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Lay Abstract

As the theoretical by-products are water and heat, proton exchange
membrane fuel cells have received a significant amount of research
attention for vehicular and stand-alone energy applications.
Perfluorosulfonic acid (PFSA) membranes, the most common commercial
polymer electrolyte materials, have been investigated their structural
features and local dynamics using modern analytical spectroscopies.
Solid-state nuclear magnetic resonance (ssNMR) spectroscopy and
synchrotron-based scanning transmission X-ray microscopy were used in
elucidating material <compositions with complementary information.
Moreover, an advanced ssNMR method was developed and applied to a
variety of PFSAs. The polymer backbone and side chain were separated
spectroscopically, and were distinguished based on different 1local
dynamics profiles extracted from the ssNMR experiments. Additionally,
the bulk material performance evaluations from electrochemical analyses
were correlated to the PFSA side chain molecular 1local dynamics
profiles. The integrated spectroscopic study illustrated in this thesis
provided insights in understanding the structure-performance

relationship of PFSA electrolytes.

iii



Abstract

This thesis focuses on the state-of-the-art spectroscopic
approaches in studying polymer electrolytes for proton exchange membrane
fuel cells. With the aim to optimize architectural and chemical design
of hydrogen fuel cells, a variety of perfluorosulfonic acid (PFSA)
membranes were explored to establish characteristics that wultimately
improve PFSA electrolyte performance. The results of the detailed
spectroscopic analyses helped to unveil a structure-performance
relationship. Solid-state nuclear magnetic resonance (ssNMR)
spectroscopy was used to distinguish F and C environments, while
scanning transmission X-ray microscopy coupled with X-ray absorption
spectroscopy provided complementary chemical structural information with
direct access to S and O environments. The combination of these two
techniques provided advantages in identifying subtle chemical
alterations in PFSAs. Furthermore, a novel ssNMR technique was
developed with the purpose of probing local dynamics from the polymer
perspective. The '"F dipolar recoupling ssNMR approach was validated and
applied to PFSA membranes by monitoring the normalized double quantum
build-up curves as a function of relative humidity (%RH) and
temperature, and the polymer side chain showed higher local motion as
response to temperature and %RH elevation compared to the backbone. The
effective dipolar coupling constant was extracted to represent local
dynamics and compared amongst tested PFSAs. A standardized metric, the
dynamic order parameter, was also introduced and applied to the
materials to quantitatively compare them within the same class. This
new method provided an alternative way to extract site-specific local
dynamics profile for materials with multiple resonances. Additionally,
the combination of in situ fuel cell performance evaluation and ex situ
ssNMR characterization created a connection between the fundamental
chemistry and the bulk electrochemical measurements. As the first study
to correlate the physicochemical properties to material performances,
this work parameterized the structural impact at a molecular level and

provided insight into improving polymer electrolyte materials.
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Figure 5. 11 "YF MAS NMR spectra for three types of PFSAs with

deconvolutions: a) Nafion (Nafion 117); b) Aquivion (Aquivion 98) c)
3M (3M 725). The experimental spectra are black, the deconvoluted
resonances are red, and the spectral residue is navy located at the
bottom of each set. Different fluorine sites are well labeled, and
the purple shades indicate the side chain SCF, fluorine is the focus
to reveal the local dynamics. Asterisks represent NMR spinning side
<= 2 T = 200

Figure 5. 12 Correlation between bulk membrane conductivity via EIS and

local dynamics parameter, D,,,, of the polymer side chain, SCF,. Top

left: at 80 °C, 100 %RH (red hollow squares). Bottom left: at 40
°C, 100 %RH (blue hollow circles). Top right: at 80 °C, 50 %RH (red
solid squares). Bottom left: at 40 °C, 50 %RH (blue solid circles).
Center plot: The overall correlation is summarized with color-coded
regions indicating different conditions. The dashed curve is the
exponential fitting of the overall correlation, which is illustrated
8 o T 0 0 O o Y- T = 204

Figure 5. 13 A schematic demonstration of proton transport mechanisms.®’
a) Surface proton hopping between sulfonic acid groups and water
molecules; b) Grotthuss mechanism between water molecules, and
hydronium bulk diffusion (dashed 1ine) . .csecsmm———s—nm, 205

Figure 5. 14 Correlation between H, permeability and local dynamics
parameter, D,,,, of the polymer side chain, SCF,. Similar data point
labeling scheme is applied here, as seen in Figure 5: 80 °C, 100 %RH
- red hollow squares; 80 °C, 50 %RH - red solid squares; 40 °C,
100 2RH - blue hollow circles; 40 °C, 50 %RH - blue solid circles.
The dashed exponential fitting is illustrated to represent the
correlation for 80 °C data set, while the solid exponential fitting
is for that at 40 °C. wmis s ———————————————————————— 207

Figure 5. 15 Correlation between H, permeability and local dynamics
parameter, D,,, of the polymer backbone, CF,. Similar data point
labeling scheme is applied here, as seen in Figure 5 and 6: 80 °C,
100 %RH - red hollow squares; 80 °C, 50 %RH - red solid squares; 40
°C, 100 %RH - blue hollow circles; 40 °C, 50 %RH - blue solid
circles. The dashed exponential fitting is illustrated to represent
the correlation for 80 °C data set, while the solid exponential
fitting is for that at 40 °C. . ————————————— 209
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Figure A2. 3 Correlation between H, and O, permeability of the three MEAs
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1.

Introduction to the

Hydrogen Fuel Cell

1.1 Thesis Layout

This thesis highlights the use of modern analytical techniques,
mainly solid-state nuclear magnetic resonance (solid-state NMR or ssNMR)
spectroscopy, to elucidate the structures and local dynamics of polymer
electrolyte materials. A novel approach using advanced ssNMR techniques
in the evaluation of the local motion of perfluoro polymers has been
developed and applied to different types of polymeric materials. Nafion
and similar alternatives are the major focus of this collection of work.
Other fluorinated polymers have been studied as well in the process of
developing the NMR method. Meanwhile, other spectroscopic techniques
have also been applied to compliment the ssNMR method.

Chapter 1 describes the background and motivation behind the work
presented in this thesis. A brief history and review of the latest
developments in hydrogen fuel cells with the current design and relevant
materials are presented. The challenges and open dquestions regarding
future fuel cell developments are also stated. Chapter 2 introduces the
analytical techniques used in this thesis, emphasizing the ssNMR method

used to probe the homonuclear dipolar coupling interaction. This
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chapter also describes scanning transmission X-ray microscopy (STXM) as
a chemical speciation tool and the fundamentals of cyclic voltammetry
(CV) and impedance spectroscopy used in electrochemical performance
analysis.

At the start of the experimental section, Chapter 3 focuses on the
spectroscopic analyses for a class of perfluorosulfonic acid (PFSA)
materials. STXM and NMR were used as a combined analytical
spectroscopic tool to identify different functional groups and elucidate
the polymer structures. B¢ and 'YF ssNMR were used to support the
element-specific X-ray absorption spectra (XAS) obtained from STXM.
Furthermore, fluorine diffusion NMR was used to evaluate the difference
between two ionomer dispersion solutions. Some challenges using these
two techniques on the PFSA materials are also described in this chapter
along with suggestions that might help to overcome these challenges.
Chapter 4 outlines the local dynamics approach using a YF-'"F double
quantum (DQ) ssNMR technique which was applied to a commercial Nafion
membrane material. This chapter describes the experimental setup and
the analysis of the results, as well as the introduction of a dynamic
order parameter in perfluoro systems. For the first time, the YF-'°F
homonuclear dipolar interaction was used as an indicator of local
dynamics in a PFSA material. The higher local motion of the polymer
side chain compared to the backbone in Nafion was revealed as evidenced
by a lower apparent dipolar coupling constant. Some common factors that
might cause skewed NMR results are also described here, and the
validation of the DQ method for fluorine systems is supported.

Chapter 5 reports an extended exploration using the DQ ssNMR
method to probe local dynamics in PFSA systems. In the first part,

three types of PFSA differentiated by different types of side chain
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structures with different equivalent weight (EW) values were
investigated by applying the newly developed NMR method. The samples
were treated and conditioned in the same way as the Nafion membrane
tested in the previous chapter. The overall result suggested that the
EW controls the difference in morphology development under the
conditions applied here. In the second part, these PFSA membranes were
subject to electrochemical performance analyses under fuel cell
operating conditions in membrane electrode assembly (MEA) form at
Ballard Power Systems. Simultaneously, the materials were treated at
the same conditions as the electrochemical analysis prior to the ssNMR
dynamics study. The correlations between the polymer chain 1local
dynamics and proton conductivity and hydrogen gas permeability were
successfully established over the class of PFSA materials. It was
suggested that the side <chain 1local motion promotes the proton
conductivity when the water network is not sufficiently formed at low
hydration levels. In the gas permeation process, the correlation shows
that the side chain motion has a more dominant influence towards gas
transport compared to the backbone structure. The discovery of these
correlations signifies the collaboration between academic and industrial
sectors in fuel cell research. Despite promising results, the role of
side chain structure could not be concluded based on the samples tested.
Future directions were proposed and suggested at the end of both parts
to conclude the experimental section. Chapter 6 serves as a summary
chapter, where the highlights and important results of this thesis are

recapitulated; furthermore, a future outlook is outlined.

1. Introduction to the Hydrogen Fuel Cell 3



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

1.2 Introduction to Polymer Electrolyte
Membrane Fuel Cell

1.2.1 Motivation for Fuel Cell Development

1.2.1.1 The Concept of a Fuel Cell

A fuel cell (FC) is an energy conversion system that converts
chemical energy from fuel into electrical energy. The introduction of
the fuel cell concept dates back to the 1830s.'”? Converting gaseous
fuels into electricity within a fuel cell system is attributed to Sir
William Grove in 1839.° Initially, the fuel cell was referred to as the
‘gaseous voltaic battery’ in which platinum electrodes and sulfuric acid
electrolyte for the hydrogen/oxygen reaction were used to illustrate the
fuel cell concept experimentally. It is believed that the discovery of
the fuel cell principle belongs to a Swiss Professor, Christian F.
Schonbein.? > He concluded that it was the chemical reaction between
hydrogen and oxygen that generated the current.’” > Between then and the
late 19 century, scientists improved the fuel cell design through the
usage of platinum mesh as electrodes® with higher surface area and the
development of an electrode matrix (also called a diaphragm) to retain

the liquid electrolyte for practical purposes.?® ’

1.2.1.2 Development of the Fuel Cell: The Choice of
Solid Electrolytes

With the experimental results reported first by Lord Rayleigh, the
use of impure hydrogen derived from a process where air and steam are
passed through glowing coal, initiated the development of a ‘direct
coal’ fuel cell.? Due to the 1low energy conversion rate from the

chemical energy into mechanical energy in a steam engine, the idea of
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designing a device that converts energy ‘directly’ through
electrochemical processes without losing the heat required in the coal
burning is desirable. A fuel cell converting chemical energy directly
from coal into electricity was proposed and demonstrated®® (where the
electricity was believed to be converted directly from the chemical
affinity of the coal for the oxygen); yet the direct oxidation of coal
was proved to be ‘indirect’ instead, where the electrochemical reaction
first occurs between the coal and the electrolyte and then with the
electodes.

By the early 20™ century, several types of electrolytes had been
explored during the development of the coal fuel cell.!' To aim for the
direct use of coal gas as fuel, molten alkaline carbonates were
discovered to interact with the coal initially. During the 1940s to
1960s, molten carbonate fuel cells became the major focus of the fuel

cell community.?® '*

The reason behind this development was the desire
to achieve high operating temperature in order to use the coal gas,
while maintaining a low cost. However, an important issue associated
with the molten carbonate electrolytes was that the electrolyte was not
completely solid in which the 1liquid carbonate phase was often
immobilized and supported by a solid matrix framework, therefore the
circulation and seal of the -electrolyte in the system became
challenging.

To search for a more manageable electrolyte candidate, a solid
electrolyte was discovered and suggested as a more suitable and
practical alternative for fuel cell systems, and in 1937 the solid oxide
fuel cell was developed based on a solid mixed metal oxide material.'®"'®

Porous metal electrodes were applied in molten carbonate fuel cells in

1960 instead of the matrix type, which was typically a porous and non-
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conducting solid. Additionally, a gas diffusion electrode was
implemented as it was predicted to achieve high current density.!!

The developments of molten carbonate and solid oxide fuel cells
enabled high temperature fuel cell operation; unfortunately, the
application is rather limited since it requires a large amount of heat
input. For low temperature fuel cell devices, alkaline and phosphoric
acid fuel cells were developed in which liquid alkaline solution and
phosphoric acid were used as electrolytes, with the goal of reaching a
wider range of applications. The alkaline fuel cells reduced electrode
corrosion when compared to acid electrolytes®?® !7; allowing them to be
included in several applications such as the Apollo space missions,
Orbiter space shuttles and an experimental fuel cell electro-van by

General Motors.?™

However, the challenge in electrolyte management
(including sealing and circulating within the system) associated with
liquid electrolytes remained the same as in molten carbonate fuel cell
devices. For low temperature fuel cell designs, an electrolyte material
in solid form became necessary.

With the rapid expansion of the polymer industry, the first
practical fuel cell application was a polymer membrane electrolyte (PEM)
fuel cell by General Electric (GE) used in the Gemini space missions in
the early 1960s.'® With the discovery of the perfluorosulfonic acid

212 the inclusion of Nafion

polymer ‘Nafion’ by Du Pont company in 197
in the catalyst layer was proposed at the Los Alamos National Laboratory
in 1986.*' Ballard Power Systems demonstrated polymer electrolyte fuel
cell powered buses in the early 1990s as the pioneering commercial

application with hydrogen as the primary fuel in the system.'™®
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1.2.1.3 Development of the Fuel Cell: The Use of Carbon

In addition to hydrogen fuel cells, direct methanol fuel cells
using methanol as the fuel source received a certain amount of attention
throughout several decades, with the hope of using direct coal gas.
This type of fuel cell was originally investigated using alkaline and
acid electrolytes, but more recently the main focus has been on
implementing a polymer electrolyte in this system.!” Meanwhile, since
the late 1960s phosphoric acid fuel cells where concentrated phosphoric
acid acted as the electrolyte were being developed.?® The original
application for this technology was the Moonlight project in Japan
during the 1980s.?? More recently, it has been used commercially in

stationary power generators.!' ?

In the development of the phosphoric
acid fuel cell, the use of carbon was widely investigated.®*?* 1In its
various fabricated forms, it was initially used as separator plates,
following which is was included in current collectors, electrodes, and
catalyst supports. This discovery is tremendously important for fuel
cell research, since carbon is relatively chemically stable, cheap and
light.? After years of development and investigation, the solid polymer
fuel cell finally achieved success in 1large scale applications,
specifically for electricity generation for the U.S. space programs at
the beginning of space travel. Extensive research on fuel cell
applications resulted in various commercial applications, thus

establishing a new industry.''?

1.2.1.4 The Industry: Moving Forward

Over the 1last several decades, the wurge to increase the
versatility of power generations as well as the growing demand for

electricity have attracted a significant amount of attention to the
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development of powerful and efficient power generators. Ongoing
dependence on fossil fuels as a primary energy source has the
consequence of continuously increasing the anthropogenic production of
the greenhouse gas CO, resulting in an unsustainable situation with a
global shortage of the main energy supply. Most importantly, the
increasing global awareness of the impacts of human activities on the
environment promotes research on reliable power sources to achieve
environmental sustainability with increasing world population.'™ Fuel
cells may assist the reduction of our reliance on fossil fuels and
minimize the greenhouse gas and other toxic emissions from fossil fuel
usage. By using hydrogen as a fuel supply, the only theoretical by-
products of a fuel cell are water and heat, making it a zero or ultra-

low emission system.'"?

Hydrogen fuel cells using a polymer membrane as
the electrolyte have demonstrated promising potential after the
practical application used in space missions. Based on its 1light
weight, high energy conversion efficiency, low or =zero emissions, and
simple and modular cell design, PEM fuel cells (PEMFCs) have a wide
range of applications, such as transportation, stationary power
generation and implementation in portable devices as an auxiliary power
source.'"? Although the abbreviation ‘PEM’ initially represented
‘polymer electrolyte membrane’, it now primarily refers to ‘proton
exchange membrane’ because of the nature of the polymer functionality in
hydrogen fuel cell. Most major automobile manufacturers have
demonstrated and experimented with FC-powered vehicles, and many have
plans to introduce (or already have introduced) products on the
commercial market. Most recently, United Parcel Service started a trial

and development program using a fuel cell module for hybrid delivery

vans in the Greater Los Angeles area, and Siemens will develop fuel cell
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drive for its train platform to achieve high power density and high

efficiency fuel cell systems.

1.2.2 Principles of A Fuel Cell

In a fuel cell, the free energy of a chemical reaction is
converted into electrical current. It operates like a conventional
galvanic cell with externally supplied reactants. The change in Gibbs
free energy, AG, of a chemical reaction is related to cell potential'™™
»

AG = -nFAE, (Equation 1.1)
where n is the number of electrons involved in the reaction, F is the
Faraday constant, AE, is the potential difference between the anode and
the cathode of the cell at thermodynamic equilibrium.

The anodic reaction of a fuel cell is essentially the oxidation of
methanol or hydrogen (HOR), while the oxygen reduction reaction (ORR)
occurs on the cathode. For a hydrogen fuel cell illustrated by a

schematic diagram of a PEMFC (in Figure 1.1), the overall reaction is:
1
H, + —0, = HO with AG= -237 kJ mol™  (Equation 1.2)
2
with a cell potential at equilibrium for standard conditions of:
AG .
AE, = — — = 1.23V (Equation 1.3)

which is often referred to as the theoretical hydrogen/oxygen fuel cell

potential.'”?
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Anode § Cathode

\

——
Fuel Oxidant
(Hydrogen) (Oxygen or air)

Electrolyte
(PEM)
Water and Heat

Figure 1. 1 Schematic drawing of a proton exchange membrane fuel cell,
which is an example of a hydrogen/oxygen fuel cell system.

The fuel cell consists of two electrodes, which are separated by
an electrolyte, in the case of Figure 1.1 the electrolyte is solid
polymer membrane, and are connected through an external circuit. The
electrodes are usually porous materials that allow gas or liquid phase
fuel and oxidant to permeate through in order to supply the fuel for the
chemical reactions that occur on the electrodes. As an example
demonstrated in Figure 1.1, in PEMFC the electrochemical reactions that

occur at the two electrodes are as follows:

1 X .

Cathode: -0, +2H + 2 — HO (Equation 1.4)
2

Anode: H — 2H + 2e (Equation 1.5)

The electrons flow through the external circuit that interconnects
the two half-cell reactions, leading to the combination of oxygen ions

and protons to produce water. The reactions may have several
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intermediate steps due to the catalysis process in real fuel cell
applications resulting in undesired by-products, which will be described
in more detail later (section 1.2.3.1).

In a traditional internal combustion engine (ICE), chemical energy
is transformed into mechanical energy, and it can then be further
converted into electrical energy using an electromagnetic generator

3. 25 The combustion

through rotations in power generator applications.'”
of fossil fuels that are mainly hydrocarbons is an exothermic process.

The maximum efficiency can be expressed by the Carnot cycle efficiency'”

> 2, MN,e r which is essentially the ratio between the energy output and

input:
Ny = 1 — —low. (Equation 1.6)
high
where T, ~and T,,, are the two temperatures during the operation cycle
o 1gl
of the ICE. From a thermodynamic perspective, the efficiencies of ICEs

can reach maximally 50% for the most efficient engines.

The reaction that occurs in a PEM fuel cell is the same as
hydrogen combustion. The enthalpy for this exothermic reaction is the
overall heat of formation of products and reactants. Therefore, the
enthalpy AH for the overall reaction in Equation 1.2 is -286 kJ mol™'.
Theoretically the free energy of the reaction can be fully converted
into electrical energy; thus AG is used to represent the energy output.
For the energy conversion efficiency in PEMFC, the maximum possible

efficiency is the ratio between AG and AH:

Negupe = —— = —— = 83% (Equation 1.7)
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There are many factors that influence the practical cell
efficiency, including the losses caused by electrode overpotentials (the
potential difference between the theoretical potential and the
experimental potential, which is needed to maintain the current flow)
due to a slow ORR at the cathode and the electrolyte resistance.
Despite the factors that reduce fuel cell electrochemical efficiency,
the overall efficiency is still superior to conventional ICEs.!™

Based on different types of electrolytes, fuel cell systems can be
organized into several categories. Table 1.1 summarizes the comparison
of energy conversion efficiency, operating conditions, and fuel types
among the different categories. As they are <classified by the
electrolyte type, direct methanol fuel cells (DMFC) are not considered
to be a single class, and are instead usually included as a subset of
PEMFCs due to the usage of a polymer membrane as the electrolyte.'™
Another way to categorize different types of fuel cells is to look at
their operation temperatures. As demonstrated in Table 1.1, the

different colour blocks represent the low-, medium-, and high-

temperature fuel cells.!'”
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Table 1.
developed.

Cell Fact Sheet reports

Hydrogen Program in 2006 and 2015.2%°%

1 The different types of fuel cell systems that have been
The electrical efficiency values are gathered from the Fuel

by the United States Department of Energy

Fuel Cell Operating Electrical
Electrolyte Fuel Oxidant Temperature Efficiency
Types (°C) (%)
AFC 60-70
(Alkaline Fuel KOH H, 0, 90-100
cell) 60 (LHV)
PEMFC
(Polymer :
Electrolyte Silld H, 0,, Air 50-100
Membrane Fuel Polymer
Cell)
50-60
40-60 (LHV)
DMFC :
(Direct Methanol Silld CH,0H O0,, Air 60-90
Fuel Cell) Polymer
PAFC ; _
(Phosphoric Acid Phospbgrlc H, 0,, Air 150-200 436 42
Fuel Cell) Aci (LHV)
MCFC Alkaline H,
(Molten Carbonate co 0,, Air 600-700 60
Carbonate Fuel . 2! 50 (LHV
( )
Cell) (Ll, K) CH4
SOFC : ; H,

(Solid Oxide SOl;d ;dee co 0,, Air 500-1000 50 i&v
Fuel Cell) (Y, 2r) CH, ( )
*LHV — Lower Heating value. It is essentially treating H,0 formed as

vapor.

1.2.3 Proton Exchange Membrane Fuel Cell

Solid polymer electrolyte fuel cells have adopted the name ‘proton

exchange membrane electrolyte fuel cells’

conducts the protons between electrodes in a hydrogen fuel cell.!'™

1. Introduction to the Hydrogen Fuel Cell
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The promise of zero or ultra-low emission associated with using hydrogen
as fuel has made the development/improvement of hydrogen fuel cells gain
exceptional attention. PEMFCs stand out and have been demonstrated with
many successful commercially available examples, as compared to other
types of fuel cells they do not require high thermal energy to operate,
are low maintenance, and the solid electrolyte reduces system
corrosion.?® Besides the application in transportation such as fleet
buses and cars, PEMFCs have also been utilized in stationary and

portable power generation.?®’ 28

1.2.3.1 Important Reactions

The HOR in a fuel cell occurs readily at the anode. It typically
involves the adsorption of H, onto the catalyst surface, followed by the
dissociation of the molecule and the electrochemical reaction of proton

formation. The general steps are as follow:

2Pt(s) + H, — 2Pt — H_,_ (Equation 1.8a)

Pt — H, — H + e + Pt(s) (Equation 1.8b)
where Pt(s) represents the catalyst surface and Pt — H,, stands for the
adsorbed hydrogen atom on the Pt surface after dissociation.?’ Even

though the HOR has fast kinetics on the catalyst surface due to high
catalytic activity, the Pt <catalyst is very sensitive towards
impurities. To reduce the cost of the H, fuel, reformed H, sources are
often used, which contain gas impurities that can cause parasitic
interactions with Pt leading to a reduction in catalytic activity.
Carbon monoxide is one stubborn contaminant that has high adsorption
affinity on the Pt surface, which blocks the active sites on the
catalyst surface. 1In order to combat this, low-Pt or nonprecious metal

catalysts have been explored.!'
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In comparison to the rapid HOR, the ORR is considered a ‘sluggish’

reaction due to its slow kinetics.'s 3 ?°

It involves the adsorption of
0, gas, the dissociation of molecular oxygen at the catalyst surface and
the combination with protons to form water. These steps are critical
for a PEMFC to function properly. It has been demonstrated that the ORR
is sensitive towards properties of the catalyst such as particle size,
catalyst structure, and geometry.'™ Unfortunately, many of the

experimental results are controversial, and the catalyst

structure-activity relationship is still not well described.

1.2.3.2 Design of a Proton Exchange membrane fuel cell

As illustrated in the previous section, the system relies on the
proton exchanging ability of the membrane electrolyte. The
revolutionary design of the MEA combines the the key parts of a PEMFC by
integrating the anode, cathode, and the electrolyte into a compact thin
unit, about several hundred microns in thickness.!™?

The main component in the MEA is the solid polymer material. It
is required to be an electronic insulator and a gas barrier between the
two electrodes, while also being a thin material that enables high
current densities and fast proton transport.?® A properly designed MEA
leads to high power densities in fuel cell stacks for transportation
applications. To achieve sufficient proton conductivity, based on the
proton transport mechanisms (described in greater detail in Chapter 5)
the membrane needs the presence of water to form an interconnected
hydrophilic network, which limits the operating temperature in order to
retain water in the system. Therefore, effective catalysis under the
temperature limitation is required for successful PEMFC operation. A

catalyst blended with a carbon support forms thin layers on either side
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of the polymer membrane, which are often referred as catalyst layers
(CLs) . A liquid dispersion form of the membrane, called the ionomer
solution, is commonly used in CLs to enhance the ionic conductivity,
while at the same time serving as a binding material.?’?® The combination
of the CLs and the membrane electrolyte is often referred to as the
catalyst coated membrane, which is the centerpiece of the MEA and the
entire fuel cell system.

As a result of the use of gaseous reagents, the delivery from the
reagent supply to the catalyst active sites is crucial to the overall
efficiency of the system. Gas diffusion layers (GDLs) are usually
implemented onto electrode substrates to achieve gas permeability and
electrical conductivity.!'™ This component provides a pathway for
reagent gases to reach the catalyst layer, and due to the mechanical
properties of the GDL (usually made of carbon fibers) it also offers a
nice physical support for the MEA.

To put PEMFCs into practical applications, a series of MEAs are
put together to form a fuel cell stack where gas supplies for both
electrodes requires a compromise in order to satisfy the low Ohmic
losses with a flat gas supply design while maintaining sufficient access
of reactant gases to the -electrodes. Flow field plates (see
Figure 1.2), also called ‘bipolar plates’ with gas channels on both
sides, are employed in an attempt to solve this problem.!” The flow
field plates are essentially graphite plates with gas flow path patterns
etched on either side, and are placed in between MEAs. With this
layout, the fuel can be fed into one side of the plate to reach the
cathode of one MEA, and the oxidant is lead into the anode side of the

adjacent MEA; hence, the term ‘bipolar’.
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v
Field Flow Plate

t_
/

Anode Membrane Cathode

Figure 1. 2 Fuel cell stack with flow field plates (or bipolar plates)
and MEAs.’

1.2.3.3 Issues and Challenges

With decades of dedicated work done by scientists and engineers
from both academic and industrial sectors, the performance of fuel cells
in wvarious applications is impressive. Yet, there are still some
challenges that need to be overcome. The cost, mainly attributed to the
use of precious metal Pt as catalyst, limits the mass production of

PEMFC-powered automotive applications.'™

Fuel storage and distribution
issues can also limit the portability of the applications. Furthermore,
how ‘green’ is a PEMFC actually? The answer to this question really
depends on the H, source. If the H, economy relies on fossil fuels (for
H, reformation), the goal of reducing the greenhouse gas emissions is
not achieved. Moreover, the active catalyst in PEMFCs is very sensitive
towards impurities in the hydrogen fuel source, and thus fuel purity is
very important. The impurities can cause CO poisoning, where the CO
molecules block the active catalysis sites, which causes
membrane/ionomer degradation and essentially reduces the overall cell
efficiency.'"?

Additionally, based on the mechanisms of proton transport, water

is necessary for PEMFCs to work effectively, thus water management in
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the cell structure during operation becomes critical. As the gaseous
reagents require a clear pathway to reach to the CLs if the MEA is
flooded, such corridors are not available.!™® In general, the
resistivity of proton transport through the electrolyte depends on the
pathway length, i.e. membrane thickness. To overcome the resistivity
issue for thick electrolytes, thinning the membrane becomes one
approach; however, because of the porous nature of a polymer membrane,
the fuel gas often permeates through the electrolyte, especially when

the membrane is thin, which leads to fuel loss and efficiency loss.!™® 3%

31 There is therefore a desire for the development of an ideal material

and cell design to combat these issues.

1.3 Solid Polymer Electrolytes

1.3.1 Historical Development of PEM

GE started testing solid polymer materials as electrolytes for
fuel cells in 1959.!'7% *® The membranes studied initially were phenol-
sulfonic acid based. To improve the power density, GE developed
partially sulfonated polystyrene sulfonic acid membranes (used in the
Gemini space programs). Due to the poor mechanical properties in a dry
state, a cross-linked polystyrene-divinylbenzene sulfonic acid membrane
was introduced, although the power density was still not high enough to
make an adequate fuel cell system. The big breakthrough was the
introduction of Nafion, a perfluorosulfonic acid (PFSA), by DuPont in
the 1970s.'®2° Fuel cells that incorporated Nafion exhibited a much
longer lifetime and higher proton conductivity. Due to its outstanding
performance, it soon became, and still is, the standard PEM electrolyte.

Chemical companies like the Dow Chemical Company, the 3M Company and
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Asahi Kasei Corporation have developed PFSA materials with shorter side
chains and various ratios of SO;H to CF, groups. PFSA was the first of a
class of synthetic polymers that exhibited ionic conductivity (called
ionomers). Meanwhile, other classes of PEMs have been developed, such
as partially fluorinated, non-fluorinated 1like sulfonated poly-ether-
ether-ketone (SPEEK), acid-base blends, etc.?’” ?® These hydrocarbon-based
membrane alternatives are less expensive and are much easier to modify
compared to traditional PFSA membranes, however they come with their own
set of challenges, and are not studied within this thesis.
The membrane electrolyte is the key component of the PEMFC, and

the desired properties of PEM are listed as follows'™® ?%:

* High proton conductivity

* Good mechanical strength and stability

* Chemical and electrochemical stability over fuel cell

operating conditions
= Ability to retain moisture
*= Low gas permeability to prevent fuel loss

. Low cost

= Electronic insulator

1.3.2 Perfluorosulfonic Acid Polymer

PFSA ionomer materials consist of a polytetrafluoroethylene (PTFE)
backbone and perfluorinated polyvinyl ether side chains terminated with
sulfonic acid groups. The characteristic measure for a PEM is the
equivalent weight (EW), which is the molecular weight of the polymer per
sulfonic acid pendent group and is also inversely proportional to the
ion exchange capacity (IEC).® ?® Therefore, if a PFSA has lower EW, it

means that the sulfonic acid groups show up more frequently along the
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polymer chain, which implies higher ionic conducting site population,
hence higher IEC. The nomenclature of this class of material is usually
constructed with the type or brand of PFSA (eg. 3M, Gore, etc.) followed
by its EW. In this thesis, the work involves three types of PFSA

materials based on different side chain structures, with various EWs.

1.3.2.1 Nafion
Nafion is a so-called long-side-chain (LSC) PFSA and is the
benchmark PFSA membrane in PEMFCs. It is probably the most studied

electrolyte for PEMFCs both in the broader fuel cell research community,

and in this thesis. Its structure is demonstrated in Figure 1.3.
+CF2—CF+CF2—CF2)—)
| "
O— CF,— CF——0——CF,—CF,—SO4H

Figure 1. 3 Chemical structure of a copolymer Nafion, LSC-PFSA, where m
is indicative of EW. It has a PTFE backbone and a perfluorinated
polyvinyl ether side chain.

Analogous to the other PFSAs, Nafion consists of PTFE hydrophobic
backbones and perfluorinated sulfonic acid side chains with two ether
groups. The backbone structure has superb chemical resistivity, which
is attributed to the high bond energy of C-F, 480 kJ mol™!.?® It has
been differentiated as a long-side-chain PFSA based on its side chain
structure compared to alternative structures. It is typically
categorized by its EW and membrane thickness. For example, Nafion 117,
the star material discussed in this thesis, refers to a membrane that
has an EW of 1100 g mol™? per sulfonic acid group and a thickness of
0.007 inches (178 um). The number of CF,-CF, repeating units is an

average value, which describes the distribution of the co-monomer

sequence along the polymer chain. For Nafion 117 with EW of 1100, there
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are 6.5 repeating units of CF,-CF,. In other words, the adjacent side
chains are separated by 14 CF, groups on the backbone.

Nafion’s excellent chemical resistivity and ionic conductivity
have led to its mass popularity since the date it was first introduced.?®
3.2  The structure-performance relationship has been under investigation
over the past several decades using numerous techniques, including
diffraction and light scattering, in an attempt to understand Nafion
morphology. Largely due to the lack of crystallinity and complicated
phase separation that occurs due to a difference in hydrophilicity of
the copolymer chain, there have been many models proposed to aid the
fundamental understanding of diffusion and conduction processes in
Nafion.?® The most referenced model, the ‘cluster network’, proposed by
Gierke and Hsu’*?!, was the basis for all the related models that
describe the microscopic structures. According to this model, the
polymer forms an inverted micellar structure where the ion-exchange
sites are separated from the hydrophobic backbones which leads to the
formation of spherical clusters. Recent studies have modified the model
into a ‘random network’ model, in which an intermediate region is
involved wherein the side chains tend to cluster and form hydrated
regions. This microscopic model that describes the distribution of the
hydrated regions is much more random than the previous version, and it
has been experimentally supported by small angle X-ray scattering
measurements. >’

The idea of a phase separated Nafion polymer has been widely
accepted based on evidence from various modeling and X-ray scattering

studies.?* ¥

The sulfonic acid terminated side chain forms hydrophilic
domains that become ionic clusters, while the PTFE backbones form

hydrophobic domains, especially when a higher degree of hydration is
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reached in the system. Several studies agreed with the ionic cluster-
network model as Gierke and Hsu proposed®™, where the clusters are
interconnected forming a proton conducting network. The hydration level
of the system strongly affects the proton conductivity, which was
demonstrated in the pioneering work by Zawodzinski et al. in 1993.°%® The
free water molecules together with the interconnected ionic clusters
form a network to promote the overall proton diffusion and
transportation. The vehicular mechanism of proton transport has been
proposed and accepted for conditions where there is a large amount of
water present, in which the protons migrate in the form of hydronium
ions, H;0".* On the other hand, at low water content protons are
transported with a ‘hopping’ style motion, a process that is often
referred to as the ‘Grotthuss mechanism’, where the protons are passed

from one conducting site to the other.®"*!

Therefore, retaining water in
the membrane is essential to maintain a functioning fuel cell systemn,
which implies that this class of proton conducting membranes will not be
useful for high—temperature applications where the water molecules
cannot be contained.

An additional problem related with low operating temperatures is
that the use of a reformed H, source containing CO impurities causes

poisoning of the Pt catalyst as discussed previously.? ??

Unfortunately,
the binding affinity of CO on the Pt surface is much higher than that of
H, specifically at the typical Nafion PEMFC operating temperature.
Although increasing the operating temperature to above 100 °C can
overcome the catalyst poisoning issue, this is beyond the optimal
operating temperature for Nafion.

Another issue associated with the use of Nafion is that Nafion

operates optimally at a temperature close to the boiling point of water,
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which leads to water condensation on the electrodes where the pores used
for the reagent gas diffusion become occupied by condensed water. The
gas feed therefore needs to be pressurized to keep the fuel cell
operating with a hydrated membrane at a temperature below the boiling
point of water, which unfortunately reduces the overall system
efficiency.' ?

Although Nafion has good chemical resistivity overall, it still
suffers from mechanical, chemical, and thermal degradation as
demonstrated by issues such as pinhole formation and membrane thinning
that have ©been observed during end-of-life fuel cell operation

studies.?'’ *?

Thermal stability tests of Nafion have also demonstrated
that a change in chemical structure occurs when the material is simply
heated.*® Moreover, chemical degradation of Nafion has been investigated
by many techniques in both qualitative and quantitative ways aiming to

44-45

identify the degradation products and mechanisms. The main source of

chemical degradation comes from hydroxyl radical attack, which has been

proven based on NMR analysis.®*™*

The radical typically targets the
vulnerable —O-CF,- ether bond to cleave off the sulfonic acid pendent
group, which leads to the loss of the proton conducting site. Put

together, these various degradation mechanisms can significantly limit

the PEMFC system efficiency.

1.3.2.2 Nafion Alternatives

Operating at higher temperatures, good proton conductivity at low
hydration level, low risk of degradation, etc., have become the main
obstacles for the improvement of ionomer materials like Nafion used in
PEMFCs.’? 2® By taking advantage of the high chemical resistivity in

perfluorinated polymer materials, short-side-chain (SSC) PFSA materials
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?®  One recent development that has been reported

have been developed.®*
by Solvay Solexis, is a material referred to commercially as Aquivion
(formerly known as Hyflon) that has only one ether group and a much
shorter side chain (Figure 1l.4a). Another new type of PFSA was developed
by 3M, and has one ether group on the side chain as well but has two
extra -CF,- compared to Aquivion (Figure 1.4b). Neither of these two
alternative PFSAs have a —O-CF,-CF(CF;)- segment connected to the PTFE

backbone, which reduces the possibility of side chain cleavage from

radical attack at that ether bond.

a) +CF2—TF+CF2—CF2H

O——CF,—CF,—SO,H

b) —ECFZ—TF—GCFZ—CFzﬁ

O_CF2_CF2_CF2_CF2_SO3H

Figure 1. 4 Chemical structures for two types of Nafion alternative PFSA
materials: a) SSC-PFSA, commercially known as Aquivion; b) a new PFSA
material delivered by 3M Company. They both only have one ether group
in the side chain structure.

Studies have demonstrated a higher degree of crystallinity and
glass transition temperatures of SSC-PFSAs, which could potentially lead
to comparable proton conductivity and better stability.?? 28 The
literature values for the three types of PFSA are summarized in

Table 1.2.%%

Table 1. 2 Properties of membranes from literatures including ionic
conductivity and glass transition temperatures (T;). %

Nafion Aquivion 3M
PFSA Type (Figure 1.3) (Figure 1l.4a) (Figure 1.4b)
Conductivity
(S/cm) 0-10 013 0.1
T, (°C) 123 148 144
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Another approach to improve Nafion is to combine the ionomer with
a matrix to form a composite. Gore and Associates have introduced a
Gore-Select® membrane where the perfluorinated ionomer material is
interpenetrated with PTFE, which is proven to increase the mechanical

durability of the membrane.?®*

Composite membranes can also be made by
mixing the ionomer with solid oxides. ©Nafion with TiO, or SiO, composite
membranes were introduced, which has led to excellent thermal
stability.?® The composite membranes also have been shown to have better
proton conductivity at higher temperature and require a lower hydration
level compared to the regular PEMFC operating conditions. Moreover,
additive materials that do not rely on water content to conduct protons
can help to maintain the proton conductivity under less ideal operating
conditions for Nafion. For example, Nafion doped with H;PO, was reported
to have excellent mechanical stability at 200 °C. This approach has

presented some potential to overcome the disadvantages of Nafion, but no

applications have been developed yet.

1.3.3 Ionomer Material

Although the term ionomer comes from the ionic conductive polymer
when Nafion was first introduced, it is now often used to refer to the
liquid dispersion solution that is used in CL and MEA fabrications.!’ ?
Ionomers have the same chemical structures/formulae as the membrane

materials, except that during the process of making the dispersion,

stabilizing chemical additives are often present.
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1.4 Evaluation of Solid Polymer
Electrolytes

To develop a PEMFC system with excellent performance and a long
lifetime, understanding the structure-performance relationship is vital.
This includes unraveling the structures of the materials and connecting
the physicochemical properties to their performance as electrolytes.

Evaluation of polymer electrolyte materials requires knowledge of
chemical composition and structure, gas diffusion resistivity, and ionic
conductivity. With the growing interest in fuel cells, there are many
techniques that have been developed for such evaluations. Due to the
soft nature of these membranes that lack crystallinity, studying the
materials in their original polymer form requires a non-destructive
technique. These materials are also used in CL fabrications, and
therefore for future studies on the role of the ionomer in CLs, the
evaluation techniques need to have good chemical sensitivity. The next
chapter provides a brief background and general descriptions of the
methods used throughout this thesis +to probe polymer electrolyte

properties.
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2.

Methodology

In this chapter, a brief introduction of the physical techniques
used in the current thesis study is delivered. The chapter starts with
an introduction of the solid-state nuclear magnetic resonance
(solid-state NMR or ssNMR) technique, with emphasis on the double
quantum recoupling method used throughout this thesis, which was adapted
with permission from Macromolecules. Copyright 2016 American Chemical
Society (Z. B. Yan, D. H. Brouwer, G. R. Goward. 2016, 49, 7331-7339).
Scanning transmission X-ray microscopy (STXM) coupled with near edge
X-ray absorption fine structure (NEXAFS) is then discussed, followed by
an explanation of the basic theory Dbehind the electrochemical

performance analysis.

2.1 Solid-State NMR Spectroscopy

Numerous NMR methods have been used in structure characterization
and dynamics analysis for a wide range of polymeric materials.'> The
nature of the molecules, the morphology, and the phase structure can all
be probed by NMR techniques in the solid state. Characterization of the
molecular dynamics of solid polymer electrolyte materials is required to

be performed in the solid state. Throughout this thesis, ssNMR
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spectroscopy has been used to evaluate a class of perfluorosulfonic acid
(PFSA) materials to probe the 1local dynamics with the goal of
understanding the structure-property relationship. This section
introduces the basics of ssNMR including nuclear spin interactions with
the applied magnetic field and under radio frequency pulses. The
homonuclear dipolar coupling interaction is the key to the advanced
ssNMR method to study 1local dynamics that is use significantly
throughout this thesis. This method is also explained and validated in

this chapter.

2.1.1 Interaction with External Magnetic
Fields

NMR is a physical phenomenon where an atomic nucleus in a magnetic
field emits or absorbs electromagnetic radiation during transitions
between magnetic energy levels.® The energy of the radiation is at a
specific frequency depending on the magnetic field strength and the
nucleus, which is also known as the resonance frequency. To observe
this phenomenon, NMR spectroscopy can be applied by manipulating the
nuclear spins to study the specific quantum mechanical magnetic

properties of the nucleus.’™®

2.1.1.1 Spin Behavior in an Applied Magnetic Field

In quantum mechanics, angular momentum is quantized and spin is a

8

form of angular momentum.’" Nuclei with an odd number of protons,

neutrons or both have intrinsic non-zero spin angular momentum, I ,
which is used in NMR spectroscopy. The angular momentum state of the

nuclear spin is described by the spin gquantum number, m;, where

m~= -I, -I+1, -I+2,..,I-1, I, and I denotes the primary spin gquantum
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number. Therefore, the total number of states is 2I+1, which is also
referred to as the state degeneracy.® The vector model describing the
spin angular momentum is provided by a magnitude L along with the spin

quantum number m; to indicate the direction. Hence,

L=hyI(I+1) (Equation 2.1)

and angular momentum along the z-axis is

I =mh (Equation 2.2)

where h is the reduced Planck constant. The pictorial representation is

shown in Figure 2.1 for I=1/2, 1, and 3/2.

1=1/2 1=1 1=3/2
Figure 2. 1 The quantized angular momentum values for I=1/2, 1 and 3/2.
Each spin possesses a magnetic moment [, which is related to the
spin angular momentum,
[L=yhI (Equation 2.3)
where y is the gyromagnetic ratio of the nucleus.’”’ Thus, the bulk

magnetization is essentially the sum of all the individual magnetic

moments, denoted as:
1‘7.I=Zﬁ (Equation 2.4).

Without the help of an external magnetic field to align all of the

magnetic moment vectors, the bulk magnetization of the nucleus is often
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zero. Under an applied magnetic field, the spins are aligned resulting
in a non-zero bulk magnetization.

Under the magnetic field, B,, the magnetic spin state has energy

of:

E=-[i-B,=-yhI-B, (Equation 2.5)
where the energy also depends on the orientations of U and BO. In the
Cartesian coordinate system, B is usually defined along the

0

9

z-direction.’® The spin operators in this coordinate system are denoted

by T_, Iy, and I . The perturbation of the magnetic field to a nuclear

X

spin along the z-direction has the Hamiltonian (Zeeman Hamiltonian):

Iy 0
H =-yhI-B,=-Yh I, || o =-yhI_-B,=hwm,I, (Equation 2.6)
T B,

The spin precession that arises from the angular momentum around

the external magnetic field is given a frequency, which is called the

Larmor frequency, @ and can be expressed as:

0 4

®,=-YB, (Equation 2.7).

The perturbation of the external magnetic field causes the ground
spin state to split into sub-levels, a phenomenon which is also known as

the Zeeman interaction (or effect).’”’

2.1.1.2 Zeeman Splitting

Spin 1/2 nuclei, 1like the proton (one isotope of the hydrogen
atom) which is the most commonly studied nucleus via NMR spectroscopy,

have spin I=1/2 and m;=-1/2 or 1/2. This gives the spin two energy
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levels (high and low) due to the splitting under the magnetic field.’"®
The spin population distribution is then described with the Boltzmann
distribution in terms of the occupancy of these two states:

AE

hnd kT

—=e (Equation 2.7)

where k is the Boltzmann constant, T is the temperature in Kelvin, N_ is

the number of spins in the higher energy level and N, is the number of

spins in the lower energy state. The total number of spins, N, is the
sum of N, and N.. The spin population difference between the two states
becomes:
Ai
I-e™
AN =N—""— (Equation 2.8)
l+e_;

The energy level splitting for spin 1/2 nuclei is illustrated in
Figure 2.2. The transition energy between m;=1/2 and -1/2 leads to the

population difference between the two states:

AE=E =ho, (Equation 2.9)

12" E1

where the o, is the Larmor frequency of the nuclei.

Zero field Finite B,
B,=0
El/2
AE=E_1/2 —E1/2 =hw
E—1/2

Figure 2. 2 Energy level diagram of a spin 1/2 nucleus, showing the
Zeeman splitting.
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2.1.1.3 Radiofrequency Pulses

Unfortunately, the 1longitudinal spin magnetization (along the
external field) is <challenging to measure, and NMR spectroscopy
therefore measures the magnetization perpendicular to the field, which
is called the transverse magnetization.® NMR signals result from the
population difference between different spin states, as described in
Equation 2.8 and shown in Figure 2.2. In order to manipulate the spin
population by placing some of them in an excited state, a radiofrequency

(RF) field is applied in the xy-plane that is perpendicular to the
external magnetic field, Ba, in the laboratory frame. This is done by
applying RF pulses to the nuclear spins in the sample, generating an
oscillating magnetic field, B1' The longitudinal magnetization is then

transferred to the transverse plane after the RF pulse. The precession
of the transverse magnetization generates a rotating magnetic field that
produces a small electric field. The oscillating electric current
generated from this is called the free-induction decay (FID), which is
detected by the quadrature detector. The RF field is time dependent,

and for a pulse applied along the x-axis with an oscillating frequency

®_, the applied field strength can be expressed as:

B(t) = Blcos(a)rft + (p) (Equation 2.10)
where B, is the field strength and ¢ is the phase of the pulse.®® The

Hamiltonian of this applied pulse is:

I, B(t)
A_=-yn| 1, || , |=-viBIcos(w_t+¢) (Equation 2.11)
I 0

2. Methodology 37



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

f}rf = hwll'xcos(a)rft + (p) (Equation 2.12)

where ® is the frequency that corresponds to the oscillating B; field.

The Hamiltonian for the total external applied field becomes:

H_ =H +H_=hoI + hwlrxcos(wrft + go) (Equation 2.13)

ext
where the first term represents the interaction of the nuclear spin with
the external magnetic field, and the second term represents the
interaction with the applied B, field.?® The figurative representation

is shown in Figure 2.3.

Figure 2. 3 External magnetic field in the laboratory frame, B,, is the
applied field along =z-axis. B, is the pulsed RF field applied in the
xy-plane that is perpendicular to B,. The coil represents the RF coil
used in the spectrometer.

The rotating frame is used instead of the laboratory frame when

pulses are applied, where the oscillating spin precesses around the

z-axis (B, direction). The rotation occurs at a frequency, ®,_, which

causes the precession to be at 0 -0, also known as the offset

frequency, £.”° Therefore the translation from the laboratory frame to
the rotating frame removes the time dependence of the applied field, and

Equation 2.13 becomes time-independent:

ﬁﬁt=h(wa—wﬁ)12+hahIx=hQIz+haLIx (Equation 2.14)
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When the rotation frequency is close to the Larmor frequency, the offset
frequency can be ignored. Therefore, the Hamiltonians for the RF pulse

along x-axis and y-axis can be written as:

H =hoI

(Equation 2.15)

H =hoI

Yy y

In summary, the goal is to steer the spin magnetization into the
xy-plane that is perpendicular to the external field, allowing the
magnetization to become the observable by the NMR spectrometer RF
receiver. During an NMR spectroscopy experiment, the signal detected is

essentially the precession of the magnetization in the rotating frame.

2.1.2 Internal Interactions

The internal Hamiltonian of a nuclear spin is contributed to by
all the nuclear interactions, which can be expressed as the sum of all
the individual contributions including the nuclei and the surrounding

electrons, as follow:

H =H +H +H +H +H +H (Equation 2.16).°%°
cs D J [o] K P

int
For a diamagnetic system with spin 1/2 nuclei, the nuclear spins

experience interactions such as:
. ﬁm : Chemical shielding, perturbation of the magnetic field
at the nucleus by the surrounding electrons;
" H Dipolar interaction, a through-space type of

interaction with other nearby spins (homonuclear and

heteronuclear);
= ﬁJ : Scalar coupling or J-coupling, indirect spin-spin

coupling through chemical bonding.
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For nuclear spins with spin > 1/2, the internal energy is also
influenced by the quadrupolar interaction governed by ﬁg, which is the

interaction between the nuclear electric field gradient at the nucleus
and the nuclear quadrupole moment. In samples that contain conducting

electrons, the Knight shift impacts the internal energy of the spin by
ﬁK, which arises from the interaction between the nuclear spin and the

conduction electrons through contact that can cause a large shift and
faster spin relaxation. Furthermore, in a paramagnetic system, the

unpaired electrons interact strongly with the nuclear spin as governed
by ﬁp , which often leads to a large shift and wide range of NMR

signals. For the PFSA system studied in this thesis, only the first
three terms in Equation 2.16 are applicable, although the J-coupling
interaction is less dominant compared to the dipolar and chemical
shielding interactions.

To simplify the analysis of the internal Hamiltonian of the
nuclear spin, each individual internal interaction can be expressed in
the form of spherical tensor representation. At the first-order
perturbation level, only the d,>-component of the spherical tensor
representation remains (where 2z is along the external field, B,,
direction). This has the angular-dependent term (3cos’6-1), where 6 is
the angle between the internuclear vector and the external magnetic
field.

The interactions that are important for the PFSA system are

described in the rest of this section.
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2.1.2.1 Chemical Shielding

The electrons surrounding a nuclear spin induce a local magnetic
field experienced by the spin. This induced field contributes to the
overall field strength that the nucleus senses, thus the precessing
resonance frequency of the nucleus can be altered by the additional

magnetic field.”® This phenomenon is known as the chemical shielding

interaction, and the Hamiltonian H is used to describe the

cs

perturbation from the electrons. The precession frequency difference is

observed in the NMR spectrum, which is referred as the chemical shift.
The Hamiltonian can be expressed in a similar fashion as

Equation 2.6,

H_=-yhI-o-B  (Equation 2.17)
where o is the chemical shielding (shift) tensor. The contribution of
the electron around the nuclear spin usually depends on the orientation
of the material in the external magnetic field B,. The shielding tensor
describes the chemical shielding with respect to the orientation of the

nuclear spin, and is often represented by a 3x3 matrix in the Cartesian

coordinate system (the laboratory frame):

x v xz
o=| ©O (o} (o} (Equation 2.18)

yx Yy yz

ax 2y .
The Hamiltonian can be transformed into time-dependent and
non-time-dependent terms based on density matrix theory.’ Only the

time-dependent part contributes to the spectrum to the first order. The

Hamiltonian in Equation 2.17 becomes:
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I o o o
X XX Xy xz
H =-yh| I || o o © 1 0 =—}/B(O’I+0’I+0’I)
cs Yy yx Yy yz 0 zZX X zy y zz z
I o o (o2 Ba

p ax 2y o
(Equation 2.19)

ﬁ$::>hw06”12 (Equation 2.20)

The tensor element o,, is a function of spin orientations with

respect to B,, which can be challenging to analyze. The tensor matrix
can be made diagonal by simply switching the axis system by rotating the

axes based on the Euler angles (shown in Figure 2.4).7"°

Z
B8]
y
Y %
X
Figure 2. 4 Demonstration of Euler angles wused during frame
transformations. The original axes are x, y, and z; while the new axes
after rotation are X, Y, and %Z. The dash line represents the N axis.

During the transformation from the laboratory frame to principal axis
system, angles o (or ¢) and B (or 6) are important.

The resulting axis frame is called the principal axis frame,

denoted by PAF. The chemical shielding (shift) tensor representation
becomes:
o 0 0
o™ = 0 sz 0 (Equation 2.21)
0 0o o

2. Methodology 42



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

and the values on the diagonal are the principal values of the tensor
along the different principal axes. The off-diagonal elements in the
chemical shielding tensor in the PAF are all zero. The orientation of
the PAF depends on the electronic structure of the sample system; in
other words it is molecule dependent. Based on these values, the

F

isotropic value is defined as the trace of o™ :

1 , ) _
G,m:g(dfi“ +oM 4+ o,",’”) (Equation 2.22)

PAF

If two or more principal values are different, o becomes
anisotropic. The shielding anisotropy is defined as:

A=0¢"" -0 _ (Equation 2.23)
based on the conventional assignment of the principal axes where the 7Z
principal axis is the principal value that is the furthest from the
isotropic value. The asymmetry parameter for the shielding (shift)

tensor is defined as:

PA

n= (GXXF - G;jF )/G:F (Equation 2.24)

The chemical shift value observed in a typical NMR experiment
(laboratory frame system, denoted as LAB) is described after the
rotation transformation from the PAF to the LAB (Figure 2.4):

LAB 1 2 .2
o, =0+ ;A(.?cos 6-1+nsin 0cosZ¢) (Equation 2.24)

and it is the sample-dependent resonance frequency which consists of the

isotropic component with the anisotropic chemical shielding
contribution. This wvalue is usually normalized in parts per million
(ppm) by frequency. The ppm value is calculated from the difference in

resonance frequency between the detected frequency and referenced
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frequency (different standard materials are used for different nuclei)

relative to the referenced frequency.’™’

The isotropic chemical shift in
ppm is independent of the external field strength, yet the anisotropy
fluctuates with time in the applied field and its magnitude depends on
the field strength.’*°

In a solid sample (not single crystal), the nuclear spins are in
random orientations with respect +to the field direction. The
distribution of the orientation gives rise to the superposition of all
the narrow signals with a range of frequencies, where each signal
represents a particular orientation relative to the external magnetic
field. The resulting broad lineshape is called a powder pattern in
solid-state NMR. In general, the molecular (isotropic) tumbling occurs
if the molecule (the spin) is rotating in all possible directions,
resulting in averaging the orientation-dependent anisotropic term.
Therefore, the CSA is sensitive towards the motion of the system of

interest, and it is also considered to be one of the possible spin

relaxation mechanisms.'®

2.1.2.2 The Dipolar Interaction

Nuclear spins are magnetic, and the magnetic moments that the
spins exhibit can interact with each other through space. This
phenomenon is known as the dipole-dipole or dipolar coupling

9

interaction.?® The dipolar interaction follows the classical expression

of the interactions between two magnetic dipoles:

_fi_ 3(ﬁ1'f)(ﬁz'f)_l%'f€ (Equation 2.25)

4 r’ r
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where [ and [, are magnetic dipoles, I is the vector between the two

dipoles with magnitude/distance r, and pu  is the magnetic vacuum

permeability. When considering the quantum mechanical representation of

the spin magnetic moment of the nuclear spin in Equation 2.3, the

Hamiltonian of the dipolar interaction between two spins, I and I,, can

be expressed as:

I_} _ﬁ’}/l}/z 3(f1 f)(fz f)

-I-I ¢ (Equation 2.26a)

D 2 1

dr r’ r
The scalar products in the equation can be expanded with

expressions under polar coordinates.’ !

6 is used to describe the angle
between the internuclear vector (between spin 1 and 2) and the external
magnetic field or z-axis in the Cartesian coordinate system. ¢ is the
azimuth angle that describes the angle between the projection of the

internuclear vector onto the Cartesian x-y plane and x-axis. Therefore,

Equation 2.26a is expressed as:

i =—ﬁ&[A+B+C+D+E+F] (Equation 2.26b).

D 3
47 r

with

1. . A A
B = —Z[IH .+ 1.1, ](3cos’6 - 1)
3ra s e e o
c = —-—[IHIH + I“Ih]51n69cose e
2
3ra 2 LS . ip
D = —-—[Iu .t Ibrk]s1n69c059 e
2
3 . ~2i¢
E =-—1I1, sin"0 e
4
3 . . .
F =-—1I1 sin"0 ™
4
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I and fL' are the raising and lowering spin operators for the spin

i+

systems respectively, where fu =I ifw.

This general expression is complicated, and to simplify this the
secular approximation is used.®® The Hamiltonian can be considered as
the combination of two groups of contributions. One group represents
the effect that the internal spin interactions experience predominately
caused by the external magnetic field, which is known as the ‘secular’
term, which means the term in the Hamiltonian commutes with the Zeeman
Hamiltonian (sharing the same eigenfunctions).®?® This makes the term
simultaneously observable in the presence of Zeeman splitting. The
other group is referred to as the ‘non-secular’ term, in which the term
does not commute with the Zeeman Hamiltonian for the spin system, and
their contribution is not observable with the Zeeman effect.

For a homonuclear spin pair (j and k), i.e. both spins are the
same isotopic species, only term A and B in Equation 2.26b are secular.
The B, field has a significant contribution towards both terms by
directly affecting the Cartesian spin operators. Therefore, the non-
secular terms of Equation 2.26 can be ignored since they do not have a
notable contribution to the energy of the spin system. Therefore the
secular term of the Hamiltonian of homonuclear dipole-dipole interaction

can be expressed as:

/> Homo

H™ =-D (3cos20 - l)—(3szsz - fjfk)

, (Equation 2.27)
Jjk 2

(Equation 2.28)
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where b, is the dipolar coupling constant in wunits of angular
frequency. In these two equations, 6 1is the angle between the

internuclear vector and the external magnetic field, fﬂ and fh are spin
operators for interactions between the spins and the magnetic field, fj

and fk are the spin operators, 7, and y, are the gyromagnetic ratio of

the nuclei or spins, and rj is the internuclear distance between the two
spins (as demonstrated in Figure 2.5). Similar to the homonuclear
dipolar interaction, in the heteronuclear case term A in Equation 2.26
is the only one that commutes with the Zeeman Hamiltonian, i.e. has

secular contribution, which leads to the geometry dependent term

(3005%9—1) in the heteronuclear dipolar interaction.

B, N
0
‘ ””,—— ‘
-
/| o
Figure 2. 5 Pictorial representation of dipole-dipole interaction

between two spins with respect to the external magnetic field.

The strength of the dipolar interaction depends on the
internuclear distance and its orientation with respect to the external
magnetic field. Molecular motions lead to a reduction in the observed
dipolar coupling constant due to changing orientations of the
internuclear vectors and time-dependent changes in the internuclear
distances. The dipole-dipole interaction is used to describe the
isolated spin pair, yet in a multi-spin system, the introduction of an

effective dipolar coupling constant is necessary to analyze the system
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12

analytically.*™ This value is often referred to as the apparent

dipolar coupling constant, and is defined as:

D, =D, = [2 D!, (Equation 2.29)
i<j

where i and j indicate different spins. This concept will be expanded
upon in the section where the development of the dipolar recoupling

method is introduced.

2.1.2.3 Magic Angle Spinning

The internal interactions between spins, 1like CSA and dipolar
coupling, have angular dependent terms as shown in Equation 2.24 and
2.27. In the solution state, the rapid molecular tumbling motion
averages the orientation or geometry dependent term; however in the
solid state the random orientations of the spins with respect to the
external magnetic field make those internal interactions play a
significant role, which leads to signal line broadening in NMR spectral
features. 1In order to achieve good spectral resolution, one approach is
to remove the anisotropic components via spatial averaging, i.e.
manipulating the geometry dependent parts of the Hamiltonians. ' As
one of the most significant developments to achieve spectral resolution,
magic angle spinning (MAS) has been routinely applied in ssNMR field.
This technique was first introduced by Andrew!’ and Lowe'* in the 1950s,
and significant progress has been made towards ultra-fast MAS speeds up
to 130 kHz with modern equipment.‘'®

The solid sample is packed into a cylindrical container (usually
is made of Zr0,), often referred as a rotor. It then spins rapidly at a
fixed angle to the external magnetic field, B,, about its symmetry axis.

The anisotropic components of the majority NMR interactions are
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proportional to the second Legendre polynomial, P,(cos6), which becomes
0 when the angle is 54.74°. This angle is referred as the magic angle,
and it is the angle between the body diagonal of a cube and its edge.
If the MAS speed is fast enough, the orientation dependent components
are reduced to zero in both chemical shielding and dipolar
interactions.’ Under MAS conditions, the NMR Hamiltonians become
time-dependent. This spatial averaging of the Hamiltonians by MAS
relies on the time-dependent average of the Hamiltonians when the
spinning frequency ®, is much faster than the transition frequency
associated with the Hamiltonians o, (H can stands for CSA or dipolar
interactions), such that the anisotropies are averaged out. Only the
spatial parts of the Hamiltonians remain time-dependent under MAS.

For a spin 1like fluorine that experiences strong anisotropic
chemical shielding, under MAS the special frequency is time-dependent
and can be expressed based on the shielding tensor in a rotor frame

(ROT) :

+ sin’ 6, |:i (O':T - sjjT) cos (20,t) + 6Xsin (Za)Rt):| (Equation 2.30)°
2

T

+2 sin 6_ cos 0, [O':: cos (w,t) + 07 sin (a)Rt)]}
where o, is the spinning frequency and 6; is the spinning angle with

respect to B,. This equation can also be expressed in the PAF using the

Euler angles generated from rotating the PAF into ROT, as:

wcs = _wn {O-iso + [Al cos (wnt + Y) * Bl sin (th * }/)]

(Equation 2.31).°
+ [Az cos (2a)Rt + 2}/) + B, sin (2a)Rt + 2}/)]}

where the coefficients A,;, A,, B;, and B, depend on the Euler angles «

and B (PAF to ROT) and the anisotropy parameters A and n.° ' The
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anisotropic terms in 2.31 oscillate at frequencies w; and 2wi. If we>>A,
the effect contributed by these terms can be neglected; however, if
Wr<<A, these terms create the spectral features that show up
periodically at integer multiples of the spinning frequency. These
features are typically referred to as the spinning sidebands (SSBs).’ '
The frequency range of the SSB pattern is close to the span of the
static powder pattern signal, which can often be used to extract CSA
information more efficiently compared to collecting the static powder
pattern.

The MAS also imposes the time-dependence onto the homonuclear

dipole-dipole interactions. The orientation dependent part in

Equation 2.27, (3 cos’ 6 - 1) (1/2 has been absorbed here for conversion

N | =

1 1
convenience), has become — sin’ f8cos (20t + 2y) - ;f=sin 2B cos (ot + 7)
2 2

with the dependence on spinning frequency w, and the Euler angles. This
conversion implies that the dipolar Hamiltonian vanishes after each
rotor period resulting in a narrow signal under fast MAS. If w; is much
faster than the homonuclear dipolar coupling linewidth, spatial
averaging by MAS eliminates the orientation dependent term (=0). If w,
is much 1less than the dipolar 1linewidth, MAS does not affect the
spectral resolution significantly, therefore dipolar 1line-broadening
will present in the spectrum.

At an intermediate spinning speed, the time-dependent homonuclear
dipolar coupling interactions can also cause SSBs. The component B in
Equation 2.26b represents the interchange of the Zeeman spin states in
the spin system for spins that are dipolar coupled, which generates

non-stationary time evolution.® This evolution happens on the
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timescale of spinning, which means the geometric dependence oscillates
within one rotor period. This stops the spatial averaging of the
homonuclear dipolar interactions under MAS. This phenomenon is very
different than the SSBs caused by the incomplete spatial averaging of
the CSA and the heteronuclear dipolar interaction. The SSBs caused by
CSA and heteronuclear dipolar coupling are usually sharper than the ones
caused by the homonuclear dipolar coupling interactions.

Overall, faster spinning speeds result in highly efficient
averaging; however, the choice of spinning speed is determined by the
overall evaluation of the nature of the sample, instrumentation limits

and the type of the NMR experiment.

2.1.3 Nuclei Investigated in This Thesis

The current thesis mainly focuses on the PFSA electrolyte
materials mentioned in the previous chapter. The nuclei studied in this
thesis are summarized in Table 2.1'7, along with respective Larmor
frequencies at corresponding field strengths. 'H, the most commonly
studied NMR nucleus is included in the table as reference.

Table 2. 1 Table of nuclei investigated in this thesis.

Natural Gyromagnetic Recgot?:it wo at Wo at
Nucleus Spin Abundance Ratio pt Y 7.0 T 20.0 T
o 6 11 Relative to
(%) (10° rad T's™) g (MHz) (MHz)
'H 1/2 99.9885 267.51 1.00E+00 300.130 850.130
g 1/2 100 251.67 8.32E-01 282.404 799.921
Be 1/2 1.07 67.26 1.59E-02 75.468 213.765

*The underlined values are the Larmor frequencies that used in the NMR
experiments throughout this thesis.

2.1.4 Dipolar Recoupling Method
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On one hand, the MAS technique helps to achieve chemical
speciation with well-resolved spectra by a motion averaging of the
dipolar interactions. On the other hand, based on the Hamiltonian of
the dipolar interaction, this anisotropic interaction is informative
regarding local spin environment.’ After the removal of the dipolar
couplings by MAS, using some clever NMR pulse sequences the dipolar
interaction can be re-introduced back into the spin system, after which
the double quantum coherence (DQC) is monitored as a function of
evolution time. The schematic of a general DQ recoupling NMR pulse
sequence is illustrated in Figure 2.6, which consists of DQ excitation
and reconversion periods followed by a 90° pulse before the signal
acquisition. The spins change their spin states between oo and BR
during the excitation, which corresponds to the transition between

18-1%  puring the

coherence order +1 and -1 generating the DQC (AM=2).7' °
reconversion periods, the DQCs that have been averaged out by MAS during
the excitation period are reintroduced. The DQCs are then converted
into an NMR observable state, i.e. the single quantum coherences, based
on selection rules before the acquisition period.

The signal intensity after the recoupling of the DQC can be
monitored as a function of the DQ evolution time, which is represented

as the excitation/reconversion time in the pulse sequence and is labeled

as Tpp in Figure 2.6.

Excitation Reconversion

3
\4
A

v

Do Tno

Figure 2. 6 The schematic double quantum filter (dipolar recoupling) NMR
pulse sequence, which consist of the excitation, reconversion blocks and
a read-out pulse before acquisition.
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Homonuclear dipole-dipole recoupling ssNMR pulse sequences have

5, 20

been applied to understand the structure® and local dynamics of

small molecules in the solid state.?'™

For example, proton 1local
mobility has been analyzed by monitoring the 'H—'H dipolar coupling
interactions using a 'H MAS DQ recoupling technique, which has helped to
establish proton conducting mechanism in solid acid materials by
observing changes in H-bonding networks.???* This DQ NMR technique has
also been applied to compare proton conductivity in Nafion and
sulfonated poly(ether ether ketone) by probing the difference in
H-bonding interactions.?® In sulfonated poly-ether-ether-ketone (SPEEK)
materials, the investigation has been focused on the proton dynamics and
resulting proton conduction mechanism in membrane materials. For the
PFSA ionomer performance study presented here, polymer dynamics are
evaluated at the molecular level through F NMR to directly characterize
the behaviour of the backbone versus the side chain. In this study, we
take advantage of the 'YF spectral resolution under MAS and full
assignment to provide spectroscopic handles on backbone versus side-
chain dynamics in PFSAs utilizing the specific homonuclear YF-"F
couplings in these domains. Ultimately, this data can be used as a
metric to compare local motion properties of PFSA materials that have

similar structures.

2.1.4.1 Method Development for PFSA System

In highly fluorinated materials such as PFSA, in which the F
nuclei form a strongly coupled multi-spin network rather than occurring
as isolated spin pairs, the dipolar coupling constant is better
described as an “apparent dipolar coupling” (D) - In the absence of

molecular motions, this can be calculated by taking the root-sum-square
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of the dipolar coupling constants calculated to each of its neighboring
within a specified cutoff distance (similar to Equation 2.29):
172
D;p = (}E.D;] (Equation 2.32)'* »
i<
In the presence of molecular motions at a particular temperature T, the
observed apparent dipolar coupling constant for a nucleus will be
reduced from this no-motion limit, and this reduction can be quantified

in terms of a “dynamic order parameter” S” which is defined as the

ratio:
T - T 0 .
S =D, /D, (Equation 2.33).
This concept has been introduced to soft matter®’® and applied to
macromolecular systems to quantify the amplitude of motion.? 2 The

dynamic order parameter encodes a combination of the rate and amplitude
of the local motion, which cause a 1local averaging of D;; for a
particular spin system. In some cases, such motion can be modeled using
the relative orientations of the interaction tensors for all of the
spins involved. These interactions could be modeled to change as a
result of a particular geometric reorientation such as a helical jump.
However, for the case of the complicated multi-spin system within the
amorphous PFSA ionomer, it is beyond the scope of this work to develop a
specific model with respect to the geometry of the 1local motions.
Instead, we note that the relative orientations of the CSA and Dy,
tensors are ill-defined for the PFSA. We utilize the observed value of
S" under particular conditions as a measure of the impact of the
combination of changes in the rate and amplitude of local motions.
Moreover, we compare the relative values of S” under various conditions

and with respect to a calculated rigid structure in order to describe
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the changes in local motion within different chemically distinct regions
of the ionomer. Finally, we note that it is not expected that the
motion of the side-chain or backbone would ever be fully isotropic, and
thus the value of S” would not go to zero in this system.

There are different types of DQ recoupling NMR pulse sequences

available to probe homonuclear dipolar interactions. In the current

study, the R26f symmetry-based recoupling pulse sequence was used (the

28-29

nomenclature will be elucidated in the next section).'® A useful

property of the RZGf symmetry is that it is possible to sample the

double quantum coherences (DQCs) after any even number of R elements,
without having to complete a full block of 26 R elements. Compared to
the commonly used C-symmetry sequences, like POST-C7%° where there are
more interfering second order terms involving the CSA contribution, and

the Back-to-Back (BABA) sequence® ° ' 2 4in which the DQCs must be

sampled after full rotor periods, this feature of the RZGf sequence

allows for closer time incrementation, which is advantageous in that the
initial build-up region of the DQ build-up curves can be much better

defined.® 1?r 31-32

2.1.4.2 Recoupling Sequence Comparison

To demonstrate the difference, the BABA and .RZGf symmetry pulse

sequences are compared. These two symmetry pulse sequences follow the
same DQ evolution scheme, however they are different in terms of the
composition of the excitation and reconversion pulses. These elements
often consist of composite pulses, which have the same composition but
differ in terms of pulse phases. The phases of the pulses determine the

coherence pathways that are selected for observation at the end of the
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experiment. In BABA and RZGf , the selected coherence pathways are

slightly different but DQ coherences can be observed effectively via
both pulse sequences. Both of these two pulse sequences are rotor-
synchronized, which means that the application of the RF pulses depends

on the rotor period (r7,) i.e. the time elapsed during one rotation of

the sample rotor. BABA, which consists of C4; elements, is designed in

a way such that four 90° RF pulses are applied sequentially during each

rotor revolution, thus the pulse length is determined by the spinning

speed. However, in the R26f pulse sequence design, each R-type

symmetry block lasts 4r7,."° Therefore, the power level used in each

sequence is dictated by the spinning speed. The time 71, is a multiple

of 7, in BABA, but a multiple of 47, in RZGf . Due to the difference in

pulse sequence design, the increments of DQ evolution/reconversion time
for these two sequences are quite different.

In order to choose a suitable pulse sequence, Nafion is studied
using these two different pulse sequences. The protonated Nafion 117
material is studied under ambient conditions. The '"F MAS NMR spectrum
of Nafion is shown in Figure 2.7a with the corresponding peak
assignments. The backbone CF, signal is at -122 ppm and the backbone
branching point CF(b) is observed at -138 ppm; while the side chain
fluorine signals are assigned as SCF, at -117 ppm, CF; and OCF, groups at
-80 ppm, and CF(s) at -144 ppm, where signals from CF; and OCF, have
similar chemical shifts. With this resolution, the signal at -122 ppm
contributed to by the backbone CF, and the signal at -80 ppm generated
from side chain fluorines are chosen for investigation. These two

signals are well resolved, and are representative of the two different
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regimes, i.e. hydrophobic backbone and hydrophilic side chain. The DQ
build-up curves are analyzed using these two different DQ recoupling
experiments, shown in Figure 2.7b and 2.7c. These DQ build-up curves

are normalized mathematically with respect to the most intense signal in
each data set (I/Imx). By normalizing the signals, the build-up trends

from two different NMR experiments can be compared without bias.
With our experimental setup, the 7, in BABA experiment is 40.0 us

under 25 kHz MAS, thus the smallest DQ evolution/reconversion increment

time is 40.0 us, while the smallest DQ evolution increment time in RZGf

experiment is 20.5 us, even though the 7, is 66.7 pus with a much slower

spinning speed of 15 kHz. From Figure 2.7, the DQ build-up curves

generated from..RZﬁl experiments (2.7c) have more data points in the

initial build-up region before the curves reach their maximum, compared
to the ones from BABA experiments (2.7b). The data points in terms of
DQ evolution time during the initial build up period are critical to the
local dynamics analysis, since these data points define how strong the
dipole-dipole interactions are. More data points give rise to more
defined build-up profiles. The tailing of the DQ build-up curves after
their local maxima becomes zero in both cases, an effect which results

from motion-related relaxation or other dephasing mechanisms.?> !> Based

11

on the comparison between these two sets of DQ build-up curves, R26, ,

the pulse sequence with more data points defining the DQ initial rise,
is selected in this local dynamics study of ionomer materials, as it
provides reliable sources for the extraction of the dipolar coupling

which is the key to the local dynamics analysis.
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Figure 2. 7 a) F 15 kHz MAS NMR spectrum of Nafion 117 at ambient
condition. b) Normalized DQ build-up curves using BABA pulse sequence.

c) Normalized DQ build-up curves using R26f pulse sequence. Both b)

and c) were analyzed in the same way, i.e. mathematically normalization
as described previously.

2.1.4.3 Normalization of DQ Build-Up Curve
To accurately probe the dipole-dipole interactions, it is
important to normalize the DQ build-up curves in order to compensate for

relaxation effects and pulse sequence imperfections. The normalization
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procedure that was introduced in the 'H DQ study of polymer melts by

Graf et al.® and later elaborated on by Saalwidchter,®> *?

was employed
here in which two spectra were collected at each value of the dipolar
recoupling time 71,,: a “reference” (REF) spectrum and a “double quantum”
(DQ) spectrum, the difference being found in the selected coherence

2 The interleaved pseudo

pathways due to different phase cycling.®
two-dimensional (2D) NMR spectrum is demonstrated in Figure 2.8, in
which polytetrafluoroethylene (PTFE) was measured to demonstrate. The
2D NMR data is one set of 'F DQ recoupling NMR data of PTFE at room
temperature. In the direct dimension (F2), each row is a '’F MAS NMR
spectrum but with alternating experiment sequence, where the odd-
numbered slices are the DQ experiments and the even-numbered ones are
the reference. The indirect dimension (Fl) is the projection of the

spectrum of each row, which is observed as a ‘zig-zag’ pattern due to

the difference in intensity between the DQ and reference experiments.
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Figure 2. 8 Pseudo 2D '"F NMR spectrum of PTFE under 15 kHz MAS, with
alternating DQ and reference experiments.
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The normalized double quantum (nDQ) build-up curve was gdgenerated
by calculating nDQ = DQ/}S Mo , where 22 MQ = DQ + REF at each
recoupling time, as illustrated in Figure 2.9. The initial rise of the
nDQ curve is indicative of the effective dipolar interaction the system
experiences. Qualitatively, the slope of the initial build-up curve is
a direct way to visualize the strength of the dipolar interaction that

is probed.
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Figure 2. 9 ©Point-by-point normalization of the DQ term with

experimental curves plotted. a) One set of the DQ NMR experimental

curves: Absolute signal intensities for DQ and reference experiments as

functions of DQ evolution time; XMQ is the sum of DQ and reference

intensities. b) Normalized DQ curve based on the dataset in a).
2.1.4.4 Study of Fluorinated Polymers

The nDQ build-up curves are used to investigate the apparent
dipolar coupling interactions between spins, in this study, '’F and 'F,
at different "F environments. The homonuclear dipolar coupling
interaction is described in terms of a dipolar coupling constant, which
is inversely proportional to the internuclear distance. PTFE and
polyvinylidene fluoride (PVDF) share the same basic structure as

polyethylene albeit with different degrees of fluorination, thus the
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PTFE and PVDF membranes are used in model 'F DQ recoupling experiments

using the R26, sequence. The "“F-"F dipolar interactions in PVDF are

diluted by a factor of two with —CH,— groups compared to those in PTFE.
The conventional F MAS NMR with no 'H decoupling indicates that there
is only one fluorine site in PTFE and multiple fluorine signals in PVDF,

as shown in Figure 2.10.

b)

50 0 -50 -100 -150 -200 -250 [ppm]

Figure 2. 10 F 15 kHz MAS NMR spectra for a) PVDF membrane, where *
indicates the spinning side bands for peak 1 and # indicates the
spinning side bands for peak 2,3; b) PTFE membrane, where * indicates
the spinning side bands.

The F signals in PVDF are consistent with previous studies using
SSNMR to monitor the amorphous and crystalline 'F sites. The signals
at -112 ppm and -115 ppm, labeled as 2 and 3 in Figure 2.10a, correspond

to the CF, sites with head-to-head configurations in the structure.®*"*

A series of '"F DQ recoupling NMR experiments at variable temperatures

using the RZGf sequence are then applied to these two materials.
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Peak 1, the most populated '’F site in PVDF as indicated in Figure 2.10a,
and the isotropic peak of PTFE in Figure 2.10b are normalized and
analyzed. The nDQ build-up curves of PTFE and PVDF are extrapolated by
normalizing the intensity from the DQ experiment with respect to the
corresponding reference experiment shown in Figure 2.11. DQ build-up

behaviors are studied at a range of temperatures between 310 K — 370 K.

0.50 0.50
> 311 K PTFE Membrane | - 311K PVDF Membrane
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Figure 2. 11 The nDQ build-up curve comparison between PTFE and PVDF
membranes at 310 K — 370 K. The curves are colour-coded with respect to
temperatures.

At the same temperature, the slope of initial nDQ build-up curve
for PVDF is shallower than that for PTFE. This observation is the
result of the distance dependence of the dipole-dipole interaction,
which plays a dominant role in this case. Theoretically, the dipolar
coupling constant describes one isolated spin pair with a constant
internuclear distance. 1In the system studied here there are many spin
pairs that contribute to the apparent dipolar coupling interaction, a
situation referred to as the multi-spin effect. The D,,, observed from
the nDQ build-up curves is the result of the combination of all of the
homonuclear dipole-dipole interactions in the system. In PTFE, the
apparent dipole-dipole interaction observed is primarily contributed to

by the interaction between the two fluorines that are bonded with the
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same carbon atom since they are close to each other; the surrounding
fluorines are additionally dipolar coupled with the CF, through space,
and thus also contribute to the apparent dipole-dipole interaction. In
contrast, the interaction between the geminal fluorines in the CF, unit
in PVDF is the dominant contribution to the apparent dipole-dipole
interaction; however, the through-space interactions from the
surrounding fluorines are diluted with the —CH,— groups. Therefore, the
net dipole-dipole interaction is weaker in PVDF than that in PTFE, i.e.

D,pp(PVDF)< D, (PTFE). Furthermore, the protons in the adjacent —CH,—

app
units accelerate the relaxation of the fluorines in the —CF,— groups
through a heteronuclear dipole-dipole interaction induced relaxation
mechanism, which affects the normalized intensity in nDQ build-up
curves.

The slope of the initial build-up curve becomes much shallower as
temperature increases in both PTFE and PVDF, which means it takes more
time for the DQ term to reaches its local maximum at elevated
temperature. The increase in temperature introduces thermal energy that
triggers a higher degree of molecular tumbling, altering the orientation
of the internuclear vector between the two fluorines with respect to the
magnetic field; thus changing the orientation-dependent space term of
the DQ Hamiltonian. This leads to the decrease in D,,,, which is
represented by a shallower slope of the initial nDQ build-up curve with
the temperature elevation. Furthermore, within the same experimental
temperature range, the change in the slopes of the initial nDQ build-up
curves of PVDF is much greater than those in PTFE, which indicates that
the "YF-F DQ interactions in PVDF are more temperature-dependent

compared to the ones in PTFE. The weaker the dipole-dipole interaction

is, the more sensitive it will be towards the temperature change. In
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the cases of PTFE and PVDF, there is neither spin exchange nor dynamics
occurring in either system. The change in build-up curve slope is
purely from the increase of molecular tumbling due to temperature
elevation. DQ build-up behaviour analysis is able to distinguish
between systems with different strengths of dipolar coupling
interactions. Coupled with variable temperature experimental
conditions, the temperature dependence of the spin system can also be
studied using the nDQ build-up behavior analysis.

In order to further investigate the relationship between 1local
dynamics and nDQ build-up curve behaviors, a PTFE membrane and powder

are studied using the same method. The nDQ build-up curves are provided

in Figure 2.12. The PTFE membrane and powder are expected to have the
same chemical composition but in different physical forms. The general
trends of the curves are almost identical. At 311 K, the curves from

both the membrane and the powder reach their local maxima at ~0.4
normalized DQ intensity; and also both of the nDQ curves take ~120 us to
reach their local maxima. Under these conditions, the PTFE membrane and
powder behave similarly in nDQ build-up analysis, since the fluorines in
both forms are sitting in identical spin systems with the same “F-'°F
internuclear distances in the multi-spin system. As discussed in the
previous section of this chapter, the dependence on internuclear
distance of the apparent dipole-dipole interactions in both forms is
exactly the same. As shown in Figure 2.12, as the temperature increases
the slope of initial nDQ build-up curve becomes shallower for the PTFE
membrane, while for the PTFE powder the nDQ build-up curves analyzed

from variable temperature experiments have little variation.
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Figure 2. 12 The nDQ build-up curve comparison between PTFE membrane and
powder at 310 K — 370 K. The curves are colour-coded with respect to
temperatures.

This difference in the initial slope changing as the temperature
elevates between PTFE membrane and powder materials is a significant
observation. The internuclear-distance dependency does not dominate the
change in slope with the temperature range, since the spins experience
identical environments. The major contributor to the changing slope in
PTFE membrane is the changing orientation of the internuclear vector
between two fluorines with respect to the external magnetic field. The
PTFE powder is more crystalline than the PTFE membrane. In the PTFE
powder, the internuclear vectors are fixed even at increased
temperatures; on the other hand, in the PTFE membrane the material
itself is soft and loose, which causes in the internuclear vectors to
change orientations after absorbing external thermal energy. It is
suggested that the membrane’s mechanical properties bring more degrees
of freedom in molecular motion compared to the powder form. The
comparison between the PTFE membrane and powder further establishes the
viability of the YF DQ recoupling NMR method applied here in the

investigation of local dynamics.
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2.1.4.5 Quantification of Dipolar Interaction

To fit the initial rise of normalized DQ curves for multi-spin
systems, the relatively simple fitting function based on a second-moment
approximation has been employed:

1 -2<¢7> .
I, =—"\l-e (Equation 2.34)
2
Saalwdchter et al. suggested that the apparent dipolar coupling

constant, D can be extracted and used to quantify the dipolar

app’

interactions in multi-spin systems in the presence of dynamics by
fitting the normalized DQ build-up curve.’ The exact form of <¢2>
depends on the recoupling sequence used, particularly the scaling factor

k and whether the sequence is y-encoded or non—y—encoded. The RZGf

symmetry sequence used here in this work is y-encoded and the scaling

factor was determined to be x = 0.1708.%° The resulting expression for

<¢2> for the RZGf sequence is:

8 (3 ’
<¢w - ——-(—-K(zn)D@p) 7. (Equation 2.35)
15\ 2

where 71,, is the recoupling time and D is the apparent dipolar coupling

app
constant in Hz.
Figure 2.13a compares the normalized DQ build-up curves under

1

R26™

. recoupling for an isolated pair of "F nuclei with a dipolar
coupling constant of D = 10 kHz (simulated with the SIMPSON program) to
the curve calculated wusing Equation 2.34 with an apparent dipolar
coupling of D,, = 10 KkHz. An isolated -CF,- group has a dipolar

coupling constant of about 10 kHz based on an internuclear distance of

2.18 A. This comparison demonstrates that the relatively simple form of
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Equation 2.34 well-reproduces the initial rise of the nDQ curve up to an
intensity of approximately I, = 0.25.
of normalized DQ build-up curves
apparent dipolar couplings

showing how the initial rise of the nDQ curves

ranging from D=

strength of the apparent dipolar coupling.
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Figure 2. 13 a) Comparison of the nDQ build-up curves under R26f

recoupling for isolated spin pair with D = 10 kHz and calculated curve.
b) Simulated nDQ build-up curves with different apparent dipolar
coupling constants, ranging from D,, = 10 kHz to 2 kHz.

2.1.4.6 Robustness and Sensitivity Evaluation

The R26f symmetry sequence is relatively robust with respect to

the quite large 'F chemical shift anisotropy and chemical shift range,
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leading to an underestimation of the measured apparent dipolar couplings
by no more than 10%.

Effect of Chemical Shift Anisotropy

Simulations of nDQO curves obtained with the R26f symmetry-based

dipolar recoupling sequence were carried out using the SIMPSON program
in order to investigate the effects of the F CSA on the DQ signal
trajectories and the resulting dipolar coupling constants extracted from
these curves. Figure 2.14 shows the nDQ curves for a spin system with a
CSA of 0 ppm (red curve) along with the set of nDQ curves for 25 spin
systems with CSAs of 100 ppm with randomly generated Euler angles for

the chemical shift tensors of each '’F nucleus (grey curves).
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Figure 2. 14 Simulated nDQ build-up curve comparison between 0 ppm CSA
span (red) and 100 ppm span (grey).

In Figure 2.15, the left figure below shows the distribution of
dipolar coupling constants extracted from fitting the set of grey curves
shown above. The right figure below shows the nDQ curve with the mean

dipolar coupling (red) overlaid on the full set of curves.
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Figure 2. 15 The graphical demonstration of the fitting deviation.
Finally, the figure below shows the mean and standard deviation of
the dipolar coupling constants extracted from the simulations as a

function of the chemical shift anisotropy (Figure 2.16):
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Figure 2. 16 Dipolar coupling constant deviation as a function of the
CSA magnitude.

Klaus Schmidt-Rohr®® reports chemical shift anisotropies for PTFE
and Nafion on the order of 60 ppm, with n = 0. The mean and standard
deviation of the dipolar coupling constants extracted from the
simulations with '"F CSA of 60 ppm are 9860 * 170 Hz.

Effect of Offset

The offset effect is analyzed through simulation in a similar
fashion as the CSA effect analysis. Figure 2.17 shows the influence of

offset on the fitted dipolar coupling constant. The red dashed line is
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for the chemical shift anisotropy set to 0 ppm, while the black data
points with error bars are the mean and standard deviation for a set of
25 spin system with a chemical shift anisotropy of 60 ppm and randomly

generated Euler angles.
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Figure 2. 17 Dipolar coupling constant deviation as a function of the
offset frequency.

Assuming the offset was placed at about 120 ppm near the backbone
CF, resonance, the side-chain resonances at 80 ppm are about 11300 Hz
(40 ppm) from the carrier frequency. The mean and standard deviation of
the simulations with a F CSA of 60 ppm and an offset of 11300 Hz are on
the order of 9100 + 250 Hz. This means these dipolar coupling constants
extracted from the peaks at 80 ppm could be underestimated by about 10%.
The peaks closer to resonance could be underestimated by no more than
5%. This has also been tested experimentally. The DQ recoupling
experiments are carried out with different transmitter (0l1) locations on

the same Nafion PFSA membrane sample, shown in Figure 2.18.
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Figure 2. 18 Offset effect is demonstrated by comparing the D, values
of three different fluorine sites at a range of temperatures with two
different transmitter frequencies.

Three fluorine sites with different chemical shift regions are

under investigation and the D values are extracted. The diamond data

app
points (blue) in Figure 2.18 are the data extracted for experiments
collected with 01 at -100 ppm, which is superimposed on the data from
experiments with Ol= -122 ppm presented in squares (red). Therefore,
the experimental analysis demonstrates that the offset effect does not
play a significant role in the PFSA system under the current
experimental conditions. Noticeably, the data comparison for the SCF,
site has a variation. This 1is possibly due to a systematic

deconvolution error, since the SCF, and CF, signals have a significant

amount of overlap in the NMR spectra.
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2.2 STXM Spectroscopy

Synchrotron-based soft X-ray spectroscopy techniques have been
developed over several decades into powerful tools in materials
characterization qualitatively and quantitatively.? Scanning
transmission X-ray microscopy (STXM) coupled with near-edge X-ray
absorption fine  structure (NEXAFS) spectroscopy is capable of
determining and differentiating soft matter with a spatial resolution of
better than 30 nm.**® Constructed with ultrahigh vacuum in the STXM
chamber, contaminations introduced by air in most of the X-ray
microscopy techniques can be eliminated, providing STXM's efficient

‘photon-in, photon-out’ character.?’

2.2.1 Synchrotron Radiation

When an electron beam is forced to travel in a curved trajectory
by magnetic fields with constantly accelerated speeds, it emits
electromagnetic radiation in the direction of its motion.® *° The
radiation is referred as synchrotron radiation, and spans a wide range
of frequencies from the infrared up to the soft and hard X-ray regions.
This radiation is much more intense than most conventional sources.?®

Synchrotron radiation is often generated from synchrotron storage
rings. They are built with circular vacuum pipes where the electron
beams are forced to travel in curved paths by bending magnets installed
along the pathways. The electron beams pass a linear accelerator and
then a booster ring, so that the electron energies are boosted to
billions or giga electron volts. Eventually the electron beams are
injected into a storage ring where the bending magnets modify/direct the

trajectory of electrons. At each turn the electron beams make, they
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emit synchrotron radiation. The loss of energy is compensated by
passing the beams through radiofrequency (RF) cavities, where the
energies are boosted from the synchronization between the
electromagnetic field and the electrons. The synchrotron radiation that
is emitted at each turn then travels through vacuum lines downstream,
called beamlines. At each beamline, the radiation is then optimized for
a specific energy range and type of experiment. At the end of each
beamline, experimental setups, like microscopes and diffractometers, are
assembled and connected using the radiation as the light sources.
Synchrotron radiation based imaging and spectroscopic techniques

have brought significant improvements to materials characterization at
the atomic and molecular 1level, because of the unique properties of
synchrotron radiation listed as follows®®:

e High intensity/flux

e Broad and continuous frequency range

e High degree of collimation, narrow angular distribution

e Pulsed time structure, i.e. emission with pulse widths

e High degree of polarization

e High beam stability

These features give synchrotron radiation many advantages compared

to other conventional light sources.

2.2.2 Beamline Instrumentation

A schematic diagram of beamline 5.3.2 at Advanced Light Source
(ALS) is shown in Figure 2.19, which is the beamline setup At BL 5.3.2,
synchrotron radiations are supplied from a bending magnet. The toroidal

mirror directs the light source onto the spherical grating
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momochromator, which disperses the soft X-rays with different energies
depending on the exit slit. At this beamline, the radiation is
optimized for the energy range from 250 eV to 600 eV, which covers the
C 1s, N 1s, and O 1ls absorption edges. This is extremely important for
soft matter characterization. The X-rays are then lead to a scanning

transmission X-ray microscope (STXM) end station.

Toroidal Mirrer

ExitSlit zZp OSA

Magnet detector

ALS Beamline 5.32 | [ top view

N .64 m
spherical grating
300 Vmm Gas filter

i sample

zone plate
D =200pum

Figure 2. 19 Schematic representation of ALS BL 5.3.2 and STXM.*°

2.2.3 Scanning Transmission X-ray Microscopy
(STXM)

The schematic diagram of a STXM microscope 1is demonstrated in
Figure 2.20.%" The monochromated X-rays get focused by a Fresnel zone
plate (ZP) 1lens that is a circular diffraction grating. An order-
sorting aperture (OSA) is then used to block the zeroth order 1light.
The sample is positioned at the X-ray focal spot and X-Y raster scanned
under interferometer control while detecting the transmitted X-rays.
The transmitted X-rays are detected in a single photon counting mode

using a detector to convert X-rays to visible light.*?
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Figure 2. 20 The schematic diagram of STXM microscope, which often
consist of zone plate, OSA and a photon-counting detector.*'

The sample is exposed to X-rays with a tunable range of energies.
Images at a single energy are measured by recording the intensity at
each pixel. The intensity at each pixel as a function of energy can
then be converted into X-ray absorption spectra by applying the Beer-
Lambert Law. Spectral information is obtained by collecting a sequence
of images over an energy range. The image sequences are referred to as
a ‘stack’. From the ‘stack’, at each pixel the X-ray absorption
intensity can be plotted as a function of energy. The X-ray absorption
spectra (XAS) within the near edge energy levels are often known as the
NEXAFS. The transitions in the NEXAFS are related to chemical bonding
around the core-excited atom, and resulting NEXAFS spectra are used to
identify and quantify the chemical structure of different chemical
species.

The physics behind XAS or NEXAFS is that as an inner shell
spectroscopy, the X-rays with tunable energies are able to excite a core
electron from an atom to eject or promote it into the core-excited

state.®*

Each core shell has a distinct binding energy; hence the plot
of X-ray absorption as a function of energy through the binding energy

of a core shell gives rise to an absorption edge. Each edge represents

a unique core-electron binding energy depending on the atoms and the

2. Methodology 75



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

core electron being promoted.? The fine details in the vicinity of the
edge 1is often referred as NEXAFS in the soft X-ray spectroscopy
community, from which the fine structures are sensitive towards electron
density of the target atom; therefore, it is informative regarding
chemical bonding and coordination.

The aXis2000 software is used to extract NEXAFS from the measured

image sequences.?®?® *°

The analysis consists of the following steps: (1)
alignment of the images in the stack; (2) converting transmitted
intensities into optical densities (OD); (3) obtaining reference spectra
for chemical components in the selected region and converting OD to OD1
(optical density per nm thickness); (4) chemical mapping by fitting the
stack to reference spectra; (5) confirming the validation of the fit. As
the spectra with absolute intensity scales (0ODl) are used as the

reference during the analysis, the intensities of the maps correspond to

the absolute thickness (in nm).

2.3 Electrochemical Analysis

Electron transfer processes are at the center of fuel cell
operation. Molecular electrochemistry has become the key tool for
material performance evaluations in the development of renewable energy

technologies.® %%

Electrochemical analysis is a direct approach to
characterize reactions involving electron transfers. For the core
reaction in the hydrogen fuel cell system, the resulting chemical
changes are the oxidation of hydrogen and the reduction of oxygen. In
electrochemical analysis, the driving force of the reaction is

controlled by a potentiostat, so that the thermodynamic and kinetic

parameters can be extracted and measured.®’
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2.3.1 Cyclic Voltammetry

2.3.1.1 The Fundamentals

Cyclic voltammetry (CV) is a common analytical electrochemical
measurement, especially in fuel cell research.?® This technique usually
provides a measure of the effective catalyst surface area of the gas
diffusion electrodes; moreover, it can provide the H, crossover
capacity.*®

The CV profile is often called the cyclic voltammogram, in which
the x-axis represents the applied potential (E) and the y-axis is the
response, i.e. the resulting current (i) passing through the system.
The potential of the system is 1linearly cycled between two voltage
limits, while the current is monitored. The responsive current is

governed by the Nernst equation® ***°,

E=E0+Eln(o—x) (Equation 2.36)
nF Red

The Nernst equation describes the potential of an electrochemical
cell (E) as it relates to the standard potential of the redox species
(E°) and the relative activities of the oxidized and reduced components
at equilibrium, in which F is the Faraday'’s constant, R is the gas
constant, n is the number of electrons, and T is the temperature of the
system. The equation provides an effective way to predict how the
system will respond in the form of the electrode potential to changes in
analyte concentrations near the electrode over time.® ¥ If the
reductant and oxidant activities are kinetically equal, the CV
voltammogram theoretically will exhibit true exponential behavior with

minimum hysteresis. In real CV analysis, the concentrations of oxidant

and reductant relate to the potential applied on the electrode, how far
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away from the surface of the electrode, and the diffusivities of the
species. All of these factors contribute to the more realistic CV
profile, known as the ‘duck-shaped’ voltammogram. Generally, during the
forward CV scan (cathodic) a peak current is often observed, which is
caused by the reduction of the oxidant near the electrode. When the
oxidant is quickly consumed near the electrode surface, the additional
oxidant diffuses from the bulk solution. Within that diffusion layer at
the electrode surface, the reductant concentration constantly grows
throughout the scan, which blocks the transport of oxidant to the

electrode. b 46-47: 49

Therefore, a drop in current (after the peak current)
is observed as the scan continues, and the diffusion of oxidant from the
solution to the electrode surface slows down until the high potential
limit where the CV scan changes into the reverse direction (anodic).

During the reverse scan a similar phenomenon occurs, where the anodic

peak current is observed, as shown in Figure 2.21.

a) b)

Current

Voltage

Time Voltage
VI\/ v,

Figure 2. 21 Schematic representation of a typical CV experiment: a)
voltage sweep linearly back and forth between two voltage limits; b)
typical CV voltammogram (duck-shape).?* °°

2.3.1.2 Application in Fuel Cell Research

In a hydrogen fuel cell, CV analysis can be simplified as a three-

electrode system, where H, is fed to anode side acting as the counter
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electrode and reference electrode. This is also known as the dynamic
hydrogen electrode (DHE). The other side, the cathode side, is fed with
N, and connected to the working electrode. The example and explanation
of measuring H, crossover capacity from CV analysis is detailed in

Chapter 5.

2.3.2 Impedance Spectroscopy

2.3.2.1 The Fundamentals

Electrochemical impedance spectroscopy (EIS) applies an alternate
current (AC) voltage to the cell with a range of frequencies. The
amplitude and phase of the resulting response are monitored as a

function of frequency.***

The complex impedance of the electrochemical
system can be determined, which is an evaluation of a system’s ability
to delay the electric current flow. EIS has been widely used in fuel
cell research to efficiently unravel the origins of polarization losses.
Commonly, EIS 1is wused to evaluate Ohmic resistance and electrode
properties in MEA optimization.*®

EIS analysis 1is wusually extrapolated in both Bode and Nyquist
plots. A typical Bode plot, in which the magnitude and phase of the
impedance is a function of frequency, differs greatly compared to the
Nyquist plot where the imaginary impedance is against the real impedance

component at each frequency point collected.®® %

2.3.2.2 Application in Fuel Cell Research

Because of the different kinetics of hydrogen oxidation reaction
(HOR) and oxygen reduction reaction (ORR), as well as various components
in a PEMFC system such as CLs and gas diffusion electrodes, the

impedance study of hydrogen fuel cells is informative yet challenging.
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Analyzing the resulting signal with a corresponding model circuit is
critical.*® **

The transmission line circuit model was used to extract the MEA
resistances, which was introduced by Eikerling and Kornyshev when
employed the macrohomogeneous model to described the impedance responses
of PEMFCs.>’ By doing so, parameters such as Ohmic resistance and
electrolyte resistance in the CL can be extracted and separated.®’ The
transmission line model consists of two parallel resistive elements, one
for electron transport (Rgiectron) @nd the other for proton transport
(Rproton) + The elements are connected through a double layer capacitance

(Cq1) in parallel to the charge transfer resistance (R, ), which is shown

in Figure 2.22.°?

ol

1 L} -1

R

J=e == = [ =
707 U1

electron

Figure 2. 22 Transmission line equivalent circuit model used in fuel
cell impedance evaluation.®?

Due to the complexity of the fuel cell system, it is challenging
to fully decipher the EIS measurement; although, with a proper model and
sophisticated experimental design, electrochemical information of fuel
cell performance evaluation can be extracted and compared. Detailed

examples showcasing this are described in Chapter 5.
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2.4 Summary

Each technique introduced in this chapter provides some unique
aspect in fuel cell research. Spectroscopies are important analytical
tools for materials analysis. A detailed interpretation of spectral
features from any spectroscopic study can provide vivid and rich
information regarding the material under investigation. F MAS NMR
provides exquisite chemical site differentiation averaged over the

entire material.?! 3¢

With the observation of distinguishable chemical
environments after a meticulous 'F spectral deconvolution, an advanced

NMR technique recently developed allows one to analyze the D as an

app
indicator of 1local dynamics, which provides a handle to 1link the
molecular structure information to performance evaluations.’® Soft X-ray
STXM, with its sensitivity towards O and S that are NMR challenging,
provides XAS of PFSA without spectroscopically noticeable damage. The
extent to which these two spectroscopies can provide complementary
information about PFSA materials has been investigated and will be
described later in this thesis. In general, the main advantage of
electrochemical techniques is that they provide in situ/in operando
performance information regarding the PFSA in an MEA form. The
electrochemical evaluation of PFSA can be correlated to the 1local
dynamics studied using NMR, which is addressed in more detail in later
chapters. With all of those unique features, the techniques mentioned

above provide useful insight into the structure-performance relationship

of the PFSA materials.
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3.

X-ray Absorption and NMR
Spectroscopy of Fluorinated

Proton Conducting Polymers

3.1 Introduction

This chapter discusses the use of two state-of-the-art analytical
methods, X-ray absorption spectroscopy (XAS) via STXM and ssNMR
spectroscopy, in wunveiling the spectral features of various PFSA
polymers and to investigate the extent to which these two spectroscopies
can provide complementary information about these materials. Three
types of PFSA were under inspection, including Nafion, Aquivion and a
new PFSA derivative developed by 3M. These materials serve as proton
conductors both in the electrolyte membrane and ionomer in the catalyst-
coated electrodes, which ideally allow the protons to be transported
from the anode to the cathode while remaining electronically resistive.
The current commercial proton conducting material, PFSA, undergoes
nanophase separation of hydrophilic and hydrophobic domains caused by
differential hydration of the sulfonated side chains and backone. This

separation provides a dense nanoscale distribution of sulfonate-rich
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pockets' which create pathways for proton transport during fuel cell
operation.'™

Understanding in detail how the material performance depends on
its molecular structure as well as its distribution in the electrodes is
critical to the improvement of hydrogen fuel cell performance and
lifetime.

This work was adapted with permission from, The Journal of
Physical Chemistry C. Copyright 2018 American Chemical Society (Z. B.
Yan, R. Hayes, L. G. A. Melo, G. R, Goward and A. P. Hitchcock. 2018,
122(6), 3233-3244). In addition to the solution-state diffusion NMR
study of the ionomer dispersions at the end in the published article,
reported here is a preliminary investigation regarding the diffusion
profiles of different ionomer dispersion solutions with various
concentrations done in collaboration with Automotive Fuel Cell
Cooperation (AFCC).

The preparation and treatment of all materials discussed here were
done at McMaster University. PFSA membrane samples for STXM
measurements were prepared at the Department of Pathology and Molecular
Medicine at McMaster University. Preparation of PFSA spin cast samples
from the ionomer solutions as well as the STXM measurements of the cast
films were carried out with the help of Lis G. A. Melo (co-author).
Inner shell electron energy loss spectra (ISEELS), STXM measurements,
and orbital calculations for small molecules were done by Robin Hayes
(co-author), the results of which were included in her Undergraduate
Honours Thesis both in print and electronically. The solution-state *F
diffusion NMR experiments were performed with the help of Dr. Sergey
Krachkovskiy. All ssNMR experiments were performed at the NMR facility

at McMaster University, and analyzed under the supervision of Prof.
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Gillian Goward. The initial drafts of the manuscript were written by
the current author, Z. B. Yan.

In general, spectroscopies are important tools for materials
analysis as they can provide useful information, such as structures,
chemical compositions and morphology. In particular, STXM has been used
to quantitatively map the molecular composition of the ionomer, carbon

support and catalysts in MEAs.>™*?

Other techniques, such as analytical
transmission electron microscopy (TEM) based on core level electron
energy loss spectroscopy (TEM-EELS), have also been applied to the study
of PFSA materials.!*' STXM has a significant advantage as it causes
significantly less radiation damage despite providing a similar level of

analytical information.!'!s 618

NMR spectroscopy is a powerful approach
that can be used to probe the structure of materials with chemical
bonding information. F  ssNMR provides exquisite chemical site
differentiation averaged over the whole sample. Unfortunately, C and
¥s ssNMR are typically very challenging due to the low sensitivities
associated with the low natural isotopic abundances of both nuclei, as
well as the low gyromagnetic ratio and large quadruple moment of ?*°S.
Thus, an integrated method that combines XAS and ssNMR has the potential
to provide detailed structural information at the molecular 1level for
all of the elements in various classes of PFSA materials. While the
combination of NMR and XAS has been applied to biopolymers' and solid
heterogeneous polymeric catalyst materials,?*? this is, to our
knowledge, the first report of combined NMR and near edge X-ray

absorption fine structure (NEXAFS) spectroscopy applied to the same PFSA

materials.
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3.2 Experimental

3.2.1 Materials and Sample Preparation

3.2.1.1 Membrane Sample Activation

Pristine Nafion 117 was purchased from Sigma-Aldrich. Aquivion
PFSA ionomer membranes were obtained from Solvay, Italy. 3M ‘new’ PFSA
ionomer membranes?’ were obtained from 3M, MN, USA. The PFSA materials

were first washed in 3 wt% H,0, for 1 hour at 90 °C and then washed with
deionized water for another hour, changing the water every 15 minutes.
Subsequently, they were washed in 0.5 M H,S0, solution for 1 hour. They
were then washed in deionized water until a constant pH was obtained.

Finally, the materials were dried in vacuum oven at 80 °C for 24 hours.

3.2.1.2 Cast Film Preparation

An aqueous dispersion with 60 wt % PTFE was purchased from Sigma-
Aldrich. It was diluted to 2 wt$% using H,0 (HPLC grade) and spun coated
on to freshly cleaved mica (1000 rpm/30 s), annealed at 190 °C for 2
hours. ©Nafion and Liquion alcoholic dispersions (EW=1100) with 5 wt$%

were obtained from Ion Power Inc. and diluted with isopropanol into

3 wt% concentrated solutions. These solutions were spun coat (30 s @
3000 rpm) on to freshly cleaved, 1 cm x 1 cm mica squares. The film-
covered mica was scored into an array of 1 mm x 1 mm squares. The

polymer film was then transferred via a clean surface of deionized water
to a silicon nitride window. The film chip on the SiN, window was
vacuum annealed at 70 °C for 2 hours, then used for STXM measurements.
Some spectra were also measured from ultra-microtomed blocks (see

Figure la and 1b) or were recorded from the membrane area of PEMFC MEAs.
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3.2.1.3 Ionomer Dispersions for NMR Study

For the solution-state diffusion study, ©Nafion and Liquion
dispersions (EW=1100) were obtained from Ion Power Inc. and diluted
with n-propanol (NPA) aqueous solution with volume ratio NPA: H,0=3:1
into 1% concentrated solutions. For ssNMR spectral analyses, the
dispersions were cast onto clean petri dishes at 80 °C under active

vacuum for 4 hours, then dried overnight.

3.2.2 X-ray Absorption Spectroscopy

The X-ray absorption spectra were recorded using the STXM
microscope®® on beamline 5.3.2.2** at the Advanced Light Source (ALS,
Lawrence Berkeley National Laboratory (LBNL), Berkeley, USA), and the
ambient STXM on beamline 10ID1*® at the Canadian Light Source (CLS,
Saskatoon, Canada). In STXM a monochromated X-ray beam is focused to a
small spot (~30 nm) using a Fresnel zone plate and an order sorting
aperture to select only the first order light. The sample is positioned
at the X-ray focal spot and X-Y raster scanned under interferometer
control while detecting the transmitted X-rays. Further details are
given in recent review articles.?®?®

The PFSA samples studied by STXM were prepared using
ultramicrotomy at the Department of Pathology and Molecular Medicine at
McMaster University. Sections with a nominal 100 nm thickness were
prepared for each PFSA sample, and placed on formvar coated TEM grids.
In addition to allowing measurements of areas of near uniform thickness,
the transmission detection used in STXM does not suffer from artifacts
which can occur with yield based detection like total electron yield or
X-ray fluorescence yield. Figure 3.1 presents STXM optical density (OD)

images of the Nafion 117 sample, measured at 200 eV before, and 292.6 eV
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after the spectral measurements. The absence of rectilinear contrast at
the area of spectral measurement in Figure 3.1b verifies the

measurements were performed without significant radiation damage.

Figure 3. 1 (a) Optical density (OD) image of an ultramicrotomed section
of Nafion 117 PFSA, recorded with scanning transmission X-ray microscopy
(STXM) at 200 eV. The vyellow rectangle indicates the region for
spectral study (blue rectangle in Figure 3. 1lb) which was chosen to
include an open area (rip in the microtomed section) to use as an
internal Io. (b) OD image measured at 292.6 eV after measuring stacks at
all 4 edges (F 1ls, C 1ls, O 1ls and S 2p) using a 200 nm defocused beam.
The stacks were measured in the area outlined by the blue dashed
rectangle. This area was subjected to a total exposure time per pixel
of 600 ms.

Soft X-rays from 150 — 780 eV, covering the S 2p, C 1ls, O 1ls and
F ls edges, were used. After loading the sample, the STXM chamber was
evacuated to a pressure of 0.1 mbar, and then the tank was backfilled
with 0.3 bar of He gas. A N, gas filter (at ALS 5.3.2.2) or a Ti filter
(at CLS 10ID1l) was used to block second order light when measuring the C
ls spectra. The spectra were acquired using image sequences (‘stacks’?)
over a large area, using a defocused beam and a step size the same or
larger than the defocused spot size in order to minimize radiation
damage, which is a severe problem with PFSA materials.'® For the C 1s,
F 1s and O 1ls edges, a dwell time of 1 ms per pixel was used. For the S
2p edge, where the incident flux is much smaller and the amount of S
small, a dwell time of 4 ms per pixel was used. The I, was measured

simultaneously with the I signal by including an area in the stack with

just the formvar or silicon nitride support (Figure 3.1). After each
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stack an area larger than the stack area was imaged at 292.6 eV where
the radiation damage has its strongest effect. If the change in
intensity between outside and inside the stack frame was more than 5%
the stack was re-measured using a less focused beam. After image
alignment, the transmitted I and I, signals were combined to generate

the optical density (0D, or absorbance) signal from the Lambert-Beer

law, OD = —-ln(I/Io). The spectra reported are the average over all
areas with an OD less than 1.2. The C 1ls, O 1ls and F ls spectra were
then converted to an absolute intensity scale - optical density per nm

(0OD1) - by scaling to match the pre- and post-edge spectral intensities
to that predicted for the elemental composition of the material, using
X-ray absorption coefficients from the literature.?* For the S 2p
spectra, which have a low signal to background ratio, the underlying
non-S 2p signal was subtracted using a spline curve fit to the pre-edge
signal in order to properly visualize the S 2p spectral features. All

data processing was performed using aXis2000.3'

3.2.3 NMR Spectroscopy

The "F ssNMR spectra of the activated PFSA materials and cast
dispersion samples (prepared as described in 3.2.1) were measured on a
Bruker Widebore — 300 MHz Avance III system using a double-resonance
probe that supports rotors with an outer diameter of 4.0 mm with 15 kHz
magic-angle-spinning (MAS) speed (chemical shift referenced wusing
trichlorofluoromethane, CFCl;, & = 0 ppm). All F NMR experiments were
performed using a pulse at 97.5 kHz radiofrequency (RF) field, with a
5 s recycle delay. The solution state diffusion NMR spectroscopy was

done using a Diff50 diffusion probehead at variable temperatures ranging
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from 295 K to 350 K. A pulse field gradient stimulated echo pulse
sequence was used. This sequence and the associated gradient parameters
are described in Appendix 4. The !*C ssNMR measurements were conducted
using a 1.9 mm outer diameter rotor with 40 kHz MAS on a Bruker Ascend
850 MHz system (chemical shift referenced using adamantane, C;,H;¢ o

38.5 ppm for high-frequency peak). All measurements were performed

using an 83.3 kHz RF field, with a 15 s recycle delay.

3.3 Results

3.3.1 X-ray absorption spectra

3.3.1.1 C 1s spectra

Each peak in an XAS spectrum arises from transitions from the
ground state to an inner shell (core) excited state where the core hole
is localized on one specific atom.?? The intensities are determined by
the electric dipole transition matrix element. Thus the spectral
features provide information about chemical bonding around that core-
excited atom. We focus on peak shapes and energies of the observed
features. Detailed assignment of the C 1s, F 1ls, O 1ls and S 2p spectra
provides links between the spectral features and the chemical structures
of the three types of PFSA. The S 2p edge spectrum is sensitive to the
side chain in PFSA materials, since that signal arises exclusively from
the sulfonic acid groups. This 1is particularly relevant, as the
sulfonic acid site controls the proton conductivity of the membrane.

Figure 3.2 compares the C 1ls spectra of Nafion 117, Aquivion 98,
and 3M 725 PFSA to that of PTFE. Proposed peak assignments are

presented in Table 3.1.
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Figure 3. 2 C 1ls X-ray absorption spectra of Nafion 117, Aquivion 98, 3M
725 and polytetrafluoroethylene (PTFE) recorded using STXM. The spectra
have been converted to an absolute intensity scale (optical density/nm
thickness at standard density, ODl1) using the procedures described in
the text. Peak positions and tentative assignments are given in
Table 3.1.

Table 3. 1 Summary of peak positions and tentative assignments for
spectral features in the C 1ls spectra of PTFE, Nafion 117, Aquivion 98
and 3M 725.

Energy (eV) Assignment
PTFE Nafion 117 Aquivion 98 3M 725 c-0 CF,
- 287.8 (sh) 287.8 (sh) 287.8 (sh)
- 289.1 289.2 289.1 0*(C-0)
292.4 @ 292.4 292.5 ¥ 292.4 6*(C-F) //
294.8 (sh) - - - 6* (C-C)
295.6 295.4 295.7 295.4 o*(C-F) L
298.7 298.8 298.6 298.5 6*(C-F) //
307.6 307.2 307.4 307.2 6* (C-C)
326 (br) 326 (br) 326 (br) 326 (br) 6* (C-C)

() calibration: PTFE: -2.56(4) eV; Nafion 117: -2.54(4) eV); Aquivion
98: -2.48(4) eV); 3M 725 -2.46(4) eV relative to C 1ls — 3p transition
of CO, (294.96(2)%)

The C 1ls spectra are dominated by four strong peaks at 292.5,
295.5, 299.0 and 307.5 eV, which are also seen 1in other heavily
fluorinated saturated® and unsaturated fluoro-organic compounds,?® as

well as polymers such as PTFE (Teflon®).3% The peaks at 292.5,

295.5 and 299.0 eV, correspond to C 1s(CF,) — o*.,. transitions, while
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those at 295.0, 307.5 and 326.0 eV correspond to C 1s(CF,) — o*. .
transitions. From C 1ls XAS studies of aligned PTFE®®" *®* the peak at
292.0 eV is associated with C 1s(CF,) — o*., (//) excitations, where the
C*.» (//) orbital is aligned perpendicular to the C-C chain. The peaks
at 295.0 eV and 299.0 eV are associated with C 1s(CF,) — o*.; (l) and C

1s(CF,) — O*.. (l) excitations, where o*.; (l) and o*.. (l) orbitals are

aligned along the C-C chain. All three PFSA species have a branch
carbon site with two (-CF,), one F and one O attached, while Nafion has
a second similar C 1ls(CF) site in its side chain. The C 1ls level for

this site will be ~1 eV lower in binding energy than the majority C 1s
(CF,) sites which would shift the o*.; and o*.. transitions to lower
energy. However, these sites are 1 in ~14 of the carbons in Aquivion 98
and 1 in -~7 of the carbons in Nafion 117 and 3M 725, so these
transitions are masked by the much stronger C 1s(CF,) features. Note
this is in sharp contrast to the !F ssNMR, where signals from each
chemically distinct site are detected (section 3.3.2.1).

In addition to the peaks seen in PTFE, the C 1ls spectra of all
three PFSA show a structured peak at 289.1 eV. We attribute this

striking difference to the presence of oxygen in the PFSA materials.
Initially we attributed the 289.1 eV signal to C 1s(CF,) — O*.,
transitions at the ether groups in the side chains. However C 1ls —
0*., features are typically observed at higher energies.?®* At present we
attribute the 289.1 eV peak to C 1s(COOR) — m=*.,, transitions at the
termination of the -(CF,)- main chain. For comparison, the C 1s(COOR)

— TW*., transition in CF;COOH occurs at 288.2 evV.?® 1In partial support
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for this tentative assignment, the ')C ssNMR provides evidence of
carbonyl signal (see section 3.3.2.2).

From a comparative point of view, Aquivion 98 and Nafion 117 have
similar EW despite having different side-chain lengths. Nafion 117 has
more C—C bonds per formula unit compared to Aquivion 98, while 3M 725
has the smallest number of C—C bonds per repeating unit. This 1is
consistent with the relative intensities of the transition at 295.0 eV

(Figure 3.2) which arises primarily from C 1s(CF,) — o*.; (l) and

C 1s(CF,) — O*.. (l) excitations, in the main chain.

3.3.1.2 F 1s spectra

Figure 3.3 compares the F 1ls spectra of Nafion 117, Aquivion 98,
3M 725 PFSA with that of PTFE. Detailed transition assignments are
presented in Table 3.2. As with the C 1ls spectra, the F 1ls spectra of
the three PFSA are very similar, with each PFSA having the same F 1s
spectral features with very similar intensities. In contrast to the
C 1ls edge, the F 1s spectra of all three PFSA species are much closer to
that of PTFE. The F 1ls spectra are dominated by strong F 1ls — O*.;
peaks at 689.8 and 694.0 ev. By comparison to the F 1ls spectra of
aligned PTFE®*® the first peak at 689.8 eV is associated with excitations

to o*.; (L) orbitals oriented across the C-C chain direction while the

peaks at 693.4, 704.0 and 723.0 eV are associated with o*., (//)
orbitals oriented along the C-C chain direction. There are small but
reproducible differences in the intensities of the two main F 1s peaks
among the three PFSA. Given that the relative intensities of the two
main F 1ls NEXAFS peaks can change dramatically with molecular

6

orientation,?® one might suspect that the variations in the spectra of

the 3 species could be related to partial alignment of the polymer
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chains. However the spectra shown were recorded with 100% circularly
polarized light which is insensitive to molecular orientation.?* Several
spun cast films were examined using 100% linearly polarized light in
several orientations, but there was no evidence of linear dichroic
response. We conclude the variations seen among the F 1ls spectra plotted
in Figure 3.3 are due to the chemical bonding changes, not to partial

alignment.
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Figure 3. 3 F 1ls X-ray absorption spectra of Nafion 117, Aquivion 98 and
3M 725 recorded using STXM. The spectra have been converted to an
absolute intensity scale (optical density/nm thickness at standard
density, ODI1) using the procedures described in the text. Peak positions
and tentative assignments are given in Table 3.2.

Table 3. 2 Summary of peak positions and tentative assignments for
spectral features in the F 1ls spectra of PTFE, Nafion 117, Aquivion 98
and 3M 725.

Energy (eV) Assignment
PTFE Nafion 117 Aquivion 98 3M 725 CF,
689.7 689.8 689.9 689.8 c*(C-F) L
692.7 (sh) 692.8 (sh)
694.1 ¥ 693.8 ¥ 694.2 ¥ 693.7 ¥ c*(C-F) //
696.7 (sh) - 697.1 (sh) -
704.1 704.2 704.6 704.3 c*(C-F) //
723 (br) 723 (br) 723 (br) 723 (br) c*(C-F) //

() calibration: PTFE: +5.8(1) eV; Nafion 117: +5.5(1) eV; Aquivion 98:

+5.9(1) ev; 3M 725: +5.4(1) ev, relative to F ls — a,4 transition of SF,
(688.27(15)).
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3.3.1.3 0 1s spectra

The O 1ls spectra of the Nafion 117, Aquivion 98, and 3M 725 PFSAs

are presented in Figure 3.4a. Detailed transition assignments are

summarized in Table 3.3.
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Figure 3. 4(a) O 1ls X-ray absorption spectra of Nafion 117, Aquivion 98
and 3M 725 recorded using STXM. The spectra have been converted to an
absolute intensity scale (optical density/nm thickness at standard
density, ODI1) using the procedures described in the text. Peak positions

and tentative assignments are given in Table 3.3. (b) O 1s spectra of
H,50, and CH;SO,H. The absence of a feature at 532.0 eV indicates that

the pre-peak observed in PFSA materials is not due to O 1ls — G*,,; or O
ls — O*;, transitions at the sulfonate group.

Table 3. 3 Summary of peak positions and tentative assignments for
spectral features in the O 1ls spectra of Nafion 117, Aquivion 98 and 3M
725.

Energy (eV) Assignment
Nafion 117 Aquivion 98 3M 725 C=0(OR) COOR Cc-0-C SO,
531.8 532.2 531.9 P*co - -
535.4 (sh) 535.1 (sh) 535.0 (sh) P*co
537.0 537.5 537.1 6% (S-0)
539.6 540.8 (sh) 539.5 (sh) 6% (C-0)
558 (br) 558 (br) 558 (br) 6* (S-0)
() calibration: Nafion 117: -7.1 (1) eV; Aquivion 98: -6.7 (1) eV; 3M
722: -7.0 (1) ev, relative to O 1ls — 3s transition of CO, (538.9(1)
ev')

An O 1ls spectral signal was also measured from PTFE.
should only contain C and F,

shown) was very different from the spectra of PFSA

3. X-ray Absorption and NMR Spectroscopy
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likely arose from residual polymerization catalysts or impurities. The
main intensity of the O 1ls spectra of PFSA is contained in a broad
structure between 535.0 and 545.0 eV, which is the region where both
0 1s(C-0) — o*.,** and 0 1s(S-0) — O*,, transitions are expected. This
region has a significantly different shape in each of the three species,
with that of Aquivion being asymmetric on the high energy side, that of
3M 725 showing signs of a separate peak, and that of Nafion 117 having
two distinct components, with maxima at 537.0 and 539.6 ev. Nafion 117,
has two ether (C—0) bonds, whereas the SSC alternatives only have one
ether bond. This gives rise to the difference in O 1ls NEXAFS observed
at both 537.0 eV and 540.0 eV. The difference in intensity at ~540.0 eV
is introduced by the extra ether bond in the Nafion 117 structure.
Therefore, the 540.0 eV transition corresponds to the O 1ls — o*.,

transition at the ether bond that is closer to the terminal sulfonic

acid group. In addition to the broad o*., signal there is a weak but
sharp feature at 532.0 eV. This is the region where O 1ls — Tw*.,
transitions occur. Since PFSA is usually synthesized with the main PTFE

chains terminated by carboxylic acid or carboxylate groups,* ™ it is
likely the 532.0 eV feature arises from these end carboxyl groups.

In early studies we noted a significant difference in the strength
of the O 1ls pre-edge peak at 532.0 eV between two different ionomer
species (Figure 3.5). 1Initially we attributed the 532.0 eV peak to O 1s
— O*, transitions at the sulfonic acid group based on a hypothesis
suggested from a small molecule core excitation study (shown in
Figure 3.6).

If the sulfonic acid was the reason behind the 532.0 eV

transition, differences in the intensity of this peak would track the
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differences in degree of protonation of the PFSA, which would be a very
useful probe for PEMFC studies. A peak at 532.0 eV has been reported in
the O 1s NEXAFS spectra of 2ZnSO, and ionic 1liquid anti-wear engine

¢ In order to test that initial

additives which have sulfonate groups.®
hypothesis we used STXM to measure the O 1ls spectra of H,S0,(l1) and
CH,SO;H(1) in sealed wet cells (see Figure 3.4b). Contrary to our
expectations based on the initial (and clearly incorrect) spectral
interpretation, the O 1ls spectra of sulfuric acid and methyl sulfonate
do not exhibit a peak at 532.0 eV, indicating the 532.0 eV peak observed

in PFSA species cannot be due to O 1ls — o*,, transitions at the

sulfonate group.
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Figure 3. 5 O 1ls spectra of PFSA 825 and 770. The two PFSA materials
were obtained from the Holdcroft Group at Simon Fraser University. The
sample treatment history was untraceable. The difference in a feature
at 532.0 eV suggests that the pre-peak observed in PFSA materials is due
to 0 1ls — o*,,; transition at the sulfonate group determined by
different levels of protonation of the two PFSA. PFSA 825 has less
intense transition at 532.0 eV, which shows the lower degree of
protonation compared to PFSA 770. The Ca 2p spectra of the same
materials were collected to determine the possible cation contamination
(shown in Appendix 5), which suggests that the high Ca content in PFSA
825.
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Figure 3. 6 (a) O ls spectra of 5 sulfonate species. The spectra of the
two ionic species are NEXAFS, measured using STXM. The spectra of the
three molecular species are ISEELS recorded in the gas phase. (b) Plot

of a O*;,y orbital in methyl sulfonic acid from GSCF3 (Gaussian Self-
Consistent Field version 3)*° ab initio calculations. (c) Molecular
orbital (MO) plots of 3 lowest unoccupied MOs from GSCF3 ab initio
calculations of O 1s (S=0) excited methyl sulfonic acid, showing a
dominant ©*4, character.

Rather we assign the 532.0 eV peak to O 1s — mn*., transitions at
carbonyl groups in the terminal carboxylates. This is consistent with
the known energies and relatively sharp peaks for O 1s(COOR) — T*.,
transitions, and supported by *C ssNMR (see section 3.3.2.2) as well as
our interpretation of the 289.0 eV peak in the C 1ls spectra of the PFSA
materials. Unfortunately the 532.0 eV transition cannot be used as an
indication of the degree of protonation of the material.

Another interesting observation related to the 532.0 eV peak is
that this feature is significantly more intense in spun cast films of
ionomer dispersions than in microtomed bulk membrane PFSA — see

Figure 3.7a.
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Figure 3. 7 (a) Comparison of O 1ls spectra of Dupont ionomer and
Nafion 117 membrane. (b) Comparison of C 1ls spectra of Dupont ionomer
and Nafion 117 membrane. All spectra were measured in STXM using no-

damage defocused beam conditions.

This could indicate a smaller mean molecular weight, i.e. shorter
mean polymer chain, for ionomer (which is expected from the need to
solubilize the ionomer in the catalyst ink dispersions) and thus a
greater number of carboxylate termination sites relative to ether oxygen
side chain sites. However, if that was the case, and our assignment of
the 289.0 eV peak as the corresponding C 1s(COOX) — m*., transition is

correct, then the 289.0 eV peak should be relatively stronger in the

ionomer than in the membrane. In fact the opposite is the case, - see
Figure 3.7b. In studies of several different types of ionomers, we
consistently found these observations, as shown in Figure 3.8. At

present these observations remain a puzzle.
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Figure 3. 8 Comparison of NEXAFS spectra of PFSA membranes (microtomed)
and spun cast films of ionomer dispersions. (a) C ls. (b) 0 1ls. (c) F
ls. (d) S 2p.

3.3.1.4 S 2p spectra

S 2p spectra are sensitive to the local bonding environment of the
s* and informative in material speciation. The S 2p spectra of the
Nafion 117, Aquivion 98, and 3M 725 PFSAs are presented in Figure 3.9.
Detailed transition assignments are summarized in Table 3.4. The low
lying transition at 172.0 eV is assigned to overlapping S 2p;/,,;; (S-C)
— 4s and S 2p;,,;,2, (S-0) — 4s transitions which form a characteristic
‘triplet’ structure due to spin-orbital coupling.? Transitions in the
178.0 — 186.0 eV region are attributed to spin orbit pairs of S 2p(S-C)

— 3d (ty) and S 2p(S-0) — 3d (t,;) transitions. For all three PFSA

materials, the spectral features are very similar, with only slight
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intensity differences. This is consistent with expectations since the
sulfur environments in all three PFSA materials are very similar because
the S centers are all in sulfonic acid or sulfonate groups, depending on

the pH.

— Nafion-117
—— Aquivion-98
— 3M-725

Optical density , /nm
(background subtracted)

S 2p

(=]

170 180 190 200
Energy (eV)

Figure 3. 9 S 2p X-ray absorption spectra of Nafion 117, Aquivion 98 and
3M 725 recorded using STXM. The as-recorded OD spectra were subjected to
a spline fit to generate the non-sulfur background by extrapolating the

pre- S 2p signal, which was then subtracted. The intensity scale was
then set by matching to similarly background subtracted elemental
response functions (ODI-S 2p). Further details are described in the

text. Peak positions and tentative assignments are given in Table 3.4.

Table 3. 4 Summary of peak positions and tentative assignments for
spectral features in the S 2p spectra of Nafion 117, Aquivion 98 and
3M 725.

Assignment

Energy (eV) s—c S0,
Nafion 117 Aquivion 98 3M 725 2p;,, 2p,,, 2p;,, 2p,,,
171.1 171.2 171.1 4s
172.5 @ 172.6 @ 172.6 @ 4s 4s
174.1 173.8 174.0 4s
177.3 177.3 177.2 3d (t,)
178.2 (sh) 179.0 (sh) 178.5 3d (t,)
180.0 180.2 180.3 3d (t,)
182.0 (sh) 181.9 182.0 3d (tu)
186.6 186.9 186.8 3d (e,) 3d (e,)
194 (br) 193 (br) 194 (br) 3d (eg) 3d (ey)
() calibration : Nafion 117: -12.1 eV; Aquivion 98: -12.0 eV; 3M 725:

-12.0 eV relative to S 2p — t,, transition of SF, (184.57(6))
The change could be due to changes in the degree of protonation of

the sulfonate sites, but, as seen from the O 1s edge, a localized o*g 4
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orbital either does not exist or the O 1ls — O*;,y and S 2p — O*g gy
transitions are too weak to be detected. The S 2p spectra of these
three PFSA materials are similar to the S 2p spectra of gas phase
trifluoromethanesulfonate and two other sulfonates, recorded in a

complementary ISEELS study in Figure 3.10.
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Figure 3. 10 (a) S 2p spectra of 5 sulfonate species (quantitative
intensity scales). The two ionic species are NEXAFS, measured using
STXM. The three molecular species are ISEELS spectra recoded in the gas
phase. (b) Expanded view of the lowest energy peak in the 3 molecular
species.

Since the S 2p spectra of all PFSA samples are identical, we
conclude that the sulfonic acid groups in all 3 species have similar
local bonding and environments, at least in the dehydrated state. It is

important to note that the intensities in Figure 3.9 do not correlate

with the number of sulfonic acid groups present since the spectra have
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been converted to 0Dl scale which normalizes the S 2p spectra on a per-S

basis.

3.3.2 NMR Spectroscopy

3.3.2.1 YF NMR Spectroscopy

F NMR spectroscopy was performed at ambient temperature and
humidity on three PFSA membrane materials after the activation treatment
described in the experimental section. With careful deconvolution of
the F ssNMR signals, each of the different fluorine sites in each PFSA
sample are distinguished and assigned, as shown in Figure 3.11. Peak

locations and assignments are summarized in Table 3.5.

The Nafion 117 spectrum (Figure 3.1lla) agrees with previous
reports.'? The signal from the side-chain fluorine atoms is well-
resolved from those of the backbone. The alternative PFSA materials,

Aquivion 98 (Figure 3.11b) and 3M 725 (Figure 3.11c), have not been

studied in detail previously using YF ssNMR. Importantly, our
meticulous deconvolution routine®®®* is an effective tool for
distinguishing the molecular structure of the PFSAs. In the spectra of

all three PFSAs, the signal at -122 ppm is dominant, and is assigned to
the backbone CF, moieties, which are the major building blocks of PFSAs.
The most noticeable difference of the F spectrum of Nafion compared to
those of Aquivion 98 and 3M 725, is that two -OCF signals observed: one
is from the backbone branch point; the other is from that in the side-

chain.
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Figure 3. 11 F MAS ssNMR of Nafion 117, Aquivion 98 and 3M 725. The *
indicates spinning side bands. Different fluorine sites are labeled
accordingly, separating the side chain and backbone signals based on the

chemical shifts. Spectral intensities and assignments are given in
Table 3.5.
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Table 3. 5 Summary of peak positions (ppm), normalized relative
intensities and assignments for spectral features in the 'F MAS ssNMR
spectra of Nafion 117, Aquivion 98 and 3M 725.

F ssNMR Spectra Analysis — Chemical Shift (ppm) and

PRSA Normalized Relative Intensity®
Type aOCF, ROCF, CF, SCF,
Nafion 117 > -80 -80 -80 ~118
Relative 2 2 3 5
Intensity
Type OCF, SCF,
6 - -
Aquivion 98 . 78 117
Relative 2 5
Intensity
Type OCF, SCF,
3M 725 ° -80 -114
Relative 2 5
Intensity
Nafion 117 6_ -122 -138 -144
Relative 28 ) )
Intensity
Type CF, CF
6 - -
Aquivion 98 . 122 138
Relative 30 )
Intensity
Type YCF, CF, 3CF, CF
3M 725 5 -122 -122  -122 ~139
Relative 2 16 ) )
Intensity

a)

Spinning side bands are included in relative intensity normalization.

The OCF, signals are found at approximately -80 ppm in all three
PFSAs, however the relative signal intensity in Nafion 117 is much
higher than in the other two PFSAs. This is due to the fact that the
signal at -80 ppm in Nafion 117 includes contributions from three
different fluorine sites, i.e. signal overlap. The SCF, site, the
terminal fluorine site that is adjacent to the sulfonic acid group, is
partially resolved in the spectra. Its signal is very close to that of
the backbone CF, but the SCF, signal intensity can be easily analyzed
with deconvolution. Another interesting observation is that the SCF,

signal in 3M 725 is better resolved than in Nafion 117 or Aquivion 98.
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This is possibly caused by the fluorine environment in the material,
where the surrounding electronegative fluorines are pulling the
electrons more since there are more fluorines nearby in 3M 725.
Therefore, the chemical shift of the SCF, site is at a relatively higher
frequency than the SCF, sites in Nafion and Aquivion. Thus, by looking
at the general spectral features, these three PFSA materials can be
differentiated with sufficient clarity that an wunknown material
exhibiting one of these three F ssNMR spectra could be unambiguously
identified.

Quantitative analysis of PFSA composition can also be performed
using F NMR study. Normalized integrated signal intensities for each
fluorine site are summarized in Table 3.5. The relative intensity
ratios agree with the chemical formulae provided by the manufacturers.
This indicates that '®F ssNMR can provide quantitative analysis of PFSA
materials. F ssNMR specifically probes the fluorine environments in
PFSA, which can provide unambiguous evidence to identify/distinguish

PFSA materials.

3.3.2.2 YC NMR Spectroscopy

3C ssNMR is a challenging experiment due to the low natural
abundance of NMR active C nuclei. In order to assist transition
identification in STXM C 1ls NEXAFS analysis, '°C ssNMR spectroscopy was
used to identify different carbon environments in three different PFSA
materials. The C NMR data was collected on materials without 'C
enrichment. A 20 T field strength magnet was used to enhance signal
sensitivity. The materials selected were activated Nafion 117, and cast
film samples from Nafion and Liquion dispersions. It is known that the

terminal end group of the polymer chains can be —-COOH, —CF,H or —CF,=CF,
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from polymer manufacture.*™*!

A proton decoupling sequence was applied
during detection to achieve good signal resolution. All of the carbon
sites located on the polymer chains were observed in the chemical shift
range 100 ppm — 120 ppm, shown in Figure 3.12. The chemical shifts
observed agree with the 1literature for all of the carbon signals
expected from the PFSA materials.>®

In each of the three PFSA samples studied, a carbonyl signal was
observed in the !’C ssNMR spectra. These signals have not been reported
previously using ssNMR, or any other NMR method, to our knowledge. In
Nafion 117, this signal occurs at 175.5 ppm (Figure 3.12a), but in both
Nafion and Liquion cast film samples, the carbonyl signals are present
at 179 ppm (Figure 3.12b, 3.12c). This chemical shift range has been

3354 The variation in

observed for carbonyl carbons in various materials.
chemical shift in these three PFSA materials is possibly due to
different cations being associated with the carbonyl groups. The cast
films were not prepared in fully protonated form; identification of the
cations was not in the scope of this study. Nonetheless, observation of
C ssNMR signal associated with carbonyl groups in all of the PFSA
materials tested is consistent with the literature with regard to the
possibility of carboxyl groups as the main chain termination.®*™** It
also supports assignment of the 289.0 eV NEXAFS peak as the C

1s(COOR)—>c*.,, transition and the 532.0 eV NEXAFS peak as the O

1s(COOR)—>0c*.,, transition at a chain termination carbonyl group.
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Figure 3. 12 ')C ssNMR of (a) Nafion 117, (b) Nafion (EW1100) spun cast
film, (c) Liquion (EW1100) spun cast film.

3.3.2.3 Diffusion Profile Analysis

The STXM and ssNMR analyses of the ionomer dispersion in cast film
form demonstrate the chemical sensitivity of these spectroscopies for
identification of different thin films. To further extend this
investigation of PFSA cast films starting from different dispersions,

the macroscopic diffusion profiles of those dispersions were
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investigated via NMR spectroscopy. By doing so, the solvated molecular
motion can be monitored, which provides insight into ionomer film
formation in the CL and MEA.

Diffusion arises from Brownian motion, where the molecules move
randomly in a fluid. It is often characterized by a diffusion
coefficient, which is described according to the Stokes-Einstein

equation as

kT
D = (Equation 3.1)
6nnr,

where k is Boltzmann constant, T is temperature, n is the viscosity of
the liquid, r, is the radius of the molecule. '’F diffusion ordered NMR
spectroscopy (DOSY) experiments for the PFSA dispersions were performed.
The pulse sequence used in the current diffusion study can be found in
the Appendix 4. The dispersions were obtained from Ion Power Inc. and
diluted with NPA aqueous solution with volume ratio NPA: H,0=3:1 into 1%
concentrated solutions. By doing so, the difference in viscosity in the
stock dispersion solutions can be neglected. By monitoring the
attenuation of signal intensity, the diffusion coefficient can be
extracted by plotting the signal intensity against gradient, according

to

-py’g’s" (A-6/3)
I =1e"7°

. (Equation 3.2)
where D is diffusion coefficient, y is the gyromagnetic ratio of the
observing nucleus, g is the gradient strength, 4 is the diffusion time,
and 6 is the length of the gradient pulse.

In the current study, the molecular diffusion coefficients were

extracted by 'F DOSY experiments at different temperatures, by fitting

the signal attenuation trend to the experimental parameters used in the
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gradient pulse sequence based on the Stejskal and Tanner equation® using
Bruker Dynamics Center software(v. 2.2.1). The results are plotted in

Figure 3.13.
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Figure 3. 13 Plot of temperature dependent proton diffusion coefficients
in Nafion and Liquion liquid dispersions.

The profile diffusion coefficients for different PFSA dispersions
were reported by averaging the values for all fluorine sites with 10%
difference. The two PFSA dispersions were considered to have the same
solution viscosity due to use of the same solvent system, as mentioned
previously. In general, the Liquion dispersion has much higher
diffusion coefficients at all temperatures, compared to the Nafion
dispersion. Taking into account that the two PFSA dispersions were
considered to have the same solution viscosity, and the inverse
proportionality between the diffusion coefficient and the solvated
radius (Equation 3.1), one can conclude that the molecular radius of
Liquion dispersion with 1% concentration is smaller than that in a 1%
Nafion dispersion. Yet, despite the fact that the chemical compositions
of these +two dispersions are 1indistinguishable; the macroscopic
diffusion profiles effectively differentiate the two dispersions in

terms of solvated molecular radius.
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3.3.2.4 Concentration Dependent Diffusion Profile
Analysis (Collaboration with AFCC)

In contrast to the previous diffusion comparison between two
ionomer dispersion solutions with the same concentration, a series of
ionomer dispersions with different concentrations were analyzed to
extract ionomer diffusion profiles as a function of concentration. The
goal is to understand the diffusive behavior of ionomers in different
solvent systems under the influence of concentration. Additionally, the
ionomer diffusion under the influence of solvent systems is also
explored. As this work was under a non-disclosure agreement with AFCC,
the specific details of the ionomers are not released here (general
information of the solutions summarized in Table 3.6) and the discussion
regarding the results remains generalized in this thesis.

Table 3. 6 Information of ionomer dispersion solutions obtained from
AFCC.

Ionomer Solvent Blend
Sample Ionomer type Concgntration Concentration NPA
# in the Info (n—PrOH) H,0
Sample, wt$%

la A 720EW 3% overlap (C*) - 100%
1b A 720EW 5% ink - 100%
2a A 720EW 0.02% overlap (C*) 25% 75%
2b A 720EW 5% ink 25% 75%
3a Nafion 850EW 1% overlap (C¥*) 75% 25%
3b Nafion 850EW 5% ink 75% 25%

In general, the diffusion depends on the viscosity of the solution
and the radius of the solvated molecules as per Equation 3.1. It is
therefore important to understand the concentration dependence of
dynamic properties of ionomer in dispersion form. For comparison, two
concentration classes are introduced: the ionomer overlap concentration
and the ink concentration.?>® The overlap concentration, labeled C*,

defines the concentration at which the ionomer chains are not likely to
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interact with each other, which allows the polymer chains to have a
relaxed morphology in the solvent. Conversely, the ink concentration
refers to the ionomer dispersion concentration typically used during
catalyst ink preparation, where the ionomers are expected to have a more
densely packed arrangement in solution.

In an effort to extract the diffusion coefficients in different
solvent systems, 'H DOSY NMR measurements of water molecules present in
the solvent systems were performed. The diffusion coefficients
resulting from the analysis of the data are summarized in Table 3.7.

Table 3. 7 Summary of diffusion coefficients for water molecules in
different solvent systems.

Sample # H,0 in NPA D (m*/s) (E-9) Error (E-9)
la 100% H,0 2.5 0.1
1b 100% H,0 2.5 0.1
2a 75% H,0 1.20 0.02
2b 75% H,0 1.20 0.02
3a 25% H,0 0.648 0.004
3b 25% H,0 0.624 0.007

Between each pair of ionomer solutions (same solvent system but
different ionomer concentrations), the diffusion coefficient of the
water molecules remains constant within error. This suggests that the
ionomer concentration difference (within the concentration range
provided) does not influence the water diffusion behavior in the solvent
system. Hence, according to Equation 3.1 for water molecules in each
solution pair, the parameters that affect the diffusion coefficient,
such as solution viscosity, temperature and the molecular radius, are
all equal. This implies that the ionomer concentration variation in the
given case does not significantly affect the viscosity of the overall
solution. Additionally, it is observed that in the presence of NPA the

water diffusion coefficient decreases, suggesting that the addition of
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NPA in the solvent system overall increases the viscosity of the
solution.

From the '’F NMR spectral comparison shown in Figure 3.14, samples
la,b and 2a,b have equivalent ionomer content as demonstrated by the
same relative intensity ratio between all observed fluorine sites (in

Figure 3.14a).
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Figure 3. 14 Solution state 'F NMR spectra for all the ionomer
solutions. Solution concentrations are labeled as ‘Ink conc.’ and
‘Overlap conc.’ to help to distinguish a and b solutions in each pair.
la,b and 2a,b share spectral similarity, which reflects the same ionomer
in both pairs. 3a,b is Nafion-like LSC-PFSA, therefore both spectra

have different spectral features: two distinguishable CF signals.
Furthermore, from the observed chemical shift range, the ionomer
in the solutions is likely to be a non-LSC PFSA. The more pronounced
spectral features between -120 and -125 ppm in 2a,b are due to higher
NPA content in the system (25% vs. 0%) as the added alcohol content
makes the ionomer molecules more relaxed since the solvent system with
NPA becomes less polar. The CF, groups at different locations along the

backbone with respect to the branch point —CF— are more exposed to the
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solvent system, therefore they tend to be more responsive to the applied
magnetic field. In Figure 3.14b, the 3a,b samples clearly contain a
different type of ionomer in the solutions compared to the other two
pairs. Based on the spectral analysis, there are two —CF— signals
observed from the backbone and side chain. Therefore, the ionomer is a
Nafion-like LSC-PFSA and the spectra are comparably similar to Nafion
117 shown in Figure 3.11, which agrees with the ionomer information
provided by AFCC.

The diffusion coefficient analysis was performed using the Dynamic
Center software developed by Bruker. The diffusion profile comparison
between la,b is illustrated in Figure 3.15. Here we can use the generic
Aquivion structure to represent the non-LSC PFSA to simplify the
comparison. The two-dimensional (2D) plot maps out the diffusion
coefficient as a function of chemical shift, with the contours showing
the intensity of that specific site, providing a visual site-specific
distribution of the diffusion coefficient. The backbone —CF— has the
lowest D value compared to the other fluorine sites, with the rest of
the sites exhibiting similar D values. The values for all three sample
pairs are extracted and tabulated in Table 3.8. The difference between
la and 1lb is due to the concentration variation between the two samples.
With higher concentration, the diffusion coefficient is lower,

indicating that the hydrodynamic radius (r,) is larger than that in the

less concentrated solution, r > r . This is plausibly due to the

s,1b s,la
lack of solvent molecules to solvate the ionomer molecule in the more

highly concentrated solution.
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Figure 3. 15 The diffusion profile comparison of sample la and 1lb, using
Dynamic Center software. Aquivion structure is used here to demonstrate
results from a non-LSC PFSA material. The dashed lines serve as a guide
for diffusion coefficient comparison. The 2D plot illustrates the
diffusion coefficient as a function of chemical shift, and the contour
indicates the signal intensities.

Table 3. 8 Summary of diffusion coefficients of 1a,b. Each resolved
fluorine signal was analyzed and the overall average of all the sites
representing the entire molecule is also stated here.

Chemical la 1b
Shift D (m*/s) Error D (m*/s) Error
(ppm) (E-11) (E-11) (E-11) (E-11)
-81 3.30 0.20 3.00 0.10
-120 3.25 0.07 2.94 0.07
-125 3.41 0.05 3.08 0.05
-140 3.80 0.50 3.40 0.30
Overall 3.4 0.2 3.1 0.1
Average

The same diffusion analysis was carried out on the second pair of

solutions, however useful information from the 2a sample was not

extractable. This was attributed to the low ionomer concentration in
2a. In order to have the signal-to-noise ratio required to extract
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diffusion information, long experiment times and high applied gradients
are typically necessary. Due to time constraints and instrumental
limitations, the preliminary analysis of 2a was not ©possible.
Nevertheless, the diffusion profile of 2b is illustrated in Figure 3.16,

with the associated D values summarized in Table 3.9.

..
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Figure 3. 16 The diffusion profile for sample 2b, analyzed using
Bruker'’s Dynamic Center software.

Table 3. 9 Summary of diffusion coefficients of 2b. 2a has such low
ionomer concentration, thus more experiments are needed to extract
diffusion information. Each resolved fluorine signal was analyzed and
the overall average of all the sites representing the entire molecule
was also stated here.

Chemical 2b
Shift D (m’/s) Error
(ppm) (E-12) (E-12)
-81 2.9 0.4
-120

-125

-140
Overall
Average
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Since 1b and 2b have the same ionomer concentration, but in
different solvent systems, the diffusive behaviors can be compared. As

shown in Table 3.7 where the solvent diffusion coefficients are

summarized, the ratio of <viscosities of sample 1b to 2b is
n, 21N, =0.48 : 1 =1:2 and the diffusion coefficients of the ionomer
in 1b and 2b has a 10:1 ratio. The relationship between the

hydrodynamic radii of ionomers in 1lb and 2b can then be derived as

follows:

T ﬂz., s.2b
2b nlb s,1b
10 2 b
= — = — . =
l 1 s,1b

rs 2b 5

= == = —

1

From this derivation, it is clear that =r,, is roughly 5 times

greater than 1r,,, , suggesting that the difference in diffusion is

introduced by the solvent system (NPA content 0% in 1b and 25% in 2b),
where in 2b the molecules are more relaxed.

More interestingly, the comparison of 3a to 3b demonstrates the
effects of the polymer backbone and side chain in terms of diffusion
profiles, as shown in Figure 3.17. Two sets of dashed lines are drawn
for clarity, the first one representing the fluorine signals from the
backbone, while the other represents the fluorine signals from the side

chain.
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Figure 3. 17 The diffusion profile comparison of sample 3a and 3b, using
Dynamic Center software. Two sets of dashed lines are drawn here to
demonstrate the difference in diffusion coefficients of polymer backbone
and side chain signals.

The diffusion coefficients from '’F NMR measurements are summarized
in Table 3.10. A similar comparison of la and 1lb was made where it was
observed that with the same solution viscosity, the difference in
diffusion is attributable to concentration differences as the
hydrodynamic radius is larger in less concentrated solutions. In
general, the results of these comparisons suggest that the ionomer
molecules in solutions with overlap concentration travel faster than

those in the solutions with ink concentration, an effect that is

introduced by a difference in the hydrodynamic radii.
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Table 3. 10 Summary of diffusion coefficients of 3a,b. Each resolved
fluorine signal was analyzed and the overall average of all the sites
representing the entire molecule was also stated here.

Chemical 3a 3b
Shift D (m?/s) Error D (m*/s)) Error
(ppm) (E-12) (E-12) (E-12) (E-12)
-81 8.2 0.7 5.1 0.3
8.1 0.5 4.9 0.3
8.0 0.3 4.8 0.2
-120 8.4 0.4 5.0 0.2
11 1.0 5.8 0.4
11.5 0.8 7.0 0.3
-140 12 4.0 5.8 0.9
-147 8.3 0.6 4.9 0.2
ZXEE:; 9.4 1.0 5.4 0.3

By additionally comparing la,b and 3a,b, it is observed that the
backbone and side chain signals tend to have different diffusion
profiles, which could potentially reveal the arrangement of the ionomer
molecules in different solvent systems. Nevertheless, more information
is required in order to achieve the initial goal of describing the
diffusive behavior of ionomers in different solvent environments and to
provide insight into the ionomer arrangement in solution.

Overall, the additional diffusion study demonstrates the potential
of YF diffusion NMR studies as an efficient approach to assist in the
differentiation of different PFSA ionomer dispersions and provide self-
diffusion profiles of the PFSA molecules. The role of overlap
concentration and molecule morphology in solution is an interesting
topic that is potentially better understood by this method, although
technical difficulties still need to be overcome before accomplishing

this goal.
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3.4 Discussion

This study has explored the strengths and weaknesses of NEXAFS and
ssNMR spectroscopies with respect to differentiating PFSA materials in
different forms. Together they complement each other from several
different perspectives. The STXM technique provides chemical analyses
at the C 1s, F 1s, O 1ls and S 2p edges for both membrane and electrode
ionomer analysis. From the C 1ls and F 1s NEXAFS investigation, the
chemical differentiation was not as clear as we had hoped. Even with
detailed transition assignments, the C 1ls and F 1ls NEXAFS spectra were
not able to distinguish PFSA membranes with similar, but differing
chemical structures. However, the O ls NEXAFS was able to differentiate
the three PFSA species studied, and thus potentially could be used to
identify different PFSA membrane materials. From the O 1s NEXAFS
spectral comparison, LSC-PFSA with two ether bonds, like Nafion, can be
recognized and separated from the others. 1In contrast to NEXAFS, 'F NMR
analysis provides a powerful way to reveal the complete molecular
structures at the fluorine atoms in bulk membrane samples, as
demonstrated in Figure 3.11.

Another form of PFSA, ionomer dispersions, was also explored. The
dispersion form is preferred in MEA manufacturing and CL casting in the
industrial setting due to its tunability, which allows catalyst inks to
reach desirable viscosity based on different formulations. When the
material form switches from the bulk membrane to the cast thin film made
from the ionomer dispersion, such thin films replicate the properties of
PFSA materials in fuel cells without the complexity contributed from

other MEA or CL components.
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The O 1s NEXAFS spectra are sensitive to the chemical bonding
between C and O. Spectroscopically the pre-peak at 532 eV is consistent

43-4% an attribution

with the presence of terminal carboxylic acid groups
which is supported by the !*C NMR. From the NMR perspective, F NMR is
consistently able to reveal polymeric molecular structure of single-
component materials. 3¢ NMR study at high magnetic field positively
identifies the terminal end groups on polymers and speciates residual
solvent molecules. The 'C NMR result supports the STXM finding, in that
solvent residue signal appears at the lower chemical shift range (10 —
60 ppm) and carbonyl signal appears at the higher chemical shift range
(175 — 180 ppm). The assignments of the 289 eV C 1ls and the 532 eV O 1s
signals are still debatable, since these transitions could arise from
several possible sources. However the STXM and NMR results are
consistent with each other regarding the existence of carbonyl group. To
further support the NEXAFS peak assignments, additional small molecule
investigations could  Dbe performed. For example studies of
pentafluoropropionic acid (CF;CF,COOH) and its derivatives could help to
define the spectra expected for carbonyl groups in a highly fluorinated
environment.

By wusing solution-state NMR with an advanced gradient pulse
sequence, the diffusion profiles of the ionomer dispersion were
extracted and compared. This demonstrates the power of NMR for combined
solid and 1liquid state studies of PFSA. However the diffusion
experiment performs much more reliably if there are no additional
components in the sample system. NMR can easily pick up interfering
carbon signals in CL samples, but the existence of paramagnetic catalyst
particles causes NMR signal 1line broadening. Additionally, the

concentration and solvent dependence of the ionomer diffusion behavior
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is also explored in collaboration with AFCC. The alcoholic component in
the solvent demonstrates its ability to keep the ionomer in a more
relaxed morphology.

The goal of this research was to explore the relative merits of
NMR and NEXAFS spectroscopy for characterization of PFSA materials.
While ssNMR is clearly more chemically sensitive than NEXAFS, it is not
able to investigate the S or O environment directly. NEXAFS requires a
synchrotron facility, which is less widely available than 1lab based
ssNMR. However, if NEXAFS is measured with STXM, spatially resolved
chemical mapping can be achieved which benefits investigations of
systems with multiple components, such as CL and MEA samples.>?® 713
Together, this combination of techniques is able to probe subtle aspects

of PFSA materials particularly for studies of degradation as a function

of ionomer and membrane composition, following FC operation.®

3.5 Summary

This chapter reported an investigation of several different PFSA
materials using two spectroscopic techniques, XAS and NMR, which provide
different molecular perspectives. NEXAFS spectroscopy via STXM provides
chemical sensitivity and spatially resolved (~30 nm) chemical mapping.
Together, the C 1s, F 1ls, O 1ls and S 2p NEXAFS provide insights into the
chemical bonding environment of these elements in PFSAs. S 2p edge
studies have great potential to provide insight into selective chemical
and electrochemical degradation study of PFSA materials in PEMFC.?
ssNMR is much more sensitive than NEXAFS in material structure
elucidation with qualitative identification and quantitation of

different spin environments, since it can detect signals specific to
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each distinct fluorine site in the repeat unit. However, the natural
abundance ')C ssNMR is a ‘heroic’ experiment and *’S ssNMR seems beyond
reach of current instrumentation. Within their sensitivity limits, *F
and C ssNMR studies can greatly extend STXM analyses of PFSA. Both
techniques detected signal from carboxyl groups, which unveils the
possible termination of the polymer chain. The existence of carboxyl
groups potentially reduces the acidity of the PFSA; however, it may be
useful as a chemical stabilizer**** to help ionomer solutions stay
dispersed.

STXM analyses of CLs or MEAs can be interpreted with the support
of NMR reference data of PFSAs measured without any interference from C
support or Pt catalysts, which are essential components in industrial
fuel cell devices. At the same time, the S 2p and possibly O 1ls NEXAFS
can provide localized information on the proton conducting site, the
sulfonic acid group, providing another tool to study ionomer materials,
even in the presence of other fuel cell CL components. For example, the
combination of S 2p NEXAFS and "F ssNMR would be a powerful approach to
study membrane or catalyst layer degradation, or to analyze MEA
activation or aging. A comprehensive STXM-ssNMR combination would have
the potential to characterize both the spatial and chemical nature of
operationally induced degradation. In particular, attack on PFSA side
chains by electrochemically generated free radicals is implicated as a
primary damage mechanism during PEMFC operation.®>” The ability to
quantify side-chain loss by high-resolution F ssNMR and sulfonic group
loss by S 2p XAS would provide a unique vantage point on the degradation
process. Furthermore, this approach could be used to evaluate the role
of carboxylic acid groups in CL/membranes. Our proclivity is to further

utilize STXM to evaluate full CL/MEA components, such that the
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importance of polymer stability can be probed with spatial resolution.
The collaborated work done on different ionomer solutions with AFCC has
demonstrated the advantages of solution-state NMR diffusion method,
where the concentration and solvent dependence of the ionomer diffusion
behavior is explored. This technique is suggested to be an efficient
approach in the differentiation of different ionomer dispersions and

provide self-diffusion profiles of the PFSA molecules.
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4.

F DO NMR — A New Tool for

Probing Dynamics in Nafion

4.1 Introduction

This chapter focuses on the development of a 'F double-quantum
(DQ) NMR method specifically to characterize PFSA backbone and side
chain dynamics. A standardization of the measurements is also discussed
as a way to quantitatively compare PFSA materials in the same class. 1In
this study, the commercial polymer electrolyte material, Nafion, was
used in the demonstration and validation of the proposed NMR method.
The main motivation for this study is that the role of side-chain
dynamics in morphology development is not well-understood. Knowledge of
the local dynamics within the various domains of PFSAs is valuable for
gaining an understanding of ionomer performance within fuel cells,
especially in catalyst ink formulations where the interactions between
domains of PFSA and other ink components, i.e. conductive carbon, Pt
catalyst and solvent blend, are poorly comprehended.

This chapter was adapted with permission from, Macromolecules.

Copyright 2016 American Chemical Society (Z. B. Yan, D. H. Brouwer, G.

R. Goward. 2016, 49, 7331-7339). All the materials preparation and
treatment were done at McMaster University. The NMR pulse sequence was
modified and optimized with help from Prof. Darren Brouwer. All ssNMR
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experiments were performed at the NMR facility at McMaster University,
and analyzed under the supervision of Prof. Gillian Goward. The initial
drafts of the manuscript were written by the current author, Z. B. Yan.
In the case of PFSA, many NMR studies have been conducted based on
different aspects such as structure and dynamics,!'™ as well as
morphology.>”’ Magic-angle-spinning (MAS) ssNMR, coupled with

B3c—°F heteronuclear correlation experiments have

two-dimensional (2D)
been applied to the structural analysis of PFSA materials.' This has
provided a clear and unique assignment of the C and ¥F chemical
shifts +to the backbone and side-chain carbon and fluorine atoms. In
the investigation of PFSA degradation upon hydroxyl radical attack, F
ssNMR has been performed before and after the exposure to the hydroxyl
radicals, followed by quantitative spectral analysis including spectral

deconvolution.?®?®

From the individual segment analysis of the ionomer
Nafion 211, the fluorine concentration associated with each fluorine
site was studied as a function of exposure time to Fenton’s reagent
(which contains free radicals, as a strong oxidant).?® The changes in
concentration of the backbone and side-chain fluorine sites revealed
that the backbone is resistant to radical attack. The wvulnerability
along the side chain was explicitly identified, as the free-radical
attack was shown to cleave at a specific location.® This conclusion is

1 the free-radicals are formed

consistent with the morphology of PFSA;
and react within the hydrophilic domains, formed by the side chain —
aqueous phase interaction. In contrast, the backbone regime is
chemically more stable, as well as being hydrophobic, and thus

inherently removed from the aqueous region where the hydroxyl radicals

appear.
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It is well-known that dynamics can be analyzed via NMR relaxation

11-13

studies. Both spin-lattice and spin-spin relaxation measurements, T,

and T, respectively, as well as signal linewidth are often used to
evaluate dynamics of molecules in solution as well as in solids.'™? !'°13
In solids, the second moment of the line shape can also be used to
monitor dynamics, particularly when evaluating static spectra as a

14-16

function of temperature. For example, polytetrafluoroethylene (PTFE)

fiber has been studied in this manner over a wide temperature range;'® !’
however, such an approach without MAS lacks spectral resolution and
cannot differentiate the dynamics occurring at different sites in the
material. More recently, the F/'*C NMR linewidth analysis of Nafion
under MAS and YF-C chemical shift correlation indicates a dynamics
gradient with respect to the backbone branch point, meaning that the
dynamics increase along the side chain structure and are greatest at the
terminal sulfonic acid group.'? 1In these studies, the motion measured
for the Nafion backbone agrees with the uniaxial rotation of PTFE,"
while the side-chain motion is associated with sub-segmental motion,
known as R-relaxation. This investigation focused on the use of chemical
shielding anisotropy (CSA) changes as a function of hydration to
evaluate the geometry of the side chain and backbone reorientations for

2

Nafion.'" Hence the dipolar recoupling NMR technique as an alternative

approach for dynamics study is developed and implemented.

4.2 Experimental

4.2.1 Preparation of Fluorinated Polymer
Materials
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Pristine Nafion 117 was purchased from Sigma-Aldrich. Nafion was
first washed in 3 wt% H,0, for 1 hour at 90 °C and then washed with
deionized water for another hour, changing the water four times.
Subsequently, it was washed in 0.5 M H,SO, solution for 1 hour. It was
then washed in deionized water until a constant pH was obtained, again
changing the water multiple times.'® Finally, the materials were dried

in vacuum oven at 80 °C for 24 hours.

4.2.2 Relative Humidity Control for NMR
Samples

The relative humidity (%RH) condition was controlled by using
ESPEC® Platinous series model ESL-2CA humidity chamber. The humidity
range used in the study was 50% - 100%. Each condition was set up with
constant mode at a 25 °C to reach the desired humidity condition.
Nafion membrane material was packed into the working zirconia rotor
uncapped. The packed rotor and Vespel™ cap were then placed into the
chamber to equilibrate for 24 hours. The rotor was then capped before
being taken out of the chamber for NMR analysis. The membrane sample
was considered sealed at constant hydration level (A) after the rotor
was equilibrated for 24 hours at a given relative humidity. The
associated A value can be estimated based on the previous work done by
zawodzinski et al.!” The A value for sample that was treated under 50

$RH condition is = 4; A = 14 when the sample was under 100 %RH.

4.2.3 F NMR

Solid-state NMR experiments were carried at on a Bruker Widebore —

300 MHz Avance III system using a 4 mm double resonance probe. The MAS
frequency in all experiments was 15 kHz. All F MAS NMR experiments
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were performed using a 97.5 kHz radiofrequency field after DQ efficiency
optimization. The '’F chemical shifts were relative to CFCl,.

To accurately probe the dipolar interaction, reference NMR spectra
were collected along with the DQ spectra and used in a normalization
procedure. The reference spectra were obtained by modifying the
receiver phase cycle,? compared to the DQ experiments where the phase
cycle selectively allows the DQ coherence (DQC) to pass. The receiver
phase of the reference experiment is designed to collect the coherences
that are eliminated by the DQ experiment. In the current version of the
pulse sequence (please refer to Appendix 3), the even steps of the
receiver phase cycles between these two experiments have a 180° phase
difference. The experiments were carried out based on the construction
of the reference experiment, in accordance with Ref. 20.%° The
interleaved 2D 'F DQ recoupling experiments were carried out with 16
scans and 32 slices in the indirect dimension. The temperatures used in
the variable-temperature measurements were calibrated using samarium

stannate.?"?2

4.3 Results and Discussion

4.3.1 Spectral Resolution of Nafion

The structure of Nafion is illustrated in Figure 4.1, together
with the 'F NMR spectrum collected using a single pulse experiment under
MAS. Nafion (the most common PFSA) consists of a PTFE backbone and
polyvinyl ether side chain terminated with a proton-conducting sulfonic
acid group. The peak assignments of the F MAS NMR spectrum are
highlighted within Figure 4.1. The backbone CF, signal is the strongest

signal, at -122 ppm, and the backbone branching point CF(b) is observed
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at -138 ppm. The weaker side-chain fluorine signals are assigned as
SCF, at -117 ppm, CF; and OCF, groups together at -80 ppm, and the CF(s)
at -144 ppm. Designations of (b) and (s) refer to the backbone and side

chain respectively.

Nafion® 117

+CF2—CF+CF2—CF2H
| "

O——CF,—CF—0—CF,—CF,—S0zH || (CF,),

T T T T T T T T T T T T T T T T T T T T T T T T
0 -50 -100 -150 -200 [ppm]

Figure 4. 1 The chemical structure of polymer material, long-side-chain
PFSA (Nafion), and corresponding '"F 15 kHz MAS NMR spectrum. Asterisks
represent the spinning side bands.

4.3.2 Dynamics Analysis: Nafion

Here we demonstrate that !°F DQ NMR experiments can be applied to
probe the dynamics of PFSA ionomer materials, specifically protonated
pristine Nafion 117. The conventional 'F NMR provides confirmation of
the PFSA structure, and the complete detailed assignment forms the basis
of our site-specific dynamics investigation. The local dynamics
analysis through 'F DQ recoupling NMR is applied to the pristine Nafion
material at different levels of hydration at various temperatures. The
temperature range applied was below the glass transition of activated
Nafion, and only the p-relaxation which corresponds to sub-segmental

24-26

relaxation?® was involved in this temperature range.? According to

the analysis described in detail in Chapter 2, a typical set of

4.F DQ NMR -A New Tool for 143
Probing Dynamics in Nafion



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

normalized DQ (nDQ) build-up curves at the experimental temperature
range is shown in Figure 4.2. As the temperature increases the build-up
curve becomes shallower, consistent with the motional averaging of the
PF_F dipolar coupling as polymer mobility increases, which results in
proportionally weaker DQCs, and less signal intensity detected at the

same recoupling times.
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z 340K 0 8
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Figure 4. 2 A typical set of experimental nDQ curves of OCF,/CF,

(at -80 ppm) over a temperature range, which is used to extract dynamics
information in the current study. Solid data points are used in the

curve fitting to extract the apparent dipolar coupling constant D;w

values from each data set.

Qualitatively, the observed decrease in the initial rise of the
nDQ curves is indicative of an increase in relative dynamics, including
some combination of the rate and amplitude of local motion as noted
above, which contribute to an attenuation of the measured dipolar

coupling constant. For a more dguantitative analysis, the apparent

dipolar coupling constant, D? is extracted based on Equation 2.34

app !

from curves that are similar to Figure 4.2. To investigate the

influence of temperature and relative humidity, the Iﬁé) values at four
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distinct chemical shift regions at the experimental temperature range
under two hydration conditions are plotted in Figure 4.3: the branching
point CF located on the backbone at -138 ppm, CF(b), the backbone CF, at
-122 ppm, the side-chain signal that is the combination of OCF, and CF,
at -80 ppm, and the side-chain terminal SCF, signal at -117 ppm. The
SCF, is the closest fluorine site to the sulfonic acid group and the
hydrophilic domain in PFSA; therefore it is expected to provide the
strongest contrast in behavior relative to the backbone. With careful
quantitative deconvolution of the one-dimensional !F NMR spectra, the

SCF, signal is well separated from the main-chain signal (CF,),. The
detailed D;w values are summarized in Table 4.1.

Table 4. 1 D,,, values extracted from the nDQ build-up curves in
different %RH conditions at various temperatures.

50 %RH A =4 100 %RH A= 14

Temp ‘?;’;‘tur € oggz/ SCF, (CF,), CF(b) oggz/ SCF, (CF,), CF(b)
311 7.4 6.7 8.3 10 6.1 4.8 7.2 8.5
325 6.7 5.3 7.8 9.4 5.8 4.0 6.7 7.6
340 6.1 4.2 7.3 8.4 5.5 3.1 6.6 7.3
354 5.4 3.6 6.8 7.3 5.0 3.6 6.3 7.1
368 4.3 1.9 6.1 6.1 4.1 1.7 5.7 6.1

Figure 4.3a represents experimental data obtained for treatment at

A = 4, while 4.3b are for treatment at A = 14. Under both hydration

conditions, the side-chain signals have lower D;m values than the

backbone, which indicates that the side chain is less constrained and
has higher 1local dynamics than the backbone. The PFSA molecule

experiences segmental motions associated with p-relaxation. More
interestingly, SCF, in particular has the lowest D;w values of the four
chemical shift regions studied here. Thus, the terminal SCF, gives the
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highest local dynamics profile in the Nafion system, which is favourable

for and consistent with its location adjacent to the proton conducting

site.
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Figure 4. 3 The D;w value comparison of backbone branching point and

side-chain terminal fluorines of Nafion 117 treated at 50 %RH (hydration
level parameter, A=4) at 310 K — 370 K (a). The parallel analyses of
backbone and side-chain fluorines of Nafion 117 treated at 100 &%RH
(hydration level parameter, A=14) are demonstated as (b). The solid
line represents the trend line for the backbone signal while the dashed
line highlights the behavior of the side-chain terminal SCF, signal.
Secondly, comparison between the 1local dynamics at different

degrees of hydration can be clearly drawn. Similar temperature-
dependent behavior is observed in the D;w for both hydration conditions

within each set. At higher temperatures, lower values are observed in

both side chain and backbone, which indicates that the available thermal

. . T .
energy induces molecular motion. Moreover, the qu change in the

backbone is less pronounced than that in the side chain over the same
temperature range, indicating preferential increasing mobility in the
side chain and associated hydrophilic domains. This is also

demonstrated in Figure 4.3, where the solid line represents the trend
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line for the backbone signal while the dashed 1line highlights the
behavior of the side-chain terminal SCF, signal. The side chains are
observed to have higher sensitivity towards temperature than the
backbone as revealed by the distinct temperature dependence of the two
spectrally resolved regions within the polymer. Through parallel

comparison between the data sets at two degrees of hydration, overall
the D;w values from both backbone and side-chain fluorines at A = 14

are smaller than the values at A = 4 (based on 4.3b). As mentioned

previously, the side chain has higher local dynamics as reflected by the
comparatively lower D;m values. This observation can be explained by a

model in which the side chains are clustered forming the hydrophilic
domains in this micro-phase segregated ionomer, where the local motion
is promoted by hydration. This is consistent with the finding that the
side-chain regions are clustered and forming ionic/hydrophilic domains

24-21 © and the cluster domain size increases as

from previous studies
hydration level is elevated.?®

Moreover, comparing the side-chain trends, we note that the local
dynamics of the fully hydrated membrane exceed those of the membrane
with lower hydration 1level, and that the membrane with A = 4 is more
responsive to increasing temperature, consistent with lower hydration
conditions requiring higher temperature to achieve favourable
29-31

conductivity.

Looking more carefully at the trends in the data sets, a range of
dynamics can be seen from the side-chain fluorine behaviors. The 'D;m

values of the terminal side chain fluorine (SCF,) site has the lowest

value (indicative of comparatively high local dynamics) and the
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branching point (CF) on the backbone has the highest value overall. The
values of OCF,/CF,; (along the side chain) fall in between the two
extremes. As demonstrated above, the side-chain sites have higher local
dynamics compared to the rigid backbone chain. The terminal SCF, is
observed to be the most responsive towards both temperature and humidity
elevations, while the side-chain signal at -80 ppm is less mobile
compared to the terminal site. This is consistent with the expectation
that the side chain with the sulfonic acid group is very sensitive
towards the changes in humidification. The comparison between two
hydration conditions demonstrates that at low levels of hydration, high
temperature is more critical to enable local motion of the side chain,
which enhances the formation of the ionic domains. This explains the
finding that the proton conductivity is more temperature dependent at
much dryer condition.?®! This local dynamics difference agrees with
previous conductivity studies of Nafion 117 at various hydration
conditions, where the bulk material has three times the conductivity at

19, 31-32

A = 14 compared to A = 4.

4.3.3 Dynamic Order Parameter for Comparison
of Perfluorinated Ionomers

Proton conducting performance is often evaluated through
macroscopic impedance spectroscopy to investigate the overall membrane
conductivity performance. The micro-phase separation of hydrophobic and
hydrophilic domains of proton-conducting polymeric materials is often
used in explaining the differences in electrochemical performance,
however there is not yet a standard evaluation of the material property
from the fundamental chemistry point of view at a molecular level. The
dynamic order parameter, S*, referenced here has been wused in
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understanding the mechanical properties and local dynamics of synthetic
polymers, and supramolecular systems, including poly(ethylene),

polypeptides and dendritic-functionalized polymers.???

This application
of dynamic order parameter here is used to bring a standard metric in

local dynamics studies for these PFSA ionomers that share similar

chemical composition and structures. In the current analysis, the

observed experimental apparent dipolar coupling constant ( D;w ) is

scaled to the value that is calculated based on the theoretical model of
a rigid Nafion-like structure. This provides a comparative dynamics
profile of the material, and can be extended to other PFSA systems.
More importantly, this is the first time that this dynamics analysis is
applied to fluorine systems, which brings a new method to evaluate local

motion among different samples that is independent to the absolute

0 s o
values of Dﬁw for specific conditions.

In order to establish the value of DO a reference state for the

app '
static case is required. Since there is not a known crystal structure
of Nafion itself, the geometry-optimized molecular structure of
perfluorohexane (C¢F,,, liquid state at room temperature) as the model of
Nafion backbone®®; and as well the geometry-optimized molecular structure
of Nafion precursor’’, perfluoro-3,6-dioxa-4-methyl-7-octene-1-sulfonal
fluoride (C,F,,0,S, liquid state at room temperature) have been chosen to
represent the static structure of the side chain (Figure 4.4). The

YF_F interactions considered in the calculation with Equation 2.34 for

D;w include all intramolecular distances within 5 A.
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b)

Figure 4. 4 The structures of C,F,, (a) and C,F,,0,S (b) are used in the

0 .
qu calculations.

The average D;m for geminal fluorines on the backbone is 16.06

kHz (-CF,-). Without the geminal interaction, the D;m is calculated as

12.37 kHz to mimic the backbone branching point, CF(b). The example of
a list of calculated dipolar coupling constants of C,F,, was summarized
in Table 4.2, where the fluorine was numbered in the insert of the

table.

4.F DQ NMR -A New Tool for 150
Probing Dynamics in Nafion



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

Table 4. 2 Summary of calculated dipolar coupling constants (between two
fluorine nuclei) in model compound C.F,. Only interactions with
internuclear distance within 5 A were considered in the current study.

Distance D Distance D

L@ kiz) | 0 (&) (kHz)
10 2.182 10.245 9 3.482 2.521
9 2.614 5.959 8 2.857 4.564
8 3.483 2.519 7 2.887 4.423
7 2.661 5.649 6 2.779 4.959
6 3.854 1.859 5 4.834 0.942
5 4,932 0.887 4 4,935 0.886
4 4,222 1.414 9' 3.482 2.521
9' 2.614 5.959 8' 2.857 4.564
8' 3.483 2.519 7' 2.887 4.423
7' 2.661 5.649 6' 2.779 4.959
6' 3.854 1.859 5' 4.834 0.942
5' 4,932 0.887 4' 4,935 0.886
4' 4,222 1.414

Similar calculations have been done for C,F,,0,S. Since there is

no crystalline structure for C,F,,0,S, the geometry-optimized structure
has been used for distance measurements between spins. The Iﬁm) values
are summarized in Table 4.3 below based on the simplified model.

Table 4. 3 D;m values for different fluorine sites in Nafion calculated

based on the simplified model shown in Figure 4.4 using Equation 2.32.

Theoretical OCF,-f OCF,-0. CF, SCF,
D, (kHz) 12.40 14.95 16.04 12.49
Theoretical CF, CF (b) CF (s) OCF,/CF,
D, (kHz) 16.06 12.37 13.79 14.46
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The dynamic order parameters of the four chemical shift
environments of interest are summarized in Figure 4.5, where the open
circles represent data obtained at high hydration and solid grey squares
represent dryer conditions. High hydration gives rise to lower order
parameter values for all of the fluorine signals. This is due to the
fact that higher humidity introduces more degrees of freedom of 1local
motion throughout the entire molecule. Based on the calculation, the
dynamic order parameters of SCF, range from 0.15—0.40, while for CF(b) S"
value ranges from 0.30—-0.50. This drastic difference in dynamic order
parameter can be explained by the differences in rate and amplitude of
local fluctuations of the polymer structure, as discussed above.?**® This
difference between the S’ values for SCF, and CF(b) confirms that the

side chain has higher local mobility than the backbone, which agrees
with the D;w value evaluation in Figure 4.3. Intriguingly, for all

four fluorine sites, as temperature increases the S" values converge,
with each functional group reaching an equal value of S* at the highest
measured temperature under the two different degrees of hydration. This
may indicate that temperature ultimately governs the local mobility,
independent of the degree of hydration, which has implications for the
functioning of the MEA at hotter, dryer conditions.

As shown in Figure 4.5, the four fluorine sites with different
chemical shift regions are readily analyzed and distinguished. By doing
so, the local dynamics for distinct but related materials can be simply

compared.
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Figure 4. 5 Dynamic order parameter analyses for four fluorine sites: a)
side-chain peak that corresponds to OCF, and CF, at -80 ppm; b) terminal
side-chain SCF, signal at -117 ppm; c) backbone CF, at -122 ppm; d)
branching point CF located on backbone at -138 ppm. The grey squares
represent the values extracted for A = 4 condition, while the clear dots
demonstrate the values at A = 14.

Furthermore, a pseudo-Arrhenius analysis is demonstrated in
Figure 4.6, where the order parameter variation as a function of
temperature has been explored. The backbone CF and side chain SCF, are
chosen as representative for different parts of PFSA polymer chain. The
linear regression demonstrates the thermodynamically-driven behaviour,

which relates to the activation energy of local motion. The slopes of

the pseudo-Arrhenius analysis are summarized in Table 4.4.

4.F DQ NMR -A New Tool for 153
Probing Dynamics in Nafion



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

a) b)

0.0 0.0

-0.5 1 -0.5 1

-l
~-1.0 1 ~-1.0 1
[ =
) 2
5 5
=15 -15 1
5]
2.0 1 o -2.0 1
Side Chain: SCF, Backbone: CF
25 T ‘ T T T T 2.5 T T ‘ T T T
26 27 28 29 3 3.1 32 33 26 27 28 29 30 31 32 33
1000/T (1/K) 1000/T (1/K)

Figure 4. 6 Pseudo-Arrhenius analysis of dynamic order parameters. a)
side-chain terminal side-chain SCF, signal at -117 ppm; b) backbone
branching point CF located on backbone at -138 ppm. The grey squares
represent the A = 4 condition, while the clear dots represent A = 14.

Table 4. 4 Summary of slope values for the pseudo-Arrhenius analysis,
for side chain SCF, and backbone CF.

SCF, CF
50%

N 2.3 (1) 1.0 (1)
100%

A = 14 1.7 (2) 0.6 (1)

The slope values for SCF, are higher than the ones for CF, which
indicates that there is probably a difference in the activation energy
of polymer chain motions in these materials within the temperature range
tested. Due to the more significant temperature dependence of SCF,, it
is 1likely that the side chain requires higher activation energy to
promote local motion compared to the backbone. The side chain SCF, that
‘carries’ the proton conductive SO;H group needs to overcome a certain
energy barrier to pass on the protons. This explains the higher proton
conductivity of Nafion at high temperature. On the other hand, the
backbone (represented by CF) has a low activation energy requirement for

local motion, yet it does not critically contribute to proton transport.
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Interestingly, the slope values at higher hydration level are noticeably
lower, which is indicative of hydration dependence of local motion. The
hydration reduces the activation energy in both cases, SCF, and CF, yet
the change in slope values 1is more significantly observed for SCF,.
This analysis demonstrates the thermodynamics behind the polymer chain
local motion, as well as the temperature and hydration dependence within
the test range. It is safe to say that the side chain local motion has

greater effect on proton transport.

4.4 Summary

Local dynamics investigations of Nafion under different degrees of
humidification were performed using a 'F DQ recoupling NMR. The
analysis of the initial nDQ build-up curves were shown to be an
effective strategy for differentiating local dynamic behavior in
perfluorinated ionomers. Through the analysis of the YF—'F dipole-
dipole interaction at elevated temperatures, local dynamics of different
fluorine environments were investigated. This study focused on
Nafion 117 as a bench mark experiment, in which the backbone was shown
to have low local dynamics whereas the side chain had higher 1local
dynamics, as determined by apparent dipolar coupling constant
measurements. With different degrees of hydration, the side chain

responded more sensitively towards the humidity change compared to the
backbone. The F DQ recoupling NMR technique including full D;w

analysis is thus demonstrated as a qualitative and quantitative analysis
method. The use of a dynamic order parameter, S*, in the study of local
dynamics in PFSA materials provides a valuable comparative measure which

will allow this characterization strategy to be extended to related
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perfluoro ionomers. This study has provided local dynamics difference
between the hydrophobic and the ionic domains under macromolecular
B-relaxation below the glass transition temperature. This helps us
understand the link between the properties at the molecular level and
bulk proton conductivity performance in ionomer materials. Our method
can be potentially used in alternative materials, such as short-side-

chain PFSA ionomers.
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5.

Local Dynamics of PFSA
Materials: A °F Solid-State
NMR Method

Part 1

5.1 Introduction

This chapter focuses on the extensive application of the double
quantum (DQ) NMR technique in an investigation of the local dynamics in
a number of PFSA materials. As introduced previously in Chapters 1 and
3, PFSA materials are considered among the most promising ion conductors
for proton exchange membrane fuel cell (PEMFC) systems. Three types of
PFSA materials with various equivalent weights (EWs) were studied here
using the advanced DQ NMR technique, with emphasis on the alternative
PFSA materials, Aquivion and 3M PFSAs. Nafion is briefly mentioned at
the beginning of this chapter as a reference point. The dynamic order
parameter applied to the Nafion system introduced in the previous
chapter has been applied to the study presented in the first part of

this chapter. To comprehend the differences in performance, an
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understanding of the morphology development at a molecular 1level is
essential for improving electrolyte materials and hydrogen fuel cell
designs.

This work was written as preparation for a future manuscript
submission. This manuscript is planned to be submitted to Canadian
Journal of Chemistry by the end of 2018. All the materials preparation
and treatment were done at McMaster University. PFSA membrane samples

were obtained from our industrial collaborators, the Solvey and 3M

companies. The NMR pulse sequence used throughout this chapter was
modified and optimized with the help from Prof. Darren Brouwer
(co-author). All ssNMR experiments were performed at the NMR facility

at McMaster University and analyzed under the supervision of Prof.
Gillian Goward. The current author, Z. B. Yan, wrote the initial drafts
of the manuscript.

PFSA material is the preferred proton conducting membrane material
in current PEMFCs. PFSA consists of a polytetrafluoroethylene (PTFE)
backbone and perfluorinated vinyl ether side chains terminated with
sulfonic acid groups. Morphology evolution, which involves the micro-
phase separation between hydrophobic and hydrophilic domains introduced
by the side chains and backbones upon hydration, facilitates proton
transport during fuel cell operation.!'” Nafion is commercialized as a
benchmark PFSA membrane in PEMFCs, which is a long-side-chain (LSC) PFSA
material that has two ether groups. Short-side-chain (SSC) analogues
with only one ether group, such as Aquivion, are considered to be
promising alternatives to Nafion, and have been heavily investigated due
to their relatively low cost (due to a simpler fluorine chemistry) and
high ion exchange capacity, etc.? Another modification to the PFSA side

chain is the new design introduced by 3M which is similar to the typical
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SSC-PFSA.* These three different categories of PFSA materials shown in
Chapter 1 are used in the current study.

The reason behind the alteration in the side chain of PFSA is that
the hydroxyl radicals generated from fuel cell operation mainly attack
the ether bond(s) due to its relatively high electrophilicity®. The
resulting breakdown of the PFSA side chain reduces the amount of
hydrophilic domains, which leads to a reduction of fuel cell efficiency.
The two alternative materials, Aquivion and 3M PFSAs, have been
investigated due to their lower cost and high ion exchange capacity.
The role of local dynamics of polymer chains in material morphology
development still remains not well understood. Probing the 1local
dynamics of the domains of the PFSAs becomes valuable in interpreting
ionomer performance within fuel cells.

With the advantageous !F spectral resolution and detailed
assignment, an advanced F dipolar recoupling NMR technique has been
developed and demonstrated on Nafion itself, by utilizing the
site-specific homonuclear dipolar interaction to probe local dynamics.®
For a fully fluorinated system 1like PFSA, probing Y F-""F dipolar
interaction allows us to understand the physicochemical properties from
the polymer aspect. The recent development of a 1F
double-quantum-filter (DQF) NMR method provides an efficient alternative
approach to probe the polymer dynamics for materials that require site
resolution from magic angle spinning (MAS).°® A standardized measurement
was introduced and demonstrated to quantitatively compare PFSA materials
with similar structures. We have illustrated the different 1local
dynamics profiles of Nafion side chain and backbone using the 'F DQ NMR

method and the application of a dynamic order parameter.
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The current study is an expansion of our previous work. Here we
apply the local dynamics approach via ''F DQ NMR technique to different
types of PFSA membranes. All of the materials have the same base
structure including the hydrophobic PTFE backbone and hydrophilic
sulfonic acid side chain. The standardized measurements are used here

to compare this class of materials.

5.2 Experimental

5.2.1 Activation of PFSA Membranes

Pristine Nafion 117 was purchased from MilliporeSigma. Aquivion
PFSA membranes were obtained from Solvay, Italy. 3M PFSA membranes were
obtained from 3M, St. Paul, MN. All the PFSA membranes were washed in
3 wt%$ H,0, for 1lh at 90 °C and then rinsed with deionized water for
another hour, while refreshing the water every 15 min. They were washed
with 0.5 M H,SO, solution for 1 h at 90 °C subsequently, following by a
deionized water wash until a constant pH of the solution was reached.
Finally, the materials were dried in a vacuum oven at 80 °C for 24 h.
The membrane samples with their corresponding chemical compositions are
summarized in Table 5.1.

Table 5. 1 Summary of PFSA membranes materials used in this study,

including their chemical compositions, and EWs. EW = 100x mass of PFSA
per side chain. It is the unit molecular weight per sulfonic acid
group.

Membrane (g/mgff;cid) m Formula

Nafion 117 1100 6.5 C,oF1,SOH

Aquivion 98 980 7 C,3F;5SO,H

Aquivion 87 870 6 C,¢F;;SO,H

3M 825 825 4.5 C,,F,5SO,H

3M 725 725 3.5 C,sF,,S0,H
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5.2.2 Relative Humidity Regulation for
Membranes

The relative humidity (%RH) conditions of the samples were
controlled by using a Dongguan Lixian Scientific HZ2006 environmental
test chamber. The humidity range used in the study was 50%-100%. Each
condition was set up with constant mode at 25 °C to reach the desired
humidity condition. The PFSA membranes were pre-cut into small pieces
and packed into the working zirconia rotor uncapped. The packed rotor
and Vespel cap were then placed into the test chamber to 1let it
equilibrate for 2 hours. The rotor was then sealed with the cap before
being taken out of the chamber for NMR analysis. The membrane samples
were considered sealed at constant hydration level after the

equilibration at set humidity.

5.2.3 F NMR Spectroscopy

ssNMR experiments were conducted on a Bruker Widebore 300 MHz
Avance III system using a 4 mm double resonance probe. All F MAS NMR
experiments with 15 kHz rotor spinning speed were performed using a
97.5 kHz radiofrequency field after DQ efficiency optimization. The '°F
chemical shift was referenced to CFCl; at 0 ppm. The NMR experimental
temperatures have been calibrated using samarium stannate.’™® The
interleaved two-dimensional (2D) !YF DQ recoupling experiments were
carried out with 16 scans and 12 slices in the indirect dimension. The
pulse sequence was explained in Chapter 2 and the full version of the

sequence is stated in Appendix 3.
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5.3 Results and Discussion

5.3.1 NMR Spectral Resolution

The structure and 'F NMR spectrum of Nafion has been extensively
reported in previous studies.’® ° It consists of a PTFE backbone, which
is represented by the strongest signal at -122 ppm in the F NMR
spectrum. The signal at -138 ppm corresponds to the backbone CF(b)
group. The side chain CF(s) group is shown at -144 ppm. The other side
chain fluorine atoms are assigned as SCF, at -117 ppm, and CF; and OCF,
overlapped at -80 ppm. The spectral deconvolution of Nafion was based
on the linewidth analysis and chemical shift assignment published by
Chen et al.'', and the detailed assignments are illustrated in
Figure 5.1. The F spectrum was collected at 368 K and 100 $RH, so that
the SCF, signal is well resolved from the backbone signals at -122 ppm,
which provides reliable site-specific analysis.

Nafion 117

%CFZ—CF%CFZ—CFZH

(|)—CF2—CF—On—CF2—C —SOgH

C

1 L L L s 1 L L L L 1 L L L L 1 L L L ' 1 L L ' L 1

-50 75 -100 -125 -150 -175 [ppm]

Figure 5. 1 "F MAS ssNMR spectrum of Nafion with deconvolution.
Different fluorine sites are resolved and colour-coded based on the
chemical structure. Asterisks represent the spinning side bands.
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Similar to our previous Nafion study, '’F MAS spectra for Aquivion
and 3M PFSAs have undergone spectral deconvolution. The detailed
chemical shift assignments of Aquivion PFSA (Aquivion 98 as an example)
are demonstrated in Figure 5.2a. Fortunately, the side chain signals
are well separated from the backbone signals. The CF, backbone is
represented at -122 ppm, the CF branching point located on the backbone
is at -138 ppm. The OCF, is at -78 ppm, while the SCF, is next to the

backbone CF, at -117 ppm.

Aquivion 98

+CF2—CF—€CF2—CF2H
| i

O—CF,—CF,—80,H

3M 825

—ECFZ—CF—QCFz—CFz%—}
| "

O——CF,—CF,—CF,—CF,—S0gH

b)

-50 =75 -100 -125 -150 -175 [ppm]

Figure 5. 2 "F MAS ssNMR spectra with deconvolution: a) Aquivion
(Aquivion 98 as an example); b) 3M (3M 825 as an example). Different
fluorine sites are resolved and colour-coded based on the chemical
structure. Asterisks represent the spinning side bands.
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The same chemical shift assignments were made for the 3M PFSA
materials (3M 825 as an example) shown in Figure 5.2b. Similar to
Figure 5.1, the backbone CF, is at -122 ppm and CF branching point is at
-139 ppm; interestingly, the SCF, at -114 ppm is much further away from
the backbone CF, signal. This is possibly caused by the difference in
magnetic field that the fluorine nuclei experience, which is referred as
chemical shielding and is explained in Chapter 2. Similar to the
chemical shielding effect observed in solution systems'®, the SCF, in the
3M PFSA is a couple of C-C bonds away from the backbone structure, where
the heavily fluorinated system (electronegative) does not affect the
fluorine nuclei of the SCF, in 3M PFSA as much as the effect on SCF, in
Aquivion PFSA. The two shoulder peaks in Figure 5.2b are persistent in
variable temperature (VT) experiments with observable line narrowing but
no coalescence (see Figure 5.3a). From the previous YF MAS NMR
linewidth analysis of Nafion, the line broadening of the fluorine sites
close to the branching point is observed and attributed to ‘sequence
effects’.’ Chen et al. discussed this phenomenon as the observed
spectral features like the line broadening near the branching point were
attributed to the proximity of another branch point +to the one
observed'!, i.e. how far away the observed site was from the branch
points. The fluorine sites that are near the branching point have
increased linewidth. Based on the more detailed chemical structure of
3M 825 PFSA in Figure 5.3b, the shoulder peak at -116 ppm is assigned as
the side chain CF, groups (shaded in blue), while the other peak that is
much narrower at -123 ppm is attributed to the CF, group that is
furthest from the branching point (shaded in green). The SCF, is well
separated from the forest of backbone fluorine signals. Therefore, the

analysis in side chain local mobility will not be affected. A correct
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fluorine signal assignment is important for the backbone local dynamics
analysis, yet future carbon-fluorine correlation studies are necessary

to confirm the proposed fluorine signal assignments.

311 K

-60 -80 -100 -120 -140 -160 -180 [ppm]
b) Branching Point

\ -123 ppm
‘PCF2_CF2_CF2_CFZ_CF_CF2_CF2_CF2_CF2_CF2+
n

O_CFZ_CFz_CFz_CFZ_SO3H
-116 ppm
Figure 5. 3 a) Stack plot of F VT NMR spectra of 3M 825 PFSA. b)
Detailed chemical structure of 3M 825 PFSA, with more specific fluorine

site assignments: peak at -116 ppm is the side chain CF, in blue, while

the one at -123 ppm is the backbone CF, group located the furthest from
the branching point in green.

5.3.2 Local Dynamics Analysis

As demonstrated in our previous study, the interleaved 2D NMR
experiment collects a ‘reference’ spectrum (REF) and a ‘double quantum’
spectrum (DQ) at the same dipolar recoupling time 1,.° With this setup,
the normalization of DQ build-up curves can be accomplished, which is
essential since it compensates for relaxation effects and imperfect
pulses during NMR experiments. This concept was introduced and

developed for 'H DQ approaches for hydrocarbon polymers.!*!* The

5. Local Dynamics of PFSA
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normalized double quantum (nDQ) build-up curve was simply calculated
from nDQ=DQ/ZMQ, and IMQ=DQ+REF.® '*'* For example, the nDQ, build-up
curves of Nafion 117 are extrapolated as a function of 1,, shown in
Figure 5.4, where the backbone peak at -122 ppm and side chain signal at

-80 ppm are indicated and compared.
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Figure 5. 4 The nDQ build-up curves of Nafion (normalized DQ intensities
against dipolar coupling time): a) backbone and b) side chain fluorines
treated at 100 %RH at the temperature range 310 — 370 K. The parallel
analyses of backbone and side chain fluorines of Nafion 117 treated at
50 %RH are demonstrated in c) and d). The data sets were coloured with
corresponding temperatures.

The initial rise of the nDQ curve 1is indicative of the effective
dipolar interaction, which is shown to be sensitive towards temperature
elevation, especially in the case of the side chain profiles. The
apparent dipolar coupling constant, DZM” can be extracted from a
Gaussian-type of approximation that was proposed by Saalwidchter et al.'*,
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and this approach was applied to our previous study on Nafion 117.°
Furthermore, the application of a dynamic order parameter was used for

PFSA materials for the first time, where the experimental D" was

app

compared to a theoretical value D° calculated from a rigid model. The

app
differences in local dynamics between the Nafion side chain and backbone
under the influences of temperature and humidity were successfully
established. This implementation provides a metric for local dynamics
study to compare different types of PFSAs.®

Similar plots of nDQ curves of other PFSA samples were obtained

for the current analysis, and the D values were determined from

app
fitting the initial rise of the nDQ build-up curves using the Gaussian-
type approximation. The DZM, values of spectroscopically resolved
fluorine sites for the PFSA samples tested are summarized in the

Table 5.2. They are illustrated in Figure 5.5, where the D’ values

app
are plotted against the experimental temperature under two hydration

conditions: 50 %RH and 100 $%RH. All the fluorine sites show different

degrees of temperature dependence, which is thought to be caused by the

segmental motions associated with ﬁ—relaxation of the polymer chains.

Most importantly, the side chain SCF, (the blue diamond data points) in

all PFSA cases has the lowest D" value compared to the backbone

app
signals, which is indicative of higher local motion as we have observed
in Nafion 117.° The backbone is more constrained with regards to local
motion, whereas the side chain possesses higher local dynamics. Because
of the similarity in chemical structure and predicted morphology
evolution, the SCF, is demonstrated to be more responsive towards the

hydration compared to the PFSA backbone in all of the PFSA materials, as

expected.
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Table 5. 2 The summary of DZM,Values of spectroscopically resolved
fluorine sites for the Aquivion and 3M PFSA samples.

Aquivion 50 3RH 100 %RH
98 D", (kHz) D", (kHz)

T (K) OCF, SCF, CF, CF OCF, SCF, CF, CF
311 8.55 | 6.77 7.27 | 17.89| 7.65 | 5.05 6.62 | 10.57
325 8.40 | 6.97 7.15 | 18.99 | 7.42 | 5.38 6.44 8.85
340 8.70 | 6.66 7.08 | 15.23 | 7.31 | 4.99 6.32 9.56
354 8.23 | 6.48 6.67 | 13.87 | 7.17 | 4.36 6.24 9.65
368 7.74 | 6.37 6.20 8.88 6.94 | 4.48 6.16 8.88

Aquivion 50 3RH 100 %RH
817 D", (kHz) D", (kHz)

T (K) OCF, SCF, CF, CF OCF, SCF, CF, CF
311 7.81 | 3.27 7.15 9.15 7.19 | 3.44 6.16 8.80
325 7.56 | 4.13 6.77 8.81 6.92 | 3.91 6.05 7.70
340 7.26 | 3.67 6.55 8.01 6.60 | 3.14 5.89 7.57
354 7.18 | 3.56 6.49 8.79 6.73 | 3.79 5.76 7.04
368 6.99 | 3.95 6.36 8.16 6.55 | 3.06 5.81 7.47

50 3RH 100 %RH

3M 825 p .

D',,, (kHz) D',,, (kHz)

T (K) OCF, SCF, CF, CF OCF, SCF, CF, CF
311 9.18 | 4.29 7.85 | 10.62 | 10.76 | 5.26 8.57 | 12.86
325 8.77 | 4.28 7.62 | 10.73 ] 9.62 | 5.37 7.36 | 11.39
340 8.29 | 3.88 7.24 9.55 9.27 | 4.13 7.59 9.90
354 7.74 | 3.21 6.78 8.73 8.36 | 3.75 6.85 9.59
368 6.77 | 2.93 6.04 7.18 7.53 | 3.57 6.40 7.98

50 3RH 100 %RH

3M 725 - .

D',,, (kHz) D',,, (kHz)

T (K) OCF, SCF, CF, CF OCF, SCF, CF, CF
311 7.43 | 4.24 6.89 | 11.32| 7.04 | 3.61 6.11 9.65
325 7.17 | 4.21 6.56 | 10.07 | 6.78 | 3.47 5.91 8.30
340 7.05 | 3.90 6.43 9.10 6.49 | 3.37 5.60 8.41
354 7.04 | 3.76 6.25 8.15 6.40 | 3.30 5.64 8.50
368 6.49 | 3.92 5.90 9.82 6.21 | 3.47 5.48 8.43

This difference in response between backbone and side chain is

shown in 5.5b, d, £, and h, where the D’ (SCF,) are reduced compared to

app

the parallel analysis wunder 50 %RH in 5.5a, d, e, and g. This

observation agrees with what was seen in Nafion which is the benchmark
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material in our previous study.® The polymer undergoes phase-separation
where the hydrophilic side chains form ionic domains when hydration is
introduced, thus indicating that the local motion is promoted by
hydration, which is similar to Nafion in previous studies.'"® A
gradient of local dynamics along the polymer chain is also illustrated

in Figure 5.5. The OCF, has lower D", value compared to CF,, which shows

app

higher local mobility. The local dynamic parameters, D of these two

I;ppl
fluorine sites in both Aquivion and 3M PFSAs are valued between the
backbone branching point CF and the side chain SCF, that is adjacent to
the terminal SO;H. This further confirms that the PFSA polymer molecule
undergoes morphology development due to a difference in hydrophilicity.
The comparison of two hydration levels of 3M 825 is noticeably different
compared to the other PFSA samples, where the 50 %RH has slightly lower

DT

app vValues compared to 100 3%RH, and the difference in values is not

significantly large; thus it is possible that the conditions
investigated here are not distinct enough for this PFSA to have notable

local dynamics difference.

5. Local Dynamics of PFSA
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Among the four PFSA comparisons, the last three pairs show only a
marginal difference in local motion, while the first pair shows a much

more significant difference in D' The later three PFSAs do all have

app*
much lower EW (<900) compared to Aquivion 98 (close to 1000 EW). The
difference in 1local dynamics responses towards hydration could be
related to the morphology development in the polymer matrix. The low EW
could correlate to the insignificant dynamics evolution observed in
Aquivion 87 and the 3M PFSAs. At low EW, the hydrophilic side chains
are highly concentrated per polymer chain, which can form ionic domains
more recurrently. As a result, the local dynamics have already become
larger compared to PFSA with high EW at the same condition (for example
50 %RH here). At the treatment condition in this study, changing 50 %RH
to 100 %RH at 25 °C does not bring a dynamics difference large enough to
become distinguishable, which is suggested by the three comparisons of
Aquivion 87, 3M 725 and 825 in Figure 5.5. Nevertheless, further
investigation of PFSAs with a large range of EWs will be helpful to
validate this explanation.

The introduction of a dynamic order parameter potentially provides
a standardized metric to compare PFSAs. In order to apply this
comparative measure, structures without molecular motion are necessary
for the calculations. To obtain the reference state for the rigid model
of different PFSAs, the geometry-optimized molecular structure of
perfluorohexane CyF,, was used as the model of PSFA backbones, as
performed previously for Nafion.® The side chains are modeled based on
the geometry-optimized structures of perfluoro-3-oxa-4-pentene-1-
sulfonal fluoride (C,Fz0;S, liquid at room temperature) for Aquivion PFSA
and perfluoro-3-oxa-4-heptene-l-sulfonal fluoride (C¢F,,0,S, 1liquid at

room temperature) for 3M PFSA. The two side chain structural models are

5. Local Dynamics of PFSA
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shown in Figure 5.6. The "“F-"F interactions considered in the

calculation of D’ include all the intramolecular distances within 5 &,

app
which is done by taking the root-sum-square of the dipolar coupling
constants to each of its nearby proximity.® *** ?* The calculated D’

values are tabulated in Table 5.3 based on the simplified models shown

in Figure 5.6.

a)

¢ ¢ 0% o
. o

-
v v 'l' o

b)

- W W

Figure 5. 6 Structures of C,F;0,S (a) and C.F,,0,S (b) are used in the D’
calculations for Aquivion and 3M PFSAs.

app

Table 5. 3 Dﬁw values for all the fluorine sites in Aquivion and 3M
PFSAs calculated based on the simplified models shown in Figure 5.6.

DO
app
(kHz OCF, SCF, CF, CF
Aquivion
980/870 11.86 11.51 16.06 12.37
3M
725/825 13.68 13.36 16.06 12.37

The dynamic order parameters S’ are calculated and compared for
all PFSAs; however, here we demonstrate only the comparison between
backbone CF and side chain SCF,, i.e. the extreme cases of 1local

dynamics, for simplification purposes. In Figure 5.7, the open circles

5. Local Dynamics of PFSA
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represent values at high hydration and solid grey triangles represent
values at low hydration. Generally, the order parameter values are
lower at higher hydration 1levels, which is attributed to the higher
local motion induced by higher humidity. The S” values are greater than
1 in some cases shown in Figure 5.7, which is caused by the fact that

the theoretical values for D’ used here based on the simplified rigid

app
models are underestimated due to the 1lack of the consideration of
intermolecular interactions of the polymer stacking.

One interesting observation is that among the PFSAs there is a
notable difference in response to temperature elevation; for Aquivion 98
the data points for two hydration conditions are more distinguishable
(5.7a, b) compared to the other PFSAs. The separation between the two
hydration levels is similar to what was observed in Nafion 117 under the
same conditions. Aquivion 98 is the closest to Nafion 117 in terms of
EW, 980 vs. 1100; therefore, the hydrophobic segmentations (backbone
chain repeating unit) per sulfonic acid group are very similar. On the
other hand, the other PFSAs have much lower EWs, which results in more
frequent appearance of the hydrophilic side chain with sulfonic acid
groups along the polymer structure. The ionic cluster formation could
occur more randomly in PFSAs with a low EW, which is reflected by
indistinguishable side chain local motions at elevated hydration levels
in Figure 5.7. The analysis of local dynamics in the form of an order
parameter provides a standardized metric to compare different PFSAs.

Future systematic studies of PFSA ionomers with one type of side
chain structure and different EWs will reveal the role of EW plays in
PFSA morphology development. By doing so, the factor of side chain type

can be eliminated.

5. Local Dynamics of PFSA
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Figure 5. 7 Dynamic order parameter analyses for CF and SCF, for
Aquivion and 3M PFSAs. Each pair of graphs represent one PFSA: Aquivion
98: a, b; Aquivion 87: ¢, d; 3M 825: e, f; 3M 725: g, h. The grey
squares represent the values extracted for 50 %RH, while the white
circles demonstrate the values at 100 %RH.
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5.4 Summary

In this study, we demonstrate the application of the YF-"F DQ
ssNMR method to probe the 1local dynamics of PFSA materials under
different degrees of humidification. A meticulous spectral
deconvolution for different types of PFSAs provides a great handle for

site-specific analysis. The 1local dynamics parameter, D’

appr  Was

extracted from fitting the initial rise of the nDQ build-up curve.
Distinct fluorine sites from Aquivion and 3M PFSAs were examined and
analyzed, which was then compared to the benchmark Nafion local dynamics
profiles. With different degrees of hydration, the polymer side chain
has increased local dynamics upon hydration, which is reflected in the
much weaker effective dipolar interaction. Additionally, the side chain
of PFSA with low EW is shown to be less responsive towards hydration
changes compared to PFSA with high EW (Aquivion 98 and Nafion 117). The
application of the dynamic order parameter, S”, is displayed in PFSA
comparisons. Due to the lack of a crystal structure for PFSAs, the
rigid models used in this study have been shown to underestimate the
strength of dipolar interaction; therefore, the usage of §" seems
undervalued. Nevertheless, S” analysis provides a normalized approach
to investigate the local dynamics difference between the hydrophobic and
hydrophilic domains for related perfluoro polymers below the glass
transition temperature. Our method demonstrates a quantitative and
qualitative method to understand the morphology development in ionomer

materials.

5. Local Dynamics of PFSA
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Part 2

5.5 Introduction

The second part of this chapter has extensive attention on the
temperature and relative humidity conditions for all the PFSA materials.
In this work, all three types of PFSA materials including Nafion,
Aquivion and 3M PFSAs were evaluated using the aforementioned ssNMR
method to probe the local dynamics. More importantly, the samples were
also evaluated as electrolytes by electrochemical performance analyses.
The current study has the purpose of linking the material performance to
the fundamental material chemistry.

This work was adapted from the work that has been accepted by
Physical Chemistry Chemical Physics, in June 2018, by the current
author, Z. B. Yan, along with co-authors A. P. Young and G. R. Goward.
All the material preparation and treatment work for the NMR studies were
done at McMaster University. The ssNMR experiments were performed at
the NMR facility at McMaster University, and analyzed under the
supervision of Prof. Gillian Goward. The electrochemical performance
analyses were done at Ballard Power Systems (BPS) in Burnaby, BC through
two separate industrial internships. The test results were evaluated
and reviewed under the supervision of Alan P. Young (co-author). The
initial drafts of the manuscript were written by the current author Z.
B. Yan.

Understanding the structure-property-performance relationship is
essential to the development and improvement of fuel cell devices. The

combination of in situ fuel cell performance diagnosis and ex situ

5. Local Dynamics of PFSA
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single-component characterization is used here to bridge the fundamental
chemistry aspect with the bulk material properties. Among many
operating issues, polymer electrolyte degradation and fuel loss that
occurs during operation are challenges for fuel cell (FC)

21-2¢ ygnderstanding the

commercialization in automotive applications.®’
impact of the electrolyte materials on proton transport properties will
help overcome the current design challenges, such as excessive Ohmic
losses that arise at high current density due to resistive proton
transport. Additionally, reducing the gas permeability of hydrogen
through the membrane will improve fuel efficiency.

PFSA polymers have been intensively employed as electrolyte
membranes because of their high stability and high proton conductivity.
Minimizing the membrane thickness has become common practice to steer
away from the performance loss caused by membrane resistance. However,
one main drawback of this approach of thinning the PFSA membrane is the

25-26

resulting poor mechanical durability, which can be often solved by

26-32 pAnother major drawback is the

reinforcement during manufacturing.
increased fuel crossover caused by use of the thin membranes. Fuel
crossover describes the hydrogen gas passing through the polymer
membrane electrolyte from the anode to the cathode, during fuel cell
operation. This phenomenon induces the reduction of the open circuit
potential, and wastes fuel. The crossed-over H, will react with the O,
directly on the cathode side without capture of the electrochemical
energy thus ‘de-polarizing’ the cathode resulting in 1low cell
efficiency. Moreover, the undesired redox reaction causes 1localized
heating of the membrane, which leads to induced thermal degradation.?
An increased possibility of peroxide radical formation due to fuel

32

crossover has also been observed.?®* As a result of the presence of
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the peroxide radical, the polymer chains, mainly the side chain, are
attacked and degraded by cleaving. This induced membrane degradation
will eventually evolve pinholes in PFSA, which directly results in cell
failure. This process has been investigated experimentally from many
perspectives.? 22723 32

Many methods have been developed to probe the gas permeability,
especially focusing on H,, of PFSA membranes, to tackle the fuel loss
issue. The time-lag technique has been used by monitoring the pressure
change as a function of time based on the establishment of the steady-

state condition.*" %

Analytical techniques, such as gas chromatography,
have been applied in the permeability studies of PFSA membranes.?®
Furthermore, mass spectrometry has also been applied in the analysis of

gas species.?*?

More commonly, electrochemical analysis including
linear sweep voltammetry and cyclic voltammetry (CV) has been widely
used in in situ fuel cell performance investigation.?® This method is
intuitive and straightforward, as it deciphers the fuel crossover/H,
permeability from the electrochemical measurements. Gas permeability is
typically correlated with humidity and temperature, and many gas
transport mechanisms have been proposed.?*° Permeability has been
proven to correlate to the micro-phase separation and water channel
formation within the polymer.2?* 26 33+ 34 7o 1link the bulk material
performance with the microscopic physicochemical properties, advanced
NMR spectroscopy is applied here in the analysis of PFSA dynamics.
Recent work done on Nafion 117 using 'F ssNMR has demonstrated a unique
and efficient approach in differentiating local dynamics of the polymer
by targeting the polymer directly. The side chain has been illustrated

to have higher local motion compared to the backbone (main chain), which

is demonstrated by a low apparent dipolar coupling constant value.
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The current study has the purpose of 1linking the bulk H,
permeability and proton conductivity to the fundamental material
chemistry. Three different types of PFSA materials with different EWs
have been carefully investigated, through in situ electrochemical
analyses and ex situ ssNMR measurements. The H, permeability and the
side chain local dynamics in PFSA membranes have been coupled. This is
the first time that PFSA polymer local dynamics probed directly via “F
ssNMR are associated to the conductivity performance and H, permeability
of the membrane electrode assemblies (MEAs) under the same conditions.
Thereby, the correlations are established at the molecular level, with
the goal of understanding the proton transport and gas permeation

mechanisms.

5.6 Methods

5.6.1 Electrochemical Analysis

5.6.1.1 Membrane Electrode Assembly (MEA) Preparation:
A Single Cell Assembly

The catalyst ink (provided by BPS) was coated onto a transfer film
and hot pressed onto both sides of the PFSA membranes (listed in
Table 5.1 except replacing Nafion 117 with ©NR211) through bonding
process at 150 °C at 3 atm for 3 minutes. The fully catalyst-coated
membrane was then assembled with gas diffusion layers into a single MEA
with active area of 45 cm’. The cathode and anode catalyst loadings
(Pt/C) were both 0.1 mg Pt cm?. 1In order to extract the electrochemical
properties of the PFSA membranes, a double-layered membrane design was
applied. By doing so, the electrical resistance component of the
high-frequency resistance (HFR) is eliminated and the membrane

5. Local Dynamics of PFSA
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resistance can be then isolated. Two sheets of membrane materials were
both coated with the catalyst layer on one side, then the two sheets of
membranes were bonded together with the non-coated sides facing each
other. Prior to the performance analysis at the BPS fuel cell research
test station, the MEA was conditioned at 80 °C with 100 %RH under 58.5 A

powered for 16 hours with working gases, H, and air at 5 psig.

5.6.1.2 Electrochemical Characterizations

CV is commonly used in diagnostics of fuel cell catalyst activity.
This in situ technique provides a measure of the effective catalyst

surface area of the gas diffusion electrodes, as well as H, crossover

38, 42-44

capacity.?® As the potential of the system is linearly cycled

between two voltage limits, the current is measured. A plot of the cell

current against the potential is called a cyclic voltammogram.?2's 38 45746

The driving force for current flow is described by Nernst’s equation for

half-cell potentials as defined in Equation 5.1 for the hydrogen

oxidation reaction?! *¢:

0.5

c
E=E +——In| —— (Equation 5.1)
nF ol

H

where E, is the standard cell potential for this half-cell reaction, R
is the gas constant, T is cell temperature, n is the number of electrons
transferred in the hydrogen oxidation reaction, F 1is the Faraday

.5

constant. CZ is the concentration of H, gas on the active electrode,

2

and the value of the exponent is determined by the coefficient of the
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reaction, C £ is the concentration of proton produced. The overall
H

is in the form of reaction quotient of the cell reaction.

Hydrogen oxidation from gas permeating through the membrane
quickly becomes mass transport limited, as the hydrogen flux through the
membrane is slower than the reaction rate. At this point the current
plateaus and reaches its limiting current. The gas crossover probed
here 1is not related to the cathode reaction, but simply to the
membrane’s susceptibility to gas permeation as a function of humidity
and temperature.

The flux of reactant is extracted from the limiting current, T
[C s7'] using Faraday's Law (Equation 5.2):

I =nFJA (Equation 5.2)
where n is the number of electrons transferred in the hydrogen oxidation
reaction, F [C mol™'] is the Faraday constant, J [mol s'm?] is the flux
of reactant and A [m’] is the active area. The crossover capacity can

be calculated from the H, flux, which is described as follows:

T _ , [c / s] mol
J = —— unit calculation: — = -
nFA [c/ mol][m ] s-m
mol
J-d [s- mz}[m] mol
= p, = —H= unit calculation: =
’ Py, [Pa] s-m- Pa

where F, is H, permeability, p, is the H, pressure at the preset

conditions, d is the thickness of the PFSA membrane.

PFSA

The electrochemical impedance spectroscopy (EIS) is a standard
diagnostic tool to evaluate material resistance in fuel cell study. EIS
employs an AC voltage to the cell with a broad range of frequencies, and

5. Local Dynamics of PFSA
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the magnitude and phase of the resulting signals are monitored as a
function of frequency. The complex impedance of the electrochemical
system can be determined. The transmission line circuit model was used
to extract the MEA resistances in the current study, since the Warburg
impedance is considered in the fuel cell.? ¥’

The CV and EIS measurements were performed in situ, using Metrohm
AutoLab potentiostat (PGSTAT302N) and booster (BOOSTER20A). The CV
measurements were collected at 40 °C and 80 °C with a range of %RH from
20% to 100%. The cathode was fed with N, at 9 lpm and served as the
working electrode. The anode was fed with H, at 4.45 lpm, which serves
as reference and counter electrode functioning as a dynamic hydrogen
electrode (DHE). The CV measurements were conducted with a 10 mV/s scan
rate from 0.05 V to 1.00 V. The impedance experiments were collected
under 0.45 V with a 0.2 Hz to 80 kHz frequency range.

All the conditions for the measurements were obtained at the test

station with gases treated using an in-house vaporizer and heater.

5.6.2 NMR Analysis

5.6.2.1 PFSA Materials and Preparation

Pristine Nafion membrane was purchased from Sigma-Aldrich. The
Aquivion and 3M membranes were obtained from the Solvay and 3M companies
separately. All of the PFSA materials were washed with 5 wt% H,0,
solution at 90 °C for 1 hour and then washed with deionized water for
another hour. Membranes were then washed in 0.5 M H,50, solution for
1 hour, and finally washed with deionized water until a constant pH was
obtained, changing the fresh water multiple times. The materials were

then dried in a vacuum oven at 80 °C for 24 hours.

5. Local Dynamics of PFSA
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The membrane samples were cut into small pieces in order to pack

inside the a zirconia NMR rotor with 4 mm outer diameter.

5.6.2.2 Relative Humidity and Thermal Control

The %RH conditions were controlled by using Dongguan Lixian
Scientific HZ2006 environmental test chamber. The PFSA membrane pieces
were packed into the NMR rotor uncapped. The rotor and Vespel cap were
then stored inside the desktop humidity chamber to equilibrate for 2
hours. The rotor was then capped before being taken out of the chamber
for NMR measurements. The conditions were kept within the same range as

the test station conditions for easy comparison.

5.6.2.3 YF NMR Spectroscopy Dynamics Study

Local dynamics investigation via 'F dipolar coupling recoupling
NMR has demonstrated a sufficient sensitivity to distinguish different
dynamic domains within the fluorinated polymer material.® The side

chain and backbone signals were carefully deconvoluted and analyzed.’™® °

' Local motion of PFSA side chains has been shown by us to be more
mobile than the backbone upon elevated temperature and hydration level
by comparing the apparent dipolar coupling constant, Dapp.6 This dipolar
coupling interaction is built on the interactions between two 'F nuclei
within proximity, and it is essentially the square root of the sum of

all the interactions (Equation 5.3a, 5.3b)."'" % These two equations

are restated based on Equation 2.28, 2.29.

1/2
b, =(2Djkj (Equation 5.3a)
k
y.y.h
, =£i"‘Li—(3cosﬂ9—1) (Equation 5.3b)
* 4r ;;
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where U is the vacuum permeability, 7, and 7Y, are the gyromagnetic

ratios of nuclei j and k, r, is the internuclear distance, and 6 the

angle between the internuclear vector and the external magnetic field.

This D value can be experimentally extracted based on the Gaussian-

app
type of approximation from fitting the initial rise of the normalized
dipolar coupling build-up curve.® A dynamics order parameter was
introduced to standardize the comparison, from which the difference in
local motion between side chain and backbone has been confirmed.® *° The
same NMR analytical method has been employed in the current study.

ssNMR experiments were conducted on a Bruker Widebore 300 MHz
Avance III system using a 4 mm double resonance probe. All *F MAS NMR
experiments were performed using a 97.5 kHz radio-frequency field with
15 kHz MAS speed. CFCl,; was used to reference the "F chemical shifts.

Following the normalization procedure described in our previous
study, the interleaved 2D F DQ recoupling experiments were performed
with 16 scans and 16 slices in the indirect dimension. The detailed
pulse sequence and normalization process can be referred to Appendix 3.

The temperatures used in the variable-temperature measurements,
300 K — 380 K, were calibrated using samarium stannate.’"®

This study is a collaboration of the advanced NMR method and
fundamental electrochemical analysis, thus the sample conditions for
both methods are required to be the same. 40 and 80 °C at 50 %RH and
100 %RH for the main correlation investigation have been chosen since
these are the bounds of PEMFC operation. In addition, the lifetime of
the MEA samples and the access to the ssNMR instrument have put
constraint on the experimental time. However, in the correlation
studies presented later, it is sufficient to use the ten data points
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resulting from two temperatures with two hydration levels for the five

PFSA materials.

5.7 Results and Discussion

Many amphiphilic polymer materials are known to have significant
water uptake ability. The water uptake of PFSA membrane has been
extensively studied in order to develop a morphological picture of its
phase separation under the influence of hydration and temperature.?®s *!+ 3°
At low hydration levels, the membrane is favored to stay ‘dry’; while at
high hydration levels, the hydrophilic domains are well connected, which
makes the water uptake facile.?® As the hydrophilic sulfonic acid side
chain component facilitates the water uptake, PFSA are well known to
have dimensional instability upon hydration. The dimensional stability
strongly correlates to the membrane resistance due to the thickness
change. The thickness is required to take into account the
determination of the gas permeability and ionic conductivity. Here,
liquid water swelling tests for all of the PFSA materials used in the
MEA production was performed after the acid activation. Thicknesses
were measured and tabulated in Table 5.4. It is worth mentioning that
Nafion NR211 was used in the MEA testing instead of Nafion 117 which was
used in NMR study, since the reduced thickness of NR211 was much
preferred in MEA preparation. The conductivity and gas permeability
measurements of the membranes were normalized by the thickness. The
actual membrane thickness during the operation was unknown due to the
constraints placed on the MEA by the flow field plate. Using dynamic
vapour sorption the water uptake curves can be determined as a function

of RH. The inflection at approximately 80%RH signifies the start of
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dimensional swelling; therefore, the assumption was made that at and
below 80 %RH the membranes retained their dry thicknesses. For 100 %RH,
the wet thickness value was used in the calculation.>

Table 5. 4 Swelling test: PFSA thickness measurements before and after
80 °C water bath.

Membrane” EW Dry Thickness Wet Thickness % Increase
(g/mol/acid) (pm ) (pm)

(Nl?;ziloln) 1100 23 t 0.1 30 £ 0.7 29
Aql(li‘éiggg)% 980 50 + 2.0 57 + 1.0 15
Aql(li\(;;%)m 870 55 + 2.4 68 + 2.7 22

(33MM882255) 825 51 + 1.4 63 + 0.4 23

(33MM772255) 725 55 + 1.8 70 £ 0.1 28

*The two-letter initial for PFSA type and the 3-digit number for PFSA EW
are used for labeling in the figures (5.8 and 5.10).

5.7.1 Conductivity

Ionic conductivity at working conditions is critical to the
function of the polymer electrolyte materials in the PEMFC. EIS was
used to measure the HFR of the MEA, which consists of the membrane and
total cell electrical resistance.

The EIS tests were performed for the single-membrane and
double-membrane MEAs. The HFR was extracted from an EIS measurement for
both the single and double membrane MEAs, labelled R, and Rypupie
respectively. During the MEA preparation, the stack of MEA components
underwent a bonding press with high pressure and high temperature
(beyond the glass transition temperature of the PFSA). In theory, the
pristine membrane resistance <can be then calculated by simple
subtraction of the HFR R, from Ry,..,., under the assumption that the

interfacial interaction between the two membrane sheets in the double-
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layered MEA is negligible. This subtraction eliminates the
catalyst-membrane contact resistances, leaving the membrane resistance
as a function of operating conditions. The EIS measurements were

performed at 40 °C and 80 °C across 20 to 100% RH.

a) b)
35 35
E ®=3M725 E " 3M725 =
=30 1| 93M825 730 1| 23M825
= * AQ870 b ¢ AQ870
[ 4 r a
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Figure 5. 8 Polymer conductivities at various %RH measured using EIS at
Ballard research test station of different PFSA membranes: a) at 40 °C;
b) at 80 °C. (Solid red square-3M725; Hollow red square-3M825; Light
blue diamond-AQ870; Blue diamond-AQ980; Green triangle-NR211)

Figure 5.8 illustrates the conductivity values for different PFSA
at different %RH at two different temperatures. The thickness and EW
information is summarized in Table 5.4. As the EW of the PFSA
decreases, its conductivity increases. EW is the inverse of material’s
ion exchange capacity (IEC). Therefore, lower EW indicates higher IEC,
which is positively correlated to ionic conductivity. At both testing
temperatures, PFSA that has lower EW has higher conductivity during the
measurements throughout the entire %RH range. As %RH increases, the
conductivity increases exponentially in all PFSAs. This observation
about the %RH factor agrees with many previous studies regarding the
relationship between PFSA bulk conductivity and material hydration

level.*" ' Greater ionomer hydration creates connected water channels

that facilitate solvated proton transport in the system. The
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temperature dependence was also pronounced comparing Figure 5.8b to
5.8a.°’”" The materials’ performances at 40 °C (Figure 5.8a) demonstrate
more scattering of the data points, which could be caused by low
conductivity of some of the membranes at this relatively low temperature,
which is difficult to measure reliably. Nonetheless, the overall trend

with respect to the EW is still valid at such temperature (40 °C).

5.7.2 Gas Permeability: H, Crossover

As described previously, hydrogen oxidation reaches its limiting
current, and the current is measured from the offset of the cyclic
voltammogram from the zero axis — DHE. This offset current is denoted
as the H, crossover current. The H, crossover capacity values were
calculated by converting the offset current into hydrogen flux after
thickness normalization for various PFSA membranes. Both anode and
cathode gases were humidified at varying levels before feeding into the
fuel cell stack. During the CV analysis, the current density going
through the MEA was monitored as the applied potential ramped linearly
between the set potentials. The concept involving the interaction
between the gas molecules and the catalyst surface is often referred as
the ‘pseudocapacitance’, which contributes to the oxygen evolution
reaction®; yet, the interactions are outside the region where the
crossover currents are measured.

An example of a typical CV voltammogram collected in this study is
shown in Figure 5.9, in which the hydrogen adsorption and desorption

38 The interactions between

onto the Pt catalyst surface are labeled.?"
gas molecules and Pt surface, where the pseudocapacitance can take

place, are at <0.4 V in Figure 5.9, which is outside the region of

interest. The center region of the voltammogram, where the currents
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from the forward and reverse processes are almost parallel to each
other, is referred as the non-Faradaic region or the double-layer

region. The H, crossover current/offset current is indicated as well.

0.400
“H,2H**e PPt
H, Desorption “
0.200 1 /v_//ﬁ
0.000 - TN TN / SHE
g \/
5 -0.200 1 N f
= H*+e>':H, P> Pt
)} H, Adsorption
-0.400 -
H, crossover current
-0.600 1 Example:
NR211 CV under N,/H,
-0.800 T T T T T
0.000  0.200  0.400  0.600  0.800 1.000 1.200

Voltage (V)

Figure 5. 9 Example of CV curve (voltammogram) of NR211 MEA stack, where
the crossover current density (arrow between the two dash 1lines) is
identified as the offset from the mid-point of the double-layer current
density (green dash line) to the zero value (grey dashed line).

The H, crossover current and permeability (P ) values of all the

PFSA materials are summarized in Figure 5.10. In the top two figures
5.10a and 5.10b, the crossover currents were reported and plotted
against %RH change at two temperature conditions. In general, it is
shown that the elevated %RH causes the H, crossover current to increase.
The currents at 80 °C are greater than the values at 40 °C in all
membrane cases. The difference between the data set of Nafion and the
other ionomers is caused by the difference in membrane thickness. Based
on Table 5.4, the Nafion membrane which was tested has 1/2 — 1/3 of the

thickness compared as the other PFSA membranes. The two general trends
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observed here with respect to the increase in %RH and temperature are
consistent with previous H, crossover studies for PFSAs.*

To eliminate the gas permeation path length factor (membrane
thickness), the crossover current was converted into H, flux based on
Equation 5.2. The H, crossover capacity, i.e. permeability, was then
calculated and normalized to H, flux in each condition with various %RH
and temperature. Similarly, the H, permeability information was plotted
against %RH for two different thermal conditions, shown in 5.10c and
5.10d. Elevated H, permeability is observed at increased $%RH at both
temperatures, and the expected trend that high temperature promotes gas

permeation is confirmed with higher permeability summarized in 5.10d.

The correlation with %RH for FB, is much more pronounced and exponential

after the thickness and area normalization. The %RH dependence in all
PFSA samples is consistent with previous studies on Nafion.?® 3% 39740

A recent study of gas permeability with electrochemical methods
and modeling has demonstrated the mixed pathway of H, movement through

39-40 phe formation of

the aqueous and solid phases of hydrated membrane.
water channels creates the aqueous phase in the membrane which provides

an alternative route for the gas molecules to travel through the

membrane. The increase in water content is likely to fill in the gaps
between PFSA molecules. As a result, the %RH eases the H, permeation by
creating a connected water channel network. Nevertheless, the H,

permeability values at 80 °C are higher than those at 40 °C, and this

temperature dependence is explained by thermally promoted Brownian

motion . 39-40, 52-53
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Figure 5. 10 H, crossover current measurements of PFSA at various %RH at
a) 40 °C and b) 80 °C, the value variation among PFSAs was as a function
of material thickness. H, permeability of PFSAs was calculated by
normalizing the thickness of the materials, and then compared with
respect to different temperature and %RH conditions in c) for 40 °C and
d) for 80 °C. As the %RH increases, the permeability of H, increases.
High temperature gives higher permeability as well when comparing d) to

c).
Moreover, by simply looking at Figure 5.10, the two 3M PFSAs would
seem to allow more gas to move across, while the Aquivion and Nafion

PFSAs have relatively similar performance. The 3M PFSAs have relatively

low EW, which means under the same conditions the PFSA with low EW will
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have better water channel network due to the presence of more ionic side
chains. This conceivably leads to the higher gas permeability in those
cases. Further investigation is required to fully uncover whether the
side chain 1length and type play a role during the gas permeation

process.

5.7.3 Local Dynamics Profile Parameter

NMR has been applied to study dynamics in the polymeric systems in
various research fields. Some typical examples include electrolyte
materials and bio macromolecule. Proton nuclear spin relaxation time
studies have been used in proton conductive materials, including
poly-ionic salt, hydrocarbon polymeric electrolyte and PFSAs.’**° The
spin-lattice relaxation study in imidazolium ionic liquid with respect
to the temperature change along with the diffusion analysis provides a
thermodynamic picture of the ionic 1liquids.?’ Proton spin-spin
relaxation analyses for polymeric materials through water dynamics
provide insight into the proton conductivity of these types of
materials. Dipolar coupling interaction oriented NMR techniques have
been used in many aspects, especially for macromolecules.'? %% 6164
Rotational-echo double-resonance (REDOR) NMR has been used in unveiling
the structure and internuclear distance of influenza M2 proton channels.
By carefully monitoring the strength of +the dipolar <coupling
interaction, the proton conduction mechanisms in M2 proton channels are

d 61-62

propose Dipolar coupling driven DQF spectroscopy has been

developed and widely applied in hydrocarbon polymeric systems, targeting

12-14, 49 Tn the current

both homonuclear and heteronuclear interactions.
study, for fully fluorinated materials, focusing on the 'F aspect is

beneficial to understand the fundamental chemistry of the polymer and to
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reveal the relationship between material properties and structure.
Monitoring the '’F spin relaxation time is not reliable due to resonance
overlapping and the existence of chemical shift anisotropic (CSA)
relaxation mechanisms. 'F and '’C CSA strategies using NMR have been
developed, yet both require long experimental time, especially with the
low natural abundance *3c.% ' Efficient !F DQF method will address the
attention to different fluorine sites in the polymer structure.

A new "F NMR method and analysis has been developed to probe the
local dynamics of PFSA ionomers as described earlier in this document.®
Method development of this 'F DQF tool was previously performed using
Nafion 117 itself; the gold standard of the PFSA membrane materials.®
In this study, the side chain and backbone local dynamics profiles were
well separated and analyzed.® The quantitative measure of apparent

dipolar coupling constant (D was carefully and sensibly extracted to

app)

compare at different hydration levels and temperatures. The side chain

fluorine signals have lower D values than the backbone, which suggests

app

the side chain has more dimensional freedom than the backbone. From

Equation 5.3a and previous study®, it is easy to addressed that the

static D,, is dominated by the strength of “F-""F dipolar coupling in
the CF,. Other contributions are summed and contributed as a function
of 1/r® (in Equation 5.3b). This suggests that the static D,,, is a

local measure, and it is unlikely that any possible structural disorder
would attribute to any substantial changes. Recent proton network
study®® has demonstrated that the static values in solid acid systems
reaches a plateau (>15 A) as the range of consideration for the proton-
proton interactions increase. Similarly, in the fluorine system the

theoretical values of D should reach a plateau as well. Although the

app

attenuation in the D may be caused by both structural disorder and

app
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dynamics, the experimental attenuation determined has suggested that the
structural disorder alone does not contribute +to the substantial

reduction in D The CF, will remain within van der Waals distances of

app *

each other, (within ~3 A at the closest) with or without structural
disorder; on the other hand, the dynamics would become the main reason
to the attenuation. 1In many morphology studies, the heterogenous phase

development or cluster formation is usually at a nanometer

65-67

length-scale , which is beyond that which would impact the D,,, values.

app

Therefore, the D, becomes the local dynamics indicator.

app
Most importantly, SCF, has the highest local dynamics profile in

the Nafion system, which is represented by the lowest D,, values for all

app
the conditions studied. This is consistent with its proximity to the
terminal proton-conducting site. Therefore, it is very appropriate to

use the D value for the SCF, site as an indicator of the 1local

app
dynamics parameter of the PFSA side chains. Here we show for the first
time that this tool is able to differentiate behavior as a function of
membrane composition, and those trends are correlated with gas
permeability and conductivity, key performance parameters for fuel
cells. As shown in Figure 5.11, three types of PFSA have been used in
the current study, Nafion, Aquivion and 3M. The spectra were previously
reported in our spectroscopic analysis.®® With an appropriate spinning
rate, the 'F MAS NMR spectra of the PFSAs were well resolved. With
deconvolution, different fluorine sites are easily distinguished as seen

° 11 All of the side chain resonances are

in various Nafion studies.>®
deconvoluted and separated from the backbone signals. The SCF, sites

for different PFSAs are shaded in purple in Figure 5.11.

5. Local Dynamics of PFSA
Materials: A 'F ssNMR Method 199



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

CF,
-122
~
(a) Nafion CF(b)
(Nafion 117) ®OCF,, BOCF,, CF;  SCF, -138
-80 -118 CF(s)

b)

(
+CFZ—TF CFZ—CFZ)m—)
n

(s)

O—CFZ—CF—O—CFQSO3H
2 | -

B cr o
275 C100 -125  &/ppm
CF,
-122
. . \
(b) Aquivion
Aquivion 98
(Aq ) SCF,
+CF2—TF—(—CF2—CF2)"‘—) OCF, -117 ?58
’ -78 e 5\ -
O—CF2803H ‘ ) ¢
275 C100 -125  o/ppm
YCF,, CF,, 5CF,
-122
\
(c)3M
(3M 725) Sflljlz
OCF ) CF
+CF2_TF_€CF2_CF2ﬁ 80" \ 4139
O—CF2—CF2—CFZSO3H !

*

Yy 9

-75 -100 -125 &/ppm

Figure 5. 11 "YF MAS NMR spectra for three types of PFSAs with
deconvolutions: a) Nafion (Nafion 117); b) Aquivion (Aquivion 98) c) 3M
(3M 725). The experimental spectra are black, the deconvoluted
resonances are red, and the spectral residue is navy located at the
bottom of each set. Different fluorine sites are well labeled, and the
purple shades indicate the side chain SCF, fluorine is the focus to
reveal the local dynamics. Asterisks represent NMR spinning side bands.

5.7.4 Correlation between Local Motion and
Performance
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In the current study, the relationship between bulk proton
conductivity and molecular 1local dynamics was investigated. As
previously suggested through morphology evolution by PFSA backbone and
side chain, the formation of water <channels promotes proton

41, 51, 67

conductivity.'”” Similar to the benchmark DQ experiment of Nafion

done previously, five different PFSA membranes were studied in the same
fashion.® The PFSA membranes were conditioned in the environmental
chamber with targeted %RH and temperature, in order to match the in situ
MEA experimental conditions at the test station. The local dynamics

profile parameter D was extracted based on normalized DQ build-up

app

curves for the SCF, site for the five PFSA samples.

The membrane conductivity is extrapolated against D (SCF,) for

app

experiments done at 40 °C and 80 °C at two different hydration levels,
50 %RH and 100 %RH, as shown in Figure 5.12. The overall correlation is
shown in the center, and the four corners are occupied by the four
different conditions. All five PFSA membranes were examined under these
conditions. A strong correlation is observed between these two sets of

values, whereas D increases, the conductivity exponentially decays

app
accordingly. The exponential trend with y=ae™ function serves as the

guide to the eye. As previously mentioned, the lower the D, value is,

app

the higher the local dynamics it represents. The attenuation observed

in the D value 1is predominantly attributed to the local dynamics

app

rather than changes in the nano-scale structural disorder. Thus, high
local dynamics profile corresponds to high membrane ionic conductivity.
Although the datasets with two temperatures did not show significant

separation, the modest shift towards the lower D values of the 80 °C

app

set 1is observed. In Figure 5.12, the data points from different
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conditions were colour-mapped accordingly, and the mapping follows the
exponential trend line as the condition goes from ‘hot, wet’ to ‘cold,
dry’. It is clear that the ‘hot, wet’ condition promotes local motion,

i.e. low D,,, value, which facilitates the proton conductivity, and the

app
‘cold, dry’ shows the opposite along the trend line. Despite the
scattering in the data points, the trend between the conductivity and

D is clear.

app

The local dynamics parameter allows one directly to investigate
the chemical environment on the side chain at the terminal conducting
acid group. Upon hydration-driven phase separation, SCF, is considered
to be located close to the interface or the phase boundary. The local
motion of SCF, is promoted by the hydration of the hydrophilic SO;H
group. The more local motion the side chain retains which is reflected

by the lower D values at SCF,, the higher conductivity is observed.

app
This correlation is not the first time that studies attempt to link the
dynamics to material conductivity. As mentioned in the previous
section, other techniques including some pioneering ssNMR studies that
were 1interested in dynamics analyses to wunderstand the membrane
morphology and performance correlations, focusing on investigating the

proton-conducting site.?®’

The behavior of the proton-conducting site
is very important but does not directly indicate the side chain motion.
In a most recent proton dynamics study using a quasi-elastic neutron
scattering technique, proton transport at low %RH was attributed to
mostly hydronium hopping within the interface, and diffusive fast proton
transport in water channels were both observed and analyzed.® With a
F NMR dynamics study, the polymer chain behaviours become easily

accessible. From the observation from Figure 5.12, it is clear that the

side chain local dynamics promotes the proton conductivity and is
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favoured at high temperature and $%RH. The difference in SCF, local
dynamics represents the difference in interfacial conditions. At high
$RH (100 %RH case) the membrane takes up water molecules and the
disorder of interface enlarges ranging from 4.5 to 2.8 kHz, the proton
conductivity increases much faster. This is caused by diffusive proton
motion in the connected water channel network dominating the conductive
performance, which is a well-established theory.'’'® * ® At low %RH (50
$RH case), the water network that could easily form at high %RH is not
sufficient for proton transport. The interface gets more disordered

(reflected by lower D values, ranging from 7.0 to 4.0 kHz), and the

app
proton conductivity rises slowly due to mostly hydronium hopping within
the interface. Thus, a low degree of interface disorder limits the
proton conductivity at low %RH condition. Additionally, the different
distribution of the four groups of data points in Figure 5.12 shows that
at 50 %RH the difference between the data groups at 40 °C and 80 °C is
marginal compared to that at 100 $%RH. This suggests that the
sensitivity of conductivity towards temperature is relatively small
compared to the sensitivity towards hydration level. The proton
conductivity trend correlates to the microphase separation in the
polymer material, where the ionic domains form effectively by the
induced hydration. The difference between the dependence on temperature
and hydration level seen in Figure 5.12 is consistent with the previous

elastic modulus and stress relaxation studies.?®¢®’
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Figure 5. 12 Correlation between bulk membrane conductivity via EIS and
local dynamics parameter, D,,, of the polymer side chain, SCF,. Top
left: at 80 °C, 100 %RH (red hollow squares). Bottom left: at 40 °C,
100 %RH (blue hollow circles). Top right: at 80 °C, 50 %RH (red solid
squares). Bottom left: at 40 °C, 50 %RH (blue solid circles). Center
plot: The overall correlation is summarized with color-coded regions
indicating different conditions. The dashed curve is the exponential
fitting of the overall correlation, which is illustrated in all parts.
The electrochemical performance of PFSA materials has been under
intensive investigation for several decades. Proton conductivity has
proven to be dependent on PFSA nanostructure and water content.? % 7°
Two main proton motion mechanisms have been proposed: the surface
diffusion mechanism, where the proton moves between sulfonate anions
through water diffusion, ‘surface proton hopping’; and the Grotthuss
mechanism where proton is passed on between hydronium ions; the bulk
diffusion of hydronium ion.®’ The surface proton diffusion and the
hydronium diffusion mechanisms can be referred as the ‘vehicular
mechanism’. The schematic pictures are shown in Figure 5.13. Proton
conductivity solely depends on the proton transport speed, thus the

distribution of ionic domains and water channels within the membrane

significantly affect this process.
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Figure 5. 13 A schematic demonstration of proton transport mechanisms.®’
a) Surface proton hopping between sulfonic acid groups and water
molecules; b) Grotthuss mechanism between water molecules, and hydronium
bulk diffusion (dashed line).

The exponential behavior in Figure 5.12 suggests that for PFSA
membranes the higher side chain local dynamics suggests a less-organized
interfacial environment. The proton conductivity at high %RH (in the

100 %RH condition, ~D,,,<4.50 kHz) increases as D decreases as a result

app
of the increased connections and amount of water channels from high
hydration level. On the other hand, at 50 %RH when ~D,,>4.00 kHz in the

app’

figure, as the D value decreases the conductivity measurement

app
increases much slower compared to the high hydration level case. This
suggests that the at low hydration level, the side chain local dynamics
predominately influences conductive performance due to the insufficiency
of connection between ionic domains — i.e. water channels. Based on the

correlation observed among all the PFSA tested, the surface proton

hopping mechanism in 5.13a is favoured at low hydration promoted by side
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chain local dynamics; while the other mechanisms in 5.13b are more
preferred at a more hydrated condition.

Similarly, the H, permeability of PFSA has also been probed and
compared. As another key performance evaluation of PFSA in the PEMFC
membrane, it is prominently influenced by the microphase separation of
the polymer, which is controlled by the temperature and hydration level
factors.

The H, permeability measurements suggest that it is dependent on
the distribution and the size/proportion of +the hydrophilic ionic
domain. In many polymeric materials, studies have been done using
neutron scattering techniques, where the scattering intensity was
analyzed as a function of temperature and scattering vector.”™ In the
substituent study of polyacetylenes, the size of the side chain
influences the local dynamics of the polymer, which leads to different
motional regimes. A polymer with fast side chain motion provides high
gas permeability, and vice versa.’! Modeling work of gas permeability of
Nafion using a resistor network model has illustrated the significance
of the aqueous and hydrophilic phases formation and the microscopic
phase distribution.?® This is strongly influenced by the hydrophilicity
of the polymer backbone and side chain.

Here, the correlation between the H, permeability and D has been

app
illustrated in Figure 5.14. The data points at the two temperatures are
well separated, as at the lower temperature the gas permeability is much
smaller compared to the higher temperature case. Gas permeation is
solely a diffusive motion through mediums, the temperature dependence
observed in both Figure 5.10 and 5.14, is attributed to the temperature

parameter in the exponential Boltzmann distribution, which describes the

thermally driven process. More interestingly, the two sets share a
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similar trend with respect to the D,,, values. As the local motion
indicator decreases in value, the permeability demonstrates elevation
exponentially, where the fitted curves (with exponential function

y==ae¢x) as the guide to the eye. The correlations in both temperature

conditions are strong, moreover at the 80 °C the permeability does show
a much faster response as D,, drops, where the exponential decay
constant b is 1.3 times bigger and the pre-exponential factor a is 3.4

times bigger than those at 40 °C where b = 0.22 and a = 4.33.
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Figure 5. 14 Correlation between H, permeability and local dynamics
parameter, D,,,, of the polymer side chain, SCF,. Similar data point
labeling scheme is applied here, as seen in Figure 5: 80 °C, 100 %RH -
red hollow squares; 80 °C, 50 %RH - red solid squares; 40 °C, 100 %RH -
blue hollow circles; 40 °C, 50 %RH - blue solid circles. The dashed
exponential fitting is illustrated to represent the correlation for 80
°C data set, while the solid exponential fitting is for that at 40 °C.

From Figure 5.14, the 50 %RH data sets are located at low local

motion of the side chain (high D,,, values) with low P , while the

100 %RH data sets favour the higher P . As the local dynamics of the

side chain increases, the H, permeability increases exponentially at

both temperature conditions. The response towards %RH increase is
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caused by the gradual formation of water channels, i.e. the aqueous
phase in the polymer matrix, which provides alternative gas permeation
paths through the PFSA.***® Thus, the total gas permeation is attributed
to a mix of pathways involving different phases. The resistor network
modeling work suggests the significance of permeation occurs in the
intermediate phase which is essentially the phase boundary, and in the
softened/swollen polymer solid phase.'® There are many
parameters/factors involved in understanding the impact of hydration
level on gas permeability, but the general trend of reducing water
content resulting in a decrease in gas permeability is expected; and
that is observed here in Figure 5.14.

In the modeling work, Schalenbach et al. suggest that the
relationship between permeability and water content could only be fitted
by a model where a softened solid phase has occurred, and the permeation
through the intermediate and solid phases affect the total permeation

much more at lower hydration condition.?~*°

The local dynamics parameter
of the side chain SCF,, established by our 'F NMR studies, represents
the local environment of the phase boundary or intermediate phase. The
correlation shows that the more local mobility the intermediate phase
has the higher gas permeation observed. In all PFSA cases, hydration
brings more disorder or local dynamics, which weakens the intramolecular
and intermolecular van der Waals forces, easing the permeation through
this interfacial boundary. This conclusion supports the modeling study
on the impact of permeation through the intermediate phase. To further
demonstrate the difference in permeation within solid phase, the H,
permeability data was plotted against the backbone local dynamics

parameter, D of CF,. A similar correlation analysis was attempted

app !

and demonstrated in Figure 5.15.
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Figure 5. 15 Correlation between H, permeability and local dynamics
parameter, D,,,, of the polymer backbone, CF,. Similar data point
labeling scheme is applied here, as seen in Figure 5 and 6: 80 °C, 100
$RH - red hollow squares; 80 °C, 50 %RH - red solid squares; 40 °C,
100 2RH - blue hollow circles; 40 °C, 50 %RH - blue solid circles. The
dashed exponential fitting is illustrated to represent the correlation
for 80 °C data set, while the solid exponential fitting is for that at
40 °C.

Compared to Figure 5.14, the data points are more scattered, and
the correlations observed have much smaller exponential decay constants,
b = 0.09 and 0.06, a = 8.52 and 2.65 at 80 °C and 40 °C respectively.
Equivalently, the CF, local dynamics parameter describes the polymer
backbone, which can be considered as solely the solid phase in the
polymer matrix. The data points at both temperatures are nearly
distributed vertically, especially at 80 °C. At 40 °C, the diffusive
permeation process is not effectively activated, which leads to marginal
differentiation between data points. Despite the different data
distributions between these two temperature conditions, the lack of
exponential features in Figure 5.15 (compared to Figure 5.14) suggests
that the gas permeability is less related to the local dynamics of the

solid phase. Therefore, the intermediate phase plays a more crucial

role in gas permeation compared to the solid phase. To improve the
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polymer electrolyte membrane material, the side chain 1local dynamics
representing an intermediate phase environment is the limiting factor to
the gas permeation process. Nonetheless, temperature dependence is a
much stronger factor, which is unavoidable due to the thermodynamic
nature of the permeation process.

As described above, the hydrophilic side chain evidently promotes
proton transport, especially at low %RH; yet at high %RH, a populated
water channel network allowing the hydronium diffusion favors the proton
transport in aqueous phase in the polymer matrix. The correlation
between D,, (SCF,) and proton conductivity supports this. A local
dynamics parameter evaluation can also be performed representing the
intermediate phase to understand its impact towards gas permeation. As
a result of comparing polymer side chain and backbone, it is concluded
that the intermediate phase exhibited by the side chain behavior has a
more limiting effect on the permeation process than that of the polymer
backbone. The correlations (Figure 5.12 and 5.14) are both clearly
established. This is the first study that aims to connect the material
physicochemical properties using ex situ YPF NMR technique to the
operando electrochemical performance measurements, to parameterize the
impact and to provide insight into the improvement of polymer

electrolyte materials.

5.8 Summary

MEAs made with different types of PFSAs were assembled into fuel
cell stacks and tested for electrochemical performance under a range of
$RH at 40 °C and 80 °C. Through EIS and CV analyses, proton

conductivity and H, permeability information were obtained and
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normalized with respect to membrane thickness and test area. As
temperature and %RH increase, the conductivity and H, permeability
increase in all the PFSAs. 1In parallel, "F ssNMR dynamics studies have
been performed on identical PFSAs after matching the conditioning using

an environmental chamber. D of SCF, is reintroduced in this study to

app
use as an indicator of the side chain local motion at a molecular level.

A strong correlation between the proton conductivity and D as well as

app !

that between the H, permeability and D are observed. As 1local

app
dynamics increase with elevated hydration and temperature, both the
conductivity and the gas permeability concurrently increase. The
formation of the hydrophilic domains during hydration 1leads to
improvement of proton conductivity, and also inevitably promotes H,
permeation, which is critical to conductive performance with decreasing
$RH. Additionally the H, permeation behavior is expected to extend to
other gases, especially diatomic gases such as O,. High O, transport
through the ionomer in the catalyst layer will help to facilitate proton
consumption on the electrode to minimize the mass transport limitations
of the MEAs. Understanding how H, and O, permeate in the membrane and
ionomer in the catalyst layer will help in the larger scale design of
the fuel cell to mitigate H, fuel loss and facilitate O, transport.
Finding optimal membrane materials with high proton conductivity and

advantageous gas permeability is one of the key improvements required to

commercialize PEMFCs in automotive applications.
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6.

Summary and Outlook

6.1 Summary

This thesis has described the use of state-of-the-art analytical
spectroscopy techniques to study structures, chemical compositions and
local environments of polymer electrolyte materials used in hydrogen
fuel cell (FC) devices. The results of the detailed spectroscopic
analyses target the structure-performance relationship. A novel ssNMR
method has been developed with the purpose of probing local dynamics in
the polymers. The '’F dipolar recoupling NMR approach has been validated
and applied to PFSA membranes at different temperature and hydration
conditions. STXM coupled with X-ray absorption spectroscopy (XAS) has
supplied complementary chemical structural information for a number of
PFSA materials. The electrochemical evaluation of electrolyte membranes
in the membrane electrode assembly (MEA) has provided bulk performance
details, which helps to establish the relationship between molecular
physicochemical properties and the macroscopic in situ/operando
performance. The main focus of this thesis is to demonstrate the
applicability of the ssNMR approach to investigate local dynamics and
the associated findings. A summary of the overall impact of this thesis

and future directions is offered below.
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6.1.1 Spectroscopic Analysis of PFSA

Chapter 3 summarizes a structural investigation of three PFSA
materials (Nafion, Aquivion, and 3M PFSAs) using XAS analysis via STXM
combined with "F and !’C ssNMR spectroscopy, providing complementary
structural information about the polymers of interest. A collaborative
study using two modern analytical spectroscopies for the PFSA systems
was reported for the first time. Additionally, a fluorine diffusion
study by solution-state NMR is discussed in detail here to further
distinguish the differences in ionomer dispersions.

The ssNMR spectral analyses have been done for Nafion with 1100EW
(EW = equivalent weight), through correlation between the ')C and F
signals.!”” However, the possible signals (carbon species) outside the
main spectral span have never been reported for PFSA systems. In the
initial XAS-based structural study, the F 1ls near edge X-ray absorption
fine structure (NEXAFS) 1is incapable of separating different PFSA
species. Fortunately, the chemical sensitivity of 'F NMR significantly
aids in the differentiation of various types of PFSA materials.
Conventional '’F ssNMR with detailed spectral deconvolution resolves the
polymer side chain and backbone signals effectively.

In a parallel XAS analysis of PFSA membranes and cast films from
ionomer dispersion solutions at the C 1s and O 1ls edges, the possibility
of residual solvent (likely alcoholic species) from the manufacturing
process, and the existence of a carboxyl group at the terminal end of
the polymer chain have been proposed. The heroic natural abundant **C
ssNMR results collected at a high magnetic field support this
hypothesis. With the low elemental content of O and S in the polymer

system, 0 and )S NMR measurement without any enrichment is nearly
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impossible. Synchrotron-based STXM that takes advantage of soft X-rays
is able to study the material at the O 1ls and S 2p edges, such that the
full chemical speciation of the side chain is revealed. The two
spectroscopies provide a detailed interpretation of all spectral
features, such that complementary information can be gained in the
analysis of PFSA materials.

The molecular diffusion study of the ionomer dispersions with the
same ionomer EW, Nafion and Liquion, is additionally reported towards
the end of Chapter 3. The difference in diffusion profiles of the PFSA
solutions as a function of temperature is illustrated. This result
indicates that the molecular radius in the Liquion dispersion is smaller
than that in Nafion with 1 wt% ionomer concentration. The different
macroscopic diffusion profiles effectively differentiate the two
solutions despite the fact that they have the same chemical composition
with the same EW.

The exploration of the relative assets of STXM and ssNMR in
characterizing PFSA materials has been successful. NMR is more
chemically sensitive, but it does not provide easy access to the S or O
environment directly. XAS analysis using STXM requires a synchrotron
facility, which is less readily available than institute-based ssNMR;
however, it provides a direct way to probe S and O elements and it is
capable of spatially resolved chemical mapping for systems with multiple
components, such as the catalyst layer (CL) and MEAs. The combination
of the two techniques has great potential to provide detailed

information on the subtle alterations in PFSA materials.
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6.1.2 Dynamics Analysis Using ’F Homonuclear
Dipolar Recoupling Sequence

The importance of the dipolar interaction was thoroughly described
in Chapter 2. A dipolar recoupling ssNMR approach has been developed
for probing the local dynamics of the PFSA systems, which is explained
after the introduction of the homonuclear dipolar interaction. This
alternative method is very essential for materials that have multiple
sites and require magic angle spinning (MAS) to achieve spectral
resolution. The typical benchmark material, Nafion, was initially
studied, and a scheme for comparing the motion for different regimes as
a function of relative humidity (%RH) and temperature was developed and
described in Chapter 4. A standardized metric is also introduced and
applied to Nafion in order to quantitatively compare different PFSA
materials in the same class.

Dynamics in a variety of materials can be analyzed via NMR
relaxation studies wusing both spin-lattice and spin-spin relaxation

5

measurements.?” In solids, the second moment of the line shape can also

8 Unfortunately, such an approach without

be used to monitor dynamics.®
MAS lacks spectral resolution and cannot differentiate the dynamics
occurring at different sites in the material. Recent "F/C NMR
linewidth analysis of Nafion under MAS and "YF-C chemical shift
correlation investigations indicate a dynamics gradient with respect to
the backbone branch point.'? This investigation focused on the use of
CSA changes to evaluate the geometry of the side chain and backbone

> however, it is not efficient with respect

reorientations for Nafion;!-
to the required experimental time. Therefore, a dipolar recoupling NMR

technique as an effective alternative approach for dynamics studies of

the polymer chain was developed and implemented.
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The R-symmetry based dipolar recoupling 'YF NMR method combined
with a second-moment approximation presents a gquantitative and
qualitative way to extract the effective/apparent 'YF-'"F homonuclear
dipolar coupling constant from the initial normalized double quantum
build-up curve. The analysis of the dipolar interaction at various
hydration levels and temperatures and the difference in local dynamics
at distinct fluorine sites has been monitored. In the investigation of
Nafion 117, the backbone is shown to have low local dynamics whereas the
side chain has higher dynamics, a result that is determined by the
measurement of apparent dipolar coupling constants, D,,. The side chain
shows increased sensitivity towards the humidity change relative to the
backbone. The finding is correlated to the previous proton conductivity
measurements, and the correlation is supported by the morphology
development hypothesis.’®™*° The application of the dynamic order
parameter, S%, provides a comparative measure that allows the analysis
to be extended to a wider range of related ionomer materials.

In Chapter 4, the development of the dipolar recoupling NMR method
does not only present an efficient way to measure the local dynamics of
the perfluorinated polymer quantitatively and qualitatively compared to
the previous NMR methods, but also demonstrates the potential to be used
in screening ionomer materials to understand the 1link between the

molecular properties and bulk material performance.

6.1.3 Linking the Material Performance to the
Molecular Physicochemical Properties

Local dynamics investigations using ssNMR have been applied to
different types of PFSA materials, including Nafion, Aquivion and 3M

PFSAs, with differences in side chain structures and EWs. The extended
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study is reported in Chapter 5. In the first half, the NMR dynamics
method was applied to PFSAs that are treated with the same experimental
conditions as the Nafion material in Chapter 4. By doing so, parallel
comparison amongst the PFSAs was made. The difference in side chain and
backbone 1local dynamics in the Aquivion and 3M PFSA materials is
temperature and hydration dependent, which agrees with the general trend
observed in the Nafion system. Similar to the Nafion study, due to the
lack of crystalline structure of the PFSA molecules, the geometry
optimized small molecule structures that can represent the side chain

and backbone are applied in the theoretical dipolar interaction

calculations. S” at different conditions can be extracted and compared.
This local dynamics analysis of different PFSA materials (used
throughout this thesis), which is reflected in the comparison of D,

values and S”, is reported here for the first time.

Interestingly the difference in the side chain and backbone local
dynamics in the PFSA systems at 25 °C with 50 %RH and 100 %RH suggests
that PFSAs with higher EWs (~1000) show more sensitivity towards
humidity changes, such as in the cases of Nafion with 1100EW and
Aquivion with 980EW. On the other hand, the PFSA with low EW is shown
to be less responsive towards condition changes in terms of the side
chain local dynamics. This preliminary analysis presents a normalized
approach to investigate the 1local dynamics difference between the
hydrophobic and hydrophilic regimes for perfluorinated polymers below
their glass transition temperature. This method further demonstrates
the potential for these methods in unveiling the morphology development
in ionomer materials.

In the second part of Chapter 5, the goal of the study was to

understand the structure-property-performance relationship in PFSA
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polymer electrolyte materials. The combination of in situ fuel cell
performance evaluation and ex situ single-component NMR characterization
has created a connection between the fundamental chemistry and the
properties of the bulk material. The current FC operating challenge,
fuel 1loss, was addressed here, along with analysis of ©proton
conductivity properties. The benefit of this study is to mitigate the
current FC design challenges, such as Ohmic losses caused by resistive
proton transport that occurs at high current density.

The PFSA materials with different side chain types and EWs for the
ex situ NMR study are conditioned parallel to the MEA operating
condition at 40 °C and 80 °C with 50 %RH and 100 %RH. The EIS and CV
analyses are performed on those materials simultaneously in the MEA form
under operating conditions at the fuel cell test station. Both proton
conductivity and H, permeability were found to increase as temperature
and $RH increase. A F ssNMR local dynamics study is reintroduced to
study the side chain local motion at the molecular level. The strong

correlation between proton conductivity and the D values of the SCF,

app
site, as well as that correlation between the H, permeability and D,,
were observed and investigated. The results suggested that the
formation of the hydrophilic domains during hydration leads to an
improvement in proton conductivity, while unfortunately promoting gas
permeability.

Based on the proposed proton transport mechanism, the local
dynamics of the side chain in PFSA plays a significant role in
transporting protons while the hydration is insufficient due to the lack
of a water network when the Grotthus mechanism dominates. Conversely,

with sufficient water content the formation of water networks promotes

the vehicular mechanism, in which the side chain local dynamics do not
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contribute as significantly as they did at dryer conditions. Another
exciting finding is that when the correlations between gas permeability
and polymer chain local dynamics are compared, the correlation of the
side chain local motion is more pronounced compared to that of the
backbone. This suggests that the intermediate phase, which is reflected

and represented by the D values of SCF,, between the aqueous phase

app
(water network) and solid phase (polymer hydrophobic backbone) has a
much more limited impact on gas permeation.

This is the first study with the goal of connecting the material
physicochemical properties determined by ex situ '’F NMR techniques to in
operando electrochemical performance measurements. This work aims to

parameterize the structural impact at a molecular level and to provide

insight into methods for improving polymer electrolyte materials.

6.2 Future Work and Outlook

This thesis outlines the combination of modern spectroscopic
techniques that can be used to probe structure-performance relationship
of proton exchange membranes, specifically PFSA materials. The novel
results from the current work produce a better understanding of PFSA
structure related morphology development and provide important insight
for future membrane and hydrogen fuel cell development.

The analysis of PFSA materials in this thesis demonstrates the
importance of a combined spectroscopic approach through the acquisition
of complementary NMR and NEXAFS spectra. Nevertheless, there are still
uncertainties regarding the NEXAFS transition assignments mentioned in
Chapter 3. Additional small molecule investigations could potentially

provide evidence to support the existence of the carbonyl group in the
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PFSA materials. For instance, measurements of fluorinated carboxylic
acids such as pentafluoropropionic acid (CF,CF,COOH) and its derivatives
could assist in the identification of the carbonyl groups within a
highly fluorinated environment.

As ssNMR is very sensitive towards fluorine environments, it is a
great tool for both quantitative and qualitative structure elucidation
of PFSA species. The conventional 'F NMR analysis of single-component
PFSA can provide reference data without additional interference from the
carbon support or Pt catalysts. Meanwhile, the S 2p and O 1ls NEXAFS are
informative regarding local environment on the proton-conducting site,
i.e. the sulfonic acid group. This serves as another tool to study
ionomer materials, even in the presence of other fuel cell components.
The application of S 2p NEXAFS via STXM coupled with F ssNMR will be an
appropriate and powerful approach to investigate membrane or ionomer
degradation in the CL, or to study the MEA aging processes. Ultimately,
the STXM-ssNMR combination would offer characterization of both the
spatial and chemical nature of operationally induced degradation. The
ability to quantify side-chain loss by highly resolved 'F ssNMR and
sulfonic group loss by S 2p XAS will provide remarkable information in
MEA degradation studies. At the same time, the combined spectroscopic
approach can be used to study the role of chemical stabilizers that help
ionomer solutions stay dispersed such as carboxylic acid groups in PFSA
materials.

In the local dynamics study for different PFSAs, an advanced ssNMR
method has been developed and validated. The dynamics difference
between the polymer side chain and backbone has been observed and well

characterized by comparing the D and the 8" values at different

app

experimental conditions. Unfortunately, each class of PFSA only has one
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or two examples to investigate, and thus the specific roles of EW and
the nature of the side chain in polymer local dynamics are unable to be
generalized here. Studying PFSAs with the same side chain structure but
varying EWs using the NMR dynamics method at different temperature and
hydration conditions will specifically probe only the effect of the EW.
The side chain behavior will be explored as the EW changes in the PFSA
system. As one promising alternative PFSA to replace Nafion, a series
of 3M PFSA materials with EWs ranging from 580 to 1100 can additionally
be explored. The 3M PFSAs have similar side chain lengths at the atomic
level and only one vulnerable ether bond, in comparison to the gold
standard, Nafion, which has two. Nevertheless, in situ electrochemical
performance analysis for this class of PFSA will also be an excellent
way of achieving an in depth understanding of how the structure
influences the performance. Furthermore, investigating PFSAs with the
same EW but different side chain types will reveal the impact of the
PFSA side chain type especially since the side chain structure heavily
affects the morphology development in PFSA systems.

Monitoring the apparent homonuclear dipolar interactions in the
fluorine systems creates a unique and effective handle to probe the
local dynamics in polymeric systems. This technique can also be applied
to hydrocarbon-based proton conducting materials to yield similar
dynamics insight. Many examples have demonstrated the successful use of
'H-'H homonuclear dipolar interaction measurements in macromolecular or
supramolecular systems using the dipolar recoupling NMR technique for

structure elucidation.'? !¢

The application to hydrocarbon polymers will
assist with the identification of proton transport mechanisms from the

perspective of both the polymeric backbone and the conducting proton

species simultaneously.

6. Summary and Outlook 230



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

Discovering the structure-performance relationship of electrolyte
materials is important for hydrogen fuel cell development. Studying
PFSAs in membrane form provides the ability to evaluate the electrolyte
component in the device. The ionomer component in the CL, with the same
chemical structure as PFSA membranes, plays a crucial role in FC
operation as well. The CL requires high O, transport ability to
facilitate proton consumption on the electrode, thus minimizing the mass
transport limitations in the MEA. 0, permeability in the ionomer and
how the polymer structural properties influence the permeation process
has become a riveting topic in the fuel cell community. To correlate
the 0, gas permeability and the PFSA polymer local dynamics profiles and
to understand how the gas molecules permeate in the ionomer within the
CL will help to mitigate H, fuel loss and facilitate 0O, transport. The
exploration and discovery of optimal membrane/ionomer materials with
high proton conductivity and advantageous gas permeability is required
for the commercialization of PEMFCs in automotive applications.

Ultimately, with the fast development of specialized spectroscopy
instrumentations, which will promote the use of in situ/in operando
experiments, studying the MEA component under operational conditions
will become possible. Many outstanding in situ studies using NMR and
STXM involving electrochemical reactions have demonstrated the
advantages of monitoring the chemical process during operation.!’?°
Although purging H, and O, into an analytical instrument is potentially
risky and challenging, doing so could provide critical information to
aid in the development of future PEMFCs. The developments presented in
this thesis illustrate a much clearer picture of PFSA chemical
compositions and how the molecular dynamics profile within the polymer

chain correlates to the material’s electrochemical performance using

6. Summary and Outlook 231



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

advanced NMR techniques. The key findings from the current study
demonstrate the importance of the intermediate phase of the polymer
(between the solid phase and aqueous phase) in the gas permeation
process and the significance of side chain local motion in proton
transport. Materials with small intermediate phase domains that have
good local mobility in the side chain are therefore optimal targets for

future PEMFC electrolyte materials.
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Appendix 1.

Material Performance Study

This work is under the non-disclosure agreement between the Goward
research group at McMaster University and Ballard Power Systems (BPS).
Experimental details cannot be released. This work was completed during
an internship at BPS, fully funded by a CaRPE-FC grant. The publication

of this section has been allowed with permission from BPS.

A.l1.1 Introduction

Besides the cyclic voltammetry (CV) analysis mentioned in
Chapter 5, another in situ performance evaluation method of PFSA is the
polarization curve. As one of the standard fuel cell (FC) diagnostic
tools, it 1is essentially a plot of cell potential against current
density under operational conditions. It aims to provide information
regarding the performance losses. A steady-state polarization curve is
often plotted by recording cell potential as cell current changes. This
was the method applied during the membrane electrode assembly (MEA)
evaluation study at BPS.

Governed by the Butler-Volmer Equation! 2, the cell potential

undergoes activation loss/polarization when the current densities are

low. This loss 1is solely due to the slow kinetics of the oxygen
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reduction reaction (ORR) on the cathode. Once the activation
overpotential becomes relatively stable, Ohmic loss becomes important
for intermediate current densities. The resistance that proton flow
experiences between electrodes causes a drop in cell potential. In this
region, the cell potential decreases linearly with the current density.
At higher current densities, reactant is consumed rapidly, especially at
the electrode, during operation; therefore, concentration gradients are
created. Based on the Nernst Equation (see Equation 5.1 in Chapter 5),
the gradient created at the interface between the electrode and
electrolyte, the reaction quotient increases, and therefore the cell
potential decreases. This is defined as the concentration loss. This
phenomenon is also referred as the mass transport effect. An ideal
polarization curve is demonstrated in Figure Al.1l, in which the three

main losses are labeled accordingly.
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Figure Al. 1 1Ideal polarization curve for an operating polymer

electrolyte membrane fuel cell (PEMFC), with corresponding labels for
different losses.' ? [Reprinted with permission from Ref.2]

Many model schemes are proposed to elucidate the electrochemical

behavior of PEMFC based on polarization curves. Many empirical
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equations are introduced, including the Tafel equation to understand
activation losses. However, for the purpose of extracting PFSA membrane
resistance information, only the ohmic region is considered in this
study. From the linearity, the resistance experienced by the ion flow
can be extrapolated and calculated. With the MEA designs of
single-layered (SL) and double-layered (DL) membrane, the through-plane
membrane resistance was extracted and compared to an EIS study mentioned

previously in Chapter 5.

A.l.2 Experimental

All polarization curves were collected at the MEA test station
located at BPS, Burnaby, BC, Canada. MEAs used for testing in this
section were the same as the MEAs that were prepared for the CV
analysis.

The current used in the polarization curve analysis ranged from
0 A to 99 A under operating conditions, which was supplied by a load
bank. The gases used were supplied through customized vapour
conditioners with thermal and humidity control, at 80 °C with 100 $%RH.
H, gas was fed into the anode, while the 0O, or 21% 0O, in N, was fed into
the cathode, with the inlet pressure at 5 psig for both gas supplies.
The cell potential was collected with different current inputs. The
detailed current input program is not provided here.

The curve was analyzed using the Excel Macro program written in
visual basic for applications (VBA) developed by the research department
at BPS. Using input parameters describing the catalyst loading, active
MEA area, gas flow rate, temperature and RH, the resistance at the ohmic

region was calculated.
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A.1.3 Results and Discussion

A.1.3.1 Polarization Curves of MEAs

As discussed earlier in Chapter 5, the purpose of designing MEAs
with SL and DL membrane(s) is to extract the membrane properties without
the influence of other MEA components. An example set of polarization
curves at FC operating condition is shown in Figure Al.2. NR211 was
used as a standard PFSA membrane, and its MEA polarization curve
analysis is presented. In Figure Al.2, the blue data set represents the
MEA with SL NR211, while the green dataset is for the MEA with DL NR211.
All of the polarization curves were collected with the same operating
parameters, except for the O, concentration on the cathode. The hollow
data points were collected under H,/0,(21%), while the solid points were
under H,/0,(100%). The fitted curves for SL NR211 MEA generated using
the program developed by BPS show agreement between the model and the
experimental measurements. The DL MEA shows worse performance than the
SL. This is the result of doubling the ion transport path length, i.e.
the distance between electrodes. From the fitted curves, the cell
resistance can be extrapolated from the ohmic region, which is the slope
of the linear region. Assuming the interface has a minimal contribution
to cell resistance, the membrane resistance can be calculated by
subtracting Rgi,ge from Rp,,i., where the resistance contribution from

other MEA components can be simply ignored.
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Figure Al. 2 An example set of polarization curves with SL and DL MEA
designs using NR211 membrane. The experiments were performed with 100%
0, or 21% O, at 100 %RH 80 °C.

When comparing cell performance under different O, concentrations,
the cell at 100% O, performed better than at 21% 0,, which is shown by a
lower voltage loss and no significant mass transport loss. It is caused
by a more efficient ORR on cathode from the high concentration of O,.

Hence, the membrane resistance values were analyzed using the cells

operated using 100% O,.

A.1.3.2 PFSA Membrane Resistance

Resistance and conductivity values for PFSA membranes are
summarized in Table Al.1l. The detailed description and the labeling
system have been introduced in Chapters 1 and 5. All the resistance
values were converted into conductivities normalized for membrane

thickness, based on the following equations:
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where o is the ionic conductivity, p is the resistivity, A is the active
cross-sectional area, 1 is the ion conductive path length, and R is the
resistance.

Table Al. 1 Summary of PFSA resistance and conductivity in this study.

Resistance Conductivit
PFSA (x10° Q/cm?) (S/cm) Y
3M725 1.0 17.8
3M825 0.8 22.2
AQ870 1.3 13.7
AQ980 1.2 14.8
NR211 0.5 13.8

The PFSA membrane conductivity values from electrochemical
impedance spectroscopy (EIS) measurements introduced in Chapter 5 are
compared with the conductivity data extracted from the polarization
performance analysis here. The comparison of conductivity from these
two electrochemical methods is shown in Figure Al.3. Theoretically, the
conductivity values from different methods should be equal (grey dashed
line), however there is a systematic inconsistency in the experimental
data. The conductivity data collected from the EIS method were greater
than the ones calculated from the polarization curves. In the
polarization performance analysis, there are more FC components involved
in the process, compared to the EIS measurements collected under N,/H,
environment. The increase in complexity possibly attributes to the

lower conductivity results.
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Figure Al. 3 PFSA conductivity comparison between two different

electrochemical methods: EIS and polarization performance analysis.

A.l1l.4 Summary and Remark

The purpose of the internship was to explore and to familiarize
the electrochemical evaluation methods in an industrial setting,
including preparing MEA test cell, setting up the test station,
collecting and analyzing raw data. Understanding the chemistry behind
the polarization curve and extracting conductivity information from it
provides an access to the conductive properties of the PFSA materials.

This study aims to evaluate the PFSA membranes under operational
conditions in MEA form along with other FC components. The polarization
curves were successfully collected and analyzed. The PFSA conductivity
values were reported and compared with EIS data (shown in Figure Al.3).
A systematic inconsistency between these two methods was observed, which

is attributed to a different sample matrix. The polarization curve can
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capture every single step in a fuel cell operation. The analysis of
polarization curve can unveil many other useful information of a cell
function. On the other hand, for the purpose of investigating the
membrane properties, the EIS method is more beneficial compared to the
polarization study since it eliminates additional influences such as the

catalysis efficiency.
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Appendix 2.

Gas Permeability Study

This work is under the non-disclosure agreement between the Goward
research group at McMaster University with BPS. Experimental details
cannot be released. The work from this section was completed during an
internship at Ballard Power Systems (BPS) (mainly in 2017), fully funded
by a CaRPE-FC grant. The publication of this section has been allowed

with permission from BPS.

A.2.1 Introduction

Gas permeation is a major concern in PEM development. As
described in Chapter 5, H, permeation causes cell deficiency due to fuel

6

loss.'" Similarly, O, can pass through the membrane causing reduction

of FC performance, especially because the oxygen reduction reaction
(ORR) is the rate-limiting step for the operating process. Many studies

have addressed this issue and reported the permeability of various PEM

materials.’ % 7+ ® The 0, permeability ( P, ) is reported to be much
smaller than the H, permeability ( B, ), thus its significance is often

de-emphasized. The exploration of P, measurements will be addressed in

this section.
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Similar to the P, study described in Chapter 5, the P of

DZ

different PFSA materials has been measured via two different
electrochemical techniques: ORR limiting current studies and the time-
lag method. The overall effectiveness of different methods is addressed
in this section.

Both methods are well established in theory. The time-lag method
setup was recently developed by BPS, for single cell and stack
evaluation. Therefore, prepared MEAs were required, and the health and

seal of a MEA is critical to the success of this method. On the other

hand, the P, from the ORR limiting current study focuses on the PFSA

material itself. The experimental setup was essentially a solution-
based three-electrode cell with a rotating disk electrode (RDE) as the
working electrode. Thus, the stability of the PFSA in the cell becomes

a major challenge.

A.2.2 Methodology

A.2.2.1 Time-Lag Method

The time-lag method is also known as the transient pressure change
method.’ A known quantity of gas is introduced to the system, and the
pressure change as a function of time is monitored. The steady state
permeability condition is established once the supply gas pressure has
built up and remains constant. This method will detect a linear change
in pressure with time change. The cathode outlet pressure was monitored
using a digital barometer in this study. Different gas pairs purged
independently onto the cathode and anode at the same time. In order to

create a baseline for the measurement, N,/N, pair was used to determine
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the systematic gas loss in the cell, if any. N,/H,, 0,/N, and 0,/H, gas

pairs were used sequentially under this method to extract H, and O,

permeability. Each gas pair was denoted as the cathodic gas supply
versus the anodic gas supply. H, permeates through the MEA from anode
to cathode, while the O, permeation is from cathode to anode. The

investigation under O0,/H, pair is to analyze any additional influence

when the cathode and anode gases are reactive towards each other.

A.2.2.2 ORR Limiting Current Analysis using
RDE

The limiting current analysis for the ORR using RDE has been
mainly applied in catalysis efficiency studies, and it is a method that

8 10 rThe 3-electrode cell is in the

is often used in the laboratory.”
electrolyte solution, and connected to a potentiostat. A CV curve is
collected as described in Chapter 5; however with different potential
limits since only the cathode reaction is involved. The benefits of
this method include: it separates the cathodic and anodic reactions,
such that unnecessary factors can be minimized or eliminated; it is a
much faster process and requires much less material compared to
preparing a MEA, therefore it is efficient as a preliminary method.
Theoretically, it is a straightforward method in this case for the
measurements of O, permeation in PFSA.

The working electrode (RDE) used was a pure Pt electrode supported
with stable polymer materials (e.g. polytetrafluoroethylene, polyether
ether ketone). The electrolyte solution used was freshly prepared 0.1 M
HClO, (with 18 MQ water).

Additionally the CV curve analysis on the Pt electrode along with

the PFSA can also provide information regarding anion adsorption on the
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1o This was the secondary goal for this study, however the

surface.?
system used was far from ideal and this part of the study has been

discontinued. The explanation is delivered below.

A.2.3 Result and Discussion

A.2.3.1 Gas Permeability Using Time-Lag
Method

The time-lag method requires minimal gas leakage of the cell
(stack), to achieve optimal accuracy and to minimize possible 0, release
for safety concerns. All MEAs prepared were imaged using an infrared
camera to detect pinholes or leakages prior to this study.
Unfortunately, due to the shortage of PFSA materials, a limited number
of MEAs with different PFSAs were prepared and used for performance
analysis (in Appendix 1) a few months prior to the gas permeation
project. Several of them were damaged, showing pinhole formations and
non-ideal seals, therefore they were not used in the current study.
There were three MEAs investigated using the time-lag method, and each
MEA was monitored at 80 °C and 50% or 100% RH, resulting in six data

points.

With this in mind, the objective of measuring P, for different

PFSA materials switched to exploring the method and establishing an
understanding of the measurements and analysis. Furthermore, results
from the time-lag method have been compared to the information collected
using CV analysis.

A typical set of ©permeability curves 1is demonstrated in
Figure A2.1. As mentioned earlier, the gas pairs N,/H,, 0,/N, and O,/H,

were used sequentially after the N,/N, baseline was obtained. Another
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N,/N, baseline was collected and compared at the end of each set, and the
average of the two baselines was used for calculations (not shown in
A2.1). The pressure change under N,/H, was positive because the H, is
likely to pass through the membrane to the cathode side (see A2.1b).
Thus, the pressure monitored on cathode increases as the H, gas is
supplied. The cathodic pressure drops when N, or O, is supplied,

resulting in negative lines of best fit (see A2.l1la, A2.1lc and A2.1d).

a) b)
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Figure A2. 1 A set of permeability curves of NR211 MEA (SL PFSA) using
time-lag method under four different gas conditions. a) N,/N,. b)
N,/H2. <¢) 0,/N,. d) O,/H,. The line of best fit was resulted from linear
regression analysis.

From the <change in pressure as a function of time, the

permeability can be converted from the flux, where flux was computed

based on the pressure change. Under N,/H, conditions, the CV curves were

also collected simultaneously to further calculate P, . By doing so, it

provided two methods to monitor the H, permeation behaviour in parallel.

The resulting comparison is shown in Figure A2.2.
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The time-lag method shows higher results compared to the CV

analysis in A2.2. The difference between the two methods lies between
4-33%. This is possibly due to the absence of calibration in the CV
analysis. The baseline calibration may have over-corrected the

systematic gas loss.

7.00
O H, Electrochem Method 2017 —

~ 6.00 A O H, Pressure Method 2017 .
E
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% 5.00 1 M |
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50%RH 100%RH 50%RH 100%RH 50%RH 100%RH

Figure A2. 2 P, comparison between the CV method and the time-lag

method. Only three MEAs passed the 1leakage-imaging test (infrared
camera), which were reported here.

To validate the time-lag method, the permeability of H, and O, were

compared, since the P, is expected to be roughly 1.5 times higher than
the P .} The correlation is shown in Figure A2.3. The linearity

indicates the 1.5 times correlation between P and B, , and the

experimental data points using the time-lag method generally follow this
correlation, as observed in the literature with minor deviations.' From
the six data points obtained, the agreement between the experimental
results and the literature correlation is observed. Furthermore, from
the comparison in A2.2, the time-lag method is likely to overestimate

the permeability, however it provides an effective method to measure the
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bulk P directly, which is usually difficult to obtain with the MEA

setup. With the knowledge of the overestimation, the actual P, can be
predicted.

= 120

£

—: 10.0 1 y=1.5x

E

2 8.0 1

g

Z &

—'3 6.0 @

£ 40 g

= 9

]

g 20 1

5

=%

= 0.0 . .

0.0 2.0 4.0 6.0 8.0

0, Permeability (10! mol cm™! s atm!)

Figure A2. 3 Correlation between H, and O, permeability of the three MEAs
tested using the time-lag method. The linear correlation is function:
y=1.5x.

Damage was observed in the infrared imaging of the MEAs. There

were only 3/10 MEAs that were testable, despite the fact that they were

all stored in deionized water (DIW) at room temperature. A different

degree of damage in prepared MEAs is expected. To confirm this, P,

values as reported in Chapter 5 (collected in 2016) were compared to the
new set of data. The bar-diagram comparison (similar to A2.2) is
demonstrated below in Figure A2.4. The H, permeability values from CV
analyses in 2016 and 2017 are compared, along with the values calculated
from the time-lag method.

Disregarding the overestimation of the time-lag method, the data
collected in 2017 show higher values compared to 2016. The aged MEAs
become more permeable as a result of routine MEA testing and improper
storage. It is possible that there are small pinholes formed following

MEA testing without being detected under infrared. Increases in
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permeability have been observed in MEA lifetime studies under 50 hrs.*
The time between the two current CV analyses was 8 months, so it is

unsurprising that the MEAs have been damaged.
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Figure A2. 4 H, permeability comparison from CV analyses conducted in
2016 and 2017, along with information calculated from the time-lag
method obtained in 2017.

The permeability values of the PFSA collected at different time
under different methods generally follow the same trend: higher $%RH
promotes the gas permeation, and the PFSA with lower equivalent weight
(EW) has slightly higher gas permeability. This observation can be
explained by higher proportion of the hydrophilic ionic domain. This
increase in hydrophilic domain occurs when the hydration level is high,
and especially for PFSA with low EW it has more hydrophilic side chains
per unit weight. The detail discussion can be found in Chapter 5.

The time-lag method will overestimate the permeability compared to
the electrochemical method (CV analysis) by over-correcting the
systematic gas leakage. Yet, it is the most effective way to probe bulk

0, permeation in MEA form. With proper adjustment, the gas permeability

can be reliably estimated. Additionally, aging effects and storage
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conditions are influential to MEA damage, which leads to increased gas
permeability. Therefore, to have more accurate results for the current

research purposes, freshly prepared MEAs are necessary.

A.2.3.2 Limiting Current Analysis of the ORR
using RDE

The CV curve analysis for the ORR is wuseful for providing
information regarding anion adsorption of the electrode and gas
permeability of the attached £film. To investigate gas permeation
through the PFSA material, PFSA thin films were deposited onto the
working electrode (RDE) from ionomer dispersion solutions with various
concentrations ranging from 0.125 wt% to 5 wt%.

As described in section A.2.2.2, the system is very sensitive
towards the cell environment. With limited control of the cell setup
and experimental time constraints, setting up an experiment with
reliable results becomes challenging. The general objective/work flow

chart is illustrated in Figure A2.5.

Objectives System Preparation
— > Clean electrode process
0, permeability Ionomer casting
Electrode Ionomer
Physical cleaning Solution system
Electrochemical cleaning Anneal process
Solvent Anneal
Alcohol/water Needs to be
solvent helps with optimized
casting
Contamination issue

Inevitable
contamination due
to highly-sensitive
Pt

Figure A2. 5 Work flow chart of ORR study using RDE. Objective — anion
adsorption has been greyed out. The explanation is stated below.
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Throughout the working process, there are two key factors to the
success of the study: uniform stable ionomer thin films and a clean cell
environment. The physical and electrochemical cleaning of the Pt
electrode was tested and proved to be effective when compared to
literature, by comparing the limiting current of the bare electrode at
different rotation speeds.?® In order to obtain a uniformly cast thin
film, spin coating with different rotation speeds and dispersion
solutions with different solvent systems (with various alcoholic
contents) were both examined. The alcoholic solvent system helps to
reduce the surface tension of the dispersion droplet interacting onto
the smooth Pt electrode surface. With proper rotation speed, a
uniformly coated thin film can be formed; however, the alcohol species
introduces contamination into the cell, especially in the case where
pure Pt is used as an electrode, which is extremely sensitive towards
contamination. To test the cleanness of the cell, a cell with a clean
Pt RDE was soaked into freshly prepared electrolyte solution. A non-
ideal CV performance was observed in a closed environment after an hour
without any addition of foreign chemicals as shown in Figure A2.6, and
this unanticipated non—ideal CV performance is due to the contamination
on Pt surface. The contaminants are likely from the non-ideal closed
cell and glassware. Therefore, the contamination of the Pt electrode is
inevitable. The initial objective to probe anion adsorption has been
abandoned (it has been greyed out in A2.5, since it requires an

extremely clean cell environment to achieve.
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Figure A2. 6 The CV performance of bare Pt electrode comparison, and
each analysis was done in three cycles: blue — ideal CV curves; black —
non-ideal CV curves.

Another objective of this study is to investigate O, permeation.
The measurement through the limiting current analysis of ORR in HCI1O,
electrolyte solution has been conducted. The limiting current of ORR is
governed the Levich equation, which models the diffusion and kinetic
11

flow conditions at the interface around the RDE, expressed below.?

2 1 -1

1. = (0.620) nFAD*w*v°C
where I, is the Levich current or limiting current, n is the number of
moles of electrons transferred in the half reaction (n equals 4 in this
case), F is the Faraday constant, A 1is the electrode area (it 1is
0.196 cm®’ for a standard Pt RDE), D is the diffusion coefficient, o is
the angular rotation rate of the electrode, v is the solution viscosity,
and C is the analyte concentration (0, in this case). The solution
viscosity and O, concentration in the electrolyte solution have been
determined previously in the literature.'> For 0O, in a solution system,

the product of the concentration of the gas and the diffusion
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coefficient is indicative of the permeability of O, through the cast
thin film.

From the Levich equation, the 1limiting current is linearly
dependent on the square root of the rotation speed, because the
permeability of O, in all cases should be a constant value. The
experiments were simply conducted in electrolyte solution with saturated
0,, and the limiting current values were measured by reading out the
current at the plateaus. By comparing the limiting current resulting
from RDE with PFSA coating to that of the pure Pt electrode at different
rotation speeds, the permeability of O, through that specific coating
can be calculated.? Example curve sets of the limiting current study

are shown in Figure A2.7.

0.0E+00 1 Bare Pt
-2.0E-04 1 Jonomer coating
T -4.0E-04 1
g
< 6.0E-04 -
&
£ -8.0E-04 1
a
£ -1.0E-03 1
E
35 -12E-03 -
-1.4E-03 -
-1.6E-03 - - - - ' '
01 01 03 05 07 09 11 13

Voltage (V)

Figure A2. 7 Limiting current comparison between bare Pt electrode and
electrode coated with thin PFSA layer, at different rotating speeds.

It is clear that the electrode with PFSA coating has lower current
density compared to the bare electrode. This is caused by the PFSA
coating, which blocks the access of 0, to the Pt. This blockage results

in a reduced limiting current. 0, permeability can be extracted from
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the ratio between limiting currents with and without PFSA coating, and
normalized based on the thickness of the film.?! During normalization,
the assumption made was that the imperfection of the film coating can be
neglected, including full coverage of the electrode surface and uniform
thickness.

The ORR study has proven to be reliable and effective to evaluate
different ionomers, and more importantly to probe catalytic

activities.”r & 1012

Unfortunately, some of the PFSA thin films ended up
dissolving into the electrolyte solution during the electrochemical
cleaning and ORR analysis. To overcome this issue, an annealing
procedure has been investigated. The results are inconclusive;
therefore, future experiments are required to produce a stable PFSA
coating in the electrolyte solution. It is difficult to determine when
the film starts to dissolve, since film thinning only causes minor
current drift, often within detection error.

In summary, a system for ORR study requires extreme cleanness,
which is difficult to achieve and maintain. Therefore, anion adsorption
measurements are not under consideration with the current experimental
setup. The O, permeation in the solution state, i.e. the product of
diffusivity and concentration in the film, can be probed using the
limiting current analysis of ORR wusing RDE. However, it 1is quite
different compared to the non-solution environment experienced by a real
cell in MEA form. This method will definitely provide wuseful
information regarding O, permeation of the PFSA alone, since it can
separate PFSA from other components in the MEA. For the current
project, many challenges including dissolved PFSA cast film and non-
clean cell environments have been encountered. The oxygen permeability

measurement from ORR study was not fully successful; however another
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useful electrochemical method that is often used in FC research has been

explored.

A.2.4 Summary and Remark

This work serves the purpose of exploring the alternative methods
to measure gas permeability. The time-lag method is an effective way to
evaluate bulk gas permeation especially for 0,, and it has been commonly
used in FC manufacturing for quality control purpose. The limiting
current analysis of ORR using the RDE method allows one to separate the
cathodic reaction from the complex FC operation. Nevertheless, there
are several challenges to overcome in the future. The time-lag method
is likely to overestimate the overall permeability and is sensitive to
the preparation of the MEA. The limiting current study is extremely
sensitive towards contamination in the cell setup due to Pt’s activity,
and it can only provide permeation information in the solution state.
Furthermore, the PFSA thin film in the solution cell for the ORR study
needs to be stable, thus the annealing procedure needs to be optimized.

The time-lag method is an efficient method towards measuring bulk
gas permeability of a MEA or a stack of fuel cells. The limiting
current analysis is ideal for focusing on half-cell reactions without
any interference. For the purpose of evaluating the O, permeability of

PFSA in membrane form, time-lag method is preferred.
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Appendix 3.

Pulse Sequence for '°F

Dipolar Recoupling NMR

The fluorine double quantum (DQ) NMR pulse sequence using R26,'
composite pulse. This is an interleaved pseudo 2D experiment. A
detailed explanation is stated in Chapter 2, along with the process of

normalizing the DQ intensity.

; PARAMETERS

;dl  : recycle delay
;d20 : delay b/w presaturation pulses

;120 : number of presaturation pulses
;pl : 90 deg pulse (F1l)

;pll : 90 deg pulse power (F1l)
;cnst31l : spinning frequency (in Hz)
;711 : N symmetry number

;712 : n symmetry number

;713 : nu symmetry number

;pll : length of R element 90 pulse

;Pl2 : length of R element 270 pulse

;plll : R sequence power level (F1l)

;7111 : no. pairs of R elements in excitation and reconversion for first

slice
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;110 : increment step size for 111 in next slices
;dll : length of excitation and reconversion periods
;d10 : Z-filter delay

;d31 : rotor period

; CALCULATIONS
;calculate length of one rotor period

"d31 = 1.0s/cnst31"

;calculate length of excitation and reconversion periods

"dll = 2*111*d31*12/11"

;calculate the 90 and 270 pulse lengths for R element
"pll = 0.25*d31*12/11"
"pl2 = 0.75*d31*12/11"

;calculate the R element phases (phi=nu/N*pi)
"cnstl=(180.0%13)/11" ; phi

"cnst2=cnst1+180" ; phi+180
"cnst3=-1l*cnstl" ;-phi
"cnstd4=-1*cnst1+180" ;-phi+180

"acgt0=-pl/2"
define loopcounter nfid

"nfid=td1/2"

; PULSE SEQUENCE

1 ze

dll

A3.Dipolar Recoupling Pulse Sequence

A25



Ph. D. Thesis — Z. Blossom Yan; McMaster University — Chemistry

d31

; PRESATURATION (on F1)
2 d20

(pl ph20 pll):fl

lo to 2 times 120

;RECYCLE DELAY
dl plll:fl

;DQ EXCITATION (on F1)
3 pll phll+cnstl

pl2 phll+cnst2

pll phll+cnst3

pl2 phll+cnst4d

lo to 3 times 111

;DQ RECONVERSION (on F1)
4 pll phl2+cnstl

pl2 phl2+cnst2

pll phl2+cnst3

pl2 phl2+cnst4d

lo to 4 times 111

;7 Z-FILTER
d1o

;OBSERVE PULSE (on F1)
(pl pll phl3):fl

;ACQUISITION

go=2 ph31l
30m wr #0 if #0 zd ;save data to disk and reset phase lists

; REFERENCE spectrum (uses ph30 phase list for receiver)
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; PRESATURATION (on F1)
12 d20

(pl ph20 pll):fl

lo to 12 times 120

;RECYCLE DELAY
dl plll:fl

;DQ EXCITATION (on F1)
13 pll phll+cnstl

pl2 phll+cnst2

pll phll+cnst3

pl2 phll+cnst4d

lo to 13 times 111

;DQ RECONVERSION (on F1)
14 pll phl2+cnstl

pl2 phl2+cnst2

pll phl2+cnst3

pl2 phl2+cnst4d

lo to 14 times 111

;7 Z-FILTER
d1o

;OBSERVE PULSE (on F1)
(pl pll phl3):fl

;ACQUISITION
go=12 ph30
30m wr #0 if #0 zd ;save data to disk and reset phase lists

; INCREMENT LOOP COUNTER

15 1m iull
lo to 15 times 110
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;LOOP BACK TO BEGINNING

lo to 2 times nfid

exit

; PHASE LISTS

ph20 = 0
phll = 0

phl2 = 1230

phl3= 0000 1111 2222 3333
ph3l = 0202 1313 2020 3131
ph30 = 0000 1111 2222 3333
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Appendix 4.

Pulse Sequence for

Diffusion NMR

The pulse field gradient stimulated echo (diffSte) sequence used
in the diffusion profile study. NMR experiments were carried out with a
Bruker Avance III NMR spectrometer equipped with a Diff50 probehead.

The diffusion measurements were performed with a range of maximum
gradient value, 960 G/cm — 440 G/cm, at temperature range 295 K — 340 K.
The gradient strength was set to increase linearly in 8 steps depending
on expected diffusion coefficient, up to the maximum strength mentioned
earlier. Diffusion time (A) was set to 20 ms at 295 K and 10 ms at 320
and 340 K. Effective gradient pulse duration time (8) was set to 1 ms
at 295 K and 0.5 ms at 320 and 340 K.

;diffste

;new version using built in gradient functions as shapes 13.12.2007 KLZ
;pl2 --> pll12, lock during DELTA removed, comments improved 29.05.2008
KLZ

;1D mode included 22.08.08 KLZ

;variable gradient amplitude ramp included 30.09.09 KLZ

sLED included 22.12.2009 KLZ

;new mc syntax and use of ZGOPTNS rather than loop counters 16.06.11 KLZ
; ZGOPTNS corrected 22.12.2011 KLZ

;spoilRec included 28.01.2013 KLZ

CLASS=diff

$
SDIM=2D
STYPE=exp

.
I
.
I
.
I
.
I

#include <Grad.incl>
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#include <Avance.incl>
#include <Grad Pulse.incl>

define list<gradient> diff ramp=<$GPNAM31>

"acqgt0=0"
ze
10u
5m pll:fl1l ;set rf power level
start, 100u
#ifdef DEC
lu pll2:f2 ; decoupler use pll2
lu do:f2 ; decoupler off during dl
#endif
#ifdef LOCK
dl LOCKH_OFF ; lock on during dl
dl1l UNBLKGRAD ; unblank gradient
amplifier, lock hold during experiment
#endif

#ifndef LOCK
dl H2_ PULSE

dll UNBLKGRAMP ; unblank gradient
amplifier
#endif
P el L e T e Spoiler recovery sequence —-—-——-———-———————-—
#ifdef SpoilRec

pl:f1 phll

p23:gp23 ;(10m:1=18 G/cm)

d2

pl:f1 phl2

p24:gp24 ; (1lm:-5=-90 G/cm)

d2

d23 BLKGRAMP

dll UNBLKGRAMP ; unblank gradient
amplifier
#endif
Pttt Start of dummy gradient loop --—-——-—-———--

#ifdef dummyGrad
dummy, 1lu

gradPulse( cnstl, cnst2, cnst3, d17, d18, dil6,

18, 19, diff ramp)

d2 ; gradient
stabilisation time
d9 BLKGRAMP ; tau
#ifdef spoil
dll UNBLKGRAMP ; unblank gradient
amplifier
pl9:gp5 ;

spoiler gradient, sine shape

Ad4.Diffusion Pulse Sequence
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d2 ; gradient
stabilisation time
#endif
d5 BLKGRAMP ; long tau
dll UNBLKGRAMP ; unblank gradient
amplifier
lo to dummy times 113 ; 113 number of dummy
gradient pulses
#endif
e Start of experiment - —-———————————
pl:f1 phl ; 90 degree pulse
gradPulse( cnstl, cnst2, cnst3, d17, 418, dile6, 18, 19,
diff ramp)
d2 ; gradient
stabilisation time
d9 BLKGRAMP ; tau
pl:f1 ph2 ; 90 degree pulse
#ifdef spoil
dll UNBLKGRAMP ; unblank gradient
amplifier
pl9:gp5 ; spoiler
gradient, sine shape
d2 ; gradient stabilisation
time
#endif
d5 BLKGRAMP ; long tau
dll UNBLKGRAMP ; unblank gradient
amplifier
pl:f1 ph3 ; 90 degree pulse
gradPulse( cnstl, cnst2, cnst3, d17, 418, dilé6, 18, 19,
diff ramp)
d2 ; gradient
stabilisation time
d10 BLKGRAMP ; tau
e Start of LED module —----——-——c—emmmm———

#ifdef LED

pl:f1 ph4
#ifdef spoil

dll UNBLKGRAMP

amplifier

pl9:gp5*-1
gradient, sine shape
#endif

d2
stabilisation time
d19 BLKGRAMP

pl:£f1 ph5
#endif
Pttt End of
#ifdef DEC

go=start ph31l cpd2:£f2
decoupling

Ad4.Diffusion Pulse Sequence
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#endif
#ifndef DEC
go=start ph31 ; start acquisition
#endif
100u mc #0 to start F1lQF(calgrad(diff ramp))
#ifdef DEC
100m do:f2 ; wait for data storage,
decoupler off
#endif
#ifndef DEC
100m ; wait for data storage
#endif
#ifdef LOCK
100m rf #0 LOCKH_OFF ; reset file pointer, lock on
#endif
#ifndef LOCK
100m rf #0 ; reset file pointer
#endif
lo to start times 11 ; 11 = Number of
repetitions
exit
phll= 0
phl2=1
#ifndef LED
phl= 00002222 11113333
ph2=1 3 0 2
ph3=1 3 0 2
ph31=0 0 2 22200 33111133
#endif
#ifdef LED
phl=0000000O0 2222222211111111 33333333
ph2= 00000000 2222222211111111 33333333
ph3=00000000 2222222211111111 33333333
phé= 00002222 2222000011113333 33331111
ph5= 01232301 2301012312303 012 30121230
ph31=0 1 23 0123 2301230112301230 30123012
#endif

;pll: f1 channel - power level for pulse (default)
;pl2: £2 channel - default not used

;pll2: f£2 channel - decoupling power

;pl: £f1 channel - 90 degree pulse

;dl7: gradient ramp up time

;dl6: gradient ramp down time

;d18: gradient duration

;pl9: spoil gradient duration

;dl: relaxation delay; 1-5 * T1

;d2: gradient stabilisation time

;d5: DELTA remainder

;d9: tau remainder

;d10: tau remainder, used to shift trigger position
;dll: gradient amplifier unblank delay 200 us
;d23: spoiler recovery delay

A4 .Diffusion Pulse Sequence A32
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;ns: 16 * n

;11: Number of repetitions

;tdl: number of experiments

;113: number of dummy gradient pulses

;$Id: diffste,v 1.10 2013/02/11 15:37:34 ber Exp $

A4 .Diffusion Pulse Sequence A33
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Appendix 5.

Calcium L-Edge XAS Analysis

The Ca 2p spectra of PFSA 770 and PFSA 825 membranes were
collected to determine the possible cation contamination, which suggests
the high Ca content in PFSA 825. The green spectrum belongs to

PFSA 770, and the blue spectrum belongs to PFSA 825.
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