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Abstract
With the need to decarbonize comes the shift from fossil fuels to alternative
sources of electricity generation. Polymer electrolyte fuel cells (PEFCs) are
considered one of the promising alternative energy technologies, with
applications from transport to stationary power. The materials inside PEFCs are
intrinsically linked to their performance and the processes within them occur
across multiple length- and timescales. Furthermore, current challenges for the
design and performance of PEFCs include issues with water management, the
durability of materials and degradation of electrochemical performance. In recent
years, X-ray and neutron imaging techniques have been emerging as key tools
for characterizing the structure and morphology of fuel cells across length and
time scales. With this in mind, this thesis describes the work undertaken to carry
out multiscale characterization of PEFCs, from macro to nanoscale and from their
beginning to end-of-life performance. Using a toolbox of both electrochemical and
imaging techniques the work aims to develop methods for correlating the
structure and morphology of features of the PEFC to their performance and
degradation. For operando and in-situ imaging, bespoke fuel cells are designed
to suit imaging requirements. Firstly, work at the macroscale is carried out. The
use of (as yet unreported) operando neutron tomography showed that flow field
geometry affects water distribution and fuel cell performance. Secondly, X-ray
computed tomography (X-ray CT) was used to carry out microscale ex-situ and
in-situ studies. Results showed that whilst ex-situ imaging allows for optimisation
of imaging parameters, a more in-depth understanding of degradation
mechanisms is afforded using in-situ imaging. In-situ work allowed for
visualisation of the morphological mechanisms for inhomogeneous degradation
across the MEA, by way of crack growth and propagation. The findings of this
work are expected to provide guidance for the engineering of the next generation
of PEFC materials and technologies.
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1 Chapter One: Introduction
1.1

Motivation: The need to decarbonise
With the recent International Panel on Climate Change (IPCC) report

discussing the potential impacts of global warming above 1.5 °C [1], comes the
need to decarbonise and move away from fossil fuel-based sources of energy
production. The United Kingdom (UK) has already decreased its carbon dioxide
emission by 38% since 1990 [2], but if this number is to keep falling to reach the
UK Government target of net-zero carbon emissions by 2050 [3], there needs to
be a continued effort to roll-out alternative, low-carbon energy technologies. This
is an ambitious target and will require some drastic changes across all industries
in order to realise this goal.
Whilst batteries have attracted significant attention as low-carbon
alternatives, due to issues with the limited supply of materials and the slow
charging times it is accepted that batteries are only one of a handful of
technologies that will play an important role in decarbonisation. One such energy
alternative is the fuel cell. Invented by William Grove in 1843 [4], fuel cells
electrochemically react a fuel (generally hydrogen) with an oxidant (generally air)
through an exothermic reaction to produce water, electricity and heat.
There are several technological benefits to fuel cells that make them
promising as an energy alternative. Firstly, there is no carbon involved at the
point-of-use with water as the only product. Furthermore, fuel cells are not limited
in capacity like batteries; as long as they are supplied with fuel, they will produce
electricity. Finally, fuel cells have a higher energy density than batteries, which
means they are well suited to heavy-duty applications where batteries might be
limited by charge times or capacity [5]. Because of this, the interest in and
deployment of fuel cell technology have been steadily increasing and according
to the annual Fuel Cell Industry Review from energy consultancy company
E4tech [6], 2019 was “the year of the gigawatt”, with over 1 GW of fuel cell
capacity being installed globally. This number can be broken down into the
constituent type of fuel cells shipped, with the polymer electrolyte fuel cell (PEFC)
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remaining the most widely employed technology, followed by solid oxide fuel cells
(SOFCs). A brief review of the main fuel cell chemistries, with their main
applications, can be found in Section 1.2.
Heavy-duty and public transport applications are two of the most significant
sectors of promise for fuel cell technology to penetrate these markets [5]. Whilst
batteries are likely to become the most widely adopted technology for personal
transport and light-duty vehicles, due to the availability of charging points and
current lower cost of the vehicles, fuel cells are considered more promising for
heavy-duty vehicles, like buses and freight. This is due to the high power density
of hydrogen, meaning that heavy-duty fuel cell vehicles have a larger range than
their battery counterparts [5].
Stationary power is another application of fuel cells that is likely to take off
in the coming decades. Again, owing to the zero-emissions targets, the existing
gas network in the UK is starting to investigate alternative low- and no-carbon
fuels for use in the gas grid. Several demonstration projects have been
announced or are already underway, including the HyNet project to create a
hydrogen network across the North West of England [7] or the H21 Leeds City
Gate project to switch the natural gas network of the city of Leeds to hydrogen
[8]. Whilst for some applications the hydrogen in the grid will simply be burned in
homes, fuel cells will also have a part to play in power generation where
stationary applications are needed for combined heat and power (CHP) in homes.
The excitement surrounding fuel cells is reflected in the ambitious targets
for fuel cell uptake that is anticipated in the next decades; Europe currently has
around 1000 fuel cell vehicles for personal transport on the road, with a target to
increase this to over 3,700,000 by 2030 [9]. Therefore, alongside the need for
continued investment and manufacture of fuel cells by companies, there is a clear
driver for research and development of fuel cell technologies. Key issues that
need to be addressed include lowering the costs, improving the performance and
improving the lifetime and durability of the technology. To achieve this, continued
innovation into understanding the materials and cell design of fuel cells is needed.
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1.2

Fuel cell fundamentals
As mentioned in Section 1.1, a fuel cell is an electrochemical cell that

converts chemical energy stored in the fuel and oxidant into electrical energy by
way of chemical reactions at the electrodes, with the formation of water as the
only product of the reaction. As with all electrochemical cells, the fuel cell
comprises of two electrodes, an anode and a cathode, separated by an
electrolyte across which ions can diffuse (Figure 1-1). The fuel enters at the
anode and the oxidant enters at the cathode, with the direction of travel of ions
across the membrane depending on the particular chemistry of the fuel cell
(Figure 1-2). Electrons are released during the half-reactions and these travel
through an external circuit generating electricity and powering the load.

Figure 1-1 Simple schematic of a fuel cell, showing the anode with the fuel entering and
exiting, and the cathode with the oxidant flowing through. Ionic conduction occurs across
the electrolyte and electrons formed in half-reactions travel around an external circuit.

There are several different types of fuel cell, which can be distinguished
by both the materials comprising the electrolyte (and electrodes), the fuel used
and the temperature of operation. The main types of fuel cell, along with their
common application(s), is shown in (Figure 1-2). SOFCs, with their high operating
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temperatures increasing thermal efficiencies, are particularly well suited to
stationary power and CHP/micro-combined heat and power (μ-CHP) applications
[10]. The additional advantage of SOFCs is the fuel flexibility owing to the higher
temperatures and resistance to poisoning of the materials. However, the high
operating temperatures mean SOFCs have long start-up/shut-down times and
the high temperature can lead to problems with thermal expansion and cracking
of materials [11]. Alkaline fuel cells (AFCs) operate at lower temperatures
between around 90-110 °C and were most notably used in space applications
[12] owing to their excellent reaction kinetics. However, they have received less
research attention in recent years, due to issues with cell design, like stability and
need for cooling [13]. PEFCs remain the most widely used fuel cell technology
[6]. Of the fuel cell chemistries, they have the lowest operating temperatures and
are relatively lightweight technologies. They are particularly well suited for
portable and transport applications, due to the quick start-up/shut-down times
[14], though they are particularly prone to poisoning by contaminants in the fuel
stream [15].

Figure 1-2 Different types of fuel cell detailing their fuel, flow of ions across the membrane
and operating temperature.
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1.3

Polymer electrolyte fuel cells (PEFCs)
As shown in Figure 1-2, PEFCs react hydrogen at the anode and oxygen at

the cathode, with water being produced at the cathode. At the anode, the
hydrogen oxidation reaction (HOR) occurs, in which hydrogen is reacted to
generate protons and electrons (Equation 1-1). The electrons travel around an
external circuit powering a load, whilst the protons ionically conduct across the
membrane to reach the cathode. At the cathode, the oxygen reduction reaction
(ORR) happens, in which oxygen supplied as a stream of gas meets electrons
from the circuit and protons from the membrane, which react to generate water
(Equation 1-2). The overall cell reaction is exothermic, meaning that heat is
produced in the reaction (Equation 1-3).

𝐶𝑎𝑡ℎ𝑜𝑑𝑒:

𝐴𝑛𝑜𝑑𝑒: 𝐻2 → 2𝐻 + + 2𝑒 −

1-1

1
𝑂 + 2𝐻 + + 2𝑒 − → 𝐻2 𝑂 (+ ℎ𝑒𝑎𝑡)
2 2

1-2

𝑂𝑣𝑒𝑟𝑎𝑙𝑙: 𝐻2 +

1
𝑂 → 𝐻2 𝑂 (+ℎ𝑒𝑎𝑡)
2 2

1-3

The key reaction pathways that occur in the PEFC are depicted in
Figure 1-3a, with purple arrows showing the transport of electrons away from the
anode through the circuit to the cathode, blue arrows showing the transport of
reactant gases and product water into and out of the cell and green arrows
indicating the two half-reactions that occur in the anode and cathode.
The architecture of the PEFC is complex and spans multiple length scales,
from the nanoparticles of the platinum catalyst to the macroscale flow channels
that transport gases through the cell. At the heart of the fuel cell is the membrane
electrode assembly (MEA), which is where the electrochemical reactions take
place. The MEA is enclosed by bipolar plates, considered the ‘lungs’ of the fuel
cell, which deliver gases to the MEA as well as ensuring the removal of product
water from the MEA [16]. To ensure there is no leakage, gas crossover or shorting
of the cell by touching bipolar plates, gaskets surround the MEA for sealing. A
fuel cell can consist of a single cell (Figure 1-3b) or as a stack of multiple cells
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(Figure 1-3c). In a stack, the bipolar plates transfer electrons from the anode of
one cell to the cathode of an adjacent cell and are generally made of graphite.
Separate channels deliver gases to the anode and cathode and, where a coolant
is used, a third channel flows the coolant through the stack. Water produced at
the cathode is removed in the cathode gas stream and the temperature control
of the stack keeps condensation to a minimum. Current collectors are inserted on
both ends of the cell, onto which the load can be attached. The current collectors
are generally made of a metal, to ensure low resistance of electron transfer from
the MEA to the circuit [17]. The end plate is used for enclosing the stack and can
be manufactured from anodised metals or steel. Compression bolts (tie rods)
secure the cell together and ensure even compression across the cell.

Figure 1-3 a) Schematic of the key reactions occurring in the fuel cell. b) A single cell and
c) a fuel cell stack, with all key components labelled.

1.3.1 Fuel cell potential
The performance of all fuel cell types is characterised by the polarisation
curve, a means for measuring fuel cell performance, in which the current density
is plotted against the voltage. Measurement of the polarisation curve can be taken
either galvanostatically or potentiostatically, i.e. setting current and measuring
voltage response, or setting voltage and measuring current response,
respectively. The underlying equation governing fuel cell potential is the Nernst
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equation, which gives the theoretical cell voltage under non-ideal conditions, also
called the open-circuit voltage (OCV) or EOCV [18].

𝐸

𝑂𝐶𝑉

𝑅𝑇
= 𝐸 −
ln 𝑄
𝑛𝐹
°

∏ 𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑣𝑖
𝑤ℎ𝑒𝑟𝑒 𝑄 =
∏ 𝑎𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 𝑣𝑖
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where E° is the reversible voltage (V), the maximum voltage under standard
conditions of 1 bar and 298 K (1.23 V for a hydrogen-oxygen cell), R is the ideal
gas constant (J K-1 mol-1), T is the operating temperature (K), n is the number of
electrons exchanged, F is the Faraday constant (C mol-1) and Q is the reaction
quotient, which is the ratio of the activity of reaction products to reactants. The
reaction quotient can be written using the relationship between activity, gas
fraction and pressure:
𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑣𝑖
)
𝑃°
𝑄=
𝑣𝑖
𝑃
∏ (𝑦𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 ∙ 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
)
𝑃°
∏ (𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ∙
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where yi is the gas fraction, Pi is the partial pressure of the species (Pa) and P° is
the standard pressure (Pa). Whereas activity cannot be directly measured, the
quantities in Equation 1-5 can be experimentally determined, thus allowing for the
reaction quotient and hence theoretical potential to be calculated. This is
important when considering the flow conditions in an operating fuel cell, since
increasing the pressure of the reactants will increase the reaction quotient and
decrease the open-circuit voltage.
Whilst the Nernst potential is considered the ideal potential, once a current
is generated by the fuel cell, a number of losses, or overpotentials, occur, which
lower the cell voltage during operation. There are three types of fuel cell losses,
which have distinct regimes in the fuel cell polarisation curve, namely activation
losses, Ohmic losses and mass transport losses and will be discussed in the
following sections.
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1.3.1.1 Activation losses
The activation loss region occurs at low currents (high potentials) with the
activation losses, 𝜂𝑎𝑐𝑡 , being caused by the activation energy barrier, ∆𝐺 ⱡ , that
accompanies every reaction [19]. The overall fuel cell reaction is exothermic,
meaning that the free energy of the products is lower than that of the reactants
and the Gibb’s free energy (∆𝐺°) is negative. Nonetheless, for a reaction to be
initiated, it must first overcome the activation energy barrier. The addition of a
catalyst helps to lower the activation energy by providing a lower-energy reaction
pathway, the result of which is that the rate of reaction increases, but without
consumption of the catalyst (Figure 1-4a).

Figure 1-4 a) Graph showing the activation barrier that needs to be overcome to progress
from reactants to products, without (black solid line) and with (grey dashed line) a catalyst,
which lowers the activation barrier and b) Activation losses contributed by the anode
(navy) and cathode (light blue).

In order to calculate the extent of activation losses, the Butler-Volmer
equation is used [18],

𝑗 = 𝑗0 (

(1 − 𝛼)𝑛𝐹𝜂𝑎𝑐𝑡
𝐶∗𝑅
𝛼𝑛𝐹𝜂𝑎𝑐𝑡
𝐶 ∗𝑃
𝑒𝑥𝑝
(
)
−
𝑒𝑥𝑝
(−
))
𝐶0𝑅
𝑅𝑇
𝐶0𝑃
𝑅𝑇
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where 𝐶 ∗ 𝑖 is the concentration of species at the catalyst surface (mol cm-2), 𝐶 0 𝑖
is the concentration of species in the bulk (mol cm-2), j is the current density
(A cm-2), j0 is the exchange current density (A cm-2) and α is the charge transfer
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coefficient, which gives information about the symmetry of the reactants in the
transition state.
Although the fuel cell equation is reversible, only the forward reaction is
relevant for an operating fuel cell, thus the Bulter-Volmer equation can be
simplified to give

𝛼𝑛𝐹𝜂𝑎𝑐𝑡
𝑗 = 𝑗0 exp (
)
𝑅𝑇

1-7

Rearranging for 𝜂𝑎𝑐𝑡 gives

𝜂𝑎𝑐𝑡 =

𝑅𝑇
𝑅𝑇
ln(𝑗) −
ln(𝑗0 )
𝛼𝑛𝐹
𝛼𝑛𝐹

1-8

If the constants are gathered, the equation can be simplified in terms of
two constants, a and b to give the Tafel equation:

𝜂𝑎𝑐𝑡 = 𝑎 ln(𝑗) + 𝑏

1-9

If 𝜂𝑎𝑐𝑡 is plotted against ln(𝑗), the result should be a linear plot, with gradient
a and y-intercept b. The anode and cathode both have a contribution to the
activation losses, but the sluggish kinetics of the ORR mean that the reduction of
oxygen has a larger contribution to the activation losses. This is observed in the
modelled activation loss profiles of the anode and cathode (Figure 1-4b), where
the cathode losses (dark blue) are larger than the anode ones (light blue) at all
current densities.
1.3.1.2 Ohmic losses
In the intermediate current density region, Ohmic losses overtake activation
losses as the most significant loss mechanism (though activation losses are still
present, but with lower magnitude). Ohmic losses arise due to resistances within
the MEA, both ionic resistances in the membrane and electronic resistances in
the electrodes. Furthermore, there are contact resistances that occur between
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either the MEA and the bipolar plate (electronic) and at the electrode-membrane
interface (ionic). The Ohmic losses can be represented by Ohm’s law

𝜂𝑂ℎ𝑚 = 𝑗𝑅𝑡𝑜𝑡

1-10

where j is the current density (mA cm-2) and 𝑅𝑡𝑜𝑡 is the total resistance in the cell
(Ω). The contribution from the various sources of resistance in the fuel cell can
be represented mathematically by

𝑅𝑡𝑜𝑡 = 𝑅𝑖 + 𝑅𝑒 + 𝑅𝑐

1-11

where Ri, Re and Rc are the ionic, electronic and contact resistances, respectively.
There are a number of methods for ensuring that the resistances, especially
contact resistances, are kept to a minimum by ensuring good assembly of the cell
with good alignment of the MEA and the bipolar plates. Material choice is another
important way of ensuring lowered resistances by ensuring that highly conductive
materials are chosen both for the electrode materials and the bipolar plates.
These materials will be discussed in further details in Section 1.3.2 and Section
1.3.3.1 for electrode and bipolar plates, respectively.
1.3.1.3 Mass transport losses
The final type of loss that occurs at high current densities are mass transport
losses, which arise as a result of concentration gradients that are set up in the
fuel cell. Gases in the fuel cell flow along a channel and diffuse perpendicular to
the flow channel direction through the MEA to reach the active catalyst sites. The
result of this is that the concentration of reactant gas is higher next to the channel
than at the reactive sites. In addition, since reactant species are consumed
across the porous medium, the reactant concentration decreases closer to the
membrane.

𝑗 = 𝑛𝐹𝐷

𝑒𝑓𝑓

𝐶 0𝑅 − 𝐶 ∗𝑅
𝛿
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where 𝐷𝑒𝑓𝑓 is the effective diffusion coefficient (cm2 s-1), 𝐶 0 𝑅 and 𝐶 ∗ 𝑅 are the bulk
and surface concentrations, respectively (mol cm-2) and 𝛿 is the diffusion layer
thickness (cm). As the current increases, there are a great number of reactions,
which reduces the bulk concentration of species. The point at which the rate of
reactant consumption is greater than the diffusion of gas to the reactive sites,
then 𝐶 ∗ 𝑅 = 0 and the limiting current density, jL, is reached:

𝑗𝐿 = 𝑛𝐹𝐷𝑒𝑓𝑓

𝐶 0𝑅
𝛿
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Given the above relationship, ensuring a high bulk reaction concentration,
decreasing the electrode thickness and increasing the effective diffusion
coefficient will maximise the limiting current density. Further derivation [20] leads
to the following equation for concentration losses

𝜂𝑐𝑜𝑛𝑐 = 𝑐 ln

𝑗𝐿
(𝑗𝐿 − 𝑗)

1-14

where c is a constant that accounts for a loss of reaction rate due to concentration
gradients (V), j is the measurable current density (A cm-2) and jL is the limiting
current density (A cm-2).
1.3.1.4 Modelling the fuel cell potential
Considering all losses in the fuel cell, the overall cell potential can be given
as

𝐸𝑐𝑒𝑙𝑙 = 𝐸 𝑂𝐶𝑉 − 𝜂𝑎𝑐𝑡 − 𝜂𝑂ℎ𝑚 − 𝜂𝑐𝑜𝑛𝑐

1-15

These losses can be modelled in the form of a polarisation curve (Figure
1-5), with a variety of constants input into the model (Figure 1-5a). These
variables differ greatly during real-world fuel cell operation, but it is useful to
understand how each overpotential contributes to the overall shape and
characteristic of the polarisation curve. By subtracting each type of fuel cell loss
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(Equation 1-15), the modelled polarisation curve, with the three distinct regions,
is produced (Figure 1-5b).

Figure 1-5 a) List of parameters used for generating the fuel cell model and b) modelled
polarisation curve (green), with the various modelled fuel cell losses shown for anode
activation (light purple), cathode activation (dark purple), Ohmic losses (dark blue),
concentration losses (light blue) and the theoretical potential (navy).

1.3.1.5 Power density
The power density is another important parameter for understanding fuel
cell performance and is particularly useful for determining an optimum point of
operation of the fuel cell. Power density, w, (W cm-2) is given by

𝑤 =𝑗∙𝑉

1-16

where j is the current density (A cm-2) and V is the voltage of the cell (V). The
power density curve rises with current density until it reaches a maximum, the
peak power, after which it falls until the limiting current density is reached (Figure
1-6, dashed line). The power density curve is a good indication for optimum
operating point of the fuel cell; selection of a current and voltage close to the peak
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power density will give the highest power output of the cell. However, for some
applications (and in practice), the fuel cell is typically operated somewhere to the
left of the peak power such that any unexpected surge in current/drop in voltage
will initially increase the power output of the cell. The trade-off of operating in this
region is that the thermal losses in this region are greater and the fuel cell
operating efficiency is not as high.
The efficiency of a fuel cell can be given by

𝜂=

𝑉
1.48 𝑉

1-17

where 1.48 V is the thermoneutral fuel cell potential calculated from the higher
heating value of hydrogen [21] and V is the fuel cell potential (V). Thus, given this
relationship, the optimum efficiency is gained by operating the cell at a high
voltage (and low current).

Figure 1-6 Polarisation curve (black solid line) and power density curve (black dashed line)
for the modelled fuel cell.
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1.3.2 Membrane electrode assembly (MEA)
The MEA is considered the heart of the fuel cell and is where the
electrochemical reactions occur [22]. The MEA has a complex, hierarchical
structure and is comprised of two gas diffusion electrodes (GDEs) that sandwich
a polymeric membrane (Figure 1-7). Each GDE is a multi-layered structure
consisting of the catalyst layer (CL), the microporous layer (MPL) and the gas
diffusion layer (GDL) (Figure 1-7). The anode and cathode GDE generally
comprise of similar/identical materials, though the amount of catalyst on the
cathode is typically higher than that of the anode, owing to the sluggish kinetics
of the cathode ORR.

Figure 1-7 Schematic of the MEA, indicating the CL, MPL and GDL layers that constitute
the GDE, as well as the membrane, which is sandwiched by the anode and cathode GDEs.

There are several requirements of the GDEs in terms of electrode
engineering. Firstly, all components of the GDE must have high electronic
conductivity so that electrons can easily travel out of the anode, around the circuit
and into the cathode. Therefore, carbon is the main material that constitutes the
GDE, owing to its high conductivity [23]. As well as good electronic conductivity,
the GDE must easily facilitate the diffusion of species into and out of the CL;
gases must diffuse easily to active sites in the CL, whilst water must be easily
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removed from the cathode and carried out through the bipolar plates. For this
reason, the GDE has a hierarchical pore structure, with small pores in the CL and
MPL and larger pores in the GDL. The gradual increase in pore size moving out
from CL to GDL means there is a capillary force promoting the removal of water
from areas of low pore size (in the CL) to an area of larger pore size (in the GDL)
[24]. The MPL acts as a “bridging” layer, such that water does not exit the CL and
immediately wet the surface causing flooding and blocking the flow of gas to the
catalyst particles in the CL. Between the GDEs sits the membrane, which is
required to be electrically insulating and proton conducting.
Given the complex nature of the structures in the MEA, a large amount of
research has focussed on the optimisation of material architectures [22]. The key
requirements for each component, including morphology and materials, will be
described in the following sections.

1.3.2.1 Polymer membrane
There are several manufacturers of polymer membranes for the PEFC
electrolyte, but broadly the materials have changed little and are mostly based on
a perfluorosulfonic acid (PFSA) polymer [25]. The electrolyte comprises a
fluorinated polymer backbone, with fluorinated side chains with sulfonic acid end
groups. The negative charge of the sulfonate groups facilitate the ionic
conduction of positively charged protons through the membrane from the anode
to the cathode. Whilst the general backbone of the polymer tends to be similar
for different membranes, the thickness of the membrane can vary and membrane
thickness is often tuned to the chosen application [26]. The choice of membrane
thickness is often a trade-off between impedance and water management. A
thicker membrane will mean that there is less hydrogen crossover through the
membrane; some hydrogen can be pulled across from anode to cathode during
ionic conduction, which results in parasitic voltage losses at OCV [27]. However,
a thicker membrane will increase the Ohmic resistance in the MEA, since the
conduction pathway for ions is longer the thicker the membrane. Furthermore, a
thick membrane is at greater risk of drying out, which will also increase the
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impedance due to the lowered ability to transport protons from the anode to the
cathode [28].
1.3.2.2 Catalyst layer (CL)
The CL, located directly next to the membrane, contains the catalyst in the
form of nanoparticles of diameters around 3-8 nm that are decorated onto carbon
nanoparticles of diameters around 40 nm [29]. When manufacturing the CL, a
small amount of ionomer solution is added to the ink, which allows for the
generation of a triple-phase boundary between catalyst, proton conductor and
gas (e.g. pore space) [30]. Without the ionomer, it would not be possible for
protons to conduct a) from the anode CL to the membrane and b) from the
membrane to active sites in the cathode CL, thus the conversion of reactants to
products would not be possible [30].
The most common choice for the CL catalyst in the PEFC is platinum. This
is because of the high activity of platinum for both the HOR and the ORR.
However, there are issues associated with the use of platinum, most notably the
high cost and finite supply [29]. These issues are likely to be exacerbated in
coming years as the demand for platinum for fuel cells grows. For this reason,
technical targets for the CL have been outlined by the United States (US)
Department of Energy (DOE) with the aim of significantly reducing the amount of
platinum in the electrodes, or removing it all together [31]. This can be achieved
by intelligent electrode design and ensuring that the surface area of the catalyst
available for reactions is optimised. In addition, improving the durability of
catalysts and CLs will also alleviate the costs by reducing the need to replace
materials. As was previously mentioned, the anode CL generally contains less
platinum than the cathode CL, especially for commercial applications. Since the
activity of the HOR is high, the amount of platinum used can be reduced.
Conversely, the ORR has sluggish kinetics and a higher amount of platinum is
necessary to ensure sufficient electrochemical reactions occur.
As well as lowering the amount of platinum used, there is a large body of
research investigating alternative non-platinum-containing catalysts, that still
have the high activity, but with lower costs or made of more common elements.
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Elements used include metals like palladium [32], or non-metal structures like
nitrogen-containing porphyrins [33]. There has been some work into use of iron,
but these catalysts are susceptible to oxidation, due to the acidic environment of
the PEFC [34]. Other catalyst developments have included the use of core-shell
nanoparticles, which have a core made of a cheap element, with platinum coated
onto the outside [35], or alloy nanoparticles like the PtCo alloy, which is used in
the current models of the Toyota Mirai [36]. Questions remain about the stability
of these alternative metals, which increases the importance of carrying out
long-term degradation testing to understand how the catalyst perform over
several thousands of hours [29].
1.3.2.3 Microporous layer (MPL)
The MPL acts as a bridging layer between the CL and the GDL and
comprises primarily of carbon nanoparticles, making the layer electrically
conductive. The MPL is often sprayed directly onto the GDL in the form of an ink
[37]. There can sometimes be hydrophobic treatment in the MPL (and GDL), with
small amounts of polytetrafluoroethylene (PTFE) additive. This is to aid water
management since it encourages the transport of water out of the MPL and GDL
and into the flow channels [38]. In terms of composition, the thickness of the MPL
can vary widely, with reports of MPL thickness between 50 μm and 110 μm [38–
40]. In practise, it is difficult to measure the thickness of the MPL, since there is
some penetration of the ink into the GDL resulting in an irregular thickness.
However, using 3D imaging techniques, such as will be described in this thesis,
measurement of both local and average MPL thickness becomes possible.
Despite the varying reports about the thickness, studies have shown that the MPL
is a crucial feature of the GDE for both water management and performance
[38,41,42].
1.3.2.4 Gas diffusion layer (GDL)
The GDL is generally manufactured from carbon fibres that are
manufactured to form paper-like structures onto which the MPL can be coated.
As with the MPL and the CL, the pore sizes of the GDL are important for ensuring
efficient water management, avoiding flooding, but also ensuring sufficient
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electrical conductivity for the transport of electrons [43]. There are a wealth of
GDL designs, which are typically constructed from carbon fibres, with some
common construction types being woven carbon fibre mats and felt-like papers
[44]. Key features that influence the performance include the GDL thickness,
porosity, and fibre structure, since the porosity and diffusion length will have a
significant impact on mass-transport of gases through the layer [45]. As shown in
Figure 1-8a-c, the construction of different GDL types can vary greatly, as
observed by the carbon cloth from Ballard, the straight fibres from Toray and
felt-like paper from Freudenberg (Figure 1-8a-c, respectively).
As with the MPL, the GDL also typically contains a hydrophobic treatment,
by way of PTFE additive or similar [46]. Again, this allows for efficient removal of
water from the GDL and work has highlighted (as with most PEFC components)
that the level of coating is a balance between complete water removal causing
dry out or insufficient water removal causing flooding [47]. As shown in Figure
1-8d-f, the level of hydrophobic treatment can vary greatly between
manufacturers, but in general the treatment (especially for the straight fibres
shown in the figure) has a webbed-like structure between the straight fibres [43].

Figure 1-8 a) Woven carbon cloth, b) straight stretched and c) felt/spaghetti GDL types and
samples of d) Toray H-060, e) E-TEK 1200N and f) Ballard P75 commercial GDLs, with
straight fibres and varying levels of hydrophobic treatment. Both reproduced from [43].
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1.3.2.5 MEA preparation
The materials in the MEA are intrinsically linked to the performance of the
cell and each layer has been engineered (considering properties like material,
composition and pore architecture) to achieve the best performance. As well as
the layers themselves, their assembly to produce the GDE or the MEA is also an
important consideration for optimising cell performance.
There are multiple ways to prepare an MEA, but common to both is the use
of an ink for both the MPL and CL, which are sprayed onto the substrate surface.
The ink consists of nanoparticles (either carbon or Pt-on-C for MPL and CL,
respectively) that are suspended in a solvent, such as a mixture of water and IPA
[48]. As mentioned, a small amount of ionomer solution is added to the
suspension, to ensure that there is a proton-conducting pathway through the CL.
After preparing the ink, it is typically sonicated to ensure even distribution of the
nanoparticles throughout the suspension. Once prepared, the ink is deposited
onto the substrate surface and there are a wide range of methods for doing this,
such as screen printing [49], decal transfer [50] or ultrasonic spraying [37,51,52].
The MPL is generally always deposited directly onto the GDL to form a gas
diffusion medium (GDM), which ensures that there is an even surface in contact
with the CL (in contrast to the rough, irregular surface of the GDL). Application of
the CL can be done in two main ways: depositing on the MPL or depositing on
the membrane. By depositing directly onto the MPL, a free-standing GDE is
produced and the advantage of this is that a large area can be prepared and
electrodes can be cut to size as necessary. Depositing onto the membrane
creates a catalyst coated membrane (CCM), and a template must be used to
create the exact dimensions of the CL. Whilst this requires a higher level of
precision than creating a GDE, work has generally indicated that CCMs perform
better than GDEs [53–55]. This is due to better contact between membrane and
CL by direct application to the membrane, which enhances the proton-conducting
pathways from the membrane to the active Pt sites [56].
Regardless of electrode preparation technique, an important feature of both
the CL and MPL is the formation of cracks in the layer during drying. Much like
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mud cracks in the desert, when the inks are drying and the solvent is evaporating,
cracks will form in both the MPL and CL [57]. The presence of cracks in the
starting material is particularly significant when carrying out accelerated stress
tests (ASTs), since they can act as nucleation points for degradation, which will
be discussed in further detail in Chapter 7. A discussion of ASTs and the need to
understand degradation mechanisms present within the MEA can be found in
Section 1.3.4.
After preparation of the electrode, the MEA is assembled and the most
common technique is to use hot pressing, which applies heat and pressure to
bind the layers of the MEA together. In the case of a CCM, the GDM is pressed
onto the CCM ensuring good alignment between the GDM and the sprayed CL
area. It is crucial that the electrodes are well aligned on both sides of the
membrane, since any misalignment will result in loss of active area; proton
conduction happens primarily through-plane (i.e. straight across the membrane)
and will also lead to enhanced degradation of the membrane at these spots [58].
Hot-pressing was first mentioned in the literature by Ticianelli et al. in 1988
[4] and the specific temperature and pressure of the platens will depend on the
specifics of the materials being used. A number of studies have investigated
optimum hot-pressing conditions by using iterative approaches to change
pressure, temperature and duration of pressing [59,60]. Andersen et al. found
that a temperature of 150 °C achieved MEAs with the optimum [59], which is in
contrast to findings of other practitioners who found temperatures of 130 °C [61]
and 110 °C [62] to be the optimum. These conflicting reports from literature
emphasise that each MEA set up will perform differently, due to inherent
differences in microstructure, and practitioners should ensure that the conditions
are optimised when working with new MEA architectures. Other work has
highlighted the necessity of the hot pressing process for improving the
performance of GDEs, especially when using CLs with low loadings [63] and work
is being done to remove hot pressing altogether by direct spraying of the
membrane onto the CL, which both lowers the cost and improves performance
[64].
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Use of X-ray techniques has been growing, which allow for additional
structural information to be obtained at multiple length scales. Meyer et al. used
X-ray computed tomography (CT) to carry out 3D imaging of MEAs hot-pressed
at different temperatures. The work highlighted that above the glass transition
temperature of the membrane, the microstructure of the MEA broke down, with
penetration of the membrane into the fibres of the GDL [61]. (X-ray CT is
discussed in detail in Chapter 3, Section 3.1.2). At the nanoscale, Andersen et
al. used X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) to
reveal how the nanostructure of the platinum breaks down, characterised by
changes in the diffraction patterns and increased detection of platinum by XPS
as a result of agglomeration and deposition on the carbon surface [59]. Whilst
literature studies have investigated the effect of different hot pressing
temperature on performance and microstructure, there is still a lack of
understanding surrounding whether hot pressing is a necessary step in the
manufacturing process. This gap is the foundation for the investigations carried
out in Chapter 6.
1.3.3 System-level operation
As well as careful engineering of the nano- and microscale properties of the
MEA, at the system level, there are a number of design considerations for
optimising the performance of PEFCs. These features are considered to be at the
macro length scale and are particularly relevant for gas delivery to the MEA and
removal of water from the cell, as will be discussed in the following sections.
1.3.3.1 Bipolar plates and flow fields
When considering a fuel cell stack, the term bipolar plate is adopted, but
when considering a single cell, the plates are called flow field plates. The plates
must be made of a conductive material and if designing for an application where
weight is an important factor, such as fuel cells for transport, the material and
plate design must also be light weight. Graphite and metals like stainless steel
are common choices for bipolar plate materials, due to their high conductivity and
lightweight nature [22].
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Contained within the surface of the bipolar plates are the flow fields, which
are considered the ‘lungs’ of the fuel cell. Gases flow through the flow fields and
are delivered to the MEA. As well as gas delivery, the flow fields aid with water
removal from the cell, as water generated in the MEA is forced out into the flow
channels and removed with the gas stream. Good contact between the land
regions of the flow field and the MEA is a key design requirement, since there
needs to be a continuous electrical pathway from CL to GDL to the current
collector plates. Common manufacturing techniques for flow fields include
etching or stamping onto the surface of the bipolar plate [22].
Along with the choice of material for the flow field, the flow field design is
another important consideration for achieving the best performing cell. There are
several common types of flow field designs, with serpentine, double serpentine
and parallel being three of the most widely employed [65,66] (Figure 1-9a-c,
respectively). The serpentine design is a single continuous channel, whilst
parallel and double/multi-serpentine comprise several channels. Interdigitated
flow field designs have also been used, though are less common [67] (Figure
1-9d).
Given that water management is one of the primary functions of the flow
field, the design and shape of the flow channel has a noticeable impact on cell
performance [65,68] and literature surrounding flow field design is conflicting with
respect to which design is best in terms of performance. Limjeerajarus et al. found
that serpentine and parallel flow fields had a similar performance, suggesting that
flow field design did not significantly impact the operation of the cell [66]. Similar
findings for a larger cell showed that despite the slightly better performance of a
cell with a serpentine design compared with a parallel design, the difference was
minimal [69]. As well as the conventional designs, work is also being done to
investigate alternative flow field designs, including those based on nature [67].
However, the increasing complexity of a nature-based design will naturally also
increase the cost, so it is important to consider the trade-off between price and
improvement in performance gained through using one of these designs. Until
now, most studies investigating flow field designs have been done using either
modelling [68,70] or 2D imaging techniques [67,71]. Thus, there is a gap in the
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knowledge surrounding water distribution in different flow field designs and this
gap forms the foundation of the work described in Chapter 4 of this thesis.

Figure 1-9 a) Single serpentine, b) double serpentine, c) parallel and d) interdigitated flow
field designs for bipolar plates.

Another consideration for flow field design is the land:channel ratio, i.e.
whether the land and channel have the same dimensions or not. A second ratio
is the channel depth:channel width ratio, i.e. the ratio of the channel depth to
channel width. Both factors are a trade-off in terms of achieving good electrical
contact, but ensuring sufficient gas flow to the MEA [65]. Considering firstly the
land:channel ratio, a ratio greater than 1:1 has been shown to have the most
uniform distribution of current density across the MEA [68]. Other work has shown
that a thinner land improves performance, with both land and channel required to
be lower than 1 mm for achieving optimum performance [65], though this is in
contrast to the findings of Chowdhury et al. who showed a 1:1 ratio to be optimum
[70]. In the same study, it was also shown that increasing the channel width
decreases the pressure drop along the length of the channel, which lowers cell
performance. Channel depth has also been shown to affect the performance and
consumption of species, with a depth above 1.5 mm significantly reducing the
consumption of hydrogen [72]. Thus, channel depth is also an important
consideration for ensuring the optimum operating conditions.
1.3.3.2 Fuel cell operation
There are several modes of operation for the PEFC, which depend on the
application. With flow-through operation modes, the gases are supplied
over-stoichiometry, which means that a greater amount of reactant is supplied
than is used by the cell during operation. This is acceptable when in the research
lab, or when the excess flow can be recirculated in a stationary power application,
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but when considering an application that has a finite volume of gas, like a FCEV,
it is not practical to use flow-through modes of gas supply [73]. In this case,
dead-ended anode operation will be implemented, in which gas is supplied to the
anode in an exact amount and there will be intermittent purging of the anode side
with inert gas to drive the continued reaction.
It is also necessary to consider the direction of gas flow, especially when
carrying out single-cell testing in the research laboratory. The gases can be
supplied in either co- or counter-flow, meaning anode and cathode gas streams
flow in parallel or in opposition, respectively [73]. The most common mode of gas
supply is in counter flow, since it has been shown to have advantages for water
management and current distribution in the cell [68].
At the system level, thermal and water management must also be
considered, since the PEFC reaction produces heat and water. Whilst vehicles
have complex heating and cooling systems [74], for laboratory-based testing,
especially when working with single cells, temperature control can be done by
inserting heating cartridges and a thermocouple into the fuel cell casing, with a
PID controller being used to regulate the temperature [61].
Along with temperature control, water management is an important
consideration for fuel cell operation. Since PEFCs are typically operated at
elevated temperatures, the membrane is prone to drying out. This is detrimental
to fuel cell performance, since the shuttle of protons through the membrane
depends on the presence of water and the consequence of this is an increase in
cell impedance. Techniques for understanding the cell impedance will be
discussed in Chapter 3, Section 3.3.3. To overcome the issues associated with
the dehydration of the cell, the gas streams are often humidified to provide a
constant supply of water to the MEA [75]. Different levels of humidification can be
used depending on the application and the relative humidity is used to calculate
the temperature of the gases needed [76]. Relative humidity (RH) is essentially
the ratio between the actual and saturation vapour density and can be expressed
as follows:
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 =

𝐴𝑐𝑡𝑢𝑎𝑙 𝑣𝑎𝑝𝑜𝑢𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
× 100%
𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑝𝑜𝑢𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
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where the actual vapour density is the amount of moisture that is held in the air
and saturation vapour density is a measure of the amount of moisture that could
be held by the air at a given temperature. Anything above the saturation vapour
density will result in condensation of the water.
Cell flooding can also be a concern for cell operation, particularly at high
current densities. Whilst the high current region is typically attributed to mass
transport losses, as was discussed in Section 1.3.1.3, a large amount of water is
being produced in this region, due to the number of reactions that are occurring.
If the volume of water is sufficient, it will block pores in the CL and MPL and
eventually GDL and flow field channels, thus inhibiting the flow of gas through the
GDE. Heating of the cell or lowering the RH of the gas streams are two ways to
aid with water management [77]. Flow field design is another consideration that
can be optimised to facilitate the transport of water out of the cell, as well as the
addition of hydrophobic treatment to the GDL to encourage water removal from
the fibres into the flow channel. Techniques that are used for understanding the
distribution of water in the PEFC are discussed in further detail in the Literature
Review (Chapter 2), as well as in the results of macroscale investigations
discussed in Chapter 4.

1.3.4 PEFC degradation
During operation, PEFCs are subjected to acidic conditions, continuous
load cycling, varying temperatures and constant flow of reactant gases and water,
which leads to material degradation and reduced performance over time [78].
These degradation processes will occur over several thousands of hours of
operation, but increased durability of materials has obvious economic and
environmental advantages, including lowered costs and reduced consumption of
resources. An example of the targets for MEA durability is the target set by the
US DOE for an MEA durability of 5000 hours by 2020 [31]. Given the multiple
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layers and the complex morphologies in the PEFC, there are several mechanisms
by which PEFCs can degrade that are specific to the various materials in the
PEFC. These mechanisms are summarised in Figure 1-10, along with the length
scale at which they are most commonly characterised, and include degradation
of the membrane, GDL and electrocatalyst/catalyst support.

Figure 1-10 Common types of degradation of the various layers of the MEA, as well as the
common length scales at which they are characterised, including macroscale (teal),
microscale (purple) and nanoscale (blue).

1.3.4.1 Membrane Degradation
The most common mechanism for membrane degradation is mechanical
failure by pinhole formation. Pinholes can be developed during cell assembly or
manufacture and result in increased hydrogen crossover, which reduces
performance by a drop in OCV [79]. To investigate the effect of pinhole location
on the performance of a PEFC, Bodner et al. chose various locations for the
pinhole, which were artificially created prior to fuel cell operation [79]. After ASTs
on the MEAs, it was found that locating the pinhole closer to the gas inlet resulted
in a larger OCV drop compared with pinholes situated elsewhere in the MEA.
Chemical degradation of the membrane can also occur, especially in situations
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where radicals are formed by side reactions. Hydrogen peroxide (H2O2) is an
example of a side product that is particularly potent for membrane degradation
and investigations where the membrane was soaked in hydrogen peroxide prior
to operation highlighted that the presence of the chemical reduces ionic mobility
in the membrane, as well as having a significant detrimental effect on
performance and power density [80].
Another mechanism for membrane degradation is crack formation. Harsh
voltage cycling coupled with relative humidity cycling can lead to the formation of
cracks in the membrane, which significantly reduces performance. Singh et al.
[81] and Ramani et al. [82] both showed that cracks can form in the membrane,
by characterisation with X-ray CT, leading to gas crossover and resulting in
voltage losses.
1.3.4.2 GDL Degradation
Degradation of the GDL can proceed via either mechanical or chemical
degradation [83]. Chemical degradation can occur as a result of gas crossover,
leading to unwanted side reactions and formation of hydrogen peroxide, which
breaks down the materials in the GDL and results in a reduction in water
management ability. The effect of degradation on water management in the GDL
was studied by Arlt et al. using synchrotron X-ray imaging [84]. GDLs were aged
by immersion in hydrogen peroxide for 0 h, 16 h and 24 h then assembled into a
fuel cell. It was found that the largest water accumulation occurred for the longestaged GDL, which was attributed to an increased amount of cracks in the MPL
and larger pores acting as water sinks leading to flooding.
Mechanical degradation can occur by compression during cell assembly, as
well as from operational factors like freeze-thaw, dissolution or erosion by gas
flow [83]. Dissolution tests (done by leaching with acid) highlighted that the GDL
degradation reduces the hydrophobicity of the layer [85], which reduced water
management capabilities and increased flooding. Extended freeze-thaw cycling
was found to reduce the thickness of the GDL [86] and bending of GDLs under
compression displayed increased amount of hydrogen crossover as a result of
pinholes formed during the experiments [87].
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1.3.4.3 Electrocatalyst/catalyst support degradation
Degradation of the CL can be broken down into two mechanisms:
electrocatalyst degradation and catalyst support degradation [88]. Both types of
material degradation are detrimental for fuel cell performance, since both
mechanisms contribute to an overall loss of CL material and activity. Degradation
of the electrocatalyst lowers the fuel cell performance by reducing both the
catalytic activity and the amount of available catalyst. There are a number of
mechanisms for electrocatalyst degradation, like particle agglomeration or
dissolution in the exhaust gases, as reviewed by Cherevko et al. [89].
As well as in the exhaust gases, platinum can also dissolve into the
membrane during operation [90]. Pt crossover by dissolution into the membrane
was investigated by Macauley et al. using transmission electron microscopy
(TEM) to image pristine and degraded cathode CLs [90]. Bright-field TEM imaging
allowed for clear visualisation of the crossover of Pt particles, whilst high angle
annular dark field TEM (HAADF-TEM) showed clear platinum agglomeration after
repeated cycling. Elemental mapping by energy dispersive X-ray spectroscopy
(EDX) also confirmed the change from homogeneous to non-homogeneous
distribution of platinum in the beginning- and end-of-test images, respectively.
Due to the extreme voltages experienced during cell start-up/shut-down, the
CL is also prone to degradation by way of carbon corrosion [78]. During start-up,
a hydrogen/air wave is formed on the anode size as the resident air in the channel
is pushed out by hydrogen on the anode. This leads to side reactions, which
accelerate the degradation of the carbon [88,91]. The result of this is a significant
loss of performance, by way of increased resistance and reduced water
management [92]. This is because the nanoscale loss of carbon means that there
is a collapse of the CL pore structure, which inhibits transport of water out of the
CL into the flow channel [93]. In terms of the microstructure, the most significant
mechanism for degradation is the growth and expansion of cracks in the CL,
which inhibits electron transfer through the layer, thus increasing resistance [91].
It has also been shown that relative humidity can affect the rate of carbon
corrosion, with a lower relative humidity increasing the rate at which the CL
degrades [94].
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1.3.4.4 Accelerated stress tests (ASTs)
Whilst there are a range of degradation mechanisms specific to the various
layers of the MEA, the time frames on which they occur during real-world
operation are on the order of several thousands of hours. Thus, to replicate the
degradation

on

a

time-scale

that

is

feasible

for

replication

during

laboratory-based testing, a number of ASTs have been developed. The protocols
target a specific degradation mode according to the conditions of the AST and a
number of tests have been outlined the US DOE [31]. Thus, insights gained
during the AST can be transferred to materials design for engineering
higher-performing, improved MEAs that are more durable and longer-lasting.
For this work, the macro- and micro-scale are most relevant, thus the
degradation of the CL and breakdown of water management are two key
processes that will be studied. By combining the electrochemical methods of the
ASTs with advanced imaging diagnostics, a more in-depth understanding of
degradation can be obtained across length scales. A full discussion of ASTs
relevant for this work is found in Section 2.1, as well as in the methods (Section
3.3.4) and results of multiscale characterisation in Chapters 4, 6 and 7.
1.4

Summary
This chapter has introduced the key fundamentals of PEFCs, including the

equations underpinning their performance and the materials used for their
construction. The materials in the MEA are constructed from a range of complex,
hierarchical structures and each of these layers is discussed in detail.
Furthermore, as discussed, the method for preparing the MEA is of importance
for the overall cell performance. Finally, degradation of the materials in the PEFC
is brought about by the acidic environment and fluctuating voltages during
operation, and the main mechanisms for degradation were discussed.
1.5

Thesis Objectives and Structure
Given the hierarchical nature of the PEFC, with its multiple components

having time- and length-scales that span the “nano” to the “micro”, and from
nanoseconds to days, this thesis aims to explore the use of advanced
characterisation methods for elucidating the workings of the fuel cell across
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length scales. Regarding the various relevant time scales, mechanisms of
interest are the formation and transportation of water through the flow fields,
occurring over seconds and minutes, and the degradation of the materials within
the MEA, occurring over hours and days. The time scales can be directly
correlated to the length scales. The relevant length scale of interest for water
evolution in the flow fields is referred to as the macroscale throughout this thesis
and the degradation of materials within the MEA is referred to as the microscale.
A particular aim of macroscale investigations is to understand the evolution
of water in the flow fields in 4D (i.e. three spatial dimensions plus time), which
has not yet been achieved in the literature. At the microscale, key aims are to use
imaging methods to understand MEA morphologies, since the microstructures
within them can vary greatly and are dependent on the constituent materials.
Degradation is of great importance for fuel cell performance, yet there are fewer
studies probing morphological changes in the PEFC during ASTs and certainly
not across multiple regions. Thus, the final key aim is to understand the internal
workings of the MEA during degradation using microscale characterisation.
This thesis is organised as follows. After a review of the relevant literature
relating to both PEFC operation, degradation and multiscale imaging, the
methodology for this work is described. This includes information surrounding the
imaging and electrochemical testing methods used, as well as a detailed
description of developmental work to manufacture miniature-scale PEFCs that
are suitable for in-situ and operando imaging across length and time scales. This
is followed by the results chapters. First, work done at the macroscale to carry
out 3- and 4D operando imaging of water formation in the flow fields is introduced.
Second, microscale investigations are discussed, with a detailed analysis and
determination of the representative elementary volume (REV) for imaging – a
metric that ensures that the sample being imaged represents the properties of
the entire sample. Ex-situ studies at the microscale follow this analysis, with a
focus on the need to carry out hot pressing methods and the effect of hot pressing
on the degradation of the CL across several tens of hours. Finally, in-situ imaging
work is presented, with a focus on the inhomogeneous degradation of the MEA
from inlet to outlet across several hours of degradation testing.
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2 Chapter Two: Literature Review
As discussed in the objectives at the end of the previous chapter, the
processes governing PEFC operation are inherently multiscale, both in temporal
and length terms. Electron transfer and transport occur faster than proton
diffusion, which both occur faster than water diffusion through the flow fields, with
degradation occurring over the longest time period. In terms of length scales, the
nanometre sized catalyst particles are smaller than the micron-thick layers of the
MEA and the flow channels are greater still, with millimetre to centimetre sizes
[95]. With this in mind, it is important to consider that there are many structural
properties of the PEFC that cannot be elucidated by electrochemical techniques
alone. Whilst electrochemical characterisation techniques, like polarisation curve,
cyclic voltammetry (CV) or electrochemical impedance spectroscopy (EIS), give
a wealth of information about the electrochemical properties of a particular MEA,
they provide little to no insight into the electrode morphology. Furthermore,
although CV gives information about electrochemical surface area (ECSA) and
EIS can shed some light on the impedance in an MEA, which allows for direct
comparison between MEAs, these techniques do not provide an understanding
of how the cell performance is intrinsically linked to the micro- or nanostructures
of the materials in the MEA. This is particularly important for engineering
improved MEA architectures; in-depth knowledge of MEA microstructure is
critical for improving MEA performance.
This Chapter will describe the relevant characterisation techniques that are
used in the body of work for both electrochemical characterisation of fuel cell
performance, as well as correlative imaging of PEFC structure and degradation
across multiple length scales. With the aims of this work to gain a deepened
understanding of the performance and degradation of PEFCs, the following
section will review the literature surrounding the use of 3- and 4D techniques for
characterising PEFCs. Particular issues that will be addressed include water
management, ASTs and localised performance issues. These issues span a
range of length scales, so the review will be structured to address the relevant
length scales in order.
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2.1

Electrochemical characterisation of degradation using ASTs
According to the DOE system targets [31], the durability of MEAs is still only

around 50% of the 2025 target (Figure 2-1a). This highlights that there is still a
need to carry out work into understanding the reasons for material degradation
and propose relevant mitigation strategies for avoiding material breakdown.
However, since the degradation processes in the PEFC occur of hundreds or
thousands of hours, it is not realistic in practice to carry out testing in the research
laboratory over such long timeframes. Furthermore, the mechanism for
degradation of each component of the MEA is different (as discussed at the end
of the previous chapter) and it is useful to understand the process by which these
mechanisms occur in isolation. Thus, the US DOE have outlined a number of
ASTs, which facilitate the study of each individual degradation mechanism on a
timescale that is realistic for laboratory-based testing [31].
Regarding degradation of the CL, which will be the focus of the degradation
work in this thesis, there are two ASTs that are relevant (Figure 2-1b). The first is
targeted for degradation of the electrocatalyst, with voltage cycling between
0.60 – 0.95 V. The profile of the AST is a square wave cycle with a hold for 3 s
(red line, Figure 2-1b). The voltage range selected for this AST is important; these
voltages are in the activation loss region, so the catalyst is particularly active.
Thus, when carrying out prolonged cycling, the catalyst nanoparticles are
degraded by a number of mechanisms that were outlined in Section 1.3.4.3 of
Chapter 1. A common electrochemical method for tracking the degradation in-situ
is the use of in-situ CV, where the adsorption/desorption peaks taken at intervals
during cycling are found to decrease, as shown in Figure 2-2a. Both materials
engineering and tuning of operating conditions have been shown to help alleviate
platinum degradation. For example, Sandbeck et al. found that reducing the
platinum particle size can alleviate the degradation to some extent [29].
Furthermore, it has been shown that the addition of small amounts of alternative
materials, like graphene, can also improve catalyst durability [96]. In terms of
operating conditions, Dhanushkodi et al. showed that increasing the temperature
of operation increased the degradation rate [97]. Of course, this is a trade-off,
since increased temperature also decreases concentration losses [98].
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Figure 2-1 a) Spider plot showing the US DOE targets for fuel cell systems [31] and b)
example protocols for the catalyst-specific (red) and carbon-specific (blue) ASTs.

At higher voltages, in the range of 1.0 – 1.5 V, carbon corrosion is the
relevant degradation mechanism (blue line, Figure 2-1b). At these higher
voltages, carbon becomes oxidised, which results in loss of the carbon in the form
of various gases, including carbon monoxide and carbon dioxide [99]. The AST
has a triangular wave profile, with a linear sweep rate of 500 mV s-1 resulting in a
cycle rate of 2 seconds per cycle. As mentioned in Section 1.3.4.3, the carbon
corrosion mechanism is particularly present during start-up/shut-down cycles,
hence the high voltages of this AST.
For electrochemical detection and characterisation of this degradation
mechanism, Meyer et al. [92] and Castanheira et al. [100] have both shown that
an additional peak can be present in the CV measurements between around
0.4-0.8 V. This peak is a good indicator for carbon corrosion and is thought to
represent the presence of quinones formed as a result of side reactions during
carbon loss [92], as shown in Figure 2-2a. Furthermore, EIS has proven an
important technique for identifying both catalyst degradation [101] and carbon
corrosion [102], since the increase in impedance that occurs as a loss of material
is easily evident in Nyquist plots with larger charge transfer arcs. Finally, work by
Castanheira et al. highlighted the importance of the catalyst support morphology
on the degradation, with the oxidation of carbon tending to happen in areas of
higher disorder in the carbon support structure [100].
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Figure 2-2 a) Examples of CV plots of platinum (left) and carbon (right) corrosion as a result
of specific ASTs, with the additional peak in the carbon-specific CVs being observed
(reproduced from [92]) and b) localised current density plots measured during current
cycling (reproduced from [103]).

As well as understanding the bulk degradation of the CL during the AST,
there has been a growing body of research investigating the localised
performance and degradation across different regions of the MEA. Even before
any degradation has occurred, current mapping studies have shown that there
are significant current and temperature gradients across the GDL [104], which
are dependent on the local state – e.g. gas flow, hydration, flooding. It should be
mentioned here that, until now, no studies have highlighted the 3D structural
variation across the MEA, which is a key motivation behind the work in Chapter 7
of this thesis.
Some work has explored the effect of MEA microstructure and composition
on the localised performance, with 2D imaging techniques, like scanning electron
microscopy (SEM), being used to scrutinise the surface morphology of the layers
in the MEA prior to cell assembly [105]. Chen et al. synthesised patterned MPLs,
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with a flower-like pattern being found to most effectively redistribute the current
and water, giving the most even performance across the cell [106]. This is
important as it highlights the effect that altering the morphology of a layer in the
cell can have on improving cell performance and species distribution.
As well as the non-uniform currents in the MEA prior to accelerated stress
testing, studies have also recently begun to highlight that the degradation
processes are not occurring uniformly across the MEA [103,107]. Using a
segmented cell, Komini Babu et al. carried out a rigorous testing of a number of
different CL materials to understand the rates of degradation in the air inlet and
outlet [107]. A “start-up/shut-down” AST was used, which emulates the
environment of the PEFC when the cell is switched on/off. Issues with start-up, in
particular, are that when H2 initially flows through the anode channel, there is an
air/H2 wavefront that passes along the channel. The presence of air on the anode
side can lead to a chain of side reactions [88,91], which can accelerate the aging
of the MEA. As well as common degradation effects, such as platinum in the
membrane, an increase in platinum particle size and CL thinning, it was found
that the extent of degradation was greater at the anode outlet than inlet [107].
Further work investigating localised degradation carried out by Garcia-Sanchez
et al. used current mapping techniques to highlight that the formation of platinum
in the membrane is more prevalent in areas of greater degradation, which was
found to increase from air inlet to air outlet [103] (Figure 2-2b).
As mentioned, ex-situ, 2D imaging techniques have been the only imaging
methods used for understanding the morphology of samples using post-mortem
analysis [103,105,107]. Diffraction methods have been used to understand the
crystal structures of the catalyst during degradation and localised analysis
showed a greater level of degradation at the outlet than inlet [108]. The work also
showed that the extent of degradation under the land is greater than under the
channel region in the flow field. Nanoscale combined X-ray absorption fine
structure

(XAFS)

and

scanning

transmission

electron

microscopy-energy dispersive X-ray spectroscopy (STEM-EDS) techniques
have also been used to spatially resolve non-uniform degradation, but again this
is an ex-situ technique requiring the destruction of the sample at the end-of-life
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[109]. A clear limitation of this is the inability to understand 3D microstructure of
the CL and MPL, which have been shown (by way of X-ray CT) to change
significantly during ASTs [110]. Furthermore, the use of post-mortem analysis
techniques means that the mechanical changes in the PEFC cannot be studied
in-situ over the course of the AST. This presents a significant limitation of current
AST methods, since practitioners have clearly highlighted the non-uniform nature
of the AST on the MEA. Despite the use of electrochemical techniques for
studying the inhomogeneous degradation, there is limited information about the
accompanying morphological changes that arise across the different regions of
the PEFC.
2.2

Three- and four-dimensional methods for correlative imaging
As highlighted at the end of the previous section, 2D imaging techniques

provide some information about the mechanical structures within the MEA, but
the lack of the third spatial dimension means that only surface information can be
collected. Furthermore, 2D techniques are limited to a narrow range of
length-scales, with microscale features being the main structures that can be
resolved using methods like SEM. Hence, in line with the aims of this thesis to
carry out imaging across multiple length scales, the addition of the third
dimension unlocks greater potential for scrutinising the correlation between MEA
microstructure and cell performance and degradation. In addition, the use of a
fourth dimension (i.e. time) means that the evolution of microstructure can be
studied in 4D.
With this in mind, the following sections will discuss developments in the
use of 3- and 4D imaging techniques for probing the intrinsic link between
structure and performance. Furthermore, there are a range of sources available
for imaging, with the focus here being on neutrons and X-rays. In terms of their
use for imaging PEFCs, the two sources are considered to be complementary
techniques [111,112], with neutrons being particularly suited for imaging water in
the flow channels at the macroscale [113] and the properties of X-rays making
them ideal for imaging structural features of the MEA at the micro- and nanoscale
[93,114].
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In terms of availability of sources, X-ray CT instruments are found both at
national synchrotron facilities and in the research laboratory [115], whilst neutron
sources are limited to beamlines at national facilities [112]. There is a push to
continue developing neutron sources, particularly their resolution capabilities,
and some beamlines have potential to do simultaneous neutron and X-ray CT
imaging [116]. A detailed comparison of the techniques used in this thesis is
given in Section 3.1.4, but the following sections will discuss the literature
surrounding the use of these two sources for imaging across the key length
scales of interest. First, the use of neutron radiography methods for
understanding the distribution of water in the flow channels and MEA will be
discussed, followed by the presentation of ex- and in-situ X-ray CT methods for
understanding both water distribution and mechanical degradation of MEA
materials at the microscale.

2.2.1 At the “macroscale”: neutron imaging of the cell and flow
fields
At the “macro” length scale, defined for the purposes of this work as being
on the order of millimetres, features of interest in the fuel cell are primarily the
flow channels and system-level features of the cell/stack. Voxel resolutions for
imaging at this length scale are typically on the order of tens or hundreds of
microns and resolvable features are around millimetres and upwards in size.
Of particular interest at this length scale for the PEFC is the formation of
water in the flow channels, since the distribution and amount of water in the
channels has a significant impact on fuel cell performance [71]. As well as the
removal of water from the flow fields, gases are often humidified, which
introduces additional complexity to the already-present two-phase flow properties
of the channel [117]. There have been a number of studies that have modelled
the gas flow and the water-gas interaction in the flow fields [118,119] and studies
have also highlighted the effect of materials choice on the water management in
the channel [120]. Furthermore, Bozorgnezhad et al. proposed a detailed
nomenclature system for categorising the various droplet types that can form in
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the channels, using models built by the authors [121]. These models were used
to predict the locations in the fuel cell where water would be expected to
accumulate. For a detailed summary of modelling studies of water transport
mechanisms, the reader is referred to the following review by Weber et al.[122].
2.2.1.1 Neutron radiography
Whilst modelling and ex-situ electrochemical studies provide some insight
into the behaviour of water in the flow channels, there is still a need to use
experimental techniques for understanding the location of water. Given the need
to understand the behaviour of water in the flow channels, neutrons are
particularly well suited for the study of water dynamics in fuel cell and neutron
imaging methods have been used for imaging PEFCs for over twenty years [123].
Two properties of neutrons make them particularly well suited for PEFC imaging,
namely the large neutron cross-section of hydrogen and the low attenuation of
other common fuel cell materials (like cell casing). A full discussion of neutron
properties for imaging can be found in the Methodology chapter of this work
(Section 3.1.3).
Another important advantage of neutron techniques is the ability to do
operando imaging, which gives information about the water evolution with
temporal resolution. Currently, almost all of the imaging studies done using
neutrons have been radiographic studies, meaning the PEFC is imaged in 2D.
The images collected are an average projection through the fuel cell, thus two
key orientations are used in practise for imaging the PEFC with neutrons, namely
through-plane and in-plane imaging (Figure 2-3a and b, respectively). In
through-plane imaging (Figure 2-3a), the fuel cell is aligned perpendicular to the
beam direction, meaning the flow field is in full view in the radiograph. In-plane
imaging is done by aligning the PEFC with the direction of the beam (Figure 2-3b),
such that it is passing through parallel to the flow channels and a side profile of
the MEA and flow channels can be seen.
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Figure 2-3 A) Through-plane and b) in-plane imaging orientations, with the example
radiograph shown; c) different options for the anode flow field arrangement and c) overlay
of the two flow fields, with red hatched regions highlighting areas that would be
overlapping in radiography studies.

Through-plane imaging is commonly used for understanding the
distribution and movement of water along the flow channels of the flow field
[71,124,125]. A limitation of through-plane imaging is that water on the anode and
cathode side cannot be easily differentiated since there are regions where the
two flow fields are overlaid. Figure 2-3c and d demonstrates this, where the
cathode and anode are overlaid, with the anode in two different orientations
(Figure 2-3c) and the regions of overlap are represented by hatched red lines in
Figure 2-3d. Evidently, when calculating the water thickness, the sum of the
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anode and cathode water thickness could lead to an artificially large number,
which could indeed be larger than the width of the flow channel. To alleviate the
problem, it is common for practitioners to use a different flow field design on the
anode [125] and/or align the anode flow field in a different orientation to the
cathode [71]. This allows the cathode to be differentiated from the anode.
Another method to overcome issues with differentiating the anode and
cathode is by doing in-plane imaging (first demonstrated for PEFCs in 2007 [126])
Whilst it would not be expected that water would be present on the anode (given
the electrochemical reaction producing water on the cathode), in reality, due to
osmotic drag effects, water can be pulled from cathode to anode, where it can
reside in the anode flow channel [127]. In-plane neutron radiography showed how
relative humidity can vary the water formed at the anode, with a greater RH of
both cathode and anode gas being found to increase the amount of water present
on the anode [128] (Figure 2-4a). Results also highlighted how water moves to
the surface of the GDL and then wets onto the outer surface of the flow channel.
Further in-plane imaging studies of cell setup parameters includes work done to
understand the effect of compression on the water dynamics [124,125]. Kulkarni
et al. used combined through- and in-plane imaging to show that water tends to
accumulate on both anode and cathode side, but findings highlighted that the
greater compression leads to greater accumulation of liquid water in the channels
[124] (Figure 2-4b). Wu et al. confirmed these findings, with the conclusion that
increasing the compression also increases the size of water droplets built up
within the channels [125].

Figure 2-4 a) In-plane neutron radiographs highlighting water formation in the channels at
varying relative humidity (reproduced from [128]) and b) in-plane and through-plane
radiographs show how water pools in the channels at different compressions (reproduced
from [124]).
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Another technique commonly employed during neutron imaging is the
exchange between hydrogen and deuterium gas during experiments, with work
highlighting that the two isotopes can be distinguished in the membrane of the
MEA [129]. The use of deuterium in neutron imaging is particularly effective since
it does not interact with neutrons, unlike the 1H isotope, which means that it
cannot be visualised [130]. Thus, by switching the gas from H2 to D2,
characterisation of the two-phase flow and water exchange between the GDL and
the flow channels was done [130].
Advanced methods have also shown the ability to combine imaging with
current mapping techniques, such that the local flooding can be correlated to the
local current density [131]. Other work, such as that by Meyer et al., has gone
further to include temperature mapping, which allowed for the combined
hydro-electro-thermal performance of an open-cathode cell to be scrutinised
[132].
Modifications to materials is a common way that practitioners have been
able to understand how the material microstructure affects the water distribution
in PEFCs [133,134]. Mohseninia et al. used a range of CL and MPL materials
with varying wettability levels and observed the resulting in-plane water
distributions, with findings showing that increased hydrophobicity of the CL
improved membrane humidification [133]. It has also been shown that the use of
different GDL materials can have an effect on water distribution [135]. Using
in-plane imaging of an open-cathode cell, results of imaging showed several
effects. Firstly that water preferentially forms under land regions than channel
regions (attributed to the great electrical contact under the land), and secondly
that higher PTFE content of the GDL acts as a barrier to back-diffusion. Further
studies of GDL materials have shown the effect of patterning the wettability on
the water distribution, with findings showing that water accumulates to a greater
extent in the more hydrophilic patterns [136]. The use of neutron imaging has
been extended to understanding of the effect of ageing on the water distribution,
with artificially aged GDLs showing to increase the flooding across the channels
[84].
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Of particular interest for the work done in this thesis is the effect of flow
channel design on the fuel cell performance. Neutron imaging is an effective
technique for analysing this and work has shown that water management in a
single-serpentine channel is superior to double- or quad-serpentine designs [71].
Alternative flow field architectures, such as the replacement of the conventional
flow field with a metal foam, have also been studied, with findings indicating that
the foam-like structure of the metal flow field improves the distribution of water
[137]. Other work has taken inspiration from nature, with the use of fractal flow
field designs, where it was found that the greater number of generations in the
flow field leads to a greater amount of flooding [67].
The use of neutrons for imaging PEFCs has not been limited to studying
liquid water; ice is a potential source of degradation in the fuel cell, especially
when the technology is expected to be used in cold countries prone to
temperatures below freezing [138]. Neutron radiography was used by Siegwart
et al. to understand the spatial formation of ice during cold-start [139] and other
studies have used through-plane imaging to understand how residual water in the
flow channels can affect the fuel cell start-up behaviour [140]. Finally, new
approaches using advanced radiography methods have allowed for the phase
transition between ice and liquid water to be observed [141].
Advances in the resolution of neutron beamlines has allowed for continually
improving imaging resolution, with pixel sizes as low as 2.5 μm being reported
[142] which has allowed for the location of water across the layers of the MEA to
be resolved. Furthermore, advances in scintillator technologies have allowed
spatial resolutions down to 25 μm, which allows for greater definition of flow
channels and water droplets within them [143].
2.2.1.2 Neutron computed tomography (Neutron CT)
With the advances in spatial resolutions described at the end of the previous
section comes the increasing feasibility of moving from 2D to 3D imaging. This
means it is now becoming possible to carry out neutron CT with a temporal
resolution sufficient for doing in-operando studies in 4D. The significant
advantage of this over 2D imaging is that it is possible to separate the water
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residing in the anode, cathode and MEA. Instead of tomography, some studies
have used a layer-by-layer analysis to separate the water residing in the anode,
cathode and MEA [144]. However, the results of these investigations still give the
water thickness in the layers as an average thickness and there is no
understanding of the 3D properties of the droplets within the channels.
The National Institute of Standards and Technology (NIST) reported the first
account of using neutron CT in the Fuel Cells Bulletin in 2006 [145], although the
first scientific publication involving the use of the technique came in 2007 from
Manke et al. [146], who reported the use of neutron CT for measuring fuel cell
stacks (Figure 2-5a). Several years later in 2010, work by Tang et al. was
published, with the study focussing on ex-situ imaging of a cell containing small
amounts of water in the flow fields [147]. Later work by the group in 2012
investigated the distribution of ice in sub-zero PEFCs, with a 9.6 cm2 cell [148]
(Figure 2-5b). It is interesting to note that in this early work, a single tomogram
took in the region of three hours to complete, which highlights the temporal
challenges of doing in-situ/operando experiments with neutrons. The nature of
water formation and movement through the PEFC is transient and occurs in
seconds, whereas at the time imaging would take upwards of hours. Also in 2012,
came work by Markötter et al., who imaged water in the flow channels of a
three-cell stack [149] (Figure 2-5c). This was a follow up to work that discussed
the use of various reconstruction algorithms on the stack for obtaining the best
image quality [150]. Once again, the image acquisition times were long, with the
experiment taking 36 h to complete. The next neutron tomographic studies were
not published until 2018 [151], where Alrwashdeh et al. carried out imaging with
a vastly improved voxel size of 6.5 μm, although the exposure time for each
projection was still 15 s (Figure 2-5d). The result of this highlights the issues with
neutron flux, which gives long exposure times. Thus, there is a clear need in the
literature to begin to take advantage of improved camera technology and the
higher flux of neutron sources to carry out true operando experiments observing
water formation in operating PEFCs. The work on this topic will be covered in
detail in Chapter 4.
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Figure 2-5 Selection of neutron tomography images taken from a) Manke et al., 2007 [146],
b) Santamaria et al., 2012 [148], c) Markötter et al., 2012 [149] and d) Alrwashdeh et al., 2018
[151]. In all cases, the studies are ex-situ (or quasi in-situ), with no temporal resolution of
water evolution over time.

2.2.2 At the “microscale”: X-ray CT imaging of the MEA
At the microscale (defined here as imaging of features that are micrometres
in size), the particular feature of interest is the MEA and its constituent layers
[152]. Whilst the CL and MPL contain nanoscale features in their structure,
namely the carbon and platinum nanoparticles and pores between, when treated
as a bulk layer, there is a wealth of information that can be probed at this
length-scale. X-ray CT is well suited to imaging at the microscale, since the
resolution capabilities of instruments at both national synchrotron facilities, as
well as in laboratory-based machines, can capture microscale features of the
MEA. Thus, within the context of characterisation of PEFCs, microscale imaging
can be used to gain a deepened understanding about two main operational areas:
water management within the pores of the GDL (and to some extent the CL/MPL)
[153,154] and the relationship between performance and morphology both of
fresh MEAs and those that have been subjected to ASTs [155–157]. It should be
mentioned that the use of X-ray CT for understanding water management is more
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widely researched than for understanding degradation. Thus, studies surrounding
water management will be discussed here to frame the capabilities of the
technique, but the greater opportunity for advancing the use of X-ray CT for PEFC
characterisation comes with studying MEA composition and degradation.
2.2.2.1 Representative elementary volume/area
Regardless of the processes being imaged using X-ray CT, at the
microscale it is common that an internal region of the sample is imaged, which
leads to questions surrounding the trade-off between resolution and field-of-view.
If the resolution is not high enough, the features of interest cannot be realistically
imaged, but if the field-of-view is too small, then the portion of the sample imaged
may not reflect the structure of the entire sample. Thus, to determine whether a
sample satisfies this balance, the REV (or representative elementary area (REA)
if talking about two dimensions [158]) is a commonly used tool. The REV
describes the minimum volume of a sample that is representative of the entire
sample [159,160]. The REV/REA are particularly important for modelling studies
across all length scales, since the transport properties investigated should
represent the real-world conditions as closely as possible. REV analyses of the
nanoscale pores in the CLs have been carried out [161–163], as well as analysis
of the properties of GDLs at the microscale [159,164]. Work done by Roth et al.
highlighted that at the microscale, the REV can change depending on the nature
of the study, with findings showing that a dry GDE had an REA of 0.5 mm 2,
increasing to over 1.35 mm2 with increasing water saturation during operando
imaging [158]. Other work has applied the concept of the REV at the macroscale
for modelling the design of bipolar plates [165]. While the REV determined differs
slightly for the different materials being used, in general most studies tend to
agree that at the microscale (i.e. relevant to the MEA and GDLs) samples with
xy-dimensions

above

around

1 mm2

are

considered

representative

[61,159,166,167]. At the nanoscale, detailed investigations have shown that a
choice of a 1 μm × 1 μm × 1 μm from an X-ray nano-CT dataset is a good
approximation for the REV [168].
REV analysis is also in-built into some software functionality, such as the
TauFactor software used for calculating the tortuosity factor of diffusion media
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[169]. When selected, the software calculates the REV, with three different
methods for calculation available and around 5% growth increments for the
analysis [169]. Given that the REV can be calculated in either 2- or 3-dimensions,
there are a number of methods for doing the analysis with the dimensions of the
“bounding box” during the REV analysis being grown in a number of different
ways. For each method, one parameter is kept constant with others being
changed, such as the shape of the volume, length of one side or the area (Figure
2-6a). The chosen method should ensure that any inherent directional properties
of the sample are preserved. For example, in the case of an X-ray nano-CT scan
of a PEFC CL (Figure 2-6b), where the x, y and z dimensions are essentially
heterogeneous, a cuboid method could be used for calculation of the REV [162].
On the other hand, in the case of a GDL, where gas flow is effectively
uni-directional through the thickness of the layer, the z (or thickness) dimension
must be preserved during REV analysis (Figure 2-6c), with only

x and y

dimensions being changed [159].

Figure 2-6 a) Three different common methods for doing REV analysis, where one constant
is kept the same with the other dimensions grown (reproduced from [169]). b) Nanoscale
X-ray CT scan of a CL (reproduced from [162]), where x, y and z dimensions are equal and
homogeneous and c) microscale X-ray CT scan of a GDL, where x and y dimensions are
equal and homogeneous, but z is different and directional (reproduced from [159]).
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However, whilst it is clear that a number of REV analyses have been
carried out on individual scans, there is a lack of understanding whether the
sample is representative of the entire MEA, especially when considering that a
~1 mm2 sample from a ~25 cm2 MEA constitutes around 0.04% of the total MEA.
This is a clear gap in the research literature and forms the background for the
work presented in Chapter 5.
Once the REA/REV has been determined, the use of X-ray CT to
characterise PEFCs can be broadly categorised into ex-situ and in-situ/operando
experiments. Ex-situ studies will typically involve manipulation or destruction of a
sample for imaging. This is advantageous as smaller samples allow for better
image quality. The disadvantage is that whilst X-ray CT is inherently a
“non-destructive” technique, extraction of a region of an MEA for imaging will
naturally render the MEA un-usable for further experiments.
By contrast, in-situ experiments provide an excellent method for probing
time-dependent processes in the MEA, such as water formation or degradation.
By design and manufacture of specialised cells, it is possible to track the changes
occurring in the system without damaging the sample, as reviewed by Meyer et
al. [170]. Whilst this is a clear advantage over ex-situ techniques, the efforts
required to design and build bespoke cells are greater and there are additional
challenges, like delivering gas and electrical connections to the cell without
hindering its rotation.
With this balance between ex- and in-situ X-ray CT imaging in mind, the
following sections will discuss the key literature surrounding these methods and
their particular application for understanding operational and degradation
processes occurring within the MEA.
2.2.2.2 Ex-situ imaging of microscale features
Ex-situ experiments have been used to investigate a wide range of
morphological and operational characteristics of PEFCs, from an understanding
of the material microstructure [171] to effects of compression and degradation on
sample performance [61,93,172]. As mentioned, a disadvantage of ex-situ
techniques is that the sample being imaged is typically extracted from the MEA,
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meaning that operando experiments are not possible. Nonetheless, there is still
a large amount of value in ex-situ studies, since they are well suited for correlative
imaging [173] and given that the PEFC is inherently multiscale, X-ray CT can
capture information across length scales [156,174]. Furthermore, it is possible to
combine X-ray CT with ion techniques, like focussed-ion beam, to study both the
micro-pores of the GDL and the nano-pores of the MPL [24]. Studies like these
are important since they provide greater insight into the porous nature of the
diffusion media in the MEA.
An important application of ex-situ X-ray CT is for understanding the
structure and morphology of the wide range of materials available for construction
of the MEA. Comparison of different MEAs from the literature highlights just how
different fuel cell materials can be and how the differences can change the
performance characteristics of the material. As shown in Figure 2-7, the four
different GDL papers/GDE have different morphologies, with the AvCarb GDE
(AvCarb, US) (Figure 2-7d) having a thick, distinct MPL in contrast to the GDE
from Johnson Matthey (Johnson Matthey, UK) and Freudenberg (Freudenberg,
Germany), with only a thin MPLs (Figure 2-7b and c, respectively), or the irregular
MPL of the Sigracet GDE (Sigracet, Germany) (Figure 2-7a). As well as
commercial materials, it is common to apply the CL in-house and work has used
X-ray CT to show the distinct microstructural differences that can occur when
using different CL application methods [49]. Results showed that hand-painted
electrodes had very irregular structures, which lowered the cell performance. On
the other hand, air-brushing methods produces the most uniform CLs, with the
best distribution of catalyst and a resulting in a 56% increase in fuel cell
performance.
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Figure 2-7 X-ray CT orthoslice of GDL/MEA using a) Sigracet GDE [175], b) Johnson
Matthey GDE [61] c) Freudenberg [176] and d) AvCarb GDL/MPL [93].

Further materials comparison studies focusing on the GDL have included
work by Banerjee et al., who carried out a comparison between felt- and
paper-type GDLs [44]. Similar studies have also extended the analysis to entire
GDM (i.e. GDL+MPL) [177] and studies have shown that the size of the pores in
the GDL have an effect on the wettability of the sample [44] and have also shown
how insights gained can allow for rational materials design of the GDM [177]. The
thickness of the GDL has also been shown to affect performance and water
management, with synchrotron X-ray radiography being used to show that a
thinner GDL substrate has better performance, with lower impedance, and better
expulsion of water from the GDE [178].
Interfaces within the MEA are another structural feature that are well suited
for imaging with X-ray CT, especially when considering that 2D techniques like
SEM cannot access the interfaces between layers. Studies of common GDL
materials have included the combined ex-situ tomography/in-situ radiography
imaging of Toray papers (Toray, Japan) to show the effect of the MPL-fibre
interface on water formation and cell performance [179]. Findings showed that
the use of a more uniform “sheet-like” MPL improved the performance of the cell,
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compared with a more conventional, uneven, coated MPL. The MEA interfaces
were further probed by Liu et al., who used a water injection method to study the
water distribution in MEAs prepared by different methods, namely CCM,
GDE-CCM and GDE [180]. As well as highlighting that inhomogeneity in the CL
has a significant impact on water management and cell performance, results
showed that a greater level of water pooling in the CCM electrode had a greater
impact on performance than for the GDE-type MEAs.
X-ray CT has also been used to investigate the methods used for
preparation and hot-pressing of the MEA. As discussed in Chapter 1, Section
1.3.2.5, the method used to prepare the MEA has a role in cell performance and
the morphology of the layers in the electrodes is also impacted by the
temperature and pressure of the hot pressing platens. Work by Meyer et al.
showed using X-ray CT that hot pressing temperatures above the glass transition
temperature of the membrane can lead to severe breakdown of the MEA
morphology (in addition to the adverse effect on cell performance) [61]. Hot
pressing methods themselves have been discussed widely in the literature, such
as examples highlighting the need to control the polymer/gas interface [181] or
systematic studies of the conditions like temperature and pressure used for hot
pressing [59], but there has been a lack of literature discussing whether hot
pressing is necessary to achieve good performance. Furthermore, there are very
few studies that correlate the effect of hot pressing to the cell microstructure and
it is this that forms the motivation for work in Chapter 6.
Once the MEA has been prepared from the chosen materials, a number
of parameters for operation are selected. Cell compression is important as it
influences the fuel cell performance and the GDL microstructure plays a key role
in the performance, with respect to both gas diffusion and water expulsion
[176,182]. A number of practitioners have carried out work using specialised cells
to study the changes in structural properties of GDLs using synchrotron
X-ray sources [167,183,184]. While such ex-situ studies highlight the changes in
tortuosity and porosity arising as a result of compression, work has also been
done to correlate these changes to changes in performance [185]. Results
showed that performance, especially in the mass transport region, decreases
76

with increasing compression and the optimum value was around 17%, which has
been confirmed by studies done by other authors [125].
Water management has already been discussed in reference to its
importance for PEFC performance at the macroscale. Despite the poorer contrast
of water when using X-rays (compared with neutrons), it is still possible to use
X-rays to understand the water management at the microscale using X-ray CT
[77]. Ex-situ X-ray CT methods were used by Kato et al. to highlight the formation
of water in the MPL during the supply of water vapour (i.e. effectively simulating
the water supply in an operating fuel cell) [186] and Shum et al. have investigated
phase-change-induced flow in GDLs using a specialised rig with water injection
[187]. Further studies into the distribution of water in the GDL were demonstrated
by Zenyuk et al. [173]. Using a water injection method, results showed that the
land and channel saturation effects varied with varying compression values.
Liquid water saturation distributions and effective diffusivities were measured by
Chevalier et al. using a combination of radiography and X-ray CT [188]. Further
combined studies included that by Meyer et al., who used ex-situ X-ray CT and
operando neutron radiography to elucidate the water distribution in air-cooled,
open-cathode PEFCs [135]. Other combined methods have used X-ray CT and
Lattice Boltzmann modelling to investigate liquid water breakthrough [154] and
the effect of pore structure [189] in the GDL (Figure 2-8a). Understanding how
water is transported through the GDL and ultimately exits the cell is another
important consideration for water transport and, using ex-situ X-ray CT, work has
been done to show how droplets form and percolate on the GDL surface [190],
as well as work investigating the evaporation of water vapour in the GDL [191].
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Figure 2-8 Examples of ex-situ X-ray CT for a) imaging liquid water within the GDL [154],
as well as pore-scale modelling using image based models done by b) Hinebaugh et al.,
2010 [192] and c) Carrere et al., 2019 [193].

Some nanoscale imaging has been demonstrated using X-ray CT, which
enables imaging of the pores and nanostructure of the CL and MPL. Whilst
imaging at the nanoscale is out with the scope of this thesis, it is mentioned here
for completeness. Andisheh-Tadbir demonstrated early work into three-phase
segmentation of MPLs using X-ray nano-CT [194]. Some of the work has involved
image-based modelling, such as that by Litster et al. [162] and Epting et al. [163].
Imaging at the nanoscale is particularly useful in terms of PEFC characterisation,
since transport features like the ionic conductivity and effective diffusivity [195] or
the porous structure of the carbon support [196] can be analysed and ultimately
feed into improved materials design. Still missing from this part of the literature is
the ability to resolve nano-pores of the CL/MPL whilst also capturing the
microscale features of the MEA, but some studies have shown a combined
approach, with both micro- and nano-scale imaging being done on the electrodes
[93]. This work was especially significant since it allowed imaging of both the
microscale cracks in the CL, as well as the collapse of the CL pore structure, both
of which occur during degradation.
Image-based modelling is important for understanding behaviour of
gas- and water-transport through the cell, effects that are commonly more difficult
to measure using image- or experimental-based techniques alone [197].
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Furthermore, modelling can be applied across length scales, from modelling
two-phase flow in the flow fields [198] to gas and ionic transport in the
nanostructure of the CL [199]. Image-based models are built from real
tomographic data, which makes them a powerful technique for probing the
behaviour of mobile species in the PEFC [200]. Cetinbas et al. generated a
numerical framework to directly simulate the water transport through pores in the
GDL [200]. Further image-based modelling was done by Hasanpour et al., where
the transport properties of various GDEs were calculated and compared, with
results showing a large variation in values for the different materials investigated
[201]. X-ray CT images have also been used to generate pore network models,
which allow for the transport of species through the various pores in the MEA to
be simulated. Examples include work done by Hinebaugh et al. to investigate
pores in GDLs [192] (Figure 2-8b) and simulations done by Rama et al. to
simulate fluid flow in the GDL [202]. Compression has also been considered for
building of pore-network models, which were used by Fazeli et al. to predict liquid
water distributions in GDLs and understand mass transport losses [175].
Garcia-Salaberri carried out several pieces of work using tomographic datasets
containing water to understand the through-plane saturation distribution [203] and
the local saturation effects, with application to models [204]. It is crucial that
created models accurately represent the “real-world” operation. Thus, it is key
that models are compared to experimental data collected under realistic
conditions, as demonstrated by Carrère et al. [193], whose simulations showed
good agreement with the experimental values (Figure 2-8c).
As well as water distribution and image-based modelling, ex-situ techniques
have been used for understanding the effect of degradation on the PEFC
(although these are more limited than in-situ/operando studies). Whilst in-situ
methods are considered the “gold standard” of characterisation methods for
understanding degradation, there is still value in correlative ex-situ X-ray CT.
Examples include the post-mortem analyses done by Singh et al. to show the
greater extent of cracking in the membrane after a membrane-specific AST [205].
Freeze-thaw degradation was investigated by Kim et al., where synchrotron
X-ray CT was used to understand changes in the GDL during freeze-thaw cycling
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[206], with results highlighting a number of morphological changes occurring as
a result of the degradation, including the breakdown of the MPL/CL interface and
irreversible loss of porosity. Investigations into the effect of air starvation on the
PEFC have also highlighted the morphological breakdown of the cathode CL as
a result of the AST [207] and similar effects were shown on the anode during
hydrogen starvation on the anode side [208]. The MPL has also been shown to
have an effect on the degradation, with a segmented cell being used to track local
currents in MEAs with and without an MPL [209]. Whilst electrochemical results
showed that the presence of an MPL reduced the degradation across the MEA,
X-ray CT confirmed degradation mechanisms like CL thinning and cracking were
present as a result of the AST.
2.2.2.3 In-situ/operando imaging using X-ray CT
Whilst ex-situ 3D imaging methods are effective for understanding the
morphological properties of MEAs and PEFCs, they are less effective for
monitoring time-dependent processes like structural evolution of materials during
degradation or distribution of water in the GDL during cell operation. For this,
in-situ and operando imaging methods come into their own and with the
continuing improvements to sources and detectors, the possibilities for 4D
imaging (i.e. three spatial dimensions plus time) are constantly expanding. For
4D experiments, specialised cell designs are required and these will first be
introduced in the next section, followed by a discussion of the literature that uses
such cells for in-situ/operando experiments.
2.2.2.3.1 Evolution of in-situ/operando cell design and image processing
There has been increasing development of specialised cells for
in-situ/operando X-ray imaging over the past years, especially given the
advances being made in both synchrotron and laboratory-based X-ray sources
[170,210]. When designing a cell that is suitable for imaging at the microscale
using X-rays, there are a number of design considerations that need to be taken
into account including (but not limited to) the cell casing material, the orientation
and the size of the cell.
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Regarding the cell orientation, there are two configurations possible:
horizontal and vertical. A horizontal cell has the advantage for imaging because
the MEA is cylindrical, which means that there is a constant aspect ratio, beam
artefacts are reduced and there is little casing in the field of view. Furthermore,
water can be well drained with gravity out of the bottom of the cell, as shown by
Zenyuk et al., who used a horizontal cell design to image water and compression
(though the study was ex-situ, meaning water was injected into the specialised
cell for imaging) [173] (Figure 2-9a). However, there are some disadvantages
with a cell in this orientation, most notably the difficulty with cell compression.
Compression is typically done using tie-rods that hold the anode and cathode
sides together, but in a horizontal arrangement, the tie-rods would be visible in
the field-of-view, which could impact the image quality. In addition, the small size
of the MEA limits the representability to larger scale systems. A critical, in-depth
comparison of vertical and horizontal cell designs is found in the thesis of Eller
[211].
Given the limitations described above, a larger body of the literature
research has focussed on the use of vertical cells, which better represent typical
fuel cells, as well as ease of compression and larger MEA sizes. As highlighted
by Eller et al., whilst there is in practice little difference in image quality between
a horizontal and vertical cell design on a synchrotron beamline, the properties of
water in a vertical cell are closer to those of a typical cell [212]. For
laboratory-based imaging, there is a more significant imaging trade-off due to the
lower flux of the source and the high aspect ratio of the samples. However, some
practitioners have made use of the in-built functionality of X-ray CT software to
overcome this. White et al. employed a “High aspect ratio tomography (HART)”
technique during imaging, which uses variable projections depending on the
angle of the sample to overcome issues with the thin, wide shape of the cell [110].
Casing material is also of particular importance for cell design and most
practitioners have used graphite cell casings [153,213,214] (Figure 2-9b, d), to
take advantage of the conductivity of the material for current collection, as well
as the light, low-density nature of the material. Some casings have been 3D
printed [215] (Figure 2-9c), which is a low-cost solution for producing precise cell
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casings. However, issues here include the current collection, which was done
using a metal tab the sits outside the field of view. The issue with current
collection by this method is that it relies on the transport of electrons through the
entire length of the GDL to reach the collector, which could increase contact
resistance in the cell.

Figure 2-9 Key cell designs for both a) horizontal [173] and three vertical designs, with b)
used for imaging water [153], c) 3D printed design [215] and d) used for imaging
degradation [110].

After imaging has been carried out, advanced segmentation techniques
have been developed to either manually or automatically segment the datasets.
Classification of phases in the PEFC were done by Ince et al. using operando
synchrotron experiments using a series of filters and thresholds [216], with eight
phases being segmented and the use of various thresholds allowed White et al.
to carry out a semi-automatic segmentation workflow [110]. Discussion and
development of segmentation techniques that are independent of the user is an
area of the literature that requires continued attention.
Given that the ultimate goal of in-situ/operando experiments is to monitor
the cell operation in a situation close to large scale cells, the performance must
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be representative of larger systems. However, due to the intense incident
X-ray beam, there is some chance that the radiation could cause damage to the
materials within the MEA and ultimately lead to either a reduced cell performance
or cell failure. Whilst this effect was shown for synchrotron sources [217], White
et al. showed this not to be the case for lab-based sources [218]. This is likely
due to the lower intensity of the lab-based X-ray beam compared with the
synchrotron beam. Thus, if working on synchrotron beamlines, care must be
taken to lower the exposure time of the sample to the X-ray beam.
Once an operational cell has been designed, the scope of experiments
using in-situ methods is broad, ranging from studying water formation and
dynamics to understanding degradation in the layers of the MEA. These two
applications will be the focus of the following sections.
2.2.2.3.2 Imaging of microscale water evolution
Although neutrons are well suited to imaging water in the flow channels,
neutron methods currently lack the resolution and flux of X-ray sources, which
means they cannot be used to easily resolve microscale features of the MEA.
Whilst the attenuation of water is similar to the carbon-containing materials of the
MEA, as discussed in the previous section, it is still possible to resolve liquid
water in the pores of the GDL due to the different density of water compared with
other materials in the PEFC. Thus, in-situ X-ray CT is effective at facilitating the
study of water evolution and transport in the MEA.
Several studies have confirmed the findings of neutron studies, with water
being formed preferentially under the land rather than channel regions [219], and
other work showing that the water wets onto the outer surface of the flow channel
at the rib-air interface next to the GDL [153]. The 3D-printed flow field fixture
introduced in the previous section also allowed for visualisation of water droplets
between the fibres of the GDL, though the performance of 105 mA cm2 at 0.3 V
highlights that there is scope for improvement of cell design when using
non-conductive casing materials [215]. As well as understanding water dynamics,
there is an increasing amount of work aiming to improve the microstructure of the
GDE material to aid water management [220]. Examples include work using MPL
83

with controlled pore-sizes to channel the water away from the MEA more
efficiently [220] or cells with thicker electrode layers to avoid back diffusion to the
anode [221,222].
Operando X-ray CT studies have also been extended to the study of novel
catalyst materials, with Normile et al. studying the water formation in
platinum-group metal (PGM)-free electrodes. Findings showed how the water
resided in micropores of the CL, with water also causing ionomer swelling in the
pores of the CL [214]. Other novel areas of research have focussed on the
distribution of ice in the GDL and the freezing mechanism was linked to a steep
drop in fuel cell performance [223].
Whilst lab-based sources have been continually advancing over recent
years, they still lack the temporal resolution to be able to compete with
synchrotron sources. Thus, for studying the transient nature of water formation,
synchrotron-based imaging has attracted a greater amount of use. As
synchrotron sources advance, recent work is starting to push the boundaries of
imaging capabilities, with studies achieving greater than 90% detection of water
with scan times as low at 0.8 s [224]. This represents a significant step forward
towards true “operando” imaging of water dynamics within cells, with
instantaneous changes being detected.
2.2.2.3.3 Imaging of mechanical degradation
Whilst the use of X-ray CT for imaging water formation at the microscale
has received a significant focus in the in-situ research literature, less work has
been done to understand the morphological and mechanical changes occurring
in MEAs at the microscale during fuel cell degradation. Studies of degradation
mechanisms are well suited for lab-based imaging, since the morphological
changes occur on the order of hours (in contrast to water formation and transport,
which happens over seconds and minutes). A handful of practitioners have
focussed on the application of in-situ and operando methods for studying fuel cell
failure mechanisms [213,225]. The first report of such a correlative study was
carried out by White et al. and presented an important step forward for operando
PEFC imaging work [110]. Using a graphite-based fixture, the CL degradation at
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one location in the cell was imaged, with results showing that CL thinning, crack
widening and crack propagation were the three main degradation pathways
arising due to the CL-specific AST (Figure 2-10a). Further work by the author has
included studies into the compositional change in the CL by histogram
comparison [226], correlative imaging across length scales [227] and joint
visualisation of water and CL degradation [213] (Figure 2-10b). This final piece of
work is significant since it has allowed for the understanding of the breakdown in
water management in the CL and how this directly results from the degradation
of CL microstructure. Aside from these studies, no other known 4D investigations
that focus specifically on CL degradation are known.

Figure 2-10 a) Increasing levels of degradation in an in-situ investigation (reproduced from
[110]) and b) joint visualisation of water volume and degradation in the MEA (reproduced
from [213]).

Given there are multiple modes of PEFC degradation, there are some
other examples of in-situ studies that have focussed on other forms of
degradation, such as the work by Ramani et al. investigating the cracking in
reinforced membranes [82]. Further membrane-specific studies have included
those by Singh et al., where it was found that crack initiation in the membrane is
influenced by CL defects at beginning-of-life (BOL) [225].
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With these few studies, it is clear that there is scope for a significant amount
of in-situ and operando research into microstructural degradation. As well as the
lack of literature investigating degradation effects, the fact that the work relating
to in-situ degradation has only focused on imaging a single region of the MEA is
another gap in the current body of literature. The implication of this is that, so far,
when attempting to understand degradation effects, a single location for imaging
is being compared to the electrochemical performance of the entire MEA. As
discussed in Section 2.1, electrochemical methods have shown the strong
presence of localised current effects across the MEA, which become more
pronounced when carrying out ASTs. Thus, the motivation for carrying out
localised imaging across the entire MEA is another aim of this thesis, specifically
related to work in Chapters 5 and 7, to address this gap in the research literature.
2.3

Conclusions of Chapter Two
This chapter has reviewed the key literature surrounding the multiscale

characterisation of PEFCs. Key electrochemical methods for characterising
degradation were introduced, including the use of ASTs for accelerating the
degradation mechanisms to occur on length scales suitable for lab-based testing.
Two key degradation mechanisms were introduced, namely the 30,000 cycle
platinum-specific AST and the more aggressive 5,000 cycle carbon-corrosion
specific AST. Important techniques for monitoring the electrochemical changes
occurring as a result of the AST are polarisation curves and EIS (to monitor
performance and impedance changes, respectively), as well as in-situ techniques
like CV to measure the loss of active catalyst surface area. Also discussed is the
emerging use of current mapping methods for analysing localised degradation of
PEFCs. Given the inhomogeneous nature of gas flow, water distribution and MEA
morphology, extended cycling leads to local currents across the MEA and results
in a non-uniform rate of degradation. Until now, only 2D imaging techniques have
been used to understand morphological changes occurring as a result of the AST.
Imaging methods, using neutrons and X-rays, provide a wealth of
complementary information about the morphology of PEFCs across length scales
and can be used for correlating macro- and microstructures in the PEFC to
electrochemical performance. Neutron imaging is well suited for macroscale
86

imaging of flow fields and water evolution, given the high contrast between
hydrogen and other fuel cell materials. Most studies have used radiography for
imaging to understand water dynamics in both through- and in-plane orientations.
The limitation of this is the inability to resolve the anode, cathode and MEA. A
handful of studies have used CT, although no operando imaging has been done
to date and studies have still been limited by long exposure times.
At the “microscale”, features of interest include the layers in the MEA and
X-ray CT is an established imaging method for this. Pore structures in the CL and
MPL cannot be resolved at the microscale, but these layers can be treated as
bulk and properties like layer thickness and crack features can be resolved. The
REV/REA is an important parameter to determine whether the sample being
imaged is representative of the entire sample and at the microscale, around
1 mm2 is considered representative, especially for studies concerning the GDL.
Microscale X-ray CT studies can be either ex-situ or in-situ. Ex-situ imaging has
been used for studying material morphology, water intrusion, pore-scale and
image-based modelling studies. Some work has looked at hot-pressing and the
morphological changes arising due to the process and other limited work has
used ex-situ X-ray CT for imaging the effect of degradation on morphology.
In-situ X-ray CT is a growing field, with fixture design constantly evolving.
In-situ studies are particularly well suited to microscale imaging of PEFCs, such
that the evolution of cell morphology can be investigated alongside its
performance. A large body of the literature has used in-situ cells for imaging water
evolution in the pores of the GDL during operation. Less work has focussed on
understanding mechanical degradation, with the only existing work done in this
area done by researchers from one group. Thus, there is another clear gap in the
literature for understanding degradation using in-situ methods. Moreover, the
localised morphological changes arising during ASTs have not yet been
elucidated, which is particularly important since electrochemical methods have
highlighted the inhomogeneous nature of PEFC degradation.
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3 Chapter Three: Methodology
A variety of electrochemical and imaging techniques were used throughout
this work in order to carry out the multiscale investigations, which are summarised
according to length scale and feature of interest in Figure 3-1. This Chapter is
broken down into two main sections. After a brief introduction to the scientific
background behind the materials and electrochemical methods used, there is a
discussion of the materials, data processing and in-situ cell design employed for
multiscale imaging. As discussed in Chapter 1, the primary aim of this work is to
use various imaging and electrochemical methods across multiple length scales
to characterise fuel cell performance and degradation.

Figure 3-1 Schematic showing the relationship between the size of the feature of interest
and the achievable voxel size using the range of instruments used throughout this work.

3.1

Imaging methods: Theory and application
The use of multiscale imaging techniques is a key focus of this work to

facilitate understanding the correlation between PEFC performance and material
structure. There are a variety of instruments and methods available that are
suitable for imaging the materials of the PEFC. The following section will
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introduce the imaging techniques and instrumentation used throughout this work,
with reference to length scale and accessible features of interest in the context of
the technique in question.

3.1.1 Scanning Electron Microscopy (SEM)/ Energy Dispersive
X-ray Spectroscopy (EDX)
SEM is a technique used for acquiring information strictly about the surface
of materials. An electron beam is rastered over a sample, which causes electrons
to be released from the sample surface. The ejected electrons are collected by a
detector to form an image of the sample. A conductive sample is preferred for
imaging, since non-conductive samples have no low resistance route to earth,
which results in areas of surplus electrons that appear are artefacts in the image.
To overcome this, a common protocol is to gold-sputter non-conductive samples.
The gold provides as a conductive pathway for the electrons, but is thin enough
that it does not interfere with the image. Another requirement of SEM is that it is
conducted under vacuum [228].
During the acquisition of an SEM image, the sample releases three
different types of emissions: secondary, backscattered and X-ray. Secondary
electrons are released from atoms in the sample, whereas backscattered
electrons are incident electrons that have been deflected by the sample. For
imaging, the incident electron beam voltage is tuned to ensure the release of
secondary and backscattered electrons. Another variable that is optimised for
imaging is the working distance (WD) of the sample, which is the distance
between the sample and the electron filament.
The third type of emission that can be released are X-rays, which are
ejected when the sample is bombarded with higher energy electrons [228].
Excited states are generated and when the atoms relax down to their ground
state, the excess energy is dissipated in the form of X-rays. Each element has a
distinct set of energy levels, thus a unique set of characteristic X-rays. This
technique is called energy dispersive X-ray spectroscopy (EDS or EDX) and can
be used to determine the elements in a sample. In practise, a higher beam
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voltage and shorter WD are used when carrying out EDX, since the incoming
electrons must have sufficient energy to generate excited states in the sample. A
potential side-effect of EDX is that localised regions of the sample can be
damaged due to the high energy of the beam. By scanning the beam across an
area of the sample, an elemental map is generated that gives information about
the distribution of elements in the chosen field-of-view. For example, when
designing new catalyst layer materials for a PEFC, EDX has been used to show
the presence of platinum in the membrane during degradation testing [103].
Whilst SEM is a useful technique for understanding the morphology of
surfaces, or, when combined with EDX, for understanding the distribution of
elements within a sample, the technique does not give information about the 3D
structure of a sample. For example, an MEA can only be imaged in cross-section
to gain information about the layers [229] and imaging the top surface will only
reveal detail of the GDL fibres. Furthermore, it is a destructive technique,
meaning the sample must be manipulated and broken apart for imaging and it is
challenging to carry out in-situ studies. One technique that does allow for in-situ
imaging is X-ray CT and will be discussed in detail in the following section.
3.1.2 X-ray Computed Tomography
X-ray CT is a widely used technique for non-destructive 3D imaging and
is used in a wide range of applications, from medical imaging [230] to geology
[231]. With the increasing interest in electrochemical devices, the use of X-ray CT
for in- and ex-situ imaging of PEFCs is continually growing. Since the technique
is non-destructive, the interfaces in the PEFC – both between the MEA and the
flow field and between the layers of the MEA – can be visualised without needing
to take apart a sample.
There are three basic requirements for carrying out an X-ray CT scan: a
source of X-rays, a detector and a sample situated on a rotating stage between
the two (Figure 3-2a). As the X-rays pass through the sample, absorption and
scattering lead to attenuation of the beam. This interaction of X-rays with matter
in the sample is based on the Beer-Lambert law,
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𝐼 = 𝐼0 𝑒 −𝜇𝑙

3-1

where I is the resultant beam intensity, I0 is the incident beam intensity, μ is the
linear attenuation coefficient (cm-1) and l is the path length through the sample
(cm). However, since there are multiple materials in the PEFC, the resulting
intensity is a function of all components in the sample,

𝐼 = 𝐼0 𝑒𝑥𝑝 [∑(−𝜇𝑖 𝑙𝑖 )]

3-2

𝑖

Whilst the linear attenuation coefficient is a useful metric for describing the
fraction of X-rays that are attenuated by a sample per unit thickness (in this case
cm), the coefficient is dependent on the density of the material. Thus, liquid water
will have a different linear attenuation coefficient than ice. Hence, it can be
practical to report the mass attenuation coefficient, μm, which provides a constant
value for the attenuation of a particular compound or element independent of
density,
𝜇𝑚 =

𝜇
𝜌

3-3

where 𝜇𝑚 is the mass attenuation coefficient (cm2 kg-1), 𝜇 is the linear attenuation
coefficient (cm-1) and 𝜌 is the density of the material (kg cm-3). Attenuation
coefficients can be found at the National Institute of Standards and Technology
(NIST) website [232].
The linear attenuation coefficient depends on the photon cross-section,
which in turn depends on the interaction between photons and the sample. For
beam energies in the keV range, most relevant for the work done here, three
main scattering types are elastic, inelastic (Compton) and photoelectron
emission. All three scattering mechanisms are highly dependent on the
interaction of electrons in the sample with the incident photons. Thus, the extent
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of absorption is dependent both on the atomic number of a sample, as well as
the wavelength of the incoming beam [233].
Both laboratory and synchrotron-based sources are available for X-ray CT
imaging. There are several differences between these two types of source.
Firstly, synchrotron sources have a higher brilliance than laboratory-based
sources. This means that acquisition times are much shorter, since the exposure
time can be greatly lowered. The disadvantage to synchrotron sources is that
access to beamlines is time-restricted, which means that prototyping and method
development is more challenging. Throughout this work, only laboratory-based
X-ray sources were used. A more in-depth discussion of synchrotron beamlines
and their use for X-ray CT characterisation of energy materials can be found in
the review by Maire and Withers [115].
For laboratory-based sources, X-rays are generated using an X-ray tube,
in which incident electrons are accelerated at a metal anode target, exciting some
of the metal’s electrons to higher energy states, which upon relaxation to their
ground states emit X-ray photons. The excess energy from this transition is
emitted in the form of X-rays. A schematic of this is shown in Figure 3-2b. Each
metal has a distinct set of energy levels with a characteristic spectrum that
represents these energy levels. A common choice for the metal anode in
laboratory-based sources is tungsten, whose spectrum is shown in Figure 3-2c
(solid line) and was calculated using the SpekCalc tool [234].
As well as the prominent peaks arising from the characteristic X-rays, at
energies of 58, 59, 67 and 69 keV, there is an additional broad background peak,
with a maximum at 18 keV. This background peak, which spans a wide range of
energies, is attributed to the presence of bremsstrahlung. From the German
meaning “breaking radiation”, bremsstrahlung is the spectrum of X-rays that are
generated by the deceleration of incident electrons that dissipate their excess
kinetic energy in the form of X-rays. The broad shape of the spectrum is due to
the range of braking energies that are possible when the electron decelerates, up
to the limit of the incident electron energy.
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Figure 3-2 a) Schematic of X-ray CT instrument, showing the source, detector and the
sample on the rotating stage between the two. b) Schematic of a laboratory-based X-ray
source, with the cathode and anode shown and the method for creating the X-ray beam. c)
X-ray spectra for a lab-based source, with the reduction of the bremsstrahlung as a result
of a filter shown on the dashed line.

Since samples being imaged are often heterogeneous with many different
elements, imaging artefacts can arise during a tomography acquisition. Beam
hardening is an artefact that is most associated with the polychromatic beam
generated by a laboratory-based source. As the beam travels through a sample,
the lower energy electrons are attenuated more readily than the high-energy
electrons. Thus, the beam becomes “hardened” as it passes through a sample
and the effect is particularly prominent for samples containing heavy elements,
like metals. Beam hardening is observed in the reconstructed tomography
dataset both by streaking artefacts appearing along the edges of the sample, as
well as by the cupping effect, where the edges of a sample appear brighter than
the central regions [235]. To overcome beam hardening effects, a higher source
energy can be used, although the disadvantage of this is that resolution of light
materials may no longer be possible; the beam will saturate and pass straight
through any light materials in the sample. Another method for limiting beam
hardening artefacts is to insert a filter just after the source. This filter is typically
made of another metal and works by attenuating low-energy electrons to
“pre-harden” the beam. The effect of a filter is shown in Figure 3-2c (dashed line)
with the simulation showing the addition of a 1 mm-thick Al filter. The intensity of
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the bremsstrahlung is reduced, with the peak intensity of the background
spectrum shifted to higher energy (around 28 keV), with the maximum intensity
reduced from 0.5 without filtration to 0.3 with the Al filter.
At the detector, a charge-coupled device (CCD), which contains a
scintillator, converts the transmitted X-rays into an electronic signal for further
image processing [236]. The image collected by the detector is called a
radiograph and the radiographic image generated is a function of count number,
such that areas that appear dark in the radiograph correspond to strongly
attenuating regions of the sample with low X-ray transmission and vice versa.
During a lab-based X-ray CT scan, radiographs are collected
incrementally through 360°, resulting in a series of projections that contain
information about every part of the sample through all angles. Using a
reconstruction algorithm, the radiographs are converted into a 3D dataset
comprising a set of voxels (volume pixels) that each has a grayscale value
corresponding to the attenuation at each point through the sample. The most
common reconstruction algorithm is the filtered backprojection (FBP) algorithm
and many X-ray CT instruments have their own proprietary software for carrying
out reconstruction and filtering. A full discussion of the FBP, and other
reconstruction methods, can be found in the review by Pan et al. [237].
There are a variety of instruments available for X-ray CT imaging and each
instrument has a variety of features that make it suitable for imaging. The first
distinguishing feature between instruments is the resolution; some instruments
have additional focussing and magnification optics to increase the resolution in
the resulting images. Thus, an instrument like the Nikon XT 225, with its fixed
source and detector, facilitates imaging at the macroscale and was used in this
work for metrology purposes (Figure 3-3a). Magnification of the projected image
and reduction in voxel dimension can be achieved by moving the sample closer
to the source. However, this instrument allows for a minimum voxel size of around
3 μm. Thus, when considering its use for imaging PEFCs, an instrument like this
is well-suited to imaging features like the flow fields or for quality control of cell
assembly and manufacture.
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The addition of optics between the sample and the detector, as in the case
of the Zeiss Xradia 520 Versa, allows for subsequent magnification of the image
produced from the geometric magnification alone (Figure 3-3b). This allows for
microscale imaging and thus the instrument can be used for imaging with
sub-micron resolution. In the case of the Versa, both the source and detector can
move, with the sample generally being kept in a fixed central position (although
small movements along the imaging-axis are possible). Thus, the voxel size can
be tuned using a combination of the geometric and optical magnification.
When selecting the appropriate X-ray CT instrument for imaging, it is
important to consider two key requirements: the size of the features of interest
(FOI) and the size of the region of interest (ROI). For example, since the PEFC
is inherently multiscale, if the FOI are the fibres in the GDL, which have diameters
of around 8-10 μm, the Nikon capabilities will be insufficient. However, if the ROI
is the entire fuel cell casing, using the higher resolution capabilities of an
instrument like the Versa will limit the field-of-view (FOV) of the image.
Energy selection for imaging is another important factor, since too low an
energy will result in a noisy image due to limited transmission. By contrast, an
energy that is too high could result in a loss of detail by excessive transmission
of the beam. Furthermore, the beam current (and hence power) are also key for
energy selection during imaging. In this work, the energy was chosen depending
on the instrument being used. For macroscale imaging using the Nikon XT 225,
a transmission of 20-30% in the darkest (i.e. most attenuating) regions of the
sample is provided as a guidance by the manufacturer. For the Zeiss Xradia 520
Versa, a similar transmission goal of 20-30% is targeted, with at least 5000 counts
on the detector in sample regions. With these goals in mind, the beam current,
voltage (and power as a consequence) were iteratively adapted during imaging
until these conditions were met.
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Figure 3-3 a) Schematic of the setup of the Nikon XT 225 instrument used for macroscale
X-ray CT imaging and b) schematic for the Zeiss Xradia 520 Versa instrument used for
microscale imaging.

After reconstruction of the dataset, the image can be processed by
carrying out a number of procedures. There is a range of image processing
software available, such as Avizo (ThermoFisher, USA), ImageJ [238] and
MATLAB (MathWorks, UK). It is common to apply a filter to the reconstructed
image, which can help eliminate noise from the acquisition. Segmentation is
another key image processing technique. It is the process by which the acquired
16-bit grayscale image is converted into an 8-bit label field, with each “phase” of
the sample allocated a single, unique value. For example, when imaging the MEA
using the Zeiss Xradia 520 Versa, it can be segmented into clear phases, namely:
cathode GDL, cathode MPL, cathode CL, membrane, anode CL, anode MPL and
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anode GDL. There is a final phase in this case, which is the “pore”, i.e. the
unsegmented space in the GDL. Distinguishing these phases from one another
is necessary if simulations and quantification is to be achieved. An in-depth
discussion of image processing techniques is given in Section 3.5.
3.1.3 Neutron imaging
Whereas X-ray CT imaging can be carried out either at a synchrotron or in
the research laboratory, neutron imaging relies on national facilities for creating
neutrons. There are two mains ways to generate neutrons. The first is by using a
nuclear reactor containing uranium, which undergoes nuclear fission, where a
neutron collides with a uranium atom, resulting in the fission of uranium to form
two lighter atoms with release of additional neutrons. This triggers a chain
reaction in which neutrons are continuously released. The other mechanism for
the formation of neutrons is by spallation, a process in which high-energy protons
are fired at a metal target, which causes a nuclear reaction. Common metals used
for spallation are mercury or tungsten [239].
An example of a nuclear reactor is the CONRAD (COld Neutron
tomography and RADiography) beamline at the Helmholtz Zentrum Berlin (HZB)
[240], which was the facility used to carry out the work in this thesis. One of the
world’s largest spallation sources is the ISIS neutron facility in Oxfordshire, UK
[241]. To carry out imaging, the neutrons must be “cold”, which means that they
have low energies and long wavelengths of around 3 Å [240].
Once the beam has been produced, it must be guided to the experiment
station. Neutron facilities will typically have several beamlines coming from the
neutron source, with the beamline being designed for a specific application (in
this case for imaging). To direct the neutrons from the source to the beamline
station, they are sent through a neutron guide (Figure 3-4a). Between the neutron
guide and the sample will typically be a series of apertures, collimators and
shutters to ensure that the beam is coherent when it passes through the sample.
The collimator (Figure 3-4b) is placed after the pinhole to ensure that only
neutrons travelling parallel to the collimator can pass through to the pinhole. This
helps to increase spatial resolution that can be achieved by the beam, by
97

narrowing the size of the beam. On some instruments, like the NeXT beamline at
the Institute Laue-Langevin (ILL) in Grenoble, France, there is a range of pinhole
sizes from 30 mm to 1.5 mm [116], which help change the resolution achievable
from the beam. To the nearest approximation, the resolution that can be achieved
is [242]:
𝑑=

𝐷𝑝𝑖𝑛ℎ𝑜𝑙𝑒 ∙ 𝑙𝑆𝐷
𝐿

3-4

as indicated in Figure 3-4b, where d is the geometric resolution (m), 𝐷𝑝𝑖𝑛ℎ𝑜𝑙𝑒 is
the pinhole diameter (m), 𝑙𝑆𝐷 is the distance from the sample to the detector (m)
and L is the length of the collimator tube (m). To achieve the highest resolution
(i.e. lowest value of d), the collimator length should be as long as possible, with
the pinhole and sample-detector distances as small as possible. The result of this
is a lowered neutron flux, thus the design and optimisation of the imaging setup
is a fine balance between temporal and spatial resolution. As with X-ray CT, the
sample is mounted on a stage that can rotate, although, as discussed in the
literature review in the Chapter 2, neutron tomography for imaging PEFCs has
not yet been done using operando methods. The detector for neutron imaging is
a flat panel array that detects the counts of neutrons being transmitted through
the sample. By varying the size of the detector and the material of the scintillator
the resolution of imaging and the pixel size can be altered [240]. A full description
of the imaging setup of the CONRAD beamline at the HZB, the beamline that was
used for the work in this thesis can be found in the paper by Kardjilov et al. [240].
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Figure 3-4 a) Schematic of the neutron beamline, showing the neutron guide and pinhole,
the collimator, the sample and the detector and b) a closer look at collimator theory
showing how divergent beams are transformed into a coherent beam.

The exposure times for neutron experiments are longer than for X-ray CT.
This is because the flux of the neutron beam is lower (they can be up to four
orders of magnitude lower than in X-ray CT [243]) so the shutter must remain
open for longer to collect an image with a good enough signal-to-noise ratio.
Another limitation of neutron imaging resulting from the low flux is the imaging
resolution. Generally, neutron facilities can achieve voxel dimensions down to
around 5 μm [244], with the resolution being limited by the need to achieve a high
enough signal per pixel count on the detector. The result of this is that the size of
pixels in the detector array must be larger to accommodate the lower flux. Thus,
for PEFCs, properties of the sample that are accessible tend to be macroscale
features, like water formation in the flow fields.
Because of the lower flux and longer imaging times, neutron radiography
is a more common technique for imaging, with only a handful of tomography
studies being carried out on PEFCs. When using neutron radiography to image
water formation in the flow fields, the water thickness can be calculated based on
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the Beer-Lambert principle, which has been widely applied in the literature
[71,124]. Firstly, a dark-field image is subtracted from the water-containing image
(where a dark-field image is an image collected with the shutter closed), which
eliminates random noise from the image. Next, each pixel in the water-containing
image is divided by the corresponding pixel in a dry image of the sample. The
resulting image will be a “water-only” image. Then, by using the known
attenuation coefficient of water in the sample and the Beer-Lambert law, it is
possible to estimate the thickness of water, 𝛿𝑤 (mm), across the image [113].

𝛿𝑤 =

−1
𝐼𝑤
ln (
)
𝜇𝑤
𝐼𝑑𝑟𝑦

3-5

where 𝜇𝑤 is the attenuation coefficient of water (mm -1) and 𝐼𝑤 and 𝐼𝑑𝑟𝑦 are the
intensities of the water-containing and dry images, respectively. This calculation
is applied across the entire image, such that areas that contain water will have
an associated length and dry areas will have a value of zero.
3.1.4 Comparison of neutron and X-ray sources
Aside from the differences in the generation methods for X-rays and
neutrons, the characteristics of the interactions with matter help to distinguish the
two imaging types. The neutron is a neutral particle with no charge and a mass
of 1.675×10−27 kg [245]. The electron is a charged particle with a charge
of -1.602×10−19 C and a mass of 9.1093837015×10−31 kg [246]. A key difference
between the neutron and electron is that neutrons interact with the nucleus of
atoms in a sample, owing to the larger mass and size of neutrons. This means
that the attenuation and interaction with matter of the two different imaging
sources are different. The attenuation of photons (i.e. X-rays) scales directly with
the atomic number, though it is also dependent on the density of the sample. On
the other hand, the neutron interaction with matter is not proportional to atomic
number. A key advantage of this is that neutrons can be used for distinguishing
isotopes where X-rays cannot; hydrogen attenuates neutrons strongly but
deuterium does not. For PEFCs, this is particularly useful since it becomes
possible to distinguish water produced as a reaction product from water
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condensed from a humidified gas stream, if the water used for humidification is
deuterated.
The likelihood of a neutron interacting with a nucleus is called the neutron
cross-section and is measured in units of barn, where 1 barn = 10-24 cm-2. A list
of neutron cross-sections for elements and their isotopes can be found at [247].
It can be seen from the graph in Figure 3-5 that of all the common elements found
in a PEFC and its casing, the highest cross-section is for 1H, with a value of 20.5
barn. Addition of a neutron into the hydrogen nucleus to form deuterium, 2H,
drops the cross-section value around 5 times to a value of 3.4 barn, which
highlights the effectiveness of using isotopes for differentiating between water
from different sources in the PEFC.

Figure 3-5 Graph showing the neutron cross-section of elements common to the PEFC, as
well as their common isotopes.

Whilst neutrons are well-suited for imaging water, X-rays are less well
suited for imaging water, especially at the macroscale, due to the low atomic
number of hydrogen and oxygen. However, given the higher resolution of X-ray
CT, there are clear advantages of using X-rays for imaging water droplets within
the pores of the GDL, as well as for imaging morphological and structural
changes occurring within the MEA during degradation. Such investigations would
not be possible using neutrons. Thus, it is clear that X-ray and neutron imaging
techniques are complementary, especially when conducting a variety of imaging
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experiments across multiple length scales. The key features are provided as a
comparison in Table 3-1.
Table 3-1 Comparison of common properties of X-rays and neutrons, including the relevant
characteristics specific to PEFC characterisation.

Probe

Charge?

Mass?

Interaction

Spin?

Voxel
dimension

X-ray

No

No

Interacts
with
electrons

No

Anywhere
from 64 nm
to 100 μm

Neutron

No

Yes

Interacts
with nucleus

Yes

Upwards
from ~50 μm

3.2

Used for
imaging
PEFCs?
Structural
properties of
the
components,
Water in the
flow field

Materials investigations and development
Throughout this work, entirely commercial materials are used. There are

two different MEA constructions used, that employ two different electrodes
(manufactured by HyPlat (HyPlat, South Africa) and Johnson Matthey (JM)
(Johnson Matthey, UK)) and two different membranes. These materials are listed
in Table 3-2 with some key metrics about the GDEs, catalyst loading and
membrane thickness. Common to both types of electrode is the platinum loading
of the CL and the presence of an MPL in both samples. A catalyst loading of
0.4 mg cm-2 was used for both anode and cathode in all MEAs throughout this
work. Reference to the chapter that the different MEA types are used in is also
included in the table.
Table 3-2 Specifications of the two different MEAs used throughout this work, with
“HyPlat” and “JM” referring to both the name given to the MEA, as well as the GDE used.

MEA
GDE manufacturer
Membrane
GDL
Platinum loading on anode
and cathode/ mg cm-2
Hot pressing temperature/
°C
MPL?
GDE thickness/ μm
Membrane thickness/ μm
Chapter used

“HyPlat”
HyPlat
GORE SELECT-M8
Freudenberg
0.4

“JM”
Johnson Matthey
Nafion NRE-212
Sigracet
0.4

150

130

Yes
210
20
4,5,7

Yes
235
50.8
6
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Electrodes were cut using a scalpel and a plastic template, to ensure the
accuracy of the electrode dimensions. For ex-situ studies, membranes were cut
to size using a scalpel and were cut such that there was sufficient overlap around
the perimeter of the electrodes to ensure good sealing when the cell was
assembled (for in-situ samples, laser milling was used, a full discussion of which
is found in Section 3.6.2). Multiple gaskets were layered for sealing the cell and
gaskets were between 75-100 μm thick. A single Kapton (DuPont, US) gasket
was placed directly in contact with the membrane and then additional Tygaflor
(Carl F Groupco, UK) gaskets made up the rest of the gasket thickness. The
thickness of each MEA was measured (typically around 350 – 450 μm) and a
gasket thickness was chosen to achieve a 20% cell compression.
MEAs were typically prepared by hot pressing (except for the
self-assembled MEA in Chapter 6). The hot pressing temperature depended on
the membrane, since manufacturers give a recommended temperature. The
MEAs using a Nafion membrane were hot-pressed at 130 °C and those using
GORE were hot-pressed at 150 °C. Hot-pressing was done using a Carver
4122CE hot press (Carver, USA), which heats two platens to a specified
temperature and can be closed to a pressure determined by the user. In this work,
MEAs were placed between two Kapton sheets and two metal plates before
inserting between the platens of the hot press. One MEA was pressed at a time
at a pressure of 400 psi for a duration of 3 min. The Kapton ensured that the MEA
and electrodes did not stick to the metal platens and extra care was taken when
removing the MEA from the Kapton to ensure that the GDEs did not peel away
from the membrane.
3.3

Electrochemical methods
3.3.1 Cell operation and conditioning
Cells were operated using several methods, depending on whether the

experiments were ex- or in-situ. For miniature in-situ cells, the cell design, rig and
operating conditions are discussed in Section 3.6. For ex-situ samples, MEAs of
either 5 or 25 cm2 were prepared using the methods described in the previous
section and the cell was closed to ensure 20% MEA compression at a torque of
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2.0 Nm. Cells were operated using a Scribner 850e test system with in-built
Scribner 885 potentiostat (Scribner Associates, USA) at 80 °C. Gases were
supplied at 98% relative humidity, with a stoichiometry of 2:3 for the
anode:cathode. For ex-situ samples, all electrochemical control was done using
the Scribner 885 potentiostat and for the in-situ samples, electrochemical control
was done with a Gamry Interface 5000e potentiostat (Gamry, USA).
Two main conditioning methods were used throughout this work, with
different methods being used for ex- and in-situ work. For ex-situ work (Chapter
6), a longer conditioning method was employed, based on literature work
[61,248]. However, when moving to in-situ experiments, it was found that this long
conditioning process had a detrimental effect on cell performance and was also
less practical in operational terms, thus, a slightly shorter modified conditioning
method was employed.
Polarisation curves for the conditioning processes are shown in Figure 3-6.
The longer-term conditioning results are shown in Figure 3-6a and the fast
conditioning results are shown in Figure 3-6b. In both cases, the cells are
conditioned after the procedure, since, according to the DOE protocol [31], a cell
is considered conditioned if there is <5 mV difference in polarisation curves. The
significant difference between these two protocols is the length of time; the
long-hold conditioning method took 2.5 h for the cell to be conditioned vs less
than 30 minutes for the repeated-polarisation curve conditioning method. In this
latter method, extracting repeated polarisation curves, saves gas and was shown
to be a more appropriate method was employed for all in-situ experiments. For
all polarisation curves collected through this work, the measurements were
terminated at a voltage of 0.3 V and the corresponding current density at this
point is denoted as ‘cut-off current density’.
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Figure 3-6 Polarisation curves of the pre- and post-conditioned MEAs, showing a) JM MEA
conditioned using the Scribner test station and b) HyPlat MEA conditioned using the
mini-cell.

3.3.2 Cyclic voltammetry (CV)
CV is one of the important techniques for characterising electrocatalyst
performance. A linear voltage sweep is carried out between a lower and upper
voltage and the current response of the cell is measured (Figure 3-7a). Using
either a three- or two-electrode cell configuration, either ex-situ or in-situ
characterisation measurements can be taken [249], though for this work only the
two-electrode set-up is relevant since the measurements are taken under normal
operating conditions.
In the two-electrode setup, one of the electrodes, generally the anode, is
used as both the counter and reference electrode, with the electrode of interest,
generally the cathode, acting as the working electrode. Hydrogen flows over the
anode and inert gas, such as argon or nitrogen, flows over the cathode. The
system is under potentiostatic control and the voltage is swept between a lower
and upper voltage. Peaks in the resulting cyclic voltammogram correspond to
oxidation and reduction processes occurring on the working electrode surface.
A typical cyclic voltammogram for a PEFC is shown in Figure 3-7b. The
hydrogen desorption and adsorption on the platinum surface for the forward and
reverse sweeps, respectively, occur at low potentials. The two distinct peaks in
the broad hydrogen peak correspond to adsorption/desorption onto the various
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crystal faces of platinum [250]. At higher potentials, peaks occur due to the
formation and destruction of platinum oxide (Pt-O) species on the catalyst
surface. The final feature of interest in the PEFC voltammogram is the rectangular
region between the forward and reverse sweep traces. This is due to the
capacitive behaviour of the electrochemical double-layer, which arises due to
build-up of ions at the CL-ionomer interface.

Figure 3-7 a) Plot showing the linear voltage sweep of the CV scan. b) Example CV curve
measured for a JM MEA, with the areas under the graph representing the various
adsorption and desorption processes occurring on the catalyst surface.

From the area underneath the hydrogen adsorption or desorption peaks,
the ECSA can be calculated, which is a measure of the activity of the catalyst
layer. A larger ECSA means a larger number of electrochemically active sites
available to reactants. To calculate the ECSA, the charge density is calculated
using the area under either the hydrogen adsorption/desorption peak divided by
the scan rate (Equation 3-6). The area under the desorption and adsorption peaks
should be the same, since all species that are adsorbed onto the surface should
be desorbed from it.

𝑄𝐻𝑑𝑒𝑠 =

∫ 𝑗 𝑑𝑉
𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒
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3-6

where QHdes is the charge density (C cm-2), ∫ j dV is the area under the hydrogen
desorption peak in the voltammogram in (W cm-2) and scan rate is the rate at
which the voltage was swept (V s-1). If comparing ECSA between different
materials or for an MEA during a degradation test, it is important that the scan
rate is kept the same; a faster scan rate will lower the amount of charge adsorbed
and desorbed onto the surface and increase the current density as a result [251].
Throughout this work, a scan rate of 50 mV s-1 was used for all experiments.
The charge density is then used to calculate the ECSA (cm2 g-1), using:
𝐸𝐶𝑆𝐴 =

𝑄𝐻𝑑𝑒𝑠
𝛤 ∙ 𝐿𝑃𝑡

3-7

where Γ is the charge required to reduce a monolayer of hydrogen from the three
crystal planes of platinum in (C cm-2), taken to be 210 C cm-2, and 𝐿𝑃𝑡 is the
platinum loading (gPt cm-2).

3.3.3 Electrochemical Impedance Spectroscopy (EIS)
3.3.3.1 EIS background
EIS is a technique that measures the impedance response of an
electrochemical system to an alternating current (AC) signal input [252]. The
technique works by sending a small AC current into the system over a range of
frequencies, then measuring the AC response with respect to current and voltage,
most commonly using a frequency response analyser (FRA). EIS uses the AC
analogue of Ohm’s law (V=IR), which accounts for the frequency dependence of
impedance, according to Equation 3-8.
𝑍 (𝜔) =

𝑉 (𝑡)
𝐼(𝑡)

3-8

where Z(ω) is the frequency-dependent impedance (Ω), V(t) is the voltage (V)
and I (t) the current (A).
For a PEFC, a narrow current range is used for measurement to overcome
the non-linear nature of the polarisation curve and to ensure pseudolinear
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conditions are achieved. Since the fuel cell loss processes, ηact, ηohm and ηconc,
typically occur at different rates, their contributions to impedance can be
decoupled and analysed separately using EIS [252]. This makes EIS a
particularly useful technique for probing individual losses at the relevant
frequencies.
EIS spectra can be represented in the form of equivalent circuits and a
simplified example of an MEA equivalent circuit model is indicated in (Figure
3-8a), where each CL is represented by a resistor and capacitor in parallel,
separated by a resistor, which represents the membrane [253]. In the case of the
fuel cell, the resistor represents the charge transfer resistances in the CL and the
capacitor represents the electrochemical double-layer that is formed at the
electrode-electrolyte interface (Figure 3-8a).
In terms of the output of a measurement, the measured impedance can be
separated into real (Zre) and imaginary (Zim) components that can be represented
by three plots: the Bode phase, Bode magnitude and Nyquist plot. The Nyquist
plot shows the real and imaginary components of the impedance on the x- and
y-axis, respectively (Figure 3-8b). The Nyquist plot is characterised by its
arc-shaped curves, with the number of arcs determined by the number of distinct
time constants in the system. In the case of the circuit in Figure 3-8a, the two time
constants of the circuit would result in two distinct arcs in the Nyquist plot [254].
The two aforementioned Bode plots represent the frequency as a function of
phase and impedance magnitude (|𝑍(𝜔)|), respectively.
Three common regions relating to the fuel cell are discussed here and can
be distinguished in the Nyquist plot of a PEFC EIS measurement [254] (Figure
3-8b): the high-frequency intercept with the real impedance axis corresponds to
internal resistances (denoted here as high-frequency resistance (HFR), the first
small arc arises from anode contribution to losses and the second larger arc
arises from the cathode. The HFR is referred to in this specific example as an
analogue to the membrane, but it should be noted that in real EIS measurement,
the HFR contains resistive contributions from other features, like charge transfer
or internal resistances. Because the anode kinetics are fast, the contribution to

108

the Nyquist plot is small, such that an individual curve can often not be resolved.
The width of each arc corresponds to the charge transfer resistances in the cell.

Figure 3-8 Schematic of a) the related equivalent circuit elements for the various layers in
the MEA, namely anode (yellow), membrane (green) and cathode (orange); b) the related
characteristic Nyquist curve for a PEFC, showing the three distinct features. It should be
noted here that the membrane resistance is referred to here as a resistor, but in reality the
high frequency resistance also includes contributions from other resistive features.

Because cell performance is closely linked with compression of the MEA,
giving rise to changes in the layer dimensions and contact of MEA components,
EIS has been shown to allow the change in cell resistances with rig compression
to be resolved [255,256]. Mason et al. showed that the voltage losses at the
anode are little affected by the compression, whereas the cathodic losses are
enhanced during compression [256]. This highlights the dominance of the
cathode kinetics of the ORR on fuel cell performance.
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3.3.3.2 EIS measurements
EIS measurements were collected for various samples throughout this work,
with all measurements being collected at a current density of 100 mA cm-2.
Simple EIS models were built to fit the experimental data collected. Two models
were created, depending on whether the experimental data demonstrated an
additional mass transport arc. The models are shown in Figure 3-9a-b. To fit the
data, the Impedance Modelling software included in the Gamry Echem Analyst
Software (Gamry Instruments, USA) was used. The “Simplex” method was
applied for autofitting, which uses an iterative algorithm to set parameters that fit
the data. A “goodness of fit” is analysed after each iteration and the fitting method
proceeds until there is no further difference between the goodness of fit values
[257].
Common to both equivalent circuits are the inductor, representing
inductance produced in electrical wiring, and the resistor accounting for
membrane resistance. A constant phase element (CPE) and resistor in parallel
is used to account for the electrodes, namely the anode and cathode. A CPE is
used to represent the capacitive behaviour of the GDE (instead of a capacitor),
to account for the imperfect nature of the electrode, including properties like
surface roughness, varying thickness or inhomogeneous current density [258].
For the cell with significant mass transport contribution (Figure 3-9b), a third
CPE/resistor circuit is added to account for the additional impedance associated
with mass transport. Similar equivalent circuits have been shown in the literature
[253,258–260].
Two examples of EIS fitting are shown in Figure 3-9c-e for experimental
measurements taken at 100 mA cm-2, with the Nyquist plots shown in Figure 3-9c
and the Bode plots for the cell without mass transport in Figure 3-9d and the cell
with mass transport shown in Figure 3-9e. From the Simplex method used for
fitting the data and comparing the experimental data to the fitted data, it can be
seen that the two equivalent circuits give good approximations to the
experimental results. The mass transport fit is not quite as good as that of the cell
with no mass transport. It can be seen that the height of the charge transfer arc
in the fitted curve is a little lower than the experimental data and also the onset
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of the mass transport arc comes a little later at 1.19 Ω cm2, whereas the
experimental data onset is at 1.15 Ω cm2. The high-frequency inductance fits very
well to the experimental data in both cases, as does the small anode
charge-transfer arc in the high-frequency region. Comparing the Bode plots, it
can be seen that the cell without mass transport (Figure 3-9d) has a plateau at
low frequencies between 0.1 and 1 Hz, whereas the mass transport Bode plot
shows a decrease in impedance before a small plateau. This difference is
attributed to the mass transport effects, which occur over a relatively long time
period (low frequency). There are also differences at higher frequencies in the
Bode plots, with the mass transport cell showing increasing impedance after
10,000 Hz, whereas the cell without mass transport displays a constant
impedance between around 100 and 50,000 Hz, after which there is a slight
increase. Again, this is attributed to differences in the profiles of the two cells,
with the mass transport cell showing a more distinct anode charge transfer arc
and a possible contribution towards the differences in the Bode profile.
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Figure 3-9 Equivalent circuits used for EIS modelling with a) circuit used when no mass
transport arc present and b) circuit used when a mass transport arc is present. Lcell
represents cell inductance, Ri represents the resistance of layer i, and CPEi represents the
capacitance of layer I. c) Experimental and fitted Nyquist plots for two MEAs measured at
100 mA cm-2 for results without mass transport (dark and light blue for experimental and
fitted, respectively) and with mass transport (light and dark purple for experimental and
fitted, respectively). Bode magnitude (dark and light blue for experiment and fit,
respectively) and phase (light and dark purple for experimental and fit, respectively) for d)
the cell not displaying mass-transport effects and e) the cell displaying a mass-transport
arc.
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3.3.4 Accelerated Stress Tests (ASTs)
As mentioned in Section 1.3.4.4, ASTs are used to simulate common
degradation mechanisms occurring within the PEFC. Two different ASTs were
used for the work, one that was carbon-corrosion specific and one that was
platinum-corrosion specific, based on DOE protocols [31]. The two different ASTs
have characteristics suitable for the degradation mechanism of interest (Table
3-3) with the platinum-specific AST being less aggressive than the
carbon-specific one with lower voltage and longer cycle time. Platinum-specific
degradation testing can be carried out over several days and was used for the
ex-situ degradation investigation in Chapter 6. For in-situ investigations
(Chapters 4 and 7), the carbon corrosion ASTs were used because they can be
completed in several hours and are more compatible with the time-sensitive
access to imaging instruments. Future work should aim to carry out the
platinum-specific degradation on the in-situ cell under heated conditions to best
mimic the conditions experienced by a representative fuel cell system.
Table 3-3 Conditions for the two different degradation AST protocols used, based on DOE
specifications [31].

Degradation target

Pt-specific degradation C-specific degradation

Voltage range / V

0.6-0.95

1-1.5

Number of cycles

30,000

5,000

Scan rate

3 s hold @ 0.6 V
3 s hold @ 0.95 V

500 mV s-1

Total time for one cycle

6s

2s

Scan profile

Square wave

Triangle wave

CV measurements after

0, 10, 100, 1 000, 3 000,
10 000, 16 000, 30 000

0, 10, 100, 200, 500,
1 000, 2 000, 5 000

Generic testing was done to highlight the electrochemical effect of the two
different ASTs and the results will be discussed in this section. Example data of
the platinum-specific AST carried out on a JM MEA are shown in Figure 3-10,
with measurements being done in a conventional cell at 80 °C. What is noticeable
is that there has been an increase in activation loss in the polarisation curves
113

(Figure 3-10a), which has impacted the polarisation curve at higher current
densities, without apparent loss of Ohmic or mass-transport losses. There is a
drop of 37.8 mA cm-2 at 0.3 V from a value of 775.1 mA cm-2 at BOL to
737.3 mA cm-2 at end-of-life (EOL). Interestingly, the Nyquist plots measured at
100 mA cm-2 do not show a significant difference between BOL and EOL (Figure
3-10b). The membrane resistance in both cases is 0.06 Ω cm2. There is a slight
increase in the diameter of the charge transfer arc, increasing from 0.52 Ω cm2 at
BOL to 0.54 Ω cm2 at EOL. Given the high loss of platinum surface area, it would
be expected that there could be an increase in charge transfer resistance,
although it highlights (as with the results of polarisation) that there is little to no
loss of carbon. A loss of carbon support would be expected to have a significant
impact on the transfer of electrons through the electrodes [92]. There is a
significant loss of ECSA, which can be seen by the reduction of the hydrogen
adsorption/desorption and Pt-O peaks in the cyclic voltammograms (Figure
3-10c). Calculation of the ECSA showed an 82% loss of platinum surface area
from 73.6 m2 gPt-1 at BOL to 14.3 m2 gPt-1 at EOL (Figure 3-10d). It should be
noted here that the DOE protocol states an ECSA loss >40% to be a cell that has
reached EOL, thus the experiment here was stopped prematurely after the
16,000-cycle measurement.
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Figure 3-10 Results of the platinum-specific degradation test, with a) polarisation curves
of the MEA at BOL (navy) and EOL (purple); b) EIS spectra, measured at 100 mA cm-2, for
BOL (navy) and EOL (purple), with fit curves at BOL (blue) and EOL (purple); c) CV curves
measured in-situ during cycling and d) ECSA values over the course of cycling (closed
diamonds) and respective percentage ECSA loss (open diamonds).

Example data from a carbon corrosion-specific AST carried out on a
HyPlat MEA is shown in Figure 3-11. The AST was carried out using the graphite
cell with room temperature operation. The result of these conditions is that there
is high Ohmic resistance in the cell, as seen in the polarisation curves (Figure
3-11a), which do not have a distinct mass transport region. Polarisation curves
taken at BOL and EOL (Figure 3-11a, navy and purple for BOL and EOL,
respectively), show a significant performance loss, with cut-off current density at
0.3 V falling from 501 mA cm-2 to 250 mA cm-2. Thus, it is clear that there is a
distinct loss in fuel cell performance as a result of the voltage cycling at high
potentials. Results of EIS measurements (Figure 3-11b) showed that the HFR
increased slightly from 0.22 Ω cm2 to 0.24 Ω cm2. The charge transport arc also
increased from 0.45 Ω cm2 to 0.56 Ω cm2, a difference of 0.11 Ω cm2. This
supports the fact that there has been degradation of the electrode, which causes
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cell resistance to increase. Accompanying the increase in cell resistance is a loss
of electrochemical surface area (Figure 3-11c-d). In-situ CV curves collected over
the course of cycling indicate that there is some oxygen crossover in the early
stages of cycling, due to the inclined shape of the voltammograms. This could be
a result of small amounts of oxygen remaining in the cathode flow channel,
despite purging with nitrogen. Nonetheless, it was still possible to measure the
ECSA and it was found that there was a 26% loss of active platinum surface area
as a result of the AST. Despite the fact that the AST was not specifically targeting
the loss of platinum, the detachment and loss of carbon over the course of cycling
has resulted in platinum being lost from the electrodes [261,262].

Figure 3-11 Results of the carbon-specific degradation AST, with a) polarisation curves of
the MEA at BOL (navy) and EOL (purple); b) EIS spectra, measured at 100 mA cm-2, for BOL
(navy) and EOL (purple), with fit curves at BOL (blue); c) CV curves measured in-situ during
cycling and d) ECSA values over the course of cycling (solid diamonds) and respective
percentage ECSA loss (open squares).

116

3.4

Imaging methods: Sample preparation and imaging
The preparation of samples for imaging depended on the experiment being

carried out. For ex-situ experiments, where a small portion of the MEA was
extracted after operation, (Chapters 5 and 6) the samples were prepared by
removing a cylindrical sample using a biopsy punch of a certain diameter (either
1 mm or 2 mm, depending on the sample). This was then mounted onto the head
of a pin, secured with double-sided tape (Figure 3-12a). As well as adhering the
cylindrical sample to the pinhead, the tape ensured there was sufficient clearance
between the pin-head and the sample to avoid imaging artefacts from the metal
pin-head interfering with the sample.
Neutron studies (Chapter 4) and in-situ X-ray CT investigations (Chapter 7)
involved the use of bespoke, miniaturised fuel cells and the sample remained in
the casing throughout imaging. For these in-situ experiments, the cathode was
always positioned directly next to the cell holder to avoid confusing anode and
cathode sides during imaging. An in-depth discussion of the design, operation
and imaging of these cells is found in Section 3.6.
After sample preparation, imaging was carried out. A range of instruments
were used throughout this work, whose specifications were matched to the
feature of interest, given the multiscale nature of the investigations. Their
technical specifications and resolution capabilities are shown in Table 3-4, with
the typical voxel resolution representing the range of voxel sizes that are obtained
given the placement of the source and detector employed throughout this work.
The specifics of scans used in the results Chapters are described in the
experimental section at the start of each Chapter.
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Table 3-4 Technical details of the different X-ray CT instruments used in this work.

Instrument

Length
scale

CONRAD
Beamline

Macro

Nikon XT
225 H

Macro

2001000

Micro

5-200

Zeiss
Xradia
Versa 520

Feature
Optical
Typical
of
magnification
voxel
interest
resolution /
size/ μm
μm
1000

None

60

Energy
range / kV

n/a;
λ= 3.5-6 Å*

None

3

4×

1–2

20×

0.3 – 0.4

40 - 200

40 – 160

*Neutron beam energy is expressed in terms of wavelength (λ), hence the relevant wavelengths used
by the beamline are expressed here.

For ex-situ investigations, two main optics were used throughout this work,
namely 4× and 20× magnifications. Radiographs taken from scans using the 4×
and 20× optics are shown in Figure 3-12a and b, respectively. The head of the
metal pin appears very dark since the attenuation is high and thus fewer counts
reach the detector in these regions. The CL is also clearly defined by the dark
regions on either side of the Nafion, lying horizontally in the centre of the image.
The network of fibres in the GDL can be seen, although by radiography alone,
detail about individual fibres cannot be resolved. After completion of the scan, the
dataset can be visualised by a 3D volume rendering (Figure 3-12c), with the
planes bisected by “orthoslices”, which are a virtual slice through the 3D object
and can be used to clip the volume or visualise the sample interior through the
xz, yz and xy planes. Example orthoslices for a HyPlat and JM MEA are shown
in Figure 3-12d and e, respectively. The datasets have been cropped to include
the two CLs (with anode on the bottom) on either side of the membrane, as well
as the cathode MPL and GDL. A full comparison of the materials used throughout
this work is found in Chapter 6.
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Figure 3-12 Example radiographs taken from a) 4× and b) 20× scan of a JM MEA sample
mounted onto the head of a pin. c) Grayscale volume rendering of the JM 4× scan, with a
yz orthoslice (virtual slice) indicated. Part of the volume that has been cut-away to display
interior detail of the scan. Example orthoslices from a d) HyPlat and e) JM MEA, which
highlight distinct differences between the materials.

3.5

Imaging post-processing methods
After data collection, processing of the image data is necessary to convert

the data into a usable form for quantification and analysis. This section will
discuss segmentation techniques used to prepare the data for analysis, as well
as describing the common analysis tools used throughout the results chapters.
Methods that are specific to particular results are described in the experimental
section of the relevant chapter.
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3.5.1 Filtering and segmentation
After imaging, the raw dataset must be processed to convert it into a form
that can be used for further analysis. An example processing workflow is shown
in Figure 3-13 for a scan of a HyPlat MEA in the miniature fuel cell fixture. The
first step in processing is to remove noise from the raw dataset; a noisy image
can make the segmentation process more difficult (Figure 3-13a, e). To overcome
this, after reconstruction a filter was applied to datasets to “de-noise” (Figure
3-13b, c, f). Throughout this work, median filters were applied to raw datasets,
which were found to significantly improve the image quality without taking
significant amounts of time and computation power. The filter works by finding
the median of all neighbouring voxels of a central voxel, then replacing the value
of the central voxel with the median value. A distinct advantage of this process
(and hence of the median filter) is that the edges of features in the image are
preserved while noise is removed [263]. Using the “Filter Sandbox” module in
Avizo, different filters in a small region can first be compared (indicated by the
blue box in Figure 3-13b) before application of the filter. The histograms below
Figure 3-13a and c correspond to the histogram of the entire dataset in these
images and show that the filter has smoothed out the grayscale values, which
helps distinguish features in segmentation.
After filtering, the process called segmentation converts the grayscale
image into an 8-bit “label” field, where each phase has a unique integer number
associated with it. Thus, the phases can be easily distinguished from each other.
In this example, four phases have been segmented, namely anode (blue), anode
cracks (green), cathode (purple) and cathode cracks (cyan) (Figure 3-13d, g).
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Figure 3-13 Filtering and segmentation process, using a scan of the mini-cell as an
example. a) Unfiltered image showing the xy-plane. b) Unfiltered image with filter sandbox
shown. c) Filtered image with 3D median filter applied. d) Segmented image with four
phases. e) Unfiltered image showing the yz-plane. f) Median filter applied and g) segmented
image. In all images, the scalebar represents 100 μm.

The segmentation methods in this work consisted of using adaptive
thresholding techniques, primarily using the “Magic Wand” segmentation tool in
Avizo. The user sets the desired threshold range for segmentation and all voxels
in this range become highlighted. The user then selects a voxel to be added to
the phase of interest and, crucially, only voxels connected to this voxel, whose
grayscale values within the desired threshold range are selected to be added to
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the phase. This step is essential because of the similarity of grayscale values in
the various phases; if a blanket threshold was applied to the entire image, voxels
belonging to multiple phases (e.g. fibres, MPL and background) would be
selected. The overlap of the phase histograms is emphasised in Figure 3-14,
using a scan of a JM MEA as an example. The original image (Figure 3-14a) was
segmented into four phases to create a label image (Figure 3-14f). Then an image
mask was applied, to extract the grayscale voxels from the image that belong to
each individual phase, namely CL, Fibre, MPL and pore (Figure 3-14b-e,
respectively). The grayscale histogram was then plotted for the whole image and
for the four masked phase images (Figure 3-14g). The histogram for the original
image shows a distinct peak, mostly belonging to the “pore”, with a shoulder at
slightly higher grayscale values between around 100-125. Under this shoulder
falls the fibre, but the MPL grayscale values also sit within this region. The CL
histogram is hardly seen due to the small phase fraction of CL in the image, but
it lies underneath and just above the histogram of the fibre phase between values
of 125-175. Thus, the plot highlights that a simple threshold value will not
accurately extract the isolated phases.
Whilst the semi-manual technique was found to be sufficient, a focus of
future work must be on developing segmentation methods that minimise any
human bias and can be applied to multiple images, reproducibly. This is of
particular importance for the in-situ X-ray CT work discussed in Chapter 7, since
images of identical regions are compared and contrasted over time during in-situ
and operando image acquisition. To overcome this issue, a growing focus of the
segmentation-methods-related

literature

has

focused

on

the

use

of

machine-learning [264] and convolutional neural networks [265] for segmentation
of tomography datasets of energy materials.
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Figure 3-14 Process used to extract the histograms for each phase, using the JM sample
as an example. a) The original orthoslice, b-e) the masked images, showing each phase
with original grayscale values, f) the segmented image showing each phase as a label field
and g) histograms of each phase together with the histogram of the entire sample.

3.5.2 Metric quantification
From the segmented 3D datasets, an analysis toolbox is available for
quantification of image parameters. The metrics that are common to the majority
of chapters in this thesis are presented here, with specific analysis metrics for
certain chapters (such as cathode crack ratio) being discussed in the
experimental section of the relevant chapter and summarised in Table 3-5. Some
properties, like the tortuosity factor, can be applied on several length scales, from
flow channels to GDL (and nanoscale porosity, which is beyond the scope of this
work), which makes them highly versatile for image characterisation and
correlation to electrochemical performance. Common to the following metrics is
the use of the descriptors “conductive” and “non-conductive” phases, where the
“conductive” phase is the phase of interest (i.e. that on which the metric
calculation is being done) and the “non-conductive” phase is the secondary phase
(or phases) that is not subject to quantification.
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The metrics that will be discussed in this section are:


Volume fraction



Local thickness



Tortuosity factor



Pore size distribution

To understand the relative proportion of a phase in a sample, volume fraction
analysis can be used, where “volume fraction” is defined as the number of voxels
belonging to a phase, j, in relation to the number of voxels in the entire volume.
The advantage of this is that direct comparisons between different datasets is
possible, provided that the volumes used are representative. The volume fraction
is calculated using the “Volume Fraction” module in Avizo and is calculated using
the following:
𝑉𝐹𝑗 =

𝑛𝑗
𝑛𝑡𝑜𝑡𝑎𝑙

3-9

where 𝑉𝐹𝑗 is the volume fraction of phase j, 𝑛𝑗 is the number of voxels assigned
to phase j and 𝑛𝑡𝑜𝑡𝑎𝑙 is the total number of voxels in the sample.
To compare the thickness, diameter or width of features in a sample, the
thickness across the conductive can be calculated. For this, the “Local Thickness”
plugin available in the program ImageJ was used [238,266]. The local thickness
algorithm works by first producing a distance map through an initial calculation
step, where the value assigned to each point in the conductive phase is the
smallest distance to an interface with the non-conductive phase. The algorithm
then computes the local thickness by incrementally increasing the sphere radius
to remove any redundant points from the distance map and then finding the
largest radius at each point. The resulting dataset consists of a local thickness
map, where the accompanying colour scale represents the local thickness across
the conductive phase. More details of the algorithm are available at the following
reference [266]. The local thickness plugin is highly versatile and is used in this
work for a range of features, including pore sizes, crack widths and layer
thicknesses.
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Tortuosity (𝜉) is important for describing the ease with which a species
travels through a convoluted pathway and is relevant for the PEFC, since at the
macroscale gas diffuses through the flow channels and at the microscale gas
diffuses through the pores of the GDL (and the MPL/CL) to reach active catalyst
sites. Tortuosity is defined as the ratio of the actual path length, to the Euclidean
distance between the two points (𝑙𝐸 ) as follows,

𝜉=

𝑙
𝑙𝐸

3-10

Taking into account the simulated effective diffusivity of a species, the
tortuosity factor (τ) can be derived, as discussed in detail by Epstein [267]. In a
special case, where pores are prismatic in nature, the tortuosity factor is the
square of the tortuosity,
𝜏 = 𝜉2

3-11

However, in reality, this relationship is more complex given the sinuous
nature of most porous networks. Instead, the ability to calculate the tortuosity
factor by calculating the reduction of diffusivity as a result in the increased
convolution of the sample can be exploited according to the following relation,
𝐷𝑒𝑓𝑓 = 𝐷

𝑉𝐹𝑗
𝜏

3-12

where Deff is the effective diffusivity through the conductive phase volume
(m2 s-1), D is the intrinsic diffusivity of the conductive phase (m2 s-1) and 𝑉𝐹𝑗 is the
unitless volume fraction of the conductive phase. The result is that the tortuosity
factor can be calculated from real, 3D, microstructural datasets. This relation is
used by the software TauFactor, which is freely available as a MATLAB plugin
[169]. A labelled image with up to three phases is loaded into the plugin, the
direction of interest for calculation is chosen and a value for intrinsic diffusivity is
entered, if known. The software then uses a steady-state approach to calculate
the tortuosity factor. A finite difference simulation method is used to compare the
steady-state diffusion through the conductive phase to the diffusion through a
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control volume, whose dimensions are identical to the input volume. The result is
the value of tortuosity factor in the direction of interest, as well as a value for the
effective diffusivity of the sample. Also included in the data output is a set of flux
maps, which indicates the variation in concentration of species throughout the
sample and indicates the density of species residing in certain areas of the
sample. This can be useful for identifying potential bottlenecks in the sample,
which could indicate areas of stagnant gas flow in a GDL, for example.
The final general metric that will be discussed here is the calculation and
use of pore size distribution. Using the method for calculation of local thickness
on the pore phase of the GDL, the average thickness of the pores can be
calculated. The “histogram” tool in ImageJ allows for the creation of a histogram
according to a specified number of bins. The average and standard deviation can
also be calculated from the histogram, as well as exporting of the data for plotting
as a pore size distribution graph. The pore size distribution is especially useful
for comparing the pore structures of different GDL materials, for example.
Table 3-5 A list of the various metrics used throughout the work to quantify features of the
PEFC across various length scales.

Metric

Volume fraction

Phase of Metric application

Chapter

interest

reference

All

Understanding the proportion of a 4-7
phase out of the entire sampled
volume.

Local thickness

All

Measuring the thickness of a 4-7
feature of interest. Results from
local thickness measurements can
be used to calculate pore size
distribution (PSD) estimates.

Tortuosity factor

Flow

Used to quantify and indicate the 4,5,6

fields,

ease of movement of species

GDL

through a phase of interest.
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Pore

size GDL

Shows the distribution of pore 5,6

distribution

sizes of pores residing between

(PSD)

fibres in the GDL.

Interfacial

MPL/CL

contact

Understanding contact area (i.e. 5
number of voxels that touch)
between phases, here the MPL
and CL.

Cathode/anode

CL

crack ratio

Indicates the extent of cracking in 7
the

CL

as

a

result

of

CL

degradation.
Crack

CL

connectivity

Another indicator for extent of 7
cracking,

which

shows

how

connected the crack network in the
CL is.
Label analysis

Cracks

A module in Avizo that calculates 7
the separate, isolated features in a
phase of interest. Used here to
compare the number of separate
cracks in the CL as a result of the
AST.

3.6

In-situ cell design and operation
3.6.1 In-situ cell design
To carry out in-situ imaging, bespoke cells were designed that fulfilled the

requirements for both imaging and operation. Considerations, including materials
design, fixture metrology and sample orientation, were taken into account during
the design process and will be discussed in detail in this section.
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The first design criterion to consider is that there is a trade-off between
imaging and operation. On the one hand, the cell must be optimised for the
imaging conditions, including matching the materials in the casing to the source
characteristics. Thus, for X-ray imaging, graphite was chosen due to its low
attenuation of X-rays and for neutron imaging aluminium casing was chosen due
to the low neutron cross-section of aluminium. A full discussion of the materials
chosen is found in Section 3.6.1.2. On the other hand, the cell must perform
effectively and represent a larger system. Size is one of the largest trade-offs for
this, especially for lab-based imaging, where the size of the imaging enclosure is
typically smaller than beamline sources, thus space available for the in-situ rig is
limited. For X-ray micro-CT of the MEA, the imaging resolution must be sufficient
to resolve the layers and features of the MEA (like cracks in the CL or the fibres
of the GDL). The result of this is a cell design that is on the order of centimetres
in size. A small cell design throws into question the representability of the cell for
larger cells, especially when considering that the processes of interest for this
work are the degradation mechanisms. Nonetheless, insight gained from cells at
the smaller scale can be transferred to larger systems, by way of, for example,
ex-situ post-mortem analysis of an MEA. Furthermore, a vertical design was
chosen based on the success of similar cells in the literature [110,153].
3.6.1.1 Generations of cell design
Two generations of cell designs were developed, with learnings from the
first generation (Gen 1) cells being transferred into the final design of the
second-generation cells (Gen 2). The two Gen 1 cells used MEAs of the same
size and dimensions, with the graphite and aluminium Gen 2 cells using MEAs of
slightly different sizes and dimensions. The MEA size and dimensions are
summarised in Table 3-6.
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Table 3-6 MEA dimensions in terms of length and width (with length being the vertical
length when in the fuel cell casing) and MEA area.

Material

Graphite (X-ray)

Cell generation

Gen 1

Gen 2

MEA length × width

30.5

dimensions (mm × mm)

5.5

7.0

MEA area (cm2)

1.7

1.6

× 22.5

Aluminium (Neutron)
Gen 1

× 30.5 × 5.5

1.7

Gen 2
22.5 × 9

2.0

For the first generation of cells the design for the X-ray and neutron cells
were identical (Figure 3-15a and b, left), with the only difference being the
material of the manufactured cell. X-ray cells were manufactured from graphite
and neutron cells from gold-coated aluminium. The Gen 1 cells were 70.5 mm tall
and 14.4 mm wide in the “compression” region and 10.8 mm wide in the “imaging”
region, examples of which are indicated by purple and blue dashed boxes,
respectively, in Figure 3-15a. The imaging region was designed to be as narrow
as possible to limit the amount of material that the beam travels through, whilst
ensuring enough distance between the flow channel and the edge of the cell to
prevent gas leakage. Cells had a single channel flow-field design and given the
conductive nature of the cell casing, the regions of the MEA in contact with the
central island in the flow channel were still electrically connected to the rest of the
cell. For gas connection, the designs included nozzles on the top and bottom of
the cell (for gas inlet/outlet), which were milled directly into the cell casings and
meant that flexible tubing could be inserted onto the nozzles. The nozzles had a
slight flare and a lip to ensure that the connections were gas-tight. In the Gen 1
cell designs, electrical connection to the potentiostat was done by the connection
of crocodile clips to the Hoffmann screw clamps that were used for compression.
Two Hoffmann screws were used per cell and were positioned in the compression
regions at the top and bottom of the cell. To prevent shorting of the cell (given
that the Hoffmann clamps are made of metal), one side of the screw clamp was
covered in insulating tape, with opposite sides for anode and cathode.
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Several issues with the Gen 1 cell design led to the development of the
Gen 2 designs. Insights from experiments with the first generations cells also
highlighted that the cells for X-ray and neutron imaging had different
requirements, meaning the designs were adapted to better suit the imaging type.
One of the biggest issues with Gen 1 cells concerned the flow field. In
terms of imaging, the first significant problem found during imaging was that the
flow field extended into the compression regions of the cell. Whilst this is not as
significant an issue for neutron imaging (given the higher flux of the beam), for
X-ray CT, the beam was travelling through an extra 3.6 mm of graphite in the top
and bottom compression regions when the cell was in the in-plane direction,
which increased the level of noise in these regions. Another issue was that the
parallel flow-field of the first-generation cells was not as representative of
larger-scale systems, since the single-serpentine cell design tends to be the most
common choice of flow-field design.

Figure 3-15 Two generations of cell designs for the in-situ imaging cells, with a) graphite
cells for X-ray imaging and b) gold-coated aluminium neutron imaging experiments. The
purple dashed line on the Gen 1 graphite cell indicates the compression region and the
blue dashed line on the Gen 2 graphite cell indicates the imaging region. Key
measurements are shown, as well as the gas connection nozzles, flow-fields and holes for
compression screws in the Gen 2 designs.

Thus, second-generation cells were designed with these limitations in
mind (Figure 3-15a, b – right). It should be noted that two further flow field designs
were employed using cells of identical dimensions for the Gen 2 neutron cell, as
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will be discussed fully in Section 4.2.2. Some common features of the neutron
and X-ray CT Gen 2 cell designs are the serpentine flow-field, with a 1 mm
channel width, land width and channel depth. A 1:1 ratio of channel:land was
chosen for the serpentine flow-field design, since modelling studies have shown
that a ratio equal to or greater than unity results in the most uniform current
distribution [68]. In addition, the flow channel fits entirely within the imaging region
of the cell in both designs, such that there is no overlap between the flow channel
and compression regions. Both cells used nozzles for gas delivery and have
multiple holes drilled through the compression regions to accommodate Nylon
compression screws.
There are two main differences between the two second-generation cell
designs, namely differences in the “imaging” region design and the method for
current collection. Key differences between the imaging regions of the cell arise
due to the lower beam flux of the lab-based X-ray CT instruments compared with
the flux of the neutron beam used in neutron experiments. In the Gen 2 X-ray CT
design, the imaging region diameter was kept the same as the Gen 1 design, with
a width of 10.8 mm. By contrast, the imaging region of the Gen 2 neutron design
was made slightly larger, with a diameter of 14.4 mm. Because of the higher flux
and slightly larger FOV of the neutron beamline, it was possible to increase the
size of the cell without losing resolution and image quality. Another difference
was that in the X-ray CT design, the cross-section of the imaging region was
semi-circular, meaning it was cylindrical when closed. This meant the beam was
travelling through a uniform amount of graphite material through the 360° rotation.
Again, this was not necessary for the neutron cell because of the higher beam
flux.
The second difference was the method for current collection. As shown in
Figure 3-15a, right, the top compression region of the Gen 2 X-ray CT cell had
two indented regions on the rear side of the cell, surrounding the flow channel.
These were designed to accommodate a crocodile clip for direct current collection
from the cell casing. A limitation of this method of current collection was that when
the cell rotated during imaging in the operando experimental setup, the twisting
motion meant that the crocodile clips became detached. This was an issue for
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the neutron tomography experiments conducted, as described in Chapter 4. The
twisting motion did not affect the X-ray CT experiments described in this thesis,
since the cell was detached from the rig for imaging, although this would be an
issue for proposed operando X-ray work in the future. To overcome the problem,
a length of wire was wrapped around one of the compression screws such that
there was direct electrical contact between the cell and the wire. At the other end
of the wire, crocodile clips were attached to the potentiostat cables, but the wire
was sufficiently long that only the potentiostat cables twisted during cell rotation.
Again, there is room for improvement in this aspect of the cell design, since the
twisting of the gas tubing and electrical connection wires limit the cell to a
“forward-and-back” type rotation. To facilitate the continuous rotation of the cell,
future designs should use slip-rings for both gas and electrical connections.
Continuous rotation is expected to alleviate issues of image alignment during
reconstruction.
3.6.1.2 Cell casing materials
Materials choice was another consideration for the cell casing. For neutron
imaging, materials with small neutron cross-sections are essential for imaging.
As was shown in Figure 3-1, the neutron cross-section for aluminium is low, with
a value of 1.4 barns, which makes it a suitable choice of casing material for
neutron studies. Thus, the cell casing material used for neutron imaging in this
work

was

aluminium.

To

improve

conductivity

and

protect

against

corrosion/oxidation of aluminium, a thin layer of gold was coated onto the outside
of the casing. Although the neutron cross-section of gold is higher than
aluminium, it is still less than half that of hydrogen, with a value of 7.9 barns, and
the layer was sufficiently thin so as not to interfere with image quality. By contrast,
metals like gold and aluminium are not suitable for lab-based X-ray imaging,
because of the image artefacts caused by the strongly attenuating materials.
To emphasise the differences between imaging with metals using X-rays
and neutrons, as well as to highlight the suitability of using neutron to image water
at the macroscale, scans on the Gen 1 metal cell were carried out. Shown in
Figure 3-16a is a photograph of the Gen 1 neutron cell and Figure 3-16b shows
a computer aided design (CAD) drawing of the two end-plates together. The three
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planes indicated in dark blue, purple and light blue represent an orthoview from
the yz, xz and xy planes, respectively, as shown in Figure 3-16c for an X-ray CT
scan and Figure 3-16d for a neutron CT scan. In both cases, a small amount of
water was dropped into the flow channels and the inlet and outlet nozzles were
capped to keep the water inside the cell for the duration of imaging.
The X-ray CT scan was carried out using a Nikon XT 225 H instrument, at
a beam energy of 110 kV, beam current of 124 μA, exposure time of 1 s and 3071
projections, giving a scan time of 61 minutes. Reconstruction was done using the
FBP algorithm contained within the proprietary Nikon reconstruction software.
Neutron imaging was carried out on the CONRAD beamline at the HZB, with an
exposure time of 200 ms, and a total scan time of 40 s with 200 projections per
scan. A SIRT (Simultaneous Iterative Reconstruction Technique) method was
used to produce the 3D dataset, which is a reconstruction algorithm used by the
team at the HZB.
Two features are particularly notable when comparing the two images
(Figure 3-16c, d). The first is the stark difference between the lack of contrast
between the cell casing and the water in the X-ray CT image (Figure 3-16c)
compared to the excellent contrast between the water and casing in the neutron
CT image (Figure 3-16d). Secondly, there are obvious beam hardening artefacts
in the X-ray CT. The thickness of the gold layer was less than 1 mm, showing
that very little dense, high-Z material is needed to cause such imaging artefacts.
In contrast, the neutron CT scan has no discernible beam hardening artefacts.
There are perhaps some artefacts from the clamps, seen at the top and the
bottom of the image, but these do not interfere with the resolution of water and
are attributed to the steel metal material of the Hoffmann clamps.
To further highlight the differences between the two images, the grayscale
histograms were plotted for the entire image (navy) and the water-only
segmentation (purple) (Figure 3-16e and f for X-ray CT and neutron CT,
respectively). The water-only histograms were created by applying a mask of the
segmented water to the entire image, using the method discussed in Section
3.5.1. Looking first at the X-ray CT results (Figure 3-16e), the histogram of the
entire scan contains two distinct peaks at 6070 and 6329, whilst the water-only
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histogram has a peak at 6185. This water-only peak falls directly underneath the
grayscale values for the entire scan and makes up only a small percentage of the
grayscale values in this range. Thus, segmentation of the water using threshold
techniques is difficult, given the similarity to the background and the rest of the
image. By contrast, the neutron CT histogram (Figure 3-16f) has a large peak at
0 and a second smaller peak at 5554 (clearly visible in the zoomed scale inset
image). Comparing this second peak to the water-only segmentation, it is clear
that almost all of the voxels associated with water belong to this peak. Thus,
segmentation of water in the neutron CT scan is much more reliable using
thresholding methods.

Figure 3-16 a) Photograph of the gold-coated aluminium Gen 1 cell design, with the MEA
area indicated by a black dashed line and the Hoffmann screw clamps shown in the
in-plane image; b) CAD drawing of the Gen 1 cell design with orange, blue and red lines
corresponding to the orthoslices shown in c) and d); c) orthoslices taken from an X-ray CT
scan of the Gen 1 aluminium cell filled with water; d) similar orthoslices from an neutron
CT scan of the water-filled aluminium cell; histogram of the entire dataset (navy) and
segmented water (purple) with the data on a zoomed scale inset for e) X-ray CT and f)
neutron CT.
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3.6.2 In-situ cell operation
An exploded view of the assembled Gen 1 graphite cell is shown in Figure
3-17a, with in- and through-plane orientations shown in Figure 3-17b and c,
respectively, to highlight how the custom holder allows for cell alignment through
the central axis. MEAs were prepared with electrode areas of 1.7 cm2 for the
Gen 1 cells and areas of 1.6 cm2 and 2 cm2 for the Gen 2 graphite and neutron
cells, respectively. The electrodes were cut using a scalpel and a template that
had been milled out of PCB material to the appropriate size. The membrane was
prepared using an LS3020 Laserscript desktop laser cutting instrument (HPC
Laser, UK), which allowed for the membrane to have a precise size and shape.
The design used for laser cutting is shown in Figure 3-17e and was designed
such that the holes in the membrane aligned with the Nylon compression screws,
which ensured good alignment of the MEA and the flow fields. Furthermore, the
gaskets were also designed with alignment holes to further ensure alignment of
the cell components. Gaskets were lasered and comprised of Tygaflor and PTFE
layered to achieve a 20% compression (with the number of gasket layers varying
depending on MEA thickness, but typically around 100 μm thick). The base of the
cell had three additional notches etched into them, as indicated by the photograph
in Figure 3-17d. These notches were milled to align exactly with the sample
mounting stage in the Zeiss Xradia 520 Versa instrument, such that the sample
sat in an identical position for each scan.
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Figure 3-17 a) Exploded view of the entire cell assembly, including the cell holder, gaskets
and compression screws using the graphite cell as an example; b) in-plane and
c) through-plane views of the cell assembly; d) CAD drawing and photograph of the base
of the cell holder highlighting the three notches that exactly line up with the platform of
the Versa X-ray CT instrument and e) half-cell view showing the MEA design, with lasered
alignment holes in the membrane and the positioning of the MEA over the gasket and
flow-field, as indicated by dashed black lines.

A rig built in-house was used for operation of the cells in both the research
laboratory and on the neutron beamline. A schematic of the piping and
instrumentation diagram (P&ID) is shown in Figure 3-18. Air and hydrogen were
fed into the cathode and anode, respectively, with the flow controlled using mass
flow controllers (MFCs). Nitrogen was delivered to both anode and cathode by
means of a three-way valve. Manual valves were placed both between gas bottle
and MFC and between MFC and cell. A number of check valves were used in the
rig to ensure that gases only flowed in one direction and lowered the risk of
potential for gas mixing. Directly before and directly after the cell gas inlet/outlet,
bubble bottles filled with deionised water were inserted into the rig. The inlet
tubing was insulated, such that the inlet gas stream became partially humidified
before entering the cell. Water in the outlet bubble bottles was used for
visualisation to ensure that gas was exiting the cell; a lack of bubbles would mean
a leak in the system. Load cables were attached onto the anode and cathode of
the cell and load control was done using a Gamry potentiostat. Gas flow through
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the cell was set up in a counter-flow arrangement, with cathode flow down (with
gravity) to assist in draining of water formed on this electrode and anode flow up.
Flowrates were set at a constant rate of 20 mL min-1 for anode and 100 mL min-1
for the cathode, which were calculated assuming a 1.5:3 stoichiometry (based on
literature values [268,269]) at a current density of 1000 mA cm-2. An annotated
image of the rig situated in the research laboratory is found in Figure 8-1 of
Section 8.3.1 of the Appendix.

Figure 3-18 P&ID schematic of the rig for in-situ cell operation. Hydrogen, air and nitrogen
flow tubing is represented by red, green and blue line colours, respectively. Electrical
connections are shown by black lines. A three-way valve on the nitrogen line is used to
allow nitrogen delivery to both anode and cathode and check values are used throughout
to ensure one-way gas flow.

The performance characteristics of each generation of the two cell types
were measured and results are shown in Figure 3-19a-d. For all in-situ cells,
HyPlat MEAs with a Gore membrane were used, with only slight differences in
the MEA areas of the different cells. Comparing first the Gen 1 and Gen 2 cells
for each material, it was found that for both the neutron and X-ray design, the
Gen 2 cell performance was better than the Gen 1 cell. Looking at the
performance of the graphite cells (Figure 3-19a and b for Gen 1 and Gen 2,
respectively), the current density at 0.3 V more than doubled from 432 mA cm-2
to 908 mA cm-2. Particularly noticeable is the decrease in Ohmic losses of the
Gen 2 cell, which have the most significant impact on the shape of the polarisation
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curve. At around 838 mA cm-2, the polarisation curve of the Gen 2 cell begins to
drop more steeply indicating the onset of a mass transport region, which indicates
that this cell design is more representative of a larger system. The Nyquist plots
from EIS measurements taken at 100 mA cm-2 also show a marked decrease of
cell resistance of the Gen 2 cell. Interestingly, the HFR in the Gen 2 cell is lower
than the Gen 1 cell, which could indicate that the cell can be better conditioned
in the second-generation cell. The charge transfer arc is also smaller in the Gen
2 cell, with a value of 1.2 Ω cm2 compared with 2.3 Ω cm2 for the Gen 1 cell. This
could be an indication of the improved conductivity of the second generation cell,
given the charge transfer characteristics of the materials used should be identical.
The aluminium cells also show a similar performance trend (Figure 3-19c
and d for Gen 1 and Gen 2, respectively), with an increase from 600 mA cm-2 to
782 mA cm-2 at 0.3 V for the Gen 1 and Gen 2 cells, respectively. Compared with
the graphite cells, it is clear that the Ohmic losses are lower for the aluminium
cells and could be a reason for the better performance of the aluminium Gen 1
cell, compared with the graphite Gen 1 cell. Nyquist plots of EIS measurements
taken at 100 mA cm-2 further highlight the lowered resistance of these aluminium
cells. As with the graphite cells, the second-generation aluminium cell has both
lower membrane resistance and lower charge transfer resistance. The
membrane resistance drops from 0.15 Ω cm2 for the Gen 1 cell to 0.092 Ω cm2 for
the Gen 2 cell. Similarly, the charge transfer resistance falls from 0.72 Ω cm2 to
0.62 Ω cm2 from the first- to the second-generation cells. Again, this suggests
that the improved design and current collection of the second-generation cell has
had a positive impact on cell performance.
Reasons for the performance increase in both the graphite and aluminium
cells between generations are attributed to the improved clamping methods with
use of the tie-rod-like screws, as well as the improved flow-field design.
Furthermore, the Gen 1 cell design has a deep channel (3.6 mm), which meant
that a large amount of gas flows unreacted through the cell. Therefore, the
shallower 1 mm channel of the Gen 2 cells also constitutes an improved utilisation
of reactant gases.
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Figure 3-19 Comparison of the graphite and aluminium cell performance, with a)
polarisation curves of the Gen 1 (navy) and Gen 2 (purple) graphite cells; b) Nyquist plots
from EIS measurements taken at 100 mA cm-2 for the Gen 1 (navy, fit in blue) and Gen 2
(purple, fit in light purple); c) polarisation curves for Gen 1 (green) and Gen 2 (blue)
aluminium cells and d) EIS Nyquist plots measured at 100 mA cm-2 for Gen 1 (green, fit in
light green) and Gen 2 (blue, fit in light blue).

Comparing the charge transfer resistances between the graphite and
aluminium cells, the graphite cell resistances are around double those of the
aluminium cells, which is likely due to the poor in-plane conductivity of graphite
compared with a metal [68]. To probe this effect further, the impedance of the cell
materials was measured. Galvanostatic EIS was conducted at a current of 0 A on
the two Gen 2 cells, without an MEA. The full results are plotted as a graph in
Figure 8-2 of Section 8.3.2 in the Appendix. The measurement was collected by
closing each cell using the compression screws, but without insertion of an
MEA/gaskets and attaching potentiostat leads onto each side of the cell. Thus,
the two end-plates were in direct contact with each other (with flow fields also in
direct contact). The average values were calculated and it was found that the
resistance of the gold-coated aluminium cell is 4±1 mΩ, compared with a larger
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value of 229 ± 1 mΩ for the graphite cell. Therefore, these findings show that the
higher impedance of the graphite cell (discussed in reference to Figure 3-19b, d)
contributes to the high measured cell impedance of the operating cell.
3.6.1

Thermal analysis of cell during operation

Since all cells in this work are operated at room temperature, with no
additional heating to gases, thermal imaging was carried out to understand the
actual operating temperature of the cells. Thermal imaging allowed for the
temperature of the entire image to be measured, as well as point measurements
over time. A FLIR (InSb) FPA camera with a 640×512 pixel array (FLIR ATS,
France) was used for imaging, which was calibrated in the range of 15-100 °C.
Altair (FLIR ATS, France) software was used to analyse the data and produce
the thermal images and the point temperature measurements.
Shown in Figure 3-20 are the results of thermal imaging captured during a
galvanostatic hold at 600 mA cm-2 using the Gen 1 graphite cell. The thermal
imaging setup is shown in Figure 3-20a, with point A indicating the location at
which a point temperature was measured and plotted in purple in Figure 3-20b.
The current collector is shown by the crocodile clip, which is attached directly
onto the Hoffmann screw clamp and the clamp stand holds the cell in place during
imaging. The thermal camera was focussed onto the cell, such that the
temperature reading was focussed on the surface of the cell. The voltage profile
shown in Figure 3-20b shows a continuous voltage drop from 0.28 V to 0.20 V at
600 s. The drop in voltage is accompanied by a continuous increase in the
temperature, shown both by the line profile of point A, as well as the in-plane
images of the entire cell shown in Figure 3-20c. Over the 600 s, there is a 6.0 °C
rise in temperature at point A, from 22.5 °C at 0 s to 28.5 °C at the end of the test.
Furthermore, the cell temperature starts to reach a plateau with increasing time,
with the gradient of the slope starting to level off gradually from around 400 s
onwards.
The image sequence in Figure 3-20c highlights the changes in
temperature occurring as a result of the exothermic fuel cell reaction. The shift in
the colour of the cell from blue/pink to orange/yellow shows that the entire cell
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casing is heating up. The Hoffmann clamps also show a small increase in
temperature from 0 to 600 s, with an increase in temperature of around 2 °C in
some places, like on the screw. Also observed is the fact that the MEA in the
centre of the image is slightly hotter than the casing, as indicated by the brighter
yellow line down the centre of the cell. This highlights that the origin of heat
formation is the MEA, with heat transferred to the casing being dissipated across
the entire casing. It is interesting to note that there does not appear to be localised
heat gradients in the cell casing, i.e. the temperature distribution is relatively even
across the entire cell, which shows that graphite is a good material for ensuring
even heat distribution.

Figure 3-20 a) Thermal image of the cell setup, clearly showing the clamp holding the cell,
as well as the Hoffmann compression screws and current collector, b) graph showing the
voltage of the cell (navy) and the cell temperature (purple) over time. The colour bar shows
the temperature of the images shown in c), which highlight the increasing cell temperature
between 0 and 600 s.

3.7

Conclusions of Chapter Three
This Chapter has introduced the relevant methods used throughout this

thesis to facilitate characterisation across length and time scales. Both
electrochemical and imaging methods have been introduced. Three different
imaging techniques were used, namely SEM and X-ray CT for microscale
imaging and neutron techniques for macroscale imaging. Neutron and X-ray
141

techniques are considered complementary since their differing properties allow
for characterisation of different features of the PEFC.
Only commercial materials were used throughout this work, with electrodes
coming from either Johnson Matthey or HyPlat and membranes either Nafion or
Gore. Standard electrochemical test methods, namely polarisation curves, cyclic
voltammetry and electrochemical impedance spectroscopy, were used to provide
a thorough electrochemical characterisation of materials used within this work,
and the relevant operating conditions were discussed. Also, an important focus
of work in this thesis is material degradation and two different ASTs were used,
one targeting catalyst corrosion and one targeting carbon support corrosion. The
ASTs highlighted performance degradation of the various materials as a result of
prolonged electrochemical stress.
In terms of imaging, the methods used for sample preparation and imaging
were described in detail. Sample preparation methods varied depending on
whether ex- or in-situ imaging was being done, with ex-situ samples prepared by
a mounted-pin method and in-situ samples prepared directly in bespoke cell
casings. Collected datasets were processed by filtering and segmentation and a
number of quantitative metrics, like volume fraction, thickness, tortuosity and pore
size distribution were calculated.
Finally, a detailed comparison of two generations of in-situ cell design was
given. Two different in-situ cells were designed to target imaging with either
neutrons or X-rays and cell materials were gold-coated aluminium and graphite
for the two imaging sources, respectively. The testing rig setup was described,
which was used for operation of the cells both in the lab and on the neutron
beamline. Due to slight differences in construction, the two generations and two
cell materials had different performance characteristics, which were discussed in
the chapter. Investigation into the thermal properties found a 6 °C rise in cell
temperature during operation. Future work to further build on the in-situ rig is
required, including use of heating and operando imaging inside the X-ray CT
instrument. ASTs should be carried out using the in-situ cell with heating to best
mimic the conditions experienced by a large-scale operating fuel cell system.
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4 Chapter 4: Novel neutron tomography techniques
4.1

Introduction
At the macroscale, the evolution of water in the flow fields is of particular

interest and as discussed in previous chapters, neutrons are a particularly
effective technique for imaging water formation and movement over time. Whilst
radiography studies have been widely used to investigate water, no studies have
used operando tomography to understand the 3D evolution of water during cell
operation.
This Chapter first presents preliminary radiography studies, which
attempted to investigate suitable imaging parameters and cell design, by carrying
out both degradation and potentiostatic hold experiments. This is followed by a
detailed investigation into the formation of water in three different flow channels
using neutron tomography. The use of 4D neutron tomography in this thesis is
the first of its kind.
4.2

Experimental
4.2.1 Neutron radiography
All neutron radiography studies were carried out using the Gen 1 cell, with

the in-house-built rig described in Section 3.6.1. HyPlat MEAs were used
throughout, with MEA areas of 1.7 cm2. Radiographs were collected on the
CONRAD beamline at the HZB, with the beamline setup being described fully by
Kardjilov et al. [240]. A FOV of 25 × 34 mm2 was employed for all imaging studies
resulting in a pixel size of 15.2 μm. Radiographs were collected with an exposure
time of 2 s and the liquid water images were generated by normalising a wet
radiograph (Figure 4-1a) against a dry radiograph (Figure 4-1b) using the method
described in Section 3.1.3.
Two different radiography experiments were carried out, with the aim of
acting as preliminary studies for later tomography work. Insights surrounding the
optimum operating and imaging conditions were gained, as well as an
understanding of the achievable resolution using the technique.
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The first experiment focussed on the effect of an AST on the macroscale
water distribution in the flow channels. A carbon-corrosion-specific AST was used
to degrade the sample, (details found in Chapter 3, Section 3.3.4), with 5000
cycles between 1.0-1.5 V. Electrochemical characterisation involved collecting
polarisation curves and EIS measurements at 100 mA cm-2 at BOL and EOL. CV
measurements were collected at 0, 10, 100, 200, 500, 1000, 2000 and 5000
cycles. Also, at BOL and EOL, a potentiostatic hold was measured at 0.4 V for
250 s. During these potentiostatic holds, imaging was carried out, with
radiographs being taken every 2 s throughout the hold.
The second experiment focussed on understanding the through- and
in-plane evolution of water during potentiostatic holds at 0.4 V for 600 s. Two
potentiostatic holds were carried out. The first was with the cell in the
through-plane position, i.e. with the flow fields being perpendicular to the beam.
During the hold, radiographs were collected every 2 s. After the first 600 s, the
gases were switched to nitrogen to fully purge the cell of water for 15 minutes,
and the cell was rotated 90° to the in-plane position, with the flow fields aligned
parallel to the beam. The potentiostatic hold was repeated and radiographs
collected as before, with caution taken to note the cathode and anode sides.
4.2.2 Neutron tomography
4.2.2.1 Cell setup
The Gen 2 gold-coated aluminium fuel cells that were discussed in Section
3.6.1.1 were used for neutron tomography work, with three different flow field
designs being investigated, namely single-serpentine (SS), double-serpentine
(DS) and parallel (PAR) (Table 4-1). HyPlat MEAs with an electrode area of 2 cm2
were used for each experiment. The cell was assembled, with a target
compression of around 15% and cell compression was done by way of Nylon
compression screws, screwed directly into the cell casing and cell holder (Figure
4-1c). The cell was positioned in a vertical orientation, with cathode gas flowing
down with gravity. Electrical connection was done by winding a length of wire
around a compression screw on either side of the cell and then attaching the
relevant potentiostat cables to the wire (Figure 4-1d). Care was taken such that
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there was good contact between the copper wire and the cell casing by tightening
the compression screw as much as possible.
The cells were operated under dry conditions, to ensure that all water
imaged in the cell was produced by the fuel cell reaction and not due to water in
a humidified gas stream. An option to overcome this would be to hydrate the
membrane using deuterated water in bubble bottles, though concerns
surrounding the distribution of water in the flow channels being impacted by
deuterated water vapour in the gas stream meant this was not done for these
experiments. Flow rates were fixed at 20 mL min-1 at the anode and 100 mL min-1
at the cathode, with hydrogen flowing over the anode and the ability to switch
between nitrogen and air on the cathode. Gases were supplied in a counter flow
arrangement, with gas flow down on the cathode and up on the anode (Figure
4-1e), with control and gas switching being done using Bronkhorst FlowView
software (Bronkhorst, Netherlands).
To probe the water accumulation characteristics inside the channels of the
various flow field designs, a range of electrochemical measurements were taken.
A complete set of experiments was collected for a flow field design before moving
on to the next. This is because a dwell period was required between closing the
beam and touching the sample to allow the radioactivity to drop to levels that
made it safe to handle.
For a given flow field design, the procedure followed was the same for
each: 1) conditioning, 2) polarisation curve, 3) galvanostatic holds at seven
current densities and 4) potentiostatic holds at three voltages. Cell conditioning
was done according to the fast conditioning protocol outlined in Section 3.3.1,
followed by collection of a polarisation curve under galvanostatic conditions. Each
cell was held for 120 s at current densities of 50, 100, 200, 300, 400, 500, 600
and 700 mA cm-2. After an initial 40 s dwell period to allow the cell voltage to
stabilise, readings taken between 40 – 120 s were averaged to produce the eight
data points for comparison and were combined to produce a polarisation curve.
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Figure 4-1 a) Dry and b) wet radiographs of the Gen 1 cell, c) example showing how the
Nylon compression screws were screwed directly into the custom cell holder, with holes
in the red bottom part screwing directing into the rotating sample stage on the beamline;
d) side view and e) front view of a cell mounted on the beamline, with key components,
like the source, electrical and gas connections and beam direction, indicated. The cell is
positioned as close to the detector as possible while still being able to rotate through 360°.

After polarisation, a series of galvanostatic and potentiostatic holds were
done to observe the water evolution and effect on electrochemical performance
over a longer period. Galvanostatic holds at 100, 200, 300, 400, 500, 600 and
700 mA cm-2 were carried out for 10 min per current density, with data acquisition
every second. Tomograms were collected continuously throughout the current
hold sequence and the time stamps were aligned during post-processing of the
data. Once a particular current hold had finished, the cathode gas was switched
to nitrogen and the cell was purged with gas flows of 100 mL min-1 until there was
no water observed in the flow channels in the radiograph (since image acquisition
was constant during the galvanostatic hold sequence).
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After galvanostatic testing, potentiostatic holds were collected at with
voltage holds 0.7, 0.5 and 0.3 V for 10 min, with measurement every second. As
with the galvanostatic holds, between each measurement the cell was purged
with nitrogen/hydrogen to eradicate water from the flow channels. The results of
the potentiostatic testing did not vary greatly from the galvanostatic ones.
Furthermore, comparison of water volume to theory is not possible, since the
calculation relies on knowledge of the current. For these reasons, the full results
of these investigations are found with limited discussion in the Appendix (Section
8.4.2). The test matrix for all experiments is shown in Table 4-1.
Table 4-1 Test matrix, showing flow field designs, experiments carried out and CAD
outlines of the three different flow field designs used throughout. Imaging was carried out
throughout all electrochemical measurements.
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4.2.2.2 Imaging and post-processing
Imaging was carried out on the CONRAD beamline at the HZB. Imaging
was done by rotating the sample in one direction and then back in the opposite
direction (i.e. from 0° - 360° - 0° - …) continuously throughout electrochemical
measurements and the cell was positioned as close to the source guide as
possible whilst still being able to rotate 360°. As will be discussed in future work,
it would be beneficial to enable continuous rotation on the sample using slip rings.
Imaging acquisition was carried out using an exposure time of 200 ms per frame
and a total time for a tomography being 40 s. Imaging was done continuously
over the course of an electrochemical measurement, with tomographies being
separated during post-processing for reconstruction. Reconstruction of datasets
was done using a manual SIRT reconstruction algorithm, carried out by the
scientists at the beamline, with full details being found in [270]. After
reconstruction and alignment of the datasets, the timestamps of image
acquisition were compared with those of electrochemical data collection. Full
details of the data processing and reconstruction can be found in the thesis of
Ziesche [270] and will not be discussed here. Quantitative measures of the
volume of water in each part of the cell (cathode, MEA and anode) were extracted
by calculating the change in intensity of the water-containing images compared
to the intensity of a dry image, then normalising to the volume of interest, using
the method described by Ziesche [270]. The water volume in each cell component
was then plotted as a function of time, to show the evolution of water volume in
the cathode, anode and MEA regions of the cell during electrochemical control.
Visualisation of the droplets was achieved using a mixture of Avizo
(ThermoFisher, USA) and ImageJ to allow for in-depth analysis of the spatial
distribution of water in the various regions of the cells. To separate the cathode
and anode water phases, a sequential segmentation technique was used as
follows:
-

The anode and cathode were separated by allocating the 10 orthoslices
constituting the MEA to a dummy phase. The same 10 orthoslices were
allocated for each tomograph of a particular flow field type.
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-

A threshold grayscale value (0.00546493) was selected for representing
the water. The threshold was applied on both sides of the MEA volume in
turn, which allowed the anode and cathode water droplets to be separated.
The same threshold value was used throughout since the images had
been normalised during post-processing.

Using the segmented images, several investigations were carried out, by
analysing the segmented data and investigating the localised distribution of water
through the flow channels of the various flow field designs. These are:
1) Evaluation of the amount of water in the top, middle and bottom third
of each flow channel to understand how water drains through the cell
(Section 4.3.2.2.1).
2) Water filling in the channel to shed light on how water wets onto the
surface of the flow channel (Section 4.3.2.2.2).
3) In-depth analysis of the number of droplets and average droplet
volume (calculated using label analysis tool), to understand the
evolution of individual droplets over the galvanostatic holds (Section
4.3.2.2.3).
4) Quantification of water formation in the bends and straight regions of
the flow channel to understand where water dwells in the flow field
(Section 4.3.2.2.4).
The final type of analysis that was done was the calculation of the
theoretical volume of water (Section 4.3.2.3), to rationalise the volume of water
present in each cell. The derivation of the equation used for calculation of this,
which is based on Faraday’s laws [271], is described as follows. First, since for
every mole of water produced, two electrons are transferred, the rate of water
formation can be described as

𝑛𝐻2̇ 𝑂 =
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𝑖
2𝐹

4-1

where 𝑛𝐻2̇ 𝑂 is the rate of water production (mol s-1), 𝑖 is the current (A) and 𝐹 is
the Faraday constant (96485 C mol-1). Then, knowing the molecular mass and
the density of water, the following equation can be used to obtain the rate of water
production,𝑉𝐻2̇ 𝑂 , in (mm3 s-1) i.e. in volume terms

𝑉𝐻2̇ 𝑂 =

𝑀𝑟𝐻2 𝑂 ∙ 𝑛𝐻2̇ 𝑂
𝜌𝐻2 𝑂

4-2

where 𝑀𝑟𝐻2 𝑂 is the molecular mass of water, equal to 18.02 g mol-1 and 𝜌𝐻2 𝑂 is
the density of water, equal to 0.001 g mm-3. For each given current hold, the
volume of water produced could then be calculated by time, t (s), over the 600 s
hold by using the following equation.
𝑉𝐻2 𝑂 = 𝑉𝐻2̇ 𝑂 ∙ 𝑡

4-3

The actual total volume of water, 𝑉𝑡 , measured from neutron CT in the
single-serpentine, double-serpentine and parallel cells was calculated by
summing the total volume of water in the cathode, anode and MEA as follows:
𝑉𝑡 = 𝑉𝑐𝑎𝑡 + 𝑉𝑀𝐸𝐴 + 𝑉𝑎𝑛

4-4

Where 𝑉𝑐𝑎𝑡 , 𝑉𝑀𝐸𝐴 and 𝑉𝑎𝑛 are the volumes of water in the cathode, MEA and
anode, measured from the tomograms, respectively.

4.3

Results and discussion
4.3.1 Neutron radiography studies for imaging water formation
Initial neutron experiments were carried out on the first-generation of cell

design, with the aim of understanding water formation and movement through the
flow channels of the cell. Furthermore, insights gained from preliminary
experiments could be translated into the tomography investigations carried out
with the second-generation cell.
The first radiography experiment conducted was to investigate the effect
of an AST on macroscale water formation in the flow fields. The performance of
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the cell at BOL and EOL is shown in Figure 4-2a. It can be seen that the
polarisation performance has decreased in the Ohmic and mass transport
regions (Figure 4-2a), by the drop in the cut-off current density from 336 mA cm-2
to 228 mA cm-2 at 0.3 V. A performance loss is also observed in the EIS curve.
Whilst the membrane resistance remains constant, there is an increase in the
charge-transfer resistance, as well as onset of a mass-transport arc (Figure 4-2b).
This suggests that the micro- and nano-structure of the CL has started to break
down, since transport of charged species through the sample has become
hindered. Cyclic voltammograms (Figure 4-2c) highlight that the cell performance
has significantly reduced, especially looking at the reduced area under the
hydrogen oxidation/reduction peaks at EOL. However, looking at the in-situ
voltammograms it can be seen that there are some issues with the
measurements, especially those spectra between 100 and 2000 cycles, where
the current density in the reverse sweep is greater than that in the forward sweep
between 0.05 and 0.18 V. In addition, there are no oxidation/reduction peaks
present in any spectra after 10 cycles, which further indicates issues with the
measurements. Owing to the poor quality of this dataset, the ECSA values were
not calculated in this case.
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Figure 4-2 a) Polarisation performance (closed diamonds) and power density (open
diamonds) of the cell at BOL (navy) and EOL (purple); b) Nyquist plots measured at 100 mA
cm-2 for BOL (navy, experimental and blue, fit) and EOL (purple, experimental and dark
purple, fit) and c) in-situ CV measurements collected at various stages of cycling.

To understand whether the AST had an impact on the macroscale water
formation, operando radiography images were collected simultaneously to
potentiostatic holds (Figure 4-3a-d). Results of potentiostatic holds show that the
performance has dropped from BOL to EOL, with the current density falling from
173 mA cm-2 to 134 mA cm-2 at EOL. For reference, a dry, grayscale image is
shown in Figure 4-3b, where the outline of the flow field can be seen, along with
four compression screws in the corners. This dry image was used for normalising
the “wet” images to allow for visualisation of water as a function of thickness only
(Figure 4-3c, d).
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The water-only images at 250 s show some distinct differences most
notably that at BOL there is almost no water present in the flow channel of the
cell, whereas at EOL there is a significant amount of water built up on the walls
of the flow channel. It can also be seen that water has formed underneath the
membrane/gasket region, which is attributed to water being forced out of the flow
channel likely because of a capillary pressure effect. This suggests that the
compression under these regions is insufficient, which is a limitation of this cell
design. According to the colour scale in Figure 4-3, the water thickness is up to
1.5 mm in places. However, limitations of this is that water in the cathode and
anode cannot be resolved, thus it is not possible to distinguish between the water
on each side in this through-plane orientation.
Nonetheless, the results do show that there has been a clear breakdown
in the water management in the MEA as a result of the AST. The increase in
mass transport resistances highlights that the changes occurring in the MEA
morphology at the nano- and microscale have a knock-on effect in the water
distribution in the cell flow channels. To further probe such microstructural
changes, X-ray CT is a useful technique and microscale investigations will be
discussed in Chapters 5, 6 and 7.
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Figure 4-3 a) Potentiostatic holds at 0.4 V for cell at BOL (navy) and EOL (purple); b)
radiograph of dry cell and water-only images of the flow channel (with outline of the cell
and flow channel overlaid for clarity) at c) BOL and d) EOL. Scalebars in b), c) and d)
represent 1 cm. The water outside the flow channel is attributed to droplets formed
between the membrane and gasket as water is pushed out the cell.

Further preliminary 2D testing was carried out to optimise and understand
the through- and in-plane water distribution in the flow channels. The aim of this
was to assess the feasibility of carrying out tomographic measurements, by
understanding whether water was found to be present in both flow fields, as well
as understanding how the geometry of a 4D operando cell should be designed to
optimise the space available in the FOV. Two consecutive potentiostatic holds at
0.4 V were carried out for 600 s and images were collected every 5 s. Shown in
Figure 4-4 are the through- (top) and in-plane (bottom) images that were collected
over the course of the hold, along with the current density profile for the two
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voltage holds. Images at 0, 200, 400 and 600 s highlight that there is a continuous
increase in the amount of water in the flow fields. In-plane images (bottom) show
that water is present on both the anode and the cathode, which has been shown
to happen in previous in-plane studies [124,128].
By 600 s, many of the areas with water have a thickness of around 1 mm,
with some being as thick as 1.5 mm in both the in-plane and through-plane
directions. The 1.5 mm thickness in the in-plane direction occurs at the top of the
flow channel, where water pools on the top of the central land region in the flow
channel. In the case of the through-plane images, there are regions where the
water thickness is greater than 1.5 mm, although these regions represent the sum
of water in the anode, cathode and MEA.
The learnings from the first preliminary experiment pointed to the fact that
the AST may affect the water transport and management in the cell during a
potentiostatic hold, but highlighted the need to carry out microscale imaging to
elucidate the effect of the AST on the MEA morphology. The second experiment
showed that water was found on both the cathode and anode. However, whilst
these preliminary experiments gave some indication of what can be imaged using
neutrons, the limitations with the Gen 1 cell design, as well as the limitations in
resolution, meant that no further radiography experiments were performed. A
second important learning was that since potentiostatic holds do not allow for
direct comparison to the theoretical water volume amount (given that calculation
of this depends on the current), future experiments should include galvanostatic
measurements to allow for direct comparison of generated water volume. Based
on the findings of these radiography studies, further neutron work focussed on
the use of 4D neutron tomography to characterise a variety of flow field designs,
the results of which are discussed in the following section.
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Figure 4-4 Potentiostatic holds measured at 0.4 V with the cell in the through-plane (navy)
and in-plane (light blue) direction. The water-only radiograph corresponding to t=0, 200,
400 and 600 s are shown for the through-plane (top) and in-plane direction (bottom), with
the colour of the water droplets corresponding to the thickness of water in the direction of
interest, according to the colour bar. The scalebar in each image represents 1 cm. In the
t=0 s radiographs, an outline of the cell is overlaid to distinguish the flow channel.
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4.3.2 Neutron tomography for operando imaging of water evolution
Whilst in radiography, the resulting image is an averaged projection of all
material, tomography enables each point in the imaging volume to be resolved
as voxels. Due to the averaged nature of radiography, a key limitation is that flow
channels can appear artificially full and, as previously mentioned, the different
components of the fuel cell cannot be separated. To highlight the distinct
differences, artificial “radiographs” were generated from the 3D dataset (Figure
4-5b,c), by carrying out a “Z-project” operation on the TIF stack [272]. The
Z-project takes the average grayscale for every pixel across the set of orthoslices
in the direction of interest (Figure 4-5a). The resultant 2D image from the
Z-project highlights that limited information is gained from 2D studies. In the
through-plane direction (Figure 4-5b) water can be seen in the flow channel, but
it is not possible to determine whether in the anode or cathode, since the flow
fields overlap in some regions. In the in-plane direction, the anode and cathode
can now be discerned (Figure 4-5c, right and left-hand side for anode and
cathode, respectively), but it is not possible to understand how the water is
distributed along the channels. Thus, with tomography, both depth information
about the anode and cathode water distributions and the distribution of water
along the flow channel can be obtained from a single dataset (Figure 4-5d). The
additional advantage of this is that 4D studies can be carried out, i.e. three spatial
dimensions plus time, to track the evolution of species over a prolonged time
period.

Figure 4-5 a) Stack of orthoslices showing direction that "Z-project" function is used in,
the average of every pixel is taken through the entire stack in the direction indicated, b)
and c) “artificial” radiographs produced by Z-project and d) 3D volume rendering
highlighting the amount of spatial information gained through 3D imaging vs 2D.
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The following results describe the use of 4D, operando neutron imaging for
understanding the liquid water evolution in a variety of flow field designs. The
techniques and detailed analysis methods discussed are the first known example
of the use of operando neutron tomography for analysing water droplets in the
flow channels. Thus, these methods are expected to be of high value for future
studies where moving from common flow field designs, such as those used in
these experiments, to novel, next-generation flow fields in the future.

4.3.2.1 Electrochemical testing
Polarisation curves were collected for all three cells both in the laboratory
and while the cells were on the beamline. When testing in the laboratory, there
was a clear difference in the performance of the cells (Figure 4-6a). The
single-serpentine (navy) was found to have the best performance, with lower
activation and Ohmic potentials and a higher peak power density of
340 mW cm-2,

compared

with

298 mW cm-2

and

296 mW

cm-2

for

double-serpentine and parallel, respectively. Furthermore, the single-serpentine
cell has a slightly higher cut-off current density (at 0.3 V) of 877 mA cm-2, with the
values of jL being 857 mA cm-2 for the double-serpentine cell and 802 mA cm-2
for the parallel cell. Interestingly, in the activation/Ohmic transition region
between around 100 – 200 mA cm-2, the performance of the parallel cell
surpasses that of the double-serpentine cell, with the activation losses appearing
to be more significant for the double-serpentine cell. However, at 600 mA cm-2,
the performance of the double-serpentine cell starts to overtake that of the
parallel cell, with the ultimate cut-off current density being higher for the
double-serpentine.
Whilst there were some notable differences observed during lab-based
testing, on the beamline there was less discernible difference between the
performances of the different cells (Figure 4-6b). One significant difference
between the methods used in the two scenarios is that the lab-based testing was
done with a shorter time per data point, whereas the beamline-based testing had
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a hold of 120 s per point the lab-based polarisation curves were collected with
1 s per point. This could have allowed for stabilisation of the cell during the 120 s
to some equilibrium. Another difference is that the cut-off current density for the
MEAs tested on the beamline are around 100 mA cm-2 lower than the lab-based
MEAs, with values of 700 mA cm-2 for all three MEAs compared with 800900 mA cm-2 during lab-based testing. This could be due to the slightly different
set-up or ambient temperature in the lab versus on the beamline.
Nonetheless, there were still some small differences that are observed
between the cells tested on the beamline. Most notably, the parallel cell had a
slightly lower performance than single- and double-serpentine cells between 50
and 300 mA cm-2. However, at higher current densities, the single-serpentine cell
performed the worst, with a slightly lower peak power density value of
236 mW cm-2

compared

with

253 mW cm-2

and

254 mW cm-2

for

double-serpentine and parallel cells, respectively. It is interesting that in this case,
the single-serpentine performance does not match that of the double-serpentine
and parallel cells, which was not the case for the lab-based testing.

Figure 4-6 a) Laboratory testing of cells without imaging, SS, DS and PAR shown in blue,
purple and pink, respectively and b) polarisation curves measured on the beamline, with
holds of 120 s per point.

Some metrics to understand the relation between the MEA and the flow
field were calculated. These include the land:MEA area, to calculate the contact
area between the land and the MEA and was calculated by
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𝐴𝑙𝑎𝑛𝑑,𝑀𝐸𝐴 = 𝐴𝑀𝐸𝐴 − 𝐴𝑐ℎ𝑎𝑛𝑛𝑒𝑙

4-5

where 𝐴𝑙𝑎𝑛𝑑,𝑀𝐸𝐴 is the area of the land:MEA contact (mm2), 𝐴𝑀𝐸𝐴 is the MEA area
(mm2) and 𝐴𝑐ℎ𝑎𝑛𝑛𝑒𝑙 is the area of the channel (mm2). The volume of the flow
channel was calculated by multiplying the channel area by the depth of the flow
field (1 mm). Finally, the land:channel area ratio was calculated by taking the
outer perimeter of the area occupied by the flow channel (i.e. max width of a
channel × length between inlet and outlet), then subtracting to find the land area.
The land area was then divided by the channel area:

𝐴𝑙𝑎𝑛𝑑 = 𝐴𝑡𝑜𝑡𝑎𝑙 − 𝐴𝑐ℎ𝑎𝑛𝑛𝑒𝑙
𝐿𝑎𝑛𝑑: 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑟𝑎𝑡𝑖𝑜 =

𝐴𝑙𝑎𝑛𝑑
𝐴𝑐ℎ𝑎𝑛𝑛𝑒𝑙

4-6
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As shown in Table 4-2, the area of the MEA in contact with the cell casing
is the same for each flow field design, as is the volume of the flow channel in
each cell design. There is a slight difference in the land:channel area ratio, with
the land area in the parallel flow field occupying 25% less space than the channel
area, whereas the single- and double-serpentine flow fields have the same area
occupied by the land and channel. Naturally, this also means that the total area
occupied by the flow field is larger for the single- and double-serpentine designs,
since the channel area is the same for each, with the area of the single- and
double-serpentine flow fields being 168 mm2 compared with only 147 mm2 for the
parallel flow field. The results here highlight that, in general, despite the
differences in the geometry of the flow channels, the ultimate contact and
interaction with the MEA is largely similar. This could explain the similarity in
Ohmic resistances, since there is nominally no difference in the contact
resistance between land and MEA.
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Table 4-2 Table showing various properties of the different flow channels, including the
land:MEA contact area, flow channel volume and land:channel ratio.

Metric

Single-serpentine
Double-serpentine
Parallel

Land:MEA
Flow channel Land:channel
contact
area/ volume/ mm3
area ratio/ 2
mm
116
84
1
116
84
1
116
84
0.75

There are conflicting reports in the literature about which flow field design
affords the best performance [66,69,72]. Some studies have found that
single-serpentine cells outperform multichannel designs like double-serpentine or
parallel [71]. This could be attributed to the higher pressure of the gas in the flow
field because of the lower area for gas flow, which is based on the Bernoulli
principle [273]. It is, therefore, interesting that the performance of the three cells
studied here is so similar. That being said, the beamline-based polarisation
curves do not indicate the presence of a distinct mass transport region due to the
high Ohmic resistances, thus masking any mass transport effects that are present
as a result of the different flow field designs. One way that this could be
investigated/mitigated is by heating the cells, which could reduce Ohmic losses.
Whilst the volume of the three flow channels are identical, the shape has
a significant effect on the flow of species through the channel. This can be
demonstrated by calculation of the tortuosity factor (Figure 4-7). It can be seen
that the tortuosity factor for the single-serpentine flow field design is the highest,
with a value of 14.5. The introduction of a second serpentine channel significantly
lowers the tortuosity factor to a value of 3.48 for the double-serpentine design.
Removal of the bends altogether gives a tortuosity factor of 1.45 for the parallel
flow field. The tortuous nature of the serpentine flow field is also highlighted by
the flux maps in Figure 4-7 for a) SS, b) DS and c) PAR. The flux plots show the
simulation of the density of the diffusive media across the flow field. They are
produced by the software TauFactor during the calculation of the tortuosity factor.
In the parallel flow field, due to the straight channels, there is an average lower
flux across the four channels, as shown by the blue colours, compared with the
purple/orange colour in the single-serpentine flow field, highlighting the higher
density of species. The double-serpentine flow field sits somewhere between
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these two extremes, because of the two channels. Furthermore, in the bends of
the single-serpentine channel, there are clear areas of lower density. This lower
flux would be expected to slow down the rate of liquid water removal, as is
discussed in the following section.

Figure 4-7 Tortuosity factors calculated for the three flow fields; a) SS, b) DS and c) PAR.
Also shown are the simulated flux maps showing areas of high (yellow/orange) and low
(blue/white) density of species in the flow field channels, obtained from the software
TauFactor [169].

4.3.2.2 Galvanostatic holds
The electrochemical results for galvanostatic holds are shown in Figure 4-8.
As expected based on fuel cell i-V characteristics, the performance decreased
with increasing current density. In all cases, there was an equilibration period in
the first ~100 s of the current hold, which is attributed to stabilisation of reactant
consumption.
Comparing the performance of the three flow field designs, there is some
variation in performance at lower current density holds (~100 and 200 mA cm-2),
with the single serpentine flow field performing the best and the parallel flow field
performance being the lowest, with a difference between the SS and PAR
performance at 600 s of around 24 mV and 13 mV for 100 and 200 mA cm-2,
respectively. This is in agreement with the polarisation curve, which showed the
parallel cell performance to be slightly lower in this region. However, when
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moving to higher current densities above around 500 mA cm-2, the parallel cell
performance

overtakes

the

single-serpentine,

with

single-serpentine

performance being the lowest. The situation changes again at 700 mA cm-2, with
the double-serpentine cell now showing the best performance. This was also
reflected in the polarisation curves, with the single-serpentine performance being
the lowest between 500 – 600 mA cm-2, as shown also by the lower peak power
density in this region. It should be noted that in the 200 and 300 mA cm-2 holds
for the parallel flow field, there was a small interruption to the current, which likely
arose as a temporary loss of connection between the contact wire and the cell.
In both cases, the connection appears to have been recovered in a short enough
period of time so as not to drop below the experiment cut-off voltage. However, it
is clear that there has been some voltage recovery arising from this incident, as
in both cases the voltage after the contact loss is higher than before, 22 mV and
60 mV for the 200 and 300 mA cm-2 holds, respectively.
At higher current densities of 600 and 700 mA cm-2, the cells are particularly
unstable after around 500 s of voltage hold owing to increasing mass transport
limitations at these voltages arising from both the fast rate of reactant
consumption and the formation of more water blocking pores. At 700 mA cm-2,
this leads to a complete shutdown of all three cells, with the parallel cell tailing off
first from 400 s, followed by the single-serpentine cell at 510 s and the
double-serpentine cell at 597 s. At 600 mA cm-2, the parallel cell is the only one
to fail before the full test is complete, with shutdown occurring at 550 s. It is also
interesting to note that the voltage profile after the initial equilibration period is
bow-shaped for the parallel cell at 600 mA cm-2, whereas for the single- and
double-serpentine cells, the performance is steadily increasing. This is also the
case for the cells at 700 mA cm-2 (up until the point of cell failure). This indicates
that the parallel cell does not cope as well with increasing water content over the
course of the galvanostatic hold. The distribution of water in the flow channels
will be investigated in more detail in the following sections.
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Figure 4-8 Voltage response of galvanostatic holds measured at increasing current
densities, a) 100, b) 200, c) 300, d) 400, e) 500, f) 600 and g) 700 mA cm-2. Results for the
three different flow fields are shown, with SS (blue), DS (purple) and PAR (pink). The
irregularities in the PAR holds at 200 and 300 mA cm- arise as a result of accidental short
circuits occurring during measurements. At 600 and 700 mA cm-2, the voltage is unstable
for all three flow field designs leading to eventual cell shutdown above ~500 s.
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The volume of water in the anode, cathode and MEA was measured for
each tomogram for each current density hold. Only the 100, 300, 500 and
700 mA cm-2 galvanostatic holds are shown here (Figure 4-9), but the full results
are shown in Figure 8-4 of the Appendix (Section 8.4.1). Shown by the
visualisations is that the amount of water on the cathode is greater than on the
anode for all flow field types, which is expected given that water is formed on the
cathode side during the half-reactions. The presence of water on the anode side
implies that some back-diffusion occurs, which could be enhanced due to the
room-temperature nature of the cell. Regarding the MEA, the volume of water is
low at 100 mA cm-2, around 2 mm3 after 600 s, but it is interesting to note that the
volume does not increase above 10 mm3, even at 700 mA cm-2. This implies that
the membrane has reached full saturation in all cases.
Another interesting feature is that at 700 mA cm-2, the volume of water in
the cathode of the SS and PAR flow field appears to have reached a plateau, with
the volume reaching a maximum of 26.9 mm3 and 30.4 mm3 for SS and PAR,
respectively. Furthermore, the anode water volume starts to decrease for all flow
channels at 700 mA cm-2 after 300-400 s. This is interesting as it occurs at a
similar point to the start of the decrease in cathode water volume. Moreover, the
volume of the channel is somewhere between 15-20% filled by water in this
region. This effect implies that the cells have reached an equilibrium point where
water removal is occurring at a greater rate than the water formation. To confirm
this, future work should extend the galvanostatic holds beyond 600 s.
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Figure 4-9 Water volumes measured from tomography datasets in the (a-d), MEA (e-h) and anode (i-l). The three flow field designs are shown: SS
(navy), DS (purple) and PAR (pink) and results are shown for a, e, i) 100 mA cm-2; b, f, j) 300 mA cm-2; c, g, k) 500 mA cm-2 and d, h, l) 700 mA cm-2.
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An example of the water evolution in the anode and cathode is shown in
(Figure 4-10a-c) for the SS, DS and PAR flow fields during the 700 mA cm-2
galvanostatic hold. The volume renderings are shown along with a grayscale
rendering of the cell, which highlights the location of the water in the interior of
each cell. It is interesting to observe that the amount of water in the anode of the
SS visibly drops from 550 s onwards (Figure 4-10a), which is in line with the
calculated values (Figure 4-9l), with a maximum of 12.4 mm3 at 455 s and halving
to 6.1 mm3 at 597 s. This highlights that in the hundred or so seconds between
the tomograms shown, there has been water removed in the form of slugs from
the anode channel. It would be interesting to know whether the localised heat
production across the cell is sufficient to play a role in the removal of water,
especially since it was shown in Section 3.6.1 that the temperature of the cell can
increase by 6 °C (at 600 mA cm-2) by self-heating as a result of the cell reaction.
The double-serpentine and parallel flow fields show a less significant drop
in the anode water volume by eye (Figure 4-10b and c, respectively), with the
water volume in the parallel flow field dropping after 549 s and the water volume
in the double-serpentine levelling out with no significant drop shown after 400 s.
It is interesting to note that the volume of water in the anode of the parallel cell is
higher than the other two cells. As discussed previously, this could be due to the
multiple pathways for gas flow through the flow field, which reduces the pressure
of the gas forcing water out of the cell. It was also shown in the galvanostatic
holds that the performance of the parallel cell was slightly worse than the
serpentine flow fields and the increased volume of water in the anode could
contribute to the performance loss.
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Figure 4-10 Evolution of water in the cathode (purple) and anode (blue) during the
galvanostatic hold at 700 mA cm-2 for a) single serpentine, b) double serpentine and c)
parallel flow field design.

Also highlighted by the visualisation plots in Figure 4-10, the water
distribution across various regions of the flow field differs depending on the flow
field shape. Furthermore, differences between the volume of water in the top,
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middle or bottom regions of the cell are observed by eye. This distribution will be
discussed in more detail in the following section, but a few points of note are
relevant here. Firstly, it can be seen that in the cathode side, the water in the SS
and PAR cells is relatively evenly distributed along the height of the channel. This
is in contrast to the DS cell, which shows a greater volume in the middle and
bottom regions of the cell. On the anode, the serpentine cells show water
distribution towards the middle and bottom of the cells, whilst the water in the
anode of the parallel cell is distributed throughout the height of the channels. The
final observation that can be made from the visualisation plots is that in the
serpentine cells, water is preferentially located in the bends/switchbacks of the
flow fields, which has been shown in 2D by Wu et al. [71]. A more detailed
analysis of this is found in Section 4.3.2.2.4.

4.3.2.2.1 Water in the top, middle and bottom thirds
Figure 4-11 shows the evolution of the water distribution in the cells for the
cathode (b-d) and anode (e-g). In each case, the tomogram at t=600 s was used
for the analysis. The flow fields are separated into three equal parts (top, middle
and bottom thirds shown by green, purple and blue, respectively) to more clearly
distinguish which part of the flow fields the water was in (Figure 4-11a). Most
notable is that at all current densities, there is little to no water in the top third of
the flow fields on the anode side. The parallel flow field at 700 mA cm-2 has the
greatest percentage of water in the top region, with 18%, but this is still less than
the 58% in the middle and 24% in the bottom region. Interestingly, it can be seen
in the anode that at low current densities, the greatest amount of water is in the
bottom third of the flow channel for all flow field designs. By 500 mA cm-2, the
volume of water in the middle region has begun to increase, in particular for the
single-serpentine design, which has an increase from 6% to 63% of water in the
middle from 300 mA cm-2 to 500 mA cm-2. By 700 mA cm-2, 100% of the water in
the serpentine anode flow field resides in the middle region of the flow field. On
the other hand, the water in the bottom region still dominates for the
double-serpentine design at 700 mA cm-2, with 68% and 32% in the bottom and
middle regions, respectively. Different still is the distribution for the parallel flow
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field at 700 mA cm-2, with the greatest volume in the middle, but only a small
difference between bottom and top regions (24% and 18%, respectively). The
greater amount of water in the middle region of the anode flow field in the single
serpentine likely arises from the shape of the flow channel; the SS flow field only
has one channel and it is more tortuous than the double serpentine and parallel
flow fields. Thus, water drains more slowly with gravity and flow through the
channel in the SS design, compared with the DS and parallel.
The distribution of water in the cathode differs from than in the anode, most
notably that there is a greater proportion of water in the top third of the cells,
especially at higher current densities. At 300 mA cm-2, all three flow field designs
have the largest percentage of water in the bottom third of the cell. Whilst the
single-serpentine and parallel have 7% and 27%, respectively, in the top third,
the double-serpentine cell contains no water in the top third. There is an
increasing amount of water present in the top third of the double-serpentine flow
field at 500 mA cm-2 and 700 mA cm-2, but in both cases it is still the smallest
percentage compared to the other two flow field designs. At 500 mA cm-2, the
amount of water in the bottom third has decreased for all flow field designs, with
water fraction in the middle third region increasing. Finally, at 700 mA cm-2, the
two serpentine flow fields still have the greatest volume of water in the middle
third, with 50% and 61% for single- and double-serpentine, respectively. This is
not the case for the parallel flow field design, which has only 26% of the water in
the middle third and 44% of the water found in the bottom third. The trends shown
here highlight some subtle differences between the flow field designs. It is
proposed that the two flow field designs that contain bends, namely single and
double-serpentine, have a smaller amount of water in the outlet at high current
densities, because of the more tortuous pathway for water being drained by
gravity and pushed through with gas flow. The parallel flow field, with its straight
pathways from top to bottom of the cell facilitates the draining of water to the
bottom third of the cell.
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Figure 4-11 Location of water in the cell flow field as indicated in a). Water location in the
cathode at b) 300 mA cm-2, c) 500 mA cm-2 and d) 700 mA cm-2. Water location in the anode
shown for e) 300 mA cm-2, f) 500 mA cm-2 and g) 700 mA cm-2.

4.3.2.2.2 Water filling in the channel
A distinct advantage of using tomography, rather than radiography, for
imaging the formation of water is the ability to analyse the cross-sectional
distribution of water in the flow channels. Whilst this is possible to some extent
using in-plane imaging, 3D imaging allows additional information about the profile
of water residing in the channels and bends.
There are a few mechanisms by which water develops and is transported
through the flow fields, an example of which is shown for the 700 mA cm-2
galvanostatic hold for the SS flow field design (Figure 4-12). As expected,
droplets are initially formed on the surface of the GDL in the MEA, as indicated
by the purple arrow in the tomogram at 171 s. As the droplet grows, it moves
away from the GDL towards the outside of the flow channel (220 and 265 s),
eventually coalescing with a larger droplet and becoming detached from the GDL
surface (313 s).
Another unique insight that can be gained is how the droplets fill the flow
channel. Previous in-plane studies were only able to show the average of the
entire flow field depth, although they have highlighted that water tends to wet to
the outside of the flow channel [128]. Similarly, through-plane studies only show
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a 2D face-on view of the channel and no information about the depth of water in
the channel can be determined [71]. In both 2D imaging setups, the flow channels
can appear completely filled with water. However, when looking at the whole
droplet in the in-plane channel direction in 3D (Figure 4-12), it can be seen that
the droplets tend to wet onto the outer surface of the flow channel, while still
leaving a channel for gas to flow through adjacent to the GDL. In this image, the
white solid (and dashed) lines indicate the outline of the flow channels in the cell
in the in-plane orientation. Thus, a white solid box represents an open channel
(containing water) and the dashed line indicates the outline of a bend.
An example droplet is indicated by the blue arrow in tomograms measured
at 455 and 504 s, which shows the process of a droplet wetting onto the outer
surface of the channel over time. The implication of this is that even though there
is a large volume of water in the flow channel, the water does not entirely block
the flow channel. Thus, reactants are still able to travel through the channel to
reach reactant sites. This could be a reason why the voltage does not significantly
drop in the later stages of the galvanostatic hold (Figure 4-8), since there is still
gas being transported through the flow fields.
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Figure 4-12 a) Rendering highlighting the direction axis for b)-m), with b)-m) showing
growth and coalescence of the example highlighted droplet in the cathode flow channel of
the single-serpentine cell. Purple arrows in c)-f) indicate a droplet that forms initally on the
MEA surface, before becoming detached. Blue arrows in i) and j) indicate examples of
where the flow channel is filled in the vertical direction, but not the full depth of the flow
field, thus allowing gas to flow. White solid and dashed lines represent the flow channels,
with a dashed line corresponding to a bend in the flow channel.
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4.3.2.2.3 Evolution of water droplet formation
The label analysis tool in Avizo is particularly useful for being able to
understand how the droplets of water in each cell evolve over the 600 s of the
galvanostatic hold. Given that the largest volume of water was produced for the
700 mA cm-2 hold, the data from this experiment will be analysed here, but the
method could be applied to any of the datasets.
In order to understand how water evolves in each flow channel over time,
two metrics of interest were investigated: the number of labels and the average
droplet volume. A label is defined as a discreet volume that is not connected to
other voxels. This can be visualised using colour, as shown in (Figure 4-13a),
where each discreet droplet (or label) is represented by a different colour.
Because of the limited range of colours assigned to labels in the Avizo software,
some colours are repeated. Nonetheless, each droplet is assigned an integer
number from 1 to 𝑥, where 𝑥 is the maximum number of labels in a sample. Once
assigned, a variety of metrics are available for analysis, such as label (or in this
case, droplet), volume, area or x,y,z-coordinates in the sample. The droplet
volume is of interest here.
Firstly, looking at the plots for number of labels in the cathode (Figure
4-13b-d, closed diamonds), it can be seen that for all three flow field types the
number of labels initially increases up to a maximum followed by a decrease. As
water is starting to be produced in the flow fields, droplets are formed. Then, as
the amount of water produced increases, as well as the formation of new droplets,
existing droplets begin to coalesce. This continues, with overall increasing
number of droplets, until a “coalescence point” is reached. At this point, the
number of new droplets formed does not outweigh the coalescence of existing
droplets and so the number of individual droplets begins to fall.
Looking at the results for average droplet volume (Figure 4-13b-d, open
diamonds), it was found that the volume increases with time, which highlights that
droplets are coalescing and growing as more water is generated during operation.
The double-serpentine flow field design has the largest droplet volume of
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2.89 mm3 at 600 s, followed by a value of 2.14 mm3 for the single serpentine and
1.43 mm3 for the parallel flow field. The average droplet volume in the parallel
flow field is the lowest, which is due to the fact that it has the largest number of
individual droplets that have not yet coalesced to form larger droplets.
Conversely, the serpentine flow field designs have greater average droplet
volumes due to the bends in the flow channels that, as previously discussed,
have a strong tendency to accumulate water. The result of this is a greater extent
of coalescence in these regions.

Figure 4-13 a) Label analysis represented by 3D volumes against grayscale orthoslices of
the three different flow field designs, number of individual droplets (solid diamonds) and
average droplet volume (open diamonds) shown for b) single-serpentine, c)
double-serpentine and d) parallel flow fields for the 700 mA cm-2 hold.

An example of the mechanism for which droplets form and coalesce is
shown for the single-serpentine flow field over the 700 mA cm-2 hold in Figure
4-14. At the early stages of the current hold, between around 170-270 s, the
droplet of interest (indicated by the red colour) exists as multiple, separated
smaller droplets. By 265 s, these droplets have grown and coalesced. At 313 s,
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it can be seen that this droplet has increased further in volume, but there is a new
smaller droplet that has formed. Between 265-504 s, the coalescence and
formation of the droplets continues and by 504 s the new droplets have grown
enough to become joined to the rest of the large droplet in the bend, indicated by
the white arrow. Another feature highlighted by the red droplet is that once the
bend becomes sufficiently full, the droplet starts to spread into the straight of the
flow channel. However, as was shown by the in-plane analysis in the previous
section, the water does not entirely fill the channel and there is still a pathway for
gas flow through the flow field.

Figure 4-14 Coalescence in the through-plane visualisation direction in the
single-serpentine flow channel during the 700 mA cm-2 galvanostatic hold. The red droplet
has been highlighted to enable the reader to more easily track how the droplet grows in
the bend and coalesces with other smaller droplets forming along the straight of the flow
channel.

4.3.2.2.4 Quantification of water formation in bends and straights
Figure 4-15a indicates the regions of each flow channel that correspond
to the “bend” or “straight” region of the flow channel. It is clear that some flow
channels, in particular the parallel flow field, have an uneven ratio of straight to
bend regions. Thus, the ratio will only ever reach a certain value, which are shown
on the graph in Figure 4-15b and also indicated by the dashed white line in Figure
4-15c. The volume of water in each of the regions in the cathode flow channel is
shown in Figure 4-15c. It can be seen that for double-serpentine and parallel flow
fields, the ratio of the volume of water in the bends:straights is similar to the
theoretical ratio of bend:straight in the entire channel. This means that water
formation and accumulation is in line with what would be expected for the cell
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geometry. Furthermore, for increasing current density, there is not a significant
difference in the ratio; the parallel cell ratio shifts in favour of water in the straights
at higher current densities, but there is still only a 4% difference between 300 and
500 mA cm-2 and 2% difference between 300 and 700 mA cm-2. The
single-serpentine flow field does not follow the theoretical total volume trend, with
the expected ratio of bend:straight being 37:63. Instead, at all three current
densities, the bend:straight ratio is shifted in favour of a greater volume of water
in the bends, with 85%, 59% and 54% of the total water residing in the bends for
300, 500 and 700 mA cm-2, respectively. This highlights the preferential
accumulation of water in the bends. The drop in the percentage of water in the
bends at higher current density shows that the bends are becoming increasingly
filled with water, thus the straight regions are being preferentially filled with any
water that is produced by the cell.

Figure 4-15 Analysis showing the ratio of bend to straight in each flow field design,
indicated by blues for bends and purples for straights in a), b) the theoretical bend:straight
ratio in each of the flow field designs, bend and straight ratios in each flow field design at
300, 500 and 700 mA cm-2 for c) cathode and d) anode.

It can be seen from (Figure 4-15d), that the distribution of water in the anode
channel is more in line with the expected distribution based on the theoretical
bend:straight ratio. At 300 and 500 mA cm-2, all three flow channels have ratios
at or slightly above the theoretical ratio. At 700 mA cm-2, there is a slight shift of
each ratio for all flow fields. Both SS and DS flow fields show an increase in the
volume of water in the bends, which indicates that as water fills the anode at
higher current densities it selectively fills the bends. The parallel flow field
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displays the opposite trend, with the straight volume increasing. Again, this is to
be expected, since the vertical straight regions of the channel will selectively fill
with water as the volume of water present on the anode increases.
4.3.2.3 Theoretical water volume
Shown in Figure 4-16a is the theoretical volume of water calculated for each
current density and Figure 4-16b-d shows the actual total volume of water
calculated from the summation of water on the cathode, anode and MEA. Since
the theoretical volume does not take into account any operational factors, like
heat or gas flow, the water increases in a linear fashion, with increasing gradient
for increasing current density, as expected. It is interesting that there is a more
noticeable difference in the total water volume for the different flow field designs,
when compared against the theoretical values (indicated as grey dashed lines on
each graph for clarity), whilst such differences were not as distinct in the
investigations in Section 4.3.2.2. The SS total volume at 600 s is less than half
that of the theoretical prediction for 700 mA cm-2, with a value of 34.5 mm3
compared with the theoretical value of 78.4 mm3. By comparison, the DS and
PAR cells have total volumes of 51.4 mm3 and 59.0 mm3, respectively. This
suggests that a greater total volume of water is being removed from the cell with
the SS flow field arrangement, which could be due to the single-channel effect,
meaning that the water is forced out of the cell in the gas stream.
Another interesting feature of the theoretical vs actual water volume
generation is the difference in the water generation rate for the different flow field
types (i.e the gradient of the slopes). For all flow fields, the rate of water
generation measured experimentally is lower than the theoretical rate between
100 and 400 mA cm-2. However, while this trend continues for the two serpentine
flow fields at 500, 600 and 700 mA cm-2, the parallel flow field water production
rates catch up to the theoretical rate at these higher current densities. Between
0 and 400 s, the total water volume of the parallel cell at 500, 600 and 700 mA
cm-2 sits almost exactly on the theoretical lines. It is only after 400 s that the
experimental lines deviate from the theoretical, with an eventual drop in the total
volume, which was shown to be a loss of volume mainly in the anode (Figure
4-9). This is interesting as it suggests that removal of water from the parallel flow
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field, with its four vertical channels, is not as effective as the serpentine flow fields.
Again, as has been suggested in previous sections, part of the reason for this
could be because of the lower relative gas pressure in the channels as a result
of the increased area.

Figure 4-16 a) Theoretical volume of water produced during the galvanostatic hold,
experimental total water volume produced for b) single-serpentine, c) double-serpentine
and d) parallel. The theoretical water volumes are overlaid as grey dotted lines for clarity.

4.4

Conclusions of Chapter Four
This Chapter has discussed the use of a neutron source for macroscale

imaging. At the macroscale, features of interest include water droplets formed in
flow channels accumulated over seconds and minutes. Preliminary neutron
radiography studies were carried out using the Gen 1 aluminium cell, to
investigate a) whether an AST had any effect on the observed water distribution
and b) the optimum imaging parameters for tomography studies. Results of the
AST highlighted that whilst there was a reduction in electrochemical performance,
little difference in water accumulation was observed at this length scale. A greater
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amount of water was found to have accumulated in the flow channel at the EOL,
but it was difficult to conclude the origin of this. The second investigation aimed
to image both in through- and in-plane orientations, which showed that there was
water accumulation on the anode. Hence, tomography would provide more
detailed insight into cell operation. Also shown by radiography was limitations in
the cell design, such as the deep, single-channel flow field and the small cell size.
These insights allowed for development of the Gen 2 cell for tomography work.
Results of operando tomography experiments are the first of their kind.
Three different flow fields, namely single-serpentine, double-serpentine and
parallel, were used for experiments with the aim of correlating performance to
water distribution across the cells. Electrochemical characterisation showed that
all three cells had similar performance. Both polarisation curves, galvanostatic
holds (and potentiostatic holds found in the Appendix) highlighted these
similarities. On the other hand, operando tomography showed that the water
distribution profiles in the three flow fields were very different. For all cells, the
greatest amount of water was found in the cathode, followed by anode then MEA.
Furthermore, the volume of water in the cell was found to increase with increasing
current density, as expected. However, whilst water was found to accumulate
primarily in the bends of the single and double serpentine flow fields, the lack of
bends in the parallel design showed that water drained with gravity in the cells.
In terms of total water, the parallel cell had the greatest volume of water,
followed by double- and then single-serpentine. In all cases, there was less total
water compared with the theoretical volume, which was attributed to water
removal. However, results pointed to the fact that the ability to expel water in the
parallel design was poorest and best in the single-serpentine design.
Future work should aim to increase the length of current holds to observe
water accumulation over longer time periods. In addition, work should be
repeated on larger cells, with heating, to emulate “real-world” cell conditions, as
well as to conclude whether similarity in performance was a function of cell size
or flow field design. Nonetheless, the technique and analysis methods described
here highlight the suitability of 4D neutron tomography as a powerful diagnostic
tool for PEFCs.
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5 Chapter Five: Investigation of the representative
elementary area (REA)
5.1

Introduction
Moving from the macroscale analysis of water in the flow channels to

microscale analysis of the MEA requires a change in imaging source from
neutrons to X-rays. As presented in the previous chapter, neutrons are well suited
for imaging water, but lack the resolution for imaging microscale, morphological
properties of the MEA. For this, X-rays are well suited since the attenuation is
proportional to the atomic number meaning that differences between the
platinum-containing CL and carbon-containing MPL and GDL can be resolved.
This Chapter will discuss the work carried out to understand more about the
representative elementary area (REA) across the entire PEFC using tomographic
methods. The REA is referred to throughout, since the z-dimension (i.e. height)
of each sample was preserved throughout. As was described in Section 2.2.2.1,
determination of the REA is commonly employed for ensuring that the sample
volume of interest is representative of the entire material. This is because there
is a trade-off between FOV and resolution and the choice of optic used for
imaging is important to enable correlative imaging. However, since the MEA area
in commercial stacks can be hundreds of centimetres squared and even in the
research laboratory, they are commonly 5 cm2 – 25 cm2, the question arises as
to whether the images obtained from a sample used in X-ray micro-CT is truly
representative of the MEA as a whole. It is, therefore, important to determine the
REA prior to carrying out microscale imaging.
The work carried out in this Chapter will investigate further the REA for
features of interest at the microscale in this work, like the MEA, GDL or CL. This
Chapter is split into three investigations, with the effect of magnification on the
REA being first discussed, followed by determination of the REA for the various
optics used and finally investigation of the REA across the entire MEA. The third
investigation is of particular importance, since it highlights the presence of local
variations across the MEA for the first time. Results presented in this Chapter
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have been peer-reviewed and form part of the work of the following journal article:
Hack, J. et al., 2020, Journal of the Electrochemical Society, 167(1), 013545.
5.2

Experimental
5.2.1 Sample preparation
A 25 cm2 MEA was prepared using two HyPlat electrodes cut to

5 cm × 5 cm, which sandwiched a Gore SELECT membrane. The membrane
was hot-pressed using methods outlined in Section 3.2, with a temperature of
150 °C. For investigations, a half MEA was segmented, since the two electrodes
were identical given they were not being operated. Nonetheless, the MEA was
still hot pressed in order to emulate the most realistic sample conditions. After
preparation of the 25 cm2 sample, the MEA was segmented into nine regions and
a sample was taken from each of these regions for imaging (Figure 5-1).
5.2.2 Imaging of regions
The sample was extracted as a cylinder with a diameter of 2 mm, and
mounted onto the head of a pin, as described in Section 3.4. For each sample, a
dummy scan was done to begin, which ensured that the sample stabilised inside
the cavity of the instrument. The dummy scan had the same imaging parameters
as the actual scan, but with many fewer projections (around 51), with a total scan
time of around 45 minutes. Imaging was carried out at a beam voltage of 80 kV,
power of 7 W with an exposure time of 2 s and 1601 projections. The source and
detector were positioned at an identical distance for each scan to ensure identical
resolution for each sample. The 4× optic of the instrument was used for imaging
and the voxel size of the resulting datasets were 1.15 μm. Each scan in this
section is referred to as region 1 to 9, inclusive. For the central sample (5), an
additional internal scan using a 20× optic was carried out on the central region of
the 2 mm punch, with a FOV of 0.7 mm × 0.7 mm. 3201 projections were
acquired with an exposure time of 13 s per radiograph and after reconstruction
with an FBP algorithm, the dataset had a voxel size of 0.36 μm. The key metrics
of the two different optics used for scanning are summarised in Table 5-1.
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Table 5-1 Summary of the key metrics of the scans using the two different optics, including
the relevant image dataset volumes and the investigations that the optic is used.
Sample magnification
4×
20×
Voxel dimension / μm
Imaging volume / μm × μm × μm
GDL phase sub-volume / μm × μm × μm
Projections / no-units
Exposure time / seconds
Relevant investigation (s)

1.15
1200 × 1200 × 400
1200 × 1200 × 100
1601
2
1, 2, 3

0.36
400 × 400 × 400
400 × 400 × 100
3201
13
1, 2

After reconstruction, the dataset was cropped to size. Shown in Figure
5-1b is a grayscale volume rendering of the entire cylindrical sample of region 6.
Problems with using this volume for quantification is that at the edges, the sample
was compressed by the walls of the punch. In addition, small amounts of material
from the CL and MPL were found to be present on the sides of the sample, again
arising during sample preparation with the biopsy punch. These features can both
be seen on the outside of the volume in Figure 5-1b. Thus, each sample was
cropped with dimensions 1200 μm × 1200 μm × 400 μm (equivalent to pixel
dimensions of 1034 × 1034 × 345), as shown for region 6 in Figure 5-1c. After
cropping, a median filter was applied (discussed in Section 3.5.1) to improve the
contrast between features. The samples were segmented using local adaptive
thresholding manual techniques as described in Section 3.5.1. The result of the
segmentation was four phases: GDL (i.e. fibres), MPL, CL and pore (Figure 5-1d).
The “pore” phase represents all of the space between the fibres in the GDL. At
this resolution, the layers of the MEA are of particular interest, but there is not
sufficient resolution to resolve individual catalyst or catalyst-support particles.
Where necessary, these phases were treated as either entirely impermeable to
gas, or a uniform effective diffusivity was applied.
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Figure 5-1 a) Schematic showing the nine regions from the segmented grid that were
sampled from the MEA; b) an example of an unprocessed scan dataset from region 6 and
c) the corresponding sample cropped to the 1200 μm × 1200 μm × 400 μm subvolume size,
d) volume renderings of the GDE, showing the GDL (left, light blue), MPL (middle, purple)
and CL (right, navy), with typical thicknesses of the layers indicated. Scale bars in b, c and
d represent 200 μm.

5.2.3 Analysis of sample properties
Once segmented (Figure 5-2a), a variety of metrics of interest were
investigated for each region. These could be categorised into the following:
a) Microstructural qualities, including volume fraction, layer thicknesses,
tortuosity factor and pore size distribution.
b) Transport and electrochemical properties, including effective diffusivity of
the GDL+MPL and the limiting current density of the GDL+MPL. These
calculations were carried out by collaborators in Madrid and full details of
these results can be found in the published work by Hack et al. [274].
Using the calculated metrics, three investigations were carried out. The aim
of these was to address the existing lack of discussion in the literature
surrounding a) the sampling of an MEA when carrying out 3- or 4D imaging using
X-ray CT and b) the effect of the ROI and choice of optics on the balance between
resolution and FOV. The investigations carried out can be summarised as follows:
(a) Investigation 1: Comparison of scans of the central region of the MEA
employing 4× and 20× magnification (Section 5.3.1).
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(b) Investigation 2: Incremental growth of the scans of the central ROI to
investigate regional REA (Section 5.3.2).
(c) Investigation 3: Comparison of nine ROIs from across the MEA, with
images collected using 4× optics (Section 5.3.3).
Volume fraction, tortuosity factor (Figure 5-2e) and pore size distribution
analyses were done on all samples. For tortuosity factor and pore size
distribution, an internal subvolume with dimensions a × b × 100 μm was extracted
from the GDL phase of each sample, where a and b are the x and y-dimensions
of the three samples. For the 20× sample (discussed in Investigation 1), the
dimensions of the subvolume were 400 μm × 400 μm × 100 μm and for the 4×
samples, the dimensions were 1200 μm × 1200 μm × 100 μm (indicated by the
gold dashed box in Figure 5-2a). To compare the internal tortuosity to the
tortuosity of the entire phase, for Investigation 3, the tortuosity factor was also
calculated for the GDL-only phase (Figure 5-2b).
Finally, tortuosity factor investigations were extended to understand the effect
of adding the MPL as an additional phase. TauFactor has the ability to support
up to three phases for tortuosity calculations (in this case pore, fibres and MPL)
and has the ability to specify an intrinsic diffusivity for each phase. Thus, for this
set of tortuosity calculations the intrinsic diffusivity, D, value for the MPL was set
as 0.15, based on calculated literature values [275–277]. Although this is a bulk
value, which does not account for the nanoscale pore size distribution (PSD) of
the carbon support, it is a good approximation for microscale calculations. The
diffusivity of the pore phase was set to be 1, which assumes that there is
uninhibited movement of species through the pores of the GDL (although in
practice there would be droplets of water present within the pores, which could
affect this value). A full discussion of the variation in tortuosity factor is found in
Section 5.3.3.2 of this chapter.
Calculation of the GDL thickness was done as follows:
1) The GDL was filled such that all pores contained within the GDL were
attributed to “GDL” phase. This was to make one continuous thick region
(Figure 5-2c).
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2) The datasets were binned x2 in all axes; the calculation could not be done
on the raw dataset due to limited computation ability (Figure 5-2d).
3) LT was done using “LocalThickness” plugin in ImageJ (Figure 5-2f).

Interpenetration thicknesses were calculated by manual segmentation of the
region in which the GDL and the MPL were found to overlap. Thus, the
interpenetration phase represents an approximation for the minimum GDL
z-voxel and maximum MPL z-voxel for each (x,y) coordinate across each dataset.
The result of this is a phase that is represented by a bulk, single-phase on which
local thickness could be done and the average value calculated.

Figure 5-2 a) Fibres of the GDL (light blue), MPL (purple) and CL (navy) phases of an
example orthoslice from region 5, with the gold dashed box representing the sub-volume
that was extracted for tortuosity calculations; b) GDL-only phase used for tortuosity
calculation; c) filled in fibre phase and d) filled in fibre phase with binning 2 for local
thickness calculation; e) example concentration map from the tortuosity factor calculation
and f) example of local thickness output for filled GDL.
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5.3

Results and discussion
5.3.1 Investigation 1: comparison of resolution
The aim of the first investigation was to gain a deeper understanding of

the effects of resolution on the imaging datasets, in order to provide better
guidance to practitioners wishing to image at the microscale. This theme
continues through investigations 2 and 3, with results targeted towards the
suggestion of best-practises.
To understand the effects of resolution on metrics extracted, three example
scenarios were investigated in this section. These scenarios are:
1) The entire sample from region 5 scanned with 4× optic (Figure 5-3a).
2) A cropped region extracted from the 4× optic sample with the
x/y-dimensions matching those of the scan with 20× optics exactly (Figure
5-3a, blue box).
3) An internal scan of the sample in region 5 using 20× optic (Figure 5-3b)
The PSDs are shown in (Figure 5-3c) and results show a similar distribution
in pore diameters for the three samples, with a high concentration of smaller
pores, a peak maximum between around 15-20 μm and some larger pores.
Calculation of the average pore diameters found values of 17.6 μm, 16.3 μm and
18.2 μm for 4×, 4× cropped and 20× samples, respectively (Table 5-2). This
implies an inverse correlation between pore size and tortuosity, since the 4×
cropped sample has the lowest average pore diameter, but the highest tortuosity
factor of 1.91 (Table 5-2). This value is higher than that of the 4× sample (1.72),
which highlights that the tortuosity factor is dependent on the dimensions of the
volume. This is further discussed in Section 5.3.2 in relation to Investigation 2.
The scan with 20× optic was found to have the lowest tortuosity factor of 1.53,
which is a result of the slightly larger average pore diameter allowing more facile
diffusion of species through the fibres.
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Figure 5-3 a) Orthoslice of the middle region (region 5), with the dashed blue box indicating
the region that was extracted to form the 4× cropped sample, b) orthoslice from the 20×
sample, which is identical to the region of the 4× cropped volume and c) PSD of the three
samples, with 4× shown by purple diamonds, 4× cropped shown by blue diamonds and
20× shown by light purple diamonds.
Table 5-2 Important metrics of interest for the three samples, including volume fraction of
the three phases (GDL, MPL and CL), tortuosity factor and average pore diameter, which
highlight similarities and differences between the 4×, 4× cropped and 20× samples.

Sample

Volume

Volume

Volume

Tortuosity Average

fraction,

fraction,

fraction,

factor / -

GDL/%

MPL/%

CL/%

pore
diameter/
μm

4×

17.5

8.6

4.3

1.72

17.6
(σ=10.6)

4×

20.6

9.7

4.9

1.91

16.3 (σ=9.7)

18.7

12.5

5.0

1.53

18.2

cropped
20×

(σ=11.8)

Looking next at the volume fractions for the three solid phases in each
sample (Table 5-2), it was found that for the 20× and 4× samples there was only
a 1.2% and 0.7% difference between the GDL and CL fractions, respectively
(Table 5-2). The difference between the MPLs was found to be higher, with a
3.9% difference. Furthermore, comparing the 20× scan and the 4× cropped
sample, the difference between GDL and CL values were found to be 1.9% and
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0.1%, respectively. Again, the difference between MPL values was found to be
larger, with the 20× sample having a value 2.8% larger than the 4× cropped
sample. These two differences highlight that there are differences in the
segmentation; the 20× and 4× cropped samples in theory contain an identical
region of sample, so values should be identical. Whilst the values for CL and GDL
are reasonably closely aligned, the MPL values are clearly significantly different.
The likely reason for this is due to the fact that the MPL constitutes carbon
particles of low density, so the attenuation is low. Thus, it is feasible that the
resolution of the MPL is lost when using higher resolutions. Conversely, results
indicate that the CL and GDL can be segmented to similar levels of accuracy at
both resolutions.
The trends shown by the volume fraction values are also reflected in the
average thickness of the layers in the three scenarios (Table 5-3). The MPL
thickness for the 20× sample is 10.9 μm and 11.8 μm larger than the 4× and
cropped 4× samples, respectively. This was also reflected in the volume fraction
results, where the volume fraction of the MPL in the 20× sample was 3.9% and
2.8% larger than the 4× and cropped 4× samples, respectively. A thicker MPL
would be expected to significantly alter the gas and water transport properties of
the MEA and these results highlight that the low-density, low-attenuating nature
of the MPL has a significant effect on the ability to resolve the layer. Thus, it is
advised that for any length scale/magnification, conclusions surrounding the MPL
should be made with caution. The values for the GDL also differ quite
significantly, with the 4× GDL thickness being 34.3 μm and 25.6 μm larger than
the 4× cropped and 20× values, respectively. This also highlights that
magnification plays an important role in the segmentation and characterisation of
the GDL.
More similar are the CL values, with the 4× sample being only 1.2 μm
larger than the 4× cropped sample and 1.9 μm larger than the 20× sample. This
would indicate that the CL, due to its high attenuation and good definition in scans
at both magnifications, is suited to imaging at both higher and lower
magnifications.

189

Table 5-3 Average thickness values of the phases (GDL, MPL and CL) in the three different
samples.

Sample

GDL

MPL thickness / CL thickness / μm

thickness / μm μm
4×

187.1

27.0

18.3

4× cropped

152.8

26.1

17.1

20×

161.5

37.9

16.4

The findings here show that there are two competing effects in the two
different resolutions: firstly, the resolution of the scan impacts the segmentation,
since edges of features are better defined at higher resolutions and, secondly,
differences in the size of the volume give different results for each phase since
more material is sampled in the 4× scan. Overall, the results imply that for the
CL, results at both resolutions were similar, which indicates that even 20× optics
may suitably represent this phase. To explore this effect more, the volumes of the
two optics were incrementally grown in an attempt to find the REA for each
magnification, as discussed in the following section.

5.3.2 Investigation 2: growing the REA
The aim of Investigation 2 was to define the REA and determine whether
the REA is reached when imaging with different resolutions. This was to ascertain
whether the use of a lower resolution (lower magnification) would satisfy the
trade-off of lower definition of features. This important for work in Chapter 7,
where a large FOV is an advantage for observing localised changes within the
MEA microstructure across a larger section of the MEA.
The x/y dimensions of region 5 were grown incrementally from 10 – 100%
of the original length, such that ten volumes were generated (Figure 5-4a). In this
analysis, the voxel size and the z-length were kept constant, with the x- and
y-lengths the only variable. The volume fractions were plotted as a function of the
x/y-dimension (Figure 5-4b) for each phase, with closed squares and open
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diamonds corresponding to the 4× and 20× scan, respectively. It is interesting to
note that the GDL and CL volume fractions for the 20× and 4× scans are almost
identical at lengths greater than 220 μm. This is not the case for the MPL phases,
with the volume fraction of the 20× sample being around 4% higher than that of
the 4× sample. This highlights further the findings of Investigation 1, which
showed that certain phases (like the MPL) could be more easily resolved with
higher magnification.
Looking now at the representative nature of the three different phases
(GDL, MPL and CL), it can be seen that the REA is reached at different rates for
the different phases. For example, the CL volume fraction value remains almost
constant for both the 4× and 20× sample through the ten sub-regions. On the
other hand, the volume fraction of the MPL increases slightly for the 20× sample,
before decreasing to settle upon a steady value after around 200 μm2 (equivalent
to around 40% of the original area). The 4× sample does not display the same
initial peak, instead increasing steadily until around 400 μm2 (or around 40% of
the area) where it starts to level off. This highlights the irregular morphology of
the MPL, which has varying thickness across the MEA affecting the volume
fraction. Nonetheless, it is still clear that for both resolutions (i.e. 4× and 20×) the
MPL and CL can be considered to be representative.
In contrast to this, the GDL does not follow the same trends as the MPL
and CL. For the 20× sample, the volume fraction of the GDL has the same
characteristic hump (increase then decrease) shown in the MPL sample.
However, by 100% of the x/y-dimension the volume fraction has not stabilised
and continues to decrease. A similar situation is shown for the 4× sample, where
the volume fraction continuously decreases between 10-40% of the sample
volume. However, the volume fraction of the GDL in the 4× sample does reach
stabilisation in values after 400 μm, with the volume fraction being around 18%.
This highlights that the sample has reached the REA.
These findings are echoed in the results of the tortuosity factor (Figure
5-4c). The tortuosity factor values in the 20× sample have an equivalent sharp
peak to begin followed by a continual decrease between 50 and 100% of the
x/y-dimension. For the 4× sample, after an initial decrease, there is a gradual
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increase between 240 and 480 μm. At 480 μm there is a steep increase of 0.12,
but after 600 μm, the tortuosity factor begins to stabilise, with a difference of 0.06
between 600 and 1200 μm. This represents a 3% change in the tortuosity factor
in this region, which is sufficiently low to suggest that the REA has been reached
by an x/y-dimension of 1200 μm values increase steadily and do not appear to
stabilise by 100%.
Thus, the implications of these findings for experiments and modelling is
that investigations concerning the CL can be considered representative when
imaging with both 20× and 4× magnifications. On the other hand, as mentioned
in the previous section, caution must be taken if carrying out studies on the MPL,
since it is clear that the resolution of the image has a role in the segmentation of
the phase. Finally, it is not suitable to use 20× optics for investigating the GDL in
the MEA, since the resolution does not allow a representative volume to be
reached. By contrast, the 4× optics indicate that REA is reached above around
50% of the area and is, therefore, suitable for modelling transport properties like
tortuosity factor. This is also in agreement with other findings in the literature, who
state the REA as being above 1 mm [61,159,166], though these reports do not
consider that the REA/REV can be different for different phases, as was shown
here.

Figure 5-4 a) Schematic of the growth increments of the x/y-lengths for the REA analysis,
from 10-100% of the original length; b) volume fraction for 4× (closed squares) and 20×
(open diamonds), for GDL (blue), MPL (light purple) and CL (dark purple); and c) Tortuosity
factor values for 4× (closed squares) and 20× (open diamonds) analysis as a function of
x/y dimension.
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5.3.3 Investigation 3: comparison of nine ROIs
It was shown in Investigations 1 and 2 that resolution can affect the metrics
extracted from tomography datasets and, from the results, it was concluded that
the REA is reached for a 1 mm × 1 mm dataset. However, there are still questions
that have not been addressed in the literature surrounding the representative
nature of X-ray CT across an entire MEA. Localised degradation effects have
been shown to occur in fuel cells, due to variation in local current [107], but
inhomogeneities in the starting material could also help to catalyse this local
degradation. For this reason, this third investigation aimed to understand the
global morphology of a typical fuel cell MEA, by sampling nine regions from
across the sample, the results of which are discussed here.
5.3.3.1 Volume fraction and phase thicknesses
Table 5-4 shows the values for the volume fractions of the three solid
phases in each region. For the carbon fibres, the values of volume fraction ranged
from 16.1% – 19.0% (range = 3.9%, average = 17.3%), the range of values for
the MPL was from 6.9% – 10.4% (range = 3.5%, average = 8.1%) and for the CL,
values had a smaller range between 4.1 – 5.4% (range = 1.3%, average = 4.7%).
Whilst the CL had a small range, the range for the GDL and MPL were larger,
particularly for the MPL, whose range is found to be just under half that of the
average. This is a significant variation in the values. It should be noted that each
volume corresponds to 0.06% of the total MEA area (25 cm2), so the variation
here is small compared with the difference between the imaged region and the
entire MEA. Nonetheless, the results point to the fact that across the electrode,
there is some localised variation in values. Such variations can affect the effective
transport properties, especially when considering that transport processes in the
PEFC are occurring on length scales similar to or smaller than those captured by
the resolution of these X-ray micro-CT scans.
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Table 5-4 Volume fraction percentages for the nine regions, as well as the average across
all regions, for the GDL, MPL and CL.

Region

Vf, GDL / %

Vf, MPL / %

Vf, CL / %

1

19.0

7.0

5.0

2

16.1

10.4

4.9

3

17.1

7.2

4.2

4

17.8

7.7

5.0

5

17.5

8.6

4.3

6

17.0

9.7

5.3

7

17.1

6.9

5.4

8

17.6

7.7

4.3

9

16.9

7.4

4.1

Average

17.3

8.1

4.7

The average thickness for each phase is shown in Table 5-5. For the CL,
the range is from 14.7 μm to 18.8 μm (range = 4.1 μm). The total average
thickness of the GDE is 234.6 μm, which is slightly larger than the measured
thickness of the fresh GDE (227.5 μm). This could be due to some uncertainty in
the segmentation. There could also have been some expansion of the GDL after
extraction of each sample.
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Table 5-5 Average thickness values for the nine regions, as well as the average across the
nine regions, for the GDL, MPL and CL. The interpenetration thickness is also shown,
which is a measure of the overlap of the GDL and MPL phases, i.e. how far the MPL
penetrates the GDL.

Region

GDL

MPL

CL thickness / Interpenetration

thickness/

thickness/

μm

μm

μm

1

199.0

23.6

18.8

15.9 (8.0%)a)

2

180.5

26.6

18.3

13.0 (7.2%)

3

182.4

23.7

15.7

16.7 (9.1%)

4

196.3

29.4

18.9

14.0 (7.1%)

5

187.1

27.0

15.8

16.4 (8.8%)

6

182.0

31.1

19.7

15.7 (8.7%)

7

194.9

20.5

16.8

16.4 (8.4%)

8

210.5

26.0

16.2

16.2 (7.7%)

9

189.8

26.4

14.7

15.1 (7.9%)

Average

191.4

26.0

17.2

15.5 (8.1%)

a)

thickness,
GDL-MPL/ μm

Numbers in brackets denote the interpenetration thickness as a function of the

GDL thickness.

As well as the average thicknesses, plotting the layer thickness as a
function of the normalised volume fraction (i.e. calculation of the volume fraction
of each phase in each xy orthoslice and plotting with the xy-slice corresponding
to thickness), reveals some additional insight about the variation in phase
thickness across the MEA (Figure 5-5). Some phases can be seen to have much
narrower CL/MPL thickness, such as region 1, 4 and 9 (Figure 5-5a, d and i,
respectively). Others are more distributed across several layers, like 5, 6 or 8
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(Figure 5-5e, f and h, respectively). Also interesting is to see that the GDL/MPL
transition region is different for different phases, again with some having larger
interpenetration (like regions 1 and 6) compared with others ((like regions 3 and
4). This was found to have some interesting effects on the modelled local effective
diffusivity, with the value being significantly reduced when the transition region
was more tortuous (i.e. thicker) [274]. A full discussion of the modelling results is
found in the paper published from this work [274].

Figure 5-5 Volume fraction of each phase through the z-depth of each sample 1-9 (a-i,
respectively), with GDL (blue), MPL (purple) and CL (navy).

5.3.3.2 Tortuosity factor
Tortuosity factor values were calculated for three different scenarios. The
first is the GDL+MPL (Figure 5-6a,d,g), where there are three phases included in
the tortuosity factor simulation (pore, fibre and MPL (black, grey and white in
(Figure 5-6a), respectively)). The MPL phase is assigned an effective diffusivity
value of 0.15 and the value used in the publication relevant to this chapter. Thus,
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the tortuosity factor is calculated through the pore+MPL space. The second
scenario is GDL only, where the tortuosity factor was calculated through the pores
of the GDL (Figure 5-6b, e and h). This was so that the effect of adding an MPL
on the tortuosity factor and diffusivity could be scrutinised. Finally, a cropped
region of the GDL was extracted, with a thickness of 100 μm, such that the
internal tortuosity of GDL could be calculated (Figure 5-6c, f and i). This helps
provide insight into the effect of a thinner GDL on the diffusion of species through
the sample.
A virtual slice from the TIF stacks of the segmented images used for
tortuosity factor calculation are shown in Figure 5-6a-c. As well as the values for
tortuosity factor and effective diffusivity, the TauFactor software also outputs
additional information in the form of TIF stacks, displaying the concentration
distribution of species through the direction of interest (Figure 5-6d-f) and flux
maps, which show where build up of species occurs in the sample (Figure 5-6gi). Whilst they do not provide quantifiable information, it is possible to qualify a
number of effects happening in the three scenarios.
Firstly, it can be seen that removal of the MPL (Figure 5-6e) shifts the
concentration of species up in the sample, since the flow of species through the
sample is more facile without the MPL. Looking at the flux maps, it can be seen
that there are areas of high reactant density (indicated by yellow) in areas of the
GDL where is it more tortuous and removal of gas from these areas is limited
(Figure 5-6g-i). By contast, areas of lower flux (purple and blue colours) occur in
regions where the pores are slightly larger and diffusion of species through the
sample is more facile, thus lowering the denisty of species residing in these
areas. Some regions are blocked entirely to flux, such as the black region in the
top-left of the GDL+MPL and GDL only samples (Figure 5-6g and h, respectively},
where the black colour indicates an absence of simulated reactant species.
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Figure 5-6 Example orthoslice from the middle region, 5, for the three scenarios showing
a-c) the segmented dataset, with GDL+MPL (a), GDL only (b) and GDL, cropped (c); d-f)
concentration maps through the direction of interest (in this case the z-axis) and g-i) flux
maps through the sample. Scale bar represents 100 μm in each case.

Tortuosity factor and effective diffusivity values were extracted for three
scenarios for the nine regions, 1-9, and plotted, as shown for tortuosity factor
Figure 5-7a. In general, it was found that there is no observable trend in tortuosity
factor values across the nine regions, which highlights the stochastic variation in
the GDE microstructure across the MEA.
Looking at the differences between the GDL only and GDL+MPL case, it
can be seen that the addition of an MPL has a significant effect on the tortuosity
factor and effective diffusivity of the sample. As would be expected, the tortuosity
factor values are highest in the case of GDL+MPL, which is due to the additional
convolution of the diffusive pathways in the sample from addition of the
semi-permeable MPL. The differences between GDL only and GDL+MPL vary
across the nine regions, since the MPL itself is inhomogeneous with varying
thickness. Region 7 shows the smallest difference between tortuosity factor
values, with the GDL+MPL scenario having a value 0.20 than the GDL-only case.
Region 2 has almost double the difference, with the GDL+MPL scenario having
a value 0.36 larger than the GDL-only. As well as the GDL+MPL case, extraction
of an internal volume also has the effect of increasing the tortuosity factor in all
cases. This is interesting, since there is clearly a less inhibited percolation
pathway through the GDL only samples, despite the thicker sample. This
suggests that the internal pore structure of the GDL is more compact, which
raises the tortuosity.
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Figure 5-7 a) Tortuosity factor values as calculated by TauFactor for GDL+MPL scenario
(purple diamonds), GDL only (blue triangles) and GDL, cropped (dark purple circles).

5.3.3.3 Pore size distribution
Further comparison of morphological properties across the regions of the
GDL was done by calculation of the pore size distribution of the GDL. It should
be noted that for these calculations, the cropped GDL samples were used (with
a sample thickness of 100 μm) to eliminate the space above and below the GDL.
The average pore diameter values are shown in Table 5-6 along with the standard
deviation values. The range of average pore diameters is large, ranging from 16.0
μm in region 3 to 21.8 μm in region 6. Nonetheless, the calculated pore diameters
for this Freudenberg H23C9 paper are in good agreement with values reported
in the literature [95,278]. Perhaps of more note is the large standard deviation of
values for the nine regions, which highlights that the GDL has a large range of
pore sizes arising due to the irregular carbon fibre network.
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Table 5-6 Average pore diameter of pore space in the GDL of each region, 1-9, with the
standard deviation values given in brackets.

Region

Average pore diameter (standard deviation, σ)/ μm

1

17.0 (9.3)

2

19.5 (12.6)

3

16.0 (9.1)

4

17.0 (9.4)

5

17.6 (10.6)

6

21.8 (16.2)

7

15.1 (9.6)

8

16.8 (9.9)

9

16.6 (9.6)

Average

17.5 (1.9)

The reasons for the large standard deviations become more evident when
looking at the plots of the PSDs (Figure 5-8c). Comparing the histogram for each
region, all samples have a high concentration of pore sizes between 10 and 20
μm, but with all regions showing pore sizes up to 60 μm. Some regions, such as
region 4, 5, 6 and 7 appear to have a more distinct maximum, around 22, 14, 15
and 15 μm, whereas other samples, such as 1, 3 and 9, have more of a plateau
in the pore size frequency, starting around 10 μm and ending around 20 μm.
Nonetheless, it is still clear that the PSD across the nine regions of the MEA give
evidence for an inhomogeneous, stochastic fibre network. In terms of fuel cell
operation, with two-phase flow of gases and water, pore size and wettability have
a crucial effect on fuel cell operation. Adequate capillary transport is necessary
for avoiding flooding of the GDL, by way of the capillary forces that act to drive
out the water from between the fibres [279,280], so a variation in pore diameter
throughout the MEA will result in changes of the local water saturation and gas
concentrations. An example of a large pore is seen on the right-hand side of
(Figure 5-8b), as indicated by the cyan colour.
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Figure 5-8 a) Orthoslice and b) volume rendering of region 5 highlighting the local
thickness of the pores through the region, with colours corresponding to the colour bar
shown in b); c) PSDs for the nine samples (1-9 from bottom to top) showing the distribution
of pore diameters, with greater concentration of smaller pores, but some large pores up to
60 μm in diameter.

5.4

Conclusions of Chapter Five
The aims of this chapter were to introduce the features of interest at the

microscale, namely the layers that constitute the MEA, and the use of X-ray CT
for imaging at this length scale. Laboratory-based instruments have a number of
optical magnifications available for imaging and this investigation focused on the
use of 20× and 4× magnifications for microscale imaging. A further focus was on
understanding the REV/REA of the MEA using these two magnifications, with
three investigations being done.
Firstly, comparing 4× and 20× magnifications highlighted that the use of 20×
optics is suitable for imaging the CL, but 4× is the preferred optic for investigation
of the GDL, or for studies where land/channel effects need to be understood. This
was confirmed in the second investigation, where the REA was determined for
the different optics. It was found that the REA can be considered above 200 μm2
for the CL. However, for the MEA as a whole, the REA is reached above 600 μm2.
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The third investigation sought to understand local variation across the entire
MEA, to assess whether the REA of one imaging location is representative of an
MEA that is cm2 in size. By calculating various metrics of interest, like tortuosity
and PSD, findings showed that the MEA is highly inhomogeneous. The
implication of this is that areas with higher tortuosity factor or thinner CL could be
more prone to localised performance and degradation effects. It highlights that
not only the operating conditions play a role in the degradation of materials and
emphasises the need for producing high quality, homogeneous MEAs. The effect
of these localised variations on the limiting current density was modelled and full
results are found in the paper by Hack et al. [274]. Findings showed significant
variation across the MEA, with a difference of around 0.7 A cm-2 across different
regions of the MEA. Variations across the MEA will further contribute to
degradation processes and it is suggested that the presence of localised
variations will affect local degradation rates. It is, therefore, important to consider
localised effects when undertaking studies to understand degradation, especially
for in-situ studies, as will be discussed in Chapter 7.
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6 Chapter Six: Ex-situ microscale investigations
6.1

Introduction
After determination of the REA, as presented in detail in the previous

Chapter, ex-situ X-ray CT can be used for characterisation of a number of
features of the MEA. At the microscale, X-ray CT is not the only available X-ray
imaging techniques; as discussed in the Chapter 3, SEM is another useful X-ray
technique. However, given the 2D nature of SEM, there are limitations to the
information available with 2D imaging.
This Chapter will first introduce how SEM can be used to image PEFCs, as
well as discuss the drawbacks of the method for correlative imaging. Following
this, ex-situ X-ray CT methods will be discussed. First, a comparison of the
different MEAs used throughout this work will be presented, with discussion of
the correlation between microstructure and cell performance. After this, the
application of ex-situ X-ray CT imaging to investigate the hot-pressing process
will be discussed. This is of particular importance, since hot pressing is a widely
used, yet rarely-scrutinised, method of MEA preparation. As mentioned in Section
1.3.2.5, few studies have attempted to understand the effect of hot pressing on
the microstructure [59,61]. Furthermore, there is no discussion of whether
hot-pressing is a necessary step in the MEA manufacturing process for improving
performance. Avoiding hot-pressing of GDEs all-together would constitute both
an energy- and cost-saving in the production line. Results presented in Section
6.3.3 have been peer-reviewed and are published in the following journal article:
Hack, J. et al., 2018, Journal of the Electrochemical Society, 165(6), F3045.
6.2

Experimental
6.2.1 Scanning electron microscopy
For 2D comparison of the materials used throughout this work, SEM

images were collected using a Zeiss SEM EVO MA 10 instrument. Samples were
prepared by mounting the sample onto an SEM stub and adhering using
conductive carbon tape. Firstly, a cross-section image of an assembled JM MEA
was taken, with a magnification of 376×, a WD of 6 mm and beam energy of
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10 kV. The image had a pixel size of 0.7 μm. For EDX measurements, the energy
was increased to 20 kV and the WD was increased to 10 mm, which led to rapid
deterioration of the sample. Elements selected for detection were carbon, fluorine
and platinum and the resulting elemental maps were collected for each element.
Secondly, the surfaces of the two difference GDEs used in this work were
imaged. A beam energy of 10 kV and WD of 8 mm were used. Magnifications of
129× were used for the collection of CL images and 184× for images of the GDL,
giving pixel sizes of 2.2 μm and 1.6 μm for CL and GDL, respectively.
6.2.2 X-ray CT analysis of materials
For 3D comparison of the materials’ microstructure, two MEAs (one JM
and one HyPlat) were prepared with an electrode area of 25 mm2. Contrary to
the MEA construction indicated in Table 3-2 of Section 3.2, both MEAs used a
GORE SELECT membrane. This was to ensure that performance characteristics
could be directly compared and related to the GDE microstructure. Polarisation
curves were collected using the conditions outlined in Section 3.3.1 by operating
on a Scribner 850e test rig.
After operation, samples were prepared for imaging using the mounted-pin
method, with a 2 mm diameter cylindrical sample being extracted for both JM and
HyPlat samples. X-ray CT was done using a Zeiss Xradia 520 Versa at a beam
voltage of 80 kV, a beam power of 7 W and an exposure time of 2 s. A 4× optic
was employed for imaging of the samples and after reconstruction, the JM and
HyPlat datasets had voxel sizes of 1.262 μm and 1.159 μm, respectively. After
reconstruction and segmentation, image quantification methods were used,
namely volume fraction, tortuosity factor, PSD and CL thickness. These were
calculated using the methods described in Section 3.5.2.

6.2.3 X-ray CT analysis of degradation
The investigation carried out can be summarised by four steps, as depicted
by the schematic shown in Figure 6-1.
1) The materials are prepared by cutting electrodes. A total of four MEAs are
prepared for the study.
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2) If the hot pressing route is being taken, the MEA is hot-pressed between
two heated platens at a temperature of 130 °C and a pressure of 400 psi
for 3 minutes. If going via the self-assembly route, the MEA components
are placed into the fuel cell prior to assembling of the cell. The
nomenclature used throughout this study will use HP when referring to
hot-pressed samples and NHP when referring to self-assembled samples.
3) The MEA is conditioned using the protocol outlined in Section 3.3.1 and
electrochemical performance is measured by way of polarisation curve,
EIS and CV measurements.
4) If the MEA is to be imaged at the BOL, the sample is taken prior to the
AST. If the MEA is to be imaged at the EOL, the AST is carried out
according to the platinum-specific AST protocol described in Section 3.3.4.
Once the AST is complete, the sample is prepared for imaging.

Figure 6-1 Schematic showing the workflow for the investigation. In Step 1, the materials
are prepared for either hot pressing or direct assembly in the cell in Step 2. In Step 3 the
MEAs are conditioned and Step 4 comprises operating and ex-situ imaging of the MEAs.
A total of four MEAs were prepared, with two hot-pressed/self-assembled MEAs being
imaged directly after conditioning and the other two being imaged directly after the AST.

For this study, “JM” MEAs were used. To prepare the hot-pressed (HP)
MEAs, the assembled MEA was hot-pressed at 130 °C for 3 minutes with a
pressure of 400 psi according to the method described in Section 3.2. Non-hot
pressed (NHP) MEAs were assembled directly in the fuel cell test housing, by
205

layering the MEA components on the gaskets. Four MEAs were prepared in total,
as indicated in Figure 6-1, with two MEAs being imaged at BOL (HP_BOL and
NHP_BOL) and two being imaged after the AST (HP_EOL and NHP_EOL).
Electrochemical testing was carried out on the Scribner 850e test rig using
conditions described in Section 3.3.1, with collection of polarisation curves and
cyclic voltammograms, with ECSA being calculated from the CV measurements.
The platinum-specific AST procedure was used and consisted of 16,000
square wave cycles. Although the DOE target states a 40% loss after 30,000
cycles, the experimental results showed over 80% loss of ECSA after 16,000
cycles, thus the test was considered complete and terminated. An equivalent to
27 hours of voltage cycling was carried out on the EOL samples. CV
measurements were taken in-situ at 0, 10, 100, 1000, 3000, 10,000 and 16,000
cycles to monitor the degradation in the ECSA over the course of the AST.
Polarisation curves were collected at BOL and EOL.
For microscale imaging using the Zeiss Xradia 520 Versa, the mounted-pin
sample preparation method was used, with a 1 mm diameter cylinder being
extracted for each sample. 3701 projections were collected, with an energy of
80 kV, 12 s exposure time and 0.7 mm × 0.7 mm square FOV. Since the CL was
the main focus of this investigation, 20× optics were employed, since the previous
chapter highlighted that this magnification was suitable for studies focussing on
the CL. After reconstruction, resulting tomogram pixel sizes were 343 nm, 389
nm, 343 nm and 366 nm for HP_BOL, NHP_BOL, HP_EOL and NHP_EOL data
sets, respectively. The X-ray imaging conditions are summarised in Table 6-1.

Table 6-1 X-ray imaging conditions for the four PEFC samples, characterised using the
Zeiss Xradia 520 Versa X-ray CT instrument.
Sample
HP_BOL NHP_BOL HP_EOL NHP_EOL
Voxel dimension / μm
X-ray volume / μm × μm × μm
Post-processed
sub-volume
/
μm × μm × μm
Cathode CL sub-volume / μm × μm × μm
Projections / no-units
Exposure time / seconds

0.343

0.389
0.343
700 × 700 × 700
400 × 400 × 389
400 × 400 × 66
3701
12
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0.366

After imaging, each dataset was cropped to a sub-volume with dimensions
400 μm × 400 μm × 345 μm. Using segmentation methods discussed in Section
3.5.1, the raw datasets were segmented into the following phases: cathode CL,
cathode cracks, Nafion, anode cracks, anode CL, anode GDL. For this
investigation, only the anode GDL was segmented for the purposes of
visualisation and the MPL was not segmented, since it was not a phase of interest
for further quantification.
Methods used for comparing the samples pre- and post-AST were volume
fraction, interfacial contact and crack thickness analyses. The volume fraction
calculation was discussed in Section 3.5.2. Interfacial contact analysis is unique
to this investigation and is used to measure the contact between two phases in
the segmented image [61].The first step is to transform the label image into a
triangulated surface, followed by applying the “Surface Area Analysis” module in
Avizo. The interfacial contact was calculated using the following:
𝐶𝐴𝑖,𝑗 =

𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖,𝑗
𝐴𝑠𝑙𝑖𝑐𝑒,𝑖,𝑗

6-1

where 𝐶𝐴𝑖,𝑗 is the normalised contact area between phases i and j (where i is
Nafion and j is either cathode or anode CL), 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖,𝑗 is the surface contact
area calculated from the “Surface Area Analysis” module in Avizo (m2) and
𝐴𝑠𝑙𝑖𝑐𝑒,𝑖,𝑗 is the surface area of one slice (m2). Crack thicknesses were measured
by using local thickness measurements on the cathode and anode crack phases.
Indentations found in the NHP samples were measured and compared to
the indentation diameter measured from SEM images (Section 6.3.1). This was
to confirm that the indentations arose from the starting material. Measurements
were done manually using the measuring tool in Avizo on the indentation in the
cathode CL phase of the NHP_BOL sample, with measurements averaged. The
same method was done for the SEM image of the fresh GDE.
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6.3

Results and discussion
6.3.1 SEM analysis of the fuel cell cross-section
As was mentioned in Section 3.1.1, SEM is a useful tool for carrying out

2D analysis of the microstructure and is particularly effective for understanding
the distribution of elements in the PEFC.
Shown in Figure 6-2a is the cross-section of a fuel cell captured using
SEM. It shows the two electrodes sandwiching the membrane in the centre of the
image and the fibres of the GDL can be seen on the left and right of the image,
although the contrast of features in the SEM image is low and the layers cannot
be easily distinguished from one another. EDX analysis done on the
cross-sectional image shows in more detail the spatial distribution of elements in
the sample. Carbon can be seen across the entire MEA (Figure 6-2b, red), but is
most densely populated in the fibres of the GDL, as expected. Fluorine
constitutes the membrane in the centre of the image (Figure 6-2b, blue), since
the membrane comprises a polymer with a fluorinated backbone. Small amounts
of fluorine is observed in both the GDL and CL, which is attributed to the
fluorine-containing ionomer that is used for hydrophobic treatment of these layers
[120]. The platinum in the CL is located on either side of the membrane as
expected (Figure 6-2b, green). Overlaying the three elemental maps (Figure
6-2c), it is easier to distinguish the layers in the MEA (although the MPL is still
not well defined since it is also made of carbon-only). Nonetheless, whilst
SEM/EDX analysis like this gives some information about the layout of the MEA,
in practise the information provided is limited and the destructive nature of the
technique (given the need to slice through the MEA) means that the sample
cannot be used for further testing. Furthermore, SEM only gives surface
information, so there is no knowledge that can be obtained about the hidden
interfaces and morphologies within the layers of the MEA.
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Figure 6-2 a) Cross-sectional SEM image of and MEA prepared with Nafion membrane and
JM electrodes; b) elemental maps of fluorine, carbon and platinum showing the
distribution of elements, with fluorine (blue) residing primarily in the Nafion at the centre,
carbon (red) is found mainly in the electrodes and platinum (green) is found exclusively in
the CL directly on either side of the Nafion; and c) overlaid image of elemental maps onto
the SEM image highlighting the various layers of the MEA.

The surface characteristics of the main electrodes used in this work are
shown for the JM and HyPlat electrodes in Figure 6-3. The CL surface (that is in
contact with the MEA once hot-pressed) is shown in the image, with the JM
sample shown in Figure 6-3a and the HyPlat sample shown in Figure 6-3b. It can
be seen that both samples contain cracks in the CL, which are produced due to
the evaporation of solvent during the drying of the electrode, similar to the
formation of mud cracks in the desert [281]. It is thought that these cracks act as
seeding points during degradation testing, out of which new cracks grow, as will
be explored in detail in Section 6.3.3 of this chapter and Section 7.3.4 of Chapter
7. There are differences between the two electrodes that can be distinguished
from the SEM images, most notably that the JM sample has an additional defect
in the CL surface that is not seen in the HyPlat sample. The indentations in the
JM CL surface are thought to arise due to bubbles of air that form during spraying
of the electrode and pop once the sample is dry. These indentations are also
thought to also act as a nucleation point for degradation, which will be discussed
further in Section 6.3.3.
Distinct differences between the GDLs of the two different MEAs employed
in this work are also observed, with the Sigracet paper used in the JM GDE shown
in Figure 6-3c and the Freudenberg paper used in the HyPlat GDE shown in
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Figure 6-3d. The fibres have differing properties, with the Sigracet paper having
straight fibres, whilst the Freudenberg paper has a more “spaghetti”-like
structure. Also distinctly noticeable is the presence of the hydrophobic PTFE
treatment in the JM sample, which appears like webbing between the fibres in
the GDL. On the other hand, the hydrophobic treatments of the Freudenberg
sample is less easy to distinguish and there is no clear webbing between the
fibres.
Whilst information about the surface characteristics of these samples is
obtained, SEM imaging gives no depth information. This is important as it is
unknown to what extent the cracks penetrate into the electrode or MPL or the
diffusion properties of the GDL. Furthermore, no information about the interfaces
between layers can be obtained due to the 2D nature of the technique. For these
reasons, X-ray CT was employed for imaging the samples, which has the
advantage of being able to image internal features without damage to the sample,
and the results of which will be discussed in the following section.

Figure 6-3 a) SEM image of the CL surface of the JM GDE, b) CL surface of the HyPlat GDE,
c) GDL surface of the JM GDE showing the Sigracet carbon paper and the PTFE treatment
(observed as webbing between fibres) and d) Freudenberg carbon paper from the HyPlat
GDE.
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6.3.2 X-ray CT characterisation of entire MEAs
As mentioned, 2D imaging methods like SEM are limited in terms of
obtaining useful information about samples, but for microscale imaging of the
features in the MEA, X-ray CT is a particularly well-suited technique. The 3D
renderings of the GDL for the JM and HyPlat MEAs are shown in Figure 6-4a and
b, respectively. On the surface of the samples, the straight, webbed structure of
the JM GDE and the spaghetti-like structure of the HyPlat sample are easily
observed. However, the distinct advantage of X-ray CT is that depth information
about the layer is obtained. The PSDs were calculated by doing local thickness
analysis of the pore phase in the GDL and visualised with colours corresponding
to the colour bar in Figure 6-4c and d, which show the PSD for JM and HyPlat,
respectively. It is clear that the pore structure of the two GDL materials is different,
with the Sigracet paper of the JM GDE having larger pores, with some having a
diameter as large as 60 μm. Conversely, the Freudenberg paper of the HyPlat
GDE contains a narrow PSD, with most pores visible in the visualisation between
10-30 μm. This is reflected in the average pore diameters of the two samples
(Table 6-2), which were found to be 28.3 ± 13.7 μm for the JM sample and
17.4 ± 10.6 μm for the HyPlat sample, 10.9 μm smaller than the JM sample. As
well as the larger average pore size of the JM sample, the standard deviation is
3.1 μm larger than the HyPlat sample, which suggests a wider spread of pore
sizes for the Sigracet GDL. This could be expected to have an impact on
performance, especially in the mass transport region, since an irregular pore
structure would likely lead to enhanced flooding and irregular distribution of gas.
As was indicated by SEM, the CL microstructures are also significantly
different, with the JM CL (Figure 6-4e) having a more irregular structure and a
greater number of cracks, indentations and irregularities than the HyPlat sample
(Figure 6-4f). There is also a difference in the average CL thickness (Table 6-2),
with the JM sample being slightly thinner (19.7 ± 4.7 μm) compared to the HyPlat
sample (20.5 ± 2.1 μm). Again, the larger standard deviation of the JM sample
further highlights the more irregular morphology of the CL, compared with the
HyPlat CL.
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Shown in Figure 6-4g are the polarisation curves (closed diamonds) and
power density curves (open diamonds) for the JM (navy) and HyPlat (purple)
samples. It was found that the HyPlat performance exceeds that of the JM
electrode, with the HyPlat MEA having a larger peak power density of
784 mW cm-2 at 1538 mA cm-2 compared with 597 mW cm-2 at 1272 mA cm-2 for
the JM sample. Whilst the performance in the activation region is comparable for
the two cells, there is greater Ohmic resistance in the JM sample, which causes
a greater loss in performance. This could perhaps be attributed to the irregular
CL morphology and the more porous GDL structure, which inhibits efficient
transport of species through the electrode. Neither sample displays a distinct
mass transport loss region, so it is difficult to suggest whether the microstructure
has an impact on gas diffusion and flooding in this regime, though it is clear that
the features of the HyPlat electrode mentioned above do play a role in the
improved MEA performance.
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Figure 6-4 Volume rendering of the GDLs in the a) JM and b) HyPlat sample, with the spatial
pore thickness distributions shown for c) JM and d) HyPlat GDLs; e) JM and f) HyPlat CL
volume renderings and g) polarisation curves for JM (navy) and HyPlat (purple) samples.
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Other metrics of interest calculated were the volume fraction of the GDL
(i.e. the fibres) and the tortuosity factor of the GDL (Table 6-2). The JM sample
was found to have a volume fraction 9% less than the HyPlat sample. This greater
percentage of pore space is also reflected in the larger average pore size and
highlights that the GDL of the JM sample has a more open fibre network
potentially more susceptible to flooding. Furthermore, the JM has a larger
tortuosity value of 2.0, compared with 1.72 for the HyPlat GDL, meaning that
diffusion of species through the JM GDL is more inhibited than through the HyPlat
GDL. This could also be another contributing factor to the slightly lower
performance of the JM sample, with a more tortuous pathway for gas flow and
water removal in the GDL.
Table 6-2 Key metrics of interest calculated for the two different electrode types (JM and
HyPlat) and the relevant phase of interest for the metric calculated.

Metric

Phase of interest

JM

HyPlat

GDL volume fraction/ %

GDL

27

36

Tortuosity factor

GDL

2.0

1.72

Average pore diameter (σ)/ μm

GDL

28.3 (13.7)

17.4 (10.6)

Average CL thickness (σ)/ μm

CL

19.7 (4.7)

20.5 (2.1)

6.3.3 Ex-situ characterisation of PEFC degradation
6.3.3.1 Characterisation of performance
As well as comparing the materials microstructure of electrodes, X-ray CT
is a well-suited technique for understanding the degradation of materials, since
morphological changes happen at the interfaces between layers. Furthermore,
as mentioned in the introduction, a little-researched subject of PEFC research is
the hot pressing process and the result of hot pressing on MEA microstructure
and degradation. From a manufacturing perspective, the loss of a step in the
process could result in a saving of both time and money. Thus, the results in this
section are used to discuss the need for hot pressing versus self-assembly of
MEAs and the effect of degradation on the different MEAs.
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The key performance characteristics are summarised in Table 6-3.
Comparing the performance of the hot-pressed and self-assembled samples, it
can be seen that the performance is almost identical. Firstly, considering the
performance measured by polarisation curves (Figure 6-5a), it can be seen that
both the HP_BOL and NHP_BOL have a cut-off current density of 791 mA cm-2
and a peak power density at 624 mA cm-2, with peak power being 360 mW cm-2
and 376 mW cm-2 for HP_BOL and NHP_BOL, respectively. Both samples
degraded as a result of the AST, with the degradation mechanism affecting
primarily the activation region (i.e. low current density, high voltage). The steeper
gradient of the activation region impacts the performance across the rest of the
curve, but the gradients of the Ohmic and mass transport regions do not
significantly change between BOL and EOL. Since the AST was catalyst-specific,
decrease in performance in the activation region is the expected loss mechanism
and this is shown by the reduction in the onset of the Ohmic region from
30 mA cm-2 for the BOL samples to 19 mA cm-2 at EOL. The polarisation results
also indicate that the rate of degradation from BOL to EOL is the same, with
performance after 16,000 cycles also being the same. The cut-off current density
has dropped by 56 mA cm-2 to 735 mA cm-2 for both HP and NHP samples. This
is accompanied by a slight shift of the peak power density to the lower value of
310 mW cm-2 and 316 mW cm-2 at 586 mA cm-2 for HP_EOL and NHP_EOL,
respectively.
Table 6-3 Summary of the electrochemical data for the four samples, HP_BOL, NHP_BOL,
HP_EOL and NHP_EOL.

Sample
HP_BOL
OCV / V
0.96
Onset of Ohmic loss region/
30
-2
mA cm
Onset of mass transport region
680
/ mA cm-2
Peak power density / mW cm-2
361
2
-1
ECSA / m gPt
53.3

NHP_BOL
0.95
30

HP_EOL
0.94
19

NHP_EOL
0.92
19

680

662

662

376
49.8

311
12.9

318
13.7

Results of CV testing show the same similarity in performance of the HP
and NHP samples. Both the BOL and EOL voltammograms have almost identical
profiles for the various adsorption/desorption peaks across the voltammograms
(Figure 6-5b). The in-situ ECSA values were calculated at various stages of
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cycling, with values dropping from 53 and 49 m2 gPt-1 for HP_BOL and NHP_BOL,
respectively, to 13 and 14 m2 gPt-1 for HP_EOL and NHP_EOL, respectively
(Figure 6-5c). This corresponds to a 76% loss of ECSA for the HP sample and a
73% loss for the NHP sample (Figure 6-5d).
What is clear from the electrochemical testing results is that the
degradation of the MEA seems to be independent of the preparation route and it
is proposed that the heat and compression of the cell are sufficient for the NHP
sample to effectively “self-assemble” during cell conditioning. This was confirmed
when dismantling the cell for removal of the MEA, since the GDEs were well
bonded to the Nafion and did not come apart when handling the MEA. However,
given that the cut-off current density is reached here at below 800 mA cm-2,
limited understanding can be obtained surrounding the effect of hot-pressing at
higher current densities above 1.5 mA cm-2 (as would be expected for
high-performance MEAs). Thus, higher performance materials should be tested
in future work to understand this further.

Figure 6-5 a) Polarisation curves for the HP and NHP samples at BOL (dark blue and dark
purple, respectively) and EOL (light blue and light purple, respectively), b) CV
measurements at BOL and EOL for the HP (blues) and NHP (purples) samples, c) ECSA
and d) %ECSA loss as a function of cycle number.
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6.3.3.2 Characterisation of microstructure
The volume renderings of the four samples are shown in Figure 6-6a-d and
show the various phases of the MEA, namely the cathode CL (light blue), Nafion
membrane (dark blue), anode CL (purple) and anode GDL (pale purple). Certain
features of the CL can be resolved, such as the cracks, with the dark blue of the
Nafion visible through the light blue of the cathode CL. Other resolvable features
include areas where the CL has become detached from the Nafion surface,
especially in the NHP_EOL sample (Figure 6-6d), where a section of the CL is
not attached to the rest of the CL. This especially highlights the protrusion of the
CL into the GDL (not shown in this image) and could arise as a result of CL
degradation during the AST.

Figure 6-6 Volume renderings of the four samples, a) HP_BOL, b) NHP_BOL, c) HP_EOL
and d) NHP_EOL. The four segmented phases are shown, namely cathode CL (light blue),
Nafion (navy), anode CL (purple) and anode GDL (light purple). The irregular nature of the
CL can be seen, especially for the two EOL samples, where the surfaces are more cracked
and the Nafion can be seen through holes where material loss has occurred.

The phase volume fractions are shown in Table 6-4, with errors being
calculated by growing and shrinking the volume in Avizo and calculating the
percentage change of the growth/shrinking. The volume fraction of Nafion is
around 2% larger for the NHP samples than for the HP samples, which could be
due to some irreversible compression from the heated platens that occurs during
hot pressing. The cathode CL phase fraction was found to decrease for both HP
and NHP samples, with a percentage decrease of 0.5% for the HP sample and
0.7% for the NHP sample. This suggests that there has been some sample loss
during the AST, although it is hard to draw definitive conclusions about the CL
thinning, since this study is ex-situ. The effect of CL thinning is discussed for
in-situ analysis in Chapter 7. The anode volume fractions also decrease for the
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HP and NHP samples, with a decrease of 0.4% and 0.3% for HP and NHP,
respectively. For the HP sample, there is only a 0.1% difference between the
cathode and anode phase fraction reduction. This highlights that there are
difficulties in understanding whether the CL has also thinned as a result of the
AST, in addition to the formation of cracks (observable at this length scale) and
the coalescence and loss of platinum particles (not observable at this length
scale).
Table 6-4 Table showing volume fraction of phases, where i is the solid phase being
described, e.g. cathode CL, Nafion or anode CL. Numbers in brackets represent the
standard deviation.

Figure 6-6L
Cathode CL (σ) / %
Nafion (σ) / %
Anode CL (σ) / %

VFHP_BOL,i

VFNHP_BOL,i

VFHP_EOL,i

VFNHP_EOL,i

a

b

c

d

2.9 (0.4)

2.9 (0.3)

2.4 (0.3)

2.2 (0.4)

13.2 (0.5)

15.2 (0.3)

13.1 (0.3)

14.9 (0.5)

3.1 (0.4)

3.0 (0.4)

2.7 (0.2)

2.7 (0.3)

Renderings of the anode and cathode CLs for the four samples are shown
in Figure 6-7, with the cathode CLs represented in blue (top row) and the anode
CLs shown in purple (bottom row). Several features about the CLs can be
distinguished. Firstly, it can be seen that in the NHP samples, there are several
noticeable indentations that are not present in either the anode or cathode of the
HP samples. These indentations are present in the starting material, as shown
by the SEM image in Figure 6-3a, thus highlighting that the temperature and
pressure applied by the platens during hot pressing is sufficient to remove these
indentations. It is also likely that by hot pressing, the Nafion adheres better to the
CL, which is reflected in the interfacial contact of the CL and Nafion phases, as
summarised in Table 6-5. The difference between the interfacial contact for the
BOL samples is 0.25, with the HP sample being larger than the NHP sample.
Interestingly at EOL, there is a difference of only 0.04 between the HP and NHP
samples. This could be because both samples have fragmented, with growth of
cracks and irregularities in the CL surface which is sufficient to equal out the
interfacial contact in the cathode.
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Figure 6-7 Volume renderings visualised from the underside (i.e. surface in contact with
the Nafion) for the cathode (blue) and anode (purple) of each sample. The increase in
cracking and irregularity of the CL surface is observed for the EOL samples.

Looking at the anode samples, it can be seen that there are cracks present
in the CL of all samples. Cracks were a feature that were also observed in the
fresh electrode imaged using SEM (Figure 6-3a). Another indication that there
has been little or no degradation of the anode CL is shown by the values for
interfacial contact (Table 6-5). The HP and NHP anode-Nafion interfacial contact
values drop by 0.09 and 0.00 for HP and NHP, respectively. This indicates that
there is little to no change in the contact between the anode CL and Nafion and
highlights that the anode has not degraded as a result of the AST. Furthermore,
the values for both the BOL and EOL interfacial contact areas are larger for the
HP samples than for the NHP samples. This shows that the HP anode has a
slightly higher contact area arising as a result of hot pressing.
Table 6-5 Interfacial normalised contact area (CA) obtained from laboratory-based X-ray
computed tomography. In each case, j refers to the interface being described: CCL Nafion
or ACL Nafion.

CAHP_BOL,j CANHP_BOL,j CAHP_EOL,j CANHP_EOL,j
Figure 6-7:

a

b

c

d

Cathode CL-Nafion / -

1.20

0.95

0.83

0.78

Anode CL-Nafion / -

1.16

0.93

1.07

0.93
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For each sample, the crack network in the cathode CL was segmented,
which allowed for detailed analysis of the crack properties of each sample. Using
local thickness analysis, a 3D map of the cracks in the CL was created (Figure
6-8a-d) and the colour of the crack corresponds to its local thickness, according
to the scale shown below. By eye, it can be seen that the EOL samples do have
wider, thicker cracks than the BOL samples, as shown by the greater number of
cracks with an orange/yellow colour (corresponding to widths of between 812 μm. By contrast the cracks in the BOL samples are represented by mainly
purple and red colours, indicating cracks are closer to 4-6 μm in width.

Figure 6-8 Volume renderings showing the local thickness of the segmented cracks in the
a) HP_BOL, b) NHP_BOL, c) HP_EOL and d) NHP_EOL. Colour represents the thickness of
the crack according to the colour bar at the bottom of the figure, with increasing thickness
from blue/purple to yellow. The scalebar in each image is 100μm.
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To quantify the crack thicknesses, the average thickness was calculated
from the histogram of crack diameters (Table 6-6). The BOL crack widths of the
cathodes were found to be 6.6 ± 2.3 and 6.2 ± 2.8 μm for HP and NHP samples,
respectively, which is found to be in good agreement with other examples of crack
width investigations [93,227]. Furthermore, comparison to the average crack
width calculated by taking measurements from the fresh SEM image, showed
good agreement, with the average crack width from SEM being measured as
7 ± 2 μm. At EOL, the HP and NHP samples have average crack widths of
10.2 ± 2.3 and 8.1 ± 2.9 μm, respectively. Thus, for both samples, the average
width of the cracks increases as a result of the AST. Interestingly, despite the fact
that this AST was specific for targeting platinum degradation, there has clearly
been some additional loss of carbon material leading to crack widening. This is
also of interest given that the Ohmic and mass transport regions of the MEA did
not appear to be impacted by the AST, despite these changes in morphology.
Table 6-6 Table showing the average crack with for each sample and the corresponding
image in Figure 6-8. The numbers shown in brackets represent the standard deviation in
microns.

Figure 6-8:
Average

HP_BOL

NHP_BOL

HP_EOL

NHP_EOL

a

b

c

d

6.2 (2.8)

10.2 (2.3)

8.1 (2.9)

crack 6.6 (2.3)

width/ μm (σ/ μm)

One clear difference between the HP and NHP crack widths is that despite
the BOL samples having a similar crack width, at EOL the average HP crack
width is 2.1 μm larger than that of the NHP sample. This could suggest that there
is another, competing degradation mechanism occurring in the NHP, stemming
from the slight differences in the CL microstructure. Rather than expansion of the
crack network, which appears to be characteristic of the hot-pressed degradation,
it is proposed that the self-assembled CL degrades by expansion of the
‘indentations’ that are observed in the surface of the self-assembled CL. These
indentations (discussed in relation to Figure 6-7b) are spaced irregularly over the
surface of both the BOL and EOL CLs in the NHP sample. By contrast, no
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indentations are observed on the hot-pressed samples. It was confirmed by SEM
that the indentations are present over the whole surface of the starting material
(Figure 6-3a). The indentations, which are, as discussed, also present in the CL
starting material, are attributed to solvent bubbles in the CL ink that burst during
drying once the CL has been coated onto the MPL. Measurement of the
indentation diameter for the 129× image (Figure 6-3a) found an average diameter
of 48 ±13 μm, which is in agreement with the average value of 47 μm found for
the NHP_BOT sample measured from the X-ray CT data.
Taking account of all of the evidence shown by the microstructural analysis of
the CLs, it is clear that the MEA preparation technique has some effect on the
degradation. A mechanism is suggested here, with the Steps 1-4 referencing
those indicated in Figure 6-1.


In Step 1, the fresh starting GDE electrodes have indentations and cracks
present.



During the hot-pressing step (Step 2), the indentations are “smoothed out”
by the applied temperature and pressure of the platens. The non-hot press
route proceeds directly to the conditioning of the MEAs in Step 3.



In Step 4, after conditioning and prior to AST, the samples are removed
from the test cell and X-ray CT is carried out, giving HP_BOL and
NHP_BOL. It is observed that the temperature and torque of the fuel cell
housing after conditioning are sufficient to laminate the GDEs to the Nafion
in the NHP_BOL sample. However, the conditions are not sufficient to
“smooth out” the indentations.



Steps 1-3 are repeated for two fresh samples and now the AST is carried
out directly after conditioning in Step 4, to produce two further, degraded
samples, HP_EOL and NHP_EOL. The NHP_EOL sample still has
indentations in the CL microstructure, which have widened, as well as
some widening of cracks, whereas the HP_EOL sample proceeds via
crack widening, only.
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6.4

Conclusions of Chapter Six
This Chapter has shown that 2D microscale X-ray imaging techniques, like

SEM, reveal limited information about the MEA, such as surface morphology or
elemental distribution (when combined with EDX). However, the 3D nature of
X-ray CT allows the otherwise hidden interfaces between layers to be accessed,
thus providing more detailed information about material morphology, and its
effect on performance, to be produced. The two electrodes used throughout this
work were imaged and compared, with metrics like tortuosity and CL thickness
being calculated, with results highlighting how subtle differences in the
composition of the GDE can affect the performance of the two MEAs.
Degradation can also be studied with ex-situ X-ray CT, using a correlative
approach. A particular focus was put on the effect of hot-pressing on the MEA
microstructure, since there is limited literature that explores how the
microstructure changes as a result of the applied temperature and pressure of
the hot-press. Comparison between the electrochemical

performance and

microstructure of HP and NHP MEAs was done at BOL and at EOL after a
platinum-specific AST. Whereas little difference was observed in performance,
findings showed that hot-pressing altered the microstructure of the CL, with
closure of cracks and indentations in the CL present in the starting material. Thus,
the suitability of X-ray CT for detecting differences in CL morphologies under
different conditions and extents of degradation are highlighted here.
A limitation of the ex-situ nature of this work is that direct comparison between
BOL and EOL samples is difficult and conclusions surrounding changes in
morphology resulting from degradation are somewhat speculative. Thus, while it
is possible to make assertions about changes occurring in the MEA as a result of
the degradation test, the evolution of microstructure as a result of degradation
cannot be studied. Furthermore, this work only studies one area of each sample
and, as discussed in the previous chapter, there is a significant inhomogeneity
across the MEA. With this in mind, the foundations of the results in this chapter
were translated into work in the following chapter for in-situ imaging of the MEA.
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7 Chapter

Seven:

In-situ

imaging

of

fuel

cell

degradation
7.1

Introduction
It was shown in the results of Chapter 5 that localised inhomogeneities exist

in the morphology of the fresh electrodes, which highlighted that the MEA is a
complex, non-uniform system. Furthermore, it was shown that the REA for the
imaging volume can be applied across the entire MEA and exposed a potential
need for imaging of multiple locations of the fuel cell. Especially when considering
the additional local current and water effects of the fuel cell, it can be inferred that
degradation across the fuel cell will not occur in a homogenous manner.
Whilst there is a body of literature that exists that uses X-ray CT for
examining the effect of ASTs on the morphology of the CL, the work is concerned
with imaging of one location and understanding the structural evolution over
time/cycle number [110,215]. Thus, there is a clear need to understand the
structural evolution across multiple locations of the MEA. Electrochemical current
mapping techniques [107] and modelling studies [103] have shown that there is
an inhomogeneous current distribution across the MEA, with some regions
degrading at a faster rate than others. However, the morphological changes that
accompany these degradation effects have not been elucidated until now. The
work in this Chapter discusses the use of the bespoke miniature fuel cell fixture
that was described in Section 3.6 for understanding the degradation rates
along-the-channel of a serpentine flow field. The work presented highlights the
need for understanding degradation across the entire MEA. Results presented in
this chapter have been peer-reviewed and are published in the following journal
article: Hack, J. et al., 2020, Electrochimica Acta, 352, 136464.
7.2

Experimental
7.2.1 Cell setup
The bespoke miniature fuel cell, comprising of two graphite plates

compressed using Nylon compression screws, was used, the full details of which
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can be found in Section 3.6.1.1. A HyPlat MEA was prepared with an electrode
area of 1.7 cm2 using the conditions described in 3.6.1. The cell was assembled
using the compression screws inserted via the holes milled into the fuel cell
casing, which ensured that the anode and cathode were electrically insulated
from one another. The bottom screws screw directly into the bespoke holder,
which sits on the stage of the Zeiss Xradia 520 Versa (Zeiss, USA). This ensures
the identical positioning of the cell in each scan, as well as minimising the risk of
cell movement during both testing and imaging.
The cell compression was calculated by dividing the average MEA
thickness measured from the Versa X-ray CT scans by the thickness of the MEA
measure with a micrometer after hot-pressing and prior to assembly in the cell,
as shown in the following calculations.
̅
𝛿𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
=

𝛿𝑖𝑛𝑙𝑒𝑡 + 𝛿𝑚𝑖𝑑𝑑𝑙𝑒 + 𝛿𝑜𝑢𝑡𝑙𝑒𝑡
402 𝜇𝑚 + 410 𝜇𝑚 + 399 𝜇𝑚
=
= 404 𝜇𝑚
3
3

7-1

̅
𝛿𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
404 𝜇𝑚
) × 100% = (1 −
) × 100% = 15%
𝛿𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
475 𝜇𝑚

7-2

%𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = (1 −

The average cell compression was found to be 15% ± 1%, which is
consistent with cell compressions used in other experiments [125,185]. It should
be noted that the thickness was slightly larger in the middle region (around 2.5%
thicker), which corresponds to a lower compression of 14% compared with 16%
at the inlet and outlet regions. This slight variation in compression arises because
the compression screws are positioned at the top and the bottom of the cell and
since it has a high aspect ratio, there is less compression in the central region.
This is an area for improvement in terms of the cell design, although the
introduction of compression screws within the imaging FOV could introduce
imaging artefacts into the imaging datasets.
The cell was operated using the operating conditions described in Section
3.6.2, with constant counter-flow on anode and cathode, cathode flow down and
the cell at room temperature, with no additional heating. Humidity was provided
to the cell by bubbling the gases through deionised water prior to entering the
cell. The gas inlet pipes are insulated to limit condensation forming on the walls
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of the tubing. Conditioning was done using the fast conditioning method
described in Section 3.3.1.
The carbon corrosion-specific AST was applied to this cell, as outlined in
Section 3.3.4, which involves 5000 voltage cycles between 1.0 – 1.5 V at
500 mV s-1 with hydrogen and nitrogen flowing over the anode and cathode,
respectively. CVs were measured after 0, 10, 100, 200, 1000, 2000 and 5000
cycles and the ECSA was calculated for each. For this experiment, after 0, 2000
and 5000 cycles the AST was paused directly after collection of the CV and the
cathode gas was switched to air. Polarisation curves were collected immediately
once the cell had reached OCV, followed by collection of EIS spectra at a DC
current of 0.167 A (equivalent to 100 mA cm-2) and AC modulation of 10%
(0.0167 A). Following this, nitrogen was flowed over both anode and cathode to
purge the cell of any reactant gases and the cell was removed from the rig for
imaging.
7.2.2 Imaging and post-processing
The imaging setup in both the Nikon XT H 225 and Zeiss Xradia 520 Versa
are shown in Figure 7-1a-b and Figure 7-1c-d, respectively. Indicated in each
image is the source, detector and cell. It can be seen how the source and detector
in the Nikon instrument are in a fixed location (Figure 7-1a), whereas in the Versa
instrument, they are free to move in the z-axis (i.e. horizontally) (Figure 7-1c, d).
The sample for macroscale imaging in the Nikon instrument is positioned as close
as possible to the source, but ensuring that the entire sample fitted into the field
of view during imaging (Figure 7-1b). By contrast, the source and detector are
positioned as close as possible to the sample (avoiding collision) in the Versa
instrument for microscale imaging (Figure 7-1). This was to ensure the highest
signal-to-noise ratio was achieved for optimising the image quality.
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Figure 7-1 Cell inside the Nikon XT H 225 instrument (a-b) and inside the Zeiss Xradia 520
Versa (c-d). The source, detector and cell are indicated in each image.

A scan of the full cell was done using the Nikon XT H 225 (Nikon, USA).
Imaging was carried out using a source voltage of 145 kV and current of 106 μA.
A total of 1786 radiographs were collected at 1 fps, giving a total scan time of
30 minutes. The resulting radiographs were reconstructed using the proprietary
Nikon reconstruction software CT Pro 3D (Nikon, USA), with a FBP algorithm
being applied. The resulting dataset had voxel dimensions of 872×51×2028 and
a voxel size of 38 μm.
X-ray micro-CT scans were carried out using the Zeiss Xradia 520 Versa
(Zeiss, USA). The 4× optic was employed, which constitutes a good balance
between FOV and resolution. Furthermore, it allows for an entire land and
channel region to fit within the FOV, which is important for results later in the
chapter, and the 4× optic was shown in Chapter 5 to produce images well above
the REA. The three regions were imaged using a beam voltage of 120 kV and a
beam power of 9 W. 1601 projections were collected with a 3 s exposure time.
After reconstruction, the datasets had a voxel size of 1.6 μm and voxel
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dimensions of 1984×2028×1996. A total of nine scans were done on the cell, with
three regions (inlet, middle and outlet) being imaged after 0, 2000 and 5000
voltage cycles. Identical coordinates were used for the three regions each time
to ensure an identical location was imaged.
After scanning, the datasets were aligned using image registration
techniques, to account for any small movements of the sample that may have
occurred during mounting/dismounting of the cell from the rig. This is a two-step
process in which the images are first aligned by eye using image
rotation/translation, followed by automatic registration using the “Register
Images” module in Avizo Fire (ThermoFisher, USA), which co-registers two
closely aligned datasets using iterative optimisation algorithms. It is worth noting
that image registration was done with the scans for each region, i.e. the three
inlet scans (0, 2000 and 5000) were aligned to each other, the three middle scans
to each other and the same for the outlet. After image registration, an identical
internal volume with dimensions 390 μm × 1720 μm ×2270 μm was cropped from
each original dataset.
Segmentation was done using the adaptive thresholding techniques
described fully in Section 3.5, though it should be noted that future work must
include optimisation of segmentation methods to be less user-dependent. The
segmentation workflow is shown in Figure 7-2, with the raw image shown in
Figure 7-2a. The red solid and dashed boxes represent land and channel regions,
respectively, that were extracted for the land/channel analysis (discussed at the
end of this section). The cropped subvolume is highlighted in Figure 7-2b and
shown as a grayscale, filtered orthoslice in Figure 7-2c. Finally, the segmented
image is shown in Figure 7-2d, with the four phases shown, namely cathode CL
(orange), cathode cracks (blue), anode CL (green) and anode cracks (red).
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Figure 7-2 Segmentation workflow of the outlet at 5000 cycles from raw to segmented
dataset, with example orthoslices showing a) raw grayscale orthoslice, with red solid and
red dashed boxes indicating example regions extracted for land and channel analyses,
respectively; b) raw grayscale orthoslice, with final segmented, cropped dataset overlaid
to indicate the region that was cropped; c) grayscale, cropped dataset, with cathode and
anode side indicated. The extent of cracking in the cathode can be seen by eye by the dark
gaps in the CL; d) segmented dataset showing four segmented phases, cathode CL
(orange), cathode cracks (blue), anode CL (green) and anode cracks (red).

A range of advanced crack analysis techniques were carried out on the
cathode and anode crack networks (Figure 7-3). Local thickness of the CLs were
calculated using “LocalThickness” analysis to determine whether CL thinning had
occurred as a result of the AST. Several specific methods were used to determine
the extent of cracking in the CL. Firstly, the “cathode-crack ratio” (CCR) or
“anode-crack ratio” (ACR) were determined for the cathode and anode cracks,
respectively, by taking the ratio of crack volume fraction to CL volume fraction:
𝐶𝐶𝑅/𝐴𝐶𝑅 =

𝑉𝐹𝑐𝑟𝑎𝑐𝑘𝑠
× 100%
𝑉𝐶𝐿 + 𝑉𝑐𝑟𝑎𝑐𝑘𝑠

7-3

where 𝑉𝐹𝑐𝑟𝑎𝑐𝑘𝑠 is the volume fraction of cracks in the electrode being investigated
and 𝑉𝐹𝐶𝐿 is the volume fraction of the CL of interest. Further investigations
investigated the crack connectivity in the yz-plane (an example of which is
indicated by the red dashed line in Figure 7-3c). The first step was to calculate
the volume fraction of cracks that are connected in the y- and z- planes using the
“Axis Connectivity” module in Avizo. Axis connectivity calculates the percentage
of cracks that are connected from one plane boundary to the opposite plane
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boundary. The volume fraction of connected cracks was then divided by the
volume fraction of all cracks to give the percentage connectivity, according to the
following:
𝑉𝐹𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 = 𝑉𝐹(𝑥𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ) + 𝑉𝐹(𝑦𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 )
%-𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑉𝐹𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑
× 100%
𝑉𝐹𝑐𝑟𝑎𝑐𝑘𝑠

7-4

7-5

where 𝑉𝐹(𝑥𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ) and 𝑉𝐹(𝑦𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ) are the volume fraction of connected
cracks in the x- and y-axes, respectively, 𝑉𝐹𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 is the volume fraction of
isolated regions that are connected between axes, 𝑉𝐹𝑐𝑟𝑎𝑐𝑘𝑠 is the total volume
fraction of all cracks and %-𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 is the percentage of connected cracks.
Whilst there may be some cracks that do not percolate the entire width or length
of the sample, the yz connectivity is a good comparison for the extent of cracking
between regions and over the course of cycling.
Two further metrics were calculated to understand the connectivity of the
cracks. Firstly, the “Label Analysis” module was used, which assigns a “label” (or
integer number) to each discreet, unconnected crack object. The number of
labels is then counted and a great number of labels represents a less
well-connected crack network, since there are a greater number of discreet crack
objects. Visualisation of the label analysis by volume rendering highlights the
separate cracks, with each label being represented by a different colour, as
shown in Figure 7-3c. The final metric for crack connectivity was the crack
coordination or “node” number (as shown by the examples in Figure 7-3c). A node
is defined as a point where a crack branches, which created a point where, in
effect, three cracks join. The coordination/node number could in reality be larger
than three since multiple cracks can propagate from a node. The node number
was calculated by counting every node in each image and a higher node number
indicates a great extent of connectivity and, thus, cracking.
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Figure 7-3 Example crack segmentation workflow for the inlet region at 5000 cycles, with
a) grayscale orthoslice where the cathode CL, anode CL and fibres are observed on a
single slice (owing to the 2D nature of the orthoslice); b) the segmented crack network and
c) the label analysis of the segmented crack network. Different colours indicate
independent, unconnected cracks and examples of features like a node where three cracks
join, or z-axis connectivity are indicated by a red dashed circle with an arrow and a red
dashed line, respectively.

As discussed in Section 2.2.2.3.3, previous work has shown that the extent
of degradation varies between regions that fall under the land and regions that
fall under the channel [110]. To investigate this, three subvolumes of dimensions
740 μm × 1700 μm × 580 μm were subtracted from land and channel regions in
each scan (Figure 7-2a). This was to ensure that results sampled as much of the
land or channel as possible, but allowed for the irregular shapes of the land and
channel regions. The analysis was only done for the samples scanned after 2000
and 5000 cycles, since all samples at 0 cycles were fresh and, hence, there was
no difference between crack diameter under land and channel. Crack diameter
was found using the “Local Thickness” ImageJ plugin and the average crack
diameter was calculated from these results. The CCR was also calculated, with
results from the three regions being averaged.
7.3

Results and discussion
7.3.1 Macroscale imaging for metrology
Macroscale imaging of the entire cell was sufficient for metrology purposes

and allowed the cell interior to be visualised in the three planes (Figure 7-4b-d).
This is especially useful since it confirmed that there was good alignment of the
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flow fields, as shown in Figure 7-4d. This is advantageous because any
misalignment could be identified at this point, with a scan taking less than one
hour, compared with the microscale scans, which take several hours.
Re-assembly of the cell would not have been possible once imaging had begun.
Furthermore, even with the relatively large voxel size, inspection of the in-plane
axis of the cell (i.e. looking along the channels in the xz plane indicated in Figure
7-4d) showed that the compression across the cell was uniform. Whilst images
at this length scale cannot be used to resolve features of the MEA, it was also
useful for identifying suitable ROIs for X-ray micro-CT imaging.

Figure 7-4 a) Volume rendering of the cell indicating the x, y, z axes, b) xy, c) yz, and d) xz
orthoslices. The good alignment of the flow channels can be seen in d), as well as the
aluminium holder, which appears bright due to the high attenuation, but does not interfere
with the flow channels. Scalebars in each image represent 5 mm.

7.3.2 Electrochemical
As described in Section 7.2.1, the AST was paused after 0, 2000 and 5000
cycles so that polarisation curves could be collected. Polarisation curves showed
a decrease in fuel cell performance (Figure 7-5a), with the current density at 0.3 V
dropping 87% from 300 mA cm-2 at 0 cycles to 37 mA cm-2 at 5000 cycles. The
Ohmic over-potentials are significant, meaning that the cell does not appear to
reach mass transport limitation. This is likely a result of operation of the cell at
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room temperature and future work should aim to introduce temperature control to
better represent technological systems. Nonetheless, both the activation (and
perhaps to some extent also the Ohmic losses) increase over the course of
cycling, as can be seen by the steepening gradient of the polarisation curves.
This could be due to the combination of increased contact resistances and
reduction of proton conduction through the MEA. Increased contact resistances
can arise as a result of increased cracking of the CL, which reduces the electron
percolation pathways from CL to GDL and eventually flow fields [213]. Cracking
occurs as a common degradation mechanism for carbon support and will be
discussed in detail in the following section. Proton conduction is reduced as a
side-effect to the loss of carbon material, since the CL contains small amounts of
ionomer to improve the number of TPBs in the catalyst ink and the ionomer is
closely connected to the carbon support. Hence, a loss of ionomer reduces the
available pathways for ion conduction to active sites in the CL.

Figure 7-5 a) Polarisation curves showing performance at 0 (navy), 2000 (purple) and 5000
(pink) cycles; b) EIS Nyquist plots measured at 100 mA cm-2; c) CV curves at the various
stages of cycling and d) ECSA and percentage ECSA loss during the 5000 cycles.
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EIS was done on the cell at a current density of 100 mA cm-2 after 0, 2000
and 5000 cycles (Figure 7-5b). However, since the cell performance at 5000
cycles had dropped below 100 mA cm-2, it could not be measured. Comparing
the spectra for 0 and 2000 cycles, it can be seen that the membrane resistance
remains at 0.41 Ω∙cm2 after cycling, which indicates that there is no degradation
of the membrane. On the other hand, the charge transfer arc has increased
significantly. Using the EIS model described in Section 3.3.3 the curve at 0 cycles
was fit, with the result shown as the light blue line in Figure 7-5b. However, it was
not possible to fit the curve at 2000 cycles using either model and further
development of EIS models is needed to accommodate this. Nonetheless, the
charge transfer resistance was estimated from the curve and the value was found
to be around three times larger, increasing from 0.45 Ω∙cm2 to 1.50 Ω∙cm2. This
notable increase further indicates that there is less effective transport of charged
species through the CL as a result of the breakdown of the CL microstructure
In-situ CV curves (Figure 7-5c) allowed for the calculation of the ECSA
using the methods outlined in Section 3.3.2. The calculated values for ECSA are
shown in Figure 7-5d, along with the percentage loss. The ECSA loss profile
begins with a steep drop in surface area, which slows with increasing cycling
number, as observed by other practitioners for the same degradation mechanism
[92]. Whilst the DOE protocol used in this study states that a 40% loss of ECSA
is the target after 5000 cycles, there is only a 27% loss of ECSA found here. The
value falls from 54.8 m2 gPt-1 at 0 cycles to 43.2 m2 gPt-1 after 2000 cycles to
40.2 m2 gPt-1 after 5000 cycles. Thus, whilst there has been a loss of active
platinum sites, the entire cell appears to not have reached “failure”, as defined by
the DOE protocol. By comparison, the loss of performance characterised by
polarisation curve showed a more significant drop in performance after 5000
cycles. This could indicate that, after 5000 cycles, whilst the loss of platinum
active surface area has slowed, the carbon support has continued to degrade.
Something that cannot be elucidated using electrochemical characterisation
techniques like CV and polarisation is how the degradation rates vary across the
MEA; it could be that while some areas of the cell have reached failure with >40%
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loss of ECSA, other areas are still electrochemically active. Thus, the following
sections will highlight the effectiveness of X-ray CT as a tool for providing insight
into localised degradation effects across the MEA.
There are several proposed mechanisms for the degradation of carbon
support, which relate to factors like the humidity of the CL [94] or the type of
cycling being done [250]. As well as loss of material, it is also thought that the
intrinsic porosity of the CL collapses as a result of carbon loss [93]. This hinders
water transport through the CL, which can lead to flooding or blocking of gas
transport to the active sites. Furthermore, start-up/shut-down effects will degrade
the MEA and it is thought that there could be some start-up/shut-down
degradation effects here. Although the MEA was purged with nitrogen prior to
dismounting from the rig, some small amounts of residual air could be present on
the anode or cathode, causing overpotentials. Furthermore, the drying of the MEA
during imaging could also contribute to carbon-corrosion. A further discussion of
the factors influencing the degradation in this study are given in Section 7.3.4.
7.3.3 Macro- to microscale imaging
As mentioned in Section 7.3.1, macroscale imaging was used to select the
ROIs for microscale imaging (Figure 7-6a). Since the serpentine flow channel is
a single, continuous channel, it was decided that the cathode gas inlet and outlet
would be imaged, as well as a central parallel flow channel. This was considered
a good compromise between representation from across the flow field and
collection of imaging data. Future studies could also investigate the differences
between straights and bends of the flow channel, since it was shown in Chapter
4 that water has a strong tendency to pool in channel bends.
Grayscale images of the three chosen regions scanned are shown in
Figure 7-6b-d. Even without segmentation, several features of the MEA and flow
fields can be distinguished because of the differing attenuation between
materials. The CL is easily observed by the brighter grayscale values because of
the strongly attenuating platinum contained within it and the cracks in the CL that
arise from manufacturing process are easily observed by darker grayscale
values, since there is little/no material in these regions. The land and channel can
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be observed by the darker and lighter grayscale values as annotated in Figure
7-6c, with some porous structure also able to be resolved in the graphite.

Figure 7-6 a) Volume rendering of the entire cell obtained using the Nikon XT H 225, with
the inlet, middle and outlet ROIs indicated by purple, blue and green boxes, respectively;
b) inlet, c) middle and d) outlet volumes obtained with X-ray micro-CT. Key features, like
land, channel, crack and CL are indicated.

7.3.4 Along-the-channel imaging
7.3.4.1 CL analysis
A total of nine scans were obtained, with the inlet, middle and outlet regions
being imaged in identical locations after 0, 2000 and 5000 cycles. After aligning,
cropping and segmentation of the four phases (cathode CL, cathode crack, anode
CL and anode cracks), the local thickness of the layers was calculated, to
determine the thickness of the CL across each region. Visual plots of the CLs are
shown in Figure 7-7 with Figure 7-7a-c corresponding to the inlet, Figure 7-7d-f
corresponding to the middle region and Figure 7-7g-i corresponding to the outlet.
In each figure, the dotted line represents the outline of the flow field, such that
the reader can better distinguish land and channel regions.
Looking first across the columns (i.e. left-to-right in each region in Figure
7-7), it can be seen that for each region the CL thins out with increasing cycling.
This is shown by the shift from purple to light blue colours in regions. An example
is indicated by the arrow in the middle region, where an identical location is
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pointed out. It can be seen that the location indicated displays a colour change
as the layer thins with cycling. Also observed is the increase in cracks present in
the CL with increasing cycling. Whilst there are some cracks present in the
starting material for all regions, these cracks are found to grow and new cracks
form over the AST. An in-depth analysis of the cracking can be found in the
following section. It should be noted that no degradation of the MPL was
observed, despite the high voltage and similar construction of the MPL and CL,
being based on a carbon nanoparticle support. This suggests that the presence
of the platinum catalyst catalyses the oxidation of carbon, as discussed in the
review by Weber et al. [122].
It can also be seen that there are some regions where the CL is thicker,
especially areas surrounding the cracks, as indicated by the purple colour. To
quantify the changes in the CL thickness, the average thickness was calculated
for each region Table 7-1. For all three regions, the average CL thickness was
found to decrease with cycling. All three regions began with a CL thickness
between 21.1 – 22.0 μm. By 5000 cycles, the average thickness of regions was
18.0, 15.7 and 14.7 μm for inlet, middle and outlet regions, respectively. This
shows that in addition to the formation of cracks, CL thinning is occurring as a
result of the collapse of the pore structure arising due to loss of carbon support.
The loss of pore structure is also expected to have an impact on fuel cell
performance, since the reduction in porosity would inhibit the transport of gas and
water through the CL resulting in increased mass transport losses.
Table 7-1 Average CL thickness for the inlet, middle and outlet regions after 0, 2000 and
5000 cycles. The standard deviations are given in brackets next to each value.

CL

thickness, CL

thickness, CL

thickness,

inlet (σ) / μm

middle (σ) / μm

outlet (σ) / μm

0 cycles

21.1 (2.6)

21.6 (2.2)

22.0 (2.3)

2000 cycles

19.2 (2.2)

18.9 (2.0)

16.3 (2.0)

5000 cycles

18.0 (2.0)

15.7 (1.7)

14.7 (1.7)
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Figure 7-7 Cathode catalyst layer for a-c), inlet BOL, 2000 and 5000 cycles, respectively; d
f) middle BOL, 2000 and 5000 cycles, respectively; and g-i) outlet BOL, 2000 and 5000
cycles, respectively. Dashed line represents the outline of the flow field, with area outside
being the land. Black scale bar represents 300 μm in each case. The colour bar indicated
represents the local thickness of the CL, with increasing thickness of CL from blue to
purple colour. The black arrow in the middle region indicates an example of a region that
gradually thins over the course of cycling.
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Looking down the columns in Figure 7-7 and comparing the different
regions at the same stages of cycling, it is noticeable, even by eye, that the
degradation at 2000 and 5000 cycles is more significant at the outlet than the
inlet, with the degradation of the middle region falling between. This is seen both
by the presence of a greater number of cracks moving from the inlet to outlet
region, as well as a thinner CL. This is reflected in the values for the average CL
thickness. It was found that the average thickness of the inlet had decreased by
3.1 μm at 5000 cycles, compared with a reduction of 5.9 μm for the middle region
and 7.3 μm for the outlet. This, hence, provides a strong indication that the extent
of degradation increases moving along the channel from inlet to outlet.
Previous work has shown using X-ray CT that extended voltage cycling
leads to the formation and propagation of crack networks in the CL [110], but
such studies have only studied one location along the flow channel. In contrast,
the findings here provide an extra insight into the morphological changes that
occur in the CL and show that there are degradation effects along the flow
channel. These results show that the extent of cracking and degradation are
greater at the outlet than at the inlet and are consistent with the findings of
previous work using electrochemical current mapping techniques [107] or
diffraction-based methods [108].
These findings are also particularly significant when considering the wide
use of ASTs, as it highlights that the ASTs targeting carbon corrosion are not
degrading the MEA in a uniform manner. Furthermore, it emphasises that whilst
electrochemical data presents an averaged or bulk performance for the MEA,
there could be regions that are considered to have “failed”, but other regions still
active. For example, the MEA here was found to have 27% ECSA over the course
of the 5000 cycles, which does not class it as having “failed” according to the
DOE target. Nonetheless, given the extent of morphological change and
degradation that occurred at the outlet, as characterised by X-ray CT, it could be
the case that whilst the outlet has failed, the inlet is still electrochemically active.
It is also interesting to compare the different morphological effects of the
different ASTs, since the extent of cracking during the 16,000-cycle
platinum-specific AST (Chapter 6) was not as significant as that seen here,
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despite the fact that the ECSA had dropped below 40% after 16,000-cycles. This
highlights key differences between the modes of degradation targeted with the
two ASTs and also emphasises the need for development of nano-scale in-situ
X-ray CT studies, to be able to observe changes in the platinum agglomerates
during cycling. To confirm these proposed differences, future studies should use
the miniature fuel cell fixture with HyPlat materials to carry out the 30,000-cycle
AST.
As discussed in Section 2.1, the rate/extent of carbon corrosion is a function
of the humidity of the system in addition to the effect of cycling at high voltages.
It has been shown that areas of lower humidity, or lower overall humidity, display
greater degradation than regions that are well hydrated [94]. In addition, studies
have shown that an air/hydrogen mix on the anode results in internal currents
and even higher potentials that impact carbon corrosion [88,282] (although the
purging of the flow channels before and after mounting/dismounting from the test
rig should mitigate this to some extent). Based on the current understanding, the
hypothesis proposed here for the origins of the increasing degradation along the
channel are:
a) Near the inlet, the CL is well hydrated because the inlet cathode gas is
well humidified. Thus, carbon corrosion is mitigated due to the higher
relative humidity in this region and oxidation of water is occurring as the
predominant reaction mechanism associated with the high potentials
imposed by the AST.
b) Moving through the bends of the flow channel towards the outlet, the MEA
becomes less well hydrated, since water from the gas stream is either
condensed or used upstream in water oxidation reactions. Thus, the
reaction mechanism shifts in favour of carbon corrosion and breakdown of
electrode material.
Further validation of these hypotheses are needed and are suggested as
future work in the conclusions to this thesis in Section 8.2. In particular,
verification of the water and humidity levels across the cell is necessary, either
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by use of high-resolution neutron or X-ray CT or by analysis of the flow, since the
hypotheses are based on humidity levels across the MEA.

7.3.4.2 Crack analysis
The segmented crack networks are shown in Figure 7-8. The colour scale
represents the thickness of the cracks, with an orange/yellow colour representing
a thicker crack, and purple/blue representing thinner cracks. Furthermore, the
outline of the flow channels is indicated with dashed white lines, with the space
outside the dashed line being the land for the inlet/outlet and the space enclosed
within the dashed box representing the flow field land in the middle region.
Looking at the distribution of narrower/wider cracks in comparison to the location
of the flow channels, it is noticeable that as the degradation proceeds, there is a
greater concentration of wider cracks under channel regions than under land
regions for all locations. This land/channel effect will be discussed in detail in
Section 7.3.5.
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Figure 7-8 Segmented crack networks for a-c) inlet, d-f) middle and g-i) outlet. The cracks
are shown as a function of their thickness, with increasing crack thickness from purple to
yellow colours. The white dashed lines outline the flow fields. The white arrow in the middle
region images highlights an example of a crack evolving over the course of cycling.
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Inspection of the crack network across the entire sample also allows for
the growth and expansion of the crack network to be understood. An example
crack is indicated in the middle region of Figure 7-8d-f, noted by the white arrow
and is shown in isolation in Figure 7-9. The white arrows of Figure 7-9 indicate
some notable cracks that are present in the starting material. By 2000 cycles, it
can be seen that these cracks have joined to form a continuous crack network,
as shown by the white circles. The colours also show that the cracks have
widened, since there is a change from purple to orange/yellow in the centre of
the cracks. At 5000 cycles, it can be seen that between the existing crack
network, a new, well-connected network of narrower cracks has been formed
(indicated by white, dashed squares).

Figure 7-9 Example of the evolution of the crack network indicated in Figure 7-8 for the
middle region, with the various mechanisms highlighted. At 0 cycles, there are some
existing cracks in the CL (indicated by white arrows) as a result of the drying ink during
CL preparation, by 2000 cycles, the existing cracks indicated by white arrows have
lengthened and widened. In some places they have joined, indicated by white circles. After
5000 cycles, the existing crack have continued to widen, lengthen and join, but new crack
networks of narrower cracks have also begun to form, indicated by white dashed boxes.

To quantify this crack network expansion, a number of crack metrics were
calculated. As outlined in Section 7.2.2, the CCR/ACR, crack connectivity, label
analysis and number of nodes were calculated for the three regions at the various
stages of cycling, the results of which are shown in Figure 7-10a-e. The CCR
shows that the fresh MEA has a similar extent of cracking across it, with only a
1% difference between the smallest (middle) and largest (outlet) values (Figure
7-10a). After 2000 cycles, there is a notable difference between the CCRs, with
the outlet having the highest value of 13%, compared with the values of the
middle and outlet regions of 10% and 7%, respectively. This difference becomes
larger still after 5000 cycles, with an outlet CCR value of 27%, compared with
18% in the middle region and 10% at the inlet. Overall, the inlet CCR value
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increases 7% over 5000 cycles, the middle region showed a 16% increase and
the outlet CCR value increase over three times that of the inlet, with a 23%
increase in the CCR. This further emphasises that the extent of cracking is
greater at the outlet than the inlet after 5000 cycles and also suggests that the
outlet is degrading at a faster rate than the inlet.
Some studies have shown that humidity cycling increases the rate of
degradation [94], though it would be expected that humidity cycling would also
cause the anode to degrade. To confirm whether humidity cycling was a
contributing factor to the degradation, the ACR was also calculated (Figure
7-10b). It was found that the ACR did not change over the course of the AST,
with all values of ACR found to be in the range of 2.2% - 2.7%. The average CCR
at 0 cycles was calculated to be 2.4%. This shows that the ACR throughout the
cycling stays the same as the fresh electrode, which suggests that humidity
cycling is likely not the main factor affecting degradation and that the degradation
of the anode is a direct result of electrochemical degradation.
Crack connectivity after 2000 and 5000 cycles provides further insight into
the different rates of degradation across the region Figure 7-10c. As mentioned
in Section 7.2.2, only the crack connectivity after 2000 and 5000 cycles was
calculated, since no cracks were fully connected in the yz-plane at 0 cycles and
the only cracks present were those arising from the drying of the CL ink during
GDE manufacture. After 2000 cycles, it was found that the connectivity of the inlet
cracks was still 0%, which means that no cracks fully connect the length or width
of the region imaged. This is compared to values of 48% in the middle and 67%
at the outlet. By 5000 cycles, the connectivity of cracks in the inlet have reached
80%, which means that 20% of cracks are still isolated from the main crack
network. By comparison, the middle region has a value of 97% and in the outlet
region, 100% of cracks are connected, which emphasises that the outlet region
crack network has grown faster than the middle or inlet regions. Moreover, the
increase in the crack connectivity gives further evidence for a two-stage crack
growth mechanism that was discussed in relation to Figure 7-9. First, the existing
cracks widen and lengthen over the course of cycling, which would not be
expected to greatly increase the connectivity. Secondly, a network of narrower
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shorter cracks nucleate between the existing cracks, which are initially not fully
connected to the main crack network but which have grown sufficiently by 5000
cycles to be fully (or almost fully) connected.
Results of the label analysis show an interesting trend (Figure 7-10d). A
greater number of labels means that there are a larger number of separate,
unconnected cracks. Between 0 and 2000 cycles, the number of labels in the inlet
and middle regions increases. This suggests that whilst there are new cracks
forming and branching, these cracks are unconnected. At 5000 cycles, the values
for both the inlet and middle regions have decreased, which shows that the crack
network is becoming more connected. This trend is reflected in the crack
connectivity results, which show a jump in connectivity between 2000 and 5000
cycles. Interestingly, the number of labels in the inlet region at 5000 cycles is still
greater than the number at 0 cycles. Again, this reflects the fact that whilst a large
amount of the cracks at 5000 cycles have become connected, there are still many
cracks that are not yet part of the crack network. Unlike the inlet and middle
regions, the number of labels for the outlet decreases from 0 to 2000 to 5000
cycles. This suggests that already by 2000 cycles, the outlet is sufficiently
degraded that the cracks have merged to form a crack network. This further
emphasises that there is greater degradation of the outlet region. It should be
noted here that whilst crack connectivity gives information about cracks that
extend across the entire length or width of the imaged region, it does not account
for cracks that may connect inside the plane boundaries. This could be a reason
why at 2000 cycles, the number of separate crack labels has dropped, even
though only two thirds of the crack network is connected in the y- and z-axes.
The final metric used to analyse the cracking in the CL at the different
regions was analysis of the number of nodes in the crack network (Figure 7-10e).
A node is considered a point where three (or more) cracks join and a greater
number of nodes represents a greater extent of degradation, since each node is
a point where a crack branch extends from an existing crack. In all regions, the
number of nodes increases with increasing cycling, since all regions are
progressively degrading. However, as was seen with the other metrics, the
number of nodes at the outlet is the largest at both 2000 and 5000 cycles,
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followed by the middle and then the inlet. At 5000 cycles, the number of nodes in
the inlet is 272, which is 398 less than the number at the outlet and 266 less than
in the middle.

Figure 7-10 Metrics analysed for the three regions at various stages of cycling, with purple
colours representing inlet, blue for middle regions and green for outlet, with a) CCR, b)
ACR, c) crack connectivity at 2000 and 5000 cycles, d) number of labels and e) number of
nodes equal to 3.

Considering all of the results from the crack metric analysis, the
mechanism for crack growth and propagation is thought to be in line with previous
reports [57,205]. It is proposed that this mechanism is a two-step process of crack
initiation followed by crack propagation. Similar two-step ideas have been
proposed by Singh et al. using combined experimental/modelling studies [205].
The cracks that are present in the starting material (as indicated by the images
of the BOL samples) proceed via crack propagation, only, since there is no need
for initiation of these existing cracks. During crack propagation, it is thought that
the cracks widen and lengthen, with the direction of propagation likely resulting
from the path of least resistance i.e. the direction that has the most defects. Such
defects, or weaknesses, are present along the length of existing cracks where
the CL composition is irregular, as highlighted by Manahan et al. [57]. These point
of weakness are thought to act as nucleation points for the formation of crack
branches and it is at these points, where the node value equals three, that a new
network of narrower shorter cracks are initiated.
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7.3.5 Land vs channel degradation effects
In addition to the findings that there is increasing degradation along the
channel moving from inlet to outlet, the land vs channel degradation effects were
investigated using the metrics developed and discussed in the previous section,
with the addition of the average crack width. Previous studies have suggested
that the degradation under the channel is more significant than under the land
[78,108,110] and this is confirmed with the findings here. Some practitioners have
suggested that the land regions are blocked to the gas channel [122], which could
reduce the diffusion of gas to these regions, making them less electrochemically
active and, thus, limiting the degradation in the land regions. Three rectangular
regions were extracted from each channel and land region, (an example of which
was indicated in Figure 7-3), and then the metrics of each three extracted regions
were averaged. This was to ensure that as much of the land and channel was
analysed and to get good statistical representation.
Looking first at the plots of crack diameter, it can be seen by eye that the
channel cracks are wider than the land cracks (Figure 7-11, right). This is
especially noticeable for the middle and outlet regions after 5000 cycles, where
the colour of the cracks under the channel has shifted from purple to yellow. The
histograms of the corresponding land and channel regions were plotted to show
the spread of the crack diameters (Figure 7-11, left). The results further highlight
that the channel regions typically have wider cracks than the land regions. An
exception to this is the inlet region after 2000 cycles, where it can be seen that
the histograms align with each other, indicating that the land and channel
diameters are similar. This suggests that the inlet and to some extent also the
middle regions have not yet sufficiently degraded to be able to distinguish
between land and channel degradation.
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Figure 7-11 Histograms for the crack widths in land (lighter colours) and channel (darker
colours) for inlet (purples), middle (blues) and outlet (blues). The histogram counts have
been normalised to 1, the left hand column shows results for 2000 cycles and the right
hand column for 5000 cycles; the corresponding visualisations for the crack networks
under an example land and channel region are shown in b), with the crack thickness
indicated by colour, with increasing thickness from purple to yellow colours.

The average crack diameter was calculated for the three volumes
extracted from land and channel regions and are shown in (Figure 7-12a) and the
results build on those discussed in relation to the histograms. In the inlet region,
the land and channel widths are almost the same, with the channel being on
0.6 μm wider than the land. Even by 5000 cycles, there is only a small separation
between the inlet land and channel widths. Interestingly, the average width of the
channel in the middle region is 1.7 μm larger than the land at 2000 cycles, which
shows when taking into account the average across the land and channel, there
is in fact a difference between the two. After 5000 cycles, the channel is 1.1 μm
wider than the land in the middle. The outlet shows a similar trend with the
channel region being 1.3 μm larger than the land region at 2000 cycles and
1.2 μm larger after 5000 cycles.
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Figure 7-12 Metrics calculated for the land and channel analysis, a) average crack width,
b) CCR, c) number of nodes equal to 3 and d) number of labels at 2000 and 5000 cycles.
Land regions are represented by lighter shades and channel regions are represented by
darker shades. Inlet, middle and outlet are shown by purple, blue and green colours,
respectively.

Analysis of the CCR showed a more varied relationship between the cycle
number and land- or channel-location of the image (Figure 7-12b). Firstly, looking
at the trend at 2000 cycles, the inlet and middle region show the inverse trend of
the outlet region. For the inlet and middle, the CCRland is greater than the
CCRchannel, which implies that there is a greater volume of cracks under the land
than under the channel. The average crack width of the channel cracks in the
middle region was greater than the land cracks, so the implication is that there
are fewer, thicker cracks under the channel region, but more, narrower cracks
under the land region at 2000 cycles. On the other hand, the CCR land is smaller
than the CCRchannel for the outlet region, suggesting that there is a larger volume
of thicker cracks under the channel in the outlet. By 5000 cycles, the outlet
relationship has remained the same, with the CCRchannel still greater than the
CCRland. In the middle region, the order has reversed, with the CCRchannel now
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greater than the CCRland. In the inlet region, the CCRland and CCRchannel now have
almost identical values of 15.0% ±0.6% and 15.3% ± 1.7% for land and channel,
respectively.
The findings of the CCR are thought to be initial evidence for a “crack
threshold”, which is defined as being a point where the volume of cracks under
the channel exceeds a limit such that they are both wider and greater in number
than cracks under the land. It appears that by 2000 cycles, the outlet has already
reached this threshold, with the channel cracks being wider and occupying a
greater percentage of the volume. Conversely, the inlet and middle regions have
not yet reached the threshold at 2000 cycles, but at 5000 cycles the channel
cracks in the middle region have surpassed the crack threshold (i.e.
CCRchannel>CCRland AND crack-widthchannel>crack-widthland). The inlet region
appears to be at or nearing the crack threshold, but further cycling would
elucidate whether this hypothesis is true.
The general trend for the node and label analysis (Figure 7-12c and d,
respectively) is that with increasing cycling, the number of nodes increases and
the number of labels decreases. This reflects the fact that a more well-connected
crack network is forming, which reduces the amount of isolated cracks. However,
when comparing the trends in the land and channel region, the distinction
between them is less clear and there appears to be no correlation.
First considering the number of nodes, at 2000 cycles, the inlet and outlet
regions have a greater number of nodes under the land than the channel, with
the opposite being true for the outlet. This mirrors the trend shown by the CCR at
2000 cycles. At 5000 cycles, the difference between land and channel has
become greater at the inlet, whilst the middle has reversed, with nodes under the
channel now greater than nodes under the land. A similar lack of apparent trend
is observed for the number of labels, where there is no clear correlation between
land/channel region and number of labels. Finally, the error bars highlight that
there is variation across the channel and land with respect to the metrics, owing
to the fact that crack formation proceeds in an inhomogeneous manner.

250

7.4

Conclusions of Chapter Seven
The focus of the work here was to use the second-generation of in-situ cell

to carry out correlative imaging of local fuel cell degradation. Macroscale imaging
proved useful for metrology purposes and ensuring good cell alignment. A scan
of the entire cell also allowed the three regions of the flow field to be selected for
further microscale imaging. The cell was then subjected to a carbon-specific AST,
with electrochemical testing being done at 0, 2000 and 5000 cycles. These results
showed a significant loss of performance, characterised by loss in cut-off current
density, increase in impedance and loss of ECSA. At each voltage cycle
interruption, imaging was also done on three regions of the cell, namely the
cathode gas inlet, a middle region and outlet.
As expected, the three regions displayed increasing degradation with
increasing cycling. This was characterised by a thinning of the cathode CL, as
well as growth and expansion of the crack network in the CL. The CCR/ACR were
new metrics developed for quantifying the extent of degradation. The anode CL
did not show any degradation throughout the AST. It was also found that the
extent of degradation increased from inlet to outlet, which constitutes the first
example of this phenomenon characterised in 3D using X-ray CT. As well as this
localised effect, it was also found that the CL regions residing under the channel
were more degraded than those under the land. These two findings together
indicated that a possible reason for localised degradation was due to the local
humidity; the outlet is thought to be less humidified than the inlet (and the channel
less humidified than the land), which is thought to lead to a greater level of
degradation.
These findings are significant since they highlight the need to do local
analyses on materials, since degradation is evidently not a bulk phenomenon.
Future work aims to examine the degradation rate of the bends of the flow field
since results in Chapter 4 showed that water tends to pool in the bends of single
serpentine flow fields. Furthermore, validation work must be done to see if the
effect is present on larger cells, by way of current mapping and post-mortem
analysis. Finally, local water humidification must be quantified during the AST to
confirm the hypotheses presented here.
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8 Chapter Eight: Conclusions and future work
8.1

Conclusions of multiscale characterisation
With the need to move towards low-carbon technologies, PEFCs have

garnered increasing attention as viable energy alternatives. With their growing
uptake comes the need to design more durable, longer lasting materials and
better water management systems within the components of the PEFC. With this
in mind, this thesis set out to develop new methods for imaging components in
the PEFC for studying both water management and material degradation.
Given that the processes and materials in the PEFC span a range of
time- and length-scales, from the nanoparticles of the CL to the millimetre-sized
flow channels, a multiscale approach to characterisation was adopted, where the
imaging technique was chosen based on the length scale of the feature of
interest. At the macroscale, the relevant features of interest discussed in
Chapter 4 were the flow fields and water evolution within them. At the microscale,
the layers of the MEA, in particular the GDL and CL, were a focus in Chapters 5,
6 and 7. Emphasis was put specifically on correlating cell performance to
morphology changes, both during operation at BOL and after degradation testing
at EOL.
Being able to characterise the PEFC across length scales is a particular
need in the research literature, since the individual processes at each length
scale contribute to different temporal processes (e.g. water formation over
seconds and minutes, compared with crack degradation over hours and days
during ASTs). Visualisation and quantification of these properties across the
length scales provides a wealth of important information that cannot be discerned
from electrochemical testing alone.
Finally, it has been shown that isolating each process at each length scale
allows for more in-depth information to be understood. Much like the ASTs, which
target different degradation mechanisms in isolation, multiscale characterisation
for the moment is still focussed on individual length scales in isolation. However,
as the achievable resolution of X-ray and neutron imaging techniques continue
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to improve, it is possible that in the near future, it will be possible to capture both
pore scale information about the nanostructure of the CL and macroscale
information about water droplets at the same time. Until then, an approach similar
to that in this thesis is necessary.
A significant focus of the work in this thesis was the design and manufacture
of in-situ cells for neutron and X-ray imaging. The cell requirements, in terms of
materials and geometry, are determined as a function of the beam characteristics
and interaction with matter. Thus, for neutron imaging, gold-coated aluminium
cells were designed owing to the low neutron cross-section of aluminium.
Conversely, metals are poor casing materials for X-ray imaging due to the high
attenuation, so X-ray imaging cells were manufactured from graphite to improve
image quality. Despite minor differences in the cell designs for the different
imaging techniques, the methods and ideas behind cell design were largely the
same and the designs in this thesis are highly transferrable between length
scales, which makes them well suited for multiscale imaging in the future. This is
a key outcome of the work, since it shows that optimisation of cell design expands
the possibilities for multiscale imaging of PEFCs.
At the macroscale, the evolution of water in the flow channels is of particular
interest. Future generations of commercial cell/stack designs are expected to
adopt complex flow field geometries to optimise both the distribution of gas to the
MEA and removal of water from the cells. For this, neutron imaging is a suitable
technique, with the spatial resolution being well matched to the flow channel size
as well as the high contrast of water due to the large neutron cross section of
hydrogen. However, significant drawbacks of existing investigations using
neutron imaging have been the lack of tomographic imaging [75,124]. As
discussed in Chapter 2, the use of radiography limits the information that can be
obtained surrounding the formation and movement of water through the flow
channels during PEFC operation. Furthermore, radiographic imaging often
requires the modification of flow channels to allow the anode and cathode to be
distinguished, which results in a system that less well resembles the “real-world”
operation of cells. The work discussed in Chapter 4 represents the first example
of operando neutron imaging of PEFCs in four-dimensions. This has significant
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advantages over radiography, given that the cells manufactured required no flow
field modification and water in the anode, cathode and MEA could be easily
distinguished using automated image processing methods. The new metrics for
analysing and studying droplet properties and distributions are expected to be
invaluable for future studies of novel flow field designs under ‘real-world’
operando conditions.
At the microscale, the morphology and degradation of the materials in the
MEA are of particular interest. X-rays were shown here to be a well-suited
imaging method for resolving the various layers of the GDE, namely CL, MPL and
GDL. Whilst the individual pores of the CL and MPL cannot be resolved at this
length scale, it had already been shown that water in the GDL and crack growth
during degradation are key mechanisms that can be better understood using
X-ray CT [158,213]. Knowledge of the microscale morphology is crucial for
deepening understanding of PEFCs, since the morphology of layers in the MEA
is intrinsically linked to the performance of a particular cell. Thus, microscale
investigations sought to deepen the understanding of PEFC microstructures, as
well as how the materials degrade over time. Such investigations are expected
to be of significant impact when considering the continuously improving designs
of the MEA materials. Whereas commonly-used, commercial materials were
used throughout this thesis, the methods and new insights gained can be easily
applied to novel CL designs or MEAs employing novel catalysts. With the shift
towards low- and non-platinum-containing CLs, it is crucial that the morphological
changes occurring within these new designs is well understood, such that their
durability and performance can be optimised.
With this in mind, the microscale imaging studies in this work first build on
existing literature by using ex-situ studies to investigate the REA (Chapter 5) and
the general degradation of the CL during extended cycling under different MEA
preparation conditions (Chapter 6). Investigations into the REA highlighted that
the local REA of a single MEA region may not represent the entire MEA, with
small variations in calculated metrics being found across the various regions of
the MEA. Thus, a conclusion from this work is the suggestion that future
practitioners should be sure to take multiple image samples from across the entire
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MEA to ensure they have fully captured the differences in microstructure in the
sample.
This localised effect was highlighted further when moving from ex-situ to
in-situ imaging. The inhomogeneous degradation of the CL has been previously
shown by electrochemical mapping techniques [107], but the microstructural
evolution of the CL during degradation was shown using in-situ methods for the
first time here. It was found that there was a greater extent of CL cracking at the
cathode gas outlet than cathode gas inlet, which was quantified using existing
and

newly-developed

analysis

methods.

This

highlights

that

whilst

electrochemical techniques provide information about bulk degradation, it is clear
that the MEA degrades as a function of local environment (e.g. RH, current,
temperature). The implications of these findings could influence future CL design,
for example, by introducing variable loading CLs to ‘even out’ the degradation
across the cell.
8.2

Future work
This thesis has presented the use of advanced imaging techniques to

characterise performance and degradation of PEFCs across multiple time and
length scales. A limitation of all in-situ work done in this thesis is the use of room
temperature conditions for cell operation; in practise, PEFCs are operated in the
region of 70-100 °C. Thus, a clear initial avenue for future work is to modify the
cell designs to accommodate cell heating (and also heating of the gas streams).
Once modified, the next steps for the in-situ work would be to repeat
experiments at elevated temperatures. Firstly, the water accumulation and
distribution would be expected to have different properties at elevated
temperatures; the pooling of water in the channels would not be expected to be
as significant. This could be better understood using further neutron tomography
studies. It is also possible that more distinct differences between flow field
designs could be observed.
Elevated temperatures could also be expected to accelerate the degradation
of the MEA. Thus, future in-situ X-ray CT work should aim to compare the effects
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of temperature on the degradation rate, as well as understand whether the
localised nature of degradation changes as a result of elevated cell temperature.
The concept of image-based modelling was introduced in Chapter 2 and a
proposed avenue for future work is to use image-based models to simulate crack
propagation and fatigue. This is important, since the suggested mechanisms for
crack failure can feed back into materials design; future CLs may aim to be
defect-free to slow down the propagation of cracks, or use deliberate patterning
and variable loading to even out the degradation across the MEA. Models of this
could be used to predict the outcomes of degradation, without the need to carry
out extensive imaging, which is both data- and time-intensive.
Finally, this work has focused solely on the use of commercial fuel cell
materials for developing the characterisation techniques. Future work would aim
to use the toolbox of multiscale characterisation methods developed here and
apply them to the next generation of materials design. Both macro- and
microscale properties of emerging materials, such as non-platinum-containing
catalysts or patterned CLs, are expected to be different to those displayed by
conventional materials. As discussed throughout this thesis, using in-situ 3- and
4D characterisation, advanced insights about the operation and degradation of
these novel materials is expected to be discovered.

Publications, awards and conferences
Primary publications
1. J. Hack, T. M. M. Heenan, F. Iacoviello, N. Mansor, Q. Meyer, P. Shearing,
N. Brandon, D. J. L. Brett, “A Structure and Durability Comparison of
Membrane Electrode Assembly Fabrication Methods: Self-Assembled
Versus Hot-Pressed”, J. Electrochem. Soc, 165 (6), 2018, F3045-F3052.
2. J. Hack, PA Garcia-Salaberri, MDR Kok, R Jervis, PR Shearing, N Brandon,
DJL Brett, “X-ray Micro-Computed Tomography of Polymer Electrolyte Fuel
Cells: What is the Representative Elementary Area?”, Journal of the
Electrochemical Society, 167, 2020, 13545.
256

3. J. Hack, L Rasha, PL Cullen, JJ Bailey, TP Neville, PR Shearing, NP
Brandon, DJL Brett, “Use of X-ray Computed Tomography for
Understanding Localised, Along-the-Channel Degradation of Polymer
Electrolyte Fuel Cells”, Electrochimica Acta, 352, 2020, 136464.
Secondary publications
1. C. Tan, T. M. M. Heenan, R. F. Ziesche, S. R. Daemi, J. Hack, M. Maier, S.
Marathe, C. Rau, D. J. L. Brett, P. R. Shearing, “Four-dimensional studies of
morphology evolution in lithium–sulfur batteries”, ACS Appl. Energy Mater.,
1 (9), 2018, 5090-5100.
2. N. Kulkarni, Q. Meyer, J. Hack, R. Jervis, F. Iacoviello, K. Ronaszegi, P.
Adcock, P. R. Shearing, D. J. L. Brett, “Examining the effect of the
secondary flow-field on polymer electrolyte fuel cells using X-ray computed
radiography and computational modelling”, Int. J. Hydrog. Energy, 44 (2),
2019, 1139-1150.
3. N. Kulkarni, Q. Meyer, J. Hack, R. Jervis, F. Iacoviello, K. Ronaszegi, P.
Adcock, P. R. Shearing, D. J. L. Brett, “Examining the effect of the
secondary flow-field on polymer electrolyte fuel cells using X-ray computed
radiography and computational modelling”, Int. J. Hydrog. Energy, 44 (2),
2019, 1139-1150.
4. Q. Meyer, J. Hack, N. Mansor, F. Iacoviello, JJ Bailey, PR. Shearing, D. J.
L. Brett, “Multi-Scale Imaging of Polymer Electrolyte Fuel Cells using X-ray
Micro-and Nano-Computed Tomography, Transmission Electron Microscopy
and Helium-Ion Microscopy”, Fuel Cells, 19 (1), 2019, 35-42.
5. D.P. Finegan, J. Darst, W. Walker, Q. Li, C. Yang, R. Jervis, T.M.M.
Heenan, J. Hack, J.C. Thomas, A. Rack, D.J.L. Brett, P.R. Shearing, M.
Keyser, E. Darcy, “Modelling and experiments to identify high-risk failure
scenarios for testing the safety of lithium-ion cells”, J. Power Sources, 417,
2019, 29-41.
6. T. M. M. Heenan, C. Tan, J. Hack, D. J. L. Brett, P. R. Shearing,
“Developments in X-ray tomography characterization for electrochemical
devices”, Mater. Today, 31, 2019, 69-85.

257

7. N. Kulkarni, J.I.S. Cho, L. Rasha, R.E. Owen, Y. Wu, R. Ziesche, J. Hack, T.
Neville, M. Whiteley, N. Kardjilov, H. Markötter, I. Manke, P.R. Shearing,
D.J.L. Brett, “Effect of cell compression on the water dynamics of a polymer
electrolyte fuel cell using in-plane and through-plane in-operando neutron
radiography”, J. Power Sources, 439, 2019, 227074.
8. VS Bethapudi, J. Hack, P Trogadas, JIS Cho, L Rasha, G Hinds, PR
Shearing, DJL Brett, M-O Coppens, ”A lung-inspired printed circuit board
polymer electrolyte fuel cell”, Energy Convers. Manag., 202, 2019, 112198.
9. Y Wu, JIS Cho, M Whiteley, L Rasha, TP Neville, R Ziesche, R Xu, R Owen,
N Kulkarni, J. Hack, M Maier, N Kardjilov, H Markötter, I Manke, FR Wang,
PR Shearing, DJL Brett, ”Characterization of water management in metal
foam flow-field based polymer electrolyte fuel cells using in-operando
neutron radiography”, Int. J. Hydrog. Energy, 45 (3), 2020, 2195-2205.
10. V.S. Bethapudi, J. Hack, P. Trogadas, G. Hinds, P. R. Shearing, D. J. L.
Brett, M-O. Coppens, “Hydration state diagnosis in fractal flow-field based
polymer electrolyte membrane fuel cells using acoustic emission analysis”,
Energy Convers. Manag., 220, 2020, 113083.
Conferences attended
Talks


2017 Centre for Doctoral Training in Advanced Characterisation of Materials
Summer Retreat, Girona, Spain, July 2017
Title: Investigating the Interfaces of Polymer Electrolyte Fuel Cells



2017 QMUL-UCL First Symposium of the London Energy Materials &
Devices Hub, London, UK, October 2017
Title: Correlating Characterisation: from Electrochemistry to X-ray CT



2017 Piero Lunghi European Fuel Cell Conference and Exhibition, Naples,
Italy, December 2017
Title: A Multiscale Approach to Polymer Electrolyte Fuel Cell
Characterisation



2018 International Hydrogen and Fuel Cells Conference, Trondheim,
Norway, May 2018
258

Title: The Use of X-ray Computed Tomography for Elucidating the
Materials Design of Gas Diffusion Electrodes


2018 EuCheMS, Liverpool, UK, August 2018
Title: Miniature Fuel Cells for Microscale Characterisation: Elucidating
the Internal Workings of Polymer Electrolyte Fuel Cells using X-ray
Computed Tomography



2019 London Energy Materials and Devices Hub, London, UK, June 2019
Title: Miniature fuel cells for in-situ characterisation
Award: Best Oral Presentation



2019 CDT-ACM Summer Retreat, Girona, Spain, July 2019
Title: Miniature fuel cells for multi length scale imaging
Award: Best Oral Presentation



2020 H2FC SUPERGEN, Nottingham, UK, February 2020
Title: Four-dimensional imaging of degrading polymer electrolyte fuel
cells

Posters


2017 UCL Energy Storage Networking Event, London, UK, June 2017
Title: A multiscale approach to characterisation of polymer electrolyte fuel
cells



2017 4th International Conference on Advanced Electromaterials, Jeju,
South Korea, November 2017
Title: X-ray Computed Tomography for Elucidating the Material
Microstructure in Polymer Electrolyte Fuel Cells
Award: Best Poster



nanoscience@Surfaces, Cambridge University, UK, August 2018
Title: Visualising Hidden Interfaces: Three Dimensional Imaging of
Polymer Electrolyte Fuel Cells



2019 European Fuel Cell Forum, Lucerne, Swizterland, July 2019
Title: In-situ neutron imaging of a fuel cell during accelerated stresstesting



2019 SE-lectrochem Conferene, London, UK, September 2019
259

Title: Accelerated Stress Testing of Miniature Fuel Cells for In-Situ
Characterisation

References
[1]

D. Roberts, R. Pidcock, Y. Chen, S. Connors, M. Tignor, Global Warming
of 1.5°C.An IPCC Special Report on the impacts of global warming of 1.5°C
above pre-industrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global response to the threat
of
climate
change,
(2018)
616.
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Repor
t_Low_Res.pdf (accessed December 8, 2020).

[2]

Final UK greenhouse gas emissions national statistics: 1990 to 2018, Dep.
Bus.
Energy
Ind.
Strateg.
(2020).
https://www.gov.uk/government/statistics/final-uk-greenhouse-gasemissions-national-statistics-1990-to-2018 (accessed December 8, 2020).

[3]

The Climate Change Act 2008 (2050 Target Amendment) Order 2019,
(2019). https://www.legislation.gov.uk/uksi/2019/1056/contents/made.

[4]

E.A. Ticianelli, C.R. Derouin, A. Redondo, S. Srinivasan, Methods to
Advance Technology of Proton Exchange Membrane Fuel Cells, J.
Electrochem.
Soc.
135
(1983)
2209–2214.
https://doi.org/10.1149/1.2096240.

[5]

I. Staffell, D. Scamman, A. Velazquez Abad, P. Balcombe, P.E. Dodds, P.
Ekins, N. Shah, K.R. Ward, The role of hydrogen and fuel cells in the global
energy system, Energy Environ. Sci. 12 (2019) 463–491.
https://doi.org/10.1039/c8ee01157e.

[6]

D. Hart, F. Lehner, R. Rose, J. Lewis, The Fuel Cell Industry Review 2019,
2019.
https://www.californiahydrogen.org/wpcontent/uploads/2019/01/TheFuelCellIndustryReview2018.pdf.

[7]

Cadent, HyNet North West, 2018.

[8]

D. Sadler, A. Cargill, M. Crowther, A. Rennie, J. Watt, S. Burton, M. Haines,
H21 Leeds City Gate, 2016.

[9]

Deloitte, Fueling the Future of Mobility Hydrogen and fuel cell solutions for
transportation, 2019.

[10] S. Farhad, F. Hamdullahpur, Y. Yoo, Performance evaluation of different
configurations of biogas-fuelled SOFC micro-CHP systems for residential
applications, Int. J. Hydrogen Energy. 35 (2010) 3758–3768.
https://doi.org/10.1016/j.ijhydene.2010.01.052.
[11] L.S. Mahmud, A. Muchtar, M.R. Somalu, Challenges in fabricating planar
solid oxide fuel cells: A review, Renew. Sustain. Energy Rev. 72 (2017)
105–116. https://doi.org/10.1016/j.rser.2017.01.019.
260

[12] K. Kordesch, V. Hacker, J. Gsellmann, M. Cifrain, G. Faleschini, P.
Enzinger, R. Fankhauser, M. Ortner, M. Muhr, R.R. Aronson, Alkaline fuel
cells applications, J. Power Sources. 86 (2000) 162–165.
https://doi.org/10.1016/S0378-7753(99)00429-2.
[13] E. Gülzow, M. Schulze, Alkaline fuel cells, in: M.B.T.-M. for F.C. Gasik
(Ed.), Mater. Fuel Cells, Woodhead Publishing, 2008: pp. 64–100.
https://doi.org/10.1533/9781845694838.64.
[14] Y. Wang, K.S. Chen, J. Mishler, S.C. Cho, X.C. Adroher, A review of
polymer electrolyte membrane fuel cells: Technology, applications, and
needs on fundamental research, Appl. Energy. 88 (2011) 981–1007.
https://doi.org/10.1016/j.apenergy.2010.09.030.
[15] J.J. Baschuk, X. Li, Carbon monoxide poisoning of proton exchange
membrane fuel cells, Int. J. Energy Res. 25 (2001) 695–713.
https://doi.org/10.1002/er.713.
[16] D. Brett, N. Brandon, Bipolar plates: The lungs of the PEM fuel cell, Fuel
Cell Rev. 2 (2005) 15–23.
[17] W.R.W. Daud, R.E. Rosli, E.H. Majlan, S.A.A. Hamid, R. Mohamed, T.
Husaini, PEM fuel cell system control: A review, Renew. Energy. 113
(2017) 620–638. https://doi.org/10.1016/j.renene.2017.06.027.
[18] E.J.F. Dickinson, A.J. Wain, The Butler-Volmer equation in electrochemical
theory: Origins, value, and practical application, J. Electroanal. Chem. 872
(2020) 114145. https://doi.org/10.1016/j.jelechem.2020.114145.
[19] D. Bezmalinovic, B. Simic, F. Barbir, Characterization of PEM fuel cell
degradation by polarization change curves, J. Power Sources. 294 (2015)
82–87. https://doi.org/10.1016/j.jpowsour.2015.06.047.
[20] F. Barbir, Fuel Cell Modeling, in: PEM Fuel Cells, 2013: pp. 217–263.
https://doi.org/10.1016/B978-0-12-387710-9.00007-2.
[21] F. Barbir, Fuel Cell Basic Chemistry and Thermodynamics, in: PEM Fuel
Cells, 2013: pp. 17–32. https://doi.org/10.1016/B978-0-12-3877109.00002-3.
[22] V. Mehta, J.S. Cooper, Review and analysis of PEM fuel cell design and
manufacturing,
J.
Power
Sources.
114
(2003)
32–53.
https://doi.org/10.1016/S0378-7753(02)00542-6.
[23] A. Adloo, M. Sadeghi, M. Masoomi, H.N. Pazhooh, High performance
polymeric bipolar plate based on polypropylene/graphite/graphene/nanocarbon black composites for PEM fuel cells, Renew. Energy. 99 (2016)
867–874. https://doi.org/10.1016/j.renene.2016.07.062.
[24] E.A. Wargo, V.P. Schulz, A. Çeçen, S.R. Kalidindi, E.C. Kumbur, Resolving
macro- and micro-porous layer interaction in polymer electrolyte fuel cells
using focused ion beam and X-ray computed tomography, Electrochim.
Acta. 87 (2013) 201–212. https://doi.org/10.1016/j.electacta.2012.09.008.
[25] C. Lim, L. Ghassemzadeh, F. Van Hove, M. Lauritzen, J. Kolodziej, G.G.
Wang, S. Holdcroft, E. Kjeang, Membrane degradation during combined
261

chemical and mechanical accelerated stress testing of polymer electrolyte
fuel
cells,
J.
Power
Sources.
257
(2014)
102–110.
https://doi.org/http://doi.org/10.1016/j.jpowsour.2014.01.106.
[26] M. Breitwieser, M. Klingele, S. Vierrath, R. Zengerle, S. Thiele, Tailoring
the Membrane-Electrode Interface in PEM Fuel Cells: A Review and
Perspective on Novel Engineering Approaches, Adv. Energy Mater. 8
(2018). https://doi.org/10.1002/aenm.201701257.
[27] I. Hartung, S. Kirsch, P. Zihrul, O. Müller, T. Von Unwerth, Improved
electrochemical in-situ characterization of polymer electrolyte membrane
fuel cell stacks, J. Power Sources. 307 (2016) 280–288.
https://doi.org/10.1016/j.jpowsour.2015.12.070.
[28] P.A. García-Salaberri, D.G. Sánchez, P. Boillat, M. Vera, K.A. Friedrich,
Hydration and dehydration cycles in polymer electrolyte fuel cells operated
with wet anode and dry cathode feed: A neutron imaging and modeling
study,
J.
Power
Sources.
359
(2017)
634–655.
https://doi.org/10.1016/j.jpowsour.2017.03.155.
[29] D.J.S. Sandbeck, N.M. Secher, F.D. Speck, J.E. Sørensen, J. Kibsgaard,
I. Chorkendorff, S. Cherevko, S. Cherevko, Particle Size Effect on Platinum
Dissolution: Considerations for Accelerated Stability Testing of Fuel Cell
Catalysts,
ACS
Catal.
10
(2020)
6281–6290.
https://doi.org/10.1021/acscatal.0c00779.
[30] R. O’Hayre, D.M. Barnett, F.B. Prinz, The Triple Phase Boundary: A
Mathematical Model and Experimental Investigations for Fuel Cells, J.
Electrochem.
Soc.
152
(2005)
A439–A444.
https://doi.org/10.1149/1.1851054.
[31] T. Abdel-Baset, T. Benjamin, R. Borup, K.E. Martin, N. Garland, S. Hirano,
J. Kopasz, B. Lakshmanmn, D. Masten, M. Mehall, D. Myers, D.
Papageorgopoulos, W. Podolski, T. Trabold, B. Vermeersch, J. Waldecker,
Fuel Cell Technical Team Roadmap Hydrogen Storage Technologies
Roadmap,
2017.
https://www.energy.gov/sites/prod/files/2017/11/f46/FCTT_Roadmap_Nov
_2017_FINAL.pdf.
[32] X. Liu, E.H. Yu, K. Scott, Preparation and evaluation of a highly stable
palladium yttrium platinum core-shell-shell structure catalyst for oxygen
reduction reactions, Appl. Catal. B Environ. 162 (2015) 593–601.
https://doi.org/10.1016/j.apcatb.2014.07.038.
[33] A. Carbone, M. Gaeta, A. Romeo, G. Portale, R. Pedicini, I. Gatto, M.A.
Castriciano, Porphyrin/sPEEK Membranes with Improved Conductivity and
Durability for PEFC Technology, ACS Appl. Energy Mater. 1 (2018) 1664–
1673. https://doi.org/10.1021/acsaem.8b00126.
[34] R. Othman, A.L. Dicks, Z. Zhu, Non precious metal catalysts for the PEM
fuel cell cathode, Int. J. Hydrogen Energy. 37 (2012) 357–372.
https://doi.org/10.1016/j.ijhydene.2011.08.095.
[35] A. Kongkanand, N.P. Subramanian, Y. Yu, Z. Liu, H. Igarashi, D.A. Muller,
262

Achieving High-Power PEM Fuel Cell Performance with an Ultralow-PtContent Core–Shell Catalyst, ACS Catal. 6 (2016) 1578–1583.
https://doi.org/10.1021/acscatal.5b02819.
[36] T. Yoshida, K. Kojima, Toyota MIRAI Fuel Cell Vehicle and Progress
Toward a Future Hydrogen Society, Interface Mag. 24 (2015) 45–49.
https://doi.org/10.1149/2.f03152if.
[37] B. Millington, S. Du, B.G. Pollet, The effect of materials on proton exchange
membrane fuel cell electrode performance, J. Power Sources. 196 (2011)
9013–9017. https://doi.org/10.1016/j.jpowsour.2010.12.043.
[38] T. Kitahara, H. Nakajima, Microporous layer-coated gas diffusion layer to
reduce oxygen transport resistance in a polymer electrolyte fuel cell under
high humidity conditions, Int. J. Hydrogen Energy. 41 (2016) 9547–9555.
https://doi.org/10.1016/j.ijhydene.2016.04.117.
[39] F. Bresciani, A. Casalegno, G. Varisco, R. Marchesi, Water transport into
PEFC gas diffusion layer: experimental characterization of diffusion and
permeation,
Int.
J.
Energy
Res.
38
(2014)
602–613.
https://doi.org/10.1002/er.3065.
[40] T. Swamy, E.C. Kumbur, M.M. Mench, Characterization of Interfacial
Structure in PEFCs: Water Storage and Contact Resistance Model, J.
Electrochem. Soc. 157 (2010) B77. https://doi.org/10.1149/1.3247585.
[41] F.S. Nanadegani, E.N. Lay, B. Sunden, Effects of an MPL on water and
thermal management in a PEMFC, Int. J. Energy Res. 43 (2019) 274–296.
https://doi.org/10.1002/er.4262.
[42] S. Latorrata, M. Mariani, P.G. Stampino, C. Cristiani, G. Dotelli, Graphenebased microporous layers for enhanced performance in PEM fuel cells,
Mater.
Today
Proc.
31
(2020)
426–432.
https://doi.org/10.1016/j.matpr.2020.02.823.
[43] A. El-Kharouf, T.J. Mason, D.J.L. Brett, B.G. Pollet, Ex-situ characterisation
of gas diffusion layers for proton exchange membrane fuel cells, J. Power
Sources.
218
(2012)
393–404.
https://doi.org/10.1016/j.jpowsour.2012.06.099.
[44] R. Banerjee, S. Chevalier, H. Liu, J. Lee, R. Yip, K. Han, B.K. Hong, A.
Bazylak, A Comparison of Felt-Type and Paper-Type Gas Diffusion Layers
for Polymer Electrolyte Membrane Fuel Cell Applications Using X-Ray
Techniques, J. Electrochem. Energy Convers. Storage. 15 (2017) 011002.
https://doi.org/10.1115/1.4037766.
[45] A. El-Kharouf, N. V Rees, R. Steinberger-Wilckens, Gas Diffusion Layer
Materials and their Effect on Polymer Electrolyte Fuel Cell Performance –
Ex Situ and In Situ Characterization, Fuel Cells. 14 (2014) 735–741.
https://doi.org/10.1002/fuce.201300247.
[46] S. Odaya, R.K. Phillips, Y. Sharma, J. Bellerive, A.B. Phillion, M. Hoorfar,
X-ray Tomographic Analysis of Porosity Distributions in Gas Diffusion
Layers of Proton Exchange Membrane Fuel Cells, Electrochim. Acta. 152
(2015) 464–472. https://doi.org/10.1016/j.electacta.2014.11.143.
263

[47] V. Manzi-Orezzoli, A. Mularczyk, P. Trtik, J. Halter, J. Eller, T.J. Schmidt,
P. Boillat, Coating Distribution Analysis on Gas Diffusion Layers for
Polymer Electrolyte Fuel Cells by Neutron and X-ray High-Resolution
Tomography,
ACS
Omega.
4
(2019)
17236–17243.
https://doi.org/10.1021/acsomega.9b01763.
[48] S.J. Shin, J.K. Lee, H.Y. Ha, S.A. Hong, H.S. Chun, I.H. Oh, Effect of the
catalytic ink preparation method on the performance of polymer electrolyte
membrane fuel cells, J. Power Sources. 106 (2002) 146–152.
https://doi.org/10.1016/S0378-7753(01)01045-X.
[49] H.-R. “Molly” Jhong, F.R. Brushett, P.J.A. Kenis, The Effects of Catalyst
Layer Deposition Methodology on Electrode Performance, Adv. Energy
Mater. 3 (2013) 589–599. https://doi.org/10.1002/aenm.201200759.
[50] S.H. Akella, E. D., S.S. R. S., A. Ahire, N.K. Mal, Studies on structure
property relations of efficient decal substrates for industrial grade
membrane electrode assembly development in pemfc, Sci. Rep. 8 (2018)
12082. https://doi.org/10.1038/s41598-018-30215-0.
[51] B. Millington, V. Whipple, B.G. Pollet, A novel method for preparing proton
exchange membrane fuel cell electrodes by the ultrasonic-spray technique,
J.
Power
Sources.
196
(2011)
8500–8508.
https://doi.org/10.1016/j.jpowsour.2011.06.024.
[52] G.S. Avcioglu, B. Ficicilar, I. Eroglu, Effect of PTFE nanoparticles in catalyst
layer with high Pt loading on PEM fuel cell performance, Int. J. Hydrogen
Energy.
41
(2016)
10010–10020.
https://doi.org/10.1016/j.ijhydene.2016.03.048.
[53] L. Sun, R. Ran, Z. Shao, Fabrication and evolution of catalyst-coated
membranes by direct spray deposition of catalyst ink onto Nafion
membrane at high temperature, Int. J. Hydrogen Energy. 35 (2010) 2921–
2925. https://doi.org/10.1016/j.ijhydene.2009.05.049.
[54] W. Wang, S. Chen, J. Li, W. Wang, Fabrication of catalyst coated
membrane with screen printing method in a proton exchange membrane
fuel cell, Int. J. Hydrogen Energy. 40 (2015) 4649–4658.
https://doi.org/10.1016/j.ijhydene.2015.02.027.
[55] M. Klingele, B. Britton, M. Breitwieser, S. Vierrath, R. Zengerle, S.
Holdcroft, S. Thiele, A completely spray-coated membrane electrode
assembly,
Electrochem.
Commun.
70
(2016)
65–68.
https://doi.org/10.1016/j.elecom.2016.06.017.
[56] S. Vierrath, M. Breitwieser, M. Klingele, B. Britton, S. Holdcroft, R.
Zengerle, S. Thiele, The reasons for the high power density of fuel cells
fabricated with directly deposited membranes, J. Power Sources. 326
(2016) 170–175. https://doi.org/10.1016/j.jpowsour.2016.06.132.
[57] M.P. Manahan, S. Kim, E.C. Kumbur, M.M. Mench, Effects of Surface
Irregularities and Interfacial Cracks on Polymer Electrolyte Fuel Cell
Performance,
ECS
Trans.
25
(2009)
1745–1754.
https://doi.org/10.1149/1.3210730.
264

[58] B. Sompalli, B.A. Litteer, W. Gu, H.A. Gasteiger, Membrane Degradation
at Catalyst Layer Edges in PEMFC MEAs, J. Electrochem. Soc. 154 (2007)
B1349. https://doi.org/10.1149/1.2789791.
[59] S.M. Andersen, R. Dhiman, M.J. Larsen, E. Skou, Importance of electrode
hot-pressing conditions for the catalyst performance of proton exchange
membrane fuel cells, Appl. Catal. B Environ. 172–173 (2015) 82–90.
https://doi.org/10.1016/j.apcatb.2015.02.023.
[60] O. Okur, Ç. Iyigün Karadaǧ, F.G. Boyaci San, E. Okumuş, G. Behmenyar,
Optimization of parameters for hot-pressing manufacture of membrane
electrode assembly for PEM (polymer electrolyte membrane fuel cells) fuel
cell,
Energy.
57
(2013)
574–580.
https://doi.org/10.1016/j.energy.2013.05.001.
[61] Q. Meyer, N. Mansor, F. Iacoviello, P.L. Cullen, R. Jervis, D. Finegan, C.
Tan, J. Bailey, P.R. Shearing, D.J.L. Brett, Investigation of Hot Pressed
Polymer Electrolyte Fuel Cell Assemblies via X-ray Computed
Tomography,
Electrochim.
Acta.
242
(2017)
125–136.
https://doi.org/10.1016/j.electacta.2017.05.028.
[62] M. Najafi Roudbari, R. Ojani, J.B. Raoof, Investigation of hot pressing
parameters for manufacture of catalyst-coated membrane electrode
(CCME) for polymer electrolyte membrane fuel cells by response surface
method,
Energy.
140
(2017)
794–803.
https://doi.org/10.1016/j.energy.2017.08.049.
[63] S. Shahgaldi, I. Alaefour, X. Li, Impact of manufacturing processes on
proton exchange membrane fuel cell performance, Appl. Energy. 225
(2018) 1022–1032. https://doi.org/10.1016/j.apenergy.2018.05.086.
[64] C. Yang, N. Han, Y. Wang, X.Z. Yuan, J. Xu, H. Huang, J. Fan, H. Li, H.
Wang, A Novel Approach to Fabricate Membrane Electrode Assembly by
Directly Coating the Nafion Ionomer on Catalyst Layers for ProtonExchange Membrane Fuel Cells, ACS Sustain. Chem. Eng. 8 (2020) 9803–
9812. https://doi.org/10.1021/acssuschemeng.0c02386.
[65] J. André, E. Claude, D. Sirac, D. Gastaldin, E. Rossinot, PEMFC Flow-field
Design, Channel/land Width Ratio Optimization, Fuel Cells. 20 (2020) 231–
235. https://doi.org/10.1002/fuce.201900049.
[66] N. Limjeerajarus, P. Charoen-Amornkitt, Effect of different flow field
designs and number of channels on performance of a small PEFC, Int. J.
Hydrogen
Energy.
40
(2015)
7144–7158.
https://doi.org/10.1016/j.ijhydene.2015.04.007.
[67] J.I.S. Cho, T.P. Neville, P. Trogadas, Q. Meyer, Y. Wu, R. Ziesche, P.
Boillat, M. Cochet, V. Manzi-Orezzoli, P. Shearing, D.J.L. Brett, M.O.
Coppens, Visualization of liquid water in a lung-inspired flow-field based
polymer electrolyte membrane fuel cell via neutron radiography, Energy.
170 (2019) 14–21. https://doi.org/10.1016/j.energy.2018.12.143.
[68] H. Kahraman, M.F. Orhan, Flow field bipolar plates in a proton exchange
membrane fuel cell: Analysis & modeling, Energy Convers. Manag. 133
265

(2017) 363–384. https://doi.org/10.1016/j.enconman.2016.10.053.
[69] H. Liu, P. Li, D. Juarez-Robles, K. Wang, A. Hernandez-Guerrero,
Experimental Study and Comparison of Various Designs of Gas Flow
Fields to PEM Fuel Cells and Cell Stack Performance , Front. Energy Res.
. 2 (2014) 2. https://www.frontiersin.org/article/10.3389/fenrg.2014.00002.
[70] M.Z. Chowdhury, O. Genc, S. Toros, Numerical optimization of channel to
land width ratio for PEM fuel cell, Int. J. Hydrogen Energy. 43 (2018)
10798–10809. https://doi.org/10.1016/j.ijhydene.2017.12.149.
[71] Y. Wu, J.I.S. Cho, T.P. Neville, Q. Meyer, R. Zeische, P. Boillat, M. Cochet,
P.R. Shearing, D.J.L. Brett, Effect of serpentine flow-field design on the
water management of polymer electrolyte fuel cells: An in-operando
neutron radiography study, J. Power Sources. 399 (2018) 254–263.
https://doi.org/10.1016/j.jpowsour.2018.07.085.
[72] A. Kumar, R.G. Reddy, Effect of channel dimensions and shape in the flowfield distributor on the performance of polymer electrolyte membrane fuel
cells, J. Power Sources. 113 (2003) 11–18. https://doi.org/10.1016/S03787753(02)00475-5.
[73] F. Barbir, Fuel Cell Operating Conditions, in: PEM Fuel Cells, 2013: pp.
119–157. https://doi.org/10.1016/B978-0-12-387710-9.00005-9.
[74] A. Fly, R.H. Thring, A comparison of evaporative and liquid cooling
methods for fuel cell vehicles, Int. J. Hydrogen Energy. 41 (2016) 14217–
14229. https://doi.org/10.1016/j.ijhydene.2016.06.089.
[75] P. Carrère, M. Prat, Impact of the anode operating conditions on the liquid
water distribution in the cathode gas diffusion layer, Int. J. Hydrogen
Energy. (2020). https://doi.org/10.1016/j.ijhydene.2020.03.120.
[76] A. Kusoglu, A. Kwong, K.T. Clark, H.P. Gunterman, A.Z. Weber, Water
Uptake of Fuel-Cell Catalyst Layers, J. Electrochem. Soc. 159 (2012)
F530–F535. https://doi.org/10.1149/2.031209jes.
[77] S.G. Kim, S.J. Lee, A review on experimental evaluation of water
management in a polymer electrolyte fuel cell using X-ray imaging
technique,
J.
Power
Sources.
230
(2013)
101–108.
https://doi.org/10.1016/j.jpowsour.2012.12.030.
[78] L. Dubau, L. Castanheira, F. Maillard, M. Chatenet, O. Lottin, G.
Maranzana, J. Dillet, A. Lamibrac, J.C. Perrin, E. Moukheiber, A.
Elkaddouri, G. De Moor, C. Bas, L. Flandin, N. Caqué, A review of PEM
fuel cell durability: Materials degradation, local heterogeneities of aging and
possible mitigation strategies, Wiley Interdiscip. Rev. Energy Environ. 3
(2014) 540–560. https://doi.org/10.1002/wene.113.
[79] M. Bodner, C. Hochenauer, V. Hacker, Effect of pinhole location on
degradation in polymer electrolyte fuel cells, J. Power Sources. 295 (2015)
336–348. https://doi.org/10.1016/j.jpowsour.2015.07.021.
[80] S. Kato, Y. Masahira, K. Noda, H. Imai, Degradation of Solid Polymer
Membrane in PEFC by Hydrogen Peroxide, ECS Trans. 16 (2019) 1–5.
266

https://doi.org/10.1149/1.3149563.
[81] Y. Singh, F.P. Orfino, M. Dutta, E. Kjeang, 3D visualization of membrane
failures in fuel cells, J. Power Sources. 345 (2017) 1–11.
https://doi.org/10.1016/j.jpowsour.2017.01.129.
[82] D. Ramani, Y. Singh, F.P. Orfino, M. Dutta, E. Kjeang, Characterization of
Membrane Degradation Growth in Fuel Cells Using X-ray Computed
Tomography, J. Electrochem. Soc. 165 (2018) F3200–F3208.
https://doi.org/10.1149/2.0251806jes.
[83] J. Park, H. Oh, T. Ha, Y. Il Lee, K. Min, A review of the gas diffusion layer
in proton exchange membrane fuel cells: Durability and degradation, Appl.
Energy.
155
(2015)
866–880.
https://doi.org/10.1016/j.apenergy.2015.06.068.
[84] T. Arlt, M. Klages, M. Messerschmidt, J. Scholta, I. Manke, Influence of
artificially aged gas diffusion layers on the water management of polymer
electrolyte membrane fuel cells analyzed with in-operando synchrotron
imaging,
Energy.
118
(2017)
502–511.
https://doi.org/10.1016/j.energy.2016.10.061.
[85] T. Ha, J. Cho, J. Park, K. Min, H.S. Kim, E. Lee, J.Y. Jyoung, Experimental
study of the effect of dissolution on the gas diffusion layer in polymer
electrolyte membrane fuel cells, Int. J. Hydrogen Energy. 36 (2011) 12427–
12435. https://doi.org/10.1016/j.ijhydene.2011.06.096.
[86] Y. Chen, C. Jiang, C. Cho, Effects of Freeze−Thaw Thermal Cycles on the
Mechanical Degradation of the Gas Diffusion Layer in Polymer Electrolyte
Membrane Fuel Cells, Polymers (Basel). 11 (2019) 428.
https://doi.org/10.3390/polym11030428.
[87] J.H. Seo, K.D. Baik, D.K. Kim, S. Kim, J.W. Choi, M. Kim, H.H. Song, M.S.
Kim, Effects of anisotropic bending stiffness of gas diffusion layer on the
MEA degradation of polymer electrolyte membrane fuel cells by wet/dry
gas,
Int.
J.
Hydrogen
Energy.
38
(2013) 16245–16252.
https://doi.org/10.1016/j.ijhydene.2013.09.043.
[88] F.A. De Bruijn, V.A.T. Dam, G.J.M. Janssen, Review: Durability and
degradation issues of PEM fuel cell components, Fuel Cells. 8 (2008) 3–
22. https://doi.org/10.1002/fuce.200700053.
[89] S. Cherevko, N. Kulyk, K.J.J. Mayrhofer, Durability of platinum-based fuel
cell electrocatalysts: Dissolution of bulk and nanoscale platinum, Nano
Energy. 29 (2016) 275–298. https://doi.org/10.1016/j.nanoen.2016.03.005.
[90] N. Macauley, K.H. Wong, M. Watson, E. Kjeang, Favorable effect of in-situ
generated platinum in the membrane on fuel cell membrane durability, J.
Power
Sources.
299
(2015)
139–148.
https://doi.org/10.1016/j.jpowsour.2015.08.096.
[91] H. Tang, Z. Qi, M. Ramani, J.F. Elter, PEM fuel cell cathode carbon
corrosion due to the formation of air/fuel boundary at the anode, J. Power
Sources.
158
(2006)
1306–1312.
https://doi.org/10.1016/j.jpowsour.2005.10.059.
267

[92] Q. Meyer, Y. Zeng, C. Zhao, Electrochemical impedance spectroscopy of
catalyst and carbon degradations in proton exchange membrane fuel cells,
J.
Power
Sources.
437
(2019)
226922.
https://doi.org/10.1016/j.jpowsour.2019.226922.
[93] A. Pokhrel, M. El Hannach, F.P. Orfino, M. Dutta, E. Kjeang, Failure
analysis of fuel cell electrodes using three-dimensional multi-length scale
X-ray computed tomography, J. Power Sources. 329 (2016) 330–338.
https://doi.org/10.1016/j.jpowsour.2016.08.092.
[94] R.L. Borup, J.R. Davey, F.H. Garzon, D.L. Wood, M.A. Inbody, PEM fuel
cell electrocatalyst durability measurements, J. Power Sources. 163 (2006)
76–81. https://doi.org/10.1016/j.jpowsour.2006.03.009.
[95] M. Göbel, M. Godehardt, K. Schladitz, Multi-scale structural analysis of gas
diffusion
layers,
J.
Power
Sources.
355
(2017)
8–17.
https://doi.org/10.1016/j.jpowsour.2017.03.086.
[96] S. Shahgaldi, A. Ozden, X. Li, F. Hamdullahpur, A scaled-up proton
exchange membrane fuel cell with enhanced performance and durability,
Appl.
Energy.
268
(2020)
114956.
https://doi.org/10.1016/j.apenergy.2020.114956.
[97] S.R. Dhanushkodi, S. Kundu, M.W. Fowler, M.D. Pritzker, Study of the
effect of temperature on Pt dissolution in polymer electrolyte membrane
fuel cells via accelerated stress tests, J. Power Sources. 245 (2014) 1035–
1045. https://doi.org/10.1016/j.jpowsour.2013.07.016.
[98] H.K. Esfeh, M.K.A. Hamid, Temperature effect on proton exchange
membrane fuel cell performance Part II: Parametric study, Energy
Procedia.
61
(2014)
2617–2620.
https://doi.org/10.1016/j.egypro.2014.12.261.
[99] A. Pandy, Z. Yang, M. Gummalla, V. V Atrazhev, N.Y. Kuzminyh, V.I.
Sultanov, S. Burlatsky, A Carbon Corrosion Model to Evaluate the Effect of
Steady State and Transient Operation of a Polymer Electrolyte Membrane
Fuel Cell, J. Electrochem. Soc. 160 (2013) F972–F979.
https://doi.org/10.1149/2.036309jes.
[100] L. Castanheira, W.O. Silva, F.H.B. Lima, A. Crisci, L. Dubau, F. Maillard,
Carbon corrosion in proton-exchange membrane fuel cells: Effect of the
carbon structure, the degradation protocol, and the gas atmosphere, ACS
Catal. 5 (2015) 2184–2194. https://doi.org/10.1021/cs501973j.
[101] I. Pivac, D. Bezmalinović, F. Barbir, Catalyst degradation diagnostics of
proton exchange membrane fuel cells using electrochemical impedance
spectroscopy, Int. J. Hydrogen Energy. 43 (2018) 13512–13520.
https://doi.org/10.1016/j.ijhydene.2018.05.095.
[102] Q. Meyer, I. Pivac, F. Barbir, C. Zhao, Detection of oxygen starvation during
carbon corrosion in proton exchange membrane fuel cells using lowfrequency electrochemical impedance spectroscopy, J. Power Sources.
470 (2020) 228285. https://doi.org/10.1016/j.jpowsour.2020.228285.
[103] D. Garcia-Sanchez, T. Morawietz, P.G. da Rocha, R. Hiesgen, P.
268

Gazdzicki, K.A. Friedrich, Local impact of load cycling on degradation in
polymer electrolyte fuel cells, Appl. Energy. 259 (2020).
https://doi.org/10.1016/j.apenergy.2019.114210.
[104] Q. Meyer, K. Ronaszegi, J.B. Robinson, M. Noorkami, O. Curnick, S.
Ashton, A. Danelyan, T. Reisch, P. Adcock, R. Kraume, P.R. Shearing,
D.J.L. Brett, Combined current and temperature mapping in an air-cooled,
open-cathode polymer electrolyte fuel cell under steady-state and dynamic
conditions,
J.
Power
Sources.
297
(2015)
315–322.
https://doi.org/10.1016/j.jpowsour.2015.07.069.
[105] S. Ghosh, H. Ohashi, H. Tabata, Y. Hashimasa, T. Yamaguchi, In-plane
and through-plane non-uniform carbon corrosion of polymer electrolyte fuel
cell cathode catalyst layer during extended potential cycles, J. Power
Sources.
362
(2017)
291–298.
https://doi.org/10.1016/j.jpowsour.2017.07.017.
[106] L. Chen, R. Lin, X. Chen, Z. Hao, X. Diao, D. Froning, S. Tang, Microporous
Layers with Different Decorative Patterns for Polymer Electrolyte
Membrane Fuel Cells, ACS Appl. Mater. Interfaces. 12 (2020) 24048–
24058. https://doi.org/10.1021/acsami.0c05416.
[107] S. Komini Babu, D. Spernjak, J. Dillet, A. Lamibrac, G. Maranzana, S.
Didierjean, O. Lottin, R.L. Borup, R. Mukundan, Spatially resolved
degradation during startup and shutdown in polymer electrolyte membrane
fuel
cell
operation,
Appl.
Energy.
254
(2019)
113659.
https://doi.org/10.1016/j.apenergy.2019.113659.
[108] L. Cheng, K. Khedekar, M. Rezaei Talarposhti, A. Perego, M. Metzger, S.
Kuppan, S. Stewart, P. Atanassov, N. Tamura, N. Craig, I. V Zenyuk, C.M.
Johnston, Mapping of Heterogeneous Catalyst Degradation in Polymer
Electrolyte Fuel Cells, Adv. Energy Mater. 10 (2020) 2000623.
https://doi.org/10.1002/aenm.202000623.
[109] S. Takao, O. Sekizawa, G. Samjeské, S. ichi Nagamatsu, T. Kaneko, K.
Higashi, T. Yamamoto, K. Nagasawa, X. Zhao, T. Uruga, Y. Iwasawa,
Spatially Non-Uniform Degradation of Pt/C Cathode Catalysts in Polymer
Electrolyte Fuel Cells Imaged by Combination of Nano XAFS and STEMEDS
Techniques,
Top.
Catal.
59
(2016)
1722–1731.
https://doi.org/10.1007/s11244-016-0691-y.
[110] R.T. White, A. Wu, M. Najm, F.P. Orfino, M. Dutta, E. Kjeang, 4D in situ
visualization of electrode morphology changes during accelerated
degradation in fuel cells by X-ray computed tomography, J. Power Sources.
350 (2017) 94–102. https://doi.org/10.1016/j.jpowsour.2017.03.058.
[111] E.H. Lehmann, P. Boillat, A. Kaestner, P. Vontobel, D. Mannes, Neutron
imaging methods for the investigation of energy related materials-fuel cells,
battery, hydrogen storage and nuclear fuel, EPJ Web Conf. 104 (2015).
https://doi.org/10.1051/epjconf/201510401007.
[112] I. Manke, H. Markötter, C. Tötzke, N. Kardjilov, R. Grothausmann, M.
Dawson, C. Hartnig, S. Haas, D. Thomas, A. Hoell, C. Genzel, J. Banhart,
Investigation of energy-relevant materials with synchrotron X-rays and
269

neutrons,
Adv.
Eng.
Mater.
https://doi.org/10.1002/adem.201000284.

13

(2011)

712–729.

[113] S. Chevalier, N. Ge, M.G. George, J. Lee, R. Banerjee, H. Liu, P. Shrestha,
D. Muirhead, J. Hinebaugh, Y. Tabuchi, T. Kotaka, A. Bazylak, Synchrotron
X-ray Radiography as a Highly Precise and Accurate Method for Measuring
the Spatial Distribution of Liquid Water in Operating Polymer Electrolyte
Membrane Fuel Cells, J. Electrochem. Soc. 164 (2017) F107–F114.
https://doi.org/10.1149/2.0041702jes.
[114] W.K. Epting, S. Litster, Microscale measurements of oxygen concentration
across the thickness of diffusion media in operating polymer electrolyte fuel
cells,
J.
Power
Sources.
306
(2016)
674–684.
https://doi.org/10.1016/j.jpowsour.2015.12.016.
[115] E. Maire, P.J. Withers, Quantitative X-ray tomography, Int. Mater. Rev. 59
(2014) 1–43. https://doi.org/10.1179/1743280413Y.0000000023.
[116] J.M. Lamanna, D.S. Hussey, E. Baltic, D.L. Jacobson, Neutron and X-ray
Tomography (NeXT) system for simultaneous, dual modality tomography,
Rev. Sci. Instrum. 88 (2017) 113702. https://doi.org/10.1063/1.4989642.
[117] J.P. Owejan, J.J. Gagliardo, J.M. Sergi, S.G. Kandlikar, T.A. Trabold, Water
management studies in PEM fuel cells, Part I: Fuel cell design and in situ
water distributions, Int. J. Hydrogen Energy. 34 (2009) 3436–3444.
https://doi.org/10.1016/j.ijhydene.2008.12.100.
[118] P.P. Mukherjee, Q. Kang, C.-Y. Wang, Pore-scale modeling of two-phase
transport in polymer electrolyte fuel cells—progress and perspective,
Energy Environ. Sci. 4 (2011) 346–369. https://doi.org/10.1039/B926077C.
[119] J.P. Owejan, T.A. Trabold, M.M. Mench, Oxygen transport resistance
correlated to liquid water saturation in the gas diffusion layer of PEM fuel
cells,
Int.
J.
Heat
Mass
Transf.
71
(2014)
585–592.
https://doi.org/10.1016/j.ijheatmasstransfer.2013.12.059.
[120] J. Biesdorf, A. Forner-Cuenca, T.J. Schmidt, P. Boillat, Impact of
Hydrophobic Coating on Mass Transport Losses in PEFCs, J. Electrochem.
Soc. 162 (2015) F1243–F1252. https://doi.org/10.1149/2.0861510jes.
[121] A. Bozorgnezhad, M. Shams, H. Kanani, M. Hasheminasab, G. Ahmadi,
Two-phase flow and droplet behavior in microchannels of PEM fuel cell, Int.
J.
Hydrogen
Energy.
41
(2016)
19164–19181.
https://doi.org/10.1016/j.ijhydene.2016.09.043.
[122] A.Z. Weber, R.L. Borup, R.M. Darling, P.K. Das, T.J. Dursch, W. Gu, D.
Harvey, A. Kusoglu, S. Litster, M.M. Mench, R. Mukundan, J.P. Owejan,
J.G. Pharoah, M. Secanell, I. V. Zenyuk, A Critical Review of Modeling
Transport Phenomena in Polymer-Electrolyte Fuel Cells, J. Electrochem.
Soc. 161 (2014) F1254–F1299. https://doi.org/10.1149/2.0751412jes.
[123] P. Boillat, E.H. Lehmann, P. Trtik, M. Cochet, Neutron imaging of fuel cells
– Recent trends and future prospects, Curr. Opin. Electrochem. 5 (2017)
3–10. https://doi.org/10.1016/j.coelec.2017.07.012.
270

[124] N. Kulkarni, J.I.S. Cho, L. Rasha, R.E. Owen, Y. Wu, R. Ziesche, J. Hack,
T. Neville, M. Whiteley, N. Kardjilov, H. Markötter, I. Manke, P.R. Shearing,
D.J.L. Brett, Effect of cell compression on the water dynamics of a polymer
electrolyte fuel cell using in-plane and through-plane in-operando neutron
radiography,
J.
Power
Sources.
439
(2019)
227074.
https://doi.org/10.1016/j.jpowsour.2019.227074.
[125] Y. Wu, J.I.S. Cho, X. Lu, L. Rasha, T.P. Neville, J. Millichamp, R. Ziesche,
N. Kardjilov, H. Markötter, P. Shearing, D.J.L. Brett, Effect of compression
on the water management of polymer electrolyte fuel cells: An in-operando
neutron radiography study, J. Power Sources. 412 (2019) 597–605.
https://doi.org/10.1016/j.jpowsour.2018.11.048.
[126] D.S. Hussey, D.L. Jacobson, M. Arif, J.P. Owejan, J.J. Gagliardo, T.A.
Trabold, Neutron images of the through-plane water distribution of an
operating PEM fuel cell, J. Power Sources. 172 (2007) 225–228.
https://doi.org/10.1016/j.jpowsour.2007.07.036.
[127] A. Iranzo, P. Boillat, Liquid water distribution patterns featuring backdiffusion transport in a PEM fuel cell with neutron imaging, Int. J. Hydrogen
Energy.
39
(2014)
17240–17245.
https://doi.org/10.1016/j.ijhydene.2014.08.042.
[128] P. Oberholzer, P. Boillat, Local Characterization of PEFCs by Differential
Cells: Systematic Variations of Current and Asymmetric Relative Humidity,
J.
Electrochem.
Soc.
161
(2014)
F139–F152.
https://doi.org/10.1149/2.080401jes.
[129] P. Boillat, G.G. Scherer, A. Wokaun, G. Frei, E.H. Lehmann, Transient
observation of 2H labeled species in an operating PEFC using neutron
radiography,
Electrochem.
Commun.
10
(2008)
1311–1314.
https://doi.org/10.1016/j.elecom.2008.06.016.
[130] I. Manke, C. Hartnig, N. Kardjilov, M. Messerschmidt, A. Hilger, M. Strobl,
W. Lehnert, J. Banhart, Characterization of water exchange and two-phase
flow in porous gas diffusion materials by hydrogen-deuterium contrast
neutron radiography, Appl. Phys. Lett. 92 (2008) 244101.
https://doi.org/10.1063/1.2946664.
[131] I.A. Schneider, S. Von Dahlen, M.H. Bayer, P. Boillat, M. Hildebrandt, E.H.
Lehmann, P. Oberholzer, G.G. Scherer, A. Wokaun, Local transients of
flooding and current in channel and land areas of a polymer electrolyte fuel
cell,
J.
Phys.
Chem.
C.
114
(2010)
11998–12002.
https://doi.org/10.1021/jp102259q.
[132] Q. Meyer, S. Ashton, R. Jervis, D.P. Finegan, P. Boillat, M. Cochet, O.
Curnick, T. Reisch, P. Adcock, P.R. Shearing, D.J.L. Brett, The Hydroelectro-thermal Performance of Air-cooled, Open-cathode Polymer
Electrolyte Fuel Cells: Combined Localised Current Density, Temperature
and Water Mapping, Electrochim. Acta. 180 (2015) 307–315.
https://doi.org/10.1016/j.electacta.2015.08.106.
[133] A. Mohseninia, D. Kartouzian, H. Markötter, U.U. Ince, I. Manke, J. Scholta,
Neutron Radiographic Investigations on the Effect of Hydrophobicity
271

Gradients within MPL and MEA on Liquid Water Distribution and Transport
in
PEMFCs,
ECS
Trans.
85
(2018)
1013–1021.
https://doi.org/10.1149/08513.1013ecst.
[134] T. Kitahara, T. Konomi, H. Nakajima, Microporous layer coated gas
diffusion layers for enhanced performance of polymer electrolyte fuel cells,
J.
Power
Sources.
195
(2010)
2202–2211.
https://doi.org/10.1016/j.jpowsour.2009.10.089.
[135] Q. Meyer, S. Ashton, P. Boillat, M. Cochet, E. Engebretsen, D.P. Finegan,
X. Lu, J.J. Bailey, N. Mansor, R. Abdulaziz, O.O. Taiwo, R. Jervis, S. Torija,
P. Benson, S. Foster, P. Adcock, P.R. Shearing, D.J.L. Brett, Effect of gas
diffusion layer properties on water distribution across air-cooled, opencathode polymer electrolyte fuel cells: A combined ex-situ X-ray
tomography and in-operando neutron imaging study, Electrochim. Acta.
211 (2016) 478–487. https://doi.org/10.1016/j.electacta.2016.06.068.
[136] A. Forner-Cuenca, J. Biesdorf, V. Manzi-Orezzoli, L. Gubler, T.J. Schmidt,
P. Boillat, Advanced Water Management in PEFCs: Diffusion Layers with
Patterned Wettability, J. Electrochem. Soc. 163 (2016) F1389–F1398.
https://doi.org/10.1149/2.0891613jes.
[137] Y. Wu, J.I.S. Cho, M. Whiteley, L. Rasha, T.P. Neville, R. Ziesche, R. Xu,
R. Owen, N. Kulkarni, J. Hack, M. Maier, N. Kardjilov, H. Markötter, I.
Manke, F.R. Wang, P.R. Shearing, D.J.L. Brett, Characterization of water
management in metal foam flow-field based polymer electrolyte fuel cells
using in-operando neutron radiography, Int. J. Hydrogen Energy. 45 (2019)
2195–2205. https://doi.org/10.1016/j.ijhydene.2019.11.069.
[138] K. Jiao, X. Li, Three-dimensional multiphase modeling of cold start
processes in polymer electrolyte membrane fuel cells, Electrochim. Acta.
54 (2009) 6876–6891. https://doi.org/10.1016/j.electacta.2009.06.072.
[139] M. Siegwart, F. Huang, M. Cochet, T.J. Schmidt, J. Zhang, P. Boillat,
Spatially Resolved Analysis of Freezing during Isothermal PEFC Cold
Starts with Time-of-Flight Neutron Imaging, J. Electrochem. Soc. 167
(2020) 064510. https://doi.org/10.1149/1945-7111/ab7d91.
[140] P. Stahl, J. Biesdorf, P. Boillat, K.A. Friedrich, An Investigation of PEFC
Sub-Zero Startup: Influence of Initial Conditions and Residual Water, Fuel
Cells. 17 (2017) 778–785. https://doi.org/10.1002/fuce.201700033.
[141] J. Biesdorf, P. Oberholzer, F. Bernauer, A. Kaestner, P. Vontobel, E.H.
Lehmann, T.J. Schmidt, P. Boillat, Dual spectrum neutron radiography:
Identification of phase transitions between frozen and liquid water, Phys.
Rev.
Lett.
112
(2014)
248301.
https://doi.org/10.1103/PhysRevLett.112.248301.
[142] P. Boillat, D. Kramer, B.C. Seyfang, G. Frei, E. Lehmann, G.G. Scherer, A.
Wokaun, Y. Ichikawa, Y. Tasaki, K. Shinohara, In situ observation of the
water distribution across a PEFC using high resolution neutron
radiography,
Electrochem.
Commun.
10
(2008)
546–550.
https://doi.org/10.1016/j.elecom.2008.01.018.
272

[143] C. Tötzke, I. Manke, A. Hilger, G. Choinka, N. Kardjilov, T. Arlt, H.
Markötter, A. Schröder, K. Wippermann, D. Stolten, C. Hartnig, P. Krüger,
R. Kuhn, J. Banhart, Large area high resolution neutron imaging detector
for fuel cell research, J. Power Sources. 196 (2011) 4631–4637.
https://doi.org/10.1016/j.jpowsour.2011.01.049.
[144] P. Boillat, A. Iranzo, J. Biesdorf, Layer by Layer Segmentation of Water
Distribution from Neutron Imaging of Large Scale Cells, J. Electrochem.
Soc. 162 (2015) F531–F536. https://doi.org/10.1149/2.0511506jes.
[145] NIST imaging instrument peers inside fuel cells, Fuel Cells Bull. 2006
(2006) 8. https://doi.org/https://doi.org/10.1016/S1464-2859(06)71195-6.
[146] I. Manke, C. Hartnig, M. Grünerbel, J. Kaczerowski, W. Lehnert, N.
Kardjilov, A. Hilger, J. Banhart, W. Treimer, M. Strobl, Quasi-in situ neutron
tomography on polymer electrolyte membrane fuel cell stacks, Appl. Phys.
Lett. 90 (2007) 184101. https://doi.org/10.1063/1.2734171.
[147] H.Y. Tang, A. Santamaria, J. Kurniawan, J.W. Park, T.H. Yang, Y.J. Sohn,
Developing a 3D neutron tomography method for proton exchange
membrane fuel cells, J. Power Sources. 195 (2010) 6774–6781.
https://doi.org/10.1016/j.jpowsour.2010.03.060.
[148] A. Santamaria, H.Y. Tang, J.W. Park, G.G. Park, Y.J. Sohn, 3D neutron
tomography of a polymer electrolyte membrane fuel cell under sub-zero
conditions, Int. J. Hydrogen Energy. 37 (2012) 10836–10843.
https://doi.org/10.1016/j.ijhydene.2012.04.093.
[149] H. Markötter, I. Manke, R. Kuhn, T. Arlt, N. Kardjilov, M.P. Hentschel, A.
Kupsch, A. Lange, C. Hartnig, J. Scholta, J. Banhart, Neutron tomographic
investigations of water distributions in polymer electrolyte membrane fuel
cell
stacks,
J.
Power
Sources.
219
(2012)
120–125.
https://doi.org/10.1016/j.jpowsour.2012.07.043.
[150] A. Lange, A. Kupsch, M.P. Hentschel, I. Manke, N. Kardjilov, T. Arlt, R.
Grothausmann, Reconstruction of limited computed tomography data of
fuel cell components using Direct Iterative Reconstruction of Computed
Tomography Trajectories, J. Power Sources. 196 (2011) 5293–5298.
https://doi.org/10.1016/j.jpowsour.2010.10.106.
[151] S.S. Alrwashdeh, F.M. Alsaraireh, M.A. Saraireh, H. Markötter, N.
Kardjilov, M. Klages, J. Scholta, I. Manke, In-situ investigation of water
distribution in polymer electrolyte membrane fuel cells using high-resolution
neutron tomography with 6.5 μm pixel size, AIMS Energy. 6 (2018) 607–
614. https://doi.org/10.3934/energy.2018.4.607.
[152] M. Klingele, R. Moroni, S. Vierrath, S. Thiele, Multiscale TomographyBased Analysis of Polymer Electrolyte Fuel Cells: Towards a Fully
Resolved Gas Diffusion Electrode Reconstruction, J. Electrochem. Energy
Convers. Storage. 15 (2018) 014701. https://doi.org/10.1115/1.4037244.
[153] J. Eller, J. Roth, F. Marone, M. Stampanoni, F.N. Büchi, Operando
Properties of Gas Diffusion Layers: Saturation and Liquid Permeability, J.
Electrochem.
Soc.
164
(2017)
F115–F126.
273

https://doi.org/10.1149/2.0881702jes.
[154] P. Satjaritanun, J.W. Weidner, S. Hirano, Z. Lu, Y. Khunatorn, S. Ogawa,
S.E. Litster, A.D. Shum, I. V Zenyuk, S. Shimpalee, Micro-Scale Analysis
of Liquid Water Breakthrough inside Gas Diffusion Layer for PEMFC Using
X-ray Computed Tomography and Lattice Boltzmann Method, J.
Electrochem.
Soc.
164
(2017)
E3359–E3371.
https://doi.org/10.1149/2.0391711jes.
[155] P. Deevanhxay, T. Sasabe, K. Minami, S. Tsushima, S. Hirai, Oblique soft
X-ray tomography as a non-destructive method for morphology diagnostics
in degradation of proton-exchange membrane fuel cell, Electrochim. Acta.
135 (2014) 68–76. https://doi.org/10.1016/j.electacta.2014.04.144.
[156] Q. Meyer, J. Hack, N. Mansor, F. Iacoviello, J.J. Bailey, P.R. Shearing,
D.J.L. Brett, Multi-Scale Imaging of Polymer Electrolyte Fuel Cells using Xray Micro- and Nano-Computed Tomography, Transmission Electron
Microscopy and Helium-Ion Microscopy, Fuel Cells. 19 (2019) 35–42.
https://doi.org/10.1002/fuce.201800047.
[157] F. Jinuntuya, M. Whiteley, R. Chen, A. Fly, The effects of gas diffusion
layers structure on water transportation using X-ray computed tomography
based Lattice Boltzmann method, J. Power Sources. 378 (2018) 53–65.
https://doi.org/10.1016/j.jpowsour.2017.12.016.
[158] J. Roth, J. Eller, F. Marone, F.N. Büchi, Investigation of the Representative
Area of the Water Saturation in Gas Diffusion Layers of Polymer Electrolyte
Fuel Cells, J. Phys. Chem. C. 117 (2013) 25991–25999.
https://doi.org/10.1021/jp4057169.
[159] P.A. García-Salaberri, I. V. Zenyuk, A.D. Shum, G. Hwang, M. Vera, A.Z.
Weber, J.T. Gostick, Analysis of representative elementary volume and
through-plane regional characteristics of carbon-fiber papers: diffusivity,
permeability and electrical/thermal conductivity, Int. J. Heat Mass Transf.
127
(2018)
687–703.
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.030.
[160] S. Bruns, S.L.S. Stipp, H.O. Sørensen, Statistical representative
elementary volumes of porous media determined using greyscale analysis
of 3D tomograms, Adv. Water Resour. 107 (2017) 32–42.
https://doi.org/10.1016/j.advwatres.2017.06.002.
[161] S.H. Kim, H. Pitsch, Reconstruction and Effective Transport Properties of
the Catalyst Layer in PEM Fuel Cells, J. Electrochem. Soc. 156 (2009)
B673. https://doi.org/10.1149/1.3106136.
[162] S. Litster, W.K. Epting, E.A. Wargo, S.R. Kalidindi, E.C. Kumbur,
Morphological analyses of polymer electrolyte fuel cell electrodes with
nano-scale computed tomography imaging, Fuel Cells. 13 (2013) 935–945.
https://doi.org/10.1002/fuce.201300008.
[163] W.K. Epting, J. Gelb, S. Litster, Resolving the Three-Dimensional
Microstructure of Polymer Electrolyte Fuel Cell Electrodes using
Nanometer-Scale X-ray Computed Tomography, Adv. Funct. Mater. 22
274

(2012) 555–560. https://doi.org/10.1002/adfm.201101525.
[164] J. Hinebaugh, J. Gostick, A. Bazylak, Stochastic modeling of polymer
electrolyte membrane fuel cell gas diffusion layers – Part 2:
A comprehensive substrate model with pore size distribution and
heterogeneity effects, Int. J. Hydrogen Energy. 42 (2017) 15872–15886.
https://doi.org/10.1016/j.ijhydene.2017.04.269.
[165] W. Charon, M.C. Iltchev, J.F. Blachot, Mechanical simulation of a Proton
Exchange Membrane Fuel Cell stack using representative elementary
volumes of stamped metallic bipolar plates, Int. J. Hydrogen Energy. 39
(2014) 13195–13205. https://doi.org/10.1016/j.ijhydene.2014.06.125.
[166] P.A. García-Salaberri, I. V. Zenyuk, G. Hwang, M. Vera, A.Z. Weber, J.T.
Gostick, Implications of inherent inhomogeneities in thin carbon fiber-based
gas diffusion layers: A comparative modeling study, Electrochim. Acta. 295
(2019) 861–874. https://doi.org/10.1016/j.electacta.2018.09.089.
[167] I. V. Zenyuk, D.Y. Parkinson, L.G. Connolly, A.Z. Weber, Gas-diffusionlayer structural properties under compression via X-ray tomography, J.
Power
Sources.
328
(2016)
364–376.
https://doi.org/10.1016/j.jpowsour.2016.08.020.
[168] E.A. Wargo, A.C. Hanna, A. Een, S.R. Kalidindi, E.C. Kumbur, Selection of
representative volume elements for pore-scale analysis of transport in fuel
cell
materials,
J.
Power
Sources.
197
(2012)
168–179.
https://doi.org/10.1016/j.jpowsour.2011.09.035.
[169] S.J. Cooper, A. Bertei, P.R. Shearing, J.A. Kilner, N.P. Brandon,
TauFactor: An open-source application for calculating tortuosity factors
from
tomographic
data,
SoftwareX.
5
(2016)
203–210.
https://doi.org/10.1016/j.softx.2016.09.002.
[170] Q. Meyer, Y. Zeng, C. Zhao, In Situ and Operando Characterization of
Proton Exchange Membrane Fuel Cells, Adv. Mater. 31 (2019) 1901900.
https://doi.org/10.1002/adma.201901900.
[171] H.-R. “Molly” Jhong, F.R. Brushett, P.J.A. Kenis, Fuel Cells: The Effects of
Catalyst Layer Deposition Methodology on Electrode Performance (Adv.
Energy Mater. 5/2013), Adv. Energy Mater. 3 (2013) 541.
https://doi.org/10.1002/aenm.201370019.
[172] N. Kulkarni, M.D.R. Kok, R. Jervis, F. Iacoviello, Q. Meyer, P.R. Shearing,
D.J.L. Brett, The effect of non-uniform compression and flow-field
arrangements on membrane electrode assemblies - X-ray computed
tomography characterisation and effective parameter determination, J.
Power
Sources.
426
(2019)
97–110.
https://doi.org/10.1016/j.jpowsour.2019.04.018.
[173] I. V. Zenyuk, D.Y. Parkinson, G. Hwang, A.Z. Weber, Probing water
distribution in compressed fuel-cell gas-diffusion layers using X-ray
computed tomography, Electrochem. Commun. 53 (2015) 24–28.
https://doi.org/10.1016/j.elecom.2015.02.005.
[174] T. Soboleva, X. Zhao, K. Malek, Z. Xie, T. Navessin, S. Holdcroft, On the
275

micro-, meso-, and macroporous structures of polymer electrolyte
membrane fuel cell catalyst layers, ACS Appl. Mater. Interfaces. 2 (2010)
375–384. https://doi.org/10.1021/am900600y.
[175] M. Fazeli, J. Hinebaugh, Z. Fishman, C. Tötzke, W. Lehnert, I. Manke, A.
Bazylak, Pore network modeling to explore the effects of compression on
multiphase transport in polymer electrolyte membrane fuel cell gas
diffusion layers, J. Power Sources. 335 (2016) 162–171.
https://doi.org/10.1016/j.jpowsour.2016.10.039.
[176] R.W. Atkinson, Y. Garsany, B.D. Gould, K.E. Swider-Lyons, I. V Zenyuk,
The Role of Compressive Stress on Gas Diffusion Media Morphology and
Fuel Cell Performance, ACS Appl. Energy Mater. 1 (2018) 191–201.
https://doi.org/10.1021/acsaem.7b00077.
[177] B. Gould, Y. Garsany, M. Sassin, R. Atkinson III, I. Zenyuk, K. SwiderLyons, The Influence of Gas Diffusion Media Morphology on Hydrogen Fuel
Cell Performance, Mater. Sci. Forum. 941 (2019) 2226–2231.
https://doi.org/10.4028/www.scientific.net/MSF.941.2226.
[178] J. Lee, S. Chevalier, R. Banerjee, P. Antonacci, N. Ge, R. Yip, T. Kotaka,
Y. Tabuchi, A. Bazylak, Investigating the effects of gas diffusion layer
substrate thickness on polymer electrolyte membrane fuel cell performance
via synchrotron X-ray radiography, Electrochim. Acta. 236 (2017) 161–170.
https://doi.org/10.1016/j.electacta.2017.03.162.
[179] J. Lee, H. Liu, M.G. George, R. Banerjee, N. Ge, S. Chevalier, T. Kotaka,
Y. Tabuchi, A. Bazylak, Microporous layer to carbon fibre substrate
interface impact on polymer electrolyte membrane fuel cell performance, J.
Power
Sources.
422
(2019)
113–121.
https://doi.org/10.1016/j.jpowsour.2019.02.099.
[180] J. Liu, M.R. Talarposhti, T. Asset, D.C. Sabarirajan, D.Y. Parkinson, P.
Atanassov, I. V Zenyuk, Understanding the Role of Interfaces for Water
Management in Platinum Group Metal-Free Electrodes in Polymer
Electrolyte Fuel Cells, ACS Appl. Energy Mater. 2 (2019) 3542–3553.
https://doi.org/10.1021/acsaem.9b00292.
[181] R.P. Dowd, Y. Li, T. Van Nguyen, Controlling the ionic polymer/gas
interface property of a PEM fuel cell catalyst layer during membrane
electrode assembly fabrication, J. Appl. Electrochem. (2020).
https://doi.org/10.1007/s10800-020-01453-w.
[182] U.U. Ince, H. Markötter, M.G. George, H. Liu, N. Ge, J. Lee, S.S.
Alrwashdeh, R. Zeis, M. Messerschmidt, J. Scholta, A. Bazylak, I. Manke,
Effects of compression on water distribution in gas diffusion layer materials
of PEMFC in a point injection device by means of synchrotron X-ray
imaging,
Int.
J.
Hydrogen
Energy.
43
(2018)
391–406.
https://doi.org/10.1016/j.ijhydene.2017.11.047.
[183] C. Tötzke, G. Gaiselmann, M. Osenberg, J. Bohner, T. Arlt, H. Markötter,
A. Hilger, F. Wieder, A. Kupsch, B.R. Müller, M.P. Hentschel, J. Banhart,
V. Schmidt, W. Lehnert, I. Manke, Three-dimensional study of compressed
gas diffusion layers using synchrotron X-ray imaging, J. Power Sources.
276

253 (2014) 123–131. https://doi.org/10.1016/j.jpowsour.2013.12.062.
[184] J.P. James, H.W. Choi, J.G. Pharoah, X-ray computed tomography
reconstruction and analysis of polymer electrolyte membrane fuel cell
porous transport layers, Int. J. Hydrogen Energy. 37 (2012) 18216–18230.
https://doi.org/10.1016/j.ijhydene.2012.08.077.
[185] W. Yoshimune, S. Kato, S. Yamaguchi, Multi-scale pore morphologies of a
compressed gas diffusion layer for polymer electrolyte fuel cells, Int. J. Heat
Mass
Transf.
152
(2020).
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119537.
[186] S. Kato, S. Yamaguchi, W. Yoshimune, Y. Matsuoka, A. Kato, Y. Nagai, T.
Suzuki, Ex-situ visualization of the wet domain in the microporous layer in
a polymer electrolyte fuel cell by X-ray computed tomography under water
vapor supply, Electrochem. Commun. 111 (2020) 106644.
https://doi.org/10.1016/j.elecom.2019.106644.
[187] A.D. Shum, D.Y. Parkinson, X. Xiao, A.Z. Weber, O.S. Burheim, I. V.
Zenyuk, Investigating Phase-Change-Induced Flow in Gas Diffusion
Layers in Fuel Cells with X-ray Computed Tomography, Electrochim. Acta.
256 (2017) 279–290. https://doi.org/10.1016/j.electacta.2017.10.012.
[188] S. Chevalier, J. Lee, N. Ge, R. Yip, P. Antonacci, Y. Tabuchi, T. Kotaka, A.
Bazylak, In operando measurements of liquid water saturation distributions
and effective diffusivities of polymer electrolyte membrane fuel cell gas
diffusion
layers,
Electrochim.
Acta.
210
(2016)
792–803.
https://doi.org/10.1016/j.electacta.2016.05.180.
[189] M. Sepe, P. Satjaritanun, S. Hirano, I. V Zenyuk, N. Tippayawong, S.
Shimpalee, Investigating Liquid Water Transport in Different Pore Structure
of Gas Diffusion Layers for PEMFC Using Lattice Boltzmann Method, J.
Electrochem. Soc. 167 (2020) 104516. https://doi.org/10.1149/19457111/ab9d13.
[190] A. Mularczyk, Q. Lin, M.J. Blunt, A. Lamibrac, F. Marone, T.J. Schmidt, F.N.
Büchi, J. Eller, Droplet and Percolation Network Interactions in a Fuel Cell
Gas Diffusion Layer, J. Electrochem. Soc. 167 (2020) 084506.
https://doi.org/10.1149/1945-7111/ab8c85.
[191] I. V Zenyuk, A. Lamibrac, J. Eller, D.Y. Parkinson, F. Marone, F.N. Büchi,
A.Z. Weber, Investigating Evaporation in Gas Diffusion Layers for Fuel
Cells with X-ray Computed Tomography, J. Phys. Chem. C. 120 (2016)
28701–28711. https://doi.org/10.1021/acs.jpcc.6b10658.
[192] J. Hinebaugh, Z. Fishman, A. Bazylak, Unstructured Pore Network
Modeling with Heterogeneous PEMFC GDL Porosity Distributions, J.
Electrochem. Soc. 157 (2010) B1651. https://doi.org/10.1149/1.3486095.
[193] P. Carrere, M. Prat, Liquid water in cathode gas diffusion layers of PEM
fuel cells: Identification of various pore filling regimes from pore network
simulations, Int. J. Heat Mass Transf. 129 (2019) 1043–1056.
https://doi.org/10.1016/j.ijheatmasstransfer.2018.10.004.
[194] M. Andisheh-Tadbir, F.P. Orfino, E. Kjeang, Three-dimensional phase
277

segregation of micro-porous layers for fuel cells by nano-scale X-ray
computed tomography, J. Power Sources. 310 (2016) 61–69.
https://doi.org/10.1016/j.jpowsour.2016.02.001.
[195] S. Komini Babu, H.T. Chung, P. Zelenay, S. Litster, Resolving Electrode
Morphology’s Impact on Platinum Group Metal-Free Cathode Performance
Using Nano-CT of 3D Hierarchical Pore and Ionomer Distribution, ACS
Appl.
Mater.
Interfaces.
8
(2016)
32764–32777.
https://doi.org/10.1021/acsami.6b08844.
[196] F.C. Cetinbas, R.K. Ahluwalia, N.N. Kariuki, V. De Andrade, D.J. Myers,
Effects of Porous Carbon Morphology, Agglomerate Structure and Relative
Humidity on Local Oxygen Transport Resistance, J. Electrochem. Soc. 167
(2019) 13508. https://doi.org/10.1149/2.0082001jes.
[197] I. V. Zenyuk, Bridging X-ray computed tomography and computational
modeling for electrochemical energy-conversion and –storage, Curr. Opin.
Electrochem.
13
(2019)
78–85.
https://doi.org/10.1016/j.coelec.2018.10.016.
[198] J. Hinebaugh, J. Lee, C. Mascarenhas, A. Bazylak, Quantifying Percolation
Events in PEM Fuel Cell Using Synchrotron Radiography, Electrochim.
Acta. 184 (2015) 417–426. https://doi.org/10.1016/j.electacta.2015.09.058.
[199] S. Litster, D. Sinton, N. Djilali, Ex situ visualization of liquid water transport
in PEM fuel cell gas diffusion layers, J. Power Sources. 154 (2006) 95–105.
https://doi.org/10.1016/j.jpowsour.2005.03.199.
[200] F.C. Cetinbas, R.K. Ahluwalia, A.D. Shum, I. V. Zenyuk, Direct simulations
of pore-scale water transport through diffusion media, J. Electrochem. Soc.
166 (2019) F3001–F3008. https://doi.org/10.1149/2.0011907jes.
[201] S. Hasanpour, M. Hoorfar, A.B. Phillion, Characterization of transport
phenomena in porous transport layers using X-ray microtomography, J.
Power
Sources.
353
(2017)
221–229.
https://doi.org/10.1016/j.jpowsour.2017.03.153.
[202] P. Rama, Y. Liu, R. Chen, H. Ostadi, K. Jiang, X. Zhang, R. Fisher, M.
Jeschke, An X-Ray Tomography Based Lattice Boltzmann Simulation
Study on Gas Diffusion Layers of Polymer Electrolyte Fuel Cells, J. Fuel
Cell Sci. Technol. 7 (2010). https://doi.org/10.1115/1.3211096.
[203] P.A. García-Salaberri, G. Hwang, M. Vera, A.Z. Weber, J.T. Gostick,
Effective diffusivity in partially-saturated carbon-fiber gas diffusion layers:
Effect of through-plane saturation distribution, Int. J. Heat Mass Transf. 86
(2015) 319–333. https://doi.org/10.1016/j.ijheatmasstransfer.2015.02.073.
[204] P.A. García-Salaberri, J.T. Gostick, G. Hwang, A.Z. Weber, M. Vera,
Effective diffusivity in partially-saturated carbon-fiber gas diffusion layers:
Effect of local saturation and application to macroscopic continuum models,
J.
Power
Sources.
296
(2015)
440–453.
https://doi.org/10.1016/j.jpowsour.2015.07.034.
[205] Y. Singh, R.M.H. Khorasany, W.H.J. Kim, A.S. Alavijeh, E. Kjeang,
R.K.N.D. Rajapakse, G.G. Wang, Ex situ characterization and modelling of
278

fatigue crack propagation in catalyst coated membrane composites for fuel
cell applications, Int. J. Hydrogen Energy. 44 (2019) 12057–12072.
https://doi.org/10.1016/j.ijhydene.2019.03.108.
[206] S.G. Kim, S.J. Lee, Tomographic analysis of porosity variation in gas
diffusion layer under freeze-thaw cycles, Int. J. Hydrogen Energy. 37
(2012) 566–574. https://doi.org/10.1016/j.ijhydene.2011.09.052.
[207] M. Bodner, A. Schenk, D. Salaberger, M. Rami, C. Hochenauer, V. Hacker,
Air Starvation Induced Degradation in Polymer Electrolyte Fuel Cells, Fuel
Cells. 17 (2017) 18–26. https://doi.org/10.1002/fuce.201600132.
[208] P. Mandal, B.K. Hong, J.G. Oh, S. Litster, Understanding the voltage
reversal behavior of automotive fuel cells, J. Power Sources. 397 (2018)
397–404. https://doi.org/10.1016/j.jpowsour.2018.06.083.
[209] D. Spernjak, J. Fairweather, R. Mukundan, T. Rockward, R.L. Borup,
Influence of the microporous layer on carbon corrosion in the catalyst layer
of a polymer electrolyte membrane fuel cell, J. Power Sources. 214 (2012)
386–398. https://doi.org/10.1016/J.JPOWSOUR.2012.04.086.
[210] T.M.M. Heenan, C. Tan, J. Hack, D.J.L. Brett, P.R. Shearing,
Developments in X-ray tomography characterization for electrochemical
devices,
Mater.
Today.
31
(2019)
69–85.
https://doi.org/10.1016/j.mattod.2019.05.019.
[211] J. Eller, X-Ray Tomographic Microscopy of Polymer Electrolyte Fuel Cells,
ETH Zürich, 2013.
[212] J. Eller, T. Rosén, F. Marone, M. Stampanoni, A. Wokaun, F.N. Büchi,
Progress in In Situ X-Ray Tomographic Microscopy of Liquid Water in Gas
Diffusion Layers of PEFC, J. Electrochem. Soc. 158 (2011) B963.
https://doi.org/10.1149/1.3596556.
[213] R.T. White, S.H. Eberhardt, Y. Singh, T. Haddow, M. Dutta, F.P. Orfino, E.
Kjeang, Four-dimensional joint visualization of electrode degradation and
liquid water distribution inside operating polymer electrolyte fuel cells, Sci.
Rep. 9 (2019) 1–12. https://doi.org/10.1038/s41598-018-38464-9.
[214] S.J. Normile, D.C. Sabarirajan, O. Calzada, V. De Andrade, X. Xiao, P.
Mandal, D.Y. Parkinson, A. Serov, P. Atanassov, I. V. Zenyuk, Direct
observations of liquid water formation at nano- and micro-scale in platinum
group metal-free electrodes by operando X-ray computed tomography,
Mater.
Today
Energy.
9
(2018)
187–197.
https://doi.org/10.1016/j.mtener.2018.05.011.
[215] R.T. White, F.P. Orfino, M. El Hannach, O. Luo, M. Dutta, A.P. Young, E.
Kjeang, 3D Printed Flow Field and Fixture for Visualization of Water
Distribution in Fuel Cells by X-ray Computed Tomography, J. Electrochem.
Soc. 163 (2016) F1337–F1343. https://doi.org/10.1149/2.0461613jes.
[216] U.U. Ince, H. Markötter, N. Ge, M. Klages, J. Haußmann, M. Göbel, J.
Scholta, A. Bazylak, I. Manke, 3D classification of polymer electrolyte
membrane fuel cell materials from in-situ X-ray tomographic datasets, Int.
J.
Hydrogen
Energy.
45
(2020)
12161–12169.
279

https://doi.org/10.1016/j.ijhydene.2020.02.136.
[217] J. Eller, F.N. Büchi, Polymer electrolyte fuel cell performance degradation
at different synchrotron beam intensities, J. Synchrotron Radiat. 21 (2014)
82–88. https://doi.org/10.1107/S1600577513025162.
[218] R.T. White, M. Najm, M. Dutta, F.P. Orfino, E. Kjeang, Communication—
Effect of Micro-XCT X-ray Exposure on the Performance of Polymer
Electrolyte Fuel Cells, J. Electrochem. Soc. 163 (2016) F1206–F1208.
https://doi.org/10.1149/2.0751610jes.
[219] S.S. Alrwashdeh, I. Manke, H. Markötter, M. Klages, M. Göbel, J.
Haußmann, J. Scholta, J. Banhart, In Operando Quantification of ThreeDimensional Water Distribution in Nanoporous Carbon-Based Layers in
Polymer Electrolyte Membrane Fuel Cells, ACS Nano. 11 (2017) 5944–
5949. https://doi.org/10.1021/acsnano.7b01720.
[220] Y. Nagai, J. Eller, T. Hatanaka, S. Yamaguchi, S. Kato, A. Kato, F. Marone,
H. Xu, F.N. Büchi, Improving water management in fuel cells through
microporous layer modifications: Fast operando tomographic imaging of
liquid
water,
J.
Power
Sources.
435
(2019)
226809.
https://doi.org/10.1016/j.jpowsour.2019.226809.
[221] S.S. Alrwashdeh, H. Markötter, J. Haußmann, T. Arlt, M. Klages, J. Scholta,
J. Banhart, I. Manke, Investigation of water transport dynamics in polymer
electrolyte membrane fuel cells based on high porous micro porous layers,
Energy.
102
(2016)
161–165.
https://doi.org/10.1016/j.energy.2016.02.075.
[222] S.S. Alrwashdeh, H. Markotter, J. Haussmann, J. Scholta, A. Hilger, I.
Manke, X-ray Tomographic Investigation of Water Distribution in Polymer
Electrolyte Membrane Fuel Cells with Different Gas Diffusion Media, ECS
Trans. 72 (2016) 99–106. https://doi.org/10.1149/07208.0099ecst.
[223] I. Mayrhuber, F. Marone, M. Stampanoni, T.J. Schmidt, F.N. Büchi, Fast Xray Tomographic Microscopy: Investigating Mechanisms of Performance
Drop during Freeze Starts of Polymer Electrolyte Fuel Cells,
ChemElectroChem.
2
(2015)
1551–1559.
https://doi.org/10.1002/celc.201500132.
[224] H. Xu, M. Bührer, F. Marone, T.J. Schmidt, F.N. Büchi, J. Eller, Optimal
Image Denoising for In Situ X-ray Tomographic Microscopy of Liquid Water
in Gas Diffusion Layers of Polymer Electrolyte Fuel Cells, J. Electrochem.
Soc. 167 (2020) 104505. https://doi.org/10.1149/1945-7111/ab9820.
[225] Y. Singh, R.T. White, M. Najm, T. Haddow, V. Pan, F.P. Orfino, M. Dutta,
E. Kjeang, Tracking the evolution of mechanical degradation in fuel cell
membranes using 4D in situ visualization, J. Power Sources. 412 (2019)
224–237. https://doi.org/10.1016/j.jpowsour.2018.11.049.
[226] S.H. Eberhardt, R.T. White, M. Najm, F.P. Orfino, M. Dutta, E. Kjeang,
Periodic Tracking of Operando Liquid Water Distributions in PEFCs
Subjected to Voltage Cycling Using Micro X-Ray Computed Tomography,
ECS Meet. Abstr. (2017). https://doi.org/10.1149/ma2017-02/32/1430.
280

[227] R.T. White, D. Ramani, S. Eberhardt, M. Najm, F.P. Orfino, M. Dutta, E.
Kjeang, Correlative X-ray Tomographic Imaging of Catalyst Layer
Degradation in Fuel Cells, J. Electrochem. Soc. 166 (2019) F914–F925.
https://doi.org/10.1149/2.0121913jes.
[228] R.F. Egerton, The Scanning Electron Microscope BT - Physical Principles
of Electron Microscopy: An Introduction to TEM, SEM, and AEM, in: R.F.
Egerton (Ed.), Springer International Publishing, Cham, 2016: pp. 121–
147. https://doi.org/10.1007/978-3-319-39877-8_5.
[229] S. Helmly, B. Ohnmacht, R. Hiesgen, E. Gülzow, K.A. Friedrich, Influence
of Platinum Precipitation on Properties and Degradation of Nafion®
Membranes,
ECS
Trans.
58
(2013)
969–990.
https://doi.org/10.1149/05801.0969ecst.
[230] J.E. Gray, C.G. Orton, Medical Physics: Some Recollections in Diagnostic
X-ray Imaging and Therapeutic Radiology, Radiology. 217 (2000) 619–625.
https://doi.org/10.1148/radiology.217.3.r00dc36619.
[231] R.A. Ketcham, W.D. Carlson, Acquisition, optimization and interpretation of
x-ray computed tomographic imagery: Applications to the geosciences,
Comput. Geosci. 27 (2001) 381–400. https://doi.org/10.1016/S00983004(00)00116-3.
[232] J.H. Hubbell, S.M. Seltzer, X-Ray Mass Attenuation Coefficients, NIST
Stand.
Ref.
Database
126.
(2004).
https://doi.org/https://dx.doi.org/10.18434/T4D01F.
[233] J. Banhart, Radiation sources and interaction of radiation with matter, in:
Adv. Tomogr. Methods Mater. Res. Eng., Oxford University Press, 2008:
pp.
107–138.
https://doi.org/10.1093/acprof:oso/9780199213245.001.0001.
[234] G. Poludniowski, G. Landry, F. DeBlois, P.M. Evans, F. Verhaegen,
SpekCalc : a program to calculate photon spectra from tungsten anode xray
tubes,
Phys.
Med.
Biol.
54
(2009)
N433–N438.
https://doi.org/10.1088/0031-9155/54/19/N01.
[235] R.A. Brooks, A.J. Talbert, Beam Hardening in X-ray Reconstructive
Tomography,
Phys.
Med.
Biol.
21
(1976)
390–398.
https://doi.org/10.1088/0031-9155/21/3/004.
[236] E. Shefer, A. Altman, R. Behling, R. Goshen, L. Gregorian, Y. Roterman, I.
Uman, N. Wainer, Y. Yagil, O. Zarchin, State of the Art of CT Detectors and
Sources: A Literature Review, Curr. Radiol. Rep. 1 (2013) 76–91.
https://doi.org/10.1007/s40134-012-0006-4.
[237] X. Pan, E.Y. Sidky, M. Vannier, Why do commercial CT scanners still
employ traditional, filtered back-projection for image reconstruction?,
Inverse Probl. 25 (2009) 123009. https://doi.org/10.1088/02665611/25/12/123009.
[238] C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to ImageJ: 25
years of image analysis, Nat. Methods. 9 (2012) 671–675.
https://doi.org/10.1038/nmeth.2089.
281

[239] N. Kardjilov, I. Manke, R. Woracek, A. Hilger, J. Banhart, Advances in
neutron
imaging,
Mater.
Today.
21
(2018)
652–672.
https://doi.org/10.1016/j.mattod.2018.03.001.
[240] N. Kardjilov, A. Hilger, I. Manke, CONRAD-2: Cold Neutron Tomography
and Radiography at BER II (V7), J. Large-Scale Res. Facil. JLSRF. 2
(2016) 2–7. https://doi.org/10.17815/jlsrf-2-108.
[241] T. Minniti, W. Kockelmann, G. Burca, J.F. Kelleher, S. Kabra, S.Y. Zhang,
D.E. Pooley, E.M. Schooneveld, Q. Mutamba, J. Sykora, N.J. Rhodes, F.M.
Pouzols, J.B. Nightingale, F. Aliotta, L.M. Bonaccorsi, R. Ponterio, G.
Salvato, S. Trusso, C. Vasi, A.S. Tremsin, G. Gorini, Materials analysis
opportunities on the new neutron imaging facility IMAT@ISIS, J. Instrum.
11
(2016)
C03014–C03014.
https://doi.org/10.1088/17480221/11/03/c03014.
[242] E.H. Lehmann, G. Frei, G. Kühne, P. Boillat, The micro-setup for neutron
imaging: A major step forward to improve the spatial resolution, Nucl.
Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect.
Assoc.
Equip.
576
(2007)
389–396.
https://doi.org/10.1016/j.nima.2007.03.017.
[243] N. Kardjilov, I. Manke, A. Hilger, M. Strobl, J. Banhart, Neutron imaging in
materials
science,
Mater.
Today.
14
(2011)
248–256.
https://doi.org/10.1016/S1369-7021(11)70139-0.
[244] P. Boillat, G. Frei, E.H. Lehmann, G.G. Scherer, A. Wokaun, Neutron
imaging resolution improvements optimized for fuel cell applications,
Electrochem.
Solid-State
Lett.
13
(2010)
B25.
https://doi.org/10.1149/1.3279636.
[245] The NIST Reference on Constants, Units, and Uncertainty: Neutron Mass,
(n.d.).
https://physics.nist.gov/cgibin/cuu/Value?mn%7Csearch_for=atomnuc! (accessed August 18, 2020).
[246] The NIST Reference on Constants, Units, and Uncertainty: Electron Mass,
(n.d.).
https://physics.nist.gov/cgibin/cuu/Value?me%7Csearch_for=atomnuc! (accessed August 18, 2020).
[247] S.F. Mughabghab, Thermal-Resonance Ranges Information Table, (2019).
https://www-nds.iaea.org/relnsd/NdsEnsdf/neutroncs.html
(accessed
August 18, 2020).
[248] M. Zhiani, S. Majidi, Effect of MEA conditioning on PEMFC performance
and EIS response under steady state condition, Int. J. Hydrogen Energy.
38
(2013)
9819–9825.
https://doi.org/https://doi.org/10.1016/j.ijhydene.2013.05.072.
[249] J. Wu, X.-Z. Yuan, H. Wang, Cyclic Voltammetry, in: PEM Fuel Cell
Diagnostic
Tools,
CRC
Press,
2011:
pp.
71–85.
https://doi.org/doi:10.1201/b11100-6.
[250] M. Shaneeth, S. Basu, S. Aravamuthan, PEM fuel cell cathode catalyst
layer durability: An electrochemical spectroscopic investigation, Chem.
Eng. Sci. 154 (2016) 72–80. https://doi.org/10.1016/j.ces.2016.06.062.
282

[251] N. Elgrishi, K.J. Rountree, B.D. McCarthy, E.S. Rountree, T.T. Eisenhart,
J.L. Dempsey, A Practical Beginner’s Guide to Cyclic Voltammetry, J.
Chem.
Educ.
95
(2018)
197–206.
https://doi.org/10.1021/acs.jchemed.7b00361.
[252] X.-Z. Yuan, C. Song, H. Wang, J. Zhang, eds., Impedance and its
Corresponding Electrochemical Processes BT
- Electrochemical
Impedance Spectroscopy in PEM Fuel Cells: Fundamentals and
Applications, in: Springer London, London, 2010: pp. 95–138.
https://doi.org/10.1007/978-1-84882-846-9_3.
[253] X.-Z. Yuan, C. Song, H. Wang, J. Zhang, eds., EIS Equivalent Circuits BT
- Electrochemical Impedance Spectroscopy in PEM Fuel Cells:
Fundamentals and Applications, in: Springer London, London, 2010: pp.
139–192. https://doi.org/10.1007/978-1-84882-846-9_4.
[254] X.-Z. Yuan, C. Song, H. Wang, J. Zhang, Electrical Fundamentals, in:
Electrochem. Impedance Spectrosc. PEM Fuel Cells, Springer London,
London, 2010: pp. 39–93. https://doi.org/10.1007/978-1-84882-846-9_2.
[255] E. Engebretsen, G. Hinds, Q. Meyer, T. Mason, E. Brightman, L.
Castanheira, P.R. Shearing, D.J.L. Brett, Localised electrochemical
impedance measurements of a polymer electrolyte fuel cell using a
reference electrode array to give cathode-specific measurements and
examine membrane hydration dynamics, J. Power Sources. 382 (2018)
38–44. https://doi.org/10.1016/j.jpowsour.2018.02.022.
[256] T.J. Mason, J. Millichamp, P.R. Shearing, D.J.L. Brett, A study of the effect
of compression on the performance of polymer electrolyte fuel cells using
electrochemical impedance spectroscopy and dimensional change
analysis, Int. J. Hydrogen Energy. 38 (2013) 7414–7422.
https://doi.org/10.1016/j.ijhydene.2013.04.021.
[257] Equivalent Circuit Modeling Using the Gamry Electrochemical Impedance
Spectroscopy Software, (n.d.). https://www.gamry.com/applicationnotes/EIS/equivalent-circuit-modeling-using-the-gamry-eis300electrochemical-impedance-spectroscopy-software/ (accessed August 19,
2020).
[258] N. Wagner, Characterization of membrane electrode assemblies in
polymer electrolyte fuel cells using a.c. impedance spectroscopy, J. Appl.
Electrochem.
32
(2002)
859–863.
https://doi.org/10.1023/A:1020551609230.
[259] Scribner Associates, Advanced Fuel Cell Diagnostic Techniques for
Measuring MEA Resistance, Fuel Cell. (2005).
[260] B.O. Emmanuel, P. Barendse, J. Chamier, Effect of Anode and Cathode
Reletive Humidity Variance and Pressure Gradient on Single Cell PEMFC
Performance, in: 2018 IEEE Energy Convers. Congr. Expo., 2018: pp.
3608–3615. https://doi.org/10.1109/ECCE.2018.8558474.
[261] T. Matsuura, J. Chen, J.B. Siegel, A.G. Stefanopoulou, Degradation
phenomena in PEM fuel cell with dead-ended anode, Int. J. Hydrogen
283

Energy.
38
(2013)
https://doi.org/10.1016/j.ijhydene.2013.06.096.

11346–11356.

[262] S.V. Venkatesan, M. Dutta, E. Kjeang, Mesoscopic degradation effects of
voltage cycled cathode catalyst layers in polymer electrolyte fuel cells,
Electrochem.
Commun.
72
(2016)
15–18.
https://doi.org/10.1016/j.elecom.2016.08.018.
[263] M. Gabbouj, E.J. Coyle, N.C. Gallagher, An overview of median and stack
filtering, Circuits, Syst. Signal Process. 11 (1992) 7–45.
https://doi.org/10.1007/BF01189220.
[264] T. Arlt, M. Liebert, M. Paulisch, I. Lüdeking, C. Bergbreiter, L. Jörissen, I.
Manke, Multi-scale Analysis and Phase Segmentation of FIB and X-ray
Tomographic Data of Electrolyzer Electrodes Using Machine Learning
Algorithms,
ECS
Trans.
97
(2020)
639–649.
https://doi.org/10.1149/09707.0639ecst.
[265] A. Shum, D.Y. Parkinson, I. V. Zenyuk, Segmenting Water Observed with
X-Ray Computed Tomography in Gas Diffusion Layers of Polymer
Electrolyte Fuel Cells Using Convolutional Neural Networks, ECS Meet.
Abstr. MA2020-01 (2020) 1612–1612. https://doi.org/10.1149/MA202001381612mtgabs.
[266] R. Dougherty, K.-H. Kunzelmann, Computing Local Thickness of 3D
Structures with ImageJ, Microsc. Microanal. 13 (2007) 1678–1679.
https://doi.org/10.1017/s1431927607074430.
[267] N. Epstein, On tortuosity and the tortuosity factor in flow and diffusion
through porous media, Chem. Eng. Sci. 44 (1989) 777–779.
https://doi.org/10.1016/0009-2509(89)85053-5.
[268] A.T. Haug, R.E. White, J.W. Weidner, W. Huang, S. Shi, T. Stoner, N.
Rana, Increasing Proton Exchange Membrane Fuel Cell Catalyst
Effectiveness Through Sputter Deposition, J. Electrochem. Soc. 149 (2002)
A280. https://doi.org/10.1149/1.1446082.
[269] L.Y. Sung, B.J. Hwang, K.L. Hsueh, W.N. Su, C.C. Yang, Comprehensive
study of an air bleeding technique on the performance of a protonexchange membrane fuel cell subjected to CO poisoning, J. Power
Sources.
242
(2013)
264–272.
https://doi.org/10.1016/j.jpowsour.2013.05.042.
[270] R. Ziesche, Advanced Imaging of electrochemical Devices – Imaging of
Lithium Batteries and Fuel Cells, University College London, 2020.
[271] J. Larminie, A. Dicks, Appendix 2: Useful Fuel Cell Equations, in: Fuel Cell
Syst.
Explain.,
2013:
pp.
395–400.
https://doi.org/10.1002/9781118878330.app2.
[272] ZProject...,
(n.d.).
https://imagej.nih.gov/ij/docs/menus/image.html
(accessed December 6, 2017).
[273] Y. Li, P. Pei, Z. Wu, H. Xu, D. Chen, S. Huang, Novel approach to
determine cathode two-phase-flow pressure drop of proton exchange
284

membrane fuel cell and its application on water management, Appl.
Energy.
190
(2017)
713–724.
https://doi.org/10.1016/j.apenergy.2017.01.010.
[274] J. Hack, P.A. García-Salaberri, M.D.R. Kok, R. Jervis, P.R. Shearing, N.
Brandon, D.J.L. Brett, X-ray Micro-Computed Tomography of Polymer
Electrolyte Fuel Cells: What is the Representative Elementary Area?, J.
Electrochem. Soc. 167 (2020) 013545. https://doi.org/10.1149/19457111/ab6983.
[275] C. Chan, N. Zamel, X. Li, J. Shen, Experimental measurement of effective
diffusion coefficient of gas diffusion layer/microporous layer in PEM fuel
cells,
Electrochim.
Acta.
65
(2012)
13–21.
https://doi.org/10.1016/j.electacta.2011.12.110.
[276] A.K.C. Wong, R. Banerjee, A. Bazylak, Tuning MPL Intrusion to Increase
Oxygen Transport in Dry and Partially Saturated Polymer Electrolyte
Membrane Fuel Cell Gas Diffusion Layers, J. Electrochem. Soc. 166 (2019)
F3009–F3019. https://doi.org/10.1149/2.0021907jes.
[277] M. Andisheh-Tadbir, M. El Hannach, E. Kjeang, M. Bahrami, An analytical
relationship for calculating the effective diffusivity of micro-porous layers,
Int.
J.
Hydrogen
Energy.
40
(2015)
10242–10250.
https://doi.org/10.1016/j.ijhydene.2015.06.067.
[278] A. Forner-Cuenca, E.E. Penn, A.M. Oliveira, F.R. Brushett, Exploring the
Role of Electrode Microstructure on the Performance of Non-Aqueous
Redox Flow Batteries, J. Electrochem. Soc. 166 (2019) A2230–A2241.
https://doi.org/10.1149/2.0611910jes.
[279] A. Bazylak, D. Sinton, Z.S. Liu, N. Djilali, Effect of compression on liquid
water transport and microstructure of PEMFC gas diffusion layers, J. Power
Sources.
163
(2007)
784–792.
https://doi.org/10.1016/j.jpowsour.2006.09.045.
[280] J.T. Gostick, M.W. Fowler, M.A. Ioannidis, M.D. Pritzker, Y.M. Volfkovich,
A. Sakars, Capillary pressure and hydrophilic porosity in gas diffusion
layers for polymer electrolyte fuel cells, J. Power Sources. 156 (2006) 375–
387. https://doi.org/10.1016/j.jpowsour.2005.05.086.
[281] A. Pfrang, D. Veyret, G.J.M. Janssen, G. Tsotridis, Imaging of membrane
electrode assemblies of proton exchange membrane fuel cells by X-ray
computed tomography, J. Power Sources. 196 (2011) 5272–5276.
https://doi.org/10.1016/j.jpowsour.2010.09.020.
[282] C. Lee, W. Mérida, Gas diffusion layer durability under steady-state and
freezing conditions, J. Power Sources. 164 (2007) 141–153.
https://doi.org/10.1016/j.jpowsour.2006.09.092.

285

Appendices
8.3

Chapter 3 Appendix
8.3.1 In-situ rig

An image of the in-situ rig situated in the research laboratory is shown in Figure
8-1. The gas lines supplied from the MFC and to the exhaust can be seen feeding
through the bubble bottles filled with deionised water. Inlet gas lines were
insulated with bubble wrap to ensure that moisture contained within the gas did
not condense on the tubing walls. Electrical connectors are seen by the red
extension cables that are clipped directly onto the cell casing.

Figure 8-1 Annotated image of the graphite cell on the in-house built rig in the research
laboratory.

8.3.2 In-situ cell impedance
The full results for cell impedance (without MEA) are shown in Figure 8-2. It is
clear that there is a stark difference between the impedance of the two different
materials, with the graphite cell having impedance around 100× greater than the
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gold-coated aluminium cell. Also in both cells, the presence of inductance at low
frequencies is observed.

Figure 8-2 Graph showing the Nyquist plots for the impedance of the two cell casings, with
inductance shown at low frequencies and cell resistance at high frequency. The 100×
greater magnitude of the graphite cell resistance compared to the metal cell is observed.

8.4

Chapter 4 Appendix
8.4.1 Galvanostatic holds

The galvanostatic hold voltage profiles for the three flow field designs are shown
in Figure 8-3a-c. In all cases, it can be seen that the voltage decreases with
increasing current density, as expected from polarisation. Looking at all holds
plotted on the same graph for each flow field design particularly shows the
instability in cell voltages at higher current densities. It is also interesting to note
that for the single-serpentine cell above 500 mA cm-2, there is a gradual increase
in cell voltage over the course of the current hold. This is interesting as it implies
that there is an increase in the performance of the cell, which could be due to the
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formation of water improving the transport of ions through the CL and membrane.
This is also somewhat observed for the double-serpentine and parallel flow field
design, although it is interesting to note than in both of these cases after around
400 s, the performance starts to decrease again giving rise to an eventual drop
in voltage. This suggests that the delicate balance between water hydrating the
cell for facile transport of species and water flooding the pores preventing
reactant transport has been tipped in favour of flooding.

Figure 8-3 Galvanostatic hold profiles for the three flow field designs, a) single serpentine,
b) double serpentine and c) parallel.

The volume of water produced in each part of the fuel cell (cathode, MEA and
anode) are shown for each flow field type in Figure 8-4, for single-serpentine
(Figure 8-4a-c), double-serpentine (Figure 8-4d-f) and parallel (Figure 8-4g-i) flow
fields. In each case, the volume of water in the cathode increases both with
increasing time and increasing current density. For the MEA, the volume reaches
a plateau with increasing time and also a maximum value despite increasing
current density, which shows that the volume of water contained within the MEA
is finite. The volume of water in the anode increases with increasing current
density for each flow field. However, as time increases at higher current densities,
for each flow field type the anode water volume reaches a peak and then starts
to decrease. This highlights that some sort of equilibrium is reached in the fuel
cell during the galvanostatic holds.
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Figure 8-4 a-c) single serpentine, d-f) double serpentine and g-i) parallel for cathode, MEA
and anode (L-R, respectively) water volumes for increasing current density. The cathode
water volume is larger than the anode water volume for all flow field types. The MEA water
volume increases with increasing current density, but at some point reaches an
equilibrium point.

The evolution of water droplets (done using the analysis method described in
Section 4.3.2.2.3) is shown for the anode side during the 700 mA cm-2
galvanostatic hold in Figure 8-5. Interesting effects are observed for each, with
some clear differences between the different flow field designs. Firstly, the
number of labels in the single serpentine reaches a clear peak at 380 s, before
dropping off, showing a coalescence of anode droplets. The double-serpentine
flow field has a much broader peak by comparison, and the parallel cell has a
sharp increase to begin, reaching a peak at 200 s, followed by a slower
coalescence during the remainder of the hold. This could be because of the
higher tortuosity of the serpentine flow fields; gravity drains the droplets in the
parallel flow field more easily, meaning there is a faster coalescence. In all cases,
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the average droplet volume increases, though the value for the single-serpentine
drops after 450 s, which could mean that some larger droplets have been
evacuated from the cell.

Figure 8-5 Evolution of droplets in the anode, showing the number of individual droplets
and the average droplet volume.

8.4.2 Potentiostatic holds
Potentiostatic holds were also carried out at three voltages, with results shown in
Figure 8-6. Of particular interest is the low voltage of 0.3 V that was investigated,
since the current was very unstable, especially the parallel flow field (Figure 8-6c).
From 200 s onwards, the current starts to drop off steadily from a value of
853 mA cm-2. However, at certain intervals the current entirely cuts out to the
current limit of 200 mA cm-2. The single-serpentine current starts to drop off after
450 s, but never drops below the limit, reaching a value of 662 mA cm-2 at 600 s.
The double-serpentine current remains more constant until 500 s where it drops
sharply to reach a value of 660 mA cm-2 at 600 s.

Figure 8-6 Potentiostatic holds for the three flow field designs at a) 0.7 V, b) 0.5 V and c)
0.3 V.

Shown in Figure 8-7 are the full results for the volume of water found in the
cathode, MEA and anode (columns, L-R) for the single-serpentine (Figure 8-7ac), double-serpentine (Figure 8-7d-f) and parallel (Figure 8-7g-i) flow fields. As
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with the galvanostatic holds, with decreasing voltage (increasing current density)
the volume of water in the cathode increases for each flow field type, as well as
increasing with time. Again, the volume of water in the MEA remains around a
near-constant value and in the anode, at low voltages (especially 0.3 V), the
volume of water in the anode approaches or reaches a plateau as the volume of
water in the anode equilibrates.

Figure 8-7 a-c) single serpentine, d-f) double serpentine and g-i) parallel for cathode, MEA
and anode (L-R, respectively) water volumes for increasing voltage.

The distribution of water in the top, middle and bottom regions is interesting to
analyse (Figure 8-8). As with the galvanostatic holds, in the anode, the
predominant location for water to reside is in the top third. This is the case at high
and medium voltages (0.7 V and 0.5 V, where the current density is
~300 mA cm-2 and ~500 mA cm-2, respectively). At low voltages, where the cell
is particularly unstable, the water is mostly in the middle third in the anode of the
single-serpentine cell. On the other hand, the majority of the water on the anode
side of the double-serpentine and parallel flow fields is in the top third. The water
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distribution in the cathode is similar to the findings of the galvanostatic holds
(Figure 8-8b-d), with some water being found in the bottom third and the majority
in the top and middle thirds.

Figure 8-8 Water distribution in the three flow field designs on the b-d) cathode and e-g)
anode side for decreasing potential.
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