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Abstract

Fuel cells are like batteries in the sense that they are electrochemical cells whose main
components are two electrodes (anode and cathode) and an electrolyte material. They differ
from most batteries as they require a continuous stream of fuel and oxidant, generating
electricity and heat for as long as these are supplied. Perfluorinated sulfonic-acid ionomers
such as Nafion are the most common proton exchange membrane material (solid electrolyte)
whose structure underpins its unique water and chemical/mechanical stability properties. Pure
hydrogen and air are typically used as the fuel and oxidant, respectively, and by-products are
water and waste heat. Due to their high efficiency, low temperature operation and capacity to
quickly vary their output to meet shifting demands, these fuel cells are attractive to the
automobile industry, although they can also be used for stationary power production.

Water management is a prominent issue in proton exchange membrane fuel cell technology.
Strategies in this topic must maintain a delicate balance between adequate hydration levels in
the Nafion proton electrolyte membrane to maximise proton conductivity, and minimal
flooding, which hinders mass transport to active sites. The complex nature of water transport
in these fuel cells can be investigated via in situ or ex situ diagnostics with visualisation
techniques such as neutron imaging or optical diagnostics. Despite the wealth of information
provided by these techniques, they suffer from issues such as limited availability, excessive
cost, limited sensitivity, and penetration depth.

Terahertz radiation has been growing in popularity for contactless and non-destructive testing
across various industrial sectors, including pharmaceutical coating analysis, defect
identification, and gas pipeline monitoring. The ability of terahertz waves to penetrate through
dielectric materials such as plastics or ceramics combined with strong attenuation by liquid
water provides the necessary contrast to image water presence in proton exchange membrane
fuel cells and their components.

Motivated by the recent commercial availability of a compact terahertz source and video-rate
terahertz camera, a simple terahertz imaging system in transmission geometry was realised.
First, as a first step towards flooding inspection in an operating fuel cell, the feasibility of the
imaging system for visualising and quantifying liquid water during an ambient air desorption
process for Nafion membranes of a wide range of thicknesses — NRE-212 (50 um), N-115 (127
pm), N-117 (180 pm) and N-1110 (254 pm) was investigated. It was demonstrated that the
imaging system was able to quantify liquid water in the 25-500 um thickness range, estimate
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membrane weight change related to liquid water desorption, which correlated well against
simultaneous gravimetric analysis and visualise the room temperature liquid water desorption
process of a partially hydrated Nafion N-117 membrane.

Further work consisted in imaging water build-up inside an operating proton exchange
membrane fuel cell using the terahertz imaging system, combined with high-resolution optical
imaging. Using a custom-built, laboratory-scale, terahertz, and optically transparent fuel cell,
two-phase flow phenomena of water accumulation and transport, such as membrane hydration,
main droplet occurrence, water pool formation, growth, and eventual flush out by gases were
imaged. Results of the terahertz agree with simultaneous optical imaging and electrochemical
readings. To demonstrate the potential used of the proposed imaging modality, the effect of air

gas flow rates on flooding was demonstrated.
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1. Introduction

Hydrogen fuel cells are clean energy conversion devices, poised favourably to replace the
traditional fossil fuel-based energy system. Proton exchange membrane fuel cells (PEMFCs)
are considered one of the most promising technologies in the field, especially (but not limited
to) vehicular applications. Water management is a key engineering challenge that inhibits
widespread commercialisation. Current techniques on water visualisation are promising but
expensive and not readily available. Terahertz (THz) radiation is an unexplored region of the
electromagnetic spectrum for PEMFC applications. This introductory Chapter presents a brief
background to PEMFCs and terahertz science and technology, along with the research

motivation, Dissertation outline and novel contributions to the field.



1.1. Motivation

Economic historians agree that the onset of the Industrial Revolution between the mid-late
1700s to early 1800s is the most important event in the history of humanity since the
domestication of animals and plants. However, the transition from hand production methods to
machines, novel chemical manufacturing processes and coal-powered energy also brought
major environmental impact, such as air and water pollution. In the 21% century, mounting
environmental pollution problems, depletion of traditional fossil fuel reserves and public
awareness of climate change drove demands for new, clean, and renewable energy sources to
replace the traditional fossil fuel-based energy system. As a non-fossil fuel, clean and
renewable energy source, hydrogen is expected to play a significant role in a future energy
conversion paradigm.

Fuel cells are electrochemical devices that convert the chemical energy of a fuel into electricity
via a pair of redox reactions with an oxidising agent (oxygen). If hydrogen is the fuel, water
and waste heat are the only by-products. However, unlike other electrochemical cells such as
batteries, fuel cells can achieve continuous energy output, if fuel and oxidant are supplied.
Given their high efficiency, low noise, low emissions and lack of moving parts, fuel cells have
been applied in a wide range of applications, including transportation, material handling,
stationary, portable, and emergency backup power. In particular, PEMFCs has been profoundly
studied in recent years as one of the most promising technologies in this subject, especially for
vehicular applications, due to lower operating temperatures (60-80 °C) and fast start/stop
cycles [1]-[4].

Despite solid technological advancements over the years, widespread adoption of PEMFCs has
been plagued by several technical obstacles, including high cost of platinum catalysts, sluggish
cathode kinetics and insufficient lifetime [5]. A particularly difficult challenge is the issue
surrounding PEMFC water management [6]. The core mechanisms behind water production in
PEMFCs are electrochemical generation at the cathode and droplet condensation from
humidified inlet gases. The vast majority of PEMFCs incorporate Nafion, a perfluorinated
sulfonic-acid ionomer, as the solid proton exchange membrane (PEM). Nafion is generally
preferred because of its ability to efficiently conduct protons through a chemically inert,
mechanically and thermally robust polymeric matrix, while inhibiting the transport of electrons
and forming a physical barrier to prevent reactant mixing [7]. It is well known that the proton
conductivity of Nafion is highly dependent on the degree of hydration [8]-[12], which affects



the efficiency of the electrochemical reaction. Failure to achieve a sufficient level of PEM
hydration will lead to decreased proton conductivity, which in turn leads to cell performance
losses and possible permanent material damage [13]. On the other hand, at high current
densities and/or low gas stoichiometry, the cell’s rate of water production will surpass the inlet
gases’ transport capacity, resulting in flooding. When a severe level of flooding is reached,
liquid water clogs up the gas channels and completely fills the pores of the catalyst layer or gas
diffusion layer (GDL). This results in mass transport limitations of reactant gases to active sites
and decline of cell performance [14]. Several visualisation techniques, such as magnetic
resonance imaging (MRI), neutron imaging, X-ray radiography and tomography, optical
diagnostics, fluorescence microscopy, and infrared imaging have been applied extensively to
perform in situ and ex situ studies of water distribution and transport dynamics in PEMFCs and
its constituent parts [15]-[17]. However, various inherent downsides with these techniques
include low frame rate, limited availability, and excessive cost, requiring significant cell
modification, limited penetration depth and contrast.

Terahertz radiation, also known as T-rays or T-waves, occupy the region of the electromagnetic
spectrum between 0.1 and 10 THz [18]. The neighbouring frequency ranges can also be
characterised by their respective technologies. At lower frequencies lies the electronic regime
of millimetre or microwave radiation, where solid-state devices based on electron transport are
used to efficiently produce radiation. At higher frequencies, lies the optical regime, where
active optical devices like semiconductor lasers and light-emitting diodes generate light based
on optical fibres. The frequency ranges of these technologies do not overlap, causing the so-
called “terahertz gap.” However, many important breakthroughs in terahertz generation and
detection technology in the late 1980s [19]-[22] decreased the barrier for terahertz researchers
to access the “terahertz gap”. Since then, table-top commercial terahertz devices have been
developed and thus interest in this topic has increased exponentially.

Terahertz radiation travels in a line of sight, is non-ionising, and can penetrate through
dielectric materials, such as plastics, textiles, paper, wood, and ceramics. Simultaneously,
many biomolecules, proteins, explosives and narcotics also feature spectral features in the
terahertz regime [23]. Liquid water is also one of the strongest absorbers of terahertz radiation:
these electromagnetic waves are sensitive to intermolecular vibrations of the hydrogen bond
[24]. These characteristics in turn make terahertz techniques attractive for a number of
applications including pharmaceutical coating analysis, material characterisation, concealed

weaponry detection, and cancer detection [25].



1.2. Dissertation outline

The present Dissertation is structured into six separate Chapters:

e Chapter 1 introduces the background information, research motivation and key novel
contributions to the field.

e Chapter 2 expands on technical information about PEMFCs, especially focussed on
water transport and accumulation mechanisms. Further, the field of terahertz science
and technology is introduced, specifically terahertz time-domain spectroscopy (THz-
TDS), continuous wave (CW) generation schemes and focal plane array (FPA)
detection schemes, and industrial applications are displayed. Finally, it extensively
reviews the current state of the art on liquid water visualisation techniques for PEMFCs.
These techniques are classified in terms of their specific pros and cons, with particular
focus on temporal and spatial resolutions.

e Chapter 3 describes in detail the experimental procedures used to perform the work
presented in this Dissertation. It addresses the lab-scale transparent fuel cell and gas
delivery system, terahertz transmission imaging system setup, alignment, and
calibration, simultaneous gravimetric setup, high-resolution optical imaging, and the
entirety of data processing routines.

e Chapter 4 demonstrates the feasibility of a novel terahertz imaging system based on a
0.1 THz impact ionisation avalanche transit-time (IMPATT) diode source and a FPA
terahertz camera for direct water quantification and visualisation in hydrated Nafion
PEMs, as an initial route towards liquid water inspection in fully operating PEMFCs.
In particular, the system’s sensitivity for water quantification against water with known
layer thickness is validated, and water weight in a wide range of Nafion membranes is
estimated across time, benchmarked against simultaneous gravimetric analysis. Finally,
to assess the system’s ability to spatially resolve water distribution, the dehydration
profile of a partially hydrated Nafion membrane was imaged.

e Chapter 5 presents the design progress of a terahertz and optically transparent PEMFC
for flooding observations, where two distinct versions are discussed. Their components,
electrochemical characterisation, testing protocols are discussed in detail. Most
importantly, a similar terahertz imaging system was demonstrated for visualisation of
two-phase flow patterns, including membrane hydration, main droplet occurrence,

water pool growth and washout, as well as the effect of varying gas flow rates. The
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results were successfully validated against simultaneous optical imaging and
electrochemical readings.

e Chapter 6 summarises and evaluates all the work that has been achieved during the
PhD project, vital contributions, and findings. The potential problems are identified and
recommendations for future work are discussed.

e Appendix A details the Matlab code listings developed for data processing during this
Dissertation.

1.3. Original contributions

The contributions to the field in the content of this Dissertation are based on the demonstration
of an imaging system based on a video-rate FPA terahertz cameraand 0.1 THz IMPATT source,
and corresponding algorithm for image processing for:

e Quantification and spatial visualisation of hydration levels in industry standard Nafion
membranes, which correlated well with simultaneous gravimetric measurements.

e Observations of two-phase flow patterns in operating PEMFCs, which included
membrane hydration, main droplet occurrence, water pool formation, growth, and
flushing, along with investigating the effect of differing gas flow rates. The results were
in accordance and complemented simultaneous high-resolution optical gauging and
electrochemical readings.

To the author’s best knowledge, this is the first time that terahertz imaging using FPAs terahertz
cameras has been successfully applied in the field of water visualisation in PEMFCs. Whilst
the author acknowledges that further research is required before widespread utilisation by
Nafion PEM manufacturers, it fulfils the main objective of the PhD project and opens diverse
avenues for applications. It has potential as a cost-effective complementary alternative as part
of a future Nafion manufacturing quality control strategy, as well as to assess the effect of novel
materials and configurations along with testing flooding mitigation strategies during PEMFC

operation with high sensitivity.
The following publications were achieved on the course of this PhD:
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2. Sensing water presence in
PEMFC: Literature review

Balanced water management strategies are critical for optimum PEMFC performance and
durability. In-situ water visualisation can be achieved using techniques such as MRI, X-ray
radiography, or optical diagnostics, each with their own pros and cons. Terahertz radiation
offers an attractive alternative to image flooding in transparent PEMFCs due to its inherently
high sensitivity towards liquid water. Thus, this Chapter will expand on basic concepts of
PEMFCs, terahertz science and technology, and review state of the art liquid water
visualisation techniques for PEMFCs, to establish a foundation for the experimental work

presented later into the Dissertation.



2.1. Introduction

Water plays an important role in PEMFC operation: Nafion PEM requires hydration to operate
and hence lab-scale reactant inlet streams are humidified [26], but at the same time, water is
a by-product of the electrochemical half-reaction at the cathode and therefore must be swiftly
removed to prevent cell flooding and reactant starvation at active electrocatalyst sites [27].
Commercial fuel cells can be self-humidifying, but the addition of water-retaining additives
leads to agglomeration, mechanical brittleness, and high ohmic resistance [28] .Liquid water
transport in an operating PEMFC is a challenging phenomenon to study due to the opaque
nature of traditional GDL and bipolar plate materials. For water fault diagnosis, various
methods exist such as the assessment of pressure drop [14], electrochemical impedance
spectroscopy (EIS) [29], residence time distribution [11, 12]. However, one of the main
drawbacks of these techniques is that they provide an indirect assessment of the entire operating
fuel cell and do not allow the location the faults to be determined.

Critical insights into the complex physical phenomena involving liquid water condensation and
transport within the PEMFC can also be provided by imaging techniques, but these have
drawbacks including excessive costs, limited availability and limited contrast and penetration
in the PEMFC.

Terahertz radiation can penetrate through dielectric materials, such as polymers, but is strongly
absorbed by polar materials, such as liquid water, which motivates the use of terahertz sensing
for non-destructive monitoring of water presence in PEMFCs and their components.

In this chapter, an overview of PEMFC basic concepts, particularly focused on water
accumulation and transport, as well as on terahertz science and technology, including terahertz
instrumentation and industrial applications will be provided. This will then be followed by a
literature review of the most common liquid visualisation techniques in PEMFCs: MRI,

neutron imaging, x-ray radiography and tomography, optical diagnostics, and infrared imaging.

2.2. PEMFC

Fuel cells are comparable to batteries differing in the fact that fuel cell requires a continuous
feeding of fuel and oxidant to operate in contrast to batteries that already have the chemicals
stored inside. Therefore, fuel cells have the advantage of theoretically being capable of
producing electricity if there is fuel supply. Individual cells often produce insufficient voltage,
so they are stacked in series to meet the specific demands for their various applications. William
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Grove is credited for the first fuel cell demonstration in 1839, a device named “gas battery”.
However, only in the next century fuel cells would remerge, as NASA decided to develop them
in the 1960’s for space missions. Since then, fuel cells found applications in a myriad of fields,
such as vehicles, stationary and mobile power generation, sensors. Fuel cells are classified
according to type of electrolyte and fuel used and include alkaline fuel cell, phosphoric acid
fuel cell, molten carbonate fuel cell, solid oxide fuel cell and PEMFC [32]. Due to high
efficiency, silent operation, low environmental impact, few moving parts, potential
independence from carbon-based fuels, amongst other advantages, many regard fuel cells to be
at the forefront of a revolution in the electricity industry [33].

PEMFCs are low temperature fuel cells, poised as the best candidates for powering automobiles.
As the name implies, they incorporate a solid proton exchange or polymer electrolyte
membrane, and the standard material for PEMs is Nafion [7]. First developed by DuPont,
Nafion comprises a polytetrafluoroethylene (PTFE) backbone with perfluorinated-vinyl-
polyether side chains containing sulphonic acid end groups, which are responsible for Nafion’s
proton conducting properties. It is also widely used due to its excellent thermal and chemical
stability.

In an archetypical PEMFC, hydrogen fuel is fed to the anode where it is oxidised on an
electrocatalyst, usually platinum, to protons and electrons (Figure 2.1). The hydrogen oxidation

reactions (HOR) are represented by:
Hy - 2H* +2¢7,E° = 0V,4E°/ . = omy Kk~ [34] (2.1)

The newly formed electrons flow through an external circuit, creating the electricity output of
the PEMFC. The protons migrate through the PEM to the cathode, where they react with inlet
oxygen and electrons to produce water molecules and heat, also catalysed via platinum

electrocatalyst. The oxygen reduction reaction (ORR) is given by:
17,0, + 2H* + 2¢= > H,0,E° =12291V,9E°/ .. = 0 — 0.8456mV K~ [35] (2.2)

In PEMFCs, the ORR has significantly slower reaction kinetics than the HOR, and responsible
for most polarisation losses in the cell. It is the bottleneck of PEMFC technology, especially

for fuel cell cars. The overall reaction is represented by:

H, + 1/2 0, » H,0,E° =1.2291V, dEO/dT =0—0.8456mV K1 2.3)
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Figure 2.1 — Proton exchange membrane fuel cell diagram. Adapted from [33].

PEMFC single-cell assemblies are composed of the following parts (Figure 2.2):

PEM. Allows for proton conduction between electrodes while preventing electronic
conduction, which could lead to short-circuiting the fuel cell. Furthermore, it also separates
the reactants preventing parasitic side reactions. However, high associated costs of Nafion
PEMs pave the way for alternative membrane material such as graphene oxide, sulfonated
poly(ether ether ketone) (SPEEK), polybenzimidazole and carbon nanotubes [36], [37].
The PEM, along with the catalyst and gas diffusion layers, make up the membrane electrode
assembly (MEA).

Catalyst layers (CL). Consisting of a porous layer of electro-catalyst on each side of the
PEM, where the half reactions will occur. The usual electrode material is platinum on
carbon support, known for its catalytic properties [32], [38], [39], even though there is
research on non-precious metal catalyst for PEMFC [40], given platinum’s high cost.
Kinetically, the ORR is slower than the HOR and therefore platinum loadings are as low
as 0.05 mge.cm in the latter [41] and as high as 0.4 mger.cm2in the former [42].

Gas diffusion layers (GDL). The role of the GDLs is ensuring consistent and uniform
reactant gas feeding to the CLs through the gas flow channels, providing structural integrity
to the MEA, allowing for electron and heat transport and facilitating water removal from
the MEA [43], [44]. The typical materials for GDLs are carbon paper or cloth, treated with
PTFE to prevent water blockage of the pores, therefore enhancing reactant transport to the
CLs [45]. Usual PTFE loadings ranges from 5 to 30%, although 20% is described as the
optimised value [46], [47]. In certain applications, a thin microporous layer (MPL) is

incorporated at the interface between the GDL and CL. The pore size in the MPL is in the
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range of decimals of um while in the GDL is in the tens of um [48]. It has been shown that
MPL integration has a positive effect on MEA flooding, but the underlying mechanisms
are still subject of debate [48], [49].

Bipolar/end plates. Endplates have machined-through gas flow channels on one side, to
deliver the reactant streams evenly to the catalytically active areas, and a flat surface on the
other side. In the case of stacks, bipolar plates are used where gas flow channels are found
on both sides of the plates. The function of this component is to ensure mechanical support
to the cell/stack, provide uniform compression across the cell/stack, prevent gas/liquid
leakage and, in the case of bipolar plates, electrically connect the individual cells. Graphite
is the most commonly used material due to its chemical stability and low electrical
resistivity even though other materials are being researched to overcome some drawbacks
of graphite (high cost, low mechanical strength) such as stainless steel, brass and polymeric
composites [50]-[52].

Gaskets, screws, nuts, current collectors, and other auxiliary hardware to ensure overall cell

tightness and stability and electron conduction.

GAS DIFFUSION

Y

GRAPHITE TEFLON CATALYZED TEFLON GRAPHITE
BLOCK MASK MEMBRANE MASK BLOCK

Figure 2.2 — Schematic description of PEMFC components. Adapted from [32].

A critical aspect in PEMFC operation is its water management. Water is a product of the

electrochemical reaction and must be removed efficiently because of deleterious effects of

accumulation, which will be described further into this report. However, due to the operating

conditions of the cell and the nature of its components, water transport happens through a

myriad of different mechanisms, which are complex and the relevance and effects of each one

of them are still debated amongst scientists. Furthermore, it is vital to point out that water

management is a large topic, and its description is an overview of the most important points.
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Firstly, in Figure 2.3, water transport mechanisms across the PEM are the following:

e Electroosmotic drag (EOD). In this type of fuel cell, protons flow from the anode to the
cathode side of the cell by electromotive forces across the membrane. Neighbouring
water molecules are dragged along, since in aqueous media protons do not exist as
isolated species and tend to associate with water molecules to form the hydronium

(H30") compound [53]. This is considered the main water transport mechanism.

® Back diffusion (BD). As mentioned above, electrochemical water production occurs on
the cathode side of the cell, so this region tends to have a bigger water content than the
anode side. This causes a gradient across the membrane and shifts the water flux
towards the anode side [53].

In addition, water transport across the GDL is achieved mainly by pressure driven hydraulic

permeation, diffusion and evaporation [53].

Membrane
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Figure 2.3 - lllustrative overview of water transport mechanisms in a PEMFC. Adapted from [48].

The reversible voltage (E) refers to the theoretical maximum cell potential, assuming cell ideal
behaviour i.e. cell voltage is independent of the current drawn, and can be calculated from the

following equation:

E,=-22 (2.4)
Where AG refers to the change of Gibbs free energy of the overall reaction (J mol™), n is the
number of electrons transferred (in this case, 2) and F is the Faraday constant (96485 C mol™).
However, even when operating the PEMFC on open circuit voltage (OCV), Eocy, i.e. PEMFC

is disconnected from the load and therefore zero current is drawn, the output is lower than the
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theoretically determined. This effect arises from parasitic side reactions due to fuel crossover
and electron conduction across the membrane (internal currents) [54]. Consequently, the

operating fuel cell voltage (Ecen) is determined by equation (2.5):

Ecen = Eocv — Eirrev (2.5)
Figure 2.4 presents a sample current-voltage curve (known as polarisation curve) for a PEMFC.
Polarisation curves are a common way to assess performance at an operating point. A

potentiostat linearly sweeps the current while measuring the voltage.
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Figure 2.4 - Example of a polarisation curve. Adapted from [54].

Eirev refers to the irreversible potential losses during fuel cell operation, which can be

represented as a sum of three factors:

Eirrev = Vact + Vonm + Vcone
(2.6)

Where vact, vohm, @aNd vconc refer to voltage losses due to the activation, ohmic and concentration
polarisation, respectively. These are the three main underlying mechanisms behind the shape
of the polarisation curve [55].

Activation polarisation relates to the kinetics of the electrochemical reaction. There is a certain
activation energy, associated with the slowest step of each electrochemical half reaction, which
must be overcome, and voltage loss happens as a result. This type of polarisation loss in a
PEMFC is associated mostly with the ORR. As seen in Figure 2.4, this mechanism dominates
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the low current density part of the graph and amounts to 0.1 to 0.2 V of loss in this part of the
spectrum [56]. Equation (2.7) represents the anode and cathode activation polarisation:

Vace = 2ol () 2.7)

nFa io

Where R is the ideal gas constant (8.314 J molt K1), T is the temperature (K), a is the charge
transfer coefficient, i and io are current density and exchange current density (A cm™).

Ohmic polarisation refers to the natural resistance to charge flow of the fuel cell components,
which leads to voltage losses. All the cell components contribute to this effect, including the
GDL, CL, PEM and bipolar/endplates [56]. The ohmic losses are predominant in the
intermediate region of the graph and can be expressed as:

Uohm = i(Relectronic + Rionic + Rcontact) (2-8)
Where Relectronic, Rionic and Reontact (€2) are electronic, ionic, and contact resistance, respectively.

Inefficient removal of product water from the CL/GDL interface causes flooding and hinders
mass transport of the gaseous reactants to these catalytically active areas in a phenomenon
known as concentration polarisation. This happens across the entire range of the current density
but gets especially relevant at the higher end of the spectrum [57]. Concentration polarisation

is described by equation (2.9):

RT

Veone = (o) In (1 - ﬁ) (2.9)
Where i represents the limiting current (A), which depends on process conditions. In Figure
2.5a, examples of polarisation curves at different flooding levels are shown. At high current
densities, the rate of water production usually exceeds the rate of water purging which leads to
accumulation (flooding) and issues on the mass transport of reactants to CLs. The graph
demonstrates that the more severe the flooding issue, voltage drops associated with
concentration polarisation are sharper and occur earlier in the current density range.
Furthermore, Figure 2.5b shows the voltage output of a PEMFC operating at constant current
density. As mentioned before, if enough water builds-up during operation, it will block gas
delivery to catalyst sites, which will cause the negative spikes in voltage output. Eventually, as
time goes on, inlet gases will build-up enough pressure to flush the blocking water out, which
will cause to a positive spike in the voltage and, after a period, will stabilize to its standard
value. This fluctuation causes unstable, unreliable and inconsistent cell performance [48].

Additionally, it is important to note that flooding is not a CL/GDL interface exclusive
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occurrence, but also happens on every other cell component, for a myriad of reasons e.g.

operating conditions and cell component design.
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Figure 2.5 — Effects of concentration polarisation on PEMFC performance: (a) Polarisation curves of escalating levels of
PEMFC flooding; (b) PEMFC voltage output during constant current density operation. [48]

The previous paragraphs focussed on the importance of efficient removal of water to prevent
flooding in the PEMFC and all its negative effects. Nevertheless, there is a different aspect to
water management, one that requires keeping moisture inside the cell. Nafion, as PEM material,
has the intrinsic ability of being able to conduct protons and not allow transport of electrons.
Nevertheless, it is widely accepted in the PEMFC literature, that Nafion needs a good level of
hydration in order to achieve proper proton conduction [12], [27], [58], [59]. Evidence of linear
relation between proton conductivity and amount of water in Nafion can be found on Figure
2.6. Furthermore, membrane drying due to faulty operating conditions and/or local hotspots

can lead to material damage e.g. pinholes [60].
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Figure 2.6 — Nafion membrane proton conductivity vs water content, at 30°C. Adapted from [61].
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Consequently, inlet gases go through a humidification process prior to entering the cell to
ensure appropriate water content in the membrane at all times during PEMFC operation [62].
This introduces an additional source of water besides the electrochemical production, which
implies that inlet relative humidity (RH), temperature and pressure need careful control to

achieve good balance between the conditions.

2.3. Liquid water visualisation in PEMFC

2.3.1. Magnetic resonance imaging

MRI is type of a non-invasive and non-destructive imaging modality that uses strong magnets
to produce two-dimensional (2D) or 3D contrast images. MRI is widely known to the public
as a medical diagnostic tool, although it has other applications in engineering and physical
sciences. It was developed by Lauterbur and Mansfield in the 1970s [63], who applied the
concept of nuclear magnetic resonance (NMR), first discovered by Rabi [64], and expanded to
liquids and solids by Bloch and Purcell decades earlier [65], to produce images of living
animals. NMR relates to the quantum mechanical magnetic properties of certain atomic nuclei
with non-zero spin moment, most commonly the hydrogen nuclei, hence the term *H-NMR.
Hydrogen atomic nuclei are excited by a strong static magnetic field and radio frequency pulses,
resulting on split nuclear spin energy levels, with the majority aligning with the magnetic field
(lower energy level). The radio frequency signal excites the atomic nuclei to higher energy
levels (opposed to the magnetic field) and their subsequent relaxation resonates at a detectable
characteristic frequency. The signal amplitude then correlates to the amount of hydrogen and
water molecules in the sample [17]. The phase and frequency of the signal are used to generate
images through spatially encoding and selection methods such as single-scan multidimensional
experiments, pure shift and selective refocusing experiments [66].

In the context of PEMFC, MRI can be a useful tool for in situ investigation of water distribution
during fuel cell operation, given the capacity of detecting liquid water molecules through
optically opaque components. The procedure was first described in 2004 [67], where MRI was
used to display spatially resolved hydration levels in a 340 um thick PEM inside an operating
fuel cell. Through-plane images of the fuel cell revealed less hydration on the anode side of the
membrane, which was attributed to the dominance of the EOD for water transport across the
PEM. Further, by increasing the current load on the cell, the water content in the PEM
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decreased proportionally to the increase ohmic resistance, as seen in Figure 2.7. In the same
year, in-plane visualisation of water distribution in PEMFC components using MRI was also
demonstrated [68]. Water transport phenomena were observed such as transient water
obstructions in gas flow channel, non-uniform PEM hydration, pooling outside of O-ring seals
and diffusion of water from the MEA into the surrounding Nafion structure, the latter for the

first time.

Polymer electrolyte membrane (340 pum)

Figure 2.7 — Water content in the membrane under fuel cell operation with (a) 0, (b) 89, (c) 178 and (d) 267 mA/cm?. The
spatial resolution is 25 pm along the direction from the anode to the cathode. Adapted from [67].

MRI was used to study the feasibility of a novel PEMFC design with direct liquid water feed
to the PEM [69]. It was found that direct liquid water injection to the PEM led to approximately
40% increase in cell voltage, from decreased ohmic resistance. Additionally, resulting images
showed PEM dehydration near the gas inlets being partially mitigated by the liquid water
supply and localised membrane deformation due to swelling. The dynamics of water transport
and accumulation inside the PEM were also further studied with MRI, by investigating the
effect of different PEM materials [70], [71], PEM thickness [72], cell temperature, relative
humidity and current density [71], [73], [74].

In a group of systematic in situ studies on in-plane water distribution in PEM [75]-[77] during
operation, it was reported that gas flow configurations highly influenced water content and
performance of the fuel cell. Particularly, counter-flow configurations resulted in a uniform
water distribution while co-flow configurations caused PEM dehydration near the gas inlets.
This behaviour is also observed in a study using a PEMFC with 6 cm? area [78], where, in a
co-flow configuration, progressive water accumulation occurred close to the outlets, while

inlets remained dry. This build-up takes place within both the membrane and gas flow channels.
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In addition, initial accumulation of liquid water in the cathode is beneficial to the fuel cell’s
performance, possibly due to rehydration of membrane areas dried by the reactant gases [75].
MRI was also employed for in situ imaging a PEMFC over 11 h of continuous operation with
constant load [79]. In-plane 2D images showed the formation of a dehydration front on the
PEM surface that propagated slowly, starting from gas inlets and towards gas outlets (Figure
2.8).

Finally, a hydrogen-deuterium exchange system was used as a method to improve MRI contrast
when analysing water distributions in a PEM during fuel cell operation under steady state
conditions [80]. Particularly, alternating the fuel supply between hydrogen and deuterium gases
enables the visualisation of redistribution of water from wet or flooded conditions in the PEM.
Measurements with MRI to date have revealed a wealth of valuable insight regarding the water
accumulation and transport, on the PEM and gas flow channels. Compared to competing
technologies, MRI is sensitive to hydrogen-containing compounds such as water, uses non-
ionising radiation and can penetrate optically opaque structures. However, disadvantages
include relatively limited spatial resolution and acquisition rates (400x25 um? and 50 s [67]),
limited sensing volume, invasiveness, due to requiring replacement of magnetic materials in
the fuel cell (nonmagnetic acrylic flow fields [78]), reduced size of the magnet-core for fuel
cell housing and significant interference caused when the cell is operated at high current
densities [17]. Additionally, MRI machines are usually stationary, requiring a central facility
to operate, and their cost is in the order of hundreds of thousands of pounds.

Figure 2.8 — Selected MR images showing water in an operating fuel cell over a ~12h period. Images were acquired at (a)
the start of the experiment and after (b) 66, (c) 164, (d) 290, € 473, and (f) 678 min. The fuel and oxidant inlet and outlet
are labelled. Arrows point to regions showing flooding, expect for arrows in (b), which highlight the position of the
dehydration front that moved from the inlet to outlet. Adapted from [79].
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2.3.2. Neutron imaging

Neutron imaging is a non-invasive and non-destructive technique that uses neutron beams to
investigate the interior of many materials and engineering components, generating 2D or 3D
images [81]. It was first used successfully in the late 1930s, shortly after the discovery of the
neutron by James Chadwick in 1932 [82]. Since then, neutron imaging has been applied
successfully in several fields such as engineering, biology, archaeology, metallurgy and
geoscience [83]. Contrast in neutron images is based on the attenuation properties of the varied
materials that compose the sample under test, like x-ray radiographs. However, while X-rays
interact with electrons, neutrons interact with the atom’s nuclei. This condition can be exploited
for PEMFC research since the method has high sensitivity for hydrogen containing compounds,
such as water, and can penetrate through common fuel cell materials, such as stainless steel or
graphite. The main issue with neutron imaging lies in the scarcity of state-of-the-art neutron
sources available for PEMFC applications, with most research reported in the literature being
conducted at the Paul Scherrer Institut at Villigen, Switzerland, the National Institute of
Standards and Technology’s Center for Neutron Research at Gaithersburg, MD, USA, the Penn
State Breazeale Nuclear Reactor at State College, PA, USA, the Laboratoire Léon Brillouin at
the Orphée Nuclear Reactor in Saclay, France, the CONRAD/V7 facility of the Hahn-Meitner
Institute Berlin (BER Il research reactor) in Germany, the Neutron Radiography Facility of the
Korea Atomic Energy Research Institute at Hanaro, South Korea, and JRR-3 at Tokai, Japan
[16].

The earliest reports of neutron imaging for in situ investigation of liquid water accumulation
and transport in PEMFC were in 1999 [84] to determine the water distribution in the PEM of
a PEMFC, and in 2002 where significant water build-up was observed on the anodic flow
channels of the PEMFC [85]. Furthermore, in 2004, several neutron images were acquired to
create a movie that provided real-time qualitative of water production, transport and removal
throughout the cell [86]. This work also demonstrated the capacity of differentiating flow field
water content and PEM/GDL water content.

Since these first demonstrations, neutron imaging has been used to investigate several aspects
of water management, such as the effect of different flow field geometries and GDL materials
[15], [87]. In [88], neutron radiographs revealed that continuous serpentine channel geometry
is more effective at water transport than discontinued interdigitated fingers. On the other hand,
another study showed that straight flow fields perform better than serpentine flow fields, due

to the high accumulation of liquid water in the corners and consequently gas bypassing the
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flow field [89]. The authors also reported that carbon cloth GDLs tended to accumulate less
water than carbon paper GDLSs. In a following paper employing neutron imaging to investigate
water accumulation in a PEMFC with interdigitated flow field [90], which, amongst several
findings, showed that GDL layers accumulate water until a critical water mass is reached
(approximately 44.2% of available void volume). At this point, product water is removed from
the cell at a similar rate in which it is produced. It was also reported that flooding occurs mainly
in the outlet channels, while ohmic resistance mean value and temporal fluctuations are
proportional to hydration in the membrane and GDL. Neutron imaging experiments were also
performed in a relatively large 50 cm? active area PEMFC with seven different flow-field
patterns [91], based on multiple serpentines, to investigate the effect on varying land size,
channel size and land to channel ratio (L:C). Their results indicate that decreasing L:C ratios
also decreases overall liquid water in the cell, with L:C ratios smaller than 2:3 considered
optimal. They also found that increasing the channel-GDL interfaces, and thus increasing the
number of serpentine channels results in higher water accumulation in the fuel cell. Serpentine
corners are spots with significant water accumulation and thus less channels result in less turns
and corners, which in turn result in less water in the cell. This water build-up at the serpentine
corners is also observed in [92], [93]. Neutron radiographs were also used in PEMFCs
operating in a cross flow pattern [94] and featuring triangular channels [95], the former
displayed. The authors found that BD was prevalent even when using a 180 um thick PEM,
and that triangular channels retained less water, respectively. Recently, neutron imaging was
employed to investigate slightly unorthodox PEMFC designs, such as open-cathode and planar
air-breathing (Figure 2.9) [96], [97].
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Figure 2.9 — Evolution of power density, water pattern and water accumulation in flooding conditions at 0.7 V operation.
The cell numbering from cell 1 to cell 10 from the right to the left of the picture. Adapted from [97].

The influence of operating conditions and material degradation on water management in
PEMFC has also been studied with neutron imaging [15], [87]. In particular, it was used to
investigate the water content in an operating PEMFC under varying conditions of current
density and temperature [98]. They reported that liquid water content increased proportionally
to the cell temperature, due to the evaporation of accumulated water at higher temperatures. In
a later publication [99], these authors further found that higher cathode inlet gas flowrates
resulted in lower water content due to increased water slug and droplet shearing. Neutron
imaging is also employed to validate a theoretical model that predicts the location of
preferential water accumulation in the cathode, without external humidification of the cathode
gas [100]. It was found that, even under a dry cathode supply, water accumulation on the
cathode still dominates over the anode. Additionally, this technique is used to study the impact
of water accumulation on diffusive limitations in a PEMFC supplied with intermittent short
pulses of Helox (79% Hz, 21% O) or pure O, in between the normal air supply [101]. The
authors reported that water accumulation in the channels near the GDL interface have the
highest impact on voltage losses related to bulk diffusion. Recently, the effects of GDL
degradation (Figure 2.10) and carbon corrosion in the cathode on the water transport and
distribution in PEMFC were also studied with neutron imaging [102], [103].
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Figure 2.10 — Colourised water-thickness images for a PEMFC at 0.6 V, after progressively greater numbers of potential
cycles. 80°C, 100% inlet RH, 1.5/2.5 L/min Hz/air. Adapted from [103].
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Neutron imaging has attracted considerable attention in this field, despite its excessive cost and
limited availability, with only a couple of facilities capable of performing it worldwide. This
attention stems from the sharp contrast achieved towards liquid water and excellent penetration
through fuel cell components made of aluminium, graphite, or stainless steel. The use of
neutron imaging for water management studies has been extensively demonstrated in the
literature with great success, such as the effect of different fuel supply strategies, operating
conditions, materials and more advanced studies with simultaneous mass transport loss
measurements [83]. Furthermore, sub-10 um spatial resolution [104] and frame rates up to 100
Hz [105] have been achieved, although not simultaneously. Such high resolution and frame
rate would allow for visualisation of microscale droplet transport in a fuel cell, with reported
time scales of milliseconds [15]. Despite all the advantages, the inflated cost of this technique
means that it is unlikely to be used on a routine basis and applied to perform specific
experiments and extract information otherwise not available to more accessible and economical

methods.

2.3.3. X-ray radiography and tomography

X-ray radiography is a non-invasive and non-destructive imaging technique using X-rays, a

form of ionising radiation, to inspect the internal structure of a sample by generating 2D images.
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These images can be further combined via computer processing to produce 3D in a procedure
known as computed tomography (CT). X-ray techniques are very well known for their use in
medical radiology and airport security, but they also find a myriad of other applications, such
as welding inspection [106] and non-intrusive cargo scanning [107]. X-rays were discovered
by Wilhelm Rontgen in 1895 [108] and their use for medical imaging was first achieved a year
later, in 1896 [109]. To produce an image, a beam of X-rays travels through the sample, and
are contrast is based on the X-rays interaction with the electronic clouds of the atoms in the
sample. Attenuation depends on material density and composition, so contrast is based on their
variation across the sample. Additionally, radiographs can be taken in multiple directions and
compiled to create a three-dimensional image (Computer tomography or CT).

In the last decade, high power synchrotron X-ray imaging has been applied to investigate liquid
water transport inside PEMFCs. Synchrotron x-ray radiography was used to study water
transport behaviour in PEMFC, with high spatial (3 um) and temporal resolution (5 s) [110].
The authors identified an eruptive water transport mechanism where water droplets present at
the GDL pores eject into the gas flow channel and merge into a single drop (Figure 2.11). In a
later study, water accumulation through-plane profile in a PEMFC was analysed [111]. It was
found that water accumulation in the PEMFC is highly dependent on current density and
regions with significant observable build-up were in the gas flow channel/GDL interface and
in the MPL. Additionally, synchrotron x-ray technology was employed to take radiographic
images and perform micro-CT of an acrylic PEMFC with dry inlet gases [112]. Spatial
resolution was 4.8 um and temporal resolution was 1 s and 60 min for a full tomogram. The
authors were able to visualise swelling in the 50 um Nafion® membrane due to water uptake.
In addition, through the tomogram, they were able to see microscopic formation of droplets in
the GDL. The feasibility of GDLs featuring transversal pinhole arrays was also studied with
X-ray radiography [113]. Temporal and spatial resolution were 12 um and 1 s, respectively.
Radiographs showed preferential water accumulation in the pinhole arrays and more uniformity
in water content across the GDL. In contrast, pinhole absent GDLs showed more heterogeneous
distribution, which the authors attributed to the GDL’s pore distribution. A quantitative study
on transient water accumulation in different PEMFC components (GDL and MEA) [114]
showed very different water spatial distribution, overall water content and saturation time in
each GDL with the cathode flooding after 21 minutes of operation. Spatial resolution was 1
pm. The effect of MPL thickness on water distribution was investigated [115]. Temporal and
spatial resolution were 3 s and 10 um. This study reinforces the idea of the MPL’s positive

impact on PEMFC flooding by reducing liquid build-up at the MPL/CL interface. An important

24



discovery is that thicker MPLs also reduce liquid build-up at the MPL/GDL interface. The
authors went on to conclude that a GDL made from MPL microporous material could be

remarkably effective in water management.
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Figure 2.11 - Eruptive water transport from the GDL. (a) Schematic illustration of the eruptive process: water (blue) moves
from the GDL pores to the gas flow channel through the channel/rib/GDL interface. (b) Radiographs normalized to the
picture before eruption: dark blue and purple regions indicate GDL regions where droplets were before eruption and red
to green where the droplets travelled and assembled into a cluster. Adapted from [110].

X-ray radiography is a powerful technique with high temporal and spatial resolution that can
provide details on microscale droplet formation and transport in the GDLs, giving it an
important advantage over other techniques. However, papers in the literature are often based
on synchrotron x-ray sources, which are expensive and have limited availability [15]-[17],
[116]. In addition, image contrast is not very strong, since x-rays have limited sensitivity to
hydrogen [15] and x-ray’s penetration is restricted in dense or high atomic number materials
[116].

2.3.4. Optical diagnostics

The idea of photography (capturing an image with visible light) has been described since
antiquity and the invention of the first modern camera is credited to Nicéphore Niépce in the
early 1800s. Nowadays, optical photography is widely employed in various fields of science,

manufacturing, art, and mass communication. In the context of PEMFCs, optical photography
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has been employed extensively for liquid water transport and accumulation studies and
flooding diagnostics in transparent PEMFCs [117]-[127] and flow fields [121], [125], [128]-
[131].

In a 2003 study [117], liquid water transport was visualised in the cathode gas channel of a
transparent PEM fuel cell operating at 30 °C. It was found that a hydrophilic cathode GDL
resulted in increased current density, which was attributed to a more uniformly hydrated
membrane. A further study [127] on the effects of varying GDL materials and hydrophobicity
showed that PEMFCs with hydrophilic GDLs were more susceptible to flooding in the cathode
gas channel. Furthermore, optical diagnostics of water droplet formation on the anode [123]
revealed that hydrophobic GDLs caused droplets to form on the gas channel walls (Figure 2.12)
while in hydrophilic GDLs droplets wicked from the channel to the GDL. Additionally, critical
hydrostatic pressure head for liquid water breakthrough for several GDL materials has been
studied [130]. Finally, water droplet emergence from the GDL surface and behaviour has been
investigated [120]. The authors observed physical transport phenomena such as preferential
droplet emergence locations, film formation along the channels and channel clogging.

For the purpose of the effect of process conditions and PEMFC design of flooding, the benefits
of high oxidant flow rates for water removal were demonstrated, although it resulted in faster
PEM dehydration [126]. Flooding in the cathode gas channels of PEMFCs was also examined
under parallel, interdigitated and cascaded flow field configurations [124]. The authors
observed that, at ambient conditions (25 °C and 1 bar), parallel configuration was the most
vulnerable to significant water accumulation, resulting in the worst performance of the three
fuel cells. They also observed water presence at downstream locations caused by diminished
gas flowrates. Additionally, by observing flooding patterns in the cathode gas channels of a
transparent PEMFCs [132], patterns of single-phase flow, droplet flow, film flow and slug flow
were identified. Water droplets that emerge from underneath the saturated GDL eventually
contact with neighbouring droplets to form a wavy-motion film. In turn, the films eventually
grow and accumulate into a slow-moving slug. Additionally, more exotic studies employed
optical diagnostics to correlate flooding to temperature distribution [118] and mitigate flooding

with a water absorption layer [122].
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Figure 2.12 — Sequential images of water droplets and films in the anode. PTFE-proofed carbon paper is used as anode
GDL. The view is in the outlet portion of the flow field. Adapted from [123].

Optical diagnostics coupled with fluorescence microscopy can provide insights into the ex-situ
microscale transport of liquid water and droplet formation across the GDL. By injecting a dye
solution through a GDL, preferential pathways for liquid water transport were identified
through the opaque, fibrous structure (Figure 2.13) [133] [134]. Additionally, the effect of GDL
compression was investigated [129] [134]. The authors found that damage caused by
compression led to localised regions of hydrophilic surfaces, which in time resulted in dynamic
and interconnected network of water pathways within the GDL.

Optical diagnostics is the most widespread water visualisation technique for transparent
PEMFCs, which can provide critical information on two-phase flow phenomena and the impact
of parameters such as GDL structures, flow field configurations and process conditions on
water transport and accumulation inside gas flow channels. These insights are collected using
cost effective devices with high spatial resolution and frame rate which are universally
available and simple to set-up and operate. However, incorporation of transparent windows
may prove to be challenging and even undesirable for certain studies, as it significantly affects
surface chemistry of the channels and the actual phenomenon under study. Additionally, the
lack of contrast of visible light towards liquid water and droplet condensation on the transparent
windows can lead to misinterpretation of the results [17]. Finally, coupling with fluorescence
microscopy is attractive for ex situ studies of water transport inside the GDL, but is yet to be
demonstrated in an operating PEMFC.
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Figure 2.13 — Digital images from fluorescence microscopy showing the evolution of water transport after 7 seconds. The
image to the left has been inverted for clarity, with the areas compressed by the O-ring shown as the area between the
concentric dashed circles. To the right, there is a three-dimensional rendering of signal intensity. Adapted from [134].

2.3.5. Infrared imaging

Infrared light is a form of electromagnetic radiation with situated broadly within the frequency
band between 430 THz and 0.3 THz. It was discovered by Sir William Herschel in 1800, and
finds applications in spectroscopy, night vision and thermography. Research on infrared
imaging for PEMFC has been typically focused on the latter to obtain temperature distributions
[118], [135]-[138]. In particular it has been used to find localised hotspots due to reaction heat
in the GDL and MEA [118] [137] and sub-zero water dynamics including phase change (Figure
2.14) [135] [136]. For flooding diagnostics, it has been performed using an infrared camera
with 5 um pixel resolution and 30 Hz frame rate, where a water film and condensation in both
anode and cathode channels could be observed [139]. Despite having a low level of
development in this topic and the requirement for a transparent fuel cell, infrared imaging could
become a powerful flooding diagnostic tool due to inherent sensitivity to the vibrational
motions of intermolecular bonds in water molecules combined with modern infrared devices
with high spatial resolution and frame rate. However, this sensitivity also means that infrared
beam attenuation in environments with large water contents will be limited, compromising the
feasibility of the technique. Additionally, all matter above the absolute zero emit infrared
radiation, and at PEMFC typical operating temperature of approximately 80 °C and 100-
200 °C for high temperature PEMFCs [140] background noise from surrounding emissions can

be a significant source of uncertainty.
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Figure 2.14 — Infrared images inside PEMFC cross-section: (a) before freezing, (b) at moment of freezing, and (c) 1/30 s
after freezing. Adapted from [136].

2.4. Terahertz radiation

Terahertz radiation is situated between the infrared and microwave regions of the
electromagnetic spectrum. The terahertz region is commonly defined to include the band of
frequencies ranging from 0.1 to 10 THz, where 1 THz corresponds to 102 Hz. In terms of other
frequently used units, this range corresponds to the following: wavelength A (0.03-3 mm);
wavenumber k (3.3-334 cm™); period t (0.1-10 ps); photon energy E (0.4-41 meV) and
temperature T (4.8-478 K) [141], as shown in Figure 2.15.

The terahertz frequency band is often referred to as the “Terahertz gap” owing to the limited
accessibility by optical, thermal and electronic techniques commonly employed in adjacent
frequency bands [142]. At lower frequencies (microwaves), radiation is generated using
oscillating circuits based on high-speed transistors and at higher frequencies (infrared) it is
generated via semiconductor lasers based on optical fibres. However, transistors and other
solid-state electronics are theoretically limited at about 300 gigahertz (GHz) and semiconductor
lasers can only be extended down to about 30 THz [25], [143].

Terahertz shares properties with neighbouring infrared and microwave bands. Like infrared
and microwaves, terahertz light is non-ionising and travels in a line a sight. Further, terahertz
penetrates through a wide range of dielectric materials, such as clothing, paper, plastics, with
typically less penetration depth compared to microwaves [25]. However, terahertz has limited

penetration through water and metals. A corollary of the former condition is that terahertz
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radiation has limited penetration through fog, clouds and suffers from high atmospheric
absorption due to the presence of water molecules in the atmosphere. This caused significant
hindrance on early terahertz funding and interest [144]. Nevertheless, the peculiar nature of
field-matter interactions induced by terahertz radiation makes it a promising regime for
investigation of the natural world. Many compounds possess very specific electromagnetic
resonances arising from their molecular structure, such as vibrational and rotational modes,

lying in the terahertz region [145].
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Figure 2.15 — The terahertz band of the electromagnetic spectrum. Adapted from [141].

From a historical perspective, investigations within the terahertz frequency range were
restricted for a long time to niche scientific environments, such as synchrotron facilities and
free electron lasers, with few relevant scientific applications due to the massively bulky nature
and unwieldy cost of these facilities. The advent of terahertz science as an emerging domain
can be certainly connected to the mainstream availability of cost-effective generation devices
and techniques, which can be traced back to the demonstration of the first laser in 1960 by
Theodore Mainman [146]. Many important breakthroughs were achieved in the terahertz fields
such as the first demonstration of mode-locked lasers [147] and the development electrical
discharge and optically pumped terahertz gas lasers [148], [149] in the 1960s, followed by
terahertz generation via nonlinear optics [150], [151] in the 1970s, but the field remained
relatively small across the 1980s. However, in the late 1980s, a new spectroscopic tool was

established when methods were developed for using ultrafast laser sources to both generate and
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detect freely propagating terahertz pulses [19]-[22]. This proved to be a major revolution in
the field, as it dramatically lowered the barrier for new researchers, especially with the
decreasing cost and complexity of commercial femtosecond laser systems. Since then, the
popularity of terahertz has increased tremendously, evidenced by the exponential growth of

publications mentioning “terahertz” in their contents (Figure 2.16) [152].
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Figure 2.16 — The yearly number of publications mentioning “terahertz” in their contents. Adapted from [152].

Amongst the many realisations of terahertz techniques, two major types of systems can be
distinguished: narrowband systems, commonly known as CW systems and broadband systems,
which mainly consist of THz-TDS [153].

THz-TDS systems are unique in their way of measurement. Other spectroscopic techniques
such as Infrared-Visible-Ultraviolet spectrometers or vector network analysers perform
measurement directly in the frequency domain, while Fourier Transform Infrared spectroscopy
measures indirectly in the time-domain via interferometry. In contrast, THz-TDS systems are
based on the generation and coherent detection of sub-picosecond pulses of electromagnetic
radiation, which are broadband in nature, and measure the amplitude and phase changes caused
by the sample material directly in the time-domain, in both reflection and transmission
geometries. This allows for the extraction of optical properties such as refractive index,
permittivity and absorption coefficient without the need for Kramers-Kronig transformation
[154], as well as spectroscopic analysis of chemical compositions, and thickness and depth
information of layered structures. For these reasons, THz-TDS is a versatile technique and the

leading measurement modality in this portion of the electromagnetic spectrum [155].
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On the other hand, CW systems use single-frequency or small bandwidth CWs of THz radiation
to measure a sample material’s properties, based on the signal amplitude variations. Although
CW systems usually don’t yield depth, frequency-domain or time-domain information like the
THz-TDS systems, they are the first choice when sharp spectral features are of interest and a
frequency resolution < 50 MHz is desired [155]. Additionally, the complexity of the optics can
be greatly reduced when compared to THz-TDS systems, resulting in faster measurements and
devices with reduced size and cost [156]. CW terahertz radiation can be generated using
electronic sources such as Gunn, IMPATT and resonant tunnelling diodes or optically by photo
mixing [157].

2.4.1. Terahertz systems

Terahertz time-domain spectroscopy

THz-TDS can be performed in reflection or transmission geometry. In both modes, the
absorption coefficient and refractive index can be calculated from the time delay and
attenuation of individual frequency components.

The main components of a THz-TDS system include a terahertz emitter, a terahertz detector,
an ultrafast (femtosecond) laser source, a beam splitter, a delay line and sets of collimating and
focusing lenses and parabolic mirrors. Typical THz-TDS system in both transmission and
reflection geometries are shown in Figure 2.17a and Figure 2.17b, respectively. The emitter is
usually a photoconductive antenna (PCA) consisting of a micro-antenna fabricated on a
semiconductor substrate with a short carrier lifetime, such as GaAs. The detector is usually
another PCA or a non-linear crystal such as ZnTe that favours optical polarisation in one
direction. Any femtosecond laser can be used if its photon energy is higher than the bandgap
of the semiconductor substrate [144]. For low temperature grown GaAs, titanium:sapphire or
Erbium-doped fibre laser are adequate [155]. During operation, the laser initially emits a short
pulse in the femtosecond range. The ultrafast optical pulse is divided by the beam splitter into
a pump beam and a probe beam. The former optically excites the THz emitter (biased PCA),
thus emitting a picosecond THz pulse which is then collimated and focused onto a sample using
sets of optical lenses and parabolic mirrors. The transmitted or reflected pulse is then collected
and focused onto the THz detector, which is an unbiased PCA, for laser gated terahertz
detection [158]. By rapidly sweeping a mechanical delay line, the transient terahertz electric

field can be traced out, thereby reconstructing the entire THz waveform in the time-domain.
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The advantages of this sampling approach are excellent reproducibility, low jitter, and low
noise at the cost of slow measurement speed. Opto-electronic delay methods are less popular
but can provide extremely fast data acquisition, although at a reduced signal-to-noise ratio. The
time-resolved THz pulse can be easily converted into a wideband THz spectrum via Fourier
transform [159], as seen in Figure 2.18. Nowadays, commercial THz-TDS instruments are
relatively compact, robust, flexible and comparable in price to other types of optical
instrumentation, such as spectrometers and Raman systems, and suitable for installations in an
industrial environment [160]. Examples of these devices are the MenloSystems TERA K15,
Toptica TeraFlash pro or the Hubner Photonics T-SPECTRALYZER®. Specifications on these
devices include a spectral range of 5-6 THz spectral range, 90 dB dynamic range and 1.2 GHz

THz frequency resolution.
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Figure 2.17 — Typical THz-TDS systems in (a) transmission and (b) reflection geometries. PM stands for parabolic mirror.
Adapted from [161].

A critical development for making THz-TDS systems more practical for industrial applications,
is to move away from free-space optics, where the femtosecond laser is guided and focused
using optics, to fibre optic coupled devices. The main challenge is maintaining the short pulses
and sufficient power through the fibre optic. An example application of fibre-coupled THz

sensors is in-line quality control of a pharmaceutical tablet coating process [162].

Terahertz continuous wave generation systems

CW terahertz light can be generated via solid-state devices, optical devices, or a combination
of both.

Quantum-cascade lasers (QCLs) are semiconductor lasers operating under different physical
principles than traditional semiconductor diode lasers [163]. The latter achieve emission

through electron-hole recombination between the conduction and the valence band, thus the
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emission wavelength is dependent upon the bandgap energy of the material. QCLs can output
radiation with high power at long wavelengths through a combination of both quantum and
cascade effects: QCL’s emission wavelength is decoupled from the bandgap energy by forming
sub bands in the conduction band, allowing for stimulated emission to occur within the
conduction band itself. This process is known as intersubband transition [164]. When combined
with a sloped potential bias, a single electrode can cascade through the quantum well structure
and emit multiple photons. QCLs were first proposed in 1971 [165] and first demonstrated in
1994 [163]. The first terahertz QCL was demonstrated in 2002 [166], operating at 50 K, 4.4
THz and 2 mW.
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Figure 2.18 — (a) Raw THz waveform in the time-domain and (b) corresponding Fourier transform in the frequency-domain.
Photo mixing combines optics and electronics to generate terahertz waves, where two CW
lasers of slightly detuned frequencies are overlapped in a photo mixer, usually an ultra-fast
semiconductor material such as GaAs, which outputs terahertz waves by means of an antenna.
The main advantage of photo mixing is that the output frequency is the high tunability achieved
by changing the frequency difference between the lasers. On the other hand, the main
disadvantage of this method is the low output power compared to other CW techniques.
Extensive overview on this subject can be found in [157].

Parametric conversion uses optical means to generate highly tunable (0.7-3 THz) CW terahertz
waves by pumping a non-linear optical crystal (e.g. LiINbO3) by a nanosecond pulsed laser,
producing polariton scattering [167].

Frequency multipliers are an electronic technique for obtaining CW terahertz waves, where the
frequency of a driver source, such as Gunn oscillators, is multiplied in a nonlinear device, such
as a Schottky diode [168], to generate a higher-order harmonic (multiple) of the input frequency.

General details on this can be found in [169].
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CW terahertz emitters can also be based on IMPATT technology. IMPATT diodes have been
around since the 1960s [170] and are the leading solid-state devices for microwave and
millimetre-wave generation [171]. These diodes are reverse biased to produced electron-hole
pairs in the depleted region of a semiconductor and contain either a single-drift region (SDR),
consisting of a single p-n layer or a double-drift region (DDR), consisting of a p*-p-n-n*
multilayer structure [172]. The DDR is superior to the SDR because the two drift zones enable
higher drift zone voltages that allow for higher direct current to radio-frequency conversion
efficiency and higher radio-frequency power output [171], [172]. The transit time is the time
taken for the carriers to cross the depletion layer, and the thicknesses, materials and doping
levels of the semiconductor layers are chosen based on the transit time required to obtain a
particular frequency [171], [172]. Devices operating at approximately 100 GHz commonly use
Si as the semiconductor material [172]. At terahertz frequencies it was found that GaAs, Si,
InP, 4H-SiC and Wz-GaN have been explored for semiconductor materials in IMPATT devices,
the latter two being the best candidates to potentially generate terahertz radiation up to 5 THz
[171]. Figure 2.19 displays a 0.1 THz IMPATT diode-based THz emitter, operating at 10 mW
output power and commercialised by Terasense Inc., based in CA, USA, which is the main

terahertz source used in the experimental work conducted as a part of this Dissertation.

Figure 2.19 - 0.1 THz Terasense terahertz emitter, based on IMPATT diode technology.

Terahertz cameras

In imaging applications, terahertz FPA cameras provide a faster alternative to raster scanning
(point by point scanning over a large area) that allows real-time imaging study of transient
processes over a large area but can come at the price of decreased sensitivity compared to THz-
TDS spectrometers. The source of illumination can be a broadband pulse [173]-[175] or
narrowband CW [176].
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THz imaging with microbolometer arrays, whose array elements infrared microbolometers
made of vanadium oxide, has been demonstrated [177]. For illumination, a CO laser was used,
although QCL has also been demonstrated. Institutions such as CEA-LET], Institut National
d’Optique, and Swiss Terahertz are actively developing microbolometer-based FPAs.

Other array elements include field-effect transistor (FET)-based cameras [178], Schottky
barrier diodes [179], [180], pyroelectric crystals [181]-[183], microelectromechanical systems
[184] and superconducting films [185]. In particular, FET-based cameras, whose detection
scheme is based on terahertz wave interaction with plasma oscillations in the transistor’s
channels, are considered as the most promising technique for mass adoption [186].

In the experimental work for this Dissertation, the Tera-256 model detector from Terasense
was used (Figure 2.20). It consists of a terahertz FPA camera consisting of an array of 16x16
pixels, with each pixel having dimensions of 1.5x1.5 mm. Its function is like a charge-coupled
device camera and is fabricated from a GaAs high-mobility hetero-structure, with the imaging
sensor mounted on a single wafer. It detects terahertz radiation by using a two-dimensional
electron system. Incoming terahertz radiation is received by an antenna, and this induces
plasma oscillations in the heterostructure. If the terahertz frequencies match the plasma
oscillation frequency, a large drop in the AC potential across the depletion region of the
semiconductor results in high values of rectified induced current. This enables a high response
in the detectivity at the plasma frequency [187]. At room temperature, the Tera-256 detector
has a responsivity of 50 kV/W, and a noise-equivalent-power (NEP) of 1 nW/Hz%°. Exact
details into the manufacturing of the Tera-256 model detector are not given on the company’s

website, however, they may be similar to detectors designed by Muravev and Kukushkin [188].

Figure 2.20 — Terasense Tera-256 terahertz FPA camera.
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2.4.2. Industrial applications

Pharmaceutical coating analysis

One of the foremost applications of terahertz technology occurs in pharmaceutical
manufacturing. film coating on solid oral dosage forms, especially for tablets, is typically
performed as the last steps of secondary manufacturing value chain. Coatings are usually
applied to cores such as tablets or pellets and in cases small particles such as crystals.
Functional coating can be used to ensure colour uniformity, light protection, taste masking,
protect the active pharmaceutical ingredient (API) against the acidic environment of the
stomach or the gastric mucosa against an aggressive API, and to prolong API release. Coating
thickness are important especially for functional coatings. A minimum thickness and the
absence of cracks are required to ensure gastro resistance of a dosage form. Defects in the
coating can lead to dose dumping can lead to spontaneous release of the drug leading to possible
toxic side effects. For the last fifteen years, terahertz pulsed imaging (TPI) has received a rapid
growth in the level of scientific interest to assess pharmaceutical coating quality. Figure 2.21a
shows a schematic diagram of a TPI instrument.

Imaging of pharmaceutical dosage forms using THz radiation is suitable because most coating
materials do not exhibit any distinct spectral features while being semi-transparent to terahertz
radiation. This therefore makes it possible to conduct non-destructive imaging at depth. In a
standard measurement, the terahertz pulses that are incident on the tablet surface will penetrate
through the underlying coatings. At each coating interface or abrupt change in refractive index
between drug particles and excipient matrix, a portion of the terahertz pulse reflects to the
detector. This in turn provides the necessary contrast to differentiate between structural layers
or subsurface structures within the tablet. Film coating thickness is determined by the
separation of adjacent reflection peaks in the processed signal, given by d = c4t/(2n), where d
is the coating thickness, c is the speed of light, 4¢ is the peak separation time and n is the
refractive index of the coating material. The refractive index can be estimated either from the
strength of the primary reflection using Fresnel’s equations [189], an independent measurement
using techniques such as X-ray microtomography [190] or precisely using THz-TDS, for
determining the absolute film coating thickness. An example of a 3D coating thickness image
is displayed in Figure 2.21b.

TPI has been used for several types of off-line measurements, such as coating morphology,

density, and drug release analysis, as well as defects identification. In the pioneering work by
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Fitzgerald et al. [191], TPI was used to analyse coating thickness of commercially available
ibuprofen tablets. By raster scanning the terahertz beam across a 1 x 1 mm square section of
the tablet at 50 pm steps, TPl was able to resolve different coating layers, measure overall
thicknesses, and distinguish between single- and multicoated tablets from different
manufacturers. These results were in good agreement with destructive optical microscopy
measurements. The success of this work led to the development of TPI for surface imaging of
arbitrary shaped tablets automatically [192]. This in turn provided information on the spatial
and statistical distribution of coating thickness for a wide range of products such as film-coated
tablets, sugar-coated tablets, multi-layered controlled release tablets and soft gelatine capsules.
TPI was also used to image delayed release tablets, which aim to control the site of drug release,
for example oesophagus, intestine or colon, where average coating thickness correlated well
against dissolution behaviour under simulated gastric pH conditions [193]. A number of studies
have also taken advantage of TPI to penetrate through the coating structures to identify coatings
defects in sustained-release coats, which allows for a predetermined API release rate for
extended time period, first demonstrated by Ho et al. [194]. This work has been extended to
detecting cracks between layers in bilayer tablets [195] and in coatings stored at high
temperatures (60-70°C) [196], revealing structural defects in enteric coatings (prevent
dissolution or disintegration in gastric environment) [197] and resolving air gaps to assess
adhesion quality between core and coatings in calendered tablets [198]. An extensive overview

of studies on TPI for pharmaceutical coating applications can be found in [199].
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Figure 2.21 — (a) Schematic of terahertz pulsed imaging (TP1). (b) Three-dimensional (3D) coating thickness image of one
face and centre band of a biconvex tablet. The coating layer is thicker on the centre band than on the top face of the tablet.
The false colour bar refers to the coating layer thickness, in um scale. Adapted from [192].

Liquid water detection and mapping

Researchers who are unfamiliar with terahertz technology typically first learn two basic facts
concerning the propagation of terahertz: it does not penetrate easily through metals nor polar
molecules such as water. While these facts do pose some limitations for terahertz technology,
for example when it is applied for wireless communications [200], [201], most materials which
absorb moisture are semi-transparent, such as plastics [202] or paper [203].Thus, there is a high
contrast between “hydrated” and “dry” areas of the material, which enables detection and

diffusion mapping of the liquid using terahertz sensing.

Paper

The moisture content of paper is an important parameter in its fabrication process. The quality
of the paper is strongly determined by the drying process which requires online monitoring of
the moisture content during paper production [203]. Non-uniform distribution of moisture and
high moisture content affect the shrinkage and strength properties of the paper and can induce
a myriad of problems including tearing, curling, wrinkling or fracturing of the paper [204]. In
the paper industry, currently implemented technologies for moisture sensing do not yield
spatially resolved information on moisture distribution, and, given that dry paper has low
terahertz absorption, terahertz sensing can be a solution.

Laboratory studies demonstrated diagnosing moisture content [203], simultaneous
measurements of thickness and moisture [205], [206] and multiple parameter estimation
(including moisture content) [207]-[211]. In general, authors were able to spatially resolve
water content in paper sheets using raster scanning terahertz imaging (Figure 2.22a) [203] and
distinguish vacuum-dried paper, common dry paper and paper after exposure to ambient
moisture with THz-TDS [205]-[207] (Figure 2.22b). Vassilev et al. [212] demonstrated a
prototype terahertz sensor operating at 0.2 THz for in-line contactless measurement of water
content in paper at the drier stage of a paper making machine. The sensor measured water
content over an area of 4 cm? and the observed variations in moisture content agreed well with
data from a simultaneous microwave resonator sensor as well as off-line laboratory measured

samples of the paper.

Wood
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Wood has also been investigated with terahertz techniques, although it is less transparent to
hertz waves than paper due in part to the larger thickness of samples and a stronger contribution
from scattering. The monitoring of moisture in wood timbers is an important manufacturing
parameter, since excess moisture accelerates the wood’s degradation, while low levels of
moisture in timbers can improve the material’s mechanical strength. Inagaki et al. [213], [214]
has developed a method for simultaneous moisture content and density using THz-TDS, by
correlating them to real and imaginary components of complex permittivity from four different
species (aspen, birch, hemlock and maple). Furthermore, an example of water mapping in wood
using terahertz imaging with a CW source and a FPA detector [215] is shown in Figure 2.23.
Here, a 14.2 mm thick spruce sample is injected with 1.55 g of water into an area of about 3.5
cm?, highlighted by an arrow in the THz false colour image (Figure 2.23b). As the sample dries
at room temperature, it slowly loses 90% of the injected water. THz techniques have also been
used to detect orientation of the aligned fibres [216]-[218] as well as beetle [219] and termite
damage [220]-[222].
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Figure 2.22 — (a) Raster scanned transmission image through 80 g/m? paper at 0.6 THz showing the distribution of water
in terms of moisture content (absolute values of kg water per kg fibre). Adapted from [203]. (b) Terahertz frequency domain
spectra of dry 280 g/m? paper in vacuum and humid air, as well as moist paper in humid air. The inset shows the moisture
content of paper absorbing atmospheric humidity at two humidity levels as a function of time. Adapted from [207].

Leaves
Water is an essential component in the physiological process of plants, which participates in
the various activities such as hydrolysis, photosynthesis, transpiration and nutrient transport

[223], [224]. The detection of leaf water content and distribution is of high importance for

numerous aspects in plant science, including physiological condition, irrigation management,
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and drought stress [225]. Much research attention has been directed towards terahertz imaging
and sensing techniques [226], such as THz-TDS [227], confocal microscopy [228] and QCL
[229]. These recent technologies can help us obtain non-invasive, fast, and reliable assessments
of leaf hydration status. terahertz radiation is particularly promising thanks to the high water
absorption coefficient and the relatively low absorption coefficient of the leaf dry-matter
content [230], [231]. The particularly long wavelength makes this type of radiation relatively
insensitive to scattering from leaf dry mass; consequently, terahertz imaging has proven to be
an effective tool for non-invasive monitoring of plant water content [232]-[234]. Moreover,
terahertz imaging can be used for mapping water density in single leaves [228], [235], for
carrying out time-lapse studies on leaf and trunk hydration dynamics [236], [237], and for
monitoring plant drought stress response [238]. Other spectral methods such as infrared
spectroscopy [239], [240] and hyperspectral spectroscopy [241] are currently used to obtain a
large amount of useful information (i.e. water data), but their approach is indirect where they
require particular wavelengths or combinations of indices in order to obtain a strong correlation
with actual water data. Particularly, Cumis et al. [228] exemplified the high resolution
capability of a terahertz confocal microscope based on a QCL source by imaging a fresh green
leaf, shown in Figure 2.24a. The original terahertz picture is seen in Figure 2.24b, and a close-
up of the highlighted region is shown in Figure 2.24c, where the veins and other details can be

seen with high definition.
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Figure 2.23 — (a) THz transmission image of the spruce wood sample. (b) Same sample after localised injection of water.
(c) THz imaging after sample loses 90% of injected water by weight. (d) Visible image of sample. Adapted from [215].

PEMFC related systems

Although terahertz sensing is unknown in the field of PEMFCs and other electrochemical

systems, a few studies were performed that explore this perspective. Nemes et al. [242]
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developed a terahertz-transparent three electrode cell to perform spectroelectrochemistry of a
SnO; thin film. Spectroelectrochemistry couples spectroscopic and electrochemical
measurements to identify chromic changes as a function of applied chemical potential [243].
Using THz-TDS, they demonstrated a decrease in terahertz transmission under a variety of bias
voltages corresponding to potentials where SnO2 conduction bands are potentiostatically filled.
This highlights the unique ability of THz radiation to distinguish between mobile and

nonmobile electrons, which can be particularly useful in semiconductor material studies.

Figure 2.24 — (a) Photograph of a fresh leaf. (b) Confocal terahertz image of the same leaf with intensity levels referring
to a wide chromatic range, to highlight the veins. The measurements covered an area 1.8 mm x 3.2 mm and 90x160 pixels
were recorded. (c) The rectangular white frame in panel (b) is imaged again with more points (200x200 pixels), to obtain a
high-resolution close-up of the leaf: the considerable number of details shows the noteworthy capabilities of the instrument.
Adapted from [228].

Yurchenko and Zaytsev [244] fitted the complex dielectric data of Nafion in the 0.15-1.5 THz
frequency range from THz-TDS, using a double-Debye model. Based on this pioneering work,
Ray and Devi have published several studies on the hydration dynamics in PEMs using THz-
TDS [245]-[248]. These compared the water retention properties of Nafion compared to other
PEM materials such as silica meso-structured cellular foam, meso-structured aluminosilicate
with hexagonal network and SPEEK-based membranes. Additionally, they found that UV light
exposure improved water retention in SPEEK membranes, to a degree higher than industry
standard Nafion. Finally, the authors were able to quantitatively measure water thickness in a
Nafion membrane using THz-TDS during a room temperature water desorption process, which
correlated well to gravimetric measurements, and distinguish different water modes (bulk,
bound and free) inside the Nafion membrane (Figure 2.25a). On a different perspective,
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Hagiwara et al. [249] developed a terahertz chemical microscope, based on reflection geometry
THz-TDS, to visualise chemical reactions in PEMFCs by measuring variations in terahertz
intensity caused by chemical or surface potential changes.

Thamboon and Buaphad et al. [250], [251] employed femtoelectron-based CW terahertz
reflection imaging to image liquid water in 2 mm wide flow channels of non-operating
PEMFCs, shown in Figure 2.25b. An obvious contrast between water-filled and air-filled

channels can be observed.
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Figure 2.25 — (a) Relative water fractions for Nafion showing the relative fraction of bulk, bound and free water in hydrated
membranes with time when the membrane is placed in ambient atmosphere. Adapted from [247]. (b) THz raster-scanned
image of machined channels filled with water and air in a non-operating PEMFC. Adapted from [251].

2.5. Summary

Adequate water management strategies are critical to guarantee that the PEMFC reaches and
maintains optimal performance, by ensuring sufficient supply of reactant gases to
electrocatalyst sites and that the Nafion PEM stays sufficiently hydrated. Water accumulation
and transport inside a PEMFC can be characterised by visualisation techniques, and the key
techniques have been thoroughly reviewed in this Chapter. In sum, MRI, neutron imaging, and
X-ray imaging/tomography techniques can image through visually opaque components such as
the GDL and flow channels [110], thus providing in-situ information on liquid water transport
in traditional fuel cells. However, main restrictions to these techniques are underpinned by

equipment availability and frame rate, with the example of MRI requiring 50 s to acquire an
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image. Optical diagnostics and infrared imaging can visualise liquid water through modified
transparent PEMFCs and provide information on two-phase flow regimes in the gas channels
[132] at relatively high frame rate and spatial resolutions (30 Hz, and 5 pum, respectively). A
key drawback is the opacity of common PEMFC components in the visible and infrared portion
of the electromagnetic spectrum. Additionally, the lack of contrast of visible light towards
liquid water and limited infrared penetration through samples with high water content are
significant hindrances to the development of these techniques. Considering this literature
review, it is concluded that there is a necessity for a simple and compact technique that can
diagnose flooding with adequate beam penetration and water sensitivity, thus maximising
contrast with background PEMFC components. Terahertz radiation is known to be non-
ionising, travels in a line of sight, and can penetrate dielectric materials, such as clothing,
polymers, and ceramics. Most importantly, terahertz frequencies present absorption bands due
to hydrogen bonding, and thus terahertz light is sensitive to water presence. This contrast
motivates the use of terahertz sensing for flooding diagnostics in PEMFCs. The recent
availability of terahertz cameras based on FPA and compact CW systems such as the IMPATT
diode allow for video-rate imaging at terahertz frequencies. This allows to circumvent the

necessity of terahertz imaging via raster scanning using more traditional pulsed or CW systems.
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3. Experimental
methodology

The detailed description of experimental methodology is vital to any scientific study. It ensures
the credibility of research, the reproducibility of the experimental methods and guides the
reader on how the research is conducted and organised. Therefore, this Chapter will describe
in detail the materials, methods and techniques used over the course of the PhD work presented
in this Dissertation.
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3.1. Introduction

The present Chapter will start by describing the terahertz and optically transparent PEMFC,
the reactant gas delivery system and operating conditions for the performed experiments.
Secondly, the terahertz transmission imaging system will be detailed, including initial setup
and assembly, alignment, and calibration. Additionally, the development of a setup for
simultaneous terahertz and gravimetric measurements along with an explanation on data
processing algorithms will be reported. Finally, both the hardware and data processing

algorithms for the high-resolution optical imaging are also detailed.

3.2. Lab-Scale PEMFC

The experimental setup is shown in Figure 3.1. Grade N5.5 (99.9995% purity) hydrogen (BOC,
UK) and compressed air were supplied as gaseous reactants. The flow rates were regulated by
mass flow controllers (MCS Series, Alicat Scientific, USA). Both reactant gases were
humidified prior to entering the fuel cell by bubbling through deionised water inside in-house
fabricated humidification vessels at room temperature and pressure. Assuming saturated
conditions inside the humidification vessels [252], reactant gases have a relative humidity of
100%. Antoine’s equation is a correlation between water vapor pressure (P*) and temperature

(T) for pure substances:

log1o(P*) = A— . (3.1)

C+T

where A (6.20963), B (2354.731) and C (7.559) are component specific constants [253].
According to this equation, and assuming saturated conditions inside the humidifiers, the water
vapor pressure at 25 °C is 3.17*10% Pa. Moreover, Dalton’s law defines that the total pressure
of a non-reactive gas mixture (Ptwotar) as a Summation of the partial pressure of each species (Pi):

Piotar = 11'1=1 p; (3-2)

Dalton’s law can also be expressed using the mole fraction of a gas (Xi):

x; = —2k (3.3)

Ptotal

Knowing this, the molar fraction of water is 0.031 mol water per 1 mol hydrogen/air. The

weight fraction (wh20) can be calculated according to the following:
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MHzO
Wh20 = Xg20 * Myas (3.4)

where Mgas is the molar mass of either gas (2 g/mol for hydrogen and 28.97 g/mol for air).
From these calculations, the weight fraction of water in air/hydrogen (i.e. absolute humidity)
IS 2% (w/w) and 28% (w/w), respectively. Electrochemical measurements of the PEMFC were
made using a SP-240 potentiostat (BioLogic, France).
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Figure 3.1 — Photograph of the experimental setup.

Figure 3.2 shows the schematic of the PEMFC design used in these studies. The single
serpentine flow channels were machined into 1 mm-thick stainless-steel plates with a channel
width of 5 mm, length of 100 mm, equally spaced by ribs, with a width of 5 mm. These flow

fields also served as current collectors for the PEMFC. The reason for a comparatively wider

flow channel than conventional counterparts (< 1 mm) is to ensure that water build-up can be

imaged by the setup in this feasibility study accounting for diffraction from channel edges,
which can distort the measurement. Two terahertz and optically transparent acrylic windows
are placed on top of the flow fields to allow for beam transmission through the PEMFC. The
fuel cell used a non-laminated membrane electrode assembly that comprise a PEM sandwiched
between gas diffusion electrodes (GDE) and GDLs. The incorporation of the GDLs on top of
the GDEs is to assist in contacting the gas flow channels and active areas, which can be
particularly difficult in a large area fuel cell. The PEM used was a 0.05 mm-thick, Nafion NRE-
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212 perfluorinated ion-exchange membrane (Alfa Aesar, UK) and the GDEs were woven
carbon cloth substrates with 0.3 mg cm?, 40% (anode) and 0.5 mg cm?, 60% (cathode)
platinum loading on Vulcan carbon support catalyst with 100 cm? area (Fuel Cell Store, USA).
The GDLs were Toray carbon papers (TGP-H-090) with 5% (w/w) polytetrafluoroethylene
(PTFE) wet proofing (Fuel Cell Store, USA). The Nafion NRE-212 membrane was activated
by boiling for 1 h in sulphuric acid and then 1 h in deionized water. This is performed to ensure
that positive ions that might be present in the sulfonic acid terminations are replaced with
protons. This activation procedure is known to improve membrane water content and proton
conductivity [254]. Rubber and PTFE gaskets were used between each of the components for
adequate sealing. The complete unit was pressed together using aluminium compression plates
and a torque of 15 N m was applied across the assembly (Figures 3.2c-d). For water
visualisation, a cut-out of 2.4x2 cm? was made on the optical and terahertz opaque layers
(compression plates, flow fields, GDEs and GDLSs) at the U-turn closest to the outlet (Figure
3.2b). This location was selected for known susceptibility to water accumulation in single
serpentine configurations [127], [255], [256]. It is important to note the absence of
catalyst/diffusion layers there, so water being visualized is not generated locally, instead
generated elsewhere in the fuel cell and emerging from downstream accumulation.

Three experiments were conducted over 300 min at a current density of 0.04 A cm™ in this
investigation. The operating conditions of these tests are listed in Table 3.1. The listed flowrates
for inlet gases were selected due to stable and repeatable operation of the fuel cell under these
circumstances. Furthermore, the stoichiometries were selected to ensure that excess reactant
gases are fed into the PEMFC to compensate for the custom-built PEMFC modifications (large
channel size, transparent cut-out). These values were chosen based on prior works on
visualizing water accumulation in PEMFCs [257]. The cell operated at ambient conditions of
temperature and pressure (~ 25 °C and 101.325 kPa) during all experiments. These conditions
were selected to maximize water condensation inside the PEMFC, in turn maximizing the
potential to image water with the proposed setup. Additionally, these experiments were
performed to visualize two-phase flow phenomena under different air inlet conditions. Between
each of these experiments, dry air and hydrogen were blown inside the PEMFC through the
cathode and anode channels, respectively for approximately 5 min at an open-circuit voltage.
Whilst we understand that this would result in electrode degradation over time [258], this was
necessary to remove any residual water left inside, ensuring reproducible initial conditions

between experiments.
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Table 3.1 - Operating conditions of the performed experiments.

Experiment Inlet flow rate  Stoichiometry Relati Absolute
no. / cm3/min latVe  humidity  Temperature
humidity (%) (°C)
0,
H> Air Anode Cathode (%) H.  Air
Exp. 1 60 300 2.2 3.9
Exp. 2 60 400 2.2 5.2 100 28 2 25
Exp. 3 60 500 2.2 6.9
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Figure 3.2 - (a) Schematic of the transparent PEMFC. (b) Top view of the flow field plate with highlighted visualisation
area. Photographs depicting the (c) front and (d) side views of the PEMFC.
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3.3. Terahertz transmission imaging

3.3.1. Materials

The core research described in this Dissertation is based on terahertz video-rate imaging. This
was chosen due to terahertz’s radiation sensitivity towards liquid water and semi-transparency
over common materials, coupled with the imaging system’s capacity to capture large areas at
video-rate. The imaging system was based on an IMPATT diode narrowband terahertz source,
operating at 100 GHz and 100 mW output power (Terasense Inc., USA), a standard gain horn
antenna (Mi-Wave, FL, USA) and a 16x16 focal plane array terahertz camera with 1.5 mm
pixel size and sensitivity in the 50-700 GHz frequency range (Terasense Inc, USA). The
terahertz camera is connected to the PC via USB cable and controlled by Terasense proprietary
software. The Terasense software displays the 16x16 pixel array, along with options on
exposure time, gamma correction and white/black filters (Figure 3.3). The image is displayed
with scaled colours in a jet colourmap. This means that low (< 0.1), average (~ 0.5) and high
(1) detected terahertz intensity will be shown as blue, yellow, and red colours, respectively.
Furthermore, specific pixels and areas can be selected, and their value or average value

respectively will be displayed on the screen.

- omm

Figure 3.3 — Terasense camera software.

A polymethylpentene (TPX) plano-convex lens with 50.8 mm diameter and 100 mm focal
length (Thorlabs Inc., UK) was used for beam collimation. Miscellaneous optomechanical

components, such as posts, post holders, irises, clamping forks, and brackets (Thorlabs Inc.,
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UK), were used for alignment, calibration, and physical support of imaging devices. Bespoke
parts such as aluminium rails and plastic frames were also designed and manufactured in-house
for securing samples and physically support imaging devices. The full optical assembly was
mounted on an aluminium breadboard (Thorlabs Inc., UK).

3.3.2. Source and camera alignment

To fully exploit the capabilities of the video-rate terahertz camera, it is ideal to achieve a
collimated beam that is the same size as the focal plane array. This will allow for each pixel to
provide spatial information on water content in the measured samples, as opposed to a focused
beam, which condenses information into a single point measurement.

The first step was to elevate the IMPATT source, positioning it on top of a laser-drilled acrylic
slab supported by four posts. These posts were bolted to the breadboard. The height of the
platform was adjusted depending on the sample’s requirements. When turned on, the source
emits a divergent terahertz beam through the antenna. To collimate the beam, the TPX lens was
positioned one focal length (100 mm) away from the source. The lens and antenna must be
well centred and perfectly parallel with each other. The resulting collimated beam is similar in
size to the collimating lens.

Secondly, the terahertz camera must be aligned with the collimated terahertz beam. This is
achieved by aligning the centre of the camera and the TPX lens with a tape measure. The initial
goal was to achieve a complete array of pixels displaying bright red colour.

In similar fashion to the terahertz source, the FPA camera was secured in a laser-drilled acrylic
slab. However, in this case the post assembly was such that the camera could be precisely
moved in all directions. The edges of the terahertz beam were determined by moving the
camera from left to right, and up and down. When the perimeter of the beam is reached, the
positions of the four beam corners (left, right, up, down) are noted down and this information
is used to put the terahertz camera at the centre of the beam.

The last step is to ensure that the beam is travelling in a straight line from source to camera.
This was achieved by placing two irises about 200 mm apart from each other and slightly
opening their apertures. The collimating lens height and orientation can be adjusted to ensure
that the pixels that correspond to the irises’ apertures are bright red. Additionally, these pixels

must become increasingly blue as the aperture is closed.
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3.3.3. Calibration

Upon ensuring that the terahertz beam is collimated, straight and aligned with the terahertz
camera, it is necessary to understand the optimal distance between source and camera. This is
coupled with investigating the accuracy of these terahertz imaging devices for measuring
material’s properties. Beer-Lambert law relates light attenuation to material properties

according to Equation 3.1:
I/IO — exp—ad

where I, and | are the reference (free space beam path) and sample (measured material in the
beam path) light intensities, respectively, d is sample thickness. The distance between the
imaging devices is varied from 200 to 600 mm with 10 mm increments. A rectangular slab of
acrylic, which has a known absorption coefficient (o) at 100 GHz of 0.5 cm™ [259], is then
placed in the beam path. The optimal distance was found in the range between 380-400 mm,
where the measurement relative terahertz intensity (1/1o) was the closest to the theoretical value.

3.3.4. Liquid cell

A custom-made liquid cell, which can confine water to a predefined thickness, is used to assess
the system’s ability to quantify liquid water. The cell is made from 8 mm thick and 50x50 mm?
area stainless steel compression plates with rectangular cut-outs with 15x10 mm? area. They
are fitted with terahertz transparent 4 mm thick and 45x45 mm? area acrylic [260] windows
and spacers of thicknesses between 6 to 500 um (Specac, UK; Davis Industrial Plastics, UK).
The liquid water is delivered to the inside of the cell with the help of a syringe through an inlet
with a one-way membrane tightly fitted into a machined cavity in the compression plate. The
water fills the volume delimited by the spacer and comes out through an outlet tube on the other
side of the compression plate. This allows the liquid water with the desired thickness to stand
in the terahertz beam path. An exploded view of the liquid cell’s components is shown in Figure

3.4.
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Figure 3.4 - Schematic of the liquid cell’s components in exploded view.

3.3.5. Simultaneous gravimetric setup

Upon acquiring the knowledge that this terahertz imaging system could quantify water
thickness, the next step was to study the water presence in Nafion membranes. Table 3.2 lists

the Nafion membranes of varying complexity and thickness used in these studies:

Table 3.2 — Summary of the Nafion membranes used in the study

Commercial name Manufacturing  Thickness (um) Supplier

process

NRE-212 Dispersion cast 50 Alfa Aesar (Lancashire, UK)
N-115 Extruded film 127 Fuel Cell Store (TX, USA)
N-117 Extruded film 180 Alfa Aesar (Lancashire, UK)
N-1110 Extruded film 254 Fuel Cell Store (TX, USA)

The membranes were measured as received, without further treatment. The dry membranes
were cut into square patches (~70x70 mm?) and their weight and terahertz intensity images
were acquired after drying for 1 hour in a laboratory oven (Carbolite ELF 11/14) at 105°C. The

dry membranes were then equilibrated with deionised water at 80 °C in order to enhance water
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uptake [261], as seen in Figure 3.5, after which excess surface water was removed with paper
wipes [262].

Figure 3.5 — Membrane equilibration with distilled water at 80°C inside a borosilicate beaker.

To understand the scope of the terahertz technique for water quantification in Nafion
membranes, the experimental setup went through a series of developments which will be
chronologically described in this Section. The goal was to benchmark terahertz estimated water
weight against gravimetric measurements. The weight balance used (Kern PCB 350-3) had mg
resolution and was connected to a PC for automatic data acquisition at 4 Hz rate. Initially, these
techniques were performed separately: a hydrated sample was attached to an acrylic sample
holder with binder clips and positioned in the terahertz beam path. Figures 3.6a-b shows a cross
sectional diagram and photograph of the sample holder with mounted samples. Afterwards, the
samples were rehydrated, and their weight monitored with the balance with a 1-minute
sampling time. For this preliminary measurement, Nafion NRE-212 was selected due to its

simplicity and lack of reinforcements or additives.
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Figure 3.6 — (a) Cross sectional diagram and (b) photograph of the tested Nafion NRE-212 mounted on the sample holder.
The highlighted area refers to the membrane location.

Following this, it was decided to perform the measurements simultaneously, both to achieve a
closer association of the distinct sets of results and improve the credibility of the study. Figure
3.7a displays the first setup developed for simultaneous experiments. The sample holder
consists of an acrylic plate attached to a nylon threaded rod, which is hanging from a hollow
aluminium bar. To increase the air/membrane interface and prevent accumulation of droplets
on its surface, the acrylic plate featured a cut-out, as shown in Figure 3.7b. The assembly is
placed on the balance, stabilised by a 100 mg counterweight. The samples are then hydrated
and attached with binder clips. Nafion NRE-212 was also selected for the reasons stated above.
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Figure 3.7 — (a) Photograph of the first setup developed for simultaneous terahertz and gravimetric measurements and (b)
cross section diagram of the sample holder.
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The setup shown in Figure 3.7 was unstable due to the suspended nature of the sample holder.
To improve this, a new setup was developed (Figure 3.8a). The structure was simply rearranged
by reducing the size of the aluminium hollow bar and nylon threaded rod, allowing it to be
positioned firmly on the balance with the aid of the counterweight. In this experiment, the
collection of standard Nafion membranes described in Table 3.2 was measured. The hydrated
sample was held in place to the sample holder with binder clips (Figure 3.8b) to dehydrate at

room temperature.
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Figure 3.8 - (a) Schematic of the terahertz imaging system for simultaneous gravimetric analysis (b) Front view of the
sample holder featuring Nafion sample, binder clips, and area used for terahertz measurements.

3.3.6. Data processing

Hydration imaging in Nafion PEMs

The typical output of the terahertz camera is a video, captured at 30 Hz frame rate. The terahertz
intensity images were extracted from the video and analysed using Matlab (Mathworks, Inc.,
MA, USA), using an in-house developed code for frame extraction and conversion from
double-precision RGB to single-precision grayscale images. The developed Matlab code is
available on Appendix A.1.

The extracted frames are represented in false colours, with individual pixels representing light
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intensities between values of 0 (total absence of light, black) and 1 (total presence of light,
white). As mentioned previously, Beer-Lambert Law relates light attenuation to material

properties according to Eq. (3.5):
I/IO = exp~* (3.5)

where |, and | are the reference and sample light intensities, respectively, d is sample thickness
and « is the material absorption coefficient (mm™) — taking on a value of 11 mm™ as the
average between 9-13 mm™ at 25°C at 100 GHz [24], [263]-[266] for liquid water, and used
for calculation purposes in this Dissertation. Using Beer-Lambert law, water thickness in the
area corresponding to a single pixel (dpixer) can be estimated. The measured intensity from the
dried membrane is used as the reference measurement to remove the effect of the Nafion
membrane, thus isolating the response of absorbed liquid water. The estimated water thickness

in each pixel (dpixer), can be used to estimate water weight in each pixel, EWpixel:
EWpixel = Apixeldpixelp (3.6)

where Apixel and p correspond to pixel area and water density of at 1 g/cm? at 25°C, respectively.
Equation (3.7) gives the estimated water weight (EW) in the entire membrane area:

Amem rane
EW = —bzzln?a?elzl EWpixel (3-7)

Acamera

To avoid edge effects of the membrane and beam interference from the binder clips used to
clamp the sample, a 24x24 mm? (size of the FPA camera) middle portion of the sample (Acamera),
shown in Figure 3.8b, whose edges are 18 mm away from the binder clips is imaged. The
selected area corresponds to the terahertz camera’s size. The outermost rows and columns of
pixels were discarded for liquid water weight estimation across the Nafion membranes due to
random fluctuations observed in free space measurements. Therefore, only the 14x14
remaining pixel matrix (196 pixels) was selected in the Matlab code. However, these discarded
pixels are shown in in Chapter 4 figures to provide visual evidence of the camera’s fluctuating
edge effects but were not used in the respective analysis. In addition, the first term on Equation
(3.7) extrapolates these results to the entire membrane area (Amembrane), assuming uniform water
content distribution across a vertically mounted sample.

The gravimetric water weight (Ww20) is calculated using Eq. (3.8):

WH20 = W() - Wdry (3.8)
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where W(t) is the sample weight at a given time t and Wary is the dry sample weight.

Observations of liquid water accumulation ina PEMFC

Similar to the hydration imaging data processing, the raw data output comes as a video and
video frame extraction and post-processing were performed using Matlab. The developed
Matlab code is available in Appendix A.2. Imaging data was acquired over the entire
operational cycle of the fuel cell (300 min) with 1 min sampling time, resulting in three hundred
data points. On each extracted video frame, the data is represented in false colours where
individual pixel values range from O to 1, proportionally to the amount of terahertz light
detected. Image resolution has been improved via bilinear interpolated shading (Gouraud
shading) using an inbuilt Matlab function. It minimises the pixelated appearance shown in
Figure 3.3, resulting in a smoother appearance that is easier to relate to optical images. In order
to avoid edge effects from the PEMFC structure and imaging noise caused by random
fluctuations in pixel values [267], the outermost rows and columns of pixels of the raw image
data were excluded. Thus, data analysis was focused on the resulting 14x14 pixel matrix. Figure
3.9 shows examples of pre-analysis terahertz images of the PEMFC transparent cut-out. Figure
3.9a refers to the initial frame (0 min) where the cut-out is dry without current density applied,
while Figure 3.9b shows a flooded state. The central region with visibly high intensity of
terahertz transmission (black) in Figure 3.9a corresponds to the transparent cut-out. The data
analysis was focused on the lower half of the region (white) where the majority water
accumulation was expected. This accumulation can be observed by dimmer pixels in Figure
3.9b. The low intensity values at the bottom row are due to the edge of the cut-out.

Terahertz images are processed as difference images, using the Figure 3.9a as a reference to
subtract away the background. The mean change in terahertz intensities, I(t), across the area at

a given time tis calculated as:

Zgixelzl(lo - Ipixel)/
N

I(t) = (3.9)

where N is the total number of pixels, Ipixel and lo are the sample and reference light intensities
in each pixel. For the sake of clarity, it is important to note that as a direct result of Equation
(3.9), water presence in terahertz difference images is characterized by high terahertz intensity,
in contrast to Figure 3.9b. To illustrate this, Figures 3.9c-d shows post-processed Figure 3.9a-

b images. As expected, Figure 3.9¢’s pixel values equal zero while Figure 3.9d underlines the
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water response. High intensity pixels under the highlighted area in Figure 3.9d are related to

edge effects at the edge of the cut-out.
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Figure 3.9 — Pre- and post-processed terahertz false colour images of the (a), (c) dry and (b), (d) flooded PEMFC
transparent cut-out. Highlighted regions represent the overall cut-out and analysed area, respectively.

3.4. High-resolution optical imaging

3.4.1. Materials

The optical imaging system is based on an IMT-CAM-028 high-resolution optical camera
incorporating an IM-LENS-MTO051 material testing lens (Imetrum, UK). To ensure adequate
illumination in the optical images, the experimental setup was illuminated constantly using an
external LED floodlight. These devices are connected to a desktop PC for data acquisition. The
IMETRUM proprietary software allows for control of the optical devices and data capture.

3.4.2. Data processing

The standard output from the optical camera is a video, captured at 0.2 Hz frame rate. The
video frame extraction and post-processing were performed using Matlab. Data was collected

over 300 min of operation, at a 5 s sampling time resulting in 3,600 data points. Image
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segmentation was used, which took approximately 0.5 s per frame. To improve the processing
speed, frame rate of the video was down sampled by a factor of four, resulting in approximately
900 frames analysed in approximately 7.5 min. The analysis had two distinct goals: identify
and track deformation of the exposed PEM (due to swelling) and the upper boundary of the
accumulating water pool. These are related to PEM hydration and PEMFC cathode flooding,
respectively. These are achieved by firstly identifying an appropriate point in the video where
the swelling deformation first becomes visible and localizing the initial deformation point using
intensity-based thresholding. This gave an initial reference point, which is tracked throughout
the following frames using a pre-determined stopping point, when the deformation is no longer
observable. This resulted in a 3D point cloud, which is converted into a probability map to
reconstruct the deformation region. The area of the deformation is calculated as number of
pixels. The second task is more challenging that requires repetitions due to the varying nature
of the apparent contour on the upper boundary of the water pool. This is caused by the
occurrence of distinct water transport processes, such as droplet condensation and movement
across the visible window, which may overlay the water pool region and hinder boundary
tracking. Here, a graph search approach is utilized that seeks to find the strongest vertical
change in intensity while minimizing the length of the boundary contour. The initial frame
corresponding to the main droplet appearance is identified and a seed point is placed. For clarity,
this refers to the water droplet that will eventually grow into a substantial water pool, rather
than condensation on the transparent window. From this point, the boundary is traced using the
model and the seed point for the next frame is determined automatically. In cases where the
segmentation is deemed to have failed due to artefacts, these segmentations are removed, and
subsequent frames reinitialized. Finally, the full video segmentation is realized by combining
the results from each frame, using bicubic interpolation for any removed frames. The upper
boundary of the water pool is then quantified as the relative change in the mean horizontal
position of the boundary to mitigate the impact of noise. The area recognized as liquid water is
calculated as the number of pixels below the boundary but lying within the annotated frame.
For clearer representation, both areas (PEM swelling, cathode water pooling) were normalized
against the overall number of analysed pixels (~ 980,000 pixels). Thus, the optical area in
subsequent comparison figures is represented as a percentage of pixels considered to be water

presence in the analysis region.
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3.5. Summary

In this Chapter, the complete details on experimental methodology for the studies performed
in this PhD project are presented. The terahertz imaging system on its own and coupled with
simultaneous gravimetric measurements and ensuing data processing algorithms were realised
for hydration imaging in PEMs and flooding observations in PEMFCs. For the latter topic, a
high-resolution optical imaging and data processing algorithm was also developed. Finally, a
terahertz transparent PEMFC capable of normal operation and electrochemical production of

water and its accompanying gas delivery system were accomplished.
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4. Hydration imaging In
Nafion PEMSs

Nafion membranes are considered the industry standard electrolyte material for proton
exchange membrane fuel cells. These membranes require adequate hydration to reach high
proton conductivity. The high sensitivity of terahertz radiation to liquid water enables contrast
to be observed for inspecting water presence in Nafion electrolyte membranes.

This Chapter evaluates the feasibility of a simple, compact terahertz imaging system for
visualising and quantifying liquid water during an ambient air desorption process for Nafion
membranes of a wide range of thicknesses and characteristics, as a first step towards water

visualisation in a fully operating PEMFC.
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4.1. Introduction

The most common material for PEM is a perfluorinated ionomer copolymer known as Nafion,
consists perfluorovinyl ether groups terminated with sulfonate groups incorporated onto a
PTFE backbone [268]. Liquid water uptake is known to enhance proton conduction in Nafion
membranes [12], [58], [59]. In addition, homogenous hydration aids in maintaining uniform
membrane impedance, where protonic current is similar across all the PEM area. Failure to
achieve this will result in protonic current gradients, localised hotspots (as internal resistance
increases) and pinhole formation, possibly resulting in PEMFC failure [269]. Achieving
uniform PEM hydration during operation is challenging, as regions of the membrane near the
gas inlets tend to be dehydrated due to an increased gas pressure but become increasingly
humid because of downstream water transport with the reactant gas. Thus, water management
is a crucial part of PEMFC operation: Nafion PEM requires hydration to operate and hence
reactant inlet streams are humidified [26], but at the same time, water is a by-product of the
electrochemical half-reaction at the cathode and therefore must be swiftly removed to prevent
cell flooding and reactant starvation at active electrocatalyst sites [27].

In the context of off-line water sorption and desorption dynamics in Nafion membranes,
techniques such as dynamic vapour sorption, differential scanning calorimetry, electrochemical
impedance spectroscopy and confocal micro-Raman spectroscopy have been used [270]-[284].
Additionally, the different modes of water (free, bound, etc.) inside Nafion membranes can
also be probed using broadband dielectric spectroscopy [285], [286] . Although these are
sensitive measurements for sensing water content in Nafion membranes, with um resolution in
the case of Raman spectroscopy, they cannot spatially resolve liquid water distribution over
large areas at video-rate. Additionally, they may require detailed sample preparation,
calibration models, or specialised equipment with temperature and humidity control.
Measurements using terahertz radiation in fuel cell-related studies have demonstrated the
sensitivity to many different phenomena, including visualisation of liquid water in flow
channels [250], [251] and hydration monitoring in PEMs [248]. However, these studies are
performed with single-point THz-TDS and thus unsuitable to image an entire section of a PEM.
Raster scanning can be a solution to image water spatial distribution, but it can assume to
several minutes pending on integration time and scanned area size. Therefore, it will not be
able to portray an accurate real-time spatial distribution of water in a Nafion membrane

exposed to ambient air.
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In this chapter, the feasibility of a terahertz transmission imaging system based on a terahertz
FPA camera and a 0.1 THz IMPATT terahertz source for direct water visualisation and
quantification in Nafion PEMs, as an initial route towards liquid water inspection in fully
operating PEMFC is investigated. First, the development of the experimental procedure will
be explained, followed by presentation of results obtained and accompanying discussion, and
ending with a summary. In particular, the terahertz system’s sensitivity for water quantification
is validated against known water thickness, and then water weight in a wide selection of Nafion
membranes is estimated across time, benchmarked against gravimetric analysis. Finally, to
assess the system’s ability to spatially resolve water distribution across a Nafion membrane,
the desorption profile of a partially hydrated Nafion membrane at room temperature was

imaged under ambient conditions.
4.2. Results and discussion

4.2.1. Terahertz liquid water quantification

To assess the ability of the proposed terahertz imaging system to estimate liquid water
thickness in the membrane, terahertz intensity images of the ‘dry’ and ‘hydrated’ liquid cell for
a range of spacer thicknesses were acquired and compared. Figure 4.1 shows the intensity
images for the 50 pum spacer where there is a clear difference between the two images in the
highlighted region of interest, corresponding to the liquid cell’s aperture. As expected in the
presence of liquid water, intensity of terahertz transmission is notably reduced due to water
absorption thus leading to lower detected values resulting in visibly ‘dimmer’ values on the
image in Fig. 4.1b. For quantification purposes, pixel values in the 3x4 pixels region of interest
at the centre of the high transmission zone in dry (Fig. 4.1a) and hydrated states (Fig. 4.1b) are

selected and compared.
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Figure 4.1 — Terahert; false colour images of the (a)’dry’ and (b) ‘hydrated’ liquid cell of spacer thickness 50 um.
Highlighted region corresponds to the aperture in the liquid cell and is used for quantification purposes.

The relative transmitted intensity in each pixel (1) in the region of interest is given by Equation
(4.2):

I
I = hydrated/ldry (41)

for different water thicknesses of 6, 12, 25, 50, 100, 200, 250 and 500 pm, as shown in Figure
4.2. This is plotted against the expected values from the Beer-Lambert law with variations in
absorption coefficient. For the sake of clarity, the experimental relative transmitted intensity is
calculated on a pixel-by-pixel basis, rather than pixel value averaging across the region of
interest. The mean and standard deviation of the relative intensity of the region of interest pixels
are then displayed as error bars in Figure 4.2. In addition, for each of the measured thicknesses,

five repeats were taken.
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Figure 4.2— Water quantitative analysis showing the measured relative transmitted terahertz intensities at a 25-500 pm
range of liquid water thicknesses, against the expected values using Beer Lambert Law with absorption coefficients of 9-
13 mm* at 100 GHz at 25°C, with maximum (13 mm-1) and minimum (9 mm-?) values displayed at the boundaries of shaded
area. The vertical error bars refer to standard deviation between five experiments. The horizontal error bars refer to
thickness tolerances of the spacer material.

It should be noted that, there were no discernible differences in pixel values between ‘dry’ and
‘hydrated’ terahertz intensity images for 6 and 12 pum spacer thicknesses due to the limited
terahertz camera detection sensitivity, and thus these values are not shown in Figure 4.2.
However, for increasing water thicknesses, there is an agreement against the expected values
where terahertz transmission decays exponentially with increasing water. It is important to
highlight that for 25 and 50 um water thicknesses, there is a higher standard deviation between
measurements when compared against 200 and 250 um. This can be due to decreasing systems
detection sensitivity with decreasing water content. In addition, although 500 um water
thickness presents low standard deviation (< 0.01 relative THz intensity), a water layer 500
pm-thick should theoretically attenuate over 99.5% of the incident terahertz beam and thus
measurements in this region will have considerable uncertainty. Nevertheless, the data shows
the system can quantify liquid water content, in the 25-500 um detection range of water

thicknesses, with a 25 um limit of detection and 25 pum minimum sensitivity, given by the
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Water weight (mg)

smallest difference between calibration points (25 and 50 pum). Considering Schmidt-Rohr and
Chen [287], it can be assumed that overall water thickness in the Nafion structure is comparable
to the thickness of the membrane itself, and thus suggesting that liquid water quantification in
Nafion membranes is possible.

4.2.2. Liquid water weight estimation in Nafion PEM

Following on water thickness estimation in a liquid cell, the thickness range estimated from
relative intensity measurements is applied to estimate the mass change, during a water
desorption test in ambient air, for distinct types of Nafion membranes benchmarked against
gravimetric analysis. This in turn allows to show the ability of a simple terahertz imaging
system to quantify water across Nafion membranes.
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Figure 4.3 — Preliminary data on the evolution of (a) terahertz intensity and water weight during a water desorption process
of a Nafion NRE-212 membrane, measured by non-simultaneous terahertz and gravimetric measurements. (b) Degree of
correlation between the independent tests.

Preliminary experiments were performed using a non-simultaneous terahertz and gravimetric
arrangement, to investigate the ability of the terahertz imaging system to estimate water
thickness initially on a Nafion NRE-212 membrane. Figure 4.3a shows the terahertz intensity
and water weight data obtained for a single measurement during the water desorption process.
The curves present an exponential behaviour (growth in terahertz and decay in gravimetric),
similar to observed in other water desorption studies in Nafion membranes [275], [276], [282],
[283]. A correlation between the independent curves is studied through a linear fit, presented
in Figure 4.3. Nafion NRE-212 exhibits a linear relationship between the two sets of data, with

a coefficient of determination (r?) Of 0.9788 in the linear fit. These preliminary results are
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important clues regarding the system’s ability to quantify liquid water and its relationship to
established gravimetric measurements.

Following these preliminary results, the next step was simultaneous terahertz and gravimetric
measurements, acquired continuously over a specific period. This method is time efficient,
robust and can provide a better agreement between the studied parameters. The membrane used
to assess this new arrangement was Nafion NRE-212, due to its standard material status and
reliable results obtained previously. Measured and estimated weights correspond to the weight
change of water determined by simultaneous gravimetric analysis and terahertz intensity
images, respectively. Four repeats were performed for this study. Figure 4.4 shows that the
curves agree well in terms of water uptake and desorption slope. The curves also present an
exponential decay consistent with previous studies on Nafion water desorption. An important
detail is the high standard deviation between repeats in the gravimetric measurements, when
compared to the terahertz measurements. The terahertz setup benefits from better physical
stability due to all the components being rigidly fixed, while the suspended sample holder is a
source of significant measurement noise. This introduces a large amount of uncertainty in the
results, since it can be difficult to locate the timeframe when the gravimetric readings plateau
and distinguish physical phenomena from measurement noise. In sum, the simultaneous setup
showed a general correlation between the two distinct techniques. However, high standard
deviation from distinct measurements means that improvements on the sample holder structure

were still required.
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Figure 4.4 - Water desorption from saturated Nafion NRE-212. Blue and red line and shade represent the mean and
standard deviation of estimated liquid water weight from terahertz intensities and actual measured liquid water weight from
gravimetric analysis, respectively, from four repeated experiments.

Finally, a definitive experimental procedure was established. In this case, four types of Nafion
with a wide array of thicknesses were investigated: Nafion NRE-212 (50 pum), N-115 (127 yum),
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N-117 (180 pum) and N-1110 (254 um). It should be noted that four repeats were performed for
each of the membranes.

Fig. 4.5 shows a good agreement between the measurement and estimation curves, which
shows an exponential decay behaviour, like Figure 4.4. However, there are notable differences
between the curves, which can be consistently observed across the membranes. Firstly, the
terahertz estimated weight overshoots the measured weight values. This can be attributed to
the presence of residual liquid surface water that may be present in thicknesses outside the
thickness range (25 — 500 pm) and the non-uniform water distribution across the membrane
especially for a vertical sample mounting arrangement thus leading to higher estimated weight
values. Secondly, differences are observed between the time constants. It can be noted that
after the initial minutes, the curves overlap with discrepancies appearing close to the end of
measurement. This effect is shown in Figure 4.5a, from around 15-20 minutes until the 40-
minute mark. The divergence in time constants between the curves is due to significant surface
water accumulation under the binder clips, outside of the measurement area of the terahertz
camera. Water loss in Nafion is usually attributed to diffusion from the interior of the
membrane to the membrane/gas interface and subsequent transport into the gas phase, the latter
being considered the key mechanism to this desorption process [282]. The region under the
binder clips used as part of the experimental setup also has limited membrane/gas interface, so
water loss happens at a slower rate because it is governed by an internal diffusion process only.
Furthermore, the terahertz imaging system measures liquid water in the Nafion structure across
a small area corresponding to the terahertz camera aperture while the gravimetric setup is
measuring the weight of the entire sample holder structure, and therefore it is likely that this
accumulated water is responsible for the increase in time constant of the measured weight curve.
A potential future solution would be assembling the terahertz imaging system in a vertical
arrangement as this excludes the necessity for binder clips and the effect of gravity.

The NRE-212 membrane clearly presents a higher level of standard deviation across repeats
when compared to other membranes. This can be due to the presence of significant surface
water in this membrane, which was challenging to remove thoroughly and consistently, as
illustrated by the large standard deviation in the terahertz measurement at the beginning of the
experiment. The smaller thickness of Nafion NRE-212 at 50 um also coincides with the
system’s reduced sensitivity at lower water thickness ranges as opposed to 100, 200 or 250 pum
thus explaining why estimated weight values in Figure 4.5a present the highest variation.
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Figure 4.5 - Water desorption from saturated Nafion (a) NRE-212, (b) N-115, (¢) N-117 and (d) N-1110. Blue and red line
and shade represent the mean and standard deviation of estimated liquid water weight from terahertz intensities and actual
measured liquid water weight from gravimetric analysis, respectively, from four repeated experiments. For clarity, a

reduced scale inset is present on (a).

By examining the water uptake of the individual membranes, shown by the initial water
measured weight values, it also increases as the membrane thickness increases, consistent with
Schmidt-Rohr and Chen [287]. However, the increase is not proportional to thickness, for
example there is a large difference in water uptake between 50 um thick NRE-212 and 127 pum
thick N-115 (125 and 275 mg, respectively) while the difference in water uptake between the
N-115, 180 pm thick N-117 and 254 pum thick N-1110 is smaller (275, 295 and 395 mg).
Although dispersion cast (NRE-212) and extruded membranes (N-115, N-117, N-1110) can
display small differences in water uptake [288], these results nevertheless suggest that water
desorption is not dependent on membrane thickness but rather on the water absorbed to sulfonic
acid groups as asserted by Majsztrik et al [282]. This is also evident in water desorption time

where NRE-212 and N-115 desorbed within 30 minutes, while N-117 and N-1110 took

approximately 50 minutes.
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4.2.3. Liquid water imaging on Nafion PEM

To demonstrate the ability to image hydration distribution across the membranes, here the
liquid water content of a partially hydrated Nafion N-117 membrane was imaged using the
proposed terahertz imaging system throughout the 120 min room temperature desorption
process at 30 Hz framerate. Prior to measuring, the N-117 membrane was clamped to the
sample holder and deionised water was administered directly to the lower portion of the
standing membrane using a plastic squeeze bottle with a nozzle (~1 mm inner diameter). This
was performed to ensure that only the lower half of the membrane is hydrated. Excess water
on the surface of the hydrated area, binder clips and sample holder were carefully removed
using paper wipes. Figure 4.6 shows snapshots of the acquired terahertz images of the Nafion
membrane at different timestamps of water desorption process. In order to reduce image noise
and improve smoothness for qualitative water visualisation [289], median filter and contrast
enhancement, via image thresholding, were applied to the terahertz images.

Figure 4.6a displays two separate regions, ‘dry’ and ‘hydrated’ where the latter is represented
by lower terahertz transmitted intensity due to beam attenuation by liquid water. Over time, as
the membrane dries, the ‘hydrated’ region shrinks, as expected. Desorption is not uniform
across the membrane area, as observed in Figure 4.6c¢, the left side of the ‘hydrated’ region (X
= 1 to 8) has lower terahertz transmission compared to the right side (x = 10 to 16) after 30
minutes of operation. In addition, two areas on the lower side of the image (y =12to 16, x=1
to 6 and x = 13 to 16) retains liquid water even after 120 minutes of operation, as seen in Fig.
3.11e. These zones are related to water accumulation by gravity effect around the binder clips
used to clamp the membrane for imaging, during hydration of the lower half of the membrane.
By closely examining the acquired images, various effects of noise can be observed. The extent
of these effects is analysed in more detail on section 4.2.4. To be specific, the camera provides
unreliable readings at corner pixels. Additionally, there are ‘dimmer’ pixels appearing
randomly across the ‘dry’ region in Figures 4.6¢c-e. This is consistent with an independent
measurement on a dry membrane where pixel intensities are also reduced around the camera
edges in addition to terahertz attenuation by the Nafion membrane [244]. Further inspection of
the ‘dimmer’ pixels’ shows that intensities tend to fluctuate around 10-30% of their maximum
value during the water desorption process. This is likely to be caused by the through-plane
structural change that the membrane experienced: from a swollen, hydrated state (Figure 4.7b)

to a flat and dry state (Figure 4.7a) due to water uptake [11]. At the same time, it should also
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be noted that this simple setup is also prone to vibrations from various environmental sources

and the effect of which, can also propagate into the measurements.
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Figure 4.6 - Terahertz false colour images of a partially hydrated Nafion N-117 membrane during desorption process,
timestamped at (a) 1min, (b) 15 min, (c) 30 min, (d) 60 min, () 120 min. Highlighted regions correspond to the selected
pixels for further analysis in Fig. 3.7. Black arrows in (e) indicate ‘dimmer’ pixels related to the noise of the imaging setup.

To further illustrate spatial differences in water content across the Nafion membrane, Figure
4.8 shows the pixel intensity evolution across time in the highlighted sections in Figure 4.6. At
the beginning of the experiment, the ‘dry’ region in the upper half of the image (y = 1 to 8) has
intensity values close to 1 (full transmission), while the ‘hydrated’ region (y = 11 to 16) has
lower intensity values. A transition zone between the regions (y = 9 to 10) bears an intermediate
intensity value. Terahertz transmission on the ‘hydrated’ pixels increases gradually as the
membrane approaches a dry state. The majority of ‘dry’ pixels values progressively plateau
near full transmission, indicating that any small amount of water present in this region dries
out quickly. An exception to this trend is shown in pixels in the ‘dry’ region (y = 1 to 4)
decreasing in intensity values from 1 to 15 minutes of operation. This is caused by presence of

the ‘dimmer’ pixels, observable in Figure 4.6b.
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4.2.4. Imaging noise analysis

During the examination of terahertz imaging of water presence in Nafion membranes, it was
understood that the reliability of the proposed terahertz imaging system needed to be
investigated. This concern is related to the imaging noise observed on the pixels around the
edges of the camera, when analysing free space and the dry side of the membrane seen in Figure

4.6. Thus, the two tests were conducted on free space and on a dry Nafion N-117 membrane.

Free space

The intrinsic noise associated with the terahertz camera and source was analysed by capturing
free space between them for 60 minutes. Figure 4.9 shows the terahertz images at the start
(4.9a) and at the end (4.9b) of the process.
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Figure 4.9 - Terahertz false colour images of free space at (a) 1 min and (b) 60 min. Black circles in (a) highlight ‘dimmer’
pixels selected for analysis.

It can be observed that the images are similar, and the majority of pixels stay at full
transmission, except for ‘dimmer’ pixels located mostly at the corners of the image. Figure
4.10 shows intensity evolution throughout the measurement of 4 pixels to further explain the
difference between ‘brighter’ and ‘dimmer’ pixels as well as showing differing levels of noise
in ‘dimmer’ pixels. For the sake of clarity, specific pixels will be referred to as Pixel (x
coordinate, y coordinate) and each pixel has a 1.5 mm size. The ‘brighter’ Pixel (8,8) maintains

maximum terahertz intensity while ‘dimmer’ Pixel (16,16), Pixel (1,1) and Pixel (4,15) display
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fluctuating values and lower average intensity compared to Pixel (8,8). Given the free space
nature of this test and the oscillating pattern of the ‘dimmer’ pixels, it is unlikely that these

pixels are displaying any physical effect, but artifacts related to the terahertz equipment itself.
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Figure 4.10 - Pixel intensity evolution of 4 selected pixels across 60 minutes. Legend should be read as Pixel (x coordinate,
y coordinate).

Dry membrane
Imaging noise was further analysed using a Nafion N-117 membrane as a sample with an

imaging time of 60 minutes. Figure 4.11 shows the terahertz images at the start (4.11a) and end
(4.11b) of the process.
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Figure 4.11 - Terahertz false colour images of a Nafion N-117 membrane at (a) 1 min and (b) 60 min. Black circles in (a)
highlight ‘dimmer’ pixels selected for analysis.

The images show that the Nafion structure’s interaction with the terahertz beam is manifested
as a reduction in pixel intensity mostly around the camera’s edges and corners. In addition,
even though the sample is static, Figures 4.11a and 4.11b have noticeable discrepancies in pixel
intensity distribution, resulting in different average pixel intensity (0.92 and 0.90, respectively).
Figure 4.12 displays the intensity evolution of 4 selected pixels across time, with pixel (8,8)
located at the centre of the image, Pixel (14,15) and Pixel (4,15) located near the edge of the
image and pixel (4,4) in a noticeable ‘dimmer’ zone in the upper right-hand side. Identical to
the free space analysis, Pixel (8,8) maintains maximum transmission throughout the
measurement. However, the rest of the pixels present an oscillating pattern, fluctuating up to
20% of their maximum value. Since the membrane is clamped down to the sample holder with
binder clips and thus significant movement is unlikely, it is hypothesised that this behaviour is

related to imaging setup vibrations from miscellaneous environmental sources.
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Figure 4.12 - Pixel intensity evolution of 4 selected pixels across 60 minutes. Legend should be read as Pixel (x coordinate,
y coordinate).

To evaluate our hypothesis, the setup was moved to an optical table with vibration isolator
supports and repeated the experiment with the N-117 membrane. Figure 4.13 shows the

terahertz images at the start (4.13a) and end (4.13b) of the 60 minutes process.
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Figure 4.13 - Terahertz false colour images of a Nafion N-117 membrane at (a) 1 min and (b) 60 min. Black circles in (a)
highlight ‘dimmer’ pixels selected for analysis.

Like Figure 4.11, attenuation occurs mostly around the edges and corners of the image. In
addition, the images are similar, which implies that vibration isolation eliminates the intensity
oscillations shown in Figure 4.12. This is further reinforced by Figure 4.14, as the pixels’
intensity is mostly constant, with small fluctuations associated with system noise. These images
confirm the previous hypothesis of vibration isolation reducing noise related to the imaging

setup.
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77



4.3. Summary

In this chapter, the feasibility of a portable, inexpensive terahertz imaging system to quantify
and image liquid water content across Nafion PEMs was investigated. The system’s sensitivity
to quantify liquid water in the 25-500 pum thickness range has been demonstrated, where the
system is insensitive to thicknesses less than 25 pum. Under the assumption that membrane
thickness can be taken as water thickness, water weight loss was estimated using terahertz
measurements for a desorption process while simultaneously monitoring the weight change.
The outcomes agree with gravimetric analysis and consistent with previously studies despite
discrepancies due to residual surface water and liquid water outside the measurement window.
Imaging of liquid water spatial distribution and movement across a partially hydrated Nafion
N-117 membrane during a room temperature desorption process was also achieved, which is
otherwise not possible with gravimetric techniques. Finally, the source of imaging noise
observed around the camera’s edges during measurement was identified as random vibrations
from environmental sources, which can be improved by attaching the terahertz imaging system
to a stabilized table with vibration isolator supports. Although the Nafion manufacturing
industry for high-performance PEMFC applications is trending towards thinner membranes
(~15 pum) [290], [291] due to reduced proton resistance and better fuel cell performance [7],
the proposed system has been demonstrated to be suitable for thicker membranes (50-254 pm),
which is still relevant for PEMFC-related scientific studies [292], [293], and electrochemical
applications such as PEM-electrolysis [11], [294] or vanadium redox-flow batteries [295]. For
thinner, state-of-the-art Nafion membranes for PEMFC, owing to the higher water sensitivity,
THz-TDS is a more suitable alternative. Another advantage is the low-cost nature of the
terahertz imaging system, especially compared to a commercial THz-TDS system. In summary,
the proposed system offers an interesting modality, and can potentially be used with vibration
isolation as a non-destructive, cost-effective complementary alternative for liquid water

inspection of Nafion PEM as part of future Nafion manufacturing quality control strategy.
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5. Observations of liquid
water accumulation in

PEMFC with terahertz
radiation

Moving to the original goal of this Dissertation, this Chapter employs a similar terahertz
imaging system to image water build-up inside an operating PEMFC. Using a custom-built
laboratory-scale, terahertz and optically transparent PEMFC, phenomena of water
accumulation and transport (membrane hydration, flooding) are imaged. Results agree with
simultaneous optical imaging and electrochemical measurements. To demonstrate the potential
use of the proposed terahertz imaging for process understanding, the effect of air gas flow rates

on flooding is investigated.
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5.1. Introduction

Widespread adoption of PEMFCs has been plagued by technical obstacles such as sluggish
ORR kinetics, high cost and insufficient lifetime [5]. Water management plays a significant
role in the operational performance and durability of PEMFCs. Water presence in a PEMFC is
caused by electrochemical generation at the cathode by the oxygen reduction reaction and
droplet condensation from humidified inlet gases along with water transport mechanisms
across the PEM such as electro-osmotic drag and back diffusion [53]. Given that the vast
majority of PEMFCs use perfluorinated sulfonic-acid ionomers as the solid PEM, insufficient
hydration can lead to a reduced proton conductivity resulting in cell performance loss and
possible permanent material damage [13]. On the other hand, where the cell’s rate of water
production surpasses inlet gases’ transport capacity, flooding results potentially clogging up
gas channels and filling up the pores of the catalyst layer or GDL further reducing cell
performance [14]. Understanding the dynamics of water transport and distribution inside an
operating PEMFC is therefore important for developing effective water management strategies
[296].

The Chapter 2 of this Dissertation extensively presents and reviews the main water
visualisation methods in PEMFCs. In general, MRI, neutron imaging and X-ray radiography
can provide in-situ information on liquid water transport across optically opaque layers, but
due to the excessive cost associated with these instruments, accessibility is not always
guaranteed. Infrared imaging typically employs compact and video-rate devices to image
samples with high spatial resolution (~ 5 um) but suffers from a limited penetration depth.
Fluorescence microscopy can visualise microscale water transport patterns inside the GDL but
has not been demonstrated on an operating PEMFC to the authors’ best knowledge. Using
video-rate devices operating with a relatively high spatial resolution (1-10 pm), optical imaging
has been applied to inspect liquid water within optically transparent PEMFCs [15], [16], often
in reflection due to the opacity of GDL layers. This imaging modality can provide crucial
insights into several two-phase flow phenomena inside channels, such as single-phase, droplet,
film and slug flows [132]. This in turn can be used to study the impact of many parameters,
such as GDL structures [117], [123], [127] cathode stoichiometry [126], flow field
configurations [124] and process conditions [297] on water accumulation and transport inside
PEMFC flow channels. However, processing a large dataset of optical images can quickly
become prohibitively labour intensive [132], [298] and a lack of contrast [17] can lead to

misinterpretation.
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Building on Chapter 4’s work on terahertz focal plane array imaging of hydrated Nafion PEMs
[267], Chapter 5 presents an investigation on the feasibility of a similar video-rate terahertz
imaging system for direct water visualisation inside of a custom-built PEMFC through a
terahertz and optically transparent window supported by complementary high-resolution

optical imaging and conventional electrochemical measurements.

5.2. Results and discussion

5.2.1. Electrochemical performance

Figure 5.1 shows a representative 1-V polarization curve of the custom-built PEMFC under the
conditions of Exp. 1. Although the performance is lower than an air breathing non-pressurized
PEMFC [299], itis consistent and comparable to other transparent PEMFCs designed for water
visualization, which also underperform compared to conventional counterparts [297], [300],
which usually amounts to 1.5-2 A/cm? current density at 0.6 V cell voltage in state of the art
fuel cells [301]. The reduced performance is likely to be caused by a combination of large flow
channel/rib width [302],_transparent cut-out and practical difficulties encountered in manual
compression/seal of a large area PEMFC [303]. However, it is important to re-emphasize that
the objective of the study was to maximize water production to be imaged with the terahertz
setup while maintaining stable performance, rather than achieving an optimized, state of the
art PEMFC. Thus, the current density of 0.04 A cm™ was selected for operation, which is

located at an unconventional position on the polarization curve (0.1-0.2 V).

1

-
%

=
=)

=
=

Cell voltage / V

=
o

0 10 20 30 40
Current density / mA cm™

Figure 5.1 — PEMFC polarization curve under the operating conditions of Exp. 1.
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5.2.2. Liquid water visualisation

Figure 5.2 shows the water accumulation measured by the respective techniques across 300

min. Faraday’s law of electrolysis states that mass of elements deposited on an electrode is

directly proportional to the charge Q (units: A.s). In the simple case of constant current:
Q=1+t (5.1)

where | corresponds to applied current and t to total time the constant current was applied. This

leads to:

VHzO
t

I*Mpy,0

Fxv*pH,0

= VGy,o = (5.2)

where Vhzo is the water volume generated, VGrzo is the water volume generated over time,
MH2o is the molar mass of water (18 g/mol), F is the Faraday’s constant (96485.3329 A.s/mol),
v is the valency of the ions (2) and pH2o is the water’s density (1000 kg/m®). Assuming no cell
shorting or parasitic reactions, with a constant applied current of 4 A the amount of water
generated electrochemically is 0.0224 cm®/min. The volume of the transparent cut-out is
approximately 0.5 cm? and the optical area occupied by water at 100 min and at the peak of
230 min was 20% and 65%, respectively. These therefore correspond to an estimated water
volume of 0.1 cm® and 0.3 cm® At 100 and 230 min, water production amounted to
approximately 2.2 cm® and 5.2 cm®, which are an order of magnitude higher than the observed
flooding. Furthermore, 2% (w/w) absolute humidity on the cathode inlet, means that 7.5 mg of
water per minute (on a 300 cm®min gas flowrate) is entering the cathode flow channels.
However, as the cell is operating at high cathode stoichiometry, excess gas is flowing part of
the generated water out of the PEMFC. However, there is sufficient water build-up from
downstream accumulation to observe flooding in the transparent cut-out. It is important to note
that mechanisms such as water diffusion and back diffusion in the PEM are not accounted for,
as only the condensed and electrochemically generated water on the cathode side are being
studied.

Cell voltage displays several spontaneous fluctuations (electrochemical noise) outside of our
observation region, caused by physical phenomena related to water mass transport and
accumulation [304]. The imaging curves show a good agreement, and the overall trend is a
continuous growth consistent with water build-up, except for a sharp decrease around 225 min.
However, they present considerable complexity and slight discrepancies between them,
indicating the occurrence of distinct water transport phenomena and divergences between the
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measurements. For this reason, it has been divided into three sections according to the specific
phenomena: membrane hydration (S1), main droplet appearance, water pool formation and
flooding (S2), and flushing (S3). These chronological sections will be analysed in detail in the
following sub-sections. Table 5.1 lists the time duration for each of the sections.
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Figure 5.2 — Water accumulation during Exp. 1 probed by terahertz imaging, optical imaging, and cell voltage readings.
Dashed lines and labels show the time stamps of the sections.

Table 5.1 - Periods for each of the sections of Exp. 1 presented in Figure 4.5.

Section 1 2 3
Time/min 0-50 50-225 225-300

Membrane hydration (S1)

Figures 5.3a-d show a sequence of images representing membrane hydration at 1 and 30 min.
Optical images show curve and wedge-shaped deformations caused by Nafion swelling [305]-
[308], gas pressure differentials pushing the membrane towards the anode and minor droplet
condensation. During this time, processed terahertz images show an increased pixel intensity,
whose curve pattern exhibits logarithmic growth. This is consistent with prior ex situ Nafion
membrane hydration studies [267] and concurrent voltage readings. As the optical regime is
less sensitive to water, the degree of hydration is inferred from the degree of swelling. This
results in notable discrepancies between the terahertz and optical curves (Figure 5.4),
particularly the 9 min delay and differing time constants (13 and 32 min, respectively). The

former is related to the curve and wedge-shaped deformations used to quantify the degree of
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swelling can only be tracked after 9 min of operation; the latter is an indication of unreliable
tracking of membrane deformation via optical image processing for membrane hydration. This
highlights the advantage terahertz being sensitive to membrane hydration where significant
image processing are not required [267]. It should be noted that there is some discrepancy
between terahertz and voltage data due to membrane deformation [267] and a mismatch in the
region for measurement, as cell voltage is being taken across the entire membrane as opposed

to a localized area viewed by terahertz and optical imaging.
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Figure 5.3 - Membrane hydration captured by optical images at (a) 1 min, and (b) 30 min and terahertz false colour images
at (c) 1 min and (d) 30 min of Exp. 1. Curved and wedge-shaped deformations are highlighted in (b).
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Figure 5.4 — Zoomed-in S1 of Figure 4.5.

Water pool formation and flooding (S2)

Figures 5.5a-f show the optical images capturing the main droplet (on the right-hand side), its
growth into a water pool and eventual flooding causing gas flow blockage on the cathode. The
main droplet occurrence typically manifests as droplets emerging from underneath the GDL
surface once the membrane becomes saturated [120], [132], [300]. However, given the lack of
a GDL here, the main droplet forms from the coalescence of small water films on the position
farthest away from the transparent cut-out’s gas entrance. Figure 5.6 shows a good agreement
between optical area and terahertz intensity curves, demonstrating terahertz imaging’s ability
to efficiently track water accumulation in the cathode side of the transparent cut-out. Terahertz
images for the time (Figures 5.5g-1) follow a pattern consistent with optical observations. In
particular, the flooding progress can be observed and other events such as the main droplet
appearance (Figure 5.5g) and sudden increase (61.3%) in water volume (Figures 5.5i-j) are
identified. Furthermore, main droplet appearance can be determined by two pronounced dips
between 50-60 min in Figure 5.6. These are caused by the physical descent of the droplet onto
the bottom corner of the cut-out, limiting the visibility of both techniques twice, thus decreasing
the terahertz signal and optical area. The slight time delay between the techniques is related to
the difference of frame rates (30 Hz and 0.2 Hz for terahertz and optical, respectively).
Additionally, it is hypothesized that the water volume surge between 125-130 min results from
upstream flushing of excess water, but the mechanism is subject to further study. Although the
increase in terahertz intensity associated with these subtle events can provide qualitative
feedback, owing to the poor spatial resolution (1.5 mm) of the terahertz camera, interpretations
of the state of PEMFC needs to also consider of the electrochemical and optical measurements

despite challenges associated with optical imaging processing.
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Figure 5.5 - Water pool formation and flooding captured by optical images at (a) 55 min, (b) 65 min, (c) 125 min, (d) 130
min, (e) 200 min and (f) 225 min and terahertz false colour images at (g) 55 min, (h) 65 min, (i) 125 min, (j) 130 min, (k)
200 min and (I) 225 min. Highlighted areas show the spatial locations of the main droplet and sudden increase in water
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Figure 5.6 - Zoomed-in S2 of Figure 4.5.

Flushing of accumulated water (S3)

Figures 5.7a-c present optical evidence of accumulated water flushing between 225-235 min,
which coincides to significant intensity decrease in terahertz difference images (Figures 5.7d-
e). Both measurements report a decrease by approximately 42% and 74% for terahertz relative
intensity and optical area, respectively (Figure 5.8). This is partly due to differences in the
measurements taken: optical imaging analysis focusses solely on the water pool while the
terahertz beam is probing water throughout the cell including membrane; droplet condensation
and water pool. Thus, even though significant water is flushed away, other sources of water
absorption remain resulting in a lower drop in terahertz intensity. This event also coincides
with a sharp dip in cell voltage in Figure 5.8: as the gas path is blocked by flooding, there is a
negative spike in cell voltage; this also results in a sudden build-up of gas pressure, which
promptly removes accumulated water and restores the cell voltage.

Figure 5.7c shows vertical growth in water pool size which agrees well with the terahertz
difference image (Figure 5.7f). Finally, the increase in terahertz intensity on the left side is
attributed to significant droplet condensation, which can be challenging to quantify with the

current optical imaging processing routine.
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Figure 5.8 — Zoomed-in S3 of Figure 4.9.

5.2.3. Effect of air flow rates

Figure 5.9 compares terahertz intensities during the Exp.2 and 3, which correlate well with its
respective optical measurements (Figure 5.10). The curves follow a similar pattern observed in

Figure 5.2, particularly the sequence of membrane hydration followed by main droplet
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appearance, growth into a water pool, flooding, and excess water flush out and further water
accumulation. Additionally, they follow the general trend of lower operating humidified air
flow leading to faster water accumulation in the transparent cut-out. This is clearly shown on
the delay of accumulated water flushing, as the amount of water required to block the channel
takes longer to accumulate if water build-up is slowed by stronger gas flow. These are plausible
evidence that the proposed system can visualise variations in flooding patterns with increasing
air flow rates. Nevertheless, there are instances of unexpected discrepancies, particularly in the
membrane hydration times, main droplet formation and terahertz intensity slopes at certain
time periods. Further explanation of the observed inconsistencies requires additional validation

methods and a more detailed study, beyond the scope of the current work.
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Figure 5.10 — Time evolution of water accumulation during Exp. 2 and 3 probed by terahertz and optical imaging.

5.3. Summary

In this Chapter, we have investigated the feasibility of a portable, inexpensive terahertz video-
rate imaging to inspect water transport and accumulation inside a custom-built, operating
PEMFC. We have observed various phenomena such as membrane hydration, main droplet
appearance, water pool formation and growth as well as flushing of accumulated water. These
results are in good agreement with simultaneous optical imaging and voltage readings. To
demonstrate the sensitivity of terahertz imaging for process investigation, we have also
monitored terahertz intensity changes in response to changing compressed air flow rates where
there is agreement with the general trend of higher gas flowrates resulting in slower water
accumulation. Thus, we state that the proposed system is a sensitive, contactless, non-
destructive, and cost-effective technique with clear potential to complement existing
characterization techniques for fuel cell operational understanding, particularly to assess novel
flow field configurations. However, comparisons of the proposed terahertz imaging against the
relatively more established optical measurements highlight potential areas of improvement, e.g.
a need to reduce intrinsic and environmental noise, enhance sensitivity to small amounts of
water (< 25 um) [267] and improved spatial resolution, possibly via image interpolation
methods such as Gouraud shading. With technological advances being made on higher
resolution terahertz imaging cameras, such as microbolometers operating with sub-mm
resolution [309], this will open up the possibility to image PEMFCs implemented with

conventional designs operating under realistic scenarios, such as 1 mm wide channels.
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6. Dissertation summary

This Chapter summarises the work described in this Dissertation by outlining the research
described in previous chapters and discussing future work. Chapter 1 introduces the PhD topic
and motivations. Chapter 2 discusses fundamentals of PEMFCs, terahertz science and
technology and thoroughly reviews the state of the art of water visualisation techniques.
Chapter 3 describes the methodology applied in the experimental studies reported in this
Dissertation, Chapter 4 studies the feasibility of a simple terahertz imaging system to study
hydration in Nafion PEMs. Chapter 5 employs the same imaging system to inspect flooding in
a transparent PEMFC.
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6.1. Conclusions

This Dissertation is aimed at investigating the potential of a novel terahertz imaging system for
PEMFC-related applications. It has been demonstrated to investigate hydration levels in Nafion
PEMs and diagnose flooding in a transparent PEMFC.

In terms of hydration imaging in Nafion PEMs, a simple terahertz imaging setup comprising a
0.1 THz IMPATT diode terahertz source, a FPA terahertz camera with 16x16 pixel array and
TPX collimator lens was realised in transmission geometry and horizontal positioning.
Through testing with an in-house made liquid cell, it was found that it could quantify water
presence between 25 and 500 um thickness values via Beer-Lambert law. It is important to
note that the data followed theoretical values with minimal standard deviation between 200-
250 um water thicknesses. Thicknesses below these display a similar trend, but results are
slightly deviated and present much higher deviation, leading to the conclusion that the system
is less accurate in this region. Furthermore, at 500 um water thickness, beam attenuation is
approximately 99.5%, which is at the edge of camera detection limit and thus measurements
incur a degree of uncertainty. This possibility of water thickness quantification led to a study
of water weight quantification in Nafion membranes with thickness ranges between 50-254 pum,
assuming that membrane thickness is comparable to the water thickness within itself, constant
water density and uniform water content distribution. To validate the study, the system was
supplemented with a weight balance to perform simultaneous gravimetric measurements. The
independent measurements agreed well but displayed local discrepancies in slope and values
related to residual surface water and limited membrane/gas interface at certain locations within
the membrane, out of the camera’s view. These discrepancies challenge the assumption of
uniform water distribution in a vertically mounted sample, where gravity may have influence.
It is important to inform that the author has realised a similar imaging system in a vertical
arrangement, to eliminate the effect of gravity and the data discrepancies. Additionally, the
membrane samples were larger (70x70 mm?) than the camera (24x24 mm?) to circumvent the
limitation of adverse image effects around the sample’s edges. If the investigated samples
cannot be larger than the camera, these effects will be shown as darker pixels around the edges,
erroneously showing water presence. The recommendation is to carefully select the pixels used
for analysis and extrapolate the water weight estimation to the entire area. This method has
been employed successfully in biomedical membrane studies performed by the author. Lastly,

given the possibility of acquiring full images at video-rate, imaging of a partially hydrated
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Nafion PEM where distinct dry and hydrated regions were clearly observed. Closer inspection
of the acquired images revealed spatial variations in dehydration rates along with imaging noise
effects. These effects were attributed to unrestrained in-plane membrane swelling and
environmental vibrations. The former could be fixed by sandwich the membrane between
plastic plates, thereby restricting its movement. However, this introduces the measurement
uncertainty via the possibility of droplet condensation between the membrane and plastic plates.
The latter can be mitigated by mounting on an optical table with suitable vibration isolation
supports.

In terms of flooding diagnosis in a PEMFC, a transparent PEMFC was realised, and a similar
terahertz imaging system was used in transmission geometry. The PEMFC’s electrochemical
performance was comparable to other fuel cells in visualisation studies and thus deemed
suitable for the study. To minimise the effect of the terahertz camera’s limited spatial resolution,
high-resolution optical camera measurements were performed simultaneously. Two-phase
flow phenomena were observed, such as membrane hydration, first droplet occurrence, water
pool formation, growth, and subsequent flushing with good agreement between optical,
terahertz and electrochemical readings. Additionally, the effect of increasing air flow rate was
observed on the rates of water accumulation. This combined imaging system can provide
interesting insight for flooding diagnostics and novel component testing, given that optical is
able to spatially resolve water presence with high resolution on one side of the fuel cell, while
terahertz is able to image water thickness across both sides with good sensitivity. In
retrospective, it is clear to the author that a 100 cm? with a cut-out on active MEA area for
water visualisation and 5 mm wide gas channels does not resemble an industry standard
PEMEFC or those described in PEMFC design and testing literature. Additionally, the terahertz
water response is convoluted between anode channels, PEM hydration and cathode channels,
which makes discrimination of contributions challenging. Ideally, the next step would be to
realise a PEMFC closer to state-of-the-art status and perform in situ flooding diagnostics
without the need for MEA cut-outs.

To be concluded, the objective of the PhD project has been fulfilled: to the author’s knowledge,
it is the first time a novel terahertz imaging system based on an FPA terahertz camera was
demonstrated for PEMFC applications. Moreover, the results have been successfully
benchmarked against established techniques such as gravimetric, optical imaging and
electrochemical testing.
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6.2. Future work

Recommendations on how the studies presented in this Dissertation can be expanded or

improved upon are listed below:

Higher spatial resolution: the most critical downside of this technique is the low spatial
resolution (1.5 mm) of the FPA camera. As explained in Chapter 2.3.1, the evolution
of terahertz science and technology over the last decade has resulted in a myriad of
readily available table-top devices. A thirty-fold increase in spatial resolution can be
achieved via FPA cameras based on micro-bolometer arrays (~ 50 um), such as the
Swiss Terahertz RIGI S2x. At a spatial resolution of tens of micrometres, minute details
such as droplet formation on the GDL surface, film coalescence and slug blockage of
gas flow could be observed. However, the IMPATT diode source employed in this
study irradiates terahertz light at 0.1 THz, which is at the edge of the sensitivity range
of the RIGI S2x, according to the manufacturer’s specifications [309], and ideally
higher frequency sources (0.3 THz) are preferred. This can pose a problem as water
absorption coefficient rises sharply with increasing frequency in the terahertz band
[264], and thus penetration may be limited. Additionally, higher resolution of micro-
bolometer arrays comes with a two-fold price increase compared to the Terasense FPA
camera employed in this study. Given the data presented in this Dissertation, the growth
of terahertz science and technology and the possibility of sensing water transport
mechanisms at microscale range, it will compensate for the increase in price.

Reflection geometry terahertz measurement: water presence in distinct PEMFC layers
can be difficult to discern with a terahertz imaging system in transmission geometry.
Ideally, adopting a reflection geometry would allow terahertz light to reflect off the
GDL carbon surface, where water transport and accumulation on the flow channels can
be studied. Furthermore, water presence in the cathode and anode compartments could
be differentiated. Thus, when designing the flooding observation studies in fuel cells
with terahertz radiation (Chapter 5), imaging in reflection geometry was the natural
choice. However, during preliminary studies beam alignment was challenging, time-
consuming and thus never achieved to an adequate standard. This was the case for both
normal and angle-incidence measurement modes. Sub-optimal beam alignment caused
inconsistent results when performing ex-situ water imaging studies on rigs with acrylic

windows featuring simple machined patterns (squares, single lines), reflecting off
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polished metal surfaces. Therefore, moving to a reflection measurement on an operating
fuel cell with complex channel features (ribs, U-turns) and non-ideal reflective surface
(porous GDL) would have been problematic due to overlapping imaging noise from all
these characteristics. Thus, given the limited time of a PhD project, reflection geometry
measurements were abandoned and replaced with simpler transmission geometry
measurements. Nevertheless, it is important to note that upon achieving a successful
reflection terahertz imaging setup with micro-bolometer arrays, this technique could
provide insight into water dynamics in the channels with greater sensitivity than optical
imaging.

Hydration imaging in miscellaneous planar and hydrophilic materials: the concept
presented in Chapter 4 can be expanded into other types of materials, providing key
insight into spatially resolved water absorption patterns. The single requirement is
semi-transparency of the dry material at terahertz frequencies. Over the course of the
PhD project, the author has successfully characterised eggshell membranes [310] and
hydrogels modified with aloe vera [311] for wound dressing.

Terahertz time-domain spectroscopy: compared video-rate terahertz imaging, THz-
TDS can provide more in-depth information on material properties (including water
content) due to the pulsed and broadband nature of the technique. This allows for
simultaneous extraction of magnitude and phase of the terahertz waves, without
resorting to complicated Kramers-Kronig relations, and access to higher frequencies.
However, it is a single-point measurement (~ 1mm spot size), and thus measurements
over large areas are achieved through raster scanning, which inadequate for monitoring
dynamic processes. Thus, flooding observations in fuel cells with THz-TDS is unlikely
to provide any advantage over optical, infrared and terahertz video-rate imaging.
However, due to its characteristics, this technique can still be useful for fuel cell related
studies. For example, for deeper examination of water content in Nafion, particularly
the degree of hydrogen bonding to the sulfonic acid sites and water states (bulk, bound,
free) inside the membranes [247]. This can provide critical feedback loop information
for Nafion manufacturing from a table-top instrument. Additionally, terahertz
sensitivity to hydrogen bonds and conductive materials, it could potentially be used for
in-line monitoring of inkjet printing of catalyst layers and perform off-line quality

control. The studied parameters can include residual solvent presence after printing, as
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well surface roughness and spatially resolved defects of optically opaque printed

catalyst layers.
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Appendix A

Adequate data acquisition processing is essential to terahertz systems and experiments. This

Appendix outlines the Matlab code listings for data extraction and processing used in this

Dissertation.
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A.1l. Water quantification in PEMs

The following Matlab code extracts the frames from a terahertz video, estimates the water
weight in each pixel, and adds up all individual pixels for the total membrane water weight.

Additionally, it provides the gravimetric measured water weight in the membrane.

% Water quantification in PEMs %

R e %
% By: Decio Alves de Lima %
% Date: 10 October 2018 %
Y e %
clc;

close all;

clear all;

% Measured weight calculations

mw_dry = 351.829 % Dry membrane weight (g)

mw = xlsread('mw.x1lsx',1); % Loading data spreadsheet

mw_sampled = mw(1:490:end); % 1 min sub sampling

mw_water = 1000* (mw_sampled-mw_dry) % Membrane water weight (mg)

% Terahertz water weight estimations

fps = 23; % Camera framerate (Hz)

vl = VideoReader('thzvideo.avi'); % Loading terahertz camera video

v2 = read(vl); % Reading the video frames
v3 = v2(:,:,:,1:fps*60:end); % 1 min sub sampling
nframes = size(v3,4); % Number of frames

vheight = get(v3, 'Height'); % Number of pixels in Y direction
vwidth = get(v3, 'Width'); % Number of pixels in X direction

% Pre-allocating for speed
frames_raw = zeros(vheight,vwidth,nframes);
frames_resized = zeros(16,16,nframes);

% Video frame extraction loop
for i = 1:nframes

frames_aux = im2double(rgb2gray(v3(:,:,:,1i))); % Converting frames from RGB
matrix to grayscale, double precision values

frames_raw(:,:,i) = frames_aux; % Storing converted frames

frames_resized(:,:,i) = imresize(frames_raw(:,:,i),...
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[size(frames_resized,1),size(frames_resized,2)]); % Resizing to frames to
correct size

end

% Water weight calculations

L = 70; % Membrane characteristic dimension (mm)

aout = L*2; % Membrane area (mm2)

alfa = 11; % Absorption coefficient of liquid water at 100 GHz (mm-1)
rho = 1; % Liquid water density (mg mm-3)

pix = 1.5; % Pixel size (mm)

npix = 14; % Number of pixels considered on X and Y directions

apix = pix”™2; % Single pixel area (mm2)

ain = (pix*npix)”~2 % 14x14 pixel area (mm2)

ew_dry = load('dry membrane.dat'); % Matrix corresponding to terahertz image of
dry membrane

% Calculation loop
for j = l:nframes

ew_aux = sum(sum(abs(-
((log(frames_resized(2:15,2:15,7j)./ew_dry(2:15,2:15,1)))./alfa)...
.*rho.*apix.*(aout/ain)))); % Terahertz estimated water weight (mg)
ew(1l,j) = ew_aux; % Storing calculated values

end

A.2. Flooding observations in operating PEMFCs

The following Matlab code extracts the frames from a terahertz video, generates difference
images and plots them with Gouraud shading.

% Flooding observations in an operating PEMFC %

Y e %
% By: Decio Alves de Lima %
% Date: 28 October 2020 %
Y e %
clc;

close all;

clear all;

% Terahertz image processing (differencing and Gouraud shading)

fps = 23; % Camera framerate (Hz)

vl = VideoReader('thzvideo.avi'); % Loading terahertz camera video
read(vl); % Reading the video frames
v2(:,:,:,1:fps*60:end); % 1 min sub sampling

< <
w N
Inn
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nframes = size(v3,4); % Number of frames
vheight = get(v3, 'Height'); % Number of pixels in Y direction
vwidth = get(v3, 'Width'); % Number of pixels in X direction

% Pre-allocating for speed
frames_raw = zeros(vheight,vwidth,nframes);
frames_resized = zeros(16,16,nframes);

% Video frame extraction loop
for i = 1:nframes

frames_aux = im2double(rgb2gray(v3(:,:,:,1i))); % Converting frames from RGB
matrix to grayscale, double precision values
frames_raw(:,:,i) = frames_aux; % Storing converted frames
frames_resized(:,:,i) = imresize(frames _raw(:,:,i),...
[size(frames_resized,1),size(frames_resized,2)]); % Resizing to frames to
correct size

end

% Differencing
diff = frames_resized(:,:,1) - frames_resized; % Frame matrix as difference images

% Plotting images with Gouraud shading

pcolor(diff(3:10,:,68))

set(gca, 'ydir', 'reverse', 'linewidth',10, 'fontname', 'times new

roman', 'fontsize',20, 'fontweight', 'bold")

colormap 'jet', caxis([@ 1]), h = colorbar, h.location = 'southoutside’
xlabel('x coordinate'), ylabel('y coordinate'), ylabel(h, 'THz intensity
(a.u.)"','fontsize',20, 'fontweight', 'bold")

shading interp % Gouraud shading
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