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Abstract

With the growing interest in green hydrogen as an energy vector, advances in all types of
electrolysers are urgently needed. Imaging methods utilising X-rays and neutrons are seen as
highly complementary techniques for visualising, analysing and quantifying the properties of
electrolysers, whose materials and operational processes span multiple length and timescales. In
this perspective, we first outline four key challenge areas for all electrolyser technologies: using
less, using alternative materials, increasing durability and recycling, and introduce the various
materials (and their corresponding feature sizes and relevant imaging methods) found in the
components of the four main electrolyser types (anion exchange membrane (AEM), polymer
electrolyte membrane (PEM), alkaline water electrolyser (AWE) and solid oxide electrolyser cell
(SOEC). After introducing key relevant concepts for X-ray and neutron imaging, we present a
detailed summary of the use of these techniques for the imaging of electrolyser technologies. As
highlighted throughout the review, these two methods, when used in a complementary manner, are
able to capture the full breadth of complex, multiscale, multiphase materials and dynamics that
occur in electrolyser technologies. Finally, we give our perspective on the areas we foresee as
being highly important for future complementary, multiscale studies of electrolyser materials. By
harnessing the power of both imaging methods together, we can ensure the accelerated discovery
and optimisation of the next generation of electrolyser technologies, ensuring a stable and reliable
supply of green hydrogen in the coming decades and beyond.

1 Introduction

1.1 The importance of green hydrogen

Hydrogen is expected to become one of the key energy vectors for achieving net-zero
carbon emissions and global production of hydrogen is forecast to rapidly increase by 2050, with
the International Renewable Energy Agency (IRENA) forecasting that hydrogen will contribute to
12% of global energy demand! in scenarios limiting global warming to under 1.5 °C in 2050.
Hydrogen as an energy vector offers flexibility, high energy-density and holds promise for
decarbonising traditionally hard-to-decarbonise sectors, such as industry (e.g. steel and chemical
industries),? heavy duty transport® and long-duration energy storage.* To realise these ambitious
scale-up targets, new policy incentives are becoming increasingly important for ensuring that the
supply of hydrogen can meet the demands of these sectors in the coming years and decades.®
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1.2 Electrolysers as a key technology for enabling scale-up by 2050

In order to achieve significant expansion in hydrogen usage, technologies for producing
hydrogen require rapid scale-up. Since hydrogen does not exist naturally in molecular form, it must
be produced industrially via a number of viable processes, with varying levels of emissions. These
have been classified by a colour system, where the 'colour' of hydrogen refers to the associated
emissions of the production process. Currently almost all globally produced hydrogen is ‘grey’
hydrogen, which is produced from steam-methane reforming (SMR) of natural gas.® To reduce the
emissions of the process, ‘blue’ hydrogen is being proposed as a greener alternative, in which the
carbon dioxide produced via SMR is captured with carbon capture and storage (CCS)) technology.”
‘Green’ hydrogen, produced from electrolysis using electricity generated from renewable sources,
like wind or solar, is the greenest form of hydrogen production, with no carbon emissions at point
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of production. By 2050, green hydrogen is expected to be the dominant type of hydrogen PJ?Q%‘%@:\
to ensure that carbon-reduction targets can be met.2

Electrolysers are not a new technology. Hydrogen production using electricity was first
reported during the late 18™ century, with the first electrolysers demonstrated from around 1890
onwards.® However, with the recent commitments by countries across the globe to include
hydrogen in the path to net-zero, it is critical that understanding and innovation of electrolyser
technologies is accelerated to ensure the hydrogen roadmap can be achieved on a global scale.

1.3 Bottlenecks in scale-up: challenges for electrolyser materials

To meet the growing demand for hydrogen, scale-up of electrolysers needs to be from the
current ~700 MW global capacity of today to between 4-5 TW capacity in 2050, as forecast by
IRENA.! This will involve significant materials innovation, in terms of both the materials used and
the manufacturing methods used to produce electrolysers at-scale. As an example, polymer
electrolyte membrane (PEM) electrolysers rely on iridium catalysts at the anode, and only 7-8
tonnes of iridium is mined globally per year.'® Thus, to ensure stable supply chains of materials for
all electrolyser technologies, there are a number of opportunities for electrolyser materials
research. Four of the key avenues for electrolyser research can be identified (Figure 1), which all
focus on ensuring a reliable and sustainable supply of the key constituent materials in all
electrolyser types well into 2050 and beyond. These are:

C1.Use less. This can be done by reducing catalyst loadings,° for example reducing total
PGM content in PEM electrolysers to meet the US Department of Energy (DoE) targets
of 0.125 mg cm2,* or by ensuring a mix of technologies is implemented and scaled up,
utilising a wider range of available materials and alleviating the pressure on just one or
two key elements.

C2.Use alternative elements, by finding solutions to reduce or replace the amount of
precious metal elements used in the various technologies, or diversifying the use of
electrolyser types that use abundant metals.*?

C3.Increase durability and extend lifetimes of electrolysers, for example to the 80,000 hrs
DoE targets for PEM electrolysers!! and high-temperature solid oxide electrolyser cells
(SOECs).*2 This will reduce lifetime costs of the technology, as well as reducing lifetime
materials usage and making available materials go further.

C4.Recycle. Recycling of catalysts is possible,0 1415 but until there is sufficient technology
that has reached the end of life, there is less demand for recycling. Nonetheless,
preparing the methods and technology for recycling of catalysts and materials from
electrolysers now will ensure these processes are in place when current technology
needs replacing.

We highlight these four key challenge areas as being critical avenues for research, to
ensure secure supply chains well into the next decades as we rapidly scale-up these urgently
needed technologies. As will be discussed throughout this perspective, imaging methods across
length scales are crucial for understanding and quantifying electrolyser performance (Figure 1),
both for analysing the materials in existing technologies as well as across these four approaches
as research in these areas grows. As such, where a study has addressed one of these four
challenges, this will be highlighted by reference to the relevant identifier i.e. C1, C2, C3 or C4.
There are a number of viable electrolyser technologies, each with a unique set of performance
properties and materials characteristics, which could hold promise for various applications. Current
electrolyser types are discussed in the following section.
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C1. Use less C2. Use alternative elements

- Thrifting. - Diversifying
- Lowering catalyst technologies used.
loadings. - Discovery of suitable

- Ensuring a range of
technologies used.

abundant, low-risk
catalysts.

- Robust streams for
recycling all
components in all
electrolyser types.

- Ensuring clarity on
how to do this.

C4. Recycle

- Reach 80,000 hours
durability targets.

- Greater clarity and
agreement on testing
protocols.

C3. Increase durability

Figure 1 Schematic showing the four key avenues for future electrolyser research, including using less of
the existing materials, using alternative elements by using a mix of technologies and discovering new materials,
increasing durability to reduce lifetime costs and recycling of components to reuse what we already have available.
Underpinning all of these materials discovery is the use of imaging techniques, the focus of this perspective, which
can help accelerate this materials discovery process across the four areas.

1.4 Electrolyser technologies: comparison of design and constituent materials

Electrolysers are a “multiscale” materials challenge, meaning that every type of electrolyser
has a unique set of constituent components and materials, ranging from nanometer-size
elecrocatalysts to centimenter/meter-sized bipolar plates found in electrolyser stacks. At each
length scale, there is a materials challenge to ensure that the chemistry of all materials is
compatible with the (often harsh) operating environment of the electrolyser; electrolysers often run
at elevated temperatures, under non-neutral pH conditions, and are subject to voltage
cycling/fluctuations over thousands of cycles and hours of operation. The US DoE ultimate targets
for lifetime operation are currently for 80,000 hours of operation for both PEM electrolysers'! and
high temperature electrolysers.3
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There are currently four key water electrolyser types, which are summarised in detail in

Table 1. These are: anion exchange membrane (AEM), polymer electrolyte membrane (PEM),
alkaline water electrolysers (AWE), and solid oxide electrolyser cells (SOEC). The name of the
electrolyser type is related to the type of electrolyte at the centre of the electrolyser. Whilst the
primary function of all electrolyser types is to use electricity to split water (or other fuels including
CO; in the case of SOEC at high temperatures'®), into hydrogen at the cathode and oxygen at the
anode, the materials that constitute the anode, cathode and electrolyte vary significantly between
electrolyser types. The properties of each electrolyser type are summarised in Table 1, including
their key materials characteristics, ions transported, operating temperatures and approximate
component thicknesses. Each technology has a unique set of materials challenges, for example,
the PEM technology relies on expensive, scarce iridium catalysts, AEMs use anion exchange
membranes that lack maturity and durability, AWE technologies are reliable but have poorer current
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densities than PEM electrolysers, and SOECs have flexibility in terms of reactants/gr&%_%%j
the ceramic materials suffer from fatigue due to the high operating temperatures. For an in-depth
review of the various technologies, their status and challenges, the reader is referred to the reviews
by Kumar and Lim!” and Salehmin et al.,*® or the detailed technical report from the International
Renewable Energy Agency (IRENA).%°

Key to the design of all electrolyser types is the fact that the materials within them span
multiple length-scales, e.g. from nanometer-sized catalyst particles to cm/m-sized bipolar plate
materials, and work must be done to optimise material chemistry and morphologies to improve
performance. These length scales are indicated in Table 1 below each component, along with some
suggested methods for imaging the features of interest (FOI) at the relevant length scale. During
operating and cycling, the materials in all electrolyser types are susceptible to degradation and
failure mechanisms. Given their sandwich-like structure the electrochemistry inside all electrolyser
types occurs at the internal interfaces between the various components, which makes
characterisation of materials properties a particular challenge. It is highly desirable to have access
to imaging and analysis methodologies which do not require dismantling of the electrolyser in order
to access these internal interfaces/components. Thus, multi-dimensional computed tomography
(CT) imaging methodologies, for example X-ray micro-CT and neutron CT, are a powerful way to
characterise the operation and failure of both existing and novel electrolyser materials. The current
status and potential future of complementary X-ray and neutron imaging of electrolysers will be
discussed in detail in this perspective.

Table 1 A summary of the main types of electrolysers, AEM, PEM, AWE and SOEC, including their operating
temperatures, materials within the anode and cathode catalyst layer, the properties of the diffusion layer, the electrolyte and the
ion that is transported across the electrolyte.

AEM PEM AWE SOEC
Operating 40-60 50-80 70-90 700-850
temperature / °C
Anode (oxygen | Nickel or NiFeCo | Iridium oxide (IrOx) | Nickel-coated Perovskites, commonly
evolution alloys; CuCo0,?% 2t nanoparticles?> 23 perforated  stainless | LSM?,
reaction (OER)) IRRu,O, 2 steel?® Lag 58Sr0.4C0o2F€003 %°;
catalyst layer Pt/NiAl/NiMo/RuO, LSC?0
(CL) composition coatings have also

been demonstrated?”
Anode CL | 10-15% Ultra-low loading: 2- | 1000 (mesh), with 1.5 | 30-50% 2°
thickness / ym 2.5% coatings?
Standard loading: 6-
1525, 33
Cathode Nickel; Ni/(CeO,- | Platinum on carbon | Nickel-coated Ni-YSZ?2° 30,
(hydrogen La,03)/C® (Pt/C)** perforated  stainless | NiFe,O4 (NFO)®
evolution steel®®, and/or
reaction (HER)) additional
catalyst layer electrocatalysts, for
composition example Ru@Cu-TM**
Cathode CL | 10-15* ~6-20%3 %2 1562° 8-70%- %
thickness / ym
Techniques  for ‘Nanoscale’: X-ray nano-CT?2 %;
imaging CLs Focused-ion beam scanning electron microscopy (FIB-SEM)?2 3% 32,
SEMZQ, 31, 32, 34;
Transmission electron microscopy (TEM)®’;
Atomic force microscopy (AFM)%,
‘Microscale’: X-ray micro-CT3 4°

Electrolyte Anion exchange | Solid polymer PFSA- | 5-7M Potassium | Yttria-stabilised zirconia
materials membrane, e.g. | based membrane, e.g. | hydroxide (KOH), plus | (YSZ)* %

Aemion+2-% plus 0.1- | Nafion?* 33 or | a diaphragm, e.g.

1M KOH?! Aquivion® zirconia-based Zirfon?®

41
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Electrolyte (+
separator)
thickness/ ym

25_8021, 37,42, 43
Ultrathin: 9%°

~100-150%4 44 45 200-500% 46

10-90%°%

View Art}
DOI: 10.1039/D4T|

lon transported OH H* OH oz

Techniques  for X-ray micro-CT,;

imaging FIB-SEM%¥;

electrolytes SEM32 43

Porous transport | Nickel foam (anode); | Pt-coated porous | Nickel mesh (anode | Nickel mesh or foam

layer (PTL) | Nifoam or carbon cloth | titanium (anode); | and cathode) (anode)

materials (cathode) carbon paper/cloth or

porous titanium
(cathode)

PTL  thickness/ | 1000% — 1400 anode; | ~250-350% 4 56%— 1000 700 — 900%°

um 270 cathode®’; 220 Ni-
felts?!

Techniques  for X-ray micro-CT3 5153,

imaging PTLs X-ray radiography®* %5,

Neutron radiography®®-%3
Neutron CT

Bipolar plate | Nickel-coated stainless | Pt-coated titanium | Nickel-coated stainless | Co-coated stainless

materials steel (anode and | (anode); Au-coated | steel (anode and | steel (cathode)
cathode) titanium (cathode); | cathode)

stainless steel*’

Techniques  for X-ray CT;

imaging bipolar X-ray radiography;

plates/flow fields Neutron radiography®* 5;

Neutron CT;
SEM*

Key advantages - Less harsh | - Compact and simple | - Very mature | - Less sensitive to
environment than | design. technology. impurities in reactant
alkaline  electrolyser | - Fast voltage | - Cheap widely | feed.
due to less | response. available materials. - Possibilities for co-
concentrated KOH. electrolysis, e.g. with
- No noble metals CO..
required, so cheaper - High temperature
components. means favourable

reaction kinetics.

Key - Not a mature | - Expensive materials - Lower current | - More susceptible to

disadvantages technology, so lots of | required to withstand density/poorer degradation and failure,
innovation required. the harsh oxidative performance e.g. through cracking,

- AEMs have poor

stability  and are
susceptible to more
rapid failure.

operating
environment.

- Expensive noble
metals, like Ir and Pt,
used.

- Sensitive to
poisoning/
contaminants in water
reactant stream.

- Little
understanding/validati
on of lifetime
performance and
durability at-scale.

compared with other
electrolyser types.

due to high
temperatures.

- Challenges  with
sealing.

- Slower time for start-
up/shut-down.

2 X-rays and neutrons as complementary imaging techniques

Electrolysers have unique characteristics, with their constituent materials, component
morphology and device performance all inherently linked. Thus, characterisation in multiple forms
is key to understanding this relationship and ultimately improving electrolyser materials,
performance or lifetime. Imaging is a key tool for gaining a deepened understanding of the
morphological properties or changes occurring inside electrolyser materials across length scales.
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However, the challenge for imaging is that many of the processes inside eIectronsD%‘slg&(;gyD?‘g;
internal interfaces between layers in the membrane electrode assembly (MEA) or elsewhere inside
the cell. A key aim is to visualise and analyse materials in situ or under operando conditions, which
is not possible with conventional imaging techniques like scanning electron microscopy (SEM). In
comparison radiography and tomography using more penetrating X-rays and neutrons are powerful
methods for visualising and quantifying electrolyser function under real-world or near-real-world
conditions. Furthermore, as shown in Table 1 the materials inside all electrolyser types span
multiple length scales, and the physical processes, from electron-conduction to water and gas
transport to degradation, span multiple length scales. Thus, complementary imaging techniques
that harness the unique characteristics of both X-rays and neutrons ensure that a full picture of
electrolyser operation and failure can be achieved. This section will provide a brief introduction to
X-ray and neutron imaging and the types of imaging and analysis studies that can be done.

2.1 Briefintroduction to X-rays and neutrons for imaging

X-rays and neutrons are seen as complementary, non-destructive imaging techniques. X-
rays interact strongly with the electrons in the electron shells of atoms® and X-ray-matter
interactions due to the photoelectric effect scales with atomic number and density in the analysed
volume. Typically, heavy elements generate significant X-ray absorption, whereas regions of light
elements, like hydrogen or carbon, generate comparatively little X-ray absorption and are less
easily resolved in X-ray images. Beams of X-rays for imaging are generated either in lab-based
sources®’, or in synchrotrons at national facilities®®. Lab-based X-ray sources have lower flux and
hence lower temporal resolution than synchrotron facilities®’, however they are generally more
accessible as beamtime access is a competitive process.

In an X-ray CT instrument, the sample sits between an X-ray source and an X-ray detector
(Figure 2a), with the specific properties of each of these three components varying based on the
instrument and X-ray source used. In both lab-based and synchrotron-based X-ray imaging
experiments, the sample can generally be moved closer to/further from the X-ray source (to help
set the desired geometric magnification and voxel resolution) and can also be rotated at increments
or ‘projection angles’ through 360° for tomography. The detector is either fixed or can be moved,
and additional optics can be used to improve the optical magnification, which can reduce the voxel
size and thus improve spatial resolution. For a full, detailed discussion of the physics and
practicalities of carrying out X-ray CT, the reader is referred to the review by Withers et al..56

The experimental set-up for neutron imaging (Figure 2b) is largely the same as for X-ray
imaging, in that a sample is placed between the neutron source and a detector. However, since
there are no lab-based neutron sources, all neutron imaging experiments must be carried out at
national facilities. There are two types of neuron facilities available, which generate neutrons in two
different ways: spallation sources and reactor sources. In both cases, the neutrons are delivered
to the beam through a neutron guide from the source, pass through the sample and the transmitted
neutrons are detected by the detector. The sample is mounted on a stage, which can be rotated,
either between imaging experiments, for example if a user wanted to carry out a set of through-
plane radiography experiments followed by a set of in-plane radiography experiments, or
continually during an experiment, in the case of neutron tomography. The time-averaged neutron
flux of reactor sources is generally higher than that of spallation sources®® 7© which means that
high-speed neutron tomography experiments are likely to be more feasible at reactor sources since
lower exposure times (number of seconds per radiograph) can be achieved with the continuous
neutron beam from the reactor source.’® For a detailed overview of neutron sources and neutron
imaging, the reader is referred to the review of Lehmann.”
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The interaction of neutrons with matter depends on the interaction of neutrg&slgl_%tygfm%\
nucleus of the atom. The neutron cross section (in barn, where 1 barn equals 10-%* cm?) does not
scale across the periodic table, and instead each element has an inherent neutron cross section,
which describes the likelihood of a neutron passing through the atom interacting with the nucleus.
Water is particularly well suited to neutron imaging, because hydrogen has a large neutron cross
section’? so regions of the sample with water cause strong attenuation of the incident neutron
beam.

This effect is highlighted in Figure 2c-e. Figure 2c shows a schematic of a simple
electrochemical cell (in this case a fuel cell), where the catalyst-coated membrane (CCM) and
porous transport layers are sandwiched between two gold-coated aluminium end plates, that have
a single flow channel design. The two flow channels were filled with a small amount of water and
then sealed. The water-filled cell was imaged using a lab-based X-ray source (Nikon XT H 225)
(Figure 2d) and a neutron source (CONRAD beamline, Helmholtz-Zentrum Berlin (HZB)) (Figure
2e). Comparing the three ‘orthoslice’ planes (i.e. virtual slice views taken through the reconstructed
tomograms), it can be seen how the water residing in the flow channel is difficult to resolve in the
X-ray image (Figure 2d), with several ‘beam-hardening’ streaking effects arising from the high-Z
gold coating of the cell. The X-ray attenuation of the water is similar to that of air, resulting in poor
contrast between the water and air. In contrast, in the neutron tomogram the water residing in the
flow channel has excellent contrast with the aluminium cell, allowing for the water in the channel to
be easily resolved. However, it should be noted that the spatial resolution achievable with neutron
imaging is poorer than that of X-ray imaging; the Nikon XT 225 instrument used for the X-ray
imaging is a ‘macro-CT’ instrument, i.e. a lower spatial resolution X-ray CT instrument, that can
achieve voxel resolutions down to ~3 um.”® However, by using alternative lab-based sources or
synchrotron sources, it is possible to obtain voxel resolutions as low as 50 nm.%¢ By contrast, a
spatial resolution as low as 2 um has been reported for neutron imaging,’# but requiring a complex
set-up. More commonly, neutron imaging can achieve spatial resolutions above 15 ym’4—50 ym,”
which is sufficient for imaging water in the >1 mm flow channels, and gas concentration gradients
inside electrolyser PTLs, but cannot resolve the internal PTL porosity.

Nonetheless, along with the ability of neutron imaging to effectively resolve water, because
of the interaction at the nucleus, neutron imaging can take advantage of isotope effects’®; hydrogen
has a large total neutron cross section (82.03 barn’?), whereas deuterium has a total cross section
that is ~10 times smaller (7.64 barn’?), thus deuterated water, D>O, can be used in place of H2O in
neutron studies of electrolysers to distinguish between water in different locations of the cell 64 or
for investigating the effect of impurities.”” The advancements in neutron beamline facilities over
recent years has meant that the spatial and temporal resolutions achievable for neutron imaging
have been continually improving.”® As well as imaging, as with X-rays it is also possible to carry
out neutron scattering experiments, for example, to understand local structure/hydration of
polymeric membranes’®. A discussion of neutron scattering methods, such as neutron diffraction
and spectroscopy, is beyond the scope of this perspective, but are well reviewed by Foglia et al..”
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Figure 2 a) Schematic showing an X-ray imaging set-up, where the source of X-rays is either from a lab-
based or synchrotron-based source, the sample sits on a stage that can be moved closer to the source (as required)
and can be rotated for 3D imaging. Additional optical magnification can be included to magnify the radiograph thus
increasing resolution, and the X-ray detector is an array of pixels which each detect the transmitted X-rays; b)
Schematic showing a neutron beamline, where the neutron source is either from a spallation or reactor source and
generally transmitted down the beamline via a neutron guide. In the case of neutron tomography, the sample can
be rotated, and the detector is generally fixed in position; c) a cell schematic showing the three ‘orthoslice’ cut-
throughs shown in d) and e), where the cell with a single flow channel was filled with some water and capped on
either end; in-plane (orange), through-plane (green) and horizontal cross-section (blue) orthoslices for d) tomogram
of the water-filled cell collected with an X-ray source and e) tomogram of the water-filled cell collected with a neutron
source.
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For both X-ray and neutron imaging, it is possible to carry out either radiograggyﬂqo\g(g)&g f o Saner
the sample remains stationary for the full experiment, or tomography, in which the sample is rotated
through defined angles, usually 180° or 360°, and the resulting datasets are reconstructed into a
3D dataset. Because the sample remains static in the incident beam, radiography results in a 2D
dataset comprising a 2D array of pixels with defined size mapping the absorption of the beam.
Radiography studies on electrolysers are mostly carried out in either a through-plane®? or in-plane®
orientation, with the sample positioned for visualising either the whole flow field or along the plane
of the flow channels, respectively. In radiographs, the intensity value of each pixel is representative
of the composition of the entire sample along the length of that pixel. In tomography, the resulting
3D dataset comprises of 3D voxels (volume pixels) and tomography experiments capture the entire
3D structure of the sample with each voxel having an intensity value representative of the
composition of that particular location in the sample.?*

Both X-rays and neutrons have been increasingly widely used for the study of
electrochemical devices, including electrolysers, fuel cells and batteries.®2-8* With the increasing
focus of the research literature towards studying electrolysers, the number of electrolyser studies
utilising X-rays and neutrons is increasing. Thus, the purpose of this perspective is to provide the
reader with a summary of the currently emerging literature utilising these complementary imaging
technigues for studying all electrolyser types, as well as providing a perspective on key avenues
for future research.

2.2 From ex situ to in situ and operando imaging: needs for careful cell design

‘Ex situ’, ‘in situ’ and ‘operando’ are three terms commonly used when performing
radiography/tomography experiments and can be used to define the nature of the sample
environment within the imaging instrument.®® Furthermore, terms such as 3-dimensional (3D) and
4-dimensional (4D) imaging are also used to describe how the experiment has been carried out
and the nature of the data generated; 4D is most commonly used when describing a tomography
experiment in which 3D tomography datasets are collected alongside one additional dimension,
most commonly time. For the purposes of this perspective, we define the terms as the following:

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

- Ex situ: The sample is extracted or cut-out of a larger sample volume and imaged, or
different samples are scanned to represent the morphology of the feature of interest before
and/or during and/or after electrolyser operation, but the samples themselves most likely
originate from different electrolysers.

- In situ: The sample (either whole or part of an electrolyser) remains within the scanner
environment, “on site” or “in place”, and the sample of interest is not removed from the
instrument. An external stimulus (e.g. current, water flow, compression temperature etc), is
applied to the sample and imaging is carried out at intervals before, during and after
application of the stimulus.

- Operando: Under actual operating conditions, working as the device is intended. All
operando measurements are in situ but not all in situ measurements are operando
(depending on the operating conditions/stimulus used). Operando measurements are most
effective when the temporal resolution is fast (typically mainly during radiography studies),
to keep changes in the sample environment between frames to a minimum.

Open Access Article. Published on 06 august 2024. Downloaded on 11-08-2024 10:13:03.
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In all three types of tomography experiment (ex situ, in situ, operando), sample preparation and the
cell design/environment used to mount the sample is particularly important for ensuring the highest
data quality. This means ensuring that the size of the sample is well matched to the spatial
resolution achievable with the technique/instrument, and that the materials used for any
casing/periphery components do not impede the ability to resolve the feature of interest. For
in situ/operando experiments, cell design is of critical importance for achieving the highest quality
datasets.
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Figure 3a and Figure 3b show hypothetical cell schematics for a ‘horizontal’ and_ vertical’ cell
arrangement, respectively. Both cell arrangements have common features, in that the end plate
containing the flow field acts to both deliver water to and remove gas from the cell, as well as
providing current to the cell and carrying out electrochemical control, and these end plates would
be connected to the external circuit. Thus, these end plate flow fields are commonly made of
conductive materials, which also have low atomic numbers and are relatively X-ray and neutron
transparent, such as aluminium or graphite.>* & The end plates sandwich the two PTLs and the
CCM sits at the centre of the cell. Both designs have advantages and disadvantages for in-
situ/operando imaging.

In terms of optimum imaging parameters, maintaining a consistent thickness of sample in
the beam direction at all angles through 360° is favourable. This is because the transmitted beam
intensity remains constant through all projection angles. Thus, the ‘horizontal’ arrangement is more
favourable for this, where the sample thickness passed through remains constant at all cell rotation
angles (Figure 3c). As shown in Figure 3d, in the ‘vertical’ arrangement the sample thickness varies
between a minimum value corresponding to the sum of all CCM layers (shown at 0° and 360° in
Figure 3d) when the sample is in the through-plane orientation, and a maximum value when the
cell is in the same plane as the beam direction (in-plane, 180° in Figure 3d) corresponding to the
width of the CCM area. This high-aspect ratio can make imaging more challenging due to the higher
beam attenuation in the in-plane (higher sample thickness) orientation than in the through-plane
(lower sample thickness) orientation.

Conversely, considering the optimum operational conditions, cell design is slightly favoured
in the ‘vertical’ arrangement, since compression screws/tie rods and extra cell holder material can
be kept outside the imaging field-of-view (FOV) (dashed box in Figure 3a and b) and provide more
straightforward compression and cell sealing, and the sample size can be made larger with some
operating regions outside the FOV. Thus, cell design is a balance between these two factors, with
slight tendency in the literature to use the ‘vertical’ arrangement, since flux is generally high enough
to accommodate the change in transmitted beam intensity in the high aspect ratio samples.

Some example cell designs from literature for electrolyser X-ray®* 8" (Figure 3e, f) and
neutron® (Figure 3g) experiments are shown in Figure 3. Another possible addition, as in Figure
3g, is the use of heaters to provide cell heating. The key difference in the cells shown in Figure 3
is the orientation of the CCM: the cells from Kulkarni et al.>* and Zlobinski et al.® have a ‘vertical
type CCM arrangement (Figure 3), whereas the cell from Moss et al.8” has a ‘horizontal’
arrangement (Figure 3). The variation in these literature designs highlight the significant differences
between cells used for in-situ/operando imaging, particularly in terms of orientation, CCM active
area, provision (or not) of heating, and size of the cell casing/end plates. Thus, the performance of
these different cells will likely vary as a result of the cell properties themselves, as well as the
materials being investigated in the study. There is clearly an opportunity for the community to
collaborate on a ‘standard’ design to suit the imaging requirements of different experiments, to
ensure better comparison between studies. This is further discussed in Section 5.2.
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Figure 3 Schematics of an a) horizontal and b) vertical cell design, where the end plates contain the flow
field, which sandwich the PTLs and the CCMs at the centre. The direction of water flow in and water and/or gas
flow out is indicated, along with the direction of the beam and a dashed box representing the region of the CCM
that would be within the FOV. The graphs below show the amount of sample material passed through during rotation
for c) the horizontal cell, where the sample thickness is constant throughout and d) the vertical cell, where the
sample thickness increases from a minimum in the through-plane direction (0° and 360°) to a maximum in the in-
plane direction (180°). Examples of different electrolyser cell designs for in situ/operando imaging and data
collection from e) X-ray CT experiment with a 1 cm? CCM area. Adapted with permission from Kulkarni et al.,>*
Copyright 2023 American Chemical Society. f) An 63.6 mm? cell area for wide/small-angle X-ray scattering
(WAXSISAXS)-CT/(X-ray diffraction (XRD)-CT) experiments. Reprinted from Moss et al.,8” Copyright 2023, with
permission from Elsevier; and g) an example of a cell used for operando neutron imaging with a cell area of 1 cm2.
Reprinted under the terms of the Creative Commons Attribution 4.0 International (CC-BY 4.0) license, from Zlobinski
et al.,%¢ Copyright 2021 The Author(s), published on behalf of The Electrochemical Society by IOP Publishing
Limited.

Given the multiscale nature of electrolyser components and functions discussed previously,
not all features of electrolysers will be compatible with each type of radiography or tomography
experiment. This particularly emphasises the need for complementary, multi-technique imaging, so
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that an entire picture of electrolyser materials, operation and degradation can be ob&@i‘nl%qomgpde Online

A
types of electrolysers. The technique chosen for imaging depends on a) the size of the feature of

interest (FOI); and b) the resolution of the particular technique of interest. These two properties
must be suitably matched for imaging to be possible, with the spatial resolution generally around
2-3 times larger than the voxel size® and represents the smallest possible feature of interest
resolvable. For example, X-ray micro-CT has been used to study PEM electrolyser CL morphology
with voxel resolution of 1.33 pm and spatial resolution therefore around 5 um,® but this method is
not able to reveal information about the internal porosity of the CL. Thus, higher resolution X-ray
nanoCT must be used to study the porous structures within CLs, since the spatial resolution is
around 50 nm for nanotomography.3¢ For neutron imaging, pixel resolutions range from between
~6-60 um?® % meaning that spatial resolutions are in the region of 20-200 pm.’* 7® This means that
neutron imaging is well suited to the study of electrolyser flow channels (which are typically ~1 mm

wide), with study of average properties in the PTL (such as gas or water saturation) also possible.%
86, 91

With the resolution in mind, the most common types of study conducted on electrolysers
using X-rays and/or neutrons are imaging of the catalysts/CLs, imaging the morphology of porous
transport layers (PTLs), and imaging water/gas transport through layers. We have indicated the
suitability of each tomography/radiography method for imaging these features in Table 2, based on
existing studies in the literature discussed within Sections 3 and 4. The traffic light coding of green,
amber and red indicates that the feature of interest is well-suited (green), partially-suited under
certain conditions (amber), and not well suited (red). The spread of colours in this table particularly
emphasises the complementary nature of X-rays and neutrons for imaging electrolysers, and
highlights that both types of imaging sources will continue to be invaluable for building up a full
picture of electrolyser performance and development, especially within the context of the four key
areas for future studies identified in Section 1. The following sections will provide a thorough
discussion of the current studies employing X-ray (Section 3) and neutron (Section 4) imaging,
before summarising a number of studies combining neutrons with another complementary
technique.

Table 2 Traffic-light indication of the suitability of X-ray and neutron tomography and radiography for
imaging the most common types of features within electrolysers. Green indicates the technique is well suited,
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3 X-ray imaging of water electrolysers
3.1 Ex situimaging

X-ray computed tomography (X-ray CT), which is also sometimes referred to as X-ray
tomographic microscopy (XTM), is a well-established technique for the imaging and
characterisation of electrochemical devices, including lithium-ion batteries (LIBs), polymer
electrolyte fuel cells (PEFCs), and solid oxide fuel cells (SOFCs).82 8492 However, as a tool for the
study of water electrolysers it is relatively emergent and not nearly as prevalent. In this section we
will be discussing the current literature on ex situ X-ray CT imaging of electrolyser components.
The majority of ex situ X-ray CT studies to-date have been on PEM electrolysers, but the type of
electrolyser being studied will be identified throughout for clarity.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

To improve the performance (C1, C3), efficiency (C1, C3) and cost effectiveness (C2, C4)
of PEM electrolysers, much of the ex situ research has focused on the investigation and
morphological optimisation of one of the most expensive components - the PTL3% 5153, 9399 Ex situ
X-ray CT is an accessible, cost-effective and non-destructive method to effectively quantify the PTL
morphology. Initial use of X-ray CT for the imaging of the PTL in PEM electrolysers was
demonstrated in 2014'%, The study successfully compared the tomographic reconstruction of
morphology and calculated transport parameters (C3) of eight PTLs. By varying the PTL
morphology, the authors outlined a relation between through-plane thermal conductivity and
porosity, as well as through-plane electrical conductivity and water permeability. Figure 4a shows
example tomographic studies of PTLs, including a gradient fibrous mat (Figure 4a (i)), a 1 mm
fibrous mat (Figure 4a (ii)) and a sintered sample (Figure 4a (iii))), demonstrating their varied
morphology, and the ability of the rendered tomograms to visualise the global and local pore and
solid size distribution.

Open Access Article. Published on 06 august 2024. Downloaded on 11-08-2024 10:13:03.
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X-ray CT has been used to link PTL morphology to device performance (C3) in a number
of studies®®: 99 101. 102 An example is the work by Majasan et al.,%” who leveraged the technique in
the 3D visualisation of the PTL, focusing on the relationship between the microstructure and the
subsequent electrochemical performance in a titanium sintered PTL with different pore sizes. The
micro sized pore diameters (PD) were varied between average mean sizes of 16 um, 40 um, 60
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pm, 90 um (Figure 4b; PD16, PD40, PD60, and PD90 from top-bottom rows, respggpyﬂg}g@ﬁ;
subsequently imaged by X-ray CT. The X-ray tomography coupled with electrochemical
measurements revealed a strong correlation between mean pore size and the PTL performance.
Smaller pore sizes exhibited lower Ohmic resistances albeit higher mass transport resistance at
high current densities of 3.0 mA cm. Two of the key final conclusions of the study proposed that
one, an optimum pore size was ca. 60 um (PD60), beyond which the advantage of macro-porosity
on mass transport is diminished, and two, that the maximum contact points between PTL and the
CL is the key aspect in determining the overall performance.

Solid + Pore

400 #m

Figure 4 a) Left: 2D slices through the X-ray reconstructed volume. Right: Varied three-dimensional
geometrical configuration of PTL. (i) Gradient fibrous mat. (i) 1 mm fibrous mat (iii) sintered sample. Reprinted
under the terms of the Creative Commons Attribution 3.0 Unported (CC-BY 3.0) license, from Zielke et al.,%
Copyright 2014 The Author(s), published by the Royal Society of Chemistry; b) X-ray CT 3D volumes highlighting
the various mean pore diameters (16 um, 40 um, 60 um and 90 um from top to bottom) within the PTL of PEM water
electrolyser scale bar is 200 pm. Reprinted from Majasan et al.,®” Copyright 2019, with permission from Elsevier;
c) (i) 3D CT tomographic reconstruction of SOEC micro channel scaffold, (ii-iv) corresponding X-Y cross section at
thickness of 800,200, and 0 pm respectively. (v) 3D volumetric reconstruction of sponge-like scaffold with (vi) its
XY-plane cross section. Reprinted from Cao et al.,° Copyright 2022, with permission from Wiley-VCH GmbH.

Another example of work correlating microstructure to electrochemical performance is
presented in a two-part paper series by Schuler et al.,>? % who varied the morphological properties
of a PTL matrix with two porosities and three fibre diameters, which was compared to a titanium
powder sintered material. First, the morphology and topology of PTL structures and post-operando
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MEAs were investigated by X-ray CT.> In a similar vein to the previously mentioned sfudjes?1%% " orire
the authors investigated key bulk properties, including porosity, pore and solid size distribution, and
fibre orientation, and from this the mass transport properties, such as diffusivity, permeability, and
conductivities were determined. The morphological and structural characterisation was then
correlated to in-depth electrochemical analysis.®® The inclusion of micro-porous layers (MPLs) has
also been recently proposed as a promising avenue for improving PEM electrolyser performance
(C3). Mimicking the graded pore structure found in fuel cells,®> MPL-PTLs could help with water

and gas transport through the porous structures, aiding in the improvement of performance.5% 54 86

Whilst these investigations predominantly focused on the morphological optimisation of
PTLs for cell performance, X-ray CT imaging may similarly be used to gain understanding of the
effects of the manufacturing (C1) and processing steps of the various cell components.51: 95 103 Apn
example includes the work by Lettenmeier et. al.1°%, where a novel vacuum plasma spraying (VPS)
technigue was utilised to produce a new type of PTL with a controlled gradient in pore-size and
distribution. The study successfully utilised X-ray CT with complimentary mercury intrusion
porosimetry (MIP) to quantify the porosity, pore radii distribution, and pore entry distribution of the
VPS produced PTL. Analysis revealed an optimal pore diameter in contact with the electrode to be
between 6 and 11 um with a porosity greater than 22%, helping reduce tortuosity, capillary pressure
and subsequent mass transport limitations; overall demonstrating comparable performance to
sintered Ti-PTL.

As well as the PTL, X-ray imaging is also well suited to studying the morphology of CLs in
electrolysers. Bierling et al.?® evaluated the structure and catalyst distribution of a porous transport
electrode (PTE) produced via spray coating of IrO; catalyst ink directly on a titanium fibre PTL (C1,
C2). Their work utilised X-ray CT to visualise the catalyst layer morphology, layer thickness and
distribution. Analysed results from micro-CT revealed a porosity gradient of the PTE and a mean
CL layer thickness around the upper half of the fibres of ca. 1.3 um. The authors propose that lower
surface roughness, lower porosity, and lower mean fibre diameter combined with a downward-
flowing ink, are the main responsible factors for the catalyst distributions in PTEs. Combining
X-ray CT, cross sectional imaging and traditional electrochemical measurements a model for the
deposition process was developed that correlated with tomographic data of catalyst distribution.
With an ability to produce high quality tomograms, X-ray CT facilitates an understanding of the
intricate interplay between CL, PTL, morphology, structures, and resulting electrochemical
performance of the whole electrochemical cell; providing a crucial tool for effective structural
optimisation. An example of this effective method has been demonstrated by Schuler et al.5! in
enabling the optimisation of a PEM electrolyser that includes a new class of microporous layers
PTL (ML-PTL) materials with tailored interfaces for PEWE (C1, C2, C3).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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As described in Section 2.2, X-ray microCT has resolution limitations, making it possible to
image the general bulk structure of components like CLs, but making it a challenge to visualise
their internal pore-structure. As mentioned, the spatial resolution of X-ray nano-CT is well suited
for analysing the internal nanostructures within electrolyser electrodes. An example of this is the
work by Cao et al.®°, who demonstrated the use of X-ray nano-CT on the anode catalyst of a solid
oxide electrolysis cell (SOEC). A LaosSro.4Co003-5 anode catalyst nano-layer was fabricated on a
vertically aligned micro channel scaffold (Figure 4c(i)). Promoting accelerated oxygen release and
improved interfacial strength resulting from an integrated anode-electrolyte interface the
subsequent cell achieved a ultra-high current density of 5.96 A cm~2 at 800 °C under the constant
operating voltage of 1.3 V. X-ray nanoCT was used to visualise the structure of the micro
channelled (MC) scaffold, and the comparison between the MC structure (Figure 4c i-iv) and a
more conventional sponge-like structure (Figure 4c v-vi), highlighting the unique anode design of
the MC with its vertical arrangement (C2, C3).
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Synchrotron X-ray nanoCT was also demonstrated by Lee et al.*¢ who were a%l&tl%_[gﬁ%gﬁ
the internal 3D pore structure of an iridium-based catalyst. Figure 5a (i) displays the tomographic
reconstruction of the catalyst, with an internal cross section, or ‘orthoslice’ shown in Figure 5a (ii).
Factors like the pore and agglomerate diameter (given resolution of individual iridium particles was
below the resolution limit) were extracted and quantified (Figure 5a (iii-iv)), with an average pore
diameter of the structure found to be 203 nm with a mean agglomerate diameter of ca. 247 nm.
The authors also investigated the effect of varying the ionomer layer thickness, a crucial layer for
ensuring good ion conduction and binding of the catalyst layer, by simulating ionomer layers of 30,
60 and 90 nm thickness overlaid on the tomograms. The red, green and blue orthoslices indicated
in Figure 5b represent cross-sections at varying heights through the sample. Analysis indicated
that the increase in pore volume occupied within the CL with increasing ionomer content,
significantly reduced the effective electrical conductivity and two-phase permeability. Other work
employing high-spatial-resolution tomography include the work by De Angelis et al.,'** who
performed X-ray ptychographic tomography at cryogenic temperatures to study the multiphase
pore structure of a core-shell based CL, with tortuosity and effective conductivity simulations
performed on the 3D nanoscale dataset. Overall, these studies display the effective coupling of
tomographic reconstruction and computational numerical simulation to help deepen the
understanding and characterisation of pore networks and optimise transport properties, effective
electrical and protonic conductivity (C1, C3). The use of image-based modelling allows for the
extension of understanding and insight into a range of phenomena, including electrodynamics and
transport properties exhibited by the system as result of structure and morphology,3° 3653 as well
as for the proposal of new microstructures using stochastic methodologies based on properties
extracted from imaging datasets.'% This is a field that is expected to continue growing, as the
prevalence of machine-learning and artificial intelligence tools for image processing continues to
increase.106-108
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Figure 5 a) (i)Nano-tomographic reconstruction of iridium-based catalyst for a PEM electrolyser. (ii) Cross
sectional image highlighting the range of pore size, extracted slice from tomographic reconstruction. (iii) Pore size
distribution & (iv) agglomerate size distribution of the iridium-based catalyst. b) Numerically added ionomer layer
onto nano-tomography at varying thicknesses (30 nm, 60 nm, and 90 nm) shown in a top (red), middle (green) and
bottom (blue) region of the sample. Figure a) and b) reprinted from Lee et al.,3¢ Copyright 2023, with permission
from Elsevier. ¢c) SEM cross-section images of the CL morphologies (i-iii), full segmented volumes (iv-vi), and
internal volumes (vii-ix). The images may be grouped by column where (left) is pristine blade-coated, (centre) PTL
pore region of tested blade coated, and (right) PTL fibre compressed region of tested blade coated CL. The images
highlight the capability of FIB-SEM in rendering a 3D image for microstructural data analysis. Reprinted under the
terms of the Creative Commons Attribution 4.0 International (CC-BY 4.0) licence, from Ferner et al.,?> Copyright
2024, The Author(s), published by Elsevier.
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A key aspect in X-ray CT measurements is the resolution; as discussed, resolving nm
features is challenging and few examples currently successful resolve important internal pore
regions to a submicron scale with X-ray nano-CT. However, an alternative method to further
increase the resolution of such regions at the nanoscale has been achieved using focused-ion-
beam scanning electron microscope (FIB-SEM) tomography;?> % FIB tomography can resolve
electrolyser catalysts with high resolution of 6 nm?2, and can allow for evaluation of ionomer content
within electrolyser CLs.?®> FIB-SEM can achieve higher spatial resolutions than X-ray nano-CT,
allowing for a more precise reconstruction of the sample. An example includes the CL pore
structures shown in Figure 5c, where the pore structures of different regions of a sample could be
qualitatively compared demonstrating a range of particles and thicknesses were observed.??
However the destructive nature of the technique owing to the serial sectioning data collection
methodology does limit further investigation of samples. Nonetheless, FIB-SEM tomography has
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potential for complementing microscale studies of electrolyser CL morphologies, %%p%'@%gﬁ
novel electrocatalysts for both PEM, AEM and SOEC technologies emerge (C2).

Whilst ex situ X-ray CT has been extensively utilised in the imaging of PTL and CL
morphologies for performance optimisation, little work has been conducted imaging mechanical
changes arising from operation. Electrolysers operate at elevated temperature, with complex two-
phase dynamics of water and gas, which depend on factors like the operating current, speed of
water transport and pressure or compression of the cell. All of these factors can lead to mechanical
stresses and can influence cell performance. To investigate the effects of the clamping pressure
on membrane swelling and the subsequent mechanical interaction between the different layers
Hoppe et al.1?0 utilised X-ray CT to image samples in 2 states (dry and wet), with five different
compressive forces between 0.36 and 1.63 MPa. Comparison between the two states revealed
that swelling of the CCM resulted in a compensatory decrease in thickness of the PTLs,
accompanied by a decrease in PTL porosity. However, the authors were not able to tie a change
in PTL porosity to a change in mass transport or any subsequent limitations due to the swelling,
highlighting the challenges in relating morphological changes to electrochemical performance,
particularly in an ex situ environment (C3).

Ex situ imaging provides a powerful and effective tool in the evaluation of the morphology
for a range of PEM device components. The high resolution and careful experimental parameter
control can provide 3D imaging with spatial resolutions down to ~50 nm. However, due to the static
nature of the characterisation method, consequential changes in electrochemical properties have
to be evaluated serially by separately imaging different samples at different stages of an
experiment. As such a clear disadvantage is the lack of characterisation and visualisation of
dynamic processes, in situ/operando imaging offers an alternative for the coupling and
guantification of these complex transient phenomena within electrolysers.

3.2 In situ/operando imaging

Due to the complexity of all electrolyser types, including the two-phase transport processes,
and the multilayered, multiscale materials, key insights into phenomena that involve dynamic
processes such as fluid flow, gas evolution and electrocatalyst morphology evolution are often
omitted from ex situ X-ray imaging studies. To therefore gain a deeper understanding of dynamic
processes and degradation mechanisms occurring under operational conditions in real-time, in
situ/operando X-ray imaging techniques must be applied (C3).

The use of time-resolved X-ray radiography was initially demonstrated in 2007 by imaging
an operating PEM fuel cell to evaluate the evolution and transport of water in the fuel cell flow
channel.®* The technique was quickly utilised in several other studies to visualise transport of water
through the porous gas diffusion media®!!, and water transport from gas diffusion media to the flow
channels.®* The first use of in-operando X-ray radiography for electrolysers was demonstrated by
Hoeh et al.*% in 2015 (Figure 6a) where the authors were successful in conducting imaging in both
in-plane (Figure 6a (i-iv)) and through-plane (Figure 6a (v-vii)) orientations of the gas bubble
discharge from the PTL into the flow channels, with a temporal resolution of 5 s and a 2.15 pm
pixel size. Analysis of the images successfully determined the bubble formation and discharge
periodicity at current densities of 10, 75, and 200 mA cm2. A drawback of radiography is that
resultant radiography images in the through-plane direction are the result of the superposition of
all electrolyser components passed through by the X-ray beam in that plane. Thus, as shown by
the dashed and solid outlines representing the cathode and anode flow channels, respectively
(Figure 6a (v-vii), operando radiography experiments often require modification of one of the flow
channels to ensure the difference between water/gas species in the anode and cathode can be
discerned. Nonetheless, neutron radiography has been widely used for visualising and quantifying
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gas transport and bubble formation in both PEM electrolysers® 112 and other electrglyser, types) « o
such as a direct toluene electro-hydrogenation electrolyser.!'3

a ) . In-plane view
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V) Overlaid at two current densities
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Figure 6 a) In-plane (left) and through-plane (right) views of the electrolyser, showing bubble evolution in
the flow channels using X-ray radiography. Reprinted from Hoeh et al.,*° Copyright 2015, with permission from
Elsevier. b) i-ii) orthoslices showing the through-plane (top) and in-plane (bottom) views of the electrolyser for i) 50
mA cm and ii) 200 mA cm current holds; volume renderings of the anode and cathode CLs from the iii) 50 mA
cm2 and iv) 200 mA cm, v) overlaid view and vi) graph showing depth of catalyst migration into the PTL. Reprinted
from Leonard et al.,> Copyright 2018, with permission from Elsevier; c) Left (A): Tomographic cross-section and
right (B): volumetric reconstruction of the CCM anode catalyst layer. Nano-CT provides high spatial resolution of
the in-plane catalyst particles. Reproduced from Leonard et al..3°

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

To overcome the morphological imaging constraints imposed by the two-dimensional
radiography projection, Leonard et al.®®> combined operando X-ray radiography with X-ray
computed tomography (Figure 6b). This enabled the dual study of transport phenomena and
degradation in PEM electrolysers at current densities of 50, 100, and 200 mA cm2. X-ray
tomography enabled the three-dimensional morphological quantification, highlighting an increased
rate of degradation in the IryRuyO, catalyst layer on the anode side with increasing current density,
as shown in Figure 6b, where the extent of catalyst migration into the PTL is more significant for
the 200 mA cm™ hold (Figure 6b (i, iv)) than for the 50 mA cm2 hold (Figure 6b (|, iii)). To
understand sub-second oxygen bubble evolution, X-ray radiography with an exposure time per
frame of 100 ms was used as a complementary technique. This enabled the transient transport
phenomena to be captured as a function of current density. The coupling of the two X-ray imaging
technigues demonstrated a complementary approach to the operando visualisation and
guantification of morphological degradation and sub-second transient transport phenomena in an
operating PEM electrolyser (C3).
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The efficacy of operando X-ray tomography has been further demonstrated focusing on the
interfacial contact between the transport layers and the catalyst particles of a catalyst-coated
membrane (CCM) electrolyser (i.e. one in which the CL is deposited onto the membrane) and a
porous transport electrode (PTE) electrolyser (i.e. one in which the CL is deposited onto the PTL).3°


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta02885f

Open Access Article. Published on 06 august 2024. Downloaded on 11-08-2024 10:13:03.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Using X-ray radiography and X-ray micro-CT the performance of the two electrgl&sﬁ)%wg;
compared at two different current densities of 500 and 800 mA cm-2. The tomography unveiled non-
homogenous distribution of IrOx electrocatalysts, such as in the CCM anode shown in Figure 6c,
and similarly radiography displayed oxygen gas transport within the electrolyser (C3). A more
recent study by Kulkarni et al.>* displayed a novel image processing technique coupled with
operando X-ray microtomography and radiography. The use of stained water illustrated oxygen
flow patterns and enabled the quantification of time averaged oxygen saturation in PTLs with
varying MPL thicknesses. Based on their findings they were able to propose a set of design
considerations for the optimisation of PTL/MPL morphology (C1, C3).

Overall, the complementary combination of operando X-ray CT and X-ray radiography
provides a powerful tool kit for the collection of information about component morphology,
degradation mechanisms, transient transport phenomena, and oxygen bubble
evolution/detachment in electrolysers across length- and time-scales. Further development of
complementary operando techniques will enable the effective design and manufacture of the next
generation of all electrolyser types, as the four key challenge areas discussed in Section 1 are
addressed.

3.3 Adding dimensions beyond X-ray-CT

An alternative approach to 3D tomographic reconstruction based on X-ray attenuation is
the use of elastic scattering (diffraction) techniques. X-ray diffraction provides additional data and
information about the sample crystallography that cannot be determined using X-ray absorption
tomography alone. X-ray diffraction computed tomography (XRD-CT), provides a valuable insight
into the material crystallinity, including crystallographic structure, crystallite size, strain, and
residual stress. The XRD-CT tomographic reconstructions can provide detailed spatial information
about these guantities, with spatial resolutions of 1 pmi** and 20 x 20 x 3 um!*® having been
reported, as well as paired phase/crystallite information. The XRD-CT technique has seen effective
use in the characterisation of battery materials providing valuable information on material
degradation and phase changes.!6: 117 As with X-ray absorption CT reconstruction, the XRD-CT
technigue can be hampered by long scan times and complex experimental set up.

The effective application of operando XRD-CT measurements were demonstrated on a
complex Ni-Pd/CeO>—ZrO,/Al,O3 catalyst where it was possible to observe the evolution of various
phases of interest during the partial oxidation of methane.''® Time and spatially resolved phase
distribution maps (Figure 7a) were produced to reveal the dynamic processes of the catalyst under
operating conditions. The authors demonstrated three dimensional spatial tomographic
reconstructions coupled with one diffraction dimension and one dimension covering imposed
chemical environments, effectively providing a 5D tomographic reconstruction. Although the
technique is yet to be implemented in the analysis and imaging of electrolysers, successful
application for analysing catalysts and electrode materials within PEFCs'1® and SOFCs!?° has been
demonstrated. Synchrotron XRD-CT may therefore present a useful tool in the characterisation of
phase changes of the CL and/or catalysts within electrolyser cells.

Page 20 of 39

le Online
02885F


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta02885f

Page 21 of 39 Journal of Materials Chemistry A

View Article Online
DOI: 16 4039/D4TA02885F

Time (min)

SEEHEE

o

= a!“
6 o
it
LTS 273
Xy 1214 0 4t

0
2
‘s

Figure 7 (a) Top: Synchrotron XRD-CT reconstruction showing chemical evolution of the complex Ni—
Pd/Ce02-ZrO2/Al203 catalyst during partial oxidation of methane. Phase distribution maps of Ni, CeO2, ZrO2, Pd
and C are derived from Rietveld analysis. Bottom: Crystallite size map of Ni, displaying the change in crystallite
size, collected during partial oxidation of methane experiment. Reprinted under the terms of the Creative Commons
Attribution 4.0 International (CC-BY 4.0) license, from Vamvakeros et al.,''8 Copyright 2018, The Author(s),
published by Springer Nature. b) XRD-CT scan of the MEA's Cu catalyst layer, demonstrating the versatile high
energy X-ray transparent CO:2 electrolysis cell for operando WAXS/SAXS-CT measurements. The plotted intensity
correspond to the surface oxide (Cu20) XRD with one voxel resolution of 69.5 um and the slice dimensions of 200
x 200 voxels (13.9 x 13.9 mm?). Reprinted from Moss et all.,®” Copyright 2023, with permission from Elsevier.

XRD-CT is not the only elastic scattering technique that may be combined with computed
tomography. Other techniques that are being pioneered include small-angle X-ray scattering
(SAXS)*?! and X-ray ptychographic tomography.1%4 11° Due the scattering distance being inversely
proportional to the distance in real space, SAXS may provide information on the structure and
morphology on a nanometer scale, whilst X-ray ptychographic CT'?? 123 is a phase-contrast
imaging technique that is capable of providing 3D maps at high nanometric resolution. A number
of authors have developed X-ray techniques for carrying out the multi-dimensional imaging on a
range of energy technologies.8”: 104 117-120, 122, 123 Eor example, Moss et al.®” developed an
electrolysis cell suitable for carrying out either wide-angle X-ray scattering (WAXS) or SAXS XRD-
CT (shown in Figure 3b), with the authors reporting a resolution of 69.5 um. The versatile cell was
developed for enabling a range of reactant flow to the MEA, with CO; electrolysis demonstrated by
the authors, but with the flexible design allowing, in theory, for a range of electrolyser studies,
including AEM and PEM. The authors collected XRD-CT data for the copper catalyst layer prior to
reaction (Figure 7b), as well as operando data to study the oxidation of copper during operation.
The development of cell designs such as this, along with the developments in experimental
technigues, could allow for wide-ranging studies on a variety of electrolyser catalysts, in particular
for application to the challenge areas of emerging catalysts or catalyst degradation (Figure 1) (C1,
C2, C3). This showcases the potential for multi-dimensional X-ray CT characterisation of
electrolysers, in particular for identifying phase or chemical information of catalyst layers, or for
providing insight into the nanoporosity of CLs (C1, C2). As these techniques come online, there is
increasing scope for application to electrolysers. This can provide much needed information about
operation, distribution of species, in particular catalysts, and crucially degradation mechanisms
(C3).
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4  Neutron imaging of water electrolysers D01 101036/ bAT AGIBEEL

4.1 Radiography studies of liquid distribution in electrolysers

As discussed in Section 2, the resolution of neutron imaging techniques are well suited to
imaging liquid water and gas distribution inside electrolysers, and dependent on energy can
penetrate through large samples. Currently, to the author’s best knowledge, there are no neutron
studies of SOECs. There is increasing promise for using neutron imaging to investigate alkaline
and AEM electrolysers, given that the hydroxide-based electrolytes contain hydrogen and would
allow for visualisation and analysis in neutron studies. Given the emerging nature of AEM research,
this is a key area with potential for application of neutron imaging since the two-phase flow
behaviour of the hydroxide-based electrolyte is expected to be different from that of water in PEM
technologies. As with X-ray imaging, the majority of papers employing neutron imaging techniques
are focussed on the understanding of PEM electrolysers.

As mentioned in Section 2.2, voxel dimensions for neutron imaging studies are in the range
of ~6-60 um, meaning that spatial resolutions are generally upwards of ~20-200 pum (depending on
the voxel size). Given that PTL thickness is generally >200 um (Table 1), and flow channel
dimensions are around 1 mm, the spatial resolution of neutron imaging primarily allows for the
study of flow channels, with some limited understanding of two-phase dynamics in PTLs. In neutron
imaging studies, it is common for authors to report on the gas thickness or gas saturation,’”: 86 9%.
96,124,125 which is done by normalising radiographs collected against a reference image of the region
of interest, with known water content. Thus, while the individual pores within a PTL cannot be
resolved with radiography, regions of relative high or low gas saturation within the PTL can be
determined. Furthermore, because of the lower temporal resolution of neutron imaging (as
compared with X-rays), there are currently no studies applying neutron CT to investigate water
dynamics in electrolysers. While this was recently reported for fuel cells, it is expected that the
ongoing upgrades of neutron beamlines will enable 4D studies of electrolyser dynamics at higher
spatial and temporal resolutions in the coming years. Nonetheless, most of the imaging studies on
electrolysers using neutron techniques are in situ or operando in nature, meaning that water/gas
dynamics and evolution have been the focus of studies.

Given the complementary match between the spatial resolution achievable with neutron
imaging and the need to understand water and gas dynamics in both the PTL (C3) and the flow
channels of electrolysers, most of the neutron imaging studies have focused on these two
components. An example of a neutron radiograph showing the flow channels in a multi-channel
serpentine flow field, and its relation to the entire flow field, is shown in Figure 8a. Variation in the
gas thickness can be observed by the scale bar, with the transition from black to white grayscale
values indicating an increase in gas thickness through the flow channel (Figure 8a (ii)). Early work
on the application of neutron radiography to the study of water and gas in electrolysers used small
cell designs, with active electrode areas of around 1 cm?, to demonstrate the evolution of gas and
water in the anode and cathode side, respectively with increasing current density (C3).52 ¢ Lee et
al.*?6 employed operando neutron imaging to study the effect of dry cathode nitrogen purging on
PEM electrolyser performance. By operating the cell in a “dry-cathode” mode, i.e. without flowing
water over the hydrogen-evolving cathode and using nitrogen as a purge gas, it was possible to
accurately measure the anode oxygen evolution (C3). More recent work by the same group studied
the temperature-dependence of mass transport in PEM electrolysers,*?” where operando neutron
radiography highlighted that increasing the operating temperature decreased mass transport
overpotentials but increased the amount of gas observed in the anode. Temperature-dependence
has also been studied on PEM electrolyser cells with 16 parallel flow channels,° with higher gas
saturations found at lower temperatures, with a 15% increase in gas saturation from 80 °C — 40 °C.
As well as investigations on operating conditions, Minnaar et al.®> used through-plane neutron
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radiography (combined with in situ current mapping) to study the effect of flow fie|d desigi g s Pure

electrolyser performance (C1, C3). A parallel (PAR) flow field and a pin-type flow field were
compared, and while electrolyser polarisation performance was similar for both flow field designs,
results of neutron radiography suggested that the pin-type flow field offered improved current and
temperature distribution compared with the PAR design.
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Figure 8 a) i) Entire flow channel with an active cell area of 25 cm? and a triple serpentine flow channel.
The region of interest for the sample in the through-plane orientation investigated by neutron radiography is
indicated by the red dashed box, and an example radiograph is shown in ii). The thickness of gas, calculated by
normalisation versus a reference image in which the channels were entirely filled with water, can be observed by
the scale bar. Reprinted from Lee et al..'?® Copyright 2018, with permission from Elsevier. b) In-plane, normalised
radiographs showing a view through a flow channel, where the land region is indicated by the block red value in all
images. The evolution of gas amount, in mm, as indicated by the corresponding scale bar, can be observed with
increasing voltage going down the images. The gas evolves first at the PTL/CL interface, particularly clear in the
15 sec. figure, where there is a greater thickness of gas at this boundary (shown by the deeper red colour).
Reprinted from Panchenko et al..®* Copyright 2018, with permission from Elsevier.

For PEM electrolysers, the PTL represents a crucial component for ensuring the optimum
distribution of both water supply to, and gas supply away from, the CL. As discussed in Section
1.4, the PTL generally comprises a titanium-based porous network, with pores on the order of
microns. PTL design and optimisation is of growing interest to the electrolyser community and
neutrons have been widely used to deepen the understanding of both existing and novel/emerging
PTL designs.60 63,86, 91,94, 96, 124, 125 Titanjum sinters and titanium felts have been two of the most
commonly used PTL structures, and using a 1.5 cm? cell with 6.3 um/pixel, Panchenko et al.® were
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able to study the two-phase distribution of species within these two different structur%%‘:%i_\{@%aﬁ
voxel size, resolution of individual pores within the PTL was not possible, but using the Beer-
Lambert law, it was possible to quantify the variation in gas thickness within the flow channel and
PTL (Figure 8b). Results showed that in general a greater amount of gas was found under land
regions of the PTL than channel regions (represented by the greater concentration of red colour
under the ‘land’ region in Figure 8b), attributed to greater electrical contact and pressure, as well
as the fact that the coarser, larger pores of the fibre PTL led to less uniform gas distribution but
better gas removal than the sintered PTL with the smaller pores (C3). It is interesting to note that
both X-rays and neutrons have proven important techniques for studying PTLs, with the literature
discussed in Section 3 employing X-rays to understand key structural properties of the PTLs, and
neutrons used to investigate transport properties. As is the focus of this review, clearly the different
imaging sources are highly complementary for building a complete picture of the PTL influence on
performance in PEM electrolysers.

Recently, research has increasingly focused on the development of novel PTL structures
that can enhance the two-phase flow properties within the PTL (C1, C3). Examples include the
work by Zlobinski et al.é, in which the authors implemented various microporous layer (MPL)-
containing PTLs, or multi-layer PTLs (ML-PTLSs) to study the water/gas evolution regimes in these
hierarchical structures. Findings showed that the inclusion of an MPL created multiple regimes for
gas and water transport, and that the smaller pores of the MPL improved water filling and
distribution. However, the authors highlighted the need for greater focus and understanding of the
CL water filling, as well as more insight into the CL-PTL interface. Graded-porosity PTLs have also
been studied by Lee et al.% (Figure 9a), where the low-to-high porosity regime (Figure 9a (i))
resulted in the decrease of cell potential by 29%, which was attributed to a reduction in cell
overpotentials and high-frequency resistance. Plots of gas saturation profiles in the low-to-high
porosity (Figure 9a (i)) and high-to-low porosity (Figure 9a (ii)) regimes also highlight the
effectiveness of the low-to-high porosity PTL at removing gas from the PTL, since gas was found
to accumulate at the interface between the high and low-porosity region in the high-to-low porosity
PTL, as indicated by the red/green ‘hotspots’ in Figure 9a (i) corresponding to regions of higher
gas thickness. Treatment of the PTL with hydrophobic coating has also proven to be effective in
improving electrolyser performance, such as the NH4OH (25%):H404 (30%): H20 (45%) solution
that the Ti-PTL was boiled in the work by Zhao et al.'?>, with results showing an 11% efficiency
improvement in the treated cell (C1, C3). Results of operando neutron radiography showed a much
lower oxygen gas saturation in the treated PTL, as well as a more homogeneous gas distribution.
This avoids the build-up of gas-saturated “hot spots” and ensures a more even current distribution
across the CCM.

Another key area of interest for understanding electrolysers is the presence of impurities in
the water supply and the subsequent effect of such impurities on electrolyser performance as a
result of poisoning or damage (C3).77:128. 129 Z|obinski et al.”” used Gd** as a model impurity, owing
to its high neutron scattering cross section (>300 times greater than water), making it a suitable
candidate for imaging with neutron radiography. The results showed that Gd** ions migrated into
the CCM during operation and mostly diffused back into the membrane (Figure 9b), albeit much
slower, when not being operated. Regeneration of electrolyser performance has also been
investigated by using a CO.-based regeneration system to remove Fe®* impurities.’?® A Gd®*
system was used to show that ion impurities accumulate primarily in the cathode CL, and this
insight was used to inform the introduction of the CO; feed into the cathode water stream. Results
showed that 95% of the performance could be restored after 1500 min, highlighting that the effect
of ion impurities on degradation is largely reversible.
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Figure 9 a) i) distribution of water and gas species in the low-to-high porosity (top) and ii) high-to-low
porosity (bottom) region, where gas distribution is more homogeneous in the low-to-high structure as shown by the
more uniform gas thickness (where blue-red colour indicates gas thickness from 0.1 — 0.8 mm). Reprinted from Lee
et al.,% Copyright 2020, with permission from Elsevier. b) Diagram showing the diffusion of the Gd** gadolinium
ions into the CCM with increasing duration, as indicated by the increasing amount of blue voxels with increasing
time, and attempts to recover performance after 8 h of experiments, with the associated loss of Gd3* as shown by
the reduction in ‘blue’ voxels representing gadolinium ions. Reprinted under the terms of the Creative Commons
Attribution 4.0 International (CC-BY 4.0) license, from Zlobinski et al.,”” Copyright 2020, The Author(s), published
on behalf of The Electrochemical Society by IOP Publishing Limited. c) Neutron radiographs showing the effect of
ionomer additive on water accumulation at various current densities in an AEM electrolyser. The scale bar
represents the change in neutron intensity in the PTL vs the 100 mA cm? mid IEC radiograph, where redder colours
represent drier cases with less water, and bluer colours represent wetter cases with more water. Reprinted under
the terms of the Creative Commons Attribution 3.0 Unported (CC-BY 3.0) license, from Koch et al.,>® Copyright
2022, The Author(s), published by the Royal Society of Chemistry.

While PEM electrolysers have been the main focus of the neutron imaging literature so far,
some studies into alternative electrolyser types have begun to emerge. Dry-cathode operation in
AEM electrolysers was investigated by using in situ neutron radiography to study the effect of dry-
cathode operation on water distribution in the AEM cell (C1).%° By using a high ion-exchange
capacity (IEC) ionomer additive in the cathode CL, a greater amount of water could be retained in
the CCM region on the right of the radiographs (Figure 9c ii) compared with the mid IEC (Figure 9c
(1)), which counteracted the drying-effect of the dry cathode gas stream. As mentioned in Section
1, AWEs present a cheaper alternative to PEM electrolysers, and recently, zero-gap alkaline
electrolysers, which have reduced distance between electrodes, have been investigated as
promising AWE technologies, which can help increase current density by reducing the distance
between electrodes and lowering cell resistances.?® Renz et al.'30 recently reported the use of high-
speed neutron radiography, with 50 frames per second (fps), to study the gas bubble dynamics in
a zero-gap AWE cell and compared this to electrochemical performance.

Beyond water electrolysis, the electrolysis of CO; is of interest to the electrolysis community
generally, given the ability to electrochemically reduce waste CO; from industry to produce other
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high-value chemical products.’* Disch et al.>® used neutron radiography to study a zerg<ga)
electrolyser, with an anion-exchange membrane, an IrO; anode and a silver cathode. Findings of
the high-resolution radiography, with a pixel size of 6 um, indicated that suspected KHCOs salts
were responsible for pore-blocking in the cathode PTL, thus inhibiting electrochemical reactions
and leading to a drop in Faradic efficiency and cell performance (C3).

As mentioned at the start of this section, neutron tomography has currently been
demonstrated in application to the study of other types of electrochemical devices, including fuel
cells®® 132 and batteries®, but has not yet been applied to the study of any electrolyser types.
However, there is significant scope for application on neutron tomography to study the 3D, time-
resolved evolution of water and gas in water electrolyser PTLs and flow channels. In particular, this
would avoid the need for quantifying gas thickness through the depth of the PTL samples, as is
commonly done, since the quantity of gas present in every voxel through the entire sample could
be studied. As investigation into both novel PTL morphologies, as well as emerging electrolyser
types, like AEMs, increases, it is expected that neutron tomography studies will become a common
choice for studying these technologies.

4.2 Complementary neutron-with-X-ray studies

While many studies have successfully used neutron radiography to quantify the materials
properties of the various flow-containing components in electrolysers, many studies have also
combined neutron radiography with other characterisation and analysis techniques to further probe
the operation and dynamics within electrolysers. Examples include work done on studying two-
phase flow and current distribution in electrolyser flow fields.®> 132 Selamet et al.'33® combined
optical imaging with neutron radiography to enable bubble formation to be visualised, and the
additional S++ current mapping plate integrated by Minnaar et al.®® allowed for the current
distribution (Figure 10a) to be correlated to water distribution (Figure 10b) in the parallel and pin-
type flow field designs (left and right in both figures for parallel and pin, respectively). For all
complementary experiments, cell design is of particular importance, since cells are often subject to
harsh operating environments, with extreme pHs and components across multiple length scales.
Thus, the cell design parameters must meet the spatial/temporal demands of both/all techniques
used, as well as the materials being compatible with the operating conditions used.%’

As is the subject of this review, neutron methodologies have also seen wide use in
combination with X-ray techniques to harness the complementary nature of the spatial resolution
achievable with X-rays with the ability to study water and gas dynamics using neutrons. In early
work from 2015 by Hoeh et al.58, X-ray and neutron radiography were combined, where neutron
radiography enabled the study of water distribution in the flow field and X-ray radiography enabled
visualisation of gas bubbles within the channel. As well as its use for analysing transport properties,
X-ray CT has been used to extract morphological parameters of electrolyser components, in
particular the pore-size distribution of the PTL extracted using both continuous pore size distribution
(cPSD) and simulated mercury intrusion porosimetry (MIP).12* The structural properties obtained
with X-ray CT could then be correlated to the findings of neutron experiments, with results
suggesting that two-phase flow is capillary driven, and the pore network of the PTL results in
trapping of gas at a local level (C3). The use of complementary X-ray CT and neutron radiography
has also been extended to the study of mass transport in different PTL designs®! (Figure 10), again
with pore network models being extracted from X-ray CT datasets (Figure 10c) to investigate the
morphological properties of the different PTL phases: solid and pore (Figure 10c (i) sinter, (ii) thick
felt and (iii) thin felt) and neutron radiography used to investigate the distribution of water at 0.25,
1.00 and 1.50 A cm2 (Figure 10b i-iii for 0.25, 1.00 and 1.5 A cm?, respectively). Results agreed
with those of Panchenko et al. °*, where the coarser, larger pores of the sinter results in a less
homogeneous gas distribution than for the felt samples with smaller pores (C2, C3).

Page 26 of 39

le Online
A02885F


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta02885f

Page 27 of 39 Journal of Materials Chemistry A

View Article Online

DOI: 10.1039/D4TA02885F

a)

Current Mapping at 4.0 Alem?

Current Density [A/em®)
Current Density [A/em?]

PAR FF design. PIN-type FF design.

Felt 0.1 mm

i

i
i

1
. | | ||
2
it
‘H i
LA
Figure 10 a) 19 x 19 array of the S++ plate used to show the current density distribution inside the parallel
(left) and pin-type (right) flow field designs. The scale bar represents current density of each region of the array,
with blue—red indicating low—high current density, and b) complementary neutron radiographs showing water
thickness (from 0.1 mm (blue) to 1.4 mm (white)) inside the parallel (left) and pin (right) flow fields. The letters in
the corners in these figures (a-d) represent water inlets/outlets. a) and b) both reprinted with permission from
Minnaar et al.,®® Copyright 2020 American Chemical Society. c) Microscale X-ray CT datasets of the different PTLs,
namely (i) sinter, (ii) thick felt and (iii) thin felt, showing solid phase (yellow), pore phase (green) and PSD, and d)
corresponding neutron radiographs showing the distribution of water/gas in the different PTL structures and varying

current densities, where white/pink — blue/black corresponds to increasing water thickness from 0—3.8 mm. c)
and d) reprinted from Maier et al.,5* Copyright 2020, with permission from Elsevier.
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Another promising avenue for complementary neutron imaging is the use of advanced
computer modelling tools to enable rapid data analysis and prediction. As with X-ray imaging
methods (discussed in Section 3.1), this is an area that is expected to rapidly increase as the
interest in, and research on, Al and ML rapidly advances. An example is the work by Pang and
Wang!°” who applied convolutional neural networks to in situ neutron radiography image analysis
of PEM fuel cells, with results providing good agreement with literature and ~1/3 faster analysis
time. This approach holds promise for application to electrolyser experiments, in which significant
amounts of data are generated and the limiting factor is often the time/effort required to extract
trends from these datasets. The successful use of these techniques, however, rely on the
generation, transformation and validation of large datasets gathered through multiple neutron/x-ray
CT imaging datasets. However data is often collected from a small sample set which does not
provide a realistic representation of an electrolyser system as a whole. As such results may be
insufficient for confirming the validity of image based modelling, or for training an ML or deep
learning (DL) model. Some studies on fuel cells have begun to specifically address the need for
multiple sample regions and larger, high-resolution sample areas, for example by scanning multiple
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locations in a sample,*** or using DL algorithms to achieve high-resolution, large area scafig:i> - “ine

The needs for continuing with development of statistical methods and ML/DL techniques for data
analysis will be discussed further in Section 5.2.

5 Conclusions and perspectives

5.1 Conclusion and summary of current use of X-rays and neutron imaging for water
electrolyser characterisation

This perspective has focused on the use of complementary X-ray and neutron imaging for
accessing internal interfaces in water electrolysers and allowing for visualisation and deepened
understanding of both existing and emerging electrolyser materials and components across
multiple length scales. Given the four key challenge areas outlined in Section 1.3, expressing the
needs of future electrolyser development (use alternative elements, use less, increase durability,
recycle), imaging studies are of continuing importance for ensuring a full picture of electrolyser
operation and degradation can be captured as the materials inside the different electrolyser types
continue to evolve. As research into electrolyser materials intensifies, we see X-ray and neutron
imaging as playing a central role in the 3D, time-resolved characterisation of these materials,
including their performance under operando conditions.

5.2 A perspective on the future needs for complementary X-ray and neutron imaging
Complementary imaging to help work towards solving the four challenges

At the start of this review, we outlined four key challenges that are facing all electrolyser
types to ensure that electrolysers reach their full potential as a method of producing green hydrogen
at scale. These challenges were: C1 — Use less; C2 — Use alternative elements; C3 — Increase
durability and C4: Recycle. Throughout this perspective, we have linked the research articles
discussed in detail to these four challenges, highlighting particular examples where a paper has
addressed one on more of them. The links between the current research methods and the materials
challenges are mapped on the left-hand side of the schematic in Figure 11. While the challenge
areas of using less and alternative materials and making electrolysers last longer (C1-C3) have
been widely addressed by the existing literature using X-ray nano-CT, X-ray micro-CT and neutron
imaging, it can be seen how these imaging methods have not yet been used to address the
challenge of recycling materials (C4).

Due to the low numbers of electrolysers currently deployed, with even fewer having reached
their end-of-life, recycling is still mostly limited to methods for recovering the PGM catalysts,**¢ and
there is still a way to go in terms of ensuring robust processing streams for end-of-life management
of all electrolyser materials.®% 137 In terms of opportunities for imaging end of-life, recycling
processes, possible areas of research could in include imaging of catalyst breakdown and
segregation, the effect of reuse of PTL layers following stripping, evaluating debonding and
separation (e.g. the CL from the PTL), or CL evaluation and metal recovery (either PGM from PEM
technologies, or Ni-based catalysts from AEMs). Finally, as has already been shown for battery
technologies,**® CT could be used as a pre-screening method to evaluate internal morphology non-
destructively prior to disassembly. This could help the concept of ‘second-life’, where an
electrolyser that has not reached end-of-life, but does still exhibit a satisfactory performance, could
be diverted for re-use in a lower power application.

We have also mapped the challenge areas onto a set of future needs (Figure 11, gold
boxes, right-hand side) that we believe to be of key importance for future imaging studies. By
developing these imaging methods further, it will be possible to continue to address the first three
challenge areas along with concepts around recycling, as these studies begin to emerge in the
literature. The following sections will expand on each of the future needs in turn.

Page 28 of 39


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta02885f

Page 29 of 39 Journal of Materials Chemistry A

View Article Online

Current trends Futurebneedso/p41A02885F

Challenge areas

Instrument
( resolution )
Ex-situ X-ray C1.Use - =
nano CT less Multi-dimensional
\_ property
e . C2. Use correlation
):;Isi(l::lo-(;rTay aIternative@ Neutron
9 elements tomography
P K Image-based
In-situ/ operando |/ C3. Increase modelling
X-ray micro-CT durability > : =
_ ¥ . Machine learning
N\ and data
Operando ; w —
neutron p C4. Recycle § 'l Statistics and
) v | standardisation
radiography ) J

.'_f Electrolyser
innovations |

Arrows link the challenge areas (centre, green boxes) to the main current use of imaging methods to study
materials relating to these challenge areas (left hand side, blue boxes)

Arrows link the challenge areas (centre, green boxes) to the future areas of focus for complementary X-ray
and neutron imaging (right hand side, gold boxes).

Figure 11 Schematic showing the links between the four key materials challenges for the next generation
of electrolyser technologies (centre, green boxes) and the current imaging trends (left hand side, blue boxes), and
future needs (right hand side, gold boxes).

Instrumentation resolution: As the capabilities of both synchrotron, lab-based and
neutron instruments increases, electrolyser characterisation will benefit from improved spatial and
temporal resolution, which will particularly enable studies investigating new materials concepts (C1-
C2, Figure 11). This is likely to happen with improvements in flux (expected with upgrades to
national facilities, as well as improvement in lab-based X-ray sources), reductions to beam
diameters, and multi-wavelength methods. Thus, current challenges with resolving nanoscale (and
below) features using X-ray imaging, i.e. below ~50 nm, and microscale (and below) features using
neutron imaging, i.e. below ~10 um can begin to be overcome.
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Specifically, for X-ray based methods, the focus could be on imaging larger sample regions
with high resolution. For example, a scan that can resolve the internal nano-porosity of the CL (with
the ~50 nm resolution of X-ray nano-CT) but with a sample area of an X-ray micro-CT scan (i.e. 1
mm). This has begun to be demonstrated using deep-learning-based algorithms for achieving
‘super-resolution’ data of a fuel cell.**® This involves colleting a high-resolution, small area scan of
a sub-volume taken from a low-resolution, coarse scan. The deep-learning algorithm is then trained
on these datasets to ‘super-resolve’ unseen low-res scans that have the effective resolution of the
high-res scan. Such methods could enable image-based modelling of water and gas flow in
electrolysers within the PTL pores, although the data-intensive nature could present limitations for
conducting operando studies. As well as larger sample areas, improvements in resolution at the
nanoscale could also allow for the in-situ/operando study of the internal CL porosity and materials
using X-ray nano-CT. This would allow degradation of the catalysts themselves to be visualised
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and observed (currently limited to bulk CL properties in micro-CT), and nanoscale cn%}:qg%ygfmﬁ
porosity or material distribution inside the CL could be visualised (C3).

For neutron imaging, as discussed in Section 3.2, progress has been made towards
lowering the spatial resolution of neutron imaging, and recent work has demonstrated advances in
temporal resolution making tomography of electrochemical devices possible.8 ° Thus, continued
work with neutron detector systems will help ensure that spatial resolutions below 10 ym become
standard, in combination with ‘high-speed’ tomograms on the order of 18 s per tomogram?3? or
below. This will enable spatial and temporal resolution of the internal PTL porosity and allow for
visualisation and quantification of water (and gas) inside these pores.

Multi-dimensional property correlation: For X-ray imaging, we foresee an increasing
push towards increasing dimensions; whereas early studies use ex situ, 3D correlative imaging,
with the increasing combination of three-spatial dimensions, plus time, plus another dimension (e.g.
diffraction), 5D imaging of electrolysers will provide much-needed insights into catalyst materials
characteristics, such as degradation, or performance of novel catalysts. For example, a 5D study
would involve collection of data in which each voxel in a tomogram has both transmission (i.e.
conventional CT) and scattering (i.e. XRD) data, plus time resolution. The main challenge here will
be improving temporal resolution, since such scans can take a long time. But spatial resolutions
down to ~1 um have been reported,''* which would be sufficient for investigating structural and
morphological evolution of electrolyser CLs (C2, C3). For neutrons, we expect tomography to be
increasingly used and demonstrated, such that a holistic view of electrolyser operation can be
gained, with real-time volume information about gas formation within pores of the PTL or within
flow channels.

Neutron tomography: For neutron imaging, we expect tomography to be increasingly
used for imaging two-phase flow dynamics within the porous materials of all electrolyser types. This
would enable visualisation and characterisation of novel porous structures and transport layers,
and, together with higher resolution (<10 ym spatial, <18 s tomogram* temporal), would enable
greater understanding about real-time evolution of dynamic species in 3D (C3). This would avoid
the need to rely on separate through- and in-plane imaging and cell modifications that are
commonplace with radiography studies.

Image-based modelling, machine learning and data analysis: For both X-ray and
neutron techniques, image-based modelling methods are being increasingly developed that take
insights gained from imaging datasets and build models that realistically represent experimental
observations. Along with the acceleration in machine learning (ML) and artificial intelligence (Al), it
is expected that the combination of X-ray or neutron imaging with modelling methods can rapidly
accelerate the discovery of new materials as well as the prediction and generation of optimum
material morphologies for all electrolyser types (C2, C3, C4). A key consideration for ML and deep
learning (DL) is that to generate reliable, high-accuracy models, a large volume of data is required
for training. Thus, to ensure robust models can be generated, for example a new DL tool for
segmenting electrolyser CCMs, significant amounts of data must be collected. This is considered
to be good practice (considering also the next need on statistics), but methods for high throughput
imaging can also be developed and utilised to generate many different datasets for training.

Tomography statistics and standardisation: With the increasing ease-of-access of
computational tools for image processing, it is expected that multi-location tomography can improve
statistical relevance of datasets. This will also enable robust parameterisation of key metrics
(tortuosity, pore size distribution, degradation metrics (e.g. thickness changes/ passivation/ crack-
formation) (C1-C4), and can be input into image-based models for advanced modelling work. This
addresses the fact that a ~3 mm? sample cylinder extracted from of a 5 cm? CCM constitutes only
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around 0.6% of the entire sample area. Thus, it is difficult to know that the properties e&gg&g@%‘g%gﬁ
this 3 mm? sample is truly representative of the entire electrolyser. Hence, for each sample type or
experiment, scanning at least three regions of the sample, and, where possible, scanning multiple

cells would greatly improve the representative nature of tomography. Alongside this, greater access

to standardised cell designs would significantly enhance the comparability of studies in the
literature, and would enable direct comparison between cells operated on different
beamlines/instruments under the same set of operating conditions. Thus, there is work to be done
amongst the imaging community to increasingly share and make designs available that can be

used across facilities.

Electrolyser innovations: As research and innovation in all electrolyser technologies
accelerate, the wide range in complementary imaging methods discussed here can be expanded
to other electrolyser types. As discussed throughout this perspective, most of the existing literature
using X-ray and neutron imaging methods focus on PEM water electrolyser technologies. However,
to achieve the scale of green hydrogen production required by 2050, a greater diversity of
technology options will be required, that includes AEM, SOEC and AWE technologies. The
increasing focus on the less well commercialised electrolyser types, particularly AEMs and SOECs,
will help address all four electrolyser challenges, through reduced reliance on PGM catalysts like
Ir, Ru and Pt (C1, C2), greater understanding of durability and material failure (C3) and finally
innovative methods for re-use and recycling of materials and components from the range of
available electrolyser technologies (C4). Complementary X-ray and neutron imaging methods can
continue to play a vital role in addressing all of these challenges, through the discovery and
development of catalysts, porous materials and component designs for all electrolyser
technologies. This will help provide crucial insights into the relationship between materials,
morphology and performance within all electrolyser devices.
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Data (tomograms) for Figure 2d and 2e are not currently available as this work was
undertaken over 5 years ago. Otherwise, no other data were generated or analysed as part
of this perspective.
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