provide a pathway for remarkably
high proton conduction[16]. At low hydration, the hydronium ions are strongly bound to the
sulfonic groups, but at high hydration, they are highly dissociated[16]. This is true for both forms
of ionomer employed in PEFCs: (i) electrolytic membrane separating anode and cathode, and (i)
thin films in catalyst layer. The ionomer in the catalyst layer interfaces with a substrate, e.g. the
carbon support and the platinum and as stated above is typically 4-10 nm in thickness.
Configuration of the ionomer molecules in the catalyst layer has been thought to be influenced by
the solvent used in the catalyst layer fabrication process, as shown in Figure 1-2, as well as the

properties of carbon/catalyst [19], [20].
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Figure 1-2 Schematic showing the procedure and steps of the catalyst layer fabrication.

In the catalyst layer fabrication process, the catalyst layer is made from a black colloidal dispersion
called catalyst ink. Catalyst ink is made by mixing Nafion dispersion, and carbon powder with the
Pt catalyst nanoparticles. Using molecular dynamics simulation, in 2007 Malek et al.[21] showed
that the hydrophobic carbon particles aggregate with each other to make the interconnected
agglomerates surrounded by ionomer and water clusters in the catalyst ink. The conformation of
ionomer in dispersion is expected to be dispersion media dependent[22]-[25]. Further, the
interaction of ionomer with catalyst/support may distort this conformation. Thus, the final structure
of the ionomer in the CL may be influenced by the choice of dispersion media as well as the nature
of the catalyst/support. CL is fabricated by depositing catalyst ink on a substrate or directly onto a
PEM. The screen printing, die coating, or spray coating is a superior choice for the deposition
method [26]. The solvent evaporates during the deposition process leaving behind a nano-porous,
nano-composite of ionomer and catalyst/support material. There are many unknowns regarding
the structural changes during the solvent evaporation process, including: (i) how the solvent

evaporation impacts the final structure? and (ii) does the ionomer-catalyst/support aggregate



structure in ink remain intact or change dramatically during the evaporation stage? However, this
could be another processing parameter which could potentially impact the final CL microstructure,
and thereby the transport properties and overall performance of the electrode. The optimum
distribution of ionomer in CL is strongly desired to achieve maximum utilization of expensive Pt
catalyst. There is empirical evidence that solvent type (with different dielectric constant, viscosity,
and boiling point) used to disperse both the catalyst and the Nafion ionomer has a direct and strong

impact on the performance of the fuel cells [27]-[32].

Several studies have attempted to describe the microscopic picture of the catalyst ink and the
catalyst layer by molecular modeling and experimental methods such as transmission electron
microscopy (TEM), ultra-small-angle X-ray scattering (USAX), cryo-scanning electron
microscopy (cryo-SEM), and Fluorine-19 nuclear magnetic resonance spectroscopy (**F NMR)
[17], [20], [21], [33], [34]. According to these studies, the carbon agglomerates in the catalyst layer
form interconnected network of particles, while the Pt catalyst nanoparticles are dispersed on the
agglomerates and covered by a thin layer of ionomer. As the available experimental methods are
incapable of illustrating the actual and local structure of the ionomer, position of the water
molecules, the exact location of the proton ions, and oxygen transport and local concentration in
the catalyst layer, using modeling is essential for understanding the ionomer local structure and its
role in the fuel cell performance. Among all multiscale modeling methods, molecular dynamics
(MD) is a well-known computational method for modeling and studying molecular systems[35]
including modeling material transport and solid components such as ionomer of a catalyst layer in
nanometer scale. The methodologies used to model macromolecules such as polymer or protein
systems contain a wide variety of scales, from subatomic quantum mechanical (QM) through

classical atomic levels, mesoscopic descriptions, and finally macroscopic scale. The figure below



illustrates the most often used methodologies for modelling and simulating molecular
interactions[36]. These methods contain quantum mechanics (including coupled clusters (CC) and
density functional theory (DFT)), molecular mechanics (MM) (including all-atom molecular
dynamics (AA-MD) simulations, implicit solvent and coarse grained MD (IS-MD and CG-MD),

and the Brownian dynamics (BD) technique); and continuum mechanics (CM) [36].
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Figure 1-3 Time and length scales on which various simulation techniques operate. the figure is reproduced from
the following ref[36] The time and length scale ranges are approximations.

Due to computational cost of running QM simulation for modeling polymers systems, molecular
modeling molecular modeling is an excellent choice for modelling ionomer polymers at the
nanoscale. In the last two decades, molecular dynamics gave a remarkable insight into the
interfacial structures of the catalyst layer. Among the different molecular modelling techniques
available, including all-atom, implicit solvent, and coarse-grained molecular dynamics, all-atom

MD is used in this thesis to investigate the explicit interaction of polymers and solvents, as well
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as the local atomic structures such as side chain orientation and Pt poisoning by sulfonic acid

groups in the molecular scale.

MD is a numerical simulation method in which the motions of a system particles are computed
over a selected timeframe and the system's evolution is evaluated. It can be used to investigate a
system's equilibrium and dynamic characteristics. The trajectories of the particles in the system
are captured using Newton's equations of motion, and the potential energy is calculated using the
force fields. The averages of an MD simulation can describe the thermodynamic parameters of a
system at the macroscopic scale for systems under the ergodic hypothesis[37]. The details of all

atom or fully atomistic molecular dynamics method will be elaborated in Chapter 2 of this thesis.

1.2. Literature review

As mentioned above, catalyst layer is the most vital part of a PEFC. However, the relationship
between catalyst ink composition and the catalyst layer microstructure and also between the CL
microstructure and the fuel cell performance is not clearly understood [17]. In fact, a majority of
the existing studies are empirical [27]-[32], [38]. lonomer is the most conformal component of
catalyst layer and its structure in dispersion and also interactions with the Pt/C catalyst will affect
the ink microstructure — both of which are influenced by the dispersion media. In addition, the
substrate-induced interaction itself can result in different ionomer nanostructure, which in turn
affects pertinent bulk transport properties (oxygen transport, proton transport, water transport) as
well as interfacial characteristics (sulfonic group poisoning, interfacial water content). Thus,

understanding the structure in dispersion and ionomer/catalyst interactions are critical.

1.2.1. Nafion in dispersion systems
As shown in Figure 1-2, dispersions of Nafion in a wide range of solvents or dispersion media are

used to fabricate catalyst inks for fuel cell electrodes as well as thin films for electrochemical
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devices, such as sensors[16], [17], [39]. As previously stated, the Nafion ionomer consists of a
hydrophobic backbone with side chains that terminate in a hydrophilic sulfonic group and a free
or bound counter cation[16], [18]. In contrast to non-ionic polymers, ionic interactions can
significantly impact molecular assembly due to the presence of ionic moieties. The aggregation
behavior of ionomers in solvent/dispersion media, as well as the dominating interactions that
regulate their formation, remain poorly understood. Indeed, in some works, the ionomer aggregates
morphology has been derived indirectly from the microstructures of various catalyst layers made
from catalyst inks, rather than by direct observation of ionomer dispersions[22], [40], [41]. Uchida
et al [40] characterized the Nafion aggregation state (soluble, dispersed, or precipitated) in several
solvents according to their dielectric constant. Some studies have explored the Nafion morphology
in a few common solvents using available experimental methods such as small angle x-ray/neutron
scattering, 19F nuclear magnetic resonance (NMR), and electron-spin resonance (ESR) techniques
[22]-[26], [42]-[49]. Nevertheless, the ionomer local structure (size, shape, and swollenness) is
unknown in these experimental studies because these kinds of properties are not measurable by
current experimental techniques. Aldebert and co-workers used small angle x-ray scattering
(SAXS) and small angle neutron scattering (SANS) experiments to conduct research on PFSA
ionomers dispersion systems in different dispersion media such as water, alcohol, formamide,
NMF, triethyl phosphate (TEP), N,N-dimethylformamide (DMF), and N,N-dimethylacetamide
(DMA)[23]-[25]. They found out that ionomer molecules have a rod-like or cylindrical shape in
all of the examined solvents. Nonetheless, a study by Kim et al [22] using (SANS) and 19F NMR,
shown that ionomer polymers have a well-defined cylindrical shape in glycerol and ethylene
glycol; a less-defined and highly solvated large particle (>200 nm) in water/isopropanol mixtures;

and a random-coil conformation in N methylpyrrolidone. The molecular dynamics (MD) studies
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have added to the discussion over the aggregate structure of Nafion ionomers[26],[50]-[53].
Coarse-Grained MD (CG-MD) was used [50] to investigate the effect of medium and ionomer
composition on aggregation behavior where the Lennard-Jones interaction between coarse-grained
particles and the medium was used to represent the dispersion medium implicitly. According to
this study, regardless of medium type, the ionomer always obtains a cylindrical form, but the
number of polymer chains in an aggregate varies. Some parameters including the implicit
modelling of solvent and the use of the persistent length fitting technique for backbone flexibility,
may have contributed to the observed elongated rod-like form. But, they clearly emphasized the
necessity to investigate the influence of backbone stiffness on aggregate size and form, as well as
to compare their results to all-atomistic simulations with explicit solvents [44]. In recent CG-MD
studies, Mabuchi et al[51]-[53] claimed that ionomers have bundle-like structures with a
cylindrical shape in water/NPA(1-propanol) mixtures. These findings are in agreement with early
SAXS experiments[23]-[25], however, they do not demonstrate the substantial influence of
medium on aggregate form described by Kim et al[22]. The ionomer and medium were simulated
by full atomistic molecular dynamics in another MD study[26]. However, this work was
predominantly concerned with the interaction of ionomer with carbon surface and gave limited
insight into structure of ionomer dispersions. The reported structure of ionomer dispersion
generated from full atomistic MD in this mentioned study indicate a blob-like aggregation in water
and an irregular structure in water-alcohol mixes [26], while no quantitative assessments of the
aggregate form were presented. As discussed above, till date, the Nafion structure in dispersion

systems is still controversial because there is no consistent result in the literature about it.
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1.2.2. Nafion structure in catalyst ink

As mentioned, structure of Nafion in dispersion systems are so complex and the ionomer aggregate
shape and morphology remained controversial in the current literature. Also, microscopic details
of ionomer aggregates have received less attention. Logically, this complexity is increased when
the Nafion dispersion comes into contact with the Pt/C in the catalyst ink. All the mentioned
research on Nafion dispersion systems specifies that the more complicated structure of ionomer-
Pt/C catalyst aggregates in catalyst ink must be affected by dispersion medium. As shown in
Figure 1-2, Nafion dispersion is used for making the catalyst ink, which is the only element of the
catalyst layer. Limited set of experimental studies tried to characterize the catalyst ink [34], [54],
[55]. One study by contrast-variation small angle neutron scattering (CV-SANS) method indicated
that when the catalyst ink is aqueous media (D>O/H-0) based, the ink structure including Pt/carbon
aggregates of D100 nm in size, are covered by a thin ionomer layer (D4 nm) [54]. These results
are similar to another study in which the dimension of Pt/C aggregates (D130 nm) in
water/isopropanol mixture were examined by a combination of ultra-SAXS and cryo-TEM [55].
Also, cryo-SEM has been used to image and characterize the catalyst ink and the catalyst layer
structure with different media with different ratio of water and n-propanol [34]. In this study, it is
shown that by increasing the water content into the media, the carbon aggregation is enhanced
resulting in free ionomers in the ink. Nevertheless, none of these studies give the ionomer local
interfacial structure. In 2012, a research group studied the morphology of Nafion in the dilute IPA
(isopropyl alcohol)/water mixture solutions containing 20-100 wt.% of IPA [38]. According to
their work, the fuel cell performance strongly depends on the Nafion morphology in the ink
solutions. A lower IPA content in the Pt-C/Nafion ink solutions results in the formation of larger

and higher negatively charged Nafion aggregated particles, which leads to higher steric hindrance
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of the deposition of Nafion ionomer on the surface of Pt-C particles and thus a thinner Nafion film
in contact on the Pt-C particle surfaces. As shown in the following image, different mixtures of
water/IPA give different structures on Pt-C surface, which causes different performances. A recent
study in 2018 [56] investigated the effect of ink composition on the ionomer distribution in the
catalyst layer of membrane electrode assemblies (MEA) prepared by decal transfer. They found
out the opposite result. They claimed that the Ho/air performance of cathode catalyst layers made
from the different inks with 700 EW ionomer differed drastically, particularly under wet operating
conditions, whereby the best performance was obtained for ink-based on 16 wt% H2O in 1-
propanol. Another study in 2019 [57] focused on the effect of solvents in ionomer dispersions on
the performance and durability of catalyst layers. According to this study, polar protic solvents,
such as water and alcohols, resulted in a good performance but inferior durability, due to the lower
degree of phase-separation and numerous cracks on the surface of CLs, while polar aprotic
solvents, such as NMP, showed more durable performance. However, the exact effect of the
solvent on the ionomer structure, which affects more efficient material transport, remains

unknown.

On the other hand, although several MD studies [14], [58]-[72] have been conducted on Nafion
thin films on a variety of substrates, the self-assembled ionomer structures in dispersion media as
well as in catalyst ink (dispersion media + Pt/C surfaces) remain limited. For years, Mabuchi et al.
used the coarse grain molecular dynamics approach to examine Nafion/carbon/Pt systems, which
are mostly linked to electrodes of polymer electrolyte fuel cells. They studied proton and water
transport in a polymer electrolyte membrane, oxygen permeability of ionomers in a catalyst layer,
and water droplet transport in a nanopore[69]. In 2016, they studied the influence of the wettability

of the carbon support utilized for Nafion ionomer thin films on proton transport in the ionomer
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[70], [71]. In 2017, they studied the gas-surface interaction between oxygen molecules and
ionomer surfaces since surface scattering effects are essential for gas transport in catalyst
layers[59], [72]. They also analyzed proton transport and structural characteristics at the
Nafion/graphene sheet interface[60]. On Pt planar, they studied how water concentration affects
the structure and permeation characteristics of oxygen molecules in ionomers[62]. In 2014, they
studied oxygen permeability through Nafion and hydrocarbon thin ionomer films [61]. They also
examined the water content dependency of ionomer structural characteristics and oxygen
permeation properties[63]. In their very recent work [64], the development of ionomer shapes in
solutions during solvent (water) evaporation on hydrophobic and hydrophilic substrates was
studied using coarse-grained molecular dynamics simulations. All of these studies were carried
out on planar substrate. Borges et al.[65] did a comprehensive MD study on the local ionomer thin
film structure, its transport property, and how they are affected by the type of substrate using
coarse-grained molecular dynamics. They indicated that the affinity of the substrate with water
plays a crucial role in the molecular rearrangement of the ionomer film and morphologies.
According to their study, the Nafion molecules on hydrophobic surfaces make sandwich and
inverted micelles in high and low hydration level, respectively. While these polymers have bilayer
and multilamellar orientation on hydrophilic surfaces. Other studies have focused on the key
factors, which have a notable impact on the local ionomer structure such as water content [65],
[73], length of the ionomer molecules[74], and film thickness[75]. In fact, researchers have used
MD to simulate Nafion in the thin film [58], [65], [68], [76], [77]; however, in all these studies,
the solvent effect on the ionomer was not considered except the study by Mashio et al [26]. In the

mentioned study, self-assembly of hydrated Nafion ionomer thin films on carbon and
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functionalized carbon (carboxyl and carboxylate) surfaces in water/ methanol mixtures has been

explored. However, the effect of Pt catalyst has not been considered in this work.

Thus, one of the most significant gaps in the existing knowledge is the Nafion structure in catalyst
inks that are formulated with different solvents and its ultimate correlation to the fuel cell

efficiency and durability.

1.2.3. Nafion evolution during solvent evaporation from catalyst ink

CLs are commonly produced on a large scale by spray coating catalyst ink on a substrate, often a
polymer electrolyte membrane. There has been considerable interest in elucidating how the
complicated, multi-material colloidal structure of catalyst ink develops throughout spray coating
to generate the final catalyst layer structure. As the dispersion medium, also known as solvent,
evaporates, the conformal ingredient of the catalyst ink and catalyst layer is predicted to
reorganize. In a study by Kusano et al. [54] CV-SANS is used to investigate the drying/solvent
evaporation process in catalyst inks that contained various amounts of water as the dispersion
medium. Based on this study, the ink is composed of Pt/carbon aggregates with a diameter of 100
nm and a 4 nm thin ionomer shell. Another study [55] reported that Pt/C aggregates in
water/isopropanol had a comparable diameter of 130 nm using ultra-SAXS and cryo-TEM. Cryo-
SEM [34] is used to investigate the catalyst ink as well as the final CL structures created from
catalyst inks with different dispersion media (ultrapure water and 1-propyl alcohol (NPA)). Carbon
clumps more easily as the dispersion’'s water concentration increases, as does the quantity of free
ionomer in the ink. After medium evaporation, ionomer coverage reduced in CLs, while ionomers
were thicker on aggregates (Pt and carbon). XCT, FIB-SEM, and HR-TEM have been used to
study the microstructure of CLs [78]-[80]. 3D TEM tomography was used to derive ionomer

coverage [81].
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Finding a relationship between the structure of the catalyst ink and the structure of the catalyst
layer is critical for progressing the science of catalyst layer manufacturing [17]. It is well
established that CLs manufactured with the same catalyst and ionomer but dispersed in various
dispersion medium perform differently with varying durability in fuel cells [82]-[84]. This
indicates that the CL [32], [85] have different microstructures and transport characteristics. Given
the distinct aggregation patterns reported in small angle scattering analyses of ionomers in various
solvents [22]-[25], [41], [86], it is reasonable to assume that different dispersion mediums cause
different ordered ionomer structures in inks, and hence in CLs. Unfortunately, the knowledge
about the evolution of ionomer shape from ink to catalyst layer during solvent evaporation is so
limited. The evolution of the interfacial structure and ionic domains during the evaporation stage
is of special interest. The interfacial properties of the Pt surface, including proton abundance (pH)
and reactant concentration, determine the local electrochemical activity[17]. Additionally, the
strong interaction between the sulfonic group and Pt, dubbed sulfonic group poisoning, leads to
blocked sites, limiting electrochemical surface area [87]-[90]. The distribution and structure of the
ionic domains, as well as their connectivity, will affect the material transport in CL[17]. Gas
transport through the ionomer films is affected by variation of hydrophobic matrix density due to
ionomer reorganization during solvent evaporation[75]. Dudenas et al. demonstrated using
GISAXS that aggregate interactions in dispersion have a direct effect on the hydrophilic domain
network of the cast film, whereas crystallization begins simultaneously with the solution-to-film
transition[91]. Although experimental results give a critical information about the evolution of
ionomer during the solvent evaporation in catalyst ink to catalyst layer transition, they cannot show
what is happening precisely in the system during drying process. This knowledge can help us to

design an optimized catalyst layer. MD simulation can provide a useful insight to the solvent
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evaporation process from catalyst ink is critical in the production of catalyst layers; however, it

has received little attention in MD modelling studies. The only work is done by Mabuchi et al in

which coarse-grained molecular dynamics simulation is used [64] to investigate the evolution of

ionomer forms in water during solvent evaporation on hydrophobic and hydrophilic surfaces.

1.3. Research gaps

From the presented literature review, it can be concluded that the molecular morphology and

microscopic structure of the Nafion ionomer in the main stages of catalyst layer fabrication, i.e.,

ionomer dispersion, catalyst ink, and solvent evaporation from catalyst ink, are not completely

clear. Such information is needed to provide a more informed guidance to manufacturing process

for an optimized catalyst layer. The key gaps and/or unresolved issues are as follows:

A

lonomer dispersion: The overall orientation, shape, and morphology of the Nafion ionomer
aggregates in different dispersion media are still controversial in the literature.

Catalyst ink: The self-assembled structure of the ionomer on a heterogeneous surfaces
composed of Pt nanoparticles that are supported on carbon particles remains an open subject.
The unsolved problems are: how the ionomer coverage on carbon is impacted by the presence
of Pt nanoparticles on the substrate? What type of backbone twisting occurs when a portion of
the polymer chain/aggregate interacts with a highly interacting Pt surface and the remainder of
the polymer chain/aggregate interfaces with a weakly interacting carbon surface? Do the self-
assembled ionomer structures on surfaces differ significantly from those found in ionomer
dispersion? Is there a significant difference in the interfacial structures of ionomers on flat Pt
surface vs Pt nanoparticles?

lonomer structural evolution during solvent evaporation: According to experimental research

[34], [38], [56], [57], the catalyst layers formed by catalyst inks with varying dispersion
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mediums are structurally distinct. Additionally, the fuel cells constructed from these catalyst
layers exhibit a variety of performances. However, a limited amount of research has been
conducted on how the morphology of ionomers alters during the evaporation of various
dispersion media from the corresponding catalyst inks to make the catalyst layers from catalyst

ink at the molecular level.

1.4. Research objectives

The primary goal of my research was to investigate the molecular ionomer morphology in different
dispersion media in the catalyst ink and changes thereof during the catalyst layer fabrication
process so as to provide guidance on selection of a suitable solvent for catalyst layer fabrication
process. In this work, three specific systems were simulated using molecular dynamics method as

described below.

1. Modelling Nafion in dispersion: This work aims to investigate the morphology of Nafion
ionomer in a different dispersion media to settle the discrepancy on ionomer structure in
dispersion systems derived from inconsistent experimental results [22]-[25] and dissimilar
proposed structure from the MD works[26], [50]. More precisely, the objectives were as
follows: (i). to examine shape and size of the Nafion ionomer aggregate in different
dispersion systems. (ii). to explore the individual chain conformation and backbone/side
chains orientation in different solvents. (iii). to investigate the effect of the counterion on
the final Nafion structure.

2. Modelling Nafion in catalyst ink: The goal of this study is to investigate the self-assembly
of ionomer on pertinent substrates — planar carbon and planar Pt — in different dispersion
media to understand how the solvent and substrate types affect the macroscopic and

microscopic properties of the ionomer. Specifically, the objectives are: (i). to investigate
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the simultaneous effect of the applied solvent along with the polarity nature (Pt vs graphite)
of the substrate on Nafion overall structure such as Nafion side chain and backbone
orientation in bulk and at the surface. (ii). to investigate the influence of the solvent on the
interfacial characteristics such as sulfur poisoning concurrently with the polarity of the
substrate. (iii). to investigate the impact of substrate shape (planar versus nano particle) on
ionomer surface coverage, which is important for material transport in corresponding
catalyst layer made from catalyst ink.

Modelling Nafion structural evolution from catalyst ink to catalyst layer transition:
The primary objective of this work is to investigate how the structure of the ionomer altered
as solvents evaporated from the catalyst ink during the catalyst layer fabrication process.
Using this approach, the impact of solvent type in the catalyst ink on the final dried catalyst
layer, which controls the material transport and hence the fuel cell performances, can be
understood clearly. The specific goals were as follows: (i). to determine the influence of
the solvent type on the dried catalyst layer's interfacial properties, such as sulfur poisoning.
(ii). to investigate the effect of the solvent used in the catalyst ink on the thickness of the
dried ionomer thin film. (iii). to determine the extent to which the catalyst's ionomer surface

is covered during and after the evaporation process.

1.5. Thesis outline

The following are brief explanations of the topics covered in each chapter, as well as the

significance of each research.

Chapter 2. Theory. An introduction to molecular dynamics simulation: Fully atomistic molecular

dynamics is used to model all the simulations conducted in this thesis. In this chapter, the theory
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of molecular dynamics method, as well as the fundamental principles and algorithm used in this

thesis, will be discussed briefly.

Chapter 3. Atomistic MD Study of Nafion Dispersions: Role of Solvent and Counterion in the
Aggregate Structure, lonic Clustering, and Acid Dissociation. In this chapter, the self-assembled
structure of Nafion ionomer in various solvents is examined. Herein, Nafion ionomer is modelled
in eight dispersion systems with a wide range of dielectric constants (- = 2.38—109), containing
pure toluene, IPA, Ethanol, Glycerol, Formic acid, water, formamide, and water/IPA mixture using
fully atomistic molecular dynamics. In this work, we focused on characterization of ionomer in
dispersion systems in terms of the ionomer aggregate shape and size, configuration of individual
chains and assembly of backbones, and size of the ion-pair clusters and intercluster distances. The
idea of ion pair clustering in dispersion systems is raised in this study for the first time in the

literature.

Chapter 4. Molecular Modeling of Nafion Dispersions on Platinum and Graphite Surfaces. In this
chapter, we extend our study of ionomer dispersion and we simulate three Nafion dispersion
systems containing Nafion/pure water, Nafion/(50%water-50%IPA mixture), and Nafion/pure
IPA, on three substrates (planar graphite (C), planar Pt planar (Pt), and Pt nanoparticles/planar
graphite (Pt/C)) using fully atomistic molecular dynamics to study of Nafion ionomer structure in
catalyst ink of PEFC. The combined influence of dispersion media and substrate on the Nafion
ionomer orientation and coverage of the three substrates was examined in this study. Furthermore,
the interfacial structure of these surfaces, particularly side chain orientation and ion clustering are
investigated. We also study the difference between ionomer structure on planar Pt and Pt

nanoparticles. In the end, we explore the poisoning of Pt surface by sulfonic groups.
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Chapter 5. Evolution of Nafion Structure on Pt Surface During Evaporation of Dispersion
Medium: A Molecular Dynamics Simulation Study. In this chapter, we explore how ionomers self-
assemble on a model Pt surface from ionomer dispersions in three different media (containing
water, IPA, and a water-IPA mixture) and how the ionomer structure changes as the solvent
evaporates. The key structural characterizations of Nafion ionomer during and after solvent
evaporation from the systems which represent catalyst ink are investigated using fully atomistic
MD. During the evaporation process, the distribution of the hydrophobic and hydrophilic regions
of the ionomer is investigated. We also look at how the evaporated solvents affected the severity

of sulfonic poisoning and the size of sulfonic clusters.

Chapter 6. Conclusions and Recommendations for Future Work: The main findings and key
results of this thesis will be summarized in this chapter. The last part of this chapter makes

recommendations for further research.

1.6. Role and contribution of co-authors

The list of co-authors in the manuscripts resulting from this thesis is as follows:

A Atefeh Tarokh, Kunal Karan, and Sathish Ponnurangam, Atomistic MD Study of Nafion
Dispersions: Role of Solvent and Counterion in the Aggregate Structure, lonic Clustering,
and Acid Dissociation. Macromolecules, vol. 53, no. 1, pp. 288-301, 2020, doi:
10.1021/acs.macromol.9b01663. (Chapter 3)

A Atefeh Tarokh, Kunal Karan, Mahmood Khalghollah, Franz Martinez, Sathish
Ponnurangam, Molecular Modeling of Nafion Dispersions on Platinum and Graphite

Surfaces, Submitted to Journal of Physical Chemistry C. (Chapter 4).
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A Atefeh Tarokh, Kunal Karan, and Sathish Ponnurangam, Evolution of Nafion structure on
Pt surface during evaporation of dispersion medium: A molecular Dynamics simulation

study, In preparation (Chapter 5)

The co-authors” knowledge and insight were essential to the completion of the above

chapters/manuscripts. The following outlines the co-authors’ roles and contributions:

Dr. Franz Martinez (former postdoctoral fellow) is a co-author in the manuscript on Chapter 4. He
helped us to generate the force filed interaction parameters of IPA and Pt surface using density

functional theory (DFT).

Mr. Mahmood Khalghollah (current Ph.D. candidate in Dr. Far and Dr.Nezhad group) is a co-
author in the manuscript on Chapter 4. He assisted us in determining the surface coverage of Pt

nanoparticles by Nafion backbones.
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Chapter 2: Methodology

2.1. Molecular Dynamics

Molecular dynamics (MD) method is a well-known simulation tool for understanding
molecular/atomic systems. This method can reveal structural, kinetic, and thermodynamic features
of desired system at molecular/atomic level. MD simulation is accomplished by numerically

integrating Newton's equations of motion, as shown below, for each atom in the system[35].

. Q> o (2.1)

Where "Ois the force exerted on an atom "(n the system by other particles and 0 denotes the total
number of particles in the system. The forces are defined as the negative derivative of the potential

energy function ("Yd ), where (5 ) is the atomic coordinates (i i Fesgi ).

Q" (2.2)
T T

The potential energy function U(R) is a classical mechanic representation of the system's
interaction energy and is a function of atomic locations (i ) in a classical MD simulation. Each
atom in the system has a net force ("O) at a particular place in space as a result of its interactions
with other atoms in the system. After a time step (Y0), a change in the system configuration causes
a change in the net force on each atom, which is computed and utilized to update both the location

(1 ) and velocity (0 ). The following are the major steps in a simple MD simulation:

1. Define the initial atomic structures and assign initial velocities to each atomato Tt
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2. Determine the total force exerted on each particle as a result of interactions with all other
particles in the system produced by the simulation's applied force fields.

3. Use the known particle locations, forces, and velocities at a given time to solve the
equations of motion for each particle to determine the positions of each particle at the
following time o Yo

4. Starting with the new particle locations, repeat steps 2 and 3 to compute the particle
positions attime ®  ¢Yo, thend oY, and so on to record the system's development.

5. Evaluate the simulation's equilibration and run the simulation under equilibrated
conditions. The generated velocities and location of atoms over time produces a file called
trajectory.

6. Post processing and data analysis. Statistical mechanics methods may be used to obtain
macroscopic properties of interest from the atomic movements using the generated

trajectory file based.

2.2. Integration algorithm

MD simulations operate by numerically integrating Newton's equations of motion at each time
step for each particle in the system. Several well-known integrators exist, including Verlet,
velocity Verlet, and Predictor-Corrector algorithms. In this thesis, velocity Verlet integration
algorithm is applied. This algorithm uses Taylor series expansion of position and velocity. From
time 0to time © Y0, the location and velocity of each particle with mass m in the system are

updated using an intermediate half-time stepat® € Yo. In each integration cycle:

1. Calculate velocities at mid step.

. . Py, . P. .o
L 0 —-Yo VDO —WOoYo
C C

(2.3)
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2. Calculate position at the next step.

Lo % 16 0 b ?Sf@ Vo (2.4)

3. Calculate acceleration at next step from the potential.

4. Update the velocities.

P
c

p

%o Poo vov (2:5)

0o Yo 0 0o

2.3. Force fields

2.3.1. Nafion and solvents

Class Il force field model is used in this study, which includes bonded (bond, angle, and dihedral)
and non-bonded (electrostatic and Lennard-Jones vdW) variables. We have used Nafion-specific
force field parameters that were obtained by Jinnouchi et. al. [75] through fitting data derived from
quantum chemical calculations (density functional theory (DFT) simulations) and Direct Force
FieldTM (DFF) package [92]. For validation of the generated parameters, Jinnouchi et al [75]
compared the structural, vibrational, and transport properties with the experimental and DFT/MD
data from the literature[75]. The water and other solvent force fields were taken from the well-
established and verified PCFF-TIP3P [93]-[96] and condensed-phase optimized molecular
potential (COMPASS) [97], [98] force fields, respectively. The form of force field used in this

study is shown below.
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Where ¢y —and « are the internal coordinates of bond, angle and torsion angle, respectively. The
subscript Ttis the ground state position. The 0 , 0 and U are the force constants for bond, angle,
and torsion terms. The Lennard-Jones equation (LJ-9-6 form) is used to model non-bond van der
Waals (vdW) interactions. As shown in Figure 2-1, - is the depth of the potential well and ,, is

a finite distance where the inter-particle potential (potential between particle “@nd "QRis minimum,

and i is the distance between the particles.

r

Figure 2-1 Lennard-Jones potential energy
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For cross terms in the LJ-9-6 equation, the following mixing rule is utilized:

7 2.7)

(2.8)

Two-body electrostatic interaction is calculated using the Columbic equation, where r] denotes

partial charges of particle Q..

The electrostatic and the van der Waals interactions are both long-range interactions. In theory,
these nonbonded interactions between each pair of atoms in the system should be taken into
account when calculating potential energy and atomic force. In practice, however, this is very time
demanding. The number of pair interactions to be estimated is an order of N2 if the system consists
of N particles. As a result, the interactions between the pairs are cut-off at a specified distance,
which is usually less than half the size of the simulation box, to save computing time. The influence
of additional particles beyond the cut-off is examined using different algorithms like Particle Mesh
Ewald (PME) or particle-particle particle-mesh (pppm) for electrostatic interaction. In this work

pppm method is used treat the electrostatic interaction.

2.3.2. Eam force field for Platinum
Style eam uses embedded-atom method (EAM) potentials to compute pairwise interactions for

metals and metal alloys[96]. The following equation gives the total energy ‘O of atom "Q

(2.9)

28



"Ois the embedding energy, which is a function of the atomic electron density ” , ¢ is a pair potential
interaction, and | andf are the atoms "Cand "@ element types. The embedding energy term is
responsible for the EAM potential's multi-body nature. Both summations in the formula apply to
all of atom "Qs neighbours "Cinside the cutoff distance[96]. For modeling platinum atoms in this

work, eam potentials has been used.

2.3.3. Interaction between the platinum atoms and Nafion dispersion systems

The interaction parameters between Nafion/water and Pt is adopted from following reference[99].
They calculated these parameters using DFT calculation using Jaguar[100]. They compared the
binding energy generated from DFT with the binding energy calculated from the generated force
field using equation. The energetics of various configurations involving the interaction between
IPA and a Pt(111) surface were calculated by the DFT approach using Quantum Espresso[101]
and PAW pseudopotentials created at the PBE level with nonlinear core-corrections from the

PSlibrary[102] were used in the computations. The computational details are brought in Chapter4.

Equation 2.10 represents Morse function is used for the force field for the ionomer moieties

interacting with platinum.

(2.10)

where 1 is the perpendicular to the surface coordinate. At infinite i , this form approaches zero and
equals O atitslowest,i.e.i 1 . Itclearly indicates that, like the Lennard-Jones potential, the
Morse potential contains a short-range repulsion term (the first term) and a long-range attraction

term (the second term).
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2.4. Boundary Condition
To simulate the systems under investigation, two types of boundary conditions are used in this
study. We applied periodic boundary condition for modeling the bulk systems and fixed boundary

condition to model the surface problems.

2.4.1. Periodic Boundary Condition

The conventional application of molecular dynamics is to finite systems comprising thousands of
particles. In MD simulations, periodic boundary conditions (PBC) are typically used to represent
an infinite/bulk system. Although PBC may generate periodicity artifacts, it will reduce the
artifacts induced by a finite-size molecular system (the surface/edge effect). For applying this
boundary condition, particles are created in a main volume (original box) called the main cell. To
replicate a macroscopic sample, the bulk is expected to be composed of the primary cell surrounded
by its duplicates. The image cells are identical to the main cells in terms of size and form. Cells
are split by open borders, which allow particles to enter or exit any of the cells spontaneously.
Particles that leave a cell are replaced by their image particles that enter the cell. Figure 2-2 shows
the periodic boundary condition in two dimensions. As shown in the Figure, the main cell (shaded
with gray) is surrounded by its image cells. When particles exit a cell, their images simultaneously

enter the cell from the other side.
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Figure 2-2 Two-dimensional PBC with the main cell surrounded by its image cells.

2.4.2. Fixed Boundary Condition

Fixed boundary condition is a non-periodic boundary condition, and the location of the face is
fixed. If an atom goes outside the face, it will be eliminated on the following timestep in which re-
neighboring happens. This will almost always result in an error. To prevent the error and atoms
from being lost in the system, a reflecting wall is placed on top of the simulation box. On a
timestep, if an atom moves a distance delta outside the wall, the sign of the corresponding
component of its velocity is inverted, and the atom is pushed back into the face by the same

delta[96].

2.5. Canonical ensemble (NVT), Isothermal-isobaric (NPT) and thermostat

The simulations in this thesis were all performed with constant number of particles (N),
temperature (T), and pressure (P). These circumstances corresponded to laboratory conditions in
which the temperature was set to room temperature and the pressure was set to atmospheric
pressure. The isothermal—isobaric (NPT) ensemble is a statistical mechanical ensemble that keeps

temperatures and pressures constant.
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A statistical ensemble that represents the possible states of a mechanical system in thermal
equilibrium with a heat bath at a fixed temperature is known as a canonical ensemble. The system
can exchange energy with the heat bath, resulting in total energy differences across the system's
states. The absolute temperature (T) is the main thermodynamic variable in the canonical ensemble
that determines the probability distribution of states. Mechanical factors such as the number of
particles in the system (N) and the volume of the system (V), which determine the nature of the
system's internal states, also influence the ensemble[103]. Herein, the canonical (NVT) ensemble
is employed in the first equilibration phase of simulations or when experiments/simulations in

constant volume (V) are necessary.

The MD simulation includes some techniques for controlling the temperature and pressure of the
molecular system. Berendsen, velocity-rescaling, and Nose-Hoover thermostats are well known
methods for maintaining a constant temperature during the simulation (which is necessary for NVT
and NPT simulations). For the simulations in this thesis, the Nose-Hoover algorithm was used as

the thermostat and barostat.

2.6. Molecular dynamics computer program in this work

In this thesis, the full atomistic MD simulation was done using the LAMMPS software[104], and
the results were displayed and analyzed using VMD[105] and MATLAB, respectively. The details
of calculation method for each work in this thesis including the applied annealing temperature,

time step, cut off value, and run time is brought in the corresponding chapter.
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Chapter 3: Atomistic MD study of Nafion dispersions: Role of solvent and
counter-ion in the aggregate structure, ionic clustering and acid
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Macromolecules, vol. 53, no. 1, pp. 288-301, 2020, doi: 10.1021/acs.macromol.9b01663. with the
permission from ACS (American Chemical Society). Copyright (2020) American Chemical

Society.
Abstract

A theory-based understanding of perfluorosulphonic acid (PFSA) class of ionomer aggregation in
different solvents is crucial for transitioning from empirically guided fabrication of high-
performance electrodes of fuel cells and other electrochemical devices. Considering Nafion as a
model PFSA ionomer, herein, we report the details of its molecular assembly in various solvents
(dielectric constant, - ¢® Y p mawsing fully atomistic molecular dynamics simulation. In
contrast to the long-held view of elongated aggregate structure of Nafion, our study shows that a
variety of structures exist dependent on solvent polarity. The work revealed the existence and
clustering of ion-pairs in Nafion dispersions — a phenomenon reported for the first time for PFSA
ionomer dispersions. We introduce a new aggregation phase diagram for Nafion in different

solvents — (a) Type-I aggregate: aggregates with ionomer chains physically cross-linked via ionic

33



clusters in low dielectric solvents (toluene, IPA, ethanol, glycerol) (b) Type-Il aggregate: lamella
like 2D-aggregates self-assembled via weak hydrophobic interactions in intermediate dielectric
solvents (formic acid), and (c) Type Il aggregate: tightly packed elongated aggregates formed
through strong hydrophobic interactions in high dielectric solvents (water, formamide). Further,
our fully atomistic simulations highlight the significant short-comings of prior coarse-grained
approach wherein the solvent atoms are not explicitly modeled resulting in an unrealistic aggregate
structure in all solvents. With explicit consideration of the solvent molecules, we uncovered a new
phenomenon of micro-phase segregation of solvents (isopropyl alcohol/water mixture) driven by

PFSA’s surfactant-like hydrophilic/hydrophobic character.
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3.1. Introduction

Perflurosulphonic acid (PFSA) ionomers are employed in numerous polymer electrolyte based
electrochemical devices including fuel cells, water electrolysers, chlor-alkali reactors, sensors, and
actuators [16]. Nafion is the most well-known, an industry standard of PFSA ionomers [16], [18].
Nafion is utilized in both solid and dispersion form in the fabrication of the aforementioned
electrochemical devices. Tens of microns thick Nafion membranes are used as polymer electrolyte
separating the electrodes in fuel cells and electrolysers [18]. Nanothin films of Nafion form the
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proton-conducting phase in the electrodes of fuel cells, sensors and actuators [16], [17].
Dispersions of Nafion in a variety of solvents or dispersion media are used for making catalyst
inks for electrodes of fuel cells and also fabricating thin films for electrochemical devices including
sensors [16], [17], [39]. PFSA class of ionomer molecule contains hydrophobic 6O  backbone
upon which are tethered side-chains that terminate with a hydrophilic sulfonic group (™0 ) [16],
[18] and a counter ion that can be acidic (‘'OU0 ) or cation (e.g. 0 @). Owing to the presence of
ionic moieties, unlike non-ionic polymers, strong ionic interactions can influence the molecular
assembly. For example, in membranes, the strong electrostatic interactions between the ion pairs
result in their clustering and thereby the formation of phase-segregated morphology comprising a
network of ionic clusters/domains within a hydrophobic matrix [73], [106], [50]. The structure and
properties of Nafion membrane have been extensively studied,[18] yet new insights continue to
emerge.[16] Over the last decade, the remarkable effect of confinement and substrate on the
structure and properties of Nafion nanothin films has also been uncovered.[16], [39] Substrate-
dependent structure and properties of Nafion thin films indicate the importance of ionomer-

substrate interactions [16], [39].

Compared to membrane studies, ionomer aggregation behavior in solvent/dispersion medium has
garnered relatively less interest. Early on, some studies argued that ionic polymers (with low ionic
content) whose viscoelastic properties in solid state is of interest should be considered as ionomers
while polyelectrolytes are ionic polymers whose properties in high dielectric media is
relevant.[107], [108] Thus, not surprisingly, several studies have been devoted to the conformation
of polyelectrolytes (e.g., ionene-type polyelectrolytes where charges are located on the polymer
backbone itself) as a function of polymer concentration, charge density, co- and counterion types

as well as their concentration and hydrophobicity of the polymer [109]-[111]. Rod-like aggregates
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of ionenes and more flexible polyelectrolytes have been proposed in early studies[112]-[114].
However, this issue also remains controversial and some experimental studies have disputed rod-
like aggregates for flexible polyelectrolytes [109], [115]. Degree of ionization of the charged group
and/or conversely ion-pair condensation has been considered to the dominant factor in
polyelectrolyte aggregation. Manning has derived a criterion for stiff polyelectrolytes to correlate
the degree of ionization (conversely, fraction of counterion condensation) to effective separation
length between charges on the backbone (charge density)[116], [117]. However, this criterion has
been shown to be inadequate even for semi-flexible P2VP polyelectrolyte [109], [118]. In contrast
to polyelectrolytes, PFSA ionomers have lower ion content and are even more flexible. Further,
ionomers have the longer side chain with terminal charged groups as well as larger charge
separation length (large equivalent weights) compared to polyelectrolytes. Thus, ion condensation
or ionic clustering behavior and their influence on aggregation can be expected to be different from
stiff polyelectrolytes wherein charges are typically on or very close to the backbone. As will
become apparent below, for ionomer dispersions the idea of ion condensation (better known as
ionic clustering) influencing aggregate structure has remained surprisingly elusive and the

dominant interaction governing the formation of these aggregates remain unresolved.

The aggregate structure of PFSA ionomers has been inferred from different methods. In some
studies, the aggregation in dispersion has been indirectly deduced via the different catalyst layer
microstructures fabricated from catalyst inks (Pt/C and ionomer in different dispersion media) and
not via direct observation of ionomer dispersions [40], [22], [41]. For example, in an early work
by Uchida and co-workers.[40], the solvation characteristics of Nafion is examined in 71 different
solvents whose dielectric constant (- ) varied from 1.41-42.5. Based on the visual evidence,

whether the dispersion was clear or cloudy, they identified three different regimes in a variety of
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solvent categorized according to their dielectric constant — soluble (- > 10), dispersed (-

o 10) or precipitated (- < 3). Studies using classical methods of small angle x-ray/neutron
scattering, 1°F nuclear magnetic resonance (NMR) and electron-spin resonance (ESR) techniques
have investigated the Nafion aggregate structure in a few common solvents [23]-[26], [42]-[49].
Pioneering investigation on PFSA ionomers in dispersions was carried out by Aldebert and co-
workers using small angle x-ray scattering (SAXS) and small angle neutron scattering (SANS)
studies [23]-[25]. The first study reported SAXS data and analyses of 'O 70 "Qform of PFSA in
water or alcohol [23]. In a subsequent study [24], other solvents such as formamide and NMF were
examined. A later study further expanded the investigated to solvents such as triethyl phosphate
(TEP), N, N-dimethylformamide (DMF) and N, N-dimethylacetamide (DMA) as well as the
examination of the effects of counterions and salts [25]. In the latter study, sharp peaks in SANS
spectra were observed for Nafion in "O 0, formamide, and NMF. However, the peak became
weaker in DMF and methanol and almost no peak could be observed in the exotic TEP medium.
These results were already indicating the impact of solvent on the aggregation behavior;
nevertheless, the SAXS data in all solvents/media were fitted to a cylindrical aggregate structure.
The radii of cylindrical aggregates ranged from p& to ¢& €& & In a separate study, cryo-cooled
Cs-stained dispersions were observed under TEM showing cylindrical structure. Surprisingly, no
description of the dispersion medium could be found [45]. In an in-situ AFM study on the
adsorption of Nafion from its dispersion in ethanol/water mixture on mica and graphite surface, a
compact globular conformation and extended 2-D conformation which resemble zigzag ribbon-
like structures was observed [119]. In two recent studies [46], [47] of 'O form of Nafion in various
water-alcohol mixtures, SAXS data were fitted to different aggregate shapes. In water-methanol

mixtures, Li et al. [47] derived a spherical aggregate structure whereas a cylindrical structure was
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proposed in water/1-propanol and water-ethanol mixture. From these studies, the suggested
cylindrical structure of ionomer aggregate comprised of a central core of perfluorinated backbone
with the ionic groups on the outer surface contacting the solvent/medium. In contrast, NMR and
ESR-based studies by Schlick and co-workers[48], [49] in the early 90s provided a more detailed
insight into the internal structure of the aggregates. Comparing the ‘°F NMR peaks associated with
the backbones, they deduced an aggregated structure for Nafion in formamide, whereas a
solubilized state in ethanol ("O form) [48]. In the ESR study [49], considering the mobility of the
probes and the width of the spectral line, they observed clear differences in the ESR spectra for
0 "Qform of Nafion in different media including water, formamide, NMF and ethanol. They
attributed these differences to the amount of solvent penetration in ethanol and NMF compared to
that in water and formamide. More recently, Kim and co-workers[22] posed a thought-provoking
question - whether Nafion is a dispersion or a solution. They adopted SANS and F NMR to
investigate 0 & form of Nafion in several solvents including glycerol, ethylene glycol (EG), 2-
propanol, water and mixtures of 2-propanol and water. From the SANS data analyses, they found
a variety of structures that were solvent-dependent. The aggregate structures were: cylindrical in
glycerol and EG (¢ @ radius), a polydispersed spherical particle in pure 2-propanol, a swollen
structure in 1:1 water/2-propanol, and a random-coil like with no clear structure in NMP. An
interesting aspect of their work was the use of scattering length density (SLD) of aggregates to
infer the solvent content in the aggregates. It was estimated that the solvent volume fraction for
the Nafion aggregate in glycerol, 2-propanol and EG were i@ ¢ 1 tand 1@t yrespectively. While
the ®F NMR and SANS experiments suggest solvent-dependent swelling structure, the SAXS
studies have overlooked this feature of the Nafion aggregates. Thus, a consistent picture of

aggregation behavior of PFSA ionomers in different solvents is still not available. Further, as stated
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earlier, the differences in molecular architecture does not permit to generalize the aggregation

behavior of polyelectrolytes to PFSA dispersions.

In fact, the role of ion clustering in aggregation behavior of PFSA ionomers in dispersion has not
been discussed barring the recent proposition by Kim and co-workers[22], unlike the ion-
condensation induced aggregation in polyelectrolyte. They hypothesized that any reduced mobility
in the aggregates, inferred from °F NMR spectra, would arise from conformations governed by
ion clustering or polymer-polymer interaction. Unlike experiment specific structural information,
molecular simulation can simultaneously yield structural details regarding ion-clustering, solvent

swollen aggregates and/or chain packed tightly.

Molecular modeling studies of PFSA ionomer dispersions are scarce and there are only two recent
reports using molecular dynamics (MD) to study PFSA ionomers. These studies have further added
to the unresolved debate on the aggregate structure of Nafion ionomers. In one study [50], Coarse-
Grained MD (CG-MD) was employed to examine the influence of media and ionomer composition
on aggregation behavior. The dispersion medium was implicitly modeled via the Lennard-Jones
interaction between the coarse-grained entities and the medium. Interestingly, the study found that
irrespective of the medium type, the ionomer always acquires a cylindrical shape, but the extent
of aggregation, i.e., the number of polymer chains in aggregate increased [50]. These results are
consistent with the early SAXS studies but do not show the strong effect of media on aggregate
shape reported by Welch et al [22]. A few factors may have contributed to the observed elongated
rod-like structure, including the implicit modeling of solvent and the use of persistence length
fitting approach for backbone flexibility. Nonetheless, they clearly identified the need to explore
the effect of backbone rigidity on the size and shape of aggregates and also to compare their

findings with all-atomistic simulations with explicit solvents [44]. In the second MD study [26],
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the ionomer and media were modeled at the full atomistic scale. However, the study was primarily
focused on the interaction of ionomer with carbon surface and reported only a few results for
ionomer dispersions. The images show a blob-like aggregate in water and irregular structure in
water-alcohol mixtures [26]. Unfortunately, no quantitative analyses of the aggregate shape,

including radius of gyration was reported.

Several gaps in our understanding of aggregate structure and aggregation behavior of PFSA
ionomer dispersions are identified from the meta-analyses of experimental and MD studies. First,
there is there is a lack of agreement on the structure of the PFSA ionomer aggregates (elongated
vs. blob-like aggregate). Second, except for one study, the role of ion-pair clustering in controlling
the aggregate shape, size and solvent swollenness is glaringly absent from the previous studies.
Neither the existence of such clusters was reported in earlier modeling work on Nafion system
[50], [26], nor the quantification of multiplets and/or cluster shape was presented. Interestingly,
unlike studies on polyelectrolyte systems, there has been no mention of ion-pair dissociation. Thus,
a third gap is the lack of understanding of the role of solvent polarity on ion-pair dissociation and
its impact on PFSA ionomer structure in dispersions. Fourthly, little is known (and discussed)
about the conformation of polymer molecules within the aggregates — whether they are entangled,
twisted or highly ordered. Indeed, the predominant experimental studies using scattering
experiments (x-ray, neutrons or light scattering) for dispersion characterization which are not ideal
for yielding information on the conformation of polymer molecules. A few experimental studies
[NMR and SANS] have provided clues on the internal structure (solvent swollen), but this has not
been discussed in the MD studies. Previous CG-MD studies modeled the solvent effects
implicitly[50] whereas the fully-atomistic work [26] consider only two solvents (water and

methanol) and did not discuss the aggregate shape and ion-pair cluster size since the focus on the
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study was on ionomer/carbon aggregation. Thus, it may be summarily concluded that neither the
specific aggregate structure (backbone assembly and ion-clustering) nor the general aggregation

behavior of PFSA ionomers in a wide range of organic solvents and water is known.

In the present study, we investigate aggregation characteristics of PFSA class of ionomer in
different solvents. Specifically, we perform full atomistic scale molecular dynamics simulation of
Nafion ionomer (a model PFSA ionomer) in water, six different pure organic solvents, and a
mixture of water and IPA. The ionomer aggregate is characterized in terms of the following
structural properties: (i) the aggregate shape and size (ii) conformation of individual chains and
assembly of backbones, and (iii) ion-pair cluster size and shape as well as inter-cluster distances.
While aggregate shape/size have been discussed in prior experimental and MD studies, a novel
aspect of our study is the focus on ion-pair clustering. We find that clustering of the ion-pairs is
the dominant factor in the aggregation of Nafion ionomers in nonpolar and low polarity solvents
— which has not been discussed in previous MD work. On the other hand, the hydrophobic effect
controls the aggregate structure in higher polarity solvents such as formic acid, water, and
formamide. Unlike the predominant view of elongated aggregate shape irrespective of the solvent
type, we observed a variety of structures and classified them into three classes of Nafion aggregate
morphology. The effect of counter ion was investigated by comparing™©O and 0 & form of Nafion
in an organic solvent and revealed an expected strong influence of counterion type. In our fully
atomistic simulations, by considering the solvent molecules explicitly (unlike implicit solvent
approach in previous coarse-grain models), an interesting phenomenon of micro-phase separation

of solvents (in water/IPA mixture) is reported for the first time.
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3.2. Model and Simulation Methodology

The Nafion atomic structure is shown in Figure 3-1.a. This polymer contains a fluorocarbon
backbone with several pendant side chains, which are terminated with sulfonic acid group ™
and the counterion (0 @ or 'O0 8The molecular mass of the Nafion oligomer that we used is
@ wTI@ € G and its equivalent weight is p p UGY € &. There are six ™) containing side
chains, which are connected to the backbone at regular interval. Dispersion simulations were
carried out for a system containing p tiNafion chains with counterions in a box of solvent, which
corresponds to ~ ¢ & ¢ of Nafion. We also modeled five long Nafion chains where the molar
mass and the equivalent weight of each chainareequaltop o Y 7@8p € dandp p U@ € a ,

respectively (see the supplementary information section S2).

The full atomistic MD simulation were performed using LAMMPS [120] program and the
results were visualized and analyzed by VMD [121] and MATLAB, respectively. Herein, Class 11
force field model containing bonded (bond, angle, and dihedral) and non-bonded (electrostatic and
Lennard-Jones vdW) terms (Supplementary information Equation.S1-S3) is applied [75]. The
forcefield parameters for Nafion polymer were adopted from Ref.[75]. These parameters were
specifically developed for Nafion polymer [75] by fitting results from quantum chemical
calculations (density functional theory method (DFT)) using Direct Force Field™ (DFF)
package[92]. The derived forcefield parameters for Nafion were validated by comparing the
resulting structural, vibrational, and transport properties with the experimental and DFT/MD data
from the literature [75]. Specifically, this forcefield reproduced the bulk Nafion density as well as
02 self-diffusion coefficient in the bulk Nafion accurately [75]. The forcefield parameters for
water and other solvents were adopted from the well-established and validated PCFF-TIP3P [93]-

[96] and condensed-phase optimized molecular potential (COMPASS) [97], [98] force fields,
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respectively. Both the PCFF and COMPASS belong to the same class of forcefields (Equation S1-
S3 in the supplementary information). Their parameters were derived by fitting the data from ab-
initio calculations (to obtain valence parameters and atomic partial charges) and experimental data

e.g., cohesive energies, crystal structures, and densities (to obtain vdW parameters).

We have adopted the following simulation protocol to achieve equilibrium in all the systems
considered (whether pure solvent, polymer, or mixed dispersions). We have monitored different
energetic and structural properties to establish if the equilibrium state is achieved. Specifically,
after energy minimization of a single chain and the box of solvents separately, the chains were
introduced into each solvent box. After geometry optimization of the initial structure, the
molecular dynamics was performed using Velocity-Verlet algorithm with the long-range
electrostatic interaction. The used time step for this study is Yo p "Qiand the temperature was

maintained using Nose-Hoover thermostat.

First, the system was equilibrated for ¢ € iat "Y p 1 TOTuNnder periodic boundary conditions.
The system was annealed to “Y o Tt at a rate of o v @& iand maintained at o 1T Ut for
further ¢ € [ The above three MD steps were performed with NVT ensemble to avoid vapor
explosion of solvent molecules. However, to model the non-ideal mixing at constant pressure
(similar to experiments) and the resulting molecular arrangement of polymer, the final
equilibration step was performed using NPT ensemble "Y o moth) p&o afor¢ v m
o Tt ati Finally, the sampling run was performed at the end of equilibration run for an additional
@& iusing NPT ensemble. The relaxation of the system and attainment of equilibration state was
ascertained by monitoring the relaxation time needed for thermodynamic and structural properties
including total energy, radial distribution functions, and inter-ionic cluster distances (for more

details — see supplementary information Section S1, Table S.1, Figures S.1 and S.2). All the cases
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relaxed by 20 ns except system with high polar solvents, which required 50-110 ns to relax. Hence,

the simulation time (250-300 ns) is sufficient for achieving the equilibrium state in our study.
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Figure 3-1 a. Molecular structure of Nafion ionomer with 'O G  as counter ion; in this study, &0 @ @or 12;
b. Nafion molecule used in this study (molecular weight of ¢ w T 0 o  iBp € & and equivalent weight of
ppuUmE Q).

3.3. Results and Discussions

3.3.1. Nafion-Water system

The aggregation behavior of Nafion in water is first examined. Figure 3-2 shows the aggregated
structure of Nafion in water. The water molecules have been removed for better visualization. The
results reveal several interesting structural characteristics of the aggregate including backbone
aggregation and sulfonic acid dissociation. An elongated cylinder-like aggregate is observed
(Figure 3-2a), which is similar to that proposed by Aldebert et al [23], [24] and others[49], [122].
The cylinder-like aggregate consisting of p Tpolymer molecules has a mean diameter of o @B,
which is similar to the size determined from several SAXS and SANS studies of Nafion in water

[23]. Elongated structures were also observed in CG MD study with implicit solvent wherein
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epsilon of one would correspond water [50]. In addition to shape and size, MD simulations permit
an examination of the internal structure of the nano-aggregated structure, which is not accessible
from the scattering measurements. In particular, the conformation of individual chains, excluded
volume and swelling effects (due to favorable solvent-backbone interactions) can be accurately
quantified. To elucidate the internal structure of the Nafion aggregate in water, the conformation
of individual chains in the aggregate structure is shown in Figure 3-2b. Expectedly, the backbones
are tightly packed without any water molecule inside the aggregate. Furthermore, the image reveals
that the backbones are elongated and entangled but do not form a spiral structure as reported in a
fully atomistic model of Nafion membrane [73] or the bundle-like conformation in CG MD model
for dispersion [50]. Another important feature that is accessible from MD simulations is the degree
of dissociation of the sulfonic acid. From Figure 3-2a, full dissociation of sulfonic acids can be
noted, which is in contrast to other solvents/media examined as discussed later. Accordingly, no
clustering of sulfonic acid ion pairs is observed. In contrast, Ghelichi et al [50] in their CG MD
study observed a weak clustering of sulfonic groups in solvents with high dielectric constant. We
speculate that this clustering in their CG MD based work results from the implicit modeling of
solvent effect through bulk dielectric constant. This is likely due to the overestimation of the
electrostatic screening since the local permittivity water can be significantly lower than their bulk

value near ions [123].
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Figure 3-2 a. Aggregate of Nafion in water (29 wt% Nafion); water molecules have been removed for ease of
visualization. b. Conformation of backbone of individual chains in the aggregate; individual chains are labeled
with different color for ease of visualization.

3.3.2. Nafion-organic solvents systems

In present study, we explore the aggregation behaviour of Nafion in six different organic solvents
with varying dielectric constant - and Hildebrand solubility parameter ( ): toluene (-
C& ) Yo g a 1), isopropyl alcohol or IPA (- p @]
p@OOIE G T),ethanol (- c®] p&odE&aE T), glycerol - T @]
p@OO& G 7), formicacid (- v B p @@ & & 1), and formamide (-
PTG p & GOWa& & 7). Based on their dielectric constant, we classify these solvents as
low polarity (toluene, IPA, ethanol, and glycerol), intermediate polarity (formic acid), and high
polarity solvents (water and formamide). It may be noted that all solvents considered here can form
hydrogen bonds with the exception of toluene. The results showing aggregated structures of 10
Nafion chains in these organic solvents are presented in Figure 3-3. The solvent molecules and
side chains are not shown here for the ease of visualization. The overall shape/size of aggregates,
the individual polymer chains (with different colors) and the cluster of the sulfur atoms (yellow)
can be noted. Three distinct aggregation behavior of the Nafion backbone can be seen depending

on the solvent polarity (Figure 3-3). For solvents with low dielectric constants - T @), the

46



Nafion molecules are loosely aggregated (Figure 3-3a-d in contrast to the tightly aggregated and
elongated structures (Figure 3-2a and Figure 3-3f) observed for solvents with high dielectric
constants (- U it In the intermediate polarity range, e.g., for formic acid (- L B, an
interesting ¢O structure (lamellar-like) was observed (Figure 3-3e). The existence of lamellar
structure in solid-state ionomer membranes has been posited before (see reviews from ref.[124],
[125]) but, to the best of our knowledge, this is the first such observation for ionomer- dispersions.
Within the loose aggregates (in low polarity solvents) category, the dispersibility of backbones
increases unexpectedly, with increasing solubility parameter (unfavorable backbone-solvent
interactions) and dielectric constant of the medium. Specifically, the backbones appear to be denser
in toluene and IPA (Figure 3-3a, b) than in ethanol and glycerol (Figure 3-3c, d) and are most
dispersed in glycerol. The reason for such unexpected behavior is explained in the next section.
Examination of the individual chains within the aggregate also reveals a contrasting picture of the
internal structure of the polymer in the low polarity solvents (toluene, IPA, ethanol, and glycerol)
compared to high polarity solvents (water, formamide). The backbones of the polymers in low
polarity solvents do not appear to be entangled or coiled as opposed to that in high polarity medium
(water and formamide). The dispersed backbones exhibit a diverse set of conformations such as

straight, partially folded and spiral-like.

The lack of elongated structures in low-polarity solvents is at variance with the generally proposed
cylindrical structures from SAXS and SANS data [23], [24]. On the other hand, our results agree
with the solvent-swollen structures reported by Schlick et al [48] and Welch et al [22]. The SAXS
and SANS studies do not discuss the dispersability of backbones, i.e. the solvent impregnation in
the structure [23], [24], [47]. On the other hand, as discussed earlier, °F NMR studies[48] reveal

mobile backbone in ethanol as opposed to backbones in formamide. Our MD simulations predict
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the backbones in ethanol (Figure 3-3c) are better dispersed and, expectedly, more mobile than that

in formamide (Figure 3-3f).

Another feature of the aggregates in the low polarity solvents is the clustering of the sulfonic acid
ion-pairs unlike that in high and intermediate polarity solvents, where counterions are largely
unbound. Within the low polarity solvents, the degree of ionic clustering is expected to be
influenced by the dielectric constant of the medium. In general, the aggregation of ionomer in
organic solvents is thought to depend on both the dielectric constant of the medium and the
mismatch of backbone/solvent solubility parameters. These effects are quantitatively discussed in

the ensuing two sub-sections.
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Figure 3-3 Aggregate of Nafion in different organic solvents (~29 wt% of Nafion); a. Toluene b. IPA c. Ethanol
d. Glycerol e. Formic acid f. Formamide. The solvent molecules and side chains have removed for ease of
visualization. The expanded image shows conformation of backbone of individual chains (in different colors) in
the aggregate as well as ionic clustering in yellow beads.
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3.3.3. Aggregate size and backbone dispersibility
To further analyze the aggregate characteristics in different solvents shown in Figure 3-3, we

compute their radius of the gyration according to the following definition:

v 2 oa (3.1)
U

where 0 is the total mass of the group, & and i are the mass and the position of the i"" atom in
the system, respectively, andi is the position of center-of-mass (c.m.) of the group [96]. Figure
3-4 presents the 'Y of the polymers as a function of increasing dielectric constant of the medium.
For low polarity solvents, the 'Y of the polymer increases with increasing dielectric constant. Since
all polymer chains considered in the simulation form a single loose aggregate (see Figure 3-3),
the increasing 'Y also can be thought of as an increase in the degree of swollenness of the
aggregate. This trend of increasing swollenness with dielectric constant of medium of 40-50
followed by a decrease with further increase in dielectric constant is remarkably similar to the
correlation of Nafion membrane solvent uptake and liquid solvent dielectric constant presented by
Kusoglu and Weber [16], who analyzed literature data. The solvent uptake was stated to be
controlled by two solubility values — one for its hydrophobic fluorocarbon backbone and another
for the hydrophilic ionic group. The role of ionic clustering was not discussed. An interesting

observation that can be made from Figure 3-4 isthat 'Y e ¢ @ B in water (with a dielectric

constant of Y ) is higher thanthe'Y e ¢ @& B in toluene (with a dielectric constant of ¢&)).
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Figure 3-4 Radius of gyration (Rq) of Nafion as function of solvent dielectric constant.

The small Y of Nafion in water and formamide can be explained in terms of the tightly packed
core of fluorocarbon backbones, attributable to the hydrophobic effect. However, the reasons for
the smaller aggregate size in toluene as well as the increase in 'Y with dielectric constant are not
obvious. Two important reasons are the predominance of electrostatic interactions in low polarity
solvents and the other is that 'Y does not effectively capture the size since the shape factor is not
accounted for. In toluene (Figure 3-3a), although the backbones in the aggregate do not appear to
be entangled we do note the clustering of ion-pairs. Hence, we examined the role of backbone-
backbone and backbone-solvent interactions in determining the aggregate morphology and the Y .
Simulations were carried out for Nafion polymer without side chains, i.e. p tfluorocarbon chains
of Teflon with the same number of backbone repeat units as Nafion polymers, in toluene and water.
The equilibrated structures are shown in Figure 3-5 below. The Teflon molecules are well

dispersed in toluene ('Y o & B) when compared to Nafion in toluene. On the other hand, in
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water, the Teflon molecules form a highly aggregated, densely packed structure ('Y ¢ & B).
Thus, the Nafion aggregate formation in toluene can then be mainly attributed to ion-pair clustering
whereas the aggregation in water can be assigned to the hydrophobic effect which cause tightly
packed backbones. A comparison of the conformation of individual chains of Teflon (Figure
3-5a,b) and corresponding Nafion chain in water (Figure 3-2a) and toluene (Figure 3-3a) reveals
some interesting insights. Teflon chains in toluene is expectedly extended because of the likeability
of fluorocarbons to low polarity solvent molecules. The chain conformation would indicate a rigid
backbone. However, if we examine the Nafion chains in toluene (Figure 3-3a), it can be noticed
that several of the chains acquire folded conformation to accommodate the cluster formation. That
is, the backbones are sufficiently flexible. This is a critically important point for understanding the
differences between the Nafion aggregate structures found from our fully atomistic study and those
of CG study[50] wherein the rigidity of backbone was fixed to match with certain experimental
data of Teflon. Even a flexible fluorocarbon backbone may acquire seemingly rigid conformation
depending on the solvating/dispersion medium. In water, the backbones of Teflon and Nafion
acquire a stiff structure although Nafion backbones appear to be more entangled compared to the

backbones of Teflon in water.

52



Figure 3-5 Aggregates of Teflon molecules in solvents a. toluene b. water. Solvent molecules have been
removed and the individual chains are represented in different colors for ease of visualization.

Next, we turn our attention to the swollenness of Nafion aggregates in different organic solvents.
Visual impressions of the aggregates in Figure 3-3 would indicate increasing swollenness with
increase in dielectric constant reaching maximum swollenness in glycerol. In literature, solubility
parameter rather than dielectric constant of medium has been used to correlate with the swelling
behaviour of the membrane form of Nafion and other PFSA [126], [127]. The general idea is that
the solvent with solubility parameter similar to that of the Teflon backbone would have higher
interaction with or solvating capacity for the backbone. The solubility parameter of Teflon is
PO & & T and similar to that of toluene Yoo (& & 7 and significantly different
than those of glycerol (p & @ Oa&H & 7 ) and water (¢ &  O& & 7). Thus, it would be
expected that the backbones would be more dispersed and stretched out in toluene than in glycerol.
However, we observe an opposite effect. We attribute this effect to the predominance of
electrostatic interactions when the dielectric constant is low. Hence, a strong multipole-multipole
interaction between ion pair clusters in low dielectric solvent (for e.g., toluene) leads to a more

aggregated polymer molecules and hence smaller Y .
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3.3.4. lon-pair clustering

The solvent characteristics (e.g., dielectric constant), in addition to determining the swollenness of
polymer backbone (vide infra), control the clustering of ion-pairs in the aggregated Nafion
structures (Figure 3-3). Specifically, we observed clustering of ™0 "O0 ion pairs in the
lower dielectric constant solvents (toluene, IPA, ethanol, and glycerol) but not in moderate and
higher dielectric solvents (formic acid, water, and formamide). It appears that with increasing
dielectric constant, the solvent/dispersion medium has a tendency to swell the ionomer yet the
polymer tends to maintain some level of physical cross-linking via ion-pair clustering. There has
been longstanding interest in clustering of ion-pairs in ionomers and it is instructive to briefly
summarize the key findings regarding ion-pair clustering in prior studies. Longworth and Vaughn
of DuPont Inc. were one of the first ones to propose the cluster formation in solid form of ionomer
upon neutralization by an alkaline salt solution [128]. Eisenberg (1970) brought the idea of
clustering, defined as multiples of ion-pairs called multiplets, to the fore and argued that it is the
key distinguishing feature of ionomers compared to the non-ionic polymer [129]. He also
emphasized that the clustering of ion-pairs served as the physical linkers of otherwise poorly-
interacting polymers. Several experimental and theoretical (including MD) studies have
investigated various aspects of ion-pair clustering [106], [130]-[138]. Most of these studies are for

solid form of ionomers and only a few are concerned with Nafion ionomer.

We have quantified the extent of ion-pair clustering in terms of the average of the number of ion
pairs in these clusters (Figure 3-6a) as well as the average inter-cluster distances (Figure 3-6b).
The error bars represent the variation in the average from randomly selected p Tsnapshots in the
production run (@€ ). Remarkably, the size of the ionic-clusters remained the same even after the

length of the Nafion chains were doubled (shown with two solvents — IPA and glycerol, see Figure
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3-6a. and Supplementary Information section S2 and Figures S.5, S.6, S.7 for more details). The
number of ion pairs decreases in the clusters with an increase dielectric constant of the medium
and is consistent with membrane simulations [133]. For intermediate (formic acid) and high (water,
formamide) dielectric constant solvents, either only few single ion-pairs or fully dissociated ion-
pairs were observed. Interestingly, for Nafion dispersions in the lowest dielectric constant solvent
(toluene), the sulfonic groups and the counterions make bigger clusters with an average of 12 ion-
pairs, which is closer to the cluster comprising 16 ion-pairs for dry Nafion membrane reported by
Allahyarov and Taylor’s MD study [134]. They considered the dissociable ion-pair and simulated
the solid-state Nafion ionomer at different water content. They observed a spherical cluster
containing 16 ion-pairs/multiples which break into smaller clusters with increasing water content.
That is, the cluster size decreases as the “effective” dielectric constant of the cluster increases.
Interestingly, no such sulfonic acid clustering was reported in the previous coarse-grained MD
work [50]. This is most likely due to the two approximations adopted in that work, viz., implicit
solvent approach and the parametric treatment of solvent-polymer interactions via Lennard-Jones
parameter (- ) to model hydrophobic effects. The former approximation can under-predict the
electrostatic effects, which are incorporated through Bjerrum length. The Bjerrum length uses the
bulk dielectric constant of the solvent whereas its value can be different near charged pendant
chains. The latter approximation may lead to an artificially enhanced 6O 6"O non-bonded
interactions resulting in a tightly packed, elongated structures, which prevents the formation of
multipole sulfonic acid clusters. It is evident that a careful examination of ion-pair clustering of
Nafion ionomer in solvents is lacking (both experimental and theoretical), especially an
examination of the effect of solvents on the size (number of ion-pairs/multiplets) and shape of the

clusters. This is not surprising for experimental SAXS/SANS studies of Nafion dispersions
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because they have focused on the shape/size of the ionomer aggregate itself and not on the ionic
clusters. Furthermore, the electron density difference or neutron contrast between the ionic cluster

and the polymer backbone may not be sufficiently high to resolve the cluster features.

The inter-cluster distances in each of the low dielectric constant solvents were determined as a
distance between the center of mass of each cluster, which was computed using S atoms. As
expected, the average inter-cluster distances increase with increasing solvent polarity or dielectric
constant (Figure 3-6b). Visual examination of the clusters indicates that the shape of the clusters
is typically elongated but several of the clusters are sphere or disk-like. The shape factor of the
clusters was computed from the integral of RDF functions (see Figure S.3 in Sl); The In(S(q))
versus (q) shows that an S(q) for toluene significantly different than the other four organic solvents.
Applying Guininer analyses in the g-range of T p 1® & reveals a slope closer to p indicating
a rod-like or elongated shape of the cluster for all solvents except toluene, which is more disk-like
with a slope ofx ¢. The S-S RDFs for formic acid, water, and formamide are shown in Figure
S.4-b (and for rest of the solvents in Figure S.4-a). Since the ion-pairs are essentially fully
dissociated, the magnitude of the first peak is much lower than those observed for the other
solvents. The absence of the second broader peak is consistent with the lack of cluster formation
of the Nafion ionomer in water. Different shapes of clusters ranging from stringy to elongated
were reported from MD studies for solid form of precise carboxylate ionomers [139]. For Nafion
ionomer, an MD study by Allahyarov and Taylor [133] found a linear cluster in moderate dielectric
constant medium (- p v, acompact spheroidal cluster in low dielectric constant medium (-

p), and no clustering in high dielectric constant medium (- Yt However, their model
considered the proton to be permanently bound to sulfonic group, thereby no dissociation of ions

in the ion-pairs was observed as noted in the present study. However, in another study [137] in

56



which the ionic correlations in random ionomers are investigated, they showed that by increasing
Bjerrum length or decreasing the dielectric constant, there is a more closely packed ionic structure

due to increasing electrostatic interaction strength.
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dielectric constant.
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335 {F 73 E lon-Pair Dissociation
To quantify the degree of dissociation of ™) 7O U ion-pair, the radial distribution function of

the sulfur atom in sulfonic group and oxygen atom in the hydronium molecules ("Qy ) was

computed. “Radial Distribution Function (RDF) describes how density varies as a function of
distance from a reference particle. In the other words, for an isotropic system, RDF describes the
probability of finding a particle / in a specific radial distance, i, of a reference particle / can be

calculated by Equation (3.2)” [50], [140].

Q I — B B &1 i O (3.2)

In this equation, where w is total volume of the system O and 0 are the numbers of / and /

particles in the simulated system, respectively. The brackets () around the 3-function indicate

averaging of the system property over the equilibrium trajectory (production run).

Figure 3-7ashowsthe ™) "O0  RDFs for all organic solvents while that for formic acid, water,
and formamide are shown in Figure 3-7b. A noticeable difference can be seen between these two
Figures. In low dielectric solvents (Figure 3-7a), two peaks are observed. The first peak around
o®v W is the nearest ion-pair distance whereas the second broader hump (v p 1v) is dominated
by the intra-cluster S-hydronium distances. The first peak position is similar to the ~ c& v distance
between sulfonic group and hydronium ion with its first hydration shell found in a DFT study[141]
and in other MD studies[142], [143]. From Figure 3-7a, it can be noted that the first peak position
is independent of the solvent implying that for all these solvents ion-pairs are un-dissociated. The
differences in intensities arise from the packing geometry of the ion-pairs in the clusters[137]. In

contrast to the low dielectric constant systems, no sharp peak can be discerned for medium-to-high
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dielectric constant solvents (Figure 3-7b) because the ™) ¥OU0 ions are fully dissociated. It
must be highlighted that the dissociation of ion-pairs and its impact on the aggregate structure has

not been discussed in any of the earlier Nafion dispersion studies to the best of our knowledge.
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3.3.6. Phase Diagram of Nafion Dispersion in Pure Solvents

What emerges from the aforementioned results are that the Nafion polymers in organic solvents
aggregate due to attractive electrostatic interactions between ™) FOO0 ion-pairs, especially
leading to physical crosslinking of the chains in low - solvents. These interactions weaken with
an increase of dielectric constant of the medium (- Tt &), which results in shielding of the
charges between the ion-pairs allowing the backbones to be more dispersed that results in solvent-
swollen structures. For comparison, in the absence of the ionic moiety from Nafion, i.e., Teflon
chains, the polymers are better dispersed in toluene (Rg~35 A) when compared to Nafion (Rg~25
A). With increasing dielectric constant of the medium (- L B, the weakening of the attractive
electrostatic interactions between the ion-pairs further resulting in a separation of the hydronium
ion from the sulfonic moiety, i.e., dissociation of sulfonic acid. In fact, in a recent study [144], pH
measurements of Nafion dispersion in water/propanol mixtures the acidity was found to increase
when water content of the mixture was increased, consistent with our results of increased acid
dissociation with increasing polarity of the medium. The acid dissociation causes repulsion
between the sulfonic groups, which affects the conformation of both the side chains and the
backbones. In addition, for these medium-to-high dielectric constant solvents, the hydrophobic
effects also play an important role in aggregation behavior. The weakened ion-pair interactions
combined with enhanced hydrophobic effects result in a tightly packed backbone aggregate
structure as seen for water. Depending on the extent of electrostatic and hydrophobic effects, the
aggregates can display a variety of structures, which we propose to capture via an aggregation
phase diagram (Figure 3-8 below). The three distinct aggregate types are classified as — (a) Type-
| aggregate: aggregates with ionomer chains physically cross-linked via ionic clusters in low

dielectric solvents (toluene, IPA, ethanol, glycerol) (b) Type-Il aggregate: lamella like 2D-
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aggregates self-assembled via weak hydrophobic interactions in intermediate dielectric solvents
(formic acid), and (c) Type Il aggregate: tightly packed elongated aggregates formed through
strong hydrophobic interactions in high dielectric solvents (water, formamide). To our knowledge,
no such phase diagram has been reported earlier for regularly-spaced ionomers except for
hydrocarbon-based polyurethane ionomer dispersions [42], [43], [145]. In that experimental work
[145], authors propose a phase diagram of more dispersed and hydrophobically-tightly packed
ionomer aggregates in low and high dielectric constant solvents, respectively. In addition, they
also report insoluble and polyelectrolyte aggregate regions. However, we observed a yet another
self-assembled phase (lamellar-like) in intermediate dielectric constant solvents. In another
experimental study, Uchida and co-workers[40] visually observed three different macroscopic
states of Nafion in various solvents depending on their dielectric constants (- Pg p T @).
This includes a precipitation phase (- 0), colloidal dispersion phase (- o pitanda
solution phase (- p It Such increased solubility of Nafion with increasing dielectric constant
is, in general, consistent with our results, i.e., we also observe an increased swelling of Nafion
with dielectric constant (for solvents with - T @ . It should be noted that the range of
dielectric constant values where such transitions observed by them is different than ours. This is
likely because, apart from the organic solvents that they added, their Nafion dispersions also
contained IPA or ethanol from the commercial Nafion solutions. Hence, the final dielectric

constant of such solvent mixture is likely different from their reported pure solvent values.
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Figure 3-8 Aggregation phase diagram of Nafion in dispersions as a function of solvent dielectric media.

3.3.7. Aggregate structure in glycerol: 4 =|= versusg form

From the results discussed so far, it has become evident that aggregation of Nafion molecules in
organic solvents is induced by the electrostatic interactions between sulfonic acid ion-pairs. It is
well known from earlier studies that the counterion type in the Nafion macromolecules as well as
in electrolyte can affect the aggregation behavior of ionomer dispersions [146], [147]. In one of
the experimental studies using SANS and °F NMR [22], the aggregate morphology of the O ¢form
of Nafion dispersions was observed to be cylinder-like in glycerol and ethylene glycol (with
solvent penetration fraction in the cylinder equal to ~ 0.05 and ~0.42, respectively). The above
reported cylindrical morphology is at variance with our results from "O -form of Nafion

dispersions in glycerol, which shows the Nafion aggregates with well dispersed backbones and
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poorly defined shape (see section 3.2). Thus, we investigated the effect of O @ counterion on the
aggregation behavior of Nafion molecules in glycerol. The aggregate shape is shown in Figure
3-9a while the conformation of individual chains and clustering of ions can be observed in Figure
3-9b. Interestingly, we have observed a near-packed cylinder-like aggregate structure of 0 @-
Nafion with very small quantities of solvent molecules in the tightly packed structure (as opposed
to a well-dispersed structure of 'O -Nafion in glycerol shown in Figure 3-3d). Our results match
well with an experimental suggested structure for the same system [22] (shown in Figure 3-9c for

comparison).

Figure 3-9 Aggregate structure of Nafion polymers in glycerol with Na* as the counterion a. cylinder-like
structure observed in our MD simulations. b. Only Nafion backbones and ionic clusters from (a) is shown. c.
proposed model of the aggregate for the same dispersion system suggested in ref. [22]

It is known from the literature that the electrostatic interactions in the ion-pair strongly depends
on the type of cations. In particular, an earlier study [146] has shown that the tendency to form
both intra- and inter-chain associations increases with increasing valence or decreasing electro-
positivity of the cations. For example, it was shown using fluorescence spectroscopy on sulfonated
polystyrene ionomer - tetrahydrofuran solvent system that the intra-chain order decreases as

") e form "W z 0 OQE T a "YW "O[146]. In another fluorescence study using a
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different ionomer-solvent system, a similar trend in the order of the ionomer association was
observed (0 i 0 & 0 "Q[147]. Our results confirm these trends reported in the literature,
where we observed an increase in intra- and inter-chain associations for O & form compared to
"O form. The 0 @ form of Nafion has less dispersed backbones (Figure 3-9a) compared to the
"O form (Figure 3-3d). The radius of the gyration of 0 ¢ form of Nafion is ¢&¢& dGcompared to
o8 ¢ afor 'O form, indicating a less swollen structure. The stronger attractive electrostatic
interactions within and between ion-pair clusters in 0 & form result in larger ionic clusters with
an average number of ion-pairs in a cluster ~ 9 when compared to ~5 for ‘O form in glycerol.
Hence, the strength of the electrostatic interactions between the ion-pairs determines the extent of

physical cross-linker for the Nafion chains.
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Figure 3-10 Average number of ion pairs in ionic clusters of Nafion dispersions (Na* and H* form) in glycerol.

The differences in electrostatic interaction of the counterions ('O vs 0 @) with ™) group may

also manifest as differences in sulf
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onic group /counter ion distances. This can be gleaned from S-counterion RDFs (Figure 3-11).
While the first peak in the 0 0 form has the same position as the hydronium form (Figure 3-11),
it is sharper relative to O form, indicating a larger cluster size with regularly spaced and more
condensed ion-pairs within the clusters, whereas, ion-pairs packing in ‘O form can be hindered
by steric repulsions of bulkier “O0 cations. It should be mentioned that the effect of the
counterions charge density as well as differences in hydrogen bonding potential on the Nafion
structures are not well captured by CG-MD if the beads diameters of the ion-pair are considered

to be equal.
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Figure 3-11 Radial distribution function (RDF) of Sulfur ™Y ) — Counterion in glycerol with different
counterions (hydronium and sodium ion)

3.3.8. Water/IPA Mixture
Whereas glycerol medium provided interesting insight into the counterion effect on aggregation
behavior of Nafion dispersion, it is not the most common solvent used in fabrication of fuel cell

electrodes or thin films. A more common solvent is IPA/water mixture. Welch et al.[22], from
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their experimental small angle scattering and F NMR studies of 0 ¢ form of Nafion in IPA/water
had reported an interesting picture of highly swollen Nafion particle. On the other hand, other
researchers have proposed elongated structures for 'O form of Nafion in water/alcohol (1-
propanol) mixtures [52]. Most recently, Weber and colleagues [144] have shown that the fraction
of water in n-propanol/water mixture determines the shape of Nafion aggregates in the dispersions.
Specifically, they suggest ‘narrow rod-like’ aggregates with ionic clusters in n-propanol-rich
mixture while ‘hydrophobic backbone clusters’ in water-rich mixture. To verify the effect of
solvent mixtures on aggregate shape, we simulated the Nafion polymer in v #u 10 & mixture
of water/IPA with 0 @ as counterion. The aggregate structure as well as the conformation of
individual chains and scattered sulfonic groups are shown in Figure 3-12a, and b below. For ease
of comparison, the structure proposed by Welch et al is also included as Figure 3-12c. Before
discussing the details of the structure, one cannot help but notice the striking similarity of structures
obtained from our MD studies and those proposed by Welch et al. However, our MD study reveals
even more interesting finer scale details of these structures especially those pertaining the inner
solvent-rich core. We find that all the counter ions are present in this solvent-rich core as depicted
in Figure 3-12b. More interestingly, the liquid phase in the inner core of the aggregate is richer in
water than the pre-dominantly IPA liquid-phase outside the aggregate (see Figure 3-13a for a z-
summed histogram of water projected onto x-y axes and Figure 3-13b for a 3D schematic
representation of the same). To the best of our knowledge such phase segregation of solvent
molecules have not been reported earlier. Interestingly, ionic clusters can still be observed closer
to the water but at a much reduced size compared to pure IPA alone. This implies that even small
quantities of water in IPA-based Nafion ink can disrupt the ionic domains. Obviously, such

information may not be accessible from small angle scattering studies but, more importantly, such
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details can be lost in some coarse-grain MD studies where the solvent molecules are not explicitly
modelled.[50] An all atom MD study[26] has examined the clustering effects in solvent mixtures
(water only vs. methanol: water ({ ™ 9t mixture). They report more dispersity of ionomer
backbones in solvent mixture even though cluster domains ofx ¢ & &in size were still observed.

Unfortunately, it is not clear from the paper if these domains are water-rich or methanol-rich.

To understand the effect of counterion type in a conventional processing system on the structure
of Nafion aggregates, we studied the dispersion of Nafion in 50/50 wt% water/IPA system with
hydronium as counterions. As we found for the glycerol case (Figure 3-3d), the counter-ion type
has a strong effect on the structure of Nafion (Figure 3-9). While the structure of O @-form of
Nafion in water/IPA mixture resembles a reverse micelle-like intermolecular aggregate, the "O -
form of Nafion, interestingly, leads to intramolecular aggregates that are dispersed individually.
This significant difference in the structure of Nafion as a function of counter-ion type in a salt-free
water/IPA mixture can be important for the fabrication solid-state Nafion containing systems. For
example, due to dominance of intramolecular interaction in the O -form of Nafion in water/IPA,
viscosity can be expected to lower than that of 0 -form dispersions (where intermolecular
interactions dominate). Moreover, due to this differing strengths of intra- and intermolecular
interactions, the 'O -form of Nafion dispersions can yield a significantly different structure of
solid-state Nafion when compared to 0 @ -form of dispersions, which can lead to altered transport

properties. This will be explored in our future work.
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Figure 3-12 a. Structure of Nafion in water/IPA mixture with sodium ion as the counterion. b. Corresponding
conformation of Nafion backbones and sulfur (in yellow) from (a). c. Proposed model of the aggregate for the
water/IPA mixture with sodium ion as suggested in ref. [22]d. Structure of Nafion polymers in water/IPA
mixture with hydronium as the counterion. e. Corresponding conformation of Nafion backbones and sulfur (in
yellow) from (d).
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Figure 3-13 Nafion dispersions in IPA/water (50/50) mixture, a. 2D histogram of water content projected on X-Y
axis and summed up along Z-axis in sodium ion case b. Cartoon form the simulation box.
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3.4. Conclusion

In this work, we applied fully atomistic molecular dynamics simulations to model the Nafion
polymer ('O and 0 & forms) dispersions in organic solvents (toluene, IPA, ethanol, glycerol,
formic acid, water, and formamide) and water. This is the first such study on solvents with a wide
range of dielectric constants (- C® Y p m)wAs opposed to the prevailing understanding that
the Nafion form cylindrical aggregates structure in all these solvents, we found dispersed loose
aggregates in all low polarity solvents (toluene, IPA, ethanol, glycerol) which transitions to
backbone tightly packed elongated aggregates in high polarity solvents (water and formamide).
We have identified the range of dielectric constant at which such transition occurs and introduce a
new aggregation phase diagram for Nafion dispersions. The aggregate structures can be classified
into three types based on the dielectric constant of the mediating solvent, viz., () Type-l aggregate
(- T U: aggregates with ionomer chains physically crosslinked via ionic clusters in low
dielectric solvents (toluene, IPA, ethanol, glycerol) (b) Type-Il aggregate (- * v X: lamella like
2D-aggregates self-assembled via weak hydrophobic interactions in intermediate dielectric
solvents (formic acid), and (c) Type Il aggregate (- X (i tightly packed elongated aggregates

formed through strong hydrophobic interactions in high dielectric solvents (water, formamide).

Although the physical crosslinking via ionic clustering in solid membrane form is known, our
study is the first modeling work to show that fluorocarbon ionomer aggregation in solvent can
also occur via ionic clustering as recently suggested by Kim and colleagues [22]. As opposed, we
found that formation of ion-pairs into ionic domains leads to more swollen backbones as opposed
to chain clustering (tightly packed or coiled) in ionene-type polyelectrolytes. We found a
significant impact of neutralizing counter-ion type of Nafion (H* or Na®) on both the ionic cluster

and backbone properties in glycerol. The 0 & form led to larger ionic cluster and a cylinder-like
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ionomer aggregate compared to 'O form which forms a solvent swollen loose aggregate.
Cylindrical structure for O & form of Nafion in glycerol is consistent with the recent experimental
work [22]. Thus, it is very important to be aware of the counter-ion type used in the experimental

studies when assessing the morphology of Nafion aggregates.

One of the most interesting new findings of our work is the micro-phase segregation of solvents
for IPA/water mixture wherein nearly all water molecules reside in the ™) the rich central core
of the reverse micelle ionomer aggregate while the IPA is observed to be outside the aggregate.
This is strikingly similar to the solvent swollen aggregate structure proposed in a recent SANS
study [22]. However, unlike our work, they did not comment on the interfacial structure or whether

the water partitions inside the swollen structure due likely to experimental limitations.

Our work highlights the indispensability of fully atomistic approach for modeling such complex
systems as opposed to CG-MD approach as exemplified through the following two observations:
(i) phase segregation of water and IPA for 0 ¢ form of Nafion in water/IPA system requires
explicit modeling of the solvent; (ii) differences in the ionic cluster size/shape and aggregate
structure for 0 @ and 'O forms in glycerol requires modeling counter ion at atomic scale. The
explicit modeling of solvent molecules also implicitly captures the solvent molecule orientation,

including hydrogen bonding networks near the ionic moiety.

Given that the traditional methods (SAXS, WAXS, and SANS) cannot unambiguously resolve the
nanoscale morphological features of Nafion (solid-state or dispersion), the real effect of employing
different solvents on the final structure of solid-state Nafion is unknown. The results presented
here on the Nafion structure in dispersion constitute an important first step in predicting
morphology and hence transport properties of solid-state Nafion layers. Hence, our findings

provide a scientific basis for designing ionomer dispersions for thin films fabrication as well as for
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formulating catalyst inks for manufacturing of electrodes of fuel cells and other electrochemical

devices.
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Abstract

Atomistic molecular dynamics simulation of Nafion ionomer assembly on planar Pt, planar
graphite, and Pt nanoparticle on graphite substrates in three different media (water, IPA,
water/IPA) was studied to understand the role of platinum morphology and dispersion medium on
ionomer macroscopic and microscopic structures. Surface coverage by ionomer varies greatly on
planar Pt surface (¢ yio x ¢ Jpdepending on the medium but not as much on hydrophobic graphite
substrate (t v L v J In water medium, there was ax p v Peduction in ionomer coverage on Pt
nanoparticles compared to planar Pt. While ionomer coverage on Pt nanoparticles was higher in
water/IPA mixture ¢ p @ Jand pure IPA media ¢ ¢  Jpcompared to planar Pt. An interesting
finding is the observation of ion-pair formation on Pt surface in high dielectric solvents, such as
water, wherein sulfonic acid is fully dissociated in dispersion. An examination of Pt-"Y)

coordination revealed that two of the three oxygen atoms of sulfonic group are located atop on

respective Pt atoms and the third oxygen points slightly away from the third Pt atom. Under these
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non-polarized conditions, one sulfonic group effectively blocks or poisons three Pt atoms. The Pt

electrocatalyst poisoning effect due to the surface anchoring of the sulfonic group is also dependent

on the geometry of Pt surface.
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4.1. Introduction

Hydrogen-fueled polymer electrolyte fuel cells (PEFCs) are a leading zero-emissions powertrain
technology for medium and heavy duty vehicles [148]. Durability, performance and cost are the
key technological challenges for the transportation applications [149]. All three are tied to the
cathode catalyst layer of PEFCs. The PEFC catalyst layer is a nanoporous nanocomposite
comprising of rigid solid constituents (carbon nanoparticles supporting even smaller Pt or Pt-alloy
nanoparticles) and a soft ionic polymer or ionomer. The scaled-up production of conventional
catalyst layer is carried out by spray coating of catalyst ink onto a membrane to create a catalyst
coated membrane. The catalyst ink is a suspension of Pt/C or Pt-alloy/C catalyst particles and ionic

polymer (ionomer) in a dispersion medium.

One of the factors that is known to influence the CL performance and durability is the dispersion
media used for a catalyst ink [19], [150], [151]. For example, fuel cell electrodes made from non-
aqueous dispersions exhibit higher potential cycling durability than electrodes made from aqueous
dispersions[84]. Considering the conformal nature of the ionomer, it can be deduced that ionomer
aggregation/conformation and its interaction with the catalyst/support impacts the nano-/micro-
structure of the CL [32], [82], [85], [152]-[154]. Thus, there is a great interest in furthering our
understanding of the colloidal structure in catalyst ink, link it to the final CL microstructure, and

to further correlate the microstructure to the performance and durability.

Early studies for Nafion ionomer dispersion had provided evidence of different
conformation/aggregation structure of ionomer in different dispersion media [23]-[26], [42], [43],
[45]-[50]. More recently, Kim and co-workers [22] also proposed very different ionomer
aggregate structure in glycerol, water/2-propanol, and NMP. In a recent molecular dynamics (MD)

study from our group[155], we reported that the aggregate structure of the ionomer is influenced
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by the dielectric constant of the dispersion media and introduced a Nafion aggregation phase
diagram. These experimental and theoretical studies clearly indicate that the more complex
structure of ionomer-Pt/C catalyst aggregates in catalyst ink must also be influenced by dispersion
media. Self-assembly of ionomer from different dispersions have shown different coverages on
planar substrates. However, these substrates were materially uniform — either Pt or carbon or SiO>

[39].

Although, there have been several MD studies [14], [58], [65]-[68] that have examined various
structural aspects and properties of Nafion thin film on different substrates, the self-assembled
structures in dispersion media have been less explored. In one MD study, Mashio et al investigated
self-assembly of hydrated Nafion ionomer thin films on carbon and functionalized carbon
(carboxyl and carboxylate) surfaces[26] They found that ionomer coverage was lower on surfaces
containing ionized functional groups than on bare graphite surfaces, showing that the electrostatic
repulsive interaction between negatively charged functional groups and sulfonic acid groups had
a substantial effect. Molecular dynamics studies reported by Borges et al [58], [65] showed
formation of water-rich cluster for Nafion films on hydrophilic surface but not on hydrophobic
substrate. Similarly, Kang et al. [66] observed the presence of a water layer on the hydrophilic Pt
substrate as well as water networks within the Nafion thin film region at the interface. In contrast,
there was no water layer when hydrophobic carbon surface was used and the Nafion ionomer
assembled on the surface via the backbone. However, similar to platinum surface, the water
network was observed throughout the Nafion thin film region. In another study[67], the interfacial
self-assembly processes of completely hydrated Nafion thin films of different thicknesses, namely
of 2.4,5.0, and 7.3 nm, on the platinum surface were investigated using a fully atomistic molecular

dynamics modelling approach. They found a film thickness-dependence in the formation of
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hydrophilic channels affecting surface wettability and water diffusion properties. The thickest
layer studied (7.3 nm) demonstrated a better-connected hydrophilic channel and hence water
mobility. Early coarse-grained MD work by Malek [14], [68] and later work by Borges [58], [65]

showed different orientation of the sidechain on Pt versus carbon substrates.

Whereas these studies have provided important insights into macroscopic structure (ionomer
coverage) as well as finer structure of the ionomer (densification, backbone and side-chain
orientation) on homogeneous substrates, the question still remains as to the self-assembled
structure of ionomer on a heterogeneous substrate comprising Pt nanoparticles decorated on carbon
substrate. Many questions arise: how does the ionomer coverage on carbon get affected when the
substrate has Pt NPs? What kind of distortion of backbone is induced when a part of polymer
chain/aggregate interfaces with strongly interacting Pt and the rest of the polymer/chain interfaces
with weakly interacting carbon surface? Do the ionomer structures (e.g. ionic clustering) self-
assembled on surfaces vary greatly from their structure in ionomer dispersion? Is there a large
difference in the interfacial structures of ionomer on planar Pt surface and on Pt NP? and the

solubility/aggregation was group based on dielectric constant of the medium.

In this work, we modelled three Nafion dispersion systems commonly used for catalyst ink
formulation: (Nafion/pure water, Nafion/(50%water-50%IPA mixture), and Nafion/pure IPA) on
three common substrates (planar graphite (C), planar Pt planar (Pt), and Pt nanoparticles/planar
graphite (Pt/C)). Herein, we investigated the simultaneous effect of dispersion media and the
substrate on the Nafion ionomer orientation and its coverage of the three substrates. We also
probed the interfacial structure, including side chain orientation and ion clustering on these
surfaces. The difference between ionomer structure on planar Pt and Pt nanoparticles has been

explored. Finally, the poisoning of Pt surface by sulfonic groups has been examined.
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4.2. Model and Simulation Methodology

4.2.1. Molecular Dynamics simulation

The Nafion macromolecule employed in this work is shown in Figure 4-1. The polymer structure
contains a hydrophobic fluorocarbon backbone to which six side chains are attached that contain
terminal sulfonic moieties each with a negative charge. The molecular mass of this polymer is
equal to @ w TT@&Y € & and the corresponding equivalent weight, defined as mass of polymer per
mole of sulfonic group, is p p U@ € &. In this work, we modeled three Nafion dispersion
systems (~ 30 wt% of Nafion), which are: Nafion in pure water, Nafion in water/IPA mixture, and
Nafion in pure IPA on three different surfaces — planar Pt (111) surface, planar graphite surface,
and platinum nanoparticle on graphite surface. These surfaces are denoted as Pt, C, and Pt/C,
respectively. Using these surfaces, a 3D supercell is created by adding a vacuum layer of 20 A in
the z-direction on the top of the surfaces. In the case of Pt/C system, four Pt nanoparticles in shape
of truncated octahedral with diameterx ¢¢ &are placed on a planar graphite surface. All the planar

surfaces and the Pt nanoparticles are created using VESTA software. [156]

All systems were modelled by LAMMPS [104] program and the results were visualized by VMD
[121]. The parameters from PCFF and COMPASS forcefields are adopted for modeling water and
IPA[93]-[98], respectively (for more information see the supplementary information Equation S1-
S5)[75]. The forcefield parameters for Nafion polymer and hydronium molecules were adopted
from the reference [75]. For modeling Pt and graphite surfaces, embedded atom method (EAM)
alloy and COMPASS forcefield parameters are used, respectively. The parameters for non-bonded
interactions between the Pt surface and the Nafion/water dispersion system extracted from
reference [99]. The interaction parameters of platinum/IPA were constructed using density

functional theory (DFT) calculations (see the section below). For modeling the Nafion dispersion
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systems on the aforementioned surfaces and reach to the equilibrium state, we followed the

procedure below:

A simulation box is constructed by placing an optimized solvent box with 20 Nafion chains on the
top of Pt, C, Pt/C surfaces in the 3D supercell. A periodic boundary condition is applied in the x,
y direction, whereas a non-periodic fixed boundary condition was applied in the z-direction. To
avoid losing atoms in the z direction, a reflective wall is applied on top of the simulation box - if
an atom goes outside the wall by a distance delta on a timestep, the sign of the corresponding
component of its velocity is reversed, and the atom is pushed back within the face by the same
delta.[96] A cut off of 1 nm are used for the long-range electrostatic and short range van der Waals
interactions. First, a geometry optimization is performed on the 3D supercell, after which, the
systems are run with NVT ensemble at Y p 1t TOTmThe temperature was maintained by Nose-
Hoover thermostat and Velocity-Verlet algorithm was used for integrating equations of motion.
Then the system is cooled down at a rate of 350 K/ns from 1000 K to "Y o 1t @t and was further
run for 1 { sto ensure attainment of equilibrium state. Finally, again using the NVT ensemble, the
sampling run was done for an extra 6 ns at the end of the equilibration run. The time step used in
all the simulation runsis Yo  p "Qi We employed the same approach as in our earlier study [155]

to validate the equilibrium state.
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Figure 4-1 a. Molecular structure of Nafion ionomer with "O as counter ion; in this study, & ¢hd @ b.
Nafion molecule used in this study (molecular weight of @ w @Y € & and equivalent weight of
pp U@ E Q).

4.2.2. DFT calculation for IPA-platinum interaction parameters

We computed via DFT method the energetics of different configurations involving the interaction
between IPA and a Pt(111) surface. The calculations were performed using Quantum Espresso
[101] and PAW pseudopotentials that have been generated at the PBE level with nonlinear core-
corrections from the PSlibrary [102]. The basis set used was approximated by a set of plane waves

with Kinetic energy of less than 47.0 Ry, and a charge density cutoff of 401.0 Ry.

The Pt(111) surface was modeled by using periodic boundary conditions on a slab of 48 Pt atoms
in a 6.922x9.592 A super cell with four atomic layers and a 20 A thick vacuum layer to avoid
interactions with the periodic images along the z-direction. Only the gamma point of the Brillouin
zone was taken into consideration for the calculations, as we were only interested in the value of
the IPA/Pt interaction. Both Pt slab and IPA were relaxed independently, and different
configurations of the IPA over the Pt surface were generated by varying the distance of the IPA to

the surface and its orientation. This way, we computed an interaction energy, Eprr, as
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O O O O .
Where Epa-pt IS the energy of the IPA/Pt system, and Ep: and Eipa are the energies of the isolated
Pt slab and IPA, respectively. Notice that this energy may not necessarily correspond to the

adsorption energy of IPA on a Pt surface because we are also considering configurations in which

the IPA is located far from the Pt surface.

In order to obtain the values of the interaction parameters between IPA and a Pt (111) surface that
could be used for molecular dynamics simulations, we created a data set containing the Eprr
calculated as described above, and the distances corresponding to all the atomic interactions
between IPA atoms and Pt atoms of the slab. To this end, we defined five different types of pair
interactions, namely Pt-Hmethyi, Pt-Crmetnyl, Pt-Co, Pt-O, and Pt-Ho, which correspond to the pair
interaction between a Pt atom and a hydrogen in a methyl group, a Carbon in a methyl group, a
Carbon bonded to the hydroxyl group, the Oxygen of the hydroxyl group, and the hydrogen of the
hydroxyl group, respectively. This effectively mapped one DFT interaction energy, Eprr, t0 a
unique set of 576 distances (48 Pt atoms x 12 IPA atom types). Using the generated data set, the
fitting procedure involved spawning different combinations of the Morse potential parameters, De,

ro, and y for all different pair interaction as defined above, and obtaining a trial energy Eial Via
0 B oqQ 7 ¢ 7 7

This way, a satisfactory set of parameters were obtained when an Egia minimized to a desired

tolerance the objective function, f,

0 B -
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where the parameter weight controls the tightness between the energy deviations from DFT and
those from the trial parameters. For our system, we used a weight of 0.1, and the tolerance
corresponding to a RMSD between the energy values of 0.72 Kcal/mol. For validation of the
calculated parameters, the calculated adsorption energy of IPA on Pt substrate is consistent with
the experimental value in the following references[157], [158]. The IPA-Pt interaction parameters

are shown in Table S1.

4.2.3. lonomer Surface Coverage Calculation Methods

One of the macroscopic structural features of interest for fuel cell catalyst layer characterization is
the coverage of ionomer on catalyst/support surface. In this section, the method used to calculate
the ionomer surface coverage of Pt and carbon is elaborated. For the planar surfaces, a square
planar mesh of size 1A? is generated on the surface. Each cell of the mesh evaluates the coverage
condition and represents it by a binary value with 0 and 1 representing uncovered and covered
cells, respectively. The value of each cell is pre-set to zero unless the backbones atoms of Nafion
ionomer (carbon and fluorine) are detected in the cell area within the height limit of z (2 nm in this
work) from the surface, in which case the cell value is set to 1. The z is expressed in the cartesian

coordinate.

To estimate coverage in the Pt/C system, a structured spherical mesh (each lattice size is 1A? area)
is applied on the Pt nanoparticles, while a planar mesh is implemented on the graphite surface. For
this purpose, the cartesian coordinates of Pt atoms in the nanoparticles are first transformed to the
spherical coordinates with the center of each nanoparticle serving as the origin. Next, similar to
the planar surface, the cells were considered covered if the backbone atoms of Nafion ionomer
(carbon and fluorine) are detected within 2 nm radius from the surface. The cells of Pt

nanoparticles covered by carbon support are ignored when computing the coverage percentage. In
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both these methods, the summation of the occupied cells over the total cells denotes the ionomer
coverage percentage. The algorithms are implemented in Python, where NumPy and Pandas

libraries are used to parallelize and accelerate the computation.

4.3. Results and Discussions

We examine several different features of the ionomer assembly on three different substrates (planar
graphitic carbon, planar Pt (111), and Pt nanoparticle on graphitic carbon) in three different
dispersion media, namely pure water, pure isopropyl alcohol (IPA), and water/IPA mixture. First,
we present the representative aggregated structure of the ionomer on these different substrates and
compare with the structure in dispersion from our previous work [155]. Next, we quantify the
ionomer coverage on planar Pt and O substrates in different media with a specific interest to assess
whether the presence of Pt nanoparticle influences the ionomer coverage. Finally, we examine the
ionomer finer scale structure including side-chain orientations and sulfonic group abundance at
the substrate/ionomer interface. We examine the coordination of 0-atoms of ™) with Pt

substrates to gain some insight on the poisoning of platinum surface by ionomer.

4.3.1. Self-assembled Nafion on different substrates

Figure 4-2 illustrates the final structure of Nafion oligomers on Pt, 6 and Pt/0 substrates in the
three investigated solvents at the equilibrium state. The solvent molecules are not shown here for
the ease of visualization. For the sake of comparison, the equilibrated structure in dispersion only
(without substrate) is also included. A key observation is the assembly of ionomer in water
compared to that in IPA and IPA/water mixtures. A thin coating rather than an aggregated structure
of Nafion can be noted on Pt as well as on graphite surface in water from Figure 4-2 (top row). A
floating ionomer layer in the medium (water) is also notable and consistent with repulsive

interaction with the ionomer on the substrate. In high dielectric medium, the sulfonic acid is fully
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dissociated into ™ and OO0 .The ™ on the ionomer chains prevents the aggregation of the
polymer via ionic interaction although the backbones may aggregate, as we had shown earlier
[155], due to hydrophobic interaction. In contrast, the self-assembled ionomer in IPA and
IPA/water mixtures present aggregated structures on all surfaces (Pt, C and Pt/C). As observed in
our dispersion study [155], the aggregation of the self-assembled ionomers in low dielectric
constant medium is driven by the clustering of the ion-pairs. The extent of clustering and the nature

of the interfacial structures is discussed later.
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Figure 4-2 From left to right, orientation of Nafion ionomer in dispersion, on planar Pt, on planar graphite (C)
surfaces as well as, on Pt nanoparticles/graphite (Pt/C) surface. Inside a. water, b. water/IPA mixture, c. IPA
media.
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lonomer coverage of substrate: High coverage of catalyst/support (Pt/C) by ionomer in fuel cell
catalyst layer is desirable because it ensures high utilization of Pt catalysts. Uncovered Pt catalysts
may not have proton accessibility and may be rendered unutilized, although theoretical work [159],
[160] has shown that protons can be transported via a liquid water phase up to 50nm distance away
from an ionomer phase. There are no reports of an experimental study wherein the influence of
surface or the dispersion media on ionomer coverage has not been systematically evaluated with
the exception of Nafion self-assembled structures on "Y{Q2, Pt and carbon substrates from various
mixtures of water-IPA [39], [161]. Double layer capacitance measurements are often used to assess
the extent of ionomer coverage on the combined carbon + Pt surface whereas cyclic voltammetry
in oxygen-devoid electrolyte is used to quantify electrochemically active surface area of Pt, which
by extension is the ionomer-covered Pt surface in catalyst layer [162], [163]. Pt utilization as high
as 95% has been reported [164]. On the other hand, a high resolution TEM imaging of pseudo-
catalyst layer (ionomer-carbon system but without any Pt dispersed on carbon) reported ionomer
coverage of 78% [81]. The catalyst layer in that study was fabricated from Nafion dispersion in
water-IPA mixture in which carbon was aggregated. It begs the question whether the presence of
Pt on carbon substrate enhances the ionomer coverage. Moreover, the knowledge of the ionomer
coverage on these substrates in the catalyst ink formulation and its impact on the ionomer in the
resulting catalyst layer is missing in the literature. Accordingly, we assessed the ionomer coverage

on Pt, carbon and Pt/C substrates for the three dispersions.

The Nafion ionomer occupied lattice on different surfaces is depicted as black squares on the 2D
representation in Figure 4-3. The influence of dispersion media on ionomer coverage on graphitic
carbon was not significant with coverage varying from 44-54%. On the other hand, for planar Pt

surface, the ionomer coverage from water (72%) is more than double that from IPA (28%) and
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IPA/water mixture (33%). Interestingly, the ionomer coverage on graphitic carbon in water (44%)
did not change with introduction of Pt nanoparticles on the graphite surface (Pt/C). However, in
IPA and IPA/water mixture, ionomer coverage on graphite surface of the Pt/C system reduces by
12 to 15%. Nevertheless, the extent of ionomer coverage on planar and nanoparticulate Pt differs
significantly. Pt nanoparticles in the water medium, on an average, has ionomer coverage of only
47.5% as compared to the planar Pt surface (72%). Specifically, the amount of coverage on each
of the four Pt nanoparticles in the aqueous system is about 50%, 31%, 63%, and 46%. These
nanoparticles were covered by ionomer slightly higher in water/IPA mixture (48.8 % on average).
Surprisingly, Pt nanoparticles in the IPA medium had the highest average coverage (56%), despite
the fact that the planar Pt substrate has the least coverage (28%) for the same dispersion medium.
In addition, the deviation of the ionomer coverage among the four nanoparticles is quite large with
the coverage varying from 22% to 79% in IPA medium. In contrast with IPA, the ionomer coverage
on Pt nanoparticles in water is hindered by the surface curvature. These results reveal that the
ionomer coverage is influenced not only by the dispersion medium, but also by the surface

geometry.
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Figure 4-3 Surface coverage by Nafion backbone a. On Pt in water. b. On graphite in water. c. On graphite/ Pt
nano particles in water. d. On Pt in water/IPA(50/50) mixture. e. On graphite in water/IPA(50/50) mixture. f. On
graphite/ Pt nano particles in water/IPA(50/50) mixture. g. On Pt in IPA h. On graphite in IPA. i. On graphite/ Pt

nano particles in IPA.
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4.3.2. Interfacial structure on planar substrates

Side chain orientation: We examine the orientation of side-chains at the ionomer/substrate
interfacial region to gain insight on the interfacial structure and origins of differences in ionomer
coverages on different substrates. It is well known that sulfonic groups at the end of the side-chains
of the ionomer interact strongly with platinum [165]-[168]. In fact, Pt poisoning by sulfonic
groups is a hot topic of discussion in the PEFC community [87], [169]-[172]. We examine the
abundance of sulfur atoms at the substrate/ionomer interface for both planar Pt and C substrates
for each of the three dispersion media. Figure 4-4a shows the probability density of the sulfur
atoms as a function of z-direction from the interface between the substrates and dispersion system.
The surface of the planar substrates is considered as & Tt Probability density of a specific atom
in the system is obtained as follows: First, the system volume is divided into multiple Az slices.

Next, the number of the desired atoms (€ ) in each Az; slice is counted and normalized, + € Qi

p. Herein, the desired atom type is sulfur.

The distinct differences in the abundance of sulfur atoms at ionomer/Pt and ionomer/C interfaces
are notable. While no sulfur atoms are observed at the first layer of ionomer/C interface, sulfur is
observed in maximum density at the first layer of ionomer/Pt interface for all solvents. These
results are consistent with the proposed side-chain orientation on Pt and carbon surfaces by Malek
et al [14] who had studied using coarse grained MD the self-organization of Nafion of substrates
with different wettability and extrapolated the results for hydrophilic surface as representative of
Pt surface whereas that for hydrophobic surfaces as model for graphitic carbon surface. Later
coarse-grained MD work by Borges [58], [65] also showed similar orientation of side-chain on
hydrophobic and hydrophilic surfaces. However, these studies did not examine ionomer self-

assembly at the interface formed from ionomer dispersion. In another work, Mashio et al. [26]
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used molecular dynamics simulations to investigate ionomer adsorption on the surface of a
graphite sheet in a solvent-saturated environment. They demonstrated that for low EW ionomer,
the highest ionomer coverage was obtained in a water-rich solvent, but the addition of alcohol to
the solvent was required to promote adsorption of high EW ionomer. They also discovered that
the ionomer coverage at the surface with ionized functional groups was lower than at the bare
graphite surface, indicating that the electrostatic repulsive interaction between negatively charged
functional groups and sulfonic acid groups had a significant effect on ionomer adsorption. They
mentioned that the ionomer was mostly adsorbed on the graphite sheet via the backbone, with side

chains facing away from the graphite sheet.

For ionomer self-assembly on planar Pt substrates, the highest interfacial sulfur density is observed
in water medium and less than half of that can be noted for structures assembled in IPA and IPA-
water mixture. It is pertinent to point out that in water, the sulfonic acid (™0 / H3O") is fully
dissociated whereas in IPA they are clustered as ion-pairs [155]. Clearly, the strong interaction
between ") and Pt is reflected in the highest abundance of sulfur at the Nafion/Pt interface in
water medium amongst the three media, especially at the first layer of the interface. However, the
proximity of hydronium ions to the sulfonic group or the Pt surface is not obvious to surmise.
Hence, we examined the number density of hydronium ions near the interface region as shown in
Figure 4-4b. Interestingly, high density of hydronium ions is also observed at the first layer of the
Pt/ionomer interface for the case of water medium. Thus, both ™) and H3O" exhibit affinity for
Pt indicating that the shielding effect of water observed in homogeneous medium is compensated
by the attractive interaction with Pt resulting in their accumulation at the interface. In comparison,
the examination of the interfacial region for carbon substrates reveals no obvious abundance of

hydronium at the interface. In water, no hydronium molecule is observed beyond the first
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interfacial layer; however, for IPA medium, a broad peak in the number density of the hydronium
ion can be observed in 3-6 angstrom distance away from the interface. The peak in sulfur number
density for same medium appears at 2-3 Angstrom. This would be expected since ™) /HsO" form
ion-pair clusters in IPA. However, the co-abundance of ™) and HsO™ at the Pt surface in water

is puzzling and indicates Pt-substrate induced the ion-pairing.
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Figure 4-4 a. Probability density of Sulfur atoms of Nafion versus distance from Pt or graphite surface in water,
water/IPA, and IPA media b. Probability density of hydronium molecules versus distance from Pt or graphite
surface in water, water/IPA, and IPA media. The probability density of the hydronium molecules is calculated by
counting their oxygen atoms.

Surface-induced ion-pairing: Figure 4-5a shows the Y "O0 radial distribution function (rdf)
for self-assembled ionomer on planar Pt and C substrates as well as for dispersion (without any
substrate). A peak at 3 angstrom indicates that the ion-pair are close to each other and can be
considered undissociated. This peak position is also known to the closest distance between ™)

and HzO" pair[173]. Such a peak is observed for ionomer dispersions and self-assembled ionomer
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on Pt and C substrates in IPA. Consistent with the surprising co-abundance of ™ and H3O" near
Pt surface in water, the "Y-H3O" rdf in water also exhibits a peak at 3A° for Platinum but no such
peak is observed for dispersion (without any substrate) in water or for ionomer on carbon substrate
in water. The “Y- "Yrdf further confirms the clustering type behavior of the sulfonic groups, which
is not observed in dispersion or on carbon surface (Figure 4-5b). It demonstrates that Pt influences
sulfonic group clustering by adsorbing the sulfonic acid groups and hydronium ions. The spatial
arrangement of these ions can be observed in the top view of the surface (Figure 4-5c¢). As
demonstrated in this image, sulfonic acid groups and hydronium ions are attracted to the Pt surface
and form channel-shaped clusters. Despite the fact that the form of these channels differs from the
typical spherical clusters in IPA, the near proximity of sulfonic groups and hydronium ions in these

channels creates the peak at 3A° in the "Y-H3O" rdf.
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Figure 4-5 a. Radial distribution function of S-hydronium b. Radial distribution function of sulfur-sulfur on the interface c.
Distribution of S (yellow dots) and H3O* (blue dots) on Pt surface in water.

lon clustering at interface and in bulk: The presence of ion-pair clusters in solid dry membranes
is well-known, and in our previous MD work [155], we reported such clusters exist also in low-

dielectric medium dispersions. To investigate whether surface induced organization of ionomer
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affects the ion-clustering, we analyzed the average cluster size in terms of the number of ion-pairs
in a cluster (See Sl). The cluster size near the interface and in the bulk (away from the interface)
were also determined. Figure 4-6 presents these clusters in dispersion and for Pt and C substrates,
all in IPA medium. In dispersion (no substrate), on an average ~11 ion-pairs exist in a cluster, but
these clusters are expected to be deformed due to substrate-induced interactions. For C substrate
system, the average number of ion-pairs in a cluster is also around ~11 but slight differences in
cluster size near the interface (9) and in the bulk (10.5) was noted. This indicates a very mild
influence of substrate on ion-pair clustering. However, for Pt substrate system, there is large
difference in clustering behavior near the interface and in the bulk. The average number of ion-
pairs in the cluster near the interface and in the bulk are 1.8 and 8.6, respectively. For carbon, no

sulfur was observed at the substrate but for Pt, a small number of sulfurs are observed at the

surface.
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Figure 4-6 . Size of the sulfonic clusters in Nafion in IPA for dispersion and self-assembled structures on planar
carbon and Pt
3.3 Structural differences of ionomer assembled on planar Pt versus Pt nanoparticle

A majority of MD simulations in the literature examining the ionomer thin film structure and

properties have been carried out on planar Pt substrate [58], [61]-[63], [65]-[67], [69]. However,
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the Pt catalyst in a functional electrode of fuel cell is a nanoparticle supported on carbon support.
The morphological differences (planar versus nanoparticle) and the disparate interactions of
ionomer with carbon and platinum, as discussed earlier, opens up the question of differences in
local structure of ionomer on the planar and the nanoparticle. For example, does the extent/degree
of sulfonic group coordinating with Pt differ between the two morphologies. Other questions that
arise based on the examination of interfacial structure of ionomer on carbon and Pt were: (a) how
does the ionomer chain organize to accommodate the preferential orientation of side chain towards
Pt but away from carbon; (b) how is the interfacial water distributed for the case of assembly from

dispersion in pure water. This section discusses some of these questions.

Sulfonic group poisoning: Sulfonic group poisoning of platinum surface is a topic of great interest
both from scientific and technological importance. In fact, Pt poisoning occurs when the catalyst
surface is blocked due to the strong attraction between sulfonic acid group and Pt atoms. These
blocked areas are not accessible for reactants; thus, they are useless in the electrochemical reaction.
On one hand, concerns of activity loss of Pt due to sulfonic group poisoning had led to the
exploration of Pt embedded in the micropores of carbon support to eliminate direct contact with
sulfonic group, which are presumed to not penetrate the micropores. On the other hand, the
seemingly disproportionate loss in ORR activity of Pt catalyst due to relatively small amount of
poisoning remains fully unresolved. Experimental analyses based on CO-displacement methods
have led to quantification of ionomer poisoning of planar Pt and Pt NP in the range of 10-15%
whereas the loss in activity is said to be greater than 50%. A scan of literature on this topic also
reveals that there is generally a lack of atomistic-scale description for the sulfonic group poisoning
of platinum surface in most of the papers that have examined/quantified the poisoning [87], [89].

Figure 4-7 reveals that sulfonic group coordinate with Pt via two oxygen atoms atop Pt atoms
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within bonding distance while the third oxygen atom of the sulfonic group is slightly afar from the
Pt atom. Effectively, three platinum atoms are blocked per sulfonic group under the simulation
conditions which do not account for potential-dependent surface charge. It is known that sulfonic
group binding is absent below 0.2V (versus RHE) [90], [174]. Cyclic voltammetry of bare and
ionomer-covered Pt surface exhibit a peak in the 0.3-0.45 V (vs. RHE) region[89]. It is thought
that above 0.45V the sulfonic groups are fully bound to the Pt surface. In one of the earliest studies
on potential-dependent sulphate ion orientation, it was inferred that bisulfate adsorption on Pt(111)
occurs in the potential range of 0.05-0.50 V with a maximum coverage of ~ 0.33 monolayer using
core-level electron energy loss spectroscopy, auger electron spectroscopy, and low energy electron
diffraction[174]. The adsorption of ionic moieties in the molecules reduces Pt (111) activity by up
to 80% when coated with Nafion[90]. Changing anion structures and side-chain flexibility were
shown to be useful in mitigating ionomer-induced catalyst poisonings [90]. In a recent study by
Jinnouchi et al [172], the poisoning by sulfonic group was claimed to be mitigated by the

incorporation of ring-structured matrix of in the HOPI ionomer backbone.

95



graphite # ‘. a

b

Pt

graphite

Figure 4-7 Orientation of sulfonic group oxygens near Pt nanoparticles. Oxygen atoms that are labeled in white
fully cover Pt atoms in atop configuration, whereas oxygen atom labeled in red points slightly away from
corresponding Pt atom. Color of atom spheres shown in the inset is as follows: Carbon (polymer), fluorine,
oxygen, sulfur, carbon (graphite), and Pt atoms are shown in purple, green, blue, yellow, black, and white
respectively.

The extent of poisoning of Pt surface by sulfonic group was determined by calculating the number
of O atoms (of ™) ) that are coordinated with Pt and divided by the total Pt atoms on the surface.
This was further corrected by dividing the obtained fraction by ionomer coverage fraction, since
we are interested in knowing what fraction of ionomer covered Pt surface is poisoned by sulfonic
group. For Pt nanoparticles in all investigated solvents, o 1t v 1T Fof the ionomer-covered Pt
atoms were coordinated/poisoned by oxygen atoms of the sulfonic group. If we consider the 3
oxygen atoms per sulfonic group, this will translate into sulfonic group coverage of p T p XP.
In fact, the extent of Pt poisoning ranges o 1t v Tt Hor those particles fully covered by ionomer
(Figure 4-8a, b, c¢) and obviously much lower if the particles are not covered by ionomer (Figure
4-8b, c). These estimates are in agreement with experimentally measured CO displacement

technique values of p 1 p v B87]. However, this value is reduced drastically for the planar case.
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As a matter of fact, the oxygen atoms of the sulfonic groups cover just p ¢ ¢ ¢ Pf the Pt atoms

on the flat surface. By considering 3 atoms per sulfonic group, T X Psulfonic group coverage

will be achieved.

(@) (b)

Figure 4-8 Pt Coverage by sulfonic groups a. Nafion in water b. Nafion in water/IPA mixture c. Nafion in IPA

Interfacial water: Water at Pt/ionomer interface in the catalyst layer is of great interest for
understanding the kinetics at Pt surface as well as local transport of reactants (oxygen and
hydrogen in case of fuel cell electrodes). A recent MD study has highlighted the importance of
water adlayer on oxygen transfer energetics [66]. Ideally, this would be studied by exposing

ionomer films on planar or NP platinum to different degrees of humidified gas. However, the self-
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assembled structure in pure water dispersion would represent an extreme or limiting case of how
much water exists at the Pt-ionomer interface under fully flooded condition. As depicted in Figure
4-9, only a monolayer of water is observed at the Pt/ionomer interface for both planar and
nanoparticle platinum surfaces, despite the fact that whole system is submerged in liquid water.
Neutron reflectometry (NR) studies of Nafion thin films on planar Pt (but not atomistically
smooth) surface have found two layers of water for Nafion coated surface. Much higher content
of water was observed for ionomer with longer side chain [175]. Thus, the MD results are not fully
consistent with the NR results. Further work is needed to understand the differences between

simulation result and experimental results from NR studies.
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Figure 4-9 Interfacial water on a. planar platinum b. platinum nano particle

Conformation of ionomer chain spanning carbon and Pt surface: Simulation of ionomer assembly
on planar Pt and planar carbon revealed that side-chains would be oriented towards Pt but away
from carbon surfaces. This would imply that a single chain of polymer spanning the carbon support
and Pt nanoparticle would have to undergo some torsion to attain the favorable configuration on

both surfaces. The expected configuration is observed in Figure 4-10. Whereas a single chain is
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able to achieve such a conformation, it remains to be tested whether an aggregate of ionomer or
ionomer with rigid backbone be able to organize itself to achieve the favorable interaction with

both Pt and C surfaces. However, this is out of scope of the current work.

Figure 4-10 Backbone orientation on graphite/Pt nanoparticles

4.4. Conclusions

In this work, the molecular assembly of Nafion ionomer in simulated catalyst inks is studied using
fully atomistic molecular dynamics method as a function of surface polarity (Pt vs. graphite), Pt
surface geometry (infinite planar vs. curved nanoparticle surface) and dispersion media (water,
IPA, and water 50%/IPA50% mixture). The polarity of the dispersion medium was found to affect
the ionomer's surface coverage on Pt substrate (28 to 72%). However, on graphite substrate,
ionomer surface coverage is between 45 and 55 percent in all three cases of dispersion media. The
mechanism of ionomer interaction with the graphite surface depends only on the surface polarity
and not on solvent type. For Pt, the ionomer is anchored to the surface via sulfonic groups in all
three dispersion media whereas for graphite, the ionomer interacts with surface via the backbone.
However, the ion-pairing (sulfonic — hydronium ion-pairing) is influenced significantly on the
solvent type. In water system, sulfonic acid is known to be fully dissociated. Interestingly, the Pt
substrate was found to promote the ion-paring on the surface (not in the solvent bulk) by attracting

a majority of the sulfonic groups and hydronium counterions of the ionomer in water. These ion
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pairs create channel-shaped clusters on the Pt surface. A monolayer of water covers the surface of
Pt, in addition to ion-pairs. lon-pairing behavior reversed when IPA is used as dispersion medium
with Pt substrate, where sulfonic groups and hydronium ions form ion pair clusters in solvent bulk
but exist separately on the Pt surface. Nevertheless, there is no ion pair clusters or aggregated
backbone of ionomers in water/IPA system. In contrast to Pt substrate, graphite surface does not
have influence on ion-pair clustering. In fact, all the sulfonic groups and almost all the hydronium

molecules were exclusively observed in the bulk independent of solvent.

The ionomer coverage on Pt surface varies greatly depending on geometry of the Pt surface along
with nature of the solvent. The ionomer coverage on planar Pt surface is slightly higher than the
curved Pt surface (Pt nanoparticle surface on a graphite support) in water and water/IPA media.
The reduced ionomer coverage on Pt nanoparticle is attributed to the differences in the mechanism
of ionomer interaction with Pt and graphite surfaces in the combined system and also shape of the
nano particle. However, in IPA dispersion media, Pt nanoparticles had the highest average
coverage (56%) while Pt planar had the lowest (28%) average coverage. The four nanoparticles'
coverage in IPA medium ranges from 22 % to 79%. Surface curvature effects and randomly

scattered ion pairs account for the higher coverage on Pt nanoparticles in pure IPA.

The Pt electrocatalyst poisoning effect due to the surface anchoring of the sulfonic group is also
dependent on the geometry of Pt surface. The amount of poisoned surface on Pt nanoparticle is
calculated to be on the order of 15%. However for planar Pt surface, the amount of poisoned is

significantly reduced to 4-7%.

The results reported here on ionomer molecular structure and ion-pairings as a function of surface
and solvent polarity as well as surface geometry can aid in rational formulation of catalyst inks

used for fabricating catalyst layers for polymer electrolyte fuel cells.
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Abstract

The dispersion media, also known as solvent, evaporates from the catalyst ink during the
manufacturing of the polymer electrolyte fuel cell catalyst layer. In the ink, the orientation of
ionomer, which is the most conformal part of the catalyst layer, is strongly affected by the
dispersion media type. The configuration of ionomer is also expected to undergo changes during
evaporation of the dispersion media. Since the final structure of ionomer is vital for reactant and
product transport in the catalyst layer, it directly affects the fuel cell performance. The extent to
which and how the ionomer structure evolves during the solvent evaporation is the missing piece
of link between catalyst ink and final catalyst layer structure. For this purpose, the dynamic
evolution of ionomer structure during solvent evaporation is modelled using full atomistic
molecular dynamics. Three dispersion media are investigated: pure water, water50%/1PA50%
mixture, and pure IPA. With a specific focus on ionomer/catalyst interface, the drying process of
ionomer dispersion is simulated on the platinum (111) substrate. The key features of ionomer
morphology such as surface coverage, sulfonic group abundance at the interface, ionic cluster
presence and size, and polymer density fluctuation from Pt/ionomer to polymer/fluid interfaces
during the drying process are examined. Analyses of surface coverage reveals that the ionomer has

the lowest coverage (20-48%) of platinum surface in pure IPA during and after the drying process.
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The ionomer surface coverage is changed significantly (from 25% to 82%) in the water/IPA case

due to alteration in the nature of the solvent since IPA is more volatile than water.

5.1. Introduction

Enhancement in performance and durability are driving the research and development of next-
generation polymer electrolyte fuel cell systems[176]-[178]. Both performance and durability are
linked directly to the catalyst layers (CL) of polymer electrolyte fuel cells (PEFCs)[17]. Catalyst
layers of PEFCs are fabricated from catalyst ink suspension comprising a mixture of Pt/C catalyst
and ionomer in a dispersion media[17], [39]. Large-scale production of CLs typically involves
spray coating of catalyst ink on a substrate, usually the polymer electrolyte membrane[179],
resulting in catalyst coated membrane (CCM). There has been a great interest in understanding
how the complex, multi-material, colloidal structure in catalyst ink evolves during the spray
coating to form the final catalyst layer structure[179], [180]. lonomer - the conformal constituent
of the catalyst ink and catalyst layer - is expected to organize as the dispersion medium, also called

solvent, evaporates.

The influence of dispersion media, also called solvent, on the ionomer structure and performance
of PEFCs remains a point of contention in the current literature [22]-[25], [41], [50], [86], [155].
Although the early SAXS and SANS studies proposed the Nafion ionomer has the rod like shape
regardless of solvents type [23]-[25], a more recent SANS work [22]suggested various ionomer
morphology such as highly swollen and random-coil conformation in different media. In addition,
the variation in sulfonic group clustering as function of polarity of the media (with low dielectric
constant) was only recently explored using all atom molecular dynamics in our previous work

[155].
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By adding Pt/C particles to the dispersion media while preparing catalyst ink, the number of unlike
interactions increase (Pt/ionomer, C/ionomer, Pt/solvent, C/solvent, ionomer/solvent interactions)
leading to uncertainties in the accurate ionomer structural information at Pt/C — solvent interface.
Catalyst ink studies demonstrate a significant influence of dispersion medium on the ink's ionomer
structure and, consequently, on fuel cell efficiency. Truc et al investigated the morphology of
Nafion in the dilute IPA (isopropyl alcohol)/water mixture solutions containing 20-100 wt% of
IPA[38] and they found that the performance of the fuel cell is significantly dependent on
composition of dispersion media and by extension on the ionomer morphology. Reduced IPA
content in the Pt-C/Nafion ink causes the formation of larger and more negatively charged Nafion
aggregated particles. This results in increased steric hindrance during Nafion ionomer deposition
on the surface of Pt-C particles and hence a thinner Nafion film is formed in contact with the Pt-C
particle surfaces. USAXS, CV-SANS and cryo-TEM has been employed to investigate the
structure of catalyst inks [54], [55]. Kusano et al [54] applied CV-SANS to understand the
drying/solvent evaporation process in catalyst inks with varying volume percentages of water as
the dispersion medium. The size of Pt/carbon aggregates was found to be 100 nm with a 4 nm thin
ionomer shell. They claimed that with increasing ink concentration, both the size of the carbon
agglomerates and the thickness of the ionomer shells decrease due to the exclusion of solvent
molecules from the carbon and ionomer agglomerates during the evaporation. Using ultra-SAXS
and cryo-TEM[55], a similar range of size was obtained for Pt/C aggregates in water/isopropanol
~ 130 nm. An ex-situ characterization of the aggregate structures in the catalyst ink and the final
CL obtained using cryo-SEM [34] has revealed a strong dependence on solvent used. Specifically,
when a mixture of two dispersion media with varying composition (ultrapure water and 1-propyl

alcohol (NPA)) is used, the carbon particles were found to aggregate more with increasing water

104



content. Similarly, the amount of free ionomer particles in the ink was also increased with
increasing water content. After evaporation of the dispersion medium with higher water content,
the ionomer coverage in CLs decreased but ionomers were thicker on aggregates (Pt and carbon).
A theoretical study using molecular dynamics method [26] has found that ionomer coverage (EW<
1140 "&x ¢ &) on graphite surface reaches a maximum value for a water-rich solvent system
(water-methanol mixture). However, adding alcohol to the solvent promoted adsorption of high

equivalent weight ionomer.

Establishing a link between structure in catalyst ink and catalyst layer is of tremendous interest for
advancing the science of catalyst layer fabrication [17]. It is known that the CLs made with same
catalyst and ionomer but different dispersion media exhibit differences in fuel cell performance
and durability [82]-[84]. This points to the differences in the microstructure and transport
properties of the CL[32], [85]. Considering the different aggregation structures observed from
small angle scattering studies of ionomers in different solvents [22]-[25] and results from our own
recent molecular dynamics (MD) work[155] in which strong effect of dispersion media on ionomer
structure and the idea of sulfonic group clustering in low polar solvents have been shown, it can
be suggested that different dispersion media induce different organized ionomer structure in inks
and by extension the structure in CLs. However, very little is known about how ionomer
morphology evolves from ink to catalyst layer during the process of solvent evaporation. Notable
studies are structural evolution of ionomer on SiO from catalyst-free ionomer dispersion [161],
[181] and MD study of Mabuchi [64]. Of particular interest are how the interfacial structure and
ionic domains evolve during the evaporation stage. The interfacial characteristics including the
proton abundance (pH) and reactant concentration in the immediate vicinity of Pt surface controls

the local electrochemical activity[17]. Furthermore, the strong interaction between sulfonic group
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and Pt, often referred to as sulfonic group poisoning, results in blocked sites resulting in reduced
available electrochemical surface area[87]-[90]. The shape/size and distribution including
connectivity of the ionic domains will influence transport of protons, water and reactants (O2 or
H2)[17]. Thus, the impact of ionomer organization during solvent evaporation on the density of

hydrophobic matrix would have implications for gas transport through the ionomer films [75].

There is only one study reported so far that observed in-situ the changes in the ionomer structure
during evaporation using GISAXS[91]. It is suggested that the hydrophilic-domain network of the
cast film is directly influenced by aggregate interactions in dispersion. Similarly, there is only one
MD study (using coarse-grained approach) that have explored impact of evaporation of dispersion
medium on the evolution of ionomer structure [64]. In particular, Mabuchi and coworkers have
reported the development of ionomer shapes in water during solvent evaporation on hydrophobic

and hydrophilic substrates was studied using coarse-grained molecular dynamics simulations.

In this work, we investigate the self-assembly of ionomers on model Pt surface from ionomer
dispersions in three different media — water, IPA and water-IPA mixture — and the subsequent
evolution of ionomer structure during evaporation of the solvent. Herein, using full atomistic MD
approach, the main structural characterizations of Nafion ionomer during and after solvent
evaporation from a simulated catalyst ink is examined. For this purpose, ionomer surface
coverages after 10%, 50%, 90%, and 100% of the evaporation process are examined. The location
of the hydrophobic and hydrophilic parts of the ionomer during the evaporation process is studied.
We also examined the effect of the evaporated solvents on the extent of sulfonic poisoning and

sulfonic cluster size.
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5.2. Model and Simulation Methodology

5.2.1. The applied materials and the corresponding force fields

Each system in this study contains 20 Nafion chains, and each chain has 6 hydrophilic side chains
terminated with acidic sulfonic groups. Herein, the molecular weight and the equivalent weight
(EW) of the applied Nafion is @ w T@&Y € Gand p p U € &, respectively (Figure 5-1).
depicts the Nafion chain's matching structure. In order to better understand the influence of various
composition of catalyst inks as well as solvent evaporation process on the ultimate structure of
Nafion polymer on the platinum catalyst, we modeled from three Nafion dispersion systems

(water, IPA, and water 50%/IPA 50% combination) on a platinum (111) surface.

Similar to our previous works[155], [182], for modeling water, IPA, and Pt surface the PCFF [93],
[94], [96], COMPASS[95], [97], [98], and embedded atom method (EAM) alloy[104] have been
used, respectively. The corresponding energy equation can be found in the supplementary
information. The forcefield parameters for Nafion polymer and hydronium molecules have been
obtained from the following reference [75] and the non-bonded interactions parameters between

the Pt surface and the other species in the simulation box were adapted from references[99], [182].

5.2.2. Initial condition and the simulation

The solvent box and the Nafion chains added on top of the Pt surface after geometry optimization.
Then, the geometry optimization process was performed on whole the system with periodic,
periodic, fixed boundary condition. To prevent atoms from being lost in the z direction, a reflective
wall is placed on top of the simulation box. In the next step, the system equilibrated through the
following procedure to prepare the initial condition for the solvent evaporation simulation. For this
purpose, the full atomistic molecular dynamics with Velocity-Verlet algorithm and the long-range

electrostatic interaction were used to equilibrate the three dimensional Nafion dispersion systems
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on the Pt surface. The systems were equilibrated using NVT ensemble while temperature was
maintained using Nose-Hoover thermostat. For faster equilibration, the systemrunat”Y p 1 TOTT
for ¢ & iwith time step, YO p "Qj then the system was cooled down a rate of 350 K/ns to "Y

o Tt The simulations continue to run for p* iwith periodic, periodic, fixed boundary condition

in X, y, and z direction, respectively. All Pt atoms are fixed in these simulations.
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5.2.3. Evaporation of the dispersion media

For modeling the solvent evaporation from the Nafion dispersion on the platinum surface, a
vacuum box of 500 A is created on the top of the dispersion box, as shown in Figure 5-1c. The
green beads and the blue beads represent the polymer and the solvent molecules, respectively. This
vacuum box contains two regions called Free area and Delete area. Herein, the height of the
dispersion box, the free area, and the delete zone are 80A, 400A, and 1004, respectively. The new
box containing the vacuum space were run with NVT ensemble at Y o 11 ot. When the solvent
molecules that reach the delete area is considered evaporated and hence removed from the system.
After evaporation of ~95% of the solvent molecules, the remaining solvent molecules are removed
from the simulation box. This approach for modeling the evaporation process has been used in
some previous studies [64], [183]. Simulations were stopped when all the solvent molecules had
evaporated from the system. The MD simulations were performed using LAMMPS program [104],

visualized by VMDI[121] and post processed by in-house Python code.

5.3. Results

Evolution of ionomer coverage during solvent evaporation: The images in Figure 3 offer a 3D
visualization of Nafion ionomer self-assembled on model Pt surface in three different media and
how this structure evolves during the solvent/medium evaporation. Expectedly, as the content of
dispersion medium content decreases the ionomer appears to collapse to a denser structure from
an initial swollen structure. The extent of Pt surface coverage by ionomer is not obvious from these
3D visuals nor can finer structural details be gleaned from it. Figure 5-2 shows a 2D slice at Pt
surface and projection of the Nafion system within a fixed distance 2 nm above the Pt surface at
four different stages of evaporation process. In the beginning of evaporation, drastic differences in

the coverage of the surface by Nafion ionomer self-assembled from different media can be noted
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from the 2D projected images. Highest coverage of nearly 70% is observed for Nafion in water
compared to only 20% coverage for Nafion in IPA and a slightly higher coverage of 25% for
Nafion in water/IPA mixture. It shows that the presence of IPA in the medium effectively decreases
the interaction between the Nafion ionomer and platinum surface. However, as the solvent
evaporates the ionomer coverage on Pt surface for water/IPA system increases dramatically to as
much as 80% of Pt surface. Since IPA is more volatile, as the evaporation progresses the water/IPA
media became water rich (_ p @) and at the final stages of the evaporation, water is the
dominant component of the solvent in the system. When catalyst layers are fabricated, almost all
solvent molecules are removed upon coating. The ionomer structure in the dried state is of direct
relevance to fabricated catalyst layer. Herein, the system is called dry, and the simulation process
stops when all the solvent molecules are removed from the system due to the evaporation process.
The last picture in Figure 5-2 shows the dry state. As these pictures suggests, Nafion covers most

parts of the Pt surface after evaporation of pure water and water/IPA mixture.
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Platinum surface coverage during the evaporation a’. Nafion in water. b’. Nafion in water/IPA mixture. ¢’. Nafion in IPA.

Near surface structure: From our previous work on Nafion aggregation behavior in dispersion
[155], we know that sulfonic acid group is completely dissociated in water and the side chains with
sulfonic groups extend outwards from the aggregate surface of the backbones. We also know that
there is a strong interaction between sulfonic groups and Pt [182]. Thus, we can posit that high
surface coverage of Pt by Nafion ionomer in water (before evaporation) is driven by the Pt-SO3

interactions. In IPA/water mixtures, the sulfonic acid groups are fully dissociated in the
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equilibrated structure (prior to evaporation) consistent with the results for MD simulation of
dispersion [155]. In pure IPA, the sulfonic groups are paired with hydronium and these ion-pairs
interact strongly to form an ionic cluster. Accordingly, it would be expected that for ionomer near
the Pt/ionomer interface, Pt surface and hydronium ions will compete with each other to coordinate
with sulfonic groups. Thus, the near-interface structure of the different systems can offer insight
into the differences observed in the surface coverage for different media upon self-assembly

(before solvent evaporation) and the evolution of structure during evaporation.

We have extracted the probability density for backbone and sulfonic groups near the interface
region during in the evaporation process (Figure 5-3). The probability density of a particular atom
in the system can be calculated as follows: To begin, we split the system volume into several Az
slices in the z direction. The number of specific atoms (€ ) in each z slice is calculated for e.g.,
sulfur atoms. Finally, the & plot is normalized as follows, + € Q& p. The probability density of
the sulfonic group along the z-direction normal to Pt surface and its evolution with evaporation
are shown in Figure 5-3. The steps I, 11, and 111 in Figure 5-3 represent the system when 10% of
the solvent has evaporated, nearly half of the solvent has evaporated, and when 90 % of the solvent

has evaporated, respectively.

On the platinum surface (z=0) in water, the sulfonic groups are accumulated in high amounts
throughout the evaporation process, starting at 0.58 (Figure 5-3a-1) and reaching to 0.74 (Figure
5-3a-111) when about 90% of the water is evaporated. As the system dries, the sulfonic acid groups
are attracted by the hydrophilic platinum substrate to decrease the energy of the system.
Interestingly, the density of the sulfonic acid groups at the platinum surface is the highest compared
to the rest of the system comprising the hydrophilic medium, water. However, in comparison, the

addition of IPA to water results in the acid groups to be dispersed throughout the solvent (Figure
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5-3b-1, 1, 11I). It is intuitive and also shown in our previous work [155] that the acid groups
preferentially partitions in the hydrophilic domains such as water while the Teflon backbones of
Nafion polymer are in IPA domain. However, the probability density distribution of sulfonic group
in water/IPA mixture (Figure 5-3b) shows that the density is not as high at the Pt surface as was
the case for assembly in pure water medium. The density of the sulfonic acid groups on Pt slab
increases drastically (from 0.13 to 0.66) and backbones accumulate near the Pt surface when the
IPA medium gets evaporated completely. In fact, comparison between Figure 5-3a-111 and Figure
5-3b-111 shows that after IPA evaporation from water/IPA system, Nafion molecules (backbones
and side chains) attain a similar arrangement as in pure water. However, the arrangement is very
different in pure IPA. As shown in Figure 5-3c-1, 11, 111, density of the sulfonic acid group on the
Pt surface does not change significantly (from 0.08 to 0.16) during evaporation. This relatively
small change density (as compared to water and water/IPA systems) is due to the sulfonic group
clusters, which will form more stable structures in IPA and is not affected by evaporation of IPA.
As reported in our previous work (Chapter 4) [182], the sulfonic groups and the counterions will
not make cluster when they are in contact with the Pt surface, while the sulfonic clusters are
anywhere else in a low dielectric solvent such as IPA. Even after evaporating 90% of the IPA, the
sulfonic acid group orientation remains unchanged (Figure 5-3c). In fact, the abrupt shift in
sulfonic density on Pt during solvent evaporation is visible exclusively in the water/IPA scenario
due to the change in solvent nature, beginning with water 50%/IPA 50% and ending with

approximately pure water after 90% of the evaporation process is completed.

The assembly of Teflon-like backbones of Nafion at the Pt/solvent interface (quantified by the
probability density of C or F atoms of backbone) also showed considerable difference based on

solvents used (Figure 5-3). The backbones (measured as % of CF, group) showed a distinctly
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increased densification near Pt surface (2 to 4nm above Pt surface) in the case of water/IPA mixture
(from ~0 % to 16%) as opposed to pure water and pure IPA, which remained roughly unaltered.
In fact, changing in the Teflon backbone densification near the Pt interface during the solvent
evaporation is noticeable in the water/IPA case. On the other hand, 4 % of Teflon backbones are
located exactly on the Pt surface in pure IPA case. In pure water and water/IPA mixture, there is
no direct contact with the backbone and the Pt surface, as illustrated in Figure 5-3a and Figure

5-3b, despite the presence of a thick backbone near the Pt surface.

IPA is the desirable phase for the Teflon backbones compared to water and Pt substrate. However,
comparing the first two graphs of Figure 5-3b and Figure 5-3c, which show density distribution
of Nafion parts (carbon and fluorine of backbones, sulfur in sulfonic group of side chain) in
water/IPA mixture and pure IPA, respectively, the backbone density on the Pt surface can be noted

to have decreased by the presence of water in the system independent of the backbone location.

The nearly smooth trend of these plots shows that the sulfonic acid groups and backbones are
randomly distributed throughout thickness of the system. According to these probability density
plots, Nafion distribution does not change significantly until the system is left with a very small

amount of solvent ¢ p i .

115



()

1
. —— Backbones
£0.8 1 ——sulfonic groups
o
00.6 1
=
50.4 4
5
502 4
0 T T
0 20 40
Z(R)
(b)
|
1
- —— Backbones
208 1 ——sulfonic groups
o
0 0.6
2
S 04
Z
& 0.2 1
0 T T
0 20 40
Z A
(c)
|
1
——Backbones
> R
£'0.8 1 ——sSulfonic groups
5
00.6
=
504
g
s 0.2 1
0 Peem Dot~

0

Figure 5-3 Distributions of the Nafion ionomers (backbones and sulfonic acid groups) along the thickness during

Ry

Probability Density
o o o o
o N IS D [e0) [l

O
N O B

Probability Density

o

Probability Density
o o o ©°
N S (o)) (o] =

o

Solvent evaporation

——Backbones
1 ——Sulfonic groups

——Backbones
1 ——Sulfonic groups

0 22? ) 40

—— Backbones
1 ——Sulfonic groups

| S

0 Z2(2 ) 40

¢ o 9©
xS (op] 00} -

Probability Density
o o
o N

c o o o
N R o o

Probability Density

o

Probability Density
o o o o
o N M o 0 -

—— Backbones
— Sulfonic groups

(D

0 20 40

G

—— Backbones
— Sulfonic groups

—— Backbones
— Sulfonic groups

0

XL———MI

By

solvent evaporation a. Nafion in water b. Nafion in water/IPA c. Nafion in IPA.

I. 10% of the solvent has evaporated, 11. Half of the solvent has evaporated, 111. 90 % of the solvent has

evaporated.

116



Evolution of ion-pairing and ionic clustering: To quantify and compare the evolution of ionic
clusters after solvent evaporation for different media, the size of sulfonic cluster in the solvent
bulk and on platinum surface were determined before and after solvent evaporation steps (10%
and 100%). An atom of the sulfonic group or hydronium ion is considered to be part of the ion
pairs formed within a specific sulfonic cluster, if it is less than 4 angstroms away from at least one
of the atoms (sulfur atom or a hydronium molecule) in the cluster. To calculate the average number
of ion pairs in a cluster, ten separate frames from the last 6 ns of the simulation were chosen totally
randomly. Such a procedure is repeated for all the ionic clusters present in each of the frames
considered and an average value calculated. The overall average number of ion pairs in a cluster
for a given system (reported as cluster size in Figure 5-4)is then derived by averaging the average

number of ion pairs in each of those ten frames.

First, we examine the average cluster size, i.e. number of ion-pairs in a cluster, for the overall
system in Figure 5-4a. The size of the sulfonic cluster in water and in water/IPA mixture is zero
in all regions (bulk and interfacial region) of the system before the evaporation similar to our
previous study for dispersion. However, the size of the sulfonic groups in pure IPA/Pt system is
about 3 (Figure 5-4a), which is less than size of the sulfonic groups in IPA dispersion system
[155]. Upon evaporation of solvent, ionic clusters is observed in all systems with ~9, ~8.5 and ~8
ionic pairs ("0 7O ) per cluster for IPA, IPA/water, and water systems. An examination of
interfacial region (up to 2nm above the Pt surface) reveals interesting differences in both the size
and evolution of clusters. For pure water and water/IPA mixture systems, while no clusters are
observed in the equilibrated system prior to solvent evaporation, the interfacial cluster size
increased to ~8 after solvent evaporation for both systems, similar to that in the bulk. On the other

hand, for pure IPA system, the ionic cluster size is ~2 before solvent evaporation increasing to ~4
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after all solvent has evaporated. These results highlight the strong role played by the solvent and
their evaporation on the ionic cluster formation near the surface. The results show that Pt surface
has direct effect on size of the sulfonic clusters. Nevertheless, after evaporation of pure IPA, total

ion pairs size increases from 3 to 9, while changes in the interfacial ion pairs is mild from 2 to 4.5.
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Figure 5-4 Sulfonic cluster size before and after the evaporation a. Total ion pairs b. Interfcial ion pairs

Interfacial structure of the dried films: Figure 5-5 shows the probability density of backbones and
sulfonic groups of Nafion molecules after evaporation of the whole solvents. About 85% of the
acid groups and hydronium ions (Figure S.1) are found to partition on the Pt surface due to existing
of the interfacial water on Pt in Nafion/water and Nafion/water/IPA systems and there is absolutely
no direct contact between the Pt substrate and Nafion backbones. Nonetheless, about 8% of the
Nafion backbones in Nafion/IPA system has direct contact with the Pt substrate. As shown in
Figure 5-2c¢ and Figure 5-6¢, the dry form of Nafion backbones and sulfonic acid groups after
evaporation of pure IPA, makes a thicker Nafion layer (4.2 nm) than two other cases, while some

surface of Pt is not covered by the backbones nor the sulfonic groups.
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Figure 5-5 Distributions of the Nafion a. backbones b. sulfonic acid groups in the dry state

Sulfonic group poisoning: A decrease in ORR activity on the Pt catalyst is sometimes attributed to
poisoning by the sulfonic group but with inconclusive results[87]. A 10-15% of Pt sites were
estimated to be poisoned by sulfonic groups using CO-displacement techniques, whereas the loss
in activity is claimed to be larger than 50% [87]. The sulfonic group poisoning of platinum surface
is not described at an atomic scale in the current literature. Given three oxygen atom per sulfonic
group, a maximum of three platinum atoms can be blocked by a sulfonic group. Herein, the
poisoning of Pt surface by sulfonic groups was calculated by counting and dividing the number of
O atoms (of ™) ) coordinating with Pt by the total number of Pt atoms on the surface. We
normalized the obtained proportion by the ionomer coverage fraction, since we actually want to
know what part of the ionomer-covered Pt surface is poisoned by the sulfonic group. In this case,
p @& ¢ &b of the ionomer-covered Pt atoms were coordinated/poisoned by sulfonic-group

oxygen atoms. With three oxygen atoms per sulfonic group, this translates to a sulfonic group
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coverage of u& B b . This value is lower than the poisoning of Pt nanoparticles in contact with
Nafion dispersion systems (10-17%) [182] and experimentally determined values (10-15%) with
the CO displacement technique [87]. Despite this, sulfonic group poisoning of dried Nafion (5.8-
8.5%) is larger than sulfur poisoning of Nafion in dispersion systems (4-7%) [182]. It demonstrates
that drying enhances the extent of Pt poisoning by sulfonic groups. Table 5-1 shows the quantity
of sulfur poisoning in each case. According to these results, Pt in contact with Nafion in IPA
medium has the least amount (V& P of Nafion poisoning in the covered areas compared to the

Nafion in two other media ¢ & B.

Table 5-1 Fraction of ionomer covered Pt atoms coordinated with sulfonic group.

Nafion water case 8.5%
Nafion mixture case 8.3%
Nafion IPA case 5.8%

5.4. Discussion

The evolution of the Nafion structure during the solvent evaporation has been depicted in Figure
below. First, we discuss the evolution of Nafion structure during evaporation for Nafion/Pt in pure
water medium. As shown in Figure 5-2a” and Figure 5-6a, the ionomer coverage increases with
evaporation. For the ionomer covered surface, there is a high abundance of sulfonic group which
remain largely dissociated for high water content, corresponding to lambda of 81.7. With further
drying and reduction in lambda, sulfonic group and hydronium start pairing up and eventually
form ionic clusters at very low lambda 16.6. The sulfonic groups and hydronium species are
attracted to the Pt surface due to the presence of the interfacial water, which is also shown in some
studies[58], [65], [66], in the system during the evaporation process and the hydrophilicity of the

Pt surface. The backbones, on the other hand, are parallel to the Pt surface. In a recent coarse-
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grained molecular dynamics study by Mabuchi[64], Nafion in contact with a hydrophilic substrate
exhibits a comparable structure after evaporation of pure water. At the interface, Nafion orientation
after water evaporation does not change significantly and the strong attraction between the sulfonic
groups of the Nafion side chains and the hydrophilic Pt surface forces the backbones to be parallel
to the surface. Nevertheless, the backbones have twisted structure, while there is not tight and

strong backbone-backbone attraction as we showed in our dispersion work[155].

The final structure of Nafion/IPA system after IPA evaporates completely (Figure 5-6¢) is similar
to the dry structure upon evaporation of water from Nafion/water system although the structures
of ionic moieties are very different in the equilibrated state for the two media (pure water and pure
IPA) prior to evaporation. The Nafion backbones are free in a solvent like IPA with low dielectric
constant, but the Nafion molecules aggregate due to the strong attraction between sulfonic groups
and the counterion in the system[155]. However, evaporation has strong effect on the final
structure of Nafion in water/IPA dispersion system since the nature and the property of the applied
solvent is changed during the evaporation. In fact, the system turns to pure water system at last
steps of the drying process as shown in Figure 5-6b. The remaining solvent contains only 2.5%
IPA (balance 97.5%) after 90 percent of the evaporation process (the probability density of IPA
and water at this stage is shown in Figure S3, appendix C). It should be emphasized that the
structure produced in Figure 5-6b depicts the drying phase of Nafion on Pt in a water/IPA 50%
solution. The ultimate structure of Nafion may be altered by mixing varying amounts of water and
IPA. In fact, the dominating solvent in the last stages of the evaporation process determines the
final structure of Nafion in the dry state. The effect of different combination of water and alcohol

media of the catalyst ink on the dry state of Nafion are examined in some experimental works[38],
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[56]. However, to best of our knowledge, no molecular modelling of the effect of pure alcohol or

different combination of water/alcohol on dry Nafion has been reported in the current literature.

We should note that we did not evaluate the evaporation rate in this work. However, the system
can get kinetically trapped due to the fast evaporation rate, which can also happen in experiments.
The evaporation rate in the experiments is for a few minutes, while the evaporation rate in this

simulation is in the order of microsecond.

(a)

W . Water
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Figure 5-6 Backbone orientation during the solvent evaporation a. Nafion in water b. Nafion in water/IPA
mixture c. Nafion in IPA

5.5. Conclusion

In this study, we studied the self-assembly of ionomers on a model Pt surface from ionomer
dispersions in three distinct media — water, IPA, and a water50%-1PA50% combination — as well
as the following dynamic development of ionomer structure during solvent evaporation. We
examined the ionomer structure in terms of surface coverage, sulfonic group abundance at the
interface, the existence of ionic clusters and cluster size, and the variation in polymer density from

the Pt/ionomer interface to the polymer/fluid interface.

In pure water, the ionomer coated surface has a high abundance of sulfonic group, with lambda of
81.7. With additional drying and lambda reduction, sulfonic groups, and hydronium link together
to form ionic clusters at lambda 16.6. The hydrophilicity of the Pt surface attracts sulfonic groups
and hydronium species. However, the backbones are parallel to the Pt surface. The strong
interaction between the sulfonic groups of the Nafion side chains and the hydrophilic Pt surface
causes the backbones to be parallel to the surface. However, the backbones are twisted, and there
is no significant backbone-backbone attraction. After evaporation of pure IPA, Nafion backbones
are free, but Nafion molecules assemble because to strong sulfonic group and counterion attraction.
In fact, the final structure of Nafion will not change after evaporation of pure water or pure IPA.
However, due to the changing nature and properties of the applied solvent, evaporation has a
significant impact on the ultimate structure of Nafion in water/IPA dispersion systems. Since

during the drying process, the system switches to pure water.
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In IPA, IPA/water, and water systems, ionic clusters are formed after solvent evaporation with 9,
8.5, and 8 ionic pairs ("0 X0 ) per cluster. Interfacial area analysis reveals noteworthy changes
in cluster size and development. While no clusters are found in the equilibrate system prior to
solvent evaporation, the interfacial cluster size is 8 for both pure water and water/IPA combination
systems. For pure IPA, the interfacial ionic cluster size is 2 before solvent evaporation and 4 after
solvent evaporation. The results show the importance of the solvent and its evaporation in ionic
cluster formation at the surface. The results reveal that Pt surface affects sulfonic cluster size.
Although pure IPA evaporates, total ion pair size grows from 3 to 9, while interfacial ion pair size

increases from 2 to 4.5.

The sulfonic group coverage is 5.8-8.5 %, which is lower than the poisoning of Pt nanoparticles in
contact with Nafion dispersion systems (10-17%) and the poisoning found by the CO displacement
approach (10-15%). Nevertheless, sulfonic group poisoning (5.8-8.5%) of dry Nafion is greater
than sulfur poisoning in dispersion systems in contact with planar Pt (4-7 %). It shows that drying

process increases Pt sulfonic poisoning.
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Chapter 6: Conclusions and Recommendations for Future Work

6.1. Conclusions

In this thesis, atomistic molecular dynamics simulation of Nafion ionomer was carried out to
mimic the three major steps of catalyst layer fabrication of polymer electrolyte fuel cells: (i) self-
assembly of Nafion in dispersion systems, (ii) assembly of Nafion ionomer on planar substrates
(graphitic or platinum) and on graphite/Pt nanoparticle (catalyst ink), and (iii) organization of
Nafion in contact with Pt during the evaporation of dispersion media or solvent. The key findings

and the significant contributions of each of the studies are summarized below.

MD Simulation of Nafion dispersion: A fully atomistic molecular dynamics method was utilized
to model the protonated and sodium form of the Nafion polymer dispersions in organic solvents
with a wide range of dielectric constants (- ¢® Y p mwontaining toluene, IPA, ethanol,
glycerol, formic acid, water, and formamide for the first time. In contrast to the widely held belief
in previous literature that Nafion forms cylindrical aggregates in all solvents, we observed
dispersed loose aggregates containing sulfonic acid clusters in all of the low-polar solvents
(toluene, IPA, ethanol, and glycerol). This dispersed aggregation turns to elongated aggregates

with tightly packed backbones in the high-polarity solvents (water and formamide).

Based on these results, an aggregation phase diagram for Nafion dispersions based on the dielectric
constant was introduced. The significance of this diagram is not merely that it is new but also that
it allows researchers and engineers to quickly gauge the impact of chosen solvent on the
morphology of the ionomer. It is important to highlight that prior to this work, the ionic clustering
in Nafion ionomer in dispersion state was completely absent in the literature. In the new
aggregation phase diagram, the Nafion aggregation state is classified into one of the three

categories: (a) type-1 aggregate (- T ¥ in low-dielectric solvents such as toluene, IPA, ethanol,
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glycerol, ionomer chains physically cross-linked through sulfonic group clusters. (b) type-II
aggregate (- ¥ v X in intermediate dielectric solvents like formic acid, the aggregates are
lamella-like 2D self-assembled via weak hydrophobic interactions. (c) type-1ll aggregate (-

X W in high dielectric constant solvents (water, formamide), the aggregates are tightly packed
elongated generated by strong hydrophobic interactions. In fact, our study is the first modelling
work to show that Nafion ionomer can be in form of cross-linking aggregation via ionic clustering
in solvent, as it was proved to be in the solid membrane previously. According to our findings, the
neutralizing counter-ion type of Nafion ('O or 0 &) had a substantial influence on both the ionic
cluster and backbone characteristics. In comparison to the “O form of Nafion, which generates a
solvent inflated loose aggregate, the sodium form produces a bigger ionic cluster and a cylinder

like ionomer aggregate in glycerol, which is in agreement with a SANS study by Kim et al. [22].

The microphase segregation of IPA/water mixtures, where almost all water molecules are in the
™) rich inner core of the reverse micelle ionomer aggregate while the IPA is detected outside the
aggregate, is one of the most exciting new discoveries of this study. A recent SANS [22] research
hypothesized a solvent inflated aggregate structure, which is surprisingly comparable to this
finding. Nevertheless, due to experimental restrictions, they did not remark on the location of water
or IPA within the inflated structure or microphase segregation of water and IPA while our

simulation does.

lonomer assembly on Pt, C and Pt/C to mimic catalyst ink. In Chapter 4, the molecular
assembly of Nafion ionomer in simulated catalyst inks is investigated as a function of surface
polarity, Pt surface geometry, and dispersion media. Herein, Nafion/water, Nafion/IPA, and
Nafion/Water-IPA mixture dispersion systems are modelled on graphite, Pt planar, and graphite/Pt

nano particle. One of the significant contributions of the work is a thorough analysis of interfacial
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structures, in particular the coordination of sulfonic groups, to gain insight into platinum catalyst
sulfonic group poisoning. Further, this work is the first reported work on ionomer assembly in pure
IPA and water/IPA mixture, which are the most common solvent in making catalyst ink explicitly
in contact with Pt (Pt planar and Pt nano particles). For this purpose, new force field parameters
for Pt-IPA interaction have been developed using Density Functional Theory (DFT) method.
Although IPA is a very common solvent, there was no prior MD study on ionomer assembly in
IPA or water/IPA mixture in contact with Pt. While this system can be found in most of the catalyst

inks made in laboratories.

According to our findings, the surface coverage of the ionomer on the Pt substrate was discovered
to be affected by the polarity of the dispersion medium (28 to 72 % going from IPA to water). In
all three cases of dispersion systems, however, ionomer surface coverage is between 45 and 55 %
on graphite substrate. In fact, the polarity of the graphite surface determines how ionomer interacts
with the surface, not the solvent type. In all three investigated dispersion media, the ionomer is
attached to the Pt surface by sulfonic groups, but in graphite, the ionomer interacts with the surface
via the backbone. The ion-pairing (sulfonic — hydronium ion-pairing) is, nevertheless, heavily

impacted by the solvent type.

One of the interesting and new finding of the study is the induction of ion-pair clustering by Pt
substrate in water. It is a surprising finding because sulfonic acid is reported to be totally
dissociated in water systems. The Pt substrate was discovered to facilitate ion-paring even for
water systems, which form channel-shaped clusters, on the surface by attracting the majority of
the ionomer's sulfonic groups and hydronium counterions in water. In addition to ion-pairs, a
monolayer of water covers the surface of Pt. Nevertheless, when the dispersion media is pure IPA,

the sulfonic acid groups make ion pair clusters along with the counterions in the bulk, but on Pt
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surface they exist individually. In water/IPA system, everything is dispersed and there are no ion
pair clusters or aggregated ionomer backbones. The graphite surface, unlike the Pt substrate, has
no effect on ion-pair clustering. In fact, all sulfonic groups and almost all hydronium compounds

were only found in the bulk in all investigated systems.

The amount of ionomer coverage on a Pt surface varies substantially depending on the geometry
of the Pt surface and the applied solvent. According to our findings, in water and water/IPA media,
the ionomer coverage on the flat Pt surface is a little higher than the curved surface of Pt
nanoparticle. The difference in the mechanism of ionomer interaction with Pt and graphite surfaces
in the combined system, as well as the form of the nano particle, is ascribed to the lower ionomer
coverage on Pt nanoparticle. Pt nanoparticles, on the other hand, had the highest average coverage
(56%) in IPA dispersion media, whereas Pt planar had the lowest (28%) average coverage. The
increased coverage on Pt nanoparticles in pure IPA is due to surface curvature effects and
randomly distributed ion pairs. The shape of the Pt surface affects the poisoning effect of the Pt
electrocatalyst caused by the surface anchoring of the sulfonic group. The poisoned surface area
on Pt nanoparticles is estimated to be on the order of 15%. The amount of poisoned is dramatically

decreased to 4-7 % on a flat Pt surface.

The molecular structure and ion-pairings of ionomers as a function of surface and solvent polarity,
as well as surface geometry, are discussed in this work. These discoveries can aid in the
development of more rational catalyst inks for the manufacturing of catalyst layers in polymer

electrolyte fuel cells.

lonomer structure evolution during solvent evaporation. In Chapter 5, the self-assembly of
ionomers on a model Pt surface from ionomer dispersions in three different media (water, IPA,

and water/IPA mixture) as well as the dynamic evolution of ionomer structure during solvent

128



evaporation were investigated. To the best of our knowledge, the evolution of ionomer structure
during solvent evaporation from catalyst ink to catalyst layer has not been investigated using fully
atomistic molecular dynamics method in the present literature. In a recent work by Mabuchi et al
[64], coarse-grained molecular dynamics method is used to model the ionomer morphology during

solvent (pure water) evaporation on carbon substrate with different wettability.

Accordingly, the significance of the present work is that it has generated new knowledge pertaining
the morphology of ionomer not only in pure water, but also in water/IPA and pure IPA (that are
the most common solvents for catalyst ink and catalyst layer) during evaporation using fully
atomistic MD. The applied substrate in this work is explicit Pt planar. Using fully atomistic MD,
CL relevant properties such as ionomer surface coverage and sulfonic group poisoning was
evaluated during solvent evaporation. In addition, the presence and size of ionic clusters, and the
difference in polymer density between the Pt/ionomer and polymer/fluid interfaces were
quantified. The ionomer coated surface possesses a high sulfonic group abundance in pure water,
with lambda of 81.7. Sulfonic groups and hydronium combine to form ionic clusters at lambda
16.6 after more drying and lambda reduction. Pt's hydrophilicity attracts sulfonic and hydronium
species. The backbones, on the other hand, are parallel to the Pt surface. Due to the strong contact
between the sulfonic groups on the Nafion side chains and the hydrophilic Pt surface, the
backbones of the Nafion molecules are parallel to the surface. However, the backbones are twisted,
and there is little attraction between the backbones. Although Nafion backbones are free after
evaporation of pure IPA, Nafion molecules self-assemble due to the strong sulfonic group and
counterion attraction. Indeed, following evaporation of pure water or IPA, the ultimate structure

of Nafion will remain unchanged. However, evaporation has a substantial effect on the final
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structure of Nafion in water/IPA dispersion systems due to the changing nature and characteristics

of the applied solvent. Because the system shifts to pure water throughout the drying phase.

lonic clusters of 9, 8.5, and 8 ionic pairs (™0 FO ) per cluster develop following solvent
evaporation in IPA, IPA/water, and water systems, respectively. The examination of the interfacial
area demonstrates significant variations in cluster size and growth. While there are no clusters in
the equilibrate system before the solvent evaporates, the interfacial cluster size for both pure water
and water/IPA combination systems is 8 after drying process. Before and after solvent evaporation,
the interfacial ionic cluster size in pure IPA is 2 before and 4 after solvent evaporation. The results
demonstrate the role of the solvent and its evaporation in the creation of ionic clusters at the
surface. The findings show that the Pt surface has an impact on the size of sulfonic clusters. When
pure IPA evaporates, the overall ion pair size expands from 3 to 9, while the interfacial ion pair
size grows from 2 to 4.5. As shown in this work, dry Nafion sulfonic group poisoning (5.8%-8.5%)
is larger than sulfur poisoning in dispersion systems in contact with planar Pt (4-7%). It

demonstrates that the drying procedure raises the risk of Pt sulfonic poisoning.

In summary, fully atomistic molecular dynamics was used in this thesis to study the morphology
of the Nafion ionomer, which is the most conformal component of the catalyst layer, at the
molecular level during the catalyst layer fabrication procedure. This study is useful for logical

designing a catalyst layer for polymer electrolyte fuel cell and other electrochemical devises.

6.2. Recommendations for Future Work
This thesis made several contributions to understand and mitigate some existing challenges in the

fuel cell research field by studying the ionomer in three main steps of catalyst layer fabrication in
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atomic scale; however certain areas within the scope of the work remained unexplored. Based on
the important findings obtained from this thesis, the following recommendations can be considered

in order to further understanding and improve the PEFC performance:

1 Modeling oxygen diffusion through the dried ionomer systems in this study using reactive
force field: Oxygen transport through the ionomer film in CL is one of the ultimate
problems in fuel cell studies since it can determine the fuel cell performance. Although
some studies in the current literature tried to model this phenomenon using classical
molecular modelling, none consider the ORR in the simulations. In fact, all previous
studies have modelled a constant oxygen flow through the ionomer film without
considering the ORR reaction on the Pt site. This indicates that the presented models may
be unrealistic for drawing firm conclusion of transport properties of ionomer, as the
transport of generated water from ORR was not included, which might have an effect on
oxygen transport. On the other hand, the effect of catalyst ink solvent, which catalyst layer
is made from, on the ionomer film was not considered in the mentioned studies. Thus, one
of the potential future studies would be modelling oxygen transport along with ORR
through the ionomer or catalyst layers, which are simulated from the evaporation study in
this work.

1 Exploring new type of ionomers: After gaining a thorough understanding of Nafion's
behavior at the atomic level in dispersion, catalyst ink, and dried Nafion film and
identifying important phenomena such as sulfonic group clustering in low dielectric media,
backbone aggregation in highly polar solvents, and sulfonic group poisoning of Pt,
simulating other ionomers with different backbones such as HPOI or ionomers with shorter

or longer side chain should be considered in order to find possibilities to replacement of
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Nafion with more a durable ionomer or an ionomer that gives better performance than
Nafion.

Investigating the structure of ionomers on alloy substrates such as Pt/Co and Pt/Ni: As
indicated in the introduction chapter, one of the primary impediments to commercialization
is the high cost of fuel cells, which is mainly due to the Pt catalyst used in the CL. Using
alloys such as Pt/Co and Pt/Ni is one of the suggested ways for the cost reduction. One of
the recommended investigations is to simulate the self-assembly and solvent evaporation
of ionomers from catalyst ink on planar or nanoparticle Pt alloys and compare the findings
to those from this thesis to examine possible substitutes for Pt.

Modeling the drying process using graphite/Pt nanoparticles as the substrate rather than
planar Pt: We modelled the evaporation of dispersion media from catalyst ink in this thesis.
Although the drying process was assumed to be on planar Pt, the actual catalyst ink
included graphite/Pt nanoparticles. In Chapter 4, we demonstrated that the geometry of the
Pt has an impact on the macroscopic properties of the ionomer structure, such as ionomer
coverage. As a result, modelling the drying process in which catalyst ink transforms into a
catalyst coating on graphite/Pt nanoparticles is required for future research.

Investigating the difference in aggregate diameters in dispersion media systems with
varying Nafion ionomer concentrations, by adding more chains to the system: In Chapter
3, we simulated the 29 wt% Nafion dispersion systems, demonstrating that Nafion can have
varied orientations depending on the solvent polarity. The diameter of Nafion in water was
found to be 32 A in this study. Varying sizes of Nafion aggregate diameter in dispersion
systems with different concentrations are possible. The influence of Nafion concentration

on Nafion aggregate diameter should be investigated in the future.
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Appendix A (Supplementary information for Chapter 3)

Supplementary Information on

Atomistic MD study of Nafion dispersions: Role of solvent and counter-ion in

the aggregate structure, ionic clustering and acid dissociation

Atefeh Tarokh, Kunal Karan* and Sathish Ponnurangam*

Department of Chemical and Petroleum Engineering, University of Calgary
2500 University Dr NW, Calgary, Alberta, Canada

(*kkaran@ucalgary.ca; *sathish.ponnurangam@ucalgary.ca)

S1. Force field parameters, equilibration protocol, and validation details

The form of force field used in this study is shown below. The parameters for individual bonded
and non-bonded terms of Nafion macromolecule were obtained from ref [1]. The parameters for

solvents were adopted from [2]-[4].

(S3)

€
€

(o) 0 O O U ® O U

162


mailto:*kkaran@ucalgary.ca
mailto:*sathish.ponnurangam@ucalgary.ca

In equation (S1) @ —and « represent the internal coordinates of bond, angle and torsion angle,
respectively and the subscript Tt represent their ground state positions. The 0 , 0 and U are the

force constants for bond, angle, and torsion terms.

The non-bond van der Waals (vdW) interactions are modeled using Lennard-Jones equation (LJ-

9-6 form), where - is the depth of the potential well, , represents a finite distance where the

inter-particle potential (potential between particle “Gand "Qis zero and i is distance between the

particles.
The following mixing rule is used for cross terms in LJ-9-6 equation:

T (S2)

(S3)

The Coulombic equation is used to calculate two-body electrostatic interaction, where 1

represents partial charges of particle Q..

Validation of equilibration protocol

Generally, the system and a property of interest Q (can be energetic, structural, or dynamical) is

considered to have reached equilibrium, if the following two conditions are satisfied [5],

Tequil > Trelax(Q) and Tsample >> Trelax(Q)

where, Trelax IS the time by which trajectory average of the property Q does not fluctuate

significantly (<1%), Tequil, Tsample are the equilibration and sampling times, respectively.
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We have used the fluctuations in energetic and structural properties to verify the achievement of
equilibrium state in our simulations. In particular, we have monitored fluctuations of total energy
from its mean value (as a fraction of mean value, see equation below and Figure S1) as well as

the stability of sulphur-sulphur RDF plots with time (Figures S2).

Fluctuation in energy, 7

As seen in Figure S.1 and Table S1, the fluctuation in energy is very small z p b forall the

cases. In particular, the energetic properties in all our simulation runs (except water and
formamide) converged by 20 ns (trelax(Q) < 20 ns). In the case of water and formamide, the
properties converged by 110 ns and 50 ns, respectively. Whereas, structural properties such as
sulfur-sulfur RDF converged within 100 ns for all systems. In addition, we also observed that the
distances between ionic clusters reached a stable value by this time (as can be ascertained from
Figure 6.b in the manuscript). Hence, our total simulation time of ~ 250-300 ns is sufficient for the

system and its properties to reach equilibrium.

a b.
8 0.2
——Toluene
[ IPA 0.15
6 1 —— Ethanol 01
5 1 —— Glycerol
Formic acid 0.05
@4 1 m
0 — Water 0 0
<3 1 ——Formamide <
2 -0.05
1 -0.1
0 T Ll T -0.15
100 200 300 400
-1 -0.2
t (ns) t (ns)

Figure S.1 (a) Energy fluctuation of the system during the run time, (b) is same as (a) but with expanded y-axis
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Table S.1 Mean total energy and energy standard deviation.

Solvent Average energy value | Standard deviation
(kcal/mol) (kcal/mol)
Formamide -24242.1 152.02
Water -230864.7 264.1
Formic acid -31368.8 128.04
Glycerol -163716 135.9
Ethanol -14965.2 174.5
IPA -17889.3 183.5
Toluene -16624.7 152.7
a. b.
500 250
50-100 ns 50-100 ns
450 1 100-200 ns 100-150 ns
400 1 - - - - 200-300 ns 200 A - - - - 150-250 ns
350 A
=300 - = 150
¥ 250 A <
wn wn
=200 - = 100
150 -
100 - 50 -
50 -
0 0
0 5 10 0 5 10
r(A) r(A)
C. d.
180 350
100-200 ns 200-250 ns
160 1 - = - - 200-300 ns 300 - - - - - 250300 ns
140 -
250 -
120 -
£ 200 -
=100 - &
© 80 1 D 150 A
& 60 - 100 -
40 -
20 1 2 /\//
0 0 T T T T
0 10 0 2 4rA) 6 8 10

5
r(A)
Figure S.2 Radial Distribution Function of sulphur-sulphur atom for one cluster during the run time a. Glycerol,
b, Ethanol, c. IPA d. Toluene.
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Figure S.3 In[S(q)] vs. q plot for ionic clusters of Nafion dispersions in different solvents
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Figure S.4 Sulfur-Sulfur radial distribution function (RDF) of Nafion dispersions in a.
Low and medium dielectric constant solvents, b. High dielectric solvents.

S2 Effect of the backbone length

We performed additional MD simulations with double the Nafion chain sizes for two of the
dispersion systems (in IPA and glycerol) to verify if our findings regarding ionic clustering are
still valid at higher MW of the polymers. We found that the presence of ionic clustering and the
backbone aggregation (shape/size of aggregates and extent of swelling) were the same.
Interestingly, the ionic cluster properties such as number of ion-pairs remained same as before
(Figure 6a, S5, S6, & S7). A comparison of RDFs of short and long chains for S-HzO" and S-S
distances are shown in Figure.S6 and Figure.S7. The positions of the peaks in the RDF were the
similar for both cases except for minor differences in the peak intensities. Visually, the Nafion
chains can be observed to be more swollen in glycerol as compared to IPA (same trend was

observed for shorter Nafion in respective solvents).
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Figure S.6 Sulfur- Hydronium (oxygen) radial distribution function a. IPA, b. Glycerol.
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Figure S.7 Sulfur-Sulfur radial distribution function a. IPA, b. Glycerol

S3 Effect of counterion on Nafion aggregation in water/IPA system

As shown in Figure 12, in the main text, we studied the dispersion of Nafion in a 50/50 wt%
water/IPA system. Herein, we modeled the mentioned system with two different counterions,
hydronium, and sodium ions. As discussed in the paper, the counterion type has a strong impact
on the Nafion aggregation in dispersion systems. The following figures illustrate the radial
distribution function (RDF) of sulfur-counterion and sulfur- sulfur in these two systems. According
to the sulfur- counterion RDF (Figure S.8 a), the sodium ions have a stronger attraction to the
sulfur atoms in the side chains in comparison with the hydronium molecules. In other words, when
the counterion of the system is hydronium ion, the counterions are dispersed in the dispersion
system. However, according to the sulfur-sulfur RDFs (Figure S.8 b), there are no sulfonic acid

clusters in both systems.
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Figure S.8 a. Sulfur-counterion radial distribution function (RDF) of Nafion
dispersions in water/IPA mixture with hydronium and sodium ion as the counterions.
b. Sulfur-sulfur radial distribution function (RDF) of Nafion dispersions in water/IPA

mixture with hydronium and sodium ion as the counterions

Comments on Chapter 3:

In this work we did not consider the entropic effect on the ionic aggregates.
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S1 Energy equation

The force field employed in this work is depicted in the diagram below. Reference [1] provided
the specifications for the individual bonded and non-bonded terms of the Nafion macromolecule.

The solvent parameters were taken from [2]-[4].
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€, e ¥ 5 e 5 5 e 5 5 S4
O V W W V0 W W L W W (S4)

The internal coordinates of bond, angle, and torsion angle are represented by & —and ¢ and their

ground state locations are represented by the subscript 0 in equation (S1). The force constants for

bond, angle, and torsion termsare b , 0 and U .

The Lennard-Jones equation (LJ-9-6 form) is used to model non-bond van der Waals (vdW)

interactions, where - is the depth of the potential well, ,, represents a finite distance where the

inter-particle potential (potential between particle “Cand "Qis zero, and i is the distance between

the particles.
For cross terms in the LJ-9-6 equation, the following mixing rule is used:

(82)

— w o (S3)

Two-body electrostatic interaction is calculated using the Coulombic equation, where 1j denotes

partial charges of particle Q..
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S2 Cluster definition

A sulfur atom in the sulfonic group (or a hydronium molecule) is considered within cluster A if it
is less than 4 angstroms away from at least one sulfur atom (or a hydronium molecule) in the
cluster. For calculation of the average number of ion pairs in a cluster, ten different snap shots
have been chosen from the last 6 ns of the simulation. After specifying the clusters (A1, A2, A3...),
ion pairs in the clusters are counted for each snapshot. The average value of each snapshot is
calculated from the counted atoms in each cluster. The total average number of ion pairs reported

in this work is calculated from the average values of ion pairs in the 10 snap shots.
S3 IPA/Pt interaction parameters using DFT calculations

Table S1 Force field parameters for IPA and Pt using morse potential function

Pairs D (Kcal/mol) ro(A) i

Pt-Hmethyi 10.63177 1.76196 14.99163
Pt-Crmethyi 0.04404 5.35073 13.53231
Pt-Co 4.25748 2.55424 15.29315
Pt-O 19.12142 1.80993 19.73161
Pt-Ho 1.4902 5.02482 20.06287
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Appendix C (Supplementary information for Chapter 5)
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Figure S.1 Probability density of a. sulfonic groups b. hydronium versus height of the system
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Figure S.2 Distributions of the Nafion ionomers (backbones and sulfonic acid groups) in the dry state a. Nafion in

water b. Nafion in water/IPA c. Nafion in IPA
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Figure S3 Water and IPA probability density after 90 % evaporation process
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