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Abstract

Perfluorinated sulfonic acid ionomers (PFSAs) are synthetic polymers used in electrochemical
devices such as fuel cells and electrolysers due to their low operating temperatures, high proton
conductivity, chemical/mechanical stability and low reactant crossover. Membrane
performance is highly dependent upon water content due to the role of water in proton
conduction mechanisms such as the Grotthus hopping and vehicle mechanisms. Terahertz time-
domain spectroscopy (THz-TDS) is an emerging technique which has previously shown
sensitivity to the reorientation dynamics of water molecules within thick Nafion 117 PFSAs at
a hydrated state and ambient conditions. It is challenging to make comparisons and utilise this
information due to the different environments in which additional sample measurements,
complimentary experiments and other techniques are performed. This approach is also limited
to thicker membranes and not suitable to more industrially relevant thin membranes. This work
therefore aims to address these issues and asses the techniques applicability for studying
additional water properties within PFSAs. Therefore, in this work a humidity-controlled
environment was developed in which THz-TDS measurements could be acquired to extract
both water uptake and water states. This work found that the relative proportion of bulk water
which is associated with proton conduction increases with higher water contents and relative
humidities. Differences in these states between membranes have been observed providing
additional material insight which could be utilised for membrane optimisation. Utilising this
controlled environment, this work also demonstrates that THz-TDS has the ability to

contactlessly study transient water diffusivity and hygral swelling of PFSAs.
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1 Introduction

Clean and efficient energy conversions are required to reduce emissions of harmful chemicals
such as carbon dioxide and limit our impact upon our natural environment, while maintaining
our current way of life which is heavily reliant upon easy access to energy. Hydrogen fuel cells
and electrolyzers are electrochemical devices for clean energy conversions between electrical
and chemical energy. Crucial to the functionality of these devices are ion exchange membranes.
Proton exchange membranes are considered to be one of the most promising ion exchange
membrane technologies due to their high electrochemical performance and mechanical-
chemical stability at low operating temperatures of less than 120°C. Water is integral to the
high proton conductivity of these membranes as protons are transported through water in the
phase separated nanostructure. This thesis therefore aims to explore the properties of this water
in these membranes which are critical for high performance. Fuel cells and electrolysers are
only one part of hydrogen transformations. Therefore, this introductory chapter explores our
interactions with energy, hydrogens role in green energy transitions and some of the

technologies key to utilising this important chemical.



1.1 Humans and energy

Advancements in the extraction, transformation and use of energy has been pivotal for human
advancement, allowing us to achieve things otherwise impossible. Today energy is ubiquitous
in our everyday lives and powers our heating, transportation, manufacturing, entertainment,
lighting, cooking, refrigeration and many other applications. Energy has become readily
available and often delivered directly to our devices and appliances. This energy comes in many
forms such as chemical, mechanical, nuclear, gravitational and thermal however, since we
learned to harness electrical energy in the 1800s, electricity has revolutionised our lives and
become our most prevalent form of energy. Whilst many uses of energy can be seen, many
sources and products of energy remain hidden to its users. In particular, in the objects we use
daily, and the energy used in the refining, manufacturing and transportation required to deliver
a product to its customer. A concept known as embodied energy which is often significantly
greater than any energy used during a products useful lifetime. As access to large quantities of
energy has become widespread and many uses of energy have become obscured, humans have
become disconnected and have lost a true understanding of our energy and the vast quantities
we are responsible for. The power output of our human bodies has been vastly exceeded and

replaced with a low personal cost in the form of economic expense.

Traditionally our energy has predominantly originated from chemical energy through the
combustion of hydrocarbons from wood to coal, oil and natural gas to produce heat, mechanical
energy and electricity. The non-renewable nature and environmental impact of burning fossil
fuels has become a prevalent concern and as such we have realised a need to produce renewable
energy from other sources such as wind, solar, hydro, biomass, geothermal and tidal. However,
these have specific geographic requirements, require vast areas of land and or large initial
energy costs which limit their adoption. The power output of many of these is also unreliable,
relying on natural phenomena and cannot be varied to meet changing demands, as such the
need for storing energy has become a great challenge with fossil fuels currently used to
compensate for times of insufficient energy output and insufficient storage. Many of these
technologies require rare materials in limited supply which also limits their adoption and whilst
reducing the production of carbon dioxide, these technologies may produce other
environmental contaminants. Renewables technologies may provide a solution to our problem,

but should we also be making greater attempts to reduce our personal energy consumption?



1.2 Hydrogen

Hydrogen is the most abundant element in the universe and hydrogen gas is the most
gravimetrically energy dense chemical known with no carbon dioxide produced when burned
making it an ideal fuel. However, hydrogen gas is rarely found naturally and is therefore a
secondary energy source, as such it is often to as an energy vector rather than energy source.
Fortunately, hydrogen is a simple molecule allowing us to produce it in many ways from
primary energy sources through hydrocarbon reforming and water electrolysis, as such
hydrogen has no geopolitical reliance and therefore promises the potential of energy
independence. Hydrogen can also be produced as a by-product of industrial chemical processes
such as chlorine production however as the hydrogen is a by-product, these are limited in their

use.

1.2.1 Hydrogen production

Whilst reforming of hydrocarbons and water electrolysis are the two methods typically used to
produce hydrogen commercially, the source of primary energy can come in various forms for
both. To reflect this hydrogen is often given a colour to describe how it is made. The spectrum
of these methods is known as the hydrogen rainbow. Hydrogen from water electrolysis using
renewable electricity is known as green hydrogen, however this category can include wind,
tidal, geothermal, hydro and solar which has also been assigned the colour yellow. Electrolysis
of water using nuclear energy is not considered green hydrogen and has been assigned pink,
purple or red. Steam reforming is a process in which natural gas can be converted into hydrogen
and carbon dioxide. When carbon capture and storage is used this is referred to as blue
hydrogen whereas grey is given when carbon capture is not used. Hydrogen can be produced
from methane using liquid catalysts such as liquid metal or salts or thermal plasma [1] in a
process called methane pyrolysis which produces solid carbon rather than carbon dioxide
which is much easier to store and can be utilised as a useful product, furthermore this can be a
carbon negative process if biomethane is used. Coal gasification is a method of producing
hydrogen and carbon dioxide from coal. Coal is separated into brown and black coal with black
coal being older and containing less water. The hydrogen produced from these are assigned the

same colours. These methods are summarised in Table 1.1



Table 1.1 - Hydrogen rainbow.

Colour Primary input Method

Green Wind, solar, hydro, Electrolysis

tidal, geothermal

Yellow Solar Electrolysis
Pink, purple or red Nuclear Electrolysis
Blue Natural gas Steam reforming with

carbon capture and storage

Grey Natural gas Steam reforming
Turquoise Methane Pyrolysis

Brown Brown coal Gasification
Black Black coal Gasification

Despite hydrogens clean image and many possible clean methods of production, most of global
hydrogen production is not low emission as in 2022 of the 95Mt of hydrogen produced, 62%
was produced from natural gas without carbon capture and storage, 21% from coal which was
mainly located in China, 16% as a by-product, 0.6% from fossil fuels using carbon capture and
storage 0.5% from Oil and only 0.1% from electricity [2]. A large reason for this is historical
as these are mature industrial processes which have reduced costs and established supply
chains. Another reason is efficiency as we don’t currently have plenty of excess renewable
energy, therefore increased load due to electrolysis would require more fossil fuels to be burnt.
Converting fossil fuels directly to hydrogen is more efficient and therefore currently utilised.
Clearly hydrogen is not as clean as many may think and whilst hydrogen can be carbon neutral

it is important to be aware of our current emissions due to hydrogen production.

1.2.2 Hydrogen applications

Hydrogen has many uses both industrially and domestically due to its ability to produce heat
and electricity but also as a chemical feedstock. The main domestic uses for hydrogen are
transportation and heating. Whilst electric vehicles have been gaining popularity in recent years
these are typically powered by batteries in battery electric vehicles (BEVs) and hybrid vehicles.
Hydrogen can be used in vehicles through fuel cells producing electricity or internal

combustion engines. Whilst batteries are very efficient compared with electrolyzers and fuel
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cells they have poor energy density and therefore these vehicles are typically much heavier,
particularly for long range vehicles and therefore require more output energy. Due to hydrogens
low density and the low weight of fuel cells and internal combustion engines, creating efficient
long-range vehicles is possible without the drawbacks of BEVs such as increased tyre wear
and long recharging/refilling times. The applicability of these technologies to transportation
can vary as batteries are generally limited to personal transportation due to the high weight.
This is of particular issue for trucks and lorries which have weight restrictions to which the
batteries contribute limiting their capacity. These vehicles are generally used over long
distances and therefore the range and recharging times also limit their use which is not an issue
for hydrogen powered vehicles. Hydrogen fuel cells are particularly attractive for forklifts used
in refrigerated warehouses as batteries struggle with cold temperatures and combustion engines

produce carbon dioxide and carbon monoxide in the enclosed space which can be deadly.

Both battery and fuel cell electric vehicles face concerns over resource acquisition mainly due
to lithium for batteries and platinum for fuel cells. These metals are rare and not always
economically viable to extract making mass adoption challenging and costs high. Heating using
hydrogen is a promising domestic use as some existing infrastructure can be utilised. Currently
some hydrogen is blended with natural gas used in heating however only in small quantities as
existing infrastructure and boilers can’t handle high hydrogen content. To improve the
efficiency of boilers combined heat and power systems can also be used, these are high
temperature fuel cells which produce electricity but also make use of the waste heat to reach

very high efficiencies and can operate with both natural gas and hydrogen.

Hydrogen has been used as a chemical feedstock industrially for many decades for many
products such as Ammonia through the Haber-Bosch process, which is vital in producing
fertiliser, other uses include oil refining, production of many products and precursors such as
hydrogen peroxide and hydrogenised oils. As these industries have traditionally used hydrogen
derived from fossil fuels there exists a large opportunity for decarbonisation through the use of
carbon free hydrogen [3]. Many other industrial uses of hydrogen are possible and emerging
processes are being considered or trailed such as hydrogens use as a strong reducing agent in
metal production, in particular steel which traditionally uses coke and has a high carbon
footprint [4]. Synthetic fuels produced from hydrogen and carbon dioxide are also being
considered, these provide the advantage of utilising existing infrastructure and don’t require

new vehicles or equipment, of particular interest is aircraft which has limited clean alternatives

[5].



Clearly there are many existing and potential uses for hydrogen but hydrogen cannot be used
to decarbonise every domestic and industrial source of carbon dioxide. Hydrogen does provide
a good solution to some problems but many other technologies provide alternative solutions

which may be superior.

Electrical power grids are important consideration in green and pink hydrogen adoption as
electrolysers place additional demand upon new and existing infrastructure. Renewable energy
is generally unreliable and highly dependent upon the weather, nuclear provides a stable output
but its power output is invariable and therefore cannot compensate for changes in renewable
outputs or changes in electric demand such as low demand overnight. Currently fossil fuels are
used in grid balancing due to their rapid controllable output. Therefore, for full adoption of
nuclear and renewable energy without periods of rolling blackouts due to excessive demand,
energy storage is required. Through the use of electrolysers, hydrogen storage and fuel cells,
hydrogen could be used as a way to store electrical energy. Unfortunately, the overall efficiency
is poor at 30-42% [6—8] and therefore this makes hydrogen unsuitable for large scale storage.
Other technologies are available such as pumped hydroelectric storage and batteries.
Hydroelectric is a proven technology with a high efficiency of 70-80% [9,10] however due to
the need for two reservoirs located close to each other at different altitudes, there are a limited
and diminishing number of suitable locations [9]. Battery’s for grid storage don’t require
specific geography, can be designed according to demands and are efficient at 76-81% [11,12]
however, whilst lithium-ion batteries have been demonstrated at scale, they are expensive and
use increasingly rare materials. As such other battery technologies are being considered such
as molten salt, sodium ion, sodium sulphur, iron-air, lithium iron phosphate and many redox
flow batteries in which chemicals are stored separately, these are highly configurable and have
lower capital costs [13—17]. Lithium ion is well known and utilised due to its high energy
density. As grid storage is stationary the weight is less of a concern making other technologies
more attractive due to their low material cost and high availability [13]. Whilst hydrogen does
not provide an efficient solution to grid storage it can be utilised to balance the grid through
variable production and delayed consumption in which the hydrogen output is varied to utilise
power when the grid is producing an excess and reduced production in periods of high electrical
demand. Whilst energy is required to store hydrogen this would be an approximately 90%
efficient process for compressed gas storage [18]. This is also a potential solution for seasonal

storage as electricity demand and production change seasonally.



1.2.3 Limitations to hydrogen adoption

Fuel cells were first invented in 1838 by Sir William Grove and in 1932 Francis Thomas Bacon
developed the first practical hydrogen-oxygen fuel cell which were further developed for the
Apollo program in the 1960s due to the high efficiency and already present hydrogen and
oxygen on board, the water produced could also be used. The technology has been around for

decades so why are we not using more hydrogen?

One reason is its perceived safety compared to alternatives, this is partially due to its inherent
properties such as its ability to leak due to its small molecular size. It can even penetrate through
solid metal in a process called hydrogen embrittlement where hydrogen infuses with the metal
and weakens it. Hydrogen also has wide flammability limits of 4-75% and detonation limits of
16-59% in air at room temperature [19]. Due to its density, hydrogen is also stored at high
pressures. Historically hydrogen has also been associated with explosions such as the
Hindenburg disaster and space shuttle challenger. Despite its dangerous properties hydrogen
has been in used safely in industry for decades [20] so is hydrogen more dangerous than
alternatives? As hydrogen is a gas it can dissipate before any fire occurs particularly with its
very low density, if hydrogen leaking from a hole in a tank catches fire, a flame can be produced
but is unlikely to spread unlike a flammable liquid which can pool underneath devices such as
vehicles and set the entire vehicle on fire. As no carbon monoxide or smoke is produced when
hydrogen burns it is also unlikely to cause poisoning but could reduce oxygen levels. Batteries
are also considered safe but when cell failure occurs such as in a vehicle accident, cascade cell
failure can occur which consumes the whole battery and is extremely difficult to put out.
Additionally, the familiarity of a danger can lessen the perceived danger or risk such as the
daily use of highly flammable petrol in cars, as such people can be hesitant to try less known
technologies with high perceived danger. Often unforeseen dangers can be more risky due to
inadequate safety measures such as sugar which is not often considered explosive but sugar
dust is explosive and in 2008 caused an explosion at the Georgia Imperial sugar refinery
destroying the entire processing plant [21]. High perceived danger can additionally make
technology safer due to overbuilding of safety features, an example of this is nuclear power
which has one of the least deaths caused per MWh of electricity produced, significantly lower
than fossil fuels, biomass and hydropower [22]. Toyota even shot their hydrogen fuel tanks in
order to prove its safety with a 50-calibre armour piercing round required to penetrate it and
only a small hole was produced [23], this is in contrast to petrol fuel tanks which are

significantly weaker.



Adoption is also limited by hydrogens overall efficiency as electrolysers, compressors
(storage), transportation and fuel cells all have associated energy losses making it often
undesirable for static applications although factors such as weight are often not considered such

as high battery weight when comparing transport.

One of the major reasons for low adoption rates is cost as hydrogen technologies have both
high capital and operating costs. Infrastructure costs are high [24], partially as they can’t use
existing infrastructure unlike other technologies such as electric vehicles, the cost of new
infrastructure is also high partially due to the high pressure and its tendency to leak. Many
important components are expensive requiring highly specialised expensive materials such as
platinum group metal nano catalysts such as Platinum, iridium and ruthenium. Platinum group
metals are very rare minerals with only 200 tonnes of platinum produced globally in 2023 of
which 37 tonnes was from recycling [25]. Iridium and ruthenium are even more scarce with 7
and 28.7 tonnes produced respectively in 2023 [25]. As such lots of research has focussed on
reducing required platinum group metal loadings or finding effective replacements which are
often less efficient [26] or require specific membranes such as with anion exchange
membranes. Platinum group metal mining is difficult due to its rarity and low concentration, it
is also a by-product of nickel and copper mining however this is not enough to satisfy demand.
South Africa is the largest producer of platinum with 69% of the global mining supply [25] and
as such its supply is highly dependent.

Currently 44% of platinum is used in automative industries for catalytic converters, other uses
include jewellery 18%, industrial 38% and 0.6% investment in 2023 [25]. Currently
approximately 1.5 g of platinum is used per catalytic converter [27], the Toyota Mirai is
reported to have 30g of platinum per vehicle [28] efforts to reduce platinum loadings are
expected to reduce this and a lower limited has been suggested at 6g [29]. This increase in
content per vehicle from internal combustion with catalytic converters to fuel cell electric
vehicles is significant and even at the lower limit, we don’t currently have enough platinum
supply to transition all vehicles to a hydrogen fuel cells, as such platinum group metals remain
a significant material cost and barrier for mass adoption with catalysts accounting for 61% of

fuel cell stack component cost [30].

Another reason for the high cost is the low demand which limits component producers,
hydrogen production and automakers, making them unable to attain economies of scale which

inflate costs and limits investment due to uncertain returns on investment.



Fuel cell and electrolyser durability is a significant issue which also limits adoption as the U.S.
Department of energy has set targets of 30,000 hours for heavy duty transport whereas
durability was only 10,000 hours in 2023 [30]. Many fuel cells components degrade due to the
harsh operating conditions they are exposed to with multiple major failure modes in the catalyst
layer, gas diffusion layer, bipolar plate, gasket and most severely within the membrane [31].
Whilst durability can be principally monitored through fuel cell voltage [31], low durability

limits application and increases overall costs.

1.2.4 The future of the hydrogen economy

Hydrogen technologies are highly entangled within multiple political, environmental, social,
technological, legislative and economic factors with significant investments required. The
transition to hydrogen has been slow and is still uncertain although existing hydrogen
applications in industry are expected to transition towards carbon free hydrogen rather than
fossil fuel derived hydrogen. Other emerging industrial applications such as green steel are
expected increase hydrogen demand as the most mature alternative proposed for steel
decarbonisation [4]. These applications are of high density and therefore don’t require the
significant infrastructure required for domestic applications. Whilst hydrogen provides a
solution for the decarbonisation of transportation, high costs, a lack of infrastructure and
alternatives such as battery electric vehicles which have been gaining significant traction will
likely limit adoption. These factors provide uncertainty to the future of hydrogen powered
vehicles and could vary based on the type of vehicle. Hydrogen for heating is also uncertain
with efficient electric heating alternatives such as heat pumps being widely available and use

existing infrastructure.

Currently hydrogen is predominantly produced from fossil fuels, however production is likely
going to transition towards electrolyser-based production from a range of diverse renewable
electrical sources such as wind, solar and nuclear [32]. The electrolyser technology to be used
is uncertain and may vary. The future of perfluorinated sulfonic acid (PFSA) membranes
currently used in PEM technologies is uncertain with current plans by the EU to ban
perfluoroalkyl and polyfluoroalkyl substances (PFAS) [33] as they are non-degradable in the
environment due to their chemical stability. Alternative hydrocarbon membranes are being
developed, however they currently lack the chemical stability for the required durability. It is
possible that PFSAs may receive an exemption for fuel cells and electrolysers due to their use

in green technologies and chemical stability is a required property for fuel cell and electrolyser



membranes although this is still uncertain. Other technologies such as anion exchange
membranes and solid oxide provide an alternative and don’t require platinum group metal
catalysts but have additional considerations such as poisoning, stability [34] or high

temperatures which limit their applicability.

1.3 PEM fuel cells and electrolysers

Water electrolysis is a key technology for clean hydrogen production as shown in Table 1.1
where electrolysis is used to convert water and electrical energy derived from a variety of clean
energy sources into hydrogen and an oxygen by-product. Whilst hydrogen can be produced
from hydrocarbon feedstocks, these technologies utilise non-renewable fossil fuels and
produce carbon dioxide. As non-renewable hydrogen is currently more economic than clean
renewable hydrogen [35], efforts must be made to reduce cost through more efficient devices
made at reduced cost and a longer expected lifetime. Fuel cells enable compact and efficient
transformation of hydrogen chemical energy into electrical energy. These devices share many
components and materials such as the membrane. Proton exchange/polymer electrolyte
membranes (PEM) are crucial components of PEM fuel cell and electrolysers. These
membranes contribute to a significant loss in device efficiency and are susceptible to
degradation mechanisms [36] which limit the lifetime of the membrane and expensive
incorporated catalyst which then need replacing. The electrochemical and mechanical
properties of these membranes are highly dependent upon water content where greater
performance is observed under high levels of hydration. Therefore, optimisation of the
efficiency and durability of these membranes under their intended operating conditions is key
to reducing costs and accelerate adoption. Additionally, within fuel cells excess water buildup
blocks gas flow and can result in cell flooding therefore optimisation is required to achieve
high performance and understanding water distribution mechanisms in all relevant components

1s crucial.

1.4 Terahertz radiation

Terahertz radiation are electromagnetic waves occupying a frequency range of 0.1-10THz and
wavelengths of 3mm to 30pum. This band lies between microwave and far infrared waves and
is also known as the terahertz gap due to the gap between electrical (lower frequencies) and
optical (higher frequency) regimes which presents challenges in its generation, detection and

manipulation. At the lower frequencies of microwaves/millimetre waves, efficient generation
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is possible through vacuum tubes and solid-state devices [37]. Higher frequency far infrared
can be generated through a number of techniques such as molecular gas lasers [38].
Unfortunately, these well-developed technologies could not be applied to terahertz radiation
creating the terahertz gap [39]. Developments in terahertz generation, detection and
manipulation have resulted in more effective devices and as such interest has increased,
particularly with the rise in commercially availability systems [40]. As terahertz radiation is
strongly absorbed by liquid water but penetrates many dielectric materials such as polymers
and biological materials, it is an attractive technique for studying liquid water contents within
hydrophilic and terahertz transparent materials. Terahertz is also sensitive to the reorientational
dynamics of water and therefore presents an interesting approach for probing water properties

and interactions with hydrophilic molecules.
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1.5 Objectives

The aim of this dissertation was to investigate the properties of water within ion exchange
membranes using terahertz time-domain spectroscopy (THz-TDS). Water is crucial for the
effective electrochemical performance of these membranes which are sensitive to their
exposure to water in the liquid and vapor (humidity) phases. Previous studies have studied
thick Nafion 117 membranes prehydrated and measured in ambient conditions. Thinner more
industrially relevant membranes dry and hydrate rapidly under different humidity
environments making this approach unsuitable. Only a limited amount of information can be
obtained due to the difficulty comparing results of different water uptakes and humidity
environments. Initially Nafion 177 membranes were hydrated in containers containing water
or saturated salt solutions to equilibrate to a desired relative humidity. Membranes were then
measured in the ambient uncontrolled environment. To further explore water properties, a
relative humidity-controlled environment was designed and implemented to enable THz-TDS
transmission measurements of membranes under steady state conditions. This humidity-
controlled chamber was later equipped with a motorised stage which enabled gathering sample
and reference measurements without the need to open the chamber and move the sample. This
motorised stage facilitated obtaining continuous measurements without significant changes to
the humidity which were required for transient diffusion studies and dimensional stability
measurements of PFSAs which have not previously been studied using THz-TDS. This work
has utilised this chamber to investigate the applicability of the technique for characterising
water content, water states, diffusion and swelling of perfluorinated sulfonic acid ionomer

membranes within a humidity-controlled environment.

1.6 Outline

e Chapter 1 has introduced hydrogen, its properties and its role as an energy vector for
decarbonisation of the worlds energy. The chapter outlines some of the applications,
production methods, advantages and disadvantages of hydrogen technologies and the
role of fuel cells and electrolysers in a hydrogen economy. Hydrogen and the many
associated hydrogen technologies are highly complex and entangled, therefore there are
many factors and considerations which were not covered within this chapter or were
only discussed briefly. This was an attempt to outline many of the significant

Technological, Economic and Social aspects whereas less attention was given to
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Political, Legal, and Environmental factors. The chapter also introduces PEM fuel cells,
electrolysers and terahertz radiation.

Chapter 2 is the literature review, and the aim of this chapter is to provide an overview
of fuel cells, their associated electrochemical reactions, components, sources of energy
loss and the role of water in PFSA ionomer membranes. Whilst the focus of this chapter
was on PEM fuel cells, many of the concepts, theories and understandings can be
applied to other fuel cell technologies and electrolysers which share the many of same
specialised materials and components. The chapter also summarises transient water
diffusion modelling and techniques for characterising water states within PFSAs.
Terahertz radiation is introduced and pulse generation and detection using
photoconductive antennas is summarised. Methods of THz-TDS data processing, wave
modelling and material characterisation are also given.

Chapter 3 outlines the materials and methods used throughout this thesis. This includes
membrane preparation, the design of the relative humidity-controlled chamber, THz-
TDS experimental procedures, data acquisition and analysis. Methods used for
complimentary techniques such as differential scanning calorimetry, thermogravimetric
analysis and dynamic vapor sorption are also given. The methods and models used to
describe transient water diffusion have also been described.

Chapter 4 presents the results of steady state water uptakes and molecular water states.
These results have been compared to other techniques for validation and comparison.
Dynamic vapor sorption is a gravimetric technique used to study water uptake in a
controlled environment and therefore, literature values and an obtained measurement
were compared to THz water uptake values. THz water states were compared with
freezable and non-freezable water as well as HOH bending vibration of water molecules
associated with SO;~ groups from FTIR.

Chapter 5 presents the results of the THz study of transient diffusion and compares the
fittings and results with complimentary dynamic vapor sorption measurements. The
results of the study of thickness swelling with THz-TDS have also been presented.
Thickness has been validated using complimentary confocal laser microscopy and
micrometre measurements. A dimensional stability study was then conducted to explore
changes in thickness due to repeated changes in humidity.

Chapter 6 summarises and concludes the work whilst also discussing some practical

limitations and suggesting methods for further improvement.
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2 Literature review

Water is integral to the electrochemical and mechanical properties of perfluorinated sulfonic
acid (PFSA) ionomer membranes which are vital in the operation of a number of
electrochemical devices such as fuel cells and electrolysers. Numerous techniques have been
utilised for the characterisation of water which is situated within the phase separated
nanodomains of the PFSA ionomer. Terahertz offers an attractive approach for water
characterisation as it is sensitive to molecular reorientation dynamics. This chapter will cover
the basics of fuel cell concepts, components and operation to highlight the vital role of PFSA
membranes and the different nature and properties of water such as diffusion and membrane
swelling. A number of water quantification and characterisation techniques will be reviewed.
In particular, the techniques of terahertz time domain spectroscopy (THz-TDS) will be covered
including a basic understanding of terahertz time domain spectrometers and methods used to
extract information from acquired waveforms. The nature of membrane water diffusion will
also be covered including a number of models and techniques which can be used to extract
water diffusivity from transient water uptake measurements. The purpose of this chapter is to
establish a foundation for the experimental methodologies and techniques used throughout this
thesis and provide a background for contextualisation, understanding and interpretation of

results.
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2.1 Fuel cells

Fuel cells are electrochemical devices which convert chemical energy from fuel and oxygen
directly into electrical energy. Unlike some other electrochemical devices such as self-
contained batteries, fuel cells don’t contain all the reactants internally and require a constant
supply of fuel and oxidiser, similar to a redox flow battery. This process has a high efficiency
when compared to internal combustion engines. Hydrogen is often used to power these devices
as water is the only product whereas carbon dioxide and carbon monoxide are produced when
hydrocarbons are used. A wide variety of fuel cells have been developed and operate with a
variety of fuels, oxidisers, electrolytes, catalysts and at different operating temperatures,
efficiencies, power densities and sensitivity to impurities. In general fuel cells are characterised
based on their electrolyte which determines their effective operating conditions and other

material choices. A summary of common fuel cell variants is shown in Table 2.1 [41,42].

Table 2.1 - Comparison of fuel cell technologies.

Electrolyte Exchange Operating Fuels
ion temperature
Proton exchange H* <120°C Hydrogen, methanol

/polymer electrolyte

Alkaline OH" <100°C Hydrogen
Phosphoric acid H" 150 - 200°C Hydrogen, natural gas
Molten carbonate COs* 600 - 700°C Hydrogen, natural gas
Solid oxide o* 500 - 1000°C | Hydrogen, natural gas
Anion exchange OH" 50 -80°C Hydrogen, methanol
membrane

This work is going to focus on proton exchange/polymer electrolyte membranes (PEM). These
membranes are used in low temperature fuel cells which exhibit sustained operation with high
current density, low weight, compactness, the potential for low cost and volume, long stack
life, fast start-ups and suitability for discontinuous operation [43]. Due to their inherent
properties PEM fuel cells demonstrate promise for portable, automotive and stationary

applications [44].
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2.1.1 Electrochemical reactions

In a typical chemical reaction electrons are transferred from the orbitals of one species to
another resulting in the formation of a new bond. In electrochemical reactions the reaction is
split into two half-cell reactions where electrons are first transferred to an external circuit in
the first half-cell reaction and then transferred to the species in the second half cell. For this to
occur an ion must be transferred through an ion conducting medium (electrolyte). These two
half-cell reactions form a redox pair which combine to produce an overall reaction. Each half
cell reaction has an electrical potential which is compared to a reversible hydrogen electrode
(RHE) and the difference between these give a potential difference which gives the open circuit
potential. In the case of hydrogen PEM fuel cells with its proton exchange membrane, the half-
cell reactions are known as the hydrogen oxidation reaction (HOR) and the oxygen reduction
reaction (ORR). The HOR occurs at the anode which is usually coated in a platinum catalyst
and is supplied with hydrogen which is oxidised to form protons and electrons with a standard

potential (E° vs RHE) of 0V by definition:
H, » 2H" + 2e~ (2.1)

Whilst the electron travels through the external circuit providing the electrical energy output,
the protons travel through the proton exchange membrane. At the cathode which is usually
coated with a platinum catalyst, the protons and electrons reduce the oxygen in the ORR

reaction to form water with a standard potential (E° vs RHE) of 1.23V [45]:
0, + 4H* + 4e~ - 2H,0 (2.2)

The ORR reaction has much slower reaction kinetics than the HOR reaction [46] and represents
a significant loss for cell efficiency. Two HOR reactions must occur for each ORR and these

half-cell reactions form an overall reaction with a standard potential of 1.23V:
2H, + 0, - 2H,0 (2.3)

This overall reaction is equivalent to exothermic hydrogen combustion however, instead of
releasing the energy as heat, some of this energy has been captured as electrical energy. The
standard potential (E°) is the open circuit potential at standard heat, pressure and concentration
(25°C, latm or 1M) for an ideal cell. Under non-standard conditions the open circuit potential
will change. The open circuit potential of an ideal cell under standard partial pressures and

concentrations can be calculated from the Gibbs free energy as shown in Equation 2.4
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Where E; is the standard cell potential at a given temperature, AGy is the Gibbs free energy
change, n is the number of electrons in the reaction (in this case 4), F is Faraday’s constant
(96485 C/mol), AHr is the enthalpy of reaction and T is the temperature in kelvin. Changes in
the concentration of the reaction species will also impact the potential according to the Nernst

equation:

RT  [Py.*P,
E=E;+—In|—2=2% 2.5
T AF <PH202> 22

Where E is the open circuit potential for an ideal cell and is known as the reversible voltage, R
is the ideal gas constant (8.314Jmol 'K™!), P; is the partial pressure of the species i. When using
these two equations the ideal open circuit potential can be calculated for any operating

conditions.

When using electrolytes with different exchange ions the half-cell reactions change as seen in

Table 2.2.

Table 2.2 - Half-cell reactions for different exchange ions.

Exchange ion Anode reaction Cathode reaction
H" H, - 2H* + 2e~ 0, +4H" + 4e~ - 2H,0
OH" H, +20H™ - 2H,0 + 2e~ 0, + 2H,0 +4e~ - 40H™
COs* CO3* 4+ H, » Hy0 + CO, +2e~ | 0,4 2C0, +4e™ - 2C05*
0> H, + 0%~ - H,0 + 2e~ 0, +4e~ — 0%

The overall reaction and the Nernst equation for all these half-cell reaction pairs is the same.
As each half cell reaction and their operating conditions are different, the reaction mechanisms

are also different and require different catalysts for optimum performance.

2.1.2 PEMFC components

PEM fuel cells are made of multiple layers as seen in Figure 2.1 which work together to form
the cell and are held together by compression with gasket layers used to form seals and stop

any gas leakage.
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Gas diffusion layers Bipolar plate

!

Gasket Catalyst coated Gasket

membrane
Figure 2.1 — PEM fuel cell components.

Proton exchange membrane

At the centre of the cell lies the proton exchange membrane which is designed to selectively
conduct protons (H*) and water between the anode and cathode. The membrane must also
prevent ohmic shorting (electron transport) and gas crossover which both reduce the fuel cell
performance and can cause damage to the membrane. This damage is in the form of membrane
thinning and pinhole formation through local heat generation which then exacerbates gas

crossover [47,48].
Catalyst layer

The electrochemically active catalyst layer is fixed to the membrane and together they form
the membrane electrode assembly (MEA). Typically, the catalyst is an activated carbon
supported platinum nano catalyst often referred as platinum black or Pt/C. Due to the sluggish
ORR reaction at the cathode higher platinum loadings of 0.3-0.5mgpcm™ are required
compared to the HOR reaction at the anode at <0.05 mgpicm™ [49]. Due to the high loading on

the cathode substantial effort has been dedicated to reducing loadings to 0.1 mgpicm™ or even

18



lower [50,51]. Activated carbon is used to support the platinum due to its low cost, porosity,
high surface area and high electronic conductivity [52]. A polymeric binder which is made of
the same material as proton exchange membranes is also used to bind the Pt/C to the membrane
[49] and conduct the protons and water to and from the electrodes. Whilst plenty of research
into platinum free catalysts have been conducted due to platinum’s high cost and scarcity it
remains the go to material for PEM fuel cells due to its superior performance and durability

[53].
Gas diffusion layer

The gas diffusion layer (GDL) is designed to allow water as well as reactant and product gases
to pass through it to and from the catalyst layer. The GDL also conducts electrons from the
catalyst layer and provide mechanical support for the MEA. This 100-400um layer [54,55] is
made from carbon paper or a woven carbon fabric which may have a hydrophobic PTFE
coating to avoid water chocking the pores and effectively remove water from the catalyst
[54,56]. A carbon-based material is used as it is stable in acidic conditions, has good electronic
conductivity and elastic behaviour under compression [57]. Due to their greater flexibility and

ability to withstand higher compression woven fabrics are preferred [54].
Bipolar plate/current collector

The bipolar plate is the outer layer of the cell and provides flow channels for evenly delivering
the fuel and oxidants to the electrodes through the GDL. The bipolar plate is also required to
remove any water and exhaust gas from the cell, additionally the bipolar plate is required to
collect the generated current [58]. The bipolar plates are made from either graphite or metals
such as stainless steel, titanium, and a number of titanium alloys [59] as they need to be
impermeable, durable, corrosion resistant and a good conductor of electricity and heat [60].
The configuration of the bipolar plate such as the plate size, anode and cathode flow field
configuration, thickness and coolant flow fields must be optimised for the active area, intended
application and operating conditions [58]. Optimising the flow field is a key factor in
determining cell power [61] and many configurations exist such as parallel, coiled, single
serpentine, multiple serpentine, interdigitated, wave parallel and 3D fine mesh [59,62,63] with
the main considerations being pressure drop, even fluid distribution and efficient liquid water
drainage [59,60,64]. In a single cell only a one-sided plate is used but for multiple cells the
bipolar plate has flow control on both sides of the plate [62].
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2.1.3 Fuel cell stack

A single cell is usually insufficient to supply the required power and therefore a series of cells
are connected in a stack with single bipolar plates acting as an anode and a cathode for adjacent
cells [65]. Due to this, the cells are connected in series [66,67] to produce higher voltages

whereas current is determined by cell active area and cell current density.

2.1.4 Energy loss

The reversible voltage is the expected potential for an idea cell however, in reality the measured
potential is lower due to losses which occur at or within the various cell components, under
increasing current densities these losses increase resulting in lower cell voltage as seen in
Figure 2.2.

Reversible voltage (ideal cell)

\

Initial voltage drops due to

Open circuit voltage

Voltage drop due to Ohmic

losses

/

activation losses

Cell voltage (V)

/

Voltage drop due to mass

transfer limitations

v

Current density (A/cm?)

Figure 2.2 - Polarisation curve.

Losses at open circuit voltage

There are losses even for the open circuit potential (no current), this is due to fuel crossover,
internal short circuits and mixed currents. Fuel crossover occurs due the diffusion of hydrogen
across the membrane from the anode to the cathode [68,69]. Gases such as oxygen and nitrogen
also diffuse across the membrane however, their diffusive fluxes are several orders of
magnitude lower than hydrogen [68] and as such are often ignored. Internal short circuits are
caused by the flow of electrons through the membrane instead of the external circuit [68,70,71].
Membranes are designed to be impermeable to gases and electrical insulators to minimise these
effects which are more significant in thinner membranes however, compromises have to be

made to optimise performance. Mixed currents result from PtO partially covering the surface
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of the Pt catalyst and therefore a mixed potential is formed with the O»/H>O cathodic half
reaction and the Pt/PtO anodic half reaction causing a potential drop compared to a pure
platinum catalyst [68]. The effects of fuel crossover, internal short circuits and mixed currents
are substantial at low current densities however, at high current densities these are insignificant

[68].
Activation losses

Activation polarisation (1, ) 1s the voltage overpotential required to overcome the activation
energy of the electrochemical reaction at the surface of the catalyst and can be described by the

Butler-Volmer equation:
o a nF —a.nF
L=1p [exp (;—Tr]act) — €xp (R—CTnact>] (2.6)

Where i is the current density, i is the current exchange density, a, and a.are the anodic and
cathodic charge transfer coefficients respectively, n is the number of electrons transferred in
the rate limiting step. At low overpotentials the Butler-Volmer equation simplifies and

rearranges to form the Tafel equation [72]:

BT g () Y
nact - naCnF Og iO ( . )
A plot of n4. vs log (i) gives a linear relationship with slope of —In aR:F which is known as

the Tafel slope and an extrapolated intercept of i,. This logarithmic response can be seen in the

initial voltage drop in the polarisation curve seen in Figure 2.2.
Ohmic losses

Ohmic loss (Mynmic) 1S the potential loss resulting from resistance to electron and ionic flow
[73]. Resistance to electron flow comes from the electronically conductive components such
as the catalyst layer, gas diffusion layer, current collector and interconnects as well as the
contact resistance at the interface of these components. The largest source of ohmic loss is the
resistance to ion flow through the membrane [74] which varies with the operating conditions
of the cell. The Ohmic loss can be expressed as a sum of these resistances and is dependent

upon the current as shown in Equation 2.8 [73]:

Nonmic = IRonmic = I(Relec + Rionic + Rcontact) (2.8)
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Where R,pmic 18 the total Ohmic resistance, Rojec, Rionic and Reontact are the resistances due

to electronic, ionic and contact resistance respectively.

The resistance for both the electronic and ionic can be determined from the conductivity of the
material (o), its length in the direction of charge flow (L) and the cross-sectional area of the

conductor (4) as shown in Equation 2.9

L
R =— 2.9
" (2.9

The cell current (/) can be calculated from the current density and the cell area (A..;;) as shown

in Equation 2.10
I = iAcell (210)

Hence the total ohmic loss can be expressed as shown in Equation 2.11

Nohmic = lAcellRohmic

L lec Lmemb (2'11)
— iA (Z ( : ) + +R )
cett OctecAelec OmembAmemb contact

Where subscripts elec and memb refer to the electronic conductors and membrane

respectively. This shows that the ohmic loss is linearly proportional to current density [75]

which can be seen in the polarisation curve shown in Figure 2.2.
Concentration loss

At high current densities the mass transfer of reactants to the catalyst surface becomes
insufficient and the concentration of reactants decreases. As the current density increases the
limit of mass transfer is reached and concentration at the catalyst reaches 0. At this point a
potential difference of 0 is obtained, the current density at this point is known as the limiting
current density (i;) and this region is known as the concentration region [76]. Assuming that
the diffusion follows Fickian behaviour through the porous layers it is possible to determine
the concentration of reactants and products at the catalyst surface through the flux across a
concentration gradient from the bulk concentration in the flow channel and assuming no
accumulation (steady state). Inserting these concentrations into the Nernst equation and using
the definition of the limiting current density it is possible to determine the concentration loss

as shown in Equation 2.12

RT

n N t = _—in
conc,Nerns nF

2.12
i, — i @12)
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A limiting current density can be determined for both the anode and cathode however for fuel
cells mass transfer limitations for oxygen are typically much more severe and so the anode is
ignored [77]. The resistance to mass transfer consists of three parts: molecular diffusion
resistance, Knudsen diffusion resistance and local transport resistance. Molecular diffusion
resistance and Knudsen diffusion resistance mainly depend on the geometry of the gas diffusion
layers and catalyst layers, specifically the thickness, porosity and pore size [78]. Local transport

represents the impedance to gas permeation from the ionomer thin film to the Pt surface [78].

Whilst this method covers the potential loss due to diffusion, mass transfer can be limited by a
drop in the concentration within the flow channels, this could be due to flooding or insufficient

gas feed flow.
Overall losses

Although each loss in potential has its own dominating region of the polarisation curve, each
contribution is always present and so the potential must be calculated from all 3 contributions

as shown in Equation 2.13

Ecell = EOCV — Nact — Nohmic — Nconc,Nernst (2'13)

Where E_,;; is the cell potential. Understanding the relationship of current density and potential
difference is essential. Optimisation should be targeted for a desired outcome for example if a
cell 1s designed to operate at low current densities or occasionally operate at high peak current
densities, reducing the concentration loss may not result in the desired improved performance.
However, if a cell is required to operate at high current densities, then reducing concentration
loss may result in the most significant performance gains. Reduction in cell efficiency is not
the only factor for optimisation as cost, durability and operating conditions are also important.
An example would be membrane thickness as thinner membranes are desirable for reduced
ohmic loss, but thinner membranes are more susceptible to degradation. Another example
would be the use of platinum free catalysts which are more affordable but less effective, for
devices used infrequently however this reduction may be more acceptable. Operating cells at
high current densities is also desirable for reducing the required cell area and hence reduced
volume, weight and production cost therefore, it is often important to optimise all aspects of
efficiency loss. Understanding these relationships is useful for understanding which
contributions are most significant. The membrane is an important factor in this optimisation as
it is a significant source of cell potential loss but also prone to degradation and sensitive to

changes in hydration.
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2.2 Proton exchange membranes

Proton exchange membranes are designed to transport protons and water between the
electrodes whilst preventing electron transport and gas crossover. However, they must maintain
these properties throughout their lifetime which is targeted at 25,000 hours by the U.S.
Department of Energy[79] at a voltage drop of <10% for fuel cell electric vehicles [79][80].
Membranes are subject to both mechanical and chemical degradation during fuel cell operation
which leads to increased gas crossover and membrane resistance [81]. These effects are most
significant in thin membranes which have reduced membrane resistance and hence better

performance.

2.2.1 Materials

Proton exchange membranes are made of either a pure polymer or a composite where materials
are embedded into a polymer matrix. These ionic polymers are known as ionomers as they
consist of electrically neutral repeating units and ionised units [82] which are bonded to the
polymer backbone. The most common class of ionomer used in PEMFCs are perfluorinated
sulfonic acid (PFSA) ionomers, these fluoropolymers are synthetic polymers synthesised
through the copolymerisation of functionalised monomers [83]. Other ionomers exist such as
sulfonated polystyrene (PSSA), sulfonated polyether ether ketone (sSPEEK), polysulfone (PES),
polyimide (sPI) and various others [84-86], have been developed as alternatives, these were
developed due to the high cost, environmental concerns due to recycling difficulty, high fuel
permeability, and loss of ionic conductivity at elevated temperatures in PFSAs [85]. Despite
this PFSAs have continued to dominate the PEMFC market due to their remarkable ion

conductivity and chemical-mechanical stability [87].

PFSA ionomers consist of a semicrystalline, chemically inert, and hydrophobic
polytetrafluoroethylene (PTFE) backbone with perfluorovinyl ether branched chain side
groups terminated with hydrophilic sulfonate groups [86—89]. PFSAs achieve their high proton
conductivities through their interaction with water and achieve the highest conductivities at

high humidities.

Mechanical degradation occurs due to non-uniform mechanical stresses [80]. Stress occurs due
to the swelling and shrinking of the membrane due to changes in hydration, particularly at high
humidities [81]. Under current load the water content of the cathode is higher due to

electroosmotic drag and water generation causing greater strain and stress at the cathode side
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of the membrane [81]. Localised stresses caused by particles, non-uniform cell conditions,

vibrations and uneven clamping stress accelerates mechanical degradation [81].

Chemical degradation of the main chain and side chain occurs due to chemical attack mainly
from hydroxide radicals (*OH) [87]. Peroxide radicals formed at the anode through oxygen
permeation and at the cathode, as a by-product of the ORR reaction which is accelerated by the
presence of metal ions such as Fe* and Cu?" which catalyse peroxide decomposition [81,87].
These radicals attack both the main PTFE chain by attacking vulnerable H containing end
groups producing HF and CO> from the CF; unit [87,90]. This process shortens the backbone
and can cut off the whole side chain in a process referred to as chain unzipping [87,90]. This
degradation can be monitored through the fluoride release [87]. The radicals also attack the
side chains with multiple degradation mechanisms proposed through attacks to the sulfonate

groups and ether linkages [87,90-95].

The first PFSA was Nafion which was developed and commercialised by DuPont in the mid
1960s for a Genal Electric fuel cell designed for NASA spacecraft missions [86,96]. Nafion
has continued to dominate in literature studies despite a verity of alternative PFSAs such as
3M, Aquivion (formerly known as Dow SSC), GORE, Flemion [87] and Fumasep. Differences

in the side chemical structure of some these ionomers can be seen in Figure 2.3.

Nafion 3M Aquivion
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Figure 2.3 - Chemical structure of Nafion, 3M and Aquivion.
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The ratio of backbone PTFE groups to side chain groups is an important factor in membrane
development as it effects nanostructure, water uptake, swelling, conductivity, crystallinity,
glass transition temperature and durability [87]. This property is characterised by the equivalent
weight (EW) which is the weight of polymer per mole of sulfonate groups and can be calculated
via EW = 100m + MWy, 40 chain [87], where m is the ratio of backbone PTFE groups to side
chain groups as shown in Figure 2.3. This is assuming no other material is present in the
membrane such as an additive. Ion exchange capacity (IEC) is a measure of the functional
group within the membrane to undergo the displacement of ions. For PFSAs the sulfonate
group is the functional group which dissociates under hydration to SO3” and H', the H" is free
and can sometime be displaced with a positive metal ion such as Na+. IEC is inversely

proportional to the equivalent weight and can be determined experimentally, conversion can be

) 1000
done via EW = —.
IEC

Due to the size of the side chain, Nafion is denoted as a long side chain PFSA (LSC PFSA)
whereas the 3M and Aquivion shown in Figure 2.3 are denoted as short side chain PFSAs (SSC
PFSAs). SSC PFSAs generally have a lower EW and exhibit increased conductivity [97]
possibly due them having better developed channels [98] with smaller but more widespread
ionic domains [87,99]. SSC PFSAs also exhibit greater mechanical stability due to an increase
in crystallinity [87,100] and greater resistance to chemical degradation due a reduced number

of vulnerable ether linkages [100,101].

2.2.2 Water interactions

One of the most important factors affecting the performance and properties of PFSA
membranes is its sorption behaviour as water affects their phase separated morphology [87]
which determines their transport and mechanical properties. As such understanding the non-
linear water uptake at different humidities and temperatures, water diffusion and the impact of
water upon the phase separated morphology is important for subsequent understanding of
macroscopic properties such as proton conductivity and water transport. Water uptake is
generally determined through gravimetric measurements where a water uptake is compared to
the mass of the dry membrane (gwater/Zdry membrane) and is often given as a percentage. The water
uptake can also be expressed as molar fraction of water to sulfonic acid groups and is given the
notation “A”. A can be determined from the water mass uptake (WU) and equivalent weight

using Equation 2.14

26



EW
A=WU
H,0

(2.14)

Where My, is the molecular weight of water (18.02g/mol). Water sorption into the phase
separated nanostructure is a complex process in which wate occupies domains of mostly 1-3nm
although larger domains of >5nm have also been reported [87]. SSC PFSA ionomers have been
found to have more dispersed smaller domains which leads to better connectivity compared
with LSC PFSA ionomers [102—-105] although smaller differences in the clusters are seen
higher water contents [104]. The shape of these domains are usually assumed to be spherical,
cylindrical or lamella. With increasing hydration these water domains swell increasing in size
and begin to form connections between adjacent domains to create interconnected channels of
water. This is described by the cluster network model proposed by Gierke, Hsu and co-workers
[87,106,107], which proposes an evolution from spherical to rod like domains and is
represented in Figure 2.4.

Cluster-Network Model

isolated clusters in polymer network
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cluster growth and percolation
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cluster coalescence with growth of  High
clusters and connecting channels Hydration

Tzh=z20

1-3nm

4-6nm

Figure 2.4 - Water cluster model of the phase separated morphology of PFSAs taken from [63].

Whilst assumptions have been made and used in molecular modelling, determining the exact

shape, distribution and connectivity of these domains remains a challenge particularly across
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different water contents [87]. Water within these domains interacts with the PFSA ionomer
through hydrogen bonding interactions, particularly the sulfonic acid of the hydrophilic side
chain. The strength of the interactions between the PFTE backbone and side chain with water
does vary based in the chemical structure of the PFSA, particularly the side chain
[87,102,108,109] and the crystallinity of the membrane which decreases the water domain
spacing [87].

Nanoswelling of the water domains in order to accommodate more water causes the membrane
to swell macroscopically increasing in volume. As membranes require dimensional stability
[110] understanding the anisotropic nature of swelling and shrinking is vital. There are a
number of factors which impact the swelling properties of PFSAs including water uptake,
thermal history, reinforcement, previous stress, confinement, compression, degradation, PFSA
chemistry and hygral fatigue [87,111]. As stress can cause elastic deformation (temporary) and
plastic deformation (permanent) [87]. Understanding swelling induced stress and other sources
of stress in membranes is vital in managing mechanical degradation. The increase in volume is
3 dimensional however, swelling and shrinking can be anisotropic with differences typically
observed for the in-plane and thickness directions [112] as shown in Figure 2.5 where it can be
seen that most studies only obtain a dry and hydrated measurement. Non reinforced membranes
such as Nafion 212 typically exhibit an almost isotropic behaviour whereas reinforced
membranes such as Nafion XL exhibit significant swelling anisotropy [112,113]. Membranes
that have been mechanically reinforced with materials such as ePTFE provide in-plane support
and hence reduce the in-plane swelling unfortunately, the swelling in the thickness direction
increases as the total volume swelling is comparable to non-reinforced membranes to resulting
in swelling anisotropy [87,112]. In-plane swelling is a bigger concern as membranes are
confined in a fuel cell stack by frames and plates which increases the in-plane stress leading to
fatigue and creep eventually causing crack formation [111], in-plane swelling can also lead to
separation of the MEA components [113]. Membranes are typically under compression in the
thickness direction which doesn’t cause induced damage, but significant swelling can impact

cell compression [113].
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Figure 2.5 - Swelling of Nafion from literature in the thickness (a) and inplane (b) directions [114—122].

During hydration from a dry PFSA the first water molecules form a strong hydrogen bond
ionising and binding to the sulfonic acid group forming hydronium ions (H3O"). From A=1-2
water molecules continue to form strong hydrogen bonds around the sulfonic acid group
forming a stable hydration shell allowing the hydronium ion to become dissociated and form
more complex hydrated hydronium ions of HsO,", H;03" and HoO4 with the proportion of
larger ions increasing with hydration across the whole sorption process [123]. These strongly
hydrogen bonded water molecules surround the sulfonic acid group are termed strongly bound
water and require elevated temperatures of 120°C for removal with some even persisting up to
200°C [87,124,125]. Additional water molecules enhance the phase separation and begin to
form hydrophilic ion rich domains which can begin to form an interconnected network of
clusters. These water molecules begin to form hydrogen bonds with the strongly hydrogen
bonded water molecules in a second hydration shell rather than the sulfonic acid group. At A=5-
6 the percolation threshold is reached [126] and the clusters can be considered to be an
interconnected network. At A>6 further growth of the domains promotes a more bulk-like water
region [87] in which water form weak temporary hydrogen bonds which have an average
lifetime of ~1ps [127-129] and can freely move exhibiting more liquid like properties with

reorganisation of the hydrogen bonding network, this water is known as bulk water.

2.2.3 Proton and water transport

The transport of water and protons are highly coupled with protons conducting through the
water. The nature of the water and its interaction with the sulfonic acid group are important
factors in the proton conducting mechanisms, impacting dynamics across a wide range of time

and length scales [87]. Proton transport generally occurs through two mechanisms, the first is
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the vehicular mechanism in which protonated water complexes translate. The second
mechanism is the Grotthuss hopping mechanism where a series of proton transfer reactions
take place between molecules of water through the temporary formation of protonated water

complexes, an example is shown in Figure 2.6.
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Figure 2.6 - lllustration of Grotthuss hopping mechanism.

Due to the nature of the Grotthuss hopping mechanism, the proton that is initially dissociated
is not transported through the whole membrane. In low humidities the vehicle mechanism
dominates however, effective Grotthuss hopping is possible in more hydrated conditions and
requires a fast reorientation compared with the translation for the vehicle mechanism resulting
in much faster conductivity [87]. As the Grotthuss hopping mechanism requires rapid
reorientation, the mechanism primarily occurs in bulk-like water where weak hydrogen bonds
are temporary and reorientation is fastest. This results in fast proton transfers every 1.9-0.5ps
on average with faster hops occurring in more hydrated PFSAs [123]. It is therefore important
to understand both the reorientational motion of water and the translational movement of water

in the conduction mechanisms for PFSA membranes.

Whilst highly hydrated membranes are desirable due to their high performance, a build-up of
excess water can cause flooding which limits the transport of reactants to the catalyst layers.
Maintaining membrane hydration in fuel cells without causing flooding can be challenging.
Water is generated at the cathode through the oxygen reduction reaction, water is also
introduced and extracted though the humidified inlet and outlet gas streams respectively. The
distribution of water varies within fuel cells and therefore understanding water transport

dynamics is key for optimum design and operation of PEM fuel cells.

Due to the electric field across the membrane during operation, water is pulled towards the

cathode [130] in a process known as electroosmotic drag. This opposes the diffusion of water
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which typically is assumed from the cathode to the anode [130]. When a pressure drop is
observed across the membrane water is also transported due to hydraulic permeability and is

related to a chemical-potential driving force [87].

2.2.4 Water diffusion

Many techniques have been used to study the diffusion of water in PFSA membranes including,
dynamic vapor sorption (DVS) [131-133], pulsed field gradient nuclear magnetic resonance
(PFG-NMR) [134-137], Fourier transform infrared (FTIR) spectroscopy, steady state
monitoring of water permeation between two water activities, radiotracer and quasi-elastic
neutron scattering (QENS) [138,139]. These different techniques work at different length
scales and as a result measured values can vary by orders of magnitude (108-107) with higher
diffusivity measured at smaller time and length scales, which is due to the different water

transport mechanisms being probed [140].

QENS has the shortest time and length scale (~10ps, ~0.15nm) [139] and as such it probes
diffusion on the molecular scale and has the highest reported diffusion at ~10> cm?/s [138,139],
NMR also has a short time and length scale (~1-100ms, a few um) [134-137] and as a result
has higher reported diffusivity at ~10° cm?/s [134-136,141,142] than other techniques which
take macroscale measurements with reported diffusivities of ~107 - 10® cm?/s. Macroscale
steady state is quantified through the measurement of the diffusive flux (rate of transfer of a
diffusing species through a cross section) over a membrane with a concentration gradient

maintained by different environmental conditions on each side of the membrane.

Transient diffusion tracks the diffusion of water over time as a change in the environmental
condition occurs. The diffusivities obtained from this method are generally lower than steady
state measurements. This difference is due to some delay in the change to the environmental
condition, polymer relaxations and swelling [143—146] due to structural changes in response
to the change in water uptake [147]. To extract water diffusivity from these techniques, models
must be applied and as such assumptions have to be made. Many different variations and
approaches have been used with differing assumptions and experimental geometries. As these
different techniques probe different aspects of water diffusion due to their different time and
length scales, procedures and driving forces, an understanding of each approach, its limitations,

variables and membrane morphology is needed.

Reported diffusivities from steady state [148—152], transient [131-133,152,153], NMR
[135,142,154-157] and QENS [138,139] measurements can be seen in Figure 2.7. The plot
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demonstrates the variability in the value of diffusion coefficients from different methods and
also within the same technique, in particular the steady state and transient measurements.
Different techniques shown varying trends in extracted diffusivities. For instance, transient
measurements show a decrease in diffusivity at around A>5, in contrast to the plateau seen from
other techniques. Both the steady state and transient measurements exhibit a peak at A = 2-4
and A =3 respectively. This peak is sharper from steady state measurements, and is likely due
to the water content range caused by the step change of transient measurements. In addition,
the location of the peak varies, however this likely due to differences in the measurement of
water content such as differences in residual water content as the peak location of humidity

dependant data is the same as seen in Figure 5.13.
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Figure 2.7 - Reported water diffusivity in steady state, transient, NMR and QENS [131—
133,135,138,139,142,148-152,152—157].

Terahertz has previously been used to study the diffusion of water in polymers [158]. However,
this study was for thicker films with longer experimental times (days) using water submersion.

As the work shown in chapter 4 demonstrates THz-TDS can be used to measure water uptake
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in a controlled environment, it should be possible to replicate the work of DVS in measuring

transient water diffusion in PFSA films at different humidities.

2.2.5 Membrane postprocessing and additives

There are many inherent factors which influence the performance of PFSA membranes such as
the equivalent weight, side chain length and chemical structure of the PFSA ionomer. There
are also a number of techniques used to further improve membrane performance, in particular
the longevity of the membrane by increasing the chemical and mechanical stability. It is well
known that membranes are sensitive to temperature and membrane properties are influenced
by thermal history. When testing membranes, it has become common practice to remove all
thermal history through boiling membranes in peroxide, sulfuric acid and then water, these
remove thermal history whilst cleaning, reactivating and inducing hydration respectively. Other
heat treatment processes such as thermal annealing can also be used selectively impact
membrane properties such as increasing crystallinity. These heat-treatments have been shown
to alter a number of properties such as water uptake [159-164], proton conductivity [112,163—
165], diffusivity [163,166], mechanical properties [160—-164], phase separated nanostructure
[160,162—-165,167,168], density [169], permeability [170,171] and thermal stability [166].

The method of membrane manufacturing can also impact performance which are generally
extrusion or dispersion cast. Extruded membranes have higher water uptake with better
conductivity and mechanical properties [171,172]. However, dispersion cast membranes can
be used to create thinner membranes and also allows reinforcements or additives to be
incorporated. The properties of dispersion cast membranes, in particular their mechanical
nature is highly dependent upon the solvent used and casting conditions such as temperature

[86,173,174].

The incorporation of reinforcements such as expended PFTE and additives such as CeO>[175],
Si10, [176], TiO2 [177], ZrO2 [179], clays [180], carbon nanotubes [181] and zeolites [182] into
PFSA membranes can also improve their performance. Reinforcements are used to reduce in-
plane swelling and reducing mechanical stress but have greater thickness swelling [87].
Additives such as CeO; are used as radical scavengers reducing chemical degradation from
peroxide radicals and inorganic fillers are used to improve water retention capacity particularly

at low humidities, selectivity, mechanical properties and thermal stability[87].

Improving the mechanical and chemical stability of PFSAs generally decreases the proton

conductivity of the membrane however, more resilient membranes can be made thinner and
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therefore reduce the membrane resistance. Membrane optimisation is a complex process with
many interlinked factors and trade-offs which generally impact stability and/or electrochemical

performance which must be optimised for the requirements of the desired application.

2.3 Modelling diffusion

In order to extract the diffusivity of a membrane using transient or steady state measurements,
certain assumptions must be made about the nature of the diffusion taking place. This section
will explore the approaches taken in modelling transient diffusivity however, many of the

concepts can also be applied to steady state diffusivity.

2.3.1 Theoretical underpinnings and governing processes

As membranes are thin plane sheets, the diffusion of water can be considered to be one
dimensional with the assumption that diffusion through the edges is negligible. Much like many
other polymer systems [158,183] the diffusion kinetics of PFSA membranes follows Fickian
behaviour [87,145,146,184] in which the diffusive flux (rate of transfer of a diffusing species
through a cross section) is directly proportional to the concentration gradient of the diffusing

species. This can be derived from random molecular motions and is shown in Equation 2.15

dc,
—_D 2.15
J dx ( )

Where J is the diffusion flux, C,, is the water concentration, D is the diffusion coefficient and
x is the distance from the centre of the membrane plane. Ficks first law can be used to calculate
the diffusivity from the water flux determined in steady state diffusivity measurements. Using
Ficks first law it is also possible to derive the change in concentration as a function of time
through the conservation of mass and is shown in Equation 2.16, this is known as Fick’s second

law and can be used for determining diffusivity in transient measurements.

0Cy, a%C,,

S = D) (2.16)
Where t is the time elapsed and D (C,,) is the diffusivity at a given water content. This equation
can be solved to determine the rate of sorption or desorption when the initial distribution and
boundary conditions are known. Whilst it is possible to solve this problem, some assumptions
must be made such as instantaneous change to RH, the initial water distribution is uniform,
diffusivity is constant over the RH range and constant surface concentration, meaning that

interfacial diffusion is neglected. These can be expressed using Equations 2.17 - 2.19
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Where C, is the initial water concentration, C; is the water concentration at an infinite time and
[ is the membrane thickness. Problems such as this are known as initial value problems or
Cauchy problems as the system is described by a differential equation and the initial conditions
are known. A solution must satisfy both the differential equation and all initial values. A
solution to this problem was determined using Laplace transforms and was presented by Crank

[147] shown in Equation 2.20.

C—C_M _ 8 i 1 D(2n + 1)2n2t 220
T TmLen ™ B 220
n=

CI_CO B Moo

Where M; and M, are the increase in water uptake from the initial water uptake at t=0 to a
time t and an infinite duration (steady state) respectively. Whilst this solution satisfies the set

conditions it is important to note its limitations due to the assumptions made.

2.3.2 Interfacial resistance

Constant concentration at the membrane interface has been assumed however, in reality the
change in humidity is not instantaneous and there are mass transfer limitations within the water

vapor close to the membrane surface as shown in Figure 2.8.
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Figure 2.8 - lllustration of interfacial mass transfer.
Where Cyq45 p 1s the concentration of water in the bulk gas phase, Cyqs; s the concentration of
water vapor at the membrane interface and Cy,;; is the concentration of liquid water at the
membrane interface. As the mass transfer of water vapor is complex due to various factors such
as air flow, temperature and environment geometry this factor is typically determined
experimentally. The boundary condition can be described through the water flux at the interface

as shown in Equation 2.21 [131].

dc,
Dd—; =kn(Co —Cy), t=0 (2.21)

Where k,, is the mass transport coefficient which is inversely proportional to the interfacial
resistance. A solution to Fickian diffusion with this boundary condition is shown in Equation

2.22 [131].

M o 8sin?(B,/2 Dt
—L-1- Z . (Bn/2) exp (—ﬁn2—2> (2.22)
M, n=0 ﬁn + ﬁn Sin(ﬁn) [
Where (3, are the positive roots of the Equation 2.23.
Bntan(B,/2) = Bi (2.23)

Bi is the dimensionless Biot number which represents the ratio of the characteristic time for

diffusion through the bulk membrane (74 fy5ion) and mass transport to the membrane interface
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(Tinterface)- It therefore can be used to determine which process dominates such as when water
transport is solely limited by diffusion in the membrane i.€ Tgiffusion K Tinterface the Biot
number approaches 0 and the equation simplifies to the solution presented by crank [147].
Using this equation, it is possible to fit both the Biot number and diffusivity from the transient

water uptake.

2.3.3 Humidity response

As changes in humidity are not instantaneous the RH response can also lead to some delay. To
account for this, the interfacial concentration at the membrane interface can sometimes be

described by an exponential approach to an equilibrium as shown in Equation 2.24.

t l
CW=Cl<1—exp<——)>, x==x=, t=0 (2.24)
Ts 2

Where 74 is the time constant for obtaining equilibrium saturation at the film surface and can
be used to represent an instrumental parameter such as the change in humidity. Using this new
boundary condition, it is possible to derive a time dependant equation for Fickian diffusion as
shown in Equation 2.25.

1 1
M, | ( t ) <4TSD)Et 12 \2
M, - FPUTL)U) "\ 4D

- D(2n + 1)%m?t (2.25)
8 exp |\ — l2

2

A0 (2n + 1)2 <1 - ((Zn +1)? TS?—f))

2.3.4 Simple exponential model

If multiple diffusivities or time dependant process exist within the measurement system, the
analysis can become very complex and therefore selecting the right model for a given
experiment can be challenging as the model must describe all significant factors. An empirical
approach can therefore be used such as a simple exponential model shown by Equation 2.26
which has the capability to capture multiple time dependant processes.

M

Moo Tm

Where A,, is an arbitrary constant and 7, is a time constant for the process m.
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2.3.5 Finite element analysis

Whilst the simple exponential model can incorporate many time dependant processes, it is
limited due to requirement of the processes to follow the exponential behaviour. Finite element
analysis is a technique for solving differential equations and is typically applied to heat transfer,
fluid flow, mass transport and structural analysis as it can be applied to multiple spatial
dimensions. Applying this technique in the study of membrane diffusion provides an approach
which can incorporate many processes which aren’t required to be exponential however, each
process requires a satisfactory model or additional data for incorporation. This technique works
by discretisation of the system into nodes of smaller simpler parts called finite elements which
can be calculated using approximations and the surrounding nodes. These finite elements can
be explicit where the system variable is calculated at a later time by extrapolation from the
current variable or implicit where the variable is calculated from the current and later variables.
Finite elements are created through tessellation, as the diffusion can be considered one
dimensional this tessellation is simple and takes a square grid pattern in the thickness and time

directions as illustrated in Figure 2.9.
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Figure 2.9 - Tessellation grid for finite element modelling of diffusion in the thickness direction.

An explicit module based around an interior node n, can be created as shown in Figure 2.10
where Ax and At are the step size for the thickness and time dimensions respectively. Finite
element analysis is an approximation and the error decreases with reduced step size however,

this also increases the computational cost.
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Using our expression for S and from Equation 2.16 we can first expand a Taylor series

from node 1y t0 Nyyprn, commencing with the t direction to form an expression for the rate

of concentration change as shown by Equation 2.27.

Cevatng — Cemy  dCy At?
- — = o0 2.27
At dt o, U2 (227)

. . o . AW
This is known as the forward difference approximation where the truncation error (0 %) 1S

second order. The second order spacial derivative can be calculated using a Taylor series in the

x direction as shown by Equation 2.28.

Ct,n0+Ax - ZCt,no + Ct,no—Ax _ dsz Ax*

0_
Ax? dx? 5, + 12

(2.28)

This is the central difference approximation for the second derivative with a fourth order
. Ax* o . . . .
truncation error (O %) and substitution of Equation 2.27 and 2.28 into Ficks law Equation

2.16 yields Equation 2.29.

C —2Cin + Con - C ~C ’ :
b ng+Ax tmo T Ctng—nx _ l t+At,n, to 4 ¢ At + 0 Ax (2.29)
Ax?2 D At 2 12

This can be rearranged to obtain Equation 2.30.

DAtCypyrax + (Ax? — 2DAt)Cyp, + DALCyy, —px
Ct"l‘At,Tlo = sz

(2.30)
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DAt . . . . .
Where Eﬁ is known as the Fourier number. This explicit method is known as Eulers method

. DAt _1 .
and requires E,: <5 to be stable and converge. This allows all nodes (n¢yarn,) to be

determined based on the previous time points of 1¢ , _ax, Ngn, and Mgy 14, beginning from
t=0 if the diffusivity, initial distribution and boundary conditions are known. Implicit methods
also exist, these are based around implicit modules such as the one shown in Figure 2.9 and are
more stable, not needing to follow the Fourier number limit. However, they require a number
of simultaneous equations to be solved which generally involves inverting many a tridiagonal
matrices. To use both explicit or implicit finite element methods, the boundary conditions must
be defined and are typically characterised as Dirichlet or Neumann. For a Dirichlet boundary,
the value of the function i.e. concentration is specified whereas for a Neumann boundary the

normal derivative is specified at the boundary.

2.3.6 Impact of temperature and pressure

In steady state and transient diffusion studies conducted at various temperatures it has been
observed that the rate water diffusivity in both sorption and desorption increases with
temperature [131,132,151]. This is generally represented by an Arrhenius equation as shown
by Equation [131].

D(T) o« exp (— %) (2.31)

Where E, is the activation energy for water diffusion, R is the ideal gas constant and T is
temperature. Due to this effect, temperature is generally maintained throughout an experiment.
The reported activation energies are 20-30 kJ/mol [143,185,186] for sorption experiments
whereas values of 12-28kJ/mol [135,137,157,187,188] are reported from NMR measurements.
Higher values also reported at 33-44kJ/mol [187,188] for subzero temperatures which is likely
due to water freezing [188] and represents the activation energy of non-freezing water diffusion
[187]. The rate of water diffusion reported by NMR also decreases with pressure [189,190].
Understanding the effects of both temperature and pressure are important as fuel cells and

electrolysers can be operated under a variety of different operating conditions.
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2.4 Probing water states

The unique nanomorphology of PFSA gives rise to a variety of environments where water can
exist, thus resulting in multiple different water states governed by a combination of geometric
factors and intermolecular interactions. As water plays a vital role in the proton conductivity
of PFSAs through the Grotthuss and vehicle mechanisms, understanding the nature and
properties of water within the nanodomains is critical in understanding membrane
performance. Many techniques have been used to characterise membrane hydration such as
small angle X-ray scattering spectroscopy [105,190,191], neutron scattering and imaging [192—
196] nuclear magnetic resonance [136,197—199], microwave dielectric relaxation spectroscopy
[200,201], Fourier transform infrared spectroscopy (FTIR) [202-206], dynamic vapor sorption
(DVS) [208,209], differential scanning calorimetry (DSC) [210-217] and Raman spectroscopy
[218-221]. These techniques have been used to study different aspects of membrane hydration
such as structure [106,191,192,197,205,222-225], diffusion [137,198,208,209,218,224,225]
and proton conduction [106,199,202-204,211-213]. Water properties and states characterised
by these techniques typically share descriptive similarities such as water which is strongly
bound to the sulfonate group through hydrogen bonds. However, each technique with the
exception of dielectric spectroscopy and terahertz time domain spectroscopy probe different
physical phenomenon, therefore both differences and similarities in the descriptions,

definitions and boundaries between acquired states can be expected.

Dynamic vapor sorption (DVS) is a gravimetric technique most commonly used for measuring
water content as a function of relative humidity. Adsorption isotherms are created by plotting
the relative weight of water to the weight of the dry material, usually as a percentage. This
curve is known as an adsorption isotherm where isotherm refers to constant temperature. The
shape of an adsorption isotherm can be described through models which can be empirical or
theoretical and based upon an assumption of an equilibrium of the adsorbent at the adsorption
surface. For example, the Langmuir isotherm is derived based on a fixed number of absorption
sites situated in a single surface layer or BET with multiple layers. The absorption isotherm of
PFSAs are nonlinear and can exhibit hysteresis between the sorption and desorption. A number
of models have been used to describe the shape of the isotherms including the BET, GAB,
Flory-Huggins, Feng’s, Polynomial and Park’s models [87,208,209,226,227]. The park model
is interesting as it is comprised of three different models, each of which describes different

sorption behaviours attributed to different types of water. The first model is Langmuir’s model
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and describes the initial shape of the isotherm below ~20% RH. The second model is Henrys
law which is a linear model, and the shape can often be observed in the middle of the isotherm.
The shape of the third isotherm can be observed at high humidities of greater than ~60% RH
and follows a water clustering model. These models can be combined through addition to create
the park model with 3 water populations each described by a model. Specific absorbed water
(Ws,) 1s described by Langmuirs model and represents strongly bound water with little
mobility, nonspecific absorbed water (Uys,) 1s described by Henry’s law and has the highest
mobility, clustered water (W) is described by the water clustering model and represents water
which forms through water aggregation [208,209]. By fitting a sorption isotherm to the Park
model it is possible to determine these water populations as shown in Figure 2.11. It should be
noted that the quantity of specific absorbed water can vary significantly as residual water
remains at 0% RH which is not measured but would contribute exclusively towards the
Langmuir portion of the model. Whilst this model does not probe different properties of water
it does provide some indication of the nature of water and its interaction with the PFSA

ionomer.
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Figure 2.11 - Example Park model fitting of Nafion membrane taken from [208].

Fourier transform infrared (FTIR) spectroscopy has been used extensively to study PFSA
ionomers as the ~4000-400cm™' range contains many absorption bands which have been
identified as corresponding to many different components of Nafion and water such as CF2
stretching, SO stretching, CF stretching, COC stretching, and HOH bending vibrations
[203,206,228,229]. The two main bands corresponding to water are the OH stretching band
located at 4000-2700cm™ and the HOH bending located at 2000-1400cm™' [203,228,229].
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Within each band multiple overlapping peaks have been observed corresponding to water
molecules associated with different species. Of particular interest for this work is the peak
located at 1630cm™ which has been assigned to HOH bending vibration of water molecules
associated with SO3;~ groups [203,228,229], this peak is particularly interesting as Kunimatsu
et al [203] demonstrated that this peak increases linearly with conductivity. Within the same
HOH bending band, an asymmetric peak located at 1740-1710 has been assigned to protonated
water molecules (hydronium, Zundel and Eigen) [203,207,228,229], this peak appears to be
interesting as theses ions play a significant role in the Grotthuss hopping mechanism however
the peak intensity quickly plateaus at low membrane hydration [203], this is consistent with
molecular dynamic simulations where protons almost fully dissociate at A=3 [123,230]. These
two peaks overlap and need to be deconvoluted through a curve fitting using Gaussian
components with two required to account for the asymmetry of the 1740-1710 peak [203], this

process can lead to some uncertainty.

Typically, when water is cooled to 0°C at 1 atm it freezes, however water confined within
PFSAs exhibit different freezing properties. A portion of water does freeze however a range of
supressed freezing points can be observed down to -30°C [215,217], this water is known as
freezable water. The remaining water does not freeze and is known as nonfreezable water, this
is due to the water being immobilised by the strong hydrogen bonds which form in hydration
shells due to the close proximity of the sulfonate group. Nonfrezing water occurs as the water
molecules cannot reorient themselves and pack into a crystal lattice [212]. Although immobile,
studies have suggested that this strongly bound water can still conduct protons and PFSAs have
been shown to demonstrate proton conductivity at subzero temperatures where freezable water
will have frozen [213,231,232]. Freezable water is not strongly hydrogen bonded around the
sulfonate group and is thought to exist in the centre of ionic channels. It is only weakly
hydrogen bonded to the surrounding water molecules as with bulk water and therefore can
reorient to pack into a crystal lattice. Differential scanning calorimetry has previously been
used to characterise water within PFSAs and other ion conducting polymer membranes
[210,212,214-217], this technique measures the heat flow required to heat or cool a sample.
When no phase change occurs heat flow is generally attributed to the heat capacity of the
material however when a change in phase occurs such as melting or freezing, a significant peak
is observed as a phase change is highly exothermic or endothermic. By quantifying the peak
area of this phase change it is possible to determine the heat required for the phase change, as

the enthalpy of water freezing/melting is known it is possible to determine the amount of water
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that freezes or melts during the process. The quantity of nonfreezable water can be determined
by subtracting the freezable water from the total water content of the material which can be
determined using the enthalpy of water vaporisation or though gravimetric techniques such as
differential scanning calorimetry with thermogravimetric analysis (DSC-TGA) to probe water
vaporisation. Therefore, this technique is capable of characterising samples according to the

quantities of freezable and nonfreezable water.

Solid state 'H nuclear magnetic resonance (NMR) is a technique which can probe spin-lattice
relaxation times (T1) which is known as a thermal relaxation. 'H NMR also probes spin-spin
relaxation times (T2) which are related to the reorientation of the nucleus with respect to the
applied magnetic field and is always shorter than T;. Three types of water have been detected
in Nafion through peak deconvolution with different T> relaxation times. These types of water
have been named as bulk or free water with the longest T> relaxation time, loosely bound with
an intermediate T, relaxation time and tightly bound with the shortest T> relaxation time
[215,216,233]. There is some difficulty deconvoluting the T> peaks as in some studies the peaks
of the loosely and tightly bound water could not be distinguished, and some difficulty was also

experienced fitting the bulk water [215,216,233].

Microwave dielectric relaxation spectroscopy is a technique used to probe the dielectric
properties of a material as a property of frequency. Dielectrics are materials which do not
possess free electrons and so are electrical insulators. When an electric field is applied, instead
of conducting electrons, the material is polarised in which polar molecules reorient to align
with the applied field. These materials are characterised by their complex relative permittivity,
where the real part is related to stored energy whereas the imaginary part is related to energy
dissipation. Two types of water within PFSAs and other material systems have been shown to
follows Debye relaxations in the microwave regime [201,234]. The first of these relaxations is
attributed to the dynamics of bulklike water which has little interaction from the polymer and
as such the relaxation is centred around 18GHz in good agreement with liquid/bulk water
across all levels of hydration [201]. The second relaxation is known as loosely bound or
irrotational water and is attributed to water that is loosely bound to both the polymer and the
strongly bound water which surrounds the hydrophilic sulfonate group [200,234]. The
relaxation of loosely bound water is not observed in liquid/bulk water and exhibits a faster

reorientation at higher levels of hydration although always slower than bulklike water [200].

Small angle x-ray scattering (SAXS) has been deployed in the study of PFSA ionomers as it is

able to probe morphological features of the phase separated nanostructure and structural
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information such as the crystallinity of the semi-crystalline PFSA under different levels of
hydration. SAXS is capable of probing the size and shape of the 2-3nm thick hydrophobic
domains which separate the 0.5-4nm water cluster domains which swell under increasing
hydration [86]. Although SAXS cannot probe the properties of water, measuring the size and
shape of water domains is useful in understanding the results of water state measurements and
performance metrics such as proton conductivity, permeability, macroscopic swelling and

diffusivity of PFSAs.

2.5 Terahertz sensing

Terahertz radiation is a part electromagnetic (EM) spectrum which occupies the frequency
range of 0.1-10THz (1THz = 1012 Hz) and wavelengths of 0.03-3mm, it is also known as sub-
millimetre radiation. This places Terahertz between the microwave and infrared regions of the
spectrum. The terahertz region is also known as the terahertz gap, which refers to the gap in
traditional technologies used to generate EM waves and as such remained almost inaccessible
for most of the 20th century [39]. At lower frequencies lies the electronic regime where radio
waves and microwaves can be generated at high power densities through oscillating electronics
such as vacuum tubes used in magnetrons for devices such as microwave ovens and are
typically high power. High-speed solid-state devices such as field effect transistors and
IMPATT diodes also generate microwaves but are typically lower power [36]. At higher
frequencies lies the optical regime where infrared, visible, ultraviolet and x-rays can be found.
Infrared can be generated in a number of ways such as quantum cascade, gas, chemical or free
electron lasers [37]. Within the terahertz regime these established technologies fail [38] and as
such a different approach is needed. As with microwaves and infrared, at these frequencies the
radiation is non-ionising and THz systems are typically low energy at a few milliwatts [235]
and hence do not present a risk of eye injuries. Since the late 90s and during the 2000s, THz
technologies have reached commercialization with systems available from a handful of
companies [39,236]. Large and difficult to operate homemade laboratory systems have evolved
into highly integrated, easier to operate, more reliable commercial systems with excellent

performance [39].

2.5.1 Terahertz generation and detection

The vast majority of THz measurements and studies have been performed using terahertz time

domain spectroscopy (THz-TDS) [237]. This technique utilises very short picosecond pulses
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which are measured in the time domain and frequency domain data is then extracted.
Photoconductive antennas are the most commonly used devices used to generate and detect
terahertz pulses used in terahertz time domain spectrometers [238,239] although other
alternatives do exist. When an electron changes its velocity EM radiation is emitted [238] and
this concept is at the heart of terahertz wave generation within photoconductive antennas. The
change in electron velocity occurs in the form of a short current change in the picosecond range
resulting in an electric field which generates the THz pulse, this occurs within a semiconductor
material of the antenna which is most commonly made from GaAs [238-240] and InGaAs
[239,241]. The picosecond current change occurs between two electrical contacts under a DC
voltage, the gap between these contacts is typically 5 to 50um although emitters upto 2mm
have been used for higher power devices [239]. The semiconductor is undoped and exists
between these contacts with a high electrical resistivity which resists conduction between the
contacts. This causes a charge to be stored between the contacts acting as a capacitor. Key to
the timing of the entire system is a laser capable of generating very short pulses of less than
100 femtoseconds [239], a Ti-sapphire laser is most commonly used as it is capable of
producing the shortest pulse length of less than 10fs which is desirable for high terahertz
bandwidth [239]. This laser is split into two beams, one of which is known as the pump beam
and is focused between at the semiconductor in the gap between the metal contacts as shown
in Figure 2.12. The beam has enough photon energy to excite the electrons in the semiconductor
from the valence band into the conduction band increasing the semiconductors conductivity
[238,239]. The applied potential bias and photoinduced conductivity results in a rapid current
flow between the metal contacts which is limited by the stored charge [238]. This current is
known as the photocurrent which is approximately proportional to the optical intensity and
applied bias [239]. The photocurrent produces a THz pulse which is typically 1-2ps in duration
which is one to two orders of magnitude longer than the probe pulse [239]. The generated THz

pulse is typically collected from the back of the antenna and focused towards the detector.
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Figure 2.12 - Schematic of photoconductive emitter and detector taken from [239].

The detector works similarly to the emitter as shown in Figure 2.12 although no bias is applied,
instead the photocurrent is generated by the electric field of the incident terahertz pulse. The
induced photoconductivity is generated by the same laser as the emitter, which was split into
two, this pulse is known as the probe beam. The induced photocurrent is typically 0.01-1 nA
[239] and is proportional to the electric field strength of the terahertz pulse and
photoconductivity. The photocurrent must therefore be selectively amplified using a lock-in
amplifier which amplifies the signal within a given reference frequency to remove the noisy
background [238]. This signal is then filtered to obtain the DC component of interest. As the
detector only detects the electric field amplitude during illumination with the probe pulse, only
a small fraction of the THz pulse is detected. As this is repeatable, by varying the delay of probe
pulse through a delay line, the whole THz pulse can be probed within the time domain, this is
typically achieved by increasing the path length of the probe beam. Generated EM pulses are
polarised parallel to the flow of charge carriers. Due to the directionality of the electron
movement from the photocurrent between the metal contacts, the generated and detected THz
pulses are highly polarised allowing for polarisation sensitive measurements to be obtained.
The bandwidth produced by photoconductive antennas is typically 4-5THz although higher
bandwidths up to 20THz have been demonstrated [239].
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2.5.2 THz wave propagation

Refractive index and permittivity are important material parameters that can be extracted from
THz-TDS and are used significantly to characterise the properties of materials. These
properties are inherently linked and the complex permittivity of a material can be calculated

from its complex refractive index as shown
& = A (2.32)

Where the ¢, is the relative permittivity and n is the refractive index, the hat notation denotes
that these are complex quantities with real and imaginary parts as shown in Equations 2.33 and

2.34.
n=n-—ik (2.33)
& =¢ —ig" (2.34)
The complex refractive index is made up of the refractive index n which denotes the relative
speed of light through the material and the extinction coefficient k¥ which indicates the
attenuation of light as it propagates through the material. The real part of the complex relative
permittivity, €' is related to stored energy whereas the imaginary relative permittivity, €' is

related to energy dissipation. The real and imaginary permittivity’s can also be determined from

the refractive index and extinction coefficient (k) as shown
g =n?—k? (2.35)
g =2nk (2.36)

Inversely the refractive index and extinction coefficient can also be determined from the

complex permittivity as shown.

2

12 "y 1 1/2
n:<\/e +e +e> (237)

12 "y ot
=< g +e¢ £> (2.38)

When light reaches the interface of a dielectric material the EM wave is either reflected or

transmitted as shown in Figure 2.13.
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Figure 2.13 - Transmitted and reflected wave at a dielectric interface taken from [239].
The angle of reflected light is the same as the incident wave relative to the perpendicular of the
surface at the point of reflection. The transmitted light refracts, and the angle of the refraction
(8;) can be determined from the refractive index of the incident medium (n,) and refracted
medium (n,) as described by Snells law:

n
0, = sin~? (—“ sin 0i> (2.39)
np

As light is reflection or transmitted at the interface of two dielectric materials a change to the
amplitude and phase of the incident wave occurs, these are described by Fresnels equations.
When the electric field is polarised perpendicular to the plane of incidence the Fresnel
transmission coefficient, 7, and the Fresnel reflection coefficient, p, can be determined for a
wave propagating from medium a to medium b using the complex refractive indexes of the

materials as shown:

B 27, cos 6; (2.40)
fo = g cos O; + Ay, cos O, '

i, cos B; — Ny, cos O,

Dy (2.41)

i, cos B; + M, cos O,

When the polarisation is parallel to the plane of incidence the Fresnel transmission coefficient,

7, and the Fresnel reflection coefficient, p, can also be determined as shown:

27, cos b;

T, (2.42)

i, cos B, + 7, cos 6;
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i, cos B, — i}, cos O;

Pr (2.43)

fl, cos B, + 7, cos 6;

When the angle of incidence is normal to the interface the angles of incidence and refraction

are 0° and therefore the Fresnel coefficients can be simplified as follows:

27
T, =T, = —— O (2.44)
ng + ny
ﬁa - ﬁb
= = 2.45
pO' pTL’ ﬁa +ﬁb ( )

When a wave propagates from medium b to medium a, the transmission coefficient p’ and

reflection coefficient 7’ can be determined as follows:
p'=-p (2.46)

R (2.47)

When an EM wave incidents a dielectric slab a fraction is transmitted whilst the other fraction
is reflected, the transmitted fraction then propagates through the material. The propagation of

the wave through medium b can be described by multiplying the incident electric field of the
traversing wave by exp (—iﬁb lee) where w is the angular frequency which can be calculated

from frequency f using w = 2rf, c is the speed of light in a vacuum and [y is the propagation
distance which can be calculated using ly = [/ cos 8,, where [ is the thickness of the material.
The wave then reaches an internal interface and either reflects or transmits, the reflected waves
again traverse the material to another interface and this process can repeat multiple times. This
means the incident wave is split into multiple waves with different amplitude and phases which

are transmitted and reflected from the material as shown in Figure 2.14.
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Figure 2.14 - Wave propagation paths through a dielectric slab taken from [239].
Each wave can be modelled by following the beam path and multiplying the electric field of
the incident wave E,(w) by the Fresnel transmission and reflection coefficients and the
propagation term for each transmission, reflection and propagation that occurs as shown in
Table 2.3. It should be noted that many more reflections can occur but are decreasingly
significant as each reflection and propagation causes a decrease in the resulting waves

magnitude.

Table 2.3 - Multiplication factors for wave propagations across a dielectric slab.

Reflection Multiplication factor Transmission Multiplication factor
1 p 1’ , ( o wle)
tt'exp | —ifl, —
c
2 wl 2’ wl
T’ p'exp (—Ziﬁb Te> 7' p'*exp (—Sir'ib Te>

Nk ( A wl9> 3’
T p' " exp | —4if, —

BNZ PN 19
p T'p’ "exp (—Smb —)

c

(1)19) 4’

r 15 AN r 16 AN O)lg
TT' p "exp <_6mbT TT'p  exp (—7Lnb T)

When the incident wave is normal to the dielectric interface, these multiple waves will be
superimposed as the paths overlap causing constructive and destructive interference in the

resulting transmitted wave E;(w) and the reflected wave E,.(w). The interaction of these waves
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is known as the Fabry-Pérot effect which produces an interference effect. These multiple waves
can be expressed as an infinite sum and used to determine the total transmitted wave as shown

by Equation 2.48 [239].

o)

Z (p’zexp (—Ziﬁb le9>>"1] (2.48)

m:

E/(w) = E,(w)tT'exp (—lnb )

This can be simplified separated into the primary wave and the waves of the Fabry-Pérot effect

represented by FP(w) as shown

E/(w) =E, (w)rr’exp( ifiy, wlg )FP(a)) (2.49)
Where
_ N '2 . wlg "
FP(w) =1+ n; <p exp (—Zlnb T)) (2.50)

This infinite sum can be simplified to reduce the computations required as shown [239]

-1
FP(w) = (1 — p'%exp (—Ziﬁb le9)) (2.51)

For reflection the same approach can be used although the reflection at the initial interface is

separated from the rest of the terms as shown.
wlg
E(w) = pE, + E, (a))TT’p’exp( 2ify, )FP(a)) (2.52)

It should be noted that FP(w) is the same for both transmission and reflection. The difference
in phase of the superimposed waves causes the interference pattern of the total transmitted
wave. The temporal separation At is equal to the duration of the wave propagation as it

traverses back and forth within the slab, this can be calculated as shown

2n, 1
Ap = 2o” (2.53)
c

Where ng is the group refractive index defined as ny = n;, + wdn,/dw. As expected, the

spectral separation increases linearly with material thickness due to the increased path length
and also refractive index as the wave velocity is reduced. The Fabry Perot is demonstrated in

Figure 2.15.
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Figure 2.15 - Example of Fabry Perot effect in the time domain with the first two reflections taken from
[239].

The temporal separation translates to the frequency separation Af of the interference pattern

where Af = 1/At. In this case the frequency separation decreases and the attenuation increases

with increasing thickness, an example of an interference pattern is shown in Figure 2.16
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Figure 2.16 - Example of Fabry Perot effect in the frequency domain taken from [239].

This has shown how wave propagation occurs and can be modelled through a single slab
however, the same methods can be applied to layered samples using the same propagation

terms and the Fresnel transmission and reflection coefficients according to each material and
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interface. This adds additional complexity due to an increase in the number of possible wave

paths which can be reduced through time gating if some layers are of sufficient thickness.

2.5.3 Data processing and approximated optical parameters

As with any measurement technique, THz-TDS measurements contain random noise. To
reduce the random noise, multiple measurements can be obtained and averaged. This is an
effective technique when used in the time domain but is ineffective in the frequency domain
[242] and can significantly lower the noise floor improving dynamic range [239]. Data is
acquired in the time domain, however THz analysis is typically carried out in the frequency
domain and therefore must be derived from the time domain data via a Fourier transform to
obtain the both the amplitude and phase in the frequency domain. Phases obtained through this
method lie within - and 7 due to phase wrapping as when a phase is obtained with an absolute
value greater than &, the phase jumps to the opposite polarity by 2z. This phase jumping causes
phase discontinuities which need to be unwrapped to obtain useful phase information. To
achieve this the number of phase discontinuities in the frequency range below the desired
frequency are multiplied by 27 and added or subtracted to the wrapped phase. Outside of the
reliable part of the spectrum with insufficient signal to noise ratio, the signal noise introduces
artificial phase discontinuities. As phase unwrapping begins from the lowest frequencies within
this noise, the phase error from this region which is typically below ~0.05-0.1THz propagates
to the phases within the reliable part of the spectrum. Therefore, the phases are extrapolated
from the reliable part of the spectrum such that the extrapolate phase at 0THz is 0 radians as

shown in Figure 2.17.
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Figure 2.17 - Example of phase unwrapping taken from [239].
For transmission measurements normal to the surface of thick bulk materials where the Fabry
Perot reflections are temporarily separated from the main pulse or materials with high terahertz
attenuation, a simplification to the wave modelling can be made. In these cases, the transmitted
wave Egqum(w) can be expressed as a function of the incoming wave E,(w) according to
Equation 2.54.

_ 4Mi¢n, wl
Esom(w) = E, (a))(ﬁ_l_—n)zexp —ifs— (2.54)
S o

Where fi; and n, are the refractive indexes of the sample and free space (typically air)
respectively. It should be noted that this is taken from Equation 2.49 and assuming a normal
incident wave. Therefore, this approach yields optical parameters which have been
approximated assuming that Fabry Perot reflections are temporally separated from the main
pulse through time gating (thick samples), but can also be applied for materials with high
terahertz attenuation as the magnitude of the Fabry Perot reflections can be assumed to be
insignificant. Likewise, the measured reference wave can also be expressed as a function of the

incoming wave.

. wl
Erer(w) = E,(w)exp (—mo T) (2.55)

By rearranging and combining these two expressions it is possible to express the normalised

sample spectrum H (w) which is known as the as the transfer function as follows:

_ Esqgm(w)  4fn, wl _ wl
H(w) = Eror (@) = Gt n)? exp (—KS ?) exp (—L[ns — N, ?> (2.56)

4n<n .
=2 is also often

The complex refractive index of the Fresnel transmission coefficient, ey
S (o

approximated with the real refractive index as shown in Equation 2.57.

wl wl

E exp (—KS ?> exp (—i[ns —n,| —> (2.57)

(ng +n, c

dngn
H(w) — S0

The argument, £H(w) calculated with phase unwrapping, and logarithm of the magnitude

|H(w)| of this simplified transfer function can be taken which gives.

2H(w) = —[ns —n,] w?l (2.58)
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4n¢n, ) wl (2.59)
- s

lnIH(a))I = ln((n-l-—n)z ?

These expressions can be rearranged to yield the refractive index and extinction coefficient of

the sample as shown in Equations 2.60 and 2.61.

Ny = 1y — %AH(w) (2.60)
_c 4ngn, B (2.61)
s = — [ln (—(ns n no)2> lnIH(a))I]

Attenuation is also frequently expressed as an absorption coefficient @« which can be

determined from the extinction coefficient as shown in equation 2.62.

2
q =22 (2.62)
C

The SI units for absorption coefficient are m™! but is usually given as cm™. This approach yields
approximated optical constants under the assumption that Fabry Perot effects can be ignored
but is a closed form solution, whereas accurate estimation requires iterative approaches [239].
A similar approach can also be taken with reflection measurements where extract optical

parameters for each measured frequency.

2.5.4 Parametric methods

Another approach for extracting information are parametric methods which fit data across the
whole spectrum. To do this a satisfactory model which adequately describes the materials
electromagnetic response must be assumed [243]. As these models describe the frequency
dependent response, they can therefore describe the whole spectrum according to only a few
model parameters as opposed to many other approaches where the complex refractive index is
determined at each data point. These model parameters are used to extract a complex refractive
index which can be used in propagation models such as with Equation 2.49 to calculate a
modelled transfer function. By minimising the error between the modelled transfer function
and the measured transfer function, optical parameters can be extracted [243—250]. This error

is commonly known as the objective function in optimisation and expressed as

ﬁtheory (w) — ﬁmeasured (w) (2.63)

By using this approach, the challenges of working with multiple possible solutions and the

complex relationship of real refractive index and extinction coefficient fitted to both magnitude
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and phase can be mitigated [243]. The approach can also be used for a variety of experimental
configurations across reflection and transmission measurements. Parametric approaches can be
utilised with samples of known thickness but can also be applied to samples with unknown
thickness as in some cases thickness can be included as an additional fitting parameter allowing
for it to be extracted. As the objective function is nonlinear, suitable optimisations algorithms
must be used such as the Nelder-Mead [234,243] and particle swarm [251,252] algorithms.
This approach can be very efficient, but if models are unable to adequately describe the

electromagnetic response, the method cannot be applied [253].

2.5.5 Material characterisation

Terahertz waves can interact with matter in a variety of ways, due to the low photon energy
weak resonances such as rotations and vibrations of molecules [253]. The resulting spectra can
exhibit broad absorption peaks, narrow absorption lines with unique spectral signatures known
as a fingerprint or materials can be highly transparent, attenuating or reflective. Therefore, the
experimental procedure and analysis approach must be selected according to the sample’s

interactions, properties and geometry.

Terahertz has shown sensitivity to many chemical and structural properties across a wide range
of materials and has many different electromagnetic responses to different material categories.

The following is a short summary of some applications.

THz has a strong interaction with gaseous polar molecules such as H>O, N>, O, O3, CO, SO,
CH3CN, etc which have distinct spectral peaks in the regime [254]. Each gas exhibits unique
spectral signatures that originate from transitions between rotational quantum levels which can
be separated to quantify multiple gases simultaneously [255,256] and hence used for trace gas

sensing.

For liquid and solid states, molecule vibrations are coupled with neighbouring ones. In pure
crystals vibrations propagate resulting in a strong peak, the quantity of energy for these
vibrational modes is called an optical phonon and each pure crystal has a characteristic
frequency such as 8.05THz for GaAs at room temperature [253]. Polycrystalline materials such
as glass have broader peaks as coherent propagation of the mechanical wave is not possible

[253].
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Materials containing free charges such as metals are highly reflective to THz waves and their
permittivity is often well described by the Drude model which assumes the free charges form

a gas which does not interact with the crystal lattice or other free charges [253]:

2
Wp

T (2.64)

(W) = € —

Where &, is the infinite dielectric constant, w,, is the plasma pulsation which depends upon

the carrier density and T is the damping pulsation which is corresponds to a damping effect
linked to the finite electrical conductivity. While the Drude model often well describes
conductive materials it does have its limitations and therefore has been modified to better
describe material interactions such as the Drude-Smith model which accounts for back
scattering of charge carriers [257]. Other models such as the Drude-Lorentz model can be used

to describe bound charges.

Polymer materials are transparent or semi-transparent to THz waves even for many optically
opaque materials. Therefore, THz has been used extensively to non-destructively study the
macroscopic and morphological properties of polymeric materials such thickness
determination, detection of defects and crystallinity changes as well as determination of foam
densities. These techniques can be applied to pure polymers, polymer composites and
adhesives [237]. When used in reflection it has also been demonstrated that THz-TDS can be
used to determine the thickness of layered coating such as paints [237]. THz has also shown to
be promising in the pharmaceutical sector as many materials are semi-transparent to THz and
often possess characteristic spectral signatures, therefore THz has been used to probe chemical
compositions in addition to structural information such as tablet coating thickness, porosity and

pore size [237].

Liquids containing polar molecules such as water are strongly attenuated whereas non-polar
liquids are typically transparent. Charge separation occurs when polar materials interact with
an oscillating EM field creating oscillating dipoles due to the applied field. At low frequencies
dipole oscillations are unhindered and are able to follow the field amplitude at all times and
therefore the material is transparent [128]. However, at higher frequencies dipole motion are
hindered resulting in a delayed response to the applied field resulting in absorption [239].At
the high frequency limit the field oscillates too quickly for the dipoles to react resulting in a
transparent material [128]. The Debye model describes the interaction of the EM wave with

polar materials in terms of a response time, T which is known as the relaxation time [258]:
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Ae

- 2.65
+ 1+ iwt ( )

f(w) = &y

Where Ae is the dielectric strength of the relaxation and is the difference between the static
dielectric constant, 5 and the i.e. Ae = &5 — £,,. More polar materials have greater dielectric
strengths such as water with 4e=78.2 yet nonpolar high resistivity silicon has approximately
the same infinite dielectric and static dielectric constants of 11.7 [239], the dielectric strength
also increases with concentration. This relaxation is centred about w = 1/t and is symmetric

when plotted with a logarithmic frequency axis as shown by Figure 2.18.
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Figure 2.18 - Complex permittivity of Debye model.
THz has therefore emerged as a powerful tool for probing highly polar molecules such as water
within a number of material systems including biological and polymer materials
[157,233,234,259-263]. This is due to its strong sensitivity with a strong absorption limiting
the penetration in water to ~100um [233].

2.5.6 Water interactions

THz is sensitive to the structure and dynamics of water as it is able to probe the reorientation
of molecules at picosecond timescales. Within pure water two distinct relaxation processes

occur when exposed to terahertz radiation with a frequency of 0-1THz [264]. Relaxation
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processes occur when a system deviates from its equilibrium state due to a change in its
environment and then returns to its equilibrium state [265]. In this case water molecules
reorient in response to the applied electric field of the terahertz radiation due to an interaction
with the water dipoles and then return to their equilibrium state. Pure water has a slow and fast
relaxation within the THz regime, the slow relaxation also known as the bulk relaxation. The
complex permittivity of these relaxations can be described by the double Debye model as
shown in equation 2.66.

Agq Ag,
ot - + -
1+iwt;, 1+iwt,

é(w)= ¢ (2.60)

where Ag; and Ae, are the dielectric strengths of the bulk and free Debye relaxations, 7 is the
bulk relaxation time and 7, is the free relaxation time. It should be noted that THz-TDS and
dielectric spectroscopy are complimentary methods which probe the same dielectric properties
and therefore, microwave dielectric spectroscopy has been used to probe the dielectric
properties water. Due to the frequency ranges studied (0.045-26 GHz), the free relaxation is
not detected with the technique but the bulk relaxation can be studied, as it exhibits a resonance

at 18 GHz or ~8ps at 25°C [266,267].

Microwave dielectric spectroscopy has been applied to hydrated PFSA membranes where it
was found that the bulk relaxation time of the confined water matched that of pure water for
the 25-45°C measured across all studied levels of hydration [266]. Another state of water was
also detected with slower dynamics exhibiting a lower and variable relaxation time attributed
to water described as loosely bound [266]. Based upon these results THz-TDS was performed
under ambient conditions (40% RH) and fitted to the double Debye model using additional
GHz literature data from [266], in this work the double Debye model with bulk and free water
relaxations was found to adequately describe the dielectric properties of the membrane [268].
Bound water contributions were not included as this resonance falls outside the THz window
as the process is too slow to be observed. It should be noted that performing independent
measurements without reliable humidity control is likely to result in physical differences in the
membrane properties due to their sensitivity to a number of factors such as humidity and
thermal history [86]. THz-TDS was then used to study water properties within lipid membranes
[233]. However, instead of using microwave dielectric relaxation data to fit the bulk relaxation,
the known relaxation time was assumed constant at 8ps. Additionally, the concentrations of the
bulk and free states were determined from the dielectric strengths. Using the total water content

(determined from FTIR) was it was then possible to determine the concentration of bound water
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[233]. This is because bound is the only water state unaccounted for and can therefore be
determined by subtracting the bulk and free water populations from the total water content.
This approach was later applied to PFSA and sPEEK membranes although THz-TDS was
additionally used to determine the total water content using Beer Lamberts law [234]. Again 3
states were characterised: bound water (strongly hydrogen bonded and predominantly bound
to the hydrophilic sulfonate groups) [200,233], bulk water (weakly hydrogen bonded and
exhibiting co-operative reorganisation of hydrogen bonds) [233,234] and free water
(temporarily not hydrogen bonded) [269]. Additionally bound water can be separated into
strongly bound water and loosely bound water which can be described by a Debye relaxation
and can be characterised in the microwave regime [200,233] however, it does not appear in the

THz regime as the reorientation is too slow to be observed.

When water interacts with other materials, the dielectric response can change and variants to
this model exist to describe the deviations due to material interactions although these are
typically seen at lower frequencies using techniques such as microwave dielectric relaxation
spectroscopy. The Havriliak-Negami is an empirical modification of a single Debye relaxation
and is very versatile in describing the relaxation distribution with shape parameters a for
materials with asymmetric peak broadening and f for symmetric dielectric peak broadening
[270,271] as shown.

Agq
[1+ (iwTy)?72]#

& (w) = &p + (2.67)

In the limiting case when a=0 and =1 this simplifies to the Debye equation. Another limiting
case is the Cole-Cole equation for symmetric dielectric loss peak broadening [272] where 0
<a <1 and f=1. Additionally, the Cole-Davidson limiting case can be used for asymmetric
dielectric loss peak broadening [273,274] where a=0 and 0 <f < 1. Additional Debye
relaxations can also be used to describe additional relaxations as with the double debye model
[200,233]. In the terahertz regime it has been found that the double Debye model describes the
response of the bulk and free relaxations without the need for any of these modifications. In a
number of studies, the dielectric strength Ag; has been assumed to be proportional to the

concentration of the relaxation species [233,234,275] C; as follows:
C; = KAg; (2.68)
Where K is a proportionality factor which contains information about the species polarizability

and dipole moment according to the Cavell equation [200,276,277]:
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Where ¢ is the static permittivity, kg is Boltzmann’s constant, T is the temperature, N, is
Avogadro’s constant, u is the molecular dipole and g is the Kirkwood correlation factor.
Therefore, the assumption is based on these factors being constant. Unfortunately, there is some
evidence that protons can depolarise water due to a structuring effect [276] which could lead
to some uncertainty when using this assumption for protonated materials, although it is thought

to be insignificant [275].

2.5.7 Effective medium theory (EMT)

Composite materials can often be described by a macroscopic material parameters such as
permittivity or refractive index which describes the properties of the bulk material. These
materials are often described as system consisting of particles or inclusions embedded within
a host material and when particle size is much smaller than the wavelength the effects of
scattering are negligible [253,278]. Quasi-static effective medium theories are approaches
which relate macroscopic material properties to component properties. For example the

Maxwell-Garnet describes the effective permittivity of the composite (£.55) with a particle
volume fraction (F,) as a function of the permittivities of the spherical particles (£,) and host
material (&) [253]:

X C&(1+2K,) +28,(1 - Kp)
Eeff = €n— n
&(1-K,) +é,(2+K,)

(2.70)

This model works well for spherical particles with small concentrations. The Polder and van
Santen is an extension of Maxwell-Garnet and includes the effect of changing permittivity due
depolarisation caused by the presence of other particles and can therefore be used for higher
particle concentrations [253,278]. A depolarisation factor can also be calculated based on the
particle shape and used to extend the approach to rod and disk shaped particles [278]. Whilst
the Polder and van Santen model can describe higher particle concentrations, a high
permittivity contracts impacts its validity [278]. The Bruggeman model can be used to describe
composites with a large contrast in permittivity however is limited to spherical particles

[253,278]:
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Combining the Brugemann with the Polder and van Santen approaches more general forms can
be derived [278-280]. These models have all assumed that particles are randomly distributed
and therefore within anisotropic materials with disk or rod shaped particles such as in some
reinforced composites, the orientation may introduce macroscopic birefringence [278] and
therefore is sensitive polarizability of the incident wave. Another approach is the Landau,
Lifshitz, Looyenga (LLL) model which does not take particle shape into account and assumes

an infinitesimal amount of particles [278]:

3/éeff = K,,?Jg +(1—Kp)i/én (2.72)

This method can also be applied to more than two components and is favoured for irregularly
shaped particles [278]. Empirical approaches also exist such as power law approaches [253]
and simple models such as the complex refractive index model where the complex refractive

index is linearly dependent upon volume fraction as shown [278]:

Where 7l ff, i, and iy, are the complex refractive index of the effective medium, particle and
host materials respectively. Another approach is the linear absorption mixing model which is

similar to the complex refractive index model but only absorption coefficient is considered as

shown [281]:
aerr = Kpa, + (1 — Kp)ay, (2.74)

Where a.ff, @, and a; are the absorption coefficient of the effective medium, particle and
host materials respectively. As many models exist it is important to select a model which
appropriately describes the studied composite. Therefore, factors such as approximate
permittivities, volume fraction and particle shape are needed for selecting a model. Required
outcome also plays a role as simpler empirical models such as the linear absorption mixing

model may be most appropriate for determining particle concentrations.

2.6 Summary

PFSA membranes are one of the many vital components at the heart of electrochemical devices

such as PEM fuel cells and electrolysers which may play a critical role in achieving net zero
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carbon emission targets. The electrochemical performance and the chemical-mechanical
durability of these membranes are critical in achieving long lasting and efficient chemical-
electrical energy transformations. The properties of these membranes are tied to their hydration
which exhibit increases electrochemical performance at higher relative humidities and
temperatures upto their operating temperatures of 80-90°C. Water is fundamental for proton
conduction through the phase separated nanomorphology of PFSAs via the vehicle and
Grotthuss hopping mechanisms. Therefore, understanding these mechanisms at play and the
intrinsic properties of water which enable proton conduction is crucial in the development of
membranes with both improved durability and electrochemical performance. To maintain
effective hydration, membranes must be exposed to high humidities without causing excess
liquid buildup and flooding which restricts gas transport to the electrochemically active catalyst
layers. Within the membrane water is transported by diffusion, electroosmotic drag and
hydraulic permeability. Water is introduced to the cell at the humidified reactant gas inlets,
generated at the fuel cell cathode and evacuated through the gas outlets. Therefore, transport
mechanisms must be understood to ensure effective water distribution and understanding of
water transport mechanisms within and externally to the membrane are vital for effective cell
design and operation. The diffusion of water in transient water uptake measurements is
considered to follow Fickian diffusion in which diffusion is proportional to the concentration
gradient. A number of models exist to describe the nature of Fickian diffusion through a thin
slab and are based upon different assumptions of the membrane interface as well as empirical
models. Finite element analysis is also a promising approach to modelling diffusion due to its
versatility as additional data can be incorporated rather than assumptions or model fitting and
it is also possible to include multiple different factors such as dynamic changes to thickness or
relative humidity and interfacial resistance. A number of techniques have been utilised in the
characterisation of water content, properties and states including small angle X-ray scattering
spectroscopy, neutron scattering and imaging, nuclear magnetic resonance, microwave
dielectric relaxation spectroscopy, Fourier transform infrared spectroscopy (FTIR), dynamic
vapor sorption (DVS), differential scanning calorimetry (DSC) and Raman spectroscopy. As
these techniques probe different physical phenomenon, differences and similarities in the
definitions and boundaries between extracted states can be expected. Terahertz time-domain
spectroscopy has recently shown sensitivity to the reorientational dynamics of water within
PFSA ionomers which follows a double Debye response. An overview of THz pulse generation
and detection using photoconductive antennas has been shown and some of the methods used

to extract frequency domain data have been given. Modelling of THz wave propagation has
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also been shown for extraction of optical material parameters such as complex permittivity and

complex refractive index.
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3 Methodology

This chapter outlines the materials used and experimental methodology used during the PhD
work shown in this dissertation. This includes the preparation of a number of commercially
available PFSA ionomer membranes. The preparation of membranes through the control of
relative humidity using saturated salt solutions. The hardware and software used to further
control humidity through a humidified gas delivery system to allow in situ terahertz
measurements inside a relative humidity-controlled chamber. Additionally, the equipment and
methods used to obtain and then analyse terahertz time domain spectroscopy data to extract
both water uptakes and water states from the PFSA ionomer membranes. The methods and
equipment used to characterise the membranes using differential scanning calorimetry,
thermogravimetric analysis and dynamic vapor sorption are also outlined. Finally, the fitting of
transient water uptake profiles in the study of diffusion using empirical, theoretical and

computational analysis models are shown.
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3.1 Samples

The PFSA membranes used include different grades of commercial Nafion (117, 211, XL and
212), Aquivion E98-05S and Fumasep F10120-PK (Fuel Cell Store, TX, USA). Nominal

thicknesses, ion exchange capacity (IEC), reinforcement and densities are shown in Table 3.1.

Table 3.1 - Properties of membranes studied.

Ion exchange
Thickness
Membrane (um) capacity Reinforcement | Density
pum
(meq/g) (g/cm®)
Nafion 117 183 0.9 none 1.94
Nafion 211 25 0.9 none 1.94
Nafion XL 27 0.92 [282] ePTFE 1.94
Nafion 212 50 0.9 none 1.94
Aquivion
50 >1 none 2.1
E98-05S
Fumasep PEEK open
120-130 0.79 2
F10120-PK mesh

The Nafion membranes were selected as they are most prominent within literature for
comparison. The selection includes a variety of membrane thicknesses from the previously
studied Nafion 117 but also thinner more commercially viable membranes. Nafion XL was
additionally selected as it features an ePTFE reinforcements and additives which have been
shown to impact water uptake and water states [283]. The Aquivion and Fumasep were selected
as they are also PFSAs but have a different chemical structure and IEC such as the Fumaseps
with its short side chain and lower IEC. Aquivion E87-05S with a higher IEC of >1.12 meq/g
and the same chemical structure as the Aquivion E98-05S was also ordered for comparison
however, the membrane has since been discontinued and was not delivered. The Fumasep was
additionally selected due to its PEEK open mesh reinforcement and thickness in order to test

its dimensional stability.

The ePTFE reinforcement of the Nafion XL is a microstructure whereas the PEEK open mesh

reinforcement is more macroscopic allowing for it to be seen by eye as well as under a
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microscope as seen in Figure 3.1. The microscope used was a LEXT OLS5000-SAF with a 10x
objective lens (MPLFLN10xLEXT). The ePFTE of the Nafion XL could not be seen under a
microscope and only surface details could be seen as with the non-reinforced membranes such

as the Nafion 117. The strands of the open mesh of Fumasep F10120-PK were measured using

the microscope and the strand width was 40pm with a spacing of 220um.

Figure 3.1 - Microscope images of Nafion 117 (a), Nafion XL (b) and Fumasep F10120-PK (c).

Membranes were cut into 3 cm % 3 c¢cm samples and pre-treated by boiling in 3% H>Oo,
submersion in boiling deionised (DI) water, then boiling in 0.5 M H>SO4 and finally
submersion in DI water at ambient conditions (1 hour for each step). 3 repeats for each type of
membrane were prepared for each steady state experiment and only one for diffusion and hygral

swelling studies.
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Discrete levels of Nafion 117 WU were first achieved by placing the pre-treated membranes in
sealed containers containing a beaker of water (24 hours) or a saturated salt solution (48 hours)
to reach equilibrium as shown in Figure 3.2, the membrane is not white as depicted but was
placed on a white piece of plastic. A humidity sensor was used to ensure the correct humidities
were obtained and initial attempts produced higher humidities than expected. It was found that
although a saturated solution was obtained, a high excess of solid salt was required. This is
likely due to temperature fluctuations and a slower rate of water vapor sorption to desorption

as although the equilibrium relative humidities (RHs) have little temperature dependence, the

absolute humidity does vary.

¥
Eg |

fermes o

Figure 3.2 - Container used to prepare membranes with saturated salt solutions.

The solutions used and the RH measured using a TP50 hygrometer (ThermoPro, USA) are
shown in Table 3.2.

Table 3.2 — Conditions for membrane hydration and the expected WU.

Saturated salt solution Measured Expected Nafion
RH (%) 117 WU (wt%)
[158]
Magnesium chloride 38-40 7.7
Potassium carbonate 47 8.6
Sodium chloride 74-78 13.1
DI water 100 26.0
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An oven was also used to obtain dry membrane measurements however it was later found that
membranes still contained significant amounts of water and therefore these measurements were

not used.

Measurements were performed under ambient conditions and clamped in a sample holder
which has a 20x20mm hole as shown in Figure 3.3. As the sample was removed from the sealed

container, a deviation from the equilibrium water uptake can be expected.

Figure 3.3 - Sample holder containing a sample of Nafion 117.
3.2 Humidity chamber

Membranes require 2 days to reach an equilibrium with the humidity from saturated salt
solutions and variations in achieved humidity were observed. In addition, removing samples
from the sealed containers to obtain measurements causes a deviation in the membrane water
uptake which is no longer in equilibrium. This is a significant issue for thin samples such as
Nafion 211 which rapidly changes when exposed to the ambient humidity as demonstrated
previously [234,283]. With is in mind, a bespoke humidity chamber was proposed which would
allow for measurements to be obtained without removing the sample from the controlled

environment.
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3.2.1 Humidity chamber design

The bespoke humidity chamber was designed, realised and retrofit to the sample portion of the
terahertz beam-path in the THz-TDS setup. This step was necessary to minimise moisture
exposure to the terahertz optics and devices to avoid material degradation [260]. In particular,
the humidity chamber was positioned within the focused region of the terahertz beam-path as
shown in Figure 3.4 and has welded pipes for inlet and outlet airflow, as well as two 80mm
diameter z-cut quartz windows of 3mm thickness for terahertz beam propagation [284]. In
principle, other highly terahertz transparent window materials could also be used such as high-

density polyethylene and high-resistance silicon [239].

Humidity

_‘H sensor
holder _ i1

Emi’[telrr '

\
\

Figure 3.4 — (a) Experimental setup for humidity chamber measurements using THz-TDS shown with
chamber lid removed.

The length of the chamber was designed with the windows being 28.5 mm from the sample to
avoid etalon reflections within the 100 ps terahertz measurement window. Etalon reflections
are reflections between two parallel surfaces and in this case will occur between the windows
and close lenses due to their proximity. However, as the materials do not change between the
sample and reference measurements, they do not impact the results. These reflections will also
occur between the changing sample and windows, but as only 100ps is measured by the THz-
TDS these reflections are not captured due to their separation and the finite speed of light.
Limiting the measurement window to remove undesirable responses such as etalon reflections

is known as time gating and is used to simplify analysis and isolate specific material responses.
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The design and dimensions of the chamber with an internal volume of 0.72L are shown in
Figure 3.5. This allowed for easy access to the sample holder by removing the top 4 bolts and
removing the lid. The sample holder attached to a /2 inch diameter post could easily be placed

securely in a post holder without the need to further tighten any bolts.

Figure 3.5 - Technical drawing of the chamber in perspective view.

Humidified air was supplied to the chamber via the gas inlet and was prepared externally as

seen in Figure 3.6 where dry compressed air was mixed with saturated air, which had been

passed through a home-made bubble humidifier.

73



Pipes to/from
humidifier

Figure 3.6 - Humidity control pneumatics.

The level of humidification was controlled by changing the flow rates of dry and hydrated air,
which were controlled using the two mass flow controllers (Alicat, USA) connected to a PC

via a breakout box for flow control networking.

The total gas flow rate was set to 1 standard litre per minute. This was the maximum flow rate
for the mass flow controller available, a reduced flow rate would result in a slower response.
The humidified gas stream was delivered to the chamber through a connected pipe as seen in

the overall system setup shown in Figure 3.7.

74



Relative
humidity
chamber

delivery

pipe Breakout
box

Mass flow
controllers

Figure 3.7 - Overview of the system setup.

Humidity was measured inside the chamber as shown in

Figure 3.4 using a T9602 polymer capacitance humidity sensor (Amphenol, USA) with a
specified accuracy of £2% at 20-80% RH and up to £3.5% at 0-20% and 80-100% RH. The
sensor was wired to an Arduino microcontroller which would determine the relative humidity
and temperature. As the chamber has a volume of 0.72 L, this results in a residence time of ~43
seconds. The ratio of dry/wet gas was controlled using a PID controller within LabVIEW which

was used to control the whole humidity system as shown in Figure 3.8.
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Figure 3.8 - LabVIEW block diagram for humidity control.

76




A simplified flow diagram for this program can be seen in Figure 3.9. The program must
connect to both mass flow controllers and the Arduino through USB connections and the mass
flow controller breakout box which is connected to each mass flow controller. The setpoints
for the total flow rate and the humidity setpoint are also required. During operation the humidity
sensor reading is input into the PID controller which determines the percentage of wet gas
required to reach the current setpoint. A resolution of 0.01% RH was used for the sensor
readings and although the sensor was not accurate to this degree. 0.1% RH resolution was
initially used but insufficient resolution causes control instability. The flow rates are then
determined and sent to the mass flow controllers. Data from the mass flow controllers such as
actual flow rate and pressure are logged along with the humidity setpoint, humidity sensor
reading and a timestamp for comparing to THz measurement timestamps. This is repeated
every 5 seconds as the system response is slow and rapidly changing the setpoint of the mass
flow controllers over long periods of time can cause burning out the memory (EEPROM) with
excessive writes. In the case of a 0% RH setpoint, the flow rates were later overwritten as these
are known to be 0% wet gas and the controller would periodically increase slightly due to

fluctuations in the sensor reading.

Humidity Humidity
setpoint sensor

PID controller
Wet gas %

Total flow Flow rate Data logging
rate (1SLPM) determination

Mass flow

Controller (dry) Controller (wet)

Mass flow ‘

Figure 3.9 - Flow diagram of humidity PID control.
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All of this can be controlled though a virtual interface as shown in Figure 3.10. Here the
communication ports (COM) can be configured for the Arduino and breakout box as well as
setpoints. Data logging options can also be modified. Mass flow controller data is also shown
alongside a plot of the humidity and temperature data from the sensor which can be used for

monitoring purposes.

PID gains PID gains out
proportional gain (K} 71,500 proportional gain (K¢} |1.000 Temperature (C) ER%E
integral time (Ti, min) ©|3.000 integral time (Ti, min)  |0.010 Waveform Chart 2 Humidity L]

derivative time (Td, min) j 0.000
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Humidity setpoint

Temperature
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Figure 3.10 - LabVIEW virtual interface for humidity control.

Optimisation of the PID control was achieved through trial and error with a proportional gain
of 1.5 and integral time of 3 minutes. No derivative time was used as this caused some
instability due to the time delay and also small fluctuations. An automatic PID optimiser was
implemented however, this failed to achieve suitable optimisation possibly due to the some
sensor delay and slow response. A system benchmark was then performed in sorption followed
by desorption in a range of 0-90% RH in 10% intervals with 10 minutes per setpoint excluding
0 and 90% RH which were given 20 minutes as shown in Figure 3.11. Overall, the setpoints
are reached within the 10 minutes although further testing revealed that 15-20 minutes was
required to stabilise to within £0.1% of the measured RH. Reaching the 0% and 90% RH

setpoints is slower with 0% not reached in the test, this is due to the PID control hitting the 0
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and 100% wet gas limits as shown in Figure 3.11. The length of time required to reach 0% RH
varied and 3-4 hours were often used to obtain 0% RH measurements. The long time required
is likely due to the need to remove all water from the active sections of the gas delivery system

and chamber.

100 | — | T
Measured humidity
90 | 7 Humidity setpoint
X % wet
— 80 Vet — ]
~o '.
= 2 J
== - I||
= |' \
T 60+ — 1
E Jll Il,\
3 50+ — : i
I ‘ l'l \’II
O 40 - =
2 7 | |
- |
S 30 17 T
] | II |
\ | |
X 5 i - 1
|II | |II
10 & .II".,_,_Jl | ) N
h‘\‘% J| '-.\ )
0 ' : : S
0 50 100 150 200 250

Time (minutes)
Figure 3.11 - Humidity control system benchmark.

3.2.2 Steady state

In general, based on the RH sensor readings, initially for steady state measurements the
chamber was able to operate between ~0-85% RH consistently, above which e.g. at 90% RH
set-point, variations were observed. This was due to a lack of temperature control and water
build up in one of the one-way valves, this was from water condensation due to temperature
changes when the chamber was not in use. Detaching the humidifier when not in use generally
resolved this issue and reaching 90% RH became much more consistant. The lack of
temperature control is a limitation of this system as it affects membrane WU [86,285] and
achievable RH. However, temperature was recorded for all experiments and varied between
20.7 and 25 °C. Steady state measurements were acquired at decreasing measured humidities

of 90%, 70%, 50%, 30%, 10% and 0% RH at steady state for 2 hours beginning from a pre-
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hydrated state at 100% RH due to 24 hours spent in a container containing DI water as with

saturated salt preparation.

3.2.3 Diffusion

The chamber was initially designed for steady state measurements however, it should be noted
that the chamber had to be opened to remove the sample from the beam path in order to take
reference measurements. As the reference needs to be taken at the same humidity as the sample
measurement, the chamber must again reach the same desired humidity setpoint which took
15-20 minutes and even longer for 0% RH. This is due to water absorption lines which can be
seen in the terahertz regime and would impact the subsequent analysis but can be removed with
a reference at the same humidity. The chamber would then need to be opened to place the
sample back into position within the beam path for the next measurement. Removal of the
sample may have caused some hysteresis to occur in the first steady state tests where the
chamber needed to be opened. In order to take regular measurements over time as required for
diffusion measurements, a motorised stage was built to accurately move the sample within the
chamber whilst the humidity remained constant as shown in Figure 3.12. Due to taking 100
THz-TDS averages and the movement of the stage, a reference could be taken with each sample
measurement every 2 minutes. In principle the whole chamber could be moved rather than the
sample as long as the beam still passes through the window and the window has uniform
thickness and surface finish with no defects such as scratches. Moving the sample however
provides a solution with reduced tolerances requirements. The mechanical stage works by
rotating a lead screw with a stepper motor. This is connected to a threaded bracket which pulls
or pushes the post holder. The post holder is attached to a dovetail rail carrier which guides the
linear motion along the dovetail rail. The stepper motor was powered by an external DC power
supply through a CW8060 motor driver which was controlled by a connected Arduino as seen
in Figure 3.12. The distance travelled was not set and instead the duration was set to 9.6
seconds, this was configured after the initial stage position was set to ensure the stage did not
crash by moving too far but also ensure the sample holder is sufficiently out of the beam path,

and the direction was changed to return the sample to its initial position.
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Figure 3.12 - Motorised stage for sample movement with the enclosed chamber.

To measure the diffusion of water using THz-TDS, monitoring of membrane hydration during
a change in ambient water activity is required. In these experiments incremental changes of
10% RH were studied for both sorption and desorption in the range of 30-90% RH over a period
of 1.5 hours per interval. Membranes were also equilibrated for 1.5 hours at the first setpoint
prior to any diffusion measurements and 3 measurements were acquired prior to the change in
humidity to account for uncertainty. Due to heat generated by the stage motor the temperature
in the chamber would increase. Therefore, reference measurements were only obtained every
10 minutes after the first 20 minutes following a change in relative humidity to limit the heat
generated, as such maximum temperature increases were ~4°C as seen and further discussed
in Chapter 5. After 20 minutes only small changes to humidity would occur and therefore water
absorption lines were no longer a problem. Due to the increased chamber temperature relative
to the humidifier, sorption measurements from 80-90% RH were not possible. Desorption from
90-80% RH was possible as only a couple of measurements were taken before the change in

humidity.

Nafion 117 was selected for this study due to its thickness which results in a slower change in
water content, this gave a greater separation of membrane diffusion response from interfacial
and RH response. This also gives better fittings due to the limited rate of data acquisition. The
impact of water vapor diffusion at the membrane interface is also reduced. The terahertz data

was analysed in the same manner as the steady state measurements.

3.2.4 Hygral swelling and shrinking

To probe the effects of hygral swelling, samples of Nafion 117 and Fumasep F10120-PK were
studied. These were selected as they are both thick PFSA membranes with the Nafion 117
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featuring no reinforcement and the Fumasep F10120-PK having a PEEK fibre mesh
reinforcement. The changes previously observed in a literature study at room temperature were
only ~2% of the membranes thickness [110]. Due to the uncertainty of fitting thickness with
THz-TDS, these changes would likely not be observed in thin membranes such as the Nafion
211 previously studied [110]. The study found in literature [110] cycled the humidity 6 times
between 30 and 90% RH and the change in RH was ramped at a constant rate of 2% per minute
followed by a dwell time of 20 minutes. Due to the limitations of the RH system, in this study
the humidity was cycled between 10 and 80% RH as these RH could be obtained quickly and
consistently. No specific rate of RH change was used and the PID control was immediately
changed to the new setpoint. Due to the thicker membranes used, the RH changes occurred
every 1.5 hours to ensure that an equilibrium was obtained, and no thickness changes observed
were due to a difference in RH or not reaching an equilibrium. To try and increase the impact
of hygral swelling, the humidity was cycled 18 times over a period of 3 days. Measurements
were obtained each day with two 80% RH and two 10% RH sets of measurements. Cycling
continued overnight but no THz measurements were obtained. 5 repeat measurements were
obtained for each measurement as there is some uncertainty in the obtained thickness as seen
in Chapter 5. Some initial tests with no repeats appeared to show other trends due to this
uncertainty. The stage was also used for these measurements which was important as removing
the sample from the chamber for a reference measurement would cause the membrane to shrink
or swell impacting the study. Unlike the steady state and diffusion studies where the membrane
was clamped within a frame, a spacer was also used to ensure the membrane was not
constrained. This was done to ensure that hygral swelling and shrinking was responsible for
any observed thickness changes rather than the membrane slipping in a frame when under

tension from shrinking.

3.2.5 Rapid desorption

FTIR provides an additional method for the characterisation of water within PFSA membranes.
In particular Kunimatsu et al [202] demonstrated that there is a correlation between the
intensity of the band at 1630 cm™' and proton conductivity. The experiment performed was a
desorption of Nafion 211 from a hydrated state using a dry air purge. To compare the data from
Kunimatsu et al [202] to THz-TDS, this experimental methodology had to be replicated.
Therefore, a Nafion 211 membrane was hydrated to 90% RH for 2 hours to reach an
equilibrium, dry air was then used to purge the humidity from the chamber and THz-TDS

measurements were obtained every 2 minutes as with the transient diffusion study for 2 hours.
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3.3 Terahertz time-domain spectroscopy

Transmission terahertz spectroscopy was performed using a commercial THz-TDS setup
(TERA K15, Menlo Systems, Germany) which features polymethylpentene (TPX) lenses for
focusing and collimation as shown in Figure 4.3 and Figure 3.13. Nafion 117 hydrated with
saturated salt solutions was measured in free space without the humidity chamber present at
ambient environmental conditions as seen in Figure 3.13 and for each measurement 100
averages were acquired. A reference measurement was also acquired immediately prior to any

measurements to reduce any laser jittering effects

-
Collimator lens

— Mz :

- MBI,

Figure 3.13 - THz-TDS free space experimental setup.
For steady state measurements 500 averages were acquired for a reduction in measurement
noise as the membrane was at steady state allowing for a longer measurement time. 100
averages were used for diffusion and hygral swelling studies. All measurements were acquired

with a time delay resolution of 33.3fs and a time delay span of 100ps as seen in Figure 3.14.
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Figure 3.14 - Waveforms for reference and sample measurements of free space and chamber
measurements of Nafion 117 under ambient humidity.

Figure 3.14 shows a comparison of the waveforms for the reference and sample measurements
of Nafion 117 in free space and with the chamber under the same ambient humidity. It can be
seen that the chamber windows have caused the primary pulse to be delayed by approximately
3ps which also has a reduced amplitude. This is due to internal reflections in the windows
which also results in a significant secondary pulse ~43ps later from the primary internal
reflection, any further reflections are not captured within the 100ps range. Some reduction in

amplitude will also be due to minor absorption within the window.

Despite the clear differences in the THz waveforms, the extracted magnitude and phase from
the ambient Nafion117 is not impacted. This can be seen in Figure 3.15, demonstrating that the
presence of the chamber has negligible effect on the measurement results. Confirming that the
design of the chamber is sufficient to avoid reflections between the sample and windows within

the 100ps window.
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Figure 3.15 - Comparison of chamber and free space membrane magnitude and phase response

under ambient conditions.

For chamber measurements, due to the presence of discrete water vapor absorption lines in the

terahertz spectral regime [286] which can be seen in Figure 3.16 and the changing humidity, a

separate set of reference measurements were acquired at the same humidities as the sample

measurement but without the membrane being present. This is necessary to remove water vapor

absorption lines, which would otherwise interfere with subsequent data analysis.
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Figure 3.16 - Transmission showing water vapor absorption lines of chamber equilibrated at 50% RH
and 88.6% RH, reference measurement used was 0% RH.

3.4 Terahertz data analysis

Prior studies have shown how macroscopic WU can be determined in hydrated membranes
where an equivalent model of hydrated membranes is arranged as a dry membrane and a
uniform layer of water thickness [234]. As the dielectric properties of membranes at different
WUs can be described using effective medium theory, here a simple, linear mixing model is
assumed relating the effective frequency dependent absorption and the volume fraction of water

in the system [281] as shown in Equation 3.1
dnya(RH)apya(w, RH) = dypay(0) + dyy (RH)ay, (0) (3.1

where a is the absorption coefficient, w is the angular frequency and d is the thickness,
subscripts hyd and m refer to hydrated and dry membrane, respectively, while w is the water
contribution. By rearranging Equation 3.1, effective water thickness can be determined using

Equation 3.2

1
dw(RH) = a—(w) (ahyd ((1), RH)dhyd (RH) - am(w)dm) (32)
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Absorption coefficients and thicknesses of dry and hydrated membranes are calculated from
analysing acquired waveforms using a parameter-based algorithm [283]. In general, this
algorithm models the transmitted electromagnetic wave through a dielectric slab with a
complex refractive index i, = ng(w) — iky(w) at a normal angle of incidence in free space

using plane-wave approximation shown in Equation 3.3 [283]

Es(w) 2 2 wd
— =H(w) == — ex (—iﬁ -n —)FPa) 33
iy = 1@ = e (il —nol S FP@)  33)

where E,(w) and E,(w) are the Fourier transform of the sample and reference waveforms,
respectively, H(w) is the transfer function, n, is the refractive index of air, c is the speed of
light in a vacuum, d is the sample thickness. FP(w) is the Fabry-Perot from multiple internal

reflections given by Equation 3.4

1
~ N\ 2
(o — 7 oen wd 3.4)
<1 (n0+ﬁs) exp[ 2 c ])

Iterative methods are then used to extract the optical parameters by minimising the error

FP(w) =

between the modelled transfer function and the measured transfer function [244-250],

commonly known as the objective function in optimisation and expressed as

ﬁtheory(w) - ﬁmeasured (w) (3-5)

To ensure the solver can arrive at physical solutions, a priori information on the dielectric
response of the materials is included, which is valid for hydrated membranes as they are known

to follow a double Debye response [200,234,268,283] given by 3.6

(W) = €o + de, | de (3.6
B = o 1+iwt;, 1+iwTt, 6)

where &, is the infinite dielectric constant, Ae; and Ae, are the dielectric strengths of the bulk
and free Debye relaxations, 7, is the bulk relaxation time and 7, is the free relaxation time. The
temperature dependence of the bulk relaxation time of DI water has been extensively studied
in literature using both THz-TDS and dielectric spectroscopy, literature values at different
temperatures [200,264,287-296] are shown in Figure 3.17. The bulk relaxation time has
previously been measured for water within Nafion membranes using dielectric spectroscopy
and found to be the same as DI water at all levels of hydration within the 25-45°C range studied
[200]. The results show a clear trend for relaxation time with a value of 8ps at 25°C, this value

has been used as a constant in fittings as was done previously [234,283].
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Figure 3.17 - Temperature dependant bulk water relaxation time and dielectric strength in DI water
from literature [200,264,287—296].

Bounds of the fitting parameters are shown in

, the thickness range was selected per sample but was approximately +15-20% of the nominal

thickness. A reduction of the upper bound and initial value for the infinite dielectric constant

to 2.7 was required for some thinner membranes.

Table 3.3 - Search range of selected fitted variables.

Variable Lower bound | Initial value Upper bound
€0 2.2 3 3
Agy 0.01 30 30
Aeg, 0.01 2 2
T, (ps) 0.08 0.15 0.4

The complex permittivity and absorption coefficient in turn are related to the complex

refractive index using equations 3.7 and 3.8

8(w) = &' (w) — je" (0) = ng?(w) — ky* () — j 2ng(w)ks(w)
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2wk (w)
a=—""

(3.8)

Using the absorption coefficient of liquid water [287] together with the optical parameters and
thicknesses from the solver, humidity dependent effective water thicknesses and hence WU can

be determined using Equations 3.2 and 3.9

wurH) = 2 BHPy (3.9)

AmPm

where p,, and p,, are the density of water (1 g/cm®) and Nafion (1.94 g/cm® [234]),
respectively. Using the extracted dielectric strengths and WU, the proportions of bulk, bound
and free water states are then determined using Equations 3.10 - 3.12 [233,234,283]

i (RH) = —22 A, (RH) (3.10)
bulk Crh,orH) A&1,puik + D€z puik '
Co Ae,(RH)
frree(RH) = 3.11
Jree Ch,orH) A&1,puik T D&z puik 3-11)
fbound(RH) =1 _fbulk(RH) _ffree(RH) (3-12)

where Agq pyix and Ag; py are the dielectric strength of bulk and free water relaxations for
pure water, respectively, and C; is the concentration of pure water (55.5 mol/L). The density of
the hydrated membrane and concentration of water within the membrane can be determined

using Equations 3.13 and 3.14 [234,283] where M,, is the molecular weight of water (18 g/mol)

_ (100 + WU(RH))

Pwm = WURH) _ 100 (3.13)
)
Cr,o(RH) = WURH)pym (3.14)

(100 + WU(RH))M,,

It should be noted that due to a measurement delay between sample and reference
measurements, terahertz pulse drift is likely and hence the resultant phase is corrected by
multiplying the transfer function by a phase shift term exp (—iAtw) [297] where At
corresponds to a small timing change (<15 fs) for selected measurements. Thin membranes are
particularly susceptible to pulse shifts compared with their thicker counterparts and as a result
thick membranes such as Nafion 117 and Fumasep F10120 require no corrections. In thin
membranes outlier phases were corrected according to a number of factors which are based on

additional measurements, prior knowledge and experience from fitting thick membrane data
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where phase correction is not required. In the case of steady state measurements both the
amplitude and phase are approximately evenly spaced in order of humidity with lower
amplitudes and phases seen at higher humidities as seen in Figure 4.1. Therefore, phase
deviations can be seen through comparisons to the measurements at other humidities such as if
the phase crosses the line of other phases or does not appear between adjacent humidity
measurements. Given the amount of correction applied can affect the extracted membrane
thicknesses, the amount can be validated by comparing the resultant thicknesses against actual
thickness obtained using a micrometre measurement taken immediately after each terahertz
measurement. In particular, the thickness difference between the two modalities was generally
less than 5% for thin membranes. Micrometre measurements were obtained with an RS Pro
external digital micrometre with 1um resolution and an accuracy of +2pum. Measurements were
obtained with the membrane placed between two 50pum polypropylene films as the micrometre
could grip and stick to the membrane surface causing damage, the micrometre was rezeroed
using the polypropylene films before each measurement. Occasionally pulse drift can result in
poor quality of transfer function fittings for either amplitude or phase indicating a phase shift
is required, this is uncommon but generally occurs with measurements of thin membranes
performed at low humidities. A combination of these methods was used to inform phase
correction decisions and ensure that any phase corrections were applied appropriately.
Additionally, if a combination of these methods still yields some uncertainty for phase
correction, comparisons with repeat measurements may provide additional indications for
phase deviation. In this case comparison of the amplitude should also be carried out to ensure
phase is responsible. These methods for correcting phase to ensure high quality fitting to the
measurement for the robust extraction of the parameters, the fitting spectral range is taken up
to 1 THz, above which, water vapor absorption becomes increasingly dominant as seen in
Figure 3.16. The choice over this spectral range also coincides with the rotational relaxation of
water [233,273,298]. All the acquired terahertz measurements were processed using codes

developed in Matlab (Mathworks, Inc., MA, USA).

For comparison against DSC data, conversion to respective water contents [H2O/SO3] were

made using Equations 3.15 - 3.17

WU(RH)EW
WCtota(RH) = ~1o0M, (3.15)
W Chuk(RH) = fpuux (RHYW Crotqi(RH) (3.16)
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WCbound (RH) = fbound (RH)WCtotal(RH) (3-17)

where WC is the water content [H>O/SOs] and EW is the equivalent weight of Nafion
(1100g/mol).

3.5 Differential scanning calorimetry and

thermogravimetric analysis

DSC was performed by the National Physical Laboratory (NPL) using a DSC Q2000
instrument (TA Instruments) using a temperature modulation mode. The same Nafion 117
samples were cut into small (2-5 mg) pieces and equilibrated at room temperature for at least
2 h prior to measurement either in DI water or at 85% RH in a humidity chamber. Samples
were transferred rapidly into aluminium DSC crucibles with minimal (<1 minute) exposure to
the ambient atmosphere before sealing. The DSC cycling programme comprised a negative
temperature ramp from 20 °C to -90 °C at 2 °C/min cooling rate, followed by a positive
temperature ramp up to 160 °C at 2 °C/min. A temperature modulation amplitude of + 1 °C
every 60 seconds was used to reduce the problem of looping artifacts caused by supercooling
effects. The instrument software Universal Analysis (UA) was used for the peak integration
analysis of the thermogram shown in Figure 3.18. The mass of freezable water was calculated
by integrating the endothermic peak on the heating thermogram associated with ice melting
(between -20 °C and 0 °C), and assuming the enthalpy of freezing of water is 314 J/g [211].
The total mass of water was calculated by integrating the broad endothermic peak associated
with water evaporation (between 20 °C and 120 °C) and taking the enthalpy of vaporisation of
water to be 2258 J/g [299]. For each condition, repeat measurements were performed on at

least two samples.
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Figure 3.18 - DSC thermogram for a fully hydrated Nafion 117, exhibiting water freezing/melting
events (peaking at -22 °C/-5 °C, respectively), and water vaporisation (peaking at 69 °C).

Thermogravimetric analysis (TGA) was performed by the National Physical Laboratory (NPL)
using a Q5000 IR instrument (TA Instruments). The Nafion 117 sample was cut into 5 mg
pieces and equilibrated at room temperature in DI water for at least 2 h prior to analysis.
Samples were dabbed with tissue paper to remove any excess water and transferred rapidly
(<30 s transfer time) into aluminium TGA crucibles before sealing. A temperature ramp of
5 °C/min was employed from room temperature up to 200 °C and the mass change at 150 °C
was used to calculate the total water content. Repeat measurements were performed on at least

two samples.

3.6 Dynamic vapor sorption

DVS measurements were performed by Johnson Matthey using a commercial analyser
(Q5000SA, TA Instruments). Approximately 5 to 15 mg of the same sample used for THz-TDS

measurements were placed in an open quartz metal coated pan.

As no literature data could be found for Fumasep F10120-PK complimentary DVS
measurements were performed. The first step of was heating to 60°C under a dry air purge for
60 minutes to remove as much water as possible. Following this the temperature was set to
21°C for the remainder of the measurement and after 60 minutes the humidity was set to 30%
RH for 2 hours to reach an equilibrium. The humidity was then increased in intervals of 10%
RH up to 90% RH and then decreased to 30% RH in 10% intervals, the durations of each step

change is shown in Table 3.4.
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Table 3.4 - Duration of DVS humidity step changes for Fumasep sample.

Duration (hours)
RH range
Sorption Desorption
30-40 2 2
40-50 2.5 2
50-60 2.5 2.5
60-70 3 2.5
70-80 3 3
80-90 4 3

The transient diffusion within Nafion 117 was also replicated with a complimentary DVS
measurement. The first step of was heating to 60°C under a dry air purge for 60 minutes to
remove as much water as possible. Following this the temperature was set to 20.5°C for the
remainder of the measurement and after 60 minutes the humidity was set to 30% RH for 2
hours to reach an equilibrium. To complement the THz diffusivity data a measurement was
obtained using DVS using the same experimental procedure with 1.5 hour intervals between
RH changes, 90-80% RH was additionally measured. However, the membrane and humidity
response were slower and not close to steady state. Therefore, the measurements were extended

from 1.5 hours based on the initial results to the durations shown in Table 3.5.

Table 3.5 - Duration of DVS humidity step changes.

Duration (hours)
RH range
Sorption Desorption
30-40 2 2
40-50 2 2
50-60 2.5 2
60-70 2.5 2.5
70-80 3 2.5
80-90 4 3

The DVS measurements performed on samples provided by Johnson Matthey were also first
heated to 60°C under a dry air purge for 60 minutes to remove as much water as possible. The

temperature was then set to 25°C still under a dry air purge to obtain 0% RH. The humidity
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was then increased in 10% RH increments up to 90% RH in sorption and then decreased in

10% RH increments down to 0% RH. Durations for each step are given in Table 3.6.

Table 3.6 - Duration of RH steps used in DVS measurements of samples from Johnson Matthey.

Desired RH Duration (minutes)
Sorption Desorption

0 60 120
10 30 50
20 30 50
30 30 50
40 30 50
50 30 50
60 40 9%
70 50 %
80 90 9%
920 210

Due to the control scheme used the actual RH reached at the end of each step was not

necessarily the setpoint such as the 10% RH setpoint which reached 10.4-10.5% RH.

The sorption isotherm can be fitted with Park’s multi-mode sorption model [207,300-302] in
which the total water uptake (WUror) can be expressed as the sum of three sorption
mechanisms. Specific absorbed water (WUs,), nonspecific absorbed water (WUys,) and

clustered water (WU.) as shown in Equation 3.18.
WUTOT = WUSA + WUNSA + WUC (318)

The water uptake of each sorption mechanism can be modelled as a function of water activity
(aw) according to Equations 3.19 - 3.21 [207]. Where specific absorbed water is the water
associated to the mechanisms of Langmuir adsorption at low water activity. Non-specific water
is modelled according to Henry’s law and clustered water is modelled with a water clustering

model and is more prominent at high water activity.

a K ay
WUy = ——— N
471+ K, ay (3-19)
WUNSA = KWaW (320)
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WUC = nKAaWn (321)

Where q; is the specific site capacity, K; is an affinity constant, K is Henry’s law coefficient,
K, is the aggregation equilibrium constant and n is the aggregate size. Combing these three
models allows Park’s model to fit to the total water uptake of sorption isotherms and determine
the population of each sorption mechanism. Fittings were achieved through a generalised
reduced gradient (GRG) nonlinear solver in Excel. These populations can also be expressed as

fractions using Equations 3.29 - 3.31.

WS A

g, = x 100 (3.22)
TOT
w,
Onsa = —22 % 100 (3.23)
WTOT
We (3.24)
0, = X 100
¢ WTOT

3.7 Diffusion fitting

In order to extract the diffusivity of water from transient measurements using both THz and
THz-TDS, the water diffusion must be modelled and then fit to the experimental data. Whilst
many models and approaches exist for calculating the diffusion coefficient from transient water
transport measurements based on different assumptions and experimental conditions. When
multiple time constants or diffusivities exist within a system, analysis can become very
complex. Non-Fickian water diffusion has previously been observed in PFSAs [142-145] and
additional factors can impact the sorption rate such as interfacial vapor diffusion [130,303],
mechanical polymer relaxations [142—145] and the rate of change in humidity [304]. Due to
these complexities, an empirical approach was first taken with a simple exponential model
which has the capability to capture multiple time dependant processes as shown in Equation

3.25.

M _ AN R _
My a<1 Ym Am exp ( Tm)) = with Y14, =1 (3.25)

Where a is a constant, as the final increase in water uptake measured (My) is subject to
uncertainty as seen in Chapter 5. Therefore, a fitting will provide a more accurate measurement
of the water uptake at an infinite time (M,,). 4,, is an arbitrary constant with and t,, is a time

constant for the process m. This was first used with two processes however, the time constants
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were the same suggesting that only one process was present. Literature suggests that polymer
relaxation and swelling introduce another time constant. The reason this was not detected is
likely due to this process being observed during the first 1-2 minutes [145] and hence with
infrequent measurements this was not detected. Following this the model was used with only

the water diffusion process.

As only one process was detected, it is also possible to take an analytical approach however,
some assumptions must be made such as instantaneous RH change, uniform initial water

distribution and constant surface concentration as described by Equations 3.26 and 3.27.

l l
Cw=C, —3<x<3, t=0 (3.26)
l
Cy=C, x=+% t=>0 (3.27)

Where C, is the initial water concentration, C,, is the water concentration at an infinite time
and [ is the membrane thickness. The assumption of constant surface concentration means that
interfacial diffusion is ignored. Constant diffusivity over the RH range must also be assumed

A solution to this problem was presented by Crank [146] as shown in Equation 3.28.

C—Co_ M _, si 1 D(2n + 1)?m?t .
B - m? 0(2n+1)2eXp [2 (3.28)
n=

Co—Co My

The value for M., was taken from the exponential fit and this equation was applied up to n=20,
this approximation was found to be satisfactory with an error of <1%. When using this model
THz-TDS has a distinct advantage as the membrane thickness is simultaneously determined
and does not therefore need to be estimated as with other methods [130] or assumed constant

[142].

Variation and additions to this model have previously been used and include interfacial
diffusion [130,142—-144] and the system response of the humidity change [304]. Through the
use of thick membranes, the impact of interfacial diffusion is reduced, as such the expected
change in shape [143] was not observed and through the exponential model only one process
was found. Whilst the humidity change was not instantaneous, adopting this variable into the
model requires fitting the changing humidity to an exponential which does not fit the data due
to the PID control in the THz-TDS. The model was used without these additions however, it is

important to note assumptions and hence limitations.
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For comparison to the terahertz diffusivity measurements, complementary DVS measurements
were obtained for comparison. Fitting of the DV'S results was similar to the THz data however,
the humidity response was slower and while initially appearing to be exponential, when fitting

the measured RH to the exponential model, it did not fit as seen in Figure 3.19.
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Figure 3.19 - Example fitting of DVS relative humidity using exponential model.

As a result, the theoretical model with an included exponential RH response could also not be
used. The RH response was more significant for DVS measurements than the THz, this was
likely due to the different control schemes and the gas flow limitations when using a
gravimetric technique. RH response therefore had to be included, particularly for higher RH
where the response was slowest. Due to this, finite element analysis was proposed as the RH

data could be used directly rather fit to a model.

To use finite element analysis all the boundary conditions have to be defined. As this is a
symmetric system only half of the membrane needs to be modelled with a boundary at the

centre and another at the interface. At the centre of the membrane the value of Cy 4ax and
Ctno—ax should be equal and therefore can be substituted into equation 2.30 resulting in

Equation 3.29.
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2DAtCp -y + (Ax? — 2DALC, )

Ceratmg = = . x=0, t>0 (329

At the air-membrane interface the normalised RH data can be used as shown in Equation 3.30.

Ht_RHO l

R
CW = CO + (COO_C()) X = iz;

- >
TR t>0 (3.30)

Where RH;, RH, and RH,, are the relative humidities at time t, t=0 and steady state
respectively. This is an approximation as the water concentration is not linearly dependent upon
RH however within the 10% RH intervals chosen this should not cause significant error. For
larger changes in RH or more nonlinear water uptake regions such as 0-10% RH a fitted
nonlinear model would be recommended. As with previous solutions the initial distribution can

be assumed to be constant as described by Equation 3.31.
C,, = Co, ——<x<= t=0 (3.31)

If an equilibrium is not achieved before the experiment this will not be the case as with the
initial DVS measurements using just 1.5 hours per RH step change. Using Eulers method for
internal nodes given by Equation 2.30, allows for all nodes to be calculated starting from t=0.
To minimise the truncation error a small step size is desired and due to the limitation of the
Fourier number, a step size of 0.05 seconds (100 points per RH datapoint) and 50 points in the
x direction were chosen. This would satisfy the Fourier number limit up to diffusivities of 3*10°
7 ¢cm?/s for all thicknesses of Nafion 117. This diffusivity was used as the upper limit when
fitting sorption and desorption curves with a minimum of 1*10” cm?/s. Modelling and fittings
were implemented in Matlab using the residual sum of squares for the error function. The error
function was minimised using a particle swarm algorithm which is based on golden section

search and parabolic interpolation. A block diagram for this method is shown in Figure 3.20.
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Figure 3.20 - Block diagram for method used to fit diffusivity using finite element analysis.

Validation of the finite element analysis was achieved by comparing the finite element analysis
to the theoretical model presented by crank [146] up to n=100. To do this the finite element

was modified to include the same interfacial boundary condition as shown in Equation 3.32.

,  t=0 (3.32)

N[ e~

CW:C1, x:i

The comparison of the finite element model with the theoretical model is shown in Figure 3.21
using D = 2x10° cm?/s. This shows that the finite element model is accurate and can therefore

be applied.

99



Finite element
Theoretical

c o o
N o ©

<
o)

o ©
w

WU(t)-WU(0)/WU( o0 )}-WU(0)

0 | | | | 1 1 1
0 10 20 30 40 50 60 70 80 90

Time (minutes)
Figure 3.21 - Finite element analysis comparison with theoretical model, D=2x10-8.

Following this, the THz-TDS measurements were also fitted using this approach as it was clear
that the RH response could have a significant impact on the fitting and extracted diffusivity.
Unfortunately, due to the humidity sensor used, this also introduced additional uncertainty due

to the slow sensor response as discussed in chapter 5.

3.8 Summary

In summary this chapter has covered the experimental methodology for all studies presented in
his thesis. This includes the samples used and their preparation for THz-TDS testing. The
design of a relative humidity-controlled environment for insitu THz testing. This is followed
by the integration of a motorised stage to enable a greater range of further studies. The
procedures used to characterise membranes in steady state, transient and hygral swelling
studies have also been covered. The measurement procedures and subsequent analysis of water
uptake and states using THz-TDS was developed. Further techniques used in the
characterisation of water within PFSA membranes using differential scanning calorimetry,

thermogravimetric analysis and dynamic vapor sorption have also been realised. Finally, the
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fitting of transient water uptakes to diffusion models has been achieved. Empirical and
theoretical models from literature have been used but found to be dissatisfactory leading to the
development of a new approach utilising finite element analysis to include the impact of the

humidity response.
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4 Results — Steady state

Fuel cells and electrolysers are generally operated under hydrated steady state conditions for
optimum performance. Membrane performance is highly dependant upon this level of
hydration and may also be operated under reduced humidities, for example under start up
conditions and therefore, understanding the role of hydration for cell performance is critical.
In this chapter the water uptake and water states in a number of commercially available PFSA
membranes have been probed using THz-TDS under steady state conditions using a bespoke
humidity-controlled chamber. In addition, THz water states have been compared to water states
from other techniques, freezable and non-freezable water using differential scanning
calorimetry. Also, the HOH bending vibration of water molecules associated with SO3~ groups
in a band located at 1630 cm™! within the FTIR spectrum. The works shown within have been

published [283,305,306] but contains additional information and results.
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4.1 Model validation and fittings
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Figure 4.1 — Example measurement and fittings of the complex transfer function for Nafion 117 (a),
Nafion 211 (b), Nafion XL (c), Nafion 212 (d), Aquivion E98-05S (e) and Fumasep F10120-PK (f) as

function of RH.
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Acquired transfer functions and their fittings can be seen in Figure 4.1 for a repeat of each
membrane studied, which shows a good quality of fit for both amplitude and phase which
decrease for each sample with increasing humidification. It can also be seen that the thicker
membranes such as Nafion 117 and Fumasep F10120-PK have significantly more absorption

and time delay than thinner membranes such as Nafion 211 and XL.

Given the quality of the fits and a general agreement with the micrometre-measured
thicknesses, the response therefore confirms the broad applicability of our data analysis
algorithm [283]. It also highlights that this data can be well described by a double Debye
response (Equation 3.6) as demonstrated in Table 4.1 for Nafion 117 with 7, fixed to the bulk
water time constant at 8 ps. Such a value is also observed in pure water in terahertz region
[269,287,298,307] as well as hydrated Nafion 117 measured using dielectric spectroscopy
[200]. As expected, there is an increase in the dielectric strengths of the bulk and free Debye
relaxations with increasing humidification, these correspond to the quantity of bulk and free
water which have both been shown to decrease under desorption experiments [234,283]. A
decrease in the membrane thickness can also be seen due to the membranes shrinking during
the desorption process as the membrane no longer needs to accommodate as many water

molecules.

Table 4.1 - Double Debye parameters of Nafion 117.

RH (%) o Ag, As, 7,(ps) | Thickness (um)
0 2.41 0.38 0.31 0.078 171.3
10 2.51 2.03 0.45 0.11 175.1
30 2.51 4.02 0.60 0.14 181.2
50 2.58 5.96 0.72 0.15 185.0
70 2.59 8.81 0.81 0.17 190.2
87.3 2.70 12.53 0.94 0.19 194.8

To explore the possible impact of temperature variations on fittings, Nafion 117 fittings were
obtained using different bulk dielectric times from 6-10ps representing a range of 15-40°C.
Negligible impact was observed for all the fitting parameters with the exception of the bulk
dielectric strength as shown in Figure 4.2. Based on Figure 3.17, the relaxation time is expected
to vary by a maximum of ~1ps within the measured temperatures across all experiments.
Therefore, some small variations to the fitted bulk dielectric strength are expected and may

result in some uncertainty.
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Figure 4.2 - Fitting of 90% RH Nafion 117 bulk dielectric strength as a function of bulk relaxation time.

Figure 4.3 shows examples of the extracted dielectric response for the Nafion, Aquivion and
Fumasep membranes at measured RHs of 0%, 10%, 30%, 50%, 70% and 86-90%. As expected,
both the real and imaginary components of the complex dielectric permittivity increase with

humidity [200].
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Figure 4.3 — The real and imaginary parts of the complex dielectric permittivity of Nafion 117 (a),
Nafion 211 (b), Nafion XL (c), Nafion 212 (d), Aquivion E98-05S (e) and Fumasep F10120-PK (f) at
different RHs.

These results therefore confirm that these hydrated membranes contain water molecules with
reorientation dynamics similar to bulk water molecules [200,234,283]. The data obtained in the
current study for Nafion 117 is additionally consistent with data at RHs controlled using salt
solutions where our measurements are also in agreement with prior work that used cuvettes

shown in Figure 4.4 [272,308], which extends down to sub-GHz frequencies. Small differences

106



could possibly be due to variations in how the membranes have been pre-treated and their

thermal history.
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Figure 4.4 - Fitted permittivity comparison of Nafion 117 hydrated using saturated salts with literature
[272,308].

4.2 Water uptakes

Using the extracted thicknesses and optical parameters of the hydrated membranes, effective
water thicknesses were determined using Equations 3.2 and 3.9 to produce humidity dependent
WU as shown in Figure 4.5. These results are compared against literature values acquired using
gravimetric based DVS [86,96,111,154,155,158,226,309-313], where a general agreement
between the nonlinear uptake profile is observed for the different Nafion membranes and the
Aquivion E98-05S with small differences between the absolute WU values. No WU literature
values were found for Fumasep F10120-PK for comparison however DVS measurements were

obtained for comparison.
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Figure 4.5 — Isotherms of Nafion 117 (a), Nafion 211 (b), Nafion XL (c), Nafion 212 (d), Aquivion E98-
05S (e) and Fumasep F10120-PK (f) from THz-TDS against literature DVS values
[86,96,111,154,155,158,226,309-313].

Due to a lack of temperature control in the realised chamber, variations are also be expected.

In the case of Nafion XL, these differences are additionally convoluted by the hysteresis [310]

where the only accessible literature data is related to sorption instead of desorption [111,311].

The Aquivion E98-05S literature data was also sorption of the extruded ionomer [312] and

experimental details were not available for the other values [86,96]. These results therefore
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suggest that effective medium theory can be used to estimate the effective water thickness,
which reduces to zero at 0% RH resulting in a zero WU in line with DVS measurements where
residual water is generally ignored [86,111,161,162,314]. Here the residual water is also
calculated which generally requires an elevated temperature for removal [161] as the measured
value at 0% RH using equation 3.2 with an assumed dry membrane absorption coefficient of
0. While these are generally in agreement with literature values, our values are slightly lower
for Nafion 211 and XL [86,315,316], this is possibly due to some uncertainty or greater water
removal but is consistent with the small offset observed for the results seen in Figure 4.5. In
general, the Fumasep F10120-PK is close to the DVS results with the biggest difference seen
for 90% RH where the DVS is measured in sorption and an equilibrium has not been reached

as seen in Figure 4.6.
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Figure 4.6 - DVS water uptake and relative humidity profile for Fumasep F10120-PK.
Figure 4.7 shows the comparison of water uptake for the membranes tested, in general the
values are similar with Nafion 117, Nafion 211, Nafion 212 and Aquivion E98-05S having
almost the same water uptakes. As the Aquivion E98-05S has a lower equivalent weight at
980g/mol than the Nafions at 1100g/mol, the water uptake was expected to be higher as water

uptake decreases with increasing equivalent weight [86,317,318]. However, the water uptake
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is notably lower in the Aquivion ionomer at a given EW and similar values have previously
been observed for these membranes [317]. Nafion XL has a lower water uptake than the other
Nafion membranes despite being made from a lower equivalent weight PFSA ionomer [319].
This is due to its Cerium additives [319] and the ePTFE reinforcement which is hydrophobic
and therefore increases the membranes equivalent weight inside the ePTFE reinforced layer,
whilst the non-reinforced surface layers retain the lower equivalent weight [320,321]. The
Fumasep generally has a lower water uptake than the Aquivion E98-05S and Nafions 117, 211
and 212, at low humidities the water uptake is lower than Nafion XL but at higher RH is similar
and even higher at 90% although within the errorbars. This membrane is reinforced and has the
highest equivalent weight therefore, a lower water uptake is expected although its PFSA

chemical structure is unknown and this could have an impact as seen with Aquivion and Nafion.
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Figure 4.7 - Water uptake comparison of Nafions 117,211, XL, 212, Aquivion E98-05S and Fumasep
F10120-PK.

4.3 Water states

Using the extracted model parameters from Equations 3.10-3.12 in a manner similar to previous
studies [233,234,283], Figure 4.8 shows the proportion of RH dependent water states in the

Nafion, Aquivion and Fumasep membranes. As expected, the relative proportion of bulk water
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increases with increasing humidification, while a concomitant decrease in bound water is
observed. This behaviour is generally in qualitative agreement with understanding [86] and
observations made using other characterisation methods (e.g. DSC [211], dielectric
spectroscopy [200]), membrane systems [233] and prior work [283]. In particular, bound water
dominates at low RHs and as the water activity in the membrane increases through
humidification, the proportion of bound water contribution decreases in exchange for increase

in bulk water.
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Figure 4.8 - Humidity dependent water states of Nafion 117 (a), Nafion 211 (b), Nafion XL (c), Nafion
212 (d), Aquivion E98-05S (e) and Fumasep F10120-PK (f).
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The value of RH at which there is a crossover between bulk and bound water is different for
membrane types and thicknesses. Specifically, the crossover points for Nafion 211, XL and 212
occur at ~30-40% RH, lower than the ~60% RH observed for Nafion 117. This may be due to
the 117 membranes being extruded as opposed to dispersion casted [322,323]. This results in a
membrane with a higher crystallinity [173] which was previously found to decrease the
proportion of bulk water [283]. At high RHs, bulk water proportions for Nafion XL and 117
are similar, resulting in similar proton conductivities [111,324], but are ~5-6% lower than
Nafion 211 and Nafion 212. The reduction in bulk water within Nafion XL compared to Nafion
211 and 212 suggests that water domains have been disrupted under hydrophobic PTFE
reinforcements, thus decreasing the ability of the membranes to accommodate water, consistent
with a reduced WU as seen in Figure 4.5 and consequently a reduced proton conductivity
[111,325]. Comparing the Aquivion to the Nafion membranes it was found that the fraction of
bulk water is lower than the Nafion 211 and XL at low humidities but higher than Nafion 117,
yet at higher humidities the Aquivion membrane has the highest fraction of bulk water. This is
likely due to the different ionomer used which has a shorter side chain and a higher ion
exchange capacity at >1meq/g compared to Nafion at 0.9meq/g. The fraction of bulk water in
Aquivion was expected to be higher than the Nafions due to the higher ion exchange capacity
and proton conductivity [96]. However, this is possibly due to short chain PFSAs such as
Aquivion having smaller but more widespread ionic domains [86,98] which form better
developed channels [97]. The Fumasep had the lowest proportion of bulk water at all
humidities, this is probably due to the lower water uptake and structure of this PFSA which
isn’t disclosed but has long side chains and the lowest ion exchange capacity at 0.79meq/g, this

membrane also has a PEEK open mesh style reinforcement which could impact the water states.

4.4 Differential scanning calorimetry

DSC is routinely used for discriminating and quantifying freezable and non-freezable water
content in membrane systems [209,211-216], which can provide an indication of the water
states. Therefore, DSC measurements were performed on the same Nafion 117 membrane used
in terahertz measurements to compare the distribution of water states derived from these two
techniques. Figure 4.9 shows the freezable/non-freezable water content estimated from our
DSC measurements against DSC literature values [209,211-214]. Our DSC results are broadly
consistent with the trend observed in the literature values, although differences are observed

for the fully humidified sample, which exhibited a slightly higher freezable (and lower non-
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freezable) water content compared to literature. One possible reason for these differences is
that the water evaporation peak was used in the DSC thermogram to estimate the total water
content, while it is more common in the literature to calculate this by TGA. A difference may
arise because the DSC calculation assumes the enthalpy of water vaporisation to be the same
in the membrane as it is for liquid water, which may contribute a significant source of error. To
investigate this, TGA was performed on the fully humidified Nafion 117 to estimate the total
water content and the associated data points from Figure 4.9. Importantly, the total water
estimated by TGA was found to be slightly lower than that estimated by DSC, so this cannot
account for the deviation between our non-freezable water calculation and that reported in the
literature. Hence, there must be additional experimental factors that are responsible for this
discrepancy, and these are discussed further in Section 4.3. Importantly, the use of TGA to
estimate the total water introduces considerably more error to the water states information
compared to the use of DSC for this purpose, which highlights a potential weakness in using

this approach for quantitative analysis.

In order to compare terahertz bulk/bound against DSC freezable/non-freezable water content,
terahertz water fractions were converted from Figure 4.8 into their respective water content as
described above, where a similarity between the respective trends can be observed consistent
with other hydrophilic polymers [263]. Despite this similarity, terahertz generally reports a
higher bulk water content than DSC freezable water for a given total water content (Figure
4.9a) possibly due to: 1) bulk water fusion enthalpy being used to estimate freezable water
content from DSC as opposed to a lower membrane dependent value [210], which would
increase the freezable water content; 2) total water content used to calculate water states from
DSC is often independently measured gravimetrically [209,212,213,215], which can introduce
considerable uncertainty; 3) differences in the boundary between the water states being probed
[263] resulting in some of the non-freezable water being incorrectly categorised as bulk water
by the terahertz measurement. The latter difference arises from different physical parameters
being measured e.g. water fusion enthalpy by DSC as opposed to bulk water dielectric strengths
by terahertz. Water states are likely to change based upon temperature and it is possible that
some bulk water can become loosely bound as temperature decreases. Temperature is known
to influence the reorientation dynamics of water are impacted shown by changes to the
dielectric strength and relaxation times of bulk water with temperature [200,264,287-296]
therefore the water states are likely impacted. Whilst there is also some similarity between the

trends between non-freezable and bound water (Figure 4.9b), this similarity is less compared

113



to the freezable/bulk water case. This is possibly due to uncertainties from the independently
measured water content, which is additionally convoluted by aforementioned factors that

propagates into the respective water content calculation.
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The use of DSC to quantify freezable water content can be challenging, particularly when
attempting this at different, controlled total water contents. For measurements using fully
humidified membranes, the water freezing/melting events are easily detectable in the
thermograms but, as noted in section 3.5, supercooling effects can lead to crystallisation loops
[326] which may compromise the quantification. Such effects can be minimised by employing
a slow temperature ramp and/or employing temperature modulated DSC, in which a sinusoidal
perturbation is superimposed on the linear temperature ramp. Humidity control is not typically
possible using DSC instrumentation, so to perform DSC measurements on membranes at
known levels of humidity below saturation is difficult to achieve accurately. In this work the
membranes were equilibrated at 85% RH in an environmental chamber, but as soon as the
sample is removed from the controlled environment, re-equilibration with the ambient lab
conditions will begin instantly. Whilst steps were taken to minimise the ambient exposure time,
it is very likely that the actual water content at the point of measurement will have decreased
by an unknown amount. The impact of this will depend not only on the thickness of the
membrane (thicker membranes are expected to re-equilibrate more slowly than thinner ones),
but also the type of crucible used in the DSC measurement (i.e. whether or not it creates an air-
tight seal). Furthermore, the water freezing events in the DSC thermograms for the 85% RH
samples were very weak, so measurements at lower total water content would be expected to
be below the limit of detection (this was confirmed by the absence of any detectable freezing
events in membranes equilibrated at ~50% RH). Hence, DSC is limited to a relatively narrow
range of total water contents, and even for the samples equilibrated at 85% RH, a considerable
uncertainty can be expected (of the order of 20%) associated with the low signal-to-noise and

difficulties selecting appropriate baselines for the peak integration.

4.5 Fourier transform infrared spectroscopy

FTIR spectroscopy can provide an alternative means to characterise water in PFSA membranes.
In particular, Kunimatsu et al [202] demonstrated that there is a correlation between the
intensity of the band at 1630 cm™! (assigned to the HOH bending vibration of water molecules
associated with SO3;~ groups) and the membrane proton conductivity. To compare our terahertz
measurement against the FTIR data reported by Kunimatsu et al [202], an equivalent
experiment was performed in which a 90% RH hydrated Nafion 211 membrane was
continuously purged with dry air and the terahertz response was recorded as a function of time

during membrane dehydration. Figure 4.10 compares the dielectric strength for bulk relaxation,
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which is associated with bulk water (see Equation 6) against the reported area under the

1630 cm™! peak [202]. A correlation can be observed between the two datasets, suggesting that

the extracted terahertz bulk relaxation data may serve as a proxy for proton conductivity.
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Figure 4.10 - Terahertz bulk dielectric strength for comparison with literature FTIR peak area [202].

In contrast to DSC, humidity control with FTIR during measurement is more straightforward

[202] and the measurement is sensitive enough to detect very low amounts of water. The most

significant challenge with FTIR, however, lies in the analysis and spectra interpretation as the

OH" stretching and HOH bending IR modes are typically very broad and comprise multiple

peaks. Deconvoluting these multi-component bands by peak fitting is therefore challenging

and uncertainties arise as to the individual component bands assignment. Moreover,

quantitative FTIR spectroscopy is not recommended without appropriate calibration data, as

absorbance does not necessarily scale linearly with analyte concentration, particularly in highly

concentrated, strongly absorbing media like water [327].

4.6 Dynamic vapor sorption

Sorption isotherms can be fitted with a variety of models including Park’s multi-sorption model

[207,300-302] which describes the total water uptake as the sum of three sorption mechanisms
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giving rise to associated water populations. The water sorption isotherms of PFSA ionomer
membranes provided by Johnson Matthey were obtained using dynamic vapor sorption. These
isotherms were fitted with Park’s multi-mode adsorption model [207] to extract the water
populations of specific absorbed water associated to the mechanisms of Langmuir adsorption
at low water activity, non-specific adsorption in accordance with Henry’s law and clustering at

high water activity. The fitted isotherms can be seen in Figure 4.11 where a high quality of fit

can be seen.
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Figure 4.11 - Parks model fitting of sorption isotherms from DVS data of ionomers A1-A6 provided by
Johnson Matthey.

The fitting parameters can be used to calculate the relative proportions of each water population
as seen in Figure 4.12 where similar trends can be seen for all membranes tested although small

differences can be observed such as the population of specific absorbed water present at 0 water

activity and non-specific absorbed water at a water activity of 1.

117



A1l A2

100 — 100
s 4 - O
— Psa — I'. Onga
o ) \ o (W
E 50t S 50 ‘e
-] '\‘ = |'I \\
\‘m._ \R
ot = 0 e
0 02 04 06 08 1 12 14 0 02 04 05 0B A 12 14
Water activity a w Water activity a w
A3 A4
100 . - - 100
O 4 LYY
— f nsa — 4 nsa
o . )
E 50 ' e < 50 e
=S \ = \
\\\ \\\\
ok . e ol . A —
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
Water activity a w Water activity a w
A5 A6
100 . — 100 . : : : .
— LYY LT
—_ h nsa —_ ) Onsa
o ' 2 ¥ [
E 5 H ‘e = 50 i e
= >
\_ N
ok . — ot : . e ——
0 02 04 06 08 1 12 14 0 02 04 06 08 A 12 14
Water activity a w Water activity a w

Figure 4.12 - Normalised water content of water associated to the mechanisms of Langmuir
adsorption at low water activity 6sa, non-specific adsorption in accordance with Henry’s law Oysa and
clustering at high water activity 8¢ for lonomers A1-A6 provided by Johnson Matthey.

As the non-specific adsorbing water corresponds to water with the highest mobility, which has
been shown to correlate to non-freezable water [207], Figure 4.13 compares the non-specific
adsorbing water against terahertz bulk water fractions previously obtained [283] for the same
membranes. These measurements were obtained over a 25-minute duration in the ambient
environment (approximately 26 °C and 41% RH) from a hydrated state. For comparison the
bulk water fractions at t=0 were compared with an estimated equivalent water activity of ~0.8
and t=25 with water activity ~0.4 for lonomers A1-A6 where some similarities between the
trends can be observed. However, there are some discrepancies, e.g. lonomer A5 at t =0,
Ionomer Al and A6 at t=25, but these are relatively small compared to the changes at t=0
between Ionomers Al, A2 and A3-A6. These discrepancies could be due to uncertainties
associated with membrane water activity, and the fact that single point measurement is taken

in THz-TDS as opposed to over an entire membrane by DVS.
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Figure 4.13 - Comparison of non-specific adsorption in accordance with Henry’s law extracted from
DVS with aw of 0.8 (a) and 0.4 (b) against bulk water from THz-TDS at the Oth minute (a) and at the
15th minute (b) for lonomers A1-A6 provided by Johnson Matthey.

4.7 Summary

In this work, the possibility of quantifying water uptake and states inside a variety of Nafion
membranes has been demonstrated as well as Aquivion E98-05S and Fumasep F10120 using
the proposed humidity-controlled THz-TDS. This has produced WU data consistent with
literature DVS values and water state trends are in general agreement with literature DSC and
FTIR data. Whilst differences have been observed these are likely due to the different physical
phenomenon probed and differences in the water state boundaries. Even though water states
within PFSAs have been probed, without a loss of generality, the proposed technique is also
applicable to other membranes such anion exchange membranes, where THz-TDS has also
demonstrated sensitivity with results consistent with complementary small-angle x-ray and
neutron scattering measurements [328]. As an emerging technique, table-top based humidity-
controlled THz-TDS can probe samples rapidly and non-destructively under controlled
environments thus opening up opportunities for future membrane testing for greater material

insights to enable optimisation particularly in performance-stability trade-offs.
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S Results — Diffusion and Hygral

swelling

The results of steady state water uptake and water states have been covered in Chapter 4. Whilst
membranes spend the majority of their time operating at steady state there are transient periods
where hydration is changing. In this chapter the scope of this work is extended to the study of
changing membrane properties over time. Firstly, the transient water uptake response has been
studied in response to changes in humidity to study membrane water diffusivity. The feasibility
to use extracted membrane thickness has also been explored and compared to complimentary
methods to allow studies of hygral swelling and dimensional stability. The works of swelling

shown within have been published [305] but contains additional information and results.
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5.1 THz diffusivity

THz-TDS has demonstrated its capability to quantify steady state water uptake within a
humidity-controlled environment. Under transient humidity conditions a membrane
experiences a change in water uptake as water diffuses into or out of a membrane. As a
motorised stage was added to the humidity-controlled chamber as described in Chapter 3, the
capability to obtain measurements every 2 minutes was obtained, and hence transient water
uptake studies of diffusion were possible. Ideally for a transient diffusion study the relative
humidity exposed to the membrane would change instantaneously as assumed in a many
models. In reality some time is required to obtain the new setpoint but should be minimised as
much as possible, particularly for thin membranes where a rapid change in water uptake is
observed and the change in humidity becomes a more significant factor. Reducing the impact
of humidity change and also interfacial resistance are the reasons for studying the thick Nafion
117 membrane throughout this diffusivity study, rather than thin membranes such as Nafion
211. During the steady state experiments, temperature was not controlled and subject to
changes in the ambient environment. In this study of diffusion, the temperature was also not
controlled however, due to frequent use of the motorised stage an increase from the ambient

temperature was observed due to heat generated by the motorised stage as seen in Figure 5.1.
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Figure 5.1 - Temperature variations during diffusion experiment.
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As references were taken for every measurement during the first 20 minutes a rise in
temperature occurred due to the use of the stage, after which a temperature decline can be seen
due to a reduction in generated heat as references were then obtained every 10 minutes.
Although the temperature rise was only a couple of degrees, this has impacted the humidity
response which can be seen in Figure 5.2. Due to this increase in temperature, sorption from
80 to 90% RH was not possible as the humidifier was at a lower ambient temperature than the
chamber which now required a higher absolute humidity to reach 90% RH. Additionally, the
temperature and humidity were not recorded for the 60 to 30% RH measurements due to a
software bug. A repeat was later taken to obtain an RH response for analysis and modelling
with finite element analysis. The THz-TDS was no longer available so only RH data was
acquired which will lead to some additional uncertainty, the stage was also moved to replicate
the heating effect despite not being needed when not obtaining the THz measurements. A repeat
for 90-60% RH was also repeated without the THz-TDS to observe the consistency of the RH

response and a close match was observed.
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Figure 5.2 - Relative humidity step changes with THz-TDS setup for (a) sorption and (b) desorption.

Variations to the humidity response can be seen for the different RH step changes and a trend
in the humidity response can be observed. In general, a small delay of approximately 1 minute
is seen is due to some delay in the piping system, software and a humidity response from the

sensor which is listed at 29 seconds (T 63%) under 1m/s airflow by the manufacturer, as the air

Time(minutes)
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velocity is lower than 1m/s, the response will likely be slower. The humidity achieved is
initially lower than the setpoint for both sorption and desorption at approximately 10-30
minutes as seen in Figure 5.2. This is not observed for steady state measurements where the
stage is not used and is likely due to the increasing temperature. Additionally, some oscillation
is observed at steady state and is likely due to the decreasing temperature. A dip in the response
for 70 to 80% RH can be observed at 20-30 minutes, this was due to the rise in temperature
and the dehumidifier not capable of producing a higher humidity due to its lower temperature.
Whilst the humidity response is similar for the different step changes it is clear that
improvements to the humidity sensor, control algorithm and reducing heat generation could

produce a faster and more consistent humidity response.

The acquired waveforms obtained from measurements of Nafion 117 were processed using the
same methods as with steady state measurements. The fitted double Debye parameters were
acquired as shown in Figure 5.3 where an exponential change in the dielectric strengths of bulk
and free water as well as membrane thickness can be seen. The infinite dielectric constant
generally remains within 2.4-2.5 for all humidities whereas a small increase from 2.41-2.7 was
seen in steady state measurements as shown in Table 4.1. This is possibly due to the sample
being free to shrink and contract whereas the sample was clamped in a frame to avoid in-plane

shrinking during steady state measurements
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Figure 5.3 - Fitted double Debye parameters for transient water uptake of Nafion 117 under (a)
sorption and (b) desorption.

The water uptake can be seen in Figure 5.4 which shows exponential behaviour for both the
sorption and desorption in response to the changes in humidity with a rapid initial response

followed by steady state as the membrane reaches an equilibrium with the environment. Some
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variation to the steady state water uptakes between sorption and desorption can be seen. Water
uptake hysteresis can be expected however, some sorption steady state values are higher than
desorption which is inconsistent with hysteresis and is likely due to differences in temperature
or membrane expansion/contractions. These variations are consistent with the uncertainty

between repeat measurements shown in the steady state studies.
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Figure 5.4 - Transient water content measured with THz-TDS.

The water uptake response of the membrane can be fitted to both the exponential and analytical
model, with some good fits achieved as demonstrated for sorption between 30 and 40% RH in
Figure 5.5. However, the initial rate using the analytical model tends to be too large particularly
at high RH as seen in the fit for 70 to 80% RH, this is likely due to the RH response or interfacial
resistance. It can be seen that the final value of normalised water uptake at 90 minutes is not 1
which is due to the variations in the steady state water uptake and hence steady state water

uptake is fitted when applying the exponential model.
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Figure 5.5 - Example fitting for water sorption from (a) 30 to 40% RH and (b) 70-80% RH using
exponential and analytical models.

All model fittings with the analytical model are shown in Figure 5.6 and it can be clearly seen
that the rate of change in water uptake is slower for membranes at higher humidities. It can
also be seen that the rate of change for sorption is slower than desorption and is consistent with

prior literature observations for transient water diffusion experiments [142,145].

127



Sorption

— ———— T = = T

—30-40 -
40-50
50-60
60-70
70-80

0! ! L L \ L | | |
0 10 20 30 40 50 60 70 80 90

Time(minutes)
(b) Desorption

e —

90-80
80-70
70-60
60-50
50-40
40-30

WU(t)-WU(0)

WU (00)—WU(0)

0 L 1 1 1 1 L 1 1 1
0 10 20 30 40 50 60 70 80 90

Time(minutes)

Figure 5.6 - Analytical Model fittings for (a) sorption and (b) desorption.

The RH response is not instantaneous as assumed in the model. Due to the slow response of
the RH in the DVS measurements, finite element analysis was used to fit the diffusivity in
addition to the analytical solution and a significant difference in the extracted diffusivities was
observed. Due to this, finite element analysis was also applied to the THz-TDS data as shown
in Figure 5.7. Whilst satisfactory fits with DV'S were obtained using finite element analysis and
the RH data, the quality of fit to the THz-TDS data was not as good as expected, there are some
reasons for this. First the sensor delay and slow response seen in Figure 5.2 as well as the slow
decrease in water uptake seen from approximately 50 minutes which is likely due to the change

in temperature and possibly sensor response. Temperature is known to impact the relaxation
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time of bulk water and was expected to have a minor impact within the temperature range.
However, as this study is observing small changes in water uptake within 10% RH intervals,
these temperature variations have become more significant. Due to this decrease only the first
60 minutes was fit and the steady state water uptake was fit as an additional parameter. The
undershoot of the RH setpoint at 10-30 minutes results in a hump in the fits which is not
necessarily observed in the THz-TDs data although it may be hard to see due to some

uncertainty in the data.
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Figure 5.7 - Fittings of THz-TDS diffusion using finite element analysis.
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5.2 DVS diffusivity

To complement the THz diffusivity data, a measurement was obtained using DVS using the
same experimental procedure with 80-90% RH additionally measured. However, the
membrane and humidity response were slower and not close to steady state at 90 minutes.
Therefore, the measurements were extended based on the initial results according to Table 3.5
and as shown Figure 5.8. Figure 5.9 shows that the humidity setpoint was not reached, with
most reaching higher humidities than the setpoint despite being close to steady state, this is

likely due to the method of humidity control which has no feedback.
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Figure 5.8 - Humidity and water uptake response of DVS measurement.

Figure 5.9 shows the normalised humidity response which shows that the DVS takes longer to
reach RH steady state and is the reason for the longer experimental time. A slower response
with increasing humidity for sorption can also be seen whilst desorption only has a small
deviation in response. The slower diffusion and this slower humidity response are the reason

for increased experimental time at higher humidities.
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Figure 5.9 — Normalised relative humidity step change response of DVS.

The water uptake response was modelled using finite element analysis with the RH response
included. This was important in achieving a good fit as even after 90 minutes when the THz
measurements were finished, the humidity is still changing. The data was fit across the whole
experiment unlike the THz as the associated issues were not present. As can be seen in Figure
5.10, the rate of change decreases with increased humidity which is consistent with the THz,
although this is now partially due to the humidity response during sorption. The desorption rate
also appears faster and is consistent with the THz shown in Figure 5.7. The quality of the

fittings are better than the THz which is likely due to the fast RH sensor response, temperature
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control, reduced water uptake uncertainty and lack of oscillation in the RH due to the PID

control.
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Figure 5.10 - Fittings of DVS (a) sorption and (b) desorption diffusion using finite element analysis.

When using finite element analysis, the spacial variation of water uptake can be extracted as
shown in Figure 5.11. It should be noted that as this is based upon modelled data where only
the average is compared to experimental data and RH data is used at the interface, the spacial

water uptakes extracted are likely to contain some inaccuracies but do provide some insight
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into water diffusion. The inaccuracies are particularly significant for the THz data where the
RH data is less reliable due to the sensor response and hence has not been studied. As interfacial
diffusion was not considered and the interface was assumed to be at equilibrium with its
ambient humidity, the y-axis intercept demonstrates the change in relative humidity. As
expected, water diffuses from the interface into the membrane and water uptake rapidly
changes close to the interface, whereas a slower response can be seen as the distance from the
interface increases and it can be seen that it takes over 1 minute for water to begin diffusing

into the centre of the membrane.
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Figure 5.11 — Example of modelled water uptake profiles across the membrane from DVS
measurement of Nafion 117 from 30 to 40% RH.

The fitted diffusion coefficients can be seen in Figure 5.12 for THz and DVS using finite
element analysis both with and without RH inclusion. The data shows a decrease in diffusion
coefficient with increased humidity and higher diffusivities for desorption which is consistent
with prior transient studies [130—132]. The data also shows the expected increase in diffusion
coefficient when including the RH response with the finite element model with the exception
of the THz 80-90 desorption, this is likely due to the measurement having the highest overshoot
in the RH response as previously seen in Figure 5.2. The fitted diffusivities help to demonstrate

the impact of the humidity response, which is significant with an increase of 25£11% and
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38+46% for the THz sorption and desorption respectively. As expected, the increase was higher
for the DVS with 74+5% and 57+10% increase seen for sorption and desorption respectively,
the deviation on these values is likely lower due to the more consistent RH response and
reduced water uptake uncertainties. The diffusion coefficients of the THz data are generally
higher than the DVS both with and without RH response, this is possibly due to a number of
factors. The air flow rate in THz is higher and therefore any impact of interfacial resistance
would be expected to be reduced. The slow response of the RH sensor used in the THz chamber
would also be expected to result in a higher fitted diffusivity. The slower RH response of the
DVS would also decrease the fitted diffusivity when not including the response in the model,
this is consistent with the closer extracted diffusivities between THz and DVS when using the
RH response with the exception of the THz desorption in the 30-60% RH range which is likely
due to the need to reproduce the RH response for that data.
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Figure 5.12 - Water diffusion coefficient in Nafion 117 membrane from finite element analysis.

The diffusivity coefficients from finite element analysis have also been compared to literature
transient DVS diffusivity coefficients [130—132] as shown in Figure 5.13. An average of
sorption and desorption was used and plotted using the higher humidity of the step change as

found literature. In general, all data shows the same trend with a plateau at 30-50% RH and
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decreasing diffusivity at lower and higher humidities. Whilst there is some spread in these
values, the variations are within expectations based on literature values across all techniques
as seen in Figure 2.7. The spread for transient studies is likely partly due to the different fitting
methods used as this work and these literatures have all used different models. The temperature
is also different with 25°C [130,132] and 30°C [131] used in literature whereas 20.5°C was
used in the DVS data and the temperature uncontrolled at 19-25°C for the THz measurements.
Diffusivity is known to increase with temperature [130,131,150] and the data appears to fit this
trend making it a likely cause. It should also be noted that the spread in diffusivities is lower in
Figure 5.13 than Figure 2.7 due to the use of RH for the x axis rather than water content. This
is likely due to uncertainty in the water content as factors such as residual water and hysteresis

can impact extracted water uptake.
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Figure 5.13 - Comparison of relative humidity diffusivity coefficient with transient DVS literature [130—
132].

5.3 Swelling

Membrane thickness is a fitting parameter of the THz-TDS analysis, and the technique can
therefore be used to understand the dynamics of membrane swelling and shrinking properties

due to changes in hydration. However, as only relatively small changes in thickness are
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expected, high accuracy of the acquired thicknesses are required and therefore the technique
should be validated against complimentary techniques. Using a sample of Nafion 117, the
thickness was also acquired independently using a LEXT OLS5000-SAF laser scanning
confocal microscope which features a 405nm laser and was fitted with a 10x objective lens
(MPLFLN10xLEXT). This microscope is capable of measuring the thickness of optically
transparent materials without physical contact but does require the refractive index of the
material which is 1.36 for Nafion [329]. This is close to the refractive index of water for this
wavelength and 25°C at 1.342 [330] and therefore the refractive index of the membrane was
assumed to be constant at 1.36 for all levels of hydration. The Nafion 117 membrane was
hydrated to 90, 50 and 0% RH inside the RH chamber used for the THz measurements. The
chamber was transported to the microscope and quickly removed to be measured with the
confocal microscope, during analysis of this data 5 points were used. The thickness swellings
from the confocal microscope have been plotted with swellings from the fittings of steady state

THz measurements and literature values [114—117,119,121] as shown in Figure 5.14.
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Figure 5.14 - Thickness swelling comparison of Nafion 117 against literature [114—117,119,121].

The results show that the relative increase in water thickness is consistent with the independent

confocal micrometre results however, there is a lack in the consistency of the THz-TDS results
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with a difference of 9.4% observed for the ~87% RH measurements between the 1% and 3™
repeats. As the samples were confined within a sample holder to try minimise in-plane
shrinking, consistent shrinking was expected. However, it was observed that some slipping did
occur which was likely inconsistent and resulted in different values and trends. The obtained
values from THz-TDS and the confocal microscope also appear to be higher than literature
values and this is due to the confinement of the samples. As in-plane shrinking is limited, the
membrane is under in-plane tension causing the shrinking of the membrane thickness to

increase accordingly.

As independent measurements yield differences in membrane thickness, a different approach
was needed to validate THz membrane thicknesses. As the confocal measurements could take
a few minutes and the microscope was not located in close proximity to the THz-TDS, the
chamber had to sealed and then transported. As the humidity sensor and air delivery pipe had
to be disconnected and the control program later restarted, additional time was also needed for
the PID control to reach the setpoint. This was impractical for validating membrane thickness
throughout the THz experiment and therefore measurements using a digital micrometre were
obtained. The samples still had to be removed from the chamber to obtain the measurement,
but the chamber could remain in place and so gas flow could remain with rapid recovery to the
RH setpoint. Some difference in the measurements is expected due to a change in membrane
water uptake under exposure to the ambient environment, although significantly reduced in
comparison to the confocal microscope. Following a micrometre measurement, the sample was
then returned to the chamber to equilibrate for the next measurement. The comparison of THz-
TDS and micrometre thicknesses are shown in Figure 5.15 where it can be seen that THz-TDS
thickness is close to the values from micrometre measurements which have a stated accuracy
of £2um at 1um resolution. With the exception of 30% RH which deviates from the trend in
the micrometre measurements, all measurements are within 1um of the THz-TDS fittings
demonstrating the accuracy of THz-TDS thickness determination for these materials. The
relative swellings from 0-90% RH are 16.2 and 16.7% from the THz-TDS and micrometre
measurements respectively. These values are additionally consistent with relative swellings of

the Nafion 117 which are shown in Figure 5.14.
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Figure 5.15 - Thickness comparison of Nafion 212 from THz-TDS fittings with complimentary
micrometre measurements.

5.4 Dimensional stability

As the THz-TDS fitting algorithm can provide information on both dielectric properties and
membrane thickness simultaneously, here the potential to resolve membrane’s swelling and
shrinkage behaviour over time is evaluated. In particular, RH inside the chamber was ramped
up from 10% to 80% and dwelled for 90 minutes. This process is then ramped down from 80%
to 10% RH followed by the same dwell time. Dehydration and hydration cycles were repeated
18 times with terahertz data being acquired in the beginning, middle and end of this cycling
process. Five repeat measurements were acquired at the end of each 90 min dwell time for
measurement repeatability. The results for Nafion 117 are shown in Figure 5.16 and the linear
line of best fit shows some very small changes, however these changes are within the
uncertainty of the measurement and suggests that negligible thickness change can be expected.
This result is in agreement with an earlier study where non-reinforced membrane’s physical
dimensions were also observed to be unaffected by repeated hydration and dehydration cycles

[110].
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Figure 5.16 - Swelling and shrinkage cycling analysis of Nafion 117.

As ePTFE reinforced membranes have been shown to exhibit some dimensional instability
under repeated hydration and dehydration cycles [110], a Fumasep F10120-PK reinforced
membrane was selected for study. This membrane was selected as it is a thick (120-130pm)
reinforced membrane. A relatively thick membrane was selected due to the uncertainty of the
thickness obtained with THz-TDS as shown by the repeats in Figure 5.16. Unlike the ePTFE
reinforced membranes previously studied [110], this membrane is reinforced with woven
polyether ether ketone (PEEK) fibres as shown in Figure 3.1c. The cycling results for Fumasep
F10120-PK are shown in Figure 5.17 where it can be seen that the humidity was not recorded
during the first half of the experiment. The humidity was still cycling however and was

monitored within the LabVIEW program.
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Figure 5.17 - Swelling and shrinkage cycling analysis of Fumasep F10120-PK.

As with the Nafion 117, a negligible change in thickness per cycle was observed within the
measurement uncertainty. This membrane was expected to show some dimensionally
instability however, there are many factors which may have contributed to this outcome. Firstly,
the fibre reinforcement is different to the ePTFE reinforcement which has shown dimensional
instability [110]. Some of the PFSA ionomer within an ePTFE reinforced membrane is
contained within the pores of the reinforcement’s microstructure. Expansion of the ionomer
within these pores will impart some additional stress to the reinforcement whereas no ionomer
is constrained within the reinforcement of a fibre reinforced membrane. Only small changes
were previously observed in repeated cycling [110] and therefore these measurements may not
have had the sensitivity to detect the changes. The thickness uncertainty may be due to laser
jittering as no phase corrections were made and have been observed to impact membrane
thickness. Therefore, reducing or eliminating the effects of laser jittering may lead to an
improved accuracy and results may then show small signs of dimensional instability.
Additionally, whilst all reinforced membranes tested previously exhibited dimensional
instability, one of the membranes only exhibited this behaviour at 80°C and not 25°C [110],
therefore the Fumasep may also only exhibit dimensional instability at higher temperatures.

This work has studied the stability of membrane thickness rather than the in-plane stability of
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the previous study [110] and this is may to lead to some additional differences of the acquired
results. To observe instability, clamping the samples from an initially hydrated state may also
yield more significant results as this is known to increase membrane stress due to additional
in-plane tension during shrinking [86,110], although care would need to taken to ensure to

slipping occurred.

5.5 Summary

In general, this work has demonstrated the ability of THz-TDS with an RH controlled
environment to extract the transient water diffusivity coefficient inside hydrophilic membranes
at different humidities. Values are in agreement with complimentary literature DVS values
[130-132] and our own DVS measurement although closer values are expected with
improvements to the THz system. Whilst this work demonstrated the applicability of THz to
diffusion studies, significant improvements can be made to the experimental methodology such
as improved RH sensor response, optimisation of PID control and mitigation of heating effects
due to the motorised stage, which could be improved through chamber temperature control
which would also reduce uncertainty of the results and improved comparability. A repeat of
THz desorption measurements in the range of 30-60% RH would also beneficial. A Nafion 117
membrane was chosen due to its thickness and whilst the water uptake of thinner more
industrially relevant membranes such as Nafion 211 can be determined, the water uptake
response of these thinner membranes is much quicker. This is shown by equation 3.28 where
the exponential rate of response is proportional to 1/1> and therefore a 25um 211 membrane
with the same diffusivity would respond over 50 times as fast as the 183um 117. This model
assumes an instant RH change and no interfacial resistance which are significant factors which
will mean that obtaining diffusivities of thin membranes using this method are likely
impossible. This is due to the time resolution and need to deconvolute the diffusivity from RH
response and interfacial resistance. Therefore, transient diffusivity’s measurements can only be
recommended for thick membranes and steady state diffusivity measurements should therefore

be used for thin membranes.

The impact of hygral swelling has also been studied, firstly thicknesses obtained at steady state
with THz-TDS were compared to complimentary confocal microscopy and micrometre
measurements. Results were in agreement although inconsistencies were observed between
samples, likely due to the clamping and later slipping of the samples within sample holders.

Based on these results, the dimensional stability of Nafion 117 and Fumasep F10120-PK
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membranes under humidity cycling between 10 and 80% RH was studied, in this case the
samples were not clamped to obtain consistent results. The results show that the membranes
are both dimensionally stable in the thicknesses direction for this temperature (20-25°C) when
not clamped. Clamping the samples would increase the induced strain upon the membranes
potentially leading to dimensional instability. Additionally, increasing the temperature has been
shown to reduce membrane dimensional stability [110]. Therefore, to observe dimensional

stability with these membranes, higher temperatures and/or reliable clamping may be needed.
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6 Conclusions and further work

This chapter aims to summarise the research described throughout this dissertation including
the objectives and results. In addition, this chapter aims to address any practical limitations of
the developed techniques and provide suggestions to improve the quality, capability and scope

of the work.
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6.1 Results

A selection PFSA membranes has beenstudied using a THz-TDS spectrometer in the range of
0.2-1.05 THz and the acquired data was used to determine the water uptake and molecular
water states within the PFSA membranes. Steady state measurements using a relative humidity-
controlled chamber at 0, 10, 30, 50, 70 and 90% RH were obtained for all membranes studied.
Acquired water uptakes were determined using effective medium theory and a linear mixing
model relating. Acquired water uptakes followed a nonlinear uptake profile as expected, and
values were in agreement with dynamic vapor sorption literature and a measurement. Some
differences were observed between values obtained from THz-TDS and DVS particularly
related to the quantity of residual water present at 0% RH which resulted in an WU offset as
values are determined by the difference between the measurements and 0% RH. These
differences were also observed between different DVS measurements of the same membranes.
All membranes had similar water uptakes with a small reduction observed for Nafion XL and

Fuamsep due to them containing hydrophobic reinforcements.

THz-TDS is sensitive to the reorientation dynamics of water and can characterise water as bulk,
bound and free states using the dielectric strengths of bulk and free relaxations. Bound water
can then be determined based on the total water content. It was found that all of these states are
present at all humidities studied. Little change to proportion of free water was observed but the
proportion of bulk water was very small at 0% RH but the proportion increased with increasing
humidity whereas the proportion of bound water decreased. The trend was similar for all
membranes studied and only small differences were observed between Nafion membranes
which are all manufactured from the same PFSA ionomer. More significant differences were
observed for Aquivion and Fumasep membranes which are made from different PFSA

ionomers with different chemical structure and ion exchange capacities.

Obtained water states were compared with other techniques. Firstly bulk water was compared
with freezable water and bound water as compared to non-freezable water obtained from water
fusion enthalpies using differential scanning calorimetry. Literature values were compared in
addition to measurements of Nafion 117 prehydrated to 85 and 100% RH A similarity in the
observed trends could be seen however the quantity of bulk water was higher than freezable
water and no freezable water was observed until ~80% RH [211]. There are a number of reasons
for this such as the differences in the boundary between the water states being probed resulting

in some of the non-freezable water being incorrectly categorised as bulk water by the terahertz

144



measurement. This difference arises from different physical parameters being measured e.g.
water fusion enthalpy by DSC as opposed to bulk water dielectric strengths by terahertz.
Changes in temperature will also have an effect on the THz water states as the reorientation
dynamics of water are impacted shown by changes to the dielectric strength and relaxation
times of bulk water with temperature [200,264,287-296]. Therefore, it is possible that some

bulk water can become loosely bound as temperature decreases.

Bulk water was also compared with FTIR, specifically the band located at 1630 cm™ which is
assigned to the HOH bending vibration of water molecules associated with SO3;~ groups. This
band had been shown to be correlated with the membrane proton conductivity [202] and was
therefore of great interest. Unfortunately, no RH dependant FTIR data was available and
therefore a desorption from a hydrated state with a dry air purge was used to replicate the
available FTIR literature. Both techniques showed as sharp decrease in their respective
parameters (dielectric strength and band peak area) at a similar rate and reaching an equilibrium
close to 0. Although promising there is difficulty comparing due to the lack of points of known
water uptakes or humidity. No fractions can be obtained with TFIR for comparison as band
area is not proportional to species population and therefore values cannot be compared.
Additionally, many factors such as water uptake will also show the same trend under rapid

desorption.

Using a motorised stage to more rapidly obtain THz sample and reference measurements every
2 minutes, the water uptake of Nafion 117 was studied in response to 10% RH changes in
humidity from 30-80% RH in sorption and 90-30% RH in desorption for 90 minutes per RH
step. These experiments were then replicated with dynamic vapor sorption although longer
measurements were required due to the slower change in humidity. These experiments were
designed to study the mass transfer of water within the membrane through diffusion. As only
the average water uptake could be obtained, water diffusion had to be modelled. The water
follows Fickian diffusion where diffusive flux is proportional to the concentration gradient.
However, there are a number of Fickian diffusion models which can be used and are derived
based upon different assumptions. For this work, water was initially assumed to be evenly
distributed throughout the membrane prior to the change in humidity (steady state) and
diffusion was only considered in the thickness direction due to the relatively thin nature of the
membrane. An empirical exponential was first used however a number of theoretical models
were considered which generally differ based upon the boundary conditions at the air-

membrane interface upon the change in RH. This included an instantaneous change to the
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steady state equilibrium corresponding to the new RH setpoint, interfacial resistance and an
exponential change corresponding to the rate of changing humidity. Interfacial resistance was
thought to be insignificant due to the thickness of Nafion 117 and the humidity change of both
THz and DVS did not follow an exponential response. Therefore, the model using an
instantaneous change was used and was applied to the THz data. When applied to the DVS data
the fittings were not sufficient as the RH was slow and even after 4 hours a small increase could
still be seen to reach 90% RH. Therefore, a different approach was needed and finite element
analysis was selected as the RH data could be inserted into the model however, this method is
much more computationally intensive and unstable if too large step sizes are used.. Using the
RH data to determine concentration at the membrane boundary resulted in improved fittings
and higher diffusivities were aquired. This was then applied to the THz data however, due to
the slow response of the RH sensor and some heating caused by the motorised stage, the fittings
were less satisfactory. Desorption was found to be faster than sorption and in the 30-70% RH
range and diffusivity decreased with humidity for both sorption and desorption. The extracted
diffusivities obtained with fittings using finite element analysis were found to be in general
agreement with literature DVS values [130-132]. Some spread was observed between values
which is possibly due to differences in RH response and the different diffusion models used.
Additionally, the values of diffusivity do appear to follow a trend due to temperature which
was 19-30°C across these measurements and literature values with diffusivity increase with
temperature. This is agreement with literature where both sorption and desorption increase with
temperature [130,131,150] and can be represented by an Arrhenius equation [130], although

the range is small, so no comparison was made.

DVS provides better time resolution, reduced data analysis and improved measurement
uncertainty when compared to THz-TDS. However, as THz-TDS is contact free this opens this
technique up to simultaneous study using additional techniques in addition to acquiring both

membrane thickness and water state information.

Membrane swelling was also studied as the THz-TDS analysis can be used to extract membrane
thickness. Steady state measurements were first compared to complimentary confocal laser
microscopy and micrometre measurements for validation. Results were in agreement although
inconsistencies were observed between samples, this was likely due to insufficient membrane
clamping within sample holders and therefore samples may have slipped within the frames.
Based upon these results the dimensional stability of the membranes thickness was studied

under repeated cycling between 10 and 80% RH. The samples were not clamped due to the
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slipping issues. Nafion 117 and Fumasep F10120-PK were studied due to their greater
thickness and the reinforcement of the Fumasep for comparison. Neither membrane exhibited
any significant change in thickness across the experiment and only minor changes were
observed which were within uncertainty. In order to see any dimensional instability, it is likely
that a higher temperature is required and possibly membrane clamping, although slipping

would need to be eliminated.

6.2 Practical Limitations

In spite of the challenges associated with comparing techniques that probe different parameters,
a general agreement has been observed between the presented terahertz results against literature
DVS, DSC, FTIR, confocal laser microscopy and micrometre data. These complimentary
techniques all have their limitations and challenges which must be considered. However, it is
also important to highlight some associated practical challenges with humidity-controlled THz-
TDS. For the terahertz measurements presented here, a number of limitations should be

considered.

e The steady state terahertz measurements performed using the controlled humidity
chamber are desorption data only, thus results will differ from sorption due to
membrane hysteresis.

e No temperature control has been implemented, thus variations will exist in the
quantified water states due to small temperature variations. Particularly for water
fractions as the bulk relaxation time is temperature dependant. Additionally, the lack of
temperature control has caused some issues for studying diffusion due to heat generated
by the motorised stage, which also impact the response of the humidity control and the
capability to reach high humidities which was limited to 80% RH in sorption for the
diffusion study.

e There are practical challenges in reaching and maintaining high humidities (i.e. > 90%)
inside the humidity chamber and this is the range particularly relevant to observe the
steep WU increase. These factors are inevitably affected by sensor uncertainties as some
deviations from actual humidities can be expected. This is especially the case at 0% RH
where some moisture is expected to remain.

e The current humidity sensor has a relatively slow response which has had satisfactory
performance for steady state and swelling experiments. However, as the data has been

used in the finite element analysis of diffusion data, the quality of fittings has reduced
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and places some uncertainty in the acquired diffusivity values despite the close match
with literature values.

e To analyse thin membranes phase correction was required to account for small
differences in timing of the THz spectrometer (<15 fs). Extracted parameters and phase
information can be compared with known values, complimentary measurements and
known trends from thicker membranes. However, this process inevitably leads to an
increase in measurement uncertainty.

e Transient diffusion of Nafion 117 has been shown however it is important to note that
this should not be recommended for thin membranes due to the relationship between
thickness and rate of WU change due to diffusion. In the case of thin membranes, the
effects of interfacial resistance, and humidity response become much more significant,
whereas interfacial resistance has been considered insignificant in this work. Therefore,
care must be taken to separate the effects of interfacial resistance and humidity
response. The time resolution of the terahertz measurements was 2 minutes and while
this could be reduced with improvements, particularly to the motorised stage. The rate
of change is rapid as shown by previous work where a new equilibrium was reached in
approximately 3 minutes for 15um membranes [283]. This rapid rate of change presents
a significant challenge due to the limited time resolution and the humidity response

which is significantly slower than diffusion.

6.3 Improvements and further work

Improvements to the work presented can be made, some of which have already been discussed.
Additionally, the scope of this technique can be expanded to extract additional information,
facilitate simultaneous complimentary measurements and provide a different experimental

configuration as listed:

e The current sensor response is slow for diffusion studies and a sensor with faster
response is recommended. A faster sensor response would also provide a faster and
more accurate humidity response with increased stability due to reduced delay to the
PID control.

e The lack of temperature control has been a significant source of experimental
inconsistency, as experiments were susceptible to temperature variations in the ambient
environment. Implementing temperature control would reduce uncertainty and increase

the accuracy of the results whilst providing additional benefits. Temperature control
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would improve the humidity response during diffusion and allow measurements up to
90% RH in sorption diffusion measurements. The ability to perform measurements at
higher temperatures would also be of benefit as membranes operate at higher
temperatures which are typically 50-100°C for polymer-based membranes. Many
studies are conducted at these operating conditions and therefore temperature-
controlled measurements could be compared to a greater number of measurements and
literature studies. Higher temperatures may also allow this technique to study the
dimensional instability of membrane thicknesses which were not observed at room
temperature.

The spot size of the THz beam is only a few millimetres in diameter and can therefore
be used to study different areas of the membranes unlike gravimetric techniques. The
membranes studied in this work were uniform and therefore the point of sample
measurement was not of significant concern. However, approaches such as raster
scanning can be used to study samples with special variations such as membranes of
non-uniform thickness or possibly capture information such as the distribution of
terahertz absorbing additives or coatings.

Gravimetric techniques such as DVS require physical contact and are susceptible to any
external change in weight, but THz-TDS can perform contact free water uptake
measurements regardless. This allows for other simultaneous measurements requiring
physical contact to be performed such as conductivity which would otherwise need to
be determined independently. These measurements would not be able to interfere with
the THz beam or stop air reaching the membrane. In regard to conductivity this means
that in plane measurements would be required rather than through plane due to terahertz
absorption by conductive materials needed to perform the measurements.

While this work has focused on PFSA membranes the technique could also be applied
to other polymer membranes such as anion exchange membranes or hydrocarbon
membranes such as sSPEEK.

With the current system, terahertz data is acquired manually in the software provided
and the humidity and motorised stage are controlled separately. Software can be used
to capture the terahertz data and control both the humidity and motorised stage.
Integrating all control and data acquisition into one software would allow for
measurements to be acquired without an operator, allowing overnight measurements

and increase the rate of acquiring measurements which have significantly decreased
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compared with desorption measurements from a hydrated state in the ambient

environment as used previously.
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8 Appendix - Self-healing membranes

Initially the focus of this thesis was dedicated to the synthesis and characterisation of intrinsic
self-healing membranes and these membranes were manufactured and shown to be capable of
healing fabricated holes. Unfortunately, it was difficult to manufacture membranes with
consistent and even thickness using the available equipment, and although healing was
demonstrated it was found that healing was inconsistent, and membranes were more susceptible
to damage. This is due to the need for polymer chain mobility above the glass transition
temperature at the high temperatures and hydration in which healing was conducted. As fuel
cell and electrolyser membranes also operate at these conditions and any significant increase
in temperature or humidity is not possible, any membranes with significant chain mobility
would always be susceptible to damage. PFSA membranes operate below the glass transition
temperature for these reasons. Therefore, the focus of this thesis was dedicated to THz-TDS

studies. This chapter presents some of the early work dedicated to self-healing membranes.
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8.1 Creating and modifying polymeric materials

Polymers can be created and modified in several ways to produce materials with more desirable
properties. Copolymers are polymers made from more than one monomer and are
copolymerised to create a polymer consisting of multiple monomer units [331]. This occurs
through several methods but the two most common methods are condensation polymerisation
and addition polymerisation which is the addition of monomers through double or triple bonds
[332], this is the method used to create PTFE. Condensation polymerisation is where the
reaction between monomers releases a small molecule such as water in the formation of a
polyester. The monomer units can be arranged randomly, or they can be ordered such as with
an alternating polymer [331], Nafion is an example of a copolymer as it consists of two

monomer units.

Polymer blending is a process of combining at least two polymers to create a new material.
These are different to copolymers as the polymers chains are not modified and instead the
chains interact through intermolecular forces and sometimes temporary crosslinking. Cross
linking is a process of forming one or a small sequence of covalent or ionic bonds between
different chains, this can occur naturally, or it can be induced by changing the ambient
conditions or through the use of a crosslinking agent. Crosslinking can strengthen polymers

and reduce the swelling characteristics [333].

Post-polymerisation functionalisation is a process of modifying the functional groups of a
polymer, this can be through the removal of protecting groups or addition to the polymer by
grafting desired functional groups onto other functional groups. This has the advantage of
incorporating functional groups which are incompatible with the polymerisation process [334]..
An example is the sulfonation of SPEEK where the sulfonate group is grafted onto the PEEK

polymer.

8.2 Self-healing membranes and mechanisms

The first publication of self-healing fuel cell membranes was in January of 2016 and employed
the use of microcapsules, since then 2 more publications have been made all using different
materials. Different mechanisms have been used to create materials which can heal mechanical
damage such as microcapsules [335] reversible covalent bonding such as the reversible Diels-
Alder reactions [336] and intermolecular forces such as reversible hydrogen bonds [337,338].

Microcapsules can heal mechanical damage effectively however, as a reagent is consumed in
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the repair of damage this method is limited to the capacity of the reagents. The microcapsules
do not conduct protons and so reduced proton conductivity is also observed [335]. Reversable
Diels-Alder reactions have been shown to produce self-healing polymers by crosslinking with
strong covalent bonds [336] however, this requires high temperature heating cycles to repair
damage and has not been demonstrated for a fuel cell membrane. Reversable hydrogen bonding
can provide intrinsic self-healing which is not limited by the capacity of any reagents. It has
been shown that a self-healing membrane can be produced from a Nafion/Polyvinyl alcohol
polymer blend, postmodified with 4-carboxybenzaldehyde [337]. The publication states that
the PVA is modified by the addition of benzoic acid groups through the formation of acetal
groups between the hydroxyl groups of the PVA and the aldehyde group of the 4-
carboxybenzaldehyde. Self-healing is thought to occur through hydrogen bonding between the
sulfonate group of the Nafion and the etherized PVA’s hydroxyl and benzoic acid groups [337],
the structure of this membrane material is shown in Error! Reference source not found..
There is little evidence to support this structure and hydrogen bonding as such there may also
be other functional groups formed by side reactions during etherisation and/or crosslinking
between the polymer chains, therefore further investigation is required. These membranes have
been shown to have satisfactory mechanical strength, self-healing and can exhibit enhanced
proton conductivity when applied to a direct methanol fuel cell but nothing has been reported

for PEM fuel cells.
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8.3 Membrane testing

In order to determine membrane performance and understand the material behaviour such as
the mechanisms behind the self-healing, a number of experiments need to be conducted to
characterise the various properties of the membrane. There are many well documented
characterisation techniques for fuel cell membranes however, there are few documented
methods to test the self-healing of polymers, particularly for fuel cell applications and so this

1s an area where new tests were conceived.

8.3.1 Electrochemical performance testing

Electrochemical performance determines the efficiency of a cell and therefore is a very import
factor. As membranes have a significant contribution to the loss in efficiency, determination of
their performance is necessary. This can include polarisation and power density curves,
electrochemical impedance spectroscopy, gas crossover tests and electrochemical surface area.
These can allow the determination of losses due to activation polarisation, ohmic polarisation,

limited mass transport, gas crossover and catalyst degradation.

8.3.2 Self-healing tests

In order to determine if a membrane self-heals it must be damaged so that the degree to which
it can recover its original properties can be determined. This can be done by physically
damaging membranes which can be done with a needle/pin to create a hole or a blade to create
a cut. Once the membrane has been exposed to conditions that should facilitate self-healing,

the material must be characterised to determine if any self-healing has occurred.
Visual

One method to determine if self-healing has occurred is to visually check the site of the damage
and see if the hole or cut has been filled over by the surrounding material. As the size of holes
is very small (100-300um) this has been done with a scanning electron microscope or an optical
microscope [335,337,338]. This is a very basic determination and gives no quantitative

information other than an approximate healing time and hole diameter.
Stress-strain

Stress-strain tests can be used to test the recovery of the tensile strength of the material by

measuring different samples when they are in different states such as original material,
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damaged material, partially healed and fully healed material. This allows a rate of self-healing
to be determined and the loss in strength between original and healed membranes. The main
problem with this method is the consistency of the results as each test is destructive and so
many different samples are required. This means that samples and the damage done to them

must be very uniform.
Ion crossover during healing

Another method to show self-healing using the crossover of negative ions could also be used,
this would be done with a H-cell containing a solution with a negative ion such as chloride ions
on one side and a chlorine free solution on the other. The membrane should act as a barrier for
the negative ions however, holes would allow them to pass over the membrane. Detecting the
concentration of negative ions would allow the diffusion across the membrane to be calculated,
this could be done with an ion- selective electrode or through a titration method such as Mohr’s
method [339]. This technique could be used to show the restoration of the membrane as a
barrier to the negative ions however, the rate of diffusion is unknown, and it may be difficult
to obtain accurate results. This method would also test the membrane as a barrier for negative

ions and not the gases that the membrane is required to block.
Electrochemical measurements during membrane healing

Visual and stress-strain tests have so far been done with membranes submerged in liquid for a
period of time at elevated temperatures however, self-healing has not been demonstrated inside
a fuel cell where the self-healing would have to occur in a commercial system. Membranes
could be healed in a fuel cell and visual tests could be used to determine is self-healing has
occurred however, for each measurement the membrane would have to be removed and dried
in order to be tested, when placing the membranes back in the fuel cell the membrane hydration
would change each time and may need to be hydrated beforehand. The proposed method is to
test the membrane using electrochemical techniques to determine the self-healing. Gas
crossover tests can be used to determine if the barrier for electrons and gases is being restored
and recording the cell potential can be used to determine if electrochemical performance is
recovering. This method would provide quantitative determination of self-healing with fuel cell
conditions, using more relevant performance characteristics. The test could also be done at
different current densities to determine its effect and determine if low current cycles would be
needed to repair damage. As this method has not been reported in literature, this method may

require many experiments to obtain satisfactory results.

191



8.3.3 Durability tests

A membrane that can heal damage provides an advantage in fuel cell durability however it must
also be able to resist damage and therefore tests which damage membranes must be conducted

to determine if any improved durability can be observed.
Mechanical resistance tests

Mechanical durability can be probed with stress-strain tests which have been used to determine
the recovery of membranes to repeated tensile stresses [338]. The reported method applies a
strain of 50% through repeated cycles and a reduction in stress can be observed between cycles.
Introducing recovery times was also used in-between cycles which resulted in an improvement

in recovery for both the self-healing and Nafion membranes tested.

The mechanical resistance can also be tested with an accelerated durability test and has been
demonstrated for a microcapsule self-healing Nafion membrane [335]. This test is conducted
inside the fuel cell at a high temperature and involves monitoring the cell potential with
periodic cycling of dry and hydrated gases in order to dry and hydrate the membrane which
causes it to swell and contract. This method uses the same damage mechanisms experienced
by the membrane in a normal fuel cell operating conditions however, the rate of damage is
significantly faster. This method can also be combined with gas crossover tests and EIS to
obtain more information as other degradation can also occur for example catalyst degradation.
One issue with this test is the time taken even though the rate of damage has been accelerated.

This was shown by the microcapsules self-healing membrane test which took 220 hours.
Chemical resistance tests

The chemical resistance can be tested using Fenton’s reagent (3% H20O> with 2ppm FeSOys).
The Fe2+ ions in the solution catalyse the decomposition of the hydrogen peroxide into the
reactive hydroxyl (HO¢) and hydroperoxyl (HOO¢) radicals [340]. These are the same radicals
formed at the cathode and submersion of membranes in this solution chemically degrades
membranes. The chemical degradation can then be measured by a change in membrane mass

or a gas crossover test.

An in situ chemical stability test can also be used to characterise the chemical resistance. This
test is conducted inside the fuel cell and involves monitoring the open circuit voltage. The cell
is operated at low humidity’s of 30% and a high temperature of up to 90°C [341] which is
favourable for the formation of hydrogen peroxide and its radicals at the cathode [342]. The
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advantage of this test over the Fenton’s test is the improved characterisation and fuel cell
operating conditions however, the test has to be run for long periods of time (>100 hours) and
degradation of other components can occur for example catalyst degradation which can affect

the results.

8.3.4 Glass transition temperature

An important part of intrinsic self-healing is the mobility of the polymer chains. As the material
is an amorphous polymer, the structure can change meaning that the membrane can transform
from a stiff polymer (glassy state) into a viscous liquid with the properties of rubber (rubbery
state). The temperature at which this transition occurs is known as the glass transition
temperature (T) although, this is a midpoint as the process occurs over a temperature range.
The glass transition temperature is typically in the range of 170-500K for synthetic polymers
[343]. The factors affecting this temperature are the molecular weight of the polymer chains,
molecular structure (bulky and inflexible side groups increase the glass transition temperature
due to decreased mobility), chemical cross linking and polar groups which increase the
intermolecular forces [344]. Plasticisers can also decrease the glass transition temperature;
water is a plasticiser [345] as hydrogen bonds are formed between the water and the polymer
chains which increases the distance between the chains and decreases intermolecular cohesive

forces therefore increasing their mobility [344].

Thermo-gravimetric analysis with differential scanning calorimetry (TGA/DSC) is a
combination of two simultaneous methods, the method is destructive but only requires
approximately 20mg of sample. TGA heats up and/or cools down the samples and measures
the mass, when a fraction of the sample such as water evaporates, a change in mass is observed.
As such it can be used to determine the content of these fractions although the identity of the
different fractions needs to be known. DSC measures the energy required to increase or
decrease the temperature at the set rate and as such can determine if a process is endothermic
or exothermic such as the evaporation of a component of a sample. The TGA technique can be
used to determine the water content of a membrane hydrated by atmospheric water vapour. For
hydrated membranes it is unlikely that the surface water can be sufficiently removed as the
membrane needs to be cut into very small pieces to obtain good results and therefore the result
will have a high level of uncertainty. DSC can be used to determine the glass transition
temperature of the membrane as the process is endothermic and shows itself as an S-shape

transition in the DSC plot [346]. Melting and other transitions are also endothermic processes
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and so careful analysis of the results is important. Glass transition temperature cannot be
measured using TGA/DSC if there is a fraction evaporating and therefore a heating cycle is
required to remove water before taking the measurement. The primary heating cycle can be
used to determine water content, but the secondary heating cycle can be used to determine glass
transition temperature. If a mass changed is observed during the second cycle, the DSC results
can no longer be used as the heat flow cannot be attributed to just the glass transition

temperature.

8.4 Analysis of membrane hydration and water
retention with terahertz time domain

spectroscopy

The physical and electrochemical properties of Nafion and other polymer electrolyte
membranes depend upon the nature of water present within the membrane. This water can be
strongly hydrogen bonded and predominately bound to the hydrophilic domain of polymers
such as the sulfonate groups [200],[233] (bound water). The water can also be located in the
centre of the pores and exhibit co-operative reorganization of hydrogen bonds (bulk water)
[234],[233], this water contributes to maximum proton conductivity at high hydrations through
proton hopping (Grotthuss mechanism) [347]. The water can also have little/no interaction with
the polymer through hydrogen bonds (free water) [348],[287], this water does not significantly
contribute to proton conductivity. Some techniques have been used to detect the different water
fractions of water such as FTIR [349] , quasielastic neutron scattering [138] and dielectric
spectroscopy [266] however these have not been used to quantify the amount of these water
fractions. Low temperature differential scanning calorimetry has been shown to provide
quantification of the bound fraction [209] as this is considered unfreezable however, this
method is destructive, not continuous and cannot be used to study the free or bulk water. As
terahertz is sensitive to both bulk and free water, it is possible to determine the nature of water

within membranes using terahertz spectroscopy [347].

Polyvinyl alcohol is a very polar polymer and as such it has a higher refractive index and
absorption coefficient than many other polymers [350]. On the other hand, terahertz has strong
interactions with the hydrogen bond network in aqueous liquids [351] and so water with its
high polarity and strong hydrogen bonding is strongly absorbed [237]. This means it can be

used to quantify the water content in hydrated polymers as demonstrated by Devi [347]. This
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is a fast and non-destructive method and as such was selected to study the water uptake and

retention properties of the self-healing membranes.

A hydrated material with a randomly distributed water content throughout can be considered
as two separate layers of dry membrane and water with an effective water thickness (l¢ff ).
The exponential loss of amplitude with increasing effective water thickness can be modelled
with Beer Lambert’s law and rearranged to calculate the effective water thickness using the
FFT amplitude of the dry and hydrated sample (Ey.f and Ej,q), dry thickness (lg) and the
frequency dependant absorption coefficient of both water and the dry membrane («,, and a,).
As properties are frequency dependant this is done for each frequency as shown and an average

1s taken.

l L Py TG l
eff_w(v) = aw(v)l n<Ehya(U)> —ag(v) dl

The thickness and density of the two layers can then be used to calculate the water content of

the hydrated membrane.

The standard analysis works for thicker membranes however, parameters become unattainable
in thinner membranes due to internal reflections within the sample known as Fabry-Perot
reflections. These reflections can affect the measurement through their difference in phase and

amplitude which can cause constructive and destructive interference.

As the reflections are superimposed, the contribution of each cannot be determined. To remove
the effects of the reflections, the behaviour of the pulse through the membrane must be
modelled. The complex dielectric response of the dry membrane was modelled through the
following Debye model equation:

Ae
1+ iwt

£(w) = eo +

Where £(w) is the complex permittivity, €4, is the permittivity at the high frequency limit, 7 is
the relaxation time of the medium, w is the angular frequency. Permittivity is a measure of the
electric polarizability of a dielectric material such as a polymer meaning that materials with
high permittivity polarizes more in response to an applied electric field than materials with
lower permittivity. Complex permittivity introduces the phase of the response due to the fact
that application of the electric field and polarization are not simultaneous [352] and varys with
frequency. The permittivity is therefore treated as a complex function of the angular frequency

of the applied electric field (Terahertz pulse)
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Modelling the Fabry-Perot reflections can allow material quantification even when the effect
of the reflections is significant. To do this the propagation of the pulse through the membrane
must be modelled, this includes the reflections at the membrane/air interface and attenuation
of the beam through the material. The modelled reflections can then fit to the measurement
through an iterative method. One variable for the modelling of the reflections is the material
thickness as it affects the phase and intensity of reflections, this can be measured for dry
membranes. However, as membrane materials swell due to hydration, the thickness increases
and therefore this cannot be considered constant when drying. As such the modelling of the
reflections can also determine the material thickness through the iterative method of fitting to
the measurement. The Double Debye model was then used to the model the dielectric response

of the hydrated membrane and water fractions as shown in section 3.4

8.5 Molecular analysis

Determining the chemical structure and intermolecular interactions of the membrane materials
is necessary to understanding their behaviour, there are a number of unknowns in this area such
as whether any side reactions occur during etherisation or whether any polymer crosslinking is
occurring. A number of methods can be used to determine these factors in particular Fourier
transform infrared (FTIR), nuclear magnetic resonance (NMR) and x-ray photoelectron
spectroscopy (XPS). Access to these techniques has been difficult and so far, no measurements

have been made.

8.6 TEM for ionic channel size determination

Ionic channels are difficult to characterise due to their size. Transmission electron microscopes
have been shown to be able to observe the ionic channels and determine their size by staining
the ionic clusters using RuO4 [353]. This method has been demonstrated in literature for the
material being studied and has shown a reduction in the size of the ionic channels [337], it has

been shown that this can strongly influence the proton conductivity [354].

8.7 Experimental results

The first step in the project was to produce self-healing membranes, the quality of these
membranes has improved as the methods have slowly developed. In general, the cast

membranes being produced have also become thinner, the driving processes for this has been
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problems with the THZ-TDS measurements but also to produce membranes closer to the

thickness typically used in fuel cells.

The self-healing of the membranes has been tested in order to determine if the membranes can
heal in deionised water and the suitable temperature range for this instead of the methanol used

in the previous study [337].

A large focus has been on obtaining the water fractions from the THz-TDS, a number of
samples have been measured and repeats on samples have also been done. One issue which
was not identified for a while was the issue of the sample thickness, the fitting of the transfer
function appeared to be working, but the parameters obtained did not. Measurements have also

been done with a number of repeats for commercial Nafion 211, 212 and 117.

TGA-DSC has been used to try and determine the glass transition temperature of PVA, Nafion,
Nafion/PVA blend and the finished self-heling membranes. Unfortunately, there was an issue

with the results obtained and so little information could be determined.

8.8 Membrane fabrication

A number of membranes have been produced all of which have been 50% Nafion and 50%
PVA by mass which has then been postmodified for 8 hours in 10% 4-carboxybenzaldehyde,
the degree of etherisation and Nafion content has a large effect of the material properties
however, before any changes can be made the material needs to be characterised to understand

the material properties and as a benchmark for comparison to any new compositions created.

5wt% Nafion® D-521 dispersion in water and propan-1-ol with an exchange capacity of >0.92
meq/g was purchased from Alfa Aesar. 98-99% hydrolysed polyvinyl alcohol (PVA) with high
molecular weight, 98% 4-carboxybenzaldehyde and 99% N,N-Dimethylformamide were also
purchased from Alfa Aesar. 37% Hydrochloric acid was purchased from Fisher Scientific and
diluted to 1M. As the PVA is not 100% hydrolysed the polymer chain has acetate groups from
the polyvinyl acetate that the PVA is produced from as shown in Error! Reference source not

found.. This is common and PVA usually has a degree of hydrolysis of 85-99% [355].

H Hy H H, H H, H H,
—<|:—C —<|:—C —c|:—c —C—cC —
OH T OH OH
/C\
H4C 0
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Figure 8.2 - Section of partially hydrolysed PVA

A 5wt% dispersion of Nafion in water and propan-1-ol was mixed with a 10wt% aqueous
solution of polyvinyl alcohol in a 1:1 ratio of Nafion:PVA by mass and heated at 70°C under
continuous stirring to increase the polymer concentration to 10wt%. Once at this concentration
the stirrer was turned off to allow for the bubbles formed from stirring the solution to dissipate.
The solution was poured into a silicone mould and dried at room temperature for 40 hours.
Nafion-PVA membranes were easily removed from the silicone due to the hydrophobic surface.
The hydroxyl groups of the PVA were then partially etherised with 4-carboxybenzaldehyde at
a concentration of 10% in dimethyl formamide for 8 hours, this grafts benzoic acid groups onto
the PVA chain. To remove the remaining 4-carboxybenzaldehyde, the membranes were
thoroughly washed in excess dimethyl formamide (DMF) and left at room temperature for the
DMF to evaporate. Thorough washing with DMF is required as number of membranes could
not be used as CBA was not sufficiently removed this can be seen as small amounts of CBA
crystalised onto the membrane surface. The membranes were then activated in a 1M aqueous
solution of hydrochloric acid for 5 hours at 60°C. The membranes were then washed multiple

times with deionised water in order to remove any residual acid.

There were a number of issues encountered whilst producing the membranes. The PVA is
soluble in water however it exhibits an upper and lower critical solution temperature as shown
in Error! Reference source not found. and the dissolution process is very slow which means
that the temperature needs to be increased slowly under continuous mixing in order to achieve
a homogeneous solution. This has been successful by increasing the hotplate temperature by

15°C per hour up to 130°C, attempts to speed this up resulted in a heterogeneous mixture.

Heterogeneous Region

Temperature (°C)

Heterogencous Region

Composition of polymer
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Figure 8.3 — Upper and lower critical solution temperature [356]

Another issue faced has been the agglomeration of the PVA/Nafion blend when increasing the
concentration for casting, this has meant that the solvents need to be evaporated slowly under
continuous stirring. Due to the viscosity of the solution, the stirring creates small bubbles which

are undesirable and increase agglomeration, so the stirrer was set as slow as possible.

Silicone has been used as the mould material for casting the PVA/Nafion blend however, the
moulds bend whilst drying meaning that the membranes do not have a uniform thickness. Glass
and PTFE were tried as alternatives, the glass is very rigid and has a smooth surface however,
the membranes stuck to the surface and could not be removed. The membranes do not stick
when cast onto PTFE and the moulds remain flat however the surface is not as smooth and so
marks can be seen on the bottom of cast membranes, this is not a significant problem as the
membrane surface changes when etherised and so membranes can be produced with a more

consistent thickness and a smooth finish

Drying of membranes at room temperature in a fume cupboard can take a few days for thick
membranes and therefore experiments were done to try optimise the drying of solution cast
membranes and improve the drying time. This was done by casting membranes and drying
them in a vacuum oven at 30,35,40,45, and 50°C under atmospheric pressure and also in a
vacuum at 30,40 and 50°C. Three membranes were cast for each from 4g of solution which
produced membranes of approximately 120um although this did vary across membranes due
to some their uneven thicknesses. The drying time was determined by weighing the samples,
the weight could not be gathered continuously inside the oven and so intermittent
measurements were taken as seen in Error! Reference source not found.. A vacuum oven
was used due to the fluctuating temperature in the other ovens available which are designed to

work at higher temperatures
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Figure 8.4 - Drying time of Nafion/PVA membranes, Weight has been normalised due to the variation
of the initial weight of approximately 49.

As expected, the drying time decreased with increasing temperature with 45 and 50°C samples
drying overnight and vacuum drying significantly reducing drying time. However, the
membranes at 30 and 35°C took longer than room temperature outside the oven. As a vacuum
oven was being used the oven was air tight and therefore the air could not escape and it became
saturated with the solvents being evaporated. The saturated air reduced the mass transport of
the solvents and therefore increased the drying time compared to the membranes dried in the
fume cupboard. This was observed through condensation of solvents on the sides of the oven
for both atmospheric and vacuum pressure, an increase in the drying rate can also be seen after

the oven was opened to weigh the samples as the saturated air could escape.

The quality of these membranes was poor due to the formation of bubbles in all samples.
Images of some of these membranes are shown in Error! Reference source not found.. It can
be seen that large bubbles are formed during the drying under a vacuum whereas a few smaller
bubbles are formed at atmospheric pressure. The effect of membrane thickness was also tested
with two thinner membranes at 50°C, this did not result in a reduction in the number of bubbles

as hoped but reduced their size.
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Figure 8.5 - Images of cast membranes dried at different temperatures and pressures. a) 30°C, 1atm,
4g. b) 40°C, 1atm, 4g. c) 50°C, 1atm, 4g. d) 50°C, 1atm, 3g. e) 50°C, 1atm, 2g. f) 30°C, vacuum, 4g.
g) 40°C, vacuum, 4g. h) 50°C, vacuum, 4g.

Therefore, drying at room temperature in a fume cupboard was been identified as the best

drying condition to obtain defect free membranes.

8.9 Self-healing

Membranes were damaged using a 250um needle which created ~280pum holes, some of which
had an opening which was wider. A confocal 3D microscope was used to image the holes and
measure their diameter, the thickness was also measured using the film thickness technique of
the microscope. Membranes were then submerged in deionised water and heated using a hot

plate for 5 hours. Analysis using the 3D microscope was then used to determine if self-healing
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had occurred. One membrane was cut into pieces and used for all experiments to obtain more

consistent results however, the thickness variation of the sample varied from 242-373um.

Error! Reference source not found. shows that the hole did not heal during its submersion in
DI water for 5 hours at 60°C. The hole diameter is the same however, the surface has changed,
this is due to drying the membrane on PTFE which transfers the lines to the membrane, the

material is also more reflective due to the membrane being slightly hydrated.

Figure 8.6 - Hole before and after submersion in water for 5 hours at 60°C

Error! Reference source not found. shows that the hole did not heal during its submersion in
DI water for 5 hours at 70°C. Unlike the attempt to heal the membrane at 60°C, the hole
diameter has reduced meaning that the membrane may heal at this temperature given more

time. The surface has again changed due to drying the membrane on PTFE.

Figure 8.7 - Hole before and after submersion in water for 5 hours at 70°C

Error! Reference source not found. shows that the membrane can heal at 75°C when
submerged in DI water, the hole has been closed however, a scar on the membrane surface is
still remaining, the surface is more similar to the other non-healed images as the membrane

was drier and was not touching the PTFE as it dried. Error! Reference source not found.
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shows the measurement of the membrane thickness and this also shows the healing of the hole.
Analysis showed the thickness near the hole reduced from 276-279um to 91-111um, the
thickness of the healed section was thinner than the rest of the material at 60-68um. A reduction
in thickness around the hole was observed for all the membranes tested, this was due to the

membranes slightly sticking to the PTFE which restricted their contraction in the horizontal

plane.

|
»
e

Figure 8.8 - Hole before and after submersion in water for 5 hours at 75°C

—)

Figure 8.9 - Thickness measurement across hole before and after submersion in water for 5 hours at
75°C

Error! Reference source not found. shows that the membrane can heal at 80°C. The thickness

around the hole decreased from 360-366um to 115-127um and the healed area had a thickness
of 47-56um.
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Figure 8.10 - Hole before and after submersion in water for 5 hours at 80°C

Error! Reference source not found. shows the hole of the membrane healed at 85°C,
unfortunately the location of the hole was lost, and the material became very fragile causing it
to break when being removed from the water. This means this temperature is unsuitable for
self-healing while submerged although it may heal at this temperature under high humidity and

retain more mechanical strength.

Figure 8.11 - Hole for 85°C healing

The results show that the material can self-heal in deionised water. In 5 hours, the membrane
hole was healed for 75 and 80°C, at 70°C the hole diameter reduced suggesting that the hole
would heal given more time. The healed sections of the membranes had a reduced thickness
compared to the surrounding material. At 85°C the material began to lose too much of its
mechanical strength and therefore this temperature cannot be used to heal membranes when
submersed in water. All the membranes reduced in thickness during the experiment, this was
due to the expansion of the material as it hydrated and the limitation on shrinking caused by

the membrane sticking to the PTFE.
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To improve these results, frames have been made to stop the restriction of membrane shrinking.
A more extensive self-healing study is being conducted which also looks into the effect on hole
size, membrane thickness, healing time and application of water through 100% humidity as
well as submersion. A design of experiments has been done to reduce the number of

experiments required.

8.10 THz-TDS of self-healing membranes

The terahertz measurements were made on a TERA K15 THz Time domain Spectrometer
(THz-TDS) from Menlo Systems GmbH and has been configured as shown in Figure 3.13.
This setup gives a point measurement rather than a columnated beam over an area of the
membrane such as the one used by Devi [347], this is advantageous for these measurements as

the thickness of the samples being tested are not uniform across the whole membrane.

The hydrated membranes were prepared by soaking them in deionized water for 24 hours at
room temperature and the surface water was removed by pat drying with paper towels just
before measuring to ensure the beam is only attenuated by the polymer sample. Dry membranes
were prepared in a vacuum oven at 40°C for 18 hours. The membranes were then placed in a
sample frame within the beam path in order to gather the data. For dry and reference
measurements 500 averages were taken and 50 were taken for hydrated measurements.
Hydrated samples were measured every minute in order to monitor the changes in hydration as

they dried.

Error! Reference source not found. shows the waveforms of a dry 660um membrane, in the
time domain the absorption and delay of the waveform can be seen from the reduction in
intensity and the time shift. Analysis of the waveform has been cut at -200ps before the FFT
was calculated in order to remove the reflections from the TPX lenses observed at -195ps and
-160ps. Absorption peaks can be observed in the FFT spectrum at frequencies greater than
1THz, these are caused by water vapor in the beam path and can be reduced by purging with
an inert gas such as nitrogen however, as the effect on the results is insignificant and this would

affect the drying of the samples it has not been done.
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Figure 8.12 - Waveforms in the time and frequency domains for dry 660um sample
8.10.1 Debye fit

In order to use the Debye model for thin samples it must be shown that the material behaves
according to the Debye model, as such the model must be compared to the measurements for a
thick sample where Fabry-Perot reflections do not affect the measurement. Error! Reference
source not found. shows that permittivity of the 660 pm sample can be fit to the Deybe model

and as such the model can be used to analyse the measurements for thinner samples.
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Figure 8.13- Real and imaginary permittivity obtained from the measurement and the Debye fit

The optical parameters of thinner samples can be extracted using the Debye model and Error!
Reference source not found. shows that samples have similar refractive index and absorption

coefficient regardless of the thickness.
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Figure 8.14 - Refractive index and absorption coefficient of 255 and 350um samples by fitting the
measurements to the Debye model

8.10.2 Water Content

The water content was determined by analysis of the terahertz measurements which were taken
as the membrane dried at 32-34% humidity and 21.1-21.7°C, the effective water thickness
obtained from beer lamberts law is shown in Error! Reference source not found.. The
effective water thickness is larger for the thicker sample as expected and are therefore difficult
to compare however, the initial effective water thickness is 71% and 67% of the dry material
thickness for the 255um and 350pum membranes respectively. This significant water thickness
was observed when hydrating and drying the membranes as the membranes exhibited

significant swelling.
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Figure 8.15 - Effective water thickness of 350 and 255um hydrated membranes as they dry

The water content was then calculated using the effective water thickness, material density and
thickness, the results are shown in Error! Reference source not found.. The maximum water
content at the start of the test matches the reported water content [337] for 7 hours of
etherisation at 37.2%. Repeating the measurement increased the water retention of the
membranes, the membranes were only dried under a vacuum at 40°C and then hydrated in
deionised water at room temperature between measurements. The vacuum drying may be
thermally annealing the membranes as it is well known that thermally annealing of Nafion
membranes changes a number properties including water retention [357]. Crosslinking may
also be occurring which is supported by the small reduction in initial water content [333]
although this may be down to the removal of surface water. Another reason could be that either
process is removing a component of the membrane, this could be a part of the membrane or a
species remaining from the production process such as DMF, CBA, Cl° or propanol.
Alternatively, it could also be due to the rearrangement of the polymer chains as significant
structural rearrangement occurs which has been observed in Nafion at high water contents

[165].
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Figure 8.16 - Water content of hydrated membranes as they dry

8.10.3 Double Debye fitting

The fitting of the double Debye model could not determine the thickness for the hydrated
membrane. This was due to the high-water content and the relatively thick membrane. The
amplitude of the Fabry-Perot reflections in the measurements of the significantly hydrated
membrane were too small. As the reflections and main pulse cannot be separated the optimiser
fits both contributions together and therefore the reflection was too small to distinguish them

from the noise of the main pulse.

8.11 TGA/DSC

Thermo-gravimetric analysis (TGA) analysis was done on samples in a Nitrogen atmosphere
to try and determine the glass transition temperature of the material, this was also done on PVA,
Nafion and non-etherised samples in order to compare and try and understand the possible
effects of changing the material composition and degree of etherisation. The TGA was also
able to give the water content of the membranes hydrated by air moisture due to the mass
change seen during the drying stage of the test. After a number of tests to find good heating
cycle parameters, results were obtained. The tests identified that Nafion blended with PVA had
a higher water content at atmospheric conditions than both Nafion and PVA, it also showed
that etherisation reduced water content. Unfortunately, during the tests a mass loss occurred for

all samples as shown from Error! Reference source not found. and Error! Reference source

209



not found.. This affected the results of the DSC and therefore the measurements could not be
used to determine the glass transition temperatures, other than for the PVA as this had a low
glass transition temperature of approximately 95°C which was well below the mass change
which began at approximately 200°C. Experimental values from the literature place the glass
transition temperature of PVA in the range of 68-99°C [358]. This range is due to differences
in polyvinyl alcohol such as molecular weight and the degree of hydrolysis from the polyvinyl
acetate that the PVA is produced from as shown in Error! Reference source not found.. As
the polyvinyl alcohol used was high molecular weight the glass transition temperature was
expected to be high in this range. In order to get good results and determine if the loss in mass
is due to a change in hydration or a loss of a component of the membrane, the experiments

need to be repeated with the primary heating cycle under vacuum conditions which requires

new parts.
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Figure 8.17 - TGA/DSC of Nafion and etherised PVA blend
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Figure 8.18 - TGA/DSC of PVA

211



212



