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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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- 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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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 