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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
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(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 real-
ise 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.”

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 of production. By 2050, green
hydrogen is expected to be the dominant type of hydrogen
produced to ensure that carbon-reduction targets can be met.*

Electrolysers are not a new technology. Hydrogen production
using electricity was first reported during the late 18th century,
with the first electrolysers demonstrated from around 1890
onwards.” However, with the recent commitments by countries
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across the globe to include hydrogen in the path to net-zero, it is
critical that understanding and innovation of electrolyser tech-
nologies 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 electro-
lysers 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 electro-
lyser technologies, there are a number of opportunities for elec-
trolyser materials research. Four of the key avenues for electrolyser
research can be identified (Fig. 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
em 2" or by ensuring a mix of technologies is implemented and
scaled up, utilising a wider range of available materials and alle-
viating 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 h DoE targets for PEM electrolysers'* and
high-temperature solid oxide electrolyser cells (SOECs)." 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,'®*** 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 tech-
nologies. As will be discussed throughout this perspective, imaging
methods across length scales are crucial for understanding and
quantifying electrolyser performance (Fig. 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

- Thrifting.

- Lowering catalyst
loadings.

- Ensuring a range of
technologies used.

- Reach 80,000 hours
durability targets.

- Greater clarity and
agreement on testing
protocols.

C3. Increase durability
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C2. Use alternative elements
- Diversifying
technologies used.

- Discovery of suitable
abundant, low-risk
catalysts.

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

- Ensuring clarity on
how to do this.

C4. Recycle

Fig. 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 elec-
rocatalysts 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 elec-
trolysers™ and high temperature electrolysers.™

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), alka-
line 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 thick-
nesses. Each technology has a unique set of materials chal-
lenges, 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 densities than PEM electrolysers, and
SOECs have flexibility in terms of reactants/products, but the

23366 | J Mater. Chem. A, 2024, 12, 23364-23391

ceramic materials suffer from fatigue due to the high operating
temperatures. For an in-depth review of the various technolo-
gies, 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 chem-
istry 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 compo-
nents, 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 comple-
mentary X-ray and neutron imaging of electrolysers will be
discussed in detail in this perspective.

2 X-rays and neutrons as
complementary imaging techniques

Electrolysers have unique characteristics, with their constituent
materials, component morphology and device performance all

This journal is © The Royal Society of Chemistry 2024
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Possible stage movement magnification
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1
1
1
1

~3-10 cm (lab-based)
> 5 m (synchrotron -based)

b) Neutron imaging: beamline only . Optional

sample
To source: either spallation or reactor Fotation
1
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Neutron guide ! Detector !
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c § d . .
) In-plane ) X-ray ortho slices €) Neutron ortho slices
Through-plane & z
Ly A
Cross-section '
" i e
7 Water in
y flow %
channels ty
X

Fig. 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.

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

microscopy (SEM). In comparison radiography and tomography

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 23364-23391 | 23369
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2.1 Brief introduction 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 compara-
tively 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 (Fig. 2a), with the specific prop-
erties 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 resolu-
tion) 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.*®

The experimental set-up for neutron imaging (Fig. 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 facili-
ties. 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 detec-
ted 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 radi-
ography 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 spall-
ation sources®”® 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.”

The interaction of neutrons with matter depends on the
interaction of neutrons with the nucleus of the atom. The
neutron cross section (in barn, where 1 barn equals 10~** cm?)
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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 interact-
ing 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 Fig. 2c-e. Fig. 2c shows a sche-
matic of a simple electrochemical cell (in this case a fuel cell),
where the catalyst-coated membrane (CCM) and porous trans-
port 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) (Fig. 2d) and a neutron source (CON-
RAD beamline, Helmholtz-Zentrum Berlin (HZB)) (Fig. 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 (Fig. 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 achiev-
able 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, Z.e. a lower spatial resolution X-ray CT
instrument, that can achieve voxel resolutions down to ~3 pum.”?
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 pm (ref. 74)-50 um,” which is sufficient for
imaging water in the >1 mm flow channels, and gas concen-
tration 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 (ref. 72)), whereas deuterium has a total cross
section that is ~10 times smaller (7.64 barn (ref. 72)), thus
deuterated water, D,0, can be used in place of H,O in neutron
studies of electrolysers to distinguish between water in
different locations of the cell,*® 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 exper-
iments, for example, to understand local structure/hydration
of polymeric membranes.” A discussion of neutron scat-
tering methods, such as neutron diffraction and
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Fig. 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
(WAXS/SAXS)-CT/(X-ray diffraction (XRD)-CT) experiments. Reprinted from Moss et al.,®¢ Copyright 2023, with permission from Elsevier; and (g)
an example of a cell used for operando neutron imaging with a cell area of 1 cm?. 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 Electro-
chemical Society by IOP Publishing Limited.

spectroscopy, is beyond the scope of this perspective, but are
well reviewed by Foglia et al.”®

For both X-ray and neutron imaging, it is possible to carry
out either radiography, in which 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

This journal is © The Royal Society of Chemistry 2024

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
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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 loca-
tion 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.**** 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 techniques 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 sitw’, ‘in sitw’ 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:

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.
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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.

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.

Fig. 3a and b show hypothetical cell schematics for a ‘hori-
zontal’ 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 disadvan-
tages 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 (Fig. 3c). As shown in Fig. 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 Fig. 3d) when the sample is in the through-plane orien-
tation, and a maximum value when the cell is in the same plane as
the beam direction (in-plane, 180° in Fig. 3d) corresponding to the

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, orange indicates the technique is partially suited and red indicates the

technique is not suited for imaging the feature of interest

X-ray CT Neutron CT X-ray radiography Neutron radiography
. Y
Imaging catalysts \
O )
Porous layers | <
TN TN
Water flow f ) ( )
é D
Gas transport \ 4
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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 condi-
tions, cell design is slightly favoured in the ‘vertical’ arrange-
ment, since compression screws/tie rods and extra cell holder
material can be kept outside the imaging field-of-view (FOV)
(dashed box in Fig. 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®*®® (Fig. 3e and f) and neutron® (Fig. 3g) experiments are
shown in Fig. 3. Another possible addition, as in Fig. 3g, is the
use of heaters to provide cell heating. The key difference in the
cells shown in Fig. 3 is the orientation of the CCM: the cells
from Kulkarni et al.*° and Zlobinski et al.*” have a ‘vertical’ type
CCM arrangement (Fig. 3), whereas the cell from Moss et al.*®
has a ‘horizontal’ arrangement (Fig. 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 prop-
erties 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 require-
ments of different experiments, to ensure better comparison
between studies. This is further discussed in Section 5.2.

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 comple-
mentary, multi-technique imaging, so that an entire picture of
electrolyser materials, operation and degradation can be ob-
tained for all 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 um and spatial resolution therefore
around 5 pm,** but this method is not able to reveal information
about the internal porosity of the CL. Thus, higher resolution X-
ray nano CT must be used to study the porous structures within
CLs, since the spatial resolution is around 50 nm for nano-
tomography.*” For neutron imaging, pixel resolutions range
from between ~6-60 pm (ref. 89 and 90) meaning that spatial
resolutions are in the region of 20-200 pm.”*”® This means that
neutron imaging is well suited to the study of electrolyser flow
channels (which are typically ~1 mm wide), with study of

This journal is © The Royal Society of Chemistry 2024
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average properties in the PTL (such as gas or water saturation)
also possible.>**7*

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.

3 X-ray imaging of water
electrolysers
3.1 Ex situ imaging

X-ray computed tomography (X-ray CT), which is also some-
times referred to as X-ray tomographic microscopy (XTM), is
a well-established technique for the imaging and character-
isation of electrochemical devices, including lithium-ion
batteries (LIBs), polymer electrolyte fuel cells (PEFCs), and
solid oxide fuel cells (SOFCs).?>***> 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.

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 morpholog-
ical optimisation of one of the most expensive components —
the PTL.3>*7-493-% Ex sity 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. Fig. 4a shows example tomographic studies
of PTLs, including a gradient fibrous mat (Fig. 4a(i)), a 1 mm
fibrous mat (Fig. 4a(ii)) and a sintered sample (Fig. 4a(iii)),
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(a) Left: 2D slices through the X-ray reconstructed volume. (Right): Varied three-dimensional geometrical configuration of PTL. (i)

Gradient fibrous mat. (ii) 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 pm, 40 um, 60 pm and 90 pum from top to bottom) within the PTL of PEM water electrolyser
scale bar is 200 um. 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 800200, and O um 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.

demonstrating their varied morphology, and the ability of the
rendered tomograms to visualise the global and local pore and
solid size distribution.

X-ray CT has been used to link PTL morphology to device
performance (C3) in a number of studies.*”*>'°1°> 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 electro-
chemical performance in a titanium sintered PTL with different
pore sizes. The micro sized pore diameters (PD) were varied

23374 | J Mater. Chem. A, 2024, 12, 23364-23391

between average mean sizes of 16 um, 40 pm, 60 um, 90 um
(Fig. 4b; PD16, PD40, PD60, and PD90 from top-bottom rows,
respectively) and 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 conclu-
sions of the study proposed that one, an optimum pore size was
ca. 60 um (PD60), beyond which the advantage of macro-

This journal is © The Royal Society of Chemistry 2024


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

Open Access Atrticle. Published on 06 LUnasa 2024. Downloaded on 21/04/2026 21:20:00.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

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.

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 MEAs were investigated by X-ray CT.* In
a similar vein to the previously mentioned studies,””'* 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, perme-
ability, 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 struc-
tures, aiding in the improvement of performance.*”***

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.*”*>'** An example includes the work
by Lettenmeier et al.,’*® where a novel vacuum plasma spraying
(VPS) technique 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 pm 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 pm. 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 corre-
lated 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

This journal is © The Royal Society of Chemistry 2024
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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.”’ 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).

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 La, ¢Sr,.4C00;_; anode catalyst nano-
layer was fabricated on a vertically aligned micro channel
scaffold (Fig. 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 (Fig. 4c(i-iv)) and a more
conventional sponge-like structure (Fig. 4c(v and vi)), high-
lighting the unique anode design of the MC with its vertical
arrangement (C2, C3).

Synchrotron X-ray nanoCT was also demonstrated by Lee
et al.*> who were able to resolve the internal 3D pore structure of
an iridium-based catalyst. Fig. 5a(i) displays the tomographic
reconstruction of the catalyst, with an internal cross section, or
‘orthoslice’ shown in Fig. 5a(ii). Factors like the pore and
agglomerate diameter (given resolution of individual iridium
particles was below the resolution limit) were extracted and
quantified (Fig. 5a(iii and 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 Fig. 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 conduc-
tivity 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 conduc-
tivity simulations performed on the 3D nanoscale dataset.
Overall, these studies display the effective coupling of tomo-
graphic reconstruction and computational numerical simula-
tion 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
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Fig. 5

(a) (i) Nano-tomographic reconstruction of iridium-based catalyst for a PEM electrolyser. (i) 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.,*> 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.

and transport properties exhibited by the system as result of
structure and morphology,***>** 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.'**"%

A key aspect in X-ray CT measurements is the resolution; as
discussed, resolving nm features is challenging and few examples

23376 | J Mater. Chem. A, 2024, 12, 23364-23391

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,*
and can allow for evaluation of ionomer content within electro-
lyser CLs.* FIB-SEM can achieve higher spatial resolutions than X-
ray nano-CT, allowing for a more precise reconstruction of the

This journal is © The Royal Society of Chemistry 2024
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sample. An example includes the CL pore structures shown in
Fig. 5¢, where the pore structures of different regions of a sample
could be qualitatively compared demonstrating a range of parti-
cles 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 potential for
complementing microscale studies of electrolyser CL morphol-
ogies, especially as 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 optimi-
sation, 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 subse-
quent mechanical interaction between the different layers
Hoppe et al.**® 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

In-plane view

Through-plane view

PTL channel

Fig. 6
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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 perfor-
mance, 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 P